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ABSTRACT

Mitochondria are the energy producing organelles of eukaryotic cells. The organelle has its
own genome, the mitochondrial DNA (mtDNA) that encodes 13 subunits of the respiratory
chain (RC) complexes, two rRNAs and 22 tRNAs. Nuclear genes encode the majority of the
RC subunits and all the factors required for transcription and replication of the mtDNA.
Mutations in mtDNA replication factors are associated with human diseases affecting
mitochondrial genome stability and maintenance. The human mtDNA replication system has
been reconstituted in vitro and involves the combined actions of the DNA polymerase y
holoenzyme (POLy), the TWINKLE helicase and the single-stranded DNA binding protein
mtSSB. The general aim of this thesis has been to further investigate the molecular
mechanisms of mtDNA replication, with a major focus on the mitochondrial hexameric
helicase TWINKLE, as well as the accessory B subunit of POLy.

A biochemical characterization of POLyB demonstrated that the protein blocks the
exonuclease activity of the catalytic POLYA subunit. In addition, the dsDNA-binding activity
of POLyB was required for the TWINKLE-dependant stimulation of the POLy holoenzyme.

TWINKLE displays sequence similarity to the bacteriophage T7 gene 4 protein (gp4) which
contains the DNA helicase and primase activities needed at the bacteriophage replication
fork. The C-terminal domain of TWINKLE is indeed an active helicase, but there have been
no reports of primase activity. The functional role of the TWINKLE N-terminus was therefore
investigated in this work. The N-terminal domain was found to contribute to ssDNA-binding
and helicase activities of TWINKLE, and was ultimately required for full replisome activity. A
structural model of TWINKLE was constructed based on homology modeling with T7 gp4.
This model displayed a conserved region with significant electropositive potential, which in
structurally related primases has been suggested to interact with ssDNA.

Mutations in both POLy and TWINKLE can cause autosomal dominant progressive external
ophtalmoplegia (adPEOQ). To investigate the molecular mechanisms behind this disorder, we
performed a detailed biochemical analysis on eleven different adPEO-causing TWINKLE
mutations, seven in the linker-region and four in the N-terminal domain. Distinct molecular
phenotypes were observed, with individual consequences for multimerization, ATPase
activity, helicase activity and ability to support mtDNA synthesis in vitro. The different
molecular phenotypes could be interpreted using our structural model of TWINKLE. Two of
the mutations in the linker region affected multimerization, whereas the N-terminal
mutations showed a striking reduction in ATPase activity and were thus proposed to impair
the interplay between ssDNA-binding and ATP hydrolysis, an essential element of the
catalytic cycle of related hexameric helicases.

Keywords: Mitochondria, mtDNA, replication, helicase, TWINKLE, POLy, POLyB, mtSSB,
adPEO.
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Introduction

Mitochondria

Mitochondria are eukaryotic subcellular organelles which are commonly referred to as the
powerhouse of the cell, since they produce most of the cell’s energy supply. This process,
called oxidative phosphorylation, converts the energy derived from breakdown of
carbohydrates, fatty acids and amino acids into ATP, which is the main energy source in the
cell. Mitochondria also play an important role in many other cellular processes, such as
calcium buffering and apoptosis.

Mitochondria are unique among the cytoplasmic organelles in that they contain multiple
copies of their own DNA, which encodes a small number of proteins, highly essential for the
organelle. However, nuclear genes encode the majority of the proteins that are essential for
mitochondrial function, including those responsible for expression and maintenance of the
mtDNA. Proper mitochondrial function thus relies on the coordinated expression of two
separate genetic systems, the mitochondrial and the nuclear genomes.

The fundamental importance of this organelle is highlighted by the escalating number of
human disorders that in recent years have been shown to be due to mitochondrial
dysfunction. Many rare genetic disorders are caused by mutations either in the
mitochondrial DNA (mtDNA), or in nuclear genes encoding mitochondrial factors. In
addition, mitochondrial dysfunction has also been implicated in more common human
diseases, such as Parkinson’s and Alzheimer’s disease, diabetes, and even in the natural
process of ageing (Trifunovic et al, 2004).

Mitochondrial dynamics

Mitochondria adopt different morphologies depending on the cell type and the metabolic
requirements of the cell. The previous view of mitochondria as kidney bean-shaped isolated
organelles has been challenged with the discovery that mitochondria function in extended
filaments, networks, or clusters that undergo constant migration, fission and fusion.
Mitochondrial movement and distribution appear to be mediated through association with
the cytoskeleton, especially microtubules. In differentiated cells, mitochondria are often
localized to specific cytoplasmic regions rather than randomly distributed. Mitochondria
have been found to undergo developmentally programmed changes in shape and
distribution at key stages in cellular differentiation (Sato et al, 2006; Skulachev, 2001; Yaffe,
1999).

The balance between mitochondrial fission and fusion is of great importance in several
aspects of cell life and death. Extended mitochondrial networks have been demonstrated to
efficiently transmit energy, in the form of membrane potential, between remote parts of
the cell (Skulachev, 2001). Mitochondrial fusion is also thought to counteract the
manifestation of respiratory chain deficiencies caused by mutant mtDNA, since the fusion
process allows complementation of mtDNA gene products between mitochondria (Sato et
al, 2006). The mitochondrial fission machinery is important for mitochondrial inheritance
during cytokinesis, and is also thought to actively participate in apoptosis by inducing
fragmentation of the mitochondrial network before the release of cyt c and caspase



activation (Youle & Karbowski, 2005). Recent studies indicate that a disruption in the fission
and fusion balance of mitochondria may underlie neurodegenerative disorders (Knott &
Bossy-Wetzel, 2008).

Mitochondrial energy production

Mitochondria are surrounded by a double membrane system. The outer membrane
separates the organelles from the cytosol, while the inner membrane forms numerous folds
(cristae) which extend into the interior (matrix) of the organelle, substantially increasing its
surface area. The matrix contains the enzymes of the citric acid cycle, and the inner
membrane contains the protein complexes involved in electron transport and oxidative
phosphorylation. The inner mitochondrial membrane is, in contrast to the outer membrane,
impermeable to most ions and small molecules, a property critical to maintain the proton
gradient that drives oxidative phosphorylation.

The initial stage of glucose metabolism (glycolysis), with the conversion of glucose to
pyruvate, takes place in the cytosol. Pyruvate is then transported into mitochondria where it
is subsequently oxidized to CO, to yield most of the cellular energy in the form of ATP.
Pyruvate is first oxidized to acetyl CoA, which is then metabolized to CO, in the citric acid
cycle. The degradation of fatty acids and amino acids also yields acetyl CoA, which is broken
down in the citric acid cycle.

The enzymes of the citric acid cycle are located in the mitochondrial matrix. The oxidation of
acetyl CoA to CO, is coupled to the reduction of NAD" and FAD to NADH and FADH,,
respectively. The high-energy electrons from NADH and FADH, are then transferred through
the electron transport chain to the final electron acceptor; O,, which is reduced to H,0. The
electron transport chain, or the respiratory chain (RC), consists of a series of five multimeric
protein complexes located in the inner mitochondrial membrane (Figure 1). The RC also
requires two small electron carriers, coenzyme Q and Cytochrome c. The electron transport
is coupled to the generation of an electrochemical proton gradient across the inner
membrane. The potential energy stored in this gradient is harvested by complex V (ATP
synthase) which couples ATP production to the energetically favorable return of protons to
the mitochondrial matrix. The transport of ATP and ADP across the inner mitochondrial
membrane is mediated by an integral membrane protein called the adenine nucleotide
translocator (ANT), which transports one molecule of ADP into the matrix in exchange for
one ATP that is transferred to the cytosol, an energetically favorable reaction driven by the
voltage gradient across the membrane (Saraste, 1999).

The RC consists of more than 90 different protein subunits, with the majority being nuclear
encoded and only 13 being encoded by the mtDNA. The mtDNA in humans encode for
subunits in four out of five complexes; complex Il is entirely nuclear encoded. Recent studies
suggest that the RC complexes are organized into supercomplexes, so called “respirasomes”,
that have been found in mitochondria of yeast, plants and mammals (Krause et al, 2004;
Schafer et al, 2006; Schagger & Pfeiffer, 2000).
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Figure 1. Schematic illustration of the respiratory chain. The respiratory chain consists of
five different enzyme complexes (complexes I-V), coenzyme Q (CoQ) and cytochrome c (cyt
¢). NADH and succinate are oxidized by complexes | and Il, the electrons are transferred to
coenzyme Q, complex lll, cytochrome ¢, complex IV, and finally to molecular oxygen (0,),
which is reduced to water (H,0). Protons (H") are pumped out of the mitochondrial matrix
by complexes |, lll, and IV and a proton gradient is formed across the inner membrane of the
mitochondrion. The protons reenter the matrix through complex V (ATP synthase) and the
energy of the proton gradient is used to synthesize ATP. (Adapted from (Larsson & Clayton,
1995)).

Origin of mitochondria

The presence of a separate mitochondrial genome can be explained by the widely accepted
endosymbiotic theory, according to which mitochondria derive from an a-proteobacterium
that entered an Archea-type host around 2 billion years ago and the two organisms
subsequently developed a symbiotic relationship (Gray et al, 1999). The ability of these
bacteria to perform respiration in host cells that had relied on glycolysis and fermentation
would have provided a considerable evolutionary advantage. The closest known eubacterial
relative of mitochondria is Rickettsia prowazekii, an obligate intracellular parasite that
causes epidemic typhus in humans. During the course of evolution, ancient genes from the
endosymbiont were transferred to the nuclear genome, as is evident by the presence of
orthologous genes in the mtDNA in some species and in the nuclear genome in other
species (Andersson et al, 2003).

Because of the bacterial origin of mitochondria, one might expect the enzymes responsible
for mtDNA replication and transcription to resemble those of eubacteria. Instead three of
the key components (the mitochondrial RNA polymerase POLRMT, the catalytic subunit of
mtDNA polymerase POLyYA, and the replicative mitochondrial helicase TWINKLE) are similar
to proteins encoded by the T-odd lineage of bacteriophages, including bacteriophages T7
and T3. Probably a free-living phage was acquired in addition to, and at the same time as



the endosymbiont genome, and became the source of the phage-like replication proteins
(Shutt & Gray, 2006a).

Organization of the mitochondrial genome

Mitochondrial DNA (mtDNA) was discovered in the 1960s (Nass & Nass, 1963) and the
human mtDNA molecule was the first to be fully sequenced (Anderson et al, 1981). Most
mammalian cells contain hundreds of mitochondria, and each mitochondrion in turn
contains several (2-10) copies of mtDNA.

