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Foreword

The diseases caused by mitochondrial dysfunctions, the first of which was described ~40 years
ago in the classic paper by Roft Luft and co-workers, have become an important area 
of human pathology. This area has seen striking developments in the past fifteen years as a
result of the elucidation of the structure and function of the human mitochondrial genome and
of the discovery of the first pathogenic mitochondrial DNA (mtDNA) deletions and point
mutations in the late 1980s. Almost 100 mtDNA point mutations, a large number of mtDNA
rearrangements (including large deletions and duplications) and more recently, numerous
nuclear gene mutations have been shown to be associated with a variety of disorders affect-
ing the skeletal muscles, the brain, the heart, the liver, the cochlea and other organs. These
extraordinary developments have had the effect of stimulating basic research aimed at under-
standing in depth the origin, transmission and segregation of mtDNA mutations, as well as
the fundamental processes of mtDNA replication and transcription, mtDNA repair, mito-
chondrial translation, protein and RNA import from the cytosolic-nuclear compartment into
mitochondria, mitochondrial division, fission and movement, and, in general, the processes
whereby the nuclear and mitochondrial genomes communicate with each other. The advances
in our knowledge of the basic processes, in turn, have provided new insights into the way in
which alterations in the processes caused by mtDNA mutations listed above, result in patho-
logical or ageing-related phenotypes.

Another factor that has played an important role in expanding our basic knowledge of the
mitochondrial processes, as well as our understanding of the pathogenetic mechanisms of
mtDNA mutations, has been the introduction of powerful methodological tools. Such was the
development of an approach for the construction of cellular models of mtDNA-linked disease
by mitochondria-mediated transformation of mtDNA-less cells. This approach provided a
rapid and effective method for differentiating an mtDNA from a nuclear gene alteration as
being the cause of any pathological mitochondrial dysfunction. The recent successful con-
struction of the first mito-mouse to carry a natural pathogenic mouse mtDNA mutation has
opened the possibility of creating animal models of mtDNA-linked diseases for the analysis
of their pathogenesis and the possible development of therapeutic approaches. Another set of
powerful techniques, which have extended the analysis of mitochondrial dysfunctions to the
single cell level, have been refined histochemical and immunohistochemical methods, in situ
hybridization assays, utilizing standard oligodeoxynucleotide or peptide-nucleic acid probes,
and the laser capture microdissection approach combined with PCR. Finally, one should men-
tion that a variety of imaginative approaches have started being applied for correcting
mtDNA-linked defects, by cellular or genetic manipulation, with a potential therapeutic applica-
tion as a goal.

It is clear that success in the development of genetic approaches for the therapy of mtDNA-
linked diseases will depend on our understanding of fundamental aspects of human mito-
chondrial genetics. Significant progress has indeed been made in the past 15 years in this area.
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Due to the large number of genomes contained in each cell, mammalian mitochondrial genet-
ics is substantially an intracellular population genetics, with the associated phenomena of
selection and segregation. The recognition that the fundamental units of inheritance of
mtDNA, in mammalian cells as in yeast, are not the individual mtDNA molecules, but poly-
ploid complexes of mtDNA molecules and proteins (nucleoids), which are restricted in their
capability to mix and have, furthermore, a limited sphere of influence, tending to remain asso-
ciated with their transcription and translation products, has been an important conceptual
advance. The validity of this new concept has been confirmed by the observations of a
restricted mitotic segregation of mutations by mitochondrial division and of a limited com-
plementation capacity of recessive mutations in cellular model systems. On the other hand,
the demonstration of the dynamic nature of the mitochondrial organization and the identifi-
cation of several nuclear gene products which participate in mitochondrial fusion and division
have called attention to the multiplicity of functional, developmental and environmental fac-
tors which can participate in the control of mitochondrial gene segregation.

Another area where significant advances have been made in recent years is that of the very
complex genetic control of mtDNA maintenance. Particularly significant has been the recog-
nition that alterations in nucleotide metabolism can have a profound effect on mtDNA
integrity and balance, and the discovery of nuclear gene products like the transcription factor
Tfam and the Twinkle primase/helicase, which play an important role in mtDNA
maintenance.

This volume presents a highly comprehensive and critical overview of the area of mito-
chondrial diseases, with an emphasis on genetics. The topics discussed herein by specialists in
each field cover a broad variety of aspects of such diseases and the relevant background infor-
mation. In particular, these topics range from the structure, function and biogenesis of mito-
chondria to the multiplicity of mtDNA or nuclear gene mutations which affect them, from the
effects of mtDNA mutations on cell function to the clinical aspects of mitochondrial
encephalomyopathies, from the pathogenetic mechanisms of the various mutations to the
prospects of gene therapy, and finally, from the cellular and animal models of mitochondrial
diseases to prenatal diagnosis of such diseases and genetic counselling. Some chapters are
appropriately devoted to the dynamics of mitochondrial DNA, to the role of mitochondrial
dysfunctions in neurodegenerative diseases, and to the mechanisms operating in the age-
related accumulation of mtDNA mutations. Because of the broad context in which the genet-
ics of mitochondrial diseases is presented here and because of its timely appearance, one can
be very confident that this volume will be invaluable not only to investigators involved in
mitochondrial research but also to many outside the circle of mitochondria specialists.

Giuseppe Attardi

viii Foreword
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Preface

In order to understand the causes of mitochondrial diseases the reader is first presented with
an overview of mitochondrial structure and function. Clinically orientated readers may wish
to skip this section, at least initially; however, this is not recommended, for it is increasingly
difficult to describe and hence understand any disease without reference to the underlying cell
and molecular biology. 

The emphasis of the book is on mitochondrial diseases involving the mitochondrial
genome and so the first two chapters detail the means by which mitochondrial DNA is main-
tained, copied, and expressed. An outline of how the many nuclear protein components of
mitochondria are imported, processed, and assembled is set out in Chapter 3. The central role
of mitochondria in cellular ATP production (oxidative phosphorylation) is discussed in 
Chapter 4, as many mitochondrial diseases manifest themselves as deficiencies of ATP pro-
duction; this fourth chapter concludes the summary of mitochondrial structure and function.

Section II opens with a review of neuromuscular diseases caused by mutations in human
mitochondrial DNA. Mitochondrial DNA mutations can be divided into three classes, and a
chapter is devoted to each; these are rearrangements, that is partial deletions and partial dupli-
cations (Chapter 6), point mutations affecting translation (Chapter 7), and mutations in struc-
tural elements of the oxidative phosphorylation system (Chapter 8).

Owing to the size of the nuclear genome, identifying defective nuclear genes associated
with mitochondrial disease has proved more difficult than for mitochondrial DNA.
Nevertheless, much progress has been made in recent years and this is reviewed in Section III.
The first of two chapters deals exclusively with nuclear gene mutations that impact on mito-
chondrial DNA (Chapter 9). The second (Chapter 10) is more wide ranging, covering muta-
tions in structural components of the oxidative phosphorylation system, assembly factors and
other mutant proteins that perturb mitochondrial function.

Section IV takes the reader into deeper and sometimes contentious water: none more so than
Chapter 13, which reviews the role of mitochondrial DNA in ageing. The section opens with a
discussion of the possible myriad effects of mitochondrial DNA mutations on mitochondrial
and cellular function, beyond the straightforward impairment of ATP production (Chapter 11).
Chapter 12 deals with common neurodegenerative disorders and asks to what extent mito-
chondrial dysfunction features and whether it is a consequence, or cause of the disease. Issues
such as the role of mitochondria in calcium homeostasis and apoptosis appear in both Chapters
11 and 12, emphasizing the need for a comprehensive understanding of mitochondrial function
in order to explain, and ultimately develop rational therapies for mitochondrial diseases.

For a number of years no animal model of mitochondrial disease was available and so cell
culture was the dominant model system. Studies on cultured cells strengthened the hypothe-
sis that mitochondrial DNA mutations were a cause of human disease. They also unexpect-
edly threw up a mass of data on the behaviour of different mitochondrial genotypes when
contained in the same cell, which is discussed in Chapter 14. Although animal models of
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mitochondrial disease caused by mutations in mtDNA lagged behind human cell culture mod-
els, considerable progress has been made by studying the disruption of mitochondrial genes
encoded in the nucleus of mice, in particular via disruption of a gene that is essential for mito-
chondrial DNA maintenance. These studies have taught us much about the essential role of
mitochondrial DNA and mitochondrial function in development of specific tissues and the
whole organism, thereby providing insights into various aspects of mitochondrial disease.
More recently, a breakthrough has been made with the creation of a mouse that carries and
transmits rearranged mitochondrial DNA molecules to its offspring. These and other advances
in the field of mouse models are reviewed in Chapter 15.

The penultimate chapter details the extent to which our current knowledge allows us to pre-
dict the likelihood of transmission of mitochondrial DNA disease to offspring, a prerequisite
to offering prenatal diagnosis. The book ends with an assessment of the prospects for novel
therapeutic strategies for a group of diseases that remains for now largely untreatable.

Cover plate

Transverse section of skeletal muscle from a patient with mitochondrial disease. Many of the
muscle fibres stain reddish-purple particularly at the fibre periphery, whereas this phenome-
non is rare or absent in muscle sections of normal healthy subjects. The heavy stain is indicat-
ive of mitochondrial proliferation, and is the hallmark of mitochondrial myopathy. Many such
patients carry mutant mitochondrial DNA within their mitochondria.

x Preface
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Glossary

A, G, C, and T: Single letter code for the four bases of DNA, adenine, guanine, cytosine, and
thymine. Thus A3243G denotes a (substitution) mutation: adenine to guanine at 3243 bp of
human mitochondrial DNA.
AdPEO, autosomal dominant progressive external ophthalmoplegia: A mitochondrial disor-
der associated principally with multiple and varied partial deletions of mitochondrial DNA.
Because the disease followed a Mendelian pattern of inheritance it was clear that the disease
locus must be in nuclear rather than mitochondrial DNA.
ANT-1, adenine nucleotide translocator: It exchanges ADP and ATP between mitochondria
and the cytosol. An ANT-1 knockout mouse displays features of mitochondrial myopathy. In
humans, mutations in the gene are a cause of multiple deletions (see adPEO).
ATP, Adenosine triphosphate: The major energy currency of the cell.
ATP synthase, the enzyme which utilizes the proton gradient generated by the respiratory chain
to produce ATP from ADP and inorganic phosphate.
Complex I, NADH–ubiquinone oxidoreductase: The first enzyme of the respiratory chain,
mutations in the mitochondrially encoded subunits are associated with LHON, and more
rarely MELAS-like phenotypes. Nuclear gene mutations are associated with infantile Leigh’s
syndrome.
COX, cytochrome c oxidase: The terminal respiratory chain enzyme; widely analysed in res-
piratory chain disorders as the assay is simple and reliable, and a histochemical assay can be
performed on tissue sections and cultured monolayers of cells.
Cybrids: Cells containing mitochondrial DNA and nuclear DNA originating from different
cells. Cybrids have proved a valuable tool in the study of mitochondrial diseases as the trans-
fer of mitochondria/mtDNA from cells of patients with mitochondrial disease to a different
cell enables one to assess mtDNA fitness. A critical step in developing this technology was
the creation of human cell lines lacking mitochondrial DNA (see �0 cells).
KSS, Kearn–Sayre syndrome: A neurological disorder commonly the result of rearranged
mitochondrial DNA.
LHON, Leber’s hereditary optic neuropathy: A mitochondrial disease associated with degen-
eration of the optic nerve. Recognized as a mitochondrial DNA disorder owing to its strict
pattern of maternal transmission.
LS, Leigh’s syndrome: A neurological disorder associated specifically with grey matter
degeneration: associated with mutations in structural mitochondrial genes of both mitochon-
drial and nuclear DNA and of a respiratory chain assembly factor (SURF-1).
MELAS: Mitochondrial encepahlomyopathy, lactic acidosis, and stroke-like episodes: A spe-
cific form of mitochondrial myopathy most commonly associated with a point mutation in the
mitochondrial transfer RNA gene specifying leucine (UUR) (see also MIDD and tRNA).
Membrane potential ��: The electrochemical gradient across the inner mitochondrial mem-
brane created primarily by the respiratory chain. Respiratory deficiency is predicted to result

Holt-fm.qxd  4/15/03  8:24 AM  Page xvii



in a decrease in ��. Cells with no respiratory capacity have a membrane potential around
one-third of cells with a fully functional respiratory chain.
MERRF, myoclonic epilepsy and ragged red fibres: A specific form of mitochondrial myopathy
most commonly associated with a tRNALys point mutation in mitochondrial DNA (see tRNA).
MIDD, maternally inherited diabetes and deafness: Commonly caused by the same point
mutation as that associated with MELAS (see above).
Mitochondrial DNA, mtDNA: In humans a small closed circular molecule of 16,569 bp that
is exclusively transmitted through the maternal line. The protein products are all components
of the oxidative phosphorylation system. Mutations in this molecule are a recognized cause
of disease (see also much of the rest of the book).
Mitochondrial myopathy: Muscle disease presenting as weakness or fatigue associated with
mitochondrial proliferation (see also ragged red fibres), functional tests of mitochondria often
reveal respiratory deficiency.
MNGIE, mitochondrial neurogastrointestinal encephalomyopathy: Caused by mutations in the
thymidine phosphorylase gene, which induce multiple deletions.
mTERF, mitochondrial transcription termination factor: The binding of this protein attenu-
ates transcription downstream of the two ribosomal RNA genes, thereby increasing the ratio
of ribosomal to messenger RNA (see Chapter 2 for details). Interest in the protein increased
when it was discovered that the most common point mutation in human mitochondrial DNA
is located within the mTERF binding site, which is itself wholly contained within a mito-
chondrial transfer RNA gene (see also MELAS and MIDD).
NARP/MILS, Neurogenic muscle weakness, retinitis pigmentosa/maternally inherited
Leigh’s syndrome: A neurological disease resulting from mutations in a mitochondrial gene
encoding a subunit of ATP synthase. The disease is not associated with a classical mitochon-
drial myopathy. Unlike many other mitochondrial DNA mutations it does show a good cor-
relation between proportion of mutant mtDNA and disease severity.
OXPHOS or OP(S), Oxidative phosphorylation system: The respiratory chain and ATP syn-
thase; OP is the major energy producing system of the cell that is often compromised in mito-
chondrial diseases, almost invariably so where mitochondrial DNA is involved.
Pearson’s syndrome: An often fatal infantile disorder due to rearranged mitochondrial DNA.
PEO, progressive external ophthalmoplegia: Inability to coordinate the muscles of the eye. A
classical feature of mitochondrial myopathy and universal in, patients carrying partially
deleted mitochondrial DNA.
POLG, polymerase �: Currently the one well-characterized mitochondrial DNA polymerase.
�0 cells: Cells that lack mtDNA and therefore have no respiratory activity whatsoever—can
be re-populated with mitochondria/mtDNA from normal individuals or from patients with
mitochondrial disease (see cybrids). These cells are useful as a reference (null) when deter-
mining the phenotypic severity of particular mitochondrial DNA mutations.
Respiratory chain: A series of multiprotein enzyme complexes that pump protons across the
inner mitochondrial membrane to create an electrochemical gradient. The respiratory chain is
now generally regarded by many as comprising Complexes I, III, and IV. Complex II, succi-
nate dehydrogenase that is a component of the tricarboxylic acid cycle is no longer consid-
ered an integral part of the chain.
RRF, Ragged red fibres: Respiratory deficiency in muscle generally leads to mitochondrial
proliferation, particularly at the fibre periphery (the subsarcolemmal region) this can be high-
lighted with a histochemical stain that appears red or purple, see Plate 1.

xviii Glossary

Holt-fm.qxd  4/15/03  8:24 AM  Page xviii



RP, Retinitis pigmentosa or pigmentory retinopathy: Clumping of pigment in the retina lead-
ing to impaired vision or even blindness.
ROS, AOS (re)active oxygen species: Highly reactive molecules with an unpaired electron
which are formed as unwanted byproducts of many chemical reactions. The mitochondrial
respiratory chain is a major source of ROS; ROS can stimulate cell proliferation.
SURF-1: An assembly factor for COX; mutations in the gene cause one particular form of
mitochondrial disease—Leigh’s syndrome.
TFAM or mtTFA or mtTF1: A mitochondrial transcription factor.
tRNA, transfer RNA: It is essential for protein synthesis. Human mitochondria contain a
complete set of tRNAs distinct from those involved in synthesizing proteins coded in nuclear
DNA. A three-letter code after the tRNA denotes the amino acid that the tRNA carries (e.g
tRNALys for Lysine). Where more than one tRNA carries the same amino acid the specific
codon it recognizes is also indicated. Thus, there are two tRNAs in mitochondria that carry
Leucine, one recognizes UUR codons, the other CUN. The commonest pathogenic mtDNA
mutation is at 3243 bp in the tRNALeuUUR gene.
Twinkle: A mitochondrial protein that associates with mitochondrial DNA and is concen-
trated in distinct foci within the mitochondrial network; regarded as supporting the idea that
animal mitochondrial DNA is arranged in multigenomic nucleoprotein complexes, or
nucleoids. Shares homology with a viral DNA helicase/primase, although its function in
mitochondria is still uncertain its importance is attested to by the fact that particular mutations
in the Twinkle gene cause multiple mitochondrial DNA deletions.

Glossary xix
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Introduction

Mitochondria are currently enjoying something of a renaissance. A number of factors have
contributed to the renewed interest in these organelles. Mitochondria generate most of the
energy required by every cell in the body, via a process known as oxidative phosphorylation
(OP or OXPHOS). OP is mediated by four multi-protein enzymes; the respiratory chain and
ATP synthase. In the past decade, structures of several key enzymes in the energy generation
process have been solved, providing profound insights into this complex process. Moreover,
mitochondria are now known to play an important role in the orchestrated death of cells,
apoptosis. Last but by no means least, the small piece of DNA located in mitochondria has
become the focus of interest for many groups studying mitochondrial diseases in humans. 
It is the last area of study that forms the core of this volume.

Mitochondria are traditionally regarded as cylindrical structures of 0.5–1 �m diameter.
Recently, it has become clear that mitochondria are dynamic entities that can fuse and branch
and are capable of forming an extensive network. In yeast, specific genes have been shown to
play critical roles in promoting mitochondrial fusion and fission. Mitochondria comprise an
outer and inner membrane and a matrix. The outer membrane permits the free movement of
ions and small molecules, whereas the inner membrane is ion-impermeable. The inner mem-
brane is highly folded and protein rich. These proteins include three respiratory enzyme com-
plexes, which pump protons from the matrix across the inner mitochondrial membrane. The
controlled re-entry of protons to the matrix via ATP synthase drives ATP synthesis, from ADP
and inorganic phosphate.

The OPS is constructed from the products of two genomes. The majority of proteins are
nuclear coded but 13 polypeptides, in the case of humans, are products of mitochondrial DNA
(mtDNA). Human mtDNA is a small gene-rich, circular molecule of 16,569 bp. Besides, the 13
components of OP it encodes transfer RNAs and ribosomal RNAs necessary for protein syn-
thesis in mitochondria. Owing to its small size, human mtDNA was one of the earliest genomes
to be sequenced in its entirety. mtDNA was inferred to exist well over 50 years ago, as studies
in yeast indicated that some traits were transmitted via the cytoplasm rather than the nucleus.
Yet, it was not until 1963 that mtDNA was first ‘visualized’ by electron microscopy, in rat liver
cells. The early yeast geneticists recognized that traits transmitted via the cytoplasm did not fol-
low classical Mendelian rules; rather mtDNA was uniparentally transmitted. In metazoans,
including humans, mtDNA is transmitted exclusively through the maternal line. Therefore, any
deleterious mutation located in mtDNA should be exclusively maternally transmitted. 

Around the time that mitochondrial DNA was viewed for the first time, the concept of
mitochondrial disease was advanced. Respiratory chain activity is ordinarily tightly linked, or
coupled to ATP synthesis. Thus, when ADP is plentiful the respiratory chain is highly active.
When mitochondria of a patient with hypermetabolism were analysed they were found to
maintain a high respiratory chain flux even when ADP was scarce. Over the next 25 years,
other patients were identified with dysfunctional mitochondria associated with muscle 
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disease. These later cases almost invariably had a deficiency in one or more of the respiratory
chain enzymes. The hallmark of these diseases was mitochondrial proliferation in muscle
fibres (see cover plate); hence they were named mitochondrial myopathies, or more generally
mitochondrial cytopathies. The idea that mitochondrial disease could be the result of 
aberrant mitochondrial DNA gained credence over a number of years. Families with mater-
nally transmitted disease pointed the way, particularly where these were associated with
mitochondrial abnormalities of muscle.

The fields of human mitochondrial genetics and disease converged in the late 1980s with
the discovery of pathological mutations of mtDNA, giving fresh impetus to both areas of
research. Currently, the number of pathological mutations stands somewhere between 50 and
100. There is uncertainty because strict criteria should be applied before designating a muta-
tion as pathological, and these have not always been rigorously applied. The mutation should
segregate with the disease and be absent from a large number of healthy controls from the
same ethnic group. A deficiency in OP associated with the mutation strengthens the case for
a causal link between mutation and disease. 

Inducing the loss of mtDNA in yeast is relatively straightforward and was achieved over 30
years ago. The idea that cells derived from obligate aerobes could grow without oxidative
phosphorylation was simply not countenanced by most mitochondrial researchers, yet this
was shown to be the case, first for chicken cells in 1985 and 4 years later for human cells.
Cells without mtDNA are called �0 cells. �0 cells are able to survive and proliferate without
aerobic ATP production because the high glucose concentration in the growth medium allows
the cell to generate its entire ATP requirement from glycolysis. In the case of human �0 cells,
a decrease in glucose concentration from 25 to 5 mM causes rapid cell death. Unfortunately
complex multicellular organisms are inviable without mtDNA; a decrease in the number of
copies of mtDNA is associated with a severe often-fatal neonatal syndrome, and mice engi-
neered without the capacity to maintain their mtDNA die in utero. 

Human �0 cells have provided a useful tool for studying mitochondrial disease as they can
be repopulated with mitochondria containing mtDNA of patients. The nuclei of the patient-
derived cells is first detached to create a cytoplast and the cytoplasts then fused with �0 cells.
The products of such a fusion are called cybrids (as two cytoplasms have been combined in
a cell with only one nucleus). Where a defect in OP is transferred to the cybrid along with the
mitochondria, the underlying mutation must logically reside in mtDNA. A dozen or more
putative pathological mutations have been analysed in this way and shown to produce a bio-
chemical phenotype, that is, mitochondrial dysfunction.

That nuclear genes were also a cause of mitochondrial disease was long recognized,
however, identifying specific mutations was a demanding task. Assays of mitochondrial func-
tion were often unhelpful, although occasionally deficiency of a particular respiratory complex
has been found to result from a mutation in a structural component of the complex. Complex I
of the respiratory chain is the best example of its type, however, isolated Complex I deficiency
need not be the result of a mutation in a structural gene and with 46 polypeptides in the holoen-
zyme screening for all possible mutations is a daunting task. In other cases such as cytochrome
c oxidase deficiency, genetic linkage analysis, micro-cell mediated chromosome transfer and
intelligent guesswork each played a role in the process of identifying the causative mutation.
An ever more detailed map combined with the complete sequence of the human nuclear
genome will aid future attempts to identify nuclear mutations causing mitochondrial disease. 

xxii Introduction
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The past decade and a half have given rise to a whole host of new findings impinging on
mitochondrial genetics and function, yet as even a superficial reading of the text will impart
there much remains to be unravelled and the decade ahead may well prove to be the most
exciting yet. Currently, the one sour note is that mitochondrial diseases are largely untreat-
able and this may well remain the case for some time to come. That said novel and elegant
solutions to the problems of creating animal models of human mitochondrial disease 
have already been fashioned, and a similar level of ingenuity applied to disease treatment may
well reap reward.

Introduction xxiii
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1 Replication, repair, and recombination of
mitochondrial DNA
Johannes N Spelbrink

Faithful copying and maintenance of the mitochondrial genome is fundamental to aerobic
metabolism and therefore life. Many of the factors involved in mitochondrial DNA metabolism
are unknown, or poorly characterized and even the basic mechanism of mitochondrial DNA
replication is not well understood. Nevertheless, considerable progress has been made in recent
years and this is undoubtedly a field that will benefit enormously from the characterization of
the human genome sequence. Current knowledge of the machinery of mtDNA replication is
discussed together with a review of the often-contentious areas of repair and recombination.
Other topics covered here include the organization and segregation of mtDNA, and auxiliary
requirements for mtDNA maintenance, notably nucleotide metabolism.

Introduction

Mitochondrial DNA (mtDNA) in mammals is a closed circular molecule of about 16 kb. The
human and mouse mitochondrial genomes were the first to be completely sequenced 20 years
ago1–3 (Fig. 1.1). Like other animal mitochondrial genomes, they contain 22 transfer RNA and
two ribosomal RNA genes; which are essential to implement translation in mitochondria
(Chapter 2) of 13 genes encoding subunits of the oxidative phosphorylation system (Chapter 4).

Notwithstanding its small size, mtDNA plays an essential part in a cell’s energy metabol-
ism. Although ATP can be produced via glycolysis without the need for respiration, this is
inefficient and cannot sustain complex multicellular organisms, such as humans, flies, or
worms. The importance of mtDNA in humans is evidenced by both hereditary and sporadic
disorders resulting from recessive mtDNA mutations. Defects include point mutations
(Chapters 7 and 8) as well as large-scale partial deletions or duplications (Chapter 6), which
can cause rare multisystem disorders or more common diseases such as diabetes.
Collectively, mtDNA mutations are probably one of the commonest causes of genetic disease.
They may be sporadic, maternally inherited or the indirect result of a nuclear gene mutation.
Despite its importance in cellular metabolism and human disease, mtDNA maintenance has
until recently been widely regarded as an evolutionary curiosity and been paid scant attention.

The machinery of mtDNA replication

Mammalian mitochondrial DNA is wholly reliant on nuclear-encoded proteins for its main-
tenance and faithful propagation. Many of the proteins involved in mtDNA maintenance
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remain to be identified or fully characterized. Purifying and identifying these proteins is prob-
lematic due to the difficulty of separating mitochondrial fractions from nuclear contaminants.
The situation is complicated further by the fact that the nuclear and mitochondrial compart-
ments of the cell share some gene products. For example, a single gene encodes mitochondr-
ial and nuclear DNA ligase III, whereas mitochondrial RNA polymerase has a dedicated gene.
Fortunately, cloning of the gene generally resolves the issue as most, if not all, mitochondr-
ial proteins involved in mtDNA metabolism carry a characteristic canonical presequence that
targets the protein to mitochondria. Another problem in delineating the mitochondrial repli-
cation machinery is that the repertoire of proteins involved in mtDNA replication varies
between species.

So far only four protein components involved in mammalian mtDNA replication have been
well characterized. These are transcription factor A of mitochondria (TFAM, formerly called
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mtTFA), DNA polymerase gamma (POLG), the accessory subunit of POLG (POLG2 by the
HUGO nomenclature) and mitochondrial single-stranded DNA-binding protein (SSBP).
Other proteins have been described, though these are not fully characterized, or else their role
in mtDNA maintenance is still under debate.

TFAM

Two heavy (H) strand promoters and one light (L) strand promoter exist in human mtDNA.
In vitro and in organello TFAM binding has been shown for one of the H-strand promoters 
and the L-strand promoter.4,5 In vitro binding of TFAM is, however, not very sequence
specific.4,6,7 In organello and in vitro footprinting experiments suggest that TFAM binds at
regular intervals throughout most of the D-loop region, implying a possible DNA-packaging
function analogous to that of histones.5,8 Nevertheless, the affinity of TFAM for the various
binding sites is variable and the level of TFAM present in cells is supposed not always to be
adequate to achieve complete occupancy.

In humans TFAM is a protein of ~25 kDa and belongs to a family of high-mobility (HMG)-
box proteins.9 HMG-box proteins are believed to activate DNA transactions by melting the
two strands downstream of their binding site, a process induced by wrapping and bending
duplex DNA.8 Orthologues of TFAM have been identified in a variety of species, including
yeast and frog.10,11 The yeast TFAM homologue, Abf2p, does stimulate transcription somewhat
but its primary role is in packaging the whole yeast mitochondrial genome.8,12,13 A second tran-
scription factor, Mtf1p, with similarity to bacterial � factors, provides promoter specificity.14,15

It is surprising to note that human TFAM can recognize the mouse L-strand promoter and vice
versa, even though the promoter sequences are not all that similar.12,16 This suggests that
specificity of transcription initiation in humans does not depend on TFAM alone but requires
an as yet unidentified factor or factors. Strong candidates for these factors are the recently
identified TFB1M and TFB2M,17,18 that show similarity to the yeast Mtf1p.

The above results point to at least two unrelated functions for TFAM: facilitating tran-
scription initiation, and playing a structural role in DNA maintenance. Since high- and low-
affinity binding-sites for TFAM exist, regulation of TFAM levels might determine the level of
expression and replication of mtDNA.19 For instance, high concentrations of TFAM might be
necessary to ensure transcription from both the high-affinity L-strand promoter and the low-
affinity H-strand promoter. Rather than promoting replication as previously proposed, TFAM
might inhibit replication at high concentrations by analogy with the function of the bacterial
histone like protein HU,20,21 with which it shares many features. At low TFAM concentration,
and in the absence of H-strand transcription, sites within the major non-coding region might
become available for the binding of replication licensing factors, leading to initiation of DNA
synthesis from OH.

Either role of TFAM is compatible with an important function in mtDNA homeostasis,
which was shown unequivocally by the embryonic lethal phenotype associated with complete
loss of mtDNA in the mouse TFAM knockout.22

POLG and its accessory subunit

In most species the only well-characterized mitochondrial polymerase activity is that of DNA
polymerase �. In humans it is encoded by the nuclear POLG gene and has a molecular weight
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of ~140 kDa.23,24 It bears similarity with prokaryotic A-type DNA polymerases, such as E. coli
DNA polymerase I and T7 DNA polymerase. Conserved regions include a COOH-terminal
domain responsible for polymerase activity and an NH2-terminal 3�-5�-exonuclease domain
involved in proofreading. These two activities were attributed to different subunits of the
enzyme, however, cloning of polymerase � from the yeast S. cerevisiae and subsequently that
of X. laevis, D. melanogaster and humans has shown that they are combined in a single
polypeptide of ~125–140 kDa.23–26

Null mutations in yeast POLG result in loss of mtDNA on a fermentable carbon source.25,27

In Drosophila several mutations in the POLG gene, called tamas, result in larval lethality.28

Last, POLG missense mutations have very recently been identified as a cause for adPEO and
arPEO.29,30 These data suggest an important role for POLG in mtDNA maintenance, but at
least in mammals there is no formal proof that POLG is the replicative polymerase. The prop-
erties of POLG have been partly characterized in yeast and in human cultured cells.27,31–33 In
both cases, expression of a semi-dominant mutant form of the protein, deficient in 3�-5�-
exonuclease activity results in the accumulation of mtDNA point mutations. The mutation
patterns differ markedly, however, with transversions predominating in yeast and C–G to T–A
transitions dominating in human cells. This could reflect differences in intrinsic properties 
of the enzymes, in their intracellular milieu, or in mtDNA repair. In any event, overexpression
of variants deficient in 5�-3�-polymerase activity results in loss of mtDNA in yeast and 
human cells.

Another factor that might underpin the observed difference in mutation bias between yeast
and human discussed above is the existence of a 40–55 kDa accessory subunit in the latter
(and several other species) but not yeast. This subunit is also termed the POLG �-subunit and
it consistently co-purifies with polymerase �.34,35 The recent crystal structure of the accessory
subunit shows that it forms a homodimer, thus suggesting that the polymerase holoenzyme is
an ��2 heterotrimer, at least in mammals.36 One can speculate that this conformation would
allow for transient interactions between one of the two �-subunits in the heterotrimer and a
second POLG subunit to facilitate coupled leading and lagging-strand synthesis, as proposed
by the synchronous replication model (see Section below). The �-subunit is thought to be
important in maintaining catalytic efficiency or structural integrity of the holoenzyme. It has
also been proposed that the accessory subunit is involved in recognition of the RNA primer
in the D-loop region, guiding the catalytic subunit to the primer terminus.35,37 In vitro, the
accessory subunit has been shown to greatly increase processivity during strand elonga-
tion,38,39 but the crystal data do not support the idea that the protein is a sliding clamp.36 Thus,
POLG and its accessory subunit form a stable, high fidelity, enzyme with high processivity
suggesting that it is the replicative polymerase for mitochondrial DNA. A second putative
mitochondrial DNA polymerase similar to nuclear � polymerase has been detected in try-
panosomes and more recently in bovine heart mitochondria.40 By analogy with the nuclear
enzyme, such a �-like polymerase could function in gap-filling during mitochondrial DNA
repair or lagging-strand synthesis in the synchronous replication model.

Unlike most nuclear DNA polymerases, POLG is relatively resistant to aphidicolin.25

Recently, this fact has been exploited to develop a mitochondrial specific DNA-radiolabelling
assay in cultured human cells.41 Since it has reverse transcriptase activity, POLG can prime
ribohomopolymer templates. A bizarre, yet medically important consequence of this property
of the enzyme is that reverse transcriptase inhibitors such as AZT inhibit POLG and so can
induce mitochondrial myopathy in AIDS patients treated with AZT.42

6 Johannes N Spelbrink
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Single-stranded DNA-binding protein

The mitochondrial single-stranded DNA-binding protein (mtSSB) has been cloned from a
variety of species including human and rat.43 Multiple sequence alignments identify the pro-
teins as similar to prokaryotic-type SSB proteins,43 with the highest identity in the N-terminal
region that functions in tetramerization or DNA binding.44,45 The protein preferentially binds
to single-stranded DNA, generally as a homotetramer.44 By analogy with bacterial and phage
SSB proteins,46–48 the C-terminus may be involved in multiple protein interactions. In both X.
laevis and Drosophila, SSB enhances POLG activity, but a direct physical interaction between
the proteins has not been demonstrated.49,50 Mitochondrial SSB is probably needed to stabi-
lize single-stranded regions of mtDNA, both in the D-loop and in replicative intermediates.51

SSB proteins are usually required to stabilize single-stranded regions at replication forks,52

but could of course have a wider role in protecting extensive single-stranded regions that form
during asynchronous mtDNA replication.

Other proteins

RNase MRP and Endonuclease G
Two enzymatic activities, RNase MRP and EndonucleaseG have been postulated to modify
the D-loop RNA primer from the L-strand transcription unit near OH and therefore play a role
initiation of replication. The RNase MRP is a ribonucleoprotein complex consisting of a sin-
gle RNA moiety and several proteins.53–55 The enzyme was first isolated from mouse and
human mitochondria, and shown to specifically cleave D-loop RNA templates near the origin
of H-strand replication.53,56,57 However, the protein was subsequently found to be much more
abundant in the nucleus, where it is involved in ribosomal RNA processing and possibly
tRNA processing.58–61 The very low levels of the enzyme found in mitochondria sparked
debate as to whether or not it was merely a nuclear contaminant of mitochondrial prepara-
tions.58,62,63 Subsequently, the evidence in support of a specific intramitochondrial pool of
RNase MRP has become more solid. (i) In situ hybridization experiments, show both mito-
chondrial and nuclear-specific labelling;64 (ii) an RNase MRP fraction can be isolated that is
resistant to nuclease following digitonin treatment, a detergent that disrupts the mitochondr-
ial outer membrane,63 suggesting that a proportion of RNase MRP is located within the mito-
chondrial matrix; (iii) survival of S. pombe with a mutation in the RNase MRP RNA gene
requires an additional nuclear mutation, ptp1-1, which is implicated in mitochondrial 
function.61 But, the ptp1 gene has not yet been identified making it difficult to assess the value
of the last study.

Even assuming RNase MRP is present in mitochondria, its role in replication remains to be
established. The experiments performed to date have been chiefly in vitro assays with puri-
fied enzyme and lacking other proteins believed to interact with the processing region.
Moreover, the inherent properties of the unusual RNA–DNA hybrid structure near OH may
make it susceptible to processing by RNases generally; two other proteins believed to be pres-
ent in mitochondria, RNase P and endonuclease G (EndoG), are also capable of processing
L-strand transcripts near OH.65,66 RNase P is a ribonucleoprotein present in mammalian mito-
chondria involved in 5�-tRNA (transfer RNA) processing, and has many aspects in common
with RNase MRP,54 including some but not all of its protein components.67,68 Given that a
mutant RNase MRP allele in S. pombe has a nuclear tRNA processing phenotype,69 a role 
in mitochondrial tRNA processing for RNase MRP should be considered. The Endo G was
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originally isolated as a nuclease with a preference for duplex DNA (dG).(dC) tracts and 
single stranded dC tracts, it too is found in nuclei and mitochondria. In addition, it was shown
to possess RNase H-like activity, as do RNase MRP and RNase P.65 One or more of these
activities, may process L-strand-transcripts that form primers for DNA synthesis, but there 
is no in vivo evidence as yet. Moreover, detection of similar processed transcripts in vivo
would not necessarily indicate that this was an essential prerequisite for mitochondrial DNA
replication.

Mitochondrial RNA polymerase

Mitochondrial RNA polymerase has been identified in a variety of species, including 
S. cerevisiae and human70,71 and shows similarity with T7 RNA polymerase. The protein has
been extensively studied in yeast, but not yet so in human. The yeast, mammalian, and possi-
bly the frog enzyme require one or more sigma-like factors for promoter-specific binding of
the enzyme.(11,17,18,72,73)

Twinkle

Twinkle is a recently identified protein with similarity to the T7 primase/helicase gene 4 pro-
tein (gp4).74 The similarity is restricted largely to the C-terminal helicase domain. Like T7
gp4 and many other ‘ring’ helicases, Twinkle is likely to adopt a hexamer conformation. The
N-terminal domain, which in T7 gp4 has been identified as essential for primase activity, is
of unknown function. Furthermore, sequence alignment of the few, eukaryotic Twinkle-like
proteins known, shows homology to be weakest for the N-terminal regions. The plasmodium
homologue POM1, lacks a region equivalent to the N-terminal portion of T7 gp4 or Twinkle,
instead it possesses a long C-terminal extension of unknown function. Thus, it would be pre-
mature to concluded that Twinkle functions as a primase in human mitochondria.

Although the precise role of Twinkle has not yet been established, it is clear that it plays a
role in mtDNA metabolism since mutations in the Twinkle gene lead to the formation of mul-
tiple partial deletions (Chapter 9). An interesting feature of Twinkle is the unusual mitochon-
drial localization pattern, examined using green fluorescent protein (GFP) tagged fusion
proteins. In contrast to for example, POLG–GFP and TFAM–GFP, which show uniform mito-
chondrial fluorescence, Twinkle shows punctate mitochondrial fluorescence, a consequence
of its localization in mtDNA nucleoids. A natural splice variant, that lacks the C-terminal 105
amino acids and terminates with four unique amino acids, appears unable to form hexamers
and does not target to nucleoids.

Models for mammalian mtDNA replication

Although DNA is the standard repository of genetic information, a number of different mech-
anisms has evolved for the perpetuation and quality control of DNA synthesis.52 Moreover, a
diverse range of molecular machinery underpins these mechanisms.

Replication of mammalian mtDNA has long been recognized as unusual; many apparent
mtDNA replication intermediates contain long stretches of partially single-stranded DNA and
their characterization led to the proposal of a strand-asynchronous, asymmetrical model of
mammalian mtDNA replication.75 The strand-asynchronous model stipulates two sites of ini-
tiation of DNA synthesis, one for each strand, which lie far apart (hence asymmetrical).75
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In this model, synthesis of the leading H-strand* starts at a point in the major non-coding
region of mtDNA denoted as OH; OH is defined by the 5�-ends of the newly synthesized leading-
strands, and is located on the L-strand upstream of three conserved sequence blocks (CSBs),
as demonstrated mainly by 5�-end-mapping methods. Leading-strand synthesis proceeds 
two-thirds of the way around the molecule, displacing the original H-strand in the process
(see Fig. 2(a–c)). At this point, the site of second (lagging) strand synthesis (OL) is exposed
allowing DNA synthesis of the light strand to begin (hence asynchronous). The critical
nucleotides that support initiation of lagging-strand synthesis at OL have been character-
ized,76,77 yet it is important to note that this does not establish OL as the unique lagging-strand
start point.

Recently a more conventional model of mammalian mtDNA replication has been proposed
also to occur.78 This second mechanism is coupled, that is, the leading and lagging-strands of
mtDNA are synthesized simultaneously, or synchronously78 (Fig. 1.2(a)/(b � d)). Coupled
mtDNA replication starts from a single origin (also at or near OH) and proceeds around the
molecule in one direction, in contrast to many other systems including nuclear DNA where
coupled replication is bidirectional. Since DNA synthesis always proceeds in the 5�–3�-direction
the new model predicts formation of short segments of DNA, so-called Okazaki fragments,79

on the lagging strand. The two models, or modes of mammalian mtDNA replication, could be
unified into a single model if a variety of replication intermediates exist with different num-
bers of lagging-strand start sites. That is, that the strand-synchronous and strand-asynchronous
modes of replication may represent extremes of a spectrum where the frequency of lagging-
strand initiation is the only variable. Support for this idea would require the identification of
replication intermediates with two or more instances of lagging-strand initiation that were
nevertheless demonstrably partially single-stranded.

Both mechanisms or modes of replication clearly operate in mammalian mitochondria, yet
the abundance of the two types of replication intermediate is highly variable. Replication
intermediates of both types are readily detectable in solid tissues examined to date (placenta,
liver, and cardiac muscle). However, synchronous replication intermediates are of low abun-
dance ordinarily in cell lines cultured in the laboratory examined to date, yet they greatly out-
number strand-asynchronous replication intermediates in cell lines that require a net increase
in mtDNA copy number, for example, during mtDNA amplification after drug-induced tran-
sient mtDNA depletion.78

Another well-established peculiarity of mammalian mtDNA is the widespread and often
abundant occurrence of molecules with a short triplex region. The third strand of approxi-
mately 0.5 kb of DNA arises from OH, and is termed the displacement-loop (D-loop) form of
mtDNA.75 The widespread assumption is that D-loops represent aborted replication interme-
diates, most if not all are degraded, thus of the total number of leading strand initiation events
that occur few extend beyond the end of the D-loop. Regulation of termination of leading-
strand DNA synthesis is poorly understood, although it may involve the so-called Termination
Associated Sequences (TAS) in the major non-coding region.80 Extended leading-strand
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* The nomenclature for the two strands of mitochondrial DNA is based on the apparent mobility of the
two strands in a denaturing caesium chloride gradient. One strand has a relatively high guanine
nucleotide content and is therefore called the Heavy- or H-strand, the other strand with its high cytosine
content is termed Light- or L-strand.

Holt-01.qxd  4/15/03  8:25 AM  Page 9



RNase MRP/
Endo G?

(H-strand)
origin

L-strand
promoter

RNA
polymerase

Tfam

CSBII-I Tas

ß
POLG

?

RNA
polymerase

Membrane association?

L-strand

H-strand

ß

?

POLG

Twinkle?

Tas

Abort or
proceed?

~0.8 kb

~0.8 kb

(1)

(2)

(3)

SSBP

ß

Primase

L-strand 
origin

POLG

Prim
ase

Okazaki fragment

~10 kb

ßPOLG

(a) Initiation of mtDNA synthesis in the D-loop

(b) Elongation in the D-loop

(c) Elongation according to the asynchronous model

(d) Elongation according to the synchronous model

Fig. 1.2 Mechanisms and proteins in mammalian mtDNA replication. Compilation figure summarizing
protein and mechanistic aspects of mtDNA replication in mammals. DNA is represented by a straight line,
RNA by a wavy line. (a) MtDNA replication is initiated by transcription from the L-strand promoter involv-
ing at least TFAM and RNA polymerase (1). A transition to DNA synthesis is thought to occur following
processing of the L-strand transcript by RNase MRP, endonuclease G or other processing activity (2) and
assembly of the replication machinery (3). (b) Extension of D-loop replication beyond TAS sequences 
represents a dedicated replication event. Most nascent D-loop DNA, however, is terminated and turned over.
(c) Continuation of H-strand replication and initiation of the L-strand replication according the 
asymmetrical, asynchronous mode of replication.75 L-strand replication is initiated only after 10 kb of the
H-strand has been synthesized, leaving most of the parental H-strand, single-stranded. (d) Unidirectional,
coupled leading and lagging strand replication.78 Lagging-strand synthesis initiates at the same time as lead-
ing strand synthesis, short (Okazaki) fragments are generated in the process of lagging-strand synthesis.
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replicative intermediates and D-loop strands are indistinguishable at their 5�-ends, consistent
with an attenuation model.

In humans and mouse, newly synthesized D-loop-containing mtDNA contains a 5�-RNA
moiety fro example,81,82 which forms a strong RNA–DNA hybrid particularly at CSB II.82,83

Thus, D-loop DNA synthesis appears to be preceded by synthesis of an RNA primer origi-
nating at the L-strand promoter, implicating the mitochondrial transcription machinery in ini-
tiation of mtDNA replication. Indeed, a mouse knockout of the mitochondrial transcription
factor, TFAM, results in embryonic lethality associated with complete loss of mtDNA.22

However, TFAM may have multiple functions and therefore the loss of mtDNA need not nec-
essarily stem from its role in transcription. If indeed the RNA primer for mtDNA replication
is transcribed starting from the L-strand promoter, which also gives rise to complete L-strand
polycistronic transcripts, then transition to DNA synthesis must occur, either by processing of
the nascent RNA-strand near OH, or by direct replacement of transcription machinery with
DNA synthesis machinery at OH. Although two specific enzyme activities have been proposed
to generate the RNA primer by processing, there is no hard evidence that this is the favoured
mechanism.

Continuation of nascent H-strand synthesis beyond the TAS-associated pause site is
thought to mark a dedicated replication event. The two models for replication, from this point
onwards, predict quite different events and replication intermediates. The asynchronous
model predicts a large single stranded DNA-loop, representing the parental H-strand that is
displaced by ongoing synthesis of the new H-strand. Intermediates of this nature have been
observed by electron microscopy.75 The synchronous model predicts a loop structure in which
one strand of the loop is duplex, while the other strand is substantially duplex, yet has short
gaps, owing to discontinuous synthesis of DNA on the lagging-strand. It is worth noting that
lagging-strand synthesis is almost seamless, that is, the gaps must be closed efficiently and
rapidly, otherwise the products of coupled replication would be cleaved by a single-strand-
specific nuclease, which was demonstrably not the case in the neutral/neutral agarose gel
electrophoresis study.78 Coupled replication intermediates have also been observed by elec-
tron microscopy,75 but have not been screened for under conditions that favour synchronous
replication. A further experiment showing the validity of the synchronous model would be the
demonstration of Okazaki fragments. Small RNA primers, often at specific sites usually ini-
tiate Okazaki-fragment synthesis. RNA primers should subsequently be removed, the small
gaps filled with DNA, and the fragments end-joined by a DNA ligase. The process can how-
ever be very efficient making it difficult to isolate individual Okazaki fragments. The long-
standing observation, of rare ribonucleotide (rNTP) sites in mtDNA,84 could be explained by
incomplete removal of RNA primers from Okazaki fragments. In a very recent study,85 the
observation of rNTPs in mtDNA has been extended by showing that they are widespread in
replicating mtDNA, frequently consisting of patches of uninterrupted rNTPs. Interestingly,
these patches appeared to be preferentially incorporated in the L-strand, especially in the
region that is suggested to be extensively single-stranded in the asynchronous replication
model. The authors suggest that the single-stranded replication intermediates of the asyn-
chronous model could well be artefacts caused by endogenous RNase H-like activity acting
on mtDNA during the isolation procedure. If correct, the above refutes the asynchronous
model and will have far-reaching implications for our understanding of mtDNA maintenance.

The site of lagging-strand DNA synthesis initiation (OL) in the asynchronous model, is also
partly defined by retention of ribonucleotides at OL in closed circular mtDNA.84 Moreover,
5�-ends of replication intermediates map at a precise position near OL.82,86 Finally, in a 
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variety of species, a strong stem–loop structure is predicted to form at OL when the H-strand
template is rendered single-stranded.76 These observations suggest that OL is a regulatory ele-
ment with conserved features and accordingly argues that it has an important role in mtDNA
replication. The widely accepted view is that its role is as the major or sole site of lagging-
strand initiation. Nevertheless, OL has proved dispensable in several animal groups including
birds.87 Priming at OL (or elsewhere on the lagging-strand) is probably not mediated by the
transcription machinery, yet a specific primase remains to be identified.

mtDNA repair and recombination

Over the years, a number of unsubstantiated dogmas arose in relation to repair and recombi-
nation of mammalian mitochondrial DNA, in fact repair of vertebrate mitochondrial DNA
was long considered not to occur. However, there is now unequivocal evidence that mito-
chondria contain the complete machinery for base excision repair (for an overview see
Bogenhagen).88 Other repair pathways that are present in the nucleus, nucleotide excision
repair, and mismatch repair, have not yet been identified. Recombination has been suggested
to occur mainly as a gene conversion event,89 possibly as a way to achieve mismatch repair.
However, based on population genetics, more conventional homologous recombination has
been proposed also to exist. Although in some minds the issue remains controversial, it is
highly likely that a basic machinery for recombination is present in mammalian mitochondria
if only to restart replication after stalling—via recombination-dependent replication.90,91

Mitochondrial DNA has often been described as ‘naked’ lacking as it does any obvious
equivalent of nuclear histones and this was presumed to make it prone to damage in the highly
oxidative environment within the mitochondrial matrix (Chapter 11). Now it appears that
mtDNA is not in fact naked but exists in mitochondria as large nucleoprotein complexes,
termed nucleoids. It has long been accepted that the mutation-fixation rate of mtDNA in mam-
malians is high compared to that of nuclear DNA, and the assumption has been that this reflects
a high mutation rate, at least in female gametes. By the same line of reasoning, somatic muta-
tion rates for mtDNA are believed to be high and moreover have been proposed as a significant
contributing factor to ageing in humans and other animals (Chapter 13). Nevertheless, it is clear
from recent studies that several types of mtDNA damage can be repaired effectively. These
include 8-oxo-dG and deoxyuridine that result from oxidative damage to deoxyguanosine (dG)
and deamination of deoxycytidine, respectively. These and other types of oxidative damage are
dealt with by the base-excision repair (BER) machinery. Base excision repair comprises five
steps. (i) Removal of the unconventional base by a damage-specific DNA glycosylase, which
results in an apurinic/apyrimidinic (AP) site; (ii) nicking of the phosphate backbone by an AP
endonuclease; (iii) removal of the deoxyribose moiety by an AP lyase; (iv) gap-filling by a
DNA polymerase; and (v) re-ligation. Several DNA glycosylases have now been shown to
reside in mitochondria as well as in the nucleus. The various genes are commonly single-copy
nuclear genes that code for both the nuclear and mitochondrial versions of the protein.92–99

Alternative-splicing, or alternative translational start sites, commonly provide the differentially
targeted proteins. An AP endonuclease activity has been isolated from X.laevis mitochondria
but the protein has not been positively identified. AP lyase activity has been demonstrated for
POLG and also for E.coli polymerase I.100 Nuclear polymerase �, however, contains a much
more efficient lyase activity,101 suggesting a possible role for a polymerase �-like protein in
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mitochondrial DNA repair (see Section on PoLG and its accessory subunit). Gap-filling of
mtDNA could be mediated by POLG or a �-like polymerase, while DNA ligase III is pre-
sumed to be responsible for closure.102 Antisense inhibition of DNA ligase III resulted in
mtDNA depletion as well as accumulation of single-stranded nicks and possible gaps in
mtDNA, suggesting an additional role in BER.103

Other types of DNA damage such as chemically induced crosslinks or simply the misin-
corporation of a base during replication are not usually repaired by the action of BER. Either
nucleotide excision repair for the former or mismatch repair for the latter are required. Neither
of these processes has been demonstrated in mitochondria.88 The need for an efficient mis-
match repair may be partially circumvented by the proofreading activity of POLG, as, com-
pared to cells that express a proofreading deficient POLG, cells that express only endogenous
POLG accumulate very few mtDNA mutations.33 Because S.cerevisiae contains a partially
functional mismatch repair pathway32,104,105 and has a significantly lower mutation fixation
rate than mammalian mtDNA, one could argue, nonetheless, that the relatively high mutation-
fixation rate in mammalian mitochondria is attributable to the lack of mismatch repair activ-
ity. This would agree with the pattern of human polymorphisms and disease mutations;
predominantly A → T to G → C transitions, which in yeast are effectively suppressed by 
mismatch repair. Proofreading and possibly BER by POLG seem to prevent mostly C → G to
T → A transitions and A → T to T-A transversions.32,33 One should consider, however, that
high mutation-fixation rates are usually seen on an evolutionary timescale, and do not neces-
sarily imply high rates of somatic mutation. Moreover, the discussion above focuses purely
on mutation occurrence and ignores the fact that fixation of mtDNA variants need not occur
simply by a random process of genetic drift (see nucleoids below and Chapter 14).

Evidence for possible homologous recombination events in mammals is scarce and mostly
genetic. First, interconversion of rearranged mtDNA molecules has been observed in human
cell lines, suggesting a recombination event. Cells homoplasmic for partially duplicated
mtDNA were observed consistently to regain wild-type mtDNA (Wt-mtDNA), in one cell
type.106 Also on an occasion a deleted mtDNA species that would be predicted from an
intramolecular recombination event in a partially duplicated molecule has been detected.107

In addition, disease-associated mtDNA deletions as well as deletions and duplications of low
abundance, ‘sublimons’, could be generated by recombination108–110 as might the higher mul-
tiple rearrangement seen in one study.106 Second, population genetic studies in human and
chimpanzee have suggested a gradual loss of linkage between mtDNA loci with distance,111

which was explained by a combination of paternal leakage of mtDNA and recombination. The
interpretation of the population genetics data are, however, highly controversial,112,113 and at
least two additional studies that used larger data sets have directly questioned the original
findings.114,115 Combined these studies at least suggest the possibility of mtDNA recombina-
tion, albeit as a rare event.

