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Summary

Individuals affected by mitochondrial diseases such as Kearns-Sayre syndrome (KSS)
frequently possess a heteroplasmic population of mitochondrial DNA molecules consisting of
multiple copies of both a wild-type mitochondrial genome and a mitochondrial genome which
has undergone a major rearrangement. One hypothesis to account for the pathogenic effects
of rearranged mtDNA molecules is that in affected individuals abnormal proteins, encoded by
chimeric mitochondrial genes created by the rearrangement of mitochondrial DNA,
contribute to mitochondrial dysfunction. In order to investigate the relationship between the
expression of a chimeric peptide in mammalian mitochondria and mitochondrial dysfunction,
three synthetic genes were constructed. The first, designated PI ("Patient I construct"), was a
chimeric version of mouse cytochrome ¢ oxidase I (COXI) based on a rearranged COXI gene
found in the mutant mtDNA of a KSS patient (Poulton ez a/., 1989). The second, PIZ, was an
epitope-tagged version of PI, and the third was a full length, universal-code version of mouse

COXI.

As no transfection system for mammalian mitochondria has been developed, it was necessary
to construct genes which could be transcribed in the nucleus and translated in the cytosol,
with subsequent import to mitochondria of the encoded protein. The alteration of the coding
sequence of COXI from the mammalian mitochondrial genetic code to the universal code
required 43 programmed point mutations using site-directed mutagenesis. In order that the
proteins encoded by the synthetic genes could be targeted to mitochondria, a sequence
encoding the cytochrome c oxidase IV mitochondrial transit peptide was subcloned 5' to the
code-corrected genes. The epitope-tagged gene PIZ incorporated an epitope recognised by a
mouse monoclonal antibody against a herpes simplex viral protein, to facilitate expression
analysis

Xiv



Expression of PI, PIZ and the universal-code version of mouse COXI all appeared to be
highly toxic to E. coli, based both on difficulties experienced in subcloning, and on
expression analysis of the

constructs. Several hypotheses to account for this are discussed, including the possible
interference with assembly/activity of the bacterial cytochrome ¢ oxidase, and potential

effects of the amphipathic transit peptide on membrane integrity.

Mouse cell-lines which had incorporated both the PI and PIZ constructs were generated.
However, the lack of an effective antibody with which to detect PI prohibited characterisation
of the Pl-transfected cell-lines at the protein level. Northern and Western analysis suggested
that PIZ was expressed at both the RNA and protein levels in several PIZ-transfected 3T3
clones. Western analysis also suggested that the PIZ protein may have been correctly
processed proteolytically, which would indicate that the protein may be imported into the

mitochondria.

In order to test whether the chimeric peptide conferred a respiratory phenotype in the 3T3 cell
line, assays of growth in media containing one of two alternative carbon sources (glucose or
galactose) as the catabolic substrate were performed. Statistical analysis of the cell growth
assays suggests that PIZ expression was inhibiting respiration. Staining with mitochondrial-
specific dyes also suggested that respiration was inhibited in the PIZ-transfected cell-line so

tested (clone PIZ8.3).

Clone PIZ8.3 appeared to have incorporated multiple copies of the PIZ transgene. Under
growth conditions which increase the requirement for respiration (galactose as the carbon
source), clone PIZ8.3 was apparently deleting some copies of the transgene. This would
support the conclusion that expression of the transgene is detrimental to respiration and cell

survival or growth.



The synthetic genes and cell-lines which have been created in this study can contribute to
further investigation of the relationship between a chimeric mitochondrial peptide and
mitochondrial dysfunction by enabling biochemical analysis of the observed respiration
deficiency. They may also facilitate analysis of the pathogenicity in an organism through the
creation of transgenic mice. The results obtained in this study support the view that the
expression of chimeric genes encoded across rearrangement break-points in mitochondrial
DNA has a deleterious effect on mitochondrial function, and hence could play a significant

role in mitochondrial disease pathogenesis.
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Chapter 1

Introduction



1.1 Mitochondria - structure and function

A common analogy is that mitochondria are the powerhouse of the eukaryotic cell.
By the process of oxidative phosphorylation they produce the bulk of the cell's ATP,
the form in which energy is stored. Mitochondria also perform other biochemical
functions vital to the cell. The citric acid cycle is the pathway by which all fuel
molecules, such as fatty acids, amino acids, and carbohydrates, are oxidised to CO,.
Deficiencies in mitochondrial function have been linked to a growing number of
human diseases. In order to investigate a possible mechanism of pathogenesis for one
of these diseases, it is necessary to review what is presently known of both normal

and abnormal mitochondrial function.

Structurally, the mitochondrion is a double membrane-bound compartment in which
the membranes define two internal spaces, the intermembrane space and the matrix
(reviewed in Alberts, 1983). The mitochondrial outer membrane is permeable to most
small molecules and ions, whereas the inner membrane is virtually impermeable to all
molecules, except those for which specific transport systems exist. The inner
membrane is convoluted, forming structures known as cristae, and contains
proteinaceous carriers to transport specific molecules, e.g., ADP and long chain fatty
acids, into the mitochondrial matrix. Mitochondria are the only organelles in the
mammalian cell apart from the nucleus to contain DNA, and it is in the matrix
compartment that the mitochondrial DNA (mtDNA) molecules are located. In yeast,
the mtDNA is attached to the inner membrane (Nunnari ef al., 1997). It is within the
inner membrane that the enzyme complexes of the respiratory chain are situated and
oxidative phosphorylation occurs (fig. 1.1). Mitochondria can differ both structurally

and physiologically depending on the cell type and tissue they are situated in.