The mtDNA is a double stranded circular molecule of about 16 kb. In addition to 13
respiratory chain complex components (Figure 2), the mtDNA also encodes 2 ribosomal
RNAs and 22 transfer RNAs that are required for the translation of the mtDNA encoded
proteins in the mitochondrial matrix. The two strands are designated heavy (H) and light (L)
strand because they can be separated on a cesium chloride gradient due to differences in
nucleotide content; the H strand is guanine rich and the L strand is guanine poor
(Falkenberg et al, 2007).
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Figure 2. Gene content and organization of the human mitochondrial DNA. The outer circle
represents the heavy-strand (H-strand) and the inner circle represents the light-strand (L-
strand). The initiation of transcription sites (IT,, 1Ty, ITy,) and the direction of RNA synthesis
are denoted by short bent arrows. The D-loop is shown as a triple-stranded structure. The
origins of H-strand (Oy) and L-strand (O,) replication and the direction of DNA synthesis are
indicated by long bent arrows. The 22 tRNA genes are depicted by dots and the genes are
depicted by shaded boxes (Taanman, 1999).



The mitochondrial genome has a very compact organization, lacking introns and often stop
codons are not encoded in the DNA, but are created by mRNA- polyadenylation (Anderson
et al, 1981). mtDNA has only two noncoding regions, which are control elements for mtDNA
expression. The largest noncoding region is the displacement loop (D-loop) which is a triple
stranded DNA region of about 1 kb in humans (Figure 4). This region contains both the origin
of heavy strand replication (Oy) and the promoters for H- and L-strand transcription. The D-
loop is formed by premature termination of H-strand DNA synthesis soon after initiation.
The arrested nascent heavy strand, of about 500-700 nucleotides (called the 7S DNA),
remains hybridized to the parental molecule, creating a triple stranded structure
characterized by displacement of the parental H-strand (Shadel & Clayton, 1997). The
second noncoding region, comprising the origin of light strand replication (O.), is a 30 nt
long sequence located within a tRNA cluster at about 2/3 of the mtDNA length from Oy,.
(Fernandez-Silva et al, 2003).

Crosstalk between the nuclear and mitochondrial genomes

Mitochondria are not self-sufficient organelles but also rely on the nuclear genome for
function (Figure 3). The majority of the components of the respiratory chain complexes, as
well as the enzymes required for mtDNA expression and maintenance, are encoded by the
nuclear DNA. Only about 1-2% of the mitochondrial proteins are encoded by the mtDNA and
synthesized within the organelle. Therefore import of nuclear encoded proteins into
mitochondria, and sorting of the proteins to the correct submitochondrial compartment is
of crucial importance for mitochondrial function.
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Figure 3. Mitochondrial function relies on a coordinated expression of mitochondrial
proteins from two genomes. All factors required for replication and transcription of the
mtDNA are encoded in the nucleus. In courtesy of Lene Sérensen.



Precursor proteins destined for the mitochondrial matrix generally carry an N-terminal pre-
sequence that targets the protein to the organelle. The pre-sequence is cleaved during the
mitochondrial import which takes place through specialized carriers located in the
mitochondrial membranes. Membrane proteins on the other hand carry internal targeting
sequences that are not cleaved upon import (Habib et al, 2007).

Nucleoids

Although more than four decades have gone since the discovery of mtDNA, its organization
and inheritance is still not fully understood. Mitochondrial DNA is organized in aggregates
known as mitochondrial nucleoids (mt-nucleoids). Each nucleoid, which is considered the
heritable unit of mtDNA, contains several mtDNA molecules, packed with a large number of
different proteins in a space with a diameter of 70 nm. About 30 different proteins in
different species have been identified as potential components of mt-nucleoids. The
nucleoids are believed to be associated with the inner mitochondrial membrane, and are
dynamic structures able to divide and redistribute in the mitochondrial network (Kucej &
Butow, 2007). The functional roles for the nucleoids are not yet fully established, but they
have been proposed to be of importance for protection, segregation and inheritance of the
mtDNA, as well as being the biosynthetic centers for mtDNA transactions such as
replication, transcription and repair (Bogenhagen et al, 2008; Chen & Butow, 2005).

Much of the current knowledge about nucleoids is based on studies of the yeast S. Cervisiae.
Cytological, biochemical and genetic studies have helped to shed light on their organization
and composition. The main packaging proteins of mt-nucleoids is a non-histone, high
mobility group (HMG) protein, denoted Abf2 in budding yeast and transcription factor A
(TFAM) in human cells (Chen & Butow, 2005).

Human nucleoids have been isolated by immunoaffinity purification and analyses of the
protein content identified 21 proteins, including many proteins with previously known
function in mtDNA replication and transcription, e.g. TFAM, mtSSB and TWINKLE (Wang &
Bogenhagen, 2006). The major nucleoid protein TFAM, the mammalian homologue of yeast
Abf2, has the ability to bind, unwind and bend DNA in vitro, and is thought to be a key
player in mtDNA packaging in mammals (Fisher et al, 1992). Other examples of nucleoid
proteins identified are some heat shock proteins, proteases, cytoskeletal components and a
number of metabolic enzymes. The recruitment of these proteins to mt-nucleoids may allow
a coupling of mitochondrial metabolism and biogenesis to mtDNA and nucleoid activities
(Chen & Butow, 2005; Kucej & Butow, 2007).

Recently, a layered structure of nucleoids has been proposed, with proteins involved in
mtDNA transactions such as replication, transcription and repair, associated with mtDNA in
a central core. Meanwhile, translation and RC complex assembly instead occur in the
peripheral region of the nucleoid, upon which nascent proteins are inserted into the inner
mitochondrial membrane. In support of this model, many proteins known to be involved in
mtDNA replication and transcription were able to cross-link to mtDNA, e.g. TFAM, mtSSB,
TWINKLE and POLy. Several other metabolic proteins and chaperones identified in native
nucleoids were not able to cross-link to mtDNA and were thus proposed to be located in the
nucleoid periphery, for example ATAD3, Hsp60 and prohibitin (Bogenhagen et al, 2008).



Transcription of mtDNA

Transcription of human mitochondrial DNA is initiated from two distinct promoters, both
located in the D-loop; the light strand promoter (LSP) and the heavy strand promoter (HSP).
Transcription from these promoters produces large polycistronic precursor RNAs, which are
then further processed to generate the individual mRNA, rRNA and tRNA molecules. In
addition, transcription from LSP provides the RNA primers necessary for initiation of leading
heavy (H) strand DNA replication (Shadel & Clayton, 1997).
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Figure 4. mtDNA regulatory elements. See text for details. (Adapted from (Falkenberg et al,
2007)).

Heavy and light strand promoters

Transcription of the heavy strand is initiated from two different sites; HSP; and HSP,
(Montoya et al, 1982). The HSP; site is located upstream of the tRNAP® gene and produces a
transcript which terminates at the 3" end of the 16S rRNA gene. The HSP; site operates
about 20 times more frequently than HSP, and generates two rRNAs (12S and 16S) and two
tRNAs (tRNAPhe and tRNAva'). The second initiation site, HSP,, is located close to the 12S
rRNA 5’ end and produces a polycistronic transcript covering almost the entire H-strand. The
light strand promoter (LSP), located about 150 bp away from HSP;, initiates a single
polycistronic transcript, encoding 8 tRNAs and one mRNA (Fernandez-Silva et al, 2003).

Nearly all the protein and rRNA genes are flanked by at least one tRNA gene. Excision of
tRNA molecules is required to produce mature mRNA and rRNA molecules from the
polycistronic transcripts. The secondary structures of the tRNA sequences have been
proposed as punctuation marks in the reading of the mitochondrial information, by
providing the substrates for RNA processing enzymes (Ojala et al, 1981).

Factors required for mtDNA transcription

The human mitochondrial RNA polymerase (POLRMT) is a single subunit enzyme of 120 kDa

which shows a high sequence similarity with both the T3 and T7 bacteriophage polymerases
(Tiranti et al, 1997). Although POLRMT can specifically recognize mitochondrial promoters, it



cannot initiate transcription without assistance of two additional transcription factors,
TFAM and either TFB1M or TFB2M (Falkenberg et al, 2002; Gaspari et al, 2004).

Like other HMG proteins, TFAM can bind, unwind and bend DNA without sequence
specificity (Fisher et al, 1992). TFAM is one of the major protein components of
mitochondrial nucleoids and has been proposed to coordinate the compaction of several
mtDNA molecules in nucleoid formation (Kaufman et al, 2007).

TFAM has also been proposed as an important regulator of mtDNA copy number (Ekstrand
et al, 2004). In addition to the sequence-unspecific DNA binding activity, TFAM also binds
sequence-specifically to promoter elements immediately upstream of HSP and LSP. This
sequence-specific binding has been suggested to cause structural alterations in the
promoter region, possibly unwinding the start site for transcription to facilitate transcription
initiation (Clayton, 1991). The vital importance of TFAM for mtDNA maintenance was
demonstrated in studies of homozygous TFAM knockout mice, which showed embryonic
lethality and depletion of mtDNA (Larsson et al, 1998).

With the discovery of the human transcription factors B1 and B2, the basal human
transcription machinery could be reconstituted in a pure in vitro system with recombinant
proteins (Falkenberg et al, 2002). Both TFB1M and TFB2M can form a heterodimeric
complex with POLRMT, and each complex could independently together with TFAM support
promoter-specific initiation of transcription. TFB2M is at least 10 times more active than
TFB1M in promoting transcription. Furthermore, both factors were shown to be highly
homologous to bacterial rRNA dimethyltransferases, suggesting that an RNA modifying
enzyme was recruited during evolution to function as a mitochondrial transcription factor.
Both TFB1M and TFB2M can act as rRNA methyltransferases (Cotney & Shadel, 2006; Seidel-
Rogol et al, 2003); however TFB2M appears to be a less efficient enzyme than TFB1M.
Furthermore, a mouse model showed that TFB1M is essential for the stability of the small
subunit of the mitochondrial ribosome. A total loss of TFB1M was embryonic lethal and
disruption of the gene in heart lead to an impaired assembly of the mitochondrial ribosome
and abolished mitochondrial translation (Metodiev et al, 2009). Biochemical data also
demonstrated that TFB1M does not activate or repress transcription in the presence of
TFB2M (Metodiev et al, 2009), inconsistent with previous reports suggesting TFB1M to be a
strong transcriptional activator (McCulloch et al, 2002; McCulloch & Shadel, 2003).

Transcriptional termination and regulation

Transcription of the H-strand starting at HSP; terminates immediately downstream of the
16S rRNA gene. The termination event is mediated by specific binding of the mitochondrial
transcription termination factor, mTERF (Montoya et al, 1983). The molecular mechanism of
MTERF-dependent termination remains obscure and the structure of mTERF has not been
elucidated.