Homologous recombination activity was demonstrated using ingenious in vitro assays with
isolated mitochondria.89 The activity could be inhibited using an antibody against recA, an
essential component of eubacterial recombination machineries. The assays used could not,
however, distinguish between reciprocal (crossover) recombination, and gene conversion, a
process that copies the genetic information from one DNA molecule into a second molecule
and involves extensive de novo DNA synthesis. The authors suggested, based partially on
yeast studies, that mammalian mitochondria might only possess a gene-conversion type of
recombination which could function for example, in mismatch and double-strand break
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repair. Surprisingly, double-strand break rejoining, especially on blunt-ended DNA, using
similar mitochondrial extracts, resulted in low-frequency deletions of the template involving
short, direct repeats,116 possibly the result of a gene-conversion type of break repair. Based on
these observations, it was suggested that deletions of mtDNA in pathological states could be
the results of defective double-strand break repair. Of course, a certain degree of slippage dur-
ing gene conversion or intermolecular template switching facilitated by gene-conversion
machinery could bring about the same effect at a low frequency, in healthy individuals.
Identification of the proteins involved in recombination and repair will clarify this issue and
give insights into the mutability of mtDNA.

Organization and segregation of mtDNA

As alluded to above, mammalian mtDNA is now believed to occur as multiple copies organ-
ized in nucleo-protein complexes termed nucleoids. Nucleoids have been suggested to be the
unit of mtDNA inheritance. Control of nucleoid size and organization will therefore be an
important determinant of mitochondrial gene segregation with important implications for
mutation fixation and disease transmission.

Evidence for nucleoid organization of mtDNA in mammalian cells is not only genetic and
biochemical but also relies on modern fluorescence and electron microscopy techniques. A
mammalian nucleoid model has been reviewed recently.117 The genetic argument in favour of
nucleoids is as follows. First, two different alleles of mtDNA, both harbouring a disease muta-
tion, and introduced in mtDNA-less cells, only on very rare occasions complement each
other.118–120 Nevertheless, mitochondria in various species frequently undergo fusion and fis-
sion events.121–125 This strongly suggests that, in mammalian cells as in yeast,121 mitochon-
drial genetic units have a limited sphere of influence and are somehow restricted in their
capability to mix, for example, by simple random diffusion. Second, cell lines harbouring hetero-
plasmic mtDNA mutations do not always show segregation of mtDNA genotypes, even after
many cell generations.117,121,126 This implies that the unit of segregation is in itself hetero-
plasmic and stable. Third, high levels of mtDNA point mutations are tolerated in the POLG
mutator cell lines described above, without a severe adverse effect on mitochondrial function.
Combined with the limited sphere of influence, each genetic unit must consist of several
mtDNA molecules to enable high mtDNA mutation loads to be tolerated. Microscopy studies
confirm two aspects of nucleoid organization of mtDNA. The first is the presence of various
copies of mtDNA per nucleoid. Using DAPI staining of mtDNA it has been estimated that the
number of mtDNA foci within a human cell is significantly less than the mtDNA copy num-
ber.127 This was recently confirmed by estimating mtDNA nucleoids numbers using a GFP
tagged version of Twinkle.74 The second, electron-microscopic, observation is that complexes
containing both DNA and protein exist in mitochondria of various species.128,129 Biochemical
evidence for mtDNA nucleoids as nucleo-protein complexes that constitute the unit of
mtDNA inheritance comes mainly from yeast.13,121,128,130 An important constituent of
nucleoids in yeast is Abf2p, the yeast orthologue of mammalian TFAM. Disruption of the Abf2
gene results in altered nucleoid appearance and mtDNA inheritance.13,130 Various other proteins
have been proposed as nucleoid constituents on the basis of stable DNA interaction, in situ
fluorescent studies, or both.131,132 Surprisingly these include, HSP60 and an �-ketoglutarate
dehydrogenase subunit, both with established roles distinct from mtDNA maintenance. The

14 Johannes N Spelbrink

Holt-01.qxd  4/15/03  8:25 AM  Page 14



association was based on in organello crosslinking experiments.132 The caveat is that not all
proteins that interact with mtDNA are necessarily nucleoid constituents. In human cells, var-
ious proteins known to interact with mtDNA do not show specific nucleoid localization when
overexpressed as a GFP fusion protein. This could be due to a limitation in the occupancy of
mtDNA by these proteins, while expression levels are artificially high, but could also mean
that these proteins only interact transiently with mtDNA.

Physical association of nucleoids to the mitochondrial inner and possibly even outer mem-
brane, would provide a handle by which mtDNA can be distributed (mitokinesis) during cell
division.117 Inner-membrane association of nucleoids can and has been inferred from direct
observation, from co-purification of membrane patches with nucleoids or from copurification
with membrane proteins.132–136 Curiously, human mitochondrial sub-fractionation and subse-
quent lysis with laurylmaltoside showed partial purification of various mtDNA-maintenance
proteins with the outer membrane fraction while the remainder co-purified with the inner-
membrane fraction.33 The same outer membrane fraction was completely free from
cytochrome c oxidase subunit II, a bona fide integral inner membrane protein. These obser-
vations might indicate a physical (protein?) connection between nucleoids and the outer mito-
chondrial membrane. An obvious candidate is the mitochondrial fission apparatus, some
components of which are cytosolic or outer-membrane-associated proteins.125

Understanding the dynamics of nucleoid organization during different stages of development
and in dividing and post-mitotic cells will be helpful in understanding mitochondrial gene seg-
regation, in health and especially human mitochondrial diseases. Studies in yeast will again be
informative in this respect as shown in a study addressing nucleoid number and size in relation
to amino acid metabolism,137 although yeast and mammals may well have evolved different seg-
regation strategies. In a second study using human cybrids, a gain of chromosome 9 was inferred
to affect nucleoid organization at least transiently, since segregation was significantly altered,126

but we have no clue yet as to what factors might affect nucleoid size and number.

Other requirements for mtDNA maintenance: nucleotide metabolism

Apart from the many proteins that directly participate in mtDNA maintenance, various
metabolites play an essential role in mtDNA homeostasis. These include magnesium, and
ribo- and deoxyribonucleotides that are the immediate building blocks for RNA and DNA
synthesis, and the metabolism of the physiological anion, which in E.coli has been identified
as glutamate.52

Nucleotide pools in mitochondria appear to rely mainly on intramitrochondrial nucleoside
to nucleotide interconversion and direct import from the cytoplasm, rather than on de novo
pathways. Since ribonucleotide reductase which can convert ribonucleotides to deoxyribonu-
cleotides, has not been demonstrated yet as an intramitochondrial protein, both ribonu-
cleotides and deoxyribonucleotides are probably imported in mitochondria from the cytosol.
Indeed, a transporter-activity capable of importing one  deoxyribonucleotide has recently
been identified, but other nucleotides were not tested.138 However, the recent identification 
of a human cDNA, encoding a member of the carrier family with NTP and dNTP transport
capability has allowed for a more detailed study by reconstitution of the protein in lipid vesi-
cles after overexpression in bacteria.139 Thus, this carrier was shown to have broad substrate
specificity and depend on dNDPs, ADP, or ATP to serve as exchange factors. Once inside
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mitochondria, (deoxy) ribonucleotides/nucleosides can undergo interconversion steps mediated
by (deoxy)ribonucleotidases, which remove a phosphate residue from a (deoxy)ribonucleoside-
monophosphate, and (deoxy)ribonucleotide kinases which adds a single phosphate from ATP to
(deoxy)ribonucleosides. Some of these enzymes, including a uracil/thymine deoxyribonu-
cleotidase, a thymidine kinase and a deoxyguanosine kinase, have now been positively iden-
tified in mammalian mitochondria.140–145 Both thymidine and deoxyguanosine kinase have
broad substrate specificity, being able to metabolize not only natural substrates but also a vari-
ety of nucleoside analogues, which can be a serious problem for patients undergoing
chemotherapy or who are treated for viral infection, because of mitochondrial toxicity.146

So, how do cytoplasmic nucleoside/nucleotide pools affect mtDNA maintenance? Since it is
unlikely that there exists a de novo nucleoside synthesis pathway in mammalian mitochondria,
any imbalance in the cytoplasmic pools of nucleosides and nucleotides is likely to impact upon
intramitochondrial pools as well. In yeast, overexpression of the RNR1 gene, encoding the cyto-
plasmic ribonucleotide reductase, in yeast POLG (MIP1) mutants alleviates the negative effects
of the POLG mutants on mtDNA synthesis.147 It was suggested that the overexpression of RNR1
results in increased pools of dNTPs, suggesting that dNTP levels could be rate-determining for
mtDNA synthesis. A second protein was identified, deletion of which, resulted in the suppres-
sion of mutations in two (cell-cycle) checkpoint genes. A strong case was made that this second
protein, Sml1, is in fact an inhibitor of the Rnr1 protein.148,149 Indeed, deletion of the Sml1 gene
had the same effect on the POLG mutants as overexpression of Rnr1. The best evidence that
dNTP imbalance in humans can affect mtDNA integrity is MNGIE (see Section on ‘Twinkle’
above). The MNGIE is an autosomal recessive disorder caused by mutations in the thymidine
phosphorylase (TP) gene.150 The mutations invariably result in almost complete loss of TP 
activity.150,151 Although TP catalyses a reversible reaction, thymidine � Pi�thymine �
deoxyribose-1-P, synthesis of thymidine does not appear to be the problem probably because of
de novo synthesis. The problem is rather the breakdown of excess thymidine. Indeed, TP defi-
ciency results in the accumulation of thymidine in the blood stream.152 This is thought to affect
cellular, and thus also mitochondrial thymidine levels.151,152 How an excess of thymidine and its
nucleotide derivatives induces mtDNA deletions is still a matter for speculation. It might result
in enhanced misincorporation of dTTP followed by elevated recombination–repair or even
turnover of mtDNA. The last idea is attractive, as it is known that TP deficiency can also lead
to mtDNA depletion;153 episodes of mtDNA depletion followed by repopulation could favour
the amplification of deleted mtDNA molecules154 constitutively present at low levels in various
tissues.110 Perturbed nucleotide homeostasis is also proposed as the cause for multiple mtDNA
deletions in adPEO associated with ANT1 and Twinkle mutations (Chapter 9), and may well be
the cause of other autosomal mtDNA-associated disorders. Indeed, very recently two of the
above mentioned proteins involved in nucleotide metabolism have been implied in mtDNA-
depletion syndromes. Mutations in the gene for mitochondrial deoxyguanosine kinase were
found associated with mtDNA depletion in liver/brain.155 In muscle-specific mtDNA depletion,
the gene for the mitochondrial thymidine kinase was found to be mutated.156

Concluding remarks and future prospects

Current understanding of mtDNA maintenance stems from: (i) the identification of various
nuclear disease genes that affect the process; (ii) the realization that specific types of mtDNA
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damage can be repaired; (iii) the identification of various proteins involved in mitochondrial
fission and the distribution of mitochondria in the cell; and (iv) the creation of animal mod-
els that address the function of particular mtDNA maintenance proteins.

Notwithstanding these advances, a thorough understanding of the underlying processes is
still lacking in many areas. Of particular interest will be how the various components of the
maintenance machinery interact with one another and with the fission machinery; how mito-
chondrial nucleoid number and size are regulated, in particular during development, and how
this may help us better understand mtDNA segregation. Further understanding of the mecha-
nisms of mtDNA replication and repair will be closely linked to the identification of compo-
nents involved in these processes. The importance of proper functioning of the mtDNA
maintenance machinery in health is indisputable and understanding this process may provide
a paradigm for related processes in the nucleus.
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2 Mitochondrial DNA expression
Jan-Willem Taanman

Introduction

In vertebrates, the mitochondrial genome consists of double-stranded, covalently-closed DNA
molecules that are present as multiple copies per mitochondrion. The two strands of DNA can
be distinguished on the basis of G � T base composition, which results in different buoyant
densities of each strand (‘heavy’ and ‘light’) in an isopycnic gradient. In metabolically active
vertebrate cells, a ~1-kb non-coding region of a large fraction of the mitochondrial DNA
(mtDNA) molecules contains a triplex structure, in which a short (7S) DNA strand 
complementary to the light (L) strand displaces the heavy (H) strand. This region, which is
flanked by the genes for the transfer RNAs (tRNAs) tRNAPhe and tRNAPro, is called the dis-
placement loop or D-loop region and is the least conserved part of mitochondrial genomes. It
has evolved as the major control site for both replication and transcription. Mammalian mtDNA
shows exceptional economy of organization. A map of human mtDNA is shown in Fig. 2.1. The
genes are closely packed and lack introns. Except for the D-loop region, intergenic sequences
are absent or limited to a few bases and some genes even overlap. Furthermore, the tRNA and
rRNA molecules are unusually small1 and in most protein genes part of the termination codon
is generated post-transcriptionally by polyadenylation of messenger RNA.2

Soon after the first mtDNA sequences became available, comparisons with mitochondrial
protein sequences revealed deviations from the standard genetic code. In mammals, TGA is
used as a tryptophan codon rather than as a termination codon, whereas AGR (R � A, G)
specifies a stop instead of arginine and AUA codes for methionine instead of isoleucine.3

A modified tRNA wobble base interaction with mRNA codons allows mitochondria to trans-
late all codons with less than the 32 tRNA species required according to Crick’s wobble
hypothesis. Mitochondrial tRNAs with uridine in the first (wobble) position of the anticodon
read all four codons of the four-codon families,3,4 whereas those containing a chemically 
modified uridine read both codons of two-codon families with a purine in the third position.5–7

The methionine codons AUG and AUA of mammalian mitochondria, however, are recognized
by a single anticodon, which has 5-formylcytidine in the wobble position.8 The tRNA carrying
this anticodon is thought to be charged either with N-formylmethionine to function as initiator
of mitochondrial protein synthesis9 or with methionine for elongation of the polypeptide chain.
Two-codon families with a pyrimidine in the third position are decoded by tRNAs with an
unmodified guanidine in the wobble position. The altered wobble rules would imply that 23
tRNA species are required to decode mtDNA, however, as mentioned above, in mammals AGR
codons indicate a stop and the corresponding tRNA is absent. Hence, the 22 tRNA species
encoded by mammalian mtDNA are sufficient to translate all 13 mitochondrial proteins. An
overview of the codons and anticodons of mammalian mitochondria is given in Fig. 2.2.
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Despite having their own genome, mitochondria are not self-supporting entities in the cell.
Of the mammalian mitochondrial proteome, only 13 protein subunits of the oxidative phos-
phorylation complexes are encoded on mtDNA. All other mitochondrial proteins are nuclear-
encoded, synthesized in the cytosol (usually as precursors containing an N-terminal
presequence for mitochondrial targeting) and are subsequently imported into the organelle.
Thus, although mammalian mtDNA contains the genes for a full set of tRNAs and the two
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Fig. 2.1 Map of the 16,569-bp human mtDNA. The outer circle represents the H-strand, containing the
majority of genes; the inner circle represents the L-strand. The control region (D-loop) is shown as a
three-stranded structure. The origins of H-strand (OH) and L-strand (OL) replication and the direction of
DNA synthesis are indicated by long bent arrows; initiation of transcription sites (ITL, ITH1, ITH2) and
the direction of RNA synthesis are denoted by short arrows. The binding site for the mitochondrial tran-
scription terminator (MTERF) is indicated. The 22 tRNA genes are depicted by dots and the single let-
ter code of the amino acids (isoacceptors for serine and leucine are distinguished by their codon
sequence). The genes for the two rRNA species (12S and 16S) and the 13 protein-coding genes are
shown as shaded boxes. ND, CO, and ATPase refer to genes coding for subunits of NADH : ubiquinone
oxidoreductase, ferrocytochrome-c : oxygen oxidoreductase (cytochrome-c oxidase), and F1F0–ATP
synthase, respectively, and Cyt b encodes apocytochrome-b of ubiquinol : ferricytochrome-c oxidore-
ductase. (Adapted from Ref. [13] with permission.)
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rRNAs, mitochondrial tRNAs are charged by nuclear-encoded aminoacyl-tRNA synthases
and all mammalian mitochondrial ribosomal proteins are imported. Likewise, mtDNA tran-
scription relies on nuclear-encoded factors. How these hybrid mitochondrial transcription and
translation systems function is reviewed below.

Transcription of mtDNA

Initiation of transcription

In the 1980s, mainly through the efforts of the laboratories of Attardi and Clayton, the basic
mechanism of mitochondrial transcription was solved (reviewed in10–13). Human mtDNA

Codon  Anticodon Codon  Anticodon Codon  Anticodon Codon  Anticodon
(Amino acid) (Amino acid) (Amino acid) (Amino acid)

UUU
GAA (Phe)

UCU UAU
GUA (Tyr)

UGU
GCA (Cys)

UUC UCC UAC UGC

UUA
U*AA (Leu)

UCA
UGA (Ser)

UAA
— (Stop)

UGA
U*CA (Trp)

UUG UCG UAG UGG

CUU CCU CAU
GUG (His)

CGU

CUC
UAG (Leu)

CCC
UGG (Pro)

CAC CGC
UCG (Arg)

CUA CCA CAA
U*UG (Gln)

CGA

CUG CCG CAG CGG

AUU
GAU (lle)

ACU AAU
GUU (Asn)

AGU
GCU (Ser)

AUC ACC
UGU (Thr)

AAC AGC

AUA
C*AU (Met)

ACA AAA
U*UU (Lys)

AGA
— (Stop)

AUG ACG AAG AGG 

GUU GCU GAU
GUC (Asp)

GGU

GUC
UAC (Val)

GCC
UGC (Ala)

GAC GGC
UCC (Gly)

GUA GCA GAA
U*UC (Glu)

GGA

GUG GCG GAG GGG

Fig. 2.2 Codons (5�–3�) and anticodons (5�–3�) in mammalian mitochondria. Chemically modified
nucleotides in the first (wobble) position of the anticodon are marked with an asterisk.
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transcription start sites and promoter regions were mapped using a variety of techniques. All
available data are consistent with the conclusion that there are two major initiation of tran-
scription sites (ITH1 and ITL) situated within 150 bp of one another in the major non-coding
region (Fig. 2.3). A promoter element with a pentadecamer consensus sequence motif,
5�-CANACC(G)CC(A)AAAGAYA-3� (N � A, C, G, T; Y � C, T), encompasses the tran-
scription initiation sites (underlined) and is critical for transcription. H-strand transcription
starts at nucleotide position 561 (ITH1; numbering according to14) located within the H-strand
promoter (HSP), whereas the L-strand transcription starts at nucleotide position 407 (ITL)
located within the L-strand promoter (LSP). Enhancer elements located just upstream of the
promoter regions are required for optimal transcription (Fig. 2.3). These elements, which
were later shown to be binding sites for a transcription factor (mtTFA), exhibit sequence sim-
ilarity, but only if one element is inverted relative to the other. This suggests that these cis-
acting enhancers are able to function bidirectionally. Despite their close proximity, ITH1 and
ITL are functionally independent. A second putative initiation site for H-strand transcription
(ITH2) is located around nucleotide position 638 in the tRNAPhe gene (Fig. 2.3). Its promoter
region only shows limited similarity with the pentadecamer consensus sequence and ITH2
is thought to be used less frequently for transcription of the H-strand than ITH1.

The RNA polymerase that binds to the HSP and LSP is relatively non-selective in its inter-
action with DNA. The enzyme has not been purified to homogeneity. Nevertheless, a cDNA
predicted to encode the 1230-amino acid residue precursor of human mitochondrial RNA
polymerase has been identified by screening of the human Expressed Sequence Tag database
(dbEST) with the yeast sequence.15 The human gene (POLRMT ) has been mapped to chro-
mosome 19p13.3.15 Mitochondrial RNA polymerases are homologous to the single subunit

RNA

RNARNA

L-strand 3�

3� H-strand

ITH1

ITL
ITH2

5�

577 160 16180 16028

5�
5�

HSP Enhancer

Enhancer LSP

12S rRNA tRNAPhe

tRNAPro

Fig. 2.3 Schematic representation of the initiation of transcription of human mtDNA. The genes encod-
ing 12S rRNA, tRNAPhe, and tRNAPro are indicated with shaded boxes on the H- and L-strand.
Transcription initiation sites and direction of synthesis are indicated by bent arrows, dotted lines repres-
ent synthesized RNA. In the D-loop region (the 1118-bp sequence between nucleotides 577 and 16,028),
two major transcription initiation sites are present. Initiation of transcription site ITH1, encompassed by
the H-strand promoter (HSP), directs the transcription of the H-strand, whereas initiation of transcrip-
tion site ITL, encompassed by the L-strand promoter (LSP), directs the transcription of the L-strand. 
A second, minor initiation of transcription site (ITH2) for H-strand transcription is located in the gene
for tRNAPhe, near the boundary with the 12S rRNA gene. Enhancer elements upstream of the HSP 
and LSP that are known to bind the mitochondrial transcription factor A are indicated. (Adapted from
Ref. [13] with permission.)
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RNA polymerases of T3, T7, and SP6 bacteriophages, though the amino acid similarity is
restricted to the C-terminal half of the mitochondrial enzyme.15,16 Structural and mutation studies
have indicated that this evolutionarily conserved region is important for promoter selectivity 
and polymerase activity.17 Recent deletion mutation experiments in yeast suggested that the 
N-terminal half of mitochondrial RNA polymerases harbour a functional domain, distinct from
the polymerase activity, which appears to be required for mtDNA maintenance.18

Mitochondrial transcription factor A (mtTFA, also known as TFAM, TCF6, or mtTF1) is
an abundant 25-kDa protein that confers promoter selectivity on the polymerase. Human
mtTFA has been purified,19 its cDNA has been cloned20 and its gene (TFAM ) assigned to
chromosome 10q21.21 The protein comprises two high mobility group (HMG) domains, sep-
arated by a 27-amino acid residue linker and followed by a 25-amino acid residue C-terminal
tail. The HMG boxes are DNA binding motifs that are shared with abundant non-histone com-
ponents of chromatin and with specific regulators of nuclear transcription.22 The factor binds
to the enhancer regions located 12–39 bp upstream of the respective transcription initiation
sites, ITH1 and ITL

19,23,24 (Fig. 2.3). Binding at these sites is required for accurate and efficient
initiation of transcription. Mutation analysis of mtTFA has indicated that its basic C-terminal
tail is important for specific DNA recognition and is essential for high levels of transcrip-
tion.25 Both major promoters in human mitochondria are able to function bidirectionally.26

The asymmetric binding of mtTFA relative to the transcription start site may ensure that tran-
scription proceeds primarily in a unidirectional fashion (Fig. 2.3). Common with many other
members of the HMG family of proteins, mtTFA has the capacity to bend and unwind the
DNA duplex and to wrap around the distorted DNA strands.27,28 These mtTFA-induced con-
formational changes at the promoter sites may facilitate access of the core RNA polymerase
to the template for initiation of transcription.

In addition to being a pivotal component of the basal mitochondrial transcription appara-
tus, mtTFA appears to have an important function in maintenance of mtDNA. Levels of
mtTFA vary concomitantly with levels of mtDNA (reviewed in13,29). Binding of mtTFA is not
restricted to the enhancer elements upstream of the HSP and LSP. The factor is inherently
flexible in its recognition of mtDNA sequences23,27 and is likely to be involved in the forma-
tion of various nucleoprotein complexes or even packaging of the entire mtDNA molecule.
Heterozygous mtTFA knockout mice exhibit decreased mtDNA levels, whereas homozygous
knockout embryos are devoid of mtDNA and die.30 The depletion of mtDNA in these mice
may be caused by the lack of RNA primers that initiate mtDNA replication10,13,29 or a failure
of the mtDNA molecules to adopt their higher-order structure, or both.

Attempts to reconstitute human mtDNA transcription with recombinant mitochondrial
RNA polymerase and mtTFA have failed,31,32 suggesting that at least one additional trans-
acting factor is necessary. The unsuccessful reconstitution experiments have prompted database
searches for human sequences showing homology with a mitochondrial transcription factor
cloned in yeast.33 These screenings resulted in the identification of two additional human mito-
chondrial transcription factors, mtTFB1 and mtTFB2.34,35 The genes for mtTFB1 and mtTFB2
(TFB1M and TFB2M ) have been assigned to chromosomes 6q25.1–q25.3 and 1q44, respect-
ively. Both genes show virtually identical patterns of transcription by Northern blot analysis,35

suggesting co-expression of mtTFB1 and mtTFB2. Nevertheless, each factor on its own can
support HSP- and LSP-specific transcription in a pure recombinant in vitro system, containing
mitochondrial RNA polymerase and mtTFA.35 Both ~40-kDa factors interact directly with the
polymerase, but mtTFB2 is at least tenfold more active in promoting transcription than
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mtTFB1.35 Primary sequence comparisons and crystallography data have revealed that the
mtTFB class of transcription factors are related to a superfamily of RNA adenine methyl-
transferases.34–36 Remarkably, mtTFB1 has the ability to bind S-adenosylmethionine in vitro,34

suggesting that perhaps a functional relationship exists between mtTFBs and this family of
RNA modification enzymes.

Elongation and termination of transcription

The L-strand is transcribed as a single polycistronic precursor.37 Although the HSP can direct
transcription of the entire H-strand in a similar fashion, a more complicated model has been
postulated by Attardi and co-workers.38 Exponentially growing HeLa cells synthesize the two
mitochondrial rRNA species at a much higher rate than the mRNAs encoded on the 
H-strand.39 Attardi and co-workers explain this difference in part by the existence of two func-
tionally distinct transcription events, each starting at a different initiation site for H-strand
transcription.40 According to their dual H-strand transcription initiation model, transcription
starts relatively frequent at ITH1 (Fig. 2.3) and then terminates at the 3�-end of the 16S rRNA
gene (Fig. 2.1). This transcription process is thought to be responsible for synthesis of the
bulk of the mitochondrial rRNAs, tRNAPhe, and tRNAVal. In contrast, transcription starting at
ITH2 (Fig. 2.3) occurs less often, but results in a polycistronic molecule that includes all cod-
ing sequences of the H-strand. The existence of two individually controlled, overlapping 
H-strand transcription units is supported by the findings that ethidium bromide and ATP can
modulate the relative H-strand transcription rates of rRNA and mRNA independently.41,42

Consistent with these observations, ethidium bromide and ATP-dependent modifications 
in protein–DNA footprints have been revealed upstream of ITH1, which correlate with changes
in the rate of rRNA synthesis, but not of mRNA synthesis.24 Furthermore, a protein–DNA 
interaction site has been identified upstream of ITH2

24 that could represent the initiation 
complex. It is, however, not clear how two initiation events occurring less than 100 bp apart
can determine the fate of RNA synthesis at the 3�-end of the 16S rRNA gene, more than 2500
nucleotides downstream.

The higher synthesis rate of rRNA compared to mRNA is further explained by an attenua-
tion event at the 16S rRNA/tRNALeu(UUR) gene boundary. The first indication of early termina-
tion of H-strand transcription came from S1 nuclease protection analysis of the 3�-ends of
mammalian 16S rRNA molecules.43,44 These mapping studies revealed that the genomic loca-
tion of the last template-encoded nucleotide of the majority of 16S rRNA molecules corre-
sponded to the nucleotide immediately adjacent to the 5�-end of the tRNALeu(UUR) gene,
whereas the last nucleotide of the minor types mapped to any position up to 7 nucleotides
downstream in the tRNALeu(UUR) gene sequence. These ragged ends suggest that mature 16S
rRNA species are produced by accurate endonucleolytic cleavage of a longer RNA precursor,
or by imprecise transcript termination within the tRNALeu(UUR) gene. Subsequently, a crude
protein fraction was isolated from mitochondrial HeLa cell lysates, which in DNase I foot-
printing studies protected the region immediately downstream of the mtDNA sequence cor-
responding to in vivo produced 3�-ends of 16S rRNA molecules and promoted specific
termination of transcription.45 The footprint comprises a conserved tridecamer sequence
motif 5�-TGGCAGAGCCCGG-3� (L-strand), located within the tRNALeu(UUR) gene. In vitro
mutagenesis and transcription experiments have shown that this sequence element is essential
and sufficient for directing termination of transcription.46–48
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The groups of Clayton and Attardi have shown that the mitochondrial protein fraction
mediating attenuation of transcription contains polypeptides of around 34 kDa.47,49 The
human cDNA specifying the major polypeptide from this fraction has been cloned50 and the
gene (MTERF ) has been mapped to chromosome 7q21–q22. This mitochondrial transcription
termination factor, termed MTERF45 or mtTERM,47 contains three leucine zipper motifs
bracketed by two basic domains that are all critical for its specific DNA-binding capacity.50

The footprint produced by the recombinant protein is similar, but not identical to that pro-
duced by the ~34-kDa polypeptide fraction and the recombinant protein is not sufficient to
terminate transcription in vitro.50 These observations suggest that an additional component of
the ~34-kDa polypeptide fraction is needed for termination activity. The apparent complexity
of this system is not surprising, given that it should be able to modulate its activity in response
to the cellular demand for mitochondrial rRNAs on one hand, and for mitochondrial tRNAs
and mRNAs on the other.

Interestingly, in vitro transcription assays with the ~34-kDa fraction have demonstrated that
the MTERF-containing complex bound to its mtDNA target site functions bidirectionally and
shows an even greater efficiency of termination in the reverse orientation relative to the pro-
moter site.51 Thus, in addition to an attenuation function for H-strand transcription, the pro-
tein complex may halt L-strand transcription at a site where no L-strand-encoded genes are
present downstream (Fig. 2.1). The complex induces bending of DNA.48 It probably stops
elongation of transcription by constituting a physical barrier, rather than by a specific inter-
action with the mitochondrial RNA polymerase, because the complex also mediates termina-
tion of transcription by heterologous RNA polymerases.48

Processing of primary transcripts

After the RNA polymerase has passed the border region of the 16S rRNA and tRNALeu(UUR)

genes, H-strand transcription appears to be straightforward and is assumed to result in tran-
scription of the entire H-strand.37 The two rRNA and most of the mRNA coding sequences
are immediately contiguous to tRNA sequences (Fig. 2.1). This remarkable genetic arrange-
ment has led to the proposal that the secondary structure of the tRNA sequences function as
punctuation marks in the reading of the mtDNA information.2 Precise endoribonucleolytic
excision of the tRNAs from the nascent transcript will concomitantly yield correctly
processed rRNAs and, in most cases, correctly processed mRNAs.2,52 In those cases in which
a mRNA terminus cannot be accounted for by tRNA excision, the endoribonuclease may rec-
ognize a secondary RNA structure at the border that shares critical features with the clover-
leaf configuration of a tRNA.

Excision of mitochondrial tRNAs involves two enzymatic activities. Cleavage at the 5�-end
is performed by a mitochondrial RNase P (mtRNase P), which recognizes the secondary
structure of tRNA sequences in the nascent RNA. The nuclear and eubacterial counterparts of
this enzyme are ribonucleoproteins, but the most extensively studied chloroplast RNase P
(from spinach) appears to be composed exclusively of protein.53 Yeast mtRNase P is com-
prised of a nuclear-encoded protein and a mtDNA-encoded RNA species.54,55 The composi-
tion of mammalian mtRNase P is controversial. Rossmanith and colleagues claim that
mtRNase P in HeLa cells is a protein enzyme,56,57 whereas Attardi and colleagues claim it is
a ribonucleoprotein.58,59 A mtRNase P with similar properties as the enzyme described by
Attardi’s group has also been reported to occur in rat liver mitochondria.60 Attardi’s group has
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shown that mtRNase P from extensively purified HeLa cell mitochondria is a particle with a
sedimentation constant of ~17S and, surprisingly, that its 340-nucleotide RNA component is
identical in sequence to the H1 RNA component of nuclear RNase P.59 No information is cur-
rently available concerning the protein composition of mammalian mtRNase P.

Nuclear RNase P, which has a similar sedimentation constant as mtRNase P, contains at
least seven protein subunits.61 The nuclear RNase P complex is structurally and functionally
related to another RNase, the RNase MRP (mitochondrial RNA processing) complex.
Although the two ribozymes have a different RNA moiety, the RNA can be folded into a sim-
ilar secondary structure.61 Moreover, nuclear RNase P and RNase MRP share most, if not all,
of their protein subunits.61 RNase MRP has been implicated in 5�-end formation of 5.8S
rRNA in the nucleoli, as well as the 5�-end formation of L-strand transcripts that function as
primers for H-strand replication in mitochondria.13,29,61 It is tempting to speculate that mam-
malian mtRNase P has not only its RNA moiety in common with nuclear RNase P, but also
shares some protein subunits with nuclear RNase P and RNase MRP.

Activity of the endoribonuclease catalysing cleavage at the 3�-end of mitochondrial tRNAs
has been identified in in vitro assays of HeLa cell and rat liver mitochondrial extracts,56,60,62

but the enzyme’s low abundance has hampered its structural characterization. The assays have
demonstrated that sequences downstream of the cleavage site are critical for recognition by
the 3�-tRNA precursor-processing endonuclease.62 The enzyme exhibits no detectable activ-
ity with intact pre-tRNAs as substrate, but does convert 5�-processed intermediates to mature
tRNAs,56,60,62 suggesting that processing of the 5�-end precedes processing of the 3�-end. The
mammalian mitochondrial tRNASer(AGY) gene is directly flanked by the genes for tRNAHis and
tRNALeu(CUN) (Fig. 2.1). In vitro examination of the processing pathway of tRNASer(AGY) has
suggested that mtRNase P and mitochondrial 3�-tRNA precursor-processing endonuclease
recognize only the tRNAHis and tRNALeu(CUN) structures in the precursor molecule and excise
these two flanking tRNAs, thereby, as a consequence, releasing the enclosed tRNASer(AGY).63

Some mammalian mitochondrial tRNA genes seem to overlap. For instance, the human
gene for tRNATyr seems to share an A residue with the downstream gene for tRNACys, such
that this nucleotide potentially represents not only the first base of tRNACys, but also the dis-
criminator nucleotide of tRNATyr. In vitro assays with a HeLa cell mitochondrial extract and
runoff tRNATyr/tRNACys precursors as substrate have revealed that tRNACys is released in its
complete form, whereas tRNATyr lacks the nucleotide at the discriminator position.64

Experiments in which tRNACys was partially deleted or completely replaced have indicated
that the cleavage reaction represents the activity of the mitochondrial 3�-tRNA precursor-
processing endonuclease recognizing the upstream tRNATyr.64 The truncated 3�-end of this
tRNATyr is then completed in an editing reaction that adds the missing adenyl residue.64,65

Post-transcriptional modifications

Several bases of the excised tRNAs are subject to chemical modification.1,66 This will require
the activity of imported enzymes, which have yet to be characterized. The base modifications
are important for cloverleaf folding,67 efficient aminoacylation68 and proper codon recogni-
tion.5–7 Maturation of the tRNAs is completed by addition of the sequence CCA to their 
3�-termini,56 necessary for the attachment of the amino acid. The CCA-adding enzyme (ATP
(CTP)-tRNA-specific nucleotidyltransferase or MtCCA) has been partly purified from bovine
liver mitochondria and the protein has been identified by mass spectrometry.69 Subsequently,
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the human and murine cDNA sequences have been determined by dbEST searches.69 The cal-
culated molecular mass of the mature protein is ~47 kDa. The human gene, MtCCA, is located
on chromosome 3p25.1.69

Processing of the polycistronic transcripts on the 5�-side of each tRNA sequence by mtRNase
P makes the 3�-ends of the upstream mRNA or rRNA available for adenylation.2 12S rRNA is
mono-adenylated, while 16S rRNA is polyadenylated by up to 10 residues.43,44 Messengers
carry poly(A) tails of ~55 residues.70 Adenylation is likely to stabilize the transcripts. A poly(A)
polymerizing activity has been identified in rat and bovine mitochondrial extracts.69,71

Purification of the rat enzyme yielded a protein of 60 kDa,71 but purification of the bovine
enzyme has failed so far, due to instability of the protein.69 Unlike nuclear mRNAs, mitochon-
drial mRNAs do not have upstream polyadenylation signals, suggesting that the recognition of
the messenger by the mitochondrial poly(A) polymerase is fundamentally different.

The charging of mitochondrial tRNAs with their cognate amino acids is catalysed by
nuclear-encoded mitochondrial aminoacyl-tRNA synthetases that are specific for each partic-
ular tRNA. Several human mitochondrial aminoacyl-tRNA synthetases have now been cloned
and biochemically characterized.72–76 These studies indicate that although mitochondrial
aminoacyl-tRNA synthetases show a high degree of homology to the corresponding bacterial
enzymes, there are some striking structural differences. For instance, prokaryotic as well as
(eukaryotic) cytosolic phenylalanyl-tRNA synthetases have an �2�2 tetramer structure,
whereas their mitochondrial equivalent is a monomer containing three sequence motifs that
normally reside in the � subunit and one motif that is commonly present in the � subunit.72

The mammalian mitochondrial translation system utilizes two tRNASer species, one spe-
cific for codons AGY and the other for UCN. In addition, two tRNALeu species are used, one
specific for codons UUR and the other for CUN (Fig. 2.2). Mitochondrial leucyl-tRNA syn-
thetases have not been studied in detail, but tRNA recognition studies of mammalian mito-
chondrial seryl-tRNA synthetase have demonstrated that a single enzyme is responsible 
for serylation of both tRNASer species.75,76 This is remarkable, because the two tRNASer

isoacceptors share no common sequence motifs and are topologically quite distinct, with
tRNASer(AGY) lacking the entire arm with the dihydrouridine loop.1

In order to function as the initiator tRNA during protein synthesis, a fraction of the mito-
chondrial methionyl-tRNAs pool is converted to N-formylmethionyl-tRNA. This is achieved
by mitochondrial methionyl-tRNA transformylase. Bovine methionyl-tRNA transformylase
has been cloned and characterized.77 In contrast to Escherichia coli methionyl-tRNA trans-
formylase, which uses the C1A72 mismatch in acceptor stem of the RNA moiety as identity
element, the 40-kDa bovine enzyme appears to use the aminoacyl moiety for substrate recog-
nition.78 This may prevent the formylation of other mitochondrial aminoacyl-tRNAs, which
share structural features with the acceptor stem of methionyl-tRNAMet.

Mitochondrial protein synthesis

Mitochondrial ribosomes

Mitochondrial ribosomes reside in the matrix of the organelle. In mammals, about half of the
ribosomes are associated with the inner mitochondrial membrane.79 Mitochondrial ribosomes
are considered to be prokaryotic in nature for a number of reasons. First, the spectrum of
antibiotics inhibiting mitochondrial protein synthesis resembles that of bacteria.80 Second,
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mitochondrial ribosomes use N-formylmethionyl-tRNA for polypeptide chain initiation.9

Third, mitochondrial translation initiation and elongation factors are also functional on bac-
terial ribosomes in vitro.81–84 Nevertheless, the physiochemical properties of mitochondrial
ribosomes differ not only considerably from their cytosolic, but also from their bacterial
counterparts. Mammalian mitochondrial ribosomes have a remarkably low RNA content,
resulting in a low sedimentation coefficient of ~55S.85–88 The ~39S and ~28S ribosomal 
subunits contain respectively, the 16S and the 12S rRNA species encoded by mtDNA.85,86

No 5S rRNA has been detected in animal mitochondrial ribosomes,85,86 even though this
~120-nucleotide RNA is present in all prokaryotic, chloroplast, and cytosolic ribosomes, as
well as mitochondrial ribosomes of higher plants and some algae, where it is encoded by
mtDNA.89 Notwithstanding this, nuclear-encoded 5S rRNA has been found to be tightly asso-
ciated with highly purified mitochondrial fractions of mammalian cells.90,91 The number of
mitochondrially imported 5S rRNA molecules appears to be comparable with the predicted
average number of ribosomes per organelle.92 Although this does not prove that 5S rRNA is part
of the mitochondrial ribosome, the relatively high number of 5S rRNA molecules associated
with mitochondria is intriguing. Despite the fact that isolated mitochondria faithfully carry
out protein synthesis, an in vitro mitochondrial translation system, using only mitochondrial
extracts, is not available. Although isolated mitochondrial ribosomes show poly(U)-directed,
phenylalanine polymerizing activity,93 polymerizing activity directed by natural mRNAs has
never been demonstrated. In view of these findings, a functional role for nuclear-encoded 
5S rRNA in mammalian mitochondrial ribosomes cannot be discounted.

The apparent low RNA content of mammalian mitochondrial ribosomes is compensated by a
relatively high protein content and results in a total mass of mitochondrial ribosomes which is
higher than that of bacterial ribosomes.93 Recent progress in protein analysis techniques and
genome sequencing has allowed the identification of most, if not all, human mitochondrial ribo-
somal protein (MRP) sequences.94–97 The majority of the human MRP genes have been
mapped.98 There are 29 distinct proteins in the small ribosomal subunit the nomenclature of
which is discussed by Koc et al.94 Fourteen of these are homologous to proteins of the E. coli
small ribosomal subunit. The other 15 proteins have no apparent homologues in prokaryotic,
chloroplast, or cytosolic ribosomes, but are unique to mitochondrial ribosomes. The human
large mitochondrial ribosomal subunit contains 48 different proteins the nomenclature of which
is also discussed by Koc et al.97 Twenty-eight of these are homologous to proteins of the E. coli
large ribosomal subunit, while the remaining 20 proteins are specific to mitochondrial ribo-
somes. Surprisingly, three sequence variants have been found for one of the proteins of the small
mitochondrial ribosomal subunit, MRP-S18.94 In analogy to bacterial ribosomes, it is likely that
each mitochondrial ribosome contains a single copy of MRP-S18. Therefore, the presence of
three MRP-S18 isoforms suggests that there is a heterogeneous population of mitochondrial
ribosomes, which may have different decoding properties. Another surprising finding is that two
proteins of the small ribosomal subunit, MRP-S29 and MRP-S30, were earlier identified as the
pro-apoptotic proteins DAP3 and PDCD, respectively.96,99 These observations implicate mito-
chondrial ribosomes as a major component in cellular apoptotic signalling pathways.

Initiation of translation

Mammalian mitochondrial mRNAs are devoid of significant upstream untranslated regions52

and lack a 7-methylguanylate cap structure at their 5�-end.100 Consequently, unlike prokaryotic
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messengers, mitochondrial messengers have no leader sequences to facilitate ribosome bind-
ing, and a cap recognition and scanning mechanism for directing the ribosome to the initiator
codon, as used by cytosolic ribosomes, is also ruled out. The low mitochondrial translation
efficiency101 may in fact be the result of the absence of a 5�-end ribosome recognition site and
necessitate the observed abundance of mitochondrial mRNAs compared to nuclear
mRNAs,102,103 to ensure a sufficient level of translation.

In vitro experiments with bovine mitochondrial ribosomes have demonstrated that, in con-
trast to prokaryotic and cytosolic small ribosomal subunits, the small mitochondrial riboso-
mal subunit has the ability to bind mRNA tightly in a sequence independent fashion and in
the apparent absence of auxiliary initiation factors or initiating N-formylmethionyl-tRNA.104

As judged from the size of the mRNA fragment protected from RNase T1 digestion, the prin-
cipal interaction between the small subunit and the RNA takes place over a 30–80-nucleotide
stretch,105,106 but ~400 nucleotides are minimally required for efficient binding.106 This may
explain why the two shortest open reading frames of mammalian mtDNA, ATPase8 and
ND4L (�300 nucleotides), are both part of overlapping genes, ATPase8/ATPase6 and
ND4L/ND4 (Fig. 2.1). Both pairs of overlapping genes result in dicistronic transcripts.
Monocistronic messages of ATPase8 and ND4L are possibly too short to interact effectively
with the small ribosomal subunit.

Once the small ribosomal subunit is bound to the template mRNA, the subunit is assumed
to move towards the initiation codon, mediated by as yet unspecified auxiliary factors.105

Mitochondrial protein synthesis is considered to follow the classical model of protein syn-
thesis, as described for E. coli. Thus, during the first step of mitochondrial protein synthesis,
the initiator tRNA will bind to the peptidyl (P) site on the ribosome, while the two other sites
for tRNA molecules, the aminoacyl (A) site and the exit (E) site, remain empty. The only ini-
tiation factor identified in mammalian mitochondria to date is mitochondrial translation initi-
ation factor 2 (mtIF-2).82,107 It is a monomeric protein with a molecular mass of ~78 kDa. The
cDNA sequence for human mtIF-2 has been determined108 and the gene (MTIF2) has been
mapped to chromosome 2p16–p14.109 Mammalian mtIF-2 is homologous to prokaryotic 
IF-2 and belongs to the family of GTPases that are molecular switches capable of alternating
between an active (mtIF-2 · GTP) and an inactive (mtIF-2 · GDP) conformation. Reminiscent
of its bacterial equivalent, mtIF-2 promotes binding of N-formylmethionyl-tRNA to the small
ribosomal subunit in a GTP and mRNA-dependent reaction. Detailed in vitro characterization
of bovine mtIF-2 has suggested that mtIF-2 may bind to the small ribosomal subunit prior to
its interaction with GTP, but GTP enhances the affinity between mtIF-2 and the small (26S)
subunit, and allows N-formylmethionyl-tRNA to join the complex.84,107 Hydrolysis of GTP is
thought to facilitate the release of mtIF-2 and the concomitant association of the large (39S)
ribosomal subunit to form the 55S initiation complex. GTP hydrolysis appears, however, not
to be strictly required for subunit association, because non-hydrolysable analogues of GTP
can still promote formation of the initiation complex.107

Elongation of translation

The mitochondrial elongation factors (mtEFs) are homologous to the three elongation factors,
EF–Tu, EF–Ts and EF–G, found in E. coli. All three have been purified from bovine liver
mitochondria81,83 and their cDNAs have been cloned from various mammalian sources,
including human.110–114 The molecular mass of mature human mtEF-Tu is 43 kDa, while that
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of mtEF-Ts is 31 kDa. The genes for human mtEF-Tu (TUFM ) and mtEF-Ts (TSFM ) have
been assigned to chromosomes 16p11.2 and 12q13–q14, respectively.112,115 Interestingly, two
human genes and corresponding cDNA sequences have been identified for mtEF-G, gene
EFG1 located on chromosome 3q35.1–q26.2 and gene EFG2 located on chromosome
5q13.114 The two genes are phylogenetically conserved through evolution.114 The amino acid
sequence identity between the two human ~80-kDa isoforms is only 33 per cent, but some
domains are highly conserved. Comparison of Northern blot hybridization results113,114 sug-
gests that mtEF-G1 and mtEF-G2 are co-expressed in all tissues rather than specifically
expressed in different tissues. These data point to complementary roles of mtEF-G1 and
mtEF-G2 during elongation of the polypeptide chain.

In E. coli, EF–Tu promotes the codon-dependent placement of aminoacyl-tRNA at the 
A-site of the ribosome. This process requires the formation of the ternary complex, aminoa-
cyl-tRNA · EF-Tu · GTP. After positioning of the correct aminoacyl-tRNA at the A-site, GTP
is hydrolysed and EF-Tu · GDP leaves the ribosome. The nucleotide exchange factor, EF-Ts,
displaces GDP and is in turn replaced by GTP to form EF-Tu · GTP, which is able to start
another round of elongation. Following peptide bond formation catalysed by the large ribo-
somal subunit, the third factor, EF-G, drives the translocation of the tRNAs at the A and P
sites of the ribosome to the P and E sites, respectively. Concomitantly, the mRNA is moved
to expose the next codon to the A site. During the last step of the elongation cycle, the dea-
cylated tRNA at the E site is released from the ribosome. Similar to EF-Tu, EF-G is a GTPase
that undergoes a cycle in which it alternates between an active state when bound to GTP and
an inactive state when bound to GDP.116

Although the main features of the elongation cycle in mammalian mitochondria are thought
to be similar to those of E. coli, there are subtle differences in the manner in which the mtEF-Tu
interacts with other components of the translation machinery. A binary complex of mtEF-Tu
with its nucleotide exchange factor has been isolated from bovine liver mitochondria.81 This
mtEF-Tu · Ts complex is very stable and, unlike its bacterial equivalent, cannot easily be dis-
sociated by guanine nucleotides.81 Under experimental conditions, however, the mtEF-Tu · Ts
complex will dissociate in the presence of GTP and phenylalanyl-tRNA, resulting in a ternary
complex similar to that observed in E. coli.117 Careful evaluation of the equilibrium dissoci-
ation constants of bovine mtEF-Tu with its ligands have indicated that the KGDP as well as the
KGTP for mtEF-Tu are about two orders of magnitude higher than the dissociation constants
of the corresponding complexes formed by E. coli EF-Tu.118 The KtRNA and KTs for the
aminoacyl-tRNA · mtEF-Tu · Ts complex are sixteen-fold and three-fold higher, respectively,
than those of the bacterial complex.119 Even though some dissociation constants governing
the elongation cycle are strikingly different in mammalian mitochondria and in E. coli, when
the concentrations of the various components under in vivo conditions are taken into 
account, calculations indicate that the ternary complex will be the major form of (mt)EF-Tu
in both systems.119 Thus, the bacterial as well as the mitochondrial system appear to be
designed to operate under conditions in which the ternary complex is readily available for the
translation process.

Resolution of the crystal structure of bovine mtEF-Tu · GDP at 1.94 Å has revealed that 
the residues of mtEF-Tu directly involved in contacts to GDP are almost identical to those 
of E. coli EF-Tu120 and are, therefore, unlikely to be responsible for the large difference in
affinity for the ligand. The decrease in affinity may, however, be due to an increased mobility
of parts of mtEF-Tu around the binding site. The X-ray diffraction data have further indicated
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that the C-terminal extension of mtEF-Tu, which is not present in bacterial EF-Tu, has struc-
tural similarities with DNA recognizing zinc fingers.120 This suggests that the extension may
be involved in RNA binding.

Termination of translation

Termination of protein synthesis requires the action of several auxiliary factors, termed
release factors. In E. coli, release factor RF1 recognizes the stop codons UAA and UAG,
while RF2 recognizes the stop codons UAA and UGA. A third factor, RF3, boosts the activ-
ities of RF1 and RF2. Binding of RF1 or RF2 to a stop codon at the A site results in hydrol-
ysis of the bond between the polypeptide chain and the tRNA at the P site. The detached
polypeptide leaves the ribosome, followed by the tRNA. mRNA release is mediated by a
fourth factor, the ribosome recycling factor (RRF or RF4). Subsequently, the two subunits of
the ribosome disassemble and the small ribosomal subunit is set to start a new round of pro-
tein synthesis.121,122

To date, the organellar equivalents of two release factors have been identified, but bio-
chemical characterization of these factors has been limited. A single release factor of ~39 kDa
has been isolated and partially purified from rat mitochondria.123 It recognizes codons UAA
and UAG, but not UGA (which serves as a codon for tryptophan in mammalian mitochondria;
Fig. 2.2). Therefore, the factor has been called mtRF-1. Rat mtRF-1 does not recognize the
codons AGG or AGA, which are used as terminators in human mitochondria.14 Rat mito-
chondria, however, only employ UAA as terminator.124 Therefore, recognition of the AGG
and AGA codons is not necessary in rat mitochondria. A putative human mtRF1 cDNA has
been identified by screening of the human dbEST with the E. coli RF1 protein sequence.125

The cDNA is predicted to code for a 52-kDa protein that shows significant sequence homol-
ogy with mtRF1s of lower eukaryotes. The protein does not carry an obvious N-terminal pre-
sequence for mitochondrial targeting. Neither its mitochondrial location nor its activity has
been established. The gene for the putative human mtRF1 (MTRF1) has been assigned to
chromosome 13q14.1–q14.3.126

dbEST searches have also revealed human cDNA sequences with homology to E. coli
RRF.125 The cDNA is predicted to encode a 29-kDa protein, which like the putative human
mtRF1 does not have a clear N-terminal presequence. The mitochondrial location of the pro-
tein is by no means proven and its activity has not been verified. The putative human mtRRF
shows 25–30 per cent sequence identity to prokaryotic RRFs, but only 19 per cent sequence
identity with the possible mtRRF (Fil1p) of the yeast Saccharomyces cerevisiae.125,127

The gene for the putative human mtRRF (MRRF ) has been mapped to chromosome
9q32–q34.1.126

Concluding remarks

Over the past two decades, our understanding of mitochondrial transcription and translation
has progressed dramatically. The low abundance of most of the protein factors involved in
these processes has long presented serious impediments for biochemical characterization, but
advances in proteomic analysis techniques have allowed rapid expansion of our knowledge of
mitochondrial proteins. This is most clearly illustrated by the fact that recently, within an
exceptionally short time-span, all 79 human mitochondrial ribosomal protein sequences were
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identified.94–97 In addition, screening of the human dbEST with protein sequences of tran-
scription or translation factors from prokaryotes or yeast has proven a very fruitful approach.
It appears that we are now quickly approaching the point at which the full complement of
nuclear-encoding factors critical for mtDNA expression is known. This will have an important
impact on the development of diagnostic tools for human mitochondrial diseases. Although the
basic mechanisms of mitochondrial transcription and translation are known, further studies
aimed at defining the exact roles of all factors involved will be necessary to fully comprehend
the often complex relationship between a patient’s genotype and clinical phenotype.
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3 Mitochondrial biogenesis
Carla M Koehler

The chapter focuses on the intensively studied area of protein import into mitochondria and
protein maturation within mitochondria. Existing knowledge relies heavily on work done in
yeast; recent identification of diseases that result when these processes are disrupted is pro-
viding valuable insights into human mitochondrial biogenesis.

