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Abstract

Faithful replication and maintenance of mitochondrial DNA (mtDNA) are essential to the
oxidative phosphorylation (OXPHOS) system that produces of ATP, and therefore to life.
Maintenance of mtDNA depends entirely on nuclear-encoded gene products. Many of
these proteins are presumed not yet identified, and several are poorly characterized.
Currently, there is no consensus on the mechanism by which mammalian mtDNA is
replicating. One long-standing replication model suggests that mtDNA is replicated by a
strand-asynchronous manner. More recent studies, suggest an alternative model, which
includes two modes of mtDNA replication, a bidirectional coupled-leading and lagging-
strand synthesis mode and a unidirectional mode in which the lagging-strand is initially
laid-down as RNA by a still unknown mechanism (RITOLS mode). In search for novel
factors involved in mtDNA maintenance we identified the Twinkle protein. Twinkle
displays structural similarity to the phage T7 gene 4 primase/helicase and co-localized
with the nucleoprotein structures within mitochondria referred to as nucleoids. Twinkle
mutations co-segregated with autosomal dominant progressive external ophthalmaplegia
(adPEO), a disease characterized by multiple mtDNA deletions. This finding indicated
that Twinkle is a crucial protein for proper mtDNA maintenance. Besides Twinkle
defects, adPEO can be caused by mutations in 3 other nuclear genes, encoding the
adenine nucleotide translocator (ANT1), the mitochondrial polymerase  (POLG1) and its
accessory subunit (POLG2). By which mechanism these gene defects lead to the
accumulation of multiple mtDNA deletion in post-mitotic tissue remains to be elucidated.
One hypothesis suggested that a decrease in replication fidelity leads to frequent
mutations throughout the mtDNA of adPEO patients, which in turn would promote
slipped mispairing and formation of mtDNA deletions. Our investiagations did not
support this idea, since we could only observe a higher mutation level in the control
region, but not in other parts of the mtDNA molecule. We found frequent deletion
breakpoints at homopolymeric runs by deletion breakpoint analysis in adPEO muscle
mtDNA. We propose that this is a feature of replication stalling, which could be the
primary cause of mtDNA deletion formation. This conclusion is supported by
overexpression of mutant POLG1 or Twinkle in human cell culture, which results in a
decrease in mtDNA content as a consequence of extensive replication stalling.
Interestingly mutant POLG1 and Twinkle expression resulted in distinct replication
stalling phenotypes observed by two-dimensional neutral/neutral agarose gel-
electrophoresis (2DNAGE). The different stalling phenotypes can best be understood by
taking into consideration the proposed mechanisms of lagging-strand synthesis. Our
study showed that while induction of a defective POLG1 still presents delayed lagging-
strand synthesis, Twinkle-induced stalling resulted in maturated, essentially fully double-
stranded DNA intermediates. These intermediates mimic conventional strand-coupled
RIs, however initiation of leading-strand DNA synthesis mainly occurred at the non-
coding region. Limited inihibition of POLG1 with dideoxycytidine restored the delay
between leading- and lagging-strand synthesis, suggesting that the maturation of the
lagging-strand involves POLG1. In conclusion the observed replication intermediates
(RIs) by 2DNAGE analysis of human cell-lines expressing different variants of Twinkle
and POLG1 are most compatible with the RITOLS mode of mtDNA replication. This
study produced deeper comprehension of POLG1 and Twinkle functions in adPEO and
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mtDNA maintenance in general and suggests a universal deletion formation mechanism
in adPEO as a result of frequent replication stalling.
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1. Introduction

Most of the energy needed for cellular function is produced by organelles called
mitochondria. The total process of this energy production system located within the
mitochondria is called oxidative phosphorylation (OXPHOS). Some of the genes that
encode essential subunits of this OXPHOS system are located in the mitochondrial DNA
(mtDNA), a small circular genome that is separated from the nuclear DNA. For this
reason proper maintenance of mtDNA is crucial for life. To understand which factors and
mechanisms are involved in mtDNA replication and repair is important since defects in
mitochondrial DNA are a common cause of human neuromuscular genetic disease and
are also implicated in aging and infertility. The maintenance and replication of mtDNA
depends on nuclear encoded genes. A defect in one of the nuclear genes involved in
mtDNA maintenance can result in the accumulation of mtDNA abnormalities, like
depletion or multiple deletions. Autosomal dominant progressive external
ophthalmaplegia (adPEO) with multiple mtDNA deletion is an example of such a
disorder. In this disease the multiple mtDNA deletions accumulate progressively during
life and cause gradual paralysis of eye movements, ptosis and exercise intolerance all as a
consequence of a slow decrease in energy production. Although several distinct autosmal
loci for this disorder have been identified, in most cases the underlying nuclear gene
defect remains unclear.

In this study we tried to identify novel factors involved in mtDNA maintenance and
adPEO disease. We sequenced DNA obtained from adPEO patient in order to find the
disease-causing nuclear gene defect. Further we measured the in vivo mtDNA replication
fidelity in adPEO patient and compared the findings to age matched control. In order to
learn more about the adPEO disease mechanism we mapped multiple mtDNA deletions
to investigate at what kind of DNA sequences breakpoints occur. Based on this study we
proposed a hypothesis of the mechanism behind deletion formation in adPEO. During
later studies we used an inducible expression system in human cultured cells to study the
functions of two proteins, involved in mtDNA maintenance and associated with adPEO,
the novel mitochondrial replication protein Twinkle and POLG1 polymerase. This study
created better understanding of the disease process underlying adPEO and the functions
of Twinkle and POLG1 in general mtDNA replication. This basic research, discussed in
this thesis will contribute to the understanding of human diseases caused by
mitochondrial dysfunction that could ultimately result to development of a therapy.
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2. Review of the literature
2.1 Function and origins of mitochondria

Mitochondria are organelles that are situated in the cytoplasm of eukaryotic cells. The

major responsibility of this organelle is to convert nutrients to ATP for the cell’s energy

demands. For this reason mitochondria are often referred to as the ‘power houses’ of the

cell. It is then also not surprising that the amount of mitochondria mass per cell is

proportional to the energy needs of a certain cell (Nelson et al, 2000). Mitochondria are

surrounded by two membranes, the inner and outer membrane. The outer membrane

encloses the entire organelle. The inner membrane is compartmentalized into a series of

cristae, the compartments where ATP production takes place. ATP is generated with the

help of five large enzyme complexes. The first four of these enzyme complexes together

shape the respiratory chain. The energy that is harnessed from electron transport between

the complexes is used to pump protons from the mitochondrial matrix to the

mitochondrial inter-membrane space. During this process the four multiprotein

complexes achieve reduction of 1 oxygen molecule to two molecules of water plus

oxidation of NADH (or FADH2) that is produced in the Krebs cycle. The function of the

ATP synthase, the fifth enzyme, is to use the energy of the proton ion gradient to form

ATP from ADP and phosphate. The total procedure of this ATP production system is

called oxidative phosphorylation (OXPHOS). It consists of the phosphorylation of ADP

(by ATP synthase) and the oxidation of NADH and reduction of molecular oxygen (by

the respiratory chain) (Wallace, 1999).

A second important metabolic process in mitochondria is the breakdown of fatty acids in

the beta-oxidation. Glucose is broken down in the cytosol (via glycolysis), which requires

no oxygen. However, the end product pyruvate is imported into mitochondria. Both these

processes and the break down of amino acids, result in the formation of acetyl-CoA.

Acetyl-CoA is oxidized in the Krebs cycle leading to reduction of NAD
+
 into NADH.

Re-oxidation of NADH by complex I of the electron transfer chain is essential to keep the

Krebs cycle going and forms a connection between the OXPHOS system and the Krebs

cycle (Figure 2.1). Mitochondria are also essential for the formation of cellular building

blocks such as amino acids, nucleotides, heme, coenzyme Q and cardiolipin. Other

important duties of the mitochondria involve cellular signaling events such as, apoptosis

(Green and Reed, 1998) and Ca
2+

 -homeostatis (Gunter et al, 2004).

According to the widely accepted endosymbiotic theory, mitochondria are eukaryotic
organelles of bacterial origin. Phylogenetic data supporting this theory point to an ancient
alpha-proteobacterium, establishing a symbiotic relationship inside a primitive eukaryotic
cell circa 2 billion years ago (Anderson et al, 2003). This partnership was beneficial for
both, it gave them the possibility to use the emerging oxygen in the atmosphere for
energy, while oxygen was toxic to most other life forms. The absorbed cell evolved into
mitochondria, which retained some of the DNA and ribosomes characteristic of their
original ancestors. The best evidence supporting the endosymbiotic theory is based on the
discovery that mitochondria contain their own separate DNA (Nass and Nass, 1963). The
small amount of mitochondrial DNA in human codes for 13 proteins, the mitochondrial
ribosomal (rRNAs) and transfer RNAs (tRNAs). All the 13 mRNAs are subunits of the
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different OXPHOS complexes, most of them are the hydrophobic elements of the
electron transport chain, which do not easily pass the outer membrane. The alpha-
proteobacterium that became the mitochondrion could use many cellular functions of its
host resulting in extensive overlap of genetic information. During evolution most of the
genetic information of the alpha-proteobacterium was transferred to the nucleus and most
of the hundreds of other mitochondrial proteins are now imported from the cytosol.
However despite the low proportional contribution to the organelle’s protein
complement, mtDNA encoded proteins are essential for normal cell bioenergetics and
physiology.

Figure 2.1: Mitochondrial metabolism. Schematic presentation of a mitochondrion, with

main metabolic activities (see text for more detail). For clarity, cristae are not shown.

Electrons are transferred from complex I and II, requiring complex III, to complex IV

which donates them to oxygen. Electron transfer from complex I, III and IV involves

proton (H
+
) translocation from the matrix into the inter membrane space. This results in

an electrochemical proton gradient, which is used for ATP synthesis by complex V. Most

of the produced ATP is exported to the cytosol in exchange for ADP by the adenine

nucleotide translocator (ANT).
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2.2 Mitochondrial metabolism and structure
2.2.1 The dynamic structure and protein import of mitochondria

A distinctive feature of mitochondrial structure is the double membrane that separates the

mitochondrial matrix from the cytoplasm of the cell. The mitochondrial matrix is the

inner part of the mitochondrion that contains many enzymes involved in intermediary

metabolism. It also contains multiple copies of the mitochondrial genome. The inter-

membrane space is located between the outer and inner membranes. Whereas the smooth

outer membrane of mitochondria is quite permeable, the inner membrane is impermeable,

and specific transport systems are in place to allow movement of molecules in and out of

mitochondria (Turcotte, 2003). The inner-membrane has many folds inwards into the

mitochondrial matrix that are compartments referred to as cristae. These cristae expand

the surface area of the inner-membrane drastically thus providing more surface for

oxidative phosphorylation to occur (Manella, 2006).

Most notable of the mitochondrial composition is the variable appearance of the cristae.

Depending on the cell type cistae are mostly seen as lamellar or as tubular shaped

structures. The number and morphology of cristae is dynamic and depends on how the

mitochondria react to the energy demands of a certain cells. Work in Saccharomyces

cerevisiae has shown that when the respiration is repressed by growing the yeast on high

glucose the morphology of the cristae changes dramatically, but not the number of

mitochondria (Scheffler, 1999). This shows that the topology of the cristae can be rapidly

adjusted and is a very dynamic process.

Mitochondria are dynamic organelles that continuously fuse and divide. Initially it was

shown in S. cerevisiae that the morphology of mitochondria is regulated by fission and

fusion of the mitochondrial membranes (Bleazard et al, 1999). The fission and fusion

pathways, which are conserved in human, are two opposing forces that need to be in

balance (Okamoto and Shaw, 2005). Disruption of fusion causes the tubular network of

mitochondria to fragment into short rods due to ongoing fission events (Chen et al, 2003).

On the other hand, disturbance of fission produces elongated, interconnected tubules

(Smirnova et al, 2001). In yeast these morphology changes result in disruption of

mitochondrial energy function and mtDNA stability. Besides the role of maintenance of

morphology these mitochondrial dynamics have been suggested to regulate apoptosis.

The current thought is that mitochondrial fission enhances apoptosis whereas

mitochondrial fusion protects against this (Chen and Chan, 2005). The significance of

these antagonistic pathways has been highlighted recently by the finding that two

inherited human diseases are caused by mutations in two mitochondrial fusion genes

(Olichon et al, 2006).

Mammalian mitochondria contain approximately 2000 different proteins. As mtDNA

codes for only 13 of these, the contribution of the mitochondrial genome to the

mitochondrial protein content is small. To properly execute their function mitochondria

are dependent on recognition and import of these proteins from the cytosol. Protein

translocases that are located in both inner and outer membrane are responsible for the

extensive process of preprotein recognition and import. The translocase that facilitates the
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transport of proteins from the cytosol across the outer mitochondrial membrane is called

the TOM (translocase of the outer mitochondrial membrane) complex, it consists of

cytosol-exposed receptors and a pore-forming center (Koehler, 2004). There are two

translocases located in the inner membrane, which are involved in protein transport

through the inner membrane. The TIM23 complex (a presequence translocase) forms a

pore in the inner membrane and takes care of the transport across the inner membrane of

presequence containing proteins. As soon as the TIM23 imported proteins enter the

mitochondrial matrix the mitochondrial processing peptidase (MPP) cleaves off the

presequence (Rehling et al, 2004). Another TIM complex, TIM22, uses the membrane

potential to mediate the insertion of more complex proteins that have an internal targeting

signal into the inner membrane.

2.2.2 Oxidative phosphorylation (OXPHOS)

Mitochondria generate cellular energy in the form of ATP by a process called oxidative
phosphorylation (OXPHOS). Five large multiheteromeric complexes (I, II, III, IV, V)
located inside the inner membrane shape this process (Zeviani and Di Donato,
2004)(Figure 2.1). The OXPHOS system is very complex, consisting of approximately 85
proteins encoded by two separate genomes (Smeitink et al, 2001). The 13 mtDNA and at
least 72 nDNA encoded subunits that form this system are assembled together by a large
group of chaperones and assembly factors. Coenzyme Q10 (CoQ) and cytochrome c
function as electron carriers respectivey linking complexes I-III and III-IV with each
other (Wallace, 1999). These first four complexes and electron carriers together compose
the mitochondrial electron transport chain (mETC) or respiratory chain. The mETC
coordinates the transports of electrons and proton pumping across the inner membrane.
This passage of electrons releases energy and is used by the last OXPHOS complex
ATPase (F1F0- ATPase) to generate ATP from ADP and phosphate. Although some of the
ATP produced is used by the mitochondria themselves most of it is exported by the
adenine nucleotide transporter (ANT) and used for various cellular functions (Saraste,
1999).

Complex I of the mETC is NADH-ubiquinone oxireductase, the enzyme responsible for

the oxidation of NADH originating from the oxidation of fatty acids, pyruvate and

aminoacids (Carroll et al, 2003). This complex consists of 7 mtDNA and at least 36

nDNA encoded subunits (Janssen et al, 2006) and is sensitive to rotenone. In the process

of oxidation, complex I transports electrons from NADH to the quinone acceptor CoQ,

thus forming an ubiquinol, which can travel through the lipids in the membrane and

transfer the electrons to complex III.

Part of the electrons derived from the Krebs cycle are transferred directly to CoQ, via

complex II or succinate ubiquinone oxireductase. It is the smallest and simplest of all

complexes. It is not involved in proton pumping, it simply transfers electrons from

succinate to ubiquinone (CoQ) with the help of iron-sulfur redox cofactors (Cecchini,

2003). It is the only OXPHOS complex that does not have mtDNA encoded subunits, all

4 are nuclear encoded. CoQ delivers electrons to complex III, or ubiquinol-
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ferricytochrome c oxidase. This antimycine sensitive complex contains one subunit,

cytochrome b, derived from the mitochondrial genome and 10 subunits encoded by the

nuclear genome. Complex III catalyses the reduction of cytochrome c by ubiquinol in

association with proton pumping into the inter-membrane space. Cytochrome c is

positioned in between complex III-IV and takes care of transfer of electrons from III to

IV. The final electron acceptor complex is complex IV or cytochrome c oxidase. This

cyanide sensitive complex holds 3 mtDNA and 10 nDNA encoded subunits and upon

reoxidation of cytochrome c reduces one oxygen molecule to two water molecules

(Saraste, 1999).

The function of the total mETC is to accepts electrons from NADH or FADH2 and

transfer them through several successive oxidation/reduction reactions to oxygen to

produce water. The electrons lose free energy at each step which is utilized and coupled

to the transport of H
+
 from the mitochondrial matrix to the inter-membrane space. This

movement across the inner membrane results in an electrochemical gradient that provides

the necessary energy for the second major step of oxidative phosphorylation to produce

ATP by phosphorylation of ADP. This reaction is performed by ATP synthase (F1F0

ATPase or complex V), the last OXPHOS complex that includes 2 mtDNA and at least

12 nuclear encoded proteins (Saraste, 1999). The membrane potential generated by the

mETC can be depolarized by transport of protons through a proton channel back into the

mitochondrial matrix. Fo, the membrane component of the ATP synthase, forms the

proton channel. This flow of protons drives the ATP production by the catalytic

component F1, located in the matrix side of the membrane (Birkenhäger et al, 1995).

After production most of the ATP is then transported by the adenine nucleotide

translocator (ANT) to the cytosol in exchange for ADP, thus ensuring a continuous

supply of substrate in energy demanding situations (Figure 2.1).

Many different mutations in chaperones, assembly factors and mtDNA or nuclear DNA

encoded subunits affect the OXPHOS system and results in a wide range of

mitochondrial diseases. Defects in the OXPHOS system are among the most common

genetic metabolic diseases (Thornburn, 2004), besides influencing energy production

they also disturb other cellular processes such as ROS production or calcium homeostasis

(Smeitink et al, 2001). Depending on the gene defect in the respiratory chain it leads to

different cellular pathogenesis resulting in a great variability of often tissue specific

clinical features.

2.2.3 Other metabolic pathways in mitochondria

Besides the oxidative phosphorylation mitochondria contain other metabolic pathways.

Fuel molecule catabolism including glycolysis, carbohydrate, fatty acid and amino acid

metabolism all produce acetyl-CoA. Acetyl-CoA is the initiator of the Kreb or citric acid

cycle. The final accounting after the 9 enzymatic reactions including the key regulator

enzyme pyruvate dehydrogenase is the conversion of pyruvate (C3) to 3 molecules of

CO2. In this process four molecules of NAD
+
 are reduces to NADH which can be used

by complex I for the first oxidation reaction of the electron transport chain. The oxygen

consumption, NADH oxidation and ATP synthesis during oxidative phosphorylation are
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not only coupled to each other but also connected to the citric acids cycle. (Scheffler,

1999)

Most fatty acids are degraded in the beta oxidation. Fatty acids are activated in the

cytosol to form acyl-CoA, after that they are transported to the mitochondria. The

oxidation of the acyl-CoA occurs by a cycle of four enzymatic steps. In every cycle one

molecule of acetyl-CoA and a two carbon molecule shorter acyl-CoA is formed. This

acyl-CoA can then again be degraded by further cycles (Stryer, 1999).

Other important metabolic pathways localized in the mitochondria are: i) The urea cycle

is a metabolic pathway that eliminates excess of aminoacids and nitrogen from the body

(Nassogne et al, 2005). ii) Biosynthesis of the iron containing heme metalloproteins that

have as main function retention of oxygen and delivering it for enzymatic reactions

(Moraes et al, 2004). iii) Metabolism of lipids and cardiolipin, that are required for

formation of the biological membranes (Mileykovskaya et al, 2005). iv) Biosynthesis of

CoQ, this lipid is a member of the mitochondrial respiratory chain and beyond this it has

several other functions of great importance for the cellular metabolism like control of

cellular redox state and as antioxidant (Turunen et al, 2003; Crane, 2001).

2.3 The mitochondrial genome

The gene organization, size and expression mode of the mitochondrial genome is very

different in diverse phyla, however the basic function and content of genes is

exceptionally similar. The human mitochondrial genome was the first human genomic

entity to be entirely sequenced in 1981, it was reported to be a circular double stranded

molecule 16,569 base pairs in length (Anderson et al, 1981)(Figure 2.2). T h e

mitochondrial DNA molecule consists of two strands, a guanine-rich heavy (H) strand

and a cytosine-rich light (L) strand. Due to the presence of many copies per cell, it

corresponds to about 1 % of the total DNA content in an average cell. The mitochondrial

genome of mammals is organized extremely economically, showing a gene organization

that is very compact without any introns (Fernandez-silva et al, 2003). In all vertebrates

the DNA molecule holds one major non-coding region, part of this region contains the so

called displacement loop (D-loop). The D-loop includes the promoters of transcription

initiation and the suggested heavy strand replication origin (Shadel and Clayton, 1997).

Even though the precise function of mitochondrial D-loops is not yet clear, D-loops are

assumed to be involved in regulating mtDNA replication (Takamatsu et al, 2002). The

name, D-loop originates from the three-stranded displacement (D) loop structure

generated by a nascent short H-strand that displaces the parental H strand (ter Scheggert

et al, 1971). The D-loop is the region with the most variable sequence among different

species, even though it harbors some well conserved elements (Sbisa et al, 1997). The

mitochondrial genome in mammals includes 37 different genes, of which 24 genes (22

tRNAs +2 rRNAs) encode the RNA components of the mitochondrial translation

apparatus. The remaining 13 mRNAs are subunits of four of the OXPHOS complexes.

Seven of those are subunits of complex I, one of complex III, three of complex IV and

finally two subunits of complex V. The genetic information is divided asymmetrically on
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the mtDNA molecule since the H-strand holds a majority of the genes (Anderson et al,

1981).

Figure 2.2: The human mitochondrial genome. The human mitochondrial genome

consists of 16568 base pairs (bp) and contains a heavy- and (H-strand) light-strand (L-

strand). Complex I NADH dehydrogenase (ND) genes are shown in green; Complex III

cytochrome b (Cytb) gene is shown in red; Complex IV cytochrome c oxidase (COX)

genes are shown in light blue; Complex V ATP synthese (ATPase) genes are shown in

gray. Transfer RNA genes in black and ribosomal RNA genes (rRNA) in yellow.

The mitochondrial genome has some distinctive characteristics that are different when

you compare it to the nuclear genome. One unique feature is the use of a differing genetic

code, for this reason the cytosolic translation machinery is not able to translate

mitochondrial mRNAs or vice versa. Secondly, the mitochondrial genome is normally

inherited maternally; it has been proposed that the mitochondria from the sperm cell are

actively eliminated by an ubiquitin-dependent mechanism (Sutovsky et al, 1999).

Another difference of the mtDNA molecule is the higher mutation rate. MtDNA is

positioned in the vicinity of the OXPHOS system, which is considered to be the major
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producer of reactive oxygen species (ROS). This location might explain the increases

mutation rate (Wallace, 2005). One more peculiarity of the mitochondrial genetic system

is that cells are polyploid regarding mtDNA. While as a rule human cells hold two copies

of the nuclear genome, mitochondria contain many more mtDNA copies. In normal

tissue, all mtDNA molecules are the same (homoplasmy), however mutations can arise,

be amplified to different levels and coexist with wild-type mtDNA, a state known as

heteroplasmy. As a consequence of this it is common to find a ‘threshold effect’ in

mtDNA related human diseases in which a minimum number of mutant mtDNA

molecules is required to cause mitochondrial dysfunction in a particular tissue (Dimauro

and Davidzon, 2005; Chinnery and Schon, 2003).

Figure 2.3: Confocal microscopy picture of osteosarcoma cells that overexpress

fluorescent mtSSB-DsRed, the mitochondrial ssDNA binding protein. The fluorescent

signal of mtSSB shows punctate foci within the mitochondria, which is due to its co-

localization with the mitochondrial nucleoids (kind gift from Dr. P. Martinsson).

For some time now yeast mtDNA is known to be organized in a discrete number of

nucleoprotein complexes, called nucleoids, that that can be visualized by fluorescence

microscopy
 
with DNA-binding dyes (Williamson and Fennell, 1975; Miyakawa et al,

1984). More recently similar protein-mtDNA complexes have been characterized in

human mitochondria (Figure 2.3). These nucleoids each contain several mtDNA

molecules and appear to be stable yet dynamic structures (Garrido et al, 2003; Legros et

al, 2004; Iborra et al, 2004). Various strategies have been used to elucidate the

composition of human and yeast mtDNA nucleoids (Miyakawa et al, 1987; Garrido et al,

2003; Chen and Butow, 2005; Wang and Bogenhagen, 2006).
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2.4 Transcription and translation of the mitochondrial genome
2.4.1 Mitochondrial transcription

In human cells, each mtDNA strand includes at least one promoter for transcriptional
initiation, the light strand promoter (LSP) and the heavy strand promoter (HSP)
(Montoya et al, 1982). Transcription that initiates from these promoters produces
precursor RNA encoding for all the genetic information in each of the strands. A later
study suggested there is a second heavy strand initiation site of transcription (Montoya et
al, 1983). It has been proposed that one initiation site operates much more frequently and
is accountable for the synthesis of the two rRNA and two tRNAs. In this manner H-strand
transcription of rRNA versus mRNA could be differentially regulated.

The transcription of mtDNA is performed by the mitochondrial RNA polymerase
(POLRMT). This is a 120 Kda protein that is homologous with phage RNA polymerases
(Titranti et al, 1997). For the initiation of transcription POLRMT needs the simultaneous
interaction of mitochondrial transcription factor A (TFAM) and one of the transcription
factors B1 (TFB1M) or B2 (TFB2M) (Falkenberg et al, 2002; Gaspari et al, 2004). The
current hypothesis is that TFAM binds upstream of the promoters and introduces
particular alterations in mtDNA which can stimulate transcription initiation by facilitating
POLRMT/TFB2M binding to the initiation site (Shadel and Clayton, 1997; Gaspari et al,
2004). Both TFB1M and TFB2M stimulate transcription activity by direct contact with
POLRMT forming a heterodimer, although showing very different levels of stimulation
(Falkenberg et al, 2002). TFB1M has also been shown to contain RNA methyltransferase
activity suggesting that it is a duel-function protein (McCulloch and Shadel, 2003). The
human mitochondrial transcription termination factor (MTERF1) has been suggested to
play an essential role in the regulation of H strand rDNA transcription by promoting
initiation and termination, of the rDNA transcript (Martin et al, 2005). The recent finding
that at least four MTERF family-members exist suggests that control of mitochondrial
transcription is far more complex than previously expected (Linder et al, 2005).

2.4.2 Mitochondrial translation

Mitochondria contain their own separate synthesis apparatus for translation of the genetic

information encoded by the mtDNA. In humans, the RNA components of this machinery

are encoded by mtDNA, however all proteins necessary for mitochondrial translation

have to be imported from the cytosol (Jacobs and Turnbull, 2005). Mitochondrial

ribosomes are classified as a bacteria-type ribosome because of their antibiotic

susceptibilities and sequence alignment with bacterial ribosomal proteins  (Zhang et al,

2005)

The mitochondrial translation system possesses the distinct characteristic that RNAs are
more simple then those of the cytosolic translation system. Whereas over 50 species of
tRNA are crucial in cytoplasmic translation systems, only 22 tRNA species are enough
for the translation of 60 codons in mitochondria. Mitochondrial genes are translated with
a genetic code that is different from the universal code. In mammalian mitochondria,
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UGA specifies tryptophan instead of a termination codon, AUA, AUC and AUU are used
as initiation codons while AGA and AGG are termination codons (Attardi, 1988).

12S and 16S rRNAs are encoded by the mtDNA and combined with nuclear derived
mitochondrial proteins, they shape the mitoribosomes. With support of the mitochondrial
tRNAs the ribosomes are able to translate the mtDNA encoded mRNAs. The enzymes for
mitochondrial rRNAs and tRNAs processing and base-modification are nuclear derived.
Just like aminoacyl-tRNA synthetases, initiation, elongation and termination factors they
need to be imported from the cytosol (Jacobs and Turnbull, 2005). The precise
mechanism of mitochondrial translation has been extensively reviewed (Gillham et al,
1994).

2.5 mtDNA replication mechanisms and proteins
2.5.1 mtDNA replication mechanisms

For several decades mammalian mtDNA replication has been considered to occur
through an asymmetric mechanism. In this strand-displacement model it was proposed
that the two mtDNA strands replicate asymmetrically (Robberson et al, 1972)(Figure
2.4A). This model of mtDNA replication is based on interpretation of results obtained
from several different experimental strategies such as electron microscopy, pulse- and
pulse-chase labeling studies, strand isolation, and 5’end characterization (Clayton, 1982;
Brown et al, 2005). The strand-displacement replication of mtDNA shares various
similarities with ColE1 and some other plasmids. However, this model is not like
eukaryote or eubacterial chromosomal DNA replication (Shadel and Clayton, 1997).

According to the strand-displacement model heavy-strand replication begins at the so-
called H-strand replication origin (OH), which is situated within the D-loop region. The
RNA primer that is needed for the initiation of replication is suggested to be a processed
L-strand promoter (LSP) transcript. This organization of initiation makes that mtDNA
replication is coupled with and dependent on the mitochondrial transcription machinery.
The formation and processing of the transcript requires the presence of three conserved
sequence block (termed CBSI, CBSII, and CSBIII) (Xu and Clayton, 1996). The
mechanism responsible for the regulation of full-length transcription versus primer
formation has been suggested to involve cleavage of the primary LSP transcript by an
endonuclease activity executed by RNase MRP (Lee and Clayton, 1997). However recent
data obtained using a pure in vitro transcription system (Falkenberg et al, 2002) suggests
a new RNase MRP independent mechanism significantly dependent on the CSBII
sequence (Pham et al, 2006).
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Figure 2.4: Replication models of mammalian mtDNA. A) Strand-displacement
replication model.  Replication starts with leading strand H-strand (in black) initiation at
OH producing a D-loop. Although often replication terminates at the termination
associated sequence replication can proceed in this case the parental H-Strand is further
displaced and can be used as template for L-strand synthesis (shown in gray). L-Strand
synthesis normally initiates at OL (shown on the left) or at an alternative light-strand
origin (OLALT)(shown on the right of panel A). mtDNA replication by this model would
result in extensive ssDNA RIs. This figure was adapted from (Brown et al, 2005). B)
RITOLS- and strand coupled-model of mtDNA replication. RNA incorporation
throughout the lagging strand (RITOLS) mode of replication is shown on the left in panel
B. Replication initiates at a discrete origin OR in a unidirectional fashion. The newly
synthesised lagging-strand is initially laid down as RNA (red) by a still unknown
mechanism using the H-strand (black) as template. The slow step of this replication mode
is the RNA conversion/maturation to DNA (gray), which uses OL as a major but not the
only initiation site by an as yet unclear mechanism. Replication of mtDNA by this mode
would result in prominent RNA/DNA hybrids RIs. The strand-coupled model is shown in
the right pathway of panel B. During the strand-coupled mtDNA mode of replication,
initiation occurs at an Ori-zone downstream of OH in a bidirectional manner. This is
followed by progression of both forks until one fork arrest at OH. A far majority of RIs
produced by this mode will be dsDNA. This figure was adapted from (Yasukawa et al,
2006).

The mitochondrial DNA polymerase  (Pol ) can start H-strand synthesis through the
extension of an RNA primer (Ropp and Copeland, 1996). After H-strand replication has
started there are two suggested possibilities. The first possibility is a replication arrests
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around a 15bp conserved sequence that is positioned a short distance upstream from the
3' D-loop end, called the termination associated sequence (TAS) (Madsen et al, 1993).
This is suggested to generate a more or less stable D-loop containing molecule. One
suggested role for the D-loop strands is that they provide primers for re-initiation of
replication, although no direct evidence has been presented yet. In the strand-
asynchronous replication model, only a minority of the initiated nascent H-strand
replication overcomes termination and proceeds over the entire length of the genome.
The premature arrest could be one possible regulation point of mtDNA replication.
Recent experimental data in support of this hypothesis show a decrease in TAS
associated termination after an increased mtDNA replication rate. In both proliferating T-
cells and HeLa cells recovering from mtDNA depletion, mtDNA replication is increased.
It has been suggested this was a consequence of a decrease in termination (Kai et al,
1999; Brown and Clayton, 2002).

When in the strand-displacement model of mtDNA replication H-strand synthesis
proceeds beyond the TAS sequence, Pol  continues unidirectionally until two-third of
the way around the mitochondrial genome, where it meets the second origin for light-
strand replication (OL). When the replication machinery passes this point, OL is exposed
on the displaced heavy strand. This initiation for the L strand replication occurs at a small
non-coding region (30bp) that is located in the WANCY tRNA coding region. It has been
suggested that this particular DNA sequence is able to form a stable stem-loop structure
after the newly synthesized H-strand passes the OL region and exposes the parental H-
strand as a single-strand (Tapper and Clayton, 1981). In this step it is necessary that a
small RNA molecule is generated by a primase in order to initiate L-strand synthesis. Pol
 then synthesizes the nascent L-strand in the opposite direction on the single-stranded H-

strand template. Following this second initiation, L-strand replication proceeds over the
whole length of the strand and ends after the synthesis of the nascent H-strand has
terminated (Tapper and Clayton 1981). In this strand-asymmetric model of replication,
DNA synthesis is continuous on both strands. When the synthesis is complete the new
mtDNA molecules need to be separated, RNA primers removed and gaps ligated after
which the replication cycle can be completed by the addition of superhelical turns and
binding of diverse proteins. However, these steps are not yet well understood (Lecrenier
and Foury, 2000)

Since 2000, several papers have appeared that re-exam this previously described model
of mtDNA replication (Holt et al, 2000; Yang et al, 2002; Bowmaker et al, 2003; Reyes
et al, 2005; Yasukawa et al, 2005; Yasukawa et al, 2006)(Figure 2.4B). These recent
results obtained mainly by using two dimensional neutral/neutral agarose gel
electrophoresis (2DNAGE) have lead to an intensive debate about the bona fide model of
mammalian mtDNA replication (Bogenhagen and Clayton, 2003a; Holt and Jacobs,
2003; Bogenhagen and Clayton, 2003b). In the 2DNAGE technique (Brewer and
Fangman, 1987; Brewer and Fangman, 1988), a widely used method to examine
mechanisms of replication, endonuclease digested DNA fragments are separated in a first
dimension agarose gel based on size and in a second dimension agarose gel based on size
and strand configuration, by using ethidium bromide. In this system particular types of
replication intermediates (RIs) migrate in specific and predictable ways. The 2DNAGE
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data revealed that a significant fraction of the DNA formed duplex RIs that were seen as
archetypal bubble and forks arcs in the experiments (Holt et al, 2000). Holt and co-
workers concluded that these obtained RIs are derived from coupled leading and lagging-
strand synthesis of mtDNA. In their opinion these RIs could not be explained with the
asymmetric strand-displacement model of replication. Other RIs containing extensive
regions of single-strandedness were initially suggested to represent the strand asymmetric
mode of mtDNA replication. However, shortly after, new data showed that discontinuous
ribonucleotide-rich synthesized lagging strands are more easily degraded due to an
RNase H-like activity present in those preparations (Yang et al, 2002). This RNase H
sensitivity showed that the strand-displacement RIs could be created by an artifact of
preparation. It was thus suggested that mammalian mtDNA replication proceeds solely by
coupled leading and lagging-strand synthesis. A recent study lead to the refinement of
this replication model, the data obtained by 2DNAGE showed two types of RIs
(Yasukawa et al, 2006), representing two distinct modes of mtDNA replication (Figure
2.4B). One class of RIs contain very few ribonucleotides and are fitting to strand-coupled
DNA synthesis, initiating bidirectionally from a broad zone (Bowmaker et al, 2003;
Reyes et al, 2005). The other class of RIs identified were ribonucleotide-rich and
mapping of 5’ ends showed this mtDNA synthesis initiated unidirectional strictly from
the non-coding region (Yasukawa et al, 2005; Yasukawa et al, 2006). This mtDNA
replication mode involves ribonucleotide incorporation throughout the lagging strand
(RITOLS) across practically the complete genome. In RITOLS replication the lagging-
strand is laid down initially as RNA before it is converted to DNA. The RNA might help
to protect and stabilize the displaced ssDNA strand, it also could provide genetic
informational back-up. Virtually nothing is known yet about the processing and
maturation of these RNA-rich intermediates.

However, proponents of the strand-asynchronous model have put forward that the
2DNAGE method destabilizes many of the strand-displacement RIs resulting in an
artifact that makes duplex RIs seem more prominent (Brown and Clayton, 2006). Further
Clayton and co-workers believe that the resistance of some RIs to restriction-enzyme
digestion is not a consequence of extensive incorporation of ribonucleotides but rather
caused by mtDNA transcription intermediates.

2.5.2 mtDNA Polymerase 

Human polymerase gamma (Pol ) functions in a heterotrimer consisting of one catalytic
subunit (p140) encoded by POLG1 and two subunits of the accessory subunit (p55)
encoded by POLG2 (Yakubovskaya et al, 2006). Although 16 different polymerases have
been identified in mammals, Pol  is the only polymerase that is located and active within
the mitochondria (Graziewicz et al, 2006). Thus Pol  is indispensable for all replication
and repair of mtDNA. POLG1 is nuclear encoded; the N-terminal region contains three
conserved motifs that form the 3’ 5’exonuclease domain (Exo1, Exo2 and Exo 3) while
the C terminal region holds three conserved polymerase motifs (PolA, PolB and PolC)
(Ropp and Copeland, 1996; Lecrenier et al, 1997)(Figure 2.5). The responsibility of the
polymerase domain is the actual mtDNA synthesis whereas the exonuclease domain takes
care of proofreading during replication. A region often referred to as “the linker region”
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separates the polymerase and exonuclease domain. Based on the conserved sequence
motifs Pol  has been grouped in family A of DNA polymerases. This family includes
other well-studied polymerases like T7 DNA polymerase and polymerase I of E.coli.
While the Exo and Pol motifs of Pol  are very conserved in polymerase family A, the
length of the region that connects the exonucleolytic and polymerase catalytic domains is
considerably increased in Pol  (Lecrenier et al, 1997). Downstream of the N-terminal
mitochondrial targeting signal the human POLG1 gene includes a CAG tri-nucleotide
repeat that normally codes for 10 glutamines. Although in cell culture deletion of this
CAG repeat does not affect mtDNA maintenance (Spelbrink et al, 2000), alterations in
the length of this repeat are associated with male infertility (Rovio et al, 2001).

Figure 2.5: Schematic diagram of the 1239 amino acids (AA) long human POLG1
protein. Within the polymerase and exonuclease domain (shown in black) the conserved
Exo (I-III) and Pol (A-C) active site motifs are indicated with white boxes. The POLG1
gene contains a N-terminal mitochondrial targeting signal (shown in gray).

The first experiments that showed that Pol  has a role in mtDNA maintenance were
performed by inactivation of the yeast Pol  gene MIP1 (Genga et al, 1986; Foury, 1989).
Even though this first cloned mitochondrial polymerase MIP1 shares ~40 % identical
residues in amino acids sequence with human POLG1 it differs in that it doesnot appear
to require an accessory subunit (Lecrenier et al, 1997). The Pol  holoenzymes from
Drosophila melanogaster, Xenopus laevis and mice do posses two distinct subunits
(Wernette and Kaguni, 1986; Insdorf and Bogenhagen, 1989; Carrodeguas et al,  2001).
The accessory subunit of Pol  as far as we know does not posses catalytic activities by
itself, however it stimulates the activities of the catalytic subunit by increasing its affinity
to DNA. The isolated human p140 catalytic subunit has modest processivity by itself,
producing on average 100 nucleotide DNA product from a natural DNA template.
However, when p55 is added, products as long as 7 kilo bases can be reached (Lim et al,
1999). A recent report identified the first human pathogenic mutation in the human p55
gene, POLG2 (Longley et al, 2006). Using purified proteins it was shown that this p55
variant is not capable of enhancing the affinity of p140 to DNA and thus affects Pol 
processivity resulting in accumulation of multiple mtDNA deletions in post mitotic
tissues of this patient.

Purified Pol  is able to replicate natural DNA templates and several homopolymers.

Because Pol  contains reverse transcriptase activity a Poly(rA).Oligo(dT) template is

often used in enzymatic assays, since this gives the possibility to discriminate Pol 

activity from the other polymerases active in the cell (Longley et al, 1998b). Pol  reverse

transcriptase (RT) activity has been suggested to be of physiological significance, since

its RT activity is slightly higher then HIV RT (Murakami et al, 2003). Nucleotide reverse

transcriptase inhibitors (NRTI) are used as medicine for HIV infected patients as it slows

down the disease progression by inhibiting HIV RT. However, a side effect is inhibition
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of Pol  activity leading to mtDNA depletion. It shows that inhibition of the reverse

transcriptase ability of Pol  causes loss of mitochondrial function in human (Dalakas et

al, 1990)

Besides the very conserved exonuclease and polymerase motifs the Drosophila, X. leavis
and human Pol  also contains six moderate conserved sequences ( 1 till 6) (Kaguni,
2004). Four of these elements ( 1- 4) are located within the linker region, while the
remaining two are located around the polymerase motifs. A Study on the linker region of
T7 polymerase has shown that it is responsible for interaction with the accessory subunit
(Doublie et al, 1998). Although the linker region of Pol  has no known function a similar
role has been suggested. Recent deletions studies on the drosophila Pol  p140 support
this idea. The authors showed that removing the moderate conserved sequence 1 and 4,
resulted in a weaker interaction with the accessory subunit (Luo and Kaguni, 2005). The
importance of this region is further emphasized by the observation that mutations in the
POLG1 linker region are associated with several human diseases.

Currently no three-dimensional crystal structure of p140 is available, making it difficult
to predict the functional effect of p140 mutant variants. However a structural model
based on similarities of other family A polymerase members (e.g. T7 polymerase) has
been successfully used to explain functions of many conserved amino acids (Graziewicz
et al, 2004). The structural insight into less conserved regions of POLG1 will have to
wait until a crystal structure is published.

The exonuclease motifs identified in all family A polymerase members is responsible for

proofreading newly incorporated bases during ongoing DNA synthesis. Site directed

mutagenesis of conserved amino acids located within the exonuclease motifs of MIP1

results in a strong increase in mtDNA mutation levels without affecting the actual

replication rate (Foury and Vanderstraeten, 1992). In human cell-lines the expression of a

proofreading deficient POLG1 with a single aminoacid change D198A in exonuclease

motif 1 similarly resulted in accumulation of mtDNA mutations (Spelbrink et al, 2000).