Transcription starting at LSP and HSP, produces long polycistronic transcripts containing all
the genetic information encoded on the respective strands. A termination site for the HSP,

transcript has been found immediately upstream of the tRNA™

gene and two proteins were
described to bind this region, although their identities are still not known (Camasamudram

et al, 2003). The precise location and mechanism for L-strand termination is still not known,

8



although involvement of mTERF has been implicated also in this termination event (Shang &
Clayton, 1994).

Recently, three novel genes encoding proteins homologous to mTERF were identified and
predicted to have mitochondrial localization (Linder et al, 2005). These were denoted
MTERF2-4, with MTERF1 corresponding to the previously characterized mTERF. MTERF3 was
subsequently demonstrated to be a negative regulator of transcription initiation, rather
than operating in transcription termination (Park et al, 2007). MTERF2 was demonstrated to
be a nucleoid component of mammalian mitochondria (Pellegrini et al, 2009) and MTERF2
knockout mice displayed mild myopathy and memory deficits associated with decreased
mitochondrial transcription (Wenz et al, 2009). In vitro studies were indicative of MTERF2
interacting with HSP, suggesting a role in transcription initiation (Wenz et al, 2009). The
function of mTERF4 is still unclear.

DNA replication - An introduction

DNA replication is a fundamental process occurring in all living organisms to copy their DNA.
This process requires a large number of proteins properly assembled at a DNA replication
fork. Much of today’s knowledge about DNA replication is derived from studies of
Escherichia coli (E. coli) and its bacteriophages T7 and T4. These different prokaryotic
systems use the same basic components for DNA synthesis, although the number and
nature of individual proteins can vary. The main components at the DNA replication fork
include: a DNA polymerase, a polymerase accessory factor, a single-stranded DNA binding
protein and a primosome consisting of DNA helicase and DNA primase activities (Benkovic et
al, 2001). Before mtDNA replication is considered, a brief introduction to the field of DNA
replication is presented.

Initiation of DNA replication

The process of DNA replication is semiconservative, meaning that each strand of the original
DNA duplex serves as a template for a new complementary strand. The replication process
initiates at specific sites in the genome, called replication origins. These origins are targeted
by proteins that separate the two strands and initiate DNA synthesis. A bacterial
chromosome has one origin, whereas each eukaryotic chromosome contains multiple
origins. DNA synthesis usually proceeds bidirectionally away from an origin, producing a
replication bubble with two growing forks moving in opposite directions. The process is
terminated when two opposing replication forks meet.

The replisome

The multiple actions at the DNA replication fork are carried out by a multi-protein complex
commonly referred to as the replisome. The replication fork structure is created by a
helicase which breaks the hydrogen bonds holding the two DNA strands together; thereby
unwinding the original duplex DNA. The DNA polymerase then uses each strand as a
template to synthesize a new complementary strand. Single-stranded DNA binding proteins
(SSBs) have critical functions in DNA replication, as well as other cellular reactions that
require the presentation of ssDNA. They prevent the reannealing of separated DNA strands



and have also been shown to stimulate the activity of DNA polymerases (Fernandez-Silva et
al, 2003).

The anti-parallel nature of DNA presents a challenge for the replication machinery since
DNA polymerases can only synthesize DNA in a 5’ to 3'direction. The cellular replisomes
overcome this problem by synthesizing leading and lagging strands in a continuous and
discontinuous manner, respectively. On the leading strand, the DNA polymerase operates
continuously, behind the helicase that unwinds the duplex DNA. On the lagging strand
however, a second DNA polymerase synthesizes DNA in form of short so called Okazaki
fragments. Each Okazaki fragment is synthesized in the 5' to 3" direction, but the overall
movement of the lagging strand is 3' to 5’ relative to the replication fork (Pomerantz &
O'Donnell, 2007).

DNA polymerases cannot initiate DNA synthesis de novo. Instead they begin by extending
the 3’end of an RNA primer. Short RNA primers are synthesized by a specialized RNA
polymerase called primase. A primase is usually only required once at the leading strand,
whereas at the lagging strand, this activity is required to initiate the synthesis of each
Okazaki fragment.

In order to coordinate the leading and lagging strand movements, the lagging strand is
thought to form a loop back through the replisome. The leading and lagging strand DNA
polymerases may thus be spatially coupled within a single replisome complex, and the
direction of lagging strand movement is aligned with the overall movement of the
replication fork (Sinha et al, 1980) (Figure 5).

Lagging strand synthesis gps

Figure 5. Model of the T7 replisome. The replisome consists of four proteins; DNA
polymerase (gp5), the processivity factor thioredoxin (trx), the hexameric helicase/primase
(gp4), and the ssDNA-binding protein (gp2.5). The polarity of lagging-strand synthesis is
aligned with the synthesis of the leading-strand through loop formation (Johnson et al,
2007).

10



In addition, a topoisomerase is required to regulate the supercoiling of the duplex DNA that
occurs during replication, and a DNA ligase activity is required to seal the gaps between
neighboring Okazaki fragments.

The T7 replisome

The bacteriophage T7 replication system has several similarities with the mitochondrial DNA
replication system and can therefore be used as a model when studying mtDNA replication.
At least three different proteins involved in mtDNA replication or transcription share
homology with their counterparts in T7; the mitochondrial helicase TWINKLE, the mtDNA
polymerase POLy and the mtRNA polymerase POLRMT (Lecrenier et al, 1997; Spelbrink et al,
2001; Tiranti et al, 1997). The four proteins that are responsible for the basic reactions at
the T7 replication fork are the gene 4 helicase-primase, the gene 5 DNA polymerase, the
host E. coli encoded processivity factor thioredoxin, and the gene 2.5 single-stranded DNA
binding protein (Figure 5). The polymerase forms a 1:1 complex with its processivity factor
thioredoxin, and direct interactions have also been observed between all three phage
encoded factors. The C-terminal tail of gp4 is responsible for interaction with the
polymerase.(Richardson, 1983).

Hexameric helicases

Helicases are motor proteins that catalyze the unwinding of duplex nucleic acid by coupling
the chemical energy of NTP hydrolysis to the mechanical energy of translocation along DNA
or RNA. Helicases play important roles in various cellular activities that require presentation
of single-stranded nucleic acids, including replication, recombination, repair and
transcription. Mutations in several genes encoding helicases are known to cause human
diseases, for example xeroderma pigmentosum, Cockayne’s syndrome and Werner’s
syndrome (Mackintosh & Raney, 2006). Some helicases are encoded by viruses, e.g. herpes
simplex virus and hepatitis C virus, and are therefore targets of antiviral drug discovery. The
central role of helicases, both in disease states and basic cellular processes, makes this
group of enzymes an important target of research. In human cells over twenty different
helicases have been identified.

Helicases can be divided into six superfamilies based on primary sequence similarities
(Singleton et al, 2007). However, they can also be classified based on nucleic acid specificity
(DNA, RNA or DNA-RNA hybrid), directionality (3'to 5', or 5’ to 3'), oligomeric state (usually
monomeric, dimeric or hexameric) or whether they translocate on single-stranded or
double-stranded molecules.

The hexameric helicases is a diverse group of enzymes comprising superfamilies 3-6. Many
replicative helicases are hexameric and encircle the template DNA in the central channel
whilst unwinding. This may be an advantage in terms of processivity, since a closed ring
structure is less likely to disengage from the template strand than a monomeric or dimeric
protein. However, the loading of hexameric helicases onto the template strand usually
requires accessory proteins that aid in this process. An exception is bacteriophage T7 gene 4
protein (gp4) that is able to encircle a closed circular DNA molecule without additional
cofactors (Ahnert et al, 2000).
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Most hexameric helicases require Mg®* or NTP binding for hexamer formation and DNA (or
RNA) greatly stabilizes the hexameric structure. Hexamer formation is required for DNA
binding, and DNA binding in turn stimulates NTP hydrolysis. Conformational changes give
rise to the energy transduction that couples NTP hydrolysis to movement and hence
unwinding. Hexamer formation is thus of key importance for the enzymatic activity. Mutant
helicases that are unable to hexamerize also show defects in DNA binding, NTPase and
helicase activities (Patel & Picha, 2000).

T7 gene 4 protein primase-helicase

The replicative helicase of bacteriophage T7, gene 4 protein (gp4), is probably the most
extensively characterized of the hexameric helicases. Because of the homology between
TWINKLE and the phage helicase, gp4 is a good model for understanding the role of
TWINKLE.

Gp4 belongs to the smaller RecA/DnaB superfamily or superfamily 4. Members of this family
show a conserved organization with five motifs (H1, Hla, H2, H3 and H4) important for
helicase function. Only motifs H1 and H2 are similar to the conserved motifs of the two
largest superfamilies 1 and 2.

In bacteria, the helicase associates with a primase (e.g. DnaB and DnaG proteins of E. coli),
whereas in T7 the helicase and primase functions are located in one single polypeptide, with
two distinct domains separated by a flexible linker. The bacteriophage T7 gene 4 encodes
two proteins, a 63 kDa helicase-primase (gp4a), and a 56 kDa helicase (gp4b), translated
from separated in frame start sites. The helicase activity resides in the C-terminal part of the
protein, and the primase activity in the N-terminal part. The intervening linker region is
believed to be critical for hexamer formation (Guo et al, 1999). Nucleotides bind at the
interface between helicase monomers and thereby stimulate oligomerization (Sawaya et al,
1999). The gene 4 protein encircles the lagging strand and translocates in a 5' to 3' direction,
thereby unwinding duplex DNA by acting as a wedge (Patel & Picha, 2000). The crystal
structure of gp4 primase-helicase has been determined as a heptamer (Toth et al, 2003),
however the functional unit for unwinding is believed to be a hexamer. The heptameric
form is able to accommodate dsDNA, and gp4 has been shown to translocate on dsDNA and
drive branch migration of a synthetic Holliday junction, suggesting that it may also be
involved in recombination or repair activities (Kaplan & O'Donnell, 2002).

The gp4 has been proposed to load onto the closed circular DNA molecule by a ring-opening
mechanism, where the initial contact with DNA is made by the N-terminal primase domain
(Ahnert et al, 2000). The primase domain contains a conserved region with significant
electropositive potential suggested both in gp4 and the structurally related DnaG primase of
E. coli to interact with the backbone of the ssDNA template (Kato et al, 2003; Keck et al,
2000; Podobnik et al, 2000) This region represents the catalytic center of the primase,
which has earlier been thought to lie on the outside of the hexameric ring (VanLoock et al,
2001). The previously accepted model was that the unwound DNA was folded back in order
for the enzyme to put primers on the lagging strand (Lee & Richardson, 2002). The crystal
structure of the primase-helicase instead opens up for an alternative model. The primase
and helicase domains are shown to be very flexibly attached to each other and one primase
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monomer can likely dip into the center of the ring and prime ssDNA in the central channel
(Toth et al, 2003). This flexible structure may also allow the primase to transiently bind DNA
whilst loading the hexamer onto the DNA molecule.