Introduction

The mitochondrion contains approximately 1000 proteins. Of these mitochondrial proteins,
3–32,1 depending on the organism, are coded by the mitochondrial genome. The remainder
are translated in the cytosol and imported into mitochondria to one of four locations, the outer
membrane, the intermembrane space, the inner membrane, or the matrix (Fig. 3.1). A pre-
cursor protein destined for the mitochondrion thus contains targeting as well as sorting informa-
tion, and the mitochondrion has developed an elaborate translocation machinery that mediates

IM

Matrix

IMS

OM

Cytosol

+∆�

TOM

Oxa1Pnt1TIM23 TIM22

Fig. 3.1 Protein import and export pathways in the mitochondrion. Cytosolic proteins are imported
through the translocase of the outer membrane (TOM) and then, depending upon their destination,
remain in the outer membrane (OM), intermembrane space (IMS), or engage the translocases of the
inner membrane (TIM). Precursors with a typical amino-terminal targeting sequence generally utilize
the TIM23 complex, whereas proteins that reside in the inner membrane (IM), often lacking a targeting
sequence, utilize the TIM22 complex. Mitochondrial encoded proteins may be exported to the inner
membrane via Oxa1 and Pnt1. Pathways are depicted schematically by arrows. See text for details.
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protein import and export. The TOM (translocase of the outer membrane) complex mediates
protein translocation across the outer membrane and insertion of outer membrane proteins.
The inner membrane contains the TIM23 (translocase of inner membrane) complex for the
translocation of proteins that reside predominantly in the matrix and intermembrane space
and the TIM22 complex for translocation of many inner membrane proteins (the nomencla-
ture of the mitochondrial protein transport systems has been unified such that 
proteins are named Tom or Tim corresponding to translocase of outer membrane and inner
membrane, respectively, followed by the number indicating the component’s molecular
weight).2 The mitochondrion also contains at least two protein export pathways for inner
membrane proteins generally coded on the mitochondrial genome. Assembly of protein com-
plexes is mediated by processing peptidases that remove targeting sequences and a battery of
chaperones that guide protein folding. A protein surveillance system is present to regulate the
assembly and degradation of protein complexes.

Much of what is understood about mitochondrial biogenesis has been learned through 
studies in the model systems Saccharomyces cerevisiae and Neurospora crassa. S. cerevisiae
is amenable to genetics and biochemistry, while N. crassa is amenable to biochemistry. 
By comparing components identified in S. cerevisiae and N. crassa, a picture has emerged 
in which the translocation systems are homologous. Indeed, as additional genomes are
sequenced, the mitochondrial protein translocation systems among animals, plants and 
fungi appear highly conserved; hence, results from initial studies in model organisms have
provided valuable insights into the mechanism of mitochondrial biogenesis in mammalian
systems.

Fundamental principles of mitochondrial protein import

The mitochondrial outer membrane contains abundant porin, a large protein pore that allows
the passage of various small metabolites by simple diffusion. In contrast, the inner membrane
must maintain an electrochemical gradient and therefore be ion impermeable. The inner
membrane contains, in addition to the enzymes of oxidative phosphorylation, a large family
of carrier proteins that mediate the transport of metabolites.

Mitochondrial proteins generally are imported post-translationally from the cytosol and are
kept in an import-competent state by chaperones.3–5 Most soluble proteins of the matrix and
some proteins of the inner membrane and intermembrane space have an amino-terminal
extension of 20–50 amino acid residues, with a range of 10–80 residues,6 which is generally
cleaved after import. Other precursors do not contain an amino-terminal targeting sequence;
rather the targeting information resides within the mature protein.7 This group includes outer
membrane proteins, and some intermembrane space and inner membrane proteins. Regardless
of the targeting sequence, all precursors are recognized by receptors of the TOM complex and
then pass through the TOM channel.8,9 Translocation requires that the precursors must be at
least partially unfolded.10

After crossing the outer membrane through the TOM channel, the precursor is directed to
either the TIM23 or TIM22 translocase of the inner membrane. Proteins with a presequence
are imported via the TIM23 complex,11 which forms a tightly regulated channel across the
inner membrane. The membrane potential (��) across the inner membrane is a requisite for
translocation across the inner membrane,12 while an ATP-dependent translocation motor
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drives import to completion.13–15 Mitochondrial heat shock protein 70 (mHsp70) serves as the
molecular motor. The matrix contains a mitochondrial processing peptidase (MPP) that
cleaves the presequence,16 and the protein folds into its active form, possibly with the assist-
ance of chaperones such as mHsp70, Hsp60, and Hsp10.13,17,18 Proteins destined for the inner
membrane such as the metabolic carriers and import components are directed through the
aqueous intermembrane space by the small Tim proteins to the TIM22 complex.19–22 The
TIM22 complex mediates insertion into the inner membrane in a ��-dependent manner.

Mitochondrial targeting signals

A classic mitochondrial targeting signal is an amino-terminal cleavable presequence that
functions as a matrix targeting signal. Based on studies focused on the import of synthetic
fusion proteins between a mitochondrial targeting sequence and a passenger protein, the pre-
sequence contains all the information for targeting, membrane translocation, and often sorting.6

The presequence is an amphipathic alpha-helix in which one side is positively charged and
the opposite face is hydrophobic. It was thought that the hydrophobic surface would interact
with the membrane while the hydrophilic surface would be important for recognition by
receptors. However, recent NMR studies suggest that the hydrophobic side binds in a shallow
groove of the import receptor Tom2023 and the positively charged side binds to negative
charges on the periphery. Because the membrane potential �� (negative on the matrix side)
directs the presequence across the inner membrane by an electrophoretic effect, the net pos-
itive charge of the presequence is important.12

Although the majority of presequences for matrix proteins are cleaved, a few exceptions
exist. The mitochondrial chaperone Hsp10 and the ribosomal protein Nam9 are synthesized
with a presequence that is not cleaved.24,25 The DNA helicase, Hmi1, has a targeting sequence
at its carboxy terminus.26 Unlike mitochondrial precursors that are translocated in an amino-
to carboxy-terminal direction, Hmi1 seemingly is translocated in reverse orientation, indicat-
ing that mitochondrial protein translocation is highly adaptive.

For proteins with destinations other than the matrix, variations on the presequence mediate
sorting. In general, a hydrophobic segment generally follows the targeting sequence. The
hydrophobic sorting signal, referred to as a ‘stop-transfer’ sequence, causes a specific arrest
of the precursor in the membrane.27 There are 4 general categories. First, the bipartite pre-
sequence is used to sort some proteins such as cytochrome b2 and cytochrome c1 to the inter-
membrane space and inner membrane, respectively.27 A positively charged matrix-targeting
sequence is followed by a ‘stop-transfer’ hydrophobic segment that arrests in the TIM23 com-
plex. The ‘stop-transfer’ sequence is related to the signals found in bacterial and eukaryotic
secretory proteins. The sorting sequences are cleaved at the outer surface of the inner mem-
brane by the intermembrane space processing peptidase, Imp1–Imp2.28 Second, some inner
membrane proteins such as subunit Va of cytochrome oxidase have a cleavable presequence
and a hydrophobic membrane anchor sequence in the mature part of the protein.29 Third,
some outer membrane proteins contain a non-cleavable presequence, followed by a long
hydrophobic stretch. Of this group, NADH: cytochrome b5 reductase arrests in the TOM com-
plex owing to this hydrophobic stretch. Other outer membrane proteins are inserted at the car-
boxy-terminus; insertion of these proteins is believed to occur post-translationally as the
C-terminus carries the targeting information. In the last group, some inner membrane proteins
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contain an internal targeting signal that consists of a membrane-spanning domain followed 
by a positively charged segment. Interestingly, this internal signal is postulated to form a 
hairpin—loop structure in the inner membrane.30

Still other mitochondrial proteins do not contain any obvious targeting information at the
amino terminus, although it is assumed that targeting and sorting information is located
within the mature part of the protein. Examples in this class are those of the mitochondrial
carrier family, and the inner membrane import components Tim17, Tim22, and Tim23.31–33

The mitochondrial carrier family has 3 dozen members in yeast,34 including the ADP/ATP
carrier (AAC), the phosphate carrier (PiC) and the dicarboxylate carrier. These proteins are
made up of a tripartite repeat consisting of two membrane spanning domains separated by a
hydrophilic loop. As a result, the protein contains three to six internal targeting segments, dis-
tributed throughout the length of the protein.31,32 In contrast to cleavable presequences, these
internal signals do not always contain charged amino acid residues and a consensus sequence
has not been identified. Similarly, the import component Tim23 contains several targeting and
sorting signals including hydrophobic transmembrane domains and positively charged
loops.33,35 Indeed, the diversity of targeting information among mitochondrial proteins
reflects the diverse protein import pathways.

Cytosolic chaperones

Through studies with various translational systems including wheat germ extract, reticulocyte
lysate, and yeast extracts, a handful of cytosolic chaperones have been identified. However,
most chaperones seemingly have a general role in keeping precursors in an import-competent
state rather than specifically directing precursors to mitochondria. Two such chaperones are
cytosolic Hsp70 and Ydj1, a farnesylated yeast homologue of bacterial DnaJ.36,37

Mitochondrial precursors were found to accumulate in the cytosol of yeast strains in which
the abundance of Hsp70 was decreased.36 Similarly, transport of secretory proteins to the
endoplasmic reticulum was defective, confirming that Hsp70 functions as a general chap-
erone. Specifically, Hsp70 has been shown to bind to synthetic prepeptides as well as the sur-
face of mitochondria.38 An allele of Ydj1 was identified in a screen for mutants (mas5) that
displayed defects in growth and mitochondrial protein import.39 Because the bacterial DnaJ
acts with DnaK, Ydj1 may assist cytosolic Hsp70 to cycle on and off unfolded precursors.
Recently, the nascent polypeptide-associated complex (NAC) has been identified in both
genetic and biochemical schemes as a component that may promote co-translational import.
NAC was originally identified in mammalian cell extracts as a ribosome-associated factor that
interacts with nascent polypeptides.40 NAC was purified from yeast cytosol as a component
that stimulated the import of the precursor malate dehydrogenase in nascent chain-ribosome
complexes.41 In yeast, disruption of either of the genes encoding the subunits of the NAC het-
erodimer caused defects in protein targeting to the mitochondria, in particular the steady-state
level of fumarase was reduced.42

Two cytosolic chaperones however have been identified that seemingly are specific for mito-
chondrial protein import. Mitochondrial import stimulation factor (MSF) was purified using
affinity chromatography with an immobilized prepeptide43 and presequence binding factor
(PBF) was purified based on its ability to stimulate import of a purified precursor.37 PBF binds
precursors in a presequence-dependent manner and stimulates protein import, perhaps by
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cooperating with cytosolic Hsp70. MSF is a heterodimer that stimulates the import of a wide
variety of precursors, including those without presequences. MSF has two activities: It forms
stable complexes with precursors and binds to receptors Tom37 and Tom70 and promotes
unfolding of precursors through ATP hydrolysis.44 Interestingly, MSF is a member of the 
14-3-3 protein family; these proteins are present in virtually all organisms, but the yeast
homologs do not facilitate protein import.45

The outer membrane translocase

Whether the precursor protein has been released from the ribosome, or remains in the process
of translation, the precursor interacts with the receptors of the TOM complex to initiate
translocation across the mitochondrial outer membrane (Fig. 3.2). There are eight subunits of
the TOM complex in Saccharomyces cerevisiae (Fig. 3.2).46 Receptors include Tom20 and
Tom22, which are highly conserved in fungi and animals, and Tom70 and Tom37.8,47 The
translocation channel consists of Tom40 and the small Tom proteins, Tom5, Tom6, and
Tom7.48,49 The stable Tom core complex is approximately 400 kDa.46 In yeast, the pore-
forming Tom40 and multifunctional receptor Tom22 are essential for viability.50
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Fig. 3.2 Protein import pathway for precursors that contain a typical amino-terminal presequence. This
pathway is mediated by the Tim17/Tim23 complex and an associated ATP-driven protein transport
motor on the inner face of the inner membrane. As a precursor with an amino-terminal basic matrix-
targeting signal (helical line) emerges from the TOM complex, it binds to an acidic Tim23 domain in
the intermembrane space and thereby induces transient docking of the TOM- and the Tim17/Tim23 
system. In the presence of a membrane potential ��, the presequence passes through the inner mem-
brane. The ATP-drive translocation motor consisting of mitochondrial Hsp70, the nucleotide exchange
factor mitochondrial GrpE (E) and the membrane anchor Tim44 drives translocation to completion. In
the matrix, the matrix processing protease (scissors) removes the matrix-targeting sequence and a bat-
tery of chaperones may aid in folding to generate the mature protein. See text for further details. OM,
IMS, IM: outer membrane, intermembrane space, inner membrane, respectively.
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Tom20 preferentially binds to precursors with amino-terminal presequences and then
passes the precursor to Tom22. The Tom20 consists of a soluble cytosolic domain that is
anchored to the membrane by an amino-terminal transmembrane domain.51 The cytosolic
domain contains a single tetratricopeptide repeat motif, a 34-residue motif implicated in 
protein–protein interactions,52 and specifically binds to mitochondrial precursors.31 Recently,
the first NMR structural studies have revealed the interaction between Tom20 and the pre-
sequence.23 Tom20 contains 4 �-helices that form a stable structure with a shallow hydro-
phobic groove flanked by hydrophilic residues at the periphery. The presequence peptide is
bound to Tom20 in an �-helical structure, with the hydrophobic amino acids sitting in the
groove and the hydrophilic residues oriented to the aqueous solvent. In addition, Tom20 rec-
ognizes internal targeting signals of precursors without a presequence, but Tom20 mostly
likely is serving as an intermediate to pass the precursor from Tom70 to Tom22.31

In contrast, Tom70 preferentially binds to the �-subunit of the F1-ATPase, and precursors
with internal targeting sequences such as members of the mitochondrial carrier family
through hydrophobic interactions as well as with cytosolic chaperones.53 Like Tom20, Tom70
contains a large cytosolic domain with tetratricopeptide repeats, anchored to the membrane
by an amino-terminal transmembrane domain.53 Several Tom70 dimers bind simultaneously
to one carrier protein, potentially preventing aggregation before subsequent passage to
Tom22.54,55 Yeast mitochondria also have a related protein, Tom72. Although its specific role
has not been defined, Tom72 may mediate interactions between mitochondria and the
cytoskeleton.56,57

Tom22 is a multifunctional organizer of the TOM complex. Tom22 is essential for viabil-
ity; however, one particular yeast strain was identified that could grow slowly without the pro-
tein,48 which helped to confirm the diverse functions of Tom22. Tom22 contains domains on
both sides of the outer membrane, with the amino-terminus forming a large cytosolic domain
and the carboxy-terminus forming a small domain in the intermembrane space.58,59 Both
domains are negatively charged and mediate the import of precursors through the TOM com-
plex to the TIM complexes. In fact, Tom22 serves as a convergence point for precursors that
initially bind to either Tom20 or Tom70.58–60 And the transmembrane domain maintains asso-
ciation between the individual Tom40 channels; Tom22 also seems to regulate the gating
activity of the Tom40 channels.48

Tom37 originally was identified in a screen for yeast mutants defective in phospholipid
biosynthesis.61 Subsequent biochemical and genetic studies indicated that Tom37 associated
with Tom70 and deletion of TOM37 resulted in decreased in vitro import of a set of pre-
cursors that are imported preferentially via Tom70.61 However, Tom37 was recently shown to
exhibit characteristics of a peripheral membrane protein and its specific role in protein import
remains to be defined.60,62 The human homolog metaxin has similar properties. Metaxin was
identified serendipitously because of its chromosomal location between thrombospondin 3
and glucocerebrosidase.63 During studies on thrombospondin 3, metaxin was identified
because it is essential for the survival of the post-implantation mouse embryo.
Overexpression of metaxin in mammalian cells decreased the import of preproteins, suggest-
ing it may function as a receptor.64 Metaxin however is not a central component of the Tom
complex, but does form a complex with a related cytosolic protein metaxin 2.65 The early
embryonic lethal phenotype of mice lacking metaxin demonstrates that efficient import of
proteins into mitochondria is critical for development and the identification of metaxin 2 indic-
ates that the import pathway in mammalian systems may be more complex than fungi.
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The TOM pore

The Tom40 is the core component of the TOM complex and is essential for viability in yeast.
Tom40 is a �-barrel protein containing eight membrane-spanning domains and probably
forms a dimer. Recently, it has been reconstituted in lipid vesicles and shown to be a cationic-
specific channel.66 In another tour de force, the TOM complex has been purified from
Neurospora crassa mitochondria with a hexahistidine-tagged Tom22.49 Electron microscopy
and image reconstruction experiments revealed that the complex is 138 Å wide, containing up
to two pores with an internal diameter of 20 Å. The purified TOM complex was reconstituted
into lipid vesicles and shown to be both voltage-gated and cation-selective.67 The current
model proposes that a single channel is formed by two Tom40 molecules and that a complete
TOM complex contains two to three channels.47,67 In addition to forming the pore, Tom40
contains binding sites for precursors.

The TOM pore also contains three small TOM proteins, Tom5, Tom6, and Tom7. Tom5 acts
as a receptor particularly for the small Tim proteins of the intermembrane space.68 Tom6 and
Tom7 are involved with the TOM complex assembly and disassembly.69 Tom6 promotes
assembly of Tom22 with Tom40. In yeast mutants lacking Tom6, the destabilized Tom com-
plex is dissociated into 100-kDa units, each containing a Tom40 dimer.48,69 In contrast, Tom7
mediates dissociation and thereby a lateral release of precursors into the outer membrane.
Sorting of proteins, such as porin, is inhibited strongly in mitochondria lacking Tom7.69,70

How do proteins pass through the Tom complex? Other than the release of precursors from
cytosolic chaperones, an ATP requirement has not been shown. Instead, the ‘acid chain
hypothesis’ predicts that increased affinity for negatively charged domains on the receptors on
the outer membrane and then the inner membrane, followed by Tim23 in the intermembrane
space, may serve as a driving force for import.71,72 However, hydrophobic interactions also
are important in precursor recognition,73 suggesting that a combination of binding interac-
tions facilitates transport across the outer membrane.

TIM23 import pathway

The mitochondrial membrane has various translocons to mediate protein import. Precursors
with an amino-terminal targeting presequence follow the ‘general import pathway’
(Fig. 3.2)74,75; their import is mediated by the Tim17/Tim23 complex (designated TIM23
complex) and the translocation motor consisting of Tim44, mitochondrial Hsp70, and the
nucleotide exchange factor mitochondrial GrpE. This translocation is dependent upon the
presence of a membrane potential (��) and generally requires ATP hydrolysis by mHsp70 on
the matrix side for unidirectional translocation. The TIM23 complex acts independently of the
TOM complex although the two can be reversibly asssociated while a precuror is in transit.76

During transient association, the super TOM-TIM23 complex is approximately 600 kDa.77

All components of the TIM23 translocase are essential for viability in S. cerevisiae. The
TIM23 complex of the inner membrane thus is a complicated machine with broad similarities
to the Sec machinery of E. coli and the endoplasmic reticulum.

In contrast to the outer membrane, the inner membrane is necessarily ion impermeable. The
TIM channel must therefore be highly regulated during opening to prevent ion leakage and to
accommodate a peptide chain in transit.78 The TIM23 channel of the inner membrane is 
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comprised of two related proteins, Tim17 and Tim23.11,79–81 The size of this channel is
approximately 22 Å as shown by studies in which particles of different sizes have been
attached to precursors. Both Tim17 and Tim23 proteins are essential for viability, but one can
not substitute for the other. While Tim17 seems to function only in channel formation, Tim23
is a multifunctional protein, similar to Tom22. Tim17 and Tim23 have four putative mem-
brane spanning domains, and Tim23 contains a negatively charged domain in the intermem-
brane space that recognizes precursors taking the general import route. Tim17 and Tim23 are
partner proteins in a 90 kDa complex but associate transiently with the translocation motor.77

Tim23 has been proposed to form a dimer in the absence of a membrane potential such that
the import channel is closed;82 binding of the Tim23 intermembrane space domain to the pre-
cursor then triggers dimer dissociation, allowing the precursor to pass through the import
channel. An intriguing observation also is that the amino-terminal domain of Tim23 inserts
into the outer membrane and tethers both membranes.83 However, specific binding to the
TOM complex has not been identified so the relevance to protein import is not clear.

Initiation of translocation across the inner membrane depends on the membrane potential
��, which is negative on the matrix side. The positively charged presequence passes across
the inner membrane because of the electrophoretic effect of the membrane potential.84 For the
completion of translocation, the matrix-sided components, Tim44, mHsp70, and mGrpE func-
tion as the ATP-dependent translocation motor.13,85 Tim44 is stably associated with the inner
membrane but is mainly exposed at the matrix side. Mitochondrial Hsp70 has three domains:
an amino-terminal ATPase domain, a central peptide-binding domain, and a shorter carboxy-
terminal segment.86,87 The interaction with Tim44 is dependent on the ATPase domain and is
stabilized by the other two domains.88 After the initial ��–driven translocation of the amino-
terminal targeting sequence, mHsp70 is required for the translocation of the remainder of the
precursor across the inner membrane.89,90 The co-chaperone mGrpE is a matrix protein
homologous to the nucleotide exchange factor GrpE of bacteria.13,91 mGrpE interacts with
mHsp70 bound to a precursor and promotes the reaction cycle of mHsp70, thereby allowing
nucleotide release.92

Two models, still under much debate, have been proposed to explain the role of mHsp70 in
protein import. The Brownian rachet model proposes that mHsp70 binds passively to trap the
precursor as it emerges on the matrix side through spontaneous fluctuations. The bound
mHsp70 then blocks diffusion back into the channel.93–95 The motor model is based on the
experimental observation that Hsp70s undergo conformational changes in an ATP-dependent
manner.96,97 Since mHsp70 binds to both the incoming precursor and Tim44, an ATP-dependent
conformational change could directly create a pulling force at the amino-terminus of the pre-
cursor. If this action were repeated in an ATP-dependent cycle, mHsp70 could function as a
motor, pulling the precursor into the matrix in a mechanism similar to myosin functions in
muscle contraction.98,99 Recent studies indicate that both mechanisms cooperate in protein
translocation.15,100,101 For loosely folded precursors, the Brownian ratchet model could be
sufficient to trap proteins. However, for precursors with tightly folded domains, the pulling
action of mHsp70 would be requisite to complete translocation. Folded protein domains
undergo spontaneous fluctuations that can lead to complete or partial unfolding. Thus, partial
trapping by mHsp70 would be sufficient for import of precursors when their spontaneous
unfolding is complete. However, ATP-dependent conformational changes of mHsp70 would
be required to harness smaller fluctuations of folded domains and provide additional energy
to overcome the activation barrier required for complete unfolding.102 Indeed, recent studies
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with mitochondria from wild-type and mHsp70 mutant strains provided evidence that a 
single mechanism is not sufficient to explain the role of mHsp70 in import.15,100 The mito-
chondria carry a mutant mHsp70 that efficiently holds precursors but is impaired in binding
to Tim44. The mutant mitochondria efficiently import loosely folded precursors but are
impaired in the import of folded domains and do not function in pulling. Thus, both holding
and active pulling cooperate.

After translocation into the matrix, the imported proteins fold into their active conforma-
tions. The diverse nature of the imported proteins is reflected by the array of folding helpers,
including mHsp70, the Hsp60–Hsp10 system, and the peptidyl-prolyl cis/trans isomerases
(PPIases). Different precursors have different requirements for assistance in protein folding.18

Mitochondrial Hsp70 cooperates with co-chaperone Mdj1, the homolog of bacterial DnaJ, to
mediate folding in the matrix.13,92 The Hsp60–Hsp10 system is homologous to the pro-
karyotic GroEL–GroES complex. Hsp60 promotes productive folding of proteins by enclos-
ing them in a central cavity that is covered by Hsp10.17 The mode of action of Hsp60 is based
on detailed analysis of the bacterial system.103 Interestingly, Hsp60 deficiency was observed
in fibroblasts from a patient with mitochondrial encephalomyopathy,104 and it was proposed
to be the primary cause of mitochondrial dysfunction, however, no gene defect has been iden-
tified.105 PPIases catalyze the cis/trans isomerization of peptide bonds preceding a prolyl
residue;106 isomerization is slow in the absence of PPIases and is a rate-limiting step in protein
folding. The mitochondrial PPIase can bind to the immunosuppressive drug cyclosporin A and
is hence termed cyclophilin 20 (corresponding to its apparent molecular weight).107,108

To date, additional proteins in this TIM machinery have been identified, but their specific
role in protein import has not been determined. Tim11 was identified because of its intimate
association with the Tim channel.109 Studies with a cytochrome b2 arrested translocation
intermediate and a crosslinker with a short spacer arm crosslinked Tim11 with very high
specificity. Further studies revealed it as the �-subunit of ATP synthase and imply it acts as
an ATPase assembly factor.110 Studies by Endo and colleagues, based on the presence of site-
specific crosslinks with a mitochondrial precursor with a classical targeting sequence, have
revealed other proteins that also might play a role in import.111 Of these, a 50-kDa protein is
identified as a potential new import component.111

The proteolytic system of the mitochondrion

Mitochondrial biogenesis depends on a complex proteolytic system. Components include the
processing peptidases in the matrix and intermembrane space and the ATP-dependent pro-
teases in the inner membrane and matrix. In contrast to the protein import components, the
proteolytic system is highly conserved, including homology with prokaryotic proteases. In
yeast, the proteolytic system operates predominantly during starvation conditions for the non-
selective degradation of mitochondrial proteins, but also is important for assembly of protein
complexes and for presequence cleavage.112,113 Mitochondrial peptidases are divided into
three groups: processing peptidases, oligopeptidases and ATP-dependent proteases.

Processing peptidases are present in the mitochondrial matrix and intermembrane space for
the cleavage of presequences. The mitochondrial processing peptidase (MPP) is located in the
matrix and is responsible for the first processing: removal of the presequence.114 The het-
erodimeric Zn2��metallopeptidase consists of two subunits and is essential for viability in
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yeast.115 The �-MPP subunit recognizes and binds to the presequence followed by cleavage
via the �-MPP subunit.116 Maturation of some matrix and intermembrane space proteins
depends on a second processing step. A subset of matrix proteins undergoes an additional pro-
cessing step by the mitochondrial intermediate peptidase (MIP).117 After MPP cleavage, MIP
cleaves off amino-terminal octapeptides from some matrix proteins, including iron-utilizing
proteins and components of the electron transport chain, the tricarboxylic acid cycle, and the
mitochondrial genetic machinery.118,119 The physiological relevance of MIP processing
remains to be elucidated. The intermembrane space contains the inner membrane protease
(IMP),120 which is homologous to eubacterial and eukaryotic signal peptidases.121 IMP is
composed of two related subunits with non-overlapping substrate specificities; both subunits
are integral membrane proteins and expose their catalytic sites to the intermembrane space.28

After processing in the matrix by MPP, IMP cleaves off the remainder of the bipartite signal
sequence from proteins such as cytochrome b2 and cytochrome c1.

In contrast to the specific proteolytic events mediated by the processing peptidases, ATP-
dependent proteases mediate the complete turnover of mitochondrial proteins. These pro-
teases are located in the matrix and the inner membrane and are evolved from prokaryotic
ancestors.113,122 Interestingly, these proteases have two functions: they degrade non-assembled
and misfolded polypeptides and act as chaperones to mediate the assembly of protein com-
plexes that are crucial for mitochondrial function.113,122 The matrix proteases are the
Lon/Pim1 protease and the Clp-like proteases. The Lon protease has an ATPase domain char-
acteristic of Walker-type P-loop ATPases.123,124 Substrates of Lon include non-assembled
polypeptides, subunits of the F1F0–ATP synthase and ribosomal proteins.123,124 Yeast mito-
chondria lacking the Lon protease accumulate inclusion bodies that most likely contain aggreg-
ated proteins and accumulate extensive mutations in mitochondrial DNA. Interestingly, the
Lon protease has been shown to bind single-stranded DNA in a site-specific manner suggest-
ing that Lon might play a direct role in mitochondrial DNA metabolism.125 The Clp proteases
have been identified in mammalian mitochondria but are absent in lower eukaryotes, includ-
ing yeast.126 The Clp proteases form hetero-oligomeric complexes with ATPase and pro-
teolytic subunits.127 These proteases unfold misfolded polypeptides allowing either refolding
by other chaperone systems, or if associated with a proteolytic subunit, their degradation.

The inner membrane is rich in proteins and has its own quality control system that consists
of two ATP-dependent proteases, termed AAA proteases (for ATPases associated with a vari-
ety of cellular activities).128–130 They expose their catalytic sites to opposite membrane sur-
faces, the matrix or intermembrane space side and are termed m- and i-AAA proteases,
respectively. A proteolytic domain is present at the carboxy-terminus while the amino-terminus
anchors the protease to the membrane. Mutant yeast strains lacking the i-AAA protease lose
respiratory competence at elevated temperature and accumulate mitochondria with a punctate,
non-reticulated morphology.131–133 Turnover of mitochondria by the vacuole is increased
resulting in an increased rate of mitochondrial DNA escape.131 The only identified substrate
of the i-AAA is a subunit of cytochrome oxidase but others likely exist.62,131 In yeast, the 
m-AAA protease is composed of two subunits, Yta10 (Afg3) and Yta12 (Rca1).62, 134,135

Substrates consist of non-assembled subunits of the respiratory complexes and of the F1F0-
ATP synthase.136,137 The m-AAA protease is essential for the maintenance of oxidative phos-
phorylation. Two orthologs of yeast m-AAA protease subunits have been identified in
humans.138 Mutation in one, paraplegin, causes an autosomal recessive form of hereditary
spastic paraplegia.138 Deficiencies in oxidative phosphorylation were observed in these cells,
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similar to defects observed in yeast. One would expect additional diseases to be linked to a
defect in the mitochondrial proteolytic system.

What is the fate of the degraded proteins? Proteolysis of non-assembled mitochondrially
coded proteins by AAA proteases results in the formation of a heterogeneous array of pep-
tides and free amino acids within the mitochondria.139 The degraded products are exported
from the mitochondrial matrix by a mitochondrial ABC (ATP-binding cassette) transporter,
Mdl1, to the intermembrane space.140 Mdl1 is a half-type ABC protein that is similar to the
transporter associated with antigen presentation in higher eukaryotic cells, which transports
peptides into the lumen of the endoplasmic reticulum.141 The degraded products then exit to
the cytosol by passive diffusion, via porin or possibly the TOM complex. The physiological
role of peptide export is not known. Interestingly, peptides derived from mitochondrially
coded membrane proteins have been detected at the cell surface of mammalian cells, where
they are presented by class I MHC molecules. It has been postulated that the mitochondrially
coded minor histocompatability antigens are generated by AAA proteases in the mitochon-
dria and then released to the cytosol, from where they enter the conventional class I antigen
presentation pathway.62,142 Alternatively, the exported peptides may be involved in signalling
pathways between the mitochondrion and the nucleus.143

TIM22 import pathway

Many inner membrane proteins lack a cleavable targeting sequence, carrying instead their tar-
geting and sorting information within the ‘mature’ part of the polypeptide chain. This cat-
egory of proteins includes at least 34 members of the yeast mitochondrial carrier family34

which span the inner membrane six times, as well as the TIM, components. The mechanism
by which these inner membrane proteins cross the hydrophilic intermembrane space and then
insert correctly into the inner membrane only has been elucidated recently; a new protein
import pathway (designated TIM22) that acts specifically on inner membrane proteins has
been identified (Fig. 3.3).20–22,144–146 Components in this pathway are located in the mito-
chondrial inner membrane and intermembrane space.
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Fig. 3.3 Import of proteins into the mitochon-
drial inner membrane. As the precursor
emerges from the TOM complex, it binds to
the Tim9/Tim10 or Tim8/Tim13 complex of
the intermembrane space. The bound pre-
cursor is then usually delivered to an insertion
complex composed of Tim10, Tim12, Tim18,
Tim22, and Tim54 that catalyses the mem-
brane potential (��)-dependent insertion of
the precursor into the inner membrane. See
text for details.
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A family of small proteins in the mitochondrial intermembrane space mediates import of
inner membrane proteins across the intermembrane space.20,21,144–146 Five proteins, Tim8,
Tim9, Tim10, Tim12, and Tim13 have been identified in the yeast intermembrane space,
while similar complements are present in other metazoans. The amino acid sequences of the
small Tim proteins are 25 per cent identical and 50 per cent similar to each other. They also
share a ‘twin CX3C’ motif, in which two cysteine residues are separated by three amino acids
and each cysteine block is separated from the other by 11–16 amino acids.145 This motif is
reminiscent of a canonical zinc finger, but with a longer spacer. Recombinant Tim10- and
Tim12 fusion proteins bind zinc, and interaction between Tim10 and AAC is inhibited by zinc
chelators,20 suggesting that the small Tim proteins bind zinc and that zinc binding is required
for their function in vivo.

The proteins Tim10 and Tim12 were the first two components of the intermembrane space
to mediate protein import.20,21 Fractionation of yeast mitochondria showed that most of
Tim10 was located in the soluble intermembrane space whereas Tim12 was peripherally
bound to the outer surface of the inner membrane. Both proteins could be crosslinked chem-
ically to a partly imported AAC precursor, indicating that they interact directly with the
imported protein. However, the different intramitochondrial locations of Tim10 and Tim12
reflect their different functions in the import pathway. Inactivation or depletion of Tim12 did
not interfere with import of AAC into the intermembrane space, but prevented insertion of
AAC into the inner membrane. In contrast, inactivation or depletion of Tim10 blocked import
of AAC, PiC, and Tim22 across the outer membrane. Thus, Tim10 functions before Tim12,
probably by binding the incoming precursor as it emerges from the TOM complex.

The Tim9 was identified as a partner protein with Tim10 through genetic and biochemical
approaches.144,146 Most of Tim9 is located in the mitochondrial intermembrane space as a sol-
uble 70 kDa complex containing approximately equimolar amounts of the Tim9 and
Tim10;144,146 the remainder is present in the 300 kDa insertion complex. A single serine →
cysteine mutation in Tim9 allowed the protein to suppress the temperature-sensitive mutation
in Tim10.144

The other two yeast proteins related to Tim10 and Tim12, Tim8 and Tim13,145 were found
in the intermembrane space as a distinct 70 kDa complex that could be separated from the
Tim9/Tim10 complex by ion exchange chromatography.145 Deletion of Tim8 or Tim13, alone
or in combination, had no notable effect on cell growth and did not significantly affect import
of AAC or PiC into isolated mitochondria. However, deletion of Tim8 in combination with a
temperature-sensitive Tim10 mutation was lethal.145 Studies with a broader spectrum of pre-
cursors in strains lacking Tim8 or Tim13 revealed that Tim8/Tim13 mediated import of
Tim23.35,147,148 Thus the Tim8/Tim13 complex most likely works in parallel with the
Tim9/Tim10 complex by mediating the import of a subset of integral inner membrane proteins.

The specific route taken by the substrate to reach the inner membrane is still uncertain. One
possibility is that the small Tim complexes act as chaperone-like molecules to guide the pre-
cursor across the aqueous intermembrane space, yielding a soluble intermediate in which the
precursor is bound to the 70 kDa complexes in the intermembrane space. This model is sup-
ported by import studies with temperature-sensitive tim10 and tim12 mutants, and by the fact
that an AAC translocation intermediate bound to Tim10 in intact mitochondria is protected
from added protease.21,144 It predicts a transient complex in which Tim9/Tim10 
or Tim8/Tim13 are bound directly to the precursor. Equally plausible is a model in which the
70-kDa complexes form a link between the TOM and the TIM complexes. In this model, the
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precursor is not released into the intermembrane space, but binds to the small Tim proteins as
it emerges from the TOM complex. Further transfer to the Tim22/Tim54 complex could then
occur without release into the intermembrane space. This model is supported by the recent
finding that an AAC translocation intermediate is partially degraded by added protease.32 It
predicts a transient complex in which the TOM complex as well as the small Tim proteins are
bound to the precursor.

Tim22, an essential inner membrane protein, was the first component of the inner
membrane complex identified, based on homology to Tim17 and Tim23.19 Surprisingly,
depletion of Tim22 did not affect the general import pathway but inhibited the insertion of
inner membrane proteins, particularly those of the carrier family. Although the new protein
seemed to participate in mitochondrial import, it was not part of the well-characterized
Tim17/Tim23 complex. Rather, Tim22 was recovered from detergent-solubilized mitochon-
dria in a separate high molecular weight complex.19 A second component, Tim54, was iden-
tified through a two hybrid interaction with the mitochondrial outer membrane protein
Mmm1.22 Subsequent analysis revealed that Tim54 is an integral inner membrane protein and
partners with Tim22. Inactivation of Tim54 in a temperature-sensitive tim54 mutant inhibited
import of AAC into isolated mitochondria.22

Tim18 was recently identified because it interacted genetically with a temperature-sensitive
tim54 mutant149 and co-immunoprecipitated with Tim54.150 Tim18 is an integral inner 
membrane protein that is 40 per cent identical to Sdh4, the membrane anchor of succinate
dehydrogenase.151 Tim18, Tim22, and Tim54 with the tiny Tim proteins of the intermembrane
space form a 300-kDa complex. While a direct role in protein import has not been established,
Tim18 may regulate assembly of the 300-kDa complex because depletion of Tim18 yielded a
functional complex of 250 kDa.149,150

Defective protein import: a novel type of mitochondrial disease

Humans contain at least six homologues of the small Tim proteins found in the yeast mito-
chondrial intermembrane space. One of these homologue had already been termed
deafness–dystonia peptide (DDP1) because its loss results in the severe X-linked
Mohr–Tranebjaerg syndrome, characterized by deafness, dystonia, muscle weakness, demen-
tia, and blindness.152,153

DDP1 is most similar to yeast Tim8 and, when expressed in monkey or yeast cells, is
located in mitochondria.145 Mohr–Tranebjaerg syndrome is thus almost certainly a new type
of mitochondrial disease caused by a defective protein import system of mitochondria. Loss
of DDP1 function probably lowers the mitochondrial abundance of some inner membrane
proteins that are critical for the function, development or maintenance of the sensorineural
and muscular systems in mammals. The findings in yeast suggest that DDP1 functions as a
complex with related partner proteins, perhaps with hTim13. As mutations in DDP1 partner
proteins may also be deleterious, and as all potential partner proteins are autosomally
encoded, non-X-linked diseases with symptoms resembling those of Mohr–Tranebjaerg syn-
drome may well have a related etiology. Further, the link between a mitochondrial import
defect and a neurodegenerative disease may provide insights into the molecular basis of other
more frequent neurological diseases such as Parkinsonism that have been correlated with
mitochondrial dysfunction.
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Protein export pathways

Recent studies in protein export pathways for mitochondrially coded proteins have revealed
new membrane components. While the topology of mitochondrial export resembles that of
bacterial secretion, yeast lacks a detectable homologue of the bacterial Sec translocase.154

However, at least two pathways have been identified for protein export from the matrix to the
inner membrane (Fig. 3.1). Oxa1 is a nuclear-coded inner membrane protein that mediates
export of amino- and carboxy-tails of the mitochondrially coded precursor cytochrome c oxid-
ase subunit II (Cox2) and also plays a role in ATP synthase formation.155,156 Oxa1 interacts
directly with nascent mitochondrially synthesized polypeptides.156 However, its precise role
in membrane insertion is not clear because oxa1 mutants can be suppressed by mutations in
the nuclear gene coding the cytochrome c1 subunit of the bc1 complex.155 This suppression
suggests that the conserved Oxa1 function can be bypassed in the membrane insertion
process. Interestingly, Oxa1p has homologs in bacteria, YidC,157 and chloroplasts, termed
ALB3 in Arabidopsis thaliana.158 YidC is essential for E. coli viability and mediates the
membrane insertion of Sec-independent proteins,157 while ALB3 is an essential protein medi-
ating integration of the light harvesting chlorophyll-binding protein into thylakoid mem-
branes.158 Recently, a second protein Mba1 with overlapping functions has been identified
that seemingly functions independently of Oxa1. Mba1 also mediates the export of mito-
chondrial translation products and nuclear-coded proteins that are conservatively sorted.159

A third export component, Pnt1, has been identified in an elegant genetic screen to identify
yeast mutants defective for the export of mitochondrially coded proteins.160 Pnt1 is an integ-
ral inner membrane protein facing into the matrix that mediates export of the carboxy-
terminus of Cox2. However, its precise role in export has not been determined because deletion
of pnt1 in S. cerevisiae did not impair Cox2 processing. Deletion of the PNT1 orthologue
from Kluyveromyces lactis, KlPNT1, resulted in a non-respiratory phenotype, absence of
cytochrome oxidase activity, and a defect in the assembly of KlCox2 that appears to be due
to a block of carboxy-tail export. Thus, it may be possible that Oxa1 and Pnt1 have overlap-
ping functions in S. cerevisiae. The PNT1 was, previously identified as a gene that caused
resistance to the antimicrobial drug pentamidine.161 Given the coordination that must be
required to assemble the large respiratory complexes of the inner membrane, additional com-
ponents probably are required.

Perspectives

Biogenesis of the various import components itself is complicated, with individual subunits using
different pathways.68 Tim54 is imported via Tim9/Tim10148 and inserted into the inner membrane
through the TIM23 machinery,68 whereas Tim22 is imported via the TIM22 complex.21,68,146

Import of the small Tim proteins bypasses the Tim import machinery altogether, requiring Tom5,
but no membrane potential.68 The complex interplay between the different machineries may
ensure coordinated regulation of the assembly of the mitochondrial protein import systems.

The recent discoveries of new import components and new import pathways reveal how 
little is known about mitochondrial biogenesis, particularly the inner membrane, but also 
suggest that the answers to these questions will lead to exciting insights into this complicated
biological process in normal and disease states.
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4 Oxidative phosphorylation: an overview
Mårten Wikström

Mitochondria are intracellular organelles characteristic of all eukaryotic cells. They are the sole
site of oxidative phosphorylation, a process where free energy from aerobic cell respiration is
converted into adenosine triphosphate (ATP), the major energy currency of the cell. In aerobic
cells oxidative phosphorylation is the major mechanism of ATP formation and is hence of key
importance for their survival. There is compelling evidence for the view that mitochondria
evolved from aerobic bacteria in an endosymbiotic process some 2–3 billion years ago.1,2

Larger anaerobic cells engulfed the aerobic bacteria, followed over time by sequential transfer
of most of their genes to the developing nucleus of the host cell. Present day mitochondria
retain a bacterial-like ribosome, and circular DNA molecules that encode gene products, which
despite their small number have fundamental metabolic functions. These functions relate to the
key role of mitochondria in the energy metabolism of eukaryotic cells.

This chapter aims to give a broad overview of the process of oxidative phosphorylation, and
does not therefore always cite original work. Instead, several specialist review articles have
been cited to help those readers who require a more detailed and comprehensive picture.

General structure of the mitochondrion

The size and shape of mitochondria vary between different tissues, as do their number per
cell. Yet, the basic structure remains essentially the same. An outer membrane encompasses
the organelle, and presumably arose from the cell membrane of the ancient endosymbiont
host. The lipid composition of the outer membrane is indeed similar to that of the plasma
membrane. From a bioenergetic point of view it is important to note that the outer membrane
is relatively permeable to metabolites as well as to small molecules, in part due to the pres-
ence of porins.

The inner membrane is very different, deriving from the cell membrane of the engulfed aer-
obic bacterium. It is usually highly convoluted into cristae structures which maximizes its
surface area, and it contains membrane proteins to about 70 per cent by weight. This highly
unusual membrane lacks cholesterol and uniquely contains the negatively charged phospho-
lipid cardiolipin. The inner membrane is by itself quite impermeable to most molecules,
including small ions, which is one of the keys to its bioenergetic function. Metabolites, such
as adenosine diphosphate (ADP), inorganic phosphate (Pi), some citric acid cycle intermedi-
ates, and ions, such as Ca2�, may penetrate only by means of specific proteinaceous carrier
molecules or transporters in the membrane. The exception is gas molecules, such as O2 and
CO2, and some other generally uncharged hydrophobic substances, which readily penetrate
due to their apolar character. A specific example is various weak organic acids that penetrate
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the membrane both in the uncharged acid form and in the dissociated anionic form due to
effective delocalization of the charge.3,4 This property renders such compounds to be uncou-
pling agents: by catalysing proton transfer across the membrane they dissipate the proton-
motive force and maximize the rate of respiration without synthesis of ATP.

The inner membrane is the site of oxidative phosphorylation. It contains the protein com-
plexes constituting the so-called respiratory chain, as well as the H�–ATP synthase, the key
enzyme of oxidative synthesis of ATP. However, it also contains several other membrane pro-
teins, such as a plethora of metabolite and ion carriers that link the metabolism of the cyto-
plasm with that of the inner mitochondrial space, the matrix. The number of mitochondria per
cell is not necessarily the relevant bioenergetic parameter, due to the variation in mitochon-
drial size, but rather the amount of inner mitochondrial membrane per cell. The abundance 
of proteins in the inner membrane can be approximated from the inner membrane area 
(ca. 40 m2 per g of protein for rat liver mitochondria)5 and the concentration of some of 
the most abundant proteins, cytochrome c oxidase and the H�–ATP synthase (each 
ca. 0.14 �mol/g of protein in rat liver mitochondria). Therefore, on the average, a square of
membrane surface of ca. 38 nm � 38 nm will contain 10 monomers of each of these proteins
(Fig. 4.1), plus five cytochrome bc1 monomers (Complex III), one copy of Complex I, 80
ubiquinone molecules, 12 cytochromes c, and several thousand phospholipid molecules.6 This
protein density per membrane area is roughly similar in heart muscle,7 but in heart some 
70 per cent of the cytosol is occupied by mitochondria.

The matrix space inside the inner membrane may best be described as a gel due to the very
high concentration of proteins and other macromolecules, including, for example, the
enzymes of the Krebs’ cycle and fatty acid oxidation. The usually very narrow intermembrane
space between the inner and the outer membrane is also the site of specific enzymes.8

The thermodynamic basis of oxidative phosphorylation

Oxidative phosphorylation is the synthesis of ATP from ADP and inorganic phosphate (Pi)
driven by the free energy from oxidation of foodstuffs by molecular oxygen. Primary pro-
cessing of foodstuffs encompasses a large number of enzymatic reactions of intermediary
metabolism before the main oxidative reactions can begin. The oxidation of fatty acids, for
example, yields the activated two-carbon unit acetyl coenzyme A (AcCoA) and causes reduc-
tion of oxidized nicotinamide adenine dinucleotide (NAD�) and flavin adenine dinucleotide
(FAD) in the mitochondrion. The reduced forms of these cofactors, NADH and FADH2, may
be directly oxidized by the respiratory chain, but the high-energy electrons of the acetyl group
in AcCoA are first transformed into NADH and FADH2 by the reactions of Krebs’ tricarb-
oxylic acid cycle, with production of CO2. It is noteworthy that all these enzymatic reactions
occur within the matrix space inside the mitochondrion.

Oxidation of NADH to NAD� (Em,7 � �0.32 V) by O2 to form water (Em,7 � 0.815 V) is
a highly exergonic reaction, that is, it is spontaneous (‘downhill’) from a thermodynamic
viewpoint (but not necessarily rapid), and releases energy that may be captured by linking the
reaction to an endergonic (‘uphill’) process. Otherwise, the energy would be lost as heat. The
standard free energy change of the reaction at pH 7 can be calculated from �Em,7, the differ-
ence between the midpoint potentials of the two redox couples,

�G�o � �nF�Em,7 (1)
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where n is the number of redox equivalents transferred in the reaction and F is the Faraday
(ca. 23 kcal/Vmol). Thus, the standard free energy change for the driving reaction in oxidative
phosphorylation, the oxidation of NADH by O2, is ca. �26.1 kcal/mol when expressed on a
one-electron basis (the standard electrochemical convention), or �52.2 kcal/mol when
expressed per mole of oxygen atoms reduced (or per mole of NADH oxidized). It should be
recalled, however, that the actual free energy change at pH � 7 (�G�) depends not only on
�G�o but also on the concentrations of the reactants and products. �G�o is the free energy
change at standard conditions, [NADH] � [NAD�] and [O2] ~ 1 mM (pH � 7). The physio-
logical O2 concentration in tissues is considerably lower (ca. 5–15 �M),9 which makes the

120 Å

Fig. 4.1 Packing density of Complex IV and H�–ATP synthase in the inner mitochondrial membrane.
A square of 120 � 120 Å of the inner membrane contains, on the average, one monomer each of
cytochrome c oxidase (left) and the H�–ATP synthase complex (right). In both, the structures within the
membrane are depicted based on the crystal structures.32,48 Cytochrome c oxidase includes subunits I
(blue), II (green) and III (red) plus helices from nuclear-encoded subunits (light blue). For the H�–ATP
synthase only the ring of 10 c-subunits forming the major structure of the membranous F0 is shown (see
text). These two structures already occupy about 50% of the 120 � 120 Å membrane area, which must
still accommodate all the other proteins of the inner membrane. (See Plate 1.)
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actual redox potential (Eh) of the O2/H2O couple ca. 30 mV lower than the Em,7 value. On the
other hand, the physiological NADH/NAD� ratio in the mitochondrion is usually signific-
antly higher than unity, which in turn tends to make the Eh of this redox couple lower than the
Em,7. Therefore, in this case the actual �G� for the driving redox reaction may not differ much
from the value of �G�o.

The standard free energy change (�G�o) at pH � 7 of the driven reaction, ATP synthesis
from ADP and Pi, is ca. 8 kcal/mol.10 However, in the living cell the actual free energy of ATP
synthesis (�Gp; also called phosphorylation potential),

�Gp � �G�o � RT ln([ATP]/[ADP][Pi]) (2)

(where R is the gas constant, 1.98 cal/degreemol, and T is the absolute temperature) is much
higher (up to a maximum of ca. 16 kcal/mol) due to the high ATP/ADP · Pi ratio that is usu-
ally maintained in the physiological steady state.

Oxidative phosphorylation with NADH-linked substrates may then, overall, be written as

NADH � H� � 1
2 O2 � mADP � mPi → NAD� � H2O � mATP (3)

where the driving reaction is coupled to the driven reaction. Here, m is the number of ATP
molecules produced per oxygen atom reduced, or the so-called P/O ratio. This ratio is a meas-
ure of the extent of coupling between the two partial reactions, which may be determined
experimentally as the ratio of fluxes of ATP synthesis and O2 consumption. Alternatively, it
may be estimated from the ‘jump’ in O2 consumption upon adding a known small amount of
ADP to respiring mitochondria (ADP/O ratio).11 However, as we shall see below, the coupling
between the redox reactions of the respiratory chain and ATP synthesis is not as direct as 
eqn. (3) might suggest.

The chemiosmotic theory

Peter Mitchell proposed the chemiosmotic theory of oxidative phosphorylation in 196111,13

and this theory has held up very well on the physiological, though not entirely on the mech-
anistic level. The chemiosmotic theory explains the means by which ATP synthesis is driven
at the expense of the energy produced by the redox reactions of the respiratory chain. This
can briefly be summarized as the central dogma of membrane bioenergetics, namely

Redox reactions → ��H� → ATP

where ��H�, the electrochemical proton gradient (or the protonmotive force) across the inner
mitochondrial membrane, provides the thermodynamic link between the driving and the
driven reactions of the respiratory chain and the ATP synthase, respectively. This means that
the redox reactions primarily generate ��H� by being coupled to the translocation of protons
across the membrane. The synthesis of ATP, in turn, can occur only at the expense of subse-
quent downhill proton translocation in the opposite direction driven by ��H�, which is 
consumed in the process.

The electrochemical proton gradient (��H�) is the sum of two terms, the electrical mem-
brane potential (��) and the pH gradient across the membrane (�pH), so that

��H� � �� � 2.3 (RT/F) · �pH (4)
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where F is the Faraday constant (ca. 23 kcal/Vmol), and applying the usual convention where
�� has its positive pole in the intermembrane space (C-phase) and the negative in the matrix
(M-phase), and �pH being defined as pHM minus pHC. At room temperature the term 2.3
RT/F has a value of ca. 60 mV, and therefore eqn. (4) is often approximated as

��H� ~ �� � 60 · �pH (5)

where both ��H� and �� are expressed in millivolts. Finally, the Gibbs free energy change
corresponding to the transfer of n protons across ��H� may be obtained from

�G � n · F · ��H
�

The respiratory chain and cell respiration

The respiratory chain is a functional notion, which implies that oxidation of NADH by O2
takes place in a chain-like, sequential manner catalysed by three protein complexes bound to
the inner mitochondrial membrane (Fig. 4.2), namely, NADH: ubiquinone oxidoreductase
(Complex I), ubiquinol: ferricytochrome c oxidoreductase (Complex III, or the cytochrome
bc1 complex), and ferrocytochrome c: O2 oxidoreductase (Complex IV, cytochrome c oxidase,

FMN

Fe/S

QQ

1/2 O2

H2O

NADH + H+

NAD+

2H+2H+2H+ 4H+

QH2
a

bH

c
c1

bL CuB

Complex I

Complex III

Complex IV
Fe/S

a3

CuA

2H+2H+2H+ 2H+2H+

M-side

C-side

Fig. 4.2 Respiratory chain. Schematic representation of the three complexes of the mitochondrial respira-
tory chain, and the additional redox carriers ubiquinone (Q) and cytochrome c (c). The function is drawn
on a two-equivalent (two-electron) basis (oxidation of NADH; reduction of 1

2O2). Note that Complex III
requires two turnovers to achieve this (cf. Fig. 4.3). The redox centres are marked as follows. Complex I:
flavin mononucleotide (FMN), several iron–sulphur centres (Fe/S); Complex III: two haems, bH and bL,
the Rieske iron–sulphur centre (Fe/S), and cytochrome c1; Complex IV: two copper centres, CuA and CuB,
and the two haem groups haem a and haem a3. Blue arrows (protons) denote proton transfers directly
linked to the redox chemistry; red arrows (protons) denote proton translocation. (See Plate 2.)
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or cytochrome aa3). In addition, ubiquinone (a hydrophobic substituted benzoquinone residing
within the lipid membrane) and cytochrome c participate as redox carriers that functionally
‘bridge’ Complexes I and III, and III and IV, respectively. Reducing equivalents (i.e. electrons
or hydrogen atoms) are transferred sequentially through this ‘chain’, until they reach O2 at the
active site of Complex IV, where dioxygen is reduced to water. Cell respiration is thus a con-
tinuous flux of redox equivalents from substrates to molecular oxygen. Apart from the function
of the respiratory complexes as oxidoreductases, they also have another important common
function, namely, the ability to conserve a large fraction of the free energy of the redox reac-
tions for ATP synthesis. In this respect, they differ from Complex II (succinate–ubiquinone oxi-
doreductase), which was earlier considered part of the respiratory chain mainly due to its
association to the inner membrane. However, Complex II has no capability of energy conserva-
tion, and belongs functionally to the Krebs’ cycle enzymes, where it catalyses the oxidation of
succinate to fumarate with transfer of the reducing equivalents to ubiquinone.15 The association
of Complex II to the inner membrane is due to the electron acceptor—ubiquinone—which
resides there. Complex II shares this feature with other auxiliary enzymes that use ubiquinone
as the electron acceptor, such as 	-glycerophosphate dehydrogenase and some other FAD-
containing enzymes oxidizing fatty acid. Thus, oxidation of these metabolites bypasses
Complex I by delivering the reducing equivalents directly to ubiquinone.