Aerobic respiration is the primary function of mitochondria (fig. 1.1). Pyruvate

(formed during the metabolisation of sugars) and fatty acids are imported into the

2



Outer
membrane

Intermembrane
space

Inner
membrane

NADH

+ H+ FADH
Matrix

Figure 1.1 Summary of the reactions involved in aerobic metabolism

A schematic diagram of the mitochondrial double membrane boundary is shown. The

components of the electron transport chain are situated in the inner membrane. The enzyme
complexes of'the electron transport chain are shown as :

I NADH dehydrogenase (Complex I)
I succinate Q reductase (Complex II)
Il cytochrome c reductase (Complex III)
IV cytochrome ¢ oxidase (Complex 1V)
R and F| are components ofthe ATP synthase complex (Complex V)
CoQ coenzyme Q
cyt ¢ cytochrome ¢
> Electron transfer between the components of the respiratory chain
Proton transfer across the inner mitochondrial membrane

Metabolic reactions



mitochondrial matrix where they are converted to acetyl coenzyme A, the substrate
for the citric acid (TCA) cycle. NADH and FADH, (reduced cofactors, products of
the TCA cycle) are re-oxidised by the transfer of electrons via a series of electron
carriers in the inner membrane enzyme complexes to the final acceptor, molecular
oxygen. The movement of electrons along this electron transport chain is
accompanied by the translocation of HT ions from the matrix to the inter-membrane
space, which generates an electrochemical proton gradient. The flow of these ions
through the ATP synthase complex back to the matrix causes the release of ATP
generated by the phosphorylation of ADP. Thus the processes of oxidation and
phosphorylation are coupled by the proton gradient formed across the inner

membrane (reviewed in Stryer, 1988).

Historically there have been 3 models proposed for the configuration of mitochondria
within the mammalian cell:- (1) the conventional model is that mitochondria are
present in multiple discrete granular units, classically described as rod-shaped
structures, about 0.5 um in diameter. (2) A second model is that one giant
mitochondrion, existing in the form of a network, is distributed throughout the cell.
(3) An intermediate model consists of a parental intracellular network which is fluid
in that smaller units can become separated and, conversely, assimilated back into the
parental network. A growing body of evidence supports the third model. In a study
using fluorescence labeling to analyse the shape and distribution of organelles in
relation to the cytoskeleton in fibroblasts, mitochondria appeared to form an
interconnected network of elongated tubules, similar to and perhaps associated with
the endoplasmic reticulum. Mitochondria were additionally found to be present in
vesicular form (Soltys and Gupta, 1992). It was unclear from this study whether the
two forms have the potential for interconversion, whether the two forms are in any
way functionally different or, indeed, if the observation of the vesicular form is an
artifact. However, experiments utilising mitochondria with different mitochondrial

DNA (mtDNA) genotypes have found evidence for genetic complementation within

4



the mitochondrial compartment (Takai et al., 1997). Cybrids were constructed by
introducing mitochondria from enucleated HeLa cells into recipient cells; both
mtDNA molecular forms carried identifiable genetic markers. For the observed
genetic complementation to have occurred, the 'foreign' mitochondria must have
interacted with the endogenous mitochondria, enabling the matrix compartments of
the respective mitochondria to have been in contact. Thus, assuming mitochondrial
fusion was not caused by the technique utilised for cybrid formation, a mechanism
may be inferred to exist for fusion of mitochondria with each other. This supports a
model of a fluid network of mitochondria which can 'bud off' into smaller units, or
reaggregate with the parental network. It is also possible that different cell types may

have different mitochondrial configurations.

1.2 Mitochondrial genome - coding information and organisation

One distinguishing feature of mitochondria is that they contain DNA. Plastids, such as
chloroplasts found in higher plants, are the only other organelles to contain genetic
information, apart from the nucleus. The mitochondrial genomes of most organisms
studied to date are circular, double-stranded DNA molecules. In humans, the two
strands are conventionally referred to as the heavy- and light-strand (H- and L-strand)
because of the disparity in guanine content, enabling separation of the two mtDNA
strands on caesium chloride gradients. The genetic information contained encodes
components of the mitochondrial translational machinery and subunits of the electron
transport complexes and ATP synthase, although the exact complement varies
between organisms. The mtDNAs of all organisms studied to date encode a minimum
of 2 rRNAs (large subunit and small subunit which are the equivalents of the E. coli
16S and 23S rRNAs), cytochrome b and cytochrome ¢ oxidase subunit I (COXI). The
complement of transfer RNA (tRNA) genes varies considerably, from kinetoplastids,
in which the mitochondria appear to import all tRNAs from the cytosol, to those of

plants, which import a few nuclear-encoded tRNAs, to vertebrate mtDNA, which
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encodes 22 tRNAs - sufficient to decode the mitochondrially encoded protein genes.
(Review Gray, 1992). Plant mitochondrial DNA also encodes a 5S rRNA. Both plant
and many protistan mtDNAs contain genes for ribosomal proteins. Some fungal and
plant mitochondrial genomes contain coding sequences for maturases, which are
required for post-transcriptional processing of precursor RNAs. RNA editing of
mitochondrial transcripts is required for appropriate gene expression in kinetoplastids

and in plants

The role of the mitochondrial genome is essentially consistent in all these organisms,
that is to specify a limited number of constituents of the oxidative phosphorylation
system and of an apparatus which enables the synthesis of polypeptide subunits from
the mitochondrially encoded mRNAs. Given that all known respiration-competent
mitochondria contain DNA, it is notable that at least in most organisms, mtDNA does
not encode either the replicative or transcriptional machinery. Therefore, either
mtDNA has always been dependent on nuclear-encoded machinery, or at some point
in time the mitochondrial genome was independent of the nuclear genome, encoding
all the necessary components for biogenesis, but has since lost this information to the

nucleus.

