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Mitochondria, being the site of cellular respiration and oxidative phosphorylation, 

provide most of the energy used by any given cell. This semi-autonomous 

organelle contains its own genome and utilizes a slightly different genetic code 

than that of nuclear DNA. This genome encodes 13 subunits of respiratory chah 

complexes, as well as its own rRNAs and tRNAs. Mutations in the human 

mitochondrial genome are responsible for a nurnber of neuromuscular disorders. 

Tissues which have relatively high energy requirements, such as skeletal 

muscle, heart, ocular muscles and the brain are often most affected by the 

presence of mitochondrial DNA mutations. Large-scale deletions represent one 

class of mutation observed in mitochondrial DNA. These deletions rnay be either 

single or multiple, based on the number of mitochondrial DNA populations 

present in an individual. Pathogenic single deletions are most often associated 

with classical mitochondrial myopathies, whereas multiple deletions are being 

increasing ly observed in a wide variety of disorders. Deletions of mitochondrial 

DNA are also considered to occur as part of the normal aging process. 

Characterization of deletion breakpoints in individuals with single, multiple 

and age-related mitochondrial DNA deletions was undertaken. Sequence 

features associated with the deletion of the single deletion individual studied 

were similar to those found in multiple and age-associated deletions. A hot-spot 

for the 3' breakpoint of the multiple deletions was observed around the region of 

nucleotide 16 071. Direct repeat sequences were found to be associated with 

most deletions. The nature of these sequences flanking deletion breakpoints is 

the basis for discussion on the possible mechanisms by which these deletions 

are formed. 
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Large-scale deletions of the human mitochondrial genome are believed to 

be responsible for a number of neuromuscular disorders. The advent of long- 

distance PCR has been responsible for a vast increase in the detection of these 

rearrangements. The sensitivity of PCR 

in a small percentage relative to the total 

makes possible the analysis of mitochonc 

allows the detection of deletions present 

amount of mitochondrial DNA, and also 

hial DNA from small samples which do 

not contain enough DNA for Southem blot analysis. As a result, mitochondrial 

DNA deletions have been looked for, and in some cases found, in association 

with a growing number of disorders to which a primary defect has not yet been 

assigned. 

Many single rnitochondrial DNA deletions have been described in the 

literature (compiled in Wallace et al., 1995). These are deletions that occur in 

the same location in ail affected molecules. Multiple mitochondrial DNA 

deletions have been found to occur in individuals with a wide range of conditions 

and syndromes, but only in a handful of these individuals have these deletions 

been characterized. The characterization of mitochondrial DNA deletions is 

important for proper diagnosis, counseling and treatment of these individuals and 

their families. 

This investigation involved the characterization of deletions in the 

mitochondrial DNA of one single deletion patient and ten multiple deletion 

patients from whom DNA was available at the Biochernical Genetics Laboratory 



at CPRI. Distinct deletions occurrirtg within individuals were examined for 

common breakpoint sites and sequence features. Cornparison of these features 

was also done to observe any distinctions between sporadically occurring , 

autosomal dominantly inherited, autosornal recessively inherited and age-related 

deletions. Consideration is given, in the context of the results, to mechanisms 

that may be involved in deletion formation. Existing models of deletion 

formation, including slipped-mispairhg during replication and other models 

based on deletion formation in the nucleus, are insufficient to explain most 

mitochondrial deletions described in the titerature, as well as those described 

he re. 

The characterization of mitochondrial DNA deletions and further 

investigation into the mechanism or rnechanisms responsible for deletion 

formation will undoubtedly lead to a better understanding of the basic 

mechanisms of mitochondrial DNA replication, transcription and repair. 



Chapter 1 - Background 1 Literature Review 

1 .l Characteristics of Mammalian Mitochondria and Mitochondrial DNA 

Mitochondria are essential organelles for the proliferation and viability of 

al1 cells and constitute roughly 20 percent of total cell volume (Bereiter-Hahn, 

1990). Their major roles are respiration and oxidative phosphorylation, but they 

are involved in a number of additional processes such as the synthesis of heme 

and lipids, and the mediation of intracellular homeostasis or inorganic ions 

(Schatz, 1995). Mammalian rnitochondria are on average 2pm in length and 

0.5pm in diameter, and are bounded by a double membrane (Bereiter-Hahn, 

1990). The outer membrane is permissive relative to the inner membrane. The 

inner membrane is the site of oxidative phosphorylation and maintains an 

energy potential across itself as a result. It has a highly folded structure which 

increases the surface area for oxidative phosphorylation. Thousands of 

rnitochondria can be present in each cell. This number varies with the energy 

requirements of a given cell, tissue type or developrnental stage (Bereiter-Hahn, 

i990). Brain tissue has the highest demand for oxidative metabolisrn, followed 

by the heart and skeletal muscle, the kidney and tissues of the endocrine 

system. These tissues have greater numbers of mitochondria than less active 

cell types, such as blood and fibroblasts. 

The mitochondnon is said to be a semi-autonomous organelle as it 

contains its own genome and utilizes a slightly different genetic code than 

nuclear DNA. Complete sequences are now available for a number of 



rnammalian rnitochondrial genomes including the human, murine and bovine 

sequences (Tzagoloff and Myers, 1986). All are of similar size and organization. 

The number of mitochondrial genomes is typically 1-4 per mitochondrion, thus 

can be present in the hundreds to thousands of copies per cell (Bereiter-Hahn, 

1990; Shadel and Clayton, 1996). Even sot mtDNA rnakes up less than one 

percent of total cellular DNA (Clayton, 1982). The population of mtDNA in a 

given cell is made up of monomeric molecules as well as catenanes (2 or more 

circular molecules linked together in a chain) (Clayton, 1991 ; Clayton, 1982). 

Mammalian rnitochondrial DNA is unique in its structure in that it contains no 

introns, and has only one significant non-coding sequence which is regulatory in 

nature (Wallace, 1987). The two strands of mtDNA are denoted as the heavy or 

H strand and the light or L strand based on asymmetric base distribution. The H 

strand is purine rich and consequently the L strand is pyrimidine rich. Most of 

the genes encoded in mtDNA are encoded on the H strand (Wallace, 1987). 

The human mitochondrial genome (hmtDNA) is a 16 569 bp, double 

stranded circular DNA molecule (Anderson et al., 1981) (Figure 1). It encodes 

13 polypeptides of the respiratory chain complexes: seven of complex I (ND1 , 

ND2, ND3, ND4, ND4L, ND5, and ND6), one of complex III (cytochrome b), 

three of complex IV (COI, COll, and COlll), and two of complex V ( ATPG and 

ATP8). A full complement of 22 tRNAs and a small(12S) and large (16s) rRNA 

are also encoded. Codons recognized by these tRNAs differ from the nuclear 

genetic code in that UGA codes for tryptophan not stop, AUA codes for 



Figure 1. Map of the human mitochondrial genome (adapted from Wallace et 

al., 1995). Shown are the structural genes for the 12s and 16s ribosomal RNAs. 

the subunits of NADH-coenzyme Q oxidoreductase (ND), cytochrome c oxidase 

(COX), cytochrome b (Cyt b) and ATP synthetase (A), and the 22 transfer RNAs 

(shown with 1 letter code). Also indicated are the origins of light strand (03 and 

heavy strand (O,) replication and the promotors for initiation of transcription from 

the light strand (LSP) and the heavy strand (HSP). The primary, polycistronic 

transcription product of the heavy strand is the outermost circle, showing tRNA 

punctuation. On this conventional map, the nurnbering of the genome begins at 

12 o'clock, and proceeds counter-clockwise. A complete listing of function 

location on the mitochondrial genome is in appendix B. 





methionine not isoleucine, and AGA and AGG code for stops instead of arginine 

(Wallace, 1987). 

All other proteins of the respiratory chain complexes, as well as proteins 

involved in replication and expression of the mtDNA are encoded in the nuclear 

genome and are imported from the cytosol. Five to fifteen percent of total 

cellular protein is located in rnitochondria. Of this, 90% is imported from the 

cytosol (Poyton and McEwen, 1996). 

1.2 - Replication, Transcription and Translation of mtDNA. 

1.2.1 - Transcription 

Marnmalian mtDNA is transcribed bidirectionally into two primary full 

length transcripts containing al1 of the information of both strands (Clayton, 

1992). Endonuclease activity releases mRNAs and rRNAs by cleaving out the 

tRNAs. The endonuclease responsible, an RNAse P, is a nuclearly encoded 

ribonucleoprotein imported into the mitochondria (Tzagoloff and Myers, 1 986). 

The only RNAs not punctuated by a tRNA are the ATPase 6 and COXIII; the 

rnechanism of their separation is not known. The transcript of the H-strand 

encodes al1 genes except for 8 tRNAs and the ND6 polypeptide. There are two 

major promotors for transcription, located within approximately 150bp of each 

other in the D-loop region, containing conserved sequence boxes (CSBs). The 

H strand promotor (HSP) drives unidirectional synthesis of a primary transcript 

complementary to the H strand, and the L strand promotor (LSP) is responsible 

for the unidirectional synthesis of a primary transcript complementary to the L 



strand (Clayton, i 992). Transcriptional start sites are located within these 

promotors. A single transcription factor, mtTF1, has been identified in 

mammalian mitochondria. mtTFl has been shown to bind imrnediately upstream 

of the transcriptional start sites of each promotor (Clayton, 1992). The mtTFA is 

a 25kd protein that contains two domains that have similarity to high rnobility 

group (HMG) proteins which bind DNA. The mtRNA polyrnerase is the only 

additional factor required for transcription initiation in vitro (Clayton, 1992). The 

existence of additional factors involved in a transcription complex has yet to be 

elucidated. 

The polycistronic nature of precursor transcripts implies that al1 mature RNAs are 

produced in equimolar amounts. This presents a dosage problern as each 

mRNA requires many rRNAs and tRNAs for its translation. To overcome this 

apparent problem, mitochondria also transcribe a 3kb transcript consisting of 

only the two rRNAs and their flanking tRNAs at 25 tirnes that of the full length 

transcript (DiMauro and Wallace, eds, 1993). Transcription of this small 

transcript has been shown to be under the regulation of a protein that is known 

to bind the tRNA'euLUUR) gene just downstrearn of the rRNA genes. This protein, 

mTERF (rnitochondrial transcription termination factor) , when bound, prevents 

the advance of the mtRNA polymerase and the short transcript is produced 

(DiMauro and Wallace, eds, 1993). In the absence of binding of mTERF, the 

mtRNA polymerase can advance to produce the full length transcript. The 

binding of mTERF is thought to be controlled either by amounts of protein 

present or by additional yet unknown factors. Moreover, there is believed to be a 



difference in the stability or turnover in the different types of RNAs, especially 

between mRNAs and tRNAs (DiMauro and Wallace, eds. 1993; Poyton and 

McEwen, 1996). 

Other processing events leading to mature RNAs following splicing out of tRNAs 

includes the addition of the trinucleotide CCA to the 3' termini of tRNAs 

(necessary for arninoacylation) and the chernical modification of some specific 

tRNA bases (Poyton and McEwen, 1996). 

1.2.2 - Translation 

The 12s and 16s mitochondrially encoded ribosomes along with imported 

ribosomal proteins are responsible for the translation of mitochondrial mRNAs. 

Mitochondrial mRNAs have no 5' cap site or 5' UTR for recognition of the 

message by the ribosome. In fact the initiation codon is located at the very 

beginning of the message (Poyton and McEwen, 1996). Other factors required 

for translation initiation have been found to be present in mammalian 

mitochondria (Poyton and McEwen, 1996). The 3' end of mitochondrial mRNAs 

differ from those of most bacterial and eukaryotic mRNAs in that with the 

exception of COXII, none contain a 3' UTR. Messages end with either U or UA, 

and the addition of a poly(A) tail results in the generation of a stop codon (UAA) 

1.2.3 - Replication 

Mitochondrial DNA replication resembles that of bacterial replication, 

along with its own number of distinct features (Clayton, 1982) Human mtDNA 

has only one origin of replication, but it has been split or has degenerated from 

two distinct origins. Replication of the H strand begins at the heavy strand origin 



(0,) and proceeds clockwise (Figure 2). The O, is located around nt200 in the 

non-coding region of the genorne. Replication proceeds unidirectionally until the 

replication fork reaches the region around nt5750 (or 8 o'clock) which is the 

location of the light strand origin (03. Replication of the L strand then begins in 

a counter-clockwise direction (Clayton, 1982). The mtRNA polyrnerase 

generates RNA primers responsible for initiation of synthesis by the mtDNA 

polymerase. This RNA primer hybridizes to the L strand displacing a segment of 

the H strand in the non-coding region. This structure is termed the D-loop 

(displacement loop). A mitochondrial RNA processing ribonuclease (RNAse 

MRP) cleaves this primer at a specific location to generate the primer that is 

recognized by the mtDNA polymerase (DNA polyrnerase y ) (Clayton, 1982). 

As the synthesis of the new H strand proceeds from approximately 1 o'clock to 8 

o'clock the displacement of the parental H strand is also extended until it reveals 

the 0,. The region of the 0,contains an inverted repeat sequence which forms 

a stem-loop structure, the loop of which consists of a string of T's. Another RNA 

primer consisting of a string of complementary A's binds to the loop and initiates 

synthesis of the L strand in the counter-clockwise direction, along with a primase 

specific for the 0, (Clayton, 1982). The process of replication ends with the two 

oppositely growing strands completing their circles (Clayton, 1982; Yu and 

Clayton, 1996). The resulting catenated pair of molecules is separated by a 

postulated topoisornerase activity. Replication of the mitochondrial genome 

takes substantially longer than for larger prokaryotic genomes. The entire 



Figure 2. Repiication of human mitochondrial DNA (adapted from Clayton, 

7982). Replication of the heavy strand begins at the heavy strand origin of 

replication (0,) and proceeds clockwise. Light strand synthesis begins once the 

synthesis of the heavy strand reaches the light strand origin of replication (03. 
Light strand synthesis proceeds counter-clockwise. The catenated circles 

present as replication becomes complete are unlinked and then supercoiled, 

likely by a topoisornerase activity. 





process of replication of the human mtDNA takes approximately 2 hours 

(Lesteinne and Bataille, ?994), as opposed to the 40 minutes it takes the E. coli 

genome. 

1.3 Unique Genetics of Mitochondria 

1.3.1 - Maternai Inheritance 

Mammalian mitochondria are passed from a mother to both her sons and 

daughters, with only these daughters able to pass their rnitochondria on to their 

children (Wallace, 1995). The early explanation for this matrilineal mode of 

transmission was that the few, large rnitochondria contained in the sperm never 

enter the ovum (Wallace. 1987). However, this has been dernonstrated to be 

unlikely. Currently, there are two competing hypothesis that are more likely. The 

first argument involve the numbers of rnitochondria present in the ovum venus 

the sperm. The ovum contains approximately 100 000 mitochondria, while the 

sperm contains only a few. Mitochondria in the fertilized egg are subject to a 

bottleneck effect in that only 1% of these mitochondria are present in the 

embryo. This rnakes the likelihood of a paternal mitochondria becorning part of 

the embryo a remote possibility (Wallace, 1987). The second theory which is 

gaining popularity is that while paternal mitochondria enter the ovurn, they are 

destroyed by some unknown mechanism that recognizes them as foreign bodies 

(Wallace, 1987). 



1.3.2 - Heteroplasmy, Random Mitotic Segregation and Threshold Effect 

The presence of two or more species of mtDNA in a tissue due to a 

mutation is termed heteroplasmy. Mitochondria in a cell and tissue act as a 

population, and as such are subject to random, mitotic segregation. This can 

change the percentage of mutant and normal mtDNAs in a given area of a 

tissue. In this manner, when a mutant mtDNA population is present in a given 

cell andlor area of a tissue, above a critical limit, the phenotype of that mutation 

will be expressed. This is referred to as the threshold effect for mtDNA mutation 

(DiMauro and Wallace, eds, 1993). 