Protonmotive function of the respiratory chain complexes

Complexes I, III, and IV have in common a protonmotive function which implies that part of
the free energy of the respective redox reaction is converted into ��H� in accordance with the
central dogma of bioenergetics. In part, this conversion occurs by Mitchell’s original redox
loop principle, the basis of which is directionality of the hydrogen and electron transfer steps
of the oxidoreduction reactions with respect to the membrane (Fig. 4.2, blue arrows). This
may be exemplified by the situation in Complex IV where the binuclear haem a3–CuB site of
O2 reduction receives the electrons from cytochrome c on the C-side of the membrane,
whereas the protons required for O2 reduction to water arrive at the site from the M-side.
Thus, some of the elemental redox reactions are themselves orientated relative to the mem-
brane in such a way that redox function creates charge separation (��) as well as a pH gra-
dient (�pH) across it. In addition, however, Complex IV and probably Complex I (but not
Complex III) function as proton pumps (Fig. 4.2, red arrows), which implies true transloca-
tion of protons coupled to the redox chemistry of the complex, a function not anticipated in
Mitchell’s original theory. For example, in the case of Complex IV the proton-pumping func-
tion doubles the extent of energy conservation: twice as many electrical charges are translo-
cated across the membrane per electron transferred than would be the case with the orientated
redox chemistry alone.

Complex I14,16,17

Complex I is by far the largest respiratory chain complex. It contains more than 40 different
subunits of which seven hydrophobic proteins are encoded in mtDNA and are thought to
make up much of the membrane domain of this complex. An extrinsic domain on the M-side
of the membrane contains most of the redox cofactors, one oxidized flavin mononucletide
(FMN) molecule and more than six iron–sulphur centres (Fe/S). Complex I is the only 
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member of the respiratory chain for which there is so far no high-resolution structure.
Electron microscopic studies have shown that the molecule is L-shaped,18 presumably with
one domain within the membrane, and the other protruding towards the M-phase. The FMN
cofactor is at the site of oxidation of NADH, but the subsequent arrangement of the iron–
sulphur centres and their role in electron transfer is largely unknown. One higher potential
Fe/S centre, N2, is thought to function at the terminal ubiquinone reduction site. The mechan-
ism of proton translocation is also obscure but an H�/2e� ratio of 4 is reasonably well estab-
lished. In Fig. 4.2 this ratio has been rationalized by assuming (arbitrarily) that there is
pumping of two protons per pair of electrons (red arrows) and by ascribing the remaining 
proton translocation to the redox loop principle (blue arrows).

Complex III14,19,20

The cytochrome bc1 complex of bovine heart mitochondria is a dimer with 11 subunits per
monomer. The catalytic core, however, consists of only three protein subunits: the membrane-
embedded cytochrome b with two haem groups (bL and bH; for low and high potential,
respectively) spans the membrane and places the two haems close to the C- and the M-side,
respectively. The Rieske Fe/S protein and cytochrome c1 are both anchored to the membrane
by single membrane-spanning 	-helices (only these subunits are shown schematically in 
Fig. 4.2), and present their redox centres close to the C-side. Two large subunits (the ‘core
proteins’) extend towards the M-phase but these are missing in bacterial bc1 complexes. These
latter proteins are likely to function as peptidases, that is, a function unrelated to the proton-
motive redox function of the complex. The other subunits of the mitochondrial complex are
relatively small in size, of basically unknown function, and they also have no counterpart in
bacterial bc1. This resembles the situation for both Complexes I and IV, where the mitochon-
drial enzymes have a considerable number of ‘supernumerary’ subunits in addition to those
known to be responsible for the protonmotive redox function, and homologues of which are
found in the corresponding complexes from aerobic bacteria.

One of the keys to the protonmotive function of Complex III is the bifurcation in the path-
way of ubiquinol oxidation (Fig. 4.3). In this process, one of the two electrons of ubiquinol is
transferred to the high-potential part of the chain and the other to cytochrome b.21,22 Ubiquinol
was originally envisaged as the reductant of cytochrome b while the ubisemiquinone formed
in this reaction was suggested to reduce haem c1, because the ubisemiquinone intermediate
was thought to be a relatively stable species.21 Today, however, the opposite order of events is
thought to be the case with a very unstable semiquinone intermediate.

The second key is the cycling of the electron delivered from ubiquinol to cytochrome b
back to reduce ubiquinone at another site in the Complex, as proposed by Mitchell in his pro-
tonmotive Q-cycle mechanism.22,23 In this mechanism, which was subsequently revised by
Crofts et al.,24 ubiquinol is oxidized in a bifurcated fashion at the so-called centre o in the
complex, near the C-side of the membrane, a site that binds specific inhibitors such as
myxothiazol and stigmatellin. One of the two electrons is transferred to the high-potential
Fe/S centre of the Rieske protein, and further to O2 via cytochromes c1, c and Complex IV.
The other electron is delivered to the low-potential haem b (bL) from which it is transferred
across the membrane to the high-potential haem bH and to ubiquinone bound to a second
binding-site i near the inside (M-side) of the membrane. This latter site specifically binds
antimycin, one of the classical inhibitors of the respiratory chain, which displaces ubiquinone
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from the site. Two-electron reduction of ubiquinone to ubiquinol at site i completes the Q
cycle, which is depicted in Fig. 4.3. Note that the full Q cycle involves oxidation of two
ubiquinol molecules at site o, reduction of one ubiquinone molecule at site i, and reduction
of another ubiquinone molecule by hydrogenated substrate (e.g. by NADH via Complex I or
by succinate via Complex II).

The Q-cycle mechanism is protonmotive due to the bifurcated oxidation of ubiquinol at site o,
the sidedness of the ubiquinone oxidation and reduction sites relative to the membrane, and
the transmembrane arrangement of the b-type haem groups. Since the redox partners of
ubiquinone at the two sites are electron carriers, protons will be taken up from the M-side on
reduction of quinone at centre i, and released to the C-side on oxidation of quinol at centre o.
This amounts to net translocation of two protons (two electrical charge equivalents) across the
membrane per electron pair transferred, even though the protons move electroneutrally across
as hydrogen atoms in the form of ubiquinol, and despite the release of four protons per 2e�

on the C-side (Figs 4.2 and 4.3). The two protons released in excess of the two protons
translocated may be thought of as having been derived from the hydrogenated substrate in the
M-phase, and having been translocated electroneutrally across the membrane as hydrogen
atoms. Moreover, the release of these ‘extra’ protons into the C-phase on oxidation of
ubiquinol at centre o has little thermodynamic implication because they do not contribute to
generation of ��. They also do not contribute significantly to �pH due to the very large vol-
ume and buffering power of the C-phase (equivalent to the cytoplasm), relative to that of the
M-phase. For this reason, the �pH component of the protonmotive force is by and large due
to proton withdrawal from the M-phase and the resulting rise of pH in this phase. In the Q
cycle, the protonmotive movement of charge across the membrane thus occurs by electron
transfer along the haem groups of cytochrome b, and not by proton translocation as such.
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Though somewhat more complicated than a classical Mitchellian redox loop, the proton-
motive function of the Q cycle hence follows exactly the redox loop principle of orientated
redox reactions in the membrane.

From a thermodynamic viewpoint the oxidation of ubiquinol at centre o may be likened to
a disproportionation of the initial redox energy level of the two-electron redox couple QH2/Q;
one of the two electrons attains a high potential due to equilibration with the high-potential
part of the chain—ultimately the O2/H2O couple. At the expense of this, the other electron
attains a low potential by which it can drive reduction of the b-type haem groups, and more
important, drive negative electric charge across the membrane to create �� (Fig. 4.4).

The crystal structure of Complex III from a number of different species has been
solved25–28 and they are consistent with the Q-cycle mechanism. However, the structures have
revealed a most unexpected feature, namely, that the position of the Fe/S centre varies
depending on the state of the complex. Thus, this centre can be close to cytochrome c1 (to
which it donates electrons), or close to centre o from where it receives electrons, or attain
intermediate positions. This indicates that movement of the Fe/S domain may be an intrinsic
part of the catalytic cycle of the bc1 complex.26,29 The membrane anchor of the Rieske pro-
tein has a hinge structure, which allows movement of the head region that contains the Fe/S
centre. Such domain movement of the high-potential acceptor of electrons from centre o may
be essential to secure the bifurcated path of quinol oxidation and thus to prevent both elec-
trons of ubiquinol from being transferred to cytochrome c, which would destroy the proton-
motive function. At the same time, this mechanism may ensure fast electron transfer from
quinol to the Fe/S centre, as well as from the latter to haem c1.

20

Complex IV14,30,31

Complex IV from higher eukaryotes is a cytochrome c oxidase that consists of 13 different
subunits per monomer; the enzyme is thought to be present as a dimer in the inner mito-
chondrial membrane although the reason for this is unknown as the monomer appears to be
fully functional. The three largest subunits form the catalytic core of cytochrome c oxidase,
the X-ray structure of which is available both for the mitochondrial32 and for the bacterial
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Fig. 4.4 Energetics of the Q cycle (see text).

Holt-04.qxd  4/15/03  8:31 AM  Page 77



78 Mårten Wikström

enzyme.33 These three subunits are encoded by mtDNA and their homologues are found in
most respiratory oxidases from prokaryotes. The ten nuclear subunits of the mitochondrial
enzyme surround the catalytic core in a ‘protective’ fashion;32 some of them may be regu-
latory34 and this field is an interesting example of the largely unknown cooperative function
of nuclear and mitochondrial genes and gene products.

Subunit I contains three of the four redox centres of cytochrome c oxidase: one low-spin
haem called haem a, and a binuclear O2-reduction site with haem a3 and a copper ion (CuB)
next to it. These three centres reside at a similar depth, about one-third into the membrane
domain from the C-side (Fig. 4.2) whereas the fourth centre, a bimetallic copper site (CuA) is
part of a hydrophilic domain of subunit II that protrudes into the aqueous C-domain.
Cytochrome c binds to this last domain and donates electrons—one at a time—into the
enzyme. Electron transfer takes place via CuA and haem a into the O2-binding site. Subunit III
consists of seven hydrophobic transmembrane helices in the mitochondrial enzyme, but 
contains no redox cofactors. Deletion of its gene results in poor or incomplete assembly of
the complex, but removal of this subunit after assembly has little effect on the protonmotive
redox function. Subunit III has been proposed to participate in the channelling of O2 from the
membrane into the enzyme’s active site.35

The protonmotive function of Complex IV is based on two principles. One is the
Mitchellian redox loop: the electrons for reduction of O2 arrive into the haem a3/CuB site from
cytochrome c on the C-side of the membrane, whereas the protons required for the formation
of water in this reaction are taken from the opposite M-side. This directionality of the redox
reaction leads to translocation of four electrical charge equivalents across the membrane per
O2 molecule reduced, as well as to generation of �pH. However, in addition to this, the
enzyme couples the redox reaction to net translocation of four H� from the M- to the C-side
of the membrane per O2 reduced;36 by this proton-pumping function the efficiency of trans-
ducing redox energy to protonmotive force is doubled; the efficiency is twice that of Complex III
and similar to that of Complex I, despite the fact that the number of protons released per elec-
tron on the C-side is only one half of the number for Complex III.

Since the binuclear O2-reduction site receives one electron at the time, it forms intermedi-
ate states during the catalytic cycle. The two-electron reduced ferrous/cuprous site reacts with
O2 to initially form an O2-adduct, Compound A (Fig. 4.5).37 The rate of this reaction is 
diffusion-limited, the rate constant being of the order of 108 M�1 s�1 at room temperature. In
accordance with this, spectroscopic data have shown that Compound A is formed with a time
constant of ca. 8 �s at 1 mM O2. However, the binding of O2 to the site is weak (Kd ~ 0.3 mM)
and the operational high oxygen affinity (a low Michaelis constant of ca. 0.1 �M) is instead
due to effective ‘trapping’ of the O2 to the site by fast electron transfer.37,38 If there are no
electrons available in haem a or CuA, Compound A decays in ca. 0.17 ms to form the 
so-called PM state of the binuclear centre. This reaction is of particular interest because the
bound O2 molecule is effectively reduced here in a four-electron step into the equivalent of
two ‘water molecules’. This reaction includes two-electron oxidation of the ferrous haem a3
into the ferryl state (Fe[IV] � O), and one-electron oxidation of CuB into the cupric form,
presumably with a bound hydroxide ligand (Cu[II]–OH). The fourth electron is probably
donated by a conserved tyrosine residue in the site yielding a neutral tyrosine radical.39 In this
way, the cofactors within the active site of the enzyme receive the oxidizing power of the
O2/H2O couple in a single step, the resulting two ‘deprotonated water molecules’ being rep-
resented by the oxide ion bound to the ferryl haem iron and the hydroxide ion bound to the
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copper (Fig. 4.5). Notably, the conversion of Compound A into PM is not associated with any
net proton uptake,40 nor with translocation of charge across the dielectric.41 This means that 
no conservation of energy in the form of ��H� has yet occured. Now the stage is set for
exergonic electron transfer from the donor side (cytochrome c) via CuA and haem a to the high-
potential electron acceptors generated in the haem a3/CuB site, and this is coupled to formation
of ��H�.

At the present time there is some controversy with respect to which partial reactions in the
catalytic cycle that are linked to proton-pumping.42–44 On the basis of equilibrium thermo-
dynamic work it was thought originally that all proton translocation would be associated with
the oxidative phase of the catalytic cycle (Fig. 4.5).45 However, more recent kinetic work has
revealed that oxidation of the fully reduced enzyme by O2 is linked to pumping of only two
protons.43 However, this reaction appeared to generate a metastable ferric/cupric state of the
binuclear site, which if immediately re-reduced yielded pumping of the remaining two pro-
tons. Otherwise this metastable state decays into the relaxed ferric/cupric state O the sub-
sequent reduction of which is no longer associated with proton-pumping.43 The molecular basis
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for this phenomenon is not yet known, but it might be a means of regulating the proton-
pumping efficiency of Complex IV.

The H�–ATP synthase14,46,47

This remarkable enzyme, sometimes also called Complex V, is the smallest machine known.
Basically, it consists of two parts: a trimeric orange-like structure of 	 and 
 subunits (F1)
containing the catalytic sites for ATP synthesis and protruding far into the M-phase, and a
membrane unit (F0) which catalyses proton translocation. F1 and F0 are linked by the import-
ant coupling subunit � that is attached to F0 via other small subunits, and reaches all the way
into the centre of the trimeric F1 unit (Fig. 4.6). One important key to function is the fact that
the bent � subunit imposes asymmetry among the three catalytic 	
 interfaces in F1, render-
ing them all different in structure as well as in their property of binding adenine nucleotides
(AdNs) and Pi. The crystallographic elucidation of the structure of F1 (and subsequently of a
less detailed structure of the F0F1 complex;48) by John Walker and his collaborators49 provided
the basis and the keys to the function of this enzyme. The mitochondrial F0 unit consists of a
disk of 10 hydrophobic c-subunits, each of which contains a glutamic acid residue within the
membrane domain; F0 of some bacterial and chloroplast F1F0 complexes may contain a differ-
ent number of c-subunits. The F0 unit also contains subunits a and b which are important in
proton translocation as well as in providing a stator linking the edge of F0 to the 	
 unit of F1.

The F1F0 complex functions as a rotatory machine where the protonmotive force propels
the c-subunit disk into rotation around an axis perpendicular to the membrane plane, which
makes the attached �-subunit rotate as well, around its long axis. Due to its asymmetry this
subunit continuously forces changes in the structure of the three catalytic 	
 interfaces,
between so-called ‘tight’, ‘open’ and ‘loose’ conformations. When in the ‘loose’ conforma-
tion the interface readily binds ADP and Pi. When transformed into the ‘tight’ conformation
(by a 120o turn of the disk and of �) ADP and Pi spontaneously react, expelling a water 
molecule, to form ATP within the site. This is possible thermodynamically because in this 
latter state the formed ATP is very tightly bound relative to ADP and Pi. Finally, upon 
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a further 120o turn, this site becomes ‘open’ and releases ATP into the surrounding medium.
The same sequence of events occurs simultaneously at the two other interfaces, so that at each
point in time one is in the ‘loose’, one in the ‘tight’, and one in the ‘open’ state. This type of
binding change mechanism was first proposed by Paul Boyer based on elegant kinetic stud-
ies with isotopically labelled phosphate and water, and he indeed suggested that a rotatory
movement might be the basis for such a mechanism.50 The proof for such movement came
from the ingenious studies by Yoshida et al. who visualized ATP hydrolysis-linked rotatory
motion of the � subunit by attaching it artificially to a long fluorescence-labelled rod of
actin.51 Note, that in these experiments the ATP synthase works in a direction opposite to the
normal physiological one.

The disk consisting of the c-subunits is thought to be set in motion by a mechanism first
suggested by Wolfgang Junge et al.,52 and depicted schematically in Fig. 4.6. The glutamic
residue of the particular c-subunit ‘in position’ at the single a-subunit at the disk’s periphery
is protonated from the C-side of the membrane via a proton-conducting path, and driven by
the protonmotive force across the membrane. This renders the c-subunit uncharged and there-
fore ‘soluble’ in the membrane phospholipids, whereby the ring moves to remove the glu-
tamic acid from contact with the a-subunit into contact with membrane lipids. This
movement, in turn, places the glutamate of the next c-subunit in a position to be protonated,
and so on until the c-subunit with a protonated glutamic acid reaches another position near
the a-subunit, where a proton-conducting pathway leads to the M-side of the membrane. The
protonmotive force now drives the proton off the glutamic acid, and the formed glutamate can
be reprotonated from the C-side in the next position of the disk. Interestingly, the three-fold
symmetry of the F1 domain does not match the ten-fold symmetry of the disk of c-subunits.
This means that 10 protons are normally transferred across the membrane to produce a full
360o rotation and the formation of 3 molecules of ATP, which yields a non-integer H�/ATP
ratio of 3.33. This, in turn, implies that there must be some rotational elasticity in the �-subunit
to overcome the symmetry mismatch between F0 and F1, a property that may well render the
rotatory motion more smooth energetically than it might otherwise be if the two structures
were symmetrically matched.

Above, we have mainly considered the action of the F0F1 complex in the physiologically
most relevant direction—the synthesis of ATP. However, the complex also readily catalyses
the reverse reaction, that is, the hydrolysis of ATP to ADP and Pi (ATPase activity). In fact,
this spontaneous activity is dominating under conditions where there is no protonmotive force
across the membrane; ATP hydrolysis by membranous F0F1 creates ��H� rather than con-
sumes it and the rotatory motion is reversed in direction.

Transport of ADP/ATP and Pi

For some aspects of the overall process of oxidative phosphorylation it is important to distin-
guish between the two components of ��H�. Due to the orientation of the catalytic sites in F1
of the H�–ATP synthase towards the M-phase, this is where the substrates of the enzyme, ADP
and Pi, must be available and where ATP is produced, although most of the ATP will be required
to drive energy-dependent reactions in the cytoplasm, producing ADP and Pi in that space. A
plausible reason for this apparent inconsistency (why is the ATP synthase not orientated in the
opposite direction?) is related to the origin of the mitochondrion as an aerobic bacterium,
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where ATP was obviously to be produced within the cell. For this reason the mitochondria of
eukaryotic cells needed to develop unique transport systems in the inner membrane for
ATP/ADP and for Pi. The adenine nucleotide translocator53 is an exchange carrier (AdN car-
rier) that exchanges ADP for ATP (and vice versa) and which is specific for the ADP3� and
ATP4� ionic forms of these nucleotides. The physiologically essential export of ATP from the
M- to the C-phase, and concomitant import of ADP, will therefore be an electrogenic process
equivalent to moving one positive charge from the C-phase to the M-phase. It follows that the
adenine nucleotide transport will be goverened by the �� across the membrane, and that part
of the energy from respiration will be used for ADP import into the mitochondrion, and ATP
export. In this way, respiration (via the protonmotive force and nucleotide transport) drives
the phosphorylation potential (eqn. (2)) of the cytosol to a higher value than it is in the mito-
chondrial matrix. On the other hand, the transport of Pi across the membrane is an elec-
troneutral process53 that is catalysed by a carrier protein that is structurally related to the AdN
carrier.54 Note that both the AdN and the phosphate carrier are products of nuclear genes, and
that a defect in either will compromise oxidative phosphorylation. The Pi transport can be
thought of either as a co-transport of H2PO4

� and H� (symporter), as a counter-exchange of
H2PO4

� against OH� (antiporter), or even as transport of phosphoric acid as such (H3PO4;
uniporter). Import of Pi into the M-phase is therefore coupled to the import of ‘a proton with-
out its charge’, and will hence be driven by the �pH component of ��H�, but will be insens-
itive to the membrane potential. The transport of other metabolites and ions on specific
carriers across the inner mitochondrial membrane is coupled to either the membrane poten-
tial, to �pH, or to both (i.e. to ��H�). More generally, it may be concluded that the central
dogma of membrane bioenergetics presented above is an oversimplification: the ��H� pro-
duced by respiration is not only used for the synthesis of ATP, but also to drive transport of
important metabolites and ions across the inner mitochondrial membrane.

Stoichiometry of oxidative phosphorylation

From the above description of the respiratory chain and the H�–ATP synthase we conclude
that 10, 6, and 4 charge equivalents are maximally translocated across the inner mitochondrial
membrane per consumed oxygen atom (H�/O ratio) upon oxidation of NADH, succinate
(ubiquinol), and cytochrome c, respectively, while the number of H� translocated across F0
to produce one ATP should be 3.33 on average. Taking into account the protonmotive func-
tion of the AdN translocator and the Pi carrier, 4.33 H� would have to be translocated into the
mitochondrion to produce one ATP molecule in the cytoplasm. Dividing the H�/O ratios with
the latter H�/ATP ratio yields maximal P/O ratios of 2.3, 1.39, and 0.92 for oxidation of
NADH, succinate, and cytochrome c, respectively. This is much less than the classical ratios
of 3, 2, and 1 that are still widely found in textbooks although the main reasons for this dif-
ference were aptly discussed by Hinkle et al. 10 years ago.11 These workers argued for an
H�/ATP ratio of 4 (including ATP and Pi transport), yielding maximal P/O ratios of 2.5, 1.5,
and 1.0. However, the very recent observation of 10 c-subunits in the F0 portion of the ATP
synthase, the rotatory mechanism of this enzyme, and its three 	
 subunit interfaces would
argue for the slightly higher H�/ATP ratio and therefore for the slightly lower maximal P/O
ratios quoted above. However, the discrepancy between these latter ratios and those measured
by Hinkle et al. is less than 10 per cent and thus probably not significant. Finally, it should
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be stressed that these P/O ratios are the maximum ratios possible in the light of present know-
ledge, assuming no protonic leaks across the membrane, as well as 100 per cent coupling
between electrons and protons in the respiratory chain complexes, as well as between protons
and ATP in the H�–ATP synthase. The close correspondence between these theoretical ratios
and those measured experimentally suggests that such protonic or electronic ‘leaks’ are usu-
ally very small in normal mitochondria undergoing oxidative phosphorylation, which is thus
a highly efficient means of energy transduction.
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5 Clinical aspects of mitochondrial
encephalomyopathies
T Pulkes and MG Hanna

Introduction

Human diseases caused by impaired respiratory chain function have been increasingly recog-
nized in recent years.1–13 Although neurological diseases are the commonest consequence of
such respiratory chain dysfunction, it is now apparent that virtually any tissue in the body can
be affected (see Table 5.1). This is perhaps unsurprising when one considers the central role
of the respiratory chain in normal cell and tissue function. The neurological diseases associ-
ated with respiratory chain impairement are collectively known as the mitochondrial
encephalomyopathies, a term which reflects the common involvement of both the central
nervous system (CNS) and skeletal muscle in these patients. Normal respiratory chain func-
tion is dependent on an elaborate interplay between the mitochondrial genome and the nuclear
genome. It follows that human mitochondrial diseases are genetically heterogeneous. Early
genetic mitochondrial research focussed upon the smaller mitochondrial genome (mtDNA).
This has proved to be a rich source of mutations that cause human mitochondrial disease. 
To date, over a hundred separate primary pathogenic mutations in mtDNA have been
described in association with a bewildering array of clinical phenotypes. More recently, the
first nuclear genes associated with mitochondrial disease have been reported.

A common histochemical feature in the skeletal muscle biopsies taken from many patients
with mitochondrial encephalomyopathies is the so-called ‘ragged red fibre (RRF)’. This rep-
resents an abnormal proliferation of mitochondria at the level of single muscle fibres.1 This
is best seen on transverse section using the modified Gomori trichrome stain which has affin-
ity for mitochondria (see front cover). The presence of significant numbers of RRFs in a mus-
cle biopsy is a strong indicator that there is dysfunction of the respiratory chain, which is
likely to be the cause of the patient’s disease. Indeed, most clinicians practising in this area
of medicine would regard the presence of RRFs as one of the ‘gold standard’ diagnostic tests
for a mitochondrial encephalomyopthy. Indeed, various authors recognized the association
between the RRFs, mitochondrial respiratory chain dysfunction, and human neurological dis-
eases long before any genetic defect was discovered.1,2

As long ago as 1962, Luft et al. described the first case of a mitochondrial myopathy in a
patient with non-thyroidal hypermetabolism with mild weakness (Luft’s disease).3 The mor-
phological abnormalities were limited to skeletal muscle with abnormal accumulations of
mitochondria in subsarcolemmal and intermyofibrillar spaces,4 typical of RRFs.5 Elegant bio-
chemical studies in this patient revealed a disturbance of respiratory chain function. Although
Luft’s disease was the first description of a mitochondrial myopathy, only two such cases have
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been reported to date and the molecular basis of the disorder remains a mystery.6 Although
the presence of the RRF is very good evidence of mitochondrial disease, the converse is not
true. Hence, the absence of RRFs does not preclude mitochondrial disease. In current spe-
cialist practice, the diagnosis of human mitochondrial disease relies on a range of modalities
including clinical assessment, muscle biopsy, histochemical and biochemical analysis, and
DNA analysis (mainly mtDNA at the time of writing).

This review will focus chiefly upon the clinical aspects of the commonest human disease
phenotypes associated with mutations in mtDNA and respiratory chain dysfunction.

Neurological presentations of respiratory chain disease

Neurological diseases caused by respiratory chain dysfunction exhibit considerable clinical
heterogeneity. They may affect predominantly the peripheral nervous system or the brunt of
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Table 5.1 Clinical features of mitochondrial encephalomyopathies

Neurological features Non-neurological features

Muscle Heart
External ophthalmoplegia Cardiac conduction block
Limb weakness and wasting Cardiomyopathy
Exercise intolerance
Muscle pain Endocrinopathy
Rhabdomyolysis Diabetes mellitus
Myoglobinuria Hypoparathyroidism

Hypothyroidism
Central nervous system Growth hormone deficiency

Ataxia Delayed puberty
Myoclonus Irregular menses
Stroke-like episodes Infertility
Seizures Hirsutism
Mental retardation or dementia
Leukodystrophy Hematological
Parkinsonism Sideroblastic anaemia
Dystonia Pancytopenia
Chorea Acanthocytosis
Migraine headache
Optic neuropathy Liver
Pigmentary retinopathy Hepatic failure
Sensorineural hearing loss
Vestibular dysfunction Pancreas

Pancreatic exocrine deficiency
Peripheral nervous system

Sensorimotor neuropathy Renal
Renal tubular acidosis
Bartter-like syndrome

Gastrointestinal tract
Intestinal pseudo-obstruction
Dysmotility

Dermatological
Lipomas
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the disease may fall upon the CNS. Combinations of peripheral and CNS involvement are not
uncommon. Generally, the prognosis worsens with the degree of CNS involvement. Some of
these diseases are remarkably selective; for example, only affecting the optic nerve or the
auditory nerve in isolation. The neurological mitochondrial diseases have recently been
shown to be an important cause of morbidity and mortality in the general population.15

Chronic progressive external ophthalmoplegia (CPEO)

Kearns–Sayre syndrome (KSS)

Chronic progressive external ophthalmoplegia is one of the most common clinical manifesta-
tions of mitochondrial disease. This disorder that is slowly progressive usually begins in late
childhood or in adolescence, although onset after 40 can occasionally be seen. Ptosis and oph-
thalmoplegia (limitation of eye movement) are the initial clinical features and may be fol-
lowed by limb weakness, fatigue, or exercise intolerance. The limitation of eye movements is
usually in all directions of gaze. Diplopia (double vision) is not usually present.
Opthalmoplegia rarely cause symptoms until it is nearly total when the patient may have to
turn the head to look to either side. The ptosis may be asymmetrical initially and may progress
to complete occlusion of the pupil. Limb weakness, when present, is mainly proximal and
mild. Patients often have limitation of daily activities due to exercise intolerance rather than
weakness.13 Life expectancy is not usually reduced in uncomplicated CPEO.

Kearns–Sayre syndrome is a more serious disorder in which CPEO is one feature. Strictly,
it is defined by the development of CPEO and pigmentary degeneration of the retina before
the age of 20 years. In addition, one or more of the following should be present: cardiac con-
duction block, cerebellar ataxia, or increased protein in cerebrospinal fluid (CSF; �1 g/l).
Other features which are variably present include short stature, sensory neural hearing loss,
vestibular dysfunction, and impaired intellectual function. The ptosis and ophthalmoplegia
are as described above. The pigmentary retinal degeneration can be visualized on ophthal-
moscopic examination as a fine, diffuse, hypo and hyperpigmentation of the retina. It is
mostly in the central retinal region and is described as a ‘salt and pepper’ appearance. It rarely
causes severe impairment of visual acuity or visual field defects.10 Cardiac conduction block
can cause syncopal attacks, congestive heart failure, or cardiac arrest. In contrast to CPEO,
the prognosis in KSS is poor. Most patients die in the third or fourth decade.16

Over the past 10 years there have been many reports of patients with phenotypes interme-
diate between isolated CPEO and full-blown KSS. For example, there are cases of CPEO with
pigmentary retinopathy but no other features of KSS. Clinically, there is a spectrum of dis-
ease severity ranging from isolated ‘benign’ CPEO through to severe and often fatal KSS.17

The commonest mtDNA defect associated with phenotypes ranging from CPEO to KSS is the
single large-scale deletion.14 There is some evidence to suggest that the severity of the phe-
notype relates to the proportion of the deleted mtDNA molecule and its tissue distribution.17

Most CPEO patients harbouring a single large-scale rearrangement of mtDNA are sporadic
cases without any family history. Single large deletions are not generally found in other fam-
ily members of sporadic CPEO and KSS patients,18,19 In one family, a mother and her son har-
boured single large deletions, However, their deletions were different in size and location
suggesting that maternal transmission was not the explanation.20 The absence of family history
in the vast majority of CPEO/KSS cases has, in part, led to the view that large-scale
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rearrangements of mtDNA may be somatic mutational events followed by clonal expansion.19

Although most CPEO patients harbour single mtDNA deletions, a minority harbour point
mutations in mtDNA. Approximately 15 per cent of CPEO patients harbour the A3243G 
point mutation which more commonly associates with the MELAS phenotype. The A3243G
mutation is in the mitochondrial transfer RNA (tRNA) leucine(UUR) (tRNALeu(UUR)) gene
which is inherited by maternal transmission.21 At least seven other mtDNA point mutations
have been reported in association with CPEO; each mutation being identified in a single case
or family (Table 5.2). One of the mutations, a G12315A mutation in the tRNALeu(CUN) gene
was identified in a sporadic patient with CPEO, sensorineural hearing loss and a pigmentary
retinopathy. The mutation was only present in muscle and was not present in several other tis-
sues including skeletal myoblasts. This suggested rapid segregation of mutant mtDNA during
embryogenic development and a low probability of transmission to offspring.22

Multiple deletions of the mtDNA have been identified in families with autosomal dominant
CPEO (see Chapter 9).

Isolated skeletal myopathy

Although limb muscle weakness is commonly associated with other clinical features of mito-
chondrial encephalomyopathies, such weakness not infrequently is the sole clinical mani-
festation. The age of onset of such cases ranges from late childhood to adult life. Patients
typically exhibit a slowly progressive course. It commonly associates with exercise intoler-
ance and exertional fatigue which limit the patient’s functional capacity. A small proportion
of patients with the ‘chronic fatigue syndrome’ turn out to have isolated mitochondrial
myopathy.23 Ocassionally, the presentation may be more dramatic with muscle pain and rhab-
domyolysis resulting in myoglobinuria.24,25

Isolated mitochondrial myopathy is genetically heterogeneous and has been described in
association with large-scale single deletions and point mutations in both transfer RNA gene
and protein-coding genes (Table 5.3). Many of the patients harbouring pont mutations exhibit
maternal inheritence. However, we recently described sporadic patients harbouring point
mutations in the cytochrome b gene. These point mutations exhibited interesting character-
istics. They appeared to represent somatic mutations occurring in skeletal muscle and were
not detected in other tissues such as blood.23,26
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Table 5.2 MtDNA point mutations associated with CPEO

Gene MtDNA mutation Reference

tRNALeu(UUR) A3243G 21
tRNAIle T4274C 142

T4285C 143
G4309A 144

tRNAAsn A5692G 145
G5703A 146

tRNALeu(CUN) T12311C 147
G12315A 22

Abbreviations: tRNA � transfer RNA, Leu � Leucine, Ile � Isoleucine, Asn � Asparagine.

Holt-05.qxd  4/15/03  8:35 AM  Page 90



Myoclonic epilepsy with ragged red fibres (MERRF)

This is one of the well-recognized predominantly CNS mitochondrial diseases. The associa-
tion between progressive myoclonic epilepsy and RRFs was first observed by Tsaris et al. 
in 1973.27 Subsequently, Fukuhara et al. described two further patients with myoclonic epilepsy
associated with RRFs and suggested that this is a distinctive mitochondrial encephalomyopathy
syndrome. They proposed the acronym MERRF.11 Four other progressive myoclonic 
epilepsy syndromes including Unverricht–Lundborg disease (Baltic myoclonus), Lafora-
body disease, sialidosis, and neuronal lipofuscinosis, enter into the differential diagnosis.
However, unlike these other progressive myoclonic epilepsy syndromes, MERRF usually
exhibits maternal inheritance. The age of onset varies widely form childhood up to 50-years
old. Early age of onset often correlates with a more severe clinical course leading to death in
adulthood.28

MERRF is characterized by myoclonus, seizures, and cerebellar ataxia often in association
with mild limb myopathy. The myoclonus is usually stimulus-sensitive that is, sensitive to
action, noise, or photic stimuli. Seizures may be tonic-clonic, focal, absence, or atonic types.
Associated features which are often present include dementia, optic neuropathy, sensorineural
hearing loss, ophthalmoplegia, peripheral neuropathy, foot deformity, and lipomas.17,29 These
associated features are clinical clues in the differential diagnosis of progressive myoclonic
ataxia. Retinitis pigmentosa, stroke-like episodes, diabetes mellitus (DM), and chronic pan-
creatitis are less common additional features.30–33 Although the full syndrome is quite charac-
teristic, there can be quite marked clinical heterogeneity with in families. Electrophysiological
features are variable and there are no features to distinguish cases of mitochondrial disease
from other causes of progressive myoclonic epilepsy.34 Neuropathology reveals neuronal loss
and gliosis affecting the dentate nuclei of the cerebellum, the globus pallidus, the posterior
columns, and the spinocerebellar tracts of the spinal cord. Abnormal mitochondria have been
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Table 5.3 MtDNA mutations associated with mitochondrial myopathies

Gene MtDNA mutation Phenotypes Ref.

tRNALeu(UUR) A3243G Myopathy 48
A3251G Myopathy/sudden death 148

ND1 7bp-inversion Myopathy/exercise intolerance 149
ND4 G11832A Exercise intolerance 26
Cyt b G14846A Exercise intolerance 23

G15059A Exercise intolerance 150
G15084A Exercise intolerance 23
G15168A Exercise intolerance 23
24bp-del, G15498A Exercise intolerance 23
G15615A Exercise intolerance 151
G15723A Exercise intolerance 23
G15762A Myopathy 152

COX II T7587C Myopathy/ataxia/deafness 153
COX III T7671C Myopathy 154

15-bp del Exercise intolerance 155

Abbreviations: ND � NADH dehydrogenase, COX � cytochrome oxidase, bp � base pairs,
del � deletion.

Holt-05.qxd  4/15/03  8:35 AM  Page 91



observed in the cells of the cerebellar cortex and of the dentate nuclei.35,36 The pathological
changes of Leigh’s syndrome (LS) are found in some patients with very severe pheno-
types.36,37 Skeletal muscle biopsy typically reveals RRFs, even in patients with little clinical
limb muscle weakness and is therefore a very useful diagnostic test.

Approximately 80 per cent of cases of MERRF are associated with the A8344G mutation
in the mitochondrial tRNALys gene.38,39 Significant clinical heterogeneity is often observed in
large MERRF families harbouring the A8344G mutation. There is a significant correlation
between the proportion of mutant mtDNA in blood and both clinical severity, and age of
onset. Unlike large-scale rearrangements, all mothers of affected offspring harbour the
A8344G mutant mtDNA. Symptomatic mothers are more likely to have affected offspring
than asymptomatic mothers.28 The MERRF is also associated with other tRNALys point muta-
tions including T8356C and G8363A mutations. The 7472C-insertion (7472insC) mutation in
the tRNASer(UCN) gene has been identified in five families with myoclonus, ataxia, seizures,
sensorineural hearing loss, and myopathy, a phenotype very similar to the MERRF pheno-
type.39–42 In contrast to patients harbouring theA8344G mutation, the published patients har-
bouring 7472insC mutation do not have RRFs on the skeletal muscle biopsies, rather, the
majority of muscle fibres exhibit a decrease in cytochrome oxidase (COX) activity. However,
we have recently identified the 7472insC mutation in a MERRF family with typical RRFs
(unpublished data).

Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS)

This is an important predominantly CNS mitochondrial disease in which a major feature is
stroke-like episodes which can be fatal.

In 1975, Schapira et al. first described a syndrome associated with stroke-like episodes,
lactic acidaemia, and RRFs.43 The acronym MELAS was subsequently introduced by
Pavlakis to characterize a distinctive group of patients who had young onset stroke-like
episodes and lactic acidosis.12 Hirano et al. reviewed 69 MELAS cases and proposed the fol-
lowing invariant criteria for a diagnosis of MELAS: (i) stroke-like episode before age 40 (ii)
encephalopathy characterized by seizures, dementia, or both and (iii) lactic acidosis, RRF, or
both. The diagnosis may be considered secure if there are also at least two of the following:
normal early development, recurrent headache, or recurrent vomiting.44 It is notable that
MELAS patients with mental retardation (indicating impaired early development) or first
stroke-like episode after age 40 are occasionally observed suggesting the diagnosis of
MELAS should be considered at any age in the presence of consistent clinical and imaging
features.45,46

The stroke-like episodes frequently do not conform to a single vascular territory as is the
case for the commonest type of strokes in the population, ischaemic strokes. MELAS strokes
commonly affect parieto-ocipital areas resulting in hemianopia or cortical blindness.
Complete recovery is uncommon. Usually, patients have some residual deficits and progres-
sive encephalopathy following the stroke-like episodes leading to dementia and premature
death.47,48 The stroke-like episodes are often accompanied by migrainous type headache,
recurrent vomiting, and seizures. Seizures may be focal, for example, focal motor seizures are
not uncommon. Secondary generalized seizures or myoclonic seizures are also described.
Other common additional features include short stature, sensorineural hearing loss, and DM.
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Myopathy, cardiomyopathy, optic neuropathy, cerebellar features, sensorimotor axonal neuro-
pathy, gastrointestinal pseudo-obstruction, and nephropathy are less commonly associated
features.12,48,49

The commonest mtDNA defect associated with MELAS was identified simultaneously by
two Japanese groups, Goto et al.50 and Kobayashi et al. in 1990.51 This is the A3243G mutation
in the tRNALeu(UUR)gene and is identified in over 80 per cent of MELAS cases.50 Families har-
bouring the A3243G mutation usually exhibit a maternal inheritance pattern. The A3243G
mutation may associate with marked clinical heterogeneity even in the same family. It is of
interest that less than half of the patients harbouring the A3243G mutation exhibit MELAS.15,52

Other clinical syndromes associated with the A3243G mutation include CPEO, diabetes and
deafness, myopathy or MERRF.22,48 The precise factors underlying such clinical diversity,
which is more marked than for the A8344G mutation, remain unclear. The proportion of the
mutant mtDNA, the tissue distribution of mutant mtDNA, the threshold effect, and nuclear and
mitochondrial DNA backgrounds have all been invoked. Recently, we provided evidence to sug-
gest that a polymorphism, A12308G, in the mitochondrial tRNALeu(CUN) increased the risk of
developing stroke-like episodes in patients harbouring the A3243G mutation.52

Other less common mtDNA mutations associated with MELAS including T3271C muta-
tion in tRNALeu(UUR) gene53 and G13513 in the ND5 gene54 (Table 5.4). The majority of
MELAS patients harbouring T3271C mutation are Japanese although it has been reported in
two Caucasian families.55,56 The G13513A mutation appears to be the second commonest
cause of MELAS in the United Kingdom and is part of our DNA diagnostic screening test in
MELAS patients.57 The G13513A mutation has also been identified in MELAS cases in other
countries in Europe and in North America suggesting that it may be common in
Caucasians.54,58,59
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Table 5.4 MtDNA mutations associated with MELAS

Gene MtDNA mutation Reference

Single large deletion 156
Large scale tandem duplication 157

tRNALeu(UUR) A3243G 50, 51
A3252G 158
A3260G 159
T3271C 53
T3291C 160

tRNAPhe G583A 45
tRNAVal G1642A 161
tRNACys A5814G 162
COX III T9957C 163
ND5 G13513A 54

A13514G 59

Abbreviations: tRNA � transfer RNA, Leu � leucine, Phe � phenylalanine,
Val � valine, Cys � cysteine, COX � cytochrome oxidase, ND � NADH
dehydrogenase.
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Leber’s hereditary optic neuropathy (LHON)

This mitochondrial disease is generally confined to the optic nerve and is an important cause
of blindness in otherwise normal people, especially males.

The LHON has been recognized as a distinctive syndrome causing subacute bilateral visual
loss for over a hundred years.60 The LHON is characterized by acute or subacute severe bilat-
eral visual loss commonly in young males, which may develop simultaneously or more com-
monly sequentially. The time interval between affected eyes averages 8 weeks and the
duration of progression of visual loss in each eye is usually over a period of 1–6 weeks.61,62

Although its commonest age at onset is between 11–30 years of age, patients outside of this
age range are not uncommon. In the pedigree analysis of 85 LHON families by Harding 
et al., onset of the first visual symptom ranged from age 6 to 62 years.63 Patients often com-
plain of fogging or blurring corresponding to centrocaecal scotoma. An enlarged blind spot
and loss of central vision are usually evident on examination. The visual acuity generally falls
to counting fingers. In only 5 per cent of patients is the loss milder than this—down to a visual
acuity of 6/60 or better.61 Pain on eye movement, around the affected eye or Uhthoff’s phe-
nomenon is an uncommon feature, which may help to distinguish acute LHON from acute
optic neuritis in multiple sclerosis (MS) on clinical grounds. The pupils usually exhibit a slow
symmetrical response to light, although a relative afferent pupillary defect is common at early
stage when one eye is predominantly affected.64

Fundoscopy generally shows optic disc swelling, telangiectatic vessels in the peripapillary
retinal nerve fibre layer, and tortuousity of the retinal arteries in the early stage. Although reti-
nal microangiopathy is not detected in over one-third of patients examined within 3 months
of visual loss, these characteristic fundoscopic features may remain for several months after
the onset of visual loss. Optic disc pallor may be first seen as early as 1 month from the onset
of visual loss and is universal by 6 months. Optic disc or retinal haemorrhage is an uncom-
mon presentation.61 The severity of the fundoscopic changes correlate with the stage of dis-
ease, being the most marked during the acute phase of visual loss.65 Asymptomatic members
of LHON families may also have varying degrees of microangiopathy in the fundi but nerve
fibre layer abnormalities are not seen.66 The vascular abnormalities in asymptomatic family
members of the LHON patients are suggested to be a sign of developing acute visual loss.67

Fluorescein angiography rarely shows leakage.68

In the early stage, visual evoked potentials (VEPs) exhibit delayed latency, are desynchron-
ized, and are reduced in amplitude. They tend to be less prolonged in latency and smaller
amplitude compared to VEPs recorded in patients with demyelinating optic neuritis. VEPs are
usually absent in patients with severe visual loss of long duration.69

Magnetic resonance imaging (MRI) scans of optic nerves within 4 months of onset of
visual loss are often normal. High signal of the affected optic nerves on the MRI scans is com-
monly shown after 4 months.

Most patients with LHON have no associated neurological problems but there are studies
reporting MRI brain abnormalities and additional clinical features. For example, one study of
brain MRI scans of LHON females who also had a MS-like illness and who harboured the
G11778A mutation, showed multiple white matter abnormalities predominantly involving the
periventricular area. These findings are sometimes observed in females without MS-like ill-
ness harbouring the G11778A mutation. In those females with an MS-like illness, the clin-
ical, immunological, and MRI features are indistinguishable from those of MS. The higher
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prevalence of MS-like illness associated with LHON than in general populations suggests 
that these observations do not occur coincidentally.70 Brain MRI scans of males are generally
normal.61,71

Almost all LHON patients harbour one of three common mtDNA point mutations in the
mitochondrial complex I subunit genes including G3460A in ND1 gene, G11778A in ND4
gene, and T14484C in ND6 gene.63 The G11778A mutation is the commonest cause of
LHON.72 The patients harbouring the T14484C have better prognosis for some visual recov-
ery compared to patients harbouring the G3460A or G11778A mutations. In contrast to
MELAS and MERRF mutations, LHON mutations are often homoplasmic in blood and other
tissues. Although most families exhibit a maternal inheritance pattern, about one-third of the
patients do not have a family history of visual impairment. Even in LHON families in which
all maternal relatives contain homoplasmic proportions of a pathogenic mutation, males are
much more commonly clinically affected than females. The excess of affected males was sug-
gested to be due to an X-linked visual loss susceptibility locus (VLSL) by Bu et al.73 and
Vilkki et al. in 1991.74 Although this genetic finding has not been confirmed by other
groups,75–78 pedigree analysis does support the existence of X-linked VLSL gene as an explana-
tion for the male excess.63

Sensorineural hearing loss

Sensorineural hearing loss is a common associated feature in many of the mitochondrial
encephalomyopathy phenotypes such as MELAS, MERRF, or KSS. Indeed, if a patient with
a complex CNS disease also has deafness, this is regarded as clue to the investigating clin-
ician that the patient may have a mitochondrial disease. However, mitochondrial sensorineural
deafness in isolation without any other neurological features is relatively recently recognized.
Initial observations in several families exhibiting maternal inheritance of susceptibility to
antibiotic-induced ototoxicity provided the first evidence that isolated deafness might be a
mitochondrial disease phenotype.79,80 Prezant et al. proposed that the mitochondrial riboso-
mal RNA (rRNA) may be a candidate gene due to the similarity of the aminoglycosides 
binding site of the 16S rRNA of Escherichia coli (E. coli) and a region of the human 
mitochondrial 12S rRNA.81 They described four families with aminoglycoside-induced and
non-syndromic sensorineural deafness in association with a A1555G mutation in the 12S
rRNA.81 Surprisingly, the A1555G mutation has been shown to be a common cause of late-
onset familial non-syndromic sensorineural deafness in Spain accounting for 27 per cent of
the familial cases.82 The high prevalence of A1555G mutation in Spain is not caused by a
founder effect.83 A study in Japan revealed that the A1555G accounts for over 3 per cent of
all patients with sensorineural hearing loss in an auditory out patient clinic and that one-third
of these cases had previously had aminoglycosides injections.84 Typically, patients with the
1555 mutation have late-onset bilateral gradually progressive sensorineural hearing loss.
However, age at onset of less than 2 years is reported. The age at onset varies widely within
individual families although most patients develop symptoms before 40 years of age. Hearing
loss is both spontaneous or may follow exposure to aminoglycosides treatment. It usually
affects high frequencies at the beginning. Hearing loss is often mild unless it is aminoglyco-
sides-induced, in which case it is generally associated with acute deafness a few weeks after
receiving aminoglycosides treatment.82,85
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Families with maternally inherited sensorineural hearing loss are also described in associ-
ation with A7445G, T7511C, and 7472insC mutations in the tRNASer(UCN) gene.86–88 The clin-
ical features are similar to the A 1555G mutation but the A7445G and T7511C mutations have
not been reported in association with aminoglycoside-induced deafness. Families harbouring
the 7472insC mutation may also exhibit other neurological features including ataxia,
myoclonus, seizures, and polyneuropathy.40,89

Neurogenic muscle weakness, ataxia, and retinitis pigmentosa (NARP)

The NARP was originally described in a maternally inherited family with a variable combina-
tion of retinitis pigmentosa, ataxia, neurogenic muscle weakness, developmental delay,
seizures, dementia, optic atrophy, and sensory neuropathy by Holt et al.90 This group identi-
fied a heteroplasmic T8993G mutation in the mitochondrial ATP synthase subunit 6 (ATPase 6)
gene in all studied family members. The more severe clinical phenotypes and the earlier age
at onset cases correlated with higher proportions of the mutant mtDNA in blood. This corre-
lation was supported by 44 subsequent reports.91,92 Individuals with levels of mutant mtDNA
less than 70 per cent are usually asymptomatic or are mildly affected. The NARP often asso-
ciates with proportions of mutant mtDNA in muscle or blood between 70 and 90 per cent.
Patients harbouring proportions of mutant mtDNA above 90 per cent generally develop one
of the most severe and frequently lethal phenotypes of LS.93,94 Some studies have indicated
that the proportions of the T8993G mutant mtDNA in different tissues are generally homo-
geneous in contrast to tRNA gene mutations where large differences in mutant load are
reported.94,95 For these reasons, molecular diagnosis of the T8993G and in particular prena-
tal diagnosis is considered to be more reliable than for other mtDNA mutations such as those
in tRNA genes (see Chapter 16 for further discussion of prenatal diagnosis).96,97

In contrast to KSS, the retinopathy in NARP patients is often typical of retinitis pigment-
osa. Fundoscopy reveals clumps of pigment and bone corpuscle formation in both retinae
leading to constricted visual fields or blindness. Gait and limb ataxia of cerebellar type is
prominent and there is usually cerebellar atrophy on brain scan. Limb weakness is often mild
and may be obscured by limb ataxia. Axonal sensory neuropathy may involve any sensory
modalities and tendon reflexes are absent. Muscle biopsies do not show the typical histo-
chemical evidence of mitochondrial myopathy such as RRFs or absence of COX activity.90

Instead, the muscle biopsy simply shows changes of denervation of muscle as a consequence
of the neuropathy. The combination of the described clinical features in association with
maternal transmission are therefore important clues for the diagnosis which can be confirmed
by mtDNA analysis.

Leigh’s Syndrome (LS)

In 1951, Leigh first described a child who died from subacute severe encephalomyelopathy with
striking and distinctive neuropathological abnormalities mainly involving the thalamus, basal
ganglia, and brainstem.98 The LS is one of the most common mitochondrial encephalomy-
opathies in infancy. It is a devastating disorder associated with a range of neurological signs
including psychomotor retardation, optic atrophy, ophthalmoplegia, ptosis, nystagmus, ataxia,
tremor, dystonia, pyramidal signs, and abnormal breathing. Definite diagnosis depends on
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either characteristic neuroimaging or the postmortem neuropathological features of bilateral
symmetrical spongiform lesions localized especially in the thalamus, basal ganglia, and
brainstem. These findings are microscopically associated with cystic cavitation, demyelina-
tion, vascular proliferation, and gliosis.99 The onset of LS is often in the first year of life,
however juvenile or adult-onset LS is occasionally described.100,101

Although the first genetic defect identified is in the ATPase 6 gene of the mtDNA, theT8993G
mutation,102,103 LS is more commonly inherited as an autosomal recessive trait than as a
maternally inherited trait, that is to say, it is the result of a mutation(s) in nuclear DNA, and is
discussed in detail in Chapter 10.104 Interestingly, autosomal recessive LS families frequently
have either isolated Complex IV (cytochrome c oxidase COX), or Complex I (NADH–
ubiquinone reductase) deficiency or less commonly Complex II (succinic–ubiquinone reduc-
tase) deficiency. Recently, nuclear genes encoding important mitochondrial proteins have been
identified in some families with autosomal LS. The X-linked recessive families with a defect
of pyruvate dehydrogenase complex (PDHC), which does not affect the respiratory chain
directly, also exhibit LS.105

Mutant nuclear genes associated with LS include the flavoprotein gene of complex II, and
the SURF-1 gene involved in COX assembly, which accounts for 75 per cent of LS with COX
deficiency. Mutations in other COX assembly genes, SCO1 and SCO2 have subsequently
been identified in patients with severe infantile encephalopathy. In contrast to patients har-
bouring SURF-1 mutations who generally have LS, patients harbouring SCO2 mutations
often exhibit hypertrophic cardiomyopathy and have a severe encephalomyopathy which
resembles LS but without the characteristic neuropathological features of LS.106 In contrast,
a SCO1 mutation, described in two brothers with neonatal-onset hepatic failure, ketoacidotic
coma, and encephalopathy, proved fatal within 2 months of birth. LS with Complex I defi-
ciency accounts for almost 20 per cent of LS cases, the mutations identified to date are located
in nuclear-encoded Complex I genes. Two affected families exhibited autosomal recessive LS
with typical neuropathological findings.