1.2.1 The endosymbiont hypothesis

Mitochondria are believed to be relics of an endosymbiotic relationship between a
primitive eukaryote and an engulfed prokaryote (Gray, 1992). This theory was based
initially on the similarity between organellar and eubacterial translation systems, but
has been more recently supported by comparative sequence analysis of prokaryotic,
nuclear and organellar genomes. These phylogenetic analyses have primarily used
ribosomal RNA sequences and respiratory chain coding sequences. The modern
genome bearing coding sequences most similar to mtDNA belongs to the o.-

Proteobacteria, e.g. Agrobacterium (Yang et al., 1985; Raitio et al., 1987). Another

6.



study has utilised the protein sequences of the mitochondrial heat shock proteins (Hsp
60s), which suggests that the chaperonins of the Ehrlichia/Rickettsia cluster of the o-
Proteobacteria show the closest relationship to the mitochondrial chaperones of
eukaryotes from all kingdoms (Viale and Arakaki, 1994). However, it has been
proposed by some authors that multiple primary endosymbiotic events may have
occurred, leading to the progenitors of the fungal, plant and metazoan kingdoms
(Kochel and Kuntzel, 1982; Gray et al., 1984). One analysis based on the relative
abundance of di-, tri-, and tetranucleotides in mitochondrial genomes suggests that the
animal mitochondrial genome may be descended from a Sulfolobus- or Mycoplasma-

like endosymbiont, rather than an a-Proteobacteria (Karlin and Campbell, 1994).

If the endosymbiont hypothesis is correct, then the original genome of the engulfed
prokaryote should have encoded all components necessary for biogenesis. Therefore,
it has been proposed that many genes (e.g., those encoding the majority of the
oxidative phosphorylation system) have been transferred to the nuclear genome from
the organellar genome. However, all eukaryotes studied to date possessing
respiration-competent mitochondria contain a mitochondrial genome, however
minimal. Why has a mitochondrial genome persisted in the eukaryotic cell? One
theory is that some proteins encoded by mtDNA must be produced within the
mitochondrion because they would be toxic when cytosolically expressed, or their
importation into the organelle is for some reason not possible. As a general theory this
can only apply to two proteins, cytochrome b and cytochrome ¢ oxidase subunit I,
because the genes encoding them have been found in the mtDNAs of all eukaryotes to
date. Alternatively it has been suggested that at a given point in cellular evolution the
transfer of genetic information from organelles to the nucleus ceased, perhaps due to
increasing divergence in the gene expression systems used in the two compartments.
However, within relatively recent evolutionary time, i.e., during angiosperm
evolution, the gene encoding the cytochrome c oxidase II subunit has been transferred

to the nuclear genome in legumes, probably via an RNA-mediated mechanism
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(Nugent and Palmer, 1991). In both cowpea and soybean the functional copy of the
gene for cox!I is located in the nuclear genome (Covello and Gray, 1992). Another
possible explanation for the retention of a mitochondrial genome is that by some
mechanism it confers greater sensitivity to respond to the energy requirements of the

cell.

1.2.2 Organisation of the mammalian mitochondrial genome

The mammalian mitochondrial genome encodes 2 ribosomal RNAs, 22 transfer RNAs
(sufficient for mitochondrial translation), and 13 protein subunits of the electron
transport complexes and ATP synthase (fig. 1.2). The proteins encoded are subunits
1-6 (including 4L) of NADH dehydrogenase (complex I), cytochrome b (complex
III), subunits I-III of cytochrome ¢ oxidase (complex IV) and subunits 6 and 8 of ATP
synthase. The coding information is tightly packed in the ~16 kb genome, with very
little intergenic sequence. Many protein-coding genes end with a 'T" or 'TA' after the
final sense codon, and the actual stop codon ('TAA') is generated by polyadenylation

of the messenger RNA.

Only two non-coding regions are contained within the mammalian mitochondrial
genome, and only one is of significant length. The major non-coding region is called
the control region or D-loop region, for displacement loop. It spans 879 bp in the
mouse mitochondrial genome, and 1122 bp in the human mitochondrial genome
(Bibb et al., 1981; Anderson et al., 1981). This region contains the transcriptional
promoters for both the H- and L-strands (mitochondrial transcription is polycistronic,
producing primary transcripts the length of the entire genome) and the replication
origin for leading-strand synthesis (replication initiates in a unidirectional fashion).
The D-loop is so called due to the unusual 3-stranded structure characteristic of the
region; the H-strand is displaced by a nascent segment of H-strand (also known as 7S

DNA, extending 520-700 nt in mouse, 570-655 nt in human) which is repeatedly
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Figure 1.2 Structure of the mammalian mitochondrial genome

The origins of heavy strand and light strand replication are noted as Oh and Ol, respectively.
The D-loop is indicated by the shaded box. The large and small ribosomal subunits are
designated 16S rRNA and 12S rRNA, respectively. Genes for the tRNAs are designated by the
standard one-letter symbol. Protein coding genes are designated as follows: ND1, ND2, ND3,
ND4, ND4L, ND5, ND6 are subunits of NADH dehydrogenase; cyt b is cytochrome bl COXI,
COXII, COXIII are subunits I, IT and III of cytochrome ¢ oxidase; A6 and A8 are subunits 6
and 8 of ATP synthase. The direction of transcription for both tRNA and protein coding genes

is indicated by the accompanying arrows.



synthesised and degraded (Clayton, 1982). The shorter non-coding region (32 nt in
mouse, 31 nt in human) contains the origin of lagging-strand (L-strand) replication
and is surrounded by a cluster of tRNA genes (Bibb et al., 1981; Anderson et al.,
1981).