Mitochondrial DNA replication

Mitochondrial biogenesis is a fundamental process in animal cell proliferation, and
replication of the mitochondrial DNA is a crucial element of that process. mtDNA replication
takes place in the mitochondrial matrix, independently from cell cycle phase and nuclear
DNA replication (Bogenhagen & Clayton, 1977). Mitochondria replicate and divide mainly in
response to the cell’s energy requirements. The energetic demands can vary substantially
between different cell types and under different physiological conditions requiring an
adaptation in mitochondrial biogenesis. Proper mitochondrial function depends on a
coordination of the nuclear and mitochondrial genomes, but the molecular mechanisms
involved in this process are still poorly understood. The link between transcription and
mtDNA replication suggests that mtDNA copy number in part may be controlled by the
frequency of transcription initiation at LSP (Shadel & Clayton, 1997).

The mechanism by which mtDNA is replicated is not completely understood. The since long
established “strand-displacement mode” (Clayton, 1982) has been challenged by a “strand-
coupled mode” (Holt et al, 2000) (Figure 6). Since the strand-coupled mode was presented
there has been an intense debate concerning the mode of mtDNA replication, and it is
evident that further experimental work is required to clarify the situation (Bogenhagen &
Clayton, 2003a; Bogenhagen & Clayton, 2003b; Holt & Jacobs, 2003).

The strand-displacement mode (Clayton mode)

The strand-displacement mode or the Clayton mode was defined by Clayton and coworkers
based on numerous biochemical and electron microscopy studies of replicative
intermediates in mammalian cell lines, reviewed in Clayton (1982) and Clayton (1991).
According to this mode, replication of mammalian mtDNA is thought to occur
asymmetrically from two distinct strand-specific origins of replication. Transcription from
LSP provides primers for initiation of leading heavy (H) strand synthesis at the origin of
heavy strand (Oy). Replication proceeds unidirectionally, displacing the parental H strand as
single-stranded DNA (ssDNA). When leading-strand synthesis has proceeded two-thirds of
the genome, it exposes another major origin, the origin of light-strand synthesis (O,), which
is activated, and lagging-strand synthesis initiates in the opposite direction. The new mtDNA
molecules are then ligated to form closed circles prior to the introduction of superhelical
turns.

Recently, analysis of mtDNA replication intermediates by atomic force microscopy revealed
that multiple additional initiation sites for lagging-strand mtDNA synthesis are present on
the L-strand (Brown et al, 2005). These alternative initiation sites are probably less
abundant, explaining why only O, was identified when 5' end mapping was used to identify
initiation sites for lagging-strand mtDNA synthesis (Tapper & Clayton, 1981).
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Figure 6. Strand-displacement (left) and strand-coupled (right) modes of mtDNA replication.
According to the displacement-mode, replication initiates at Oy and proceeds
unidirectionally, displacing the parental H strand as ssDNA. When O, is exposed, lagging-
strand synthesis initiates in the opposite direction. The asymmetry of strand synthesis
leaves one segregated daughter molecule with an incompletely synthesized L-strand. In the
strand-coupled mode, mtDNA replication is thought to occur symmetrically, with leading-
and lagging-strand synthesis progressing bidirectionally from multiple origins across a broad
zone. (Adapted from (Brown et al, 2005)).

9.0

Initiation of H-strand synthesis

Transcription from LSP is not only required for gene expression, but also to generate the
RNA primers used by the DNA polymerase to initiate leading (H) strand DNA replication at
Oy. The newly synthesized RNA remains hybridized to the DNA template upstream of Oy to
form a stable so-called R-loop structure. To provide a properly positioned primer, the LSP
transcript must either terminate or be processed at sites near Oy (Shadel & Clayton, 1997).
The RNA to DNA transition is thought to involve three conserved sequence blocks (termed
CSBI, CSBII and CSBIII) that have been found downstream of LSP in the D-loop region of
vertebrates (Walberg & Clayton, 1981) (Figure 4).

The primary LSP transcripts may be cleaved by an endoribonuclease activity at sites near Oy
to yield primers for DNA synthesis. A site-specific mitochondrial RNA processing
endoribonuclease (RNase MRP) with this activity was identified in mouse and human cells
(Clayton, 1991). The relevance of these findings has however been questioned because
RNase MRP is mainly localized to the nucleolus, where it plays an important role in rRNA
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processing. An alternative model was recently suggested in which CSBIl can act as an LSP-
transcription termination element in vitro, suggesting that a sequence-specific DNA element
in the D-loop could also mediate the RNA to DNA transition (Pham et al, 2006). This does not
exclude the RNase MRP-dependant model for primer formation, but suggests an alternative
model that may exist independent of RNase MRP action.

Only a few initiation events at Oy actually result in the synthesis of a full-length genome,
whereas nearly 95% arrest at the termination associated sequences (TAS), creating the
triplex D-loop structure. TAS are short (15 bp) DNA elements conserved in vertebrates and
located at the 3’ end of nascent D-loop H strands (Figure 4). The TAS sequence has been
proposed to function as a major regulatory point of mtDNA replication (Madsen et al, 1993).

The triple-stranded D-loop is a conserved feature of mtDNA in vertebrates, suggesting that it
has a crucial role in mtDNA metabolism. It has however been difficult to determine its
precise role(s) since the frequency of D-loop structures in a population of mtDNA molecules
depends on the cell type and on cell growth phase. Suggested roles for the D-loop include
keeping a number of mtDNA molecules in a state primed for subsequent DNA replication,
and providing an mtDNA configuration that is required either for transcriptional regulation
or for mtDNA segregation (Shadel & Clayton, 1997).

Initiation of L-strand synthesis

Replication of the light (L) strand is initiated when leading H strand synthesis has reached
about two-thirds of its total length, revealing the origin of light-strand synthesis (O,). O,
consists of a small (30 bp) noncoding region and is surrounded by several tRNA genes
(Figure 2). The DNA in this sequence has the potential to create a stable stem-loop structure
that is thought to form once the leading strand has displaced this region as ssDNA. The
stem-loop structure is conserved in evolution; however the exact nature of the primary
sequence may differ significantly. It is noteworthy that O is located within a cluster of tRNA
genes that also have potential DNA secondary structures (Clayton, 1991). In chicken mtDNA
O, is missing, although the five tRNA genes in this region are conserved, and it has been
suggested that the tRNA genes may function as a substitute to O in this species (Desjardins
& Morais, 1990).

The initiation of DNA replication at O, requires a DNA primase activity to produce short RNA
primers complementary to a T-rich portion of the stem-loop. A transition from RNA to DNA
synthesis occurs near the base of the stem at a site that is actually part of a tRNA gene
(Clayton, 1991). A mitochondrial DNA primase activity involved in RNA priming at O, has
been partially purified from cell extract (Wong & Clayton, 1985) but the corresponding
protein was never identified.

Recent work suggests that L-strand mitochondrial DNA replication is primed by the
mitochondrial RNA polymerase POLRMT (Wanrooij et al, 2008). This report demonstrates
that POLRMT has two distinct modes of action. The enzyme efficiently transcribes long
regions of dsDNA, but becomes much less processive on ssDNA, producing short RNA
stretches of only 25-75 nt. The short RNA primers can be used by the mitochondrial DNA
polymerase y to initiate DNA synthesis in vitro and this reaction is stimulated by the
mitochondrial ssDNA binding protein (mtSSB). It was further demonstrated that, when
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combined, POLRMT, DNA polymerase y, TWINKLE and mtSSB are capable of simultaneous
leading-and lagging-strand DNA synthesis in vitro (Wanrooij et al, 2008).

In a subsequent study O,-dependant initiation was reconstituted in vitro, demonstrating
that POLRMT indeed can function as an O.-specific primase in mammalian mitochondria.
POLRMT was shown to initiate primer synthesis from a poly-dT stretch in the single-
stranded stem-loop structure. POLRMT synthesized about 25 nt of RNA primer, then
POLRMT was replaced by POLy to start DNA synthesis (Fuste et al, 2009).

Following the initiation at O, lagging strand synthesis proceeds over the whole length of the
strand and ends after the synthesis of the nascent H-strand has terminated (Clayton, 1982).
Upon completion of DNA synthesis, the new mtDNA molecules need to be separated, RNA
primers removed, gaps ligated and superhelical turns introduced, but the exact mechanisms
of these processes are still not well understood.

The strand-coupled mode (Holt mode)

In recent years, several papers have appeared that challenge the strand-displacement mode
of mtDNA replication (Bowmaker et al, 2003; Holt et al, 2000; Yang et al, 2002; Yasukawa et
al, 2005). Holt and coworkers have instead proposed an alternative mode of mammalian
mtDNA replication, based on neutral/neutral two-dimensional agarose gel electrophoresis
(2D-NAGE). DNA restriction fragments that contain candidate replication origins and
replication forks can be detected using this technique. DNA fragments are separated in the
first dimension based on size and in the second dimension based on strand configuration.
Particular types of replication intermediates can thus be resolved in predictable ways. DNA
fragments with conventional synchronous leading- and lagging-strand replication forks
display so-called y-arcs. Such y-arcs were revealed within an area between the two origins
Oy and O, (Holt et al, 2000). This and related observations lead to the conclusion that
mtDNA actually replicates symmetrically, with leading- and lagging-strand synthesis
progressing bidirectionally from multiple origins across a region including the cyt b, NAD5
and NADG6 genes. When the replication process reaches Oy, the replication fork is arrested
and replication is restricted to one direction only (Bowmaker et al, 2003).

The strand-coupled mode was later modified to include an additional mode of replication
observed in birds and mammals; the RITOLS mode (ribonucleotide incorporation throughout
the lagging strand) (Yasukawa et al, 2006). During RITOLS replication, mtDNA synthesis
starts unidirectionally from a region in the D-loop. In contrast to the strand-coupled mode,
the L-strand is initially laid down as RNA before being converted into DNA by an unknown
mechanism. The authors speculate that the RNA may help to protect and stabilize the
displaced ssDNA, alternatively act to block transcription machineries that could interfere
with the replication process.