Sensory ataxic neuropathy, dysarthia, ophthamoparesis (SANDO)

When the peripheral nervous system bears the brunt of a mitochondrial disease, skeletal mus-
cle rather than peripheral nerve is most likely to be affected. However, recently, cases have
been reported in which the dominant presenting symptom is a severe peripheral neuropathy.

Four sporadic patients from North America developed a distinct clinical syndrome pre-
senting with severe sensory ataxic neuropathy, dysarthia, and late-onset progressive external
ophthalmoplegia. Fadic et al. proposed the acronym SANDO and identified multiple dele-
tions in the mtDNA in all patients. The most prominent feature is sensory ataxic neuropathy
and ophthalmoplegia often developing after the age of 30. Migraine and depression were also
common in these cases. Nerve conduction studies showed a predominantly sensory axonal
neuropathy. Muscle biopsies generally reveal RRF with or without COX-deficient fibres.107

Non-neurological features

Non-neurological clinical features may associate with primary mtDNA disorders (Table 5.1).
When present they often accompany neurological phenotypes rather than presenting as the
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sole manifestation. For example, short stature and DM in MELAS, cardiomyopathy in KSS, or
lipomatosis with MERRF. Sometimes, these associated non-neurological features may be an
important determinant of the prognosis, for example, premature death in KSS is often due to car-
diac conduction disturbance and cardiomyopathy. There is also now considerable evidence that
shows that isolated non-neurological involvement can be the sole manifestation of mitochondrial
disease, for example, isolated cardiomyopathy. In the next section, we focus on some of the
important non-neurological features often associated with mitochondrial encephalomyopathies.

Heart

Cardiac manifestations are relatively common presentations of mitochondrial encephalomy-
opathies and can be fatal. The common cardiac features are both conduction defects and car-
diomyopathy. One study investigated cardiac manifestations in 17 patients with classical
mitochondrial phenotypes (6 CPEO, 3 KSS (single large deletions), 5 MELAS (A3243G),
and 3 MERRF (A8344G)). Of these, 3 patients with KSS had cardiac conduction defects, 2
of 3 MERRF patients had significant cardiomyopathy and 2 of 5 patients with MELAS had
symmetrical left ventricular hypertrophy.108 Hypertrophic cardiomyopathy is occasionally
described in LS (T8993C).109

Maternally inherited isolated hypertrophic cardiomyopathy is genetically heterogeneous. 
It has been described in association with several mtDNA point mutations including A1555G
in the 12S rRNA gene, A3243G in the tRNALeu(UUR) gene, A4295G and A4300G in the tRNAIle

gene, A8296G and G8363A in the tRNALys gene, G15423A in the cytochrome b gene, and
some sporadic cases with mtDNA depletion.110–117

Dilated cardiomyopathy is less common than the hypertrophic type. It has been described
in patients with MELAS and MERRF.108,118 Familial isolated ‘idiopathic’ dilated cardio-
myopathy is described in association with mtDNA multiple deletions and a point mutation,
T12297C in the tRNALeu(CUN) gene.118,119

Endocrine

DM is commonly associated with A3243G (MELAS) mutation. This mutation is also
described in families with maternally inherited isolated DM and deafness.28 Rearrangements
of mtDNA are also often associated with type II diabetes, in particular partial duplica-
tions.120–122 Moreover, a common mtDNA variant present in 9 per cent of the UK population
appears to be a predisposing factor in some forms of multigenic type II diabetes.123 Patients
with mitochondrial encephalomyopathy often have short stature, which has sometimes been
shown to be associated with deficient growth hormone secretion.124 Other less common
endocrine involvements are shown in Table 5.1.

Bone marrow

Pearson’s syndrome is a fatal infantile disorder characterized by refractory sideroblastic
anaemia, thrombocytopenia, neutropenia, and pancreatic exocrine dysfunction. Bone marrow
pathology is characterized by remarkable vacuolization of erythroid and myeloid precursors,
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haemosiderosis, and ringed sideroblasts.125 Additional features include renal tubular acidosis
and hepatic failure. It has been described in association with mtDNA large-scale rearrange-
ments such as single large deletions and less commonly with deletion-duplication.126,127 Most
patients die at young age, however some patients who have survived have been observed to
subsequently develop KSS.128,129 A variant of Pearson’s syndrome associated with a single
large mtDNA deletion has been reported. The patient developed congenital hypoplastic
anaemia, renal tubulopathy, DM, and cerebral atrophy. She subsequently developed progres-
sive external ophthalmoplegia and KSS.130 These observations suggest that Pearson’s syn-
drome and KSS represent a clinical continuum caused by single deletions and that the
different phenotypes may be determined by variation in mutant load.

A form of sideroblastic anaemia has also been described in families harbouring mtDNA
mutations (namely the A8344G mutation and multiple deletions of mtDNA),131,132 and with
a mutation in a putative mitochondrial iron transporter gene (ABC7).133

Gastrointestinal tract

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE)

The MNGIE is a unique autosomal recessive multisystem disorders associated with multiple
deletions or partial depletion of mtDNA (see also Chapter 9). It is characterized by gastro-
intestinal dysmotility, cachexia, ptosis, progressive external ophthalmoplegia, polyneuropathy,
and leukoencephalopathy on brain MRI.134,135 Onset may vary from 5 months to 43 years of
age although the majority of patients have experienced symptoms before 20 years of age.
Patients often died in the forth decade. Almost half of the patients develop gastrointestinal
symptoms as the initial manifestation. Opthalmoplegia is also a common initial presentation.

Gastrointestinal features are the most prominent clinical features including borborygmi,
abdominal pain and cramps, diarrhoea, early satiety, nausea/vomiting, diverticulosis, pseudo-
obstruction, gastroparesis, and dysphagia. Cachexia is another prominent feature, but despite
the apparent muscle atrophy, muscle strength is well maintained.136

Neurological symptoms are often mild. Peripheral neuropathy affecting both motor and
sensory nerves leading to glove-stocking sensory loss and mild distal limb weakness is fre-
quent. Patients occasionally have debilitating weakness. Hearing loss is observed in almost
half of the patients. Pigmentary retinopathy and mental retardation are rare. Nerve conduc-
tion studies are invariably consistent with demyelinating neuropathy but it sometimes also
shows additional features compatible with axonal neuropathy. Electromyography sometimes
shows myogenic pattern in addition to more common neuropathic features. Increased CSF
protein is observed in most patients. Brain MRI generally reveals diffuse leukoencephalopathy.
It there may well be no clinical manifestation attributable to the leukoencephalopathy, such
as pyramidal signs or dementia. COX-deficient muscle fibres are invariably observed and
almost two-third of patients have RRF on muscle biopsy.136

Treatment

The development of more effective treatments for patients with mitochondrial diseases
remains one of the most important research challenges in this field. At present, there is no
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genetic therapy or other therapy which has been shown to have a clinically significant impact
on the natural history or molecular pathogenesis of these disease. However, there are many
practical measures the clinicians can institute to improve the quality of life for patients.

Advice about avoiding situations which may prompt lactic acidosis such as excessive exer-
tion or alcohol is important in certain cases. Prompt treatment of lactic acidosis if it occurs
may be life saving. Control of seizures with anticonvulsant medication, although avoiding
valproate, is important. Other medications which are often considered include coenzyme Q10,
carnitine, riboflavin, and thiamine. However, these are only usually effective if the patient has
been demonstrated to have a specific deficiency of one or other of these factors. Many clin-
icians in this area offer patients a trial of coenzyme Q10 if fatigue is a prominent symptom,
although clinical trials have not proven its effectiveness. Acute stroke-like episodes have been
reported to be rapidly improved by steroid treatment.43,137

Practical aids such as hearing aids and ptosis props can be very valuable. Surgical inter-
vention such as ptosis surgery or cochlea implant surgery both have an important place in
carefully selected patients. The services of a neurorehabilitation team are often invaluable to
patients with significant CNS or peripheral nervous system involvement and should be
offered in all such cases. Screening for non-neurological tissue involvement is important; for
example, we routinely arrange cardiac evaluation in all mitochondrial patients.

Understandably, patients wish to know the risks of transmitting their disease. Genetic
counselling is therefore a very important part of management. However, except for single
large-scale rearrangements which are sporadic, genetic counselling for other types of mtDNA
mutations is presently problematic because of the absence of reliable recurrence risks (how-
ever see also Chapter 16).

Recent research has provided evidence that therapeutic muscle damage or certain types of
exercise programmes may reduce the proportion of mutant mtDNA in skeletal muscle. This
would be expected to result in improved respiratory chain function and therefore clinical
function. Although encouraging, further work is need before true clinical benefit to patients
is proven.22,138–141
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6 Rearrangements of mitochondrial DNA
Eric A Schon

Mitochondrial transmission

A unique feature of mammalian mitochondria is that they are inherited exclusively from the
mother.1 Even though sperm mitochondria enter the oocyte at fertilization, they are destroyed
early in development,2 and only the mitochondrial DNAs (mDNAs) contributed by the oöcyte
repopulate the foetus.

There are hundreds or even thousands of mitochondria in each cell, with each organelle
containing an average of 5 mtDNAs.3 Thus, in mitochondrial disorders due to mutations in
mtDNA, instead of one or two mutated alleles (as in classic Mendelian disorders), there can
be thousands of mutated alleles in a typical cell. In other words, these mitochondrial diseases
follow the rules of population, not Mendelian genetics.

Both mitochondrial division and mtDNA replication are unrelated to the cell cycle or to the
timing of nuclear DNA replication. Thus, a dividing cell has the potential to donate a variable
number of organelles and genomes to its daughter cells, a phenomenon termed mitotic segrega-
tion. This process becomes important clinically if a patient is heteroplasmic, that is, he or she
harbours two populations of mtDNA—normal mtDNAs and mutated mtDNAs causing a mito-
chondrial disease. Because of mitotic segregation, the phenotypic expression of a pathogenic
mtDNA mutation may vary both in time (during development or over the course of a life-span)
and in space (among tissues or cells). Segregation of mtDNAs need not always be random, as
active selection can either eliminate or concentrate a population of mutant mtDNAs in certain
cells and tissues. Taken together, the effects of heteroplasmy, mitotic segregation, and selec-
tion can combine to generate a respiratory chain deficiency in some tissues but not in others,
but this will occur only if the number of mutant mtDNAs exceeds a certain threshold, which
varies from tissue to tissue depending upon their energy requirements. Skeletal muscle and
brain are among those tissues with the highest energy requirements, which is why many (but
certainly not all) mitochondrial disorders are encephalomyopathies.

Our ability to study the relationship between mtDNA genotype and phenotype is severely
hampered by the fact that there are currently no methods available to introduce exogenous
mtDNA into mammalian mitochondria. Fortunately, a ‘backdoor’ approach to solving this
problem has been developed, in which exogenous mitochondria (containing their own
mtDNAs) are introduced into human cell lines containing mitochondria that have been
depleted of their own endogenous mtDNA (called �0 cells, using the nomenclature established
for yeast).4 Because the �0 line is auxotrophic for pyrimidines and pyruvate (due to the loss
of a functional respiratory chain), one can select for the repopulation of the cells by exo-
genous mtDNA based on complementation of the metabolic defects with the exogenous mito-
chondria (and their mtDNAs). This cytoplasmic hybrid (cybrid) technology is a powerful tool
to study pathogenic mtDNA mutations in vitro.
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Diseases associated with large-scale rearrangements of mtDNA

Sporadic mtDNA deletions

Progressive external ophthalmoplegia (PEO) is a disorder of skeletal muscle characterized by
paralysis of the extraocular muscles.5 A notable clinical feature of PEO is ptosis (droopy 
eyelids), due to weakness of the levator muscles that hold up the eyelids. In skeletal muscle
biopsies from patients with PEO, one can observe massive proliferation of mitochondria in a
subset of fibres (usually type I),—known as ragged-red fibres, or RRF—upon histochemical
staining with Gomori trichrome6 or by histochemistry to reveal succinate dehydrogenase
(SDH) activity. Typically, RRF are devoid of respiratory chain activity, based on the lack of
histochemical stain for cytochrome c oxidase (COX) activity.7 Moreover, these COX-negative
regions are distributed segmentally along the muscle fibres (i.e. the COX-negative region is
flanked by COX-positive regions on either side). The density of RRF observed in cross-
sections of muscle increases during the progression of the disease;8 in other words, the size
of the ragged-red region, when viewed longitudinally, expands steadily and inexorably.

Because PEO is essentially a pure myopathy, the disease, while debilitating, is usually not
life-threatening. However, PEO can also be part of a much more severe, and ultimately fatal,
multisystem disorder called Kearns–Sayre syndrome (KSS).9,10 Clinically, KSS is defined by
the triad of onset before age 20, PEO, and pigmentary retinopathy, plus at least one of the 
following: cerebellar ataxia, heart block, and cerebrospinal fluid (CSF) protein content above
100 mg/dl. Other common but nonspecific features include endocrine abnormalities (e.g. dia-
betes, hypoparathyroidism, short stature), neurosensory hearing loss, and dementia. In both
KSS and PEO, biochemical studies of muscle often show multiple respiratory chain enzyme
defects, especially COX deficiency.

Historically, both PEO and KSS were difficult to classify, because most patients were spor-
adic (i.e. mothers and siblings of the proband were unaffected). However, following a land-
mark paper published in 1988 by John Morgan-Hughes and his colleagues,11 it was found that
large-scale partial deletions of mtDNA (�-mtDNAs) were present in patients with either spor-
adic PEO or sporadic KSS.12–14 The same �-mtDNAs seen in PEO and KSS are also present
in an early-onset sporadic haematopoetic disorder called Pearson’s marrow/pancreas 
syndrome (PS),15,16 which is characterized by sideroblastic anaemia and exocrine pancreatic
dysfunction. The anaemia is often fatal despite blood transfusion therapy.15 The few patients
who survive Pearson syndrome (PS) later develop KSS.17

In PEO, KSS, and PS, the �-mtDNAs can be detected by Southern blot hybridization
analysis: linearization of total DNA with a restriction enzyme that cuts only once in the mito-
chondrial genome (e.g. PvuII; see Fig. 6.2), followed by hybridization with a mtDNA-specific
probe, reveals a single population of mtDNAs migrating more rapidly in the electrophoretic
gel than do the linearized full-length (i.e. 16.6-kb) normal mtDNAs. The size and location of
the deletion, and the proportion of �-mtDNA, differ among patients and, to a first approxi-
mation, do not appear to correlate to the severity or the presentation of the disease. Since
1988, more than 200 different deletions have been identified in KSS/PEO/PS patients, and all
patients have been heteroplasmic (with up to 80 per cent �-mtDNA) in affected tissues.
Although the deleted species found in any one patient is unique, one particular deletion,
that removes 4977 bp of mtDNA between the ATPase 8 and the ND5 genes (see Fig. 6.1), has
been found in about one-third of all patients, and has therefore been called the ‘common’
deletion.18,19
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The fact that only a single species of �-mtDNA is found in any one patient with sporadic
PEO or KSS implies that the population of �-mtDNAs is a clonal expansion of a single muta-
tion event occurring early in oögenesis or embryogenesis.20 Besides explaining why the dele-
tions in each patient appear to be clonal, this hypothesis would also explain why these
diseases are sporadic. Support for this idea comes from the observation that extremely low
levels of mtDNA rearrangements have been found in the oocytes of normal women.21–24

Human oocytes contain between 100,000 and 600,000 mtDNAs,21,25,26 of which approx-
imately 1000 will eventually repopulate the foetus. If a single rearranged mtDNA somehow
managed to slip through this bottleneck and enter the foetus, it would explain why these dis-
eases are sporadic, why they are so rare, and why the rearrangements are clonal.

Following fertilization, there is no mtDNA replication until the blastocyst stage of develop-
ment, when germ layer differentiation begins. One can easily imagine how a few rearranged
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Fig. 6.1 Map of the human mitochondrial genome, showing the 13 polypeptide-coding genes and 24
protein synthesis genes (12S and 16S rRNAs, and 22 tRNAs [1-letter amino acid code]). The location
of the 4977-bp segment of mtDNA that is removed in the ‘common deletion’ found in sporadic KSS,
PEO, and PS is also indicated (see Fig. 6.2).
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mtDNAs present at or immediately following the blastocyst stage could segregate in a highly
skewed fashion among the germ layer cells or their progeny. In this scenario, mutated mtDNAs
entering all the germ layers would result in KSS (which is a multisystem disorder), whereas
segregation to muscle would result in PEO.20 In the case of PS, the haematopoetic lineage
would be the predominant, but not excusive, recipient, of mutated mtDNAs.

The hypothesis of clonality implies that a single rearranged molecule present in the oocyte or
the embryo will multiply to become the trillions of �-mtDNAs found in the patients. It is cur-
rently unknown how this selective amplification of �-mtDNAs occurs. It may be merely that the
�-mtDNAs ‘out-replicate’ the wild-type mtDNAs (wt-mtDNAs) because they are smaller, but
this hypothesis has a few problems. First, the few experiments addressing this issue imply that
this is not the case.27,28 Moreover, the turnover of mitochondria in muscle is on the order of
weeks,29 while the replication of mtDNA takes about 2 h. It is therefore not clear what prolifer-
ative advantage would be conferred by cutting the replication time down to 1 h in a �-mtDNA
that were half the size of a wt-mtDNA. Finally, the amplification of mtDNAs is intimately 
connected to the proliferation of the organelles in which they reside. It may be that respiratory
insufficiency causes the entire organelle to divide wildly, and as the mitochondria multiply, so
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Fig. 6.2 A typical large-scale mtDNA rearrangement (the ‘common deletion’ [pie-shaped protruding
pie segment], which removes 4977 bp between ATPase 8 [solid box] and ND5 [open box]), illustrating
the relationship between the partially-deleted and the corresponding partially-duplicated molecules.
Note that the deletion breakpoint (dashed line) is the same in both molecules. Note also that the PvuII
site located at nt-2650 on the mitochondrial genome is present once in the wt- and the �-mtDNA, but
is present twice in the dup-mtDNA.
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too do the mutations. In other words, the proliferation of the mtDNAs may be secondary to the
proliferation of the organelles, with the deleted mtDNAs merely ‘passengers along for the ride’.30

Even though each deletion removes a different set of mitochondrial genes, all KSS patients
have fundamentally the same presentation and features, as do all PEO and PS patients. How can
we reconcile the relative uniformity of clinical presentation with the wide variation in the regions
of the genome that are deleted? The answer to this question relates to the fact that the 22 transfer
RNA (tRNA) genes are not clustered on the mtDNA, but rather are distributed around the genome
(see Fig. 6.1). Although the deleted mtDNAs are transcribed into RNA in the usual way,
those processed transcripts encoding polypepides (i.e. the mRNAs) are not translated, because the
deletions remove essential tRNAs that are required for protein synthesis.31–39 Thus, it does not
matter where the deletion resides, as long as even one tRNA gene is deleted, and in fact, every
documented pathogenic deletion in KSS and PEO removes at least one tRNA gene.

The ‘deleted tRNA hypothesis’ implies that mRNAs are not translated correctly because
the organelle is lacking the subset of tRNAs located within the deletion. However, in a 
heteroplasmic population of deleted and wt-mtDNAs, the wt-mtDNAs ought to be able to
complement the translational deficiency by providing those tRNAs that are missing from the
�-mtDNA, assuming, of course, that both mtDNA species reside within the same organelle.
In fact, such complementation can indeed occur. For example, cybrids containing mitochon-
dria from a patient with a large-scale deletion produced the expected ‘fusion protein’ encoded
by the mRNA straddling the deletion breakpoint, but only when the proportion of wt-mtDNAs
in the cybrids was above approximately 20–30 per cent.34 Genetic and functional comple-
mentation, and even homologous recombination between mtDNAs, have also been inferred
from a number of studies,40–49 but the frequency of mtDNA recombination events in the
absence of selection is probably quite low.43

If complementation can occur, why are many muscle fibres in KSS/PEO patients devoid of
any observable respiratory chain function? The most reasonable answer is that respiratorily-
deficient fibres are unable to complement function because there are essentially no wt-
mtDNAs present within organelles in the RRFs—in other words, mitochondria in
COX-negative RRFs are, to all intents and purposes, ‘homoplasmic deleted’. Muscle fibres
containing homoplasmic levels of �-mtDNAs have been observed morphologically, using
‘single-fibre PCR’ and in-situ hybridization methods.31,36,50 The absence of wt-mtDNAs in
these RRF, however, begs the question as to why little or no complementation is observed
between COX-negative RRFs and the adjacent COX-positive regions in the muscle fibre that
contain large amounts (or even a majority) of wt-mtDNAs. In other words, why does not com-
plementation occur in the ‘mixing zone’ at the boundaries of RRF and non-RRF? In fact, such
mixing can probably occur,36,45 but for unknown reasons—perhaps related to the regulation
of interorganellar fusion and fission, and to the intracellular mobility of individual mitochon-
dria51—it does not occur frequently enough to prevent the inexorable growth of the RRFs.8,43

The recent generation of a ‘transmitochondrial’ mouse harbouring heteroplasmic mtDNA
deletions,52 which is the first authentic animal model of any mtDNA-related disease, should
help resolve this question.

Sporadic mtDNA duplications

Not long after the discovery of �-mtDNAs in sporadic KSS, it was found that some patients
harboured large-scale partial mtDNA duplications (dup-mtDNAs), and furthermore, that
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duplicated and deleted mtDNAs coexisted in these patients.53–56 Moreover, in these ‘triplasmic’
patients (i.e. containing wt-, dup-, and �-mtDNAs), the two rearranged species are topologi-
cally related: the dup-mtDNA can be thought of as being composed of a wt-mtDNA and a 
�-mtDNA arranged head-to-tail (Fig. 6.2). Thus, the only novel sequence in the dup-mtDNA
as compared to wt-mtDNA is located at the boundary of the duplicated region, which is iden-
tical to the boundary in the corresponding �-mtDNA. This finding implies the two rearranged 
molecules are generated through a common mechanism, or that one may be derived from the
other.28,50,57–60

The importance of dup-mtDNAs in the generation of �-mtDNAs, from both a mechanistic
and clinical standpoint, has been underestimated, mainly for technical reasons. As noted
above, �-mtDNAs are usually detected as a second band on Southern blots of PvuII-digested
mtDNA, migrating more rapidly in the gel than does the wt-mtDNA. The PvuII cuts only once
in the mtDNA, at mtDNA nucleotide position 2650, located in the ‘minor arc’ between OH
and OL that is rarely (but not always35) deleted in patients (Fig. 6.2). Thus, cleavage with 
this enzyme usually cannot distinguish a deletion from a duplication, because a dup-mtDNA
will contain two PvuII sites, separated by a distance corresponding to the size of a simple
deletion. Similarly, because the breakpoint spanning a deletion is identical to that spanning
the junction where the duplicated segment of mtDNA is inserted into the wild-type sequence,
amplification of the mtDNA spanning the deletion breakpoint and the duplication junction by
polymerase chain reaction (PCR) will yield identical PCR products, rendering the two indis-
tinguishable. In sum, it is quite likely that many dup-mtDNAs were overlooked.61–63

Deletions of mtDNA are pathogenic because they invariably remove at least one tRNA gene.
Duplications of mtDNA, on the other hand, are not lacking any tRNAs (if anything, some genes
are present in excess), and it is noteworthy that cells harbouring high levels of dup-mtDNAs do
not have obvious phenotypic abnormalities.39,50,57 This does not mean that dup-mtDNAs have
no phenotypic consequences. For example, a particular dup-mtDNA in a patient may result in
a functionally deleterious ‘fusion gene’ generated at the rearrangement breakpoint; there may
be interacting nuclear factors;57 or, more likely, the duplicated species will eventually recom-
bine to yield a wt-mtDNA and the corresponding deleted species, which is pathogenic.28 If the
population of recombined �-mtDNAs segregates in such a way that it predominates in cells,
clinical consequences will then ensue. This was shown in a patient who had a late-onset
myopathy associated with approximately 50 per cent wt-mtDNA, 48 per cent dup-mtDNA, and
only 2 per cent �-mtDNA: essentially all the �-mtDNAs were concentrated in the patient’s
RRFs, whereas the wt- and dup-mtDNAs were present in the ‘COX-normal’ fibres.50

Sporadic large-scale rearrangements of mtDNA in normal human ageing

Tissues from normal individuals, and especially long-lived tissues with high oxidative
requirements, such as brain and muscle, contain �-mtDNAs that are similar, and in many
cases identical, to those found in great abundance in patients with sporadic PEO, KSS, and
PS. However, rather than harbouring a single deleted species, ageing individuals harbour
numerous deleted species,64,65 each presumably the result of an individual somatic mutation
event. The deletions found in normal individuals are present in extremely low amounts,
detectable only by PCR, and accumulate during ageing, in an exponential fashion.66

As with the authentic rearrangement disorders, both deleted and duplicated mtDNAs have
been detected in normal ageing.67,68 Since dup-mtDNAs are ‘less’ pathogenic than �-mtDNAs,
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one therefore cannot conclude that the presence of rearranged mtDNAs in aged tissues, in
whatever quantity, has pathological consequences without a more detailed understanding of
the molecules’ topologies.

Maternally inherited duplications

Although dup-mtDNAs arise sporadically in KSS and PEO, they can also be transmitted
maternally. Interestingly, the clinical phenotypes associated with these inherited large-scale
mtDNA rearrangements do not include ‘complete’ KSS. Rather, the patients show some of the
features of the syndrome, such as cerebellar ataxia, renal tubulopathy, and diabetes mellitus
(DM);69 myopathy, PEO, and diabetes;70 and diabetes and deafness.71 The diabetes, which is
a frequent symptom found in KSS patients,72,73 is usually the late-onset type II, non-insulin-
dependent, form.69–71,74 Notably, these patients usually do not have the symptoms of KSS,
and although dup-mtDNAs are present in muscle, RRF are not.

Maternally inherited deletions

The data regarding the maternal transmissability of �-mtDNAs are conflicting. There was an
early report of maternal transmission of �-mtDNA from mother with PEO to her daughter,
who also had PEO, but the two deletions were different.75 In a second report, a mother with
KSS clearly did not pass her deletion to her daughter,76 but a mother with PEO apparently did
transmit the deletion to her son.77 Finally, a patient with cyclic vomiting syndrome was
reported to harbour a large-scale deletion with evidence of maternal history.78

Since, it is difficult to distinguish between a deletion and the corresponding duplication,
reports of the transmission of �-mtDNAs without strong evidence eliminating the possibility
of the presence of a dup-mtDNA should be treated with caution. It is clear, however, that in
the one known mouse model of mtDNA rearrangements.52 The �-mtDNAs can indeed be
‘transmitted’ (in the sense that mother and child harbour the same deleted species), and we
have also found evidence that the same can occur in humans (our unpublished data). However,
in each of these cases it is unknown if the transmitted molecule is truly a deletion, as it is also
possible that the deleted species passes through the germ line via a transiently generated
duplicated intermediate. Finally, some reports of inheritance of �-mtDNA in a child79 may
actually reflect the analysis of low levels of age-related �-mtDNAs in the mother generated
via somatic mutation, and are not authentic transmission at all.

Small-scale rearrangements of mtDNA

A few small-scale deletions have also been described, but essentially none of them deleted
tRNA genes and none was associated with sporadic KSS or PEO. It is true that four relatively
large deletions, ranging in size from 0.5 to 2.0 kb, also did not remove tRNA genes, but these
rearrangements were present in patients with familial PEO and numerous other large-scale
deletions.80,81

Regarding microdeletions, one has been found to be a neutral polymorphism that appears
to have originated among people of Polynesian origin. The deletion removes one of two 
tandem 9-bp repeats in the 3�-untranslated region of the COXII gene (COXII is the only gene
with a 3�-UTR).82 A patient with motor neuron disease had a deletion of 1 of 2 tandem
repeats, 5 bp in length, located within the COXI gene, resulting in a frameshift.83 A patient
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with recurrent myoglobinuria and COX deficiency harboured a heteroplasmic mtDNA
microdeletion of only 15 bp located within the COXIII gene that removed five in-frame amino
acids from the polypeptide.84 This deletion was flanked by two 7-bp direct repeats. An
unusual rearrangement was recently described, in which a patient with a pure myopathy and
isolated complex I deficiency had an intragenic inversion of 7 bp that caused an in-frame sub-
stitution of three amino acids.85 Notably, the inverted region was flanked by 7-bp perfect
inverted repeat.

Maternal inheritance of a heteroplasmic, small-scale mtDNA rearrangement has also been
described, in a sporadic KSS patient who harboured a typical large-scale deletion plus an
unrelated tandem duplication of a 265-bp segment of non-coding mtDNA located in the 
D-loop region.86 The duplication, but not the deletion, was present in the patient’s clinically
normal mother, implying that the duplication was not pathogenic.86,87 While it is clear that
this mini-duplication, and others like it, are present in normal individuals88 the issue of 
pathogenicity is nevertheless controversial, as the 265-bp duplication,89 as well as a 204-bp
duplication also located in the D-loop,90 have been found in patients with mitochondrial 
diseases.

Some regions in the D-loop are particularly unstable, including a polypyrimidine stretch
around nt-310 that is C-rich.91 The region containing the 265-bp duplication is also unstable,
as triplications of this element have also been observed,57,60,89 and a similar situation results
in systematic and permanent D-loop heteroplasmy in bats92 and rabbits.93

Concluding remarks

The exact mechanism by which mtDNA deletions are generated is unknown. However, analysis
of the rather considerable number of rearranged mtDNAs reported in the literature since 1988,
coupled with the results from a number of experiments performed in vitro,30,39,51,55,67,68,70,78,94,95

allow for some educated guesses. More than one-third of all reported deletions are flanked
precisely by direct repeats 4 bp in length or greater (unpublished data). These have been
called ‘class I’ deletions,30 in order to distinguish them from ‘class II’ deletions, which are
flanked by perfect or imperfect direct repeats in an imprecise manner (about a third of all
deletions) or have no obvious sequence homologies at the boundaries of the breakpoints (the
remaining one-third).30 Interestingly, of those deletions with no obvious flanking repeats (or
with those flanked by repeats less than 4 bp in length, which we consider to be present merely
by coincidence), about half contained strings of polypurines or polypyrimidines in the region
of the breakpoint, which have the potential to form ‘bent DNA’.96

Taken together, the data imply that mtDNA rearrangements are the result of homologous
recombination events, but it is not clear if these events are primarily due to legitimate recomb-
ination (e.g. crossing-over at a homologous region) or illegitimate recombination (e.g. slipped
mispairing).95,97,98 Either type of event could cause a deletion directly, or a deletion 
could arise as the result of an intramolecular recombination event from a pre-existing 
duplication.39,68,70

However they arise, the identification and analysis of mitochondrial DNA rearrangements
in human pathologies has shed light not only on the aetiology and pathogenesis of a major
subgroup of mitochondrial disorders, but has also provided insight into basic questions
regarding the generation and maintenance of the mitochondrial genome.
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7 Pathological mutations affecting
mitochondrial protein synthesis
Howard T Jacobs

Introduction

Just as in yeast, mitochondrial DNA mutations in humans can be classified into three broad
categories: point mutations affecting protein-coding genes (designated mit� in yeast), point
mutations affecting the protein synthetic apparatus (syn� in yeast), and large deletions. Large
deletions in yeast, a class of mtDNA mutants designated ��, are represented as long, tandem
repeats of the non-deleted segment of mtDNA. Large deletions of mtDNA in humans are
somewhat different, in that they do not generate multicopy tandemized products, although
dimers of the non-deleted region can often be detected, and trimers and higher order multi-
mers may also be present at a lower level. The terms mit�, syn�, and �� are not commonly
used in reference to human mtDNA mutations, but they are nevertheless useful conceptual
categories.

This chapter will deal with the syn� class of mutation that has been found in pathological
states in humans (Fig. 7.1). After a brief survey of the specific mutations that have been
reported, together with some details of the clinical phenotypes associated with them, the main
focus of the chapter will be on mechanistic studies aimed at understanding how they produce
cellular and physiological defects that can manifest as serious disease. Pathological mtDNA
mutations have been known for over a decade, yet our mechanistic understanding of them
remains remarkably rudimentary. In fact, the findings of different researchers are often
contradictory, and one is left with the feeling that some rather fundamental points might, thus
far, have escaped our attention. This should be a sobering counter-balance to the euphoria
associated with the completion of the human genome sequence. Genome sequencing will
undoubtedly lead to an explosion of data, identifying numerous unsuspected sequence
polymorphisms and haplotypes with phenotypic significance in relation to disease. But if 
the example of mitochondrial DNA is a reasonable guide, many decades of painstaking
investigations in model systems will be required before we can hope to reach a mechanistic
understanding of their pathophysiological significance.

This chapter will also deal only in a brief or superficial way with aspects of mtDNA muta-
tions covered elsewhere in this book: the issue of heteroplasmy and of segregation of mtDNA
genotypes during development (see Chapter 15), the mechanisms by which pathological
mutations are generated and propagated in the germ line (Chapter 17), the epidemiology and
clinical details of mitochondrial disease (Chapters 17 and 5), and mutations of the mit� class.
The latter primarily affect only one mitochondrial protein, resulting in a usually rather 
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narrowly definable clinical phenotype (Chapter 8), but this may nevertheless overlap some
features found in patients carrying syn�- or ��-like mutations. The reader is also referred to
the chapters dealing with the mitochondrial protein synthetic apparatus itself (Chapter 2).

Pathological mutations of mtDNA affecting protein synthesis

Human mitochondrial DNA (Fig. 7.1) contains, in addition to the 13 structural genes encod-
ing OXPHOS subunits, 24 genes encoding essential RNA components of the translational
apparatus, namely two ribosomal and 22 transfer RNAs.1 In theory, mutations in any of these
could cause a complete loss, or at least a severe dysfunction of mitochondrial protein syn-
thesis, affecting all or almost all of the 13 mtDNA-encoded polypeptides. In addition, more
subtle mutations in these genes can be envisaged, which might have an effect limited to the
synthesis of one or just a few mtDNA-encoded polypeptides. Deletions mutations would be
expected to be of the most severe class, since loss of any of the above 24 genes would entail
a complete cessation of protein synthesis and loss of all four enzyme complexes to which
mtDNA-encoded polypeptides contribute. However, these severe phenotypes would of course
entail lethality, were it not for the possibility of heteroplasmy. The most functionally drastic
mutations are therefore always found in the heteroplasmic state, raising the complication that
the level and tissue distribution of mutant mtDNA can play a role in expression of the clin-
ical phenotype. At more modest levels of heteroplasmy, even drastic mutations can have a
subtle phenotypic effect. Conversely, functionally mild mutations that can segregate to homo-
plasmy in the germ line without compromizing early development might nevertheless have a
profound effect in some specific tissues.

12S rRNA (A1555G)-aminoglycoside
Ototoxicity, deafness

tRNALeu(UUR) (e.g. A3243G)
MELAS, MIDD, PEO

tRNAIle (e.g. A4300G)
Cardiomyopathy

tRNASer(UCN) (e.g. T7511C)
Deafness

tRNALys (e.g. A8344G)
MERRF

Large deletions
KSS, PEO

rRNA

tRNA
(H, L strand)

Non-coding

Protein (H, L strand)

Fig. 7.1 Schematic map of the human mitochondrial genome, indicating major, disease-causing
mtDNA mutations affecting genes of the translation system. Codon recognition groups indicated for 
serine and leucine tRNAs.
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Transfer RNA mutations

By far the most widely studied class of mtDNA point mutations are those affecting single
tRNA genes. At the present time, mutations in 19 of the 22 human mitochondrial tRNA genes
have been reported in association with disease, although not every one has been validated by
mechanistic studies, or by large-scale epidemiological analysis.2 Four specific tRNAs have
received the most attention, namely those for lysine, for the leucine UUR codon group, for
isoleucine and for the serine UCN codon group. Many researchers have suggested that these
particular tRNAs, especially leucine (UUR), and to a lesser extent tRNALys, might be hotspots
for pathological mutations,3–5 although much of the bias may have come inadvertently from
investigators themselves, who have searched more vigorously for pathological mutations
affecting these particular genes, following the earliest reports. It may also be biased by the
specific phenotypes that have so far been recognized as ‘mitochondrial’, which may indeed
be associated with defects in these particular tRNA genes more than others. There might, for
example, be other clinical phenotypes that have been largely overlooked, which are predom-
inantly associated with mutations in other tRNA genes of mtDNA. Implicit in this statement
is the rather remarkable observation that mutations in each tRNA gene seems to be associated
with a rather specific clinical phenotype or set of clinical phenotypes. For example, tRNAIle

mutations are predominantly found in patients with maternally inherited cardiomyopathy,
whereas tRNASer(UCN) mutations are most common in patients with sensorineural deafness.
Even where the same organs are involved, the affected cell type and exact clinical phenotype
can be quite different, as nicely shown by eye pathologies associated, respectively, with the
A3243G mutation in tRNALeu(UUR) (pigmentary retinopathy) and the A8344G mutation in
tRNALys (optic atrophy).6 This specificity continues even down to the level of the individual
mutation, where different mutations in the same tRNA gene, notably the much-studied
tRNALeu(UUR), are found in association with distinct pathological phenotypes. This observa-
tion strongly hints at the mechanistic complexity that will be discussed in the next section.

The first mitochondrial tRNA point mutation shown to be associated with human disease
was the A8344G substitution in the gene for tRNALys.7 This heteroplasmic mutation was
found to segregate matrilineally with the so-called MERRF syndrome, characterized by
myoclonic epilepsy, in combination with ragged red muscle fibres, the histopathological 
feature diagnostic for mitochondrial myopathy, hence the acronym. MERRF is a complex dis-
order, commonly including also sensorineural deafness and sometimes bilateral, benign
lipoma as additional features. Other mutations in the same tRNA gene, notably at np 8356,8

have been found in cases of an essentially indistinguishable disease (Fig. 7.2(a)). The
A8344G mutation is located in the so-called T�C loop of the tRNA, although in this partic-
ular tRNA, as in many others encoded in mtDNA, the canonical sequence T�C is not, in fact,
present. The mutation at np 8356 affects the base-paired stem of the T�C arm. One of the
goals of the mechanistic studies that will be described in the later sections of this chapter is
to understand why this particular combination of features, involving notably myoclonic
epilepsy, results from a specific dysfunction of mitochondrial tRNALys.

The second pathological tRNA mutation to be discovered, A3243G in the gene for
tRNALeu(UUR),9 has also become one of the most intensively studied, from several points 
of view. One major reason for interest in this mutation, apart from its relatively high 
prevalence3,10 and the numerous potential effects that have been studied at the molecular level,
is the fact that unlike A8344G and, in fact, most other mitochondrial mutations of the 
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Fig. 7.2 Major pathological mutations in tRNA genes. The tRNAs are shown as DNA sequences, but
folded as the conventional clover-leaf secondary structures. (a) tRNALys, (b) tRNALeu(UUR),
(c) tRNASer(UCN). PPK—palmoplantar keratoderma.
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syn� class, its clinical phenotype is extremely variable. Much debate has centred on whether
A3243G is really found in association with a continuous spectrum of disease or alternatively
with 3 or 4 very specific and distinct disorders. Of particular importance from the viewpoint
of the geneticist, is the question of whether all of the different phenotypes are found in a given
maternal pedigree with the mutation, or whether each affected family tends to exhibit a par-
ticular clinical phenotype. A second question is the degree to which the overall severity and
type of clinical picture is primarily influenced by heteroplasmy level and distribution. On
both questions there is no clear consensus, and few truly systematic investigations have been
attempted to address them. These questions will be returned to below.

Broadly, the clinical phenotypes associated with the A3424G mutation can be classified
into one of four categories. The original syndromic disorder in which the mutation was found
is described by the acronym MELAS (mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes), and the mutation is hence often loosely described as ‘the MELAS muta-
tion’. However, this is misleading for two reasons. Firstly, some other mtDNA mutations,2 not
all of them even in tRNA–leu(UUR), can also give a MELAS or MELAS-like phenotype.
Secondly, the majority of patients with the A3243G mutation have one of the other categories
of clinical phenotype associated with the mutation. These are usually described by the terms
‘diabetes and/or deafness’, often expanded to the acronymic maternally inherited diabetes
plus deafness (MIDD), and PEO (progressive external ophthalmoplegia), namely paralysis of
the external eye muscles that can sometimes affect skeletal muscle more widely, manifesting
as ptosis, generalized muscle weakness and exercise intolerance4,11 (see van den Ouweland 
et al., 1992 and Moraes et al., 1993 for the first reports of the A3243G mutation in patients
with these more restricted disorders). The fourth diagnostic category is really a catchall for an
expanding range of clinical phenotypes that fit neither into the conventional definition of
MELAS, nor into the accepted definitions of MIDD or PEO. These include patients with kid-
ney disease, with cardiomyopathy, various kinds of neuropathy, or endocrinopathies other
than diabetes.

Many different factors have been proposed to modify the effect of the A3243G mutation,
leading to this clinical variability, but none has been clearly demonstrated to act in such a
fashion in vivo. A strong candidate for involvement is mtDNA haplotype, that is, the combina-
tion of other sequence polymorphisms found in mtDNA of the given individual or family,
which may include some that are present heteroplasmically at a low level and may have thus
escaped detection. This concept is supported by at least one, albeit extreme example of a sup-
pressor mutation of A3243G, which arose in cell culture.12 Although the specific suppressor
mutation has not been found in any patient or family with A3243G, it does provide a clear
example of how the phenotype associated with a mitochondrial tRNA gene mutation can be
drastically modified by the rest of the mtDNA sequence.

Nuclear genotype has also been proposed to influence the expression of the mutation in
some way, and a role also cannot be excluded for environmental and epigenetic modifiers.
Any of these may act by promoting a non-random segregation of mutant and wild-type
mtDNAs in different tissues, an idea supported by studies of patient-derived mtDNA trans-
ferred to different nuclear backgrounds by cybridization,13 a technique that will be discussed
in more detail in the following sections. The level14,15 and tissue-distribution16 of hetero-
plasmy are also undoubted factors affecting the clinical outcome, and there is evidence that
this tissue variation in heteroplasmy is under genetic control.17 Even the degree to which
mutant mtDNAs are distributed homogeneously within single cells may be a factor.18
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One reason for the considerable doubt surrounding these issues is that the exact pathogenic
mechanism of the mutation remains to be elucidated, as will be discussed in detail in a suc-
ceeding section. A fuller understanding of how the mutation impairs mitochondrial protein
synthesis would sharpen the search for interacting factors.

Evidence has accumulated implicating no fewer than 15 other mutations in tRNALeu(UUR) in
human disease. It should be pointed out that the pathological nature of these mutations is more
clearly established in some cases than in others. Nevertheless, the majority has been shown to
co-segregate with disease in multiple maternal pedigrees, and to result in a clear dysfunction
of mitochondrial metabolism and/or protein synthesis when transferred to a control nuclear
background by cybridization. All are found in the heteroplasmic state. The disorders associated
with these mutations usually include some form of muscle disease, but cardiomyopathy is
sometimes found in addition to skeletal myopathy. Mutations at np 3260 and np 3271 are usu-
ally associated with a MELAS-like disease, but detailed epidemiological data are scarce, there-
fore it remains possible that most or all of these mutations are found in patients whose clinical
manifestations overlap those of A3243G patients, and that there is in fact just a continuum of
clinical phenotypes representing ‘mitochondrial tRNALeu(UUR) disease’.

The pathological mutations affecting this tRNA map in many different regions of the mole-
cule, although some may lie relatively close in the three-dimensional structure of the tRNA,
a fact which may not be obvious from the conventional clover-leaf secondary structure in
which tRNAs are usually drawn (Fig. 7.2(b)). The location of these mutations does not, how-
ever, give any obvious clue as to the molecular mechanism(s) of pathogenesis. None has been
mapped, for example, to the anticodon loop.

Mutations affecting a third tRNA, dedicated to the UCN serine codon group, are prom-
inently associated with syndromic disorders in which sensorineural deafness appears to be the
predominant feature (Fig. 7.2(c)). Most of these mutations differ from those in tRNALys or
tRNALeu(UUR) in that clinically affected individuals are typically homoplasmic for the muta-
tion, or else have a very high level of heteroplasmy for it. This has lead to the view that these
mutations are phenotypically less severe. Many cases of true non-syndromic hearing impair-
ment also appear to be associated with mutations in mitochondrial tRNASer(UCN). Intriguingly,
the spectrum of other phenotypes reported in the case of each mutation affecting tRNASer(UCN)

are quite specific. The A7445G mutation, for example, is associated, in most affected indi-
viduals, with palmoplantar keratoderma (thickening of the skin on the soles of the feet and
palms of the hands) in addition to hearing loss, whereas the additional clinical features dia-
gnostic for the 7472 insC mutation can include ataxia and myoclonus. Mutations in the
aminoacyl stem of tRNASer(UCN) can manifest either as non-syndromic deafness, or else as a
MEREF-like disease.

Ribosomal RNA mutations

Only one ribosomal RNA mutation in mtDNA has been convincingly demonstrated to play a
role in human disease, namely the A1555G in small subunit (12S) rRNA gene, associated
with both aminoglycoside-induced and non-syndromic deafness.19 Considering the interest
that its discovery aroused, plus the fact that pathological mutations in mitochondrial tRNA
mutations are so numerous, it is highly surprising that no other proven pathological rRNA
mutations have come to light, although some other mutations in the 12S rRNA gene are 
probably involved in other cases of the disorder.20 The np 1555 maps to a phylogenetically 
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conserved and a functionally well-characterized domain of the small subunit rRNA. In affected
pedigrees the mutation is always, or almost always found in the homoplasmic state. The muta-
tion is predicted to alter the secondary structure of the 12S rRNA molecule, lengthening a base-
paired stem by one nucleotide pair.21 This is believed to render the structure more like that of
bacterial small subunit rRNAs in a region of the molecule that plays a key role in both trans-
lational fidelity and interaction of the ribosome with aminoglycoside antibiotics such as strep-
tomycin. This is of crucial interest, because in most well-studied cases, expression of the
clinical phenotype associated with this mutation, namely acute-onset sensorineural deafness,
is associated with treatment of the patient with aminoglycoside antibiotics.

The A1555G mutation appears to be relatively common in Asia and in Spain and perhaps also
Hispanic populations in the Americas. Few reports of the mutation have come from Northern
Europe. Although this may reflect genuine population differences, an alternative explanation is
the fact that aminoglycoside usage may vary widely between these regions. Aminoglycosides
are widely prescribed in Asia. In some other countries where the association has been picked
up, aminoglycosides may have been widely available without prescription. This could explain
cases that have come to light from non-Asian populations, affecting individuals without a docu-
mented history of aminoglycoside therapy.19,22,23 Nuclear genotype has also been proposed as
an modifier, and a candidate locus has been identified on chromosome 8.24

Pathological nuclear mutations affecting mitochondrial translation

Apart from the nuclear mutations that adversely affect mitochondrial DNA (see Chapter 9),
one might presume there to be a large category of nuclear gene mutations that have pheno-
types similar to those of the mit� or syn� classes of mtDNA mutations. Stretching the yeast
analogy, there are many hundreds of such mutants in yeast, designated pet� (nuclear muta-
tions with the classic ‘petite’ phenotype), and several hundred nuclear genes are required to
maintain the mitochondrial translation system of humans, so any of these could be targets for
mutations that may give a clinical phenotype similar to those of mtDNA syn� mutants.
Indeed, there are many examples of patients with phenotypic features overlapping those of
syndromic disorders of mtDNA, such as MELAS,3,25 in some instances lacking the ragged red
fibres that indicate mitochondrial proliferation, considered the hallmark of mtDNA involve-
ment. There are certainly many more patients with unexplained hearing loss or diabetes who
do not have any identified pathological mtDNA mutation, but whose primary pathology may
result from defects in the machinery of mitochondrial protein synthesis. However, no case of
human disease has yet been attributed to a nuclear gene defect affecting the mitochondrial
translation system.

A few rare examples of nuclear gene defects more akin to mit� mutants of mtDNA have
come to light (i.e. affecting structural components of the respiratory chain), but the only clear
examples of pathological nuclear mutations affecting mitochondrial biosynthesis are those
affecting assembly or import (see Chapters 3 and 10).

Although assembly may be intimately linked to translation in mitochondria, pathological
mutations specifically affecting the more narrowly defined translational apparatus (ribosomal
proteins, aminoacyl-tRNA synthetases, translation factors, or biosynthetic enzymes needed
for rRNA and tRNA maturation) remain unknown. This puzzling absence may originate from
trivial, methodological causes: individuals with combinations of ‘mitochondrial’ symptoms
such as diabetes, retinopathy, seizures, myopathy, or hearing loss, and who belong to large
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pedigrees showing clear-cut maternal inheritance of the phenotype, are usually evaluated
intensively from the viewpoint of identifying the causal mtDNA mutation. The large database
of sequenced mtDNA polymorphisms, combined with the fact that pathological mutations are
frequently heteroplasmic, means that with current technology it is a relatively straightforward
matter to identify a pathological mtDNA mutation.

Family studies of other such individuals often reveal no evidence of (maternal) inheritance
of the disorder, in which case they are considered unlikely candidates for mitochondrial
transmission, and not studied further unless there is clear evidence of consanguinity. The pre-
sumption has been that even if the etiology of their disorder might be mitochondrial, in the
absence of more extensive family data, proving the pathogenicity of a new mutation is going
to be very difficult, therefore the only thing that is usually checked is the absence of the ‘com-
mon’ mtDNA mutations, such as A3243G, A1555G, or a clonal mtDNA rearrangement.
Autosomal recessive inheritance, which is the obvious alternative explanation, is not usually
pursued, due to the inherent difficulties of carrying out a linkage study in small pedigrees,
with variable phenotypes, overlapping other complex disorders. Only rare cases of obvious
consanguinity are likely to receive proper analysis, and perhaps it is simply the case that none
has yet been investigated fruitfully.

Since the symptomology characteristic of mitochondrial disease overlaps that of many
common heterogeneous or complex disorders (e.g. hearing impairment, cardiomyopathy, dia-
betes) a more fruitful strategy may be to focus on these, in the hope that some genes con-
tributing to these phenotypes may prove to be of the pet� class. However, this prediction has
not thus far been supported, in studies of one such disorder, non-syndromic sensorineural
hearing impairment. Approximately 50–100 nuclear genes are likely to be involved in the var-
ious types of this disorder, and to date about 15 of them have been identified.26 However, none
has yet proven to have a mitochondrial function. Amongst the remaining 35–85 candidates,
many pet� mutants may yet lurk, but it is also possible that the auditory phenotype of great-
est mitochondrial relevance, that is, autosomal dominant adult-onset hearing loss, has not yet
received much attention. The pathological involvement of nuclear genes for the mitochondrial
translational apparatus could also be obscured by nuclear–mitochondrial interactions, leading
to superficially uninterpretable inheritance patterns.

Mechanistic studies of mtDNA mutations affecting protein synthesis

The phenomena described in the preceding sections prompt many questions regarding patho-
genic mechanisms, both at the level of the individual cell, of the affected tissue and of the
organism as a whole. In principle, we can consider several rather distinct potential effects of
a syn� mutation at the cellular level.

Factors influencing expression of a syn� mutation

A mutation in a component of the mitochondrial protein synthetic machinery may be viewed
as having a strictly quantitative effect: not enough mitochondrial proteins would be made,
leading to a deficiency of polypeptides essential for bioenergetic function. A mutation with a
quantitative effect might also make too much rather than too little product, although this
hypothesis is usually not considered. A quantitative effect on protein synthesis might be 
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specific rather than generalized: in other words, not enough of something in particular might
be made, rather than not enough of everything. A further scenario would be that the effects of
a mutation are qualitative rather than quantitative, that is, that in addition to the correct or
usual products, one or more additional products are made which do not have the correct struc-
ture, and in some way act detrimentally.

The fact that different syn� mutations do not manifest with identical clinical phenotypes
indicates that we must consider all of the above hypotheses in regard to any given mutation,
and a single mutation may conceivably manifest generalized or specific quantitative or even
qualitative effects on protein synthesis in different tissues or individuals. This may apply, for
example, to the case of the A3243G mutation, whose clinical phenotype is so variable.
However, it may also apply to other mutations whose phenotypic features are more uniform,
such as those in tRNALys, where there is nevertheless a considerable phenotypic overlap with
some other mtDNA mutations of the syn� class.

The clinical phenotype of ‘mitochondrial translational disease’ can in principle be influ-
enced by a variety of interacting factors. First, naturally, is the mitochondrial mutation itself,
which may have one or more direct consequences for the operation of the mitochondrial trans-
lational machinery. Second, other mtDNA sequence polymorphisms (‘mitochondrial haplo-
type’) might modify, mitigate or exacerbate the molecular effects of the primary pathological
mutation. Third, nuclear genes whose products must interact with a mutant tRNA or rRNA
could also affect the outcome, by virtue of their own structural polymorphisms, variable
expression levels or else tissue-specific isoforms. Environmental factors and a variety of physio-
logical or epigenetic responses could also act within the organism to alter the phenotypic expres-
sion of a mtDNA mutation, in much the same way that nuclear mutations said to be of variable
penetrance can result in a variable spectrum of disease. Finally, the specific consequences of 
heteroplasmy need to be taken into account, since variation in the amount and tissue-patterns of
representation of a mutant tRNA could result in drastically different outcomes.

Bearing in mind these potentially complicating factors, significant advances in our under-
standing of the pathological mechanisms of mitochondrial disease mutations have come from
analyses of cybrid cell lines, in which patient-derived mtDNA carrying a defined mutation has
been transferred into a control nuclear background,27 via fusion to a �0 cell line (i.e. an engi-
neered cell line lacking its own mtDNA). Not only has this allowed nuclear genetic or devel-
opmental effects to be set aside: it has also allowed the molecular and physiological effects
of different levels of heteroplasmy to be tested directly. Conversely, testing the same muta-
tion in different cell backgrounds has revealed unexpected and potentially significant effects
attributable to the nucleus. One methodological drawback of these model systems is that the
cell types most commonly affected by mitochondrial disease are very different from the
tumour-derived �0 cell lines used to create cybrids. Cultured cell lines in general are also far
less dependent on mitochondrial respiration than terminally differentiated cell types in vivo,
such as skeletal muscle or neurons. Nevertheless, cybrid studies have given valuable clues to
the molecular mechanisms by which mutations in genes for the mitochondrial translation
machinery bring about cellular dysfunction. Additional information has come from studies of
patient-derived (e.g. lymphoblastoid) cell lines or technically more difficult analyses carried
out directly on biopsy material.