1.2.3 Organisation of the plant mitochondrial genome

Plants are reported to contain a large range of linear and circular mtDNA molecules
that may be hundreds of kilobases in size. Some plant species also contain
mitochondrial plasmids - small linear or circular autonomously replicating molecules.
A distinctive feature of plant mtDNA is the presence of repetitive sequences,
frequently ranging from 1-10 kb in size, that facilitate recombination events. These
recombination events generate rearranged mitochondrial genomes as well as
subgenomic sized molecules. The "master circle" is the proposed mitochondrial
genome which is the smallest size of molecule that can accommodate all the mtDNA
mapped by restriction analysis for a given species. It is used as a conceptual
reference point, although it may not in fact exist in vivo. Data from electron
microscopy and pulse-field gels are not conclusive on this point. Not all repetitive
sequence elements appear able to function as recombination sites, but no consensus
sequence has been identified which could act as a substrate for a site-specific
recombination system. Homologous recombination is the probable mechanism,
although no in vitro assay has yet demonstrated this process in action (Hanson and

Folkerts, 1992).

Although the plant mitochondrial genome is large (10 - 100-fold larger than the
animal mitochondrial genome), it encodes essentially the same complement of
respiratory chain genes as the mammalian mitochondrial genome (discussed in
section 1.2.2) which is only ~16 kb. The plant mitochondrial genome encodes a few

additional components of the translational apparatus, including multiple ribosomal
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proteins. However, it is estimated that plant mitochondrial genomes contain ~100
ORFs, and may therefore encode a variety of other gene products (Oda et al., 1992).
The entire 367 kb mitochondrial genome of Arabidopsis thaliana has been sequenced
(Unseld et al., 1997). 57 genes have been identified, and another 85 potential ORFs
of 100 codons or more are present. Whereas the variety in gene content between
organisms studied to date is low, the amount of non-coding sequence in mtDNA
varies substantially. In plants it is estimated that less than 10% of mtDNA is coding
sequence, whereas in vertebrates coding sequence accounts for more than 90% of the
genome; the distribution of coding sequence also differs, in that in plant
mitochondrial genomes the genes are scattered, interspersed with non-coding
sequences, whereas in animals the genes are contiguous. In contrast to animals,
plants show great variability in the gene order between closely related species and
within a species. This is the main source of diversity between plant mitochondrial
genomes, as the mutation rate of plant mtDNA is estimated to be 0.2
substitution/site/billion years, roughly 100-fold less than animal mtDNA, and 10-fold
less than nuclear DNA (Hanson and Folkerts, 1992; Gray, 1992; Albert et al., 1996).

1.3  Mitochondrial biogenesis

As discussed in section 1.1, a growing body of evidence supports the view of the
mitochondrial compartment within the mammalian cell as a dynamic and continuous
network. This is compatible with what is known of the biogenesis of mitochondria,
i.e., that organelles arise through growth and division rather than by de novo
formation within daughter cells. The amount and composition of mitochondria is
dependent on the specific needs of the given cell-type, e.g., an increased energy
requirement as a result of repeated muscular contraction results in mitochondrial
proliferation (Hood et al., 1994). In order for the organelle to be responsive to

cellular demands, it is likely that some mechanism exists for the nuclear genome to
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influence mitochondrial activity. Conversely, it is possible that some mechanism

exists for the mitochondrial genome to communicate with the nuclear genome.

1.3.1 Replication of mammalian mtDNA

Within the dynamic network of mitochondria reside multiple mtDNA molecules, of
the order of 103 per cell (Clayton, 1982; Robin and Wong, 1988)). During the course
of the cell cycle, mitochondrial DNA undergoes replication such that mtDNA copy
number remains constant through generations of cell growth and division. However,
any one molecule may be replicated multiple times or not at all within a given cycle
(Flory and Vinograd, 1973). It has been reported that the replication event is not
regulated temporally with respect to the phase within the cell cycle (Bogenhagen and
Clayton, 1977), but the approach adopted may lack sensitivity given that the cultures
were asynchronous. Other data suggests that the replication of mitochondrial and
nuclear DNA may be coordinated (Van den Bogert et al., 1993), but it is possible that
the coordination observed in this case is an artifact caused by synchronisation of the
cell culture. There may be a spatial determinant which affects whether a given
molecule replicates within a cell cycle; in cultured rat neural cells it was shown that
replication of mtDNA is first observed in molecules near to the nucleus (Davis and
Clayton, 1996). It has been proposed that newly replicated mtDNA radiates
outwards throughout the organelle network, and that this is achieved by movement of
replicated molecules rather than transport/diffusion of a signal/factor required for the
more peripheral molecules to replicate. The authors acknowledge that in other cell
systems no such spatial determinism has been observed, perhaps due to the smaller
size of the cell. It is therefore possible that the observation represents a special
property of neural cells resulting from their shape/topology, rather than a general