A similar point mutant in exonuclease motif 2 was recently produced in a homozygous

knock-in mouse, giving rise to a 5 times higher mtDNA mutation level in heart, liver and

brain (Trifunovic et al, 2004; Kujoth et al, 2005). The higher mutation levels in these

mice coincided with a premature ageing phenotype and a reduced lifespan. These

findings and the observation that all human disease mutation found in the exonuclease

domain are not located in the conserved motifs demonstrate the importance of this

proofreading mechanism for normal mitochondrial function. The collaboration of the

polymerase domain and exonuclease domain gives Pol  a high fidelity (Longley et al,

2001). However Pol  is known to have difficulties with homopolymeric runs making it

prone to create frame shift mutations (Longley et al, 2001).

Human Pol  also contains 5’deoxyribose phosphate (dRP) lyase activity, which plays a

role in base excision repair (BER)(Figure 2.6). It functions together with an AP

endonuclease in the removal of the incorrect or damaged base that is recognized and

marked by DNA glycosylases. After this removal Pol  is also responsible for filling the
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single-nucleotide gap (Pinz and Bogenhagen, 1998; Longley et al, 1998b). The accessory

subunit increases the effectiveness of this reaction (Pinz and Bogenhagen 2006).

 2.5.3 Other proteins involved in mtDNA replication

Using an in vitro reconstituted replisome Korhonen and co-workers demonstrated that
addition of the mitochondrial single-stranded DNA-binding protein (mtSSB) stimulated
the replication significantly (Korhonen et al, 2004). The cloning of human mtSSB
showed that it is a functional homologue of the SSB of Escherichia coli (Tiranti et al,
1993). Similar mtSSB proteins have been identified from rat (Pavco and van Tuyle,
1985), Xenopus laevis (Tiranti et al, 1991), yeast (van Dyck et al, 1992), Drosophila
(Thömmes et al, 1995) and mouse (Li and Williams, 1997). Many processes of DNA
metabolism result in generation of single stranded DNA regions. SSBs, which have high
specificity to ssDNA but no sequence specificity, stabilize these regions. MtSSB was
shown to be essential for mtDNA maintenance in yeast, since deletion of the yeast gene
RIM1 resulted in total loss of mtDNA (van Dyck et al, 1992). Later this was confirmed
by RNAi studies in drosophila S2 cells, where reduction of mtSSB protein levels
generated strong mtDNA depletion (Farr 2004). The crystal structure of the human
mtSSB suggested that the protein wraps mtDNA around a homotetrameric protein
consisting of ~16kDa subunits (Yang et al, 1997). MtSSB stimulates synthesis of mtDNA
(Mignotte et al, 1988; Genuario and Wong, 1993) by increasing the primer recognition
(Thömmes et al, 1995) and processivity (Farr et al, 1999) of pol . Further it functions in
helix destabilization by preventing separated strands from renaturation. A single in vitro
study suggests that human mtSSB might play an essential role in D-loop turnover
(Takamatsu et al, 2002), however no in vivo evidence has reported the existence of this
mechanism. MtSSB was shown to localize within nucleoids in vivo (Barat et al, 1985;
Garrido et al, 2003).

For the progression of mtDNA replication supercoiled mtDNA must be made accessible
for the replication machinery. DNA topoisomerases are enzymes that alter the tertiary
structure of DNA without modifying its primary structure and are responsible for the
disentangling of this intertwined DNA (Kellner et al, 2002). Isolation of a mitochondrial
topoisomerase enzyme from rat showed that the organelle contained a distinct DNA
topoisomerase activity (Fairfield et al, 1979) By now members of topoisomerase family
IA and IB have been shown to be active in human mitochondria (Wang et al, 2002;
Zhang et al, 2001). The TOP1mt gene, a family IB member, contains strong homology at
the nucleotide level with the nuclear TOP1 gene. The resulting protein was confirmed to
localize within the mitochondria after using GFP tagged reporter constructs (Zhang et al,
2001). A later study showed that an alternative transcription start site in the TOPIII
gene results in addition of a mitochondrial targeting signal in this IA family member
(Wang et al, 2002). The precise roles in mtDNA metabolism of these topoisomerases are
still not elucidated. It is very likely that a topoisomerase II enzyme exists in human
mitochondria since its activity was isolated from bovine heart (Low et al, 2003).
Deletion mapping in patients carrying a single large-scale mtDNA deletion revealed a
correlation of Topoisomerase II like cleavage sites with the breakpoints sequence. It was
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hypothesized that this topoisomerase II activity was responsible for the production of this
type of mtDNA deletions (Mita et al, 1990).

Another protein that is required for the end stages of both mtDNA replication and repair
is a DNA ligase. For a long time there was just one report about the existence of such a
mitochondrial ligase activity (Levin and Zimmerman, 1976). More then 2 decades after
this isolation from rat mitochondria a DNA ligase III like protein was shown to be active
in mitochondria of X. laevis (Pinz and Bogenhagen, 1998; Perez-jannotti et al, 2001). The
human DNA ligase III gene, LIG3, encodes a nuclear and mitochondrial protein. They
are translated from two different initiation codons. While the longer polypeptide is
directed to the mitochondria, the shorter product goes to the nucleus (Lakshmipathy and
Campbell, 1999). The human ligase III is essential in mtDNA maintenance, lowering the
ligase III activity by transfecting cells with anti-sense DNA ligase III resulted in mtDNA
depletion and increase of single-strand nicks (Lakshmipathy and Campbell, 2001). In the
nuclei XRCC1 directs the ligase III to the single-strand nicks. Since this protein is absent
in mitochondria it remains puzzling how ligase III finds the gaps in mtDNA
(Lakshmipathy and Campbell, 2000). In S. cerevisiae a comparable translation system is
effecting the CDC9 protein location (Willer et al, 1999). CDC9, a functional homologue
of human DNA ligase I (Barnes et al, 1990) is the only ligase identified in yeast
mitochondria where its inactivation leads to a decrease of mtDNA content (Donahue et
al, 2001).

Mitochondrial transcription factor A (TFAM), a member of an HMGB subfamily in high-
mobility group (HMG) protein families is in several ways implicated in mtDNA
replication (Kang and Hamasaki, 2005). This multifunctional protein of DNA metabolism
activates mitochondrial transcription, thus indirectly stimulating initiation of mtDNA
replication (Parisi and Clayton, 1981). In organello footprint analysis demonstrated that
TFAM binds conserved replication control regions within the D-loop (Ghivizzani et al,
1994). TFAM has also been proposed to regulate the D-loop structure by destabilization
and in this way inhibiting the total mtDNA replication (Takamatsu et al, 2002). TFAMs
affinity for holiday junctions (Ohno et al, 2000), the recombination activity of the yeast
homologue Abf2p (Zelenaya-troitskaya et al, 1998) and the physical interaction with p53
(Yoshida et al, 2003) all suggest TFAM might play a role in mtDNA recombination as
well. While heterozygous TFAM knockout mouse have reduced mtDNA levels, the
homozygous knockout was embryonic lethal due to lack of mtDNA (Larson et al, 1998).
It is not clear if this mtDNA loss is caused by affecting the mtDNA replication or DNA
packaging histone like role of TFAM, or both (Fisher et al, 1992; Larsson et al, 1998).
Like its yeast counter part Abf2, human TFAM is abundant enough to wrap the entire
mtDNA molecule (Takamatsu et al, 2002) and it has been shown to be a core component
of nucleoids (Garrido et al, 2003). Based on these observations it has been suggested that
TFAM functions as main constitutive factor of nucleoid structure (Garrido et al, 2003;
Alam et al, 2003). In a recent 2DNAGE based study, increased TFAM expression in
human cells resulted in a decrease of RITOLS RIs. It was suggested that TFAM plays an
important role in influencing the mtDNA replication mode (Pohjoismäki et al, 2006).



29

RNase H1 is another protein essential for mtDNA maintenance, loss of RNase H1 in
mice caused failure of mtDNA replication resulting in mtDNA depletion and embryonic
lethality (Cerritelli et al, 2003). In human and mice most RNase H1 is present in the
nucleus, however the usage of an alternative AUG directs it to mitochondria. The precise
function of RNase H1 in mtDNA metabolism is not yet known. In the asymmetric
replication model (Clayton, 1982) it was proposed to remove the RNA primers for
replication initiation. Based on the phenotype of the Rnase H1 -/- mouse (Cerritelli et al,
2003) it is however more likely that RNase H1 has a more significant participation in
mtDNA metabolism. Another possibility is that during RITOLS mtDNA replication
(Yang et al, 2002; Yasukawa et al, 2006) it functions during the initial step of maturation
of mtDNA by RNA removal. The observation that RNase H1 leaves one or more
ribonucleotide attached to the DNA (Rumbauch et al, 1999) is in agreement with the
presence of RNA in non-replicating mtDNA molecules (Yang et al, 2002). A later
publication showed that dimerization of eukaryotic RNase H1 gives processivity to the
enzyme, suggesting a possible need to process long DNA/RNA hybrids during mtDNA
replication (Gaidamakov et al, 2005).

2.6 Other processes of mtDNA maintenance
2.6.1 mtDNA Repair

MtDNA is estimated to have a higher mutation rate compared to DNA in the nuclei
(Khrapko et al, 1997, Stuart and Brown, 2006). It has been proposed that mtDNAs
association with the inner-membrane (Nass, 1969), which is the major site of ROS
production, is the main contributor to this higher mutation rate (Hamilton et al, 2001).
Another reasons might be the absence of a protective histone protein in mitochondria.
However, the observation that TFAM is abundant enough to cover the whole genome
suggests that such a protection might also be available inside the mitochondria
(Takamatsu et al, 2002; Alam et al, 2003; Garrido et al, 2003). The vulnerability of
mtDNA to DNA damage and the finding that mtDNA also replicates outside S-phase,
when nDNA repair proteins are downregulated suggests that an extensive mitochondrial
DNA repair system should exists to ensure proper mitochondrial function.

After the observation that UV induced mtDNA damage was not repaired in HeLa cells, it
was suggested that there was no mtDNA repair (Clayton et al, 1974). Following this
initial observation it took a long time to realize that certain kind of DNA damage could
be repaired in mitochondrial extracts (Myers et al, 1988; Pettepher et al, 1991).  These
observations and the identification of several enzymes containing DNA repair activity in
mitochondria proved that the organelle has DNA repair activity (Anderson and Friedberg,
1980; Thibodeau and Verlg, 1980; Tomkinson et al, 1988). The major DNA repair
pathway working in mitochondria is base excision repair (BER)(Figure 2.6). All small
non-bulky base damage is repaired using this pathway (LeDoux et al, 1992). The first
step of the pathway is recognition of the modified bases by a damage specific DNA
glycosylase, which leaves an apurinic site. In human at least 5 different mitochondrial
enzymes are identified, uracil-DNA glycosylase (Slupphaug et al, 1993), adenine
glycosylase (Slupska et al, 1999), 3-methyladenine glycosylase (Izumi et al, 1997),
thymine glycol glycosylase (Takao et al, 1998) and 8-oxoguanine glycosylase (Nishioka
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et al, 1999). The apurinic site generated by these enzymes is used by an AP endonuclease
to catalyze incision of the DNA phosphate backbone creating a 5’ abasic deoxyribose
phosphate (dRP) and a free 3’ hydroxyl group necessary for DNA synthesis. The main
AP endonuclease in human is encoded by the gene APE1 and has been shown to localize
to mitochondria (Tell et al, 2001). Another AP endonuclease, APE2, has been identified
in mitochondria (Tsuchimoto et al, 2001) but this seems much less active then APE1. Its
significance in mtDNA metabolism is unknown (Hadi et al, 2000). The dRP is removed
by the dRP-lyase activity while the 3’OH site is used for the insertion of a new
nucleotide. An in vitro study showed that both functions can be performed by Pol 
(Longley et al, 1998a). However these Pol  activities have not been demonstrated in vivo
yet. This is followed by ligation of the broken strand by mitochondrial targeted DNA
ligase III (Lakshmipathy and Campbell, 1999). Based on studies on calorie-restricted
mice, it has been proposed that mtBER activity is regulated by ROS production (Stuart et
al, 2004). Calorie restricted mice have a lower ROS production and this is accompanied
with a lower mtBER activity.

Figure 2.6: Enzymes and enzymatic
steps of mitochondrial base excision
repair. For more detail see text of section
2.6.1. Figure adapted from (Graziewicz
et al, 2006).
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Nucleotide excision repair NER is a pathway that is responsible for removal of bulky
lesions that cause structural deformation of the DNA helix. NER activity has not been
demonstrated inside mitochondria. However some adducts normally removed by NER in
nuclear DNA are removed from mtDNA (Shen et al, 1995). Removal of nuclear DNA
base mismatches is performed by mismatch repair (MMR). Although MMR activity has
been identified in mitochondrial extracts from rat liver (Mason et al, 2003), no
components of the MMR family were found within mammalian mitochondria. These
findings suggest MMR activity is different from the corresponding activity in the nucleus
(Mason et al, 2003). Although recombinational repair in the mitochondria in yeast is
known for years  (Foury and Lahaye, 1987), in mammalian cells it is much less clear. In a
recent study two human cell lines were fused with similar nuclear background, each
containing a different mtDNA mutation that abolishes oxidative phosphorylation. By
growing the resulting hybrid cells without pyruvate and uridine they could select for
hybrids where oxidative phosphorylation was rescued after recombination between the
two genomes (D’Aurelio et al, 2004). 2DNAGE analyses showed that recombination-like
intermediates are prominent in human heart muscle. These X-spike replication
intermediates were resolved with the bacterial holiday junction resolvase RuvC and were
suggested to represent mtDNA recombination repair intermediates (Kajander et al, 2001).
MtDNA recombination has also been reported after analyzing distribution of allelic
combinations in skeletal muscle of ten individuals with multiple mtDNA heteroplasmy
(Zsurka et al, 2005). However the same study indicated mtDNA recombination is of low
frequency in human cells.

2.6.2 Mitochondrial nucleotide metabolism

Precise regulation of the four deoxyribonucleoside triphosphates (dNTPs) is essential for
proper DNA maintenance, since unbalance in the nucleotide pool can lead to many forms
of mutagenesis (Kunz, 1988).  The mitochondrial nucleotide pool is distinct from the
cyctosolic nucleotide pool and is separated by the impermeable inner membrane (Figure
2.7). All cellular dNTPs can be produced by de novo synthesis. This pathway consists of
the successive reaction of NDPs with ribonucleotide reductase (RNR) and dNDP kinases
producing dNTPs. RNR activity is high during S-phase when nuclear DNA is replicated.
In terminally differentiated and quiescent cells resting in Go, RNR activity is strongly
downregulated (Eriksson et al, 1984). In contrast to nuclear DNA replication, mtDNA
replication is continuous and also replicates outside the S-phase (Bogenhagen and
Clayton 1977; Song et al, 2003). In differentiated cells and outside the S-phase mtDNA
replication can not be sufficiently supplied with dNTPs produced by the de novo
pathway, but is dependent on the salvage synthesis of dNTPs. The salvage pathway
makes use of deoxynucleosides derived from nutrients or degraded DNA to produce the
building blocks of DNA synthesis. Mitochondria have their own salvage pathway in
which nucleosides are imported by a still unknown mechanism from the cytosol and
phosphorylated inside the mitochondria to dNMPs by deoxyribonucleoside kinases (Berk
and Clayton, 1973). After phosphorylation dNMPs cannot leave the mitochondrial
compartment due to their negative charge, making this the key regulatory step (Arner and
Eriksson, 1995). There are 4 deoxyribonuleoside kinases in human identified; thymidine
kinase 1 (TK1) (Bradshaw, 1983) and deoxycytidine kinase (dCK) (Chottiner et al, 1991)
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are localized in the cytosol whereas thymidine kinase 2 (TK2) (Johansson and Karlsson,
1997) and deoxyguanosine kinase (dGK) (Johansson and Karlsson, 1996) are situated in
the mitochondria. TK2 performs the initial step in dTTP, dUTP and dCTP production
while dGK fulfils this role for dGTP and dATP synthesis.

Figure 2.7: Pathways of de novo and salvage deoxynucleotides (dNTP) synthesis in
cytosol and mitochondria. The (*) indication shows the genes that are associated with
mitochondrial DNA disorders. For more clarity see text section 2.6.2. Figure adapted
from (Marti 2002).

Mutations in TK2 and dGK are both associated with mitochondrial DNA depletion
syndrome (MDS) (Saada et al, 2001; Mandel et al, 2001). The defects in these two
enzymes results in severe imbalance of the mitochondrial dNTP pool (Saada et al, 2003).
As a result of this the patients have tissue specific mtDNA depletion that results in
OXPHOS defects and clinically heterogeneous symptoms (Wang et al, 2005). Unlike
control cells, fibroblast derived from a patient with dGK defects only synthesized
mtDNA during the S-phase (Taanman et al, 2003). In optimal cell growth conditions
when cells are exponentially growing this S-phase synthesis was enough to maintain
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mtDNA content. However during resting state achieved by serum withdrawal the patient
derived fibroblast quickly lost mtDNA. This depletion could be prevented when dGMP
and dAMP were added to the cell growth medium (Taanman et al, 2003).

Mitochondrial neurogastointestinal encephalomyopathy (MNGIE) is an autosomal
recessive disease associated with multiple deletions and partial depletion of mtDNA
(Hirano et al, 1994). The defect in nucleotide metabolism is caused by mutations in
thymidine phosphorylase (TP) (Nishino et al, 1999).  TP degrades thymidine to thymine
in the cytosol and a defect in this enzymatic reaction results in thymidine accumulation
(Spinazzola et al, 2002).  Elevated levels of thymidine cause an overproduction of dTTP
by the salvage pathways, leading to nucleotide imbalances, particularly inside the
mitochondria. Sequence analyses showed a high level T to C transition mutations in
patient mtDNA probably as a result of increased dTTP levels (Nishigaki et al, 2003). The
observation that addition of extra cellular thymidine to HeLa cells causes mitochondrial
nucleotide imbalance that can lead to mtDNA deletion formation supports this disease
mechanism hypothesis (Song et al, 2003). The reason why mutations in this cytosolic
enzyme results in defective mtDNA metabolism could be due to the absence of nDNA
replication in terminally differentiated cells, giving mitochondrial TK2 an abundance of
substrate to produce dTTP (Ferraro et al, 2005).

A study of mitochondrial nucleotide pools in rat heart and muscle tissues demonstrated
they are significantly different from whole cell extract nucleotide pools. In vitro fidelity
assays showed that under these physiological conditions present in heart and muscle,
mitochondria Pol  makes 3 fold more replication errors (Song et al, 2005). This study
suggests that normal mitochondrial nucleotide pool concentrations could contribute to the
elevated mitochondrial mutation rate compared to the nuclear genome.

2.6.3 Mitochondrial nucleoids

Like chromosomal DNA in bacteria (Stonington and Pettijohn, 1971), DNA inside the
mitochondria is organized in protein-DNA structures called nucleoids.  Similar
mitochondrial protein-DNA structures have been isolated from various organisms,
Physarum polycephalum (Kuroiwa et al, 1977; Suzuki et al, 1982), yeast (Miyakawa et
al, 1987; Kaufman et al, 2000; Chen et al, 2005), X.laevis (Barat et al, 1985; Bogenhagen
et al, 2003) and human (Albring et al, 1977; Garrido et al, 2003; Wang and Bogenhagen,
2006). Nucleoids have fusion and fission capability and show dynamic movements within
the cell which suggest that they are the mitochondrial units of inheritance (Garrido et al,
2003). While in yeast and slime molds nucleoids can easily be visualized with 4’,6
diamidino-2-phenylindole (DAPI) staining, in human cells other methods have been
developed to visualized nucleoids properly. Nucleoid studies in human cells have used
other DNA binding dyes (Ashley et al, 2005), green fluorescent protein (GFP) tagged
nucleoid proteins (Spelbrink et al, 2001) or incorporation of a thymidine analogue in
mtDNA (Garrido et al, 2003; Magnusson et al, 2003).  These studies showed punctate
nucleoids that are consistently scattered inside the mitochondrial network in both yeast
and man. The yeast nucleoid is much larger (~0,5 μm) compared to the human nucleoid
(~0,065 μm) (Iborra et al, 2004). Also the number of mtDNA molecules shaping the
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nucleoids and the amount of nucleoids per cell is significant different between yeast (~1-
2 mtDNA/nucleoid, ~40-60 nucleoids/cells) and man (~2-15 mtDNA/nucleoid, ~300-800
nucleoids/cell) (Legros et al, 2004).

Attempts to purify the nucleoid protein components from yeast, X.Laevis and human
(Bogenhagen et al, 2003; Garrido et al, 2003; Chen et al, 2005; Wang and Bogenhagen,
2006) have to date revealed only two corresponding proteins. However this might be due
to use of diverse purification strategies and the dynamic characteristics of nucleoids. It is
thought that TFAM and its yeast and X.leavis homologues are the core-packaging
elements of the nucleoids. MtSSB was, as can be expected from a protein with strong
single stranded DNA binding affinity, found to be part of the nucleoids. In cultured
human cells, antibodies against mtSSB and TFAM showed a strong co-localization of
these proteins with other nucleoid markers  (Garrido et al, 2003).

Studies on budding yeast have been most successful in revealing the nucleoids
components. Most nucleoid proteins were identified using in organello formaldehyde
cross-linking to mtDNA followed by density gradient centrifugation (Kaufman et al,
2000; Chen et al, 2005). Some of the proteins found in these studies have a known
function in mtDNA metabolism like the yeast mtDNA polymerase gamma Mip1p and
RNA polymerase Rpo41p. The other group of proteins found to localize in the yeast
nucleoids were directly or indirectly involved in the citric acid cycle or amino acid
metabolism.  Functional studies of some of these proteins show they contain a dual
function and they couple mtDNA maintenance to metabolic regulation. (Chen et al, 2005;
Chen and Butow, 2005). Two extensively studied bi-functional nucleoid proteins are
Ilv5p, functional in amino acid biosynthesis and aconitase (AcoIp) a krebs-cycle enzyme.
Both enzymes are known to be metabolically regulated, Ilv5p expression is enhanced
during amino-acid starvation and AcoIp expression goes up when a cell is shifting to
respiratory conditions. An hypothesis is that increased levels of Ilv5p and AcoIp causes
alterations in mtDNA packaging resulting in a more metabolically favorable
conformation of the nucleoid (Chen and Butow, 2005). Although not identified in
nucleoids isolations mitochondrial membrane protein (Mmm1p) is essential for mtDNA
stability and the fusion protein Mmm1p-GFP localizes to dot-like structures that are
flanking the nucleoids (Hobbs et al, 2001). Mmm1p forms a complex with the outer
membrane proteins Mdm10p and Mdm12p. It was shown that Mmm1p complex connects
the mitochondria to the outer membrane and cytoskeleton (Boldogh et al, 1998, Meeusen
and Nunnari, 2003). The connection of this complex with nucleoids seems to involve
cooperation of the inner membrane proteins Mdm31p and Mdm32p (Dimmer et al, 2005).
Deletion of any of these membrane proteins results in nucleoid instability.

Much less is known about the composition and dynamics of the human nucleoids. Many
of the yeast nucleoid proteins previously discussed donot have homologues in human,
suggesting human nucleoids are somewhat different. Enrichment of human nucleoids
resulted in co-purification of both subunits of Pol  (Garrido et al, 2003). However, Pol
A-GFP did not show a puncate mitochondrial localization (Spelbrink et al, 2000),

perhaps suggesting the mitochondrial polymerase is only recruited to the nucleoids when
needed for mtDNA replication or repair. Twinkle-GFP however seems to be a structural
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nucleoid protein, showing co-localization with mt-SSB, TFAM and mtDNA. Human
nucleoids from HeLa cells can be separated in two fractions based on their interaction
with the cytoskeleton. Immunoaffinity purification using antibodies against TFAM and
SSB with the fraction that didnot contain cytoskeletal protein contamination resulted in
identification of ~20 human nucleoid proteins. Several of these proteins were proteins
potentially involved in DNA metabolism , which included two helicases Suv3 and
DHX30. Similar to yeast, other identified proteins consisted of chaperones and metabolic
enzymes. Although these findings are similar to the observations in yeast almost all dual-
function proteins seem to differ in yeast and human nucleoids (Wang and Bogenhagen,
2006).

2.6.4 mtDNA copy-number regulation

MtDNA copy-number is regulated under different physiological and developmental
conditions. The mechanisms of this regulation in addition appears tissue and cell specific
(Veltri et al, 1990), but remains poorly understood. It has been suggested that the high
copy number of mtDNA is a protection mechanism preventing accumulation of mutations
to critical threshold levels (Moraes, 2001). Cytoplasmic hybrids and patient cell lines
containing mtDNA molecules with large scale deletions have a higher mtDNA copy
number then their full length wild-type counter part (Spelbrink et al, 1997; Tang et al,
2000). It was suggested that the total mtDNA mass is regulated rather then amount of
mtDNA genomes (Tang et al, 2000).

One of the factors that seems to be involved in the regulation of mammalian mtDNA
copy-number is TFAM.  Elimination of the yeast TFAM homologue (Abf2p), or RNAi
inhibition of the Drosophila homologue in Schneider cells results in a decrease of ~50%
in mtDNA content (Zelenaya-Troitskaya et al, 1998; Goto et al, 2001). This mtDNA
depletion was achieved without affecting the mitochondrial in vivo transcription activities
or steady state levels of mitochondrial mRNAs, suggesting that in these organisms
TFAM does not function directly in transcription-mediated initiation of replication. A 3-
fold increase of Abf2 expression resulted in a 2 fold increase in mtDNA copy number
(Zelenaya-Troitskaya et al, 1998), clearly demonstrating Abf2’s role in yeast mtDNA
copy number regulation. However, this increase was not unlimited since a 10-fold Abf2
overexpression resulted in mtDNA depletion. These observations can be explained by
TFAM’s mtDNA packaging functions. Whereas a 2-fold increase stabilizes mtDNA
genomes, more TFAM binding makes mtDNA inaccessible for the replication machinery
(Zelenaya-Troitskaya et al, 1998). Similarly, TFAM heterozygous knockout mice have
~about 40% copy number reduction (Larsson et al, 1998), while heterologous
overexpression of human TFAM results in mtDNA copy number increase in mice
(Ekstrand et al, 2004). The authors chose to overexpress the human variant of this protein
because it poorly stimulates mouse transcription initiation in vitro without loosing its
strong mtDNA binding activity. They suggest that copy number goes up because mtDNA
molecules are stabilized by human TFAM binding. It canot however be excluded that the
increase of mtDNA levels is a result of stimulation of replication initiation in vivo. In
drosophila cultured cells a similar effect was observed, after stimulation of transcription
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initiation by overexpressing the TFB2M homologue the mtDNA copy increased
(Matsushima et al, 2004). Transcient transfection of TFAM in HeLa and HEK cells was
shown to result in a moderate overexpression of TFAM without change in mtDNA levels
(Maniura-Weber et al, 2004), suggesting that other factors are required to increase
mtDNA copy number in human cells.

Another suggested mechanism is that different modes of mtDNA replication could
regulate copy- number (Moraes, 2001). The recently proposed non-asynchronous
replication model of mtDNA suggests two modes of replication based on analysis of RIs
by 2DNAGE (Yang et al, 2002; Bowmaker et al, 2003; Yasukawa et al, 2005). Some RIs
are very sensitive to RNase H and a detailed mapping has recently shown that these RIs
represent RNA:DNA hybrids essentially along the entire length of mtDNA (Yasukawa et
al, 2006). This RNA-rich replication mode is in fact very alike the asynchronous model
with the distinction that the lagging-strand is mostly protected by RNA and not by
mtSSB. The RIs that are not degraded by RNase H treatment have been suggested to arise
by a conventional strand-coupled replication mode. The suggestion that cells recovering
from mtDNA depletion induced by EtBr mainly use the RNA-poor replication mode
shows that mtDNA replication rate might be regulated by a switch in replication mode. It
was suggested based on these results that the RNA-poor mode represents a faster mode.
A recent publication showed that in cultured human cells TFAM inhibition with RNAi
results in somewhat increased RNA-rich RIs, whereas TFAM overexpressing caused
accumulation of RNA poor RIs. It was suggested that TFAM levels might regulate the
rate of mtDNA replication (Pohjoismäki et al, 2006). However, a moderate
overexpression of TFAM did not result in mtDNA copy-number increase.

Transgenic mice that overexpress the wild-type mtDNA helicase Twinkle show an
mtDNA copy-number increase in heart and muscle (Tyynismaa et al, 2004). In contrast,
RNAi inhibition of Twinkle reduced mtDNA copy number in cultured human cells.
These experiments suggest that Twinkle may be a key regulator of mtDNA copy-number
in mammals, it is possible that Twinkle is rate limiting for replication initiation.

In yeast the mechanisms controlling mtDNA copy-number are starting to be unraveled.
Mounting evidence points to the nucleotide pools as regulator of mtDNA copy number.
Overexpression of the large subunit of ribonucleotide reductase (RNR) in S.cerevisiae
decreases the amount of rho- mutants observed in diploids that contain a single copy of
the yeast pol  MIP1 gene (Lecrenier and Foury, 1995). This result suggested that
nucleotide pool concentration is rate limiting for mtDNA replication in yeast. Another
way to induced RNR and with that de novo dNTP production is by a transduction
pathway mediated by MEC1 and the protein kinase RAD53 (Huang and Elledge, 1997).
The deletion of a DNA helicase RRM3 causes replication fork stalling that is followed by
phosphorlyation activation of RAD53 (Ivessa et al, 2003). This activation results in
increased dNTP synthesis by RNR and a higher mtDNA copy-number (Taylor et al,
2005). Similarly, deletion of the RNR inhibitory protein Sml1 and over-expression of
RNR-1 subunit caused an increase in de novo synthesis of dNTPs (Zhao et al, 2001;
O’rourke et al, 2005), which was accompanied by an mtDNA copy-number increase
(Taylor et al, 2005). Taken together these results suggest that mtDNA copy number in
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yeast is regulated by the activity of the RAD53/Mec1 pathway, which in turn regulates
RNR activity. Deletion of Abf2 did not alter the RNR induced copy-number change
showing this is an Abf2 independent regulation of mtDNA copy number (Taylor et al,
2005). The RAD53/Mec1 pathway is very conserved and it might be that the human
homologous protein kinases will affect mtDNA copy-number in a similar fashion,
however no experimental evidence has been reported for this yet.

2.7 Mitochondrial DNA related diseases

Mitochondrial DNA related diseases are genetically heterogeneous disorders with a very
broad phenotypic range. In most of these disorders there is involvement of the central
nervous system resulting in neurological presentations such as stroke-like episodes,
seizures or movement disorders. Often there is a combination of neurological and skeletal
muscle defects and therefore these are often referred to as encephalomyopathies. In some
cases other organs are affected such as eyes, heart and kidney (Larsson and Clayton,
1995). The cause of these diseases is generally believed to be caused primarily by a
defective OXPHOS system. This can be a result of mutations in genes involved in
mitochondrial protein synthesis or complex assembly or more directly by mutations in
mtDNA encoded subunits of the OXPHOS system. Since the coding potential of mtDNA
is very limited, many disorders that result in an OXPHOS defect are primarily caused by
mutations in nuclear genes. One special group are those nuclear genes involved in
mtDNA maintenance which can secondarily cause mtDNA mutations.

Several aspects of mtDNA genetics that are very important in understanding the
phenotypic presentation of those disorders that directly or indirectly involve mtDNA are
related to the high mtDNA copy-number per cell. Patients with mtDNA mutations often
have two mtDNA populations, one mutated and the other wild-type (heteroplasmy). It has
been shown that the distribution of mtDNA molecules to daughter cells during cell
division can be explained by a stochastic process (Chinnery and Samuels, 1999). The
result of this so-called segregation is that the proportion of mutant versus wild-type
mtDNA molecules may be changed in the daughter cells. Given enough cell divisions
segregation can result in cells with purely mutant and purely wild type mtDNA, assuming
no selection of any kind takes place. Tissues with a high proportion of wild-type
molecules are less likely to suffer from OXPHOS defects than those carrying high
proportion of mutant mtDNA molecules (Chinnery et al, 1997). The proportion of
mutated mtDNA molecules that can be tolerated is tissue specific and this threshold is
usually lower in tissue with a high energy demand. The threshold is reached when the
wild-type mtDNA molecules can no longer compensate for the mutant mtDNA. The
threshold level is usually between 70-90%, depending on the mutation, tissue and nuclear
background of the patient (Hammans et al, 1993). Many of the mtDNA related diseases
are progressive probably caused by a steady increase of the proportion of mutant mtDNA
in post-mitotic tissue and/or by a slow decline of OXPHOS capacity associated with
normal ageing (Trounce et al, 1989; Larsson et al, 1990; Cooper et al, 1992).
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2.7.1 mtDNA point mutations

A far majority of pathogenic point mutations in mtDNA encoded OXPHOS subunits are
linked with four diseases. Leber’s hereditary optic neuropathy (LHON), maternally
inherited Leigh’s syndrome (MILS), mitochondrial encephalopathy lactic acidosis and
stroke-like episodes (MELAS) and neuropathy, ataxia, and retinitis pigmentosa (NARP)
(Wallace et al, 1988; Santorelli et al, 1993; Goto et al, 1990; Holt et al, 1990).

LHON is a disease characterized with acute loss of central vision that presents itself in
early adulthood and was the first disease identified to associate with mtDNA point
mutations (Wallace et al, 1988). Most mtDNA point mutations are found in the genes
ND1, ND4 and ND6, which all code for subunits of complex I (Wallace et al, 1988;
Huopenen et al, 1991; Johns et al, 1992). Although in most LHON patients symptoms are
restricted to the optic system, the most severe mutations can lead to additional
neurological features like movement disorders and dystonia (Nikoskelainen et al, 1995).
Enzymological analysis on lymphoblast mitochondria extracted from LHON patients
revealed that several patient mutations affect complex I activity. The demonstration that
these LHON mutations result in a complex I that is more sensitive to complex I inhibitors
that interact with CoQ10, suggests that LHON is a consequence of defective interaction
between CoQ10 and complex I, which might lead to increased ROS production (Brown et
al, 2000). The finding that neuronal cell lines harboring LHON mutations show a neuron-
specific ROS increase supports the hypothesis that increased ROS generation results in
damage to the optic nerve (Wong et al, 2002). Haplogroup J shows an increase in LHON
disease penetrance (Howell et al, 2003) and since a founder event was excluded these
findings imply a true mtDNA background effect (Carelli et al, 2006).

In NARP, the most common clinical manifestations are damage to the peripheral nervous
system, ataxia, and abnormalities in the pigment epithelium of the retina. A base
modification at position 8993 of the mitochondrial genome in the ATP6 gene is the most
frequent observed mutation in NARP patients, although other rarer mutations also cause
the disease (Holt et al, 1990). NARP patients normally contain 70%-90% of mutant
mtDNA (Makela-Bengs et al, 1995). When the mutant load is even higher (>95%) this
ATP6 mutations may cause the fatale infantile encephalopathy MILS (Santorelli et al,
1993). The 8993 mutation impairs the Fo portion ATPase resulting in a defective ATP
production (Tatuch and Robinson, 1993). Based on blue native electrophoresis studies
others have suggested that the ATP synthesis defects in patients carrying the 8993
mutation are a result of incorrect assembly of complex V (Nijtmans et al, 2001). NARP
patients skin fibroblasts were found to contain high superoxide dismutase activity,
suggesting higher ROS production (Geromel et al, 2001). The demonstration that
antioxidants partially recover ATP synthesis in cells harboring the NARP/MILS mutation
suggests that the ROS increase plays an important pathogenic role (Mattiazzi et al, 2004).

Point mutations in tRNA genes that affect protein synthesis result most often in two
distinct syndromes, mitochondrial encephalopathy lactic acidosis and stroke-like episodes
(MELAS) and myoclonus epilepsy with ragged red fibres (MERRF). MELAS is a
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progressive neurodegenerative disease, the most common features are included in the
name of this disorder. The most common A to G mutation is located in the tRNALeu(UUR)

gene at position 3243 (A3243G) (Goto et al, 1990) and is found in approximately 80% of
MELAS cases (Goto et al, 1992). A low mutation load of 5-30% in blood and 40% in
muscle is associated with relatively mild features like diabetes, and deafness (Ouwenland
van den et al, 1995; Goto, 1995), whereas a high proportion of  >85% mutant mtDNA
results in MELAS. A high proportion of A3243G containing mtDNA molecules results in
defects in complex I and IV. This MELAS mutation has been shown to affect the post-
transcriptional modification of the tRNA Leu(UUR) (Helm et al, 1999) and reduces the
stability of mitochondrial encoded proteins (Janssen et al, 1999). These observations
make it plausible that faulty incorporation of amino acids at leucine codons is the primary
defect of this disease. The most common mutation found in MERRF, the A8344G
nucleotide substitution, results in similar tRNA lysine defects as previously described in
MELAS disease concerning tRNA leucine (Shoffner et al, 1990; Enriquez et al, 1995).
Although in both syndromes the biochemical defect is a tRNA modification it results in
different clinical phenotypes in the patients. The reports that the primary affect of the
MELAS mutations is on complex I activity and MERFF mutations normally show
strongest reduction in complex IV activity might explain these different clinical features
(Morgan-Hughes et al, 1995; Enriquez et al, 1995). A study of rhoo  cell transformants
carrying the MERFF (8344) mutation revealed a defect in the specific aminoacylation
capacity of the affected tRNAlys. This resulted in accumulation of abnormal complex I
pepetides by premature termination of translation, specific at lysine residues (Enriquez et
al, 1995).

2.7.2 Large-scale mtDNA rearrangements

Sporadic mtDNA deletions were the first mtDNA mutations identified to be associated
with a group of disorders with diverse clinical symptoms (Holt et al, 1988). In order of
increasing severity, single mtDNA deletions gives rise to pure mitochondrial myopathies
including chronic progressive external ophthalmaplegia (CPEO) (Holt et al, 1988;
Moraes et al, 1989), Kearns-Sayre syndrome (KSS) (Zeviani et al, 1988) and Pearson’s
syndrome (Rotig et al, 1989). The more severe symptoms in Pearson’s syndrome and
KSS might be explained by the observation that mutant mtDNA molecules are found in
many different tissues while in CPEO they are confined to muscle. In CPEO eye and
skeletal muscle are affected while KSS includes also neurological features like ataxia.
Pearson’s syndrome has additional defects in bone marrow and pancreas. These sporadic
deletions are heteroplasmic and the size of the deletion can vary. However, the most
common 4977 base pair deletion is found in 30% of the cases (McFarland et al, 2002).
The proportion of deleted mtDNA molecules can change with time and can vary between
different tissues. Studies on cybrid cell lines harboring an mtDNA deletion suggests that
a mutation load of 60% is required to cause OXPHOS dysfunction (Hayashi et al, 1991).
However, this study was done in Hela cells and other studies have shown that this
threshold is different in other cell-lines or tissues (Bourgeron et al, 1993; Spelbrink et al,
1994). The general thought is that a sporadic deletion arises in the oocyte and the
resulting embryo will have the deleted mtDNA (Shapira, 2006). It has also been reported
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that mtDNA duplications might co-exist in a patient with a single mtDNA deletion,
although one report suggested an clinical association between duplication and KSS
(Poulton et al, 1994), in other reports they did not appear pathogenically significant and
were suggested to represent an intermediate step in the formation of mtDNA deletions
(Cormier et al, 1990; Rotig et al, 1992; Brockington et al, 1995). Further studies are
needed to confirm a phenotype association of mtDNA duplications. Due to the dense
gene content of mtDNA, deletions will generally result in the loss of several tRNA genes
as well as OXPHOS protein coding genes. This will often result in a combined OXPHOS
deficiency i.e. affecting several of the OXPHOS enzymes (Shapira, 2006; Laforet et al,
1995)

2.7.3 Somatic mtDNA mutations

The mitochondrial theory of aging suggests that mtDNA alterations accumulate during
ageing resulting in OXPHOS defects. This is suggested to increase ROS production
leading to more mtDNA mutations followed by an even more pronounced OXPHOS
defect and ROS increase (Trounce et al, 1989). This vicious cycle then ultimately results
in loss of tissue function through apoptosis and energy insufficiency. Somatic mtDNA
mutations and deletions have been reported by many studies to accumulate in human
aging (Cortopassi et al, 1992), neurodegeneration (Corraldebrinski et al, 1994) and cancer
(Polyak et al, 1998) in numerous tissues. However, there is some doubt about the
significance of these mtDNA point-mutations and deletions since mostly they do not
reach a high heteroplasmy level. The maximum proportion of the common mtDNA 4977
base pair deletion was found in ageing muscle at  ~0,1%, much lower than the high levels
generally associated with mtDNA disorders (see previous sections). Studies on single
muscle fibers show that clonal expansion of one mutation during life can occur, most
often these are fibers without cytochrome c oxidase (COX) activity (Del Bo et al, 2002;
Coller et al, 2002; Nekhaeva et al, 2002). It seems logical that accumulation of mtDNA
point-mutations or deletions will lead to OXPHOS defects in individual cells however it
is unclear to what extent this will effect the whole organism. The mechanism of mutant
mtDNA accumulation is unclear. One hypothesis is based on the observation that smaller
genomes containing an mtDNA deletion repopulated faster than the full length genomes
in cell lines recovering from EtBr-induced mtDNA depletion (Diaz et al, 2002).
However, mathematical modeling has shown that the clonal expansion can be achieved
by random genetic drift (Elson et al, 2001).

The mitochondrial theory of aging is in part based on the knowledge that ROS is a
byproduct of normal OXPHOS energy production. Moreover, studies done in cybrid cell
lines harboring a MERFF (Mattiazzi et al, 2004) or LHON (Wong et al, 2002) mutation
have shown that some OXPHOS defects result in increase of ROS production. This
supports at least one step of the vicious cycle, showing that OXPHOS defects are in some
cases able to increase ROS production.

