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ABSTRACT 
 
Mitochondria are cytoplasmic organelles in eukaryotic cells, mainly devoted to the 

synthesis of ATP, through the Oxydative Phospshorylation System (OXPHOS). The 

organelle has its own genome, the mitochondrial DNA (mtDNA) that encodes for all 

the RNA components of the mitochondrial translation apparatus (two rRNAs and 22 

tRNAs) and for 13 subunits of the OXPHOS complexes. Many trans-acting factors 

involved in the replication and expression of the mtDNA have been identified, but the 

molecular mechanisms regulating these processes are still poorly understood. 

 In our work, we have reconstituted the minimal mammalian mtDNA 

replisome in vitro. Together, the mitochondrial DNA polymerase (POLγ) and the 

mitochondrial DNA helicase TWINKLE form a processive replication machinery, 

which can use double-stranded DNA (dsDNA) as template to synthesize single-

stranded DNA (ssDNA) molecules of about 2 kb. The addition of the mitochondrial 

ssDNA-binding protein (mtSSB) stimulates the reaction, generating DNA products of 

about 16 kb, the size of the mammalian mtDNA molecule. These findings provide 

biochemical evidence for TWINKLE being the helicase at the mtDNA replication 

fork and define the minimal mitochondrial replisome. 

 Previous studies had shown that the human mitochondrial transcription 

termination factor (mTERF) governs site-specific termination of the mitochondrial 

transcription process. We used bioinformatic analysis and could demonstrate that 

mTERF is a member of a protein family (the MTERF family) shared among 

metazoans and plants. Interestingly, we identified three novel MTERF genes in 

vertebrates (MTERF2 – 4), which all encode proteins with predicted mitochondrial 

localization. 

To analyze the function of one of these MTERF proteins, MTERF3, we used a 

combination of mouse genetics and biochemistry. We could demonstrate that 

MTERF3 is a negative regulator of mtDNA transcription initiation. The MTERF3 

gene is essential because homozygous knockout mouse embryos die in mid-gestation. 

Heart-specific disruption of MTERF3 gene impairs mtDNA transcription and causes 

severe respiratory chain deficiency. Biochemical evidences show that MTERF3 binds 

the mtDNA promoter region and depletion of MTERF3 increases transcription 

initiation on both mtDNA strands. MTERF3 was the first described mitochondrial 

protein that specifically repressed mammalian mtDNA transcription initiation in vivo. 

A biochemical approach has been used to characterize another member of the MTERF 



family, MTERF2. We have confirmed the mitochondrial localization of the protein 

and the position of the cleavage site of its mitochondrial targeting peptide was 

identified. MTERF2 is a monomer in isolation and it binds mtDNA in a non 

sequence-specific manner. In vivo quantification experiments show that MTERF2 is 

relatively abundant, with one monomer present per ∼  265 bp of mtDNA. Using 

formaldehyde cross-linking we demonstrated that MTERF2 is present in nucleoids, 

and therefore located in close proximity to mtDNA. The functional role of MTERF2 

is still unknown. 
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INTRODUCTION 

Mitochondria 
Mitochondria are cytoplasmic organelles of eukaryotic cells, in which the synthesis of 

ATP is coupled to the transfer of electrons to oxygen, through the Oxidative 

Phosphorylation System (OXPHOS). In aerobic organisms, this is the last step of the 

cellular metabolism, which follows the enzymatic degradation of carbohydrates, fatty 

acids and amino acids. Mitochondria also play a crucial role in many other cellular 

processes such as calcium signaling and apoptosis, making them indispensable 

organelles for eukaryotic cell function. 

Two membranes structurally delimit mitochondria: the outer membrane 

separates the organelles from the cytosol, while the inner membrane invaginates to 

form the cristae, which protrude into and define the matrix of the mitochondria (Fig. 

1). The inner membrane is the physical location of the five enzyme complexes 

constituting the OXPHOS (Complex I to V). 

 

Fig. 1 - Structure of a mitochondrion 
 
Mitochondria contain multiple copies of a double-stranded DNA genome, the 

mitochondrial DNA (mtDNA), located in the mitochondrial matrix. The mtDNA 

encodes for a small, but essential set of genes for the biological function of the 

organelle. However, nuclear genes specify the vast majority of the mitochondrial 

proteins, including all the trans-acting factors directly involved in the mitochondrial 

gene expression. Therefore the correct mitochondrial biogenesis and function rely on 

the spatiotemporally coordinated expression of two genetic systems, the 

mitochondrial and the nuclear genomes (Scarpulla 2008). 
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Origin of mitochondria 

The distribution of genes encoding mitochondrial factors between two genomes is in 

support of the endosymbiotic origin of mitochondria. According to this theory, the 

mitochondrial genome was derived from a α-protobacterium-like ancestor, which 

invaded an Archea-type host establishing a symbiotic relationship with it. During 

evolution, the endosymbiont transferred many of its essential genes to the nuclear 

genome and in the process some redundant genes were lost (Gray, Burger et al. 

1999). 

Replication and expression of the mitochondrial genome is carried out 

by unique enzymes, completely separated from those found in the nucleus. It is an 

open question why mitochondria have retained these complicated systems to express 

only a few genes and why not all mitochondrial genes have been transferred to the 

nuclear genome. A possible explanation could be found in the hydrophobic nature of 

some proteins encoded by the mtDNA, which may render them difficult to be 

imported across the mitochondrial membranes. In support of this idea, the most 

conserved genes in all completely sequenced mitochondrial genomes, such as Cox I 

and Cyt b, encode for some of the most hydrophobic proteins present in mitochondria 

(von Heijne 1986). 

A comparison between the mtDNA sequence and the amino acid sequence of mtDNA 

encoded proteins, revealed deviations from the standard genetic code. These 

deviations include variations in codon usage, which can differ from species to 

species, and the use of a reduced number of tRNAs (Osawa, Jukes et al. 1992). The 

observed differences in codon usage between the nucleus and the mitochondria may 

also have prevented a further transfer of genes from the mitochondrion to the nucleus.  

The most favoured hypothesis, however, suggests that a nucleus-independent regulation 

of the mitochondrial genes could be important for the metabolic control of the cell. The 

idea is that mitochondria retain genes for proteins whose function in electron transfer 

demands rapid, direct and unconditional red-ox regulatory control of their 

biosynthesis (Allen 2003). 

 
Mitochondrial dynamics 
Mitochondria are dynamic organelles and the balance between fusion and fission 

processes controls their morphology and copy number. A shift toward fusion enables 

the cell to build an extended mitochondrial network, whereas a shift toward fission 
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generates many distinct organelles. This variation of the mitochondria morphology 

depends on the cellular demands and it is critical for a number of important processes. 

Large mitochondrial networks are frequently found in metabolically active cells. 

They consist of extended and interconnected mitochondrial filaments where the cell 

energy is efficiently distributed (Skulachev 2001). In addition, the connectivity of the 

mitochondrial network is an important factor that determines the cell response to 

calcium signals (Szabadkai, Simoni et al. 2006), and fusion of mitochondria is an 

essential step in mouse embryonic development (Chen, Detmer et al. 2003) and 

spermatogenesis in Drosophila (Hales and Fuller 1997). Beside its role in network 

formation, fusion serves to mix and amalgamate the mitochondrial compartment, an 

activity that is thought to be a defense mechanism against aging. Part of the oxygen 

consumed during oxidative phosphorylation is converted to reactive oxygen species 

(ROS) as a byproduct of respiratory chain function. As the mtDNA is directly located 

at the site of ROS production, it is particularly vulnerable to ROS-caused mutations. 

These mutations accumulate with age until a certain threshold is reached, resulting in 

mitochondrial dysfunction (Balaban, Nemoto et al. 2005). Fusion of mitochondria 

counteracts the manifestation of respiratory chain deficiencies because it allows 

complementation of mtDNA gene products in heteroplasmic cells that have 

accumulated different mutations (Sato, Nakada et al. 2006).  

Similar to fusion, mitochondrial fission also plays a key role in cell life 

and death. Since growth and division of pre-existing organelles propagate 

mitochondria, mitochondrial inheritance depends on mitochondrial fission during 

cytokinesis. Moreover, mitochondrial division is important for several developmental 

and cell differentiation processes, including embryonic development in C. elegans 

(Labrousse, Zappaterra et al. 1999) and formation of synapses and dendritic spines in 

neurons (Li, Okamoto et al. 2004). Last but not least, the mitochondrial fission 

machinery actively participates in the programmed cell death pathway (apoptosis) by 

inducing fragmentation of the mitochondrial network before the release of the cyt c 

and caspase activation (Youle and Karbowski 2005).  

A group of conserved, large, dynamin-related GTPases maintains the 

critical balance between mitochondrial fission and fusion. One such protein, Drp1, is 

a key mediator of mitochondrial fission (Smirnova, Griparic et al. 2001). Fis1 in 

yeasts and its mammalian homologue hFis1 are also involved in mitochondrial 

fission, probably recruiting Drp1 to the mitochondria (Yoon, Krueger et al. 2003). 

While the precise mechanism of mitochondrial fission in mammals remains unknown, 
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genetic studies in yeasts have provided some insights. According to the most favored 

model, Drp1 assembles into rings or spirals surrounding the mitochondrial outer 

membrane with the help of hFis1 and other unknown cofactors and regulators 

(Ingerman, Perkins et al. 2005). GTP hydrolysis subsequently causes a 

conformational change in Drp1 that drives the mitochondrial outer membrane fission 

event. 

In contrast to fission, mitochondrial fusion requires both outer and inner 

membrane components. Mitofusins 1 and 2 (Mfn1, Mfn2) facilitate outer membrane 

fusion in mammals, probably through trans-interactions that promote membrane 

bending and fusion (Koshiba, Detmer et al. 2004). Studies suggest that the GTPase 

OPA1 is the main mediator of inner membrane fusion (Cipolat, Martins de Brito et al. 

2004). The mechanism of inner membrane fusion is unknown, but findings indicate 

that two distinct isoforms of OPA1, produced by proteolytic cleavage, are necessary 

for successful fusion events (Griparic, Kanazawa et al. 2007). 