feature of mitochondrial replication.
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Replication of mtDNA occurs within the mitochondrial matrix. It is dependent on the
importation of protein, and possibly RNA from the cytosol, since all characterised
components of the replication machinery are nuclear-encoded (reviewed by Clayton
1982, 1991). The control region for mitochondrial DNA synthesis is located within
the non-coding region of the genome termed the D-loop (displacement loop), a 3-
stranded structure in which a short segment of daughter H-strand DNA is hybridised
to the L-strand displacing the parental H-strand. Replication by the mitochondrial
DNA polymerase (DNA polymerase 7v) is initiated at the heavy-strand origin (OH)
utilising a pre-existing RNA primer, which is generated by the transcription
machinery. The existence of several discrete nascent L-strand transcripts terminating
within the D-loop region has been demonstrated (Chang and Clayton, 1985; Chang et
al., 1985). Initiation of synthesis of the RNA primer for heavy strand synthesis and
transcription of the L-strand of mtDNA both occur at the LSP sequence (L-strand
promoter) and there are no known distinguishing features between the two events
(Chang and Clayton, 1985; Chang et al., 1985). Transcription proceeds through a
region of three short conserved sequence elements called conserved sequence blocks
(CSB) 111, I1, and I. During in vitro transcription by human mtRNA polymerase,
persistent RNA-DNA hybrid structures are generated in the CSB region, referred to as
R-loops (Xu and Clayton, 1996). It is within or downstream of CSB I that the
transition from RNA synthesis to DNA synthesis occurs. It has been proposed that an
endonuclease recognises the RNA-DNA hybrid molecule in this region, and cleaves
the nascent transcript, freeing the 3' OH group for priming DNA synthesis (Chang and
Clayton, 1987).

The processing of the putative RNA primer is the subject of controversy. It has been
suggested that RNase MRP (characterised in several species by Clayton and co-
workers) is the endonuclease responsible for primer formation; however, the majority
of RNase MRP is isolated from the nuclear fraction of the cell (Topper and Clayton,

1990) and has been localised to the nucleolus (Yuan et al., 1989). Using in situ
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hybridisation a mitochondrial localisation for a minor fraction of RNase MRP has
been shown in mouse (Li ef al., 1994). Utilising model R-loops, mouse RNase MRP
has been shown to cleave the RNA-DNA hybrid molecule appropriately for the
generation of replication primers including the site appropriate to the major species of
H-strand DNA that has been isolated, which has a 5' end located within or
downstream of CSB I (Lee and Clayton, 1997). The low abundance of MRP RNase
in the mitochondrial compartment of cells such as HeLa (Kiss and Filipowicz, 1992)
can be accounted for by imputing to the endonuclease a regulatory role in the rate of

mtDNA replication (Topper et al., 1992).

It is possible that there is no universal mechanism for the initiation of mitochondrial
DNA replication. Another endonucleolytic enzyme has been localised to both
mitochondrial and non-mitochondrial compartments within the cell, endonuclease G.
This enzyme, isolated from calf thymus, is capable of generating RNA primers
suitable for the initiation of mtDNA replication. An RNA-DNA heteroduplex which
contained the mouse mtDNA control region was recognised as a substrate (Cote and
Ruiz-Carrillo, 1993). However, none of the cleavage sites generated by this enzyme
corresponds to the exact terminus of the major, nascent H-strand species (Chang and
Clayton, 1985; Chang et al., 1985). The detection of a possible transcription pause
site in CSB I (using an in organello system with rat liver mitochondria) suggests that
endonuclease activity may not be required for primer formation at this site (Cantatore
et al., 1995). In vitro transcription experiments demonstrated the formation of
persistent RNA-DNA hybrids. The RNA species had 3' ends which mapped within or
downstream of CSB I, supporting the hypothesis for a transcription pause site here
(Xu and Clayton, 1996). Thus, the actual role of MRP RNase could conceivably be

for primer removal.

DNA synthesis proceeds unidirectionally from OH by strand displacement. It is

unclear whether leading-strand replication occurs via de novo DNA synthesis from
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the RNA primer, or by extension of the pre-existing D-strand in the D-loop. Once
DNA synthesis has reached approximately two-thirds of the way around the genome,
the OL (light-strand origin) is exposed on the displaced strand. Although the
sequences for the light-strand origins are highly diverged between species, a potential
stem-loop secondary structure is conserved (Martens and Clayton, 1979, Tapper and
Clayton, 1981). Here a mtDNA-specific primase initiates priming and DNA synthesis
of the lagging strand (Wong and Clayton, 1985a, b). In human and mouse no
alternative priming site for lagging strand synthesis has been detected. It is believed
that the OL plays no regulatory role, i.e., if replication is initiated at OH, second strand
synthesis will begin automatically once the OL is exposed. Segregation of the two

daughter molecules precedes the completion of L-strand replication.

Replication of mtDNA is controlled by the nuclear genome. There are several
potential points of regulation in this model of replication. Both the hypothetical 5' and
3' processing events of the primer for H-strand synthesis are obvious candidates.
Another is the point at which DNA synthesis extends beyond the D-loop; some
mechanism must regulate whether DNA synthesis terminates to form the D-strand,
proceeds beyond that point to replicate a full strand of the genome, or indeed uses the
D-strand as a substrate for elongation. A bovine protein has been isolated which
binds to the replication pause site on both bovine and human template DNA in a
sequence-specific manner (Suzuki et al., 1996). The provision of one or more
components of the system (e.g., the DNA polymerase) by the nuclear genome may be
regulated. As an example, functional binding sites for nuclear respiratory factor-1
(NRF-1), a transcription activator, have been demonstrated in the regulatory region
upstream of the genes encoding both human and mouse RNase MRP RNA. NRF-1 is
a candidate for playing a coordinating role in mitochondrial and nuclear respiratory
gene expression (Evans and Scarpulla, 1990, Virbasius et al., 1993). Finally,

mitochondrial transcription factor A (mtTFA) may play a role in RNA primer
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formation due to its involvement in promoter selection by the transcriptional

apparatus (see section 1.3.2).