1.3.3 - High mtDNA Copy Number , Mutation Rate and Repair 

Unlike nuclear DNA, which under normal circumstances, is present as 

two copies of any given locus (with a few exceptions) per cell, mitochondial 

DNA, as previously mentioned, can be present at numbers in the thousands per 

cell. This permits any pathogenic mutation or mutations present in a small 

percentage of the total mtDNA to have no deleterious effect on the viability or 

function of the cell. This redundancy can account for why the apparent mutation 

rate of the rnitochondrial genome, is observed to be ten times that of nuclear 

DNA (Wallace, 1995; Shadel and Clayton, 1997). This mutation rate has also 

been attributed to the lack or near lack of repair systems for mitochondrial DNA. 

This view had been formed by the lack of evidence for conventional or nuclearly- 

observed repair systerns in mammalian mitochondria (Clayton, 1982; Wallace 

1995). However, a growing body of data is being generated indicating that there 

are a number of distinct DNA repair mechanisms in mammalian mitochondria. 



DNA repair in rnammalian mitochondria (Shadel and Clayton, 1997), while 

seerningly not as necessary as repair of nuclear DNA due to high mtDNA copy 

number, rnay be in fact crucial to the health of a tissue. The random nature of 

segregation of mitochondrial genomes and mitochondria during ce11 division 

could lead to a high percentage of mutant rnitochodrial DNA in adjacent cells 

from an initial low percentage over a larger area. This could ultimately result in a 

pocket of degenerating or necrotic tissue. The fact that mammalian 

mitochondrial contains no introns raises the likelihood that a given mutation will, 

when present at a high enough percentage, be detrimental to the tissue. 

1.4 Nuclear Contribution to Mitochondrial Function 

1 - 4 7  - Proteins 

The remaining approximately 60 polypeptides of the respiratov chain 

complexes, not encoded in the mtDNA, are encoded in the nuclear genome. 

Some of these exist as tissue specific isoforms (Poyton and McEwen, 1996), 

revealing that the variability of energy production between different tissues could 

at least in part be modulated by nuclearly encoded isoforms. 

Al1 proteins and enzymes required for the replication, transcription and 

translation of rntDNA are expressed from nuclear DNA and irnported into 

mitochondria. Of the number of these that must exist. only a few are known in 

rnammalian species. In humans four have been characterized: mitochondrial 

transcription factor A (MTFA), mitochondrial single-stranded binding protein 



(mtSSB), endonuclease G (endoG) (Tiranti et al., 1995) and DNA polyrnerase Y. 

Additionally, three other genes whose products are sumised to be in protein 

production in mitochondria have been described and mapped: RPSMl2 

(mitoribosomal protein S12), TUFM (mitochondrial elongation factor EF-Tu) and 

AFG311 (a chaperonelprotease) (Shah ef al., 1998). 

A growing trend in the area of ascribing mutant proteins andior enzymes 

to the large number of neurodegenerative disorders has revealed several of 

these found to be mitochondrially localized (DiMauro and Schon, 1998). While 

the majority of these disorders (based on previous biochemistry and clinical 

presentation) were not believed to be mitochondrial, this data is bringing closer 

into balance the disparity between the nurnber of mitochondrial proteins encoded 

by each of the two distinct genomes and the number of mitochondriai disorders 

attributed to them. The function of these proteins may be associated with 

mitochondrial biogenesis, respiratory function or genome maintenance and 

expression (DiMauro and Schon, 1998) 

1.4.2 - Protein import 

Nuclear gene products destined for mitochondria are translated on 

cytosolic ribosomes and the resulting pre-proteins are targeted to the surface of 

the mitochondrion via chaperonins and other cytosolic factors (Schwarz and 

Neupert, 1994; Neupert, 1997). A targeting signal is most often present at the 

amino-terminal end of the polypeptide. These pre-proteins interact with 

receptors on the surface of the mitochondrion, beginning the process of 



translocation across both the outer and inner mitochondrial membranes, Once 

inside the rnitochondrion, the pre-protein is cleaved to remove the targeting 

signal peptide and folded by mtHSP-70 and HSP-60 chaperones and associated 

factors (Schwan and Neupert, 1994; Fenton, 1995; Neupert, 1997). All of the 

proteins involved in this process are, again, coded for in the nuclear genome. 

1.4.3 - Signaling Between rnitochondria and the nucleus 

The great degree to which the mitochondrion relies on the nuclear 

genome implies a level of coordination between the two organelles. 

Coregulation is implied since nuclearly and mitochondrially encoded 

polypeptides for multisubunit proteins are present in stoichiometric amounts in 

the mitochondrion (Poyton and McEwen, 1996). Tissues under stress, when 

there is a dernand for mitochondrial proliferation, show an increase in expression 

of nuclear genes whose products are mitochondrial. Two models have been put 

f o ~ l a r d  for this coregulaton. The first rnodel states that components of the 

nuclear-encoded mitochondrial RNA polymerase function both in the nucleus 

and the mitochondrion. This model is supported by the finding that in some 

species, identical cis elements are found in the promotor regions of both nuclear 

and mitochondrial genes. The second is that nuclear-encoded transcription 

factors coordinately regulate genes in both genomes. This rnodel is derived from 

data which shows that, in some species, transcription factors that regulate 

expression of nuclear genes for respiratory chah polypeptides also regulate 

expression of genes for components of mitochondrial RNA polymerase (Poyton 

and McEwen, 1996). 



Communication from the mitochondrion to the nucleus has been 

described as falling under two categories temed retrograde reguiation and 

intergenomic signaling (Poyton and McEwen, 1996). Retrograde regulation is 

responsible for the up-regulation of nuclear transcripts that have been observed 

to respond to a cellular respiration deficiency. lntergenomic signaling, on the 

other hand , controls the down-reg ulation of nuclear transcripts that respond to 

mitochondrial genotype. Interestingly, reactive oxygen species (ROS), which are 

produced prirnarily in the mitochondrion, have been acknowledged as second 

rnessengers in pathways of cell growth and differentiation (Poyton and McEwen, 

1996). 

1.5 Mitochondrial Disorders 

1.5.1 - Ovewiew 

Historically recog nized mitochondrial diseases were those of muscle and 

neurological pathology associated with evident deficiencies of mitochondrial 

energy production or mitochondrial metabolic intermediates. The mutations 

responsible for these defects had correspondingly been searched for in the 

mitochondrial genome. Mutations of the mitochondrial genome faIl under three 

categories: point mutations, rearrangernents and copy number changes. 

More recently, nuclear origins for known mitochondrial disorders as well 

as those not believed to be conventional mitochondrial disorders have begun to 

be extensively investigated. 



1.5.2 - Point Mutations of Mitochondrial Genome 

Base-pair changes in the mtDNA occur, as expected, throughout the 

genome, both in coding and non-coding regions. Poiymorphisms are designated 

when the amino acid rernains unchanged in a coding region, when a non-coding 

or RNA region is not obviously altered andlor when there is no associated 

biochernical or clinical defect. Of the pathogenic point mutations described, 

those that comprise the largest percentage of the total occur in the leucine tRNA 

(Wallace et al., 1995), aithough the pathology associated with different mutations 

in the tRNA gene can be highly dissimilar. 

1 -5.3 - Mitochondrial Genorne Depletion Syndromes 

Depletion of mtDNA has been found to be associated with a nurnber of 

rnitochondrial disorders (DiMauro and Wallace, eds, 1993). The primary defect in 

these disorders is not known, but can be postulated to have an effect of 

increasing mitochondrial numbers without increasing mtDNA replication in 

response to altered cell physiology, as opposed to decreasing mtDNA numbers. 

1.5.4 - Disorders of Nuclear Ongin 

A number of mitochondrial disorders o f  nuclear origin have been 

mentioned above. Four different autosomal loci have now been linked to 

multiple mtDNA deletion syndromes (Suornalainen et al., 1995; Kaukonen et al., 

1996; .Hirano et al., 1998; Kaukonen et al., 1998). The pathology observed in 

these syndromes is consistent with a mitochondrial myopathy or related disorder. 

However, the increasing investigation into mitochondrial function and mtDNA 

mutations in a widening variety of disorders has associated mitochondrial or 



mitochondrial genome defects to Parkinson's disease, Wolfram syndrome, 

diabetes, and cancer just to name a few. This raises the question as to whether 

the primary defect in rnany of these is mitochondrially localized or whether 

sim ply mitochondrial dysfunction and mitochondrial DNA mutations can be 

considered as a general indicator of rnany pathological states. 

1.5.5 - Large Scale Rearrangements of the Mitochondrial Genome 

These group of mitochondrial DNA mutations are cornprised of deletions 

and duplications. Deletions may be single deletionç in which the breakpoints are 

at the same nucleotide position in al! affected molecules within an individual. 

Multiple mtDNA deletions, with deletions of varying sizes and breakpoint 

locations may also occur within a single individual (Wallace et al., 1995). Single 

deletions are most likely due to an event in oogenesis or early embrogenesis. In 

fact, it has been shown mitochondrially normal women do contain some 

percentage of oocytes harbouring mtDNA rearrangements (Chen et al., 1995; 

Keefe et al., 1995), as well as wornen with mitochondrial myopathy due to 

mtDNA deletion (Poulton et al., 1991). There has only been one case of a 

single deletion associated mitochondrial myopathy being observed in both a 

mother and her child (Ozawa et al., 1988). While termed transmission by the 

authors, the deletions were not the same in the mother and child, and thus more 

likely occured as two sporadic events and represent phenocopies. A drastic 

reduction in the nurnber of mitochondria from the oocyte to fertilized egg leaves 

only between one to five mitochondria to populate the new individual. It has 

been believed that this so called bottleneck effect is responsible for the rarity of 



rnitochondrial genome mutations being transmitted from mother to child 

(Marchington et al., 1 998). 

Multiple mitochondnal DNA deletion syndromes show autosomal dominant 

(Zeviani et al., 1990; Cormier et al., 1991 ; Servidei et al., 1991 ; Kawai et al., 

1995) or autosomal recessive (Hirano ef al.. 1994) patterns of inheritance 

indicating that the defect responsible is nuclear. As rnentioned above. four 

nuclear loci have been Iinked to multiple mtDNA deletion families. Potential 

transcripts and their protein products have not yet been identified. The fact that 

there are at least 4 different genes that cause multiple deletions in mitochondrial 

DNA associated with classical rnitochondrial myopathies mirrors the already 

complex pathology of mitochondrial disorders. Additionally, multiple 

mitochondrial DNA deletions are found to accumulate as part of the normal aging 

process (Simonetti et al., 1992; Zhang et al., 1992; Baumer et al., 1994; Reynier 

and Malthiery, 1995). and are found in other typically non-mitochondrially 

associated disorders including Wolfram syndrome (Barrientos et al., 1996) and 

Inclusion Body Myositis (Oldfors et al.. 1 995; Santorelli et al.. 1 996; Moslemi et 

al., 1 997). 

Duplications of mtDNA in mitochondrial myopathies are more 

controversial. Duplications have been suggested to be intenediates in the 

process of deletion formation (Poulton et al., 1995). The evidence for this is 

minimal and other evidence has shown that while duplications and rnultimers of 

mtDNA do occur, they are not pathogenic. 



CHAPTER 2 - MATERWLS AND METHODS 

2.1 DNA Sources 

2.1 -1 - Patient and Control DNA Sarnples 

Total DNA from either open muscle or needle muscle biopsy was 

extracted by proteinase K digestion and SDSlhigh salt precipitation, based on 

the method of Miller et al. (1 988). Purification of total DNA from the resulting 

supernatant was by phenol/chlorofonn extraction followed by ethanol 

precipitation (Sambrook et al., 1987). This extraction was done as these 

specimens arrived at the Biochernical Genetics Laboratory for biochemical 

andlor DNA analysis. isolation of total DNA from blood from patients SI ,  M2, M6 

and M10, and fibroblasts from patient S I  was the same as for muscle, except 

that the phenollchioroform step was omitted. DNA used for examining aging 

related deletions was isolated from muscle specimens of individuals over the age 

of 50 at time of biopsy. Most were referred for muscle weakness and related 

complaints, but no diagnosis of a mitochondrial myopathy had been made. 

Control DNA was isolated as above from available muscle specirnens from 

individuals with metaboiic but non-rnitochondrial diagnoses. 

2.1 -2 - Mitochondrial DNA Sequence 

The full length mitochondrial DNA sequence of 16 569 base pairs was 

originally published in Nature (Anderson et ai, 1981). This sequence (accession 

number JO141 5) appears as appendix A. It was used to design al1 primers and 

to conduct al1 analyses, and is also the sequence on which restriction enzyme 

cut sites are based. 



2.2 Generation of Full Length Mitochondrial DNA Probe 

2.2.1 - isolation of Mitochondrial DNA 

Isolation of mitochondria and mitochondrial DNA was done prior by staff 

at the Biochemical Genetics Laboratory. Mitochondria were isolated from a liver 

autopsy specimen from a patient with a non-mitochondrial disorder, and 

containing only normal mitochondrial DNA. Mitochondria were isolated by 

homogenization of liver tissue in isolation buffer (220mM mannitol, 70mM 

sucrose, 5mM HEPES, 1 mM EDTA, ph 7.4) and fractionated out by differential 

centrifugation. Cellular components larger than rnitochondria, including nuclei, 

were pelleted by centrifugation at 5 000 Xg for fifteen minutes at 4% in a 

Beckman J2-21 MIE centrifuge in a JA-20 rotor. The supernatant, containing 

mitochondria, was transferred to a fresh, sterile tube and centrifuged at 

10 O00 Xg for fifteen minutes. This rnitochondrial pellet was resuspended in 

isolation buffer and once again pelleted by centrifugation at 

10 000 Xg for fifteen minutes. 

Mitochondrial DNA was isolated from this pellet by proteinase K digestion 

and SDS/ high salt extraction as described above for muscle tissue specimens, 

and purified by phenoVchloroforrn extraction followed by ethanol precipitation. 

The mtDNA pellet was resuspended in sterile, deionized water to a concentration 

of 1 pg 1 PL. Confirmation as mtDNA was made by Southern blot analysis using 

a previous full length probe. 



2.2.2 - Purification of mtDNA for Probe 

Twenty micrograms of the above isolated cmde rntDNA preparation was 

linearized with 60 units of Pvull (Boehringer-Mannheim), in a total volume of 

100 pL with the supplied buffer at 1X concentration, for 4 hours at 37OC. Prior to 

incubation, a 5pL aliquot of the digestion mixture was removed and added to 2pL 

(1.2pg) of lambda DNA (Promega) and incubated in parallel with the primary 

digest. This lambda trial digest was electrophoresed on a 0.8% agarose (Biorad) 

gel in 1X TAE and stained with 0.5pgfpL ethidium bromide in 1X TAE (Sambrook 

et a/., 1987) for fluorescent visualization. The banding pattern of fully digested 

lambda DNA was observed, indicating that the mtDNA would also be completely 

digested . The remaining 95pL of linearized mtDNA solution was concentrated 

by ethanol precipitation and the pellet resuspended in 10pL TE buffer (5mM Tris- 

HCI, 0.5mM EDTA. pH 8). This concentrated sarnple was electrophoresed on a 

0 -8% low rnelting temperature agarose (Boehringer-Mann heim) gel and stained 

with 0.5pgfpL ethidium bromide in 1X TA€. A slice of agarose containing the 

single band of linearized mtDNA was cut from the gel, weighed and added to 5 

volumes of TE buffer in a sterile tube. Five micrograms of yeast tRNA (Sigma) 

was added as a carrier, and the suspension was incubated at 65'~ for 5 minutes 

to dissolve agarose. DNA was extracted from the solution with 

phenoVchloroform extraction and ethanol precipitated. The purified mtDNA pellet 

was resuspended in 10pL sterile, deionized water. 