 

Structure, gene content and organization of mammalian 

mtDNA 
The nucleotide sequence of the human mtDNA was the first one to be completely 

documented (Anderson, Bankier et al. 1981) and the genomic structure and 

organization of the mtDNA are quite conserved among mammals (Boore, Daehler et 

al. 1999). The mammalian mtDNA is a close, circular, double-stranded DNA 

(dsDNA) molecule of about 16 kb. The two strands of the mtDNA can be separated 

in a cesium chloride gradient, due to a different density, and are therefore called the 

‘heavy’ or H and ‘light’ or L strand. The mitochondrial genome encodes for 37 genes 

corresponding to the RNA components of the mitochondrial translation apparatus (the 

two ribosomal RNAs, 12S and 16S, and 22 tRNAs) and 13 mRNAs for protein 

subunits of the OXPHOS complexes. The H-strand encodes most of the information: 

the two rRNAs, 14 tRNAs and the mRNAs for 12 out of the 13 polypeptides. The L-

strand encodes the remaining tRNAs and only one mRNA species (Fig. 2).  

All the remaining OXPHOS subunits, as well as all other proteins involved in the 

mitochondrial metabolism, are nuclear encoded, translated on the cytosolic ribosomes 

and imported into the mitochondria through specialized carriers, located in the 

mitochondrial membranes (Bauer, Hofmann et al. 2002; Gabriel and Pfanner 2007). 
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Fig. 2 - Mammalian mtDNA 
The outer circle represents the H-strand and the inner circle the L-strand. mRNAs are in blue, 
tRNAs in yellow and rRNAs in green. The D-loop is shown as a grey box. 
 

The mtDNA has a very compact organization, lacking introns within the genes and 

other kind of intergenic sequences. Some of the protein encoding genes are overlapping 

and quite often the stop codon is not encoded but added after transcription during the 

polyadenilation of the mRNAs (Anderson, Bankier et al. 1981; Ojala, Montoya et al. 

1981). 

There are only two non-coding regions in the mtDNA and they contain most of the 

known regulatory functions. The largest one is a triple-stranded structure called the 

displacement loop (D-loop), where a nascent H-strand DNA segment of 500-700 nt 

(7S RNA) remains annealed to the parental L-strand, displacing the parental H strand 

as a loop. The D-loop region is about 1 kb long in humans and it contains the origin 

of replication for the H-strand (OH) and the promoters for H and L-strand 

transcription. Compared to other parts of the mtDNA, the D-loop region varies 

considerably in sequence and size among different species. Despite this variability, it 

contains some conserved DNA elements, believed to regulate mtDNA replication: the 

Conserved Sequence Blocks (CSBI, CSBII and CSBIII) and the Termination 

Associated Sequences (TAS) (Saccone, Attimonelli et al. 1987; Pham, Farge et al. 
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2006). The second non-coding region, is a ~ 30 nt long segment which contains the 

origin of replication for the L-strand (OL) and is located inside a tRNA cluster at 

about two thirds of the mtDNA length from the OH. (Fig. 3) 

 

mtDNA nucleoids 
Traditionally the mtDNA has been considered ‘naked’, due to the lack of 

mitochondrial histone-like proteins. However it was early recognized that mtDNA 

does not distribute homogenously within the mitochondrial matrix, but it is 

concentrated in structures that represent the dynamic and inheritable units of mtDNA. 

These structures were called ‘nucleoids’ or mitochondrial nuclei (Kuroiwa 1982).  

We know today that these nucleoids correspond to mtDNA packaged into protein-

DNA complexes. Each nucleoid contains several copies of the mitochondrial genome 

and several different proteins, and it is considered the inheritable unit of mtDNA 

(Garrido, Griparic et al. 2003; Kucej and Butow 2007). 

Much of our current understanding of the mitochondrial nucleoids is based on studies 

of the yeast S. cerevisiae. In yeasts, cytological visualization of nucleoids indicates 

that they are distributed in a regular pattern within the mitochondrial network, 

presumably through an attachment to the mitochondrial membranes (Chen and Butow 

2005).  

Proteomic and genetic approaches have identified proteins directly associated with 

Fig. 3 - mtDNA regulatory elements 
Non-coding regions involved in 
mitochondrial biogenesis are encircled in 
red. (Modified from R. Garesse, C.G. 
Vallejo / Gene 2 263 (2001) 1-16) 
 
Fig. 3 - mtDNA regulatory elements 
Non-coding regions involved in 
mitochondrial biogenesis are encircled in 
red. (Modified from R. Garesse, C.G. 
Vallejo / Gene 2 263 (2001) 1-16) 
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mtDNA within nucleoids not only in yeasts, but also in other organisms, including 

humans (Chen and Butow 2005). Many have identifiable activities not related to 

mtDNA maintenance, suggesting that they are bifunctional (Shadel 2005). Among the 

nucleoid proteins that have been characterized, a number assists in processes such as 

DNA replication and transcription (Spelbrink, Li et al. 2001; Wang and Bogenhagen 

2006), as well as organization and packaging of the nucleoids (Kaufman, Durisic et 

al. 2007). Many different proteins involved in mitochondrial biogenesis and 

metabolism have thus been recruited to the nucleoids. This may allow mtDNA 

packaging, nucleoid division and inheritance to be coupled to these processes. 

 The molecular structure of the nucleoids is largely unknown. Based on 

careful purification of cross-linked mitochondria from HeLa cells, Bogenhagen and 

colleagues have recently identified different classes of nucleoid proteins and 

proposed a functional model for the mitochondrial nucleoids structure (Bogenhagen, 

Rousseau et al. 2008). In this model, mitochondrial nucleoids are described as layered 

structures in which mtDNA replication and transcription occur in the central core, 

whereas translation and complex assembly may occur in the peripheral region. In 

support of this idea, the nucleoid core contains many factors involved in mtDNA 

transactions, e.g. TFAM, mtSSB, TWINKLE, POLγ, etc., which readily cross-link to 

mtDNA. In native nucleoids, the core is surrounded by a peripheral zone containing 

proteins that do not cross-link to mtDNA efficiently, such as Hsp60, prohibitin, and 

ATAD3.  

Even if this is an attractive model, many proteins identified in the above- mentioned 

studies have not yet been characterized with respect to nucleoid function and their 

characterization is of primary importance to fully understand the functional role of 

the mitochondrial nucleoids. 
 

Transcription of mtDNA 
RNA synthesis in human mitochondria starts at three different initiation sites located 

in the D-loop region, one for the transcription of the L-strand (LSP) and two for the 

H-strand (HSP1 and HSP2) (Fig. 3). Two overlapping units transcribe the H-strand: 

one of them starts at HSP1, located upstream of the tRNAPhe gene and ends at the 16S 

rRNA 3’ end. This highly transcribed unit is responsible for the synthesis of the two 

ribosomal RNAs, as well as for the tRNAPhe and tRNAVal genes. The second 

transcription unit, that operates with a frequency about 20 times lower, starts at HSP2, 

close to the 12S rRNA 5´ end and produces a polycistronic molecule covering almost 
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the whole H-strand (Montoya, Gaines et al. 1983). LSP-dependent transcription gives 

rise to a single polycistronic molecule starting at the 5´ end of 7S RNA, about 150 bp 

away from the HSP1 initiation point.  

Nearly all the mitochondrial genes are flanked by at least one tRNA gene. This 

genetic organization has led to the proposal that the secondary structure of the tRNA 

sequences provide the punctuation marks in the reading of the mitochondrial 

information (Ojala, Montoya et al. 1981). According to this model, the excision of the 

tRNA molecules from the polycistronic transcripts produces mature rRNAs and in 

most cases, correctly processed mRNAs.  

 

Initiation of transcription 

The basic components of the mammalian mitochondrial transcription machinery have 

been identified and in recombinant form these can support in vitro transcription from 

a DNA fragment containing the mitochondrial promoters (Falkenberg, Gaspari et al. 

2002) (Fig. 4). 

 
 

 

 

Fig. 4 - Initiation of mitochondrial transcription 
Transcription initiation complexes are assembled at bidirectional promoters within the 
D-loop. They comprise the mitochondrial RNA polymerase (POLMRT), TFAM and 
one of the two TFBM factors.  
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Mitochondrial RNA Polymerase (POLRMT) 

The mitochondrial RNA polymerase was first identified in S. cerevisiae (mtRNAP) 
(Greenleaf, Kelly et al. 1986) and then in human cells (POLRMT) (Tiranti, Savoia et 

al. 1997). They are both single subunit enzymes with high sequence similarity to the 

C-terminal part of the RNA polymerases encoded by the T-odd lineage of 

bacteriophages (Masters, Stohl et al. 1987; Tiranti, Savoia et al. 1997), but they also 

contain a N-terminal domain that is not found in the homologous bacteriophage RNA 

polymerases. The function of the N-terminal domain is separable from the known 

RNA polymerization activity of the enzyme. In S. cerevisiae, this domain specifically 

interacts with Nam1, a protein involved in RNA processing and translation 

(Rodeheffer, Boone et al. 2001). Therefore the N-terminal domain of mtRNAP could 

couple additional factors and activities involved in mitochondrial gene expression 

directly to the transcription machinery. The function of the N-terminal domain of 

POLRMT is still unknown. It contains two 35 amino acids pentatricopeptide repeat 

(PPR) motifs, which are also found in many plant RNA-binding proteins. PPR-

containing proteins have a range of essential functions in post-transcriptional 

processes (including RNA editing, RNA splicing, RNA cleavage and translation) 

within mitochondria and chloroplasts (Schmitz-Linneweber and Small 2008). 

However the functional importance of the PPR motifs in POLMRT remains to be 

established. 

Although POLMRT can specifically recognize mitochondrial promoters, it cannot 

initiate transcription without the assistance of two additional transcription factors, 

TFAM and either TFB1M or TFB2M (Gaspari, Falkenberg et al. 2004) (Fig. 4). 

 

Transcription factor A (TFAM) 

The first human mitochondrial transcription factor acting with POLRMT to be 

identified was the mitochondrial transcription factor A (TFAM). This is a very 

abundant protein that contains two tandem high-mobility group (HMG) domains 

separated by a 27 amino acids linker region and followed by a 25 amino acids C-

terminal tail. Biochemical characterization of TFAM has shown that the tail region is 

important for specific DNA recognition and essential for the activation of the 

transcription process (Dairaghi, Shadel et al. 1995). TFAM is one of the major DNA-

binding proteins found to be associated with mammalian nucleoids. In its active form 

TFAM is a homodimer that can bind, unwind and bend DNA without sequence 

specificity coordinating in this way the fully compaction of several DNA molecules 
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together to form the mitochondrial nucleoids (Kaufman, Durisic et al. 2007). 