To start testing the mitochondrial aging hypothesis, stable HEK cell lines expressing a
proofreading deficient Pol  A were generated (Spelbrink et al, 2000). Like expected the
lack of proofreading during mtDNA replication resulted in an increase of random point
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mutations in genes encoding for the respiratory chain subunits, however these mutations
did not affect the oxygen consumption of the cells. The reason for this might be that long-
term cell culture leads to selection against the most deleterious mutations. The study
showed proof of the principle that an exonuclease deficient Pol  A would result in an
accumulation of mtDNA point mutations. Subsequently, in knock-in mice expressing a
similar proofreading deficient mouse Pol  A, a similar accumulation of point mutations
was observed in several tissues of several month old mice. In this case, a decrease in
OXPHOS activity was observed (Trifunovic et al, 2004). This result showed there is a
direct link between increased somatic mutation levels and a decrease in OXPHOS
activity at least in mice. In accordance with the mitochondrial theory of ageing this
increased mtDNA mutation level resulted in a premature aging phenotype in the mice.
However, unlike what this hypothesis would predict the OXPHOS defects in these mice
didnot lead to an increase of ROS (Kujoth er al, 2005; Trifunovic et al, 2005). The level
of somatic mtDNA mutations in these ‘mutator’ mice increases linearly over time and not
exponentially as expected when ROS production increases over time. The authors of this
work suggest that ROS is not involved in the premature aging induced by increased levels
of mtDNA somatic mutation, suggesting no role for oxidative stress in this aging model.
Their idea is that aging is caused directly by a decrease in OXPHOS resulting in energy
insufficiency and apoptosis. This is in agreement with a majority of studies on OXPHOS
activity in different age groups, which show an age-related decrease in OXPHOS activity
(Cottrell and Turnbull, 2000). In contrast to these results, others have shown that catalase
enzyme targeted to mouse mitochondria reduces ROS by decomposition of H2O2 and
increases the mice life span (Schriner et al, 2005). This affect was absent when the
enzyme was directed to the peroxisome or nucleus suggesting that mitochondrial ROS
can play a role in determining longevity in mammals. More studies are required to
conclusively determine the precise role of ROS in aging.

Specific studies on the common 4977 base pair mtDNA deletion revealed that areas of
the brain with high dopamine metabolism, especially in the substantia nigra, have a high
prevalence of this mtDNA deletion (Soong et al, 1992). However, in this study the whole
nigral tissue was taken and only one type of mtDNA was analyzed. Recently two reports
have come out that use different PCR methods to measure all mtDNA deletions in
individual dopaminergic neuron (Bender et al, 2006; Kraytsberg et al, 2006). High levels
of mtDNA deleted molecules were detected and showed a correlation with age. In some
neurons obtained from older individuals the deletions exceeded 60%, which has been
shown to be the threshold for impaired OXPHOS activity (Kraytsberg et al, 2006;
Hayashi et al, 1991). Long-range PCR detected many different mtDNA deletions,
however each individual neuron showed only one type, confirming that these are somatic
mtDNA deletions (Bender et al, 2006). The cause of the specific accumulation of mtDNA
deletions in dopamingeric neurons has been suggested to involve dopamine breakdown, a
process in which H2O2 is formed that might cause double-strand break formation
(Manfredi, 2006). In mice double-strand breaks can result in mtDNA deletions, since
skeletal muscle expression of a mitochondrially targeted restriction endonuclease that
cuts mtDNA twice resulted in the accumulation of mtDNA deletions, which mostly
involved one of the restriction site (Srivastava and Moraes, 2005). The free ends
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generated by the endonuclease were often recombined with a region at the 3’end of the
D-loop, deleting part of the mitochondrial genome (Srivastava and Moraes, 2005).

Somatic mtDNA point mutations, of which some homoplasmic, are increased in some
cancers (Polyak et al, 1998; Fliss et al, 2000; He et al, 2003). The mechanisms by which
these mutations accumulate and if they have any influence on cancer development is not
known. This accumulation of mutations and the high copy-number of mtDNA have lead
to the suggestion it could function as an easy detection for cancer in diagnostics (Fliss et
al, 2000)

During the aging of a human, mtDNA mutation load increases with the strongest
accumulation of base changes occurring in the control region (Jazin et al, 1996). The
same conclusions came out of a later study, investigating control region mutation levels
in skin fibroblasts obtained from individuals ranging from 20-week fetal to 101 years old.
A sensitive method was used that could pick up single point mutations at low
heteroplasmy levels (Michikawa et al, 1999). Besides a relatively low proportion of
mutations at random positions, it revealed a clear accumulation of mutations at specific
positions of the mtDNA control region. The most striking mutation that was specific to
skin fibroblast of older individuals (>65 years) was the T to G transversion at position
414, which is positioned within the L-strand promoter. The accumulation of this specific
mutation was absent in skeletal muscle, heart (Wang et al, 2001), brain (Murdock et al,
2000) and leukocytes (Zhang et al, 2003) of controls. Interestingly one report showed that
a majority of Alzheimer’s disease brain tissue harbors the T414G mutation, which goes
along with a reduced L-strand transcription (Coskun et al, 2004). In skeletal muscle two
other tissue specific control region mutations accumulate with age, A189G and T408A,
which are critical sites for either mtDNA replication or transcription (Wang et al, 2001).
The C150T transition mutation that is near a proposed origin of H-strand replication
(Robberson et al, 1972) was shown to be significant higher in leukocytes of Italian
centenarians (Zhang et al, 2003). 5’strand analysis of nascent heavy-strand replication
initiation in fibroblast showed that this C150T mutation results in change of position of
mtDNA replication initiation. It was suggested that this change in replication initiation
gives a survival advantage, which would explain its high prevalence in centenarians. The
accumulation of tissue and site specific control region mutations is interesting indeed,
however all mechanistic explanations for this accumulation till so far are purely based on
speculation (Coskun et al, 2003)

2.7.4 mtDNA maintenance disorders

Accumulation of multiple mtDNA deletions and mtDNA depletion results in several
disorders but are primarily associated with nuclear gene mutations. Even though this
gives rise to heterogeneous clinical features it involves neurological syndromes that have
quite some common characteristics, symptoms such as PEO, myopathy, neuropathy,
epilepsy, ataxia and hepatopathy.
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Mitochondrial depletion syndrome (MDS) was first identified in two related patients with
fatal mitochondrial disease. The affected tissues, muscle or liver contained low mtDNA
content (Moraes et al, 1991). Most patients suffering from these severe syndromes, which
are phenotypically heterogeneous, die early in childhood and onset of the disease is
mostly in the first year of life. Later studies revealed that mutations in at least 6 different
nuclear encoded genes cause MDS. The different gene defects result in mtDNA depletion
in different tissues, which lead to different tissue specific disease features. Three genes
found to be associated with MDS, encode enzymes involved in nucleotide metabolism,
thymidine phosphorylase (TP) (Nishino et al, 1999), thymidine kinase 2 (TK2) (Saada et
al, 2001) and deoxyguanosine kinase (dGK) (Mandel et al, 2001) and have been
discussed previously in relation to their importance in understanding the fundamental
mechanisms of mitochondrial nucleotide metabolism.

Alper’s syndrome is a MDS associated with Pol  defects that has brain and liver
involvement (Naviaux et al, 1999). Most patients with Alper’s syndrome have been found
to be compound heterozygotes, carrying two pathogenic mutations one on each Pol 
allele. The A467T mutation seems the most common mutation in this group of patients
(Nguyen et al, 2005). In vitro studies showed that this linker region mutation result in 96
% reduction of polymerase activity and a weak interaction with the accessory subunit
(Chan et al, 2005a; Luoma et al, 2005). Mono-allelic expression of A467T caused by a
premature stop-codon on the other allele leads to an earlier disease onset then di-allelic
expression of a homozygous A467T patient, suggesting this mutant protein is still
capable at least to some extent to replicate mtDNA (Chan et al, 2005b).

The SUCLA2 gene encodes for the  subunit of the TCA cycle enzyme succinyl-CoA
synthetase. Although it is probably not directly involved in DNA metabolism, mutations
in this gene can lead to MDS (Elpeleg et al, 2005). Succinyl-CoA synthetase functions as
heterodimer. The yeast homologue of the -subunit is part of the mtDNA nucleoid (Chen
and Butow, 2005). Immunoprecipitation studies with antiserum directed against succinyl-
CoA synthetase showed that succinyl-CoA interacts with nucleoside diphosphate kinase
(NDPK), which catalyzes the transformation from nucleoside diphosphates to nucleoside
triphosphates (Kowluru et al, 2004). Although it seems likely that the mtDNA depletion
is a result of a secondary NDPK dysfunction the actual mechanism is currently unknown.
MDS can also be the result of a protein defect in the inner mitochondrial membrane
protein MPV17 (Spinazzola et al, 2006; Karadimas et al, 2006). MPV17 knockout mice
have decreased mtDNA copy number in liver, muscle and brain, which is similar to the
patients suffering from this gene defect (Weiher et al, 1990; Spinazzola et al, 2006). The
precise role of MPV17 in mtDNA maintenance still needs to be elucidated.

Gene defects that result in the accumulation of multiple mtDNA deletions without a
decrease in mtDNA content cause autosomal dominant (ad) or recessive (ar) progressive
external ophthalmaplegia (PEO). The most common feature of this late onset disease (20-
40 years) is progressive weakness of the extraocular muscle. Besides general muscle
weakness additional symptoms vary and can include ataxia, hearing loss, ptosis,
parkinsonism and psychiatric conditions (Zeviani et al, 1989; Melberg et al, 1996;
Suomalainen et al, 1997). Symptoms are progressive, probably due to continuous
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increase of deleted mtDNA molecules in post-mitotic tissue. Muscle biopsies from
patients often show ragged red fibers and a decrease of OXPHOS activity (Suomalainen
et al, 1997).

The gene for the muscle and heart specific isoform of the adenine nucleotide tranlocator
(ANT1) was the first of four identified nuclear genes that associates with ad/arPEO
(Kaukonen et al, 2000). Mutation in ANT1, a protein responsible for the export of ATP
out of the mitochondrial matrix in exchange for ADP (Li et al, 1989), results in a
relatively mild form of adPEO (Kaukonen et al, 2000). The connection between ANT1
and mtDNA maintenance is still unclear. A possibility is that the adPEO mutations in
ANT1 increases ROS production, which might lead to mtDNA instability. More likely
however is that ANT1 regulates ATP concentration inside the mitochondria, and that too
high or low levels of ATP might distrubt mtDNA replication maybe even lead to an
imbalanced intramitochondrial dNTP pool. This is supported by the demonstration that
mutations in thymidine phosphorylase in MNGIE result not only in mtDNA depletion but
also in mtDNA deletion accumulation (Nishino et al, 1999), showing that nucleotide
imbalance can indeed lead to multiple mtDNA deletion accumulation. Studies in yeast
have shown that the corresponding adPEO mutations in the yeast homologue of ANT1
(Aac2) result in a similar mtDNA deletion accumulation and OXPHOS defect (Fontanesi
et al, 2004).

Recessive PolG1 mutations are the most common in sporadic cases with multiple mtDNA
deletions (Agostino et al, 2003). Dominant PEO POLG1 mutations often give additional
symptoms like movement, voice and swallowing disorders (Luoma et al, 2004). All
reported dominant mutations that cause PEO are localized in the polymerase domain,
while recessive mutation can be found throughout the gene sequence (Graziewicz et al,
2006). Biochemical characterization of some dominant mutations in vitro, showed a
strong decrease in polymerase activity (>70%) and lower nucleotide selectivity and
affinity (Graziewicz et al, 2004). This all might leads to loss of processive synthesis by
pol  in vivo. The same study showed that some of these mutant pol  variants bind DNA
more efficiently than the wild-type variant. This might explain why these mutant variants
compete in a dominant negative fashion. ArPEO patients with POLG1 mutations are
often compound heterozygous and have two mutant alleles (Graziewicz et al, 2006).
Some of these mutations that cause arPEO are also found in other syndromes like Alper’s
(Nguyen et al, 2005) and Sensory ataxia with neuropathy dysarthria and
ophthalmoparesis (SANDO) (Gago et al, 2006). One single mutation in POLG2, the
accessory subunit of pol , has been found in a PEO patient (Longley et al, 2006). In this
report it was shown that the mutant subunit is unable to stimulate the processivity of the
catalytic subunit.

The precise mechanism by which these four nuclear gene defects result in the
accumulation of multiple mtDNA deletions is still not clear. One study showed that in a
single COX negative muscle fibers one single mtDNA deletion could be detected
(Moslemi et al, 1996) They suggested a two-hit mechanism in which a mutant nuclear
gene predisposes to deletion formation followed by clonal expension in post-mitotic
tissue. The multiple deletions might accumulate because the nuclear gene defects cause a
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strong increase in mtDNA rearrangement formation, which also accumulate in normal
conditions during ageing but at very low levels. Another possibility is that the PEO gene
mutations result in a defect in the mechanism to lose these mtDNA rearrangements.
Alternatively there is a selective advantage for the mtDNA deleted molecules in post-
mitotic tissue of PEO patients (Spinazzola and Zevianni, 2005). More study is needed to
elucidate the precise mechanism of multiple deletion formation in adPEO patients for this
purpose an in vivo and in vitro model system is needed.
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3. Aims of the study

AdPEO is a mitochondrial disease associated with multiple mtDNA deletions, which

manifests itself in its weakest form as an isolated ophthalmoparesis and ptosis (Suomalainen

et al, 1995).  Previous studies reported at least 3 distinct loci for this disease (Suomalainen et

al, 1995; Kaukonen et al, 1996; Kaukonen et al, 1999). The 4q34-linked adPEO disease

gene was identified as the heart and skeletal muscle specific isoform of the adenine

nucleotide translocator (ANT1) (Kaukonen et al, 2000). Other genes associated with adPEO

remained unidentified at the onset of this PhD. For lack of knowledge of the disease genes,

nothing was known about the mechanisms behind the accumulation of multiple mtDNA

deletions.

The overall aims of the work were:

1 To identify and characterize novel proteins involved in adPEO and mtDNA 

maintenance.

2 To learn more about the manner in which nuclear gene defects in adPEO patients lead to 

the accumulation of multiple deletion in the mitochondrial genome.

3 To characterize the general functions of mtDNA replication factors in mtDNA 

maintenance.

Fulfilling these aims was expected to lead to a further basic understanding of the general

function and composition of the mtDNA replication machinery. It was furthermore

anticipated to provide insight into the mechanisms of mtDNA maintenance in both health

and disease.
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4. Materials and methods
4.1 Patient samples
We obtained DNA and tissue samples from affected individuals and healthy family
members with informed consent following the ethical guidelines of the medical center in
question.

For PCR amplification of the five exons of the Twinkle gene a salting out procedure was
used to extract DNA from blood lymphocytes (Davis et al, 1986). The patient material
used to measure the mtDNA mutation load and for the mapping of mtDNA deletions
consisted of mtDNA isolated from six POLG1 (1-6) and five Twinkle (6-11) affected
PEO patients. In the case of patient 7 mtDNA was extracted from extraocular eye muscle
tissue however for all the other patients and controls skeletal muscle tissue was used for
DNA extracting. Additional mtDNA samples were extracted from blood lymphocytes
(patient 1 and 2) and frontal cortex tissue (patient 8). Controls 1-5 are sporadic patients
carrying a single mtDNA deletion resulting in PEO ( 1-4) or mild KSS ( 5). Patient 5
was 5 years of age at time of biopsy, while the others ( 1-4) were adults. Healthy
controls 1-6 are unaffected relatives of PEO patients 3-5, control 6 being a distant relative
and controls 1-5 being brothers and sisters, thus sharing the same mitochondrial
background. Healthy controls, 7-10 are direct relatives of patients 7-11 all sharing
mtDNA transmitted through the same maternal line. In the statistical analysis comparing
healthy controls with PEO patients, external eye muscle from patient 6 was counted as
skeletal muscle.

4.2 PCR amplification and sequencing
PCR of Twinkle genomic or cDNA was performed with routine protocols.
Oligonucleotides were as follows (see Table 4.1): for exon 1, Tw-5’UTR2 and
TwIn1R; for exon 2, Tw-In1F  and Tw-In2R; for exons 3 and 4, Tw-In2F  and Tw-
In4R; for exon 5, Tw-In4F and Tw-3’ UTR1. All PCR-products were column purified
(Qiaquick PCR purification kit, Qiagen) before genomic sequencing. Cycle sequencing
was performed with the same oligonucleotides as for PCR amplification plus the
following additional exon 1 oligonucleotides: Tw-Ex1-1, Tw-Ex1-2, Tw-Ex1-3 and Tw-
Ex1-4. For sequencing we used BigDye-terminator chemistry (Applied Biosystems).
Samples were run on ABI Prism 310 and 3100 instruments, with kit reagents supplied by
the manufacturer.

The mtDNA control region and cytochrome b gene (cyt b) from PEO patients and
controls were PCR amplified using the primers described in table 4.1, giving rise to a 576
bp (control region 35L-611H) or a 624 bp (cyt b 14682L-15516H) fragment. The reaction
conditions in a total volume of 50 μL were as follows: 100 g of total genomic DNA, 1,5
U of Pfu DNA polymerase (Promega), 250 μM dNTPs, 10 μM of each primer and the
buffer supplied by the manufacturer. The PCR amplification conditions consisted of an
initial denaturation step of 2 min at 95°C, followed by 21 cycles of 30s at 95°C, 1 min at
57°C and 2 min at 72°C. Finally an extension step of 10 min at 72°C. For the detection of
multiple mtDNA deletions, mtDNA was amplified using the primer FR31 in combination
with 611H-long, 15996H, 15516H or 14338H, resulting in multiple PCR fragments
according to sizes of the deletions. PCR reaction conditions were as described above but
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with 5% dimethylsulfoxide (DMSO) and 20 μM of each primer. The amplification
conditions were: initial denaturation of 2 min at 93°C, 29 cycles of 30s at 93°C, 1min at
57°C and 7 min at 72°C, with a final extension step of 15 min at 72°C. Deletion
containing fragments, control region or cyt b fragments were cloned using the TOPO
Zero-Blunt PCR cloning kit (Invitrogen). Plasmids from individual bacterial colonies
were isolated with the Macherey-Nagel Nucleospin Robot-96 plasmid kit on a Tecan
multipipeting robot. The presence of an insert was confirmed by restriction digestion and
agarose gel electrophoresis. After this the insert was sequenced on an ABI Prism 3100
DNA sequencer, using BigDye terminator chemistry (Applied Biosystems) and M13
forward and reverse oligonucleotides or mtDNA specific primers. Sequences were
analyzed using the SeqmanTMII software (DNASTAR). Alterations of the Cambridge
reference sequence present in all clones were excluded as polymorphisms. The control
region homopolymeric D310 tract (nt 303-315) was discarded from our analysis since it
is known to be highly polymorphic. Full length and deleted mtDNA sequence
characteristics like base composition, nucleotide word counts, palindrome and direct
repeat searches were carried out with the Java interface (J)EMBOSS package (Rice et al,
2000) at http//www.hgmp.mrc.ac.uk/Software/EMBOSS/Jemboss/.

Name Sequence 5’ to 3’ notes
Tw-5’UTR2 GTTGGTCTAGTGAAGGCACG Exon1Forward
Tw-In1R CCCACTTGCTTTTGTCACCTG Exon1Reverse
Tw-In1F GTCTTGGTTTCAAGGGTAGG Exon2 Forward
Tw-In2R GATATGTCTGGGAAAGCAAGG Exon2 Reverse
Tw-In2F GGTGGTCTAGAGACAACTTG Exon3-4 Forward
Tw-In4R GGACAGTCAAGACGATTAAGG Exon3-4 Reverse
Tw-In4F CTTTCTGCTTTGCTCATGTCC Exon5 Forward
Tw-3’ UTR1 CCTTGCAGAGTTTTATGCTCC Exon5 Reverse
Tw-Ex1-1 AGTGGATGGGTCGGAGGGGC Exon1 69Forward
Tw-Ex1-2 GCAGAGAAAGTGGCCTGTGG Exon1344Reverse
Tw-Ex1-3 CCAGAATTTGAGGACAGCGAG Exon1 440Forward
Tw-Ex1-4 CTTACCCCCTGCCTTACTCC Exon1 871Forward
35L GGAGCTCTCCATGCATTTGG Control region
611H CAGTGTATTGCTTTGAGGAGG Control region
14682L CACGGACTACAACCACGACC Cytochrome b
15516H GTATAATTGTCTGGGTCGCCTAGG Cytochrome b
FR31 CTTCCCACAACACTTTCTCGGCCTA COXI
611H/Long CAGTGTATTGCTTTGAGGAGGTAAGCTACATAA Control Region
15996H GCTTTGGGTGCTAATGGTGG tRNApro

14338H GGTGGTTGTGGTAAACTTTAA ND6
EcoRI/Tw1F CCGGAATTCTAGGAATGTGGGTCCTCCTCC EcoRI site
SacII/Tw-1R AGCCGCGGCTTTGAACGCTTGGAGGTGTC SacII site
HindIII/Tw-1R CCCAAGCTTCTTTGAACGCTTGGAGGTGTCTG HindIII site
Tw-dup1F ACGATGCTTCTTGGTGCGACC
Tw-dup1R CGAAGCTGCCGGAAAGATACG
Tw-ex2-1F CTCCTCACCCAGGTCTGTTC
Tw-ex2-1R CCCTGCCCTCTCATTCTTTG
Diagnostic
primer

CTGGAGGCCCTGACGGCTTCAATCTTGGTC

Table 4.1: Primers used in PCR and sequencing. For details see text.
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Total cellular DNA was extracted to measure mtDNA mutation load from various
transgenic 293-Flp-In™T-REx™ cells expressing POLG1 variants after 0 and 60 days of
doxycycline induction (3 ng/ml) by Proteinase K digestion and subsequent
phenol/chloroform extraction and ethanol precipitation. Point mutation levels in the
control and cyt b region of mtDNA were measured as described above.

4.3. Cloning of expression constructs
The full Twinkle coding-region cDNA was amplified with oligonucleotides EcoRI/Tw1F
and SacII/Tw-1R or HindIII/Tw-1R (Table 4.1). The newly created restrictions sites were
used to clone the cDNA by standard procedures in the vectors pEGFP-N1 (Clontech),
pCMV-Tag4 (Stratagene) or pcDNA3.1(-)/MycHisA (Invitrogen). The Twinkle mutant
variants were generated, using site directed mutatgensis (Spelbrink et al, 2000).

Similar to the Twinkle variants, the full length cDNA of POLG1 variants were originally
cloned in the pcDNA3.1(-)/Myc-His A, using site directed mutagenesis as previously
described (Spelbrink et al, 2000).
The full coding-region cDNA from mtSSB was amplified and cloned into the pcDNA
3.1(-)/Myc-His A. POLG2-HA was constructed in pcDNA3.1-hygro (+) by recloning the
full-length cDNA from a non-commercial vector. All Constructs were re-cloned in the
pcDNA5/FrT/TO vector taking advantage of the two PmeI restriction sites in the multiple
cloning sites of the pcDNA3 vectors. The resulting fusion proteins contains the sequence
of the protein precursor followed by either the Myc-His tag or the HA tag. These
pcDNA5/FrT/TO constructs were used for stable transfection of 293 Flp-In™T-REx™
(Invitrogen) cell-lines. Complete DNA sequencing of the insert and flanking sequences
verified all plasmid-constructs.

4.4 Genotyping
We found all Twinkle disease mutations by direct sequencing of DNA samples on both
strands. To detect the disease causing Twinkle 39-bp duplication of the linker region in
family members we amplified the genomic DNA with two primers Tw-dup1F and Tw-
dup1R (Table 4.1), with Dynazyme II DNA polymerase (Finnzymes, Finland) following
the manufacturer’s directions. The PCR products were analyzed on a 1,5 % agarose gel,
yielding a 39 bp longer (177 bp) fragment in the PEO family with this specific linker
region duplication. To exclude a common polymorphism, we analyzed 40 pooled DNA
samples of 10 control subjects each which yielded a 138bp fragment. The A475P
Twinkle patient mutation is a result of a G-to-C change which gives rise to a new
recognition site for HaeIII at position 1423 of the Twinkle cDNA. We amplified a exon 2
PCR fragment with the primers Tw-Ex2-1F and Tw-Ex2-1R (Table 4.1). Digestion or
this 413 bp long PCR product with HaeIII resulted in two fragment (35bp and 378 bp),
however in the heterozygous (A475P) mutant the original 378 bp fragment was digested
to give two bands of 201 bp and 177 bp. The R354P Twinkle patient mutation is a result
of G-to-C change at position 1061 which creates an AvaII site by using a diagnostic
primer and Tw-In1R. AvaII digestion of this 283 bp PCR product resulted in two
fragments. Similar procedures were used to identify other Twinkle mutations in family
members of index patients.



50

4.5 Cell culture and transfections
A549 adenocarcinoma, HEK293T and 143Bosteosarcoma cells were cultured as
described (Spelbrink et al, 2000). Cells were seeded in six-well plates at about 50%
density 1 or 2 days prior to transfection. For the transfections of HEK293T and A549
cells we used 10 μl of lipofectamine (Gibco) diluted into 1 ml of Opti-MEM (Gibco)
following the manufacturer’s instructions. We added 2 ml of fresh medium five hours
after transfection and refreshed this medium 19 hours later. FuGENE 6 (Roche) was used
according the manufacturer’s protocols for the transfection of 143B cells.

The Flp-InTM T-RExTM 293 host cell line (Invitrogen), an HEK-293 variant that includes a
Flp-In recombination site at a transcriptionally active locus, was grown in D-MEM
medium (Cambrex Bioscience) with 2 mM L-glutamine (Cambrex Bioscience), 10% FCS
(Euroclone,) and 50 μg/ml uridine (Sigma) supplemented with 100 μg/ml zeocin
(Invivogen, San Diego, USA) and 15 μg/ml blasticidin (Invivogen) in a 37 °C incubator
with 8,5% CO2. 48 hours prior to transfection cells were split into 10 cm plates and
grown to 80% confluence on the day of transfection in medium lacking antibiotics.
Cells were co-transfected with the appropriate pcDNA5/FrT/TO construct and pOG44
(invitrogen), a plasmid encoding the Flp-recombinase enzyme necessary for targeted
stable intergration (Dymecki, 1996). The TransFectin™ (BioRAD) reagent was used to
transfect the cells according to the manufacturer’s recommended protocol. Briefly, 3.6 μg
pOG44 and 0.4 μg of a pcDNA5/FrT/TO construct were diluted to a 1,5 ml in OptiMEM-
I serum-free medium (Invitrogen); similarly, 30 μl TransFectin™ was diluted to a
volume of 1,5 ml. The diluted DNA and TransFectin™ were combined and incubated 20
minutes at room temperature and added to the cell culture medium. Six hours after
transfection, the medium was replaced with medium lacking antibiotics. One day after
transfection this medium was replaced by medium supplemented with the selective
antibiotics hygromycin (150 μg/ml) (Invivogen) and blasticidin (150 μg/ml). Selective
medium was replaced every 2 days for cell maintenance.
Inducible cell lines expressing variants of POLG1, Twinkle, POLG2 and mtSSB were
created according this method. The obtained cell lines were verified for inducible
expression of the transgenic protein by Western blotting. To induce expression the
indicated amount of doxycycline (Sigma) was added to the growth medium.

4.6. Monitoring GFP reporter gene expression and immunocytochemistry
Fluorescence microscopy, cell preparation and Mitotracker Red staining were done as
described (Spelbrink et al, 2000). The in vivo staining of mtDNA with EtBr was done
essentially as described (Hayashi et al, 1994; Davis and Clayton 1996), however using a
longer incubation. Briefly, cells were grown on coverslips and then incubated for 2 hours
at 37 °C with EtBr (1 μg/ml) in cell culture medium, followed by 2 washes of medium
and 2 washes of phosphate buffered saline (PBS). The mounting was performed in PBS
containing 5% Sucrose. For confocal laser microscopy, we used a Perkin Elmer/Wallace
Ultra View LCI system.

Immunofluorescent detection was done as previously described (Garrido et al, 2003).
Monoclonal anti-DNA antibody AC-30-10 (PROGEN) was used to detect mtDNA and
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was done as described (Legros 2004). Secondary antibodies were anti-mouse IgM-Alex
Fluor 568 (DNA) and IgG-Alex Fluor 488 (Invitrogen).

4.7 Cell lysis, PAGE and western blotting
Cell lysates were prepared and analyzed to verify the protein expression by
immunoblotting after SDS-PAGE (Spelbrink et al, 2000). Primary monoclonal antibodies
against the c-myc (Roche) or HA tag (BAbCO) were used. The peroxidase-coupled
secondary antibody (horse-anti-mouse) was obtained from Vector Laboratories.
Chemiluminescence detection was performed as previously described (Spelbrink et al,
2000).

Minimal denaturing SDS gels (6% polyacrylamide) contained 0,02% SDS instead of 0,1
%. About 40 μg of protein was mixed 1:1 before loading with a 1:10 dilution of standard
SDS sample buffer (but with 12% glycerol) and was not heat denaturated. The western
blotting was performed according standard protocols (Spelbrink et al, 20000). The native
PAGE markers were obtained from Amersham/Pharmacia.

4.8 Twinkle isolation and DNA helicase activity
In vitro helicase activity was measured in highly enriched Twinkle preparations derived
from 293 Flp-In™T-REx™ cells. The cells treated for 2 days with 50 ng/ml doxycycline
(Sigma) were harvested and mitochondria were isolated by hypotonic lysis and
differential centrifugation (Garrido et al, 2003). The mitochondrial pellet was lysed in
high salt buffer (50 mM KxPO4 pH 7,0, 1M NaCl, 1% Triton X-100, 1x complete
Protease inhibitors EDTA-free, Roche) and sonicatd on ice (Sonics Vibra-cell, 1 min
40% amplitude, 1s pulses with 2s break). The insoluble DNA pelleted for 10 min at
12.000g (4°C). The supernatant was incubated for 1-2 h (4°C) with Talon metal-affinity
resin (Clontech) to allow binding of the His-tagged proteins. We washed the resin twice
with high salt buffer and twice with low salt buffer (25 mM TrisHCl pH 7,6, 40 mM
NaCl, 4,5 mM MgCl2, 10% glycerol, 100 mM L-Arginine) containing 20 mM Imidazole.
Elution was performed with low salt buffer containing 500 mM Imidazole. The
supernatant of this step was shock-frozen in liquid nitrogen and stored at –80°C.

In the helicase assay the standard substrate used was a radioactively end-labeled 60 bp
ol igonucleot ide  hybr id ized  to  M13 ssDNA (5’ACATGATAA-
GATACATGGATGAGTTTGGACAAACCACAACGTAAAACGACGGCCAGTGCC3
’), generating a 20 bp double-stranded stretch with a 40bp 5’ overhang. Other substrates
were prepared by annealing two oligonucleotides of 25 bp, generating 20-30 bp double-
stranded stretches. The helicase assay was performed by incubating 1 ng Twinkle protein
in 40 μl helicase buffer (25 mM Tris pH 7,6, 40 mM NaCl, 4,5 mM MgCl2, 100 mM L-
Arginine-HCl pH 7,6, 10% glycerol, 3 mM UTP, 1mM DTT and 5 μM unspecific
oligonucleotide) with 2 amol substrate for 30 min at 37°C. The reaction was terminated
by addition of 10 μl loading buffer (90 mM EDTA, 6% SDS, 30% glycerol, 0.25%
bromophenol blue). The resulting 20 μl reaction mix was separated over a 15%
acrylamide gel in 1x TBE.
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4.9 Real time PCR (QPCR)
The mtDNA content per cell was determined by real time PCR of cytochrome b (cyt b)
with the gene encoding the amyloid precursor protein APP  as a nuclear standard as
described (Tyynismaa et al, 2004). DNA extracts were obtained from cells by lysis,
proteinase K treatment and subsequent isopropanol precipitation. The copy numbers of
cyt b and APP were determined in a duplex Taqman PCR on an Abiprism 7000 (Applied
Biosciences) using pCR  2.1-TOPO  (Invitrogen) containing the cyt b and APP
amplicon as standards.

4.10 Brewer-Fangman 2D neutral/neutral Agarose electrophoresis
Mitochondria were purified using cytochalasine B (Sigma-Aldrich) and nucleic acids
were purified essentially as described (Yasukawa et al, 2005). The obtained mtDNA was
digested with either HincII, BclI or AccI (Fermentas) and were in some experiments
further treated with RNaseH or S1 nuclease (Fermentas). The fragments were separated
using neutral 2D-AGE after which the gels were blotted and hybridized with 32P-labelled
DNA probes (Yasukawa et al, 2005). The migration of the HincII digest fragment
(mtDNA nts 13636 – 1006) was studied with a probe containing the mtDNA nts 14846 –
15357. The migration of the BclI digest fragments nts 3658 – 7657 and nts 8591 – 11921
were studied using probes containing mtDNA nts 4480 – 4984 and 9275 – 9774
respectively. The migration of AccI digest fragments nts 15255 – 1504 and 1504 – 6286
were studied with probes of mtDNA nts 652 – 1156 and 3314– 3845 respectively.
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5. Results

5.1 Identification of a T7 primase/helicase homologue Twinkle
AdPEO is an inherited adult-onset disorder with large-scale deletions of mtDNA in post-
mitotic tissue resulting in exercise intolerance, muscle weakness, peripheral neuropathy,
deafness, ataxia, cataracts, and hypogonadism (Suomalainen et al, 1995). This mtDNA
maintenance disorder has been shown to associate with mutations in the adenine
nucleotide translocator (ANT1) at locus 4q34-35 and POLG1 at locus 15q25 (Kaukonen
et al, 2000, Van Goethem et al, 2001). Previous studies involving several adPEO families
also identified an association between the disease and a region on human chromosome
10q24 (Suomalainen et al, 1995; Li et al, 1999). This region was screened for open
reading frames (ORFs) and a novel gene similar to bacteriophage T7 primase/helicase
gp4 (T7gp4) was identified, C10orf2 (later renamed PEO1). A single ORF of about 2,1
kb, with an ATG start codon was identified by cDNA sequencing, exon and intron
prediction programs and EST database searches. cDNA amplification followed by direct
sequencing revealed two different transcripts, one produces the full-length protein
Twinkle and a second transcript yielded a shorter splice variant named Twinky that
included a 4 amino acids extended exon 4 followed by a stop codon but lacked exon 5.
The resulting protein is a predicted 102 amino acids shorter product. The full-length
protein Twinkle has a molecular mass of 77 kD and consists of 684 amino acids. Further,
similar proteins were identified in Caenorhabditis elegans, Drosophila melanogaster and
mouse. The homology of these proteins with T7gp4 was strongest in de C-terminal
helicase domain. Mouse Twinkle shares a high level of sequence identity with human
Twinkle (89%) and like in human the use of a downstream exon 4 splice-donor site is
predicted to yield a splice variant Twinky (Tyynismaa et al, 2004). A human multitissue
Nothern blot hybridised with a full-length PEO1 cDNA probe showed that human
Twinkle expression was highest in skeletal muscle and pancreas.

5.2 Twinkle co-localizes with mitochondrial nucleoids and includes helicase activity
After the identification of this PEO1 gene we generated several expression constructs for
the characterization of the protein products. MitoProt II predicted that the PEO1 gene
contains a putative amino-terminal mitochondrial targeting sequence thus suggesting that
Twinkle is a mitochondrial protein. Human cells (HEK293T,143B and A549) transfected
with reporter constructs of full length Twinkle containing a Green Fluorescent Protein
(GFP) tag showed punctate fluorescence restricted to multiple discrete foci (Figure 5.1).
Mitotracker red staining and confocal microscopy showed that this fluorescence is strictly
mitochondrial. Transient transfection of a Twinkle-GFP fusion protein with a 21 N-
terminal amino acids deletion predicted to contain part of the putative mitochondrial
targeting signal, resulted in uniform cytoplasmic fluorescence. MtDNA stained with Etbr
co-localized with the punctate green fluorescence obtained after Twinkle-GFP
transfection, showing that Twinkle localizes to mtDNA. Similar nucleoprotein structures
have earlier been identified in fungal, plant and yeast mitochondria and are referred to as
nucleoids. The clear night-sky like pattern observed after transfection of the Twinkle
GFP fusion protein, its homology to T7gp4 and the mitochondrial nucleoid localization
characteristic of the gene product of PEO1 gave the name to the full-length protein
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Twinkle (for T7gp4-like protein with intramitochondrial nucleoid localization).  Twinky-
GFP did not give a punctate green fluorescence suggesting that the C-terminal region of
Twinkle is at least partially responsible for its nucleoid localization. Twinkle-GFP
transfection of different cell types showed there is variation in amount of nucleoids
between different human cell-lines, 143B cell contained the highest number of foci
whereas A549 contained fewer of this nucleoprotein structures compared to 293T cells.

A    B      C

Figure 5.1: Twinkle co-localizes with mtDNA. Human U2OS were transfected with a
Twinkle GFP expression construct. Cells were fixed and mtDNA detected  using a DNA-
specific antibody. a) TwinkleGFP; b) anti-DNA; c) overlay of panels a and b showing
extensive overlap of TwinkleGFP and DNA fluorescent signals. (Images by JN
Spelbrink).

The Twinkle protein belongs to a class of hexameric helicases. Most of these hexameric
helicases are involved in DNA replication and are needed to unwind the duplex DNA
ahead of the DNA polymerase (Patel and Picha, 2000). Our results showed that
mitochondrial extracts isolated from HEK293T cells were able to unwind an M13
oligonucleotide substrate. This in vitro DNA helicase activity was enhanced by 50% in
mitochondrial extracts obtained from cells that overexpress Twinkle after transient
transfection. The splice variant Twinky did not enhance DNA helicase activity in crude
mitochondrial extracts. The stimulation of this activity was most pronounced with ATP.

5.3 Twinkle mutations associate with adPEO disease and multiple mtDNA deletions
Two large adPEO families had previously been shown to have linkage to chromosome
10q24 (Suomalainen et al, 1995; Li et al, 1999). The Twinkle gene was located within
this critical region and the protein product showed mitochondrial localization and
furthermore suggested a direct involvement in DNA metabolism making it a very strong
PEO disease gene candidate. For these reasons we analysed the 5’- and 3’UTR, exons
and splice junctional sequences of this gene. In one of the two families originally used for
the linkage analysis, of Pakistani origin, we found by direct sequencing that the disease
phenotype within this family segregated with an amino acid change A475P in the gene
for Twinkle, which was originally called C10orf2 but has been renamed PEO1 . Analysis
of  ~600 control individuals from which 88 from Pakistani/Indian origin did not reveal
this mutation. In the second ‘linkage’ family, of Finnish origin, direct sequencing
revealed a heterozygous 39 bp duplication, resulting in an in frame duplication of
aminoacids 352 till 364. PCR amplification and agarose gel electrophoresis analysis
showed an additional 39bp longer PCR fragment in all affected family members. After
this we performed direct sequencing of about ~70 families diagnosed with definite or
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possible adPEO. In 10 of these families, 9 additional different Twinkle mutations were
identified (Figure 5.2) that were not detected in appropriate control groups of 100
individuals. In one family the disease segregated with an amino acid A359T mutation,
resulting in a relatively mild phenotype in heterozygous individuals but an earlier disease
onset and more severe symptoms in the homozygous patients.

Figure 5.2: Schematic presentation of the human PEO1 gene and indication of the
positions of the mutations that we mapped in our sequence analysis of different adPEO
families. The sequence duplicated in a finnish adPEO family is indicated with a dotted
bar. The V368I mutation was later shown not to segregate with adPEO (Arenas 2003).

5.4 Multimerization and localization of mutant Twinkle
After we found that Twinkle mutations are associated with adPEO, we continued
investigating if these gene mutations obstruct Twinkle’s nucleoid localization. For this
purpose Twinkle-EGFP fusion proteins were constructed containing adPEO patient
mutations. Transient transfection of Twinkle W474C and the 13 amino acids linker
region duplication (AA 352-364) showed a similar punctate fluorescence as the wild-type
Twinkle-EGFP. In later studies using the same experimental approach similar punctate
nucleoid localization was obtained for the 9 other identified adPEO Twinkle mutations
(unpublished data). Suggesting that the adPEO Twinkle mutations do not affect
mitochondrial and nucleoid localization.

Most of the Twinkle mutations we identified (8 out of 11) are confined to a small region
of 30 amino acids referred to as the linker region. The T7gp4 helicase/primase functions
as a hexamer and also includes such a linker region. Various experiments including
native gel electrophoretic analysis have shown this region is essential for oligomerization
and function of the protein (Guo et al, 1999). Native gel electrophoretic analysis was used
to examine Twinkle’s ability to form hexamers. For this purpose 293T cells were
transfected with Twinkle-FLAG constructs and protein lysates were run on a minimal
denaturing SDS-PAGE gel. After western blotting and antibody detection it was noted
that most Twinkle-FLAG migrated as multimers, consisting of 2 to 6 subunits. Two
adPEO (W474C and duplication 352-364) mutations did not affect this multimerization
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significantly. Interestingly, Twinky-FLAG fusion protein showed very poor
mulitmerization.

5.5 High mutation load in the mtDNA control region of PEO patients

Figure 5.3: Mitochondrial control region mutation levels in PEO patients (filled
diamonds), healthy controls (open circles) and single deletion controls (+), related to
age at the time of the biopsy. Lines for the PEO patients and healthy controls indicate
trend lines (Wanrooij et al, 2004). Reprinted from original article (II), copyright (2004),
by permission of Oxford University Press.

Although several adPEO disease genes were now identified it remained unclear by which
mechanism mutations in PEO1, POLG1 or ANT1 result in the accumulation of multiple
mtDNA deletions. One hypothesis suggested that mtDNA replication infidelity could
stimulate slipped mispairing, by which it would promote deletion formation (Ponamarev
et al, 2002). This suggestion was based on the observation that the Y955C POLG1
mutation showed a decrease in DNA synthesis accuracy in vitro. In order to asses the
fidelity of POLG1 in PEO in vivo we measured mtDNA point mutation levels in
ad/arPEO patients with multiple deletions by high fidelity mtDNA PCR amplification,
followed by cloning and sequencing of individual plasmids. Results were compared to
the levels in age-matched individuals. We analysed the point mutation levels in two
regions of the mtDNA genome, most of the control region (nts 35-611) and a fragment of
the cyt b gene (nts 14682-15516) by determining the amount of mutations found per 10
Kbp DNA sequence. We found comparable low mutation levels (0,2-1,4 mut/10kbp) in
the cyt b region of ad/arPEO samples and controls. Partial analyses of two other regions
of mtDNA, the Hyper Variable Region 1 (16000-16569) and COXI (7203-7445) gave
similar low mutation levels. Control region mutation levels in skeletal muscle mtDNA
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obtained from control individuals revealed a weak tendency to increase with age (Figure
5.3). However this age related increase in control region mutation levels was much more
pronounced in ar/adPEO patients. From all investigated patients the youngest ar/adPEO
patient analysed (aged 20 years) showed the lowest control region mutation level
(1,6mut/10 Kbp), which was comparable to the levels found in elderly (>60 years)
control subjects. The older ar/adPEO patients (>35 years) had an average mutation level
of 4,4mut/10kbp (ranged from 2,4 to 6,3 mut/10kbp), which was significantly (p <
0,0002) higher then the 1,5mut/10kbp found in the control samples (all lower then
2,2mut/10kbp) (Figure 5.4). This increased control region mutation load seemed confined
to post-mitotic tissue since leukocytes mtDNA isolated from 2 different ad/arPEO
patients showed low control region mutation levels. Further we determined the mutation
levels in 5 patients with a sporadic single mtDNA deletion and found elevated control
region mutation levels (4.3, 2.1 and 1.7mut/10kbp) in 3 of this group of patients.