2.2.3 - Fluorescence Labeling of mtDNA 

The purified mtDNA was digested with Apal to cleave rntDNA into 5 

fragments for more efficient labeling. The total 1 Op1 sarnple of mtDNA was 

digested with 20 units of Apal (Pharmacia) in a total volume of 50pL with the 

supplied buffer at a 1X concentration by incubation overnight at 37OC. The 

digested DNA was purified by ethanol precipitation and resuspended in 1 Op1 

sterile, deionized water. A digoxigenin-dUTP la beled mtDNA probe was random 

labeled generated from the purified mtDNA using the Boehringer-Mannheim DIG 

DNA Labeling Kit, following the enclosed protocol. As the final step of the 

procedure. the probe was resuspended in 50 pL TE/SDS buffer (10rnM Tris-HCI, 

IrnM EDTA, O.l%SDS, pH 8). 

2.3 - Deletion Characterization of Patient 1 

2.3.1 - Patient History 

The 16 year old fernale presented to the neurological service with ptosis, 

progressive external ophthalmoplegia, a pigmentary retinopathy and mild muscle 

weakness resulting in a diagnosis of Keams-Sayre syndrome. She is the 

youngest of three children. Her two older brothers and father are asyrnptornatic. 

An ophthalmological examination of her mother showed some retinopathy and 

an abnomal ERG, but there was not a diagnosis of Kearns-Sayre syndrome. 



2.3.2 - Restriction Enzyme Digestion for Coarse Mapping of Deletion 

Total muscle DNA was digested with 5 different restriction enzymes. 

Control DNA was isolated as per the previously outlined procedure from frozen 

muscle tissue of the same individual whose liver mtDNA was used to make the 

probe. Ten micrograms of total DNA was used per 50 pL digest. Amounts of 

enzyme used per digest were as follows: 14 units of Aval (Pharmacia), 50 units 

of EcoRI, I O  units of Ncol (Pharmacia), 5 units of Pvull (Boehringer-Mannheim) 

and 7.5 units Xbal (Pharmacia). Each digest was carried out in the supplied 

buffer for each enzyme at the recommended concentration. All digests were 

incubated overnight at 37OC. Lambda trial digests as described above were 

carried out for ail digests to ensure complete digestion of patient and control 

samples. A further incubation of the EcoRl digests for 4 hours with another 50 

units of enzyme was required for cornpiete digestion of those samples. 

2.3.3 - Southern Transfer and Hybridization 

Ten microliters of each digest was electrophoresed on a 0.6% agarose gel 

in 1X TAE with control and patient sarnples matched for each enzyme used. The 

gel was stained for visualization with 0.5pglpL ethidium bromide in TAE buffer. 

The gel was then submerged in denaturation solution (0.5M NaOH, 1.5M NaCI) 

for 30 minutes with gentle shaking. Neutralization of the gel was in 1M Tris pH 

8, 1.5M NaCl for 30 minutes with gentle shaking. Transfer of the DNA ont0 a 

positively charged nylon membrane (Boehringer-Mannheim) was by capillary 

action of 10X SSC buffer (1.5M NaCI, 150mM sodium citrate, pH 7) overnight. 



The membrane, following transfer, was rinsed in 5X SSC, allowed to air dry, and 

then further dried at 80°C in a vacuum oven. Twenty rnilliliters of fresh 

prehybridization solution (5X SSC, 0.1 % (vlv) N-lauroylsarcosine, -02% (vlv) 

SDS , 1 % (wlv) blocking reagent (Boehringer Mannheim)) was added to the 

membrane in a heat-resistant plastic bag. Prehybridization, to prevent 

background-causing binding of probe to the membrane. was in a 65OC 

waterbath for 2 hours. The probe was denatured by boiling for 10 minutes and 

added to 5 mL fresh prehybridization solution pre-heated to 65OC. The 

membrane was transferred to a fresh plastic bag and the hybridization solution 

added. Hybridization was overnight at 65OC with gentle shaking. 

2.3.4 - Chemifuminescent Detection 

The hybridization solution was removed and stored at -20°C for re-use. 

To remove unbound and loosely bound probe prior to detection the membrane 

was washed. Each of the washes and subsequent manipulations were each 

done in fresh bags and at room temperature with gentle shaking unless 

othemise indicated. The membrane was washed 2 times in 50 mL 2X Wash 

Solution (2X SSC. 0.1 % SDS) for 5 minutes per wash, followed by 2 washes in 

50 mL 0.5X Wash Solution (0.5X SSC, 0.1% SDS) at 65OC for 15 minutes each- 

The washing solution was rinsed from the membrane with 50 mL buffer 1 

(1 00mM Tris pH7.5, 150mM NaCI) for about 1 minute. The membrane was then 

blocked against non-specific binding of the anti-DIG AP antibody by incubation in 

50mL buffer 2 (buffer 1 with 20g1L blocking reagent) for 1 hour. Anti-DIG AP 

antibody (Boehringer-Mannheim) was diluted 1 :5000 in 20mL buffer 2 (the final 



concentration of antibody was 15OmUlmL). The membrane was incubated with 

this antibody solution for 30 minutes. Unbound and loosely bound antibody was 

removed from the membrane by 3 washes in 100mL of buffer 1 (10 minutes 

each). The membrane was equilibrated in 25mL buffer 3 (100mM Tris pH9.5, 

1 OOmM NaCI, 50mM MgCIJ for 2 minutes. The membrane was placed between 

two acetate sheets and 500pL of detection solution (1 A00 dilution of Lumi-Phos 

530 (Boehringer-Mannheim) in buffer 3; the final concentration of Lumi-Phos 530 

was 100pg/mL) was added drop by drop over the membrane. The top acetate 

sheet was lowered and smoothed to evenly distribute the detection solution. the 

sheets sealed with tape, and placed in an X-ray film cassette. The detection 

reaction was allowed to proceed overnight at room temperature and then several 

exposures of the membrane to X-ray film of varying times were done. 

2.3.5 - lnterpretation of fiuorograms 

Comparison of banding patterns of adjacent control and patient lanes for 

each enzyme was done. A deletion generates an extra band in each lane 

representing a fragment in which a cut site or sites have been lost. As the 

restriction sites are known, it was determined which site or sites would have to 

be missing to generate a band of the size of the extra band. This data was used 

to roughly rnap the position of the deletion in patient 1. An exponential curve of 

migration distance versus size of band was generated, using Statsgraphics. for 

the molecular weight marker. Values for migration distances of patient and 

control bands were then input and the sizes of these bands were output. As al1 



but the extra band sizes were known, the margin of error for this rnethod could 

be discemed- 

2.3.6 - Long-distance PCR Across Deletion 

Primers for PCR across the deletion in patient S I  were designed based 

on the farthest apart restriction sites missing. Primers were set back from these 

sites to generate an 8 920bp fragment from molecules not containing a deletion 

and an approximate 3kbp fragment from deleted molecules in patient 1. The 

foward primer (1327), from nucleotides 5470 to 5490 is 5' CGC TAC TCC TAC 

CTA TCT CCC 3'. The reverse primer (1 328), from nucleotides 14 392 to 14 

372, is 5' GGG GTT AGC GAT GGA GGT AGG 3'. PCR was carried out using 

the Long Template PCR Systern from Boehringer Mannheim. The mixture of 

Taq and Pwo polymerases in this system result in the ability to amplify greater 

distances. Long-distance PCR (LPCR) reactions were set up on ice and 

contained 1X supplied buffer 3 (with DMSO and Tween-20), 500nM each dNTP 

(New England Biolabs), 500nM each primer, approximately 300ng DNA sarnple 

(total DNA from muscle) and 1.75 units enzyme m k  in a total reaction volume of 

50pL in 500pL thin-walled PCR tubes (Gordon Technologies). Reactions were 

carried out in an MJ Research PTC-100 thermal cycler as follows: An initial 

denaturation at 94OC for 2 minutes, 10 cycles of 94OC denaturation for 1 minute, 

45Oc annealing for 1 minute and 68OC extension for 2 minutes, followed by 18 

cycles of 94OC denaturation for 30 seconds, 50°C annealing for 1 minute, and 

6 8 ' ~  extension for 4 minutes. A final extension of 6 minutes at 68OC was used 



to finish ail incornpletely extended fragments. A two cycle program was used to 

increase the extension time as substrates became more limiting. Controls used 

were a no template DNA reaction. DNA from an individual without a mtDNA 

deletion, and a reaction with prïmers that generate a 1 kbp fragment outside any 

possible deletion region. Reactions were electrophoresed on a 0.6% agarose 

gel and visualized with UV light following ethidium bromide staining. 

2.3.7 - Primer Shift PCR 

Primer shift PCR was camed out using the approximate 2.6kbp fragment 

arnplified with prïmers 132711 328 across the deletion as template. These 

reactions generate data on deletion location by the presence or absence of each 

of the internal prïmers and also would confirm the -2.6 kbp fragment as genuine 

and not an amplification artifact. The initial primer pair was used in al14 

combinations with an internal primer pair (Figure 3). The internal primer pair is 

as follows: The forward primer (1 188) between nucleotides 6566 and 6586 is 5' 

CCC CGC CGG AGG AGG AGA CCC 3' and the reverse primer (1 187) between 

nucleotides 13 380 and 13 359 is 5' GTG GAT GAT GGA CCC GGA GCA C 3'. 

Reactions were as described above with the appropriate primers for each 

reaction and using 1 pL of the previous amplification reaction as template and 

1pL water in the no DNA control. Reactions were electrophoresed on a 0.6% 

agarose gel and visualized with UV lig ht following ethidium bromide staining . 



Figure 3. Primer shift PCR. Primer pair AB was used to amplify a 2.6kb product 

across the deletion using long-distance PCR. Reamplification of this product 

with primer pairs AB (2.6kb). CD (700bp), AD (1.8kb), and CB (1.7kb) was 

performed to verify the 2.6kb amplicon as genuine and spanning the deletion. 

Products from reactions CD, AD, and CB indicate whether either or both of 

primers C and D are in the deletion. 





2.3.8 - Fine Mapping of Deletion 

The approxirnately 2.6kbp product was cleaved with six restriction 

enzymes to further localize the deletion. Five microliters of PCR product was 

used directly per reaction 50pL reaction. Arnounts of enzyme used per digest 

were as follows: 2 0 units of Asel, 15 units of Hindlll, 7 5 units of Mbol, i O units 

Mspl, 18 units Psd, and 20 units of Rsal (al1 enzymes from Phannacia). Each 

digest was camed out in the supplied buffer at the recommended concentration. 

The digests were incubated at 37OC overnight. Ten microliters of each digest 

was electrophoresed on a 6% polyacrylamide gel. Cleavage products were 

visualized by UV light following ethidium bromide staining of the gel. The 

presence or absence of individual restriction sites for each enzyme was 

detemined based on the banding pattern observed for each reaction. 

2.3.9 - Short PCR 

Based on data obtained from above experiments. primers were generated 

to be closer to deletion breakpoints in patient SI. The fonvard primer (1 395) 

consisting of nucleotides 6576 to 6596 is 5' GGA GGA GAC CCC ATT CTA TAC 

3' and the reverse primer (1 396) consisting of nucleotides 13 192 to 13 172 is 5' 

GAG TGG TGA TAG CGC CTA AGC 3'. PCR was performed on muscle, blood 

and fibroblast total DNA from patient S I  and total blood DNA from her mother. 

Negative controls were a no DNA template reaction. and a "normal" control with 

no rntDNA deletion. Reactions were also performed using primers that would 

generate an approximate i .2kbp fragment if the common deletion was present. 



Total muscle DNA of patient 1 and the blood DNA from her mother were used as 

ternplates in these reactions. Primers for the common deletion were the reverse 

primer, 1328, descnbed above, and the forward primer (641) consisting of 

nucleotides 81 92 to 821 0 (5' AAC CAC AGT l T C  ATG CCC A 3') All reactions 

were 100pL in total volume with 1X buffer (supplied with Taq DNA polymerase), 

200nM each dNTP. lpM each primer, 300ng template DNA and 2.5 units Taq 

DNA polymerase (Boehringer-Mannheim). Reaction conditions were: An initial 

denaturation step of 94OC for 3 minutes, followed by 28 cycles of denaturation at 

94OC for 30 seconds, annealing at 53OC for 1 minute and extension at 72OC for 2 

minutes. The final extension was for 5 minutes at 72OC. Products were 

electrophoresed on 6% polyacrylarnide gels in I X  TBE buffer and visualized with 

UV light following staining with ethidium bromide. 

2.3.1 0 - Direct Sequencing 

The approximately 260bp fragment generated with primers 1395 and 

1396 spanning the deletion in patient 1 was purified by the crush and soak 

method (Sambrook et ai., 1987) from an 8M ureal8% acrylamide denaturing gel, 

precipitated with 2 volumes of ethanol and 1/10 volume 3M NaOAc and 

resuspended in sterile, deionized water. This procedure removes 

unincorporated dNTPs and primers as well as rernoving primers annealed to 

double stranded DNA which would allow extension in both directions in a 

sequencing reaction resulting in unreadable sequence. Sequencing was 

carried out in both directions using the primers 1395 and 1396. The T7 DNA 



Sequencing kit (Pharmacia) was used with additional components as written. 

For each reaction (foward and reverse), approximately 1 pg of purified PCR 

product and 300 pmol of primer were used. The radioisotope used was 

S3S-dATP (NEN) Reactions were carried out as in the kit insert using MnCI, 

instead of MgCl, as a cofactor for nucleotide incorporation, as MnCI, is a 

preferred cofactor for ddNTPs, which allows sequence closer to the primer to be 

read. Sequencing reactions were electrophoresed on an 8M Urea/8% 

acrylamide gei in the BioRad Sequigen apparatus. The gel was then washed in 

10% acetic acidll2% rnethanol. applied to filter paper, and dried under vacuum 

for 1 hour at 70°C. The dried gel was placed in an X-ray film cassette and 

exposed to X-ray film for 2 days at room temperature. 

2.4 - Multiple Deletion Patients 

2.4.1 - Candidate Individuals for Multiple rntDNA Deletion Analysis 

Eight patients with some form of mitochondrial myopathy and six older 

patients with some mild muscular cornplaints were assayed by LPCR for the 

presence of several species of mtDNA. lndividuals M2, M3 and M6 are related 

and show an autosomal dominant pattern of inheritance (Figure 4). Patients M l -  

M l 0  are compn'sed of the eight patients with a mitochondrial rnyopathy and 2 of 

the older individuals. Table 1 outlines the clinical presentation of each of these 

individuals. The deletions in these individuals were characterized. Individuals 



Figure 4. Pedigree of family showing autosomal dominant inheritance of a 

mitochondrial myopathy. Individual 11-1 is patient M6, 114 is patient M2, and 111-5 

is patient M3. The top half of each circle or square represents clinical 

presentation. White indicates no reported or observed symptoms of a 

mitochondrial myopathy, while black indicates symptoms sufficient for a clinical 

diagnosis of a mitochondrial myopathy. The lower half of each shape shows 

genetic phenotype. White denotes individuals not tested for the presence of 

deletions. Vertical stipes indicate the presence of multiple mtDNA deletions. 







M l  %Ml4 are the other four older individuals. Only detection of deletions by 

PCR was done for these patients. 

2.4.2 - LPCR Spanning Area of Most Known Deletions 

Primers for LPCR were generated that span most of the region between 

which most known deletions occur (see Figure 1). This region spans the longer 

distance between the light strand origin of replication (preserving it) and about 

nucleotide 16 150. These primers were 28 nucleotides in length, longer than 

typical PCR primers, to give greater specificity and to allow the use of a single 

annealing and extension step. The forward primer (1 553) consisting of 

nucleotides 581 5 to 5842 is 5' CAC CTC GGA GCT GGT AAA AAG AGG CCT 

A 3' and the reverse primer (1 550) consisting of nucleotides 16 192 tu 16 165 is 

5' GGG AGG GGG llT TGA TGT GGA TTG GGT T 3'. The distance between 

these two primers on the normal rntDNA sequence is 10 377 bp. LPCR 

reactions using the Boehringer-Mannheim Long Template PCR System were 

50pL in total volume, and consisted of 1X buffer 1 (supplied), 400nM each 

dNTP, 500nM each primer, and between 200 to 500 ng template DNA. 