However, the two major mammalian promoters, HSP1 and LSP, contain a promoter 

element, located immediately upstream of their initiation sites, which includes 

specific and high affinity binding sites for TFAM (Fig. 4). By binding its sequence-

specific sites, this protein is able to confer transcription initiation capacity to 

POLRMT and increase its activity, even though both the binding and transcription 

stimulation activities are higher for the LSP promoter than for the HSP1 promoter, as 

demonstrated by in vitro studies (Ekstrand, Falkenberg et al. 2004). It appears likely 

that TFAM binding upstream of HSP1 and LSP introduces specific structural 

alterations at a precise position in the promoter region and perhaps partially unwind 

the start site for transcription. The second H-strand transcription initiation site, HSP2, 

has never been shown to function in vitro and the promoter lacks an identifiable 

upstream TFAM binding element. 

Beside its structural role in nucleoids packaging and the role as basic transcription 

initiation factor, TFAM also functions as key regulator of mtDNA copy number 

(Larsson, Wang et al. 1998; Ekstrand, Falkenberg et al. 2004). Disruption of the 

mouse TFAM gene causes embryonic lethality between E8.5 and 10.5, and these 

embryos exhibit severe mtDNA depletion and completely abolished oxidative 

phosphorylation; the heterozygous knockout animals are viable, but they still show 

reduced mtDNA copy number and respiratory chain deficiency in hearts (Larsson, 

Wang et al. 1998). The role of TFAM in mtDNA maintenance is dissociable from its 

role in mitochondrial biogenesis and expression as shown in (Ekstrand, Falkenberg et 

al. 2004).  

 

Mitochondrial transcription factors B1 and B2 (TFB1M and TFB2M) 

Two additional transcription initiation factors, called TFB1M and TFB2M can assist 

TFAM and POLRMT during the initiation of the transcription process. TFB2M is at 

least two orders of magnitude more active in stimulating specific transcription than 

TFB1M (Falkenberg, Gaspari et al. 2002). Both factors seem to directly interact with 

POLRMT forming a heterodimer, and one or the other, in addition to TFAM, is 

required for the accurate transcription initiation in vitro from both the HSP1 and LSP 

promoters (Falkenberg, Gaspari et al. 2002) (Fig. 4). TFB1M and TFB2M are closely 

related to a family of rRNA methyltransferases which dimethylates two adjacent 

adenosine bases near the 3’ end of the 12S rRNA during ribosome biogenesis. It 

therefore seems that an RNA-modifying enzyme was recruited during evolution to 
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function as a mitochondrial transcription factor. In fact TFB1M still retains a rRNA 

methyltransferase activity, which is not needed for its function as a transcription factor 

(Seidel-Rogol, McCulloch et al. 2003).  

The relative importance of TFB1M and TFB2M in mitochondrial transcription and 

rRNA methylation remains to be established. Since TFB1M is less active than TFB2M 

in activating transcription, it could mainly be responsible for the dimethylation of the 

small rRNA during ribosome biogenesis. TFB2M instead, could have lost the 

methylation activity in order to evolve into a specialized transcription factor. The 

molecular mechanism by which TFB2M activates transcription is still not known. 

Perhaps the protein binds the newly synthesized RNA to prevent the formation of an 

RNA/DNA hybrid at the promoter, or alternatively, TFB2M could bind single-

stranded DNA (ssDNA) and stabilize a partially unwound promoter during 

transcription. It is possible that binding of TFAM will bend DNA and introduce a 

sequence-dependent partial unwinding of the mitochondrial promoter, which will 

allow TFB2M to bind the ssDNA and thereby recruit POLRMT to the promoter. 

TFAM interacts directly with TFB1M and TFB2M, and these protein-protein 

interactions may also contribute to the recruitment of the transcription machinery to 

mitochondrial promoters (McCulloch and Shadel 2003). 

  

Transcription termination and regulation 

Once initiated at LSP and HSP2, the transcription process produces single 

polycistronic precursor RNAs, encompassing all the genetic information encoded on 

both mitochondrial strands. While the precise location and mechanisms for L-strand 

transcription termination are still not known, a termination site for the HSP2 

transcription unit has been identified immediately upstream of the tRNAPhe gene. 

Two different proteins were described to bind this region, although their identities 

have not been reported yet (Camasamudram, Fang et al. 2003). 

Transcription of the H-strand starting at HSP1 terminates downstream of the 16S 

rRNA gene and it is believed that the mitochondrial transcription termination factor, 

mTERF, plays an important role in regulating the activity of this transcription unit. 

 

Mitochondrial transcription termination factor (mTERF) 

The difference in synthesis rate of rRNAs and mRNAs described in (Montoya, Gaines 

et al. 1983) is supposedly regulated by a transcription termination event at the border of 

the 16S rRNA and tRNALeu(UUR) genes (Kruse, Narasimhan et al. 1989). The factor 



 

 12 

mediating this event is mTERF, a DNA-binding protein that protects a 28 bp region 

downstream of the 16S rRNA, within the gene for tRNALeu(UUR) (Fernandez-Silva, 

Martinez-Azorin et al. 1997) (Fig. 2). The current idea is that mTERF bound to its 

specific site could act as a physical barrier to stop transcription elongation of the H-

strand.  

Recently it was reported that mTERF could also stimulate the initiation of this 

transcription unit by simultaneously binding to a second site, in close proximity to 

HSP1. This would form a loop between the initiation and termination sites of the HSP1 

transcription unit and facilitate re-initiation of the transcription process (Martin, Cho et 

al. 2005). However, the H-strand termination-promoting activity of mTERF has only 

been shown in vitro (Asin-Cayuela, Schwend et al. 2005) and it seems to be 

bidirectional, with mTERF being more effective at blocking L-strand transcription than 

H-strand transcription (Shang and Clayton 1994; Asin-Cayuela, Schwend et al. 2005). 

This observation makes also mTERF a potential candidate for the protein responsible 

for the termination of the L-strand transcription. This possibility is supported by the 

observation that heterologous RNA polymerases are stopped only in the L-strand 

direction of transcription (Shang and Clayton 1994) and no additional genes are 

encoded on the L-strand downstream of mTERF binding site (Fig. 2). Understanding 

the functional role of mTERF has became particularly important since an A to G 

transition in the middle of mTERF binding site (A3243) was found in patients with 

MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like 

episodes) (Goto, Nonaka et al. 1990). In vitro studies have shown that this mutation 

reduces the affinity of mTERF for its binding site and causes defects in transcription 

termination, but steady-state transcript levels upstream and downstream of the 

termination site were not affected in cultured cells (Chomyn, Martinuzzi et al. 1992) or 

in patients (Moraes, Ricci et al. 1992). Thus it seems unlikely that the in vitro observed 

defective termination of H-strand transcription is of significance for MELAS 

pathology. 

 MTERF homologous proteins have been identified and characterized in at least 

two more species. DmTTF is the homologue of mTERF in D. Melanogaster (Roberti, 

Polosa et al. 2003). Both in vitro and in vivo evidences show that this protein is able to 

bind two sequences placed at the boundary of clusters of genes transcribed in opposite 

directions and terminate mtDNA transcription (Roberti, Fernandez-Silva et al. 2005; 

Roberti, Bruni et al. 2006). This was in fact the first evidence for an in vivo role in 

transcription regulation of an animal mitochondrial transcription termination factor. 



 

 13 

mtDBP, the homologoue of mTERF in sea urchin, is also able to bind two distinct 

regions of the sea urchin mtDNA, one of them at the boundary between two opposite 

transcribed genes and the other one in the D-loop, at the 3’ end of the triple structure 

(Loguercio Polosa, Roberti et al. 1999). This protein has a transcription termination 

activity (Fernandez-Silva, Polosa et al. 2001), but it also plays a role in mtDNA 

replication acting as a contra-helicase, which negatively regulates mtDNA synthesis at 

the level of D-loop expansion (Polosa, Deceglie et al. 2005). 

Very recently a role for human mTERF in mtDNA replication has been described 

(Hyvärinen, Pohjoismäki et al. 2007). In this work, over-expression of mTERF in 

human cells led to the identification of alternative mTERF binding sites on the mtDNA 

beside the canonical one, and each of them corresponded to mtDNA replication pausing 

sites.  

In the light of these recent data, it seems obvious that, to firmly establish the role of 

mammalian mTERF within mitochondria, it is absolutely necessary to disrupt the 

mouse mTERF gene and investigate the functional consequences for mitochondrial 

transcription and replication.  

 

The MTERF protein family 

mTERF may not be the only factor regulating transcription termination in mammalian 

mitochondria. We report in this thesis the identification of three novel genes in 

vertebrates coding for proteins homologous to mTERF, all of them with predicted 

mitochondrial localization (Linder, Park et al. 2005) (Paper II). This family of 

putative transcription factors has been denoted MTERF1 – 4, with MTERF1 

corresponding to the previously characterized human mTERF protein. MTERF1 and 

MTERF2 proteins seem to be unique to vertebrates, whereas MTERF3 and MTERF4 

also have paralogues in worms and insects.  

 The mitochondrial localization of human MTERF2 has been confirmed 

and gene expression analysis has shown high expression in heart, liver and skeletal 

muscle, a typical pattern for a mitochondrial protein (Chen, Zhou et al. 2005). 

Expression of MTERF2 is inhibited by the addition of serum in serum-starved cells, 

while the expression pattern of MTERF1 was the exact opposite indicating that the 

expression of these two members of the MTERF family is tightly coordinated. A 

preliminary biochemical characterization of MTERF2 is a part of this thesis work 

(Paper IV). In this report we show that MTERF2 is a mitochondrial protein, produced 

as a precursor form in the cytosol and cleaved into its mature form once it is imported 
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into the organelle. MTERF2 binds DNA as a monomer, but in a non sequence-specific 

manner and using formaldehyde cross-linking we demonstrate that MTERF2 is present 

in nucleoids and therefore operates in close proximity to mtDNA. Still the actual 

function of MTERF2 remains to be elucidated. 

 RNAi has been used to knockdown D. melanogaster MTERF3 in 

D.MeL-2 cells. The depletion of D. melanogaster MTERF3 (D-MTERF3) results in 

decreased synthesis of some proteins encoded by mtDNA but the levels of 

mitochondrial mRNAs remain unchanged. These observations have led to the 

suggestion that D-MTERF3 is involved in mitochondrial translation, possibly bridging 

the mitochondrial transcription and translation apparatus (Roberti, Bruni et al. 2006). 