The strand-coupled mode of mtDNA replication has been questioned by proponents of the
strand-displacement model who claim that the distribution of y-arcs and other 2D-gel
patterns might be explained by both alternative L-strand origins and branch migration of
nascent strands in the strand-displacement mode of replication (Brown et al, 2005). Atomic
force microscopy analyses of mtDNA from mouse liver tissue provided further evidence of
the strand-displacement mode of mtDNA replication. These mtDNA molecules also
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displayed y-arcs, thereby reconciling the original displacement mode of replication with the
data obtained from 2D-gel analyses (Brown et al, 2005).

The observation of stable, nonreplicative and partially hybridized RNA (so called R-loops) on
the mtDNA template casts doubt on the RITOLS mode of replication. These RNAs are
claimed to have confounding interpretation of 2D-gels by mimicking patterns commonly
associated with replication intermediates (Brown et al, 2008). The presence of these R-loops
appeared to restrict the conformation of supercoiled mtDNA, implying a larger structural
role within the mitochondrial nucleoid and possibly multiple consequences for the
maintenance and expression of mtDNA.

The RITOLS mode of replication recognizes the O, region as a transition point between RNA
and DNA (Yasukawa et al, 2006), meaning that the major difference between RITOLS and
the strand-displacement mode is that ssDNA is supposed to be protected by RNA in the first
case, and by SSB in the latter. With the discovery of additional initiation sites of lagging
strand replication (Brown et al, 2005), the boundaries between the different proposed
modes of mtDNA replication becomes somewhat blurred. Future studies may help to give a
final picture of the mechanism of this fundamental process.

The mitochondrial replisome

Figure 7. The mtDNA replication machinery. The TWINKLE helicase has 5’ to 3’ directionality
and encircles the lagging strand whilst unwinding the duplex DNA template. The mtSSB
protein stabilizes the unwound conformation and stimulates DNA synthesis by the POLy
holoenzyme. POLRMT synthesizes RNA primers on the lagging strand.
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Four factors are required to perform the basic reactions of mammalian mitochondrial DNA
replication; the DNA polymerase holoenzyme (POLy) synthesizes a copy of the template
strand, the helicase TWINKLE unwinds the duplex DNA ahead of the polymerase,
mitochondrial single-stranded DNA binding protein (mtSSB) coats the ssDNA and prevents
reannealing of separated strands, and finally POLRMT provides the RNA primers required for
initiation of DNA replication at Oy as well as O, (Fuste et al, 2009). (Figure 7). The
mitochondrial replication machinery has been reconstituted in vitro with human
recombinant proteins. POLy and TWINKLE together form a processive replication machinery,
a replisome, which can use duplex DNA as a template to synthesize ssDNA molecules of
about 2 kb. Addition of mtSSB further stimulates the reaction, generating DNA products of
about 16 kb, the size of the mammalian mtDNA molecule (Korhonen et al, 2004). When
combined, POLRMT, POLy, TWINKLE and mtSSB are capable of simultaneous leading- and
lagging-strand DNA synthesis in vitro (Wanrooij et al, 2008). A close functional interaction
between the mitochondrial replication factors is further demonstrated by the finding that
several mutations in both TWINKLE and POLyA cause autosomal dominant progressive
external ophtalmoplegia (adPEO) (Spelbrink et al, 2001), a human disorder characterized by
multiple mtDNA deletions. Recently, a mutation in POLyB was also shown to cause the same
disorder (Longley et al, 2006).

POLYy - the mitochondrial DNA polymerase holoenzyme

POLy is the only DNA polymerase so far reported in mitochondria, and is thus likely
responsible for all DNA synthetic reactions in replication, recombination and repair events in
the mitochondria. POLy was first identified as an RNA-dependant DNA polymerase in human
Hela cells (Fridlender et al, 1972). POLy is a highly efficient and processive polymerase with
a high fidelity in nucleotide selection and incorporation. The mammalian mtDNA
polymerase holoenzyme is a heterotrimer with one subunit of the catalytic POLyA, and two
subunits of the processivity factor POLyB (Carrodeguas et al, 2001).

POLYA is a member of the family A class of DNA polymerases that also include the well
characterized E. coli DNA polymerase | and the bacteriophage T7 DNA polymerase. Human
POLyA is a 140 kDa peptide with 5-3"polymerase, 3°-5'exonuclease, and 5’-deoxyribose
phosphate (dRP) lyase activities. The third enzymatic activity is related to base excision
repair. The polymerase and exonuclease activities reside in two distinct domains, separated
by a large spacer region which also contains conserved sequence motifs (Kaguni, 2004). The
function of the spacer is not yet clear, but mutational studies of Drosophila POLyA suggest it
may be involved in DNA binding, subunit interactions and in the interplay between
polymerase and exonuclease activities (Luo & Kaguni, 2005). The importance of the spacer is
further demonstrated by findings that mutations in this region are linked to mitochondrial
disorders (Luoma et al, 2005).

The accessory subunit of mtDNA polymerase, POLyB has a molecular mass of 55 kDa. POLyB
is present in Homo sapiens, Mus musculus, Drosophila melanogaster and Xenopus laevis
(Carrodeguas et al, 1999; Wang et al, 1997), but is notably absent in Saccharomyces
cerevisiae. POLyA and POLyB form a heterodimer in Drosophila, but a heterotrimer
(POLYAB,) in mammalian cells. This distinction may be explained by the fact that the
Drosophila POLyB lacks many amino acid residues present in mouse and human POLyB, in
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two motifs that are suggested to be involved in dimerization of the protein. POLyB has been
shown to increase both catalytic activity and processivity of POLyA, an effect partially
explained by enhanced DNA binding, but also by increased nucleotide binding (Carrodeguas
et al, 2001).

POLyB shares both sequence and structural similarities with the anticodon-binding pocket of
prokaryotic aminoacyl-tRNA synthetases (aaRS), a group of enzymes that catalyze the
attachment of each amino acid to its corresponding tRNA. This finding lead to the
suggestion that POLyB may play a role in primer recognition (Fan et al, 1999), alternatively it
could be involved in directing the polymerase to the origins of replication, which have a high
potential for forming complex secondary structures (Carrodeguas & Bogenhagen, 2000).
There is also some structural similarity between a part of POLyB and thioredoxin, the
accessory subunit of T7 DNA polymerase, although there is no amino acid sequence
homology (Fan et al, 1999). POLyB has a dsDNA-binding activity that is however not
essential for the stimulation of POLyA catalytic activity in vitro. It has been proposed that
this function may play a role in other aspects of DNA replication or repair (Carrodeguas et al,
2002). The importance of this dsDNA-binding activity in mtDNA replication is addressed in
Paper | of this thesis.

POLy is clearly a vital protein for mitochondrial function. Mutations in both the catalytic and
accessory subunits of POLy cause mitochondrial disorders (Longley et al, 2006). It has also
been shown that transgenic mice expressing an error-prone form of POLy, lacking the 3°-5"-
exonuclease activity, accumulate mutations and deletions in the mtDNA, and develop
symptoms of premature ageing (Trifunovic et al, 2004).

TWINKLE - the mitochondrial replicative helicase

The TWINKLE gene (C100rf2) was originally identified in a search for mutations associated
with chromosome 10g24-linked autosomal dominant progressive external ophtalmoplegia
(adPEO) (Spelbrink et al, 2001). The gene showed striking similarity with the bacteriophage
T7 helicase-primase (gp4) and the protein was shown to co-localize with mtDNA in
mitochondrial nucleoids. These data suggested that TWINKLE was the long-sought
replicative helicase of mitochondria. Further studies demonstrated that human TWINKLE is
indeed the helicase at the mitochondrial DNA replication fork (Korhonen et al, 2004).
TWINKLE is a 684 amino acid protein with a predicted molecular weight of 77 kDa. cDNA
amplification also revealed a splice variant of TWINKLE, named TWINKY. TWINKY is a 66 kDa
peptide that lacks a part of the C-terminal helicase domain. It also shows mitochondrial
localization, but its function is still unknown (Spelbrink et al, 2001).

TWINKLE, similar to T7 gp4, can be structurally divided into three distinctive regions; an
amino-terminal domain with unknown function (corresponding to the primase domain of
gp4), a carboxy-terminal helicase domain, and an intervening linker region. The helicase
domain displays the same conserved motifs as T7 gp4 and other members of the RecA/DnaB
superfamily. The similarities in the N-terminal part are however less obvious. Human
TWINKLE contains five of six conserved primase motifs, but lacks essential cysteine residues
of a Zn** finger motif (motif I) that in gp4 is involved in nucleotide sequence recognition and
transfer of the primer to the polymerase, and it also lacks essential amino acids required for
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binding Mg”* ions. Bioinformatic analyses suggest that TWINKLE is an active primase in most
eukaryotes, but that this activity has been lost in metazoan cells (Kusakabe & Richardson,
1996; Shutt & Gray, 2006b). To date, there have been no reports of primase activity in
human TWINKLE. The observation that five mutations associated with adPEO are localized in
the TWINKLE N-terminal domain strongly suggests that this region has some other
important function involved in mitochondrial DNA replication. This issue is addressed in
Paper Ill and IV of this thesis.

Similar to gp4 and other related ring helicases, TWINKLE forms a hexamer in solution (Farge
et al, 2008; Spelbrink et al, 2001). Biochemical analyses have demonstrated that
recombinant TWINKLE catalyzes the ATP-dependant unwinding of duplex DNA in a 5’ to 3'-
direction and it requires specific substrates with a single-stranded 5'-loading site and a
short 3'-tail to initiate unwinding. This substrate resembles the conformation of a
replication fork, a structure with which TWINKLE would be expected to interact in vivo.
mtSSB specifically stimulates TWINKLE unwinding activity. TWINKLE is however a poor
helicase in isolation, since it can only unwind shorter stretches of duplex DNA (<55bp), even
in the presence of mtSSB (Korhonen et al, 2003). The biochemical evidence for TWINKLE
being the active helicase at the mtDNA replication fork was provided by reconstitution of a
minimal mitochondrial replisome, where POLy, together with TWINKLE and mtSSB,
efficiently use dsDNA as a template to synthesize ssDNA products of up to 16 kb, which
correspond to the size of the mammalian mitochondrial genome (Korhonen et al, 2004).

mtSSB - the mitochondrial ssDNA binding protein

Replicative intermediates of mtDNA probably contain long single-stranded DNA regions. A
single-stranded DNA binding protein (mtSSB) is present in mitochondria to maintain the
integrity of these regions, and to increase the activity and fidelity of POLy (Fernandez-Silva
et al, 2003). MtSSB has been purified from several species and has a molecular weight of
about 13-15 kDa, forming a homotetramer in solution. The crystal structure of mtSSB
suggested that ssDNA wraps around the tetramer and mtSSB has been shown to coat the
displaced strand that is the template for lagging strand synthesis. Unlike POLy and TWINKLE,
the other components of the minimal mtDNA replisome, mtSSB is not homologous to the T7
SSB, but is instead similar to the SSB present in E. coli (Kaguni, 2004). mtSSB has been shown
to specifically stimulate the helicase activity of TWINKLE since it cannot be replaced with E.
coli SSB (Korhonen et al, 2003).