Template DNA was total muscle DNA from patients M 1 -Ml4 and blood DNA 

from patients M2, M4 and M6. Reactions were set up on ice in thin-walled 

500pL PCR tubes. Reaction conditions were as follows: An initial denaturation 

at 94OC for 5 minutes, 10 cycles of denaturation at 92OC for 30 seconds and 

annealinglextension at 68OC for 6 minutes, followed by 18 cycles of denaturation 

at 9 2 ' ~  for 30 seconds and annealinglextension at 68OC for 6 minutes with 20 



seconds added to this time per cycle. A final extension at 68OC for 12 minutes 

ensured al1 products were fully extended. Products were electrophoresed on a 

0.6% agarose gel and visualized by UV light following ethidium bromide staining. 

2.4.3 - LPCR with Primers Intemal to 155311 550 

LPCR primers were generated inside primer pair l553/l55O to be able to 

detect deletions that may be srnaller than those amplified across deletions by 

1553/1550. These smaller deletions would result in larger amplicons that may 

not be amplified by I553/155O in preference for smaller amplicons (larger 

deletions). As well, the nucleotide positions around 16 070 have been 

demonstrated to occur in a few different farnilies with multiple deletions, and this 

interna! primer pair would avoid this region and give a more extensive 

representation of the deleted mtDNA populations within an individual. 

The forward primer (MT4F), comprising nucleotides 7323 to 7350 is 5' 

GAA GCC T C  GCT TCG AAG CGA AAA GTC C 3' and the reverse primer 

(MT4R) comprising nucleotides 15 595 to 15 568 is 5' GGA TCG GAG AAT TGT 

GTA GGC GAA TAG G 3'. The distance between these primers on the normal 

mtDNA sequence is 8272 bp. Reaction constituents (with the substitution of 

these primers) and reaction conditions were the same as for primer pair 

1553/1550, with the exception that only total muscle DNA from patients M l ,  M2, 

M3, M4, M6 and Ml0 were used as templates. 

2.4.4 - Purification of LPCR amplicons 

LPCR reactions were electrophoresed on 0.6% low melting temperature 

agarose gels, leaving an empty lane between sets of reactions. Marker lanes 



were cut from the gels, stained with ethidiurn bromide and visualized with UV 

light. Notches were made in marker lanes where LPCR products were 

previously observed to migrate, and these gel slices lined up with the rest of their 

respective gels containing LPCR products. This avoided any exposure of the 

DNA fragments to ethidium bromide or UV light which would reduce cloning 

efficiency due to the presence of pyrimidine dimers. Agarose slices containing 

LPCR products from individual patients were cut from the gel and extracted and 

purified using Geneclean (BioCan Scientific). Purified products were 

electrophoresed on 0.6% agarose gels to confimi the extraction was successful. 

Quantitation of DNA was roughly estirnated from these gels. 

2.4.5 - Cloning of Purified LPCR products 

LPCR products were ligated into pGEM-T vector according to the protocol 

with the pGEM-T Vector System kit (Promega). This system rnakes use of the 

fact that some enzymes used to amplify DNA (like Taq) generate 3' A overhangs 

on the PCR product. The pGEM-T vector, supplied iinear, contains 

complimentary 3' T overhangs. Fifty nanograrns of vector and approxirnately 

50ng of each product were used per ligation reaction. Ligation reactions were 

incubated overnig ht at 4OC. 

The ligation reactions were used to transform JM109 E. coli bacteria 

(Promega) again according to the protocol of the pGEM-T Vector System kit. 

Following transformation, the bacteria were pelleted by centrifugation at ZOO0 Xg 

for 10 minutes at 4 O C  and resuspended in 500pL SOC medium. This reduced 



the volume by half to increase colony numbers on plates. Volumes of 50pL and 

100pL were plated on LBlagar plates containing 100pglmL ampicillin, 0.5rnM 

IPTG and 80pglmL X-gal. Plates were incubated at 37OC ovemight. 

Ten white colonies were picked for each patient and grown up overnight 

at 37OC in 2mL LI3 medium containing 100pgImL ampicillin. Minipreparations of 

plasmid DNA from 1.5mL of these ovemight cultures was done exactly according 

to the alkaline lysis method. DNA was quantitated spectrophotometrically. 

2.4.6 - Sequencing of Clones 

Miniprepped DNA was digested with Eagl (New England Biolabs) to 

cleave the LPCR product insert from the pGEM-T vector. Cieavage products 

were electrophoresed on 0.6% agarose gels. Clones that contained single 

inserts were sent to be sequenced at the Robarts Research Institute's DNA 

sequencing facility on an AB1377 automated D NA sequencer. 



CHAPTER 3 - RESULTS 

3.1 - Characterization of Single Deletion in Patient S I  

3.1.1 - Southern Blot Analysis 

For each of the five restriction enzymes used (Pvull, EcoRI, Aval, Ncol 

and Xbal), adjacent lanes with reactions from control (no deletion) and patient 

S I  were compared (Figure 5a). As the entire hurnan mtDNA sequence is 

known, so are the enzymes cleavage sites, and the distances between them in 

the normal sequence. In al1 cases, an extra band was present in the banding 

pattern of the patient lane. This extra band represents the sequence across a 

deleted region, between two cut sites normally not adjacent. The normal pattern 

is always observed even in the presence of a deletion because of the 

heteroplasrnic nature of mtDNA deletions. If al1 sites for an enzyme were lost, a 

distinct possibility for the clustered Aval sites, then more than one extra band 

would be present due to the migration observed for circular DNA. This was not 

observed for any enzyme in the patient lanes. Other than loss of a restriction 

site or sites by a deletion, there is also the possibility that the deletion junction 

could produce a restriction site, resulting in more than one additional band being 

present. This was not observed for any of the enzymes used. Thus, for each 

enzyme, the single extra band that was generated in the patient lanes was 

determined to be due to a deletion that removes some, but not al[ restriction 

sites. For the enzyme Aval, the possibility that the deletion produced an extra 

band, but did not remove any sites was also considered due to the distribution of 

those sites (Figure 5b). A curve was generated using the migration distances of 



Figure 5. A. Total muscle DNA from the normal control (C) and patient S I  was 

digested with Pvull, EcoRI, Aval, Ncol and Xbal. Digests were electrophoresed 

through a 0.6% agarose gel, transferred to nylon membranes and hybridized with 

a DIG-labeled full length mtDNA probe. An extra band is present in each patient 

S? lane, corresponding to a new fragment generated by the loss of a restriction 

site or sites. B. The extra band present in each patient lane represents the 

segment fianked by two remaining restrktion sites, and its size can be used to 

determine which site or sites of that enzyme have been deleted. Cut sites for 

each enzyme used are shown, with those lost to the deletion boxed. 
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the molecular weight marker to determine sizes of bands in reaction lanes. For 

each enzyme, the size of the bands would already be known, Save for the extra 

band in the patient lane. In this way, the known bands give an indication of the 

accuracy of the sizing of the extra band using this rnethod. The size of any given 

band was determined to be accurate plus or minus 500 bp. 

The first enzyme, Pvuil, cleaves the normal mitochondrial genome only once to 

linearize it. This enzyme is used to assay for the presence of a deletion by 

Southern blot as its site at nt2652 is outside that in which rnost deletions are 

observed to occur, and to detemine the size of that deletion. In the presence of 

a deletion, two bands of linear molecules represent the two populations of 

mtDNA in that tissue. For patient SI, the size of the deletion was calculated to 

be 6000 * 500bp. The percentage of mtDNA affected by this mutation was 

previously determined, by densitometry of Southern blot, to be 20%. 

The other four enzymes were used to roughly map the location of the 

deletion. This mapping method involved the determination of which cut site or 

sites would have to be rnissing to generate a band of the calculated size of the 

extra band (Figure 5b). Based on this, the deletion endpoints were roughly 

mapped to be between nt5274 (EcoRI) and nt7440 (Xbal) for the 5' endpoint and 

between nt1 2 81 5 (Aval) and nt14 157 (Aval) for the 3' endpoint (Figure 5b). 

3.1.2 - Long-Distance PCR across the Deletion 

Based on the Southern blot data, a primer pair was generated to amplify 

across the deletion in patient SI. The distance between this primer pair is 

8922bp on the normal hmtDNA sequence. A LPCR product of approximately 



2.6kbp was produced in the patient S I  reaction. Subtracting this length from the 

total length of 8.9kbp gives a deletion size of approximately 6.3kbp. This size is 

in agreement with the range of size determined by Southern blot analysis. The 

full length product was not amplified in the nodeletion control reaction or the 

patient reaction. This was assurned to be due to the inadequacy of either the 

primer pair or the reaction conditions. In light of this, primer-shift PCR was 

performed using the 2.6kbp product as ternplate. This was to prove the 2.6kbp 

product as genuine, and not a PCR artifact or contamination. 

3.1.3 - Primer-Shift PCR 

Primer-shift PCR was performed on the 2.6kbp product using 4 primers in 

al1 4 possible combinations (Figure 3). Two of these primers were the primers 

used in the amplification of the 2.6kbp fragment. The expected sizes of 0.7kbp. 

i.8kbp, 1.7kbp and 2.6kbp were obsewed for primer pairs CD, AD. BC and AB 

respectively. This revealed the 2.6kbp LPCR product to be genuinely 

mitochondrial DNA sequence across the deletion. As al1 four amplification 

reactions produced the expected products, it was determined that neither of the 

interna1 prhners lie in the deletion. This put the 5' breakpoint upstream of the 

foward primer ending at nt5586 and the 3' breakpoint downstream of the 

reverse primer ending at nt13 359. The distance between these two primers is 

6773bp, which indicated they are close to the deletion breakpoints, as the 

deletion size had been calculated to be approximately 6kbp. 



3.1.4 - Fine Mapping of Deletion Location 

The 2.6kbp LPCR product was cleaved with six restriction enzymes to 

further map the deletion location (Figure 6a) and analyzed using the same 

general method as for the Southern blot analysis (Figure 6b). The 5' deletion 

breakpoint was determined to be between two Mspl sites at nt6688 and nt6850. 

The 3' deletion breakpoint was detemined to be downstream of nt1 3 322. The 

closest site to the breakpoint that was retained was the Rsal site at nt1 3 322. 

3.1.5 - PCR Across Deletion and Direct Sequencing 

PCR primers were generated, based on the fine mapping data, to be 

closer to the deletion breakpoints. The product of this reaction was an 

approxirnately 260bp fragment spanning the deletion. This product was 

sequenced directly and the features of the breakpoints elucidated (Figure 7). 

The deletion in patient SI is 6355bp in size and is located between 

nt67441674516746 and nt1 3 09911 3 10011 3 101. The exact location of the 

breakpoints is ambiguous as there is a two nucleotide overlap at the junction. 

The deleted region includes the genes for Cytochrome c Oxidase II, ATP 

Synthase 8, ATP Synthase 6, Cytochrorne c Oxidase III, NADH Dehydrogenase 

3, NADH Dehydrogenase 4L, NADH Dehydrogenase 4, and part of Cytochrome 

c Oxidase I and NADH Dehydrogenase 5, as well as the tRNA genes for 

Serine1 (UCN), Aspartic Acid, Lysine, Glycine, Arginine, Histidine, SerineP(AGY) 

and Leucine2(CUN). A six base-pair repeat is present near the deletion junction. 

The 5' repeat is just inside the deletion (or may overlap the deletion breakpoint 

by one or two nucleotides). The 3' repeat is just upstream of the 3' breakpoint. 



Figure 6. A. Restriction analysis of the 2.6kbp amplicon. Digestion reactions 

were electrophoresed on a 6% polyacrylamide gel and visualized with UV light. 

Lanes 1 through 6 are digestion reactions with enzymes Asel, Hindlil, Mbol, 

Mspl, Pstl and Rsal respectively. B. Cut sites found to be deleted in the 2.6kb 

fragment are boxed. (The rnolecular weight markers on the left and right sides of 

the gel are numbers V and VI, respectively. from Boehringer-Mannheim). 
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Figure 7. A. Location of the deletion in patient S I  indicating the genes coding 

for subunits of the respiratory chah and tRNAs that are cornpletely or partially 

lost to the deletion. 6 Sequences fianking the deletion breakpoints. Direct 

repeats of 6bp are boxed. Sequences sharing sirnilarity to the consensus 

vertebrate topoisornerase II cleavage site are underlined. The 5' sequence 

shares 88% similarity and the 3' sequence shares 83% similarity. Lower case 

nucleotides indicate the ambiguity as to the exact breakpoints. 
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Sites that are similar to the consensus cleavage sequence for vertebrate 

topoisornerase II were found close to each breakpoint. The cleavage site for 

each of these sequences was not the same as the deletion breakpoint, however. 

3.2 - Multiple Deletion Patients 

3.2.1 - LPCR Spanning Area of Most Known Deletions 

Total muscle DNA from patients M l  -Ml4 and SI ,  and from a non-deletion 

control individual was amplified to detect mtDNA deletions. Figure 8 shows the 

amplification products of the non-deletion controi, patient S I  and patient M4. 

The non-deletion control and patient S1 provided amplification controis. The 

undeleted or full length sequence of 10 377bp was amplified from the control and 

the expected single band of 4022bp was amplified from patient SI. Multiple 

bands are seen in the patient M4 lane, with 4 major bands of approximately 2.8, 

2.4, 2.2 and 1.9 kilobase pairs in length. The clean. single bands seen in both 

controls indicate that these multiple products are not the result of non-specific 

priming or contamination of the reaction mix. 

Figure 9 shows the amplification products of five older individuals: M5, 

M l  1, M12, Ml3  and M14. Amplification of the full length product is observed in 

al1 patients except M5. AH patients except M l2  contain a mtDNA deletion or 

deletions. In lanes in which the full length and deleted bands occur, the full 

length product is the major product. This indicates that deleted rntDNAs 

represent a minute percentage of the total genomes in each of those individuals, 

although any real measures of quantitation cannot be made. The 4 major bands 



Figure 8. LPCR products between pimers 155311 550 of an non-deletion control 

(lane 2). a single deletion control, patient S I  (lane 3) and a multiple deletion 

patient, M4 (lane 4). Lane 1 is the no template DNA control. 80th the 

amplification controls are clean and show the expected size products of 

10 377bp and 4022bp in lanes 2 and 3 respectively. The multiple deletion 

patient show 4 major amplification products of 2.8, 2.4, 2.2 and 1.9 kilobase 

pairs. The rnolecular weight marker used is the 1 kb ladder. (Life Technologies), 

consisting of bands of 12 216, 11 198, 10 180, 9162, 8144, 7126. 6108, 5090, 

4072,3054,2036, 1636,101 8,  and 517/500 bp. 





Figure 9. LPCR products of 5 older individuals, M5, M11, M12, M l 3  and Ml4 

using primer pair 155319550. Al1 individuals except M5 show amplification of the 

full length sequence of 10 377bp. In al1 of these individuals, the full length 

product is the major product. All individuals except Ml2  show amplification of 

multiple fragments, representing mtDNA deletions. Only patient M5 was 

characterized further. 
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in patient M5 are between 2 and 3 kbp representing deletions of 7.4 to 8.4 kbp. 

In the other 4 individuals, the deletion bands range in size from 2.8 to 6 kb, 

representing deletions of 4.4 to 7.6 kbp. No amplification product that would 

correspond to the 4977bp cornmon deletion is obse~ed in any of the lanes. 