However the function role of MTERF3 has became clearer after the disruption in mice 

of the gene coding for this protein (Park, Asin-Cayuela et al. 2007). In this thesis (Paper 

III) we show that MTERF3 localizes to the mitochondrial matrix where it interacts with 

the mitochondrial promoter region and negatively regulates transcription initiation. 

Consequently, depletion of the MTERF3 protein in heart mitochondria of knockout 

mice leads to a dramatic increase in promoter proximal transcripts. So, MTERF3 does 

not appear to terminate mitochondrial transcription, but instead it plays a role in 

regulating transcription initiation events.  

 

 

Replication of mtDNA 
mtDNA replication takes place in the mitochondrial matrix and the individual mtDNA 

molecules within a cell are replicated independently from nuclear DNA (Bogenhagen 

and Clayton 1977). Thus, during mitosis some molecules may replicate more than once, 

others not at all. This behaviour, coupled with the random distribution of mtDNA 

molecules to daughter cells at cytokinesis, provides a mechanism for the segregation of 

mtDNA sequence variants. It is important to point out that replication of mtDNA also 

occurs in post-mitotic cells, as mitochondrial turnover is an ongoing process throughout 

their lifetime (Gross, Getz et al. 1969).  

 Although mitochondrial and nuclear replication are independent 

processes, they must be tightly coordinated when cells need to divide, differentiate or 

respond to environmental stimuli. It is largely unknown how mitochondrial and 

nuclear replication are synchronized in response to cellular demands, but a recent 

report (Trinei, Berniakovich et al. 2006) suggests that mtDNA replication in 

proliferating cells, occurs at a specific cell cycle phase (pre-S phase), just before the 
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beginning of nuclear DNA replication. 
 

Strand-displacement model for mtDNA replication (the Clayton model) 
The generally accepted model describes mtDNA replication as an asynchronous 

displacement mechanism involving two unidirectional, independent origins. The 

synthesis of the H-strand starts at OH, which is located downstream of the LSP 

promoter in the D-loop region, and proceeds along the parental L-strand to produce a 

daughter H-strand circle. When H-strand replication reaches OL, the parental H-strand 

is displaced, the initiation site for L-strand is exposed and lagging-strand DNA 

synthesis initiates and proceeds in the opposite direction producing the daughter L-

strand (Shadel and Clayton 1997) (Fig. 5). 

 

Initiation of H-strand synthesis 

H-strand replication initiation requires short RNA primers originating from the 

processing of L-strand promoter transcripts. Consequently, replication of mammalian 

mtDNA is linked and dependent on mitochondrial transcription and, hence, on the 

cis-acting elements and trans-acting factors required for L-strand transcription 

(Clayton 1992). There are no known differences between the initiation of L-strand 

transcription and the RNA primer formation for mtDNA replication and it is not clear 

which mechanism decides between transcript elongation and H-strand replication 

(Clayton 1991). Transition from RNA to DNA synthesis takes place in a region of the 

D-loop, also containing the three short, evolutionary conserved CSBI, II and III 

elements (Walberg and Clayton 1981) (Fig. 3). As the precursor RNA primer extends 

beyond the transition site from RNA transcription to DNA synthesis, the primary 

transcript is believed to be enzymatically processed to yield the mature primer RNA 

for DNA replication initiation. It is also believed that the precursor RNA primer 

exists as a stable and persistent RNA-DNA hybrid, also known as R-loop (Xu and 

Clayton 1996). The enzymatic activity thought to be responsible for the cleavage of 

the precursor RNA primer is the ribonucleoprotein mitochondrial RNA processing 

endonuclease (RNase MRP), which was shown to be able to cleave the precursor 

RNA primer in the context of a triple-stranded R-loop configuration in vitro, giving 

rise to the majority of the 3’ priming sites found in vivo (Lee and Clayton 1997). 

However the relevance of these findings has been questioned because RNase MRP is 

mainly localized to the nucleolus, where it plays an important role in rRNA 

processing. Moreover, in a recent work, Pham and colleagues describe how CSBII 
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can act as a LSP-transcription termination element in vitro, suggesting that a 

sequence-specific DNA elements in the D-loop could also mediate the RNA-DNA 

transition, probably as an alternative mechanism to the action of RNase MRP (Pham, 

Farge et al. 2006). 

Many of the H-strand DNA synthesis initiation events are arrested around the TAS 

sequences, creating the triplex D-loop structure (Clayton 1992). TASs are short 

conserved sequences in vertebrates associated with the 3´ ends of arrested H-strands 

(Doda, Wright et al. 1981) (Fig. 3). In a minority of events DNA synthesis proceeds 

over the entire length of the genome. The mechanism which determines whether a 

nascent H-strand will end downstream of the TAS elements or will be elongated over 

the entire length of the genome is not known, but it is likely to be a key regulator of 

mtDNA copy number (Brown and Clayton 2002). In vivo footprints have revealed 

protein-binding sites in the TAS region in rat and human mitochondria (Roberti, 

Musicco et al. 1998). Moreover a 48 kDa protein of unknown function has been 

reported to bind the TAS sequences and promote D-loop formation in bovine 

mitochondria (Madsen, Ghivizzani et al. 1993). However no TAS-binding protein in 

mammals has yet been identified. 

An alternative origin of replication for the H-strand, was recently described by 

Attardi and colleagues at position 57 of the D-loop of several human cell lines (Fish, 

Raule et al. 2004). According to the authors, the nascent chains starting at this origin, 

in contrast to those initiated at the previously described origin, do not terminate 

prematurely at the 3' end of the D-loop but proceed well beyond this control point, 

behaving as ‘true’ replicating strands. This origin is mainly responsible for mtDNA 

maintenance under steady-state conditions, whereas mtDNA synthesis from the 

formerly identified D-loop origin may be more important for recovery after mtDNA 

depletion and for accelerating mtDNA replication in response to physiological 

demands. Therefore according to these findings, the control of D-loop formation 

would not be at the level of the TASs, but rather at the origin of H-strand replication. 

 

Initiation of L-strand synthesis 

The origin of replication for the L-strand is located in a non-coding region of ∼ 30 nt 

and is flanked by five tRNA genes (Fig. 3). OL is only activated when the growing 

daughter H-strand displaces the parental H-strand as a single strand. After strand 

displacement, the single-stranded OL is thought to adopt a distinctive stem-loop 

structure, which may constitute a recognition structure for the mitochondrial primase 
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that provides a short RNA primer for L-strand synthesis (Wong and Clayton 1985). 

RNA priming starts at a T-rich portion of the predicted OL-loop and the transition from 

RNA to DNA synthesis takes place at a specific site near a critical GC-rich element at 

the base of the hairpin (Wong and Clayton 1985). Recently, analysis of mtDNA 

replication intermediates by atomic force microscopy revealed that additional 

initiation sites for L-strand mtDNA synthesis might exist (Brown, Cecconi et al. 

2005). These alternative initiation sites are probably less abundant, explaining why 

only OL was identified when 5’ end mapping was used to identify initiation sites for 

lagging-strand mtDNA synthesis (Tapper and Clayton 1982).  

The mitochondrial DNA primase involved in the priming of the L-strand synthesis has 

been partially purified from cell extract (Wong and Clayton 1985), but the protein has 

never been identified. Bioinformatic and biochemical analysis of the mitochondrial 

DNA helicase, TWINKLE, suggest that this protein also harbors a primase activity in 

at least some non-metazoan cells (Seow, Sato et al. 2005; Shutt and Gray 2006), but 

the primase activity has been lost in mammalian TWINKLE (Shutt and Gray 2006;  

Farge, Holmlund et al. 2008). A very recent work by Wanrooji and colleagues provides 

biochemical evidence for POLMRT as the L-strand primase in mammalian 

mitochondria (Wanrooij, Fusté et al. 2008). A role for POLMRT as mitochondrial 

primase was earlier suggested in (Tsurumi and Lehman 1990) based on the 

observation that Vero cells extracts infected with herpes simplex virus type 1 

displayed DNA primase activity with enzymatic characteristics of POLMRT. The 

biochemical analysis presented in (Wanrooij, Fusté et al. 2008) supports this previous 

report and demonstrates that POLRMT has two distinct modes of action. The enzyme 

efficiently transcribes long regions of dsDNA, but becomes much less processive on 

ssDNA, producing only short RNA molecules of 25–75 nt. The short RNA primers 

can be used by the mitochondrial DNA polymerase (POLγ) to initiate DNA synthesis 

in vitro and this reaction is stimulated by the mitochondrial ssDNA binding protein 

(mtSSB).  

 Following the initiation of L-strand synthesis, mtDNA replication 

continues over the whole length of the strand and ends after the synthesis of the 

nascent H-strand has terminated (Tapper and Clayton 1981). When the synthesis is 

completed, the new mtDNA molecules need to be separated, RNA primers removed 

and gaps ligated, but the exact mechanisms of these steps are still not well 

understood. 
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Fig. 5- Replication models of mammalian mtDNA 
In the strand-displacement model, replication of the leading H-strand (black) starts at OH, 
producing the D-loop. Continuation of the replication beyond the TASs displaces the parental 
H-strand, providing a template for the replication of the lagging L-strand (gray). L-strand 
synthesis starts at OL. 
In the RITOLS mode, replication starts at a discrete origin OR in a unidirectional way. The 
newly synthesized lagging-strand is initially laid down as RNA (red) using the H-strand as 
template. The RNA conversion/maturation to DNA (gray) uses OL as a major initiation site.   
During the strand-coupled mode of replication, initiation occurs at an Ori-zone downstream 
of OH in a bidirectional way. This step is followed by progression of both forks until one of 
them arrests at OH. (Adapted from a figure provided by Dr. S. Wanrooij and Dr. H. 
Spelbrink) 
 
Strand-coupled model for mtDNA replication (the Holt model) 
In recent years, a different mode of mtDNA replication has been described based on 

the observation of replicative intermediates in 2-D agarose gels. This second 

mechanism suggests coupled leading and lagging-strand synthesis and would involve 

a reduced number of mtDNA molecules, being particularly active in cells which have 

been partially depleted of their mtDNA (Holt, Lorimer et al. 2000). This model has 

later been modified based on the observation of widespread regions of RNA-DNA 

hybrids within the replication intermediates from highly purified mitochondria (Yang, 

Bowmaker et al. 2002). Such intermediates were described as the result of the 

incorporation of ribonucleotides on the L-strand that are subsequently converted to 

DNA. Therefore the authors concluded that mammalian mitochondrial DNA 
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replication proceeds mainly, or exclusively, by a strand-coupled mechanism. Further 

revisions of this model (Bowmaker, Yang et al. 2003; Yasukawa, Yang et al. 2005; 

Yasukawa, Reyes et al. 2006) led to the final proposal of two different modes of 

mtDNA replication: 1) Strand-coupled DNA synthesis, initiating bidirectionally from 

a broad zone (Bowmaker, Yang et al. 2003; Yasukawa, Yang et al. 2005); 2) RITOLS 

mode (Yasukawa, Reyes et al. 2006) (Fig. 5). 