Figure 5.4: Number of different control region mutations in muscle mtDNA of PEO
patients >35 years old grouped together, and in the >35-year-old controls. The
probability (P) of both groups being identical was calculated using the unpaired
Student’s t-test. The indicated results show that mutation level differences between both
groups are highly significant (Wanrooij et al, 2004). Reprinted from original article (II),
copyright (2004), by permission of Oxford University Press.

5.6 Distribution of the control region mutations in ar/adPEO skeletal muscle
mtDNA
We observed a non-random distribution of the control region mutations that accumulate
in ad/ar PEO patients. The majority (81%) of control region mutations we found in the
six POLG1/PEO patients that we analysed were located in a region that contains the
heavy strand replication origin (OH) and the conserved sequence block I (CSBI) (nts 150
to 250) (Figure 5.5). The most remarkable mutations were found in patient 1 (compound
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heterozygous R3P and A467T) and patient 2 (Y955C). In Patient 1 we identified several
duplications varying from 2-32 bp partly overlapping with CSBI. The mtDNA of patient
2 contained an A to G mutational hotspot with heteroplasmy of about 20% at positions
close to the OH, 178, 183, 185 and 189. Patient 3 is unrelated to patient 2 and carrying the
same Y955C POLG1 mutation, but no such A to G mutational hotspot was found in
patient 3. However the A183G mutation was found at high heteroplasmy levels. This
mutation was also found in 15% or higher heteroplasmy in patients 2,3,4,5 and 6, which
are all individuals carrying a POLG1 mutations. In all controls and Twinkle/PEO patients
this mutation was not detected at all.

Figure 5.5: Non-random distribution of control region mutations. Diagram of the
mtDNA control region and mutational hotspots. Abbreviations and symbols; OH, heavy
strand replication origin; PH and PL, H and L strand promoters; TAS, termination
associated sequence; CSB I, II, and III, conserved sequence blocks I, II and III; bold
dotted lines, the regions where most mutation were found in POLG1/PEO and
Twinkle/PEO patients’ muscle mtDNA; percentage in parentheses, the percentage of
mutated fragments with mutations in the indicated region; small dotted line adjacent to
OH, A to G conversionmutational hotspot region of patient 2 (Y955C POLG1); dashed
line, position of the duplication hotspot in patient 1 (compound heterozygous R3P and
A467T POLG1) (Wanrooij et al, 2004). Reprinted from original article (II), copyright
(2004), by permission of Oxford University Press.

In contrast to the POLG1 affected individuals the Twinkle/PEO patients accumulated
most of their control region mutations (67%) in another region stretching from nucleotide
385 till 570 (Figure 5.5). In this region that contains the heavy and light strand promoters
we found many different mutations that were generally present at low levels. The G564A
mutation was found in all Twinkle patients and had high heteroplasmy levels in two
patients but absent in controls. The sporadic patients carrying a single mtDNA deletion,
showed a similar control region mutation distribution as the Twinkle/PEO patients.

Many of the control region mutations in PEO patients that we identified were located in
conserved regions suggested to be replication control elements. We aimed to study if
these control region mutations could predispose the DNA molecules to deletion
formation. For this reason we investigated if control region mutation preferentially
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accumulate in deleted molecules, we specifically amplified deleted mtDNA molecules
with long range Pfu PCR. We compared the mutation levels of deleted molecules in six
different ar/adPEO patients with the mutation level found earlier in the total population of
mtDNA molecules (Figure 5.6) and found no significant difference in control region
mutation level of deleted molecules.

Figure 5.6: Comparison of control region mutation levels between deleted and the total
mtDNA population. The number of point mutations in the control region detected in
deleted mtDNA molecules (gray bars) and in the total population of mtDNA molecules
(white bars) of patients 1-3 and 5-7 (Wanrooij et al 2004). Reprinted from original
article (II), copyright (2004), by permission of Oxford University Press.

5.7 Mapping of multiple mtDNA deletions in PEO patients
Our mtDNA mutation analysis revealed that there is no fidelity decrease of POLG1 in
PEO in vivo. This observation makes the slipped mispairing hypothesis of deletion
formation in adPEO patients unlikely. To learn more about the formation mechanism of
multiple mtDNA deletions in ad/arPEO patients we mapped the mtDNA deletion
breakpoints. For this purpose we sequenced over the deletion breakpoints of cloned
fragments obtained after specific amplification of deleted mtDNA molecules. We used
several different primer sets (see material and methods) to avoid that certain deletions
would be over-represented. It is likely to see an over-representation of the largest mtDNA
deletions by using a single set of primers since those yield a shorter PCR fragment, which
might be preferred in the ligation procedure. In both Twinkle and POLG1 PEO patients
we identified a major deletion breakpoint at the ‘termination associated sequence’
(around bp 16070). Apart from this, the DNA sequence of the deletion breakpoints had
some distinctive features; we found a high prevalence of homopolymeric runs and several
micro-satellite-like sequences at the deletion boundaries. About 20% of the breakpoints
were within or precisely flanked by a 4-nucleotide or more homopolymeric run. This was
significantly higher than the predicted frequency (11%) if deletions would be randomly
distributed . Moreover when we excluded the deletion hotspot around 16070 this
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frequency was even higher (33%). We did not observe any difference in deletion
boundaries when we compared deletions that occurred at different regions of the
mitochondrial genome. A combination of deletion mapping and control region mutations
analyses in the same mtDNA molecule revealed there was no obvious association
between a particular control region mutation with a specific deletion. Finally, we did not
identify any mutations in the boundary sequences of the deletion breakpoints.

5.8 Establishing stable inducible cell lines expressing mtDNA replication factors
In order to obtain more insight in the mechanisms by which mtDNA is maintained we
established stable inducible HEK293 Flp-InTM T-RExTM cell-lines that express different
variants of POLG1, Twinkle, POLG2 and mtSSB (Table 5.1).

Variant Size (kDa)

Twinkle (wt), K421A, G575D 74

Twinkle AA346-376 71

Twinky 64

Twinkle AA70-343 41

POLG1(wt), D198A, D890N, D1135A 142

POLG1 CAG 141

POLG2 55

MtSSB 15

Table 5.1: Established 293 Flp-InTM T-RExTM cell-lines.

We previously demonstrated this inducible system is a useful tool to study different
properties of another protein (TFAM) involved in mtDNA maintenance (Pohjoismäki et
al, 2006). This cell culture system allowed us to study protein function and mtDNA
dynamics in vivo. Immunoblotting showed clear expression of the exogenous protein in
all cell-lines after 72 hours induction with 3 ng/ml doxycycline (DC) and even higher
expression levels when 10 ng/ml DC was used. (Figure 5.7). Some protein variants
showed reproducible lower expression levels (Twinky and POLG1 D1135A), which
might be due to lower protein stability. We confirmed that all expressed proteins were
mitochondrial localized by immunocytochemistry (ICC) (data not shown). Previous
studies have shown that constitutive expression of an exonuclease deficient POLG1
(D198A) variant in human cells resulted in accumulation of mtDNA point mutations
(Spelbrink et al, 2000). In order to validate our inducible expressing system we
established a cell-line expressing this same variant and determined the mtDNA mutation
levels after 60 days of induced expression. As expected, overexpression of this D198A
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variant resulted in a 4 times higher mutation level in both regions that were investigated
(cyt b and control region) (Figure 5.8).

Figure 5.7: Expression of mtDNA maintenance proteins in HEK293 Flp-In™ T-REx™

cells. Expression of all proteins used in this study was confirmed by Western blot analysis

comparing no induction with 3ng/ml DC and full (10 or 20 ng/ml DC) induction for 3

days. Note that full induction with the POLG1 cell-lines was chosen as 20 ng/ml, only in

order to make sure maximum expression was reached as expression of POLG1 was

generally much weaker when compared with the expression of Twinkle variants

(Wanrooij et al, 2007). Reprinted from original article (III), copyright (2007), by
permission of Oxford University Press.

Figure 5.8: POLG1 wild-type (wt) and POLG1 D198A expressing cells were grown for 2

months either without (-) or with (+) 3ng/ml DC. MtDNA mutation levels were

determined for part of the cytochrome b gene (cyt b) and part of the non-coding control

region using a PCR based approach (see Material and Methods). Results show that the

D198A accumulated an approximately 5-10 fold increased level of mutations compared

to non-induced D198A and induced POLG1 wt (Wanrooij et al, 2007). The mutation

pattern was similar as reported earlier for this POLG1 variant (Spelbrink et al, 2000).
Reprinted from original article (III), copyright (2007), by permission of Oxford
University Press.



62

Cells that were grown without DC showed nearly no expression; only on overexposed
western blots some expression was detected (data not shown). However the observations
that uninduced cells did not give any fluorescence signal above the background with ICC
(data not shown) and no rise in mutation levels was detected in the non-induced D198A
cell-line (Figure 5.8) showed that expression levels were very low.

5.9 MtDNA content after expression of mtDNA replication proteins
The established 293 Flp-InTM T-RExTM cell-lines were used to examine the influence of
different protein variants on mtDNA content. Comparative Q-PCR of mtDNA and the
single copy nuclear gene (APP) was used to measure mtDNA copy number.

Figure 5.9: POLG1 and Twinkle mutants can cause mitochondrial DNA copy-number

depletion. MtDNA copy-number was determined using duplex Taqman PCR. Shown are

the copy-numbers for each cell-line relative to their copy-number in non-induced cells

following either 3 ng/ml or full induction (10ng/ml for Twinkle variants; 20 ng/ml for

POLG1 variants). Note that although Twinkle K421A and G575D cell-lines had a

reduced steady-state copy-number in non-induced cells, induction resulted in a further

strong drop in copy-number. The same general trends as observed here were obtained by

Southern analysis (not shown). Copy-number decline was highly significant in Twinkle

K421A, G575D, and 70-343 lines as well as in the POLG1 D890N and D1135A mutant

lines (Wanrooij et al, 2007). Reprinted from original article (III), copyright (2007), by
permission of Oxford University Press.
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Expression induced by DC of wild-type POLG1, POLG2, Twinkle and mtSSB did not
alter the content of mtDNA (Figure 5.9 and unpublished data). Similarly, some POLG1
(D198A and CAG) and Twinkle (Twinky and linker) variants did not change copy
number. However, expression of POLG1 mutants D890N or D1135A and Twinkle
mutants K421A, G575D and 70-343 lead to a strong depletion of mtDNA. Depletion
caused by the expression of these mutants was dose dependent, lower expression levels
show a slower decrease in mtDNA content. Even though the transgene expression was
very low in the K421A-Twinkle and G575D-Twinkle cell-lines when grown without DC,
we measured a 60% decrease in mtDNA level when cells were grown under this
condition. This suggests that the K421A and G575D mutant Twinkle variants are
strongly dominant. Both the Twinkle and POLG1 mtDNA depleting variants resulted
after 3 days of full DC induction in a 70%-80% decrease in mtDNA levels compared to
non-induced cells, suggesting no new complete mitochondrial DNA molecules were
synthesized in this period.

5.10 Twinkle mutations and their influence on nucleoid localization and helicase
activity
Twinkle is a DNA helicase with 5’ to 3’ directionality and distinct substrate requirements
(Korhonen et al, 2003). Together with POLG1, POLG2 and mtSSB, Twinkle forms a
minimal replisome showing that Twinkle is the mtDNA replicative helicase (Korhonen et
al, 2004). In agreement with this our results showed that his affinity purified Twinkle has
clear unwinding activity in an in vitro assay (Figure 5.10). In contrast, the various
Twinkle variants (K421A, G575D, Twinky and linker) did not possess any helicase
activity or a significantly reduced activity ( 70-343).

Figure 5.10: Helicase activities of purified Twinkle protein fractions. An example of a

helicase activity assay using the various Twinkle variants purified to near homogeneity.

As indicated on the left hand side, the substrate consisted of M13 plasmid with an

annealed 60 nt 5’end-labeled oligo with a long (40 nt) single-stranded 5’ overhang. (-)

indicates the purified substrate whereas the denatured substrate (95ºC) indicates the

released labelled product, which is also released when a purified protein contains

helicase activity (Wanrooij et al, 2007). Reprinted from original article (III), copyright
(2007), by permission of Oxford University Press.

Our initial characterization of the Twinkle protein revealed that Twinkle co-localizes
with protein-DNA complexes referred to as mitochondrial nucleoids. With the use of the
established 293 Flp-InTM T-RExTM cell-lines we studied intra-mitochondrial localization
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of different Twinkle variants by ICC. As expected from the nucleoid localization from
Twinkle, the wild-type protein showed a punctuated pattern that co-localized with an
anti-DNA antibody. Twinky and linker-Twinkle proteins showed a diffuse
mitochondrial staining. Although the G575D variant showed to some extend a punctuate
pattern, it was clearly more diffuse compared to the wild-type protein. The K421A
mutant showed enlarged foci, suggesting abnormal shaped nucleoids in these cells. Anti-
DNA antibodies showed that the mutant Twinkle variants K421A and G575D were still
part of nucleoids, however their expression resulted in a reduced number of nucleoids.

5.11 Expression of different Twinkle variants and effect on mtDNA replication
We used two-dimensional neutral/neutral agarose gel electrophoresis (2DNAGE)
followed by southern blotting to study replication intermediates (RI) in 293 Flp-InTM T-
RExTM cells. Previous studies have shown this method is a valuable tool to visualize
different types of RIs in cultured human cells (Yasukawa et al, 2005). In a recent
publication 2DNAGE was used to show that the most dominant form of replication in
cultured human cells initiates unidirectional in the non-coding region and RNA is
deposited on the displaced H-strand, thus forming RITOLS (ribonucleotide incorporation
throughout the lagging strand) (Yasukawa et al, 2006). Although we analysed different
regions of the mitochondrial genome, most experiments were done on a 3,9 kb mtDNA
fragment (mtDNA between bp 13636 and bp 1006) that includes the whole non-coding
region. If not stated otherwise all the following results involve this particular region of
the mitochondrial genome. (Figure 5.11) shows a schematic diagram that indicates some
RIs that can be visualised by use of the 2DNAGE method. More explanation about the
different types of RIs can be found in the legends of this figure. Two levels of transgene
expression were used in our study, moderate (3 ng/ml DC) and full expression level (10-
20 ng/ml DC).

Figure 5.11: Figures show the RIs of HEK293 cells and the interpretation based primarily

on earlier 2DNAGE analysis of mtDNA RIs (Yasukawa et al, 2005). Abbreviations: 1n, 3.9 kb

non-replicating HincII fragment. (b) bubble arcs. MtDNA bubble arcs are usually very

sensitive to RNase H due to the presence of patches of RNA-DNA especially on the lagging

strand; these therefore also fall in the category of RITOLS as do various other RIs. y and y’

indicate ascending and descending parts of the y arc. (dy) indicates double-Y structures.

These will eventually form resolution intermediates resembling Holliday junctions (HJL-

Holliday junction like molecules) (Wanrooij et al 2007). Reprinted from original article (III),
copyright (2007), by permission of Oxford University Press.
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Moderate expression levels of wild-type Twinkle did not influence RIs. Although also
high expression (10 ng/ml) shows no noticeable affect on bubble- and y arc there was a
clear decrease in resolution intermediated compared to non-induced 293 Flp-InTM T-
RExTM -Twinkle cells (Figure 5.12A). Expression of the K421A and G575D Twinkle
variants resulted in a strong increase in bubble- and y arc RIs (Figure 5.12B). Integration
of this data with the earlier QPCR results suggested that severe replication stalling caused
mtDNA depletion in these 293 Flp-InTM T-RExTM cells. Most RIs were found in the
bubble arc, which are replication initiation intermediates, suggesting replication stalls at
an early stage of replication. It was further apparent that this Twinkle induced replication
stalling coincided with a strong decrease in RITOLS RIs. The limited effect of RNaseH
and S1 nuclease on the RIs obtained by Twinkle stalling confirmed the RNA poor and
double stranded nature of these RIs. Expression of mtSSB or Twinkle variants Twinky
and linker did not show any obvious change in RIs.

Figure 5.12: Some Twinkle mutants cause replication stalling. 2DNAGE samples for all

panels consisted of purified mtDNA digested with HincII and probed with a radiolabeled

cytochrome b gene fragment (nt 14,846–15,357). The detected fragment includes the non-

coding region of mtDNA also including the cytochrome b, ND6, part of the ND5 gene

and intervening tRNA genes (nt 13,636–1,006). (A) A comparison of RIs of non-induced

(left) and fully induced (right) cells expressing Twinkle wt. The only notable difference in

this case is a reproducible reduction in one of the HJL RIs as indicated. (B) K421A and

G575D show similar patterns of replication stalling, with increased bubble (b) and

descending Y-arc (y’) intensities, a sharpening and lengthening of the bubble arc and

loss of RITOLS (ovals) (Wanrooij et al, 2007). Reprinted from original article (III),
copyright (2007), by permission of Oxford University Press.
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5.12 Expression of different POLG1 variants and effect on mtDNA replication
intermediates
Moderate or full expression of wild type POLG1, CAG or POLG2 does not affect RIs.
In contrast even a moderate expression (3ng/ml DC) of the D890N and D1135A variants
increased bubble- and y arc RIs significantly (Figure 5.13), probably due to replication
stalling. Unlike the Twinkle stalling variants, the POLG1 mutant induced stalling showed
abundant RITOLS RIs. In the cell-line expressing the exonuclease deficient PolG1
mutant (D198A) we observed a mild phenotype. Full induction of D198A (20ng/ml)
showed enhanced bubble and y-arc RIs, however this increase was clearly less than
observed with D890N/D1135A at lower induction.

Figure 5.13: Replication stalling by POLG1 mutants. (A) Induction of POLG1 mutants

D890N and D1135A results in a similar pattern of replication stalling with an increased

intensity both of bubble (b) and descending y (y’) RIs. RITOLS are not affected in sharp

contrast with Twinkle-mutant induced stalling (Figure 5.12). (B) Fully induced

expression of POLG1 D198A results in a modest change in RIs similar to but less severe

than low level induction of D890N and D1135A. This did however not result in copy-

number depletion (Figure 5.9). All panels in B  are cropped images from a single

autoradiograph (Wanrooij et al, 2007). Reprinted from original article (III), copyright
(2007), by permission of Oxford University Press.
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5.13 Different POLG1 and Twinkle induced replication stalling phenotypes
The low abundance of RITOLS RIs in the stalling Twinkle cell-lines and the clear
presence of these RIs after mutant PolG1 induced stalling, suggested that POLG1 is
involved in their maturation. To test this hypothesis, that mtDNA depletion in the stalling
POLG1 cell-lines is caused by a combination of replication stalling and loss of lagging
strand maturation, we inhibited POLG1 in the Twinkle K421A and G575D cell-lines by
dideoxycytidine (ddC) treatment. In the absence of DC the G575D cell-line already
expressed its transgene at very low levels. Consequently, cells grown without DC already
showed a moderate stalling phenotype, including loss of RITOLS (Figure 5.14). RITOLS
re-emerged after short POLG1 inhibition by 4 hours ddC (200 μM) treatment.
Interestingly, treatment with ddC after strong stalling by full induction of G575D
(10ng/ml) failed to cause re-appearance of RITOLS RIs (data not shown). This suggested
that after full G575D induction replication was so severely impaired that virtually all
replication events stall in the beginning of the replication process and do not reach the
later stages of replication that involves these RITOLS intermediates.

Figure 5.14: Inhibition of POLG1 by ddC results in the reappearance of RITOLS
replication intermediates following stalling induced by Twinkle G575D. Non-induced
Twinkle G575D cells, already showing signs of replication stalling due to leaky
expression, were treated for four hrs with 200 μM ddC prior to mtDNA isolation. Note
that exposures of these two samples are identical, as both samples were run on a single
gel and blot. Markings are similar as in figure 5.12 (Wanrooij et al, 2007). Reprinted from
the original article (III), copyright (2007), by permission of Oxford University Press.
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6. Discussion
6.1 Twinkle, a mitochondrial nucleoid-localized replicative mtDNA helicase with
striking sequence similarity to the bacteriophage T7 gene 4 protein (gp4)

In 2000 the mammalian mtDNA replication machinery remained poorly defined.
Although the mammalian mitochondrial DNA polymerase gamma and the mitochondrial
SSB protein were cloned and characterized (Ropp et al, 1996; Tiranti et al, 1993), other
factors remained unknown. In particular a mtDNA replicative helicase unwinding
dsDNA in front of polymerase gamma was on the list of required but unidentified
proteins. Further a DNA primase, an essential enzyme in most systems of DNA
replication that synthesizes an RNA template for the DNA polymerase to initiate
replication, was not identified within mammalian mitochondria.

The gene coding for the human T7 gp4-like protein with intramitochondrial nucleoid
localization or Twinkle was localized in a region on chromosome 10q24 previously
shown to be linked to adPEO (Li et al, 1999). As its name implies the 77-KD protein
shows primary sequence similarity to the bacteriophage T7 gp4 primase/helicase. The
strongest similarity is found in the C-terminal helicase domain. Similar to the phage T7
protein it contains conserved sequence motifs in this region, which are typical for DNA
helicases of the RecA/DnaB superfamily. This suggested that Twinkle is a DNA helicase
and indeed initial experiments showed that overexpressing Twinkle in human cells
resulted in an increase of mtDNA helicase activity, however this was a very modest
increase. In later experiments purified recombinant Twinkle was confirmed to contain
DNA helicase activity and this activity could be specifically stimulated by the
mitochondrial single-stranded DNA-binding protein (mtSSB) (Korhonen et al, 2003).
The demonstration that Twinkle and the pol  holoenzyme together are able to
processively synthesize single-stranded DNA from a double-stranded DNA template
suggests that Twinkle is indeed the helicase at the mtDNA replication fork (Korhonen et
al, 2004). The protein was shown to catalyzes the ATP-dependent unwinding of a dsDNA
(20bp) in a  5’ to 3’ direction.  Further Twinkle needs specific substrates with a single-
stranded 5’DNA loading site and a short 3’-tail to initiate unwinding. This substrate is
similar to the DNA at the replication fork and to the substrate used by the T7 gp4
helicase/primase (Korhonen et al, 2004; Debyser et al, 1994). During mtDNA replication
Twinkle is positioned on the lagging-strand template and separates dsDNA to make the
ssDNA needed for mtDNA replication by POLG1 on the leading-strand template. Further
experiments using the mitochondrial in vitro replication system showed that Twinkle
dependent stimulation of POLG1 is specific. Twinkle is not able to stimulate T7 DNA
polymerase in rolling circle replication (Korhonen et al, 2004)

The N-terminus containing the primase domain in the phage T7 protein shows less
sequence similarity with human Twinkle. Based on much weaker overall sequence
similarity in this region and on the absence of a zinc-binding domain crucial for primase
activity it was initially suggested that Twinkle does not include primase activity.
However, the recent finding that one Twinkle homologue (Pfprex) in the malaria parasite
Plasmodium faciparum contains primase activity questions this (Seow et al, 2005). A
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more recent sequence alignment study of many Twinkle homologues in eukaryotes
showed conserved primase motifs including the zinc finger motif in almost all Twinkle
sequences, however not in Metazoa. Thus it is most likely that Twinkle functions as the
primase for mtDNA replication in most eukaryotes, with the exception of Metazoa (Shutt
and Gray, 2006). In accordance with this observation human Twinkle seems to lack in
vitro primase activity (Personal communication, Farge and Falkenberg).

The N-terminus and helicase domain in Twinkle are separated by a conserved sequence
often referred to as the linker region. In the phage T7 gp4 protein, that needs to form
hexamers in order to be active as a helicase, this linker region is required for the actual
multimerization (Guo et al, 1999). We have proposed that the linker region in Twinkle
would fulfil a similar role in hexamerization. Indeed, native-PAGE experiments with low
SDS percentage have shown that human Twinkle is capable of forming multimers.
Nevertheless, in our study a variant of Twinkle that lacks the linker-region showed an
abundant multimeric form that could correspond with a hexa- and/or heptamer after
glutaraldehyde crosslinking.

Identification of the mitochondrial DNA and RNA polymerase showed that they are
closely related to their counterparts from T-odd bacteriophages (Ropp et al, 1996; Tiranti
et al, 1997). Twinkle’s similarity to the T7 primase/helicase thus confirmed that the core
of the mtDNA replication machinery is closely related to the T7 phage replisome.  This
suggests that much can be learned about molecular mechanisms and mode of mtDNA
replication, from the intensively studied T-odd phage replication systems (Richardson,
1983). Moreover this raises a question about a role for a T-odd-like phage in the
evolution of mitochondria (Shutt and Gray, 2006).

Another interesting feature of Twinkle is that it co-localizes with mitochondrial
nucleoids. Although you would expect this localization from a protein implicated in
mtDNA metabolism, other proteins involved in this process like POLG1 and POLG2 are
more uniformly distributed (Garrido et al, 2003). This suggests that some proteins
involved in mtDNA replication are only recruited to the nucleoids when needed for
replication. Twinkle however seems to have a more permanent position within the
nucleoids, a characteristic that is shared with TFAM and mtSSB.  Further it has been
proposed that Twinkle has a role in mtDNA copy number control. This is based on the
observations that transgenic mice that overexpress Twinkle have increased mtDNA
content, whereas reduction of Twinkle expression in human cells by RNAi results in
mtDNA depletion (Tyynismaa et al, 2004). This increase of mtDNA content caused by
overexpression of Twinkle in mouse could be a result of increased mtDNA replication, or
alternatively Twinkle as a permanent constituent of the nucleoids stabilizes mtDNA
molecules. However in contrast to the findings in mice, we found that overexpression of
human Twinkle in human cell-lines did not increase the level of mtDNA. The mechanism
behind this difference needs to be addressed in future experiments.

The splice variant of Twinkle, a 66kDA protein named Twinky that is missing a portion
of the C-terminus, does not localize to nucleoids suggesting that this region might be in
part responsible for the nucleoid localization. A function for Twinky has not been
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reported yet, it could be an inactive form of Twinkle, making it possible to regulate by
splicing the Twinkle protein expression levels. This splice variant seems to be conserved
in mouse, however mRNA coding for Twinky has not yet been detected in mouse tissue
(Tyynismaa et al, 2004). Nevertheless, minisequencing data showed that 20% of the
mRNAs transcribed from the human PEO1 gene codes for Twinky hinting towards a
more significant role for this splice variant (Nikali et al, 2005). Overexpression of
Twinky in HEK 239 Flp-InTMT-RexTM cells did not affect RIs. This was expected since
our study showed that Twinky does not form multimers and thus by analogy to the T7
helicase/primase is not only expected not to contain helicase activity (Egelman et al,
1995), but also not to interfere with mtDNA replication. In agreement with this we
showed that purified Twinky did not posses helicase activity.

Overexpression of wild-type Twinkle in HEK 239 Flp-InTMT-RexTM cells did not show
apparent changes in y- and bubble arc RIs, nevertheless a strong decrease in an alleged
resolution RI was observed. This shows that Twinkle might be involved in resolving
these termination junctions. In heart tissue four way (Holliday) junction types of RIs are
prominent and have been proposed to represent recombination intermediates (Kajander et
al, 2001). A role for Twinkle in resolving termination junctions and in recombination is
not unlikely since the helicase domain shows the same conserved organization as RecA.
The Rec A gene was the first gene discovered to mediate homologous recombination
(Clark and Margulies, 1965). Nonetheless experimental evidence is needed to confirm
such a recombination role for Twinkle.

6.2 Mutations in Twinkle underlie adPEO, a disorder associated with multiple
mtDNA deletions

AdPEO is a mitochondrial disease associated with multiple mtDNA deletions, which
generally manifests itself as exercise intolerance and muscle weakness, most harshly in
the ocular muscles (Suomalainen et al, 1995).  Previous studies have reported at least 3
distinct loci for this disease (Suomalainen et al, 1995; Kaukonen et al, 1996; Kaukonen et
al, 1999). The 4q34-linked adPEO disease gene has been identified as the heart and
skeletal muscle specific isoform of the adenine nucleotide translocator (ANT1)
(Kaukonen et al, 2000). Twinkle is localized in a region previously identified as being
linked to adPEO on chromosome 10 (Suomalainen et al, 1995; Li et al, 1999). Our
extensive sequence analysis of the PEO1 gene in adPEO families revealed 11 different
mutations. The absence of these gene variants in ethnically matched controls confirmed
they are not common polymorphisms. The co-segregation of the Twinkle mutations
within all adPEO families and the phylogentically conserved regions in which they
occurred provides strong evidence that the mutations are pathogenic significant in this
disease. However, the V368I change in Twinkle we initially reported to be pathogenic
was later shown to be a nonpathogenic polymorphism (Arenas et al 2003). Based on the
T7 gp4 crystal structure of the helicase domain none of the Twinkle mutations associated
with adPEO are suggested to be critical for DNA helicase activity (Sawaya et al, 1999).
Two mutations, W474C and A475P were identified in less essential residues within the
helicase domain and a third mutation F485L was identified more recently (Kiechl et al,
2004)(Figure 6.1). The amino acids corresponding to W474 and A475 in human Twinkle
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are located in the helical loop that contacts the linker region of a neighbouring subunit in
the multameric complex (Kiechl et al, 2004). Most of the patient mutations identified in
adPEO patients are located within this linker region and might be predicted to interfere
with the multimerization of the protein. However, initial experiments with 2 adPEO-
Twinkle variants containing a 39 bp linker region duplication (aa 352-364) or W474C did
not show any effect on Twinkle in vitro mulitmerization. This suggested that at least
these mutations might have other consequences on the function of Twinkle. Perhaps the
multimerization defect is subtle and does not show in these in vitro experiments, but does
interfere with the helicase processivity in vivo. In order to investigate the function of the
linker-region we established a cell-line expressing a variant that lacks the whole linker-
region ( 346-376). Induced expression did not lead to change in RIs analyzed by
2DNAGE or mtDNA copy number. This could be explained by our observation that this
protein did not show a distinct nucleoid localization and is inactive in helicase assays.
This mutant is thus unlikely to form hetero-multimers with the endogenous enzyme.

Our study and subsequently others identified several N-terminal Twinkle mutations
(Lewis et al, 2002)(Figure 6.1). The observation that Twinkle lacks primase activity
(personal communication, Farge and Falkenberg) suggests that the N-terminal Twinkle
adPEO causing mutations must therefore affect other essential functions of the protein.
One Twinkle mutation Y508C has been shown to cause a severe autosomal recessive
disorder, infantile onset spinocerebellar ataxia (IOSCA) (Nikali et al, 2005). In several
Finnish patients there was no indication of mitochondrial dysfunction or mtDNA
instability in muscle tissue. The pure central nervous system phenotype in IOSCA
suggests there might be another cellular role for Twinkle and/or Twinky. This idea is
supported by our unpublished findings that overexpression of the Y508C mutation in
human cell culture does not change mtDNA copy number or replication intermediates
observed by 2DNAGE (Goffart et al, unpublished data). The mutation might however
influence mtDNA maintenance in a cell-type specific manner for example by interaction
with a cell-type specific unknown partner.

Figure 6.1: Schematic presentation of the human PEO1 gene and visual overview of all
the mutations that are mapped by us and others following sequence analysis of different
adPEO family (Spelbrink et al, 2001; Lewis et al, 2002; Agostino et al, 2003; Kiechl et
al, 2004; Hudson et al, 2005). The Y508C mutation has been associated infantile onset
spinocerebellar ataxia (Nikali et al, 2005). The dotted line indicates the 13AA duplication
in a Finnish adPEO family.
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Recently, a study showed that expression of mouse Twinkle with a corresponding PEO1
patient mutation (duplication aa 352-364) resulted in accumulation of multiple mtDNA
deletions and similar histological features as seen in the PEO patients. Surprisingly the
physical performance of this ‘deletor’ mouse was not compromised, unlike in PEO
patients (Tyynismaa et al, 2005). The mild affect on the mouse might be useful however
for evaluation of therapeutic strategies for mitochondrial myopathies. In the deletor mice,
the first histological signs of mitochondrial myopathy, COX negative muscle fibers, were
identified at the age of 12 months. When you take into account the expected lifespan this
mimics the relative age of onset in human disease. Similar to adPEO patients the mice
accumulate mtDNA deletions in muscle and brain, however the amount of deleted
mtDNA in the mice was quite low. Interestingly the 3’deletion breakpoints were found to
overlap with the human base pair 16070 which we and others identified as a breakpoint
hotspot in PEO-Twinkle patients (see below). This suggests that both in the deletor
mouse and adPEO patients the mtDNA deletions accumulate by a similar mechanism.

6.3 Does the mtDNA control region in ad/arPEO patient muscle show evidence of
premature ageing?

At the same time as our report of Twinkle heterozygous mutations in adPEO families
another group showed that mutations in the catalytic subunit of DNA polymerase  can
lead to adPEO (Van Goethem et al, 2001). In vitro studies on the most common POLG1
mutation (Y955C) associated with adPEO showed a 45-fold reduced binding affinity for
the incoming nucleoside triphosphate (Ponamarev et al, 2002). This suggested a higher
misinsertion rate during mtDNA replication for this adPEO-POLG1 variant, but in the
same study a functional exonuclease domain was shown to counteract most of these
misinsertions. Based on these observations the authors nevertheless presented a model in
which an enhanced base substitution rate, such as induced by the Y955C mutation, could
provoke a slippage event between direct repeats. A missinsertion could transform an
imperfect repeat into a perfect repeat; this could promote slipped mispairing resulting in
the formation of a mtDNA deletion. In order to assess the in vivo replication fidelity in
PEO patients we measured mtDNA mutation levels in affected tissues from PEO patients.
From a previous cell culture and mtDNA mutator mouse model we know that reduced
POLG1 fidelity results in misinsertion mutations randomly distributed throughout the
mitochondrial genome (Spelbrink et al, 2000, Trifunovic et al, 2004).  Our data showed
that PEO patients with a defect in POLG1 or Twinkle indeed have a higher mutation
level in muscle mtDNA, but that this mutation level increase was specific to the control
region and was not detected in coding regions like cyt b. These findings showed that
there is no replication infidelity in ad/arPEO patients making the strand-slippage model
for deletion formation unlikely. Furthermore, contrary to our findings in muscle mtDNA
of PEO patients, mtDNA mutation levels in the mutator mice are significant higher in
coding regions, compared to the control region (Rovio, 2006). Moreover control region
mutation levels increase during normal human aging whereas no such increase has been
reported for the coding regions (Michikawa et al, 1999). A recent re-analysis of mtDNA
mutation levels in heterozygous mutator mice showed that mice can sustain a 500-fold
increased mtDNA mutation burden compared to normal mice without causing premature
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aging (Vermulst et al, 2007). Unfortunately, in this study the non-coding region was not
included in the analysis. The control region contains many conserved sequences elements
that regulate mitochondrial transcription and replication; mutations in these elements
might disrupt mitochondrial transcription and or replication. This interference with
replication or transcription might be much more deleterious to functional oxidative
phosphorylation than low heteroplasmy level coding-region point-mutations. If this is
true adPEO might be seen as a tissue specific (muscle and brain) pre-mature aging
syndrome. However, more experimental work is needed to assess the importance of
control region mutation in aging, muscle mtDNA of PEO patients.

One possibility that remained was that POLG1 and Twinkle mutations result in a
replication infidelity that is specific for the control region.  However, the non-random
distribution of control region mutations refutes this possibility. Several of the observed
mtDNA mutations like A189G and T408A have previously been described to accumulate
during aging (Michikawa et al, 1999; Wang et al, 2001). Interestingly in agreement with
these studies we find a very mild increase of mtDNA control-region mutation level in
skeletal muscle from healthy individuals. Skeletal muscle mtDNA from PEO patient
showed a much stronger age dependent increase of control-region mutation levels,
suggesting that those mutations accumulate by a mechanism similar to that seen in
normal aging. The majority of the mutations identified in PEO skeletal muscle mtDNA
were however not previously reported to accumulate during normal aging. Although we
see that the control region mutations progressively accumulate during aging this different
mutation accumulation suggests they arise by a different mechanism. Moreover in
contrast to earlier findings we find the A189A and T408A mutations at very low
heteroplasmy levels in muscle mtDNA even in the oldest individuals (Wang et al, 2001).
However in our study only 4 individuals were older than 60, significant less then than the
26 in the study perform by Wang et al, suggesting the difference could be a sampling
effect.

We also observed enhanced control region mutation levels in 3 out of 5 patients with a
single sporadic mtDNA deletion. This implies that the control region mutations are
probably the indirect result of the presence of an mtDNA deletion or multiple deletions
and are unlikely a primary consequence of the POLG1 or Twinkle gene defects. Deletion
PCR analysis indicated that mtDNA deletions are already evident in younger
Twinkle/PEO patients, while no increase in control region point-mutations were detected.
This again supports the idea that the deletion formation is an earlier event.
It remains formally possible that PEO patients do have enhanced mutations accumulation
randomly throughout the mitochondrial genome; a higher level of repair in the coding
regions compared to the control region might explain why we only detect an increase of
mutation levels in the non-coding region. Indeed in one study in which mitochondrial
DNA was exposed to electrophile and oxidant damage, the D-loop was found to be more
susceptible to mutations (Mambo et al, 2003). Although it was suggested this could be
due to the proximity of the D-loop to the mitochondrial inner membrane that may hinder
access of repair proteins, an enhanced vulnerability to damage or inefficient repair within
this region could not be distinguished. From our data it seems more likely that the control
region mutations accumulate as a result of mtDNA deletions i.e. as a result of an
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enhanced vulnerability to DNA damage. This is supported by our ability to detect
enhanced control region mutation levels in some of the sporadic single deletion patients.
MtDNA deletions often result in a combined OXPHOS deficiency i.e. affecting several of
the OXPHOS enzymes. OXPHOS deficiency can lead to enhanced ROS production
(Esposito et al, 1999). The unique triple-stranded D-loop structure might predispose this
region to more excessive DNA damage by ROS (Figure 6.2).

Our finding that control region mutations accumulate during aging without any detectable
mutation accumulation in the coding region has direct bearing on the question of the
mitochondrial theory of aging as proposed by Harman more then 50 years ago (Harman,
1956). Many today still support this theory, however dissenting opinions about it also
exist (Sanz et al, 2006; Magalhaes, 2005; Vermulst et al, 2007). According to this theory,
ROS are endogenously produced by mitochondria as a byproduct of the OXPHOS system
under normal physiological conditions. They are produced continuously during life and
have deleterious effects on DNA. Somatic mutation would especially accumulate on
mtDNA during aging because of its location close to the respiratory chain, leading to a
progressively reduced efficiency of the OXPHOS system. To complete the circle of this
theory this would result in even more ROS production, which would then again produce
more mtDNA damage. In disagreement with this theory we could not detect an increase
of coding region mtDNA mutations during aging in the muscle mtDNA samples of
controls and adPEO patients. Moreover from our data it seems that if mtDNA alterations
can lead to increased ROS production this mainly affects the control region, which
contains the triple stranded D-loop structure. Indeed ssDNA has been found to be more
susceptible to ROS than dsDNA (Frederico et al, 1990). Perhaps control region mutations
are the actual mutations that contribute to limited natural life span in human and mice.

Most control region mutations (67%) in the muscle mtDNA of Twinkle/PEO patients
were identified between bp 400-560, an area containing the L and major H-strand
promoter for transcription initiation, whereas POLG1/PEO patients accumulated far more
mutations (81%) in a region between bp 150-250, that includes OH and conserved
sequence block I (CSBI).  Our mtDNA deletion mapping indicated that both patient
groups accumulated similar mtDNA deletions suggesting that the differences in control
region mutation distribution are caused by the specific gene defect. Mutant Twinkle or
POLG1 may affect the susceptibility of these mtDNA sequences to oxidative damage or
alternatively provide a replicative advantage to the mutant molecules.
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Figure 6.2: Schematic presentation of a mitochondrion, with mtDNA molecules and OXPHOS

system leading to ATP production. A) Situation in a healthy individual: wild-type mtDNA encodes

for several OXPHOS subunits which are assembled into complex I, III, IV and V after

transcription and translation. The functional OXPHOS system produces ATP (for more detail see

literature review section 2.2); most of the ATP is exported by the adenine nucleotide transporter

(ANT) and used for various cellular functions. B) Situation in post-mitotic tissue of adPEO

patients: deleted mtDNA molecules accumulate during aging, as a consequence reduced levels

and mutant OXPHOS subunits are assembled into complex I, III, IV and V resulting in a deficient

OXPHOS system producing low levels of ATP and the disease symptoms. Another consequence of

improper OXPHOS complexes could be an increase of reactive oxygen species (ROS) as a by-

product of the oxygen consumption. The increased ROS might damage mtDNA, in particular the

control region because of it triple strand structure and its close proximity to the mitochondrial

membrane.
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6.4 Twinkle and POLG1 PEO mutations result in the accumulation of mtDNA
deletions at difficult sites for the mtDNA replication machinery

The mutation analysis that we performed of skeletal muscle mtDNA samples obtained
from PEO patients, excluded a decrease in replication fidelity. This is strong evidence
against the strand-slippage mechanism of multiple deletion formation. Also our extensive
deletion break analysis supports a different mechanism. We did not detect long direct
repeats surrounding the deletion breakpoints. Secondly we did not find misinsertion
mutations in the vicinity of the deletion breakpoint as would be predicted by the strand-
slippage mechanism. Most direct repeats that were identified were short, often imperfect,
and hardly ever flanked the deletions precisely. This is similar to the findings of earlier
less extensive mtDNA deletion mapping studies (e.g. Zeviani et al, 1989).  As general
rule we found the deletions breakpoints occurring at sites that are difficult for the
replication machinery. First, we frequently detected homopolymeric runs, which are
known to be difficult sequences for the replication machinery to replicate (Bebenk et al,
1989; Kunkel et al, 1994; Tran et al, 1997). During the replication of a repetitive
sequence the concentration of the inserted dNTP might be locally very low. A mutation
in one of the key enzymes of the replication machinery might make it very sensitive to
single nucleotide depletion. It is plausible that such a situation in which for example a
deficient polymerase is not capable of incorporating the subsequent nucleotide might
result in stalling or pausing of the replication fork. This might also explain the adenine
nucleotide translocator (ANT1) gene mutations found in adPEO patients since it is
directly involved in nucleotide metabolism (Kaukonen et al, 2000). A frequent stalling or
pausing mechanism is supported by the observation that overexpression of the Y955C
POLG1 variant in cell culture results in the accumulation of replication intermediates
which suggests stalling resulting in mtDNA depletion (unpublished data). A recent study
showed that Y955C POLG1 targeted transgenically to the mouse heart also leads to
mtDNA depletion in heart tissue (Lewis et al 2007). In adPEO the Y995C heterozygous
mutation results in accumulation of multiple mtDNA deletions in post-mitotic tissue
without a clear reduction of mtDNA copy number. Expression of POLG1 Y955C in
HEK293 Flp-In™ T-Rex™ cells or in the transgenic mice leads nonetheless to strong
mtDNA depletion. In the transgenic mice however Y995C POLG1 was 10 to 20 fold the
endogenous expression level, while in adPEO patients you would expect from a
heterozygous mutant a comparable expression of wild-type and mutant POLG1. The cell-
culture system we used consists of proliferating HEK293 cells that need to replicate
mtDNA continuously in order to maintain constant mtDNA levels in daughter cells. This
is quite different from post-mitotic tissues, which are mostly non-dividing cells and thus
do not require a high rate of mtDNA replication to maintain constant levels.