1.3.2 Transcription and processing of mitochondrial RNA

As discussed in section 1.3.1, the D-loop region is the control region for
mitochondrial replication and transcription. The promoters for both L-strand and H-
strand transcription (LSP and HSP, respectively) are located within this region. Both
promoters contain binding sites for the transcription factor mtTFA, which has been
shown to activate transcription ir vitro (Fisher et al., 1987) and in vivo (Montoya et
al., 1997). mtTFA has the capacity to unwind and bend DNA, which may be
necessary for precise transcriptional initiation to take place (Fisher et al., 1992). The
binding affinity of mtTFA for the LSP is greater than for the HSP, which corresponds
to the LSP being more active irn vivo and in vitro. However, the exact role of mtTFA
has yet to be determined. Human mtTFA (h-mtTFA) binds to the D-loop region of
mtDNA at regularly phased intervals of ~40-50 bp apart in a non-sequence specific
manner, both in vitro and in organello. These intervals coincide with the spacing of
transcriptional and replicative start sites (Ghivizzani et al., 1994). h-mtTFA contains
two high-mobility-group-like domains (Parisi and Clayton, 1991). Thus, one of the
main functions of h-mtTFA appears to be the packaging of the mtDNA in the control

region.

Transcription in mitochondria is polycistronic, thus, the L-strand is transcribed as a
single transcriptional unit, beginning upstream of the replication origin for the H-
strand. This transcript has a low informational content, in that it contains only 8
tRNAs and the mRNA for ND6. If the model of replication priming by a processed
L-strand transcript is correct, then a full-length, polycistronic, mitochondrial
transcript could also provide the H-strand replication primer. Alternatively, an

independent initiation event could provide RNA primers for replication. The
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existence of several species of nascent L-strand RNAs terminating within the D-loop

region has been shown (Chang and Clayton, 1985; Chang et al., 1985).

There are two major species of H-strand transcripts; one spans the rDNA region only,
and the other the entire genome. The rRNA genes and adjacent tRNA genes are
transcribed more frequently than the other H-strand genes; estimates range from ~10
times more frequently (in primary rat hepatocytes, Cantatore et al., 1987) up to ~50
times more frequently (in HeLa cells, Gelfand and Attardi, 1981). The 3' ends of the
16S rRNA exhibits heterogeneity, suggesting it is the product of a transcriptional
termination mechanism rather than a precise processing event (Dubin ef al., 1982).
Using an in vitro system derived from human mitochondria, a bidirectional
termination sequence was identified at the 16S rRNA-tRNALewUUR) gene boundary
(Christianson and Clayton, 1986; Christianson and Clayton, 1988). A DNA-binding
protein, mTERF, which binds to this region with high affinity and promotes

transcriptional termination has been identified (Kruse et al., 1989; Micol et al., 1997).

The literature is contradictory about the site of transcriptional initiation for the
polycistronic H-strand transcript. Research originating from Attardi's group indicates
that there are two initiation points for H-strand transcripts; one is proximal to the 5'
terminus of the 12S rRNA gene, responsible for the transcript which contains the
mRNAs for the protein-coding genes, the other is located 20-40 bp upstream of the
tRNAPhe gene, and is responsible for the synthesis of the rRNAs only (Montoya ef al.,
1982; Montoya et al., 1983; Micol et al., 1997). Interpretation of the data by
Clayton's group suggests that the template-directed transcriptional termination
(mediated by mTERF) at the 16S rRNA-tRNALew(UUR) gene boundary is necessary and
sufficient to explain the increased levels of rRNA transcription in comparison to the
transcription of the protein-coding genes (Christianson and Clayton, 1986; Clayton,
1991). However, it was reported that mtTFA/H-strand promoter complexes did not

give clear footprints in vitro, and involvement of another factor/s in transcriptional
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initiation was postulated (Fisher et al., 1987). Thus, the sensitivity of rRNA synthesis
(but not mRNA synthesis) to ATP levels at the point of initiation could indicate the
involvement of additional factors in transcriptional initiation , and supports the theory

of an independent H-strand promoter for rRNA synthesis (Micol et al., 1997).

The processing of the polycistronic mitochondrial transcripts requires the activity of
at least one endonuclease to cleave precisely at the junctions between mRNAs, tRNAs
and rRNAs. The tRNA punctuation model of mitochondrial RNA processing
proposes that the secondary structure of the tRNA sequences, which are interspersed
amongst the mRNA and rRNA sequences, may represent the primary recognition
signal for processing (Ojala et al., 1981). It is noteworthy that a point mutation,
identified in a case of human disease, which localises to the aminoacyl stem of a
mitochondrial tRNA gene, has been associated with RNA processing defects (Bindoff
et al., 1993). Northern blot analysis of RNA prepared from skeletal muscle and
cultured skin fibroblasts indicate that RNA processing occurs in a tissue-specific
manner. At junctions which lack a tRNA, it has been proposed that a stem-loop
structure resembling a portion of a tRNA could function as the recognition signal
(Ojala et al., 1981). A mitochondrial ribonuclease P has been identified and
characterised as the mitochondrial processing endonuclease responsible for the
cleavage on the 5' side of the tRNA sequences (Rossmanith et al., 1995). Cleavage of
the 5' end of the tRNA precedes cleavage of the 3' end by a separate endonuclease.
All mitochondrial tRNAs require the post-transcriptional addition of the 3' terminal
CCA, as it is not encoded by the mitochondrial genome. As mammalian
mitochondrial DNA does not contain any introns, no splicing machinery is required.
mRNAs and the rRNAs are polyadenylated, and it has been suggested that
polyadenylation may be associated with the processing step which releases the 3' end

of these RNA products from the polycistronic transcript (Ojala et al., 1981).
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It has been reported that transcription of mtDNA in both HeLa cells (Gelfand and
Attardi, 1981) and in rat liver cells (Cantatore et al., 1987) is in excess of cellular

requirements, and is not rate-limiting for mitochondrial protein synthesis.