We now consider mechanistic findings in regard to each of the major mutations or muta-
tion classes described in the previous section.

Pathological mutations 133
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MERRF mutations in tRNALys

Most cybrid studies on tRNALys have focused on the A8344G mutation, but rather similar
findings have emerged in regard to the mutation at np 8356,29 and may be generalizable to
other mutations in the tRNALys gene associated with a MERRF-like clinical phenotype. In the
case of this heteroplasmic mutation, there is a clear relationship between mutant load in the
patient’s tissues, especially muscle, and clinical phenotype.6 Thus, relatives with �70 per
cent A8344G mutant mtDNA in muscle are usually asymptomatic, although some may suffer
from lipoma,28,30 whereas patients with �90 per cent mutant mtDNA invariably have a severe
disease including myoclonic seizues in almost all cases.6 This correlation holds up also at the
level of the individual muscle fibre, where mutant loads of �90 per cent are indicative of
OXPHOS dysfunction.31 The precise tissue distribution of mutant versus mtDNA molecules
thus can also play a role in precise details of the clinical phenotype.

In both patient-derived myoblasts32 and 143B osteosarcoma cell cybrids28,33 the A8344G
mutation shows a nice illustration of the threshold effect, also confirming the pathological
nature of the mutation. Heteroplasmy levels of up to 85 per cent can apparently be tolerated
without drastic effect, but as the proportion of mtDNA carrying the mutation rises above 
90 per cent there is a sharp decline in respiratory capacity, with progressive loss of mito-
chondrial protein synthesis. The pattern of mitochondrial translation products can be con-
veniently visualized on SDS–PAGE gels by pulse-labelling with 35S-methionine in the
presence of low concentrations of emetine, which specifically suppresses cytosolic transla-
tion. Different translation products can be identified immunologically, and there appears to be
a relationship between lysine content and the degree to which the synthesis of different trans-
lation products is affected by very high levels of the mutation.34 This strongly suggests a sim-
ple loss of function mechanism, whereby the mutant tRNA is unable to decode lysine codons.
At very high levels of the mutation, a reproducible set of truncated polypeptides is detected
on SDS–PAGE, and these are believed to represent the products of ribosomes stalled at lysine
codons and/or released products arising from frameshifts at such positions.34

It is not known how these translational abnormalities impact the respiratory chain enzymes,
of which cytochrome c oxidase seems to be the most severely affected. The assembly of
cytochrome c oxidase and other respiratory enzyme complexes may simply be starved of neces-
sary subunits. Alternatively, truncated polypeptides synthesized at a lower level might inter-
fere with assembly even in cells where full-length products are still being made in substantial
amounts.

Aminoacylation of tRNALys seems to be impaired in at least some 143B osteosarcoma
cybrid cell lines that are almost homoplasmic for the mutation.34 However, this may not
always apply in vivo, since the mutant tRNA was judged to be efficiently aminoacylated in
muscle biopsy samples from patients.35 In HeLa cell cybrids,36 there is loss of hypermodifica-
tion of the wobble base U of the mutant tRNA (U34 in the conventional nomenclature) which
is believed to be responsible for restricting its decoding capacity to codons ending in a purine.
The implication is that the mutant tRNA might misread AAY asparagine codons, incorrectly
inserting lysine into mitochondrial translation products at these positions. However, no such
misreading can be detected in vitro:37 instead, the mutant, unmodified tRNA seems simply to
be incapable of reading cognate codons. It remains formally possible that misreading could
occur in some cell types in vivo, or in some genetic backgrounds. A rather similar set of find-
ings has been made in relation to the A3243G mutation, as discussed below, therefore it is
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tempting to suggest that different clinical phenotypes associated with specific tRNA muta-
tions may result from the synthesis of specific, abnormal translation products in some tissues,
which would be different in every case since a different set of codons would be misread.
However, at this time there is no concrete evidence for codon misreading in vivo in MERRF
or any other mitochondrial tRNA disorder.

Pathological mutations in tRNALeu(UUR)

Of the various pathological mutations in tRNALeu(UUR), A3243G has been by far the most
extensively analysed, although useful data on other mutations, particularly those at np 3260,
3271 and 3302 have been reported. In vivo there appears to be a lower threshold level of het-
eroplasmy required to produce disease for A3243G than for A8344G,16,38 but in terms of bio-
chemical effects in cybrid cells the opposite seems to apply, with a very high level (�98 per
cent) of A3243G mutant mtDNA required to provoke a major defect in mitochondrial protein
synthesis.12,39–41 However, in at least some tissues, for example, brain, a clear metabolic
defect is evident at much lower levels of heteroplasmy, and is even linearly related to hetero-
plasmy level.42 The expression of the metabolic defect in different tissue appears to depend
directly on energy demand.43

Cybrid studies have yielded a rather similar picture as for the A8344G mutation. However,
there is less consistency, perhaps reflecting greater effects of mtDNA haplotype and/or
nuclear background, which may in turn underlie clinical variability. The most general state-
ment that can be made about A3243G from cybrid and also in vitro studies is that the muta-
tion impairs, to some degree, or at least in some context, almost every aspect of tRNALeu(UUR)

function.44 This probably reflects a destabilizing effect of the mutation on the tertiary struc-
ture of the tRNA, although detailed structural studies have, rather remarkably, not been
reported. Abnormal folding probably affects tRNA processing, tRNA turnover, aminoacyla-
tion, base modification and perhaps even interaction with the ribosome.

In both 143B osteosarcoma39–41 and A549 lung carcinoma cybrids,12 the A3243G mutation
manifests a clear threshold effect related to the heteroplasmy level, which is also modulated
in individual cell lines by mtDNA copy number.45 Below approximately 70 per cent mutant
mtDNA there is little effect on mitochondrial function, but even up to 90 per cent mutant
mtDNA only a mild deficiency of Complex I activity is evident.40 Above the 90 per cent level
oxygen consumption falls sharply, and there is a clear quantitative effect on mitochondrial
protein synthesis, as well as reported abnormalities in the pattern of translation products, most
clearly affecting one polypeptide,40 provisionally identified as ND6. Finally, at mutant levels
of 98 per cent or above, mitochondrial protein synthesis typically is severely impaired, and
mitochondrial redox complexes containing mtDNA-encoded subunits are no longer assembled.
However, some cybrid cell lines with very high levels of mutant mtDNA retain significant
mitochondrial protein synthesis activity,46 perhaps indicating the possibility that some com-
pensatory mechanism may, in some instances, be inducible.

Shortly after its discovery, it was noticed that the A3243G mutation falls within the tride-
camer sequence that serves as a binding site for the mitochondrial transcriptional terminator
mTERF.47 The precise physiological role of mTERF is not completely clear, but in vitro its
binding serves to block onward transcription initiated at the upstream of the two mapped pro-
moters of the heavy strand.48 This seems to make sense as a mechanism for restricting the
transcriptional event to just the rRNA genes (plus two tRNAs, phenylalanine and valine). 
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The rRNAs are needed in much larger quantities than the mRNAs and tRNAs encoded on the
remainder of the heavy-strand transcription unit (see Chapter 2). Exactly how this functions
in vivo, and how it relates to the use of the two alternate promoters of the heavy strand,
remains unclear. However, in vitro, the A3243 mutation impairs transcriptional termination
within the tRNALeu(UUR) gene.47 This has given rise to many speculations on the significance
of this in vivo, although there is no evidence that the ratio of rRNAs to mRNAs in mitochon-
dria of A3243G patients is abnormal in patients or even in cybrids.41 Moreover, the pattern of
protein binding around the transcription termination site appears to be completely unaffected
by the mutation49 in 143B osteosarcoma cybrids. Once again, the question arises of whether
such findings in cybrids are generalizable to other cell types. Some other mutations in
tRNALeu(UUR) with a clinical phenotype that overlaps that of A3243G fall outside of the
mTERF binding site, although it has been suggested that mTERF may require accessory fac-
tors for activity, and these other mutations may affect their interaction with the mtDNA.

The biosynthesis and/or stability of A3243G mutant tRNALeu(UUR) are abnormal in a vari-
ety of cell backgrounds, as well as in vivo. The steady-state abundance of the mutant tRNA
is up to four-fold depressed in A549 lung carcinoma cybrids,12 and is also typically very low
in 143B osteosarcoma,49,50 though apparently not in HeLa cell51 cybrids. In vivo, there is
more variability,35 although the effect is usually in the same direction. A proposed RNA pro-
cessing intermediate, comprising tRNALeu(UUR) still joined to the immediately upstream (16S
rRNA) and downstream (ND1) transcripts, and designated ‘RNA 19’, accumulates in most
cybrid cells containing A3243G mutant mtDNA.12,52 This also applies to cybrids containing
mtDNA with the mutations T3271C39 or A3302G,53 in the latter case accompanied by
increased levels of other RNA processing intermediates in a tissue-specific fashion. Such
findings raise the possibility that the mutation interferes with RNA maturation, although sig-
nificant accumulation of RNA 19 is not obvious in all cases, therefore it could be a second-
ary effect, or potentially mitigated by a compensatory response. The accumulation of RNA
19 suggested a possible gain of function mechanism whereby the precursor-like transcript
may compete with bona fide ND1 (or other) mRNA(s) for ribosomes and/or translation 
factors.52 In support of this, Complex I activity and also the synthesis of specific ND subunits,
including ND1, are affected at mutant levels that do not cause a complete loss of mitochon-
drial protein synthesis, yet nevertheless are well above the threshold for pathogenicity in
patients.40

Similarly conflicting data have emerged from studies of tRNALeu(UUR) aminoacylation in
different cell backgrounds. In A549 lung carcinoma cybrids, almost no aminoacylated mutant
tRNA can be detected,54 whereas 143B cybrids with almost 100 per cent mutant mtDNA do
contain at least some aminoacylated product.49 In HeLa cell cybrids, aminoacylation, like the
overall steady-state level of tRNALeu(UUR) seem only slightly affected by the mutation.51

A straightforward loss of function hypothesis to account for the pathological effects of the
A3243G mutation is strongly supported by the fact that in the A549 lung carcinoma back-
ground, heteroplasmy for an anticodon mutation in tRNALeu(CUN), G12300A, predicted to 
create a novel suppressor tRNA capable of decoding the UUR codon group, restores mito-
chondrial protein synthesis and respiratory function to cells that are close to 100 per cent for
A3243G mutant mtDNA. This restoration of phenotype can be serially passaged with
mtDNA, by cybrid transfer into the same cell background. However, the situation appears less
clear cut when the same mtDNA is passaged by cybridization into the 143B osteosarcoma cell
background, which gives an intermediate respiratory phenotype (N Hance, SK Lehtinen,
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HT Jacobs, and IJ Holt, unpublished data). Whilst this might be due to some defect in the mat-
uration of the suppressor tRNA in the 143B cell background, the finding hints that the effects
of the mutation on protein synthesis and respiratory function may not be purely attributable
to loss of functional tRNALeu(UUR), and could involve, for example, codon misreading by the
low proportion of tRNALeu(UUR) that is aminoacylated in this cell background.

A simple deficiency of UUR decoding capacity may not be the whole story even in A549
cybrids. In cybrid cells with 95 per cent mutant mtDNA, oxygen consumption is only approx-
imately 25 per cent that in control cybrids, but the amount of mitochondrial translation prod-
ucts accumulated in a 60 min period of labelling with 35S-methionine is almost the same as
in control cells, with only very minor quantitative abnormalities. During shorter labelling
times, there does, however, appear to be some decrease in the amount of label incorporated
in mutant compared with control cells (El Meziane et al., 1998a and M Lehtola, SK Lehtinen
and HT Jacobs, unpublished data). One possibility is that the translation products made are
structurally abnormal, that is, contain misincorporated amino acids, or that the assembly of
functional redox complexes is in some way linked directly to the rate of translation. Support
for the concept of structurally aberrant translation products comes from studies of patient-
derived lymphoblastoid cells carrying 70 per cent A3243G mutant mtDNA, where the amount
of incorporation of leucine was decreased compared with control cells.55 This would imply
that a deficiency of UUR decoding capacity could lead to the insertion of other amino acids
at these codon positions.

Studies of tRNA base modification have suggested just the opposite, namely that, exactly
as for the A8344G mutation, the A3243G mutation results in a failure of wobble-base U
hypermodification,51 which could potentially result in misreading of UUY phenylalanine
codons as leucine. The same defect is apparent in A549 lung carcinoma cell cybrids 
(T Yasukawa, personal communication), but here would be arguably less damaging, since the
mutant tRNA is only very poorly aminoacylated. In a similar study, the wobble-base defect
was not detected in 143B osteosarcoma cybrids:56 instead, a quantitative deficiency of methy-
lation of a G residue in the D-arm of the tRNA, of unknown functional significance, was
found.56 Failure of wobble-base hypermodification in HeLa cell cybrids has also been found
for the tRNALeu(UUR) mutation T3271C.51

The tRNASer(UCN) mutations

Compared with the A3243G and A8344G mutations, those affecting tRNASer(UCN) are associ-
ated with mainly very mild clinical phenotypes, and commonly are homoplasmic. Their
effects on cellular phenotype are correspondingly modest, perhaps not surprising in view of
the fact that in vivo they mainly affect only the auditory system. The basis of this tissue speci-
ficity is not understood. In cultured cells, homoplasmy for either the A7445G or 7472insC
mutations typically causes only a very slight growth impairment on selective media, with 
respiratory enzyme activities hardly different from control cells.57–60 However, in some 
nuclear or mitochondrial genetic backgrounds, a more pronounced biochemical phenotype is 
evident.61,62 As already noted in the case of the A3243G mutation, a relatively low mtDNA
copy number can exacerbate the biochemical phenotype in osteosarcoma cybrids bearing the
7472insC mutation.57

At the molecular level, the A7445G mutation is probably the best understood. Because the
mutation lies 1 bp 3� to the tRNA coding sequence, it cannot directly or primarily affect the
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stability, aminoacylation capacity or translational properties of the tRNA itself. Instead, it
seems to affect pre-tRNA processing.59,61 resulting in a drop in the steady-state level of
tRNASer(UCN) of approximately 60–65 per cent, and giving rise to a modest but variable trans-
lational defect. This variability seems to be correlated with clinical severity, being most pro-
nounced in mutant cells derived from families having many severely affected members. This
has been suggested to result from mtDNA haplotype (i.e. the spectrum of other sequence
polymorphisms carried in mtDNA from the given family), although nuclear background
could also play a role.61 On the other strand, the mutation effects a silent change in the COXI
stop codon, but there is no evidence for any effects on COXI mRNA or its translation. The
tRNA processing defect also affects the steady-state level of ND6 mRNA which, like
tRNASer(UCN), is encoded on the light-strand of mtDNA. It is believed that the two transcripts
are generated via a common processing pathway with which the mutation somehow inter-
feres. The clinical significance, if any, of this ND6 mRNA deficiency is unclear.

Another deafness-associated tRNASer(UCN) mutation, 7472insC, also entrains a 65 per cent
drop in the steady-state level of the tRNA, but again this results in only a very modest, quan-
titative defect in protein synthesis, in this case with no significant effect on ND6 mRNA 
processing.57 One suggested reason for the decrease in the level of tRNASer(UCN) in 7472insC
mutant cells is that the mutation, which introduces an extra nucleotide into the T-arm of the
tRNA, might alter its structure in a way that impairs its half-life.57 However, more recent data
indicate that a synthesis defect, rather than reduced half-life, underlies the decreased steady-
state level of tRNASer(UCN) (M Toompuu and HT Jacobs, unpublished data)

Aminoacylation by serine is not drastically impaired,57 although sensitive assays indicate that
it is diminished by approximately 25 per cent (M Toompuu and HT Jacobs, unpublished data).
Furthermore, no differences can be detected in the pattern of base modification of the mutant
tRNA. One possibility is that the specific effect of A7445G on ND6 mRNA is somehow asso-
ciated with the palmoplantar keratoderma that is apparently a unique feature of its clinical
phenotype. Obviously, similar studies on other tRNASer(UCN) mutations will help clarify some of
these issues.

The A1555G mutation in 12S rRNA

The clinical interaction of this mutation with aminoglycoside antibiotics is mirrored in 
lymphoblastoid cell lines derived from patients,63 as well as in HeLa cell cybrids containing
patient-derived mtDNA,64 which are rendered hypersensitive to streptomycin. Although stud-
ies of mitochondrial protein synthesis in mutant cells have revealed no obvious abnormalities,
a reasonable hypothesis is that the combination of the mutation and the drug impair the
fidelity of mitochondrial translation, as is known to occur in bacteria, whose SSU rRNAs are
structurally more similar to the mutant than to wild-type 12S rRNA. The reason why this
leads to such a tissue-specific phenotype remains unknown.

There has been much speculation that individuals with the A1555G mutation who develop
hearing loss without any known treatment with aminoglycosides may be susceptible because
of their nuclear genotype.24 Studies in 143B osteosarcoma cell cybrids strongly support this:
mutant cybrids are growth impaired on galactose medium, which selects for respiratory com-
petence, regardless of whether the mitochondrial donor cell line itself was susceptible.65 In
contrast, the degree to which donor cell lines are phenotypically affected appears to depend
on whether the individual from whom they were derived was clinically affected.63
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There are several candidate genes for such an effect, since the conserved accuracy centre
of the ribosome includes not only the domain of SSU rRNA to which np 1555 maps, but also
three relatively well conserved ribosomal proteins, designated S12, S4, and S5 in bacteria.
These are relatively unusual amongst ribosomal proteins, in having rather clear orthologues
in mitochondria. Most mitoribosomal proteins bear little or no structural resemblance to those
of eubacteria,66 see Chapter 2). In bacteria, mutations in S12 commonly result in amino-
glycoside resistance associated with more stringent translation,67 whereas mutations in S4
and S5 have the opposite effect, and promote enhanced ribosomal ambiguity.68,69

The human gene for mitoribosomal protein S12 (RPMS12) has been characterized70,71 and
its coding region analysed in 15 patients and unaffected relatives having the A1555G mutation.
No differences were seen (V Migliosi, ZH Shah and HT Jacobs, unpublished data). Therefore,
if RPMS12 is really involved in modifying the A1555G phenotype it must be via the unlikely
route of a regulatory mutation that has yet to be identified. S4 and S5 remain candidates.

Concluding remarks

Mitochondrial DNA sequence diversity in the human population is considerable. Until
recently, the prevailing view has been that this variation is selectively neutral, and that it only
impinges on phenotype via rare but drastic mutations that cause a clear pathological state.
However, more attention should be paid to possibly ‘sub-clinical’ phenotypic manifestations
of mtDNA variation, that could affect virtually any tissue. Overt phenotypes may only mani-
fest in combination with specific nutritional or other environmental factors, the A1555G
mutation providing an obvious paradigm. Nuclear background could be another important
determinant, the studies with the A3243G mutation being highly suggestive of this. Even
without such precipitating factors, mtDNA variation could have a significant influence on
development, since it is already clear that the amount and quality of mitochondrial protein
synthesis can have important and complex effects on model organisms. Even if these effects
are sometimes subtle, they may represent a pool of genetic variation whose importance in
phenotypic outcome may be comparable with variation in the much larger nuclear genome.
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8 Pathogenic mitochondrial DNA mutations 
in genes that encode respiratory chain
subunits
Neil Howell

Introduction

It has been 20 years since the publication of the sequence of the human mitochondrial genome1

and more than 10 years since the ‘dawn’ of studies on mitochondrial genetic diseases. With
regard to the topic of this review, pathogenic mtDNA mutations in protein-encoding genes, ‘vol-
ume’ has greatly exceeded ‘space’. This is not a physical riddle, but the welcome reality of the
current state of research. That is, the literature on such mtDNA mutations is now so large (and
getting larger), that no single review of reasonable length can adequately summarize and cri-
tically evaluate the results. Therefore, this review must of necessity offer a somewhat skewed
appraisal of this area. With that constraint in mind, the main topic of this review is Leber’s
hereditary optic neuropathy (LHON), the obvious choice for someone who has been investigat-
ing this mitochondrial disease for more than a decade. Beyond the advantage of familiarity,
there are other reasons for this choice. LHON is probably the most prevalent mitochondrial
disease (leaving aside the controversy over whether ageing is—to some extent—a mitochondr-
ial disease). It is arguably the most diligently investigated, so that one has the advantage that
there is a substantial body of published work available for summary and analysis.

Despite the high quality and quantity of LHON research, however, there remains much to be
learned. One hears at scientific gatherings that LHON is so unusual that it is not a ‘typical’ mito-
chondrial disease. This is true in the sense that LHON has some features that are apparently
unique, but it is not clear which mitochondrial disease could fulfill that role and each has fea-
tures that defy easy explanation. Optimistically, those particular features of LHON may provide
some insights into other mitochondrial diseases, and I have tried in this review to point out how
LHON is relevant to other mitochondrial diseases. This may be one way of saying that every-
thing looks like a nail when the only tool you have is a hammer, but I have endeavoured to keep
a broad perspective on mitochondrial diseases. The field of mitochondrial disease research is
established in terms of a substantial body of high-quality experimental data, and this knowledge
is now being used to guide the next generation of experiments that are aimed at greater insight
into molecular pathophysiology and potential therapeutic approaches.

Leber hereditary optic neuropathy (LHON): Mutations in Complex I genes

Clinical and genetic studies of LHON

LHON, as it is now termed, was first reported in detail by Theodor Leber in 1871. 
Typically, LHON is an acute or subacute loss of central vision, usually painless, that occurs
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predominantly in young males. Detailed reviews of the pathophysiology, epidemiology, and
genetics of LHON are available,2–6 and the following are some key summary points.

1. Beginning with the LHON pedigrees reported by Leber in 1871,7 it can be seen that the risk of
developing the optic neuropathy shows maternal transmission. It is now understood that the
primary aetiological event or factor in LHON is a mutation in the maternally inherited mtDNA.

2. The optic neuropathy is due to loss of retinal ganglion cells and degeneration of the optic
nerve. It is very likely that the ganglion cells die through a mitochondrial apoptotic pathway,
rather than a necrotic one as discussed by Howell.5 LHON has a very similar clinical
presentation to the autosomally inherited optic neuropathies and to the toxic-
nutritional amblyopias. LHON involves a preferential loss of P-ganglion cells (those with
smaller cell diameters), particularly those that subserve central vision.8 An optic neuropathy
with a similar focal pathology to LHON is also caused, as a side effect, by systemic treat-
ment of humans either with chloramphenicol, an antibacterial agent that also inhibits mito-
chondrial protein synthesis,4 or with ethambutol, an antimycobacterial drug. Studies of the
effects of ethambutol on rat retinal ganglion cells indicated that the drug acts through a glu-
tamate excitotoxic pathway in which mitochondrial calcium levels are increased and in
which there is evidence of decreased mitochondrial respiratory chain function.9 The authors
note that ethambutol causes retinal ganglion cells to be more sensitive to normal levels of
glutamate, the principal neurotransmitter of these cells. Taken together, these results indicate
that retinal ganglion cell function and/or viability is particularly sensitive to some specific
pathway or activity of mitochondrial energy metabolism, and not to just any reduction of res-
piratory chain activity. This specificity is also attested by the observations that, in other mito-
chondrial diseases, it is the retinal pigmented epithelium that is most often affected.10

3. In the vast majority of LHON patients, the optic neuropathy is the sole clinical abnormal-
ity, although there are indications of elevated frequencies of other neurological deficits,
most notably a multiple sclerosis (MS)-like syndrome, among LHON family members.
Although one suspects that careful examination would reveal a substantial spectrum of 
subtle, sub- or preclinical abnormalities, the point remains that the pathology is impres-
sively focal. In this regard, typical or classical LHON is different from other mitochondrial
diseases where the types and severities of the abnormalities are broadly heterogeneous.11 In
contrast, there are a small proportion of LHON families in which there are severe abnor-
malities, such as dystonia or encephalopathy, that overshadow the optic neuropathy.

4. LHON has an incomplete penetrance and most family members remain clinically unaf-
fected throughout life. This characteristic indicates that other aetiological factors—genetic
and/or environmental—are involved secondarily to the LHON mtDNA mutation. The
characteristic feature of sudden onset suggests that the primary mtDNA mutation causes a
compromised energy metabolism in the retinal ganglion cells and optic nerve and that
these secondary factors exacerbate metabolism beyond a crisis point where the optic nerve
can no longer function and vision is lost. Finally, males are affected approximately 4–5
times more often than females. The obvious explanation for this disparity is an X-linked
modifier locus, but the accumulating experimental data argue against this explanation.

Since the identification of the first LHON mutation,12 hundreds of LHON patients and fam-
ily members have been analysed to identify the underlying pathogenic mtDNA mutations.
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The first point of interest is that LHON mutations occur in mitochondrial genes that encode
subunits of Complex I (NADH – ubiquinone oxidoreductase). There may be some rare excep-
tions, but those results have not been convincing. There is broad agreement that approximately
95 per cent of classic LHON cases result from one of three mtDNA mutations:13 (i) a G → A
transition at nucleotide 3460 that results in the substitution of THR for ALA at amino acid
position 52 of the ND1 gene; (ii) a G → A transition at nucleotide 11778 (ND4/ARG340
changed to HIS); and (iii) a T → C transition at nucleotide 14484 (ND6/MET64 changed to
VAL). The 11778 LHON mutation is the most prevalent, and it occurs in ~65 per cent of all
patients. The 14484 mutation occurs in 15–20 per cent of patients while the 3460 mutation
occurs in 10–15 per cent. A number of other mtDNA mutations that cause LHON have been
identified: these usually occur in single pedigrees and they also occur in mitochondrial genes
that encode Complex I subunits.14,15 In ~15 per cent of LHON patients, the mtDNA mutation
is heteroplasmic (i.e. both wildtype and mutant alleles are present in an individual). As would
be expected, the risk of developing the optic neuropathy is related to mutation load, and males
with a load of the 11778 LHON mutation in blood of less than 60 per cent have a low risk of
vision loss.16 In this regard, LHON is atypical, because the pathogenic mutation in other mito-
chondrial diseases is almost invariably heteroplasmic.11 There are subtle differences among
these three LHON mutations in the features of the optic neuropathy, but there is a clear differ-
ence in terms of recovery of vision after the acute phase.17 Recovery of vision is very rare in
11778 LHON patients (on the order of 4 per cent), but it is relatively frequent in 14484 LHON
patients (~50 per cent if vision is lost before the age of 30 years). At least in 14484 LHON
patients, therefore, there can be a prolonged period of time in which retinal ganglion cells lose
function but do not commit to a cell death pathway.

The genetics of the ‘LHON plus’ families, with their wider array—and greater severity—
of clinical abnormalities, has turned out to be more complex. Shoffner et al.18 reported that a
G → A mutation at nucleotide 14459 (ND6/ALA72 changed to VAL) caused LHON plus dys-
tonia in three unrelated families. The pathological specificity of this mutation has been chal-
lenged by the occurrence of this mutation in two unrelated Australian families who are
affected with Leigh syndrome (subacute necrotizing encephalomyopathy) but who have no
history of optic neuropathy or dystonia.19 De Vries et al.20 reported that a large family in
which LHON was associated with hereditary spastic dystonia carried a heteroplasmic muta-
tion at nucleotide 11696 (ND4/VAL312 changed to ILE) and a homoplasmic mutation at
nucleotide 14596 (ND6/MET26 changed to ILE). Either mutation, or both, may be the prim-
ary pathogenic event, but the maternal transmission of the abnormalities is unequivocal so
that a mitochondrial genetic aetiology seems certain. The Australian neurologist David
Wallace21 described a family (now designated QLD1) in which the optic neuropathy is over-
whelmed by a variety of maternally inherited severe neurological abnormalities, including a
fatal infantile encephalopathy. It appears that the optic neuropathy is caused by the 14484
LHON mutation and that the neurological abnormalities are caused by a mutation at
nucleotide 4160 (ND1/LEU285 changed to PRO).22 Determination of the complete mtDNA
sequence from the QLD1 LHON pedigree does not reveal any other mutations that are likely
to contribute to the complex clinical presentation (N Howell and C Herrnstadt, unpublished
data). Finally, mutations at nucleotides 13513 (ND5/ASP393 changed to ASN) and 13514
(ND5/ASP393 changed to GLY) are associated with what is described as a LHON/MELAS
overlap syndrome.23,24 These mutations have been identified in several unrelated individuals
and they are usually—but not always—associated with an LHON-like optic neuropathy. The
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neurological abnormalities are lumped under the term ‘MELAS’, but they are quite het-
erogeneous and include bilateral hearing loss, pyramidal signs, memory loss, and muscle
atrophy in addition to the characteristic stroke-like episodes.

It was noticed some years ago that certain mtDNA polymorphisms occurred at higher fre-
quency in LHON patients than in normal controls.25 A plausible explanation has been pro-
posed, but discussion of this phenomenon first requires a few remarks about the evolution of
the human mitochondrial genome. Analysis of mtDNAs from any of the three major ethnic
groups (Caucasians or Europeans, Asians, and Africans) reveals that the sequences can be
phylogenetically grouped according to the presence of a small number of distinctive poly-
morphisms. For example, there are nine such European haplogroups that are easily and unam-
biguously assigned according to the allele status at a relatively small number of sites (not
surprisingly, there are multiple phylogenetic subgroups within each haplogroup that can be
discerned with high resolution analysis). The mtDNAs from LHON patients who carry the
3460 mutation have the same distribution among the European haplogroups as do mtDNAs
from the general population. In marked contrast, ~75 per cent of the mtDNAs from 14484
LHON pedigrees belong to haplogroup J, although only ~10 per cent of mtDNAs from the
general European population belong to this haplogroup.26,27 There appears to be a preferen-
tial association, or haplogroup clustering, of the 11778 LHON mutation with haplogroup J but
the effect is quite weak. Phylogenetic analysis of LHON mtDNAs from different pedigrees
indicates that a simple ‘founder’ effect can be ruled out, and the evidence indicates that the
14484 LHON mutation has arisen many times during human evolution (Howell et al.28

N Howell and DA Mackey, unpublished observations). Alternatively, it has been proposed
that LHON haplogroup clustering reflects a higher penetrance of the 14484 mutation when it
is ‘embedded’ within a haplogroup J background. Because of the higher penetrance, there-
fore, there is a biased sampling of individuals who carry LHON mutations: families who carry
a LHON mutation, but who lack affected members, will not come to the attention of genet-
icists. It is presumed that one or more polymorphisms within haplogroup J mtDNAs has a
phenotype that increases penetrance of the 14484 LHON mutation (this point is discussed 
further in the next section). There is no current challenge to the haplogroup clustering of the
14484 LHON mutation, but the penetrance explanation is difficult to prove. Penetrance in
LHON pedigrees is a complicated phenomenon and it appears to be influenced by a number
of factors (see the discussion by Riordan-Eva et al.12 and Howell4,5).

Thus far, it can be concluded that LHON involves the selective loss (or damage) of retinal gan-
glion cells, and particularly the smaller diameter cells that function in central vision. There are
compelling arguments that this group of ganglion cells is highly dependent upon mitochondrial
respiratory chain function8 and that is—in turn—exquisitely vulnerable to conditions that impair
function. For example, there is an energetic ‘choke point’ in the region where the unmyelinated
axons sharply bend at the optic nerve head and transverse the lamina cribosa, and one might sup-
pose that even a mild respiratory chain deficit would compromise the function of the optic nerve
in this region.4,5 It is interesting that it is also these ganglion cells that are more susceptible to
NMDA-induced excitotoxicity than are the larger diameter ones (the opposite trend occurs for
kainate-induced excitotoxicity), although there are no differences in the distribution of glutamate
receptors among the retinal ganglion cells.29 However, this rather simplistic view would predict
that optic neuropathy would be the ‘lowest common denominator’ among mitochondrial dis-
eases, and this is clearly not the case.11 Instead, it appears that retinal ganglion cells are especially
vulnerable to certain types of mitochondrial respiratory chain compromise or insult.
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Biochemical studies, structure–function relationships, and LHON

Ten years of biochemical studies have not yet resolved all of the issues that surround the mito-
chondrial respiratory chain defects produced by LHON mutations (reviewed by Brown30 and
Howell).5,6 The recent comprehensive analyses of Brown et al.31 yielded results that are in
accord with the bulk of earlier biochemical studies and that serve as a good starting point for
further discussion. These investigators analysed both lymphoblastoid lines from LHON
patients and transmitochondrial cybrid lines to which the mitochondrial LHON mutations had
been transferred.31 Their studies encompassed the three major LHON mutations (those at
nucleotides 3460, 11778, and 14484) and they compared the results to those obtained for the
14459 mutation (for which LHON is associated with dystonia). The 14459 mutation caused
no measurable defect in the rate of State III mitochondrial respiration; the 14484 mutation
produced only a mild defect; and the 3460 and 11778 mutations produced slightly greater
defects (~20 per cent in cybrid lines). In contrast, the 14459 and 3460 mutations produced
marked reductions (60–70 per cent) in Complex I activity, whereas the 11778 and 14484
mutations caused little, if any, reduction. The ‘disconnect’ between State III respiration rates
and Complex I activities is noteworthy, and it suggests that the latter—at least in these cells—
is not rate-limiting for the former.

The mutation equivalent to the 3460 LHON mutation has been introduced into the ND1-
encoding gene of Paracoccus denitrificans.32 It was found that the Vmax for short-chain
quinone analogs was decreased ~20 per cent, whereas the Km values were nearly doubled.
Those results, as well as other studies, indicate that the ND1 subunit is involved in the
quinone catalytic site of Complex I. Studies of both the 11778 and 14484 LHON mutations
also suggest a possible role for these Complex I subunits in quinone/quinol binding and redox
catalysis. For example, Carelli et al.33 observed that Complex I activity was normal in 14484
LHON patients, but that the complex was more sensitive to quinol-like inhibitors.

Other studies, however, are not compatible with these findings. For example, Oostra et al.34

found that the 14484 LHON mutation was associated with a 50 per cent reduction in mito-
chondrial Complex I activity. In order to avoid the problems with isolation and assay of mito-
chondria, we assayed the lactate : pyruvate ratio in fibroblast cell cultures from normals and
from LHON patients (Howell, unpublished data). This ratio is a function of the mitochondrial
NAD/NADH ratio and it is thus an indirect, but reliable, assay of mitochondrial respiratory
chain function. In these experiments, it was observed that the 11778 LHON mutation was
associated with a mild impairment of the respiratory chain, whereas the 14484 mutation was
clearly associated with a more severe defect. This is the opposite trend to the biochemical
studies, but one must be cautious not to rely too heavily on preliminary results from non-
neural cell types. There seems a danger in extrapolating from these systems to the retinal 
ganglion cells, which—unfortunately—are largely inaccessible to biochemical analysis.

One would have a greater sense of comfort if the in vitro biochemical studies were in better
agreement with the reports of in situ assays of mitochondrial respiratory chain activity
(reviewed by Howell).5 For example, Lodi et al.35 used 31P magnetic resonance spectroscopy to
assess energy metabolism in skeletal muscle of LHON patients. In contrast to the biochemical
studies of isolated mitochondria, these investigators observed that the maximal rate of ATP syn-
thesis was ~30 per cent of normal during the exercise recovery phase in 11778 LHON patients.36

Furthermore, the equivalent rate was ~50 per cent in patients who harboured the 14484 LHON
mutation, a result that is more compatible with our assays of fibroblast mitochondrial energy
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metabolism but that differs from the biochemical studies.31 The most striking result, however,
was that the 3460 LHON mutation—despite the consistent finding of a marked Complex I
deficiency in vitro—was associated with only a mild defect in muscle energy production.
Those last results are complemented by the recent study of Cock et al.37 that involve 
biochemical assays of mitochondrial function in fibroblasts from 3460 LHON patients. As
with other studies (see previous discussion), these investigators measured a marked decrease
(~60 per cent) in Complex I activity. Their key observation, however, was that there was no
significant impairment in ATP production. In contrast, when the assays were repeated with
fibroblasts from a patient with mitochondrial cardiomyopathy, there were defects in both
Complex I activity and ATP production. In addition, it has been reported by Cock et al.,38 on
the basis of cybrid fusions to different nuclear genetic donor cells, that the Complex I defect
in 3460 was phenotypically suppressed in one nuclear genetic background, but expressed in
a different one. As discussed previously, it has been proposed that when the 14484 and—to a
lesser extent—11778 LHON mutations occur within a haplogroup J mtDNA, the penetrance
of the optic neuropathy is increased. Lodi et al.,36 have recently shown the energetic dys-
function in vivo associated with the 11778 LHON mutation is not increased as a function of
a haplogroup J background. One awaits similar analyses with the 14484 LHON mutation,
which shows the greatest haplogroup clustering. All of these results underscore the fact that
the pathophysiology of LHON involves more than a simple respiratory chain defect.

The results of Carelli et al.38 add additional important details. These investigators studied an
affected 14484 LHON patient in whom vision improved coincident with treatment with
idebenone, a quinone analogue, and vitamin B12. One interesting point is that this patient, before
idebenone treatment and 6 months after its discontinuation, had elevated blood lactate after
cycloergometer exercise, a result indicative of a defect in mitochondrial energy production.
Histological examination of muscle tissue failed to reveal abnormal frequencies of ragged red
fibres or cytochrome oxidase-deficient fibres, hallmarks of other mitochondrial diseases.
Mitochondrial morphology was also normal, but the authors reported mitochondrial prolifera-
tion in this tissue. This last result is particularly intriguing in view of the report by Sadun et al.40

that the ocular muscle of an 11778 LHON patient also showed marked mitochondrial prolifera-
tion. It appears that muscle, but not retinal ganglion cells, compensate—or at least attempt to—
for the mitochondrial respiratory chain defect in LHON by producing more mitochondria.

It is irrefutable that mutations in at least 3 of the 7 mitochondrially encoded Complex I sub-
units cause LHON. In contrast to the ND1 and ND4 subunits, which may have only one LHON
mutation each (3460 and 11778, respectively), there are multiple LHON mutations in the ND6
gene. In a recent study, Chinnery et al.15 carried out secondary structure modelling of this sub-
unit and they obtained some interesting and potentially important results. It was found that the
LHON mutations localized to a specific region of the subunit that involved both a transmem-
brane hydrophobic cleft or pocket and residues in the adjacent extramembrane hydrophilic loops
(Fig. 8.1). It may also be noted that the two mutations, I26M and A72V, for which the LHON
is compounded with severe abnormalities putatively map to the hydrophilic loops, whereas the
‘LHON only’ mutations map to the hydrophobic pocket. This is the first evidence of a relation-
ship between a mitochondrial disease and a specific region of a respiratory chain subunit. Now
the question is, what is the function of this region and how does its alteration lead to LHON?

On the basis of the analysis of the ND6 LHON mutations, and of the various biochemical
studies, it was suggested15 that the 3460/ND1, the 11778/ND4, and the ND6 mutations all
affect amino acid sequences that constitute a single large quinone redox site within Complex I.
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While this remains an attractive hypothesis, there are two problems with it. In the first place,
it does not account for reports of LHON mutations that map to the ND2 and ND5 sub-
units.14,41 The quinone binding region may be large, but it is difficult to imagine that there is
a single functional domain that involves the structural interactions of 5 of the 7 mitochondrial
subunits. The second concern is prompted by the emerging picture of Complex I structure and
function (reviewed by Friedrich).42 It is now proposed that Complex I is composed of three
subcomplexes or modules that are distinct both functionally and structurally (they also appear
to have different evolutionary origins that can be traced). The soluble extramembrane NADH
dehydrogenase carries out the oxidation of NADH and then transfers the reducing equivalents
to a small connecting fragment. The hydrophobic membrane-embedded subcomplex is pro-
posed to have two functional domains, one of which carries out quinone redox reactions that
are coupled to proton translocation and a second that carries out conformation-linked proton
translocation (thus, there are two putative sites of transmembrane proton translocation in
Complex I). The seven mitochondrial subunits localize to this hydrophobic membrane 
subcomplex. According to this model, the ND1 subunit—along with two nuclear-encoded
subunits—is involved in quinone/quinol binding and the ND5 subunit is involved in the
redox-linked proton translocation. The ND2 and ND4 subunits are proposed to function in the
conformation-linked proton translocation step. Thus, the possibility that LHON mutations
affect a single specific step in Complex I function seems to be waning, although the current
model42 will undoubtedly undergo further modification and refinement. It is interesting that
it has not yet been possible to determine the structural or functional role of the ND6 subunit,
which thus far has defied attempts at isolation with the subcomplexes.43

A B C D E F

Intermembrane
space

Mitochondrial
matrix

Inner
mitochondrial
membrane

I26M A72V

= LHON mutation
= Polymorphism

NH2 COOH

1

19 28

44

67

51

88

106

131

112

151

171

G36S

V31A

I33V

M64V

L60S

Y59C

M64I

Fig. 8.1 Predicted transmembrane topology of the mitochondrial ND6 subunit of Complex I. The cylin-
ders represent transmembrane helices as predicted with the TMpred program. The small filled boxes
denote the putative locales of LHON mutations, whereas the two open boxes indicate the amino acid
positions altered by polymorphisms occurring in clinically normal individuals (see Chinnery et al. for
additional details, discussion, and references). [This figure was reprinted from Chinnery et al. (2001)
with the permission of Oxford University Press.]
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At this point, it is difficult to confidently espouse a simple unified model for the molecular
pathophysiology of LHON. The common link among the different LHON mutations, most
recently proposed by Brown et al.14 and Sadun et al.,8 is that LHON mutations alter Complex I
activity in such a way as to increase ROS (reactive oxygen species) production through per-
turbation of the quinone redox reactions. The increased ROS production would thus lead to
oxidative stress, triggering retinal ganglion cell dysfunction and—eventually—cell death.
Wong and Cortopassi44 showed that LHON cybrid cells were more sensitive to killing 
by ROS, suggesting that their anti-oxidant systems may have been ‘overloaded’ as a result of
the mutations. Klivenyi et al.45 have recently reported that the concentration of plasma 
�-tocopherol was reduced in 11778 LHON family members, irrespective of whether they were
affected. They suggested that this result reflected increased oxidative stress as a result of the
LHON mutation. Finally, an oxidative stress mechanism for LHON suggests an explanation
for the predominance of affected males relative to females. It was noted previously that a spe-
cific X-linked modifier locus was unlikely. An alternative explanation is that females are less
vulnerable to development of the optic neuropathy because of their higher oestrogen levels dur-
ing the time window when risk is the highest. There is compelling evidence that oestrogen
compounds are both neuroprotective and neurotrophic, but—moreover—there is evidence that
oestrogens can act on mitochondria to relieve oxidative stress.46 These results not only point
the way to additional avenues of experimental investigation, but they also suggest possible pre-
ventive strategies for at-risk LHON family members. With regard to therapy, it is noteworthy
that retinal ganglion cell death in glaucoma (the most prevalent eye disease that involves
degeneration of the retinal ganglion cells and optic nerve) appears to occur through a mito-
chondrial apoptotic pathway. The potential of drugs that act on mitochondria and prevent the
early steps in the apoptotic cascade for the treatment of glaucoma has been noted.48

ADOA and LHON

Autosomal dominant optic atrophy (ADOA) typically presents in childhood with slow bilat-
eral vision loss, optic nerve pallor, colour vision abnormalities, and centrocecal defects in the
visual fields.49 A more recent study by Votruba et al.50 extends those studies and makes the
additional important point that the presentation of the ophthalmological abnormalities is
highly variable (even among patients of the same age), a characteristic shared with LHON.
The pathology of ADOA, therefore, is very similar to that of LHON, although the latter typ-
ically (but not invariantly) has an onset later in life and a vision loss that is asynchronous in
a substantial number of cases. In fact, the two disorders can be difficult to distinguish.51,52 It
has recently been shown that a large number of ADOA cases are caused by mutations in the
OPA1 gene.52–55 The protein encoded by the OPA1 gene appears to be a widely-expressed
member of the GTP-binding dynamin family that is particularly abundant in the retina. Most
importantly, this protein is localized in the mitochondrion and it may be important for main-
tenance of structural and genetic integrity on the basis of its possible homology to the yeast
Mgm1/Msp1 proteins.

As discussed above, previous studies have focussed on the nature of the mitochondrial res-
piratory chain defects caused by LHON mutations. Should the ADOA mutations suggest
another avenue for investigation? There is preliminary evidence that the OPA1 mutations alter
the structure of the mitochondrial reticulum in monocytes, and one would certainly like to
know if similar abnormalities are present in the retinal ganglion cells. Thus far, no studies of
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respiratory chain function in ADOA patients have been carried out, and—conversely—no stud-
ies of the mitochondrial reticulum in LHON patients have been performed. It is difficult, at this
point, to see any ‘connection’ between the structural defects of mitochondria in ADOA patients
and the Complex I functional defects in LHON patients. The common pathology, however,
suggests that such a connection may indeed exist, and should therefore be investigated.

Other mitochondrial diseases that involve respiratory chain subunits

Mutations in genes that encode subunits of cytochrome oxidase

A number of pathogenic mutations have been identified that map to one of the three mito-
chondrial genes that encode subunits of cytochrome oxidase (COX), and we have summarized
the genetic and clinical results in Table 8.1. The most striking result is that, in contrast to
LHON, the clinical abnormalities are very heterogeneous although muscle and CNS are most
frequently involved. In this regard, these mutations are similar to those that cause other 
classical mitochondrial diseases, such as MELAS (mitochondrial encephalopathy with lactic
acidosis and stroke-like episodes) and MERRF (myoclonic epilepsy with ragged red fibers).
Secondly, most of the mutations appear to be somatic and thus they are not inherited. The

Table 8.1 Pathogenic mtDNA mutations in cytochrome c oxidase genes

Mutation Clinical presentation Reference

COX3/F251L MELAS; blindess; hearing loss 80
COX3/dela Myoglobinuria 81
COX1/M273T; Sideroblastic anaemia (two patients) 82
COX1/I280T
COX1/delb Delayed onset; progressive spastic 83

paraparesis; fatal motor neuron disease
COX3/W249termc Encephalopathy; lactic acidosis; exercise 84

intolerance; myalgia; myopathy and
muscle weakness

COX1/G343term Early onset; hearing loss; myoclonic 56
epilepsy; cerebellar ataxia; cerebellar
atrophy; muscle weakness; optic atrophy

COX/M1T Ataxia; optic atrophy; pigmentary 58
retinopathy; muscle wasting;
encephalomyopathy

COX2/M29K Muscle weakness; fatigue 57
COX1/W6term Myglobinuria; exercise intolerance 85
COX2/W104term Early onset; failure to thrive; 86

microcephaly; hypotonia; pigmentary
retinopathy; cardiomyopathy

a This mutation comprises a15 bp in-frame deletion starting at nucleotide 9497; 5 amino acids are
removed starting with residue W95.
b This mutation comprises a 5pb out-of-frame deletion of one of two CGAGC repeats at nucleotides
6015–6024. The amino acid sequence is normal until residue ALA39, after which it is then frame-
shifted. The fourth codon distal to the ALA39 residue, as a result of the frame-shift, is a termination
codon.
c ‘term’ indicates a nonsense mutation.
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mutations are always heteroplasmic, and—in multiple instances—they appear to be predom-
inantly localized to one tissue or stem cell population. It is likely that high mutation loads in
other tissues would be lethal, possibly even at the embryonic stage. The level of mutation
varies markedly among individual muscle fibers, and some of the studies have shown a rela-
tionship between mutation load and the biochemical deficit in COX activity.56 The mtDNA
mutations tend to be severe and they usually lead to a marked deficiency of COX activity, but
there is nothing to be gleaned beyond that at this point. Often there is evidence that assembly
of the COX complex is altered, but this is to be expected when a crucial subunit is missing.57

There is one mutation that deserves comment. Clark et al.58 identified a mutation at
nucleotide 7587 that changes the initiation MET codon of the COX2 gene to THR. These
investigators concluded, on the basis of their results, that there was no translation of this sub-
unit. This stringency does not extend to other mitochondrial initiation codons. For example,
there is a polymorphism at nucleotide 3308 that also changes the ND1 initiation codon from
MET to THR. This polymorphism occurs in a major subgroup of the African L1 haplogroup59

and its prevalence within the population indicates that it is a phenotypically benign sequence
change. It is not known if the mitochondrial translation machinery uses the next available
MET codon in the ND1 mRNA (there is one at amino acid position iii), but the disparity
between these two situations is interesting.

Mutations in the mitochondrial cytochrome b gene

The cytochrome b protein is the only subunit of Complex III (ubiquinol – cytochrome c
oxidoreductase) that is encoded in the human mitochondrial genome. Beginning with the
report of Dumoulin et al.,60 a number of cytochrome b mutations have been identified in
patients with an exercise intolerance that is often accompanied by proximal limb weakness
(see especially publications by Andreu et al.61 and Keightley et al.62 for summaries of previ-
ous studies). In these patients, the mutation is heteroplasmic and it is limited to muscle tissue. 
The prevailing view is that these mutations are somatic in origin, rather than germ line, and
probably limited to the affected tissue.61 These cytochrome b mutations, similar to the 
pathogenic COX mutations, appear to affect amino acid residues that are close to the redox
centres and that severely affect Complex III activity (see figure 3 of Andreu et al.).61

In addition to this group of somatic mutations with a relatively mild clinical presentation,
there are a small group of other pathogenic cytochrome b mutations.

1. A mutation at nucleotide 15243 (GLY166 changed to GLU) was identified in a patient who
died of severe hypertrophic cardiomyopathy at the age of 9 years. The mutation was not
detected in the mother’s leukocytes, so the mutation might have arisen de novo in the
patient.63

2. De Coo et al.64 have described a patient with a delayed-onset, progressive, and severe
Parkinsonism/MELAS overlap syndrome. The presentation of an akinetic rigid syndrome
as a teenager was followed by an encephalopathy that included seizures and stroke-like
episodes. Biochemical analysis indicated a marked Complex III deficiency and genetic
analysis identified a 4-bp deletion of mtDNA nucleotides 14787–14790. This deletion
affects the amino acid sequence beginning with residue ILE14. The mutation was detected
in multiple tissues from the patient, but in none of those from his mother, results that indic-
ate a de novo origin. Subsequent cybrid analyses of this mutation showed absence of the
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cytochrome b protein not only caused a Complex III deficiency but also to an increased
production of ROS.65

3. Keightley et al.62 have summarized their long-term studies of a patient who first developed
exercise intolerance and lactic acidosis, who had a Complex III defect upon biochemical
analysis, and who subsequently developed an encephalopathy. Sequence analysis of 
muscle mtDNA identified a heteroplasmic mutation at nucleotide 15242 that changes the
GLY166 codon to a termination codon. This mutation was present in multiple tissues of
the patient, but was absent from the mother. The wider tissue distribution, relative to that
of patients with only exercise intolerance, provides a plausible explanation for the more
severe clinical abnormalities.

4. Andreu et al.66 have reported the follow-up analysis of an infant who died in 1984 of his-
tiocytoid cardiomyopathy. Genetic analysis of postmortem liver and kidney tissue identi-
fied a mutation at nucleotide 15498 that changes the GLY2251 residue to ASP. The altered
amino acid residue is in close proximity to one of the cytochrome b quinone/quinol redox
centres and is likely to impair binding and electron transfer at this site. The authors point
out that previous studies had shown that this rare condition is associated with aggregates
of enlarged mitochondria with abnormal cristae, and they suggested that this disorder may
have a mitochondrial aetiology.

Mutations in a mitochondrial ATP synthase gene

Mutations at nucleotide 8993 of the mitochondrial ATP6 gene, which encodes one of the sub-
units of Complex V or the ATP synthase, cause a clinically heterogeneous disorder (reviewed
by Howell.5 Both a pathogenic T → G transversion in the mtDNA L-strand sequence and a 
T → C transition at nucleotide 8993 have been identified in NARP/MILS families with the lat-
ter mutation generally being clinically milder at equivalent loads.67 These sequence changes
result in substitution of ARG and PRO for the LEU at position 156 in the ATPase 6 subunit.

The predominant clinical abnormalities in families are neuropathy, ataxia, and retinitis pig-
mentosa, thus leading to the acronym NARP. However, other abnormalities occur, including
sensorineural deafness, strokes, and hypocitrullinaemia.68 These mutations are heteroplasmic
in different family members, and severities of clinical abnormalities are related to mutation
load,67 and very high levels of the 8993 mutation cause maternally inherited Leigh syndrome,
thus leading to the more complete acronym NARP/MILS. The ophthalmological abnormal-
ities are more heterogeneous than just retinitis pigmentosa and defects in rod and cone func-
tion have been identified (see the recent studies of Chowers et al.69 and Kerrison et al.).70 It
is worth re-emphasizing the differences in ophthalmological pathology between NARP/MILS
and LHON, and how these differences refute mechanistically simple pathophysiologies.

The 8993 NARP mutation appears to have an unusual pattern of segregation and transmis-
sion. Thus, in many instances, the NARP mutation—in contrast to other pathogenic mtDNA
mutations—appears to reach very high mutation loads in a relatively small number of gener-
ations (reviewed by Howell;5 see also the recent studies of Ferlin et al.70 and White et al.).72

Vergani et al.73 have carried out some experiments that complement the transmission analyses
of pedigrees. These investigators analysed the segregation of the 8993 T → G mutation in two
sets of cybrid lines (different nuclear donor lines were used), and they observed in both sets
that there was an accumulation of mtDNA molecules that carry this pathogenic mutation.
They concluded that this mutation segregates in these cybrid cells under positive selection,
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rather than by random genetic drift as is the case for other pathogenic mtDNA mutations.74

Vergani et al.73 note that the NARP mutation has relatively little effect on phenotype (there
is, at most, a subtle respiratory chain defect) and therefore a basis for positive selection is dif-
ficult to identify. Furthermore, it was also observed that mtDNA was often completely lost in
cybrid lines during passage, a finding that is also difficult to reconcile with positive selection
for the NARP mutation. In other studies of cybrid lines, Manfredi et al.75 obtained evidence
that, under conditions where the cells have to rely more heavily on mitochondrial energy pro-
duction, the 8993 mutation segregated under negative selection. Finally, careful longitudinal
analysis of patients indicated that there was no change in mutation load over time and no sig-
nificant tissue variation in mutation load, results that indicate a lack of selection.72 These
results underscore the sensitivity of mtDNA segregation and transmission to a complex array
of factors, including cellular energy demands.