Mitochondrial genetics

In most multicellular organisms mtDNA is maternally inherited. There are several
mechanisms to assure this, including simple dilution (an egg contains many more copies of
mtDNA than a sperm cell), degradation of sperm mtDNA in the fertilized egg, and in some
organisms failure of sperm mtDNA to enter the egg. The mitochondria from the sperm cell
that enter the oocyte during fertilization are actively degraded by a ubiquitin-dependant
mechanism (Sutovsky et al, 2000).
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In normal cells all copies of mtDNA are assumed to be identical, a condition known as
homoplasmy, but since mutations usually affect some but not all mtDNAs within a cell or
tissue, the more common situation is heteroplasmy, with a mixture of wild-type and mutant
mtDNA. The relative proportion of mutant and normal mtDNA in a tissue determines the
clinical outcome of the mutation. A minimum critical number of mutated mtDNA molecules
is required to cause respiratory chain dysfunction in a certain organ or tissue and ultimately
lead to disease. This phenomenon is known as the threshold effect. The threshold at which
symptoms arise depends on the energy demand of the affected tissue. Tissues with high
energy demand, such as the central nervous system, skeletal muscle, heart, liver and kidney
are particularly sensitive and therefore often affected in mitochondrial disorders (Graff et al,
1999).

Unlike nuclear DNA, the mtDNA is not replicated in synchrony with each cell division.
Instead the mtDNA is continuously turned over and replicated during the entire cell cycle.
Each cell contains hundreds or thousands of mtDNA molecules which are randomly
distributed to the daughter cells at each division. The level of heteroplasmy may thus shift
and the phenotype may change accordingly. This phenomenon, called mitotic segregation,
explains how certain patients with mitochondrial disorders may shift clinical phenotypes as
they grow older. A variable segregation early in embryogenesis may lead to different levels
of mutated mtDNA between tissues. It can also occur in the germline, causing a dramatic
change in levels of mutated mtDNA between generations, and siblings often inherit widely
varying levels of mutated mtDNA (Dimauro & Davidzon, 2005; Graff et al, 1999).

During oogenesis, mitochondria are randomly segregated through tight “bottlenecks”; of
the 150 000 mtDNA molecules estimated to be present in mammalian oocytes, only a small
proportion is amplified and transmitted to the offspring. The random distribution of wild-
type and mutant mtDNA during oogenesis creates a spectrum of heteroplasmy across the
oocyte population, explaining the clinical variations of a mitochondrial disorder among
siblings (Schapira, 2006).

The mutation rate of mtDNA is much faster than that of the nuclear genome. There are
several possible explanations for this; mtDNA is less protected by proteins, it is close to the
site of ROS production at the inner mitochondrial membrane, and it appears to have less
efficient repair systems than the nucleus (Fernandez-Silva et al, 2003). The mitochondrial
genetic bottleneck contributes to the rapid segregation of new genotypes, which are either
lost during transmission or reach very high levels and affect the offspring (Cree et al, 2008).
Recent studies demonstrate a strong purifying selection in the female germline to get rid of
mtDNA aberrations that severely impair respiratory chain function (Stewart et al, 2008).

Another feature that distinguishes the mitochondrial genome from the nuclear genome is
that mitochondrial genes are translated using a genetic code distinct from the universal
genetic code. For example, UGA encodes tryptophan instead of being a stop codon.
Mitochondria also have a simplified codon-anticodon pairing system that allows protein
translation with only 22 tRNAs (Fernandez-Silva et al, 2003).
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Mitochondrial disorders

The first evidence of mitochondria being linked to human disease was presented almost 50
years ago in a patient with severe hypermetabolism (Luft et al, 1962). However, the genetic
basis of mitochondrial disorders remained unclear until 1988 when the first disease-causing
mutations of mtDNA were found (Holt et al, 1988; Wallace et al, 1988). Since then more
than 150 point mutations and a large number of rearrangements (mainly deletions and
duplications) have been associated with a variety of diseases (Dimauro & Davidzon, 2005).
Mitochondrial diseases that were for many years considered being extremely rare, are now
being described as among the most common genetic disorders, affecting at least 1 in 5000
people, when both nuclear and mtDNA mutations are considered (Schaefer et al, 2004). This
could be an underestimate since mitochondrial disorders are often complex and difficult to
diagnose.

Mitochondrial disorders show a wide spectrum of clinical presentation. They range from
lesions of single tissues to complex multisystem syndromes with onset ranging from
neonatal to adult life. Tissues with a high energy demand, such as neurons, cardiac and
skeletal muscle, have a high density of mitochondria and are therefore extra sensitive to
mitochondrial abnormalities. Consequently these tissues are often affected in mitochondrial
disease. When a mitochondrial disorder is suspected, the diagnosis is typically confirmed by
analyses of muscle biopsies. A classical hallmark of mitochondrial dysfunction is “ragged-red
fibers” caused by accumulation of diseased mitochondria in muscle fibers. Also cytochrome-
c-oxidase (COX) negative fibers are common. These features are however absent in several
mitochondrial disorders, making diagnosis complicated (Schapira, 2006; Zeviani & Di
Donato, 2004).

Abnormalities of mtDNA or OXPHOS activity has been demonstrated in several different
neurodegenerative diseases, including Parkinson’s disease, Alzheimer’s disease and
Friedreich’s ataxia (Schapira, 2006). It is unclear whether these abnormalities are the
primary cause of disease or are defects not directly related to pathogenesis. If mitochondrial
dysfunction does play a role in pathogenesis, improving mitochondrial function may also
improve disease progression. Coenzyme Quq is an attractive target for treatment of
Parkinson’s disease (PD), as it both enhances respiratory chain function and scavenges free
radicals. A pilot study showed that Coenzyme Q. indeed had a beneficial effect upon PD
pathogenesis in patients (Shults et al, 2002).

Mitochondrial dysfunction is also believed to contribute to human ageing. Progressive
accumulation of somatic mtDNA mutations and reduction in respiratory chain function has
been found to correlate with increasing age (Cottrell et al, 2000). In direct support of this
theory, transgenic mice expressing an error-prone form of POLy, lacking the 3°-5'-
exonuclease activity, showed a "'mutator” phenotype with accumulation of mutations and
deletions in the mtDNA, and they developed symptoms of premature ageing (Trifunovic et
al, 2004). The causative role of these mtDNA mutations is however under debate, since
mutation levels in tissues have been reported too low to cause respiratory chain function. It
has been suggested that accumulation of mtDNA mutations may contribute to the ageing
process by increasing cellular apoptosis (Kujoth et al, 2005). Fusion of mitochondria is
thought to counteract the manifestation of respiratory chain deficiency caused by mutant
mtDNAs because it allows complementation of mitochondrial genetic components
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throughout the mitochondrial network (Sato et al, 2006). A decrease of mitochondrial
fission and fusion activity has been observed in old endothelial cells, indicating that these
processes are sensitive to ageing and may contribute to the accumulation of damaged
mitochondria during ageing (Jendrach et al, 2005).

Mitochondrial DNA defects

There are two major types of mtDNA defects that may occur: large rearrangements
(including deletions and duplications) and point mutations. The defects can be present in
the germline and be transmitted maternally, or appear randomly in somatic cells to cause
sporadic cases of disease (Graff et al, 1999).

The first mtDNA defects associated with human disease were mtDNA deletions (Holt et al,
1988). Large-scale deletions have typically been associated with chronic progressive external
ophtalmoplegia (CPEQ), Kearns-Sayre syndrome and Pearson’s syndrome, but have also
been described in patients with MELAS (myopathy encephalopathy lactic acidosis and
stroke-like episodes), diabetes or cardiomyopathy (Schapira, 2006).

Over 150 point mutations associated with human disease have been described in protein
coding genes, tRNAs and rRNAs (Dimauro & Davidzon, 2005). They have a wide clinical
presentation, including phenotypes like MELAS, MERRF (myoclonic epilepsy and ragged red
fibers), NARP (neuropathy ataxia and retinitis pigmentosa), MILS (maternally inherited Leigh
syndrome) and LHON (Leber hereditary optic neuropathy). MtDNA point mutations have
also been reported in patients with for example diabetes, cardiomyopathy, sensorineural
deafness, Parkinson’s disease and ALS (amyotrophic lateral sclerosis) (Zeviani & Di Donato,
2004).

A disease expressed in both sexes but with no evidence of paternal transmission is strongly
indicative of a mtDNA mutation. The pathogenesis of mtDNA mutations is complex. One
single mutation can result in multiple phenotypes, and the same phenotype can be caused
by many different mutations. It appears that multiple factors may influence the clinical
outcome of a mutation, including tissue distribution, level of heteroplasmy, nuclear
background, and the varying energy demand of different organs (Schapira, 2006).

Nuclear gene mutations affecting mtDNA stability

MtDNA is dependent on nuclear DNA for the production of a range of proteins involved in
its replication, transcription, translation, repair and maintenance. Mutations in nuclear
genes affecting mtDNA transactions may cause mtDNA deletions, depletion, or point
mutations, which leads to tissue dysfunction. These diseases thus clinically resemble those
caused by mtDNA mutations, but follow a Mendelian pattern of inheritance.

Several diseases associated with multiple mtDNA deletions have been characterized,
including MDS (mtDNA depletion syndrome), a severe disease of early childhood, MNGIE
(mitochondrial neurogastrointestinal encephalomyopathy) and adPEO (autosomal dominant
progressive external ophtalmoplegia) (Suomalainen & Kaukonen, 2001).
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MNGIE is an autosomal recessive disorder characterized by symptoms like PEO,
gastrointestinal dysmotility, peripheral neuropathy and mitochondrial dysfunction. The
major cause of the disease is mutations in the thymidine phosphorylase (TP) gene. TP is a
multifunctional enzyme which drives the thymidine salvage pathway. Defects of TP is
thought to produce an excess of dTTP, causing an imbalance of the dNTP pools, which can
reduce both the rate and fidelity of POLy in mtDNA replication (Zeviani & Di Donato, 2004).