1.3.3 Mitochondrial translation

Processing of the polycistronic RNA transcripts produces 11 mature transcripts, 9 of
which are monocistronic mRNAs, and 2 of which are bicistronic mRNAs encoding
overlapping reading frames. The mRNAs are uncapped and contain essentially no 5'
untranslated sequence that could, for example, promote ribosome binding. This
distinguishes mitochondrial mRNA from both cytosolic and bacterial ribosomal
recognition systems. Analysis of secondary structure and RNAse protection
experiments suggest that secondary structure in the 5' terminal region of
mitochondrial mRNAs is integral to recognition by mitochondrial ribosomes, and
mitochondrial initiation factors may be required for proper recognition and melting to

allow translational initiation (O'Brien et al., 1990).

Translation of the mitochondrial mRNAs by mitochondrial ribosomes yields 13
subunits of the mitochondrial respiratory chain. All protein components of the protein
synthetic apparatus are nuclear-encoded; this includes ~85 different ribosomal
proteins (nearly twice as many as in bacterial ribosomes) (O'Brien et al., 1990). In
yeast, many mRNA-specific translation factors have been identified (Dunstan et al.,
1997, Steele et al., 1996) and such factors may also be involved in mammalian
mitochondrial translation. In yeast, the putative RNA stem-loop structure found in
the 5'-untranslated leader of the COXIII mRNA, which interacts with a COXII-
specific translational activator (Dunstan et al., 1997), may be functionally
homologous to the putative stem structure identified at the 5' terminus of the bovine
COXII mRNA (O'Brien et al., 1990). Also in yeast are nuclear-encoded protein

factors required for the post-translational assembly of specific mitochondrial subunits,
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e.g., the SCO1 protein which is required for the correct assembly of COXI and COXII
(Krummeck and Rodel, 1990).

Both of the ribosomal RNAs and all 22 transfer RN As are mitochondrially encoded.
In mammals only 22 tRNAs are required to decode the mitochondrial mRNAs
because the genetic code differs slightly from the universal genetic code (Table 1.1),
and because of expanded wobble that permits a single tRNA to decode all four
codons, specifying some amino acids. Although most mitochondrial tRNAs can form
the conventional cloverleaf structure, many deviations are observed as regards
secondary structure (e.g., stem length) and sequence (nucleotides which are invariant
in non-mitochondrial tRNAs and are involved in the tertiary structure) (Sprinzl et al.,
1985). It has been proposed that N-formyl-methionine is the amino terminal amino
acid in mtDNA-encoded proteins, (this has been confirmed for COXI, Hensel and
Buse, 1990) suggesting initiation of mitochondrial protein synthesis may require N-

formyl-methionyl-tRNA (Chomyn ef al., 1981).

TGA ATA AGA AGG
Universal stop lle Arg Arg
Mammalian mt Trp Met stop/NF stop/NF
Table 1.1 Mammalian mitochondrial genetic code

The table lists the differences between the universal genetic code and the mammalian
mitochondrial genetic code. The four codons which specify different amino acids, or
translational stops, within the two systems head the columns. NF indicates the codon
1s not found in the mitochondrial genomes of some mammalian species.

Given that some components of the respiratory chain are encoded by the nuclear and
some by the mitochondrial genome, and that the assembled complexes require the

protein subunits in equimolar amounts, it is puzzling as to why the mRNAs for the
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mitochondrial subunits are transcribed at a much higher level than those for the
nuclear-encoded subunits. It has been suggested that only a small proportion of
mitochondrial mRNA is destined to be translated. Alternatively, it has been
suggested that mitochondrial translation may be inefficient (in comparison to that in
the cytosol) and that the relatively high levels of mitochondrial transcripts are
necessary to ensure equimolar amounts of the subunits for the respiratory chain
complexes (Ostronoff et al., 1996; Cantatore et al., 1987; Van den Bogert et al.,
1993).

One hypothesis to account for developmental and/or physiological regulation of
mitochondrial gene expression is that it is simply a gene dosage effect (Williams,
1986). However, this does not appear to apply to all physiological conditions (Van
den Bogert et al., 1993). As an example, altering the thyroid state in rats did not
change the copy number of mtDNA in various tissues despite substantial changes in
the content of mitochondrial mRNAs (Wiesner et al., 1992). These authors found that
mitochondrial gene expression in this situation is controlled directly at the
transcriptional level. During cellular differentiation, mitochondrial gene expression
may also be regulated at the level of translation, in contrast to the regulation of
mitochondrial transcription which appears to occur during organelle proliferation

(Ostronoff et al., 1996).

1.3.4 Protein import

As only 13 mitochondrial proteins are actually synthesised within the mitochondria,
hundreds of nuclear-encoded mitochondrial proteins need to be synthesised within the
cytosol, then imported into mitochondria. The protein import machinery within yeast
has been extensively characterised, and, as far as is known, the general mechanism is
broadly applicable to mammalian mitochondria as well (reviewed by Neupert, 1997;

Kubrich et al., 1995). Although some proteins are imported by mechanisms requiring
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specific carrier proteins, there is a general import mechanism for the majority of
imported proteins. Once the nuclear encoded mitochondrial proteins have been

imported, intra-mitochondrial sorting and processing occurs.

Nuclear-encoded mitochondrial precursor proteins generally have amino-terminal
extensions which serve as mitochondrial targetting sequences, although there are
exceptions to the rule (Mitoma and Ito, 1992). These presequences are positively
charged and are capable of forming amphipathic a-helices (the positively charged and
hydrophobic residues facing opposite sides of the helix) (von Heijne, 1986). These
presequences have been shown to be necessary and sufficient for mitochondrial
import using the cytosolic protein dihydrofolate reductase as a reporter (Horwich et
al., 1985; Hurt et al., 1985). Although there is no consensus sequence, a three-amino
acid motif within the transit peptides has been identified as common to a set of 50

surveyed leader sequences (Hendrick et al., 1989).