Biochemical studies suggest, not surprisingly, that the NARP mutations are associated with
a defect in mitochondrial energy production (ATP synthesis), but the results also indicate that
the phenotype may differ by tissue type or nuclear genetic background. Thus, Manfredi 
et al.75 showed that fibroblast cultures from NARP patients divided at a normal rate under
conditions that favoured glycolysis, but relatively slowly when the cells were grown under
conditions that favoured mitochondrial oxidative phosphorylation. For reasons that are not yet
clear, these cells were more sensitive to oligomycin, an inhibitor of oxidative phosphoryla-
tion. They also measured normal activities of the electron transfer complexes, but a decreased
rate of ATP synthesis, in NARP cybrid lines. Geromel et al.76 also used fibroblasts for their
studies and showed that there was an increased level of apoptosis in these cultures that was
paralleled by large increases in the levels of both the manganese-dependent SOD (superoxide
dismutase) and the copper, zinc-dependent SOD. It appears, therefore, that the NARP muta-
tion causes an increase in the generation of ROS, which—in turn—promotes cell death. Yet
it is far from clear how two types of pathogenic mtDNA mutations, LHON and NARP, could
both cause their very disparate clinical abnormalities through increased production of ROS in
mitochondria.

Baracca et al.77 isolated mitochondria from platelets collected from normal subjects and
NARP patients. There was a marked impairment in mitochondrial ATP synthesis, although—
and this was unexpected on the basis of previous results—ATP-driven proton transport appeared
normal. In this regard, Nijtmans et al.78 have obtained results that stand on its head the standard
hypothesis of a pure ‘catalytic’ 8993 NARP mutation that causes faulty proton translocation
through the ATP synthase complex. Instead, while they also measured decreased ATP synthesis
by the assembled complex, their results also point towards a ‘structural’ effect of the mutation
that perturbs assembly and stability of the complex. These investigators suggest that there may
be tissue-specific differences in ATP synthase subunits that determine tissue-specific energetic
crises in NARP patients. These are important results and one suspects that the implications are
far-reaching and extend beyond NARP to other mitochondrial diseases.

Conclusions

What are we learning about mitochondrial genetic diseases? In the first place, we are discov-
ering that these diseases are much more prevalent, and of greater impact on the health care
system, than was apparent when the first pathogenic mtDNA mutations were first identified
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in the late 1980s. Second, we are learning that the pathogenesis and aetiology of the mito-
chondrial genetic diseases are very complex. The differences between different diseases are
more obvious than their similarities. It is not unfounded optimism, however, to offer the view
that there has been real progress in the areas of diagnosis and counselling, and that the stud-
ies of pathophysiology are pointing the way towards treatment, especially approaches that
might slow or ameliorate the onset of the clinical abnormalities. While onset can be sudden
and/or very early in life, many mitochondrial diseases have a later onset and there should be
opportunities for medical intervention. Third, we are learning a lot about mitochondrial bio-
genesis, mitochondrial genetics, and the interaction of different organelles to maintain cell
function and viability.

Another important area of inquiry—but one that is not without controversy—is the possible
role of mitochondrial dysfunction in a much broader range of disorders. Many neurodegen-
erative disorders—including Alzheimer’s disease and Parkinson’s disease (see Chapter 12)—
are associated with mitochondrial respiratory chain defects that are similar, at least in some
ways, with those caused by pathogenic mtDNA mutations.79 It is beyond the scope of this
review to detail those studies, but it is not beyond the scope to note that what we are learning
about LHON, NARP/MILS, and other recognized mitochondrial genetic diseases may be a
crucial jumping-off point for investigating a much broader collection of diseases.
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9 Multiple mitochondrial DNA deletions and
mitochondrial DNA depletion
Anu Suomalainen-Wartiovaara

Mitochondrial mtDNA maintenance is a complex process. In the yeast Saccharomyces 
cerevisiae over a hundred genes have been identified whose deletion causes loss or instability
of mtDNA.1 However, progress in elucidating the equivalent mechanisms in mammals lags
behind that of yeast, and the factors regulating mtDNA stability in mammals are only now
beginning to be unravelled. The progress made in yeast, as well as in bacteria and bacterio-
phages, can be of enormous benefit to understanding human pathologies as there is consider-
able conservation of mtDNA maintenance proteins. Comparison of the proteins of lower
organisms with the human genome enables the identification of human homologues, and
thereby accelerates elucidation of the disease mechanisms underlying mtDNA instability.

The major protein of human mtDNA replication is believed to be mtDNA polymerase
�(POLG).2–4 Mitochondrial DNA replication can proceed by two different modes, either by an
asynchronous or by a conventional replication mode (see Chapter 1 for details). Replication by
either mode requires minimally the presence of single-stranded DNA binding protein (mtSSB),
a DNA polymerase, a primase, DNA helicase, DNA ligase, and topoisomerases. These pro-
teins, or at least activities, have been identified in vertebrate mitochondria.5–13 The mammalian
mitochondrial DNA processing proteins are not closely related to other eukaryotic DNA repli-
cation systems, but have their closest relatives in Escherichia coli and T-odd bacteriophages.2

Practically any defective protein involved in mtDNA replication, maintenance, segregation,
or mtDNA organization within mitochondria, could precipitate loss or instability of mtDNA,
although many such defects would be lethal at an early stage of development.

Diseases associated with mtDNA depletion

In humans, mtDNA depletion can be either spontaneous or induced. Iathrogenic mtDNA
depletion can be a side effect of zidovudine or other nucleoside analog therapy of HIV-
infected patients. Inhibition of POLG by these substances leads to decreased mtDNA copy
number, which can lead to a secondary myopathy.14 However, after drug withdrawal, normal
mtDNA levels are restored. MPP�, a drug that can cause a Parkinson’s disease-like pheno-
type, has also been suggested to cause mtDNA depletion by destabilizing the D-loop region
of mtDNA, releasing the nascent H-strands.15

Spontaneously occurring mtDNA depletion syndrome (MDS) is a severe infantile inherited
disease, characterized by tissue-specific lack of mtDNA.16 The mtDNA levels in affected 
tissues are typically less than 10 per cent of those of controls (Fig. 9.1). The MDS pedigrees
display an autosomal recessive pattern of inheritance, since the parents are unaffected. 
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A single sibship may include patients with different affected tissues, which is typical for dis-
eases with mtDNA mutations. The syndrome can be divided into myopathic and hepatopathic
forms, which show somewhat different disease progression. The hepatopathic form usual
presents neonatally, with severe liver failure leading to death before the age of 1 year.16–21

Onset can occasionally be later in life.22 Children with myopathic symptoms usually manifest
the disease around 1 year of age and rapidly lose their motor skills.23–29 Exceptionally, pres-
entation may be as late as adulthood.30 Symptoms may include retarded development,
encephalopathy, or renal tubulopathy. Paradoxically, disease severity does not always cor-
relate with the extent of mtDNA depletion.26,27 Histological analyses of patients’ muscle
sometimes reveals ragged red fibres (RRFs, Fig. 9.2a), a classical feature of mitochondrial
disease,23,28 however, usually RRFs are absent.26 Notwithstanding this, cytochrome c oxidase
is always low in affected tissues, as are respiratory Complexes I and III.
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18S

(a) (b)

Fig. 9.1 Depletion of mtDNA in Southern blot DNA analysis. Left lane: MDS patient’s muscle DNA
sample; right lane: control muscle DNA. The mtDNA signal in MDS patient’s line is about 10% of the
control’s signal. A nuclear probe, detecting 18S rRNA gene (18S) controls equal loading of DNA on
both lanes. 

Fig. 9.2 (a) Ragged red fibres in the muscle sample of a patient with a mitochondrial myopathy. In the
modified Gomori trichrome staining increased numbers of mitochondria are detected subsarcolemmally
and within the fibre. (�800; courtesy of Prof Matti Haltia.) (b) Electron micrograph of a ragged red
fibre. In the upper part of the figure, normal structure of a muscle fibre is seen. The muscle fibre in 
the lower part of the figure is filled with abnormal, large mitochondria, containing distorted cristae and
‘parking lot’ inclusions. (�22,600; courtesy of Dr Anders Paetau.) (See Plate 4.)
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Mechanisms of mtDNA depletion

Two nuclear genes underlying MDS were recently described, both associated with 
mtDNA synthesis. The myopathic form was ascribed to mutations in the gene-encoding
thymidine kinase 2 (TK2),31 whereas the hepatopathic form was ascribed to mutations in the
gene-encoding deoxyguanosine kinase (dGK, or DGUOK).32,33 However, the trait 
was proven to be genetically heterogeneous: screening of patient material from one neuro-
muscular centre revealed that only 11 per cent of myopathic and 14 per cent of hepatopathic
patients had TK2 or dGK mutations.32,34 The clinical outcome of the TK2 mutations was
shown to be variable, also including spinal muscular atrophy-type disease.35 Since the 
primary findings are recent, it remains to be seen whether the outcomes are extended even 
further.

Thymidine kinase 2 and dGK are enzymes required for mitochondrial nucleoside, dNTP,
synthesis. The building blocks of DNA, nucleosides dATP, dTTP, dGTP, and dCTP, are
needed in balanced concentrations for accurate mtDNA synthesis. Either excess or deficiency
of one or more dNTPs can cause error-prone DNA synthesis or cease it completely. Specific
dNTP transporters in the inner mitochondrial membrane import dNTPs from the cytosol.36,37

However, in non-replicating cells, such as neurons and muscle cells, the cytoplasmic dNTP
synthesis is downregulated, but the mtDNA replication continues independent of cell cycle.
In those conditions, the mitochondrial dNTP pools are dependent on salvage, recycling of the
used dNTPs. The salvage pathway depends on the action of the two enzymes, dGK and TK2,
which together allow the synthesis of all the four nucleosides needed for mtDNA replica-
tion.38,39 Previous studies showed that increased thymidine levels can cause mtDNA deple-
tion and/or deletion formation in mitochondrial neurogastrointestinal encephalomyopathy,
MNGIE.40 The characterization of the defects of dGK and TK2, focuses the MDS research
towards the regulation of the mitochondrial dNTP pools, and all the proteins involved are
obvious candidates to cause the disease. Furthermore, the question, how TK2 and dGK
defects result in highly tissue-specific phenotypes remains to be answered.

Since MDS is a genetically heterogeneous disease, alternative pathogenetic mechanisms
may result in the same phenotype. The disease could result from a defect in any part of the
mtDNA replication machinery: mutations in the mtDNA regulatory region, in mtDNA pro-
cessing enzymes, or their regulatory proteins or substrates. Possible candidates, nuclear-
encoded mtDNA maintenance proteins (mtSSB, endonuclease G, POLG, mtTFA, and NRF1),
were excluded by haplotype analysis as causative in one MDS family.41 Mitochondrial DNA
replication is inactive from fertilization to the blastocyst stage. Defective control of mtDNA
replication resumption after its arrest in early embryogenesis, could lead to low amounts of
mtDNA in some stem cell populations.16 Sequencing of mtDNA regulatory regions failed to
reveal any MDS associated mutations in one material,16 but another study found mtDNA
point mutations that were putatively associated with disease pathogenesis.42 When compar-
ing the outcome of different studies it should be borne in mind that MDS is a heterogeneous
disorder, therefore the falsification of a hypothesis to explain the disease in one family does
not exclude it as a cause of MDS in other pedigrees.

Animal models of tissue-specific depletion have been created by inactivating the mouse
gene for mitochondrial transcription factor A,43–46 which encodes the protein necessary for
replication priming and transcription initiation of mtDNA.47 MDS patients have been shown
to have low mtTFA levels in affected tissues.48,49 However, this may be a secondary 
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phenomenon since mtTFA levels are known to decrease in parallel with a decrease in mtDNA
number.50 Inactivation of nuclear respiratory factor 1 (NRF1) in mouse blastocysts also leads
to mtDNA depletion, resulting in early embryonal lethality.51 Since NRF1 regulates the 
levels of mtTFA, the depletion of mtDNA is likely to be a result of low mtTFA levels.

To conclude, MDS is genetically heterogeneous, and the data accumulated so far suggests
that defects affecting intramitochondrial dNTP pools are in a key role in its pathogenesis.

Disorders with multiple mtDNA deletions

The second type of mtDNA instability in humans is multiple large-scale mtDNA deletions.
Small amounts of mtDNA with large-scale rearrangements can be found in normal indi-
viduals,52 as well as be generated by nonspecific disease processes such as inflammation in
inclusion body myositis,53 degeneration during ageing54,55 or degenerative disease.56,57 The
nature of these mutations resembles closely those found in diseases associated with multiple
mtDNA deletions.52,58 However, since they account for only a very small proportion of mito-
chondrial DNA present in tissues, it remains to be determined whether or not such a low
mutant mtDNA load has any pathological effect.

The disorders associated with multiple mtDNA deletions have variable clinical outcomes,
the most common being chronic progressive external ophthalmoplegia and muscle weakness
with exercise intolerance (Table 9.1). The primary causative genes are nuclear encoded, since
the pedigrees reported all follow a Mendelian pattern of inheritance, either autosomal reces-
sive59,60 or dominant.61 Four causative genes have recently been discovered: in autosomal
dominant and recessive progressive external ophthalmoplegia (adPEO, arPEO) and in
MNGIE. These discoveries bring new insights into the mechanisms of mtDNA maintenance
in humans.

Mitochondrial neurogastrointestinal encephalomyopathy (MNGIE)

Autosomal recessively inherited MNGIE is characterized by PEO, severe gastrointestinal dys-
motility, peripheral neuropathy, cachexia, and diffuse leukoencephalopathy on brain MRI.59,62

The disease onset ranges from 5 months to 43 years of age.62 Histological or biochemical
analyses may indicate mitochondrial dysfunction. Southern analysis of the patients’ muscle
mtDNA often shows either multiple mtDNA deletions and/or depletion of mtDNA, but in 
some patients neither of these are seen.59 The disease gene was mapped to chromosome
22q13.32-qter,63 and subsequently the disease was shown to be caused by mutations in the
thymidine phosphorylase (TP) gene.40 Sixteen different mutations in ethnically diverse MNGIE
pedigrees have been found,64 indicating that mutations in TP gene are the major cause of the
MNGIE disease. The mutations lead to a decrease in the enzyme activity to 5 per cent of 
controls,40 which results in highly increased thymidine concentrations in the cells and plasma.65

Considerations of pathogenic mechanisms in MNGIE

TP mutations provided the first indication that disturbed dNTP pools promote mtDNA dele-
tion formation and depletion. TP is a multifunctional enzyme involved in the regulation of
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cellular dTTP levels for DNA synthesis, and in physiological and tumour-associated angio-
genesis.66 TP drives the thymidine salvage pathway: it catalyses the breakdown of thymidine to
be reused for dTTP synthesis (reviewed by Brown and Bicknell).66 TP produces 2-deoxyribose
as a byproduct of dTTP synthesis, which is an endothelial cell chemo-attractant in angiogen-
esis induction. TP has also been shown to regulate glial cell proliferation and cortical neuron
trophism,67 which might explain the encephalopathy seen in MNGIE. The TP is widely
expressed in tissues, although paradoxically it is not present in skeletal muscle, which is the
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Table 9.1 Clinical symptoms associated with multiple mtDNA deletions

Classical symptoms Additional features Reference

PEO, muscle weakness Vestibular areflexia, tremor 61, 70
PEO Peripheral neuropathy 76
PEO, mitochondrial myopathy 78, 99, 100

Ataxia, ketoacidotic coma 101
PEO, exercise intolerance Dysphagia, cataracts, early death 71

Recurrent myoglobinuria 102
PEO, exercise intolerance Major depression 69

Idiopathic dilated cardiomyopathy 103
PEO Peripheral neuropathy, 59, 104, 105

leukoencephalopathy,
gastrointestinal symptoms and
dysmotility (MNGIE)

Periodic paralysis 106
Flaccid tetraplegia, parkinsonism, 107
hyperCPKemia

Muscle weakness Sideroblastic anaemia, pancreatic 108
insufficiency

Multiple symmetrical lipomatosis 109
PEO 110

Hypertrophic cardiomyopathy, 111
muscle wasting

PEO, muscle wasting, weakness Ataxia, hearing loss 112
Neonatal hyperthermia 113

PEO, exercise intolerance Hypogonadism, ataxia, 72, 73, 114
neuropathy, cataracts, hypoacusia,
parkinsonism, pes cavus, tremor,
depression, rhabdomyolysis

PEO, proximal and facial muscle Cardiomyopathy 60
weakness

Wolfram syndrome 115
PEO Pigmentary retinopathy, ataxia, 116

peripheral neuropathy
PEO Sensory ataxic neuropathy, 117, 118

dysarthria
PEO Myoclonus epilepsy with ragged 119

red fibres, sensory neuropathy
Ataxia, dysphonia, optic atrophy, 120
sensory neuropathy, multiple
symmetrical lipomatosis

PEO, child onset Cerebellar ataxia 121
Muscle weakness Ataxia, dementia, bulbar syndrome 121
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major tissue showing mtDNA rearrangements. However, aberrant extracellular thymidine
pools could affect the balance of intramitochondrial dNTP pools and lead to error-prone
mtDNA synthesis and generation of mtDNA deletions and depletion. Previously, depletion of
thymidine pools had been shown to result specifically in mtDNA mutagenesis in cultured
human cells.68

The pathogenesis of MNGIE is closely related to MDS, but also connects depletion mech-
anisms and mtDNA deletion formation (below). Subtle differences in the increased thymidine
levels may thus result in a complete block of mtDNA synthesis and depletion, or modifica-
tion of the polymerase kinetics, resulting in mtDNA deletions.

Autosomal dominant progressive external ophthalmoplegia (adPEO)

Autosomal dominant progressive external ophthalmoplegia is a rare inherited disorder, with
an incidence of 1 : 100,000 in the Finnish and Italian populations. It is clinically character-
ized with ophthalmoparesis, ptosis and exercise intolerance. Different families have variable
additional symptoms, such as severe retarded depression, peripheral neuropathy, hypoacusis,
hypogonadism, ataxia, tremor, cataracts, and rhabdomyolysis.69–73 Disease-onset varies from
18 to 40 years of age.70,74 Families with similar symptoms, yet autosomal recessive inher-
itance, have been found (unpublished data of the author).75 Morphological analyses of
patients’ muscle show RRFs and cytochrome c oxidase negative fibers. The proportion of
these may, however, be only 3–10 per cent of all muscle fibres.74 Electron microscopy reveals
abnormal mitochondria with distorted cristae and various inclusions (Fig. 9.2b). Biochemical
analysis of the muscle respiratory chain activities often shows mild deficiency of respiratory
chain Complexes I, III, and IV, which are the enzymes containing mtDNA-encoded compon-
ents, or can even fall within the normal range.74 Southern blot analysis of patient’s muscle
specimen confirms the diagnosis, showing multiple large-scale deletions of mtDNA 
(Fig. 9.3). The quality of Southern blotting is critical and multiple deletions are probably
under-diagnosed for this reason. Autopsy studies showed that the highest proportion of
mutant mtDNA was greater than 60 per cent of total mtDNA in the basal ganglia and cerebral
cortex, followed by the skeletal and ocular muscles and the heart with over 40 per cent deleted
mtDNA (Fig. 9.3).74 Leukocytes do not contain mutant mtDNA, detectable by Southern blot-
ting; hence analysis of blood DNA is uninformative for this disorder. The deletion breakpoints
are sometimes,61,76–78 but not always,74,79 flanked by short repeated sequences, which might
suggest recombination or slippage-mispairing of mtDNA strands during replication. The dele-
tions probably arise as somatic mutations, and accumulate in non-dividing cell types, since
they are not present in cultured PEO cells (Carrozo et al.80 and unpublished results of the
author).

Using linkage analysis, we demonstrated that adPEO was genetically heterogeneous. A
locus on chromosome 10q24 was linked to the disease in a Finnish and a Pakistani family,81,82

whereas chromosome 4q34–35 carries a disease locus for a set of Italian families.83 We
showed that chromosome 4-linked adPEO is caused by mutations in adenine nucleotide
translocator 1 (ANT1), the heart and muscle-specific isoform of the ADP/ATP transporter.84

Two different missense mutations, both affecting a conserved site in a local transmembrane 
� helix, were identified in six Italian families. Two new missense mutations were found in 
a Greek85 and in a Japanese family.86
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The form of adPEO linked to chromosome 10 was found recently to be caused by muta-
tions in a new mitochondrial protein, named Twinkle, with homology to the primase/helicase
gene 4 of the T7 bacteriophage.11 Twinkle is also a possible component of a mammalian mito-
chondrial nucleoid (see Chapter 2 for details). We described eleven different mutations in
Twinkle gene in 12 families with different ethnic backgrounds; they include missense muta-
tions and an in-frame duplication of a 39-bp sequence.11 Two new mutations in Australian
patients were recently described.87

The third protein underlying both dominant and recessive PEO is the mitochondrial DNA
polymerase gamma (POLG).75 Mutations in this gene result in a more variable phenotype,
including PEO and myopathy, but often also ataxia, sensory neuropathy, extrapyramidal syn-
drome, and cataracts (Van Goethem et al. and Lamantea et al.:75,88 the author, unpublished).
POLG mutations seem to be the most frequent cause of familial PEO (Lamantea et al.;88 the
author, unpublished). In our material analysed to date, the POLG mutation Y955C75 accounts
for over 50 per cent of all dominant cases of PEO. This specific mutation should therefore be
the primary diagnostic genetic test in adPEO families.

The grade of genetic heterogenity in familial PEO is remarkable: about 20 per cent of the
families in our material do not have mutations in ANT1, Twinkle, or POLG.

Possible mechanism underlying mtDNA deletion formation

The knowledge about the genes underlying adPEO and MNGIE offers new insights into the
mechanisms of mtDNA maintenance and stability in human cells. All these gene defects
described so far seem to be involved directly with mtDNA replication and maintenance.

The POLG is believed to be the chief enzyme in DNA replication in the mitochondria. Indeed,
it turns out to be the most frequent cause of familial PEO with multiple mtDNA deletions.75
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BG SM H L CTR kb
16.6

Fig. 9.3 Multiple mtDNA deletions in Southern blot analysis. Total DNA was extracted from various
organs (BG, basal ganglia; SM, skeletal muscle; H, heart; L, leukocytes; CTR, control muscle), and
probed with a cloned fragment of human mtDNA, containing the 16S and 12S rRNA genes. In the con-
trol sample, only one signal from the full-size mtDNA is seen (16.6 kb), whereas in the patient’s tissue
samples, several additional, faster migrating mtDNA populations are seen, representing mtDNA with
deletions of different sizes. The highest proportion of mutant mtDNA is present in the basal ganglia and
in different brain regions, whereas the leukocytes do not harbour mutant mtDNA.
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Within the POLG protein, the aminoterminal part includes the conserved exonuclease
domains, in charge of the proofreading DNA synthesis, whereas the carboxyterminal part
includes the catalytic polymerase domains, which execute dNTP binding and DNA synthesis.
The recessive PEO mutations cluster into the exonuclease region, whereas dominant mutations
occur in the polymerase region (Lamantea et al.88 and the author, unpublished). The most 
frequently described mutation, changing a cysteine for a highly conserved tyrosine at amino
acid position 955, results in a clear increase in the POLG error-rate, and this is associated with
decreased dNTP binding affinity.89 In addition to multiple mtDNA deletions, POLG may also
introduce point mutations, which would explain the more severe clinical phenotype of these
patients when compared with those with Twinkle or ANT1 mutations. That is, in the case of
POLG mutations, full genome length mtDNAs as well as partially deleted mtDNAs may be
non-functional due to the point mutations, whereas the dysfunctional mtDNAs associated with
Twinkle or ANT1 mutations are presumed to be only those that are partially deleted.

The primary function of ANT in the inner membrane is to transport ADP in and ATP out
of mitochondria, making ANT the key supplier of ATP for cellular processes. The protein
functions as a homodimer.90 ANT dysfunction could cause a mitochondrial disease simply by
impairing ADP/ATP transport, that is, by not providing enough ADP for the respiratory chain,
and thus, ATP for myriad cellular functions. However, the mechanism by which defective
ANT1 compromises mtDNA stability is as yet unknown. In yeast, expression of the translo-
cator, engineered to carry a PEO-mutation, resulted in no acute changes in mtDNA integrity,
but impaired respiratory growth capacity84 and increased petite-colony formation.84,91 Given
the possible role of imbalanced dNTP pools in mtDNA deletion formation in MNGIE, it was
tempting to suggest that ANT would affect dATP pools within mitochondria. However, the Km
of ANT for ADP is 10–15 times lower than its Km for dADP, which does not support the idea
that dADP is a physiological substrate for ANT.90,92 Moreover, a probable human mitochon-
drial deoxynucleotide transporter was recently characterized that transports dADP efficiently
in vitro, and could potentially supply dADPs for mtDNA synthesis.36,93 The ANT1 is therefore
unlikely to affect dATP transport. Nevertheless, being the regulator of mitochondrial and
cytosolic adenine nucleotide levels, the defect in ADP/ATP transport could affect dNTP syn-
thesis. dATP can be synthesized from ADP or dADP, and the enzymes needed for these reac-
tions are present in mammalian mitochondria, as well as the cytosol.94–96 Deficient ADP/ATP
transport, especially upon increased demand in stress situations, could affect dNTP pools by
limiting ADP for dATP synthesis, or ATP for dNTP phosphorylation. This, in turn, could affect
POLG fidelity, or Twinkle-helicase function, leading to the formation of multiple mtDNA dele-
tions. Over time the primary ADP/ATP transport defect may start to affect oxidative phos-
phorylation, enhancing the existing mitochondrial dysfunction caused by mtDNA deletions.

How then does a defect in a putative mitochondrial helicase, Twinkle, fit into the picture of
mtDNA deletion predisposition? A dysfunctional replication helicase could cause increased
replication pausing and thereby promote illegitimate recombination. This could be due to hetero-
oligomerization of the mutant and wild-type proteins in the ring helicase; cells overexpressing
mutant forms of Twinkle did not show defects in multimerization.11 It is also possible to sug-
gest a gain-of-function type of action for Twinkle. One of the Twinkle missense mutations
occurred at a conserved site that had been described previously in the phage T7 gene4. The T7
mutation enhanced the dTTPase activity of the protein, in the absence of DNA template.
Clearly, this would cause an imbalance of dNTPs. Accordingly, dNTP imbalance may 
account for multiple deletions as a result of Twinkle, ANT1 and MNGIE mutations. Both the
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mitochondrial helicase activity described previously,8 and the increased helicase activity in
Twinkle overexpressing lines are dATP or ATP specific. Therefore, ANT1 mutations might
even cause mtDNA deletions by perturbing Twinkle function.

To conclude, multiple mtDNA deletions in familial PEO and MNGIE may arise either
directly from mutations in POLG or indirectly due to disturbed dNTP pools, as they also
reduce the fidelity of the polymerase. Alternatively, a dNTP imbalance may affect other mito-
chondrial DNA-processing enzymes, such as Twinkle, involved in mtDNA replication or
repair. When generated, the partially deleted mtDNA molecules replicate faster than larger
wild-type molecules,97,98 and the mutant mtDNA may thus increase in proportion over time.
When a critical, possibly tissue-specific, threshold in the level of mutant mtDNA is exceeded,
respiratory chain deficiency, and disease ensue.
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10 Nuclear gene mutations in 
mitochondrial disorders
Massimo Zeviani and Massimo Pandolfo

Introduction

Neurological syndromes are the most common clinical presentations of mitochondrial disorders,
a group of human diseases characterized by defects of mitochondrial energy production.1

Mitochondrial energy metabolism is composed of several pathways. However, the term 
‘mitochondrial disorders’ is to a large extent restricted to clinical syndromes associated with
abnormalities of the final pathway, oxidative phosphorylation (OXPHOS).2 The OXPHOS
takes place in the inner mitochondrial membrane where it is mediated by the respiratory chain
and ATP synthase. From a genetic standpoint, the respiratory chain is unique, as it is formed
through the complementation of two genetic systems, nuclear and mitochondrial DNA
(mtDNA). Because of this dual genetic control, OXPHOS disorders can result from mutations
in mitochondrial or nuclear genes, encoding either structural components of the five enzymes,
or factors controlling their expression, assembly, function and turnover.

The most relevant contribution to the elucidation of the molecular basis of mitochondrial
disorders has come from the discovery of an impressive and ever expanding number of path-
ogenic mutations of mtDNA.3 Some mutations are rather frequent and account for most of the
cases with a known genetic aetiology. Other mutations are rare and have been found only in
one or a few families. However, mutations of mtDNA account only for 40 per cent of adult
mitochondrial cases.4,5 This figure is substantially smaller for mitochondrial disorders of
infants, where known mtDNA mutations account for less than 10 per cent of cases.6 Many
yet-to-be-discovered mutations of mtDNA will doubtless turn out to be responsible for a sub-
stantial proportion of mitochondrial syndromes. Notwithstanding this observation, it is now
clear that many neuro-paediatric syndromes are due to abnormalities in OXPHOS-related
nuclear genes. Nuclear gene products account for more than 90 per cent of the mitochondrial
proteins related to OXPHOS. However, currently the number of defined mitochondrial dis-
orders caused by defects of nuclear genes is still small. Most of the cases in which a mtDNA
mutation cannot be found are classified as mitochondrial on the basis of a biochemical defect,
or the observation of typical morphological clues, or a combination of the two.

Clinical considerations

The clinical presentation of defects of the respiratory chain is heterogeneous, with onset 
ranging from neonatal to adult life. The clinical features include fatal infantile multisystem syn-
dromes, encephalomyopathy, or isolated myopathy sometimes associated with cardiomyopathy.
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In paediatric patients the most frequent clinical features are severe psychomotor delay, gen-
eralized hypotonia, lactic acidosis, and signs of cardio-respiratory failure.

Patients with later onset usually show signs of myopathy associated with variable involve-
ment of the CNS (ataxia, hearing loss, seizures, polyneuropathy, pigmentary retinopathy, and,
more rarely, movement disorders). Other patients complain only of muscle weakness or wast-
ing with exercise intolerance. However, it has become more and more frequent to observe
syndromes dominated by abnormalities in specific neurological systems or functions, such as
ataxia, dystonia, or spastic paraparesis. Moreover, the absence of typical biochemical or mor-
phological clues of mitochondrial abnormalities does not exclude a mitochondrial origin of
clinical syndromes previously classified with the generic term of ‘neurodegenerative disease’.
Typical examples of this new category of ‘mitochondrial’ disorder are Friedreich’s ataxia and
other clinical entities associated with malfunctioning of mitochondrial iron metabolism.

Leigh syndrome

In infants and children, the most common clinical and neuropathological presentation is that
of Leigh syndrome.7 Affected infants show severe psychomotor delay, cerebellar, and pyram-
idal signs, dystonia, respiratory abnormalities, uncoordinated eye movements, and recurrent
vomiting. Ragged red fibres are absent. The MRI picture reflects the typical neuropatholo-
gical findings that define this condition (Fig. 10.1). Symmetric lesions usually involve the
medulla, the pontine tegmentum and the periaqueductal region, and, in the cerebellum, the
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(a) (b)

Fig. 10.1 Neuropathological findings in Leigh syndrome. (a) Axial T2-weighted brain NMR image of
a Leigh syndrome patient with a mutation in COX subunit III. Note the symmetrical hyperintense areas
in the posterior basal ganglia (arrows) and in the heads of caudate nuclei. (b) Axial T2-weighted brain
NMR image of a Leigh syndrome patient with a mutation in SURF1 gene. Note the symmetrical 
hyperintense areas in the subthalamic nuclei (arrows) and periaqueductal area.
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dentate nuclei and the deep white matter surrounding these nuclei. Basal ganglia and posterior
fossa structures may be involved simultaneously. Rarely, however, one group of structures or
nuclei may improve while another becomes involved. Occasionally, the signal changes may
spare completely the brainstem and cerebellum, being confined to basal ganglia, particularly
the putamina and subthalamic nuclei.

LS is clearly a genetically heterogeneous entity.8,9 In some cases it is attributable to mtDNA
mutations, as in the case of NARP/MILS, in others the defect is X-linked or sporadic, as in the
case of the defect of the E1a subunit of pyruvate dehydrogenase (PDH). In still other cases it is
attributable to an autosomal recessive defect of a nuclear gene. Defects of Complexes I and IV,
or, more rarely, Complex II, have been reported in autosomal recessive LS. However, the attribu-
tion of these disorders to nuclear-gene defects has for long remained speculative, since it was
based on biochemical findings only. Two recent discoveries have contributed to a rapid advance
in our understanding of LS.10 One was the identification of mutations in genes encoding dif-
ferent subunits of Complex II and Complex I in LS associated with biochemical defects of these
complexes. The molecular dissection of the structural components of Complex I in LS is still
ongoing, and is likely to contribute further to the elucidation of the genetic basis of Complex I
deficiency in LS. The second important contribution has been the discovery of SURF-1, a gene
already well known in humans, as the gene responsible for most of the cases of LS due to a
defect of Complex IV (cytochrome c oxidase, COX). Interestingly, the product of SURF-1 is not
a subunit of COX, but, like its yeast homologue, is an integral component of the mitochondrial
inner membrane, probably involved in enzyme assembly.

In any case, all defects described to date in patients with LS affect terminal oxidative
metabolism and are likely to impair energy production. The typical neuropathological find-
ings of LS are therefore the expression of the damage produced by faulty oxidative metabol-
ism on the developing brain, irrespective of the specific biochemical or genetic causes.8

Genetically defined defects of OXPHOS-related nuclear genes

Nuclear genes encode hundreds of proteins related to mitochondrial metabolism and
OXPHOS.11–13 Nevertheless, the identification of nuclear genes responsible for OXPHOS-
related disorders has proceeded at a much slower pace, compared to the discovery and char-
acterization of mtDNA mutations. The reasons for such a gap are numerous, including the
rarity of the syndromes, their genetic heterogeneity, and our ignorance of the nuclear gene
OXPHOS repertoire in humans. Thus, until recently, the attribution of mitochondrial syn-
dromes to nuclear gene defects was entirely circumstantial. In most cases it was based on the
observation of familial syndromes with Mendelian inheritance and severe isolated defects of
the respiratory-chain complexes, not associated with mtDNA lesions. However, the situation
is changing, rapidly thanks to the discovery of several OXPHOS-related genes in humans,10

and to the identification in some of them of mutations responsible for different clinical syn-
dromes. These achievements make it possible to propose four groups of nuclear gene defects
related to mitochondrial disorders.

1. Defects of nuclear genes encoding structural components of respiratory chain complexes.

2. Defects of genes encoding factors involved in the assembly of the respiratory chain 
complexes.
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3. Defects of genes encoding factors involved in metabolic pathways influencing the bio-
genesis of mitochondria, including OXPHOS.

4. Defects of genes altering the stability of mtDNA.

We shall describe here the current knowledge on the first three groups of disorders, while the
last group is discussed in the preceding chapter.

In the first two groups are defects that are clearly associated with a specific biochemical
impairment of one of the respiratory chain complexes. The third group includes protein prod-
ucts that play a role in different mitochondrial metabolic pathways, which are indirectly asso-
ciated with the mitochondrial energy pathway. In these cases the pathogenesis cannot be
attributed to a specific OXPHOS defect, although abnormalities of the respiratory chain can
contribute to the development of organ impairment and clinical phenotype. Table 10.1 lists
the general classification of genetically-defined defects of OXPHOS-related nuclear genes.

Defects of nuclear genes encoding structural components of respiratory chain complexes

Defects of Complex I subunits
In mammalian mitochondria Complex I catalyses the oxidation of NADH by ubiquinone. It
consists of 42–43 subunits with a total molecular mass of 10,000 kDa. Seven subunits
(ND1–ND6, and ND4L) are encoded by mtDNA, the others by nuclear genes.14 The cDNAs
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Table 10.1 Classification of mitochondrial disorders due to nuclear gene defects

Protein Function Phenotype

Structural components of respiratory chain
NDUFS1 Complex I Encephalopathy
NDUFS2 Complex I Encephalocardiomyopathy
NDUFS4 Complex I Leigh syndrome
NDUFS8 Complex I Leigh syndrome
NDUFS7 Complex I Leigh syndrome
NDUVV1 Complex I Leukodystrophy, myoclonus
Flavoprotein Complex II Leigh syndrome
SDHD, SDHC Complex II Inherited paragangliomas
CoQ10 deficiency Complex I–III, II–III Ataxia, myopathy

Respiratory chain assemblers
SURF-1 COX assembler Leigh syndrome
SCO1 Copper incorporation Encephalo-epatopatia neonatale
SCO2 Copper incorporation Deficit di COX
COX 10 Haeme a synthesis Deficit di COX

Mitoproteins indirectly related to OXPHOS
Paraplegin Metalloprotease Hereditary spastic paraparesis
DDP1 Mitotransporter X-linked dystonia deafness syndrome
OPA1 Dynamin Autosomals dominant optic atrophy
ABC7 Iron exporter Sideroblastic anaemia/ataxia (X-linked)
Frataxin Iron storage Friedreich’s ataxia

Proteins controlling mtDNA metabolism
Thymidine phosphatase Nucleoside pool MNGIE
ANT1 ADP/ATP translocator adPEO
Locus on 10q ? adPEO

Holt-10.qxd  4/15/03  9:00 AM  Page 184



of 35 of the human nuclear genes coding for Complex I subunits have been sequenced, but
for many of them the function is unknown. In B. taurus, Complex I is organized in an 
L-shaped structure, with a peripheral arm protruding into the mitochondrial matrix.15 Most of
the electron carriers of Complex I, such as flavin mononucleotides (FMNs) and iron-sulfur
clusters, are localized in the peripheral arm.

Isolated Complex I deficiency is relatively frequent among mitochondrial disorders.16 The
primary underlying genetic defect may either be at the mtDNA or at the nuclear DNA level.
Given the complexity of the enzyme, its dual genetic origin, and the lack of information about
the factors involved in its assembly, turnover and regulation, it is not surprising that the vast
majority of Complex I defects have been defined on the basis of biochemical findings alone.17

Isolated Complex I deficiency is rare in early childhood, or at least rarely diagnosed. The clin-
ical presentation is a progressive neurological disorder, often Leigh syndrome, occasionally
complicated by cardiomyopathy, or multisystem involvement. In most patients, lactic
acidemia with increased lactate : pyruvate ratios is observed, and the outcome is usually fatal.
Unfortunately, the defect may be absent in amniocytes or trophoblast cells, making prenatal
enzymatic diagnosis of the defect impossible.18

It has only been in the last three years that several disease-associated mutations in nuclear-
encoded subunits of Complex I have been discovered. No major mutation hotspot has been
identified to date, although the NDUFS4 18 kDa subunit is affected more frequently than
other subunits. The first case was that of a patient affected by Leigh syndrome carrying two
compound heterozygous transitions in the nuclear-encoded NDUFS8 (TYKY) subunit of
Complex I.19 The first mutation was a C236T (P79L), and the second mutation was a G305A
(R102H). Both mutations were absent in 70 control alleles and co-segregated within the family.
The NDUFS8 is a highly conserved, polypeptide of 210 amino acids, containing two 4Fe4S
ferrodoxin consensus patterns, which have long been thought to provide the binding site for
the iron–sulphur cluster N2. Leigh syndrome was again the clinical and neuropathological
presentation in 2 siblings carrying the first missense mutation within another nuclear encoded
Complex I subunit, NDUFS7.20 Mutations in the 18 kDa NDUFS4 subunit has been reported
in four patients.21–23 All of them suffered of Leigh syndrome, although different, all the muta-
tions were either frameshift or stop mutations predicting the early truncation of the protein.
Abolition of cAMP-dependent phosphorylation of the NDUFS4 18 kDa subunit, and lack of
activation of the complex, have been demonstrated in one case,24 while absence of fully-
assembled Complex I has been shown in a second.23 Mutant NDUFV1 subunit of mitochon-
drial Complex I has been reported in two cases, in association with leukodystrophy and
myoclonic epilepsy.25 Screening of the NDUFS2 cDNA revealed three missense mutations
resulting in the substitution of conserved amino acids in three families of patients affected by
cardiomyopathy and encephalomyopathy.26 All had severe Complex I deficiency in muscle
homogenate and, in several cases, cultured fibroblasts. Interestingly, combined defects of
Complex I and Complex III activities were observed in association with a 5-bp deletion in the
NDUFS4 gene, suggesting that disruption of Complex I can perturb other respiratory chain
enzymes.22 Very recently,27 in 3/36 patients with isolated Complex I deficiency, five new point
mutations and one large deletion have been identified in the NDUFS1 gene (del222, D252G,
M707V, R241W, and R557X). Six novel NDUFV1 mutations were found in three other
patients (Y204C, C206G, E214K, IVS 8�41, A432P, and del nt 989–990). The six unrelated
patients presented with hypotonia, ataxia, psychomotor retardation, or Leigh syndrome. Some
patients failed to show Complex I deficiency in isolated fibroblasts. Thus screening for

Nuclear gene mutations 185

Holt-10.qxd  4/15/03  9:00 AM  Page 185



Complex I nuclear gene mutations is necessary in patients with Complex I deficiency, even
when normal respiratory enzyme activities in cultured fibroblasts are observed.

Defects of Complex II subunits
Complex II (succinate : ubiquinone oxidoreductase; EC 1.3.5.1) is composed of four sub-
units.28 It catalyses the oxidation of succinate to fumarate and feeds electrons to ubiquinone
(see Chapter 4). A soluble functional heterodimer, succinate dehydrogenase (SDH), consists
of a 70 kDa flavoprotein subunit (Fp) containing the active site, and a covalently bound FAD
and a 30 kDa iron–sulphur protein subunit (Ip) carrying three distinct iron–sulphur clusters.
The corresponding genes or cDNAs of the four subunits have been identified.29–34 A nuclear
psuedogene of the Fp subunit is present in the human genome which means that genetic
screening has to be carried out via reverse-transcribed cDNA. The SDH complex is anchored
to the matrix-face of the inner mitochondrial membrane by two smaller subunits (SDHC,
15 kDa, and SDHD, 12 kDa) carrying cytochrome b558 and the ubiquinone-binding sites. All
four subunits are nuclear-encoded. Mitochondrial disease involving Complex II is rare, rep-
resenting 2 per cent cases of respiratory chain deficiency.35 Clinically, Leigh syndrome is the
most common presentation, but myopathy, encephalopathy, and isolated cardiomyopathy
have also been reported.

Only three families with mutations of Complex II have so far been identified. A mutation
in the nuclear-encoded flavoprotein (Fp) subunit gene of SDH was found in two siblings with
Complex II deficiency presenting as Leigh syndrome.36 Both patients were homozygous for
an R554W substitution in the Fp subunit. The deleterious effect of the Arg to Trp substitution
on the catalytic activity of SDH was observed in a SDH-deficient yeast strain transformed
with mutant Fp cDNA. Another case of LS and SDH deficiency resulted from two hetero-
zygous missense mutations in the Fp gene; a heterozygous C → T transition, changing an Ala
to a Val in one allele, and an A–C substitution changing the Met translation initiation codon
to a Leu in the second allele.37 The latter mutant transcript represented only 10 per cent 
of total Fp transcripts suggesting that the loss of the start codon leads to transcript instability.
A third, interesting pedigree composed of two affected sisters has more recently been
reported.38 Both patients presented with late-onset neurodegenerative disease including optic
atrophy, ataxia, and a proximal myopathy. The syndrome was associated with a partial defi-
ciency of Complex II (approximately 50 per cent of control values) in muscle and platelets.
The defect was not expressed in cultured skin fibroblasts or immortalized lymphocytes. The
affected family members were shown to carry a C → T transition in one allele of the nuclear
gene encoding the flavoprotein subunit of Complex II. Mutation of the equivalent base in
Escherichia coli (E. Coli) generates an inactive enzyme unable to bind flavin adenine dinuc-
leotide covalently. Compatible with these findings, the patients have an approximate 50 per
cent decrease in Complex II activity. These results suggest that genetic defects of nuclear-
encoded subunits of the mitochondrial respiratory chain can behave as co-dominant traits, and
result in late-onset neurodegenerative disease.

Complex II mutations in paragangliomas

An interesting discovery concerning defects of Complex II has recently been obtained from
studies on paragangliomas, usually benign tumours of neuroectodermal origin affecting the
parasympathic ganglia. In 10–50 per cent of the cases, paraganglioma are inherited in an auto-
somal dominant fashion with incomplete penetrance. Three loci, PGL1, PGL2, and PGL3
have been linked to inherited paragangliomas in different families. Mutations of SDHD, the
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gene encoding the smallest subunit of Complex II, which anchors SDH to the inner mito-
chondrial membrane, are responsible for the PGL1 type, which includes a peculiar form of
paraganglioma, affecting the carotid body.39 Mutations of the SDHC subunit, which also acts
as an anchoring structure of Complex II, is responsible for the PGL3 type.40 In both cases, the
tumor seems to be caused by a loss-of-heterozygosity (LOH) mechanism, due to somatic
deletions in the responsible locus, occurring in the affected tissue of individuals carrying an
inherited mutation in one allele of the genes. More recently, mutations of the SDHD gene or
of LOH markers flanking the gene, have been identified in a high percentage of non-familiar
phaechromocytomas,41 another type of tumour derived from the neuroectoderm, which
affects the medullary tissue of the adrenal glands and is associated with severe arterial hyper-
tension. The pathogenesis of paraganglioma induced by LOH of different genes of Complex II
remains to be explained. As far as the tumour of the carotid body is concerned, it is interest-
ing to note that the main role of this organ is to act as a ‘chemosensor’ of the concentration
of oxygen supplied by the cerebral arteries to the brain. An intrinsic defect of cellular respi-
ration could stimulate the compensatory proliferation of the paragangliar cells, triggering a
cascade ultimately leading to neoplastic transformation of the tissue.

Coenzyme Q10 deficiency
Coenzyme Q10 (CoQ10), or ubiquinone, is a lipophilic component of the electron-transport
chain, which transfers electrons from Complexes I or II, and from the oxidation of fatty acids
and branched-chain amino acids via flavin-linked dehydrogenases to Complex III
(ubiquinone–cytochrome c reductase).42 The CoQ10 also plays a role as an antioxidant and as a
membrane stabilizer.43 In 1989 Ogashara et al.44 described a syndrome associated with CoQ10
deficiency in muscle, which was probably the first example of a Mendelian defect in the respir-
atory chain. That syndrome, which was characterized by the triad of recurrent myoglobinuria,
brain involvement (seizures, ataxia, and mental retardation) and ragged red fibres (RRF)/lipid
storage in muscle, was confirmed in an additional case.45 A later report described a child with
ataxia, cerebellar atrophy, and generalized seizures, whose muscle biopsy showed Complex III
deficiency and severe CoQ10 deficiency.46 More recently, six patients with cerebellar ataxia,
pyramidal signs, and seizures, but with only unspecific myopathic change and no myoglobinuria,
have been found to have very low levels of CoQ10 in muscle (26–35 per cent of 
normal).47 Crucially, all six patients appeared to respond to CoQ10 supplementation: strength
increased, ataxia improved, and seizures became less frequent. Thus, although the biochemical
and molecular bases remain undefined, primary CoQ10 deficiency is a potentially 
important cause of familial myoglobinuria, or ataxia, or both, and should be considered in the
differential diagnosis of these conditions as CoQ10 administration seems to improve the 
clinical picture.

Defects of genes encoding factors involved in the assembly of 
the respiratory chain complexes

This group comprises so far only defects of genes encoding assembly factors of cytochrome
c oxidase (COX, Complex IV) and one factor involved in the assembly of Complex III.

COX (EC 1.9.3.1), the terminal component of the mitochondrial respiratory chain, is a mul-
tiheteromeric enzyme embedded in the mitochondrial inner membrane, consisting of a pro-
tein backbone bound to two copper-containing prosthetic groups; cytochromes a and a3.

48

COX transfers electrons from reduced cytochrome c to molecular oxygen, contributing, like
Complex I and Complex III, to the formation of a transmembrane proton gradient which fuels
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the conversion of ADP to ATP, by the ATP synthetase. Like Complex I, COX comprises prod-
ucts of both nuclear and mitochondrial DNA.49 Human COX is composed of 13 subunits: I,
II, III, IV, Va, Vb, VIa, VIb, VIc, VIIa, VIIb, VIIc, and VIII, only the three largest (I–III) are
encoded by mtDNA.50 Two of the nuclear-encoded subunits VIa and VIIa are present in two
tissue-specific isoforms: one isoform is expressed ubiquitously, while the other is restricted
to heart and skeletal muscle.51,52 All of the human COX genes have been completely
sequenced.55,56

COX deficiency is possibly the most frequent biochemical abnormality in mitochondrial
disease.57 In infancy, the most frequent manifestation of isolated, profound COX deficiency
is Leigh syndrome, although other phenotypes, including severe cardiomyopathy, or complex
encephalocardiomyopathies have also been reported.58 The COX defects are associated with
mutations of mitochondrial tRNA genes, and also a few mutations in mtDNA genes encoding
COX subunits.59–62 No mutation in any nuclear-encoded COX subunit has yet been reported,
while all of the nuclear-gene defects of COX so far identified are due to mutations in enzyme
assembly factors. The 13 subunits of COX are inserted in the inner mitochondrial membrane,
and assembled together into the nascent complex in an ordered fashion. Four COX assembly
intermediates can be detected.63 It has been proposed that these subcomplexes represent
major steps in the COX assembly process, as illustrated in Fig. 10.2. In the first step (S1) sub-
unit I is inserted in the inner mitochondrial membrane, followed by the binding of haeme a
and haeme a3 and a first copper atom (CuB). In the second step (S2) subunit IV is added to
the nascent complex. A third step (S3) in the assembly process is believed to start with the
binding of subunit II, which carries a copper pair (CuA), and subunit III, followed by subunits
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Fig. 10.2 Proposed assembly steps for cytochrome c oxidase (see text for details).
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Va, Vb, VIc, VIIa, VIII, VIb, and VIIc. In the final step (S4) a fully assembled holoenzyme is
obtained by insertion of subunits VIIb and VIa. From studies on yeast, several factors have
been implicated in the assembly process of COX, and some human homologues have been
identified.64 These include four nuclear-encoded proteins, which have been implicated in
severe COX deficiency, namely Surf-1, Sco-1, Sco-2, and COX-10. Other factors, such as
COX11, COX15, and COX17 are candidates for COX deficiency of unknown cause.

Surf-1 mutations
In 1998 a disease locus for LSCOX was mapped to chromosome 9q34, and analysis of SURF-1,
a candidate gene in the region, revealed deleterious mutations in most of the LSCOX patients
investigated.65,66 Subsequent studies have shown that SURF-1 mutations are the most com-
mon cause of LSCOX, and that the association between LS and SURF-1 mutations is highly
specific, since no SURF-1 mutation has been detected in a COX-deficient patient without
LS.67–69 Nevertheless, the condition is genetically heterogeneous as mutational analysis and
complementation assays in cell culture indicate that a minority of LSCOX cases is not asso-
ciated with a SURF-1 mutation.

Although the precise function of SURF-1 remains to be elucidated, studies on the yeast
homologue SHY-1 suggest that SURF-1 is involved in the maintenance of COX activity and
mitochondrial respiration.72 To understand better the role of the product of SURF-1 (Surf-1p)
and the pathogenesis of LSCOX, the expression, mitochondrial targeting and possible interac-
tions of Surf-1p with other components of the mitochondrial inner compartment have been
investigated in normal and disease conditions.73,74 Mature Surf-1 protein (Surf-1p) is a 
30 kDa hydrophobic polypeptide that is imported into mitochondria as a larger precursor,
which is processed to the mature product by cleaving of an amino-terminal leader polypeptide.
Like SHY-1,72 Surf-1p is tightly bound to the mitochondrial inner membrane.73,74 The same
studies revealed that the protein is absent from cell lines carrying SURF-1 loss-of-function
mutations, regardless of their type and position. Moreover, RNA analysis indicated the virtual
absence of SURF-1 transcripts in these cell lines suggesting that a number of SURF-1 muta-
tions lead to severe instability of Surf-1 mRNA. Artificial constructs of truncated or partially
deleted SURF-1 cDNAs failed to restore COX activity when expressed in SURF-1 null
mutant cells, suggesting that many regions of the protein are essential for function.73,74 No
protein was detected also in the few missense mutations found in SURF-1 gene in association
with LS.75 To test the hypothesis that Surf-1p plays a role in COX assembly, the accumula-
tion of COX assembly intermediates was investigated by using Blue Native-2D gel elec-
trophoresis.73 The results indicate that the absence of Surf-1p causes the accumulation of
early intermediates S1 (COXI alone) and S2 (COXI � COXIV), suggesting that Surf-1p is
indeed a COX assembler, involved in the formation of subcomplex S3. It is likely that 
this involves the incorporation of subunit II into the COXI � IV intermediate, a crucial step
which is believed to produce the rapid, ‘cascade-like’ assembly of the other COX subunits.
Moreover, detection of residual amounts of fully assembled complex suggests a certain
degree of redundancy of the COX assembly function of Surf-1p. It is interesting to notice that
the 2D-gel patterns obtained from different Surf-1 mutant cell lines are virtually identical to
each other. However, they clearly differ from the patterns obtained in both normal controls,
and COX-deficient cell lines not associated with SURF-1 mutations. The consistency of these
results is in agreement with the observation that the clinical and biochemical features of Surf-1
mutant LSCOX patients are fairly homogeneous. In particular, the defect of COX activity
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appears to be the only OXPHOS abnormality in these patients, it is widespread to all tissues
of the body, including skin fibroblasts, and it is quite severe, although a residual activity rang-
ing from 5 to 20 per cent can usually be found.

SURF-1 is the first nuclear gene to be consistently mutated in a major category of respirat-
ory chain defects. DNA and protein analysis can now be used to accurately diagnose LSCOX,
a common subtype of Leigh syndrome.