AdPEO

Autosomal dominant progressive external ophtalmoplegia, or AAPEQ, is an adult-onset
human disorder characterized by multiple deletions in the mitochondrial DNA of skeletal
muscle. Mutations in four different genes are reported to cause AdPEO; POLYA, POLyB,
TWINKLE and adenine nucleotide translocator 1 (ANT1), the heart and muscle specific
isoform of the ADP/ATP transporter (Agostino et al, 2003). ANT1 mutations probably affect
the dATP pools within mitochondria. The functional interactions between POLy and
TWINKLE at the mtDNA replication fork may explain why mutations in these genes cause the
same disorder.

Symptoms vary largely between and even within families, but the hallmark symptom is PEO
(weakness of the external eye muscles), which causes ptosis and limitations of eye
movements. Patients may also suffer from general muscle weakness and exercise
intolerance. In addition, some patients develop peripheral neuropathy, deafness, ataxia,
depression, cataracts, and other symptoms indicative of multiple organ involvement (Kiechl
et al, 2004). A diagnose can be established by muscle biopsies showing ragged-red fibers,
variable respiratory chain dysfunction and multiple mtDNA deletions (Van Goethem et al,
2001).

PEO is a common manifestation of mitochondrial myopathies and most cases appear to be
sporadic and due to large scale rearrangements (deletions and duplications) of the mtDNA
(Zeviani & Di Donato, 2004). Maternally inherited forms due to mtDNA point mutations
have also been reported. 15% of PEO cases appear to be of autosomal dominant or
autosomal recessive origin, and follow a Mendelian pattern of inheritance (Agostino et al,
2003).

In the nuclear encoded forms of PEO, deletion formation in the mtDNA is a secondary event
caused by a primary nuclear defect. Deletion formation has been shown to be rare (Moslemi
et al, 1996) but deleted small mtDNA molecules reportedly replicate faster than large wild-
type molecules (Moraes et al, 1999) and may thus increase in proportion with age, until they
reach a threshold for respiratory chain deficiency.

No effective treatment is yet available for mitochondrial disorders. Only palliative therapies
are currently offered to patients. New interesting strategies are however being developed,
mostly aimed at shifting the level of heteroplasmy in affected tissues (Dimauro & Davidzon,
2005). These strategies are still at an experimental level, but may offer some hope to the
future for patients who suffer from mitochondrial disease.
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Aims of this thesis

The mitochondrial DNA replication system has been reconstituted in vitro with purified
human recombinant proteins. The minimal replisome consists of DNA polymerase y
holoenzyme (including subunit A and B), the TWINKLE helicase and the single-stranded DNA
binding protein mtSSB. These protein factors together form a processive replication
machinery, a replisome, which can use duplex DNA as a template to synthesize ssDNA
products of up to 16 kb, corresponding to the size of the mammalian mitochondrial genome
(Korhonen et al, 2004). A close functional interaction between the mitochondrial replication
factors may explain why mutations in both TWINKLE, POLYA and POLyB can cause the same
disorder, adPEO (Longley et al, 2006; Spelbrink et al, 2001).

The general aim of this thesis has been to further investigate the molecular mechanisms of
mitochondrial DNA replication, by studying both individual enzymatic activities as well as
the combined actions of the different protein factors on the replication fork. The in vitro
mtDNA replication system has been an essential tool in the biochemical characterization of
the replication factors we have investigated in this thesis. The main focus has been on the
mitochondrial helicase TWINKLE. The specific aims of each paper were:

PAPER I: To adress the importance of the smaller, accessory B subunit of DNA polymerase y
in the mtDNA replication machinery.

PAPER Il: To investigate the molecular basis for autosomal dominant progressive exernal
ophtalmoplegia (adPEO), by characterizing the biochemical consequences of seven different
adPEO causing mutations in the linker region of TWINKLE.

PAPER Ill: To address the molecular role of the N-terminal domain of human TWINKLE.

PAPER IV: To investigate the molecular basis for autosomal dominant progressive exernal
ophtalmoplegia (adPEO), by characterizing the biochemical consequences of four different
adPEO causing mutations in the N-terminal region of TWINKLE.

25



Results and discussion

Paper I: The accessory subunit B of DNA polymerase gamma is required for
mitochondrial replisome function

In mitochondria, the only known DNA polymerase is POLy. The POLy holoenzyme consists of
a catalytic subunit (POLyA) with polymerase and 3’-5’ exonuclease activities, and a smaller
accessory subunit (POLyB). POLyB acts as a processivity factor, which increases the affinity
of the polymerase for DNA and promotes tighter nucleotide binding, thereby increasing the
polymerization rate (Carrodeguas et al, 2002; Kaguni, 2004).

In this work, we adressed the importance of the smaller, accessory B subunit of DNA
polymerase y in the mtDNA replication machinery. Four mutant versions of human POLyB
were expressed and purified in recombinant form; IF, VV, RK and RKK, based on information
from the crystal structure of POLyB (Carrodeguas et al, 2001). The IF construct was mutated
in a conserved region required for interactions with POLyA and the VV mutation was
expected to affect metal ion coordination. The RK and RKK mutations have previously been
shown to abolish the dsDNA-binding activity of POLyB (Carrodeguas et al, 2002).

We showed that the dsDNA-binding activity of POLyB is not required to stabilize POLyA
interactions with a primed DNA substrate, nor to stimulate POLYA processivity or DNA
synthesis rate on a ssDNA template. POLyB was shown to block the exonuclease activity of
POLYA, but the dsDNA-binding activity was not essential for this inhibition.

The role of POLyB for DNA synthesis on a dsDNA template was examined using the
previously described minimal mtDNA replisome (Korhonen et al, 2004). This system requires
the helicase TWINKLE in order for the polymerase to elongate through double-stranded
regions. POLyB was shown to be absolutely required for mtDNA replisome function. Only
the VV mutant was able to support elongation through dsDNA, concluding that both the
ability of POLyB to interact with POLyA and the dsDNA-binding activity is required for full
replisome function.

When the mitochondrial replisome synthesizes DNA on a duplex template, the speed of
DNA synthesis is much slower than for the POLy holoenzyme operating alone on an ssDNA
template. This slower rate of the replisome may suggest that the TWINKLE helicase dictates
the speed of the mtDNA replication fork and that the trailing POLy holoenzyme is slowed
down by the TWINKLE helicase ahead. We speculate that POLyB has two crucial roles in this
process, explaining the characteristics of the accessory subunit that we report in this paper:
If the polymerase is tailgating a slow moving helicase, it may be stimulated to enter the
exonuclease mode. POLyB could efficiently prevent this by inhibiting the POLyA exonuclease
activity. Second, the dsDNA-binding capacity of POLyB may be required to ensure that the
polymerase stays bound to the template behind the slow-moving TWINKLE helicase.
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Paper II: Structure-function defects of the TWINKLE linker region in progressive
external ophtalmoplegia

In this study we aimed to characterize seven naturally occurring AdPEO-causing mutations in
the linker region of TWINKLE, to determine how they affect mtDNA replisome function. The
proteins were expressed and purified in recombinant form, with the following amino acid
changes: R354P, A359T, 1367T, V368l, S369P, R374Q and L381P (Spelbrink et al, 2001). One
protein, R354P, could not be obtained in soluble form and was thus not further studied.
V368l behaved as wt TWINKLE in all our enzymatic assays. It has recently been reported that
this mutation is in fact a nonpathogenic polymorphism that does not cause AdPEO as
previously believed (Arenas et al, 2003).

In T7 gp4, the linker region between the primase and helicase domains is important for
oligomerization and helicase activity (Guo et al, 1999; Lee & Richardson, 2004). The
oligomeric state of the TWINKLE mutants was studied by size exclusion chromatography. All
proteins except I1367T and R374Q were able to form stable hexamers in isolation. 1367T and
R374Q could however form hexamers in the presence of wt TWINKLE. The mutants that
could not oligomerize, 1367T and R374Q, were essentially inactive in all further assays. It is
very likely that TWINKLE, similarly to what has been reported for gp4, will only bind ssDNA
in its hexameric form (Patel & Picha, 2000). The two mutants’ inability to hexamerize
therefore explains why they showed essentially no activity in all further assays; ssDNA
binding, ssDNA-stimulated ATPase activity, helicase activity and rolling-circle replication
assay.

The three remaining mutants showed a varying degree of activity. L381P, despite its ability
to hexamerize, was totally inactive in all assays. S369P showed reduced levels of ssDNA
binding, ssDNA-stimulated ATPase activity, helicase activity and it could not support
replisome function. A359T bound ssDNA with similar efficiency as wt TWINKLE, showed only
modest reductions in ATPase and helicase activities, and was able to support DNA synthesis,
although at a slower rate.

The three-dimensional structure of TWINKLE has not been determined experimentally, so in
order to better understand the molecular phenotypes of the different APEO mutations, we
constructed a molecular model of TWINKLE, by homology modeling with T7 gp4 primase-
helicase, for which the crystal structure has been solved (Toth et al, 2003). From the model,
it is apparent that the TWINKLE linker region has two helical regions connected by a short
turn. Mutations in the first helix may affect protein folding and thereby stability of the
monomer. The second helix may instead be important for TWINKLE dimerization, and
hence, hexamerization. In support of this explanation, the two mutations that disrupted
multimerization, I367T and R374Q, are both present in the second helix. The unique
structure of a proline residue does not fit well in alpha helical structures, and an R to P
transition at position 354 in the first helical region may thus disrupt the structure and make
the protein unstable. This may explain why we were unable to express the protein in soluble
form. The structural model of TWINKLE suggests that L381 interacts specifically with
residues in the conserved Hla motif of the neighboring subunit. The Hla motif is known to
be involved in ATP binding, and we therefore believe that the L381P mutant may cause a
defect in ATP binding or hydrolysis, explaining the total loss of all enzymatic activities tested.
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From the results obtained in this paper it is evident that the vast knowledge that has been
acquired about T7 gp4 can be used to explain and predict molecular phenotypes of
mutations in the TWINKLE protein.

Paper III: The N-terminal domain of TWINKLE contributes to single-stranded DNA
binding and DNA helicase activities

In this study we investigated the molecular role of the N-terminal domain of human
TWINKLE. This region shares some homology with the T7 gp4 primase, but lacks a functional
zinc-finger motif and several amino acids essential for catalytic primase activity in gp4. To
date, there have been no reports of primase activity in human TWINKLE, and bioinformatic
studies suggest that TWINKLE is an active primase in most eukaryotes, but that this activity
has been lost in metazoans (Shutt & Gray, 2006b). There have been reports of several
mutations in the N-terminal part of TWINKLE that are associated with the disorder adPEO
(Shutt & Gray, 2006b), clearly indicative of a functional importance of this region.