Amplification products are shown from patients M l  -M5 in figure 10, and 

from patients MG-Ml O in figure 11. These gels show the purified products of 

each reaction that were used in subsequent ligation reactions. No visible 

amplification products on the preparative gels were excluded by the purification 

procedure. Related patients M2, M3 and M6 show a common band of 

approxirnately 2.8kbp in size. M2 and M3 share a cornrnon band at 

approximately 2.7 kbp, and M3 and M6 share a common band at approxirnately 

2.9kbp. A band at approxirnately 2.8kbp, corresponding to a deletion size of 

about 7.6kbp can be seen. in fact, in al1 lanes. The majority of bands observed 

faIl between 2 and 3kbp, indicating mtDNA with deletions of 7.4kbp to 8.4kbp as 

the predominant species in each of these individuals, as detected with this 

primer pair. In no lanes is the full length sequence of 10 377bp observed. 

Figure 12 shows the amplification using total blood DNA from patients M2, M4 

and M6 as template. In al1 three lanes only the full length of 10 377bp is 

amplified, indicating that none of these individuals carry any detectable mtDNA 

deletions in their leukocytes. 

3.2.2 - Amplification with Primers Intemal to 155311 550 

Primers intemal to 1553/1550 were used to amplify total muscle DNA from 

patients Ml-Ml  0. This was done to detect smaller deletions that may not have 



Figure 10. Gel-purified amplification products between prirners I553/155O of 

total muscle DNA from patients M l  through M5. No amplification of the full 

length of 10 377bp in normal mtDNA is observed. Al1 lanes show multiple bands 

with the majority being between 2 and 3 kilobase pairs in length, representing 

deletions of approximately 7.4 to 8.4 kilobases. 
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Figure 11. Gel-purified amplification products between primers I553fl55O of 

total muscle DNA from patients M6 through M10. The full length of 10 377bp is 

not observed in any lanes. Multiple bands representing multiple mtDNA 

deletions are observed in al1 lanes. The majority of these are between 2 and 3 

kilobase pairs, representing deletions of approxirnately 7.4 to 8.4 kilobases. 





Figure 12. Amplification of total blood DNA from patients M2, M4 and M6 using 

prirners 1553/1550. Only the full length between these primers, 10 377bp, is 

observed indicating that the multiple deletions present in these individuals' 

muscle mtDNA are not present in their leukocyte mtDNA. 
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been amplified across by the previous primer pair, due to preferential 

amplification across larger deletions (smaller amplification distance). Figure 13 

shows the unpurified products of these reactions. Only the individuals that 

generated deletion products are shown. The full length between the primers is 

8272 bp. This size of product is not observed in the reactions of any of the 

patients' muscle mtDNA. The rnajority of amplification range in size from 1 to 

3kbp which would indicate deletions of 5.3 to 7.3 in length. Products between 

200bp and 9kbp were purified for use in ligation reactions. For patients M l ,  

M4, M6 and M10, this primer pair generated more amplification products than the 

further apart primer pair. This indicates that there may be more smaller deletions 

than larger deletions in these individuals. Patient M2 showed only one 

discernible band, and patient M3 many bands, but not more than with the further 

apart primer pair. Therefore, in patient M2 the larger deletions rnay predominate 

while in patient M3 deletions of many sizes may be present with no predominant 

size range. 

3.2.3 - Sequence Breakpoints 

Unique clones containing LPCR products from both the 1553/1550 and 

MT4FlMT4R reactions were sequenced to determine the deletion breakpoints. 

Not ail clones yielded breakpoints, and not al1 deletions represented by the 

amplification products in Figures 10, 1 1, and 13 were cloned. The results of 

sequencing are shown in Figure 14. Thirty-three of the deletions have a 3' end 

in the region of nt16 047-nt16 075. Twenty-two have an overlap of at least one 

nucleotide at the deletion junction that make the determination of the exact 



Figure 13. Amplification products of total muscle DNA from individuals M 1, M 1 0, 

M2, M3, M4 and M6 using primers internai to 1553f1550. These p h e r s ,  

MT4F/MT4R, amplify a product of 8272bp from the normal mtDNA sequence. 

This full length product is not observed in any lanes. Multiple bands, 

representing multiple mtDNA deletions are present in al1 lanes. The majority of 

these bands range in size from 1 to 3 kbp indicating deletions of 5.3 to 7.3 kbp in 

length. 
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breakpoints impossible. One clone, M6-1, has an extra C at the deletion 

junction. Direct, uninterrupted repeats are present close to the b reakpoints in 

many of the deletions. These features are summarized in Table 2. 



Figure 14. Location, size and breakpoints of deletions sequenced across for 

patients MI-Ml 0. Solid lines represent the deletion. The size of each deletion in 

base pairs is given in the middle of these Iines. The nucleotide position of the 5' 

and 3' breakpoints is given on either side of each solid line. Clones shown with 

an asterisk contain an overlap at the deletion junction and the exact breakpoints 

cannot be determined. Clone M6-1 has an extra C nucleotide inserted at the 

deletion junction. 





Table 2. Features of Deletions Sequenced from Patients Ml-M10. 



CHAPTER 4 - DISCUSSION 

4.i Characterization of mtDNA Deletions 

4.1 -1 - Single Deletion Patient S I  

The single deletion in patient S I ,  with typical Keams-Sayre syndrome. 

was characterized. The deletion, present in muscle, blood and fibroblast mtDNA, 

was detenined to be 6355 base pairs in length, between nt6744 and nt13 099, 

nt6745 and nt1 3 100 or nt6746 and nt 13 101. Ambiguity as to the exact 

breakpoints exists as there is a 2 nucleotide overlap in sequence at that junction. 

Approxirnately 20 percent of mitochondfial genomes in the specimen obtained 

contained the deletion. The genes rernoved by the deletion are: Cytochrome c 

Oxidase II, ATP Synthase 8, ATP Synthase 6, Cytochrorne c Oxidase III, NADH 

Dehydrogenase 3, NADH Dehydrogenase 4L. NADH Dehydrogenase 4, and part 

of Cytochrome c Oxidase 1 and NADH Dehydrogenase 5. as well as the tRNA 

genes for Serinel (UCN), Aspartic Acid, Lysine, Glycine, Arginine, Histidine. 

SerineZ(AGY) and LeucineZ(CUN). Reported respiratoiy chain enzymology 

done previously indicated activity of complexes i l  and III (measured together) to 

be below nomal. The particular subunits of the respiratory chain that are 

deleted do not correlate with particular respiratory chain complex deficiencies 

that may be detected. That seerns to be the case here. The reason put forth for 

this is that even though deleted genomes are transcribed, the fusion transcripts 

are not translated (Nakase et al., 1990). The inability to translate these 

transcripts, and presumably the normal transcripts in the same mitochondrion is 



likely due to the deficiency of tRNAs that the deletion produces (Nakase et al., 

I W O ) .  

The deletion junction in patient S I  has closely associated direct repeats 

of 6bp. The 5' repeat is located just inside the repeat, or spanning the 

breakpoint by one or two base pairs. This repeat is at nt6745-nt6750. The 3' 

repeat is located at nt1 3 122-nt1 3 127. This site is downstream of the 3' deletion 

breakpoint The location of these repeats is consistent with the slipped- 

mispairing during replication model of deletion formation. The model of slipped- 

mispairing of rnitochondrial DNA was put forth by Shoffner et al., (1989). In this 

model, it is postulated that cpstream repeat of the parental heavy strand 

displaced during replication pairs with the downstream repeat of the light strand 

when it becomes exposed by the progression of the repiication fork. The 

displaced heavy strand would be degraded back to the newly paired repeat 

sequence. The gap left would be sealed, and the completion of replication would 

yield a normal length and a deleted molecule (Shoffner et al., 1989). Both in 

vitro and in vivo evidence of slipped mispairing of mitochondrial DNA repeats 

was demonstrated by Madsen et al., (1993). The products of this process are 

one normal or undeleted molecule and one deleted mofecule which retains the 3' 

repeat and loses the 5' repeat to the deletion. This is what is observed for 

patient SI. This model is not alone sufficient for deletions in which the 5' repeat 

is retained or in which both or neither are retained. A mode1 that is dependent 

on the pairhg of direct repeats would suggest that generally, the larger the 

repeat, the greater the chance of a slipped mispairing event between those two 



repeats. lndeed, the common deletion occurs the has been reported in over 200 

cases (Wallace et al., 1995) occurs between direct repeats of 13bp. Even in light 

of the bias that has occurred because it has been the deletion rnost looked for, 

this is still a large number. Pierce et al., (1991) demonstrated that the frequency 

of deletions between directly repeated sequences in bacteriophage T7 increased 

exponentially as the length of repeats increased from 8 to 20 bp. However, 

there are 181 direct, unintempted repeats equal to or greater than 10bp in the 

region of the mitochondrial genome between which most deletions are observed, 

and most single deletions (other than the common deletion) are associated with 

repeats less than 10bp (Wallace ef al., 1995). The number of repeats found in 

the mitochondrial genome increases greatly as the size of repeat decreases. 

Once the number is 8bp or less, thousands can be found in the region in which 

most deletions occur. This suggests that direct repeats alone are not sufficient 

to explain deletion formation in al1 cases. 

The overlap of nucleotides at the deletion junction is intriguing. This 

feature has been associated with non-homologous end-joining (or illegitirnate 

recombination), and thus implicates this event as being possible for mtDNA 

deletion formation. lllegitimate recombination will be discussed further, below. 

The presence of sites that share similarity to the vertebrate consensus 

sequence are found close to the deletion breakpoints. Blok et al., (1995) 

suggest that topoisomerase II cleavage together with direct repeat sequences 

predispose certain regions of the mitochondrial genome to deletions. There is 

some evidence that topoisomerase enzymes are present in rnitochondria, but 



this evidence is controversial as it is based on activity, and suspect for 

contamination of nuclear enzymes. Castora et al., (1 985) used extracts from 

isolated mitochondria frorn human leukernia cells to demonstrate the presence of 

both a type I (single-strand cleavage) and type II (double strand cleavage) 

topoisornerase in hurnan rnitochondria. More recently, Murthy and Pasupathy 

(1994), showed both a type I and type II activity in Saccharomyces cerevisiae 

mitochondria. Both of these studies used catenationidecatenation and supercoil 

relaxation assays to detemine the presence of activity. A more direct 

demonstration that topoisomerase II is likely to be present in mitochondria is that 

drugs that inhibit topoisomerase II were shown to have an effect on kinetoplast 

DNA . Nomally, the kinetoplast network of interlocked mtDNA units is 

decatenated and catenated during the process of replication, but these units (or 

minicircles) retain their structure. Kinetoplast DNA, the mitochondrial DNA of 

trypanosomes, was found to have many abberant forms of mtDNA units following 

drug treatment (Shapiro and Showalter, 1992). A topoisomerase II was reported 

to be isolated from calf thymus mitochondria (Lin and Castora, 1 !BI), this 

enzyme demonstrated unknotting activity and was inhibited by known 

topoisomerase II inhibitors. Even without the above evidence, the presence of a 

topoisornerase enzyme in mammalian rnitochondria is suggested simply by the 

circular, supercoiled nature of its genome. 

The consensus sequence for vertebrate topoisornerase II, 

5' A / G N C / T N N C N ~ ~ C / T ~ ~ G / T ~ ~ C / T ~ C / T  3' (Spitzner and Muller, 4988; Spitzner et 

al., 1990) has a high nurnber of invariant residues, and as such, can be found to 



nearly blanket the mitochondrial genome when the amount of similarîty required 

is dropped to 83% or 15 out of 18 nucleotides. LowerÏng the number of 

mismatches allowed from 3 to 2 results in only 27 sites. This cleavage sequence 

is variable with species (Spitzner et al., 1990) and between the two isofoms of 

topoisomerase II (a and fi) in humans (Marsh et al., 1996) while still conforming 

to the derïved consensus. Further complications in mapping of cleavage sites 

comes from the fact that a number of drugs, which trap the enzyme-DNA 

complex making sites easier to detect cleavage sites, confer a sequence 

specificity different for each dmg (BorgneMo et al., 1996). Cleavage by 

topoisornerase II has been dernonstrated to be dependent primarily on DNA 

topology and accessibility, and not on sequence (Udvardy and Schedl, 1991). 

Sites that may be strong cleavage sites in vitro, if part of a histone complex or if 

masked by some other protein's binding, will certainly not be cleaved in vivo. 

While mitochondrial DNA does not have histones, it likely does have a tertiary 

structure which plays a role in the regulation of mitochondrial DNA binding 

proteins. In mapping the location of any topoisomerase II sites in mtDNA, a 

rnethod involving introduction of topoisomerase II into permeabilized 

mitochondria in the presence of several different enzyme-DNA complex trapping 

drugs would likely address such accessibility issues. 

The likelihood of topoisomerase II enzymes in rnitochondria, and the 

presence of vertebrate consensus sequences associated with mtDNA deletions, 



such as the single deletion described above, make topoisornerase Il a good 

candidate for having a role in the formation of at least some mtDNA deletions. 

4.1 -2 - Multiple Deletion Patients 

Total muscle DNA from patients Ml -Ml 0 was amplified using primers 

pairs 1553/1550 and MT4F/MT4Rl 10 377bp and 8272bp apart on the normal 

mitochondrial genome, respectively. Patients M2, M3 and M6 are related and 

showed an autosomal dominant pattern of inheritance in their family based on 

dinical presentation. lnterestingly, patient M6, clinically unaffected, contains 

multiple rntDNA deletions in muscle tissue, as do clinically affected individuals 

M2 and M3 (Figure 4). This finding is in agreement with the central dogma of 

rnitochondrial DNA deletions: that clinical presentation and mitochondrial 

genotype have no direct correlation (Table 1). 

Individuals M2 and M6 from whom blood was available, do not contain 

these deletions in their leukocyte mtDNA. This may be due to the fact that the 

nuclear product or products which when defective are responsible for these 

deletions rnay exist as tissue specific isofomis. It may that a deficiency in or 

defect of the nuclear product responsible may not be total, and as such, in 

tissues without high energy demands, such as blood, the amount of this product 

or products is sufficient. ln other words, norrnally in these tissues, the amount of 

this product is in excess. In tissues, such as muscle, that have higher energy 

demands, the effects of this deficiency or lack of functional protein product may 

become manifest, as the amount of product normally is not present in excess. 



As well, it could be th& the high turnover of these tissues, in essence, casts out 

these deletions. 

Amplification with primer pair 1553/1550 of total muscle DNA from oider 

patients M5, and M l  1-14, revealed multiple mtDNA deletions in al1 individuals 

except M13. The presence of the common deletion of 4977bp has been 

associated, in a large number of studies, with the normal process of aging . This 

deletion was not present in any of the LPCR reactions. This result does not rule 

out the possibility, however, that these individuals harbor this deletion. The 

finding of the common deletion in so many cases previously, and now the 

increasing findings of other and multiple deletions in older individuais reveals the 

bias inherent the PCR process for detecting deletions: the choice of primer 

locations will determine which deletions are detected. In al1 individuals, except 

M5, the predominant product of amplification was the full length 10 377bp 

fragment. This indicates that the population of deleted mtDNA in these 

individuals is very small compared to normal mtDNA, a finding consistent with 

what is seen in other mtDNA and aging studies (Simonetti et al., 1992). Whether 

these deletions play a role in aging or are simply a by-product of aging becornes 

an obvious question. 

Amplification of total muscle DNA from individuals Ml-M10 with primer 

pair 155311 550 and from individuals Ml,  M l  0, M2, M3, M4 and M6 with primer 

pair MT4F/MT4R reveal multiple mitochondrial DNA deletions in these 

individuals. These deletions range in size from approximately 5 to 9 kilobase 

pairs. Unlike the older patients, these patients do not amplify the full length 



sequence between the two pn'mers for either primer pair. This indicates that the 

ratio of deleted to normal mtDNA in these individuals is higher than in the older 

or simply age-associated individuals. A true measure of this ratio is impossible 

based on PCR, however, as the polymerases may favor the amplification of 

shorter fragments. 