According to the first mode, mtDNA replication starts bidirectionally from multiple 

origins across a region including the cyt b and NAD5 and NAD6 genes. When the 

replication process reaches OH, the replication fork is arrested and replication is 

restricted to one direction only.  

 The RITOLS mode involves ribonucleotide incorporation throughout 

the lagging strand (RITOLS). The idea is that, during RITOLS replication, mtDNA 

replication starts unidirectionally from a region in the D-loop as strand-coupled 

process, but the L-strand is laid down initially as RNA before being converted into 

DNA. The RNA might help to protect and stabilize the displaced single-stranded 

DNA and/or act to block transcription machineries that could interfere with the 

replication process. How these RNA-rich intermediates mature into DNA is 

unknown. 

 

The mitochondrial replisome 

Much of what we know today about the molecular mechanism of DNA replication 

has been derived from studies in E. coli and its bacteriophages T7 and T4. All three 

systems use the same fundamental components for DNA synthesis at the replication 

fork, although the number and nature of the involved proteins can vary (Benkovic, 

Valentine et al. 2001). The main components of E. coli and bacteriophages 

replisomes are: a DNA polymerase with its accessory factor, a single-stranded DNA 

binding protein, a DNA helicase and a DNA primase.  

An in vitro characterization of the components of the minimal mitochondrial 

replisome is presented in this thesis (Korhonen, Pham et al. 2004) (Paper I). Although 

the mode of mtDNA replication is still debated, the key enzymes involved in the 

process will still be required (Fig. 6). 

 

Mitochondrial DNA polymerase (POLγ) 

The mammalian mitochondrial DNA polymerase, POLγ, is the only DNA polymerase 

present in mitochondria (Kaguni 2004). Disruption of the POLγ gene in mice causes 
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an early developmental arrest between E7.5 and E8.5 associated with severe mtDNA 

depletion, showing that POLγ is indeed the only DNA polymerase capable of 

maintaining mtDNA in mammalian mitochondria (Hance, Ekstrand et al. 2005).  

The enzyme belongs to the family A group of DNA polymerases, which also includes 

the E. coli DNA polymerase I and the T7 DNA polymerase (Kaguni 2004). In 

mammals, POLγ is a heterotrimer formed by one catalytic subunit, POLγA, and two 

identical accessory subunits, POLγB (Yakubovskaya, Chen et al. 2006) (Fig. 6), 

while it forms heterodimers in D. melanogaster (Wernette and Kaguni 1986) and X. 

leavis (Bogenhagen and Insdorf 1988) and it exists as single catalytic subunit in S. 

cervisiae (Kaguni 2004). 

The POLγ holoenzyme is an efficient and processive polymerase, which exhibits high 

fidelity in nucleotide selection and incorporation (5’-3’ polymerase activity), thanks 

also to its 3’-5’ exonuclease proof-reading activity. These activities reside in two 

distinct domains of the catalytic subunit, separated by a linker region, which also 

contains conserved sequence elements (Kaguni 2004). The function of the linker 

region in mammals has not yet been identified. However evidences from studies of 

T7 and Drosophila DNA polymerases, suggest that it might be involved in DNA 

binding, subunits interactions and interplay between the polymerase and exonuclease 

activities (Doublié, Tabor et al. 1998; Luo and Kaguni 2005). The importance of this 

region is further emphasized by the observation that mutations in the POLγA linker 

are associated with human pathologies (Luoma, Luo et al. 2005). 

POLγB enhances the catalytic activity and increases the processivity of POLγA 

(Kaguni 2004), probably affecting the affinity of the polymerase for DNA and 

promoting tighter nucleotide binding, which would result in an increase of the 

polymerization rate (Carrodeguas, Pinz et al. 2002). The crystal structures of both 

mouse and human POLγB have revealed the protein as a dimer with high similarities 

to aminoacyl tRNA synthetases (Carrodeguas, Theis et al. 2001; Fan, Kim et al. 

2006). Human POLγB binds non-specifically to stretches of duplex DNA longer than 

45 bp, and this activity is not required for the stimulation of DNA synthesis by the 

catalytic subunit (Carrodeguas, Pinz et al. 2002). Recent biochemical data (Farge, 

Pham et al. 2007) suggest that the dsDNA-binding activity of POLγB is absolutely 

required for the function of the mitochondrial DNA replisome, as it is necessary to 

guarantee functional interactions between the POLγ holoenzyme and TWINKLE at 

the mtDNA replication fork.  
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Fig. 6 – The mitochondrial replisome 
The TWINKLE helicase has 5’ to 3’ directionality and unwinds the duplex DNA template. 
mtSSB stabilizes the unwound conformation and stimulates DNA synthesis by the POLγ 
holoenzyme. (From Falkenberg M. et al. /Annu. Rev. Biochem. 76 (2007) 679-99) 
 
 
Mitochondrial DNA helicase (TWINKLE) 

In order to copy or repair DNA, the double-stranded helix must be unwound to reveal 

the two complementary strands. This task is carried out in the mammalian 

mitochondria by the TWINKLE DNA helicase. 

The TWINKLE gene was first identified in a screen for genes involved in the 

autosomal dominant progressive external ophthalmoplegia (adPEO) (Li, Tariq et al. 

1999), a human disorder associated with multiple mtDNA deletions. Soon after, 

TWINKLE was shown to be a mitochondrial protein, which localizes in the mtDNA 

nucleoids and displays striking sequence similarity to the T7 primase/helicase (gene 4 

protein or gp4) (Spelbrink, Li et al. 2001). These findings immediately suggested that 

TWINKLE was the long-sought-after replicative helicase in mammalian 

mitochondria.  

Human TWINKLE contains a helicase domain and a putative primase domain 

separated by a linker region. The TWINKLE helicase domain, located at the C-

terminal of the protein, displays the same conserved organization as found in other 

members of the RecA/DnaB superfamily of helicases, whereas the primase domain 

motifs found in the N-terminal region of T7 gp4 protein were not identifiable in 

TWINKLE (Spelbrink, Li et al. 2001). Similar to the T7 primase/helicase and, like all 

known helicases, the TWINKLE protein forms hexamers in solution (Spelbrink, Li et 

al. 2001) (Fig. 6). Biochemical analysis has demonstrated that TWINKLE has DNA 

helicase activity in vitro, and that it can catalyzes the ATP-dependent unwinding of a 
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20 bp DNA duplex with a distinct polarity (5’ to 3’). Moreover TWINKLE requires 

specific substrates to initiate DNA unwinding, with a single-stranded 5’-DNA loading 

site and a short 3’ tail, resembling the conformation of a replication fork (Korhonen, 

Gaspari et al. 2003). The role of TWINKLE as the mitochondrial replicative helicase 

has been demonstrated with the reconstitution of a minimal mitochondrial replisome 

in vitro, where a combination of recombinant POLγ, mtSSB and TWINKLE can 

efficiently use a dsDNA mini-circle template to generate DNA products of about 

16kb, the size of the mammalian mtDNA (Korhonen, Pham et al. 2004).  

Although the function of the C-terminal domain of TWINKLE is well characterized, 

little is known about its N-terminal domain and the linker region, despite the fact that 

mutations spread over the whole TWINKLE gene may be associated with adPEO 

(Spelbrink, Li et al. 2001). In the T7 gp4 protein the linker region between the 

helicase and the primase domain is important for hexamer formation and helicase 

activity (Washington, Rosenberg et al. 1996; Guo, Tabor et al. 1999). This seems to 

be the case also for TWINKLE as shown by the in vitro characterization of several 

adPEO-associated mutations in the TWINKLE linker region (Korhonen, Pande et al. 

2008). The biochemical consequences of adPEO-causing mutations in the N-terminal 

domain of TWINKLE have also been investigated (Holmlund, Farge et al. 2008). The 

data show that the N-terminal domain may be important for the ssDNA-binding 

activity of TWINKLE. Impairment of the ssDNA-binding region could negatively 

influence protein hexamerization and the activation of ATP hydrolysis.  

 

Mitochondrial single-stranded DNA binding protein (mtSSB) 

Single-stranded DNA binding proteins have critical roles in DNA replication, repair 

and recombination, since they enhance helix destabilization by DNA helicases and 

stimulate the activity of DNA polymerases.  

The mitochondrial ssDNA-binding protein (mtSSB) has been purified from several 

species and it forms a tetramer in solution (Kaguni 2004) (Fig. 6). Similar to E. coli 

SSB, mtSSB binds cooperatively to DNA with high affinity (Hoke, Pavco et al. 

1990). Besides stabilizing the DNA in its single-stranded form, mtSSB has a 

stimulatory effect on the rate of DNA unwinding by TWINKLE (Korhonen, Gaspari 

et al. 2003), probably due to a direct protein-protein interaction (Falkenberg, Larsson 

et al. 2007). 
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mtDNA genetics 
In mammalian cells, each organelle contains several (∼ 2-10) copies of mtDNA; in 

the same way, different kind of cells contain variable number of mitochondria, 

according to the tissue they belong to and its energy demand (Shuster, Rubenstein et 

al. 1988; Wiesner, Rüegg et al. 1992). In a given individual, all mtDNA copies are 

supposed to be identical, a condition known as homoplasmy, but mutations can arise, 

be maintained or amplified at different levels and coexist with wild-type mtDNA, 

giving rise to the condition known as heteroplasmy. At cell division, mitochondria 

and their genomes are randomly distributed among daughter cells and hence, starting 

from a given heteroplasmic situation, different levels of heteroplasmy can arise in 

different cell lines. This explains the ‘threshold effect’ in mtDNA-linked diseases, 

which requires a mutation to reach a certain percentage, usually higher than 60-80%, 

in order to manifest pathological effects (Sproule and Kaufmann 2008). 
 For the last 30 years, it has been recognized that, in mammals, mtDNA is only 

transmitted through the female germ line. In mammalian sperm cells the mtDNA copy 

number is very low (50-70) (Hecht, Liem et al. 1984), in contrast with the very high 

number (≥105) contained in the oocytes (Pikó and Matsumoto 1976), therefore the 

maternal inheritance of the mtDNA could simply have been the result of dilution of the 

paternal contribution. Despite a single described case of paternal mtDNA transmission 

in humans (Schwartz and Vissing 2002), it is today well accepted that, in most 

mammals, sperm mitochondria are transferred to the oocyte during fertilization, but lost 

during early embryogenesis due to a ubiquitin-dependent mechanism (Sutovsky, 

Moreno et al. 1999; Sutovsky, Moreno et al. 2000).  