To address the role of the N-terminal region of TWINKLE we expressed and purified a series
of deleted versions of the protein, lacking a part of (A1-121), or the entire N-terminus (Al-
314), or lacking the C-terminus (A372-684). We also addressed the role of TWINKY, a smaller
splice variant of TWINKLE lacking a part of the C-terminal helicase domain (Spelbrink et al,
2001).

Size exclusion chromatography revealed that TWINKLE, in contrast to T7 gp4, forms stable
hexamers even in the absence of Mg®* or ATP. The C-terminal part of TWINKLE was
absolutely required for oligomerization, but the N-terminal domain also contributed
somewhat to this activity, as the N-terminally truncated proteins formed slightly more
unstable hexamers.

In a gel-shift assay we showed that TWINKLE binds preferably to dsDNA. This is in contrast
to T7 gp4 that binds tightly and preferably to ssDNA (Hingorani & Patel, 1993). The C-
terminal helicase part was shown to be essential for DNA binding, but the N-terminal
domain specifically contributed to the ssDNA binding activity.

TWINKLE was further shown to have a high intrinsic ability to hydrolyze ATP, and this activity
was stimulated about 2-fold in the presence of ssDNA. TWINKLE is in this aspect distinct
from T7 gp4 and other hexameric helicases which are usually stimulated a 100-fold in the
presence of ssDNA (Patel & Picha, 2000; Washington et al, 1996). The N-terminal region of
TWINKLE was not absolutely required for ATP hydrolysis; the A1-121 deletion mutant
showed a mild reduction in ssDNA-dependant ATP hydrolysis, whereas the A1-314 deletion
resulted in a more severe phenotype.

The ability of the wt and truncated proteins to unwind dsDNA was found to be proportional
to the activities of ssDNA binding and DNA-dependent ATP hydrolysis.

The proteins ability to support rolling circle replication together with the POLy holoenzyme
and mtSSB on a double-stranded template was also assayed. A1-121 could support DNA
synthesis at almost wt levels, but A1-314 could only support synthesis of shorter products,
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indicating that the N-terminal domain of TWINKLE is required for full mtDNA replisome
processivity. These findings are also consistent with studies of a related mutant, that when
overexpressed in cell lines give rise to reduction of mtDNA copy number and stalling of the
mtDNA replication fork (Wanrooij et al, 2007). This phenotype could be explained by
reduced processivity of the mtDNA replisome.

Based on our findings that TWINKLE binds both ssDNA and dsDNA, but N-terminal
truncations mainly affect the ssDNA binding ability, we propose that the dsDNA binding is
localized to the C-terminal helicase domain, whereas ssDNA binding requires a larger
protein surface, involving both the N-and C-terminal part of TWINKLE. These suggestions are
supported by structural studies of the related E. coli primase DnaG, which reveal a basic
cleft in the protein that is proposed to interact with the backbone of the ssDNA template
(Keck et al, 2000; Podobnik et al, 2000). Mutational studies have also revealed catalytically
essential basic residues in the corresponding region of T7 gp4 protein (Lee & Richardson,
2001). Molecular modeling of TWINKLE also suggests that the positively charged ssDNA-
binding surface is conserved (Holmlund et al, 2009) (Paper IV).

The physiological role for the dsDNA binding ability of TWINKLE is so far unknown. The
heptameric isoform of T7 gp4 appeared suitable to accommodate dsDNA in its central
channel (Toth et al, 2003) and the bacterial helicase DnaB, as well as T7 gp4, have been
shown to translocate actively on dsDNA, suggesting that this activity is universal among the
replicative hexameric helicases. The dsDNA-translocation activity has been proposed to
serve a function in driving branch migration of a Holliday junction (Kaplan, 2000; Kaplan &
O'Donnell, 2002). No translocation of TWINKLE on dsDNA has yet been reported.

Paper IV: Structure-function defects of the TWINKLE amino-terminal region in
progressive external ophtalmoplegia

In this study we investigated the molecular phenotypes of four naturally occurring AdPEO-
causing mutations, W315L, K319T, R334Q and P335L (Agostino et al, 2003; Deschauer et al,
2003; Lewis et al, 2002; Spelbrink et al, 2001), located in the N-terminal domain of TWINKLE.
The exact function of this domain is not understood in detail, but we have previously shown
that it is required for efficient binding to ssDNA and full replisome processivity (Farge et al,
2008) (Paper lll).

The recombinant mutant proteins were expressed and purified, and their enzymatic
properties were subsequently tested. The mutations did not affect hexamerization, but did
however cause dramatic effects on ssDNA binding, ATP hydrolysis, helicase activity, and
ability to support DNA replication on a mini-circle template. The most striking phenotype of
the mutants was a dramatic decrease in ATPase activity, which could be partially overcome
in the presence of ssDNA; K319T and R334Q reached up to almost wild-type levels. These
defects in ATP hydrolysis were surprising, since the motifs known to be required for ATP
binding and hydrolysis are located in the helicase domain (Spelbrink et al, 2001). The strong
ssDNA-stimulation of ATPase activity was also unexpected since most of the mutants had a
poor ssDNA-binding capacity.
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To better understand the molecular phenotypes observed for the TWINKLE mutants, we
used the previously published homology model of TWINKLE, based on the T7 gp4 crystal
structure (Korhonen et al, 2008) (Paper Il). The electrostatic surface features of the protein
shows that the N-terminal domain contains a conserved region with significant
electropositive potential, which in structurally related gp4 and E. coli primase DnaG is
proposed to interact with the backbone of the ssDNA template (Kato et al, 2003; Keck et al,
2000; Podobnik et al, 2000). The residues W315, K319, R334 and P335 are all located in this
region and may thus bind ssDNA during mtDNA replication. In support of this idea, all the
mutants, except R334Q, were defective in ssDNA binding. Because of the low homology
between TWINKLE and gp4 in the N-terminal region, it is difficult to draw specific
conclusions about the different mutations. However, we were able to speculate about the
structural effects that the mutations may cause.

Based on our biochemical data in combination with the molecular model of TWINKLE, we
propose a model in which the ADPEO-causing mutations in the N-terminal domain impair
the interplay between ssDNA-binding and ATP hydrolysis, an essential element of the
catalytic cycle of related hexameric helicases. The structural model of TWINKLE suggests
specific interactions between amino acids in the linker region and residues in the conserved
H1a motif that is involved in ATP binding. In addition, the model displays a complex web of
specific interactions between residues in the linker region and the N-terminal ssDNA-binding
region. Mutations in the ssDNA-binding region may thus directly influence the structure of
the linker region, and in turn affect ATP-binding and hydrolysis. Addition of ssDNA could
counteract the negative structural impact of such mutations and stabilize the active
conformation of the hexamer.

Our observations give further support to our hypothesis in a previous report (Farge et al,
2008) (Paper lll) that this region in TWINKLE is important for binding to ssDNA.
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Concluding remarks

The work presented in this thesis provides a deeper understanding of the basic molecular
mechanisms of mtDNA replication. By using an in vitro replication system we have been able
to investigate different aspects of the accessory B subunit of the POLy holoenzyme and in
particular the mitochondrial replicative helicase TWINKLE.

We showed that POLyB efficiently blocks the exonuclease activity of POLYA. In addition, the
dsDNA-binding activity of POLyB was demonstrated to be required for the TWINKLE-
dependant stimulation of the POLy holoenzyme. Attempts to detect direct physical
interactions between these proteins have been unsuccessful, but we have clearly
demonstrated the absolute interdependence of these replication factors for replisome
function in vitro. Also, mutations in TWINKLE, as well as POLyA and POLyB, have been
reported to cause the same disorder, adPEO (Longley et al, 2006; Spelbrink et al, 2001).

Because of the homology with the T7 gp4 helicase-primase, it is tempting to speculate that
the N-terminal domain of TWINKLE contains the long-sought primase activity in human
mitochondria. However, previous efforts to detect such an activity have remained fruitless
(unpublished observations), and bioinformatic analyses suggest that although TWINKLE
appears to be an active primase in most eukaryotes, this activity has been lost in metazoans
(Shutt & Gray, 2006b). The functional role of the TWINKLE N-terminus has thus remained
elusive. In this work we demonstrated that this domain contributes to ssDNA-binding and
helicase activities of TWINKLE, and is ultimately required for full replisome activity. The
primase domains of gp4 and structurally related DnaG primase of E. coli contain an
elongated region with significant electropositive potential, suggested to interact with ssDNA
(Kato et al, 2003; Keck et al, 2000). Our molecular model of TWINKLE indicates that this
region is conserved, thus supporting our biochemical observations, and suggesting that the
TWINKLE N-terminus is indeed involved in ssDNA-binding.

To investigate the molecular mechanisms behind the human disorder adPEO, we performed
a detailed biochemical analysis on eleven different adPEO-causing TWINKLE mutations,
seven in the linker-region and four in the N-terminal domain. Distinct molecular phenotypes
were observed, with individual consequences for multimerization, ATPase activity, helicase
activity and ability to support mtDNA synthesis in vitro. It became apparent that even
relatively mild changes in TWINKLE activity may disturb the coordination with POLy at the
replication fork. The different molecular phenotypes could be interpreted using a structural
model of TWINKLE that was based on homology with the T7 gp4 protein. These studies
provided a molecular understanding of adPEO and demonstrated that knowledge about the
bacteriophage T7 replication machinery, despite clear differences, may be used to
understand the molecular phenotypes of mutations in the human mtDNA replication
apparatus.

In a recent study it was found that addition of POLRMT to the minimal mitochondrial
replisome leads to simultaneous leading- and lagging-strand DNA synthesis in vitro,
suggesting that this polymerase is the lagging-strand primase in mammalian mitochondria
(Wanrooij et al, 2008). A subsequent report, using an O,-containing template, demonstrated
O, as a preferred initiation site for POLRMT-dependent primer synthesis (Fuste et al, 2009).
In future research it would be interesting to explore the action of the full replisome
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(including POLRMT) on dsDNA templates containing all the critical sequence elements for
mtDNA replication; Oy, CSBII, TAS and O,. These experiments may help to clarify the mode
of mammalian mtDNA replication.

TWINKLE could be characterized further to investigate other aspects of the protein: What is
the role of the dsDNA-binding activity of TWINKLE? Can TWINKLE translocate on dsDNA, and
if so, could it be involved in DNA recombination or repair? How is TWINKLE loaded on to the
closed circular mtDNA molecule that would be the substrate in vivo? Does it use a ring-
opening mechanism as T7 gp4 (Ahnert et al, 2000) or does it need additional factors to assist
the loading process? Furthermore, it would be interesting to use the in vitro system to
search for additional factors in mitochondrial extracts that could stimulate or repress
mtDNA replication.
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