Clones containing LPCR products from patients Ml-Ml  0 were sequenced 

to determine deletion breakpoints and examine fianking sequences. Thirty-three 

of these deletions have a 3' breakpoint in the region of nt16 047-nt16 075. This 

region appears to be a hot spot for deletion breakpoints, and is close to 

regulatory regions of the mitochondrial genome (see appendix B). Proteins 

involved in regulation may protect the region upstream from nt 16 075 and 

prevent not deletions from occurring into that area. This may also indicate that 

the region between nucleotides 16 071 and 16 192 (the end of al1 amplification 

products) represents at least part of a cis-acting site necessary for maintenance 

and replication of the human mitochondrial genome. If deletions occurred in this 

area, the affected molecule wouid not be replicated and would eventually be 

degraded. Therefore, deletions in this region would never be detected. Another 

factor that may predispose certain areas of the rnitochondrial genome to 

deletions is the topology at these regions. Hou and Wei (1 996,4998) have 

shown that regions often found to contain deletion breakpoints have either bent 

or anti-bent structures. This may make these regions susceptible to darnage 

with the ultirnate result of a mtDNA molecule containing a deletion. Alternatively, 



these structures may provide recognition motifs for enzymes that could, when 

defective, result in a deletion or deletions- 

Overlapping sequences at the deletion junction are present in twenty-two 

of these deletions making the exact breakpoints ambiguous. The majority of 

these are between 1 to 3 base pairs, two are 5 base pairs, one is 7 base pairs 

and one is 8 base pairs. Direct, unintempted repeat sequences are present 

close to most of the deletion breakpoints. These features are consistent with 

other multiple mitochondrial DNA deletions reported (Wallace et al., 1995). This 

data seems to favor illegitimate recombination in the generation of rntDNA 

deletions. Evidence for homologous recombination of mtDNA was presented 

by Thyagarajan et al. (1 996) who showed that mitochondrial extracts from 

human cells contained enzymes that would catalyze homologous recombination 

of plasmids. This provided the first substantial evidence that recombination can 

occur at al1 in mamrnalian rnitochondria. 

The adjacent or close by direct repeats, reported to be associated with 

most mtDNA deletions, may not be the most important repeats involved in 

deletion formation. An interesthg question to ask would be what role, if any, 

large (>9bp) repeats play in deletion formation. Could these larger deletions 

serve to Iine up mtDNA either intra- or inter-molecularly in the process of DNA 

repair or recombination? 

Damage to mtDNA by reactive oxygen species (ROS) is central to the 

mitochondrial theory of aging (Ozawa, 1995; Lenaz, 1998). The increase or 

excess in ROS in the aging individual is postulated to result in damage to 



rntDNA. One type of damage that could be incurred is double strand breaks 

(DSBs). Double-strand breaks, have also recently been reported to be 

generated by superoxide dismutases (Dowjat et al., 1 W6), Thus, either through 

the process of aging, or through mutation that affects MnSOD (the mitochondrial 

enzyme) or the production of ROS, DSBs may present the initial defect that 

leads to mtDNA deletions. Double-strand breaks have been demonstrated to 

induce recombination between DNA molecules (McGill et al., 1993; Phillips and 

Morgan, 1994). lllegitimate recombination is known that is mediated by 

topoisornerase II in the presence of short repeats (ofien at the deletion junction) 

(Bae et al., 1988; Ikeda, 1994). 

Illegitimate recornbination, therefore, seems a much better candidate than 

slipped-mispairing for the rnechanism of deletion formation. Recombination rnay 

be one of the yet unelucidated mechanisms of repair in the mitochondrion. The 

number of enzymes, including a topoisornerase, that could play a role in this 

pathway of repair is large, and in that way could account for the at least four 

nuclear loci already linked to multiple mitochondrial DNA deletions. 



CONCLUSION 

Mitochondrial DNA deletions were characterized from one single deletion 

individual and 10 multiple deletion individuals. This adds significantly to the 

existing data, especially of multiple mitochondrial DNA deletions associated with 

neuromuscular disorders. Of particular interest were the related individuals 

showing an autosomal dominant inheritance pattern of a rnitochondrial 

myopathy. This myopathy was found to be associated with multiple 

mitochondrial DNA deletions in these individuals. One individual tested was not 

clinically affected, but harbours multiple deletions in her muscle mitochondrial 

DNA. It would be of great interest to determine if this farnily shows linkage to 

any of the three described nuclear loci linked to autosornal dominant multiple 

mitochondrial DNA deletions. 

A nurnber of sequence features were found to be associated with the 

mitochondrial DNA deletions in al1 of the individuals investigated. There were no 

distinguishing features observed between each category of deletions: autosomal 

dominant, autosomal recessive, sporadic and age-related. These features were 

examined in the context of deietion mechanism. The mechanism of formation of 

mitochondrial DNA deletions has been theorized, but no current models are 

sufficient to explain al1 rnitochondfial DNA deletions observed. Direct repeats are 

associated with a majority of these deletions, however do not occur exactly at the 

deletion junction. The role of these repeats may be to Iine up the genorne or 

genomes for recombination, but not to play a direct role in the breakage and 



rejoining event Overlapping sequence of 1 to 3 base pairs, and in a few cases 

more than 3 base pairs, was found in a number of deletions junctions. These 

overlaps are associated with recombination, and therefore indicate that this may 

be the mechanism by which at least sorne rnitochondrial DNA deletions are 

formed. A common 3' endpoint around nucleotide 16 071 was observed in the 

majorïty of the deletions characterized. This is particularly intriguing as it may 

define part of a cis-acting site (between 16 071 and 16 192) necessary for 

mitochondrial DNA replication and maintenance. In this way, the 

characterization of mitochondrial DNA deletions may shed light on the details of 

processes of mitochondrial DNA replication, transcription, maintenance and 

repair. 
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The complete human rnitochondrial genome sequence 
Accesion number 50141 5 