 During oogenesis, mtDNA undergoes a ‘bottleneck phenomenon’ by which only 

a small subset of mtDNA molecules are amplified and transmitted to the offspring. In 

order to understand this phenomenon it is important to note that in mammals the 

abundant mtDNA copies of the oocyte are not replicated, but they are distributed to 

the different daughter cells from fertilization to the blastocyst stage, after which DNA 

replication and organelle division start again (Pikó and Taylor 1987). Therefore the 

high mtDNA copy number in mature oocytes can be viewed as a genetic device to 

ensure distribution of mitochondria to the cells of the early embryo at a time when 

mitochondrial biogenesis is arrested. The germ cells are set aside early in embryonic 

development and a few primordial germ cells (PGCs) are identifiable at E7.25 in the 

mouse. Mitochondrial biogenesis starts again after E6.5 and results in a 10 to 20-fold 
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increase in mtDNA copy number from the appearance of the primordial germ cells 

until completion of germ cells differentiation in the gonads (Shoubridge and Wai 

2007). According to Wai and colleagues (Wai, Teoli et al. 2008) the genetic 

bottleneck occurs exactly during folliculogenesis, in early postnatal life, as a result of 

replication of a subpopulation of mtDNAs, estimated to be ∼ 150-200 mtDNA 

molecules in mouse PGCs (Jenuth, Peterson et al. 1996; Cree, Samuels et al. 2008).  

What is the function of the mitochondrial genetic bottleneck? mtDNA lacks protective 

histones and it is close to the respiratory chain, a potent source of mutagenic free 

radicals. Mitochondria are also lacking DNA repair mechanisms, and this contributes to 

the higher mutation rate of mtDNA in comparison to the nuclear DNA. The 

mitochondrial genetic bottleneck therefore contributes to the rapid segregation of new 

genotypes, which either are lost during transmission or reach very high levels and affect 

the progeny. This facilitates the rapid removal of deleterious mtDNA mutations from 

the population, by ‘purifying’ germline mtDNA (Cree, Samuels et al. 2008). 

 

 

mtDNA diseases 
The first human mitochondrial disease was described in the early 1960s (Luft, Ikkos 

et al. 1962) and at almost the same time it was discovered that mitochondria contain 

their own DNA (Nass and Nass 1963). However it took more than 20 years before the 

first pathogenic mtDNA mutations were identified (Holt, Harding et al. 1988; 

Wallace, Singh et al. 1988), and since then over 150 different pathogenic point 

mutations and a large number of different rearrangements (mainly deletions and 

duplications) of the mtDNA have been associated with human pathologies (Dimauro 

and Davidzon 2005). Since mitochondrial biogenesis and function depend on the 

expression of nuclear genes, mutations in such genes may also cause mitochondrial 

diseases (Shoubridge 2001). Therefore when both nuclear DNA and mtDNA 

mutations are considered, the frequency of mitochondrial disorders is at least 1 in 

5000 (Dimauro and Davidzon 2005), demonstrating that mitochondrial diseases are 

far more common than it was previously accepted. 

 The inheritance pattern of mtDNA-related diseases can vary from case 

to case. Some patients appear to be sporadic cases, while others are clearly familiar. 

Since the mtDNA is maternally inherited, mutations in the mtDNA will not be 
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transmitted in a Mendelian proportion, while those exhibiting a Mendelian 

inheritance are caused by nuclear genes defects.  

 The clinical features of mitochondrial diseases are very heterogeneous, 

but in general, tissues and organs that are heavily dependent on oxidative 

phosphorylation are primarily affected. This means that the most influenced organ is 

usually the brain, leading to neurological defects; but also muscular, endocrine and 

ophthalmologic dysfunctions are well documented. The cause of dysfunctions is 

obviously a defect in the OXPHOS system, which can either be the result of a 

mutation in a gene involved in mitochondrial protein synthesis or complex assembly, 

or mutations in a mtDNA encoded subunit of the OXPHOS system. However it is the 

cellular environment that will determine the clinical features of the disease. For 

instance mutations in nuclear DNA and mtDNA can have a similar clinical 

phenotype, as in the case of Leigh syndrome. This disease can be caused by 

mutations in both the nuclear COX assembly factor SURF1 (Tiranti, Hoertnagel et al. 

1998) and the mtDNA ATPase 6 genes (Santorelli, Shanske et al. 1994) and the 

clinical phenotypes are indistinguishable. On the other hand, the same mutation can 

cause very different clinical phenotypes, as for the A3243G mtDNA mutation in the 

tRNALeu(UUR): it can result in the classical MELAS symptoms, or PEO (progressive 

external ophthalmoplegia) (Mariotti, Savarese et al. 1995) or even in diabetes 

(Reardon, Ross et al. 1992). It is also confusing that many mitochondrial disorders 

affect multiple organs, whereas others have an organ specific phenotype as for the 

Leber hereditary optic neuropathy (LHON) (Chinnery and Schon 2003).   

 Heteroplasmy and threshold effect can explain why patients harboring 

pathogenic mtDNA defects often have a mixture of mutated and wild type mtDNA 

molecules. The percentage of mutated mtDNA can vary widely among patients, and 

also from organ to organ, and even between cells within the same individual. The 

precise threshold for biochemical expression varies from mutation to mutation, and 

from tissue to tissue, but in general the percentage level of mutated mtDNA in 

affected tissues correlates with the severity of the disease (Chinnery, Howell et al. 

1997).  

 The phenomenon of the genetic bottleneck may be used to explain the 

clinical variability of a mitochondrial disorder among siblings.  

 Quite often the percentage level of mutated mtDNA in individual tissues 

may also change during development, potentially influencing the individual 

phenotype. A possible explanation resides in the fact that mtDNA replication occurs 
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continuously and independently from nuclear DNA replication. This situation is 

referred to as ‘relaxed replication’. As a consequence, in a heteroplasmic cell, it is 

possible that mutated and wild-type mtDNA replicate at different rates, with each 

type randomly selected for degradation or replication. In theory this mechanism could 

lead to changes in the proportion of mutated mtDNA of a patient, providing an 

explanation for the late onset and progression of some mtDNA disorders.  

The proportion of mutated mtDNA in a dividing tissue may also change because of 

‘mitotic segregation’. When a heteroplasmic cell divides, the distribution of mutated 

mtDNA molecules among daughter cells is completely random and leads to unequal 

division of the mutated molecules, affecting the clinical phenotype of the patients, as 

they grow older (Chinnery and Schon 2003). 

 

mtDNA mutations 
Mitochondrial mutations can be divided in two classes:  

1. Major deletions in mtDNA that eliminate more than one gene.  

mtDNA deletions were the first mutations to be described as associated with human 

diseases (Holt, Harding et al. 1988). The size of the deletion can vary from a single 

base to several kb and be located on any part of the molecule. The most common 

deletion is 5 kb long, and spans the region between the genes for cyt b and COX II, 

thus encompassing tRNAs and protein-coding genes. Large-scale deletions have 

typically been associated with particular pathologies including PEO (Moraes, 

DiMauro et al. 1989), Kearns-Sayre syndrome (KSS) (Zeviani, Moraes et al. 1988), 

and Pearson’s marrow-pancreas syndrome (Rotig, Colonna et al. 1989). Deletions 

exist in heteroplasmic form, the proportion of deleted molecules varies between 

tissues, and the degree of heteroplasmy can change over time. Single mtDNA 

deletions are considered to arise as sporadic events in the oocyte and the resulting 

embryo will bear the mutation (Schapira 2006). 

2. Point mutations in a coding sequence or in a tRNA or rRNA gene.  

Over 100 point mutations associated with human diseases have been described in 

protein coding genes, tRNAs, and rRNAs (Servidei 2004). Their clinical expression is 

broad and includes phenotypes such as MELAS, MERRF (myoclonic epilepsy and 

ragged red fibers), NARP (neuropathy ataxia and retinitis pigmentosa), MILS 

(maternally inherited Leigh syndrome), and LHON. The pathogeneses of these 

mutations are various and very complex.  

Traditionally, mtDNA mutations have been defined as the results of a substitution of 
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a conserved amino acid, causing a relevant biochemical defect that eventually leads to 

a disease phenotype. Usually these mutations are absent in control patients, while are 

heteroplasmic in patients. However, there are several observations that have 

destabilized this definition. Many individuals with LHON have homoplasmic 

mutations, and unaffected family members can have the same homoplasmic mtDNA 

mutation (McFarland, Schaefer et al. 2004). Researchers accept that changes in the 

mtDNA sequence can interact with nuclear genes, or with the environment to cause 

the disease. There are also evidences suggesting that the nuclear background of the 

mtDNA mutation can affect its biochemical expression (Cock, Tabrizi et al. 1998). 

Therefore the link between genotype and phenotype in mitochondrial diseases 

appears to be very complex. For instance, mtDNA deletions are not only associated 

with PEO, KSS, and Pearson’s syndrome, but have also been described in patients 

with MELAS (Schapira 2006). Similarly, the A3243G mutation is probably the most 

common cause of MELAS, but it has also been found in patients with PEO, KSS, 

isolated diabetes, etc. as discussed earlier. Thus, the same mutation can result in 

multiple phenotypes, and the same phenotype can be caused by several different 

mutations, and this can apply to mutations in protein coding genes, and in tRNA 

genes as well. Furthermore, there is no link between the site of an mtDNA mutation 

and the resulting clinical phenotype. This partially explains the large variation seen in 

patients and underlines the necessity to further investigate on the molecular 

pathogenesis of these mutations. 