In order to be targeted correctly, the cytosolically synthesised mitochondrial precursor
must adopt a conformation such that the targeting peptide is presented on the surface
of the molecule. Cytoplasmic chaperone proteins associate with the precursor
proteins in order to maintain a loosely folded, import-competent conformation
(Murakami et al., 1988; Murakami and Mori, 1990; Caplan et al., 1992; Hachiya et
al., 1993). Receptor proteins in the mitochondrial outer membrane interact with the
precursor protein which is then delivered to a protein import channel across the outer
membrane (Lill and Neupert, 1996). Translocatioﬁ across the inner membrane
initially requires membrane potential (which drives the presequence across) (Martin et
al., 1991). One subcomplex of the inner membrane complex forms a protein-
conducting channel; the other subcomplex involves mitochondrial chaperones on the
matrix side, which promote translocation across the membranes (Berthold ef al.,

1995; Blom et al., 1993; Gambill et al., 1993). mhsp70 can mediate both transport

across the inner membrane and protein folding in the matrix, dependent on which
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complex it is within (Horst et al., 1997). Cleavage of the transit peptide occurs during
or after translocation (Hawlitschek ef al., 1988; Yang et al., 1988). Refolding of
proteins in the matrix is mediated by a variety of molecular chaperones (Rospert et
al., 1996; Matouschek et al., 1995, Rassow et al., 1995). Precursors of subunits of
the electron transfer system, which are assembled into the respiratory complexes in
the inner membrane, may either be targeted to the matrix for processing and sorting,
or targeted directly to the inner membrane, by a hydrophobic stop-transfer signal

(Hurt et al., 1984; Miller and Cumsky, 1991).

1.3.5 Transmission of mammalian mitochondrial DNA

1.3.5.1 Germ-line transmission

It is conventional to describe the inheritance of mtDNA as strictly maternal in
mammals. However, the failure to detect transmission of paternal mtDNA could be
due to the limitations of technique. It has been estimated that there are 105
mitochondrial DNA molecules in the egg, both of mouse and of human, whereas an
individual sperm contains only about 102 mtDNA molecules (Piko and Matsumoto,
1986; Chen et al., 1995). Utilising PCR, a very low level of paternal transmission has
been demonstrated in interspecific, but not intraspecific, crosses in mice (Gyllensten
et al., 1991; Kaneda et al., 1995). Gyllensten et al., (1991) propose dispersion of the
paternally-inherited mtDNA throughout the tissues of hybrid mice and persistent
transmission to successive generations. However, data presented by Shitara et al.,
(1998) shows that paternally-derived mtDNA is rarely present in ovarian tissue (6/91
F1 hybrid females), and the paternally-derived mtDNA was not present in 78
unfertilised eggs obtained from F1 hybrid females which were positive in the ovarian
tissue (Shitara ef al., 1998). In intraspecific crosses Kaneda et al., (1995) have shown
that paternal mtDNA is detected at the early pronucleus stage, but is then eliminated.
They then crossed a congenic strain (B6.mt#7), which has a Mus musculus (B6)

nuclear background but Mus spretus mtDNA, with B6 females, and demonstrated
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elimination of the paternal mtDNA as in normal intraspecific crosses. They therefore
propose a species-specific mechanism for the elimination of paternal mtDNA by the
oocyte which recognises one or more nuclear-encoded factor(s) (Kaneda et al., 1995).
If this is the case, one wonders how the mechanism evolved, for intuitively a sperm
which had demonstrated its respiratory fitness by successfully reaching an egg should
contain functional mitochondria which would contribute to the fitness of the
offspring. It has been suggested that maintaining homoplasmy of mtDNA (which
would necessitate uniparental transmission) may better enable it to interact effectively

with the nuclear genome (Poulton, 1995).

Whereas a great deal of speculation has focussed on a maternal inactivation
mechanism of the paternally-derived mtDNA, recent data suggests that the male
germline may inactivate its own mtDNA. Mitochondrial transcription factor A
(mtTFA) is a transcriptional activator of mammalian mtDNA, and thus plays a
contributory role in mtDNA replication (chap.1.3.1). In both mouse and human it has
been shown that there are testis-specific mtTFA transcripts. In mouse the testis-
specific protein isoform is imported to the nucleus rather than to the mitochondria of
spermatocytes and spermatids (Larsson ef al., 1996). In humans, however, no such
nuclear isoform is predicted from the sequence of the testis-specific transcripts. In
differentiated human male germ cells a high level of testis-specific mtTFA transcripts
correlates with a down-regulation of mtTFA protein levels and a parallel decrease in

the amount of mtDNA (Larsson et al., 1997).

In the female germline it has been proposed that mtDNA transmission to the
subsequent generation proceeds through a genetic bottleneck, also referred to as the
ploidy paradox. The mechanism of this bottleneck seems to be mitotic segregation
during germ-cell development (see following section). The number of independently
segregating units in oocyte mitochondria has been inferred to be approximately 200,

based on experiments with heteroplasmic mice (Jennuth ez al., 1996). This genetic
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founder effect would result in rapid fixation of a mutant genotype if the mutant were
amongst the molecules replicated in a 'successful' oocyte. Rearranged mtDNA
molecules have been detected in oocytes (Chen et al., 1995). However, the authors
suggest that the low levels detected (maximally 0.1%) support the idea of a genetic
bottleneck which filters out deleterious molecules. In cows heteroplasmic f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>