GATCACAGGT CTATCACCCT ATTAACCACT CACGGGAGCT CTCCATGCAT 

TTGGTATTTT CGTCTGGGGG GTATGCACGC GATAGCATTG CGAGACGCTG 

GAGCCGGAGC ACCCTATGTC GCAGTATCTG TCTTTGATTC CTGCCTCATC 

CTATTATTTA TCGCACCTAC GTTCAATATT ACAGGCGAAC ATACTTACTA 

AAGTGTGTTA ATTAATTAAT GCTTGTAGGA CATAATAATA ACAATTGAAT 

GTCTGCACAG CCACTTTCCA CACAGACATC ATAACAAAAA ATTTCCACCA 

AACCCCCCCT CCCCCGCTTC TGGCCACAGC ACTTAAACAC ATCTCTGCCA 

AACCCCAFAA ACAAAGAACC CTAACACCAG CCTAACCAGA TTTCAAATTT 

TATCTTTTGG CGGTATGCAC TTTTAACAGT CACCCCCCAA CTAACACATT 

ATTTTCCCCT CCCACTCCCA TACTACTAAT CTCATCAATA CAACCCCCGC 

CCATCCTACC CAGCACACAC ACACCGCTGC TAACCCCATA CCCCGAACCA 

ACCAAACCCC AAAGACACCC CCCACAGTTT ATGTAGCTTA CCTCCTCAAA 

GCAATACACT GAAAATGTTT AGACGGGCTC ACATCACCCC ATAAACMT 

AGGTTTGGTC CTAGCCTTTC TATTAGCTCT TAGTAAGATT ACACATGCAA 

GCATCCCCGT TCCAGTGAGT TCACCCTCTA AATCACCACG ATCAAAAGGA 

ACAAGCATCA AGCACGCAGC AATGCAGCTC AAAACGCTTA GCCTAGCCK 

ACCCCCACGG GAAACAGCAG TGATTAACCT TTAGCAATFA ACGAAAGTTT 

AACTAAGCTA TACTAACCCC AGGGTTGGTC AATTTCGTGC CAGCCACCGC 

GGTCACACGA TTAACCCAAG TCAATAGAAG CCGGCGTAAA GAGTGTTTTA 

GATCACCCCC TCCCCAATAA AGCTAAAACT CACCTGAGTT GTAAAAAACT 

CCAGTTGACA CAAAATAGAC TACGAAAGTG GCTTTAACAT ATCTGAACAC 

ACAATAGCTA AGACCCAAAC TGGGATTAGA TACCCCACTA TGCTTAGCCC 

TAAACCTCAA CAGTTAAATC A A C W C T G  CTCGCCAGAA CACTACGAGC 

CACAGCTTAA AACTCAAAGG ACCTGGCGGT GCTTCATATC CCTCTAGAGG 

AGCCTGTTCT GTAATCGATA AACCCCGATC AACCTCACCA CCTCTTGCTC 

AGCCTATATA CCGCCATCTT CAGCAAACCC TGATGAAGGC TACAAAGTAA 



GCGCAAGTAC CCACGTAAAG ACGTTAGGTC AAGGTGTAGC 

GCAAGAAATG 

GAAACT TAAG 

TTAGTTGAAC 

AAGTATACTT 

GGAGACAAGT 

CCAGAGTGTA 

ACTTAACTTG 

TACTACCAGA 

ATAGAAATTG 

AAAAATTATA 

GCATAATGAA 

CCCCCGAAAC 

CTATGTAGCA 

CGAGCCTGGT 

AATTTGCCCA 

CAAAGAGGAA 

AAAAAATTTA 

GCGTTCAAGC 

ACTCCTCACA 

TTAGTATAAG 

TTAAAACACT 

AAGTCATTAT 

AAGGTTAAAA 

CCAAAAACAT 

GTGACACATG 

ATCACTTGTT 

AGCTGTCTCT 

GGCATAACAC 

GGCTACATTT TCTACCCCAG AAAACTACGA 

GGTCGAAGGT GGATTTAGCA GTAAACTAAG 

AGGGCCCTGA AGCGCGTACA CACCGCCCGT 

CAAAGGACAT TTAACTAAAA CCCCTACGCA 

CGTAACATGG TAAGTGTACT GGAAAGTGCA 

GCTTAACACA AAGCACCCAA CTTACACTTA 

ACCGCTCTGA GCTAAACCTA GCCCCAAACC 

CAACCTTAGC CAAACCATTT ACCCAAATAA 

AAACCTGGCG CAATAGATAT AGTACCGCAA 

ACCAAGCATA ATATAGCAAG GACTAACCCC 

TTAACTAGAA ATAACTTTGC AAGGAGAGCC 

CAGACGAGCT ACCTAAGAAC AGCTAAAAGA 

AAATAGTGGG AAGATTTATA GGTAGAGGCG 

GATAGCTGGT TGTCCAAGAT AGAATCTTAG 

CAGAACCCTC TAAATCCCCT TGTAAATTTA 

CAGCTCTTTG GACACTAGGA W C C T T G  

ACACCCATAG TAGGCCTAAA AGCAGCCACC 

TCAACACCCA CTACCTAAAA AATCCCAAAC 

CCCAATTGGA CCAATCTATC ACCCTATAGA 

TAACATGAAA ACATTCTCCT CCGCATAAGC 

GAACTGACAA TTAACAGCCC AATATCTACA 

TACCCTCACT GTCAACCCAA CACAGGCATG 

AAAGTAAAAG GAACTCGGCA AATCTTACCC 

CACCTCTAGC ATCACCAGTA TTAGAGGCAC 

TTTAACGGCC GCGGTACCCT AACCGTGCAA 

CCTTAAATAG GGACCTGTAT GAATGGCTCC 

TACTTTTAAC CAGTGAAATT GACCTGCCCG 

AGCAAGACGA GAAGACCCTA TGGAGCTTTA 

CCATGAGGTG 

TAGCCCTTAT 

AGTAGAGTGC 

CACCCTCCTC 

TTTATATAGA 

CTTGGACGAA 

GGAGATTTCA 

CACTCCACCT 

AGTATAGGCG 

GGGAAAGATG 

TATACCTTCT 

AAAGCTAAGA 

GCACACCCGT 

ACAAACCTAC 

TTCAACTTTA 

ACTGTTAGTC 

TAGAGAGAGT 

AATTAAGFllA 

ATATAACTGA 

AGAACTAATG 

CTGCGTCAGA 

ATCAACCAAC 

CGCCTGTTTA 

CGCCTGCCCA 

AGGTAGCATA 

ACGAGGGTTC 

TGAAGAGGCG 

ATTTATTAAT 



GCAAACAGTA CCTAACAAAC 

AAAAATTTCG GTTGGGGCGA 

ACATGCTAAG ACTTCACCAG 

AATAACTTGA CCAACGGAAC 

ATTCTAGAGT CCATATCAAC 

GGACATCCCG ATGGTGCAGC 

AAAGTCCTAC GTGATCTGAG 

ATCTACCTTC AAATTCCTCC 

ACTTCACAAA GCGCCTTCCC 

ATACCCACAC 

WTCGCATAA 

AACAACATAC 

CGCAATGGCA 

AACTACGCAA 

TTCGCTGACG 

ATCTACCATC 

CTCTTCTACT 

AACCTAGGCC 

AATCCTCTGA 

CACTGCGAGC 

ATTCTACTAT 

TATCACAACA 

CCATAATATG 

GACCTTGCCG 

CGCCGCAGGC 

TTATAATIUA 

GCACTCTCCC 

TCTAACCTCC 

ACGACCAACT 

CCACCCAAGA 

AACTTAAAAC 

CCATGGCCAA 

TTCCTAATGC 

AGGCCCCAAC 

CCATAAAACT 

ACCCTCTACA 

ATGAACCCCC 

TCCTATTTAT 

TCAGGSTGAG 

AGTAGCCCAA 

CAACATTACT 

CAAGAACACC 

ATTTATCTCC 

AAGGGGAGTC 

CCCTTCGCCC 

CACCCTCACC 

CTGAACTCTA 

CTGTTCTTAT 

CATACACCTC 

CCACAGGTCC 

CCTCGGAGCA 

TCAAAGCGAA 

AAGTTACCCT 

AATAGGGTTT 

CGCTATTAAA 

TTCAGACCGG 

CTGTACGAAA 

CCGTAAATGA 

ACAGGGTTTG 

TTTACAGTCA 

CCTCCTACTC 

TTACCGAACG 

GTGGTAGGCC 

CTTCACCFJU 

TCACCGCCCC 

CTCCCCATAC 

TCTAGCCACC 

CATCPMCTC 

ACAATCTCAT 

AATAAGTGGC 

TCTGATTACT 

ACACTAGCAG 

CGAACTAGTC 

TATTCTTCAT 

ACTACAATCT 

CACAACATAT 

GAATTCGAAC 

TAAACTACCA AACCTGCATT 

GAACCCAACC TCCGAGCAGT 

CTACTATACT CAATTGATCC 

AGGGATAACA GCGCAATCCT 

ACGACCTCGA TGTTGGATCA 

GGTTCGTTTG TTCAACGATT 

AGTAATCCAG GTCGGTTTCT 

GGACAAGAGA AATAAGGCCT 

TATCATCTCA ACTTAGTATT 

TTAAGATGGC AGAGCCCGGT 

GAGGTTCAAT TCCTCTTCTT 

CTCATTGTAC CCATTCTAAT 

AAAAATTCTA GGCTATATAC 

CCTACGGGCT ACTACAACCC 

GAGCCCCTAA AACCCGCCAC 

GACCTTAGCT CTCACCATCG 

CCAACCCCCT GGTCAACCTC 

TCTAGCCTAG CCGTTTACTC 

AAACTACGCC CTGATCGGCG 

ATGAAGTCAC CCTAGCCATC 

TCCTTTAACC TCTCCACCCT 

CCTGCCATCA TGACCCTTGG 

AGACCAACCG AACCCCCTTC 

TCAGGCTTCA ACATCGAATA 

AGCCGAATAC ACAAACATTA 

TCCTAGGAAC AACATATGAC 

TTTGTCACCA AGACCCTACT 

AGCATACCCC CGATTCCGCT 

CTATGAAAAA ACTTCCTACC ACTCACCCTA 



GCATTACTTA TATGATATGT 

CCCTCAAACC TAAGAAATAT 

AATAATAGGA GCTTAAACCC 

CATCCCTGAG AATCCAAAAT 

AAGTAAGGTC AGCTAAATAA 

TTATACCCTT CCCGTACTAA 

CTACCATCTT TGCAGGCACA 

TTTACCTGAG TAGGCCTAGA 

AACCAAAAAA ATAAACCCTC 

TCACGCAAGC AACCGCATCC 

AATATACTCT CCGGACAATG 

ATCATTAATA ATCATAATAG 

TTCACTTCTG AGTCCCAGAG 

CTGCTTCTTC TCACATGACA 

AATCTCTCCC TCACTAAACG 

CCATCATAGC AGGCAGTTGA 

ATCTTAGCAT ACTCCTCAAT 

ACCGTACAAC CCTAACATAA 

TAACTACTAC CGCATTCCTA 

CTACTACTAT CTCGCACCTG 

TCCATCCACC CTCCTCTCCC 

TGCCCAAATG GGCCATTATC 

ATCCCCACCA TCATAGCCAC 

ACGCCTAATC TACTCCACCT 

T W T A A A  ATGACAGTTT 

ACACTCATCG CCCTTACCAC 

AATAATCTTA TAGAAATTTA 

CCTCAGTAAG TTGCc9ATACT 

CTCCATACCC ATTACAATCT CCAGCATTCC 

GTCTGATAAA AGAGTTACTT TGATAGAGTA 

CCTTATTTCT AGGACTATGA GAATCGAACC 

TCTCCGTGCC ACCTATCACA CCCCATCCTA 

GCTATCGGGC CCATACCCCG AAPATGTTGG 

TTAATCCCCT GGCCCAACCC GTCATCTACT 

CTCATCACAG CGCTAAGCTC GCACTGATTT 

AATAAACATG CTAGCTTTTA TTCCAGTTCT 

GTTCCACAGA AGCTGCCATC AAGTATTTCC 

ATAATCCTTC TAATAGCTAT CCTCTTCAAC 

AACCATAACC AATACTACCA ATCAATACTC 

CTATAGCAAT AAAACTAGGA ATAGCCCCCT 

GTTACCCAAG GCACCCCTCT GACATCCGGC 

AAAACTAGCC CCCATCTCAA TCATATACCA 

TAAGCCTTCT CCTCACTCTC TCAATCTTAT 

GGTGGATTAA ACCAGACCCA GCTACGCAAA 

TACCCACATA GGATGAATAA TAGCAGTTCT 

CCATTCTTAA TTTAACTATT TATATTATCC 

CTACTCAACT TFrAACTCCAG CACCACGACC 

MCAAGCTA ACATGACTAA CACCCTTMT 

TAGGAGGCCT GCCCCCGCTA ACCGGCTTTT 

GMGAATTCA CAAAAAACAA TAGCCTC&TC 

CP-TCACCCTC CTTAACCTCT ACTTCTACCT 

CAATCACACT ACTCCCCATA TCTAACAACG 

GAACATACAA AACCCACCCC ATTCCTCCCC 

GCTACTCCTA CCTATCTCCC CTTTTATACT 

GGTTAAATAC AGACCAAGAG CCTTCAAAGC 

TAATTTCTGT AACAGCTAAG G A C T G C W  

CCCCACTCTG CATCAACTGA ACGCAAATCA GCCACTTTAA TTAAGCTAAG 



CCCTTACTAG ACCAATGGGA CTTAAACCCA CAAACACTTA GTTAACAGCT 

AAGCACCCTA ATCAACTGGC TTCAATCTAC TTCTCCCGCC GCCGGGAAAA 

AAGGCGGGAG AAGCCCCGGC AGGTTTGAAG CTGCTTCTTC GAATTTGCAA 

TTCAATATGA AAATCACCTC GGAGCTGGTA AAAAGAGGCC TAACCCCTGT 

CTTTAGATTT 

CTGATGTTCG 

AACACTATAC 

TAAGCCTCCT 

AACGACCACA 

CTTCTTCATA 

TTCCCCTAAT 

ATAAGCTTCT 

TATAGTGGAG 

CAGGGAACTA 

TTACACCTAG 

AACAATTATC 

TCTTCGTCTG 

CCAGTCCTAG 

CACCACCTTC 

ACCTATTCTG 

GGCTTCGGAA 

ACCATTTGGA 

TAGGGTTTAT 

GACACACGAG 

CGGCGTCAAA 

AATGATCTGC 

GTAGGTGGCC 

ACTACACGAC 

TAGGAGCTGT 

ACAGTCCAAT GCTTCACTCA GCCATTTTAC CTCACCCCCA 

CCGACCGTTG ACTATTCTCT ACAAACCACA AAGACATTGG 

CTATTATTCG GCGCATGAGC TGGAGTCCTA GGCACAGCTC 

TATTCGAGCC GAGCTGGGCC AGCCAGGCAA CCTTCTAGGT 

TCTACAACGT TATCGTCACA GCCCATGCAT TTGTAATAAT 

GTAATACCCA TCATAATCGG AGGCTTTGGC AACTGACTAG 

AATCGGTGCC CCCGATATGG CGTTTCCCCG CATAAACAAC 

GACTCTTACC TCCCTCTCTC CTACTCCTGC TCGCATCTGC 

GCCGGAGCAG GAACAGGTTG AACAGTCTAC CCTCCCTTAG 

CTCCCACCCT GGAGCCTCCG TAGACCTAAC CATCTTCTCC 

CAGGTGTCTC CTCTATCTTA GGGGCCATCA ATTTCATCAC 

AATATAAAAC CCCCTGCCAT AACCCAATAC CAAACGCCCC 

ATCCGTCCTA ATCACAGCAG TCCTACTTCT CCTATCTCTC 

CTGCTGGCAT CACTATACTA CTAACAGACC GCAACCTCAA 

TTCGACCCCG CCGGAGGAGG AGACCCCATT CTATACCAAC 

ATTTTTCGGT CACCCTGAAG TTTATATTCT TATCCTACCA 

TFATCTCCCA TATTGTAACT TACTACTCCG GAAAAAAAGA 

TACATAGGTA TGGTCTGAGC TATGATATCA ATTGGCTTCC 

CGTGTGAGCA CACCATATAT TTACAGTAGG AATAGACGTA 

CATATTTCAC CTCCGCTACC ATNITCATCG CTATCCCCAC 

GTATTTAGCT GACTCGCCAC ACTCCACGGA AGCAATATGA 

TGCAGTGCTC TGAGCCCTAG GATTCATCTT TCTTTTCACC 

TGACTGGCAT TGTATTAGCA AACTCATCAC TAGACATCGT 

ACGTACTACG TTGTAGCCCA CTTCCACTAT GTCCTATCAA 

ATTTGCCATC ATAGGAGGCT TCATTCACTG ATTTCCCCTA 



TTCTCAGGCT ACACCCTAGA CCAAACCTAC GCCAAAATCC 

CATATTCATC GGCGTAAATC TAACTTTCTT CCCACAACAC 

TATCCGGAAT GCCCCGACGT TACTCGGACT ACCCCGATGC 

TGAAACATCC TATCATCTGT AGGCTCATTC ATTTCTCTAA 

ATTAATAATT TTCATGATTT GAGAAGCCTT CGCTTCGAAG 

TAATAGTAGA AGAACCCTCC ATAAACCTGG AGTGACTATA 

CCACCCTACC ACACATTCGA AGAACCCGTA TACATAAAAT 

AAGGAAGGAA TCGAACCCCC CAAAGCTGGT TTCAAGCCAA 

TCCATGACTT TTTCAAAAAG GTATTAGAAA AACCATTTCA 

AAAGTTAAAT TATAGGCTAA ATCCTATATA TCTTAATGGC 

CAAGTAGGTC TACAAGACGC TACTTCCCCT ATCATAGAAG 

CTTTCATGAT CACGCCCTCA TAATCATTTT CCTTATCTGC 

TGTATGCCCT TTTCCTAACA CTCACAACAA AACTAACTAA 

TCAGACGCTC AGGAAPFTAGA AACCGTCTGA ACTATCCTGC 

CCTAGTCCTC ATCGCCCTCC CATCCCTACG CATCCTTTAC 

AGGTCAACGA TCCCTCCCTT ACCATCAAAT CAATTGGCCA 

TGAACCTACG AGTACACCGA CTACGGCGGA CTAATCTTCA 

ACTTCCCCCA TTATTCCTAG AACCAGGCGA CCTGCGACTC 

ACAATCGAGT AGTACTCCCG ATTGAAGCCC CCATTCGTAT 

TCACAAGACG TCTTGCACTC ATGAGCTGTC CCCACATTAG 

AGATGCAATT CCCGGACGTC TAAACCAAAC CACTTTCACC 

CGGGGGTATA CTACGGTCAA TGCTCTGAAA TCTGTGGAGC 

TTCATGCCCA TCGTCCTAGA ATTAATTCCC CT-TCT 

GCCCGTATTT ACCCTATAGC ACCCCCTCTA CCCCCTCTAG 

AAAGCTAACT TAGCATTAAC CTTTTAAGTT AAAGATTAAG 

CCTCTTTACA GTGAAATGCC CCAACTMT ACTACCGTAT 

AATTACCCCC ATACTCCTTA CACTATTCCT CATCACCCAA 

TAAACACAAA CTACCACCTA CCTCCCTCAC CAAAGCCCAT 

ATTTCACTAT 

TTTCTCGGCC 

ATACACCACA 

CAGCAGTAAT 

CGAAAAGTCC 

TGGATGCCCC 

CCCCATGGCC 

TAACTTTGTC 

ACATGCAGCG 

AGCTTATCAC 

TTCCTAGTCC 

TACTAACATC 

CCGCCATCAT 

ATAACAGACG 

CCAATGGTAC 

ACTCCTACAT 

CTTGACGTTG 

AATAATTACA 

GCTTAAAAAC 

GCTACACGAC 

AAACCACAGT 

TTGAAATAGG 

AGCCCACTGT 

AGAACCAACA 

GGCCCACCAT 

AATTATAACA AACCCTGAGA KCAAAATGA ACGAAAATCT GTTCGCTTCA 



TTCATTGCCC 

ATTTCCCCCT 

TAATCACCAC 

ACCATACACA 

AATCATTTTT 

TTACACCAAC 

TGAGCGGGCA 

AGCCCACTTC 

TTATTATCGA 

CGCCTAACCG 

AAGCGCCACC 

TCTTCACAAT 

ATCCARGCCT 

CACATAATGA 

ATGACCCCTA 

CCATGTGATT 

ACCAACACAC 

CACATACCAA 

GGATAATCCT 

TGAGCCTTTT 

CTGGCCCCGA 

TMCACATC 

CATAGTCTAA 

TACAATTTTA 

TCGAGTCTCC 

GTAGCCACAG 

CACTATCTGC 

ACTTTGGCTT 

CCACAATCCT 

CTATTGATCC 

CCAACAATGA 

ACACTAAAGG 

ATTGCCACAA 

CACCCAACTA 

CAGTGATTAT 

T TACCACAAG 

AACCATCAGC 

CTAACATTAC 

CTAGCAATAT 

TCTAATTCTA 

ACGTTTTCAC 

CCCACCAATC 

ACAGGGGCCC 

TCACTTCCAC 

TAACCATATA 

GGCCACCACA 

ATTTATTACC 

ACCACTCCAG 

ACAGGCATCA 

CGTATTACTC 

TAGAAAACAA 

CTGGGTCTCT 