Similarly, nucleotide pool involvement in frequent replication stalling/pausing might also
explain the tissue specific accumulation of mtDNA deleted molecules seen in adPEO
patients. Post-mitotic tissues consist mostly of differentiated non-dividing cells that
consequently do not replicate nDNA. These cells do not go through S-phase and outside
the S-phase de novo dNTPs synthesis in the cytosol is strongly downregulated (Eriksson
et al, 1984). Under such conditions mtDNA synthesis relies mostly on the salvage
synthesis of dNTPs (Bogenhagen et al, 1977, Song et al, 2003). Although mitochondria
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produce their own dNTPs, the nucleotide concentrations might get critically low when
little cytosolic dNTPs can be imported. It is plausible that a defective replication
machinery resulting from a POLG1, Twinkle or POLG2 mutation is not able to deal with
such conditions leading to uncontrolled and frequent replication pausing at for example
homopolymeric runs. In support the above hypothesis we also found several mtDNA
deletions that were flanked with microsatellite types of repeats, which are known sites for
replication stalling and genome instability (Gordenin and Resnick, 1998). Finally others
(Zeviani et al, 1989) and we found a frequent replication breakpoint at the replication
pause site 16070. This observation is in agreement with a replication stalling model of
mtDNA deletion formation, replication might slow down or stall at this pause site and
may be a favoured substrate for error-prone recombination (Bowmaker et al, 2003).
In yeast and bacteria it has been well documented that replication forks frequently stall
because of mutations in replication proteins especially in sequence repeats or at natural
replication termination pause sites (Samadashwily et al, 1997; McGlynn et al, 2001; Cha
and Kleckner, 2002). A common transitional state in restoring replication forks after
stalling are double strand breaks (DSBs), which are either repaired by recombination or
non-homologues end-joining (NHEJ). Enhancement of these repair pathways might
produce genome instability (Michel et al, 1997; Weitao et al, 2003). Integration of this
data with our deletion mapping makes it plausible that multiple mtDNA deletions in
adPEO patients are the result of frequent replication stalling caused by a mutation in one
of the replication proteins (Twinkle, POLG1, POLG2), followed by DSBs formation and
error-prone repair by recombination or non-homologues end joining (NHEJ) (Figure 6.3).
Recombination and double strand brake rejoining activity has indeed been reported in
mammalian mitochondrial extracts (Thyagarajan et al, 1996; Lakashmipathy and
Campbell, 1999). In mice expression of a mitochondrially targeted restriction
endonuclease (PstI) resulted in mtDNA DSBs formation, since mtDNA harbors two PstI
specific restriction sites (Srivastava and Moraes, 2005). Interestingly the mtDNA DSBs
in these mice resulted in the formation of multiple mtDNA deletions, with molecular
characteristics that are especially similar to the multiple deletions that we found in
muscle of adPEO patients. In my opinion this strongly supports our proposed hypothesis
that DSBs lead to the formation of multiple mtDNA deletions in the adPEO disorder.

Twinkle and POLG1 defects seemed to result in very similar mtDNA deletions, thus
suggesting that for both gene defects the pathogenetic pathways resulting in deletion
formation are nevertheless closely related.
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Figure 6.3: Proposed model for multiple deletion formation by error prone NHEJ. Based
on the data presented in this thesis we propose that multiple deletion formation are
induced by replication stalling, for example during replication of homopolymeric runs,
followed by replication stalling and DSB formation. While the vast majority of DSB are
repaired by precise endjoining, a minor proportion is repaired via error-prone
mechanisms: (1) via a single strand annealing type of mechanism (SSA) following a
single DSB, or (2) via intramolecular heterologous end-joining in molecules with more
than 1 DSB. * HR: homology region, can be very short and imperfect, from 2-7
nucleotides.

6.5 The HEK293 Flp-In™ T-Rex™ inducible expression system to study mtDNA
maintenance

The use of cultured cells as experimental approach has several advantages compared to

the use of an isolated preparation or intact animals. Cultured cells provide a more

controlled and easily manipulated cellular environment (Adler, 2006). In order to study

the mtDNA maintenance machinery we established cell-lines that express different

variants of proteins involved in mtDNA maintenance using HEK 239 Flp-In
TM

T-Rex
TM

cells. We established cell-lines to study expression of transcription factor A (TFAM),

mitochondrial termination factor 1, MTERF1, and other mtDNA maintenance related

proteins (Pohjoismäki et al, 2006, Hyvärinen et al, unpublished data). The amount of

expression of the exogenous protein could be readily manipulated by titration of DC to
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the cell culture growth medium resulting in an increase of expression between 1 and 10

ng DC per ml growth medium. By use of immuno cytochemistry (ICC) we showed that

all expressed protein variants were targeted to the mitochondrial compartment. With the

exception of some of the Twinkle mutants, using the HEK 239 Flp-In
TM

T-Rex
TM

 cells we

did not observe loss of expression of the exogenous protein even after long-term cell-

culture growth. In earlier studies performed with the Hela tet-on and 293T tet-on

inducible system long-term cell culture growth resulted in a mixed cell-culture

population, in which a majority of cells had lost exogenous protein expression

(unpublished results). This loss of expression was probably due to a relatively high

exogenous protein expression when cells were grown without inducer, presumably

caused by so-called position effects. This so called ‘leaky expression’ was very low in

HEK 239 Flp-In
TM

T-Rex
TM

 cells since this system uses site-specific recombination at a

single genomic locus to integrate the recombinant expression plasmid. Leaky expression

could only be detected in highly overexposed Western blots (data not shown). In

conclusion, the cell-line system we established is a useful tool to determine enzymatic

and structural roles of mtDNA maintenance related proteins.

6.6 The HEK293 Flp-In™ T-Rex™ inducible expression of different POLG1
variants

Maintenance of mtDNA is critically dependent on Pol , since it is the only polymerase

known to be active in the mitochondrial compartment. The catalytic subunit of Pol  is a

family A polymerase encoded by the POLG1 gene, which is implicated in a number of

human disorders (Graziewicz et al, 2006). To study mtDNA replication and more

generally the function of POLG1 we established several inducible HEK 239 Flp-In
TM

T-

Rex
TM

 cells which upon DC induction express different POLG1 variants. Overexpression

of exogenous wild-type POLG1 did not affect mtDNA copy number and we did not

observed obvious changes in replication intermediates (RIs), showing that in cell culture

POLG1 alone is not rate limiting for mtDNA replication. This might be explained by its

interaction with the processivity factor POLG2. Pol  has been shown by surface plasmon

resonance to function as heterotrimer in the same study they confirmed these interactions

by analytical gel filtration and isothermal titration calorimetry (Yakubovskay et al, 2006).

Based on in vitro studies POLG1 without its subunit (POLG2) is not expected to be able

to synthesise more than 100 nucleotides before it falls of the mtDNA strand (Lim et al,

1999). However 293T cells that constitutively overexpress both POLG1 and POLG2 also

do not increase mtDNA copy number (Spelbrink, unpublished data).

Downstream of the N-terminal mitochondrial targeting signal the human POLG1 gene

includes a CAG tri-nucleotide repeat that normally codes for 10 glutamines (Ropp  &

Copeland, 1996; Lecrenier et al, 1997). It remains unclear why alterations in the POLG1

CAG repeat can lead to male infertility (Rovio et al, 2001). After overexpression of a

POLG1 variant that lacks this CAG repeat ( CAG) we did not observe any obvious

effect on RIs or mtDNA copy number. Sperm however is a very specialized cell type in

the testis, a tissue that undergoes many rounds of cell cycles and thus susceptible for

problems in energy production (Diez-Sanchez et al, 2003). Glutamine tracts are regarded

as regions of protein-protein interactions; therefore the CAG repeat might be important in
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a sperm-specific interaction. Alterations in the CAG repeat could hinder such an

interaction leading to tissue specific mtDNA alterations. MtDNA deletions in sperm have

indeed been described and suggested to result in reduced fertility (Reynier and Malthiery,

1995; Reynier et al, 1998; Kao et al, 1998). Another possibility is that alterations in the

CAG repeat lead to a very subtle defect in POLG1 activity, not enough to cause trouble

in other tissues, but problematic during a strong increase of mtDNA copy number per cell

volume which has been suggested to happen during spermatogenesis (Diez-Sanchez et al,

2003).  One study did not find any increase in single nucleotides substitutions in sperm

mtDNA of infertile males carrying a mutant POLG1 allele, however with the method

used only heteroplasmy levels as high as 12% could be detected (Harris et al, 2006).

Another study measured mutation level by high fidelity mtDNA PCR amplification,

followed by cloning and sequencing of individual plasmids. It showed that alterations in

the POLG1 CAG repeat lead to a sperm specific accumulation of mtDNA mutation

(Rovio, 2006). This higher mtDNA mutation level was confined to the control region and

the mutations were only found at very low heteroplasmy. This questions the pathogenic

relevance of these control region mutations (Rovio, 2006).

The exonuclease activity identified in POLG1 is responsible for proofreading newly

incorporated bases during ongoing mtDNA synthesis (Kunkel and Mosbaugh, 1989). In

cell culture constitutive expression of a POLG1 variant (D198A) that is deficient in

proofreading results in accumulation of randomly distributed mtDNA mutations

(Spelbrink et al, 2000). To validate our HEK 239 Flp-In
TM 

T-Rex™ 
 
cell culture system

we determined the mtDNA mutation level after 60 days of D198A induced expression. In

agreement with earlier studies we found elevated levels of mtDNA mutations in at least

two regions (cyt b and control region). Earlier studies showed that D198A is not

compromised in its polymerase activity (Spelbrink et al, 2000). Modest induction (3ng/ml

DC) of D198A expression showed little change in RIs. Interestingly, after full expression

(20ng/ml DC) we did observe a more enhanced y- and bubble arc, suggesting replication

stalling. However this phenotype was clearly less severe than that after low D1135A and

D890N expression and did not result in a decreased mtDNA level. The results might be

explained by slowing down of mtDNA replication after overexpression of D198A,

however not slow enough to result in mtDNA depletion. This slowing down could be a

result of the D198A POLG1 variant repeatedly trying in vain to switch from exonuclease

to polymerase active site but further investigation is needed to explain this observed

stalling.

6.7 Is replication stalling the first step towards multiple deletion formation in
adPEO?

Based on our mutation analysis and deletion mapping in adPEO patients we hypothesized
that the mutations in POLG1 or Twinkle lead to frequent replication stalling or pausing
resulting in the accumulation of multiple deletions. In order to test this hypothesis we
constructed HEK 239 Flp-InTMT-RexTM cells expressing Twinkle or POLG1 variants
carrying non-disease catalytic (Wanrooij et al, 2007) as well as adPEO associated
mutations (Goffart et al, manuscript in preparation).
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The non-disease Twinkle variants that we constructed were a K421A and G575D
substitution, besides another Twinkle variant was used containing a 13 AA duplication
(aa 352-364) within the linker region that we previously identified in a Finnish adPEO
family. The K421A substitution was selected because the amino acid is analogous to the
T7 primase/helicase lysine 318 substitution by alanine that leads to a 200-fold decrease of
dTTPase activity resulting in complete loss of helicase activity (Patel et al, 1994).
Furthermore, it is a completely conserved residue in the Walker A motif of the
superfamily of ATPases to which Twinkle belongs and that also include the
mitochondrial F1ATPase. In agreement with the T7 primase/helicase mutant variant, our
mutant did not contain helicase activity. G575D is a Twinkle variant that contains a
mutation in the H4 helicase motif. Previous studies on the analogous mutation in T7
primase/helicase (G488D) demonstrated that this residue is important for DNA binding
and is critical for DNA unwinding (Washington et al, 1996). We also constructed a HEK
293 Flp-InTMT-RexTM cell-line expressing the Y955C POLG1 variant, a dominant
mutation resulting in PEO, two non-disease catalytic POLG1 variants which we studied
were D1135A and D890N. Transient expression of human POLG1 variants containing
mutations at the corresponding aspartate 890 and 1135 residues leads to mtDNA
depletion in cell culture (Spelbrink et al, 2000).

We have shown that expression of these POLG1 (D890N,Y955C, D1135A) and Twinkle
(duplication aa 352-364, K421A, G575D) variants resulted in a strong decrease of
mtDNA copy number (Wanrooij et al, 2007 and Goffart et al, manuscript in preparation).
The observed reduction of mtDNA (more then 80%) after 3 days of overexpression
suggested a complete halt of newly synthesized mtDNA molecules. This rapid decrease
of mtDNA content coincided with a substantial increase in y- and bubble arc RIs detected
by 2DNAGE. These observations indicate that that expression of these mutants results in
severe replication stalling/pausing. The expression of these Twinkle variants seemed to
result in a stronger stalling phenotype compared to the POLG1 variants since most
intermediates were found within the bubble arc, suggesting most replication stalls during
the early stage of replication. However, this difference might be explained by expression
level differences, 3ng/ml DC induction results in a recombinant Twinkle 8-10 fold the
endogenous Twinkle level, whereas the same cell growth conditions resulted in
comparable POLG1 recombinant and endogenous POLG1 protein levels. These
experiments showed that expression of a polymerase deficient POLG1 variant or helicase
deficient Twinkle variant can lead to replication stalling and supports the idea that
POLG1 or Twinkle mutation in adPEO patients lead to a frequent stalling of mtDNA
replication. In agreement with this, overexpression of the most common POLG1 adPEO
mutation (Y955C) and a Twinkle adPEO variant (duplication aa 352-364) in our
established cell culture system resulted in a similar stalling phenotype (unpublished data).
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6.8. The different mtDNA replication stalling phenotypes in mutant Twinkle and
POLG1 expressing cell-lines can be explained by the RITOLS model of mtDNA
replication

Although for long mtDNA was believed to be replicated via continuous, but
asynchronous synthesis of each strand (Robberson et al, 1972). 2DNAGE analysis of
mtDNA revealed RIs with properties of conventional strand-coupled DNA synthesis
(Holt et al, 2000). These strand-coupled RIs co-existed with another type of RIs, which
were initially believed to account for asynchronous DNA synthesis. Subsequently these
RIs were shown to posses different features as predicted by the asynchronous replication
model (Yang et al, 2002). The RIs were shown to be RNA-rich and it was suggested that
mtDNA replication often involves RNA incorporation throughout the lagging strand
(RITOLS) (Yasukawa et al, 2006).

The stalling phenotype as a consequence of induced expression of G575D and K421A
resulted in reduced fork movement throughout the genome. We used 3 different probes
for fragments that cover half of the genome and stalling RIs were visible by use of all.
When a probe was used against a fragment that contains OH we obtained intense bubble
arcs and relatively weak ascending y arcs, suggesting initiation mainly occurred in the
non-coding region. The initiation site near OH suggests intermediates represent RITOLS
RIs or strand-displacement mtDNA replication (Clayton, 1982; Yasukawa et al, 2006).
However the lack of ssDNA RIs as expected by the strand-displacement model of
replication and the RNA-poor intermediates show that the RIs mainly consist of dsDNA
resembling strand-coupled RIs. The dsDNA nature of these RIs was confirmed by RIs
purification followed by digestion with dsDNA and ssDNA specific restriction
endonucleases.  However the predominant initiation close to OH shows they canot
represent conventional coupled leading- and lagging-strand RIs, since one property of
coupled leading- and lagging-strand mtDNA replication is its initiation in a broad zone
referred to as OriZ, which does not include the non-coding region (Bowmaker et al,
2003). Thus the dsDNA RIs detected after mutant Twinkle proteins induce replication
stalling can only be explained by the RITOLS model of replication in which an increased
rate of lagging-strand initiation and/or maturation relative to rate of fork progression
would lead to accumulation of dsDNA molecules.

The replication mode of mtDNA remains controversial (Bogenhagen and Clayton, 2003a;
Holt and Jacobs, 2003; Bogenhagen and Clayton, 2003b). Proponents of the strand-
displacement model of replication have suggested that the RNA-rich intermediates do not
represent bonafide replication intermediates. Instead they suggest the RNA is produced
by the transcription machinery and cannot be considered RIs. In disagreement with this is
that the origin of the RITOLS products have been mapped around OH (Yasukawa et al,
2006) and not close to the transcription promoters, which would be expected from
mitochondrial transcription products. Indeed on the dsDNA mtDNA molecule RNA
polymerase is only able to start transcription at the promoters (Asin-Cayuela and
Gustafsson, 2007), however on ssDNA mammalian RNA polymerase can start RNA
production unspecifically (Tsurumi and Lehman, 1990). Perhaps a stronger argument in
favour of the existence of the RITOLS replication model is the observation that the RNA
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intermediates are specific to the lagging strand (Yasukawa et al, 2006), if they are
products from the transcription machinery it seems hard to explain why such RNA-rich
fragments are not found in the leading strand. Moreover our experiments showed that
POLG1 is involved in the maturation of the RITOLS intermediates. This suggests that
RITOLS are RIs, since till date POLG1 has only been reported to be involved in different
forms of mtDNA metabolism. However, little is known yet about the precise RITOLS
mechanism and therefore it does not present a complete model of mtDNA replication.
Future experiments are needed to show which enzymes incorporate the initial RNA on
the lagging-strand and what is the mechanism behind RNA maturation to dsDNA.
Although we clearly demonstrated that POLG1 is involved in the RITOLS maturation it
is likely that more enzymes are involved in this process. Both the strand-coupled and
strand-displacement replication models need one or more short RNA primers to start
lagging-strand DNA synthesis, but to date no primase has been identified. In conclusion
the mtDNA replication mechanism needs to be investigated further to assess the actual
replication mode.

Summary

In this study we showed the identification of a gene, PEO1, encoding for Twinkle, a new
mitochondrial protein with striking similarity to the phage T7 primase/helicase. It was
shown that Twinkle colocalizes with mtDNA in nucleoprotein complexes referred to as
mitochondrial nucleoids. The co-segregation of the Twinkle mutations within all adPEO
families, the lack of these mutations in controls and the strong conservation of mutated
residues provided strong evidence that the mutations are of pathogenic significance in
this disease. With this we showed evidence that Twinkle mutations cause a disorder of
mtDNA maintenance, indicating that the activity of Twinkle is needed for maintaining
mtDNA integrity.

In order to test one of the proposed mechanisms (slipped mispairing) by which
POLG1 and Twinkle mutations result in the accumulation of mtDNA deletions in adPEO
we measured mtDNA mutation levels in affected tissues from PEO patients. We found
enhanced control region mutation levels in muscle mtDNA of PEO patients but no
evidence of a general decrease in replication fidelity. The demonstration of a similar high
control region mutation burden in sporadic single deletion patients and the late age at
which these mutations start to accumulate suggested they were a secondary consequence
of mtDNA deletions that obstruct the OXPHOS system. Specific amplification of
mtDNA molecules containing deletions showed that breakpoints were generally found at
regions of difficulty for the replication machinery such as homopolymeric runs and
microsatelite-type of repeats and suggested frequent replication stalling/pausing as a
primary cause of mtDNA deletion formation. It was indeed demonstrated that expression
of Twinkle and POLG1 mutants in human cell culture decreased mitochondrial DNA
copy-number by severe replication stalling thus supporting our hypothesis and suggesting
that replication stalling could be the first step towards multiple deletion formation in
adPEO.
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7. Conclusions and future prospects

7.1 Conclusions
Correct maintenance of mtDNA is critical for life. Mechanisms of mtDNA maintenance
have recently acquired wide interest due to their role in inherited diseases as well as in
aging. In our study we identified a human helicase Twinkle, a novel key player in
maintenance of the mitochondrial genome. Twinkle defects result in accumulation of
mtDNA abnormalities in the form of multiple mtDNA deletions leading to the adPEO
disorder. The mechanism by which mutations in different nDNA encoded genes results in
mtDNA deletion formation is of essential importance in understanding the disease
pathology. Our results strongly suggest that mtDNA deletions in adPEO accumulate as a
result of frequent replication stalling.  This study has generated deeper insight in the
adPEO disease mechanism and the proteins involved in this disorder. This has in addition
lead to a further basic understanding of the mechanisms of mtDNA maintenance. My
main conclusions are the following:

1) We identified human gene PEO1, encoding for a protein similar to the phage T7
primase/helicase gp4.  The protein products of this gene are the full-length 77kD
protein Twinkle and a shorter 66kD splice variant Twinky.

2) Twinkle is a protein localized to mitochondrial nucleoids.
3) Overexpression of Twinkle in mitochondrial extracts result in a modest increase

of mtDNA helicase activity.
4) Mutations in Twinkle co-segregate with the adPEO disorder. We identified 11

different mutations in 12 adPEO families of various ethnic origins.
5) Twinkle and POLG1 adPEO mutations do not result in a general decrease of

replication fidelity.
6) Twinkle and POLG1 adPEO defects enhance age-dependent accumulation of

mostly point-mutations in the control region of mtDNA.
7) mtDNA deletions in adPEO post-mitotic tissues occur at sites that are difficult for

the mitochondrial replication machinery, such as homopolymeric runs and
microsatelite type of repeats.

8) The HEK 239 Flp-InTMT-RexTM cells that we have established provides an
excellent tool to study the function of proteins in mtDNA maintenance.

9) Expression of several Twinkle and POLG1 mutants results in mtDNA copy-
number depletion. Overexpression of wild-type variants of these proteins does not
alter mtDNA content in cultured human cells.

10) Expression of mutant Twinkle and POLG1 variant result in different replication
stalling phenotypes. The stalling induced by deficient Twinkle results in RIs that
mimic conventional strand-coupled RIs and suggest that initiation of lagging-
strand DNA synthesis or maturation occurs at multiple sites across the genome.
We furthermore propose that this maturation involves POLG1.

7.2 Future prospects

Initial studies on the Twinkle gene variants associated with adPEO, showed that the
mutations do not affect nucleoids localization or multimerization. This study however
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contained only two different adPEO mutations (duplication AA352-364 and W474C) and
does not exclude that other Twinkle adPEO mutations affect these protein characteristics.
It is possible however, that some Twinkle mutations found in adPEO patients would
affect the multimerization of the protein, or nucleoid co-localization and with that the
helicase activity. The established cell culture expression system (HEK 239 Flp-InTMT-
RexTM) could be used to study such in vivo effects of mutations in Twinkle and POLG1
associated with human disorders of mtDNA maintenance.
Under normal cell culture condition, cell-lines expressing Twinkle and POLG1 adPEO
variants do not appear to accumulate mtDNA deletions at high levels (data not shown).
Probably, under optimal cell culture conditions the late onset disease feature of PEO
(slow accumulation of mtDNA deletions) could be a limiting factor. Serum starvation and
perhaps nucleotide pool depletion could result in a higher rate of DSBs and deletion
accumulation. Cell-lines that would accumulate multiple mtDNA deletions would be a
valuable tool in studying adPEO disease mechanism.
Our results strongly suggest that POLG1 is involved in lagging-strand maturation in
RITOLS mtDNA replication. Little is known about the lagging strand maturation and
processing of RNA-DNA hybrids to form dsDNA. It would be interesting to assess the
precise role of POLG1 in this process and moreover what additional proteins interacting
with POLG1 are involved in this process. Another interesting point concerning the
RITOLS replication mechanism that needs to be clarified is which enzyme initially lays
down RNA on the lagging-strand.

Although our results suggest that the higher control region mutation level found in
adPEO is an indirect consequence of the mtDNA deletions, the non-random distribution
of the accumulated mutations remains intriguing. Especially the observation that in all
our POLG1 adPEO patients the fast majority (81%) of the mutations accumulate in a
small region responsible for replication control could be addressed in future experiments.
To study the significance of the A183G mutation found in high heteroplasmy in nearly all
POLG1 adPEO patients might also provide valuable information concerning mtDNA
maintenance.

Overexpression of the exonuclease deficient POLG1 D198A did not seriously affect
mtDNA copy-number or the abundance of RNA-rich versus RNA-poor RIs.
Nevertheless, moderate changes in replication intermediates at high D198A expression
levels were observed by 2DNAGE and warrant further investigation.

These and other future experiments will provide deeper comprehension of mtDNA
replication and cross-talk between mitochondria and the nucleus. Furthermore, this basic
research and the resulting understanding of the mechanisms that lead to multiple deletion
formation will contribute to the development of potential therapies of adPEO and
possibly other human diseases associated with mitochondrial dysfunction.
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The gene products involved in mammalian mitochondrial DNA (mtDNA) maintenance and organization remain

largely unknown. We report here a novel mitochondrial protein, Twinkle, with structural similarity to phage T7

gene 4 primase/helicase and other hexameric ring helicases. Twinkle colocalizes with mtDNA in mitochondrial

nucleoids. Screening of the gene encoding Twinkle in individuals with autosomal dominant progressive external

ophthalmoplegia (adPEO), associated with multiple mtDNA deletions, identified 11 different coding-region muta-

tions co-segregating with the disorder in 12 adPEO pedigrees of various ethnic origins. The mutations cluster in a

region of the protein proposed to be involved in subunit interactions. The function of Twinkle is inferred to be crit-

ical for lifetime maintenance of human mtDNA integrity.
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Introduction
Maintenance and expression of mtDNA depend on many
nuclear-encoded gene products. A minority of these proteins
have been identified and characterized. In particular, the mam-
malian mtDNA replication machinery remains poorly defined.
The only DNA polymerase that has been identified in mam-
malian mitochondria, DNA polymerase γ (POLG), is believed to
be the replicative mtDNA polymerase. The orthologous enzymes
in yeast (Mip1p) and Drosophila (encoded by the gene tamas) are
required for mtDNA maintenance1,2. Processivity is ensured by
the accessory subunit of POLG3, but the helicase(s) involved in
mtDNA replication remains unidentified. The asynchronous
model of mtDNA replication involves prolonged extension of the
leading strand until a dedicated lagging-strand origin is encoun-
tered4. The priming mechanism on the lagging strand is obscure,
but this replication mode requires involvement of the mitochon-
drial single-stranded DNA binding protein SSBP. Under certain
conditions, mtDNA in mammalian cells replicates by a more
conventional, strand-synchronous mechanism5, which implies

the presence of a primase and a second molecule of the poly-
merase in the replication complex. The proteins involved in
primer removal, closure and ligation, as well as the topoiso-
merase(s) involved in decatenation, also remain uncertain.

The closest relatives of mitochondrial POLG are members of
the PolA superfamily from bacteria (for example, Escherichia coli
PolI) and T-odd bacteriophages6. Phage T7 DNA replication
involves only a small set of proteins: T7 DNA polymerase, T7
RNA polymerase, SSBP, DNA ligase, the multifunctional pri-
mase/helicase encoded by phage gene 4 and host-encoded thiore-
doxin7. The relatedness of POLG to T7 DNA polymerase and also
of the mitochondrial RNA polymerase to T7 RNA polymerase8

raises the question of whether other components of the mtDNA
maintenance machinery might be closely related to their coun-
terparts from T-odd bacteriophages.

PEO associated with multiple mtDNA deletions is one of the
few examples of a human disorder in which the mtDNA main-
tenance machinery is defective. Typical symptoms are ophthal-
moparesis and exercise intolerance. Some people also may
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develop cardiomyopathy, cataracts, ataxia, peripheral neuropa-
thy, hypogonadism or major depression9–13. The diagnosis
depends on the demonstration, by Southern blotting, of multi-
ple deletions of mtDNA in muscle biopsy specimens9. Such
deletions also can be detected in brain and heart11. Accumu-
lated deletions can be clonal, which suggests that deletion
events are rare14. Familial PEO is genetically heterogeneous,
occurring in an autosomal dominant form (adPEO (ref. 9)) or
as an autosomal recessive disorder (arPEO (ref. 15); A. Suoma-
lainen et al. unpublished data). Multiple mtDNA deletions
with recessive inheritance can also be found in a more severe
disorder involving infantile cardiomyopathy16. adPEO involves
at least three different disease gene loci. Two of these have been
mapped to chromosome regions 10q24 and 4q34 (refs.
13,17,18). The 4q-linked adPEO gene was recently identified as
ANT1, which encodes the heart-muscle-brain isoform of the
adenine nucleotide translocator19. Another autosomal reces-
sive disorder associated with mtDNA deletions and depletion,
MNGIE (mitochondrial neurogastrointestinal encephalomy-
opathy), was recently found to be caused by mutations in the
thymidine phosphorylase gene20.

Localization of the 10q-linked adPEO gene to a 7-cM critical
interval13 prompted us to search this region for plausible candi-
date genes likely to be involved in mtDNA replication or
nucleotide metabolism. We report here the identification of the
chromosome 10q-linked adPEO gene, which encodes a novel
mitochondrial protein with striking similarity to the phage T7
gene 4 primase/helicase, that colocalizes with mtDNA in struc-
tures designated as mitochondrial nucleoids.

Results
A protein similar to T7 primase/helicase is encoded by a
human gene on chromosome 10
We identified human gene C10orf2, encoding a protein similar
to T7 primase/helicase (gene 4 protein, gp4), by searching for
open reading frames (ORFs) in a region previously identified
as being linked to adPEO on chromosome 10q24 (refs. 13,17).

Based on a partial sequence, the carboxy-terminal portion of
C10orf2 was previously suggested to be a possible helicase21. A
combination of cDNA sequencing, resequencing of IMAGE
cDNA clones 2413374, 33362 and 1113546 (ref. 22), intron-
exon prediction programs and EST database searches revealed
a single ORF of 2.1 kb, with a plausible start codon (Fig. 1a).
We detected a transcript corresponding to this ORF by cDNA
amplification and characterized it by direct sequencing. Sev-
eral in-frame stop codons are found in the immediate 5´
untranslated region (UTR), which indicates that the ATG at
position 186 is the initiation codon. There is almost complete
coverage of the full-length mRNA with human as well as
mouse ESTs, except for a short region at the 5´ end. The full-
length ORF identified here is likely to be mitochondrial
because of the presence of a putative amino-terminal mito-
chondrial targeting sequence predicted by MitoProt II
(http://www.mips.biochem.mpg.de/proj/medgen/mitop/).

The sequence of an additional cDNA amplification product
reveals the presence, in human cells, of a splice variant resulting
from the use of a downstream exon 4 splice-donor site and lead-
ing to a 43-base-pair (bp) insertion between the regular exon
4–exon 5 sequence. This splice variant is also found in the human
and mouse EST databases.

We hybridized multitissue northern blots with oligonu-
cleotide and cloned cDNA fragment probes for the C10orf2
mRNAs. On the basis of two independent blots, the full-length
mRNA is approximately 4 kb, significantly larger than the
length of the ORF. The expression pattern of the full-length
mRNA (Fig. 1b,c), based on phosphorimaging analysis of two
blots, showed high relative levels in skeletal muscle and pan-
creas but, perhaps surprisingly, a lower level of expression in
the heart. The relative level of Twinkle expression in skeletal
muscle is probably underestimated because of the strong cross-
reacting α-actin mRNA species just below the β-actin mRNA.
Hybridization with an oligonucleotide probe specifically
detecting the splice variant mRNA revealed a similar expres-
sion pattern, as did an oligonucleotide detecting both splice
forms (data not shown).

The predicted full-length protein is 684 amino acids, with a
molecular mass of 77 kD, whereas the splice variant mRNA
encodes a 66-kD product of 582 amino acids, lacking residues
579–684 and terminating with four unique amino acids. Both
cDNA variants, when expressed transiently in HEK293T cells,
direct the synthesis of proteins close to the expected molecular
mass (see below). Plasmodium chabaudi chabaudi, Caenorhab-
ditis elegans and Drosophila melanogaster have similar proteins,
also related to T7 gp4. The fission yeast Schizosaccharomyces
pombe has a few homologs with low similarity, but we could
not identify a related sequence in Saccharomyces cerevisiae.
Multiple sequence alignment of these various proteins shows
greatest similarity in the domain responsible for helicase activ-
ity in the phage T7 protein, which is located in its C-terminal
half23 (Fig. 2). The degree of identity between the human
polypeptide and a partial mouse sequence assembled from
ESTs is approximately 85%, whereas between the mammalian
and invertebrate sequences it is in the range 35–40%.

Fig. 1 C10orf2 gene structure and mRNA expression in human tissues. a, C10orf2
exon-intron structure, based on cDNA and genomic sequence. Stop codons are
indicated by filled circles; the 43-bp exon 4 extension, exon 4a, is indicated by a
hatched box. Sequence is numbered from the first bp known to be present in the
mRNA, np 70863 of C10orf2 and ends at the stop codon (np 76356). b, An 8-lane
human multitissue northern blot, hybridized with a full-length C10orf2 cDNA
probe (upper) and rehybridized with a β-actin probe (lower). c, Twinkle mRNA lev-
els relative to β-actin control mRNA levels.
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C10orf2 encodes a protein localized to mitochondrial
nucleoids
To test mitochondrial targeting of the C10orf2 gene products, we
generated expression constructs for various reporter fusion pro-
teins. The full-length protein of 684 amino acids, fused to
Enhanced Green Fluorescent Protein (EGFP), when expressed in
a variety of cell lines (HEK293T, 143B osteosarcoma and A549
adenocarcinoma) shows a punctuate fluorescence that, as shown
by Mitotracker counterstaining and confocal microscopy, is
clearly localized within mitochondria (Fig. 3). An EGFP fusion
protein starting from the second methionine, 21 amino acids
downstream of the first, gives uniform cytoplasmic fluorescence,
demonstrating that the N-terminal region is necessary for mito-
chondrial targeting (Fig. 3g-i). To visualize mtDNA, we counter-
stained transfected and untransfected 143B cells with ethidium
bromide (EtBr), a DNA intercalating reagent24,25. In both the
absence and presence of the EGFP fusion protein, we observed
bright, rapidly bleaching, punctate cytoplasmic fluorescence
against a fainter background of more diffuse cytoplasmic fluores-
cence. The long incubation
times with ethidium bromide
(EtBr) allow it to intercalate
into mtDNA and inhibit mito-
chondrial RNA synthesis. The
resulting punctate staining
resembles previous findings
with bromodeoxyuridine and
4′,6-diamidino-2-phenylindole
(DAPI) labeling25,26, which
indicates specific mtDNA
staining. In transfected cells,
punctate green fluorescence
clearly colocalizes with the
bright EtBr staining (Fig.
4a–c), which indicates nucleo-
protein structures that contain
both the C10orf2 product and
mtDNA. By analogy with such
complexes previously inferred

to exist in fungal, plant and protozoan mitochondria, we desig-
nate them mitochondrial nucleoids. A549 cells consistently con-
tain fewer dots than 293T cells, whereas 143B cells contain more.
The number of foci observed is typically between 50 and several
hundred per cell and agrees well with the number of bright fluo-
rescent EtBr spots in 143B cells.

We also observed punctate mitochondrial fluorescence for the
EGFP reporter in ρ° cells, indicating that Twinkle localization is
not strictly dependent on DNA binding (Fig. 4d–f), although the
number of localization sites per cell is lower than in the parental
ρ+ cell line and some cells show uniform mitochondrial fluores-
cence, coincident with Mitotracker staining. Because of the
unusual localization pattern, reminiscent of twinkling stars, we
designate the full-length protein Twinkle (for T7 gp4-like protein
with intramitochondrial nucleoid localization). An EGFP
reporter fusion for the polypeptide encoded by the C-terminal
splice variant, lacking amino acids 584–684, shows uniform
mitochondrial fluorescence (Fig. 3d–f), as observed in human
cells with other mitochondrially targeted proteins such as

Hs           1 MWVLLRSGYPLRILLPLRGEWMGRRGLPRNLAPGPPRRRYRKETLQ-ALDMPVLPVTATEIRQYLRGHGIP-FQDGHSCLRALSP--FAESSQ--LKG-Q
Mm           1 -------------------------------------------------EMPVSPVTTTEIRQYLRAHGIPPFQDGHSCLRAPSP--FVVSSD--IKNEK
Dm           1 ----MRRAGLIKPLLRIN-----------NEKQRVWRKNYATQVVSGLEECSLDPKEYVDFKRQLRQLNLP-HKDGHTCLQLECR--LCDRNRQPVTNAQ
Pcc          1 -------------------------------------------------------------------------------------------NSFKIKRER
Ce           1 ----------------------------MSAPPDPDIKRYWDSSLDITDLSGHDFTIFKQLQGMLGIENISFETLARFNVRVQTD--TYGQPAILFPRYR
T7           1 --MDNSHDSDSVFLYHIPCDNCGSSDGNSLFSDGHTFCYVCEKWTAGNEDTKERASKRKPSGGKPMTYNVWNFGESNGRYSALTARGISKETCQKAGYWI
consensus    1              .  .                    . .    .   ..  . .    ...  ..  ... . ........ .       .   ..  .

Hs          94 TGVT---TSFSLFIDKTTGHFLCMTSLAEGSWEDFQASVEGRGDGAREGFLLSKAPEFEDSEEVRRIWN-RAIPLWELPDQEEVQLADTMFGLTKVTDDT
Mm          48 KDAP---TSFCLFIDKTTGHFLCMTSLAEGSWEDLQASVEGRGDGAKEGVLLREGPEAEVREEVLRIWN-RAIP--------------------------
Dm          83 KGTD---HGLLAYVNKRTGAFICPNCDVKTSLTSALLSYQLPKPVGYKQPLQRQ-PVYESRFPHLAVVTPEACAALGIKGLKEDQLN-------------
Pcc         10 KRKN---KVINLLNPNSASLSSSEESNADASSNSNAEASQQENLDQSDTEKEKENDVYFIDNGIMYIWN-------------------------------
Ce          71 GMTSRLRIPMGLKLIRKVGDRMEKENYPLPDETSVRQKFNGVFGLHMATLSDRSVVITTNERDALAIYEATKALVFALPHG-------------------
T7          99 AKVDGVMYQVADYRDQNGNIVSQKVRDKDKNFKTTGSHKSDALFGKHLWNGGKKIVVTEGEIDMLTVMELQDCKYPVVSLGHG-----------------
consensus  101 .        . ........ ...  . ..... .   . ..   ....  . .  .... . ... ...  .     .

Hs         190 LKRFSVRYLRPARSLVFPWFSPGGSGLRGLKLLEAKCQGDGVSYEETTIPRPSAYHNLFGLPLISRRDAEVVLTSRELDSLALNQSTGLPTLTLPRGTTC
Mm         118 ----------------------------------------------------------------------------------------------------
Dm         166 ----------AIGAQWEPQQQLLHFKLRNAAQVEVGEKVLYLGDRREEIFQSSSSSGLLIHGAMNKTKAVLVSNLIDFIVLATQNIETHCVVCLPYELKT
Pcc         76 ----------------------------------------------------------------------------------------------------
Ce         152 --------------------------------------------------------------------------------------------------EI
T7         182 ----------------------------------------------------------------------------------------------ASAAKK
consensus  201 

                          L                                      P    T       TIP      Q      P
Hs         290 LPPALLPYLEQFRRIVFWLG-DDLRSWEAAKLFARKLNPKRCFLVRPGDQQPRPLEALNGGFNLSRILRTALPAWHKSIVSFR--QLREEVLGELSN-VE
Mm         118 -----------LRRIVFWLG-DDLRSWEAAKLFARKLNPKRCSLVRPGNQQPRPLEALNQGLSLPRILRTALPAWHKSIVSFR--QLREEVLGELSN-VE
Dm         256 LPQECLPALERFKELIFWLHYDASHSWDAARAFALKLDERRCLLIRPTETEPAPHLALRRRLNLRHILAKATPVQHKAITTFG--AMRNDILSELQN-IE
Pcc         76 ------------------------------KIFVKDAN-----------------DCLKNNIDVQFFIKNSEKVKHSQILNFN--DLRQHILEELKY-PD
Ce         154 LDPLVLPYLEEFDKIYLWFP---VQHVSYAKDWGSALNTLKCLLVKNEERPIELVRNGDHRLIRNSLSNSVVRMRERGFRSMTDLDMREGIRSDLLNSTN
T7         188 TCAANYEYFDQFEQIILMFDMDEAG-RKAVEEAAQVLPAGKVRVAVLPCKDANECHLNGHDREIMEQVWNAGPWIPDGVVSALS--LRERIREHLS--SE
consensus  301 .    ..... ........  ................. ........ .  . ...... .. . ......... .. ....    .*.... .*.. ..

                 Primase domain of T7 gp4
   T7 primase/helicase linker region

Hs         386 QAAGL-RWSRFPDLNRILKGHRKGELTVFTGPTGSGKTTFISEYALDL-CSQGVNTLWGSFEISNVRLARVMLTQFAEGR--------------------
Mm         203 QAAGV-RWSRFPDLNRLLKGHRKGELTVFTGPTGSGKTTFISEYALDL-CTQGVNTLWGSFEISNVRLARVMLTQFAVTR--------------------
Dm         353 KVNGV-KWKRFPVLNKLLKGHRRGELTILTGPTGSGKTTFMSEYSLDL-AMQGVNTLWGSFEIRNTRLAATLLRQYVGYP--------------------
Pcc        126 RINGV-RSKTIPSLNKFLYGLRMGELSIWTGSTGVGKTTLLSQLSLDY-CIQGVSTLWGSFEINNIKLAKVMLNQFCGKN--------------------
Ce         251 RVVGFGQWKRFAVLNKYLGGLRPGEMTVLTGGTGNGKTTFLCEYSLDL-FTQGVRTLFCSFEMPEKKILHWMLVQYAGYDDLVFFLFPSHLRSLARTNSY
T7         283 ESVGL-LFSGCTGINDKTLGARGGEVIMVTSGSGMGKSTFVRQQALQWGTAMGKKVGLAMLEESVEETAEDLIGLHNRVR--------------------
consensus  401 .. *. .. ... .*....*.*.**... *...*.**.*..... *.. ...*........*........... .... .