 

Nuclear genes mutations 
Although 72 of the ∼ 85 subunits of the OXPHOS system are encoded by nuclear 

DNA, translated on cytosolic ribosomes and transported to the mitochondrion, few 

mutations of these genes have been described (Schapira 2006). This could be an 

indication of the deleterious nature of such mutations, which probably causes 

embryonic lethality. Mutations that have been described generally manifest in the 

neonatal period or early childhood. Mutations in Complex I subunits cause Leigh 

syndrome and leukodystrophy, and those of Complex II subunits cause Leigh 

syndrome, ataxia, paraganglioma, and phaeochromocytoma. The late onset cases have 

included progressive ataxia (Schapira 2006).  

Several diseases have now been shown to be due to mutations in nuclear genes 

encoding mitochondrial proteins. These include disorders caused by mutations of 

proteins involved in the Krebs cycle, β-oxidation, and the urea cycle. Mutations of 
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nuclear genes involved in the replication or maintenance of mtDNA or respiratory 

chain proteins can result in phenotypes identical to those associated with mtDNA 

mutations. Others cause distinct clinical presentations that might include progressive 

neurodegenerative diseases (Schapira 2006).  

A possible classification of the nuclear genes mutations causing mitochondrial 

disorders would be: 

1. Mutations affecting mtDNA maintenance and replication. 

Mutations in these genes can induce multiple mtDNA deletions or depletion of 

mtDNA.  

Autosomal dominant (ad) or recessive (ar) progressive external ophthalmoplegia 

(PEO) is a mitochondrial disorder associated with mtDNA depletion and/or 

accumulation of mtDNA mutations and deletions (Zeviani, Servidei et al. 1989; 

Hirano, Marti et al. 2001; Van Goethem, Dermaut et al. 2001). PEO is characterized 

by late onset (between 18 and 40 years of age), bilateral ptosis, and progressive 

weakening of the external eye muscles. Proximal muscle weakness and loss of 

strength, as well as exercise intolerance, are also associated with PEO. Skeletal 

muscles of PEO patients have decreased respiratory chain enzyme activity and show 

ragged red fibers (Suomalainen, Majander et al. 1992). Multiple large-scale deletions 

of mtDNA isolated from muscle biopsies were first demonstrated in Italian families 

with heritable adPEO (Zeviani, Servidei et al. 1989). Mutation in POLγA, POLγB, 

TWINKLE and adenine nucleotide transclocator-1 (ANT1) genes are associated with 

PEO (Copeland 2008).  

Mitochondrial depletion syndrome (MDS) causes mtDNA depletion in the affected 

tissues (Moraes, Shanske et al. 1991). Other symptoms are phenotypically 

heterogeneous, depending on the gene causing the disease, but in general patients die 

early in childhood. Three genes found to be associated with MDS encode enzymes 

involved in the nucleotide metabolism: thymidine phosphorilase (TP) (Nishino, 

Spinazzola et al. 1999), thymidine kinase 2 (TK2) (Saada, Shaag et al. 2001) and 

deoxyguanosine kinase (dGK) (Mandel, Szargel et al. 2001). MDS has also been 

associated to mutations in POLγ (Alper’s syndrome) (Naviaux, Nyhan et al. 1999); in 

SUCLA2, the gene encoding for the β subunit of the TCA cycle enzyme succynil-

CoA synthetase (Elpeleg, Miller et al. 2005), and finally in the MPV17, a inner 

mitochondrial membrane protein, whose role in mtDNA maintenance still needs to be 

elucidated (Spinazzola, Viscomi et al. 2006). 

2. Mutations affecting respiratory chain protein assembly or stability. 
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Cytochrome oxidase (COX) deficiency is a well-recognized biochemical and 

histochemical mitochondrial phenotype. It is probably the most common respiratory 

chain defect and, genetically, a heterogeneous group of disorders (Schapira 2006). 

Several mutations have been described in the mtDNA COX genes and these are 

associated with a range of phenotypes including pure myopathy, MELAS, 

encephalomyopathy, and a motor neuron disease-like presentation (Barrientos, Barros 

et al. 2002). No mutation has yet been described in any of the nuclear-encoded COX 

subunits (Schapira 2006). Several mutations have been identified in nuclear genes for 

mitochondrial proteins involved in the assembly and maintenance of COX including 

SCO2 (Papadopoulou, Sue et al. 1999), SURF1 (Tiranti, Hoertnagel et al. 1998), 

COX 10 (Valnot, von Kleist-Retzow et al. 2000), COX 15 (Antonicka, Mattman et al. 

2003), and LRPPRC (Xu, Morin et al. 2004). These result in autosomal recessive 

COX deficiency that usually presents in early life with Leigh syndrome, myopathy, 

and encephalopathy, lactic acidosis, and a progressive course with early death. 

Muscle biopsy shows severe, but not complete, COX deficiency (Schapira 2006). 

 

Mitochondria in neurodegeneration and aging 

Abnormalities of mtDNA or OXPHOS activity have been identified in several 

different neurodegenerative diseases (Schon and Manfredi 2003). An important issue 

is whether these represent the primary cause or are defects not directly related to the 

disorders. In any case researchers in the field wonder whether improving 

mitochondrial function can improve the progression of these diseases. If 

mitochondrial dysfunction is a factor in the development of the pathogenesis, 

improving its effects could contribute to modify the course of disease. 

The accumulation of mutations in mtDNA is also thought to contribute to human 

aging. Direct experimental support for this hypothesis came from studies in which a 

POLγ defective in proofreading activity was substitute for the normal one in mice 

(Trifunovic, Wredenberg et al. 2004). Animals homozygous for the defective allele 

had a ‘mutator’ phenotype with increased levels of mtDNA point mutations and 

deletions. Although the mutations load far exceeded the one associated with normal 

aging, the ‘mutator’ mice had a reduced life span and a number of physiological 

changes related to premature aging. 
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AIMS OF THE THESIS 
 
As outlined in the introduction, the basal components of the mammalian mtDNA 

transcription and replication machineries are known, but many regulatory aspects of 

the mitochondrial transcription and replication processes remain to be established. 

The aim of this thesis was to provide new insights in the field of mammalian 

mitochondrial transcription and replication. In particular:  

 

Paper I: A first step to better understand the mtDNA replication process was to 

reconstitute an in vitro system for the human mtDNA replication and to study the 

mechanisms of the mitochondrial replisome. 

 

Paper II: The limited knowledge about the mode of mtDNA transcription termination 

combined with the idea that more proteins than mTERF alone may be involved in this 

process, led to the identification of the MTERF protein family. 

 

Paper III: In order to study the physiological function of the MTERF3 protein, a heart-

specific knockout mouse model was generated, providing concrete evidences for 

MTERF3 acting as negative regulator of the mammalian mtDNA transcription in vivo. 

 

Paper IV: MTERF2, one of the least characterized members of the MTERF family of 

proteins, was identified as a novel component of the mtDNA nucleoid. 
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RESULTS AND DISCUSSION 
 
Paper I: Reconstitution of a minimal mtDNA replisome in vitro. 
It had been proposed that TWINKLE could be the mitochondrial DNA helicase 

(Spelbrink, Li et al. 2001; Korhonen, Gaspari et al. 2003), but evidences for 

functional interactions between TWINKLE and POLγ had not been presented. In this 

work, we have reconstituted the minimal mtDNA replisome with pure recombinant 

proteins and showed that POLγ, TWINKLE and mtSSB could act together at the 

DNA replication fork to form a processive replisome. 

We employed a mini-circle template to assess the DNA synthesis ability of the 

mitochondrial replisome. This template was obtained by annealing a 90 nt 

oligonucleotide to a 70 nt ssDNA mini-circle. The final construct thus, contained a 

replication fork for loading the replication machinery, a 50 bp dsDNA region and a 

free 3’ end that could be used as primer for DNA synthesis. Once initiated, DNA 

synthesis could in principle continue indefinitely on this template, in a rolling-circle 

fashion. POLγ alone was unable to use dsDNA as template for DNA synthesis. 

Although TWINKLE could unwind short stretches of dsDNA (20 bp), it was not a 

processive helicase on longer template, not even in the presence of mtSSB. However 

TWINKLE and POLγ in combination could efficiently synthesize ssDNA molecules 

of about 2 kb, using the dsDNA mini-circle template. The addition of mtSSB had a 

strong stimulatory effect on the DNA synthesis reaction and allowed the formation of 

ssDNA molecules of about 16 kb, the size of the mitochondrial genome. The reaction 

was energy-dependent with ATP and GTP being the most efficient co-effectors, even 

though all four NTPs can efficiently support TWINKLE helicase activity (Korhonen, 

Gaspari et al. 2003). The interaction between TWINKLE and POLγ seemed to be 

specific, because TWINKLE failed to stimulate the heterologous T7 DNA 

polymerase, not even in the presence of T7 ssDNA binding protein. It was thus 

possible that a specific interaction between TWINKLE and POLγ at the replication 

fork induced a structural change in TWINKLE, which increased its processivity and 

at the same time changed its NTP specificity.  

The reconstitution of the minimal mammalian mitochondrial replisome represents an 

important step towards the biochemical understanding of mtDNA replication. 

However it is still an in vitro model, which does not take into account important 
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factors that can affect mtDNA synthesis in vivo, like the fact that mtDNA is not 

‘naked’, but in complex with a variety of proteins, such as TFAM.  

 

Paper II: A family of putative transcription termination factors shared 
amongst metazoans and plants. 
Mammalian mtDNA transcription starts at three different promoters within the D-

loop. In vitro evidences show that the mitochondrial transcription termination factor, 

mTERF, can terminate the transcription of the unit that starts at the HSP1 and ends at 

the 3’ end of the mammalian mitochondrial rRNAs cluster (Kruse, Narasimhan et al. 

1989; Asin-Cayuela, Schwend et al. 2005). Nothing is known about the transcription 

termination of the HSP2 and LSP transcription units. This prompted us to use 

bioinformatic tools to search for novel putative mitochondrial transcription 

termination factors.  