CTTCACCATT 

GCTTCCACGG 

TTCATCCGCC 

CGAAGCCGCC 

AGGCCTACCC GCCGCAGTAC 

CCACCTCCAA ATATCTCATC 

CTAATCAAAC TAACCTCAAA 

ACGAACCTGA TCTCTTATAC 

CTAACCTCCT CGGACTCCTG 

TCTATAAACC TAGCCATGGC 

AGGCTTTCGC TCTAAGATTA 

GCACACCTAC ACCCCTTATC 

CTACTCATTC AACCAATAGC 

TGCAGGCCAC CTACTCATGC 

CAACCATTAA CCTTCCCTCT 

CTGACTATCC TAGAAATCGC 

ACTTCTAGTA AGCCTCTACC 

ACATGCCTAT CATATAGTAA 

TCTCAGCCCT CCTAATGACC 

TCCATAACGC TCCTCATACT 

CCAATGATGG CGCGATGTAA 

CACCACCTGT CCAAAAAGGC 

TCAGAAGTTT TTTTCTTCGC 

CCTAGCCCCT ACCCCCCAAT 

CCCCGCTAAA TCCCCTAGAA 

GCATCAGGAG TATCAATCAC 

CCGAAACCAA ATAATTCAAG 

ATTTTACCCT CCTACAAGCC 

TCCGACGGCA TCTACGGCTC 

ACTTCACGTC ATTATTGGCT 

AACTAATATT TCACTTTACA 

GCCTGATACT GGCATTTTGT 

TGATCATTCT 

AACAACCGAC 

ACAAATGATA 

TAGTATCCTT 

CCTCACTCAT 

CATCCCCTTA 

AAAATGCCCT 

CCCATACTAG 

CCTGGCCGTA 

ACCTAATTGG 

ACACTTATCA 

TGTCGCCTTA 

TGCACGACAA 

AACCCAGCCC 

TCCGGCCTAG 

AGGCCTACTA 

CACGAGAAAG 

CTTCGATACG 

AGGATTTTTC 

TAGGAGGGCA 

GTCCCACTCC 

CTGAGCTCAC 

CACTGCTTAT 

TCAGAGTACT 

AACATTTTTT 

CAACTTTCCT 

TCCAAACATC 

AGATGTGGTT 

TGACTATTTC TGTATGTCTC CATCTATTGA TGAGGGTCTT ACTCTTTTAG 



TATAAATAGT ACCGTTAACT TCCAATTAAC TAGTTTTGAC AACATTCAAA 

AAAGAGTAAT 

TTACTACTAA 

AAACTTCGCC TTAATTTTAA TAATCAACAC CCTCCTAGCC 

ATTTTGACTA CCACAACTCA ACGGCTACAT TAATTATTAC 

AGTGCGGCTT CGACCCTATA TCCCCCGCCC 

TTCTTCTTAG TAGCTATTAC CTTCTTATTA 

CCTTTTACCC CTACCATGAG CCCTACAAAC 

AGAAAAATCC 

GCGTCCCTTT 

TTTGATCTAG 

ACCCCTTACG 

CTCCATAAAA 

AAATTGCCCT 

AACTAACCTG 

TAGCCCTAAG 

CCACTAATAG TTATGTCATC CCTCTTATTA ATCATCATCC 

GAGTGACTAC AAAAAGGATT AGACTGAACC TCTGGCCTAT 

GAATTGGTAT 

TGATAATCAT 

CAAAACGAAT GATTTCGXT CATTAFATTA 

TGCCCCTCAT TTACATAAAT ATTATACTAG 

ATAGTTTAAA 

ATTTACCAAA 

GGAATACTAG TATATCGCTC ACACCTCATA 

AGGAATAATA CTATCGCTGT TCATTATAGC 

CCCACTCCCT CTTAGCCAAT ATTGTGCCTA 

CATTTACCAT CTCACTTCTA 

TCCTCCCTAC TATGCCTAGA 

TACTCTCATA ACCCTCAACA 

TTGCCATACT 

CTAGTCTCAA 

AGTCTTTGCC 

TCTCCAACAC 

GCCTGCGAAG CAGCGGTGGG CCTAGCCCTA 

ATATGGCCTA GACTACGTAC ATAACCTAAA 

CCTACTCCAA TGCTAAAACT AATCGTCCCA ACAATTATAT TACTACCACT 

ACATAATTTG AATCAACACA ACCACCCACA GACATGACTT 

GCCTAATTAT 

AACCTATTTA 

TAGCATCATC CCT CTACTAT TTTTTAACCA 

GCTGTTCCCC PACCTTTTCC TCCGACCCCC TAACAACCCC 

GACTCCTACC CCTCACAATC ATGGCAAGCC 

CCACTATCAC GAAAAAAACT CTACCTCTCT 

CTCCTTAATT ATAACATTCA CAGCCACAGA 

CCTCCTAATA 

AACGCCACTT 

CTAACTACCT 

ATCCAGTGm 

CCCTACAAAT ATACTAATCT 

ACT-?CATA TTTTATATCT TCTTCGAAAC CACACTTATC CCCACCTTGG 

MCCAGCCAG AACGCCTGAA CGCAGGCACA CTATCATCAC CCGATGAGGC 

AGTAGGCTCC CTTCCCCTAC TCATCGCACT TACTTCCTAT TCTACACCCT 

TAGGCTCACT AAACATTCTA CTACTCACTC 

AACTCCTGAG CCAATAACTT AATATGACTA 

AGTAAAGATA CCTCTTTACG GACTCCACTT 

AATTTACACT CACAACACCC 

TCACTGCCCA AGAACTATCA 

GCTTACACAA TAGCTTTTAT 

ATGACTCCCT AAAGCCCATG TCGAAGCCCC CATCGCTGGG TCAATACTAC 



TTGCCGCAGT ACTCTTAAAA CTAGGCGGCT 

CTCATTCTCA ACCCCCTGAC AAAACACATA 

ATCCCTATGA GGCATAATTA TAACAAGCTC 

ACCTAAAATC GCTCATTGCA TACTCTTCAA 

GTAACAGCCA TTCTCATCCA AACCCCCTGA 

TCTCATAATC GCCCACGGGC TTACATCCTC 

ACTCAAACTA CGAACGCACT CACAGTCGCA 

CTTCAAACTC TACTCCCACT AATAGCTTTT 

CGCTAACCTC GCCTTACCCC CCACTATTAA 

TGCTAGTAAC CACGTTCTCC TGATCAAATA 

CTCAACATAC TAGTCACAGC CCTATACTCC 

ACAATGGGGC TCACTCACCC ACCACATTAA 

CACGAGAAAA CACCCTCATG TTCATACACC 

TCCCTCAACC CCGACATCAT TACCGGGTTT 

AACCAAAACA TCAGATTGTG AATCTGACAA 

TTTACCGAGA AAGCTCACA& GAACTGCTAA 

AACATGGCTT TCTCAACTTT TAAAGGATAA 

GCCCCAAAAA TTTTGGTGCA ACTCCAAATA 

TACTATAACC ACCCTAACCC TGACTTCCCT 

CCCTCGTTM CCCTAACAAA APAAACTCAT 

ATTGTCGCAT CCACCTTTAT TATCAGTCTC 

GTGCCTAGAC CAAGAAGTTA TTATCTCGAA 

AAACAACCCA GCTCTCCCTA AGCTTCAAAC 

TTCATCCCTG TAGCATTGTT CGTTACATGG 

GTGATATATA AACTCAGACC CAAACATTAA 

TCATCTTCCT AATTACCATA CTAATCTTAG 

CAACTGTTCA TCGGCTGAGA GGGCGTAGGA 

CAGTTGATGA TACGCCCGAG CAGATGCCAA 

ATGGTATAAT 

GCCTACCCCT 

CATCTGCCTA 

TCAGCCACAT 

AGCTTCACCG 

ATTACTATTC 

TCATAATCCT 

TGATGACTTC 

CCTACTGGGA 

TCACTCTCCT 

CTCTACATAT 

TATCCCCCAT 

TCCTCTTGTA 

CAGAGGCTTA 

CTCATGCCCC 

CAGCTATCCA 

AATTCCCCCC 

ACCCCCATTA 

TTCCCCACAA 

CTGACACTGA 

TAGACTACTT 

TCCATCATAG 

TCAGTTCTTC 

TTACCGCTAA 

ATTATATCCT 

CACAGCAGCC 

ACGCCTCACA 

TCCTTGTACT 

CGACAAACAG 

AGCCCTCGTA 

GCGCAGTCAT 

TGCCTAGCAA 

CTCTCAAGGA 

GAACTCTCTG 

ACTTACAGGA 

CCCTCATTCA 

TCTCCTCCTA 

AATATAGTTT 

CGACCCCTTA 

TTGGTCTTAG 

CCATGCACAC 

ATCCTTACCA 

TGTAAAATCC 

CAATATTCAT 

GCCACAACCC 

CTCCATAATA 

AATTCTCACT 

AAATATCTAC 

CAACCTATTC 

TCTTGCTCAT 

ATTCAAGCAA 

TCCTATACAA CCGTATCGGC GATATCGGTT TCATCCTCGC CTTAGCATGA 



TTTATCCTAC ACTCCAACTC ATGAGACCCA CAACAAATAG CCCTTCTAAA 

CGCTAATCCA AGCCTCACCC CACTACTAGG CCTCCTCCTA GCAGCAGCAG 

GCAAATCAGC CCAATTAGGT CTCCACCCCT GACTCCCCTC AGCCATAGAA 

GGCCCCACCC CAGTCTCAGC CCTACTCCAC TCAAGCACTA TAGTTGTAGC 

AGGAATCTTC TTACTCATCC GCTTCCACCC CCTAGCAGU AATAGCCCAC 

TAATCCAAAC TCTAACACTA TGCTTAGGCG CTATCACCAC TCTGTTCGCA 

GCAGTCTGCG CCCTTACACA AAATGACATC AAAAAAATCG TAGCCTTCTC 

CACTTCAAGT CAACTAGGAC TCATARTAGT TACAATCGGC ATCAACCAAC 

CACACCTAGC ATTCCTGCAC ATCTGTACCC ACGCCTTCTT CAAAGCCATA 

CTATTTATGT GCTCCGGGTC CATCATCCAC AACCTTAACA ATGAACAAGA 

TATTCGAAAA ATAGGAGGAC TACTCAAAAC CATACCTCTC ACTTCAACCT 

CCCTCACCAT TGGCAGCCTA GCATTAGCAG GAATACCTTT CCTCACAGGT 

TTCTACTCCA AAGACCACAT CATCGAAACC GCAAACATAT CATACACAAA 

CGCCTGAGCC CTATCTATTA CTCTCATCGC TACCTCCCTG ACAAGCGCCT 

ATAGCACTCG AATAATTCTT CTCACCCTAA CAGGTCPACC TCGCTTCCCC 

ACCCTTACTA ACATTAACGA AAATAACCCC ACCCTACTAA ACCCCATTAA 

AGGCCTGGCA GCCGGAAGCC TATTCGCAGG ATTTCTCATT ACTAACAACA 

TTTCCCCCGC ATCCCCCTTC CAAACAACM TCCCCCTCTA CCTAAAACTC 

ACAGCCCTCG CTGTCACTTT CCTAGGACTT CTAACAGCCC TAGACCTCAA 

CTACCTAACC AACAAACTTA AAATAAAATC CCCACTATGC ACATTTTATT 

TCTCCAACAT ACTCGGATTC TACCCTAGCA TCACACACCG CACAATCCCC 

TATCTAGGCC TTCTTACGAG CCAAAACCTG CCCCTACTCC TCCTAGACCT 

AACCTGACTA GAAAAGCTAT T A C C T W C  AATTTCACAG CACCAAATCT 

CCACCTCCAT CATCACCTCA ACCCAAAL9G GCATAATTAA ACTTTACTTC 

CTCTCTTTCT TCTTCCCACT CATCCTAACC CTACTCCT-zlA TCACATAACC 

TATTCCCCCG AGCAATCTCA ATTACAATAT ATACACCAAC AAACAATGGT 

CAACCAGTAA CTACTACTAA TCAACGCCCA TAATCATACA AAGCCCCCGC 

ACCAATAGGA TCCTCCCGAA TGAACCCTGA CCCCTCTCCT TCATAAATTA 

TTCAGCTTCC TACACTATTA AAGTTTACCA CAACCACCAC CCCATCATAC 



TCTTTCACCC ACAGGACGAA 

ACTCACCAAG ACCTCAACCC 

TAGCCATCGC TGTAGTATAT 

ATTAAAAAAA CTATTAAACC 

AACACACCCG ACCACACCGC 

GAGAAGGCTT AGAAGAAAAC 

AACAGAAACA AAGCATACAT 

CAATGATATG AAAAACCATC 

CCCCAATACG CAAAATTAAC 

ATCGACCTCC CCACCCCATC 

ACTCCTTGGC GCCTGCCTGA 

CCATGCACTA CTCACCAGAC 

ATCACTCGAG ACGTAAATTA 

TGGCGCCTCA ATATTCTTTA 

TATATTACGG ATCATTTCTC 

CTCCTGCTTG CAACTATAGC 

AGGCCAAATA TCATTCTGAG 

CCATCCCATA CATTGGGACA 

TCAGTAGACA GTCCCACCCT 

GCCCTTCATT ATTGCAGCCC 

AAACGGGATC AAACAACCCC 

ACCTTCCACC CTTACTACAC 

CCTTCTCTCC TTFATGACAT 

ACCCAGACAA TTATACCCTA 

AAGCCCGAAT GATATTTCCT 

TAACAAACTA GGAGGCGTCC 

CAATAATCCC CATCCTCCAT 

CCACTAAGCC AATCACTTTA 

AACCTGAATC GGAGGACAAC 

TCCTACCTCC 

CTGACCCCCA 

CCAAAGACAA 

CATATAACCT 

TAACAATCAA 

CCCACAAACC 

CATTATTCTC 

GTTGTATTTC 

CCCCTAATAA 

CAACATCTCC 

TCCTCCAAAT 

GCCTCAACCG 

TGGCTGAATC 

TCTGCCTCTT 

TACTCAGAAA 

AACAGCCTTC 

GGGCCACAGT 

GACCTAGTTC 

TAGCAACACT 

CTAGGAATCA 

AATCAAAGAC 

TAACACTATT 

GCCAACCCCT 

ATTCGCCTAC 

TTGCCCTATT 

ATATCCAAAC 

TTGACTCCTA 

CAGTAAGCTA 

ATCGCTAACC 

TGCCTCAGGA 

CCATCATTCC 

CCCCCAAAAT 

CCATTACTAA 

GCACGGACTA 

AACTACAAGA 

AATTAATTAA 

GCATGATGAA 

CACCACAGGA 

CCTTTTCATC 

ATCCGCTACC 

CCTACACATC 

CCTGAAACAT 

ATAGGCTATG 

AATTACAAAC 

AATGAATCTG 

TTTACCTTTC 

CCACCTCCTA 

CCTCCCATTC 

GCCCTCGGCT 

CTCACCAGAC 

TAAACACCCC 

ACAATTCTCC 

ACTATCCATC 

AACAAAGCAT 

GCCGCAGACC 

CCACTAAAAC 

TACTCCTCAA 

CCCTAAATAA 

TCAGAATAAT 

CCATAAATAG 

ACCCACACTC 

CAACCACGAC 

ACACCAATGA 

CCACTCATTC 

ACTTCGGCTC 

CTATTCCTAG 

AATCGCCCAC 

TTCACGCCAA 

GGGCGAGGCC 

CGGCATTATC 

TCCTCCCGTG 

TTACTATCCG 

AGGAGGCTAC 

ACTTCATCTT 

TTCTTGCACG 

CGATAAAATC 

TACTTCTCTT 

CTCCTAGGCG 

TCCCCACATC 

GATCCGTCCC 

CTCATCCTAG 

AATATTTCGC 

TCCTCATTCT 

CCCTTTTACC ATCATTGGAC 



AAGTAGCATC CGTACTATAC 

ATCTCCCTAA TTGAAAACAA 

AAACTAATAC ACCAGTCTTG 

ACAAATCAGA GAAAAAGTCT 

ATTCTAATTT AAACTATTCT 

ACCACCCAAG TATTGACTCA 

TTACTGCCAG CCACCATGAA 

CTGTAGTACA TAAAAACCCA 

CAAGCAAGTA CAGCAATCAA 

CAAAGCCACC CCTCACCCAC 

CAGTACATAG TACATAAAGC 

ATCCCTTCTC GTCCCCATGG 

CACCATCCTC CGTGAAATCA 

CTCCGGGCCC ATAACACTTG 

CTGGTTCCTA CTTCAGGGTC 

TAAATAAGAC ATCACGATG 

TTCACAACAA TCCTAATCCT 

A A T A C T W  TGGGCCTGTC 

TAAACCGGAG ATGAAAACCT 

TTAACTCCAC CATTAGCACC 

CTGTTCTTTC ATGGGGAAGC 

CCCATCAACA ACCGCTATGT 

TATTGTACGG TACCATAAAT 

ATCCXATCA AAACCCCCTC 

CCCTCAACTA TCACACATCA 

TAGGATACCA ACAAACCTAC 

CATTTACCGT ACATAGCACA 

ATGACCCCCC TCAGATAGGG 

ATATCCCGCA CAAGAGTGCT 

GGGGTAGCTA AAGTGAACTG 

ATAAAGCCTA AATAGCCCAC 

AATACCAACT 

CTTGTAGTAT 

TTTTCCAAGG 

CAAAGCTAAG 

AGATTTGGGT 

ATTTCGTACA 

ACTTGACCAC 

CCCATGCTTA 

ACTGCAACTC 

CCACCCTTAA 

TTACAGTCAA 

GTCCCTTGAC 

ACTCTCCTCG 

TATCCGACAT 

ACGTTCCCCT 



APPENDIX B 

Human mitochondrial DNA function locations. 
(taken from Wallace et al., 1995) 

M ~ P  bfip Symbot 
Locus Pasition(np) 

MITAS 16157-16172 TAS 
MTOEIR 110-441 OH 

MT/SDNAO-16104 7s 

I 

II 

asmw 

m 

PL 
O 

PHI 

F 

PH2 

12s 

v 
16s 

t 

termination sequcncc 

H-strand ocigin 

7s DNA 

mtTF1 binding site 

mtTF1 binding site 

CSB-II 

replication primer 

CSB-III 

mt4 H-strand conuol cIemcnt 

mt3 H-suand controf etemcnt 

L-strand pmrnottr 

rnt-1 binding site 

mtiF1 binding site 

Major H-strand promotcr 

tRNA PhcnyIalanine 

Minor H - s m d  promotcr 

12s rRNA 

tRNA Valine 

16s rRNA 

5s-like scquencc 

Transcription tcrminator 

3230-3304 L(üüNG) RNA Lcucinc 1 

3307-4262 ND1 NADH dchydrogenast 1 

42634331 1 tRNA Isoleucinc 

4319-4-100 Q tRNA Glutamine 

tRNA Methionine 

NADH dchydrogenasc 2 

tRNA Tryptophan 

tRNA Alanine 

tRNA Asparagine 

L-strand origin 

RNA Cysteine 

tRNA Tyrosine 



5904-7445 COI 

7445-7516 S(UCN) 

7518-7585 D 

7586-8262 COII 

8295-8364 K 

8366-8572 ATPw8 

8527-9207 ATPaxd 

9207-9990 COIII 

9991-10058 G 

10059-10404 ND3 

10405-10469 R 

10470-10766 ND4L 

10760-12137 ND4 

12138-12206 H 

12207-12265 S(AGY) 

12266-12336 L(CUN) 

12337-14 148 ND5 

14 149-14673 ND6 

14674-14743, E 

14747-15887 Cytb 

15888-15953 T 

15955-16023 P 

-15925499 an 

16194-16208 mt5 

Cytochrorne c oxidasc 1 

tRNA Serine I 

tRNA Aspmk acid 

Cytocf mme c oxidasc II 

tRNA Lysine 

A'IPsynthase8 

ATPsynthase6 

Cytochrome c oxidasc Iii 

M A  Glycine 

NADH dchydrogcnase 3 

RNA ArArginine 

NADH dehydrogena~ 4L 

NADH dehydrogenase 4 

tRNA Histidine 

tRNA Senne2 

tRNA Leucine2 

NADH dehydrogcnase 5 

NADH dehydrogenast 6 

tRNA Gtutamic acid 

Cytochrome b 

tRNA Thrconinc 

tRNA Protine 

membrane actachrnent site 

controI eIcment 

L-strand control element 