     H1- Walker A  motif     H1A

                                   CP
Hs         464  ---------LEDQLDKYDHWADRFEDLP----LYFMTFHGQQSIRTVIDTMQHAVYVYD--ICHVIIDNLQFMMGHEQLST------DRIAAQDYIIGVF
Mm         281  ---------LEEQLDKYEEWADRFEDLP----LYFMTFHGQQSIRSVIDTMQHAVYVYD--VCHVVIDNLQFMMGHEQLSS------DRIAAQDYIVGAF
Dm         431  ---------LDDRLHEFNHWAAEFERLP----LYFMTFHGQQPLKPVLEAIEHASYVHD--VMHVIIDNLQFMMGVSTFRG------DKFFEQDSIIAAF
Pcc        204  ---------LEKNIDLFDLYADKFELLP----LKFLKFHGSTNIDQVLDAMDYAVYAYD--VKHIIIDNLQFMLNINKFS-------DIYELQNIAIDKF
Ce         350  KNGIKLPLHRVEYSNSINSWLDRFERSS----SALTMLDSEEFMEKSINEIAIRIHVENSGIQHVVIDNLQFLINQGMMADEKSSGLDRFHLQDRFVGYM
T7         362  ---LRQSDSLKREIIENGKFDQWFDELFGNDTFHLYDSFAEAETDRLLAKLAYMRSGLG--CDVIILDHISIVVSASGES-------DERKMIDNLMTKL
consensus  501           ...... .......*....    .......... .  ... . .......  . ....*.......   ..       *.. ... ... .

     H2- Walker B  motif H3

Hs         543 RKFATDNNCHVTLVIHP------RKEDDDKELQTASIFGSAKASQEADNVLILQDRKLVTGPG--KRYLQVSKNRFDGDVGVFPLEFNKNSLTFSIPPKN
Mm         360 RKFATDNSCHVTLVIHP------RKEDDDKELQTASIFRSAKASQEADNVLILQDRKLVTGPG--KRYLQVSKNRFDGDVGVFP----------------
Dm         510 RSFATKHNVHVTLVMHP------RKERQEDELTTSSVFGTAKATQEADNVLIIQDKRLTSVRG--KKYLQIAKNRYSGDLGIMP----------------
Pcc        282 RSFSTNKNVHITLVVHP------RKE-DNNLLSISSVFGSVKSTQEADNVFIIQRQISKNNEA--VFFIDIKKNRFKGSLGRIPYLYNKENMTIKEMPIN
Ce         446 RQLATQNQIHITMVVHP------RKTDGDTEIDVQHFGGSARVTQEADNVIAIQRKRDDRDRSKFRKFLYILKNRYYGRR--------------------
T7         450 KGFAKSTGVVLVVICHLKNPDKGKAHEEGRPVSITDLRGSGALRQLSDTIIALERNQQGDMPN--LVLVRILKCRFTGDTGIAG----------------
consensus  601 . ... .........*.      .....................*..*...... ... . ..  ...... *.*. *.... .

H3         H4

Hs         635 KARLKKIKDDTGPVAKKPSSGKKGATTQNSEICSGQAPTPDQPDTSKRSK---
Mm         436 -----KIKDDNGLVAKKSSSGKKGAAAQNPEICLGQDPSPAQPDTSKSSG---
Dm         586 ------LEFD------------KDGLSYSTQIQNAKRKREKTPSEN-------
Pcc        373 YLN-DFLSNNGSIGGSSSNNYLNKNGSYSNVLQNISSASNNNMDFTLCDEYDY
Ce         520 ------VESDQLEMVFNPSTYSHTVVEFPNVIIQFYFLNIFFCFFLSPYYADT
T7         532 ------------YMEYNKETGWLEPSSYSGEEESHSESTDWSNDTDF------
consensus  701       .  .   ..   ... . . ... .. ..   .  .....

Fig. 2 Multiple sequence alignment of
C10orf2 protein with T7 gp4 and sev-
eral eukaryotic homologs. Full-length
proteins from human (Hs), P. chabaudi
chabaudi (Pcc, POM1), C. elegans (Ce),
D. melanogaster (Dm), phage T7 gp4
(T7) and partial protein based on EST
data from Mus musculus (Mm) were
aligned using a ClustalW server
(http://www.ebi.ac.uk/clustalw/) with
default settings. For clarity the C-termi-
nal part of POM1 is omitted. Asterisks
below the alignment indicate amino
acid identity in all species. Dots indicate
similarity or identity in at least half the
sequences. Identity is indicated by
black shading and similarity is indi-
cated by gray shading. Underlined
regions indicate conserved motifs
among ring helicases as well as the T7
gp4 linker-like region. A more thor-
ough alignment of the helicase domain
of C10orf2 protein with various phage
and eubacterial RecA and DnaB-like
proteins has been published21. The pri-
mase domain of T7 gp4 is indicated by
a dashed line. Amino acids mutated in
the various adPEO pedigrees are indi-
cated in boldface above the aligned
sequence. The sequence duplicated in
the Finnish adPEO family is indicated
with thick underlining.
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POLG27 and TFAM (J.N.S., unpublished data). We designate the
splice variant-encoded protein that lacks nucleoid localization
Twinky. A further EGFP reporter fusion protein with a larger C-
terminal truncation (amino acids 454–684) also shows uniform
mitochondrial fluorescence, which indicates that the C terminus
is necessary for nucleoid localization (data not shown).

Cells overexpressing Twinkle have a modestly increased
mtDNA helicase activity
Crude mitochondrial extracts from HEK293 cells show clear
ATP- or dATP-stimulated DNA helicase activity on an M13
oligonucleotide substrate (Fig. 5). Overexpression of FLAG-
tagged or untagged Twinkle (but not Twinky) consistently gives a
modest increase (51% ± 10%, n=4) in this activity. Addition of 10
mM EDTA to the assay mix completely abolishes helicase activity.
A second, forked M13 substrate with a longer stretch of double-
stranded DNA, as used to detect T7 gp4 helicase28, is not
unwound in the mitochondrial extracts. These properties are
similar to the DNA helicase activity described in purified bovine
mitochondria29. Affinity-purified Twinkle with a C-terminal
His6 tag shows no detectable helicase activity (data not shown).

Mutant Twinkle in individuals with chromosome 10q24-
linked adPEO
So far, two large adPEO families, one Finnish and one Pakistani,
show linkage to chromosome 10q24 (refs. 13,17, respectively).
Many genes mapping within this interval have already been

excluded, based on SSCP or sequencing of DNA from these fami-
lies30 (A. Suomalainen et al. and F.Y. Li et al., unpublished data).
Because C10orf2 maps within the critical interval, we analyzed the
5´ UTR, coding regions, splice junctional sequences and 3´ UTR of
the gene in affected and unaffected individuals from these families.
The Finnish proband reveals a heterozygous 39-bp duplication nt
1053–1092 counting from the ATG start codon), resulting in dupli-
cation of amino acids 352–364 of Twinkle. Polymerase chain reac-
tion (PCR) analysis of DNA from other family members shows
complete segregation of the duplication with the disease phenotype
(Fig. 6a). The Pakistani proband (IV:19; Fig 6b) shows a single, het-
erozygous, missense G→C transversion at bp 1423, resulting in an
amino acid change of Ala-475 to Pro (A475P). This point mutation
creates a HaeIII restriction site, and analysis of restriction digests of
amplicons from the family shows all affected family members to be
heterozygous for this mutation. Analysis of over 400 Finnish con-
trols for the duplication and 194 mixed controls including 88 of
Pakistani/Indian origin for the A475P-associated HaeIII site failed
to find either mutation.

In addition to these two families, we sequenced C10orf2 exons
and intron boundaries in ∼ 70 adPEO families where no significant
linkage data had been derived. Most of these families were of Italian
origin; a few were of British, Hungarian and American origin. We
identified nine additional heterozygous mutations: eight in Italian
families and one in a British family. We found one of the mutations
twice in supposedly unrelated families, but it originated from the
same geographic region of Italy (Web Table A). Genotype analysis
showed co-segregation in all these families (Fig. 6c,d shows two of
the larger Italian families). The large family 3 (Web Table A), with
the A359T mutation, shows multiple cases of consanguinity, with
two homozygous individuals having a more severe phenotype with
earlier onset than their heterozygous relatives. We did not detect
any of the mutations in appropriate control groups of 100 subjects.
(Fig. 2 and Web Table A summarize all mutations.) Remarkably, 8
of the 11 mutations cluster in a small region of about 30 amino
acids, corresponding to the linker region of the phage T7 gp4
between the primase and helicase domains. The exact function of
this region is unknown, although it shows 100% sequence identity
between human and mouse. However, mutations in this region
might affect subunit interactions, because the corresponding seg-
ment of the T7 protein is required for hexamerization31. Two of the
three other mutations, W474C and A475P, are in a moderately con-
served region between Walker motifs A and B of the helicase
domain. In the T7 gp4 they lie in an α-helix also implicated in sub-
unit interactions32. Mutation W315L is also in a moderately con-
served segment upstream of the linker region.

C10orf2 mutations do not affect Twinkle localization or
multimerization
To test whether mutations in Twinkle could interfere with mito-
chondrial (or nucleoid) targeting, we prepared two Twinkle-
EGFP fusion proteins equivalent to the 352–364 duplication and
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Fig. 3 Subcellular localization of C10orf2-EGFP fusion proteins. a–c, Subcellular
localization of full-length C10orf2-EGFP fusion protein (Twinkle-EGFP, a and c)
compared with Mitotracker Red (b and c) in 143B osteosarcoma cells. Punctate
green fluorescence always coincides with mitochondria, as confirmed by confocal
microscopy (j). d–f, Colocalization of the C10orf2 splice-variant protein fused to
EGFP (Twinky-EGFP, d and f), with Mitotracker Red (e and f) in 143B cells. Loss of
the C-terminal tail results in uniform mitochondrial fluorescence. g–i, Uniform
cytoplasmic localization of a C10orf2-EGFP fusion lacking the natural N terminus
(Twinkle∆N-EGFP, commencing at Met-22). The N-terminal 21 amino acids are thus
essential for mitochondrial localization. (j) Details from a confocal scanning laser
microscopy image combining green fluorescence of Twinkle-EGFP with red fluo-
rescence of Mitotracker Red. Twinkle fluorescence is clearly restricted to discrete
foci located within the thread-like mitochondria stained by Mitotracker. Note that
there are typically multiple Twinkle foci within each mitochondrion.
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W474C mutants. Both proteins show the same punc-
tate mitochondrial fluorescence as the wildtype pro-
tein fused to EGFP (data not shown).

To investigate whether adPEO-associated mutations
could interfere with multimerization of Twinkle, we
transfected FLAG epitope-tagged wildtype Twinkle,
Twinky, Twinkledup352–364 and TwinkleW474C mutant
variants into HEK293T cells. Ring helicases to which
T7 gp4 belongs form hexamers in vivo when bound to
DNA in the presence of Mg2+ and a nucleotide—for
example, dTTP (refs. 33,34). At high protein concen-
tration, dimers and higher order multimers form
spontaneously in vitro23,33. Western blot analysis (Fig.
7a) reveals wildtype Twinkle, Twinkledup352–364 and
TwinkleW474C as monomers with the expected molecular mass,
plus dimers, trimers and higher order multimers. Twinky pre-
sents as a monomer. Under less denaturing conditions (Fig. 7b),
wildtype Twinkle, like T7 gp4, mainly forms multimers in such
extracts, most prominently dimers, trimers/tetramers and hexa-
mers. Again, Twinky presents mainly as a monomer. Cotransfec-
tion with Twinkle-myc does not significantly alter the
multimerization pattern of Twinky-FLAG, which indicates that
the two C10orf2 products do not form heterooligomers. Neither
the duplication nor the W474C adPEO mutation affects Twinkle
multimerization.

The tissue specificity and late onset of the disorder indicate
that Twinkle mutations are likely to have only minimal, short-
term effects on mtDNA integrity in cell culture. We tested this by
Southern blotting DNA of cell lines from affected individuals.

mtDNA deletions were undetectable, even in a lymphoblastoid
cell line homozygous for the G1075A mutation (data not shown).
Deletions were also undetectable in HEK293 cells transiently
transfected with either wildtype or mutant (dup352–364) Twin-
kle (data not shown).

Discussion
We show here that individuals with chromosome 10q24-linked
adPEO have heterozygous mutations altering phylogenetically
conserved amino acids of Twinkle, a new mitochondrial protein
with striking similarity to phage T7 gp4. Twinkle colocalizes with
mtDNA in nucleoprotein complexes designated mitochondrial
nucleoids. Strict co-segregation with the disease identifies the
adPEO mutations as causal, although they do not affect Twinkle
nucleoid localization or multimerization. Most mutations cluster
in a segment of the protein corresponding to a region of T7 gp4
implicated in subunit interactions.

Structure and function of Twinkle
Twinkle has considerable similarity with T7 gp4, mostly in the
helicase domain, which supports the hypothesis that it could
function as a mtDNA helicase. Multiple sequence alignments
show that the putative helicase domain of Twinkle has the same
conserved organization as other members of the RecA/DnaB
superfamily, and invariant amino acids of this superfamily are
strictly conserved in Twinkle (see Fig. 2; ref. 21). These include
G420/K421 of the Walker A motif, which forms part of the NTP
binding and hydrolysis site, E445 of the H1A motif, D516 of the
Walker B motif and various other residues believed to be impor-
tant for helicase function. Twinkle forms multimers in vitro,
including hexamers, similar to those found for T7 primase/heli-
case and other ring helicases, with the hexamer being the func-
tional form of the enzyme. Inside mitochondria, Twinkle
colocalizes with mtDNA, as might be expected for a protein

Fig. 4 Colocalization of Twinkle-EGFP with EtBr-stained mtDNA.
a–c, Cells transfected with Twinkle-EGFP were treated with EtBr
to stain mtDNA. Some examples of clear colocalization of the
Twinkle-EGFP fusion protein with EtBr are indicated by arrows.
d–f, Colocalization of Twinkle-EGFP with Mitotracker Red in
(mtDNA-less) ρ° cells. Punctate green mitochondrial fluorescence
can still be observed even in the absence of mtDNA.
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Fig. 5 Enhancement of mitochondrial DNA helicase activity by transient
expression of Twinkle tagged (or untagged). Twinkle was overexpressed in
HEK293 cells by transient transfection. DNA helicase activity was measured in
crude mitochondrial lysates and compared with activity from mock-transfected
cells. a, Comparison of helicase activity (30 min) from mock-transfected
(pCMV4) and Twinkle-transfected (pCMV4-Twinkle) cells in the presence of var-
ious ribonucleotides. ATP (also dATP; data not shown) gave the most marked
stimulation. Twinkle-transfected cells showed a modest, but reproducible,
increase in activity. b, Time course of the ATP-stimulated DNA helicase activity
comparing mock-transfected and Twinkle-transfected cells.
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involved in mtDNA metabolism. In addition, cells overexpress-
ing Twinkle show a modestly increased ATP/dATP-stimulated
mtDNA helicase activity, indicating that Twinkle is an adenine
nucleotide-dependent DNA helicase similar to that previously
purified from bovine mitochondria29. Because transfection effi-
ciency in these cells is high, the weak enhancement of DNA heli-
case activity in transient transfection experiments probably
indicates that Twinkle requires other, limiting factors for full
activity. Alternatively, post-translational modification might reg-
ulate its activity but is not carried out efficiently in the overex-
pressed protein.

A role for Twinkle as a mitochondrial primase is less likely,
because primase domain motifs found in the N-terminal region
of phage T7 gp4 and bacterial and phage DnaG-like primases21,35

are not identifiable in Twinkle. Furthermore, very little overall
identity exists between the N-terminal regions of the various
Twinkle-like proteins in eukaryotes.

Localization of Twinkle in mitochondrial nucleoids
In fungi, plants and protozoa, large protein-mtDNA complexes
called nucleoids36–38 exist, which are probably also the functional
units of mtDNA segregation. DAPI staining of human cells shows
compact mtDNA-containing structures26. Based on the results pre-
sented above, Twinkle also localizes to such structures, which are
visible by EtBr staining in untransfected cells. By analogy with other
eukaryotes, we designate these structures mitochondrial nucleoids,

although their exact function(s) in mtDNA maintenance or parti-
tion remains to be elucidated. The fact that, based on similar
reporter assays, some other mitochondrial proteins involved in
DNA metabolism, such as POLG, are uniformly distributed within
mitochondria indicates that the latter may need to be recruited to
mtDNA by low-abundance proteins, perhaps in a temporally regu-
lated fashion. The number of fluorescent Twinkle foci per cell is
approximately constant for a given cell line but systematically dif-
ferent between cell lines. It is also significantly smaller than esti-
mates of mammalian mtDNA copy number39,40, which implies that
mtDNA nucleoids are multicopy with respect to mtDNA.

The variant polypeptide designated Twinky, which is not
nucleoid localized, lacks part of the helicase H4 motif plus the
polar C-terminal tail and does not efficiently form multimers in
vitro. Although the H4 motif has been implicated in DNA bind-
ing28, the fact that punctate mitochondrial fluorescence can still
be observed when full-length Twinkle is expressed in ρ° cells sug-
gests that these punctate structures are determined by multimer-
ization or the C-terminal domain instead of just DNA binding.

Pathogenic mechanism of C10orf2 mutations in adPEO
We have identified 11 different C10orf2 mutations in 12 adPEO
families. The following evidence supports the idea that the
mutations are of pathogenic significance in adPEO, thus specify-
ing Twinkle as the 10q24 adPEO gene: their absence from ethni-
cally matched controls, their occurrence within phylogenetically

Fig. 6 Twinkle mutations and segregation analysis in large adPEO pedigrees In each pedigree mutations were initially identified by direct sequencing of genomic
DNA from at least one individual. Other individuals were screened either by PCR for the duplication (Finnish pedigree, a) or by restriction fragment length poly-
morphism PCR for the other mutations (b–d). a, Finnish family. All second- and third-generation members indicated were analyzed by PCR with primers flanking
the duplication site. All affected individuals were heterozygous, whereas the larger allele could not be amplified from healthy family members or 400 controls. b,
Pakistani family. The np G1423C (A475P) mutation creates a HaeIII site, giving two additional products in mutant heterozygotes. C, control PCRs. Family members
analyzed are indicated by asterisks. Note that family tree and analysis results are not aligned. For other details of the pedigree refer to Li et al13. c,d, Italian
adPEO families 2, G1061C (R354P) and T1142C (L381P), were genotyped by restriction fragment length polymorphism PCR.
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conserved regions at least among all metazoans and frequently
also in T7, their largely nonconservative nature and their strict
co-segregation with disease in all the families analyzed. The pat-
tern of largely private mutations is as expected for a rare, domi-
nantly inherited disorder.

None of the adPEO-associated mutations affects amino acids
corresponding to those known to be catalytically essential for
helicase activity in T7 gp4, although two are present within the
putative helicase domain. All the disease mutations lie in a region
implicated in subunit interactions in T7 gp4 (refs. 31,32,41,42),
although neither of the disease mutations tested affects multi-
merization in vitro. In fact, the A257T mutation in T7 gp4, which
is analogous to Twinkle A359T, appears to stabilize multimers in
vitro28,31. Assuming that Twinkle functions in vivo as a multimer,
heterozygosity for a mutation affecting subunit interactions, even
in a subtle manner, could have dominant-negative effects on the
catalytic properties of the enzyme. Based on the observation that
the T7 gp4 A257T mutant exhibits enhanced dNTPase activity,
most marked with dTTP in the absence of substrate DNA28, we
prefer a gain-of-function hypothesis. If A359T or other adPEO
mutations in Twinkle also causes enhanced dNTP breakdown, an
attractive parallel would exist with the two other genetic defects
so far identified in multiple mtDNA deletion disorders. Both of
these affect proteins involved in nucleotide metabolism: thymi-
dine phosphorylase in MNGIE, an enzyme of the dTTP salvage
pathway20, and ANT1 in chromosome 4q-linked adPEO, which
could influence intramitochondrial deoxynucleotide levels19. A
functional deficiency of dNTPs could impair the processivity of
mtDNA replication, creating a higher concentration of 3′ ends
that would be substrates for illegitimate recombination. Because
mtDNA deletions in tissues can be clonal14 and cell lines from
affected individuals or cells that transiently overexpress mutant
Twinkle do not have detectable levels of these molecules, deletion
events should be rare and probably limited to postmitotic tissues.

Many other possibilities remain. Healthy individuals also har-
bor the types of mtDNA rearrangement found in adPEO at low
levels, and we previously suggested that their accumulation in
pathological states could result from an increased rate of their
generation, a reduced rate of their clearance, or an alteration in
their selective value43. Repeated unequal partition combined
with the slight replication advantage of rearranged mtDNAs or
even just a defect in mtDNA repair, promoting enhanced mtDNA
turnover, could favor the progressive accumulation of deleted
molecules in a mosaic fashion, especially within postmitotic tis-
sues such as muscle. Either a mtDNA repair defect or a replica-
tion-stalling mechanism is also suggested by the association of a
POLG mutation in a highly conserved residue with adPEO in a

Belgian pedigree44. There are precedents for involvement of
RecQ-type helicases in disorders of nuclear DNA repair45, and
mutants in the yeast RecQ-like helicase SGS1 accumulate extra-
chromosomal ribosomal DNA minicircles46.

Clinical implications
Within the largely outbred Italian population, we found C10orf2
mutations in approximately 15% of cases of familial PEO show-
ing multiple mtDNA deletions. Mutations in ANT1 account for
an even smaller proportion of Italian adPEO families19. This
strongly implies additional genetic causes for the disorder.

The individuals of the adPEO family with the most drastic muta-
tion, giving the 13 amino acid duplication, had severe retarded
depression and avoidant personality features in addition to PEO.
Three autopsies from family members showed the highest amounts
of deleted mtDNA in the cerebral cortex and basal ganglia (∼ 60% of
total mtDNA), followed by skeletal muscle and heart, with only
small amounts in kidney47. However, this distribution does not cor-
respond exactly with the pattern of Twinkle expression, arguing for
variable sensitivity of different tissues to Twinkle dysfunction.

The evidence that Twinkle mutations can cause adPEO indi-
cates that the activity of the protein is required for maintaining
mtDNA integrity during life. With appropriate model systems, in
which we systematically manipulate ANT1 and C10orf2 expres-
sion, it should be possible to establish the roles of these genes in
mtDNA replication and maintenance, leading to an understand-
ing of adPEO pathogenesis.

Methods
DNA samples. We obtained DNA and tissue samples from affected individu-
als and healthy family members with informed consent. The proband of fam-
ily 4 (Web Table A) presented with chronic PEO and respiratory failure. Previ-
ously we described Finnish family 12 and Pakistani family 11 in detail13,47.
The proband of family 3 is from a village in Sardinia and belongs to a large
family with multiple consanguinity and numerous affected individuals. The
mutation segregated in all 17 affected individuals tested; 15 were heterozygous
for the mutation, and 2 were homozygous, with a more severe clinical pheno-
type and earlier onset (G.P.C. and M.Z., unpublished data). We used a salting
out procedure to extract DNA from blood lymphocytes48.

Cell culture and transfection. We cultured HEK293T, 143B osteosarcoma
and A549 adenocarcinoma cells as described27. We seeded cells transfected
in six-well plates 1–2 days before transfection at 40–70% density. Transfec-
tion used 10 µl of lipofectamine (Gibco) for 293T and A549 cells diluted in
1 ml of Opti-MEM (Gibco) according to the manufacturer’s protocol. Five
hours after transfection, we added 2 ml of fresh medium and replaced it 24
h after transfection. For 143B cell transfection, we used FuGENE 6 (Roche)
according to the manufacturer’s specifications.

Fig. 7 Multimerization of Twinkle
and its variants. a, Western blots
(SDS–10% PAGE) of FLAG-tagged
Twinkle, Twinky and Twinkle variants
carrying the W474C and dup352-364
adPEO mutations. Wildtype or
mutant Twinkle forms dimers,
trimers and higher order multimers
under these conditions, whereas
Twinky is almost exclusively in the
monomeric form. b, Western blots
(low percent SDS–6% PAGE) of the
same variants. Twinkle multimers
predominate, and their formation is
essentially unaffected by adPEO
mutations. Twinky multimerization is
weaker, even in the presence of
coexpressed Twinkle-myc.
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Monitoring GFP reporter gene expression. Mitotracker Red staining, cell
preparation and fluorescence microscopy were done as described27. We
adapted in vivo staining of mtDNA with EtBr from published protocols24,25

but used longer incubation. Cells grown on coverslips were incubated for 2
h with EtBr at 1 µg/ml in culture medium at 37 °C, washed twice with
medium, allowed to stand for 10 min, washed twice with phosphate-
buffered saline (PBS), mounted in PBS containing 5% sucrose and exam-
ined by fluorescence microscopy. For confocal scanning laser microscopy,
we used a Perkin Elmer/Wallac UltraView LCI system.

PAGE and western blotting. Standard SDS–PAGE used 7.5–12% polyacry-
lamide gels49 as described previously27. Minimally denaturing SDS gels
(6% polyacrylamide) used 0.02% SDS instead of the usual 0.1%. For these
gels, we mixed 40 µg of protein 1:1 just before loading with a 1:10 dilution
of the standard SDS sample buffer in 12% glycerol that was not heat dena-
tured. Native PAGE markers were from Amersham/Pharmacia. We used
standard methods for western blotting27. Primary antibodies used were
mouse anti-myc monoclonal antibody 9E10 (Boehringer Mannheim),
1:15,000 dilution of a 5 mg/ml stock, and mouse anti-FLAG M2 mono-
clonal antibody (Stratagene), 1:5,000 dilution of a 2 mg/ml stock.

Cell lysis. Cell pellets for PAGE were diluted in PBS, lysed by the addition of 1
vol of digitonin (4 mg/ml), vortexed and kept on ice for 15 min. Six volumes
of PBS were added and samples were centrifuged for 10 min at 16,000gmax at 4
°C. Pellets were washed once with PBS, further lysed by adding PBS contain-
ing 1.5% (w/v) lauryl maltoside and 2.5 mM phenylmethylsulfonyl fluoride,
vortexed, kept at 4 °C for 15 min and centrifuged at 16,000 gmax for 1 min at 4
°C. Supernatants were stored at –80 °C or used immediately.

DNA helicase activity measurements. Mitochondria were isolated and lysed
as described27. We measured DNA helicase activity at 37 °C (ref. 29) in 25-µl
reaction mixtures containing 0.5–1 nM M13 substrate and 10 µg of mito-
chondrial protein. The substrate comprised 80 nM end-labeled M13 universal
oligonucleotide (17 nucleotides) and 50 nM M13mp18(+) single-stranded
DNA in 50 mM NaCl, 40 mM Tris-HCl (pH 7.5), heated at 75 °C for 5 min,
cooled slowly to 30–37 °C and purified on a Centricon 100 column. We
stopped reactions by adding 6 µl of agarose gel buffer containing 100 mM
EDTA and 0.3% SDS. We separated the M13 substrate and unwound oligonu-
cleotides with native 10% PAGE, analyzed them by phosphorimaging and cal-
culated activity as the ratio (unwound oligonucleotide)/(total substrate).

Miscellaneous DNA and RNA manipulations. Total cellular RNA isolation
used TRIzol reagent (Life Technologies) according to the manufacturer’s rec-
ommendations. Poly(A) mRNA isolation used the Oligotex mRNA isolation
kit (Qiagen). We synthesized cDNA with random hexamers in combination
with M-MLV reverse transcriptase (GibcoBRL) or with the first-strand cDNA
synthesis kit (Amersham Pharmacia) according to the manufacturer’s recom-
mendations. We synthesized northern hybridization probes by random-
primed labeling of full-length cloned cDNA in the presence of [α-32P]dCTP
(Amersham; 3,000–6,000 Ci/mmol) and hybridized them to the human
eight-lane MTN blot (Clontech) in ExpressHyb solution according to the
manufacturer’s instructions. The manufacturer provided the β-actin probe.
After hybridization, we autoradiographed membranes at –70 °C overnight.
PCR amplification of Twinkle genomic or cDNA used routine protocols.
Genomic oligonucleotides were as follows: for exon 1, Tw-5´ UTR2 (GTTTG-
GTCTAGTGAAGGCACG) and Tw-In1R (CCCACTTGCTTTTGTCAC
CTG); for exon 2, Tw-In1F (GTCTTGGTTTCAAGGGTAGG) and Tw-In2R
(GATATGTCTGGGAAAGCAAGG); for exons 3+4, Tw-In2F (GGTGGTC-
TAGAGACAACTTG) and Tw-In4R (GGACAGTCAAGACGATTAAGG); for
exon 5, Tw-In4F (CTTTCTGCTTTGCTCATGTCC) and Tw-3´ UTR1
(CCTTGCAGAGTTTTATGCTCC). We column-purified PCR products for
genomic sequencing (Qiagen PCR purification kits) and used cycle sequenc-
ing with the same oligonucleotides as for PCR plus the following additional
exon 1-specific oligonucleotides: Tw-Ex1-1 (AGTGGATGGGTCG-
GAGGGGC), Tw-Ex1-2 (GCAGAGAAAGTGGCCTGTGG), Tw-Ex1-3
(CCAGAATTTGAGGACAGCGAG) and Tw-Ex1-4 (CTTACCCCCTGCCT-
TACTCC). Sequencing used dye-terminator chemistry on Perkin Elmer ABI
310, 377 or 3100 instruments, with kit reagents supplied by the manufacturer.
We amplified full coding-region cDNA with oligonucleotides EcoRI/Tw-1F
(CCGGAATTCTAGGAATGTGGGTCCTCCTCC) and HindIII/Tw-1R (CCC
AAGCTTCTTTGAACGCTTGGAGGTGTCTG) or SacII/Tw-1R (AGCCGC

GGCTTTGAACGCTTGGAGGTGTC). We cloned cDNAs with the appro-
priate restriction enzymes in vector pEGFP-N1 (Clontech),
pcDNA3.1(–)/MycHisA (Invitrogen) or pCMV-Tag4 (Stratagene) by stan-
dard procedures. Complete sequencing of the insert and flanking sequences
verified all constructs.

Genotyping. We identified all disease mutations by direct DNA sequencing
of DNA samples on both strands. To detect the 39-bp duplication in the
Finnish family, the 3´ end of exon 1, we amplified from the genomic DNA
with primers Tw-duplF (ACGATGCTTCTTGGTGCGACC) and Tw-duplR
(CGAAGCTGCCGGAAAGATACG), using Dynazyme II DNA polymerase
(Finnzymes, Finland) according to the manufacturer’s instructions. The
duplication altered the product size, visualized on 1.5% agarose gels, from
138 to 177 bp. To exclude it as a common polymorphism, we analyzed 40
pooled DNA samples of 10 control subjects each. The G-to-C mutation at
position 1423 creates a new recognition site for HaeIII. We amplified a 413-
bp exon 2 PCR fragment with oligonucleotides Tw-ex2-1F (CTCCTCACC
CAGGTCTGTTC) and Tw-ex2-1R (CCCTGCCCTCTCATTCTTTG).
Digestion of the wildtype product of 413 bp gave two fragments of 378 and
35 bp and mutant heterozygotes gave extra fragments of 201 and 177 bp.
G1061C creates an AvaII site by using the diagnostic oligonucleotide
(CTGGAGGCCCTGACGGAGGCTTCAATCTTGGTC; deviations from
wild type are in underlined italics) and Tw-In1R (see above). AvaII diges-
tion of the resulting 283-bp PCR product gives two fragments of 249 and
34 bp only for the mutant allele. T1142C creates an AvaII site by using the
diagnostic oligonucleotide (TTCCGGCAGCTTCGGGAGGAGGTGCTAG
GAGGAC) and Tw-In1R. AvaII digestion of the resulting 203-bp PCR frag-
ment gives two fragments of 171 and 32 bp only for the mutant allele. We
used similar procedures to detect other mutations. Agarose or polyacry-
lamide gel electrophoresis visualized all products.

GenBank accession numbers. Twinkle, AF292004; Twinky, AF292005;
C10orf2, AL133215. P. chabaudi chabaudi POM1, PDB AAA84746, C. ele-
gans hypothetical protein F46G11.1, PDB T16375; D. melanogaster
CG5924 gene product, PDB AAF52820. A possible Twinkle homolog can
also be found in the fission yeast S. pombe (see Sanger Centre database
entry SPCC830.03).
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ABSTRACT

Autosomal dominant and/or recessive progressive
external ophthalmoplegia (ad/arPEO) is associated
with mtDNA mutagenesis. It can be caused by
mutations in three nuclear genes, encoding the ade-
nine nucleotide translocator 1, the mitochondrial
helicase Twinkle or DNA polymerase g (POLG). How
mutations in these genes result in progressive
accumulation of multiple mtDNA deletions in post-
mitotic tissues is still unclear. A recent hypothesis
suggested that mtDNA replication in®delity could
promote slipped mispairing, thereby stimulating
deletion formation. This hypothesis predicts that
mtDNA of ad/arPEO patients will contain frequent
mutations throughout; in fact, our analysis of
muscle from ad/arPEO patients revealed an age-
dependent, enhanced accumulation of point muta-
tions in addition to deletions, but speci®cally in the
mtDNA control region. Both deleted and non-
deleted mtDNA molecules showed increased point
mutation levels, as did mtDNAs of patients with a
single mtDNA deletion, suggesting that point muta-
tions do not cause multiple deletions. Deletion
breakpoint analysis showed frequent breakpoints
around homopolymeric runs, which could be a sig-
nature of replication stalling. Therefore, we propose
replication stalling as the principal cause of deletion
formation.

INTRODUCTION

Human mitochondrial DNA (mtDNA) is maintained in
multiple copies in each mitochondrion, and is present in
thousands of copies per cell in most human tissues. mtDNA is
organized in protein±DNA complexes often referred to as
nucleoids (1,2). Sporadic germline and maternally inherited

mutations of mtDNA, including single deletions/duplications
and point mutations, are a frequent cause of human disease (3).

A unique group of disorders is associated with mtDNA
depletion (4,5) or multiple deletions of mtDNA in somatic
cells, but is primarily caused by defects in nuclear genes. The
nuclear background of these syndromes, autosomal dominant
or recessive progessive external ophthalmoplegia (ad/arPEO)
with multiple mtDNA deletions (6,7), and mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE) (8,9), is
starting to unravel. PEO in its mildest form presents as
external eye muscle weakness, eye lid ptosis and skeletal
muscle weakness. To date, mutations in three nuclear genes
have been linked to this disorder. These include the muscle-,
brain- and heart-speci®c isoform of the adenine nucleotide
translocator (ANT1) (10), C10orf2 encoding the mitochondrial
helicase Twinkle (11,12), and the mitochondrial DNA
polymerase g gene, POLG (13). ArPEO has been associated
exclusively with compound heterozygous mutations in POLG
(13,14). In addition, recessive POLG mutations are associated
with more severe or complex disorders (15,16).

The most frequently reported mutation in POLG, Y955C,
occurs, at the active site of its polymerase domain. In vitro
analysis of the enzymatic properties of this mutant protein has
led to a suggestion that reduced POLG ®delity could
precipitate adPEO (17,18). However, POLG proofreading
was also shown to be capable of counteracting in®delity
resulting from the Y955C mutation in the polymerase motif B.
In addition, the Y955C mutation resulted in a 45-fold
decreased af®nity for dNTPs (17), suggesting that under
conditions of nucleotide limitation, replication stalling could
occur. This effect might be enhanced at replication of short
homopolymeric runs, frequently occurring in mtDNA.

MNGIE is caused by mutations in the gene ECGF1,
encoding cytoplasmic thymidine phosphorylase (19). This
protein is involved in the nucleoside/nucleotide salvage
pathway, which is important for nucleotide homeostasis in
post-mitotic cells and dividing cells outside the S phase.
ECGF1 mutations in MNGIE are generally loss-of-function
mutations resulting in enhanced levels of thymidine and
deoxyuridine in, for example, plasma (20,21). Interestingly, in
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cultured skin ®broblasts, this appears to result in site-speci®c
point mutations in mtDNA mostly affecting residues preced-
ing runs of Ts in the de novo synthesized strand (21). Most
mutations could be explained by a next nucleotide effect and a
slippage mechanism in homopolymeric A±T runs. mtDNA
deletions are usually not observed in cultured skin ®broblasts,
but are prominent in skeletal muscle of MNGIE and PEO
patients. Conversely, site-speci®c point mutations were
demonstrated at very low levels in skeletal muscle of the
MNGIE patients, while being prominent in ®broblasts (21).
Recent deletion mapping of mtDNA of a MNGIE patient
showed both perfect and imperfect direct repeats ¯anking
some of the more frequent deletions (22). Microdeletions
within the longer imperfect direct repeats were also observed.
The data were considered to be most compatible with a
homologous recombination mechanism, because that could
possibly explain features, such as the microdeletions, via
branch migration.

In order to study how multiple mtDNA deletions are
provoked in ad/arPEO, we sequenced regions of mtDNA of
PEO patients with mutations in either POLG or Twinkle, and
related the ®ndings to the pathogenic mechanism. The results
do not support a generalized decrease in mtDNA replication
®delity in either POLG or Twinkle patients. Rather, deletion
breakpoint mapping suggests stalling at regions of dif®culty

for DNA polymerases, such as homopolymeric runs and
microsatellite-type repeats, and the additional involvement of
the replication fork barrier at bp 16 070, as a primary cause of
mtDNA deletion formation.

MATERIALS AND METHODS

Patient samples

Table 1 describes the patient material used in this study. PEO-
affected individuals 1, 2, 6 and 7 and sample preparation were
described previously (13,23). Patients 3±6 were described
elsewhere (24). Controls D1±5 are sporadic patients affected
by PEO (D1±4) or mild Kearns Sayre syndrome (KSS) (D5)
but carrying a single mtDNA deletion; all patients were adults
at the time of biopsy except for patient D5 who was 5 years of
age. Healthy controls 1±6 are unaffected relatives of PEO
patients 3±5 (Fig. 1A), controls 1±5 being brothers and sisters,
thus sharing the same mitochondrial background, and control
6 being a distant paternal relative. Healthy controls, 7±10 are
all direct relatives of patients 7±11 all sharing mtDNA
transmitted through the same maternal line (Fig. 1B). External
eye muscle from patient 6 has been treated as skeletal muscle
in the statistical analysis comparing the healthy controls with
PEO patients. All the samples have been taken in accordance
with the Declaration of Helsinki and with informed consent.

Table 1. Patient description and materials

Patient Mutation Tissue (mtDNA) Age Reference

1 POLG R3P/A467T Skeletal muscle 60 (13)
2 POLG Y955C Skeletal muscle 48 (13)
3 POLG Y955C Skeletal muscle 39 (24)
4a POLG N468D/A1105T Skeletal muscle 50 (24)
5a POLG N468D/A1105T Skeletal muscle 44
6a POLG N468D/A1105T Skeletal muscle 34
7a 352±364 AA duplication Twinkle Extraocular eye muscle 73 (23)
8a 352±364 AA duplication Twinkle Skeletal muscle 60
8a 352±364 AA duplication Twinkle Frontal cortex 60
9a 352±364 AA duplication Twinkle Skeletal muscle 33

10a 352±364 AA duplication Twinkle Skeletal muscle 31
11a 352±364 AA duplication Twinkle Skeletal muscle 20
1L POLG R3P/A467T Blood lymphocytes 60 (13)
2L POLG Y955C Blood lymphocytes 48 (13)

Controls
D1 Single mtDNA deletion Skeletal muscle 60
D2 Single mtDNA deletion Skeletal muscle 48
D3 Single mtDNA deletion Skeletal muscle 35
D4 Single mtDNA deletion Skeletal muscle 40
D5 Single mtDNA deletion Skeletal muscle 5
1a None Skeletal muscle 32
2a None Skeletal muscle 36
3a None Skeletal muscle 51
4a None Skeletal muscle 53
5a None Skeletal muscle 55
6b None Skeletal muscle 72
7a None Skeletal muscle 32
8a None Skeletal muscle 55
9a None Skeletal muscle 62

10a None Skeletal muscle 66

Age of patients refers to the age at the time of the biopsy.
aPatients and controls indicated in Figure 1.
bControl 6 is a distant paternal relative of the POLG N468D/A1105T family members. Patients 1±3 and all
single deletion cases are unrelated.
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PCR ampli®cation, cloning and sequencing

Parts of the mtDNA control region and cytochrome b gene (cyt
b) were PCR ampli®ed using the primers shown in Table 2a,
yielding a 576 bp (control region) or a 654 bp (cyt b) fragment.
Reactions were performed in a 50 ml volume containing 100 ng
of total genomic DNA template, 1.5 U of Pfu DNA
polymerase (Promega), 250 mM dNTPs, 10 mM of each
primer, and the buffer supplied by the manufacturer. The
ampli®cation conditions were as follows: initial denaturation
of 2 min at 95°C; 21 cycles of 30 s at 95°C, 1 min at 57°C and
2 min at 72°C; ®nal extension step of 10 min at 72°C. mtDNA
deletions were PCR ampli®ed using various primer pairs
shown in Table 2b, yielding multiple fragments according to
the sizes of the deletions. Reactions were as above but with 5%

dimethylsulfoxide, 20 mM of each primer, and the buffer
supplied by the manufacturer. The ampli®cation conditions
were: initial denaturation of 2 min at 93°C; 29 cycles of 30 s at
93°C, 1 min at 57°C and 7 min at 72°C; ®nal extension step of
15 min at 72°C. Following PCR ampli®cation, control region
and cyt b fragments as well as the deletion-containing PCR
products were cloned using the TOPO Zero-Blunt PCR
cloning kit (Invitrogen). Plasmids from individual bacterial
colonies were puri®ed using the Macherey±Nagel Nucleospin
Robot-96 plasmid kit on a Tecan multipipetting robot, and
veri®ed for the presence of inserted fragments by restriction
digestion and agarose gel electrophoresis. The plasmids
carrying the inserts were sequenced on an ABI Prism 3100
DNA sequencer, using BigDye terminator chemistry (Applied
Biosystems) and M13 forward and reverse oligonucleotides as

Figure 1. Pedigrees of PEO families. (A) POLG N468D/A1105T pedigree including patients 3±5 and controls 1±5 (see also Table 1). Black symbols indicate
affected family members, white symbols unaffected ones, and the gray symbol indicates unknown disease status of a subject. A slash over a symbol denotes
deceased individuals. (B) Twinkle dupAA352±364 pedigree including patients 7±11 and controls 7±10. Numbers below patient numbers indicate age at the
time of biopsy.