The mTERF protein sequence was used as query to retrieve mTERF homologues 

from the NCBI protein database. We were able to collect more than 80 non-redundant 

sequences from plants and metazoans and we used the latter sequences to build up a 

phylogenetic tree. Four different mTERF genes were identified in vertebrates (the 

MTERF family), and we clustered them in MTERF1 to MTERF4 groups, with 

MTERF1 corresponding to the previously characterized mTERF. Our analysis shows 

that MTERF3 and MTERF4 are the ancestral genes, since they are also present in 

worms and insects, while MTERF1 and MTERF2 are only found in vertebrates. All 

the vertebrates MTERF proteins have predicted mitochondrial localization, as well as 

the majority of the other metazoans MTERFs.  

The discovery of the MTERF family of proteins indicates that the mitochondrial 

transcription process may be more complex than expected and it opens up 

possibilities for future investigations in the mitochondrial transcription field. 

 

Paper III: MTERF3 is a negative regulator of mammalian mtDNA 

transcription. 
A combination of biochemistry and mouse genetics was employed to unravel the 

physiological role of MTERF3, one of the members of the recently discovered 

MTERF family (Linder, Park et al. 2005). 

MTERF3 transcripts expression in mouse tissues suggested a mitochondrial 

localization, which was confirmed by both import experiments in isolated rat 

mitochondria and sub-cellular localization in HeLa cells. Edman degradation allowed 
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the identification of the N-terminal of the processed MTERF3 protein purified from 

HeLa cells, and based on this information, we expressed and purified the mature 

MTERF3 protein in bacteria. The homology between mTERF and MTERF3 

prompted us to investigate MTERF3 DNA-binding activity. EMSA experiments 

showed that MTERF3 could bind mtDNA with strong affinity, but in a non-sequence 

specific manner. However, ChIP experiments covering the whole human mtDNA 

identified a specific binding site for MTERF3, located in the promoter region. A 

possible function for MTERF3 in the modulation of mtDNA transcription was tested 

by in vitro transcription assays in combination with MTERF3-depleted and not 

depleted human mitochondrial extracts. The results showed ∼ 50% increased 

transcription caused by the MTERF3-depleted extracts and suggested a role for 

MTERF3 as negative regulator of mtDNA transcription initiation. 

In order to confirm the biochemical data, Mterf3 was disrupted in mice. No 

homozygous knockout (Mterf3-/-) mice were born, although it was possible to recover 

aberrant embryos up to E8.5. Tissue-specific inactivation of Mterf3 in heart and 

skeletal muscle generated viable animals, but with a reduced life span (18 weeks). 

These animals presented increased heart size and abnormal mitochondria and died 

because of mitochondrial cardiomiopathy caused by the absence of MTERF3. The 

levels of mtDNA were normal in Mterf3 knockout hearts, but the transcription pattern 

of mitochondrially encoded genes was completely altered. We measured a general 

increase of newly synthesized mRNAs from both HSP and LSP promoters whereas 

the tRNAs levels resulted increased for those close to the promoters, decreased for 

promoter-distal tRNAs. 

The transcriptional responses caused by the lack of MTERF3 in mice hearts, taken 

together with the biochemical evidences, clearly show that MTERF3 is a 

mitochondrial protein that interacts with the promoter region and repress initiation of 

mtDNA transcription. This negative regulation could be important to adjust 

mitochondrial transcription in response to different cellular demands, or simply to 

regulate the progression of mitochondrial transcription complexes along the mtDNA 

molecule. 

 

Paper IV: MTERF2 is a nucleoid component in mammalian mitochondria. 

Based on experiments done in human cells, it was previously suggested that MTERF2, 

another member of the MTERF family of proteins, could be a novel serum-inhibitory 

factor, probably participating in the regulation of mtDNA transcription (Chen, Zhou 
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et al. 2005). A biochemical characterization of the MTERF2 protein is described in this 

paper.  

MTERF2 mitochondrial localization was confirmed by import experiments conducted 

in isolated mitochondria from rat livers. The precursor MTERF2 protein had a 

mitochondrial targeting sequence, which was cleaved upon import into the organelle 

generating the mature form of the protein. The precise position of the mitochondrial 

targeting peptide was identified by Edman degradation of the protein purified from 

HeLa cells. Subsequently, the recombinant mature form of MTERF2 was expressed 

and purified from bacteria. This protein was a monomer in isolation and displayed non-

specific DNA-binding activity, as demonstrated by EMSA experiments. However the 

protein did not bind in a sequence-specific manner any mtDNA region, as judged by 

both EMSA and ChIP experiments conducted on human and mouse mtDNA. Accurate 

in vivo quantification of mouse liver mitochondrial extracts showed that MTERF2 is an 

abundant protein and we estimated that there is one MTERF2 molecule for every ∼ 265 

bp of mtDNA. We purified mouse mtDNA nucleoids after formaldehyde cross-linking 

treatment, and analyzed their mtDNA and protein content to discover that MTERF2, 

together with TFAM, associates with mtDNA in the mtDNA nucleoids. Still the 

importance of this finding remains to be elucidated. 

We have shown that MTERF2 is an abundant mitochondrial protein, with DNA-

binding activity that co-purifies with mtDNA nucleoids. We were not able to detect any 

MTERF2-mediated changes in mtDNA replication and transcription in in vitro 

experiments, but we cannot rule out that MTERF2 has a role in any of these processes 

in vivo. Disruption of Mterf2 in mice will be an important step to understand the 

physiological function of MTERF2 in mitochondria. Moreover, the abundance of the 

protein and its DNA binding ability could suggest a role for MTERF2 in mtDNA 

packaging, but more and specific studies are necessary to address this question.  
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CONCLUDING REMARKS AND FUTURE 

PERSPECTIVES 
 

The work presented in this thesis is, from our point of view, a major step forward in the 

understanding of basic molecular mechanisms of the mtDNA replication and 

transcription processes in mammals. 

 The reconstitution of the minimal mitochondrial replisome has proven 

that three proteins, TWINKLE, POLγ and mtSSB, are necessary and sufficient to 

support DNA synthesis from a dsDNA template. The exact mode of mtDNA 

replication is still under debate, but in any case, there is agreement on the fact that 

mtDNA replication is coupled to mtDNA transcription. Processing of LSP-transcripts 

provides primers for initiation of leading-strand DNA replication, and very recent 

findings show that POLMRT could prime lagging-strand DNA replication (Wanrooij, 

Fusté et al. 2008). The addition of POLMRT to the minimal mitochondrial replisome 

can efficiently reconstitute leading and lagging-strand DNA replication in vitro. 

However, there are still many open questions.  

The physical interactions among TWINKLE, POLγ, mtSSB and POLMRT are not 

exactly defined, and still nothing is known about the assembly of these proteins at the 

DNA replication origin. In vivo, mtDNA is fully coated with TFAM, so it might be that 

unknown mechanisms and/or unidentified factors are required to display TFAM from 

the origin of DNA replication and facilitate the loading of the replication machinery. 

So far, mitochondrial leading and lagging-strand DNA replication has been obtained 

only using non-specific dsDNA templates. Interesting results could come from the use 

of the complete replisome on dsDNA templates containing critical sequences for 

mtDNA replication, such as OH, CSBII, TAS and most of all OL. These experiments 

could contribute to clarify the mode of mammalian mtDNA replication. 

 The discovery of the MTERF family of proteins was quite exciting, 

because we thought that it would have been just a matter of time to solve the mystery of 

mtDNA transcription termination in mammals. This has not been the case so far! But 

still stimulating results have come from the characterization of some of these family 

members. 

MTERF3 acts at the level of mtDNA transcription, and its function in negative 

regulation of mtDNA transcription initiation is essential for mitochondrial activity, as 

demonstrated from the fact that disruption of Mterf3 in mice causes embryonic 
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lethality. However, how exactly MTERF3 represses mtDNA transcription is still an 

open question. We may speculate that by binding mtDNA promoters, MTERF3 

destabilizes the promoter structures, thereby inhibiting the transcription process. The 

same effect may potentially be achieved through protein-protein interactions with one 

or more of the components of the transcription machinery, resulting in an impairment 

of the transcription complex activity.  

Moreover, we were never able to demonstrate in vitro the specific interaction between 

the recombinant MTERF3 and its binding site in the promoter region. MTERF3 plays a 

role in regulating transcription, and therefore its activity is strictly dependent on cellular 

demands. It could be then, that MTERF3’s own activity is somehow regulated, maybe 

trough specific post-translational modifications or proteolytic cleavages. Conversely, 

MTERF3 might act in combination with other factors, which could mediate MTERF3 

binding to DNA and participate in mtDNA transcription regulation. Obviously more 

work is necessary to address these and other questions. 

 The biochemical characterization of MTERF2, another member of the 

MTERF family of proteins, has led to the discovery of a novel mtDNA nucleoids 

component. MTERF2 seems to co-purify with TFAM and mtDNA, therefore MTERF2 

must be one of the protein components of the nucleoids core, where the major 

processes regulating mitochondrial biogenesis take place. In our study, different 

hypothesis about a possible role for MTERF2 in mitochondria were tested.  

The transcription termination activity of mTERF has only been shown in vitro (Asin-

Cayuela, Schwend et al. 2005). A point mutation in the canonical mTERF binding site, 

which affects mTERF binding capacity in vitro, is associated with MELAS, a common 

mitochondrial disorder. However, MELAS patients do not present any aberrant 

mitochondrial transcripts (Chomyn, Martinuzzi et al. 1992). This finding has 

questioned the in vitro role of mTERF in mitochondrial transcription termination and 

suggested that, in vivo, additional factors might act together with mTERF in regulating 

transcription termination. MTERF2 seemed to be the ideal candidate for this role, based 

on the high similarity between these two proteins and the fact that they are both found 

only in vertebrates (Linder, Park et al. 2005). However we were not able to show any 

interactions between mTERF and MTERF2 and MTERF2 does not have any effect on 

mTERF binding to its specific mtDNA binding-site. Furthermore, the addition of 

MTERF2 to our in vitro transcription system (Falkenberg, Gaspari et al. 2002) does not 

affect transcription initiation from mtDNA promoters. In the same way, rolling-circle 

replication was not influenced by the addition of MTERF2 to the mitochondrial 
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replisome. What is then the function of MTERF2? We have so far carried out only an 

in vitro characterization of MTERF2, and therefore we cannot completely rule out that 

MTERF2 is somehow involved in mitochondrial transcription and replication. 

MTERF2 could also have a role in mtDNA packaging within mtDNA nucleoid. We 

hope that the answers to this question will come from the analysis of the phenotype of 

mice where the MTERF2 gene has been disrupted. 
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