Table 2. PCR primers for mtDNA ampli®cation

Sequence 5¢®3¢ 5¢ start Location

(a) Short oligonucleotide primers for fragment ampli®cation of the mtDNA control region and cyt b used for sequencing
35L 5¢-GGAGCTCTCCATGCATTTGG-3¢ 35 Control region D-loop
611H 5¢-CAGTGTATTGCTTTGAGGAGG-3¢ 611 Control region D-loop
14682L 5¢-CACGGACTACAACCACGACC-3¢ 14 682 Cyt b
15516H 5¢-GTATAATTGTCTGGGTCGCCTAGG-3¢ 15 516 Cyt b

(b) Primers used for ampli®cation of multiple mtDNA deletions
FR31 5¢-CTTCCCACAACACTTTCTCGGCCTA-3¢ 7177 COX I
611H/l 5¢-CAGTGTATTGCTTTGAGGAGGTAAGCTACATAA-3¢ 611 Control region D-loop
15996H 5¢-GCTTTGGGTGCTAATGGTGG-3¢ 15 996 tRNAPro

15516H 5¢-GTATAATTGTCTGGGTCGCCTAGG-3¢ 15 516 Cyt b
14338H 5¢-GGTGGTTGTGGTAAACTTTAA-3¢ 14 338 ND 6

Numbers refer to the Cambridge reference sequence (25). L and H refer to the strand of the sequence, not to the complementary strand.
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well as mtDNA-speci®c oligonucleotides. Sequences were
analyzed using the SeqManÔII program of DNASTAR.
Differences from the Cambridge reference sequence (25)
present in all clones, and for patients 1 and 2 present in
leukocyte mtDNA, were discarded as polymorphisms. In
addition, the control region homopolymeric D310 tract was
deliberately excluded from our analysis since it is highly
polymorphic (see http://www.mitomap.org/). Rare
1±2 bp insertions or deletions are included with point mutation
counting, but the small duplications identi®ed in patients 1, 3
and 4 were not. Repeated PCR cloning and sequencing of one
of the samples showed good reproducibility. Full-length and
deleted mtDNA sequence features such as base composition,
nucleotide word counts, palindrome and direct repeat searches
were performed with the Java interface (J)EMBOSS package
(26) at http://www.hgmp.mrc.ac.uk/Software/EMBOSS/
Jemboss/.

RESULTS

High mutation levels in the control region of muscle
mtDNA from PEO patients

To determine the point mutation levels of mtDNA from ad/
arPEO patients with multiple deletions, we sequenced mtDNA
from PEO patients' tissues, healthy controls and patients with
single sporadic deletions, followed by cloning and sequencing
of individual plasmids, and comparison with the Cambridge
reference sequence to score mutations. It is important to note
here that all of the healthy controls except control 6 were close
relatives of the patients 3±5 and 7±11 (see Fig. 1 and Table 1
for family pedigrees and additional patient information).
Therefore, their maternally inherited mtDNA was similar, and
the possible differences in mtDNA seen between controls and
patients are due to the inherited nuclear factors.

We analyzed two regions of mtDNA, a fragment of the
control region that includes part of the D-loop [nucleotides
35±611 of the Cambridge reference sequence (25)] and a
fragment of the cyt b gene (nucleotide 14 682±15 516). The
mutation level was de®ned as the number of different
mutations per 10 kb of sequenced cloned fragments of the
control region. This is a measure of sequence variability, but
not necessarily a strict measure of mutation burden since
repeated clones with an identical mutation are not counted
separately (see also below). The Twinkle/PEO patient samples
included several relatively young individuals, one of whom,
patient 11 (Fig. 1), had not yet presented disease symptoms at
the age of biopsy. The biopsy DNA sample had, however,
shown weak multiple mtDNA deletions by Southern blot and
clear deletions by long-range PCR (23). The youngest patients
had the lowest levels of control region point mutation of the
patient samples, with levels being similar to those of elderly
controls (Fig. 1). With increasing age (>35 years), control
region mtDNA of PEO patients showed a signi®cantly higher
mutation level (P < 0.0002) than that of the control samples
(>35 years) (Fig. 2A, B and G). The mutation level in patients
ranged from 1.6 (patient 11) to 6.3 (patient 7) mutations/10 kb,
whereas in the 10 healthy control individuals of varying ages,
the level was lower than 2.2 mutations/10 kb (controls 1±10),
closer to the PCR-induced mutation background for Pfu
polymerase (27). A weak tendency to higher mutation levels

with increasing age was observed in the controls (Fig. 2H),
while the ad/arPEO patients showed a strong increase of
control region mutations during aging (Fig. 2H). Three
additional controls, from patients with a sporadic single
mtDNA deletion, showed mutation levels of 4.3, 2.1 and 1.7
mutations/10 kb, which is higher than the levels in controls of
a similar age (Fig. 2H). Point mutation levels in leukocyte
DNA of two PEO patients (1L and 2L) were much lower than
in muscle DNA, comparable with controls.

Analysis of the sequence data revealed that mutations found
in the control region were not randomly distributed and
recurred in several clones from the same patient, suggesting
that a considerable proportion of mtDNAs carried these
mutations (Fig. 3). The amount of mutant A189G was veri®ed
by Genescan analysis and found to be in good agreement with
the levels based on the frequency of the mutation in the cloned
fragments (data not shown). The total mutation load was
calculated by counting the total number of all clones of a
sample with one or more mutations. This is a direct measure of
the percentage of the total mtDNA population with one or
more point mutations (Fig. 2C and D). This analysis of total
mutant load showed that in the tissues of PEO patients, 5%
(patient 11) to 96% (patient 2) of mtDNA carried control
region mutations (Fig. 2C), whereas in the controls this load
was <7% for most samples (Fig. 2D), except for three of the
oldest individuals who showed a mutant load of between 18
and 25%. Similar to the mutation level analysis, total mutant
load in PEO patients was always higher than that of controls of
a similar age. Two of ®ve single deletion patients also showed
a higher percentage of mutant fragments than did controls of a
similar age. mtDNA from leukocytes of POLG-PEO patients 1
and 2 showed similar values to control muscle mtDNA (2L,
3%; 1L, 6%).

Comparable low mutation levels in the cyt b region in
muscle mtDNA from PEO patients and controls

Contrary to the mtDNA control region, no statistically
signi®cant differences were observed in mutation levels
between patients and controls in the cyt b region (Fig. 2E
and F). The mutation levels in patients ranged from 0.2
(patient 3) to 1.4 (patient 8) mutation/10 kb. In skeletal muscle
from the 10 healthy individuals and lymphocyte mtDNA from
patient 1, the mutation levels were also within this range. Total
mutation loads revealed no difference between PEO patients
and controls (data not shown). Partial analyses of other
mtDNA regions, COX I (7203±7445) and HVR1 (16 000±
16 569), showed levels in PEO patients comparable with those
observed for the cyt b region (not shown). Similar results to
those in skeletal muscle were obtained in mtDNA control
and cyt b regions in brain and extraocular muscle of one of
the Twinkle/PEO patients (see also Fig. 2). However, no
appropriate controls were available for these two tissues.

Distribution of heteroplasmic control region mutations

The heteroplasmic control region mutations found in the
patients were non-randomly distributed (Fig. 3). In POLG/
PEO patients, the majority of mtDNA mutations (86%)
accumulated in the region from nucleotide 150 to 250,
particularly close to the presumptive heavy strand replication
origin OH and in conserved sequence block I (CSB I). Speci®c
mutation hotspots at the area could be identi®ed (Fig. 3B).
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Figure 2. Point mutation levels in the control and cyt b region of PEO patient muscle mtDNA. (A and B) Number of different mutations detected per
10 kb of control region mtDNA in PEO patients (A) and in different types of controls (B). Numbers above the bars indicate the age at the time of biopsy.
(C and D) Number of cloned mtDNA control region fragments carrying at least one point mutation in PEO patients (C) and in controls (D), expressed as a
percentage of the total number of clones that were sequenced. (E and F) Number of different mutations detected per 10 kb of cyt b gene sequence in PEO pa-
tients (E) and in controls (F). Patients and abbreviations: 1±6, POLG/PEO patients, skeletal muscle; 7EM, Twinkle/PEO patient, extraocular muscle; 8FC,
Twinkle/PEO patient, frontal cortex; 1L, 2L, POLG/PEO patients 1 and 2, leukocytes; D1±D5, patients with sporadic single mtDNA deletions, skeletal muscle;
C1±C10, healthy control samples, skeletal muscle. (G) Number of different control region mutations in muscle mtDNAs of PEO patients >35 years old
grouped together, and in the >35-year-old controls. The probability (P) of both groups being identical was calculated using the unpaired Student's t-test. The
indicated results show that mutation level differences between both groups are highly signi®cant. (H) Mitochondrial control region mutation levels in PEO
patients (®lled diamonds), healthy controls (open circles) and single deletion controls (+), related to the age at the time of biopsy, based on the values also
indicated in (A) and (B). Lines for the PEO patients and healthy controls indicate trend lines.
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Most striking were the mutations found in PEO patients 1 and
2, carrying the recessive POLG R3P and A467T mutations in
the compound heterozygous state, and the dominant Y955C
POLG mutation, respectively. Patient 1 had several duplica-
tions (2±32 bp, Supplementary ®g. 1B available at NAR
Online), partly overlapping with CSB I. Patients 3 and 4
each also showed one clone with a small duplication

(Supplementary ®g. 1B). Patient 2 presented an A to G
transition `hotspot' close to OH at nucleotides 178, 183 and
189 (~20% heteroplasmy). In addition, based on the leukocyte
mtDNA sequence, patient 2 had the less common 185A
polymorphism. This polymorphic nucleotide 185 also
appeared as an A to G transition hotspot in this patient.
Although several clones showed two of these transitions, most

Figure 3. Non-random distribution and heteroplasmy levels of control region mutations. (A) Diagram of the mtDNA control region and mutational hotspots.
Abbreviations and symbols: OH, heavy strand replication origin; PH and PL, H and L strand promoters; TAS, termination-associated sequence; CSB I, II and
III, conserved sequence blocks I, II and III; bold dotted lines, the regions where most mutations were found in POLG/PEO and Twinkle/PEO patients' muscle
mtDNA; percentages in parentheses, the percentage of mutated fragments with mutations in the indicated region; small dotted line adjacent to OH, A to G con-
version mutational hotspot region of patient 2; dashed line, position of the duplication hotspot in patient 1. (B) Pattern of mutations in the mtDNA replication
control region of POLG/PEO patients between nucleotides 174 and 214. (C) Mutation pattern in the mtDNA transcription control region of Twinkle patients
7 and 8. The percentage of mutant mtDNA in (B) and (C) indicates the number of clones with the indicated mutation in the indicated patients relative to the
total number of clones sequenced for each patient.
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clones contained only one, sometimes in combination with an
additional point mutation. The unrelated patient 3, with the
same Y955C mutation in POLG, only carried the mtDNA
A183G mutation at a high percentage. This change was also
detected at levels >15% of total mtDNA in POLG/PEO
patients 3, 4, 5 and 6, but was not observed in Twinkle/PEO
patients' tissues or controls, nor is it a recognized poly-
morphism or disease-associated mutation (http://www.
mitomap.org/). An aging-associated nucleotide change,
A189G (28), was detected at high levels in POLG patient 2
and in one of about 50 clones from each of the two elderly
Twinkle patients' samples, but not in any other POLG/PEO
patients or the younger Twinkle/PEO patients. This mutation
was also frequently found in the control samples, where it
represented 53% of all mutated clones of these samples. The
T408A mutation represented 16% of all mutated clones in the
controls.

The distribution of control region point mutations in the
Twinkle/PEO patients (patients 7±11) differed from POLG/
PEO patients, since the majority of the Twinkle-associated
mutations (67%) were located between nucleotides 385 and
570. In the two elderly Twinkle patients 7 and 8, who showed
the highest point mutation levels, this value was 87%. For
samples 7EM and 8, of the total number of clones sequenced,
42 and 31% had mutations between 385 and 570. For the
POLG patients, these values were typically around 5%, with
the exception of patient 1 who had 24% of all clones with a
mutation between 385 and 570. Individual point mutations
were generally present at low levels (note the difference in
scale between Fig. 3B and C), but the number of different
mutations, at least for the oldest Twinkle patients, was
nevertheless comparable with POLG/PEO patient mutation
levels (compare Fig. 2A and C). The 564 G to A transition
mutation, which was seen in the highest percentage of clones
in patients 7 and 8, was detected in all Twinkle/PEO patients,
including patients 9±11, but only in the POLG patient 1 and
one of the elderly controls. The above data are not skewed by
large differences in the number of sequenced clones or
differences in total number of bases that were sequenced: from
each sample for each region, approximately 50 clones were
sequenced resulting in ~30 kb of sequence, except for a young
Twinkle/PEO patient 9, of whom we sequenced ~150 kb.
Because point mutations in the samples from the young
Twinkle patients are rare and mutation levels are only
marginally higher than those of controls of a similar age, the
analysis of regional variation could not be done with
con®dence. Nevertheless, the analysis of patient 9 showed
that she had already had several of the same mutations
observed in her older relatives with PEO. Since her maternally
inherited mtDNA came from her unaffected mother, this
suggests that the occurrence of these mutations at young age
are associated with the nuclear disease allele. The sporadic
patients with a single mtDNA deletion (D1±5) showed a
distribution of control region point mutations similar to the
Twinkle/PEO patients.

Comparison of mutation load in deleted and non-deleted
mtDNA molecules

The low mutation load in the cyt b gene suggested close to
normal mutant POLG ®delity (see Discussion). To study
whether control region point mutations predispose the

molecules to deletion formation, we speci®cally ampli®ed
deleted mtDNA molecules including the control region. We
compared control region mutation levels in these deleted
molecules with the levels in the total population of mtDNA
molecules obtained by the ampli®cation and sequencing of
just the control region, as already shown in Figure 2. The
outermost PCR primers used (Table 2b) create an ~10 kb
fragment using wild-type mtDNA and the appropriate PCR
conditions (not shown). However, a short extension time was
used in the PCR to promote preferential ampli®cation of
deleted mtDNA molecules. In all samples, a set of products
generally shorter than 4 kb was ampli®ed (Fig. 4A), cloned
and the control region sequenced. Figure 4B and C shows the
mutation levels and total mutational loads in deleted
molecules compared with the values for the total population
of mtDNA molecules (as shown in Fig. 2) for patients 1±3, 5, 6
(POLG/PEO) and 7 (Twinkle/PEO). No signi®cant POLG- or
Twinkle-speci®c differences were observed.

Mapping of multiple mtDNA deletions

Another prediction of strand slippage, resulting from
decreased replication ®delity, is the occurrence of direct
repeats ¯anking the deletions. In addition, with the current
knowledge of the patients' nuclear gene mutations, we asked
whether different mutations in one gene such as POLG or
mutations in different genes, such as POLG and C10orf2
(Twinkle), result in systematic differences in deletion break-
points, possibly pointing to different mechanism(s) of deletion
formation. Finally, we questioned the hypothetical relation-
ship between particular control region point mutations and
speci®c mtDNA deletions. For these purposes, we mapped the
breakpoints of mtDNA deletions from the cloned fragments of
deleted molecules that were also used to determine the
mutation levels in the control region of the deleted molecules
(see Table 3 and Supplementary ®g. 1). Many breakpoints
were located in the mitochondrial genes from cyt b to COX I.
Using the outermost primer pair (611H/l-FR31), which also
ampli®ed the control region, a major 3¢ (L-strand orientation)
deletion breakpoint was identi®ed around bp 16 070 at or near
the `termination-associated sequence' (TAS). This breakpoint
was identi®ed in the ®rst patients identi®ed with adPEO (6),
most of whom carried the POLG Y955C mutation (14). Our
results indicate that bp 16 070 is a persistent breakpoint in both
POLG and Twinkle/PEO patients. The breakpoint is rarely
observed in sporadic cases with single mtDNA deletions, but
is frequently encountered in so-called `sublimons' from
control tissues (29). However, with the PCR primers used
here, these molecules are probably over-represented since they
are short and preferentially ampli®ed in PCR. In addition, the
ligation±cloning procedure used here strongly favors the
shortest PCR products, thus enriching for the largest mtDNA
deletions in the derived bacterial clones. In fact, the shortest
fragments visible in our deletion PCR (Fig. 4A) from ~1200±
1300 bp very probably represent those molecules with
breakpoints at around 16 070 at the 3¢ end and close to 7177
at the 5¢ end. To avoid the strong prevalence of the 16 070
breakpoint, we used several primer pairs for more extensive
mapping of deletions from patient 1. In this patient, break-
points of deletions in different regions of the mitochondrial
genome showed the same general features. We detected short
or imperfect direct repeats at most breakpoints (Table 3 and
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Supplementary ®g. 1A) and occasional imperfect palindromic
sequences (data not shown). Most notably, frequent short
homopolymeric runs of four or more nucleotides were seen
close to the breakpoint. Several breakpoints showed micro-
satellite-like sequences (Supplementary ®g. 1A). Allowing
one different nucleotide in a run of six nucleotides, 111 out of
a total of 142 deletions had runs within 10 nucleotides of the

breakpoint at one or both ends. We analyzed the occurrence of
homopolymeric runs at the `deletion' region (bp 7177±
16 100), as de®ned by the region we ampli®ed with the
outermost PCR primer pair and assuming no deletion break-
points occur beyond the 16 070 region. Over the entire length
of the 7177±16 100 region, 816 bp are in randomly distributed
perfect homopolymeric runs of four or more nucleotides.
Based on this, the predicted frequency of randomly occurring
deletions within or at the precise boundary of a homopoly-
meric run is 1:9.0, assuming that a run of four nucleotides has
®ve positions at which the break can occur. Analysis of the
deletion boundaries of the patient samples showed that 60 of
284 3¢ or 5¢ breakpoints are at the exact end or within a perfect
homopolymeric run of four or more nucleotides, indicating a
frequency of 1:4.8. When excluding all the boundaries located
at the PEO deletion hotspot area around mtDNA bp 16 070
from this analysis, 60 out of 186 breakpoints are within or
precisely ¯anked by a homopolymeric run, giving a frequency
of 1:3.1, which is 3-fold higher than predicted by random
deletion occurrence. The bias towards deletions in the vicinity
of homopolymeric runs would have been even more pro-
nounced had we included imperfect but long homopolymeric
runs, such as the cgccctccc at nt 7815 (28 of 142 5¢
breakpoints). The most frequently encountered 5¢ breakpoints
around nt 7400 (30 of 142 5¢ breakpoints) included in the
calculation occurred within a sequence stretch ccccccaccc.
This is a perfect 6 nt homopolymeric run and a 9 out of 10 nt
imperfect run. No association of particular control region
point mutations with any speci®c mtDNA deletions were
detected (data not shown). No obvious differences were
observed in types of deletion breakpoints between Twinkle/
PEO and POLG/PEO patients (Supplementary ®g. 1). Finally,
no point mutations were observed in the deletion boundaries
of any of the 142 deletions we sequenced (data not shown).

DISCUSSION

Here, we catalog mtDNA point mutations accumulated in
PEO patients' post-mitotic tissues because of POLG and
Twinkle defects. Our results strongly suggest that the mutation
mechanism in the two pathological conditions is closely
related but is not caused by generalized replication in®delity
as previously suggested. Instead, we present evidence for the
hypothesis that multiple deletion formation in PEO is initiated
by frequent replication stalling.

A recent study (17) showed that in vitro, the Y955C POLG
mutation affected the accuracy of mtDNA synthesis, resulting
in enhanced point mutation levels caused by misinsertion. By
analogy with mutations in the synonymous amino acid in the
Klenow fragment of Escherichia coli DNA polymerase I,
POLG Y955 is an important residue for base discrimination
and binding [(18) and references therein]. Misinsertions
following direct repeats were suggested to promote slipped
mispairing and hence deletion formation. On the other hand,
the same study showed that the enhanced misinsertion rate
was counteracted by the proofreading capabilities of the
POLG exonuclease domain. In order to assess the ®delity of
POLG in PEO in vivo, we established the point mutation levels
in the tissues of the patients carrying either POLG or Twinkle
mutations. In addition, we mapped the breakpoints of 142 ad/
arPEO-associated mtDNA deletions in order to analyze: (i) the

Figure 4. Detection of multiple mtDNA deletions in PEO patients by long-
range Pfu PCR and comparison of control region mutation levels between
the deleted and the total mtDNA population. (A) DNA fragments ampli®ed
from muscle mtDNA of patients 1, 3, 5, 6 and 7 and control muscle
mtDNA were separated on a 1% agarose gel and stained with ethidium
bromide. Abbreviations: M1, M2 and M3, DNA size markers indicated in
kb; C3 and C8, controls 3 and 8. Deletion PCR was performed as described
in Materials and Methods using primers FR31 and 611H/l (Table 2b), amp-
lifying the mtDNA region between nt 7177 and 611. Note that the PCR
from C8 did show a faint band corresponding to the full-length mtDNA
fragment. (B) The number of point mutations in the control region detected
in deleted mtDNA molecules (gray bars) and in the total population of
mtDNA molecules as determined in Figure 1 (white bars) of patients 1±3
and 5±7. (C) The number of mtDNA fragments carrying a mutation in
skeletal muscle mtDNA of patients 1±3 and 5±7.
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occurrence and types of direct repeats; (ii) a possible
correlation between point mutation and deletion occurrence;
and (iii) a possible correlation between disease genotype and
mtDNA genotypes. The results lead to the following conclu-
sions: (i) POLG and Twinkle PEO patients, as well as three out
of ®ve patients with single sporadic mtDNA deletions, show
increased levels of point mutations in the mtDNA control
region compared with controls of a similar age, but not in the
cyt b-encoding gene region, strongly suggesting that the PEO
patients do not have a generalized decrease in replication/
repair accuracy. (ii) The number and types of point mutations
in deleted molecules do not differ from the number and type in
the total population of mtDNA molecules, arguing against the
idea that point mutations predispose to deletions. (iii) Deletion
breakpoint mapping in skeletal muscle showed no obvious
differences between POLG/PEO and Twinkle/PEO patients,
suggesting a similar mechanism of deletion formation.
(iv) Analysis of deletion-¯anking sequences does not show
prominent features suggestive of a strand slippage mechanism,
such as precisely ¯anked long (8±13 nt) direct repeats. Instead,
the occurrence of frequent deletion breakpoints at known
problem sites for DNA polymerases, most notably homo-
polymeric runs, suggests that deletions in ad/arPEO might
arise following replication stalling.

Increased mutational load in the mtDNA control region
but not in the cyt b region of ad/arPEO skeletal muscle

Dominant mutations in POLG cluster in and around the
polymerase motif B, while the recessive mutations are mostly
not in recognized functional domains, although they are
generally closer to the exonuclease domains (13,14,30,31).
In vitro studies on the consequences of the polymerase B
domain Y955C mutation suggest that POLG mutations in PEO
generally cause decreased accuracy of the POLG protein
during replication and/or repair, resulting in an increased
nucleotide misinsertion rate leading to point mutations (17).
Furthermore, our previous cell culture model, which over-
expressed a mutant POLG lacking proofreading activity [(27);
S. Horttanainen, S. Wanrooij, J. Kurkela, M. Jokela, H. T.
Jacobs and J. N. Spelbrink, unpublished data), predicts that
reduced POLG ®delity causes misinsertion mutations ran-
domly throughout the mitochondrial genome. This is now also
con®rmed for a physiologically more relevant model system,
the (mtDNA mutator) mouse (32). However, our present data
show that in the muscle of the POLG/PEO patients, this is not
the case: point mutations accumulate in the control region, but

not in the coding region. No evidence on other pathological
mutations of mtDNA support selection against the mutant
mtDNA in post-mitotic tissues, such as muscle, whereas in
leukocytes that may be the case (33). Post-mitotic tissues are
usually quite resistant to mutant mtDNA, and become affected
only when high proportions of mutant mtDNA are reached (3).
mtDNA mutator mice indeed do not show any evidence of
rapid selection against coding region mutations in the post-
mitotic tissues brain, heart and liver (32). On the contrary,
point mutation levels at 2 or 6 months of age are ~2-fold
higher in the cytochrome b gene region compared with the
control region. Nucleotide pool imbalance has been implied to
predispose to replication errors in the MNGIE syndrome. In
this case, point mutations in the coding regions were shown to
occur in a wide variety of tissues (21). Thus, the present
®ndings of enhanced point mutation levels in the mtDNA
control region, but not in the cyt b gene or other mtDNA
regions, refute the idea of increased replication in®delity in
ad/arPEO.

The increased level of control region mutations begs the
question, cause or effect? If control region point mutations did
predispose deletion formation, then they should occur more
frequently in deleted molecules. This was not the case; all
mtDNA, deleted and full length, showed an increased control
region mutation burden. That enhanced levels of control
region mutations were also detected in patients with a sporadic
single deletion of mtDNA suggests that the mere presence of
deleted mtDNA in a cell can induce mutagenesis, without the
need for a nuclear gene mutation. The observed low point
mutation levels in the control region of young Twinkle/PEO
patients, who already had multiple mtDNA deletions and
showed disease symptoms, further supports this hypothesis.

A further argument against replication in®delity as a cause
of increased point mutation levels is the non-random distri-
bution of mutations within the control region, and the
observation that several of the mutations we have detected
have also been described to accumulate with increasing age
[see, for example, Wang et al. (28), Michikawa et al. (34) and
Chomyn and Attardi (35)]. The POLG/PEO patients accumu-
late mutations around the heavy strand replication origin (OH)
and CSB I (bp 150±250), whereas Twinkle/PEO patients
showed more mutation accumulation in the region containing
the L-strand and major H-strand promoter, which are import-
ant for transcription initiation (36). However, since the
Twinkle/PEO patients studied here were related, other
Twinkle/PEO families should be studied to con®rm this

Table 3. Statistics of deletion mapping

Deletion PCR Mapped Flanking repeat length Frequent breakpoint elements
deletions >5 bp >6 bp >7 bp (3¢) 16 070 (5¢) 7400 ccccccaccc (5¢) 7815 cgccctccc

FR31±611H/l (7177±611) 105 29 0 0 98 20 28
FR31±15 996H (7177±15 996) 10 5 0 0 NA 0 0
FR31±15 516H (7177±15 516) 14 2 2 0 NA 4 0
FR31±14 338H (7177±14 338) 13 1 1 0 NA 6 0
Total 142 37 3 0 30 28

Multiple mtDNA deletions were ampli®ed using the indicated primer pairs, yielding PCR products of varying length, as shown for example in Figure 4A. The
PCRs were subsequently used for direct bacterial cloning, with random clones picked for sequence analysis (see Materials and Methods for details). Primer
pair FR31±611H/l was used on DNA from patients 1±3 and 5±7, while the other primer pairs were only used on DNA from patient 1. Detailed mapping of
the deletions is shown in Supplementary ®gure 1. The table shows the absence of long ¯anking direct repeats in this series of deletions, while the most
frequent 5¢ or 3¢ breakpoint elements are indicated (see Results and Discussion for more details).
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difference in the mutation distribution pattern from POLG/
PEO patients.

OH and CSB I are important replication initiation sites in the
strand-asynchronous model of mtDNA replication. Although
this model is now hotly debated (37,38), both OH and CSB I
are conserved features of mammalian mtDNA, suggesting that
they do play a regulatory role. OH and CSB I are also sites of
DNA±protein interactions (39). The occurrence and frequency
of point mutations in this region suggest that some of these
mutated molecules could have a replicative advantage, as
previously proposed for the C150T mutation and possibly
other mutations that accumulate during aging (40), or are
mutational hotspots (41). This might explain the high
proportions of some of these mutations.

Two POLG/PEO patients showed either an A to G transition
hotspot (patient 2, Y955C) or a duplication mutation hotspot
(patient 1, R3P/A467T). The absence of such clear mutation
hotspots in the other samples could suggest that the hotspots
are related to the speci®c mutations found in POLG. This was,
however, not supported by the fact that two unrelated patients
with the Y955C mutation did not share a hotspot. A lower
number of individual mutations in patient 3, as well as a
considerably lower point mutation load could re¯ect a
difference in lifestyle, genetic background or age.

The A189G mutation was previously shown to accumulate
with increasing age (28). In our material, it was usually present
at low levels, with the exception of patient 2, who showed
multiple A to G transitions near OH including A189G. In all
our other cases, the percentage of mtDNA with A189G was
not particularly high, comparable with age-related reported
percentages (28). This ®nding is somewhat different from a
report in which patients with multiple mtDNA deletions
showed a higher risk for the A189G transition at ages <53
years (42). The novel A183G mutation was recently also
identi®ed in three out of eight POLG patients, two of them
with a high percentage of mtDNA showing this change (43). In
our samples, it was present at 15% or more of total mtDNA in
all but one POLG/PEO patient. The absence of this mutation
in all controls and in Twinkle/PEO patients suggests that this
nucleotide is normally not mutation prone. Although close to
OH, the function of the A183 nucleotide has, to our
knowledge, not been established.

In a recent paper, Del Bo and co-workers also used a
sequencing strategy for mutation analysis in PEO patients
(43). In sharp contrast to our results, they failed to detect
signi®cant differences between PEO patients carrying muta-
tions in the POLG polymerase motifs or in Twinkle, and
control samples. However, in their study, the mutation load in
controls with an average age of 45 years was 30%. In our
study, it was just 8.2% in controls with an average age of 51
years, three elderly controls contributing signi®cantly to this
percentage. The difference probably re¯ects their use of an
error-prone Taq polymerase and high PCR cycle number,
which probably has masked this ®nding [see also Chinnery
(44)]. Although our data oppose the idea of replication
in®delity as a major problem in the PEO patients studied here,
we do not exclude that some PEO patients would show such a
defect as a result of a clearly de®cient POLG proofreading
activity caused by one of more mutations in the conserved
exonuclease motifs. This has indeed been observed by Del Bo
et al. (43), but their generalization that this shows the

predisposing effect of high mtDNA point mutation levels to
multiple deletion formation is supported neither by their own
nor by our data.

Enhanced control region point mutation levels in some of
the sporadic single deletion patients shows that the presence of
deleted mtDNA alone is enough to provoke this effect. The
most obvious explanation for this is an enhanced production of
reactive oxygen species (ROS), caused by a progressive
OXPHOS de®ciency. Perhaps the best evidence to suggest that
mitochondrial dysfunction can result in enhanced ROS
generation in mitochondria, which subsequently may result
in mtDNA damage, comes from mouse genetic studies
(45,46). Why particularly the mtDNA control region would
be prone to ROS remains an open question, but perhaps has
something to do with the mtDNA topology in that region. For
example, single-stranded DNA is possibly as much as a 1000-
fold more prone to DNA damage by ROS than double-
stranded DNA (47). The POLG and Twinkle PEO mutations
could perhaps have an effect on mtDNA topology by stalling
at inappropriate sites, in the replication or the transcription
control region, respectively, increasing the sensitivity of the
region to DNA damage.

Deletion breakpoint analysis suggests replication stalling
as a major event leading to deletions

Single, large mtDNA rearrangements are usually associated
with strictly sporadic mitochondrial disorders such as KSS and
isolated PEO, and often ¯anked by relatively long, direct or
inverted repeats. Deletions in these sporadic cases previously
have been put into two classes. Class I represents deletions
with perfect direct repeats that ¯ank the deletion boundaries
precisely; class II contains deletions without ¯anking repeats,
with imperfect repeats, with perfect repeats that do not ¯ank
the deletions precisely and also with some palindromic
sequences (48,49). Notably, the majority of sporadic deletions
(~70%) belong to the ®rst category. Patients with single
deletions usually also show evidence of partial duplications
(50) whereas, to our knowledge, in PEO cases with multiple
deletions, duplications have not been observed. Some studies
have excluded duplications in multiple deletion cases (23,51),
which was taken to suggest that single and multiple deletions
might arise by different mechanisms. Our analysis of deletion
breakpoints in ad/arPEO and published deletion breakpoints of
adPEO patients [e.g. Zeviani et al. (6)] suggest that the
majority of multiple deletions do not correspond to class I of
single sporadic deletions. Most direct repeats we observed
were short, often imperfect, and hardly ever ¯anked the
deletions precisely.

By which mechanism could POLG and Twinkle dysfunc-
tion cause the late-onset multiple deletion pattern of ad/
arPEO? Our data and that from published studies suggest that
deletion formation might be induced by replication stalling,
which in turn has been shown to induce double-strand breaks
(DSBs) (52,53). Replication stalling is supported, ®rst of all,
by the 2- to 3-fold over-representation of homopolymeric runs
at deletion breakpoints. This can be understood for the POLG
Y955C mutation by the reported 45-fold reduction in af®nity
for the incoming nucleotide (17). Stalling at homopolymeric
runs could be explained by frequent reiteration of a single
nucleotide, which might result in local depletion of that
nucleotide and make it dif®cult for a de®cient polymerase to
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incorporate the subsequent nucleotide. It was shown that a
mutation of the corresponding Y844 in adenovirus 5 DNA
polymerase also results in a dramatic decrease in polymerase
activity and DNA-binding capacity (54), supporting a pro-
pensity to stalling. Several other dominant POLG mutations
affect the polymerase B domain and probably result in similar
defects. Such expectations are supported by extensive muta-
tion studies of the orthologous Klenow and T7 polymerase, as
well as their crystal structures [for a recent review, see
Copeland et al. (18)]. In addition to homopolymeric runs,
several deletions were ¯anked by microsatellite types of
repeats, which are known sites of replication stalling and
genome instability [see, for example, Gordenin and Resnick
(55)]. A further ®nding in favor of the idea of increased DSBs
in the case of POLG dysfunction is the higher proportion of
restriction enzyme-undigested but `spontaneously' linearized
full-length muscle mtDNA molecules in POLG/PEO patients
(including patient 2 of this study) when compared with control
muscle mtDNA (56). Finally, the nt 16 070 breakpoint
boundary is compatible with a replication stalling model
since it is conceived as a fork barrier as it the de®nes the
boundary of the TAS element and could thus be a frequent
replication stalling site, as previously suggested (6). This is
consistent with it being a conserved protein-binding site, as
shown by footprinting analysis (57,58). It is also in line with
the recent suggestion that the mtDNA D-loop is a fork arrest
region (59). In that model, the TAS region could be the 5¢
boundary of this region.

Our data on Twinkle patients' mtDNA suggest that the
pathogenetic pathways leading to deletion formation are
closely linked. The role of Twinkle as a 5¢±3¢ helicase was
recently suggested (12) and this, together with its high
homology to replication helicases, supports its role in mtDNA
replication. Since the precise role(s) for Twinkle in mtDNA
replication and/or repair is still to be established, the
mechanism of deletion formation by defective Twinkle
remains speculative. Apart from a direct role in replication
fork movement, it could be directly involved in DSB repair, by
analogy with, for example, the Werner syndrome helicase
(60), or it could play a role in re-initiation of stalled replication
forks.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at NAR Online.
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ABSTRACT

The mechanism of mitochondrial DNA replication is
a subject of intense debate. One model proposes a
strand-asynchronous replication in which both
strands of the circular genome are replicated
semi-independently while the other model proposes
both a bidirectional coupled leading- and lagging-
strand synthesis mode and a unidirectional mode in
which the lagging-strand is initially laid-down as
RNA by an unknown mechanism (RITOLS mode).
Both the strand-asynchronous and RITOLS model
have in common a delayed synthesis of the DNA-
lagging strand. Mitochondrial DNA is replicated by a
limited set of proteins including DNA polymerase
gamma (POLG) and the helicase Twinkle. Here, we
report the effects of expression of various catalyti-
cally deficient mutants of POLG1 and Twinkle in
human cell culture. Both groups of mutants reduced
mitochondrial DNA copy number by severe replica-
tion stalling. However, the analysis showed that
while induction of POLG1 mutants still displayed
delayed lagging-strand synthesis, Twinkle-induced
stalling resulted in maturated, essentially fully
double-stranded DNA intermediates. In the latter
case, limited inhibition of POLG with dideoxycyti-
dine restored the delay between leading- and
lagging-strand synthesis. The observed cause-
effect relationship suggests that Twinkle-induced
stalling increases lagging-strand initiation events
and/or maturation mimicking conventional strand-
coupled replication.

INTRODUCTION

Human mitochondrial DNA (mtDNA) is a closed circular
molecule of �16.5 kb and was sequenced 25 years ago
(1,2). The two strands of mtDNA are denoted as the
Heavy-(H)-strand and the Light-(L)-strand on the basis of
their mobility in a denaturing caesium chloride gradient.
The strand-asynchronous or strand-displacement

model for mammalian mitochondrial DNA replication
was first proposed in the early 70s (3). In this model,
synthesis of the nascent H-strand starts at a fixed point in
the major non-coding region (NCR) of mtDNA denoted
OH. OH was originally defined by mapping the 50 ends of
the so called D-loop and is located on the L-strand
upstream of three conserved sequence blocks. Leading-
strand (nascent H-strand) synthesis proceeds two-thirds of
the way around the molecule, displacing the parental
H-strand in the process with mitochondrial single-
stranded DNA-binding protein (mtSSB) suggested to
provide protection against the action of nucleases and
other insults such as reactive oxygen species. Following
exposure of the lagging-strand initiation site (OL) synthe-
sis of the nascent L-strand begins (4,5).
More recently, Holt and co-workers proposed two

models of mtDNA replication, one a more conventional
strand-synchronous theta mode (6–9) where mtDNA
replication initiates bidirectionally at various sites across
an initiation zone (OriZ). In this case termination occurs
at or near OH. The other mode of replication is similar to
the strand-asynchronous mode of replication so that the
nascent L-strand DNA was suggested also to be
synthesized with a considerable delay. Initiation is
essentially unidirectional and occurs in the NCR, impor-
tantly however RNA is deposited on the displaced
H-strand rather than mtSSB, thus forming ribonucleotide
incorporation throughout the lagging strand (RITOLS)
intermediates, which is a crucial difference from the
strand-asynchronous model (10). Although the high levels
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of mtSSB (11) could be seen as supporting the strand
displacement model, also for example Escherichia coli is
estimated to have several thousands of molecules of SSB
(12) even though it contains a single copy genome and
replicates via conventional theta replication. SSB is
nevertheless essential, as it would be in mammalian
mitochondria, not only at the replication fork but also
in repair, recombination and other DNA maintenance
processes. Given the various essential functions of SSB,
the high levels might simply reflect a cell’s precaution to
ensure it is readily available.
The RITOLS model requires that the RNA is replaced

by DNA to produce a dsDNA lagging-strand. It was
shown that the RITOLS replication intermediates (RIs)
are prone to RNaseH degradation during mtDNA
purification leaving a single-stranded parental H-strand
(7), thus producing RIs originally predicted by the strand-
asynchronous model. Strand-asynchronous RIs are there-
fore considered purification/degradation artefacts. In
rodent and chick liver and cultured human cells under
normal culture conditions RITOLS intermediates are the
predominant class (6,9,10). However, in cultured human
cells recovering from mtDNA depletion, the majority of
the replication intermediates are essentially double-
stranded DNA suggesting a switch from the RITOLS
replication mode to more conventional theta replication
(9). Alternatively, initiation of lagging-strand DNA
synthesis occurs more frequently resulting in an increased
rate of conversion of RITOLS RIs to dsDNA RIs.
All proteins responsible for mammalian mtDNA

maintenance are encoded in the nucleus, translated by
cytosolic ribosomes and imported into the mitochondrial
compartment. So far, a limited number of proteins has
been identified. These include the mitochondrial DNA
polymerase gamma (POLG1) and its accessory subunit
(POLG2) [see, e.g. (13)], the mitochondrial DNA helicase
Twinkle (14,15), mitochondrial single-stranded DNA-
binding protein (mtSSB) (16) and various proteins with
a more general role in mtDNA maintenance. The POLG
holoenzyme, Twinkle and mtSSB can form a minimal
mitochondrial replisome capable of genome length DNA
synthesis on an artificial template (17). Some of the
components of the mitochondrial replisome and transcrip-
tion machinery show similarity to their counterparts in
T-odd bacteriophages suggesting that a T-odd phage
ancestor contributed to the early ‘mitochondrial’ endo-
symbiosis event (18). For example, Twinkle shows striking
similarity to the T7 phage primase/helicase protein gp4
(T7 gp4) (14). The Metazoan primase domain of Twinkle
has diverged from the ones of more primitive Eukaryotes
and T-odd phages suggesting it has lost its primase
function (19).
The genes for Twinkle, POLG1 and more recently

POLG2 (20) have been implicated in human diseases.
Autosomal dominant (ad) mutations in Twinkle are
associated with Progressive External Ophthalmoplegia
(adPEO)(14), while a single recessive mutation is asso-
ciated with infantile onset spinocerebellar ataxia or
IOSCA (21). Mutations in POLG1 are associated with a
variety of disorders, including dominant and recessive
PEO, various types of ataxia, Parkinsonism and the severe

mtDNA depletion Alpers syndrome (see, e.g. (22)
and references therein, and http://dir-apps.niehs.nih.gov/
polg/).

The catalytic subunit of polymerase gamma, POLG1, is
well-characterized biochemically (see (13), bearing simi-
larity with prokaryotic A-type DNA polymerases such as
E. coli DNA polymerase I and T7 DNA polymerase.
Conserved regions include a C-terminal domain respon-
sible for polymerase activity and an N-terminal 30-50

exonuclease domain involved in proofreading. Several
disease associated POLG1 mutations have been studied
using purified recombinant enzyme. These include the
common autosomal dominant Y955C and other muta-
tions, which result in a moderate to severe decrease in
polymerase activity, reduced nucleotide selectivity or
reduced processivity (23).

In vivo, the properties of POLG1 have also been partly
characterized in yeast and in cultured human cells (24–27).
In both cases, expression of a mutant form of the protein
deficient in 30-50 exonuclease activity results in the
accumulation of mtDNA mutations. An exonuclease
deficient variant in mouse also results in a mutator
phenotype and shows a whole-organism phenotype of
reduced lifespan with a variety of tissue specific ageing
associated defects (28,29). Expression of an adPEO
associated Twinkle mutation in transgenic mice has
shown a late onset phenotype with striking similarities
to late onset PEO (30).

Although there is a need for further biochemical
characterization of POLG1 and Twinkle mutants, and
animal models can provide a wealth of information on
disease aetiology and pathogenesis, both approaches have
their limitations. We therefore chose an alternative
approach of inducible expression of wild-type and
mutant POLG1 and Twinkle in cultured human cells,
allowing us to study protein function and mtDNA
replication dynamics in vivo. Using this inducible system
in combination with two-dimensional neutral/neutral
agarose gel-electrophoresis (2DNAGE), we show here
that the induced expression of either Twinkle or POLG1
mutants results in distinct replication stalling phenotypes
suggesting defined roles for both proteins in mtDNA
replication and in particular the frequency of initiation of
lagging-strand maturation/synthesis.

MATERIALS AND METHODS

Cloning of expression constructs

The full-length cDNA of POLG1 and Twinkle variants
were originally cloned in the pcDNA3.1(�)/Myc-His A
(Invitrogen, Carlsbad, CA, USA), as previously described
(14,27). All constructs were re-cloned in the pcDNA5/
FrT/TO vector (Invitrogen) taking advantage of two PmeI
restriction sites flanking the multiple cloning sites of the
original pcDNA3 vectors and target vector. The resulting
fusion proteins contained the sequence of the respective
proteins followed by the Myc-His. All resulting plasmid-
constructs were confirmed by DNA sequencing.
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Creation and maintenance of stable transfected inducible cell
lines

The Flp-InTM T-RExTM 293 host cell-line (Invitrogen), a
HEK293 variant containing a Flip recombination site at a
transcriptionally active locus, was grown in DMEM
medium (Cambrex Bioscience, Walkersville, MD, USA)
with 2 mM L-glutamine (Cambrex Bioscience), 10% FCS
(Euroclone, Milan, Italy) and 50 mg/ml uridine (Sigma,
St. Louis, MO, USA) supplemented with 100 mg/ml
Zeocin (Invivogen) and 15 mg/ml Blasticidin (Invivogen)
in a 378C incubator at 8.5% CO2. Two-day prior to
transfection cells were split to 10 cm plates and grown to
�80% confluence in medium lacking antibiotics. Cells
were co-transfected with TransFectin (Bio-Rad, Hercules,
CA, USA) according the manufacturer’s protocol with the
appropriate pcDNA5/FrT/TO construct (0.4 mg) and
pOG44 (Invitrogen; 3.6mg), a plasmid encoding the Flp-
recombinase necessary for targeted stable integration. Six
hour later, transfection medium was replaced with regular
fresh medium lacking antibiotics. Twenty-four hour after
transfection the selective antibiotics Hygromycin (150 mg/
ml) (Invivogen) and Blasticidin (15mg/ml) were added.
Selective medium was replaced every 2 days for cell
maintenance. All inducible cell lines were created accord-
ing this method. To induce expression the indicated
amount of doxycycline (Sigma) was added to the growth
medium, and cells were processed for further analyses.
With longer than 2 days induction medium was refreshed
every 2 days.

Western blot analysis

Cell lysates were prepared and analyzed for protein
expression by immunoblotting after SDS-PAGE (27).
A primary monoclonal c-myc (Roche Molecular
Biochemicals, Nutley, NJ, USA) antibody was used for
detection of recombinant proteins. Peroxidase-coupled
secondary antibody horse-anti-mouse was obtained from
Vector Laboratories, Burlingame, KS, USA. Enhanced
Chemiluminescence detection was done essentially as
described (27).

Quantitative PCR

The copy number of mitochondrial DNA per cell was
determined by real time PCR of cytochrome b using the
gene for amyloid precursor protein APP as a nuclear
standard as described (31). Briefly, crude nucleic acid
extracts were obtained from cells by lysis, proteinase
K digest and subsequent isopropanol precipitation, and
copy numbers of cytochrome b and APP were determined
in a duplex Taqman PCR on an Abiprism 7000 (Applied
Biosciences, Foster City, CA, USA) using pCR 2.1-TOPO
(Invitrogen) vectors containing the cytochrome b and APP
amplicon as standards.

Immunocytochemistry

Immunofluorescent detection was done essentially as
described previously (32). For the detection of mtDNA
we used a monoclonal anti-DNA antibody AC-30-10
(PROGEN, Shingle Springs, CA, USA) as described

previously (33). Secondary antibodies were anti-mouse
IgG-Alexa Fluor�488 (Invitrogen; Myc) and anti-mouse
IgM-Alexa Fluor�568 (DNA). Image acquisition using
confocal microscopy was done as described (32).

Protein isolation and helicase assays

In vitro assays for determination of helicase activities were
performed with highly enriched Twinkle preparations
derived from 293 Flp-InTM T-RExTM cells. The cells were
induced with 50 ng/ml doxycycline (Sigma) for 2 days,
harvested and mitochondria isolated by hypotonic lysis
and differential centrifugation (32). The mitochondrial
pellet obtained was lysed in high salt buffer (50mM
KH2PO4 pH 7.0, 1M NaCl, 1% Triton X-100,
1� complete Protease inhibitors EDTA-free, Roche) and
sonicated on ice (Sonics Vibra-cell, 1min 40% amplitude,
1 s pulses with 2 s break). The insoluble DNA fraction was
pelleted for 10min at 12 000 g and 48C. Supernatant was
incubated with Talon metal-affinity resin (Clontech, Palo
Alto, CA, USA) for 1–2 h at 48C to allow binding of His-
tagged proteins. Resin was washed twice with high salt
buffer and twice with low salt buffer (25mM Tris–HCl pH
7.6, 40mM NaCl, 4.5mM MgCl2, 10% glycerol, 100mM
L-Arginine) containing 20mM Imidazole. Elution was
carried out with low salt buffer containing 500mM
Imidazole. The supernatant of this step was shock-
frozen in liquid nitrogen and stored at �808C.
As standard substrate for helicase assays a radioactively

end-labeled 60 nt oligonucleotide hybridized to M13
ssDNA was used (50ACATGATAAGATACATGGATG
AGTTTGGACAAACCACAACGTAAAACGACGGCC
AGTGCC 30), forming a 20 nt double-stranded stretch
with a 40 nts 50 overhang.
The assay was performed by incubating 1 ng Twinkle

protein in 40 ml helicase buffer (25mM Tris pH 7.6, 40mM
NaCl, 4.5mM MgCl2, 100mM L-Arginine-HCl pH 7.6,
10% glycerol, 3mM UTP, 1mM DTT, 5mM unspecific
oligonucleotide) with 2 amol substrate for 30min at 378C.
The reaction was stopped by adding 10 ml loading buffer
(90mM EDTA, 6% SDS, 30% glycerol, 0.25% bromo-
phenol blue). Twenty microliter reaction mixes were
separated on a 15% acrylamide gel in 1�TBE, dried on
a vacuum gel drier and exposed to X-ray film or quantified
by phosphoimager.

Mutation sequencing

Point mutation levels in the NCR and cytochrome b region
of mtDNA of POLG1 cell lines were measured as
previously described (34).

Brewer-Fangman2Dneutral/neutralAgaroseelectrophoresis

Mitochondrial nucleic acids were extracted using cytocha-
lasine (Sigma-Aldrich) as described (9). Purified mtDNA
was digested with HincII and where mentioned further
treated with RNase H or S1 nuclease (Fermentas,
Hanover, MD, USA) with the indicated amounts and
time. The fragments were separated by 2DNAGE as
described (35,36) and the gels were blotted and hybridized
with a 32P-labeled DNA probe for human mtDNA nts
14 846–15 357 (9).
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RESULTS

Establishing stable inducible cell lines expressing mtDNA
replication factors

In order to study the mtDNA maintenance machinery in
cultured human cells, inducible cell lines expressing wild-
type and mutant variants of Twinkle, the Twinkle splice
variant Twinky (14) or POLG1 were established using
HEK293 Flp-InTM T-RExTM cells (see Table 1 for a list of
all variants). Twinkle mutants included a lysine mutation
(K421A) in the highly conserved Walker A motif
implicated in ATP binding and hydrolysis; a mutation
(G575D) in helicase motif H4 and implicated in DNA
binding (37); a deletion of 31 amino acids (i346–376) of
the region that shows similarity with the T7 gp4 linker
region that has been implicated in multimer formation
[see e.g. (38)]; a large deletion (i70–343) in the region
of the protein that shows similarity with the T7 gp4
primase domain (19). POLG1 mutants included two
polymerase deficient mutants (D890N and D1135A),
one exonuclease deficient mutant D198A and a non-
deleterious deletion mutant (�CAG) of 10 consecutive
glutamines in the N-terminus, all as previously
described (27). All cell lines and 499% of all cells
expressed the recombinant proteins upon doxycycline
(DC) induction and expressed proteins were all targeted
to the mitochondrial compartment (Figure 3 and
not shown).
Since DC is a mitochondrial protein synthesis inhibitor

at mg/ml concentrations, we first determined the lowest
possible levels of DC to achieve full induction. Figure 1A
shows an increase of protein expression of wild-type
(wt) Twinkle in cells with increasing DC concentrations
(0–1000 ng/ml.) Both after one or three days, maximum
induction levels were reached at low ng/ml concentrations,
but at slightly lower concentrations after three days
induction.
Figure 1B shows the expression of all proteins used in

this study confirmed by immunoblotting, following 72 h of
treatment with 0, 3 and 10 or 20 ng/ml DC. All proteins
were detected using their respective epitope tag and
gave bands of the expected size (Table 1) upon induction.
In the absence of DC we could detect leaky expression
of most Twinkle variants, but only when films were
overexposed considerably (not shown). However,

immunofluorescence in the absence of DC induction did
not result in any mitochondrial signal above background
fluorescence suggesting the expression levels were very
low (see also below and Figure 3A). Some of the
analyzed Twinkle variants, such as Twinky, showed
reproducibly lower protein levels with full induction of
expression, indicating differences in protein (or mRNA)
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Figure 1. Expression of mtDNA maintenance proteins in HEK293
Flp-InTM T-RExTM cells. (A) Twinkle wild-type (wt) expressing cells
were induced with various concentrations of doxycycline (DC) and
analyzed by western blot analysis after 1 or 3 days of induction.
Maximum expression levels were reached within the low ng/ml range.
Similar results were obtained for all other cell lines. (B) Expression of
all proteins used in this study was confirmed by western blot analysis
comparing no induction with 3 ng/ml DC and full (10 or 20 ng/ml DC)
induction for 3 days. Note that full induction with the POLG1 cell lines
was chosen as 20 ng/ml, only in order to make sure maximum
expression was reached as expression of POLG1 was generally much
weaker when compared with the expression of Twinkle variants.
(C) POLG1 wild type (wt) and POLG1 D198A expressing cells were
grown for 2 months either without (�) or with (þ) 3 ng/ml DC.
MtDNA mutation levels were determined for part of the cytochrome
b gene (cyt b) and part of the non-coding control region using a
PCR-based approach (see Materials and Methods section). Results
show that the D198A accumulated �5–10-fold increased level of
mutations compared to non-induced D198A and induced POLG1wt.
The mutation pattern was similar as reported earlier for this POLG1
variant (27).

Table 1. Expressed proteins with their predicted sizes

Variant Size (kDa)

Twinklea wt 74
K421A, G575D
Twinklea iAA346–376 (i346–376) 71
Twinkya 64
Twinklea iAA70–343 (i70–343) 41
POLG1 wt 142
D198A, D890N, D1135A
POLG1 iCAG 141

All expressed proteins had the MycHis epitope tag and this tag was
included in the calculation of size in kiloDaltons (kDa).
aSize based on predicted processing at AA42.
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stability of these variants. Similarly, the POLG1 D1135A
mutant showed lower expression levels than the
other POLG1 variants, suggesting that the mutant protein
is less stable.

As a final test for the inducible expression system, we
created a cell-line expressing a POLG1 variant (D198A) in
which exonuclease activity is abolished. We have shown
previously that constitutive expression of D198A in
cultured human cells results in the accumulation of point
mutations in mtDNA (27). To validate the obtained
inducible cell-line we determined the point mutation levels
in two regions of mtDNA (Figure 1C). After 60 days of
induction, both the cytochrome b and control region
showed elevated mutation levels in the D198A cell-line
while non-induced D198A cells showed low mutation
levels similar to cells expressing POLG1wt.

Expression of several Twinkle and POLG1mutants results in
mtDNA copy-number depletion

The relative mtDNA copy number in the various inducible
cell lines was compared by quantitative real-time PCR
(QPCR) using the nuclear amyloid precursor protein
(APP) gene as a standard (31) (Figure 2). The absolute
copy number determined by us for the HEK293 Flp-InTM

T-RExTM and the majority of non-induced transgenic cells
was �3000 copies/cell (2798� 450 (n¼ 4) for the non-
induced parental cell line). Induced overexpression of

POLG1wt or Twinkle wt did not significantly change
mtDNA copy number per cell, indicating that abundance
of these proteins is not rate-determining for mtDNA
replication at least in cell culture. More importantly it also
showed that overexpression per se did not otherwise
interfere with mtDNA replication. Similarly, overexpres-
sion of Twinky, Twinkle �346–376, POLG1-D198A and
POLG1-�CAG did not influence steady-state mtDNA
levels. In contrast even low-level expression of Twinkle
mutants K421A or G575D and POLG1 mutants D890N
or D1135A lead to a dramatic decrease of mtDNA levels
within a few days. The Twinkle K421A and G575D cell
lines showed a significant steady-state reduction in
mtDNA copy number of �60% even prior to induction,
presumably caused by the slightly leaky expression of the
Twinkle variants. This suggests these mutants are strongly
dominant in nature. In contrast, the POLG1 D890N and
D1135A mutants did not show a significant copy-number
reduction without induction (not shown).
Notwithstanding the minor leakiness, depletion upon
induction was dose-dependent, as higher expression
levels lead to a faster depletion than low-level expression
(data not shown). For the Twinkle K421A and G575D as
well as the POLG1 D890N and D1135A mutants,
the mtDNA levels after three days of full DC induction
were �20–30% compared to non-induced cells, indicating
a complete abolishment of successful replication and
dilution of mtDNA by cell division.
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Several Twinkle mutants show altered nucleoid localization

The localization of Twinkle variants was analyzed by
immunofluorescence using the myc-tag of the recombinant
proteins (Figure 3A). Overexpressed Twinkle wt showed
the typical punctuated pattern within mitochondria,
indicating the normal localization in mtDNA nucleoids.
Twinky and i346–376 both showed diffuse mitochon-
drial staining. The N-terminal deletion variant i70–343
showed almost normal punctuate nucleoid-like localiza-
tion. The variant G575D could be detected in punctate
foci, but in addition showed enhanced diffuse staining in
mitochondria. The K421A variant having a mutation in
the WalkerA motif was detected in few enlarged spots,
indicating either abnormal nucleoid segregation or protein
aggregation. To differentiate between these possibilities we
used an anti-DNA antibody to see to what extent this
and other Twinkle mutants co-localized with mtDNA.
As previously shown (32), Twinkle wt showed excellent
co-localization with DNA as did i70–343 (not shown).

The K421A variant, despite its abnormal appearance of
enlarged foci, did co-localize with mtDNA (Figure 3B).
The number of DNA foci, however, was severely reduced
compared to non-expressing or Twinkle wt expressing
cells. For Twinkle G575D, the number of nucleoids was
again severely reduced (Figure 3B) but most of the
protein-foci co-localized with mtDNA. Both Twinky and
the i346–376 variant showed normal nucleoid numbers
judging from detection with the anti-DNA antibody.

Helicase activity of Twinkle mutants is reduced or absent

The helicase activity of Twinkle variants was compared
using His-affinity purified protein in an in vitro helicase
assay. Twinkle wt showed the expected helicase activity
and was able to unwind a DNA substrate with a
50 overhang of420 bases, as long as the double-stranded
part was less than 25 base pairs (Figure 4 and data not
shown). No such helicase activity could be detected with
i346–376 or Twinky. Similarly, proteins bearing the

B

Tw−DC Tw+DC G575D−DC G575D+DC

K421A+DC Twinky+DC

A

n

n

n

n

Figure 3. Subcellular localization of Twinkle variants. (A) Localization of all Twinkle variants was determined by immunocytochemistry.
Two examples compare the obtained signals without (�DC) induction with induction (þDC) at 3 ng/ml DC. For this comparison images were taken
with exactly the same settings for exposure, laser intensity, etc. Images were in addition processed for brightness and contrast in the same manner.
The nucleus in most images in Figure A is also faintly visible due to the inclusion of DAPI in the mounting medium. In the first panel (n) indicates
the nuclei. (B) Two examples of co-localization of mutant Twinkle variants visualized using anti-Myc tag antibody (�aMyc) with mtDNA using anti-
DNA antibody (�aDNA) are shown. Arrows indicate a selection of foci that co-localize but by now means show all co-localizing foci as most
protein foci did co-localize with more or less clear foci stained for mtDNA.
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mutation K421A in the Walker A motif or the G575D
mutation in the helicase motif H4 also had less than 5%
residual unwinding activity. i70–343 had �40% helicase
activity of the wild-type protein.

Twinkle and POLG1mutants show different replication
stalling phenotypes

The effect of overexpression of the various mutant
proteins on replication was studied using two-dimensional
neutral/neutral agarose gel electrophoresis (2DNAGE)
and Southern blotting, as first established by Brewer and
Fangman (36,39). This method allows visualization of
RIs, as DNA fragments are separated both by size
and shape.

When applied to the analysis of mtDNA isolated from
cultured cells, Holt and co-workers showed that various
types of RIs can be detected [see e.g. (9)]. Figure 5 shows a
schematic figure of human mtDNA, indicating the
appropriate restriction fragments and probes used for
detection of these fragments on 2DNAGE gel blots.
The first 2 panels of Figure 6A show the example of a
HincII digest of purified HEK293 mtDNA run on a
2DNAGE gel and probed for the 3.9 kb mtDNA fragment
(nucleotide number [nt] 13 636–1006) that includes the
whole NCR (for a detailed explanation of the various RIs

see Supplementary Data). All the analyses shown in the
subsequent figures consider this HincII fragment. Analysis
of a second region of the genome was also performed
(Supplementary Figure 1).
We applied the 2DNAGE methodology to analyze

the effects of overexpression of POLG1 and Twinkle
variants on mtDNA RIs and in particular to test the
hypothesis that the variants depleting mtDNA do so by
causing non-site specific, general replication stalling or
pausing. First we examined the effect of overexpression of
wild-type Twinkle by comparing mtDNA RIs with and
without induction (Figure 6A, right two panels). Very
little change in quality or quantity of RIs was observed,
with the exception of a presumed resolution intermediate
which markedly decreased after induction with43 ng/ml
DC. Similar results were observed with induced expression
of untagged wild-type Twinkle (not shown). Increased
expression of i346–376 or Twinky showed no effect on
overall replication (Figure 6B) or RIs.
When overexpressing the Twinkle mutant K421A or

G575D, a considerable increase in y- and bubble RIs was
observed (Figure 6C). Since at the same time the total
amount of mtDNA decreased strongly, these results
indicate a severe, non-site specific, slowing down of
replication fork movement. In parallel there was a
concomitant decrease in RNA containing RIs, RITOLS
or partially single-stranded RIs. Thus, the bubble arc was
not only sharper and longer than normal (Figure 6C) but
was substantially resistant to RNase H treatment
(Supplementary Figure 2). In K421A and especially
G575D expressing cells the majority of mtDNA molecules
were found on the bubble arc, indicating stalling occurred
in the early phase of replication as replicating molecules
forming bubble arcs on 2DNAGE harbor initiation site(s)
in the fragment. The fraction of molecules in a replicative
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Figure 4. Helicase activities of purified Twinkle protein fractions.
(A) An example of a helicase activity assay using the various Twinkle
variants purified to near homogeneity. As indicated on the left-hand
site, the substrate consisted of M13 plasmid with an annealed 60-nt
50end-labeled oligo with a long (40 nt) single-stranded 50 overhang. (�)
indicates the purified substrate whereas the denatured substrate
(958C) indicates the released labeled product, which is also released
when a purified protein contains helicase activity. (B) This panel
shows the averaged results of six independent measurements,
using several independent protein preparations. Except for the
i70–343 mutant, which still had activity though significantly
(Student’s t-test) reduced, all other mutants had essentially lost all
helicase activity.
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Figure 5. Digests and probes for human mtDNA. A schematic map of
human mtDNA is shown with the positions of the fragments detected
by 2DNAGE as in Figures 6–8 and Supplementary Figures 2 and 3
(HincII digests-fragment nt 13 636–1006 detected with a cytochrome b
probe (cyt b, nt 14 846–15 357)), Supplementary Figure 1 (BclI digest-
fragment nt 3658–7657 detected with an ND2 probe, nt 4480–4984) and
Supplementary Figure 5 (DraI digest-fragment nt 12 271–16 010 also
detected with the cyt b probe). Probes are indicated with names and a
thick gray line. The NCR is indicated with a thick black line. Please
note that for clarity only the restriction sites of both ends of the probed
fragments are shown here, even though all three enzymes cut at
multiple sites on human mtDNA.
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Figure 6. Some Twinkle mutants cause replication stalling. 2DNAGE samples for all panels consisted of purified mtDNA digested with HincII and
probed with a radiolabeled cytochrome b gene fragment (nt 14 846–15 357). The detected fragment includes the non-coding region of mtDNA also
including the cytochrome b, ND6, part of the ND5 gene and intervening tRNA genes (nt 13 636–1006). (A) The first two panels on the left show
the RIs of HEK293 cells and the interpretation based primarily on earlier 2DNAGE analysis of mtDNA RIs (7,9). Abbreviations: 1n, 3.9 kb
non-replicating HincII fragment. (b) bubble arcs. MtDNA bubble arcs are usually very sensitive to RNase H due to the presence of patches of
RNA–DNA especially on the lagging strand; these therefore also fall in the category of RITOLS as do various other RIs. Here, y and y0 indicate
ascending and descending parts of the y arc and (dy) indicates double-Y structures. These will eventually form resolution intermediates resembling
Holliday junctions (HJL-Holliday junction like molecules). The two panels on the right show a comparison of RIs of non-induced and fully induced
cells expressing Twinkle wt. The only notable difference in this case is a reproducible reduction in one of the HJL RIs as indicated. (B) A normal
pattern of RIs similar to non-expressing cells was observed in cells expressing Twinky or the iLinker variant. (C) K421A, G575D and i70–343
show similar patterns of replication stalling, with increased bubble (b) and descending Y-arc (y0) intensities, a sharpening and lengthening of the
bubble arc and loss of RITOLS (ovals). The right-most panel shows the same exposure 2D gel pattern of the non-induced i70–343 line showing the
typical HincII fragment pattern, including abundant RITOLS. (D) A limited S1 digestion illustrates that stalled RIs observed in panel C are S1
insensitive (right two panels). The effectiveness of the S1 treatment is illustrated by the left two panels, showing the effect on Twinkle non-induced
cells. Similar to the S1 treatment RNase H treatment shows that the stalling RIs observed with Twinkle mutants are largely insensitive to this enzyme
(Supplementary Figure 2), showing that the observed stalled RIs in panel C are essentially dsDNA. Although the intensities in subfigures A–D
cannot be directly compared due to differences in exposure time, each panel contains appropriate controls of similar exposure. For example,
the exposures of the left two panels in C have been chosen to be similar in comparison to the right-most panels to properly illustrate the severity of
the stalling phenotype.
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state was �30% in the 3.9 kb HincII fragment, compared
to55% in control cells. In contrast, the i70–343 mutant
showed a somewhat milder stalling phenotype
(Figure 6C), with the majority of RIs in the upper part
of the bubble arc and on the descending area of the y-arc
suggesting that replication is not aborted so frequently in
the very early stages as was the case for the K421A and
G575D mutants. Nevertheless, in this case also RITOLS
and single-stranded RIs were considerably reduced.
Finally, S1 nuclease treatment for various lengths of
time with a fixed amount of enzyme resulted only in very
minor changes in the abundance of the stalled RIs in
Twinkle stalling mutants (Figure 6D shows the treatment
of i70–343 isolated mtDNA). Only with the longest
treatment was there some reduction in the bubble arc
intensity with a slight concomitant increase in the
ascending part of the y-arc, suggesting some single-
strandedness in the bubbles resulting in broken bubbles
upon S1 nuclease treatment. This is not unexpected as
some single-strandedness is always expected close to the
junction point of the bubble structure of replication
intermediates. The i70–343 stalling in this case still
showed some RITOLS intermediates and these were
efficiently removed by the S1 treatment (compare regions
marked by arrows in the right two panels of Figure 6D).
Nevertheless, most RIs were insensitive to the S1 nuclease
showing that they are essentially dsDNA (this was further
supported by the analyses shown in Supplementary
Figures 5 and 6). In contrast, simultaneous S1 treatment
in samples with abundant RITOLS showed a strong
reduction in RITOLS RIs, illustrating the effectiveness of
the S1 treatment (compare regions marked by arrows in
the left two panels in Figure 6D).

Overexpression of POLG1wt (Figure 7A) and POLG1
iCAG (not shown) did not result in any obvious effect on
the RIs whereas even modest expression of the mutant
variants D890N and D1135A lead to a clear increase in
y- and bubble arcs, suggesting these POLG1 mutants also
caused replication stalling (Figure 7B). However, unlike
the stalling Twinkle variants, RITOLS and single-
stranded RIs persisted in the case of D890N and
D1135A POLG1 mutants (Figure 7B), even after full
induction of the mutant proteins for three days (not
shown).

The proofreading deficient D198A POLG1 showed little
change in the appearance of RIs. Three ng/ml DC slightly
enhanced both the Y- and bubble arc (Figure 7C). Only
after full induction did we observe a phenotype suggestive
of stalling, similar to but clearly less severe than that
observed with D890N and D1135A overexpression at low
induction levels.

Comparison of Twinkle induced replication stalling
with POLG induced replication stalling showed a
considerable quantitative difference in RITOLS and
single-stranded RIs (see also Supplementary Figures 3
and 5). We hypothesized (see also Discussion) that this
difference could be explained by involvement of POLG1 in
initiation of lagging-strand DNA synthesis or maturation.
In this scenario, expression of POLG1 mutants would not
only result in stalling of the leading-strand but also in
delayed lagging-strand DNA synthesis. To test whether

inhibition of POLG1 function could delay lagging-strand
DNA synthesis in cells overexpressing either Twinkle wt
or the stalling mutations i70–343, G575D and K421A,
cells were treated with the cytidine analogue dideoxycy-
tidine (ddC), a competitive inhibitor of POLG.
Incorporation instead of deoxycytidine can result in
chain termination. Surprisingly, already a short 3–4 h
treatment with a high dose of ddC (200 mM) in cells
showing modest stalling due to Twinkle mutants like
G575D, resulted in the reappearance of considerable levels
of RITOLS, while accumulated y- and bubble-arc
RIs were as prominent as in untreated cells (Figure 8).
The appearance of RIs under the applied conditions was
highly similar to the appearance observed with POLG1
stalling (compare lower panels of Figure 8 with those in
Figure 7B). Due to the slightly leaky nature of the Flp-
InTM T-RExTM system, the strongest Twinkle stalling
mutants G575D and K421A already showed signs of
stalling without induction. In particular, the G575D
mutant had already lost most RITOLS in the absence of
DC. Treatment of these cells with ddC showed a similar
reappearance of RITOLS (Figure 8). The same regime of
ddC treatment did not result in obvious changes in RIs in
cells expressing Twinkle wt or in non-induced Twinkle
wt cells (not shown). Finally, ddC treatment of cells
showing a strong stalling phenotype caused by higher level
expression of Twinkle mutants did not result in a clear
increase in RITOLS (not shown), suggesting that replica-
tion was completely abolished under these conditions
(see Discussion section).

DISCUSSION

Because mtDNA encodes some of the central components
required for cellular energy metabolism, its maintenance is
essential for development and overall cell function. While
human and mouse mtDNA were sequenced 25 years ago,
for a long time the knowledge of the replication and repair
machinery was lacking. This made it very difficult to
test predictions of replication models for example
by reconstituting the various components needed for
replication or by manipulating the individual enzymes.
Using inducible overexpression of wild type or mutant

variants of Twinkle and POLG1 in cell culture, we show
here that replication stalling results in changed patterns of
RIs that can best be understood by considering the
proposed mechanisms of lagging-strand synthesis. Most
notably our results show that stalling induced by deficient
Twinkle results in RIs that mimic conventional strand-
coupled RIs and suggest that initiation of lagging-strand
DNA synthesis or maturation occurs at multiple sites
across the genome. We furthermore propose that this
maturation involves POLG1.

Catalytically deficient POLG1 and Twinkle mutants

In this study we have used the HEK293 Flp-InTM

T-RexTM inducible expression system to study mutants
of POLG1 and Twinkle expected to result in severe
catalytic defects of these enzymes.
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As the Flp-InTM T-RexTM system is a transgenic
system, endogenous copies of the genes under study are
still being expressed. Thus, in order to discuss here the
severity of the mutations studied and to better value
the use of the inducible Flp-InTM T-RexTM system we
tried to estimate relative levels of endogenous and
recombinant proteins. The results (presented in
Supplementary Figures 7 and 8) showed that at 3 ng/ml
DC following 2 days induction, POLG1 recombinant and
endogenous protein levels were comparable, suggesting
this regime recreates the effects of expression of a
‘heterozygous’ mutant. The situation was different for
Twinkle. Both northern blot analysis and western blot
analysis suggested that at 1 ng/ml DC for 2 days, the wt

recombinant Twinkle protein level is 4–5-fold the level of
endogenous Twinkle, whereas at 3 ng/ml for 2 days
recombinant Twinkle is �8–10-fold the endogenous level.

We have previously shown that the polymerase mutants
D890N and D1135A of POLG1 are deficient in a
commonly used reverse transcriptase assay. Transient
expression in cell culture showed modest mtDNA deple-
tion (27). The corresponding aspartate 890 and 1135
residues in E. coli polymerase I (Asp705 and Asp882) have
both been shown to be essential for catalysis (40,41).
A model of POLG1 based on the family A polymerase
structures including E. coli polymerase I places both these
residues at critical sites for catalysis (23), which is
corroborated by the fact that cell lines for stable

POLG1 wt 3d no induction POLG1 wt 3d +3 ng/ml DC

D890N 3d +3 ng/ml DC D1135A 3d +3 ng/ml DC

A

B

C

b b

b b

y′

y′ y′

y′

D198A no induction D198A 33 h +3 ng/ml DC D198A 33 h +20ng/ml DC

Figure 7. Replication stalling by POLG1 mutants. (A) Induction of wt POLG1 does not modify RIs compared to non-induced cells. (B) Induction of
POLG1 mutants D890N and D1135A results in a similar pattern of replication stalling with an increased intensity both of bubble (b) and descending
y (y0) RIs. RITOLS are not affected in sharp contrast with Twinkle-mutant induced stalling (Figure 6). All panels in A and B are cropped images
from a single autoradiograph. (C) Fully induced expression of POLG1 D198A results in a modest change in RIs similar to but less severe than low-
level induction of D890N and D1135A. This did, however, not result in copy number depletion (Figure 2). All panels in C are cropped images from a
single autoradiograph.
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constitutive expression of these variants could not be
established. More recently, HEK293 T-Rex cells were
established expressing the D1135A mutation (42). The
authors showed, as we repeated here, that induced
expression of this variant resulted in fast mtDNA copy-
number depletion. Similarly we now show that the D890N
mutation resulted in similar rapid mtDNA depletion upon
induction. For both variants we observed a reduction in
copy number that suggests that upon full induction
mtDNA is diluted by half with each cell division and
thus can no longer be replicated. The generally low
expression levels of recombinant POLG1 and the 1:1 ratio
to endogenous PolG1 at 3 ng/ml DC imply that both the
D890N and D1135A mutation behave as dominant and
furthermore suggest that the results are unlikely due to the
capture of the entire pool of the POLG1 accessory subunit
POLG2 by excessive expression of catalytically inactive
mutants.

Like the POLG1 polymerase domain mutations, the
Twinkle K421A mutation is predicted to abolish catalytic
activity. This mutation is an invariable residue of the
Walker A motif that based on the T7 helicase crystal
structures is essential for nucleotide binding and hydro-
lysis (43,44). Indeed, using partially purified Twinkle
K421A, we showed that this mutation abolished helicase
activity of Twinkle whereas wild-type purified protein
showed robust helicase activity and similar specificity
(not shown) as published (15). The splice variant Twinky

showed no evidence of being able to unwind the helicase
substrate, even though most of the core helicase motifs
except for the last few amino acids of motif H4 are left
intact. The absence of helicase activity is nevertheless not
unexpected as we showed previously that this variant is
mostly monomeric (14), whereas the helicase activity
is expected to require hexamer formation. In contrast
to full-length Twinkle, overexpressed Twinky does not
co-localize with mtDNA in nucleoids within the mito-
chondrial network. Likewise, the 31 amino acid deletion
of the region, that by analogy with the region in the
T7 primase/helicase we tentatively call the linker region,
did not show nucleoid localization and was deficient in the
unwinding assay. However, using glutaraldehyde cross-
linking (Supplementary Figure 4) this mutant was still able
to form multimers, unlike Twinky. The analogous
mutation to G575D has previously been studied in
the T7 primase/helicase (G488D) and was shown to be
severely defective in its unwinding as well as its primase
activity (37), although the remaining primase activity was
still sufficient to allow for phage growth. It was
furthermore shown to have weak DNA-binding capacity,
in part explaining its weak enzymatic activities. In our
hands, the Twinkle G575D mutant did not show helicase
activity and its nucleoid localization was partially
compromised consistent with weak DNA binding. Of the
variants tested here, G575D and K421A behaved as
dominant mutations since they reduced mtDNA copy
number even at very low levels of expression, which
occurred without induction by DC caused by leakiness of
protein expression. Based on the comparison above and
the difficulties to detect the protein without induction we
are confident that under these conditions all recombinant
Twinkle mutants are present at levels well below that of
the endogenous protein. Twinky and i346–376 did not
reduce copy number and are thus suggested not to
compromise the activity of the endogenous Twinkle still
expressed in these cell lines. Based on recent mechanistic
insight in the T7 primase/helicase (45) and the fact that the
purified i346–376 enzymes is inactive, this mutant is
unlikely to form hetero-multimers with the endogenous
enzyme. Finally, the i70–343 mutant reduced mtDNA
copy number and helicase activity. Although this showed
the importance of this region for Twinkle function, these
results and the analysis by 2DNAGE have not yet
established a specific function for this part of the protein
such as a primase activity.

Replication stalling phenotypes are compatible with delayed
lagging-strand synthesis

One of the powers of 2DNAGE is that it allows accurate
predictions of results on the basis of a given replication
model. The method is therefore very useful to generate
and test hypotheses as demonstrated by the adaptation of
the method in a computer model (46). One of the unusual
features of the strand-displacement model (4) is the
prediction of extensive single-stranded RIs. Although
these RIs have been observed by electron microscopy
and more recently by AFM after mtDNA coating by
SSB (47), the RITOLS replication model considers them

G575D 2d + 0 ng/ml DC

G575D 2d + 0 ng/ml DC

+ 200µM ddC, 4 hr

G575D 2d + 0.5 ng/ml DC

G575D 2d + 0.5 ng/ml DC

+ 200µM ddC, 4 hr

y′

y′
y′

y′
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Figure 8. Inhibition of POLG1 by ddC results in the reappearance
of RITOLS RIs following stalling induced by Twinkle G575D.
Non-induced and induced (0.5 ng/ml DC) Twinkle G575D cells were
treated for 4 h prior to mtDNA isolation with 200mM ddC. Note that
exposures of these four samples are identical as all four samples were
run on a single gel and blot. Markings are similar as in Figure 6.
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artefacts of degradation of the RNA patches of the initial
lagging-strand. Indeed, single-stranded RIs predicted
depending on the origin of replication and the restriction
enzymes used (7,48) are not readily observed by
2DNAGE. It has been suggested however that the failure
to observe these RIs is due to extensive branch-migration
(47), thus arguing that the 2DNAGE technique is flawed
and that the majority of RIs predicted by the strand-
displacement model are not detected as such by this
technique. This however does not provide an explanation
for the observation of abundant RITOLS RIs.
Our observations of mtDNA copy-number depletion

and a concomitant overall increase in RIs observed by
2DNAGE are evidence of extensive replication stalling
or slowing down of replication fork movement in a non-
site-specific manner. Replication stalling induced by the
Twinkle K421A and G575D mutations has direct bearing
on the question of delayed lagging-strand DNA synthesis
as proposed by both the strand-displacement and
RITOLS models. Using 2DNAGE we have shown here
that accumulated RIs were visible using 3 different
restriction enzymes (HincII in Figures 6–8, BclI in
Supplementary Figure 1 and DraI in Supplementary
Figure 5A) and probes for fragments that cover half of
the genome. The results show that reduced fork progres-
sion occurs throughout mtDNA and not at a few specific
sites since we did not observe appearance of discrete spots
on replication arcs but a general increase of the intensities
of arcs of RIs. Probing for the 3.9 kb HincII fragment
from mtDNA nt 13 636–1006, which includes OH as well
as most of the initiation zone (OriZ) covering the
cytochrome b, ND6, part of the ND5 gene region (8),
showed both an intense bubble and descending y-arc
typical of a fragment containing multiple initiation sites
within that fragment. However, since the ascending y-arc
signal in this fragment was generally weak even when the
bubble arc signal was very strong, the results nevertheless
suggest that most initiation occurred in the NCR region,
possibly at or near OH and not in OriZ, which would
result in a more uniform y-arc (8). 2DNAGE analysis of a
DraI fragment spanning most or all of OriZ but not
including OH further supports this hypothesis as it
showed a strong y-arc signal in Twinkle stalling mutants
but only a very weak bubble arc (Supplementary
Figure 5A). These results thus suggest that despite the
apparent lack of RITOLS on 2DNAGE gels in the
Twinkle stalling mutants, the predominant initiation
occurs at OH as was proposed for both the RITOLS
(10) and the strand-displacement model (4). Since the
RIs observed with the Twinkle stalling mutants were
RNaseH and S1 nuclease insensitive they were most likely
double-stranded DNA and thus resemble strand-coupled
RIs. The double-stranded nature of the RIs in question
was further confirmed by comparing RIs obtained by
digestion with DraI and analysis of a fragment close to but
not including the NCR origin (Supplementary Figure 5A
and B). As explained in detail in Supplementary Figure 5C
the prediction is that double-stranded RIs would yield a
conventional Y-arc, whereas RITOLS and single-stranded
intermediates being non-digestible on the nascent lagging-
strand would yield a retarded arc resembling a Y-arc

(SMY or slow-moving Y). Also by comparison with
Supplementary Figure 5A, the results show that the vast
majority of RIs resulting from Twinkle stalling mutants
are on a conventional Y-arc whereas by comparison RIs
from cells expressing Twinkle wt or expressing the POLG1
D1135A mutant are on the predicted SMY (7,10). As an
alternative we purified replication intermediates from
preparative Twinkle G575D 2DNAGE gels and analyzed
the purified RIs by restriction digestion using two
dsDNA-specific enzymes (XhoI and DraI) and AccI that
is capable of digesting ds and ssDNA. As demonstrated
and illustrated in Supplementary Figure 6, these digests
also fully support the conclusion that RIs observed with
the Twinkle stalling mutants are essentially double-
stranded DNA. As it is highly unlikely that leading- and
lagging- strand synthesis have become coupled due to fork
stalling, the observed double-stranded RIs can only be
reasonably explained by an increased rate of lagging-
strand initiation and/or maturation relative to the rate of
fork movement. The results furthermore imply this to
occur at sites other than the proposed lagging-strand
initiation site(s) because the 3.9 kb HincII is unlikely to
contain any, based on the mapping of the mouse second
preferred maturation start-site proposed to be between nt
12 966 and 12 671 (10). Although not excluded at the
moment, in the strand displacement model this would
require novel priming events by unknown proteins and
mechanisms. In the case of RITOLS intermediates,
processing of incorporated RNA can be more easily
envisaged to yield fully dsDNA intermediates.

The conclusions above are further strengthened by the
ddC experiments. In our study overexpression of POLG1
mutants induced replication stalling but maintained
RITOLS RIs. In contrast, Twinkle stalling mutants
invariably resulted in an extensive loss of RITOLS RIs
on 2DNAGE and in an associated increase in dsDNA
RIs. The suggested cause-effect that dsDNA RIs increase
as RITOLS decrease is further reinforced by the demon-
stration that a short inhibition of POLG by ddC led to a
re-emergence of the RITOLS RIs under mild stalling
conditions induced by Twinkle mutants and demonstrates
that RITOLS intermediates precede dsDNA replication
intermediates. Importantly, higher expression levels of,
e.g. G575D for two or three days followed by ddC
treatment did not result in the reappearance of RITOLS.
We interpret this as a sign of a complete halt in ongoing
replication and initiation whilst visible stalled RIs have
already been maturated. Because under these conditions
no replication (re)initiation occurs, also no new RITOLS
intermediates are observed upon inhibition of POLG1 by
ddC. In contrast, low G575D expression levels allow for a
continued fork progression albeit at a reduced rate.
Accordingly, very low (leaky) G575D expression resulted
in a reduced mtDNA copy number, but a steady-state
level was maintained over many cell generations (not
shown). As the only plausible target for ddC treatment is
POLG, the results seem to imply that the lagging-strand
POLG is more sensitive to ddC treatment than the
leading-strand polymerase, suggesting a different compo-
sition of leading and lagging-strand polymerase holoen-
zymes. Although the proposal of RITOLS replication (10)
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leaves open many questions regarding the synthesis of the
initial RNA-rich lagging-strand, our data suggest that
POLG is involved in lagging-strand maturation.
Furthermore, as proposed previously (7) our data confirm
that this is one of the slower steps in mitochondrial
replication. Although various RNA-associated activities
of POLG1 have recently been characterized (49), to our
knowledge a displacement synthesis where POLG1 would
displace annealed RNA from a template strand has not
yet been demonstrated. Alternatively, POLG1 exonuclease
activity might be involved in removing nascent RNA
before initiating DNA synthesis. Our data however seem
to exclude this idea, as overexpression of the exonuclease
deficient POLG1 D198A did not seriously affect mtDNA
copy number or the abundance of RNA-rich versus RNA-
poor RIs. Nevertheless, moderate changes in replication
intermediates at high D198A expression levels were
observed by 2DNAGE and warrant further investigation.

The system we have established here provides an
excellent tool to study the function of other proteins in
mtDNA maintenance, to establish their enzymatic or
structural roles in, e.g. replication or repair and to address
questions concerned with the mechanisms of DNA
replication. It will also be invaluable to determine the
in vivo effects of mutations in Twinkle and POLG1
associated with human disorders of mtDNA maintenance.
Low-level expression of the severe Twinkle mutations
K421A and G575D due to the leakiness of the expression
system also in the absence of DC caused reduced mtDNA
steady state levels of �60%. Medium to high induction of
the same mutations ultimately lead to the loss of protein
expression, probably due to growth arrest or death of cells
that lost their mtDNA completely and outgrowth of a few
remaining cells that either had lost protein expression or
did not have expression to start with, very similar to our
earlier observations with constitutive expression of the
POLG1 D198A mutant in 293T cells (27). In contrast
expression of the null mutations did not have any effect on
mtDNA levels also after 7 days and no negative selection
occurred. These considerations also illustrate that the
system is best used for transient expression of mutant
proteins, that care must be taken when long-term effects
are studied and that long-term maintenance of master
plates without DC is not without hazard.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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