Sco-1, Sco-2, and COX-10 mutations
In yeast, two related COX assembly genes, SCO1 and SCO2 (for synthesis of cytochrome c
oxidase), enable subunits I and II to be incorporated into the holoenzyme.76,77 The precise
functions of these proteins are unclear; however, both SCO1 and SCO2 are believed to be
involved in the incorporation of copper atoms in the catalytic sites of the nascent complex.78

This incorporation, which also requires COX17,79 is carried out in the initial phase of COX
assembly, and is believed to be necessary to promote incorporation of the first protein sub-
units of the complex, including subunits I and II and stabilize the assembly. Mutations in the
human homologue of SCO2, mapped on chromosome 22, were linked to a newly recognized
fatal cardioencephalomyopathy, with COX deficiency.80 To date, five mutations in SCO2 have
been reported, one nonsense mutation (Q53X) and four missense mutations (E140K, L151P,
R171W, and S225F) in seven unrelated families.80–82 Interestingly, all patients to date have
been compound heterozygotes, and even more remarkably, the E140K mutation was common
to all affected individuals. SCO-1 mutations have been found in a single, large family with
multiple cases of neonatal ketoacidotic comas and isolated COX deficiency.83 Mutation
screening revealed compound heterozygosity for SCO1 gene mutations in the patients. One
mutant allele harboured a 2-bp frameshift deletion (�GA; nt 363–364) resulting in a pre-
mature stop codon and a highly unstable mRNA; the other mutation (C520T) changed a
highly conserved proline to leucine (P174L). This proline, adjacent to the CxxxC copper-
binding domain of SCO1, is likely to play a crucial role in the three-dimensional structure of
the domain. Curiously, the clinical presentations of SCO1- and SCO2-deficient patients dif-
fer markedly from that of patients harbouring mutations in other COX assembly and/or 
maturation genes, such as Leigh syndrome, caused by mutations in SURF1.82 The COX-10
gene product is a haemeA : farnesyltransferase,84 which catalyses the first step in the conver-
sion of protoheme to the haeme A prosthetic groups of the enzyme, a crucial step of COX
maturation. A homozygous missense mutation in the COX10 gene was found in the affected
members of a consanguineous family with an isolated COX defect leading to an early onset
leukoencephalopathy.85

BCS-1 mutations in Complex III deficiency
BCS1L is an assembly factor for Complex III in yeast, and its homologue has been identified
in human. BCS1L mutations have been reported in six patients with severe Complex III defi-
ciency, from four unrelated families and presenting neonatal proximal tubulopathy, hepatic
involvement, and encephalopathy.86

Perturbation of mitochondrial metabolic pathways that indirectly affect OXPHOS

Some neurodegenerative disorders that do not feature overt OXPHOS deficiency have been
attributed to mutations in mitochondrial proteins indirectly related to respiration and energy
production. This observation further broadens the concept of mitochondrial disease and
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extends the possible involvement of mitochondrial energy metabolism to a previously unsus-
pected large number of clinical phenotypes.

Mutations of paraplegin, a mitochondrial metalloprotease, in 
hereditary spastic paraplegia
Hereditary spastic paraplegia (HSP) is characterized by progressive weakness and spasticity
of the lower limbs due to degeneration of corticospinal axons.87 HSPs are a genetically het-
erogeneous group of neurodegenerative disorders affecting approximately 1 in 10,000 indi-
viduals.88,89 In 1999, patients from a chromosome 16q24.3-linked HSP family90 were found
to carry a homozygous 9.5 kb deletion involving a gene encoding a novel protein, named
paraplegin.91 Two additional paraplegin mutations, both frameshifts, were found in a complic-
ated and in a standard form of HSP. The function of paraplegin remains to be elucidated.
Immunofluorescence analysis and import experiments showed that paraplegin localizes to
mitochondria. This molecule is highly homologous to a mitochondrial subclass of yeast
ATPases. Members of this subclass are the ATP-dependent metallopeptidases AFG3, RCA1,
and YME1 (also known as Yta10p, Yta12p, and Yta11p, respectively), originally identified by
genomic sequencing and complementation studies in yeast.92 In yeast, AFG3 and RCA1 form
a membrane-embedded complex which has both a protease activity, needed for ATP-dependent
degradation of mitochondrial translation products, and a chaperon-like function, mediating
assembly of membrane-associated ATP synthase.93 Correct folding and assembly of these pro-
teins is needed for functional respiratory chain processes. Yeast strains carrying mutations in
AFG3, RCA, or YME1 genes are deficient in assembled respiratory and ATPase complexes.94

The ATP-binding, GPPGCGKT, and HEXXH motifs, typical of zinc-dependent binding
domains, are completely conserved between paraplegin, AFG3, RCA1, and YME1.
Furthermore, the homology is not limited to these domains but spans almost the entire protein.
Paraplegin represented the first vertebrate homologue of this class of protein. Subsequently,
other members of the same protein family have been identified in humans, but no mutations in
any of these genes has been found so far, in association with HSP or other diseases.

Analysis of muscle biopsies from two patients of the original family carrying the homo-
zygous Paraplegin deletion showed typical signs of mitochondrial pathology, namely ragged
red and COX-deficient fibres.91 An additional family with a paraplegin mutation has more
recently been reported in the northeast of England.95 Interestingly, this paraplegin mutation
co-segregates with an HSP phenotype in an apparent dominant manner. The phenotype of this
paraplegin-related HSP family described had several striking features including amyotrophy,
raised creatine kinase, sensorimotor peripheral neuropathy, and OXPHOS defect on muscle
biopsy. In other cases, ‘mitochondrial clues’ failed to be found in muscle biopsies of paraplegin-
related HSP patients. It is difficult to explain why a defect in an apparently ubiquitous 
protein required for mitochondrial function affects primarily specific axonal populations,
such as the corticospinal tracts and the dorsal columns. These are the longest axons in the
human body and may be more sensitive to an impairment of the mitochondrial protein degrada-
tion machinery. However, taking into account that muscle is not the primary tissue involved
in HSP, the presence of, albeit inconsistent, signs of a mitochondrial myopathy in patients
with paraplegin mutations is highly suggestive of an involvement of the mitochondrial energy
metabolism in this form of HSP.

In yeast, many of the factors involved in the biogenesis of mitochondrial respiratory chain are
known to cooperate. For instance, inactivation of either AFG3 or RCA1 can be complemented
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by overexpression of the LON gene.96 In the case of HSP, it is possible that other mitochon-
drial factors with a similar function can compensate paraplegin defects, at least in part, thus
reducing the severity of symptoms. As in yeast, defects in paraplegin may cause an accumula-
tion of incompletely synthesized mitochondrial translation products and unassembled sub-
units of ATP-synthase or respiratory chain complexes, leading to axonal degeneration. The
decline in OXPHOS and the increase of mitochondrial DNA mutations with age may con-
tribute to the progressive nature of HSP phenotype.

Mutations of Tim8/9, a mitochondrial transporter, in X-linked deafness 
dystonia syndrome
The human deafness dystonia syndrome (Mohr–Tranebjaerg syndrome, MTS/DFN-1, OMIM
304700) is a recessive, X-linked neurodegenerative disorder characterized by progressive sen-
sorineural deafness, cortical blindness, dystonia, dysphagia, and paranoia.97,98 It is usually
caused by truncation or deletion of an 11-kDa protein (referred to as DDP-1)99 whose gene is
located on Xq21.3-Xq22, although a de novo missense mutation of DDP-1 has recently been
found in a singleton DFN-1 case.100 DDP1 is closely related to the ORF YJR135w-a in
Saccharomyces cerevisiae.101 DDP-1 and YGR135w-a (referred to as Tim8p) are similar to
Tim9p, Tim10p, and Tim12p, which mediate the import of mitochondrial carrier proteins.
DDP-1, Tim8p, and Tim13p are localized to the mitochondrial intermembrane space, and the
yeast homologue of DDP-1, Tim8p, interacts with the import system for multispanning inner
membrane proteins. The DDP-1 transcript is ubiquitously expressed in human tissues, indi-
cating that DDP-1 is important for basic cellular processes. Loss of DDP-1 may manifest
itself selectively in different tissue types because the energy requirements of tissues may dif-
fer, particularly during development. DDP-1 may be important for import of a subset of
metabolite carriers that can have a crucial role in neural development of mammals. Although
this question remains open, the present results show clearly that the human deafness dystonia
syndrome is a novel type of mitochondrial disease that most likely reflects a defect in mito-
chondrial protein import. The demonstration that the DDP-1 protein is probably involved in
the import of the mitochondrial proteins implies that the underlying defect of the
Mohr–Tranebjaerg syndrome is a defect in mitochondrial OXPHOS, specifically due to defi-
ciencies in carrier proteins like ANT. This hypothesis is bolstered by the observation 
that the phenotypes associated with systemic OXPHOS defects resulting from mutations in
the mtDNA give an array of clinical symptoms that nicely overlap with those of the
Mohr–Tranebjaerg syndrome. Hence, deafness and dystonia associated with basal ganglia
degeneration can now be linked to mitochondrial defects resulting from nDNA as well as
mtDNA mutations, like the ND6 mutation associated with Leber’s-dystonia syndrome.102

Mutations of OPA1, a gene encoding a mitochondrial dynamin-like protein,
in autosomal dominant optic atrophy
Dominant optic atrophy 1 (OPA1, OMIM 165500) is a hereditary optic neuropathy causing
decreased visual acuity, colour vision deficits, a centrocecal scotoma, and optic nerve 
pallor.103 It is characterized by an insidious onset of optic atrophy in early childhood with
moderate to severe decrease of visual acuity, blue–yellow dyschromatopsia, and centrocecal
scotoma of varying density. Many affected members of the families may be unaware of hav-
ing the disease or of its hereditary aspects. Visual acuity in affected subjects is highly vari-
able. A mild degree of temporal or diffuse pallor of the optic disc and minimal colour vision
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defects, in the context of the family with dominant optic atrophy, are highly suggestive of an
individual being affected, even if visual acuity is normal. Morphologically, there is evidence
of degeneration of the ganglion cell layer, predominantly from central retina. Alexander 
et al.104 and Delettre et al.105 independently identified a gene (OPA1) in the optic atrophy-1
candidate region that encodes a polypeptide with homology to dynamin-related GTPases.
Both groups identified mutations in this gene causing autosomal dominant optic atrophy. The
presence of numerous loss-of-function heterozygous mutations in affected individuals sug-
gests that haploinsufficiency of OPA1 may be the pathogenetic mechanism in this condition.

OPA1 is a 960-amino acid polypeptide, weakly similar to Msp1 and Mgm1, two dynamin-
related protein identified in Schizosaccharomyces pombe and Saccharomyces cerevisiae, respect-
ively.106,107 Both proteins have a GTPase domain, a central dynamin domain conserved among
all dynamins, and an amino-terminal domain required for mitochondrial localization. Likewise,
OPA1 is targeted to mitochondria; Msp1 and Mgm1 are essential for the maintenance and inher-
itance of mitochondria, possibly controlling their proliferation and cellular distribution.108

Interestingly, the pathophysiology and clinical symptoms observed in autosomal dominant
optic atrophy overlap with those in LHON (see Chapter 8). LHON is caused by mutations in
mtDNA-encoded genes for subunits of Complex I of the respiratory chain. These mutations
are believed to lead to insufficient energy supply in the highly energy-demanding neurons of
the optic nerve (notably the papillomacular bundle) and to cause blindness by a compromise
of axonal transport in retinal ganglion cells. It is possible that mutations in OPA1 affect mito-
chondrial integrity, resulting in impairment of energy supply. In the long term, this may affect
normal metabolic processes in retinal ganglion cells and consequently their survival.

Defects of mitochondrial metabolism of iron (I): mutations of ABC7 in X-linked 
sideroblastic anaemia with ataxia syndrome (XLSA/A)
In XLSA/A (OMIM 300135), affected males have a moderate hypochromic microcytic
anaemia with ring sideroblasts on bone marrow examination as in typical X-linked sidero-
blastic anaemia due to defects of delta-aminolevulinate synthase. However, XLSA/A patients
have increased, rather than normal or low, free erythrocyte protoporphyrin levels, no exces-
sive parenchymal iron storage in adulthood, and lack of correction by pyridoxine supple-
mentation.109 The ataxia can be evident by age 1 year, is usually nonprogressive, and is
accompanied by long motor tract signs (hyperactive deep tendon reflexes, positive Babinski
sign, clonus). These features distinguish it from the more common X-linked sideroblastic
anaemia (XLSA; OMIM 301300), which does not have a neurologic component, is typically
at least partially pyridoxine-responsive, and is caused by mutations in the erythroid-specific
5-aminolevulinate synthase (ALAS2) gene at Xp11. A missense mutation, Ile400 to Met in
ABC7, a gene mapping to Xq13, was found in a family with 5 affected males with ASAT.110

The gene contains 16 exons, and the protein comprises 750 amino acids. A second missense
mutation was later found in exon 10 of the ABC7 gene in 2 affected brothers with XLSA/A.111

The mutation was a G–A transition at nucleotide 1305 of the full-length cDNA, resulting in
a charge inversion caused by the substitution of Lys for Glu at residue 433 C-terminal to the
putative sixth transmembrane domain of ABC7.

The human protein ABC7 belongs to the adenosine triphosphate-binding cassette trans-
porter superfamily,112–114 and its yeast orthologue, Atm1p,115 plays a central role in the mat-
uration of cytosolic iron–sulphur (Fe/S) cluster-containing proteins.116 Expression of normal
ABC7 complemented the defect in the maturation of cytosolic Fe/S proteins in a yeast strain
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in which the ATM1 gene had been deleted (atm1 cells). In contrast, the expression of mutated
ABC7 (E433K) or Atm1p (D398K) proteins in atm1 cells led to a low efficiency of cytosolic
Fe/S protein maturation. These data demonstrate that both the molecular defect in XLSA/A
and the impaired maturation of a cytosolic Fe/S protein result from an ABC7 mutation in the
reported family.117

A role of the yeast ABC transporter protein, Atm1p, in the generation of cytosolic Fe/S pro-
teins has recently been identified. It was proposed that Atm1p was involved in the export of
a component required for cytosolic Fe/S protein assembly. Consistent with this idea, Atm1p
was required for maturation of the cytosolic Fe/S cluster-containing protein, isopropyl malate
isomerase (Leu1p), but not for the assembly of mitochondrial Fe/S proteins.

The connections between the ABC7 defect, the mitochondrial iron overloading evidenced by
the presence of ringed sideroblasts, and the XLSA/A disease phenotype remains to be elucid-
ated. The relationship between ABC7-dependent Fe/S protein maturation in the cytosol and
haeme synthesis is also far from understood. The combined haematologic evidence for func-
tional iron deficiency in the proband (microcytic, hypochromic anaemia with low serum iron,
low transferrin saturation, and elevated sTfR) suggests that the iron imported into the mito-
chondria is unavailable for ferrochelatase-catalysed insertion into protoporphyrin IX. It is pos-
sible that some cytosolic Fe/S protein is critical to this process or that oxidative stress induced
by iron overload might interfere with haeme biosynthesis or stability. The anaemia caused by
decreased haeme concentration could promote aberrant erythropoiesis, leading to increased
gastrointestinal iron absorption. Reticuloendothelial iron loading with increased serum ferritin,
as seen in the probands, would result from the scavenging of ineffective red cell precursors. The
presence of cerebellar ataxia in XLSA/A indicates that, as evidenced in Friedreich’s ataxia, iron
plays an important role in cerebellar cells. Delineation of the underlying mechanisms requires
further investigations of the molecular pathology of the XLSA/A erythroblast and neural cells.

Defects of mitochondrial metabolism of iron (II): mutations of 
frataxin in Friedreich’s ataxia
Friedreich ataxia (FA) is an inherited recessive disorder characterized by progressive neuro-
logical disability and heart abnormalities that may be fatal. The disease, which currently has
no treatment, affects roughly 1 in 50,000 people. The first symptoms usually appear in child-
hood, but age of onset varies from infancy to adulthood. Atrophy of sensory and cerebellar
pathways causes ataxia, dysarthria, fixation instability, deep sensory loss and loss of tendon
reflexes. Corticospinal degeneration leads to muscle weakness and extensor plantar
responses. A hypertrophic cardiomyopathy may contribute to disability and cause premature
death. Other common problems include kyphoscoliosis, pes cavus, and, in 10 per cent of
patients, diabetes mellitus. Typically, patients lose the ability to walk 15 years after the onset
of symptoms and have a reduced life expectancy, although mild cases have been observed.

The FA gene (FRDA) encodes a protein of 210 amino acids, called frataxin. The gene is
expressed in all cells, but at variable levels in different tissues and during development.
Frataxin expression is generally higher in mitochondria-rich cells, such as cardiomyocytes
and neurons. FA is the result of Frataxin deficiency, which in most cases stems from a triplet
expansion in the FRDA gene.118–120 The majority of patients are homozygous for a GAA
triplet repeat sequence expansion (TRS) in the first intron of the gene, 5 per cent are het-
erozygous for a GAA expansion and a point mutation in the frataxin coding sequence.
Repeats in normal chromosomes contain up to ~40 triplets, whereas 90 to �1000 triplets are
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seen in chromosomes of affected patients. Expanded alleles show meiotic and mitotic instab-
ility. The severity and age of onset of the disease are in part determined by the size of the
expanded triplet, in particular of the smaller allele. However, differences in GAA expansions
account for only about 50 per cent of the variability in age of onset, indicating that other fac-
tors influence phenotype. These may include somatic mosaicism for expansion size, modifier
genes and environmental factors.

Frataxin does not resemble any protein of known function. It is highly conserved during
evolution,121 with homologues in mammals, invertebrates, yeast, and plants. The protein is
targeted to mitochondria,121–123 and localized in the mitochondrial matrix.123 Gene disruption
(knock out) of the yeast frataxin homologue gene (YFH1) leads to accumulation of iron in
mitochondria.124 Most YFH1 knock-out strains, called �YFH1, have defects in, or lose
mtDNA, they are consequently OXPHOS deficient and cannot grow on non-fermentable sub-
strates.125 Loss of respiratory competence occurs only when iron is included in the culture
medium suggesting that mitochondrial damage is the consequence of iron toxicity. Iron in
mitochondria can react with reactive oxygen species (ROS) that form in these organelles.
Even in normal mitochondria, some electrons from the respiratory chain are lost, mostly from
reduced ubiquinone (probably its semiquinone form), and directly reduce molecular oxygen
to superoxide (O2

�). Mitochondrial Mn-dependent superoxide dismutase (SOD2) generates
hydrogen peroxide (H2O2) from O2

• –, then glutathione peroxidase oxidizes glutathione to con-
vert H2O2 to H2O. Iron may intervene in this process and generate the hydroxyl radical (OH•)
through the Fenton reaction (Fe(II) � H2O2 → Fe(III) � OH•� OH�); OH• is highly toxic
and causes lipid peroxidation, protein and nucleic acid damage. Occurrence of the Fenton
reaction in �YFH1 yeast cells is suggested by their greatly enhanced sensitivity to H2O2.

126

Disruption of frataxin causes a general disturbance of iron metabolism in yeast. Because iron
is trapped in mitochondria, a deficit in cytosolic iron results, causing a marked induction
(ten–fifty-fold) of the high-affinity iron transport system of the cell membrane.126 As a con-
sequence, iron crosses the plasma membrane in large amounts and accumulates further in
mitochondria. Normal human frataxin is able to complement the defect in �YFH1 cells, while
human frataxin carrying a point mutation found in FA patients is unable to do so, strongly
suggesting that the function of yfh1p is conserved in human frataxin.

Experiments involving induction of frataxin expression from a plasmid transformed into
�YFH1 yeast cells indicate that the protein stimulates a flux of non-haeme iron out of mito-
chondria,126 but the mechanism and transporter remain obscure. Haeme synthesis is normal
in �YFH1 yeast, suggesting that ferrochelatase function and transport of haeme out of mito-
chondria are unaffected by frataxin deficiency.

The current experimental data may be interpreted in different ways, therefore it is not yet
possible to state whether mitochondrial damage is the consequence of increased free radical
production, or is in part a direct consequence of the primary function of frataxin. Several
mitochondrial enzymes are known to be impaired in �YFH1 yeast cells, as well as cardiac tis-
sue from FA patients, particularly respiratory chain Complexes I, II, and III, and aconitase.127

These enzymes all contain iron–sulphur (Fe–S) clusters in their active sites. Fe–S clusters are
remarkably sensitive to free radicals, so a deficit can be reasonably ascribed to oxidative dam-
age. However, a specific synthetic pathway has been recently discovered for Fe–S clusters in
yeast mitochondria.128 Remarkably, defects in several enzymes in the pathway lead to mito-
chondrial iron accumulation, similar to those observed in �YFH1. This has prompted some
researchers to suggest that yeast frataxin may itself be involved in Fe–S cluster synthesis.128
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The structure of frataxin is the object of intensive analysis.129,130 Frataxin does not have any
feature resembling a known iron-binding site. Studies on its crystal structure study demon-
strated that iron binds the frataxin monomer nonspecifically. Hopefully, a more extensive cor-
relation between structural data and biochemical findings will soon be available, which will
clarify the issue of iron binding.

Several observations in humans and human cell lines reinforce the hypothesis that altered
iron metabolism, free radical damage, and mitochondrial dysfunction all occur in FA.
Involvement of iron was suggested twenty years ago as deposits are found in myocardial cells
from FA patients.131 Iron accumulation has been demonstrated by magnetic resonance imag-
ing (MRI) in the dentate nucleus, a component of the central nervous system that is severely
affected in FA.132 The observation of a moderate, but significant increase in iron concentra-
tion in the mitochondrial fraction from FA fibroblasts has been reported.133 Oxidative stress
is suggested by the observation that FA patients have an increased lipid peroxidation 
product,134 as well as increased 8-hydroxy-2�-deoxyguanosine (8OH2�dG), a marker of
oxidative DNA damage, in urine.135 In addition, fibroblasts of patients with FA are sensitive
to low doses of H2O2.

136 Another hint of a possible role of free radicals is the observation that
vitamin E deficiency produces a phenotype resembling FA.137 Vitamin E localizes in mito-
chondrial membranes where it acts as a free radical scavenger.

Mitochondrial dysfunction has been demonstrated in vivo in FA. Magnetic resonance spec-
troscopy analysis of skeletal muscle shows a reduced rate of ATP synthesis after exercise,
which is inversely correlated to GAA expansion sizes.138 Rötig et al.127 also demonstrated the
same multiple enzyme deficiencies found in �YFH1 yeast (deficit of respiratory Complexes I,
II and III, and of aconitase) in endomyocardial biopsies of two FA patients.

The generation of a frataxin knock-out mouse.139 has revealed that homozygous knock-out
mice die as early as embryonic day 7 (E7). While total absence of frataxin leads to cell death in
the early embryo, a reduced level of the protein, as observed in patients, may only affect some
cells that are dependent on a normal level of frataxin to survive through some critical step in their
development, for example, sensory neurons of the dorsal root ganglia. These cells are lost very
early in FA, the loss seems to be non-progressive, and may therefore be developmental. Two
viable mouse models have been generated using a conditional gene targeting approach. One was
a heart and striated muscle frataxin-deficient line, the other had a more generalized deficiency.140

The mice reproduced important progressive pathophysiological and biochemical features of the
human disease. These were cardiac hypertrophy associated with progressive intramitochondrial
iron accumulation in the former case, and large sensory neuron dysfunction in the more general-
ized frataxin-deficient line. Both FA knock-out strains displayed Complex I–III and aconitase
deficiency. These animals provide an important resource for pathophysiological studies and for
testing new treatments. However, they do not mimic perfectly the situation in humans because
conditional gene targeting leads to complete loss of frataxin in some cells at a specific time in
development, while FA is characterized by partial frataxin deficiency in all cells, throughout life.
Therefore, there is still a need to develop new animal models of the disease.

Prospects for therapy in FA

Based on the hypothesis that iron-mediated oxidative damage plays a major role in the patho-
genesis of Friedreich ataxia, removal of excess mitochondrial iron and/or antioxidant treatment
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may in principle be attempted. However, removal of excess mitochondrial iron is problematic
with the currently available drugs. Desferioxamine (DFO) is effective in chelating iron in the
extracellular fluid and cytosol, but not in mitochondria. Furthermore, DFO toxicity may be
higher when there is no overall iron overload. Thus, chelation therapy has a number of
unknowns: it is probably best that it is tested in trials involving a small number of closely
monitored patients. Iron depletion by phlebotomy, though less risky, presents the same uncer-
tainties concerning possible efficacy. As far as antioxidants are concerned, these include a
long list of molecules with specific mechanisms of action and pharmacokinetic properties. To
have the potential to be effective in FA, an antioxidant must protect against damage caused
by free radicals, act in the mitochondrial compartment and be able to cross the blood–brain
barrier. At this time, coenzyme Q derivatives appear plausible therapeutic agents and are cur-
rently under trial.141 However, new information on frataxin function and pathogenesis is
needed to progress towards effective treatment of the disease.
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11 The effects of mitochondrial DNA
mutations on cell function
Andrew M James and Michael P Murphy

The pathophysiology of mitochondrial DNA (mtDNA) diseases is caused by increased cell
death and dysfunction due to the accumulation of mutations to mtDNA. While disruption to
oxidative phosphorylation is central to mtDNA diseases, many other factors such as Ca2�

dyshomeostasis, increased oxidative stress, and defective turnover of mitochondrial proteins
may also contribute. The relative importance of these processes in causing cell dysfunction
and death is uncertain. It is also unclear whether these damaging processes lead to the disease
phenotype through affecting cell function, increasing cell death or a combination of the two.
These uncertainties limit our understanding of mtDNA disease pathophysiology and our abil-
ity to develop rational therapies. Here, we outline how the accumulation of mtDNA mutations
can lead to cell dysfunction by altering oxidative phosphorylation, Ca2� homeostasis, oxidat-
ive stress, and protein turnover and discuss how these processes affect cell function and sus-
ceptibility to cell death. Better understanding these processes will eventually clarify why
particular mtDNA mutations cause defined syndromes in some cases but not in others, and
why the same mutation can lead to different phenotypes.

Introduction

There are broad similarities in the pathophysiology of all mtDNA diseases in that they chiefly
affect post-mitotic and energy-demanding tissues such as nerve, muscle, or pancreatic cells.
Furthermore, nuclear mutations that disrupt oxidative phosphorylation in all cells have sim-
ilar phenotypes and affect the same tissues as mtDNA diseases,1 indicating that oxidative
phosphorylation defects are particularly damaging to specific cell and tissue types.
Nevertheless, there are many puzzling features to the pathophysiology of mtDNA mutations,
such as how a single mutation can lead to quite different syndromes,2,3 how similar pheno-
types can be caused by different mutations,4,5 and why some specific mutations are associated
with distinct phenotypes such as deafness,5 diabetes,3 or blindness.6 As these aspects can only
be partially explained by the selective propagation of particular mtDNA mutations,7,8 differ-
ent mtDNA mutations must have distinct effects on mitochondrial function. Greater under-
standing of the common and unique effects that different mtDNA mutations have on
mitochondrial function coupled with knowledge of how they propagate, should provide a
rational basis for understanding how each particular mtDNA mutation impacts upon different
cell types. Coupled with knowledge of the nuclear background, life history, ageing, and 
environmental factors, the idiosyncrasies of mtDNA disease phenotype should become
explainable. It may then become clear why some tRNA mutations lead to selective loss of

Holt-11.qxd  4/15/03  9:01 AM  Page 209



210 Andrew M James and Michael P Murphy

cochlear function5 while mutations to particular Complex I polypeptides lead to optic nerve
death.9

Many of the consequences of mitochondrial diseases such as muscle weakness, fatigue, and
lactic acidosis, are clearly related to defective oxidative phosphorylation. However, it is less
clear why mitochondrial defects lead to symptoms such as the stroke-like episodes in
MELAS10 or the proliferation of keratinocytes in palmoplantar keratinocytosis.11 In explain-
ing these phenotypes it is important to determine whether mtDNA mutations act by promot-
ing cell death and consequent cell loss, by affecting the function of still living cells, or both.
In many mtDNA diseases there is evidence of cell death to post-mitotic cells that cannot be
replaced by further cell division. This leads to muscle atrophy12 and fibrosis in the heart,13 as
well as retinopathy,14 gliosis,15 demyelination,16 and necrosis17 in the brain. While there is
evidence for increased apoptosis in mtDNA diseases,18 the correlation between cell death and
mitochondrial dysfunction is sometimes limited.19 Furthermore, some symptoms of mtDNA
diseases can arise before there is clear evidence of cell death,20 suggesting that defective func-
tion of existing cells may be sufficient to cause the pathology.

Here, we review how mtDNA mutations affect aspects of mitochondrial function, includ-
ing oxidative phosphorylation, Ca2� homeostasis, oxidative stress, and protein turnover. We
also discuss the consequences of these changes for the cell and how they might lead to cell
dysfunction and death.

Oxidative phosphorylation defects caused by mtDNA mutation

An important aspect of mtDNA diseases is the threshold effect, whereby pathogenic mtDNA
mutations disrupt oxidative phosphorylation when they are present above a certain level. The
mutant load required to disrupt oxidative phosphorylation varies with cell and tissue type for
poorly understood reasons and is also dependent on the nature of the mtDNA mutation.21–25

Mitochondrial DNA encodes 13 polypeptide components of Complexes I, III, IV, and V
along with the ribosomal and transfer RNAs required for their translation and transcription.26

Defects in the activity of individual complexes due to specific mutations in protein coding
genes are known for all four complexes with mtDNA-encoded components.27 In addition, a
general defect in mitochondrial protein synthesis is caused by deletions that remove one or
more tRNA genes28 or point mutations within a tRNA gene.29,30 They affect the four oxidat-
ive phosphorylation complexes with mtDNA-encoded polypeptides (Fig. 11.1) and the degree
of disruption usually correlates with the number of mitochondrially encoded subunits. The
effects on mitochondrial function of disrupting all four oxidative phosphorylation complexes
are often quite distinct from the specific disruption of a single complex.

The respiratory chain transfers electrons from reduced substrates to oxygen and uses the
difference in redox potential to pump protons across the inner membrane to establish a 
proton electrochemical potential gradient which is then used to drive ATP synthesis by
Complex V, the ATP synthase (Fig. 11.1). This proton electrochemical potential gradient has
both a membrane potential and a pH gradient component. In considering the pathophysiology
of mtDNA diseases it is useful to differentiate between mutations that affect the respiratory
chain and those that affect Complex V. Defects in Complexes I, III, or IV disrupt respiration,
decrease the mitochondrial proton electrochemical potential gradient, and prevent mitochon-
drial ATP synthesis even when ATP synthase itself is unaffected. Defects due to large mtDNA
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deletions or tRNA mutations will disrupt both the ability to form a proton electrochemical
potential gradient as well as the capacity to synthesize ATP. In contrast, mutations in ATP 
synthase genes will not affect the ability of the mitochondrial respiratory chain to establish a
proton electrochemical potential gradient but will diminish ATP synthesis (Fig. 11.1). While
the endpoint of defective ATP synthesis is similar in all these situations, there are important
differences that may be relevant to the pathology. For example, the presence of a membrane
potential in the absence of ATP synthesis, will still allow mitochondrial Ca2� accumulation,
while an active ATP synthase in the absence of a functioning respiratory chain can still form
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a membrane potential by acting as a proton pump that consumes glycolytically generated
ATP. Finally, the point at which electron transport is blocked in the respiratory chain will have
significant consequences for the redox state of electron carriers, such as ubiquinone and
cytochrome c. Inhibition of electron flow at Complex I or III would oxidize the electron car-
riers further down the respiratory chain, whereas blockage at Complexes III, IV, or V would
reduce the transfer components upstream (Fig. 11.1). The effect of this on the redox state of
the ubiquinone pool may have important implications for radical production, while the accu-
mulation of NADH from inhibition of the respiratory chain will affect cell redox balance.

Consider first the effects of defective mitochondrial ATP synthesis on cell function. Any
oxidative phosphorylation defect that completely blocked mitochondrial ATP synthesis would
be fatal in utero, as evidenced by the embryonic lethality of knocking out mitochondrial tran-
scription factor A (Tfam) in mice.31 Hence in mtDNA diseases mitochondrial oxidative phos-
phorylation must be at least partially effective during the lifetime of the patient. This suggests
a model of cell dysfunction and death in response to ATP synthesis defects, by which cells with
the highest ATP demands will be most affected. While there is some truth in this model it is
overly simplistic because many highly oxidative tissues such as the liver and kidney are not
generally affected by mtDNA mutations to the same extent as neuronal and muscle tissue.32

The effects of defective mitochondrial ATP synthesis on cell function can be better under-
stood by considering the example of fibroblasts that contain the MELAS or MERRF muta-
tions. Digitonin-permeabilized cells have defective mitochondrial ATP synthesis when
supplied with an excess of ADP, yet the ATP/ADP ratio was normal in the intact cells.33

Superficially, these experiments appear contradictory, yet closer analysis revealed otherwise.
In digitonin-permeabilized cells oxidative phosphorylation approximates State 3 conditions
of high ATP turnover, while in intact cells in glucose-enriched culture medium it is closer to
State 4, as turnover of ATP is low and glycolysis contributes to ATP generation. This suggests
that the mitochondrial ATP synthesis deficiency observed in digitonin-permeabilized fibrob-
lasts only becomes evident when ATP demand is high. To investigate this, ATP turnover was
gradually increased with the Na�/K�-ionophore gramicidin to generate an ion flux across the
plasma membrane and thus stimulate ATP turnover by the plasma membrane Na�/K�-
ATPase. Wild-type cells were able to maintain their ATP/ADP ratio with a three-fold higher
level of ATP turnover than cells containing the MELAS and MERRF mutations.33 Thus, a
plausible model in vivo is that tissues with variable ATP demands are most susceptible to the
presence of mtDNA mutations. This is because cells that were continually incapable of meet-
ing their ATP demands would die, compromising the viability of the organism in utero. In
contrast, cells with variable ATP demands could survive in most situations but would express
a defective phenotype when ATP demand was stimulated above basal levels. This would apply
particularly to muscle and neuronal cells, which have uneven ATP demands resulting from
variable ion fluxes across their membranes in response to external stimulation. Similarly, this
might explain the susceptibility of pancreatic �-cells to mitochondrial dysfunction, as eleva-
tion of the cytosolic ATP/ADP ratio in response to increased plasma glucose levels is required
to induce insulin secretion. Thus, we would predict that many cell types in mtDNA patients,
should function relatively normally until there is increased ATP demand, at which point cells
containing mtDNA mutations would be more likely to undergo a profound decrease in the
cytoplasmic ATP/ADP ratio.

This loss of cytoplasmic ATP for extended periods during ATP demand will not only dis-
rupt the primary functions of these cells, such as muscle contraction, nerve signal conduction,
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insulin secretion or transduction of sound, but will also increase the likelihood that the cell
will undergo apoptotic or necrotic cell death. This may help explain why particular types of
neuronal cells, such as optic nerve and cochlear hair cells, are lost as they experience variable
stimulation in response to rapidly changing environmental stimuli. There may also be chronic
effects of defective ATP synthesis, such as lowered protein synthesis and degradation, and
less-effective DNA repair, which will also have consequences for long-term viability and 
render the cell susceptible to cell death. Therefore, defective mitochondrial ATP synthesis will
have a number of quite subtle effects on cell function and is also likely to influence the 
probability of cell death, and the mechanisms by which this may occur are considered in the
following sections.

Calcium dyshomeostasis caused by mtDNA mutations

The cytosolic free Ca2� concentration is closely controlled and changes in the range of 0.1–
1 �M are important signals in a range of pathways, including apoptotic, neuronal and hor-
monal signalling, and in the secretion of insulin.34 Mitochondria affect cytoplasmic Ca2�

metabolism in two ways: indirectly via mitochondrially produced ATP that is used by Ca2�-
dependent ATPases to pump Ca2� out of the cell or into intracellular stores (Fig. 11.2), such
as the sarcoplasmic and endoplasmic reticula; and directly through the mitochondrial mem-
brane potential which drives the uptake of Ca2� into mitochondria through a Ca2�-uniporter
(Fig. 11.1). As Ca2� has two positive charges the Nernst equation predicts that Ca2�-uptake
through the mitochondrial uniporter would lead to a million-fold uptake relative to the cyto-
plasm. However, this does not occur because of mitochondrial Ca2�-export systems that
exchange matrix Ca2� for cytoplasmic Na� or H�.35 The combined action of the mitochon-
drial Ca2�-uptake and extrusion system is that the matrix free Ca2� concentration responds to
changes in the cytoplasmic free Ca2� concentration and thus alters the activity of matrix
Ca2�-dependent dehydrogenases and of mitochondrial ATP synthesis.36 In addition, the
uptake of Ca2� by mitochondria both buffers and modulates intracellular calcium signals, and
may also act as a sink for excess cytoplasmic Ca2�, protecting the cell from calcium overload.
As Ca2�-uptake is independent of membrane potential above ~110 mV in isolated mitochon-
dria,37 the magnitude of the drop in mitochondrial membrane potential caused by mtDNA
mutations may be insufficient to disrupt Ca2� homeostasis.25 Targeting the Ca2� reporter pro-
tein aequorin, to the mitochondria of MERRF cybrids showed decreased mitochondrial Ca2�-
uptake after inositol-3-phosphate (IP3) agonists stimulated Ca2�-release from the
endoplasmic reticulum. This defect in mitochondrial Ca2�-uptake prevented Ca2�-dependent
stimulation of ATP production through activation of matrix dehydrogenases.38 In contrast, the
mitochondria of neuropathy, ataxia, and retinitis pigmentosa (NARP) cybrids, whose defect
lies in ATP synthase, accumulated Ca2� as well as wild-type cells.38 Therefore, disruption of
the mitochondrial membrane potential due to mtDNA mutations does interfere with mito-
chondrial Ca2�-uptake.

Ca2�-ATPases are continually pumping excess Ca2� from the cytoplasm to the extracellular
environment, or to intracellular Ca2� depots, where the free Ca2� concentration is in the 
millimolar range.34 Mitochondria are indirectly involved in this aspect of Ca2� metabolism
because they generate the ATP used to drive these Ca2�-pumps and disrupting the ATP supply
will thus increase cytoplasmic free Ca2� (Fig. 11.2). After a K�-induced depolarization led to
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Ca2�-influx from the extracellular environment, the cytoplasmic Ca2� concentration in MELAS
fibroblasts remained elevated for longer periods than wild-type cells, and often failed to 
return to basal levels.23 Although ATP levels were similar in both MELAS and wild-
type fibroblasts,23,33 the ATP/ADP ratio was not measured during Ca2�-influx and this will 
be the thermodynamic driving force for ATP hydrolysis by Ca2�-ATPases.33 Thus it remains
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possible that a decrease in the ATP/ADP ratio due to defective mitochondrial ATP synthesis
caused the persistent increase in cytoplasmic Ca2� following plasma membrane depolariza-
tion.23 Interestingly, IP3-stimulation of Ca2� release from endoplasmic reticulum stores did not
cause a similar persistent increase in cytoplasmic Ca2�.38 Thus the size of the Ca2� reservoir
(i.e. extracellular vs intracellular) and the period over which Ca2� can flow to the cytoplasm
may be important in determining whether mitochondrial dysfunction leads to Ca2� overload.

Persistently elevated cytoplasmic Ca2� not only disrupts Ca2� signalling pathways, but
also greatly increases the probability of cell death.39,40 One situation where pathological
increases in cytoplasmic Ca2� are likely to occur is during glutamate excitotoxicity 
(Fig. 11.2). In vivo, plasma membrane depolarization following neuronal stimulation releases
glutamate into the synaptic cleft. In most situations the plasma membrane is rapidly repo-
larised by the Na�/K�-ATPase, however ATP depletion of cultured neurons with cyanide,
hypoxia, or hypoglycaemia makes glutamate stimulation neurotoxic.41 This is because phys-
iological concentrations of extracellular Mg2� prevent activation of a glutamate-gated ion
channel, the N-methyl-D-aspartate (NMDA) receptor, in a voltage dependent manner.42 When
oxidative phosphorylation does not generate sufficient ATP to repolarize the plasma mem-
brane after glutamate stimulation this Mg2� block on the NDMA receptor lifts, allowing acti-
vation of NMDA receptors by glutamate. Once activated the NMDA receptor allows fluxes
of Ca2�, Na�, and K� across the plasma membrane causing further depolarization, glutamate
release and Ca2� overload.41,43,44 A ‘weak excitotoxic hypothesis’ has been suggested to
explain neuronal cell death in mtDNA disease.45,46 In this, defective oxidative phosphoryla-
tion results in an ATP deficiency that makes nerves susceptible to failure of the Na�/K�-
ATPase and subsequent plasma membrane depolarization. The plausibility of this hypothesis
is supported by the finding in fibroblasts with mtDNA mutations, that stimulation of ATP
turnover using a plasma membrane ionophore, resulted in plasma membrane depolarization
at lower ion fluxes than in wild-type cells.33 Something similar may also be occurring in vivo,
as mice in which Tfam was selectively inactivated in neurons were more sensitive to the
effects of seizures than control animals.47 Even though the strength of seizures was similar in
response to the glutamate agonist, kainic acid, post-seizure there was a marked increase in
apoptosis in the brains of respiratory deficient mice when compared with controls.47 This
increased cell death is probably due to the prolonged duration of a Ca2� transient leading to
Ca2� overload, thus mitochondrial dysfunction may change a metabolic signal to a patholog-
ical one. Similar increases in the duration of Ca2� transients due to ATP depletion are also
likely to promote cell death in other cell types harbouring mtDNA mutations.

The contribution of oxidative stress to mtDNA diseases

The role of the mitochondrial respiratory chain in radical production is well established with
a significant proportion of the electrons that pass from reduced substrates to oxygen ‘leaking’
to form superoxide48–50 (Fig. 11.3). Although relatively unreactive itself, superoxide is the
parent of a number of other damaging reactive oxygen species (ROS).51,52 Whether a cell
experiences oxidative stress depends on the level of production of each oxidative species rel-
ative to its removal, and the effect of damage repair pathways. When these are out of balance,
damage to mitochondrial respiratory complexes and mtDNA can arise leading to further mito-
chondrial dysfunction. While ROS are often considered as a single entity, each individual
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ROS has its own mechanism of production and detoxification, and each has its own reaction
profile with biological targets, consequently the pathological effects vary with the ROS
involved. For example, superoxide itself is thought to be generated by semiquinone radicals
in or near Complexes I and III, is scavenged by cytochrome c and superoxide dismutases in
the matrix (MnSOD) and cytoplasm (Cu/Zn SOD), and directly damages iron–sulphur clus-
ters in enzymes such as aconitase.50 In contrast, hydrogen peroxide is produced by spontan-
eous and SOD-catalysed dismutation of superoxide, is removed by glutathione peroxidase,
and causes hydroxyl radical formation and consequent damage to lipid, protein and DNA in
the presence of ferrous iron.51

While mitochondrial radical production seems to be a consequence of normal mitochond-
rial function, the changes that occur to mitochondrial activity in mtDNA diseases may sig-
nificantly increase ROS production and thereby contribute to the pathophysiology of these
diseases. An increase in ROS could arise by a number of mechanisms. Firstly, inhibition of
the respiratory chain can lead to a reduction of its electron carrying components and a con-
sequent increase in ROS production (Fig. 11.1). Inhibition of ATP synthesis can also lead to
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Fig. 11.3 How mtDNA mutations could increase protein turnover and oxidative stress. The figure
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reduction of respiratory carriers and an increase in mitochondrial membrane potential which
also favours radical production.53 MtDNA mutations that lead to incorrectly assembled com-
plexes could increase superoxide formation by allowing greater interaction between oxygen
and redox active respiratory chain components, such as the semiquinone radical. Finally, as
Complexes I and III contain iron in iron–sulphur clusters, incorrectly assembled complexes
might release iron and thereby increase mitochondrial production of hydroxyl radical through
Fenton chemistry.

There are a number of reports of an induction of MnSOD as a consequence of mitochondrial
dysfunction and this may have been due to an increase in ROS production54,55 however in most
cases it was not possible to measure an increase in ROS production directly. As mitochondrial
dysfunction leads to the induction of a large number of nuclear-encoded mitochondrial genes,56

MnSOD induction could often reflect increased mitochondrial biogenesis in response to
mitochondrial dysfunction.54 In one case where ROS was measured directly some, but not all,
Complex I defects led to an increased steady state concentration of superoxide as measured 
by lucigenin chemiluminescence.54,57 However, the implications of increased superoxide
production in mtDNA disease pathogenesis are less clear as the patients with the poorest
prognosis had an ~three-fold induction of MnSOD and lower steady-state concentrations of
superoxide than controls.54 One possible explanation is that MnSOD induction led to an
increase in hydroxyl radical production and lipid peroxidation, through increased dismutation
of superoxide to hydrogen peroxide.58 However, this seems unlikely as mouse studies showed
that MnSOD overexpression protected against lipid peroxidation and ischaemia-reperfusion
damage to both neural and heart tissue.59–61

Decreased activity of the distal oxidative phosphorylation Complexes, III, IV, and V,
increases the half-lives of partially reduced forms of upstream redox active components, such
as ubiquinone, thus increasing endogenous radical production.53 An increase in MnSOD and
Cu/ZnSOD activity was observed when Complex V was damaged and this induction could be
blocked by antioxidant spin traps.55 The presence of a membrane potential may be important,
as there was no induction of SOD caused by deficiencies in Complexes III or IV, even though
mutations in these complexes would reduce the ubiquinone pool and other upstream redox
carriers.55

A further mechanism for increased oxidative stress in mtDNA diseases is through
decreased antioxidant protection. This can occur by a number of pathways: a decrease in
mitochondrial NADPH concentration, which is partially dependent on the membrane potential-
dependent transhydrogenase,62 could lead to oxidation of the mitochondrial glutathione pool.
This is supported by the finding that MELAS, MERRF, and LHON cybrids were sensitive to
hydrogen peroxide-induced cell death, possibly because their peroxide-scavenging mito-
chondrial glutathione pool was oxidized:63 Ferricytochrome c can accept electrons from
superoxide converting it back to molecular oxygen64 and mutations to Complexes IV and V
could decrease the ability of the cytochrome c pool to scavenge superoxide: Ubiquinol is an
important antioxidant that can protect against lipid peroxidation in the mitochondrial inner
membrane,65 and mutations to Complex I could oxidize the ubiquinone pool, decreasing the
ubiquinol concentration.

An increase in oxidative stress is an attractive hypothesis to explain the progressive degen-
erative pathology of mtDNA diseases. A number of plausible mechanisms exist to link
increased oxidative stress to mtDNA mutations, but in most cases concrete data is still lack-
ing and the mechanisms remain unclear.
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Alterations to mitochondrial turnover in mtDNA diseases

In mtDNA diseases truncated or incorrect mitochondrial polypeptides are produced, and these
may be incorporated into oxidative phosphorylation complexes. This will lead to defective
oxidative phosphorylation complexes that may accumulate if they are not rapidly turned over
(Fig. 11.3). In addition, the inability to assemble correctly functioning mitochondria may lead
to an upregulation of production of many mitochondrial polypeptides, or increase the biogen-
esis of the whole organelle, in an attempt to compensate for an energy deficit. For example,
ragged red fibres (RRFs) are thought to arise as a consequence of an accumulation of mito-
chondria in the sarcoplasm of skeletal muscle66 due to an induction of mitochondrial biogen-
esis in response to a metabolic deficiency. This response is a general one and involves
increased replication of mtDNA67,68 as well as induction of both mtDNA and nDNA-encoded
genes.56,69 Although mitochondrial biogenesis is stimulated in RRFs it commonly fails to cor-
rect the metabolic defect as Complex IV activity is often not detected with histochemical
stains.67,70 Although RRFs are a hallmark of mitochondrial diseases it is still unclear whether
the accumulation of defective mitochondria in the sarcoplasm contributes to the pathophysio-
logy or is simply a response to dysfunction. Even so, the production of defective mitochon-
dria and mitochondrial proteins is likely to increase mitochondrial protein turnover.

The importance of correct protein degradation for mitochondrial function is illustrated by
hereditary spastic paraplegia which is caused by mutations in paraplegin, a nuclear-encoded
mitochondrial inner membrane metalloprotease that is thought to be involved in the turnover
of mitochondrial oxidative phosphorylation complexes.71 The yeast homologues of paraplegin
are responsible for the degradation of incomplete, membrane-bound mitochondrial polypep-
tides72 and are essential for assembly of inner membrane complexes and growth on respira-
tory substrates.73,74 Interestingly, paraplegin mutations also lead to a disease phenotype that
is similar to those of mtDNA diseases.71 Therefore, it is possible that the accumulation of
nuclear-encoded subunits or truncated mtDNA-encoded polypeptides in mtDNA diseases
might disrupt mitochondrial function in a similar way. In addition to turnover through the
activity of internal proteases, mitochondria are also turned over by autophagy whereby part
of a mitochondrion is engulfed and fused with a lysosome for degradation.75 Theoretically
complete digestion of the material inside the resultant secondary lysosomes should leave no
residual products. However, in practice incomplete digestion causes the remaining material to
accumulate and form a family of morphologically diverse residual bodies, called lipofuscin
or ceroid.76 The accumulation of such partially degraded material correlates with cellular age-
ing in post-mitotic cells such as neurons,77 and is accelerated in certain degenerative neuro-
logical conditions such as Alzheimer’s,78 Batten’s,79 and Huntington’s diseases.80 The
hydrophobicity of the mtDNA-encoded subunits is likely to make them a difficult substrate
for degradation by proteases as they may accumulate in insoluble bodies, as is the case for
subunit c of the F0F1-ATPase.81,82 While the nature of the undigested material in most resid-
ual bodies is uncertain it is often thought to include oxidatively damaged material that cannot
be digested by enzymes.77 Deletions, truncations, and point mutations in mtDNA protein
encoding genes will directly produce abnormal peptides, and tRNA gene point mutations may
have a similar effect, as incomplete base modification or inefficient tRNA aminoacylation in
MERRF causes stalling of mitochondrial translation at lysine codons and the subsequent gen-
eration of truncated peptides.83,84 The subsequent saturation of endogenous protein turnover
pathways and the accumulation of undigested material is likely to be detrimental to the cell
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as a number of lysosomal storage diseases are caused by mutations in degradative enzymes.85

However, the mechanism of cell damage due to the accumulation of ceroid and lipofuscin in
these diseases is uncertain. In some cells with mtDNA mutations there are increases in sec-
ondary lysosomes and lipofuscin-like accumulations that may indicate increased autophagy
of mitochondria.25 Interestingly, ceroid accumulation is observed in a number of progressive
myoclonic epilepsies of which MERRF is a member.86

How do mtDNA mutations lead to cell death?

In the last decade, mitochondria have been shown to play a central role in activating apoptotic
cell death in response to cellular dysfunction. In vitro, under conditions of high Ca2�, oxidat-
ive stress, and low ATP—a mitochondrial permeability transition pore (PTP) opens allowing
diffusion of low molecular weight solutes across the mitochondrial inner membrane.39 This
leads to mitochondrial swelling which can rupture the outer mitochondrial membrane leading
to the release of intermembrane space proteins, such as cytochrome c, SMAC/Diablo,
apoptosis inducing factor (AIF), and endonuclease G into the cytoplasm, where they activate
downstream pathways of cell death.87 The protein components of the PTP are uncertain so it
is still unclear how the PTP recognizes apoptotic signals and triggers release of proapoptotic
proteins. However, the pore complex probably involves both inner membrane and outer mem-
brane proteins and its susceptibility to induction seems to be regulated by both pro- and anti-
apoptotic members of the Bcl-2 family.88,89 The existence of mtDNA mutations is unlikely to
prevent apoptotic cell death, as cells lacking a functional respiratory chain, due to complete
elimination of mtDNA ( �0 cells), can still undergo cytochrome c release, caspase 3 activation,
and apoptosis.90–94 However, as mitochondria play a central role in integrating many of the
signalling pathways that sense cellular dysfunction and decide whether to commit the cell to
apoptosis, it is tempting to speculate that mitochondrial dysfunction caused by mtDNA muta-
tions would promote cell death. Supporting this, progressive degeneration and loss of neural
tissue is a common feature of mtDNA diseases, but it is unclear whether the mode of cell loss
is necrotic or apoptotic, and the degree of cell loss varies considerably with brain region.46

The influence of mtDNA mutations on cell death in other tissues is less clear as some studies
of muscle biopsies from mtDNA patients have found increased caspase 
activity and DNA laddering,18,95,96 while other investigators failed to detect these markers of
apoptosis.20 A further issue is that in muscle tissue an increase in apoptotic markers may not
indicate cell death, as one study reported a high level of nuclear DNA fragmentation, without
an associated loss of myofibres. One possibility is that nuclear redundancy in multinucleate
myofibres may prevent cell loss in muscle tissue in spite of increases in apoptotic nuclei.95

While cell loss is likely to be important in some mtDNA diseases, the extent to which it is due
to apoptosis or necrosis is unclear and in those where cell death does occur it may not be
pathologically significant in all tissues.

Cell death may be triggered by a range of quite distinct mechanisms, including increases
in ROS, oxidation of the mitochondrial glutathione pool, chronic elevation of free Ca2�, ATP
depletion, or changes in intracellular pH, all of which can be affected by mtDNA mutations
that cause mitochondrial dysfunction. ROS are an important proapoptotic signal in a range of
biological systems in response to cell damage and in some cases may even be induced to sig-
nal cell death.97 Even so, the direct evidence for an increase in oxidative stress as a result of
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mtDNA disease is inconclusive, although some mtDNA mutations do increase the expression
of ROS detoxifying enzymes SOD, and glutathione peroxidase in cultured cells and in 
muscle biopsies from mtDNA patients.54,55,96 One way in which ROS signals may affect the
susceptibility of cells to apoptosis is through changes in the potential of the of the
GSSG/2GSH couple which often correlates with the status of the cell. A reduced GSH pool
(EH ~�240 mV) signalling cell proliferation and a relatively oxidized GSH pool (EH ~�170
mV) signalling apoptosis.98 Excess production of peroxides oxidizes the glutathione pool and
may also allow formation of critical protein dithiols on the PTP, which triggers pore opening
and apoptosis in conjunction with Ca2�-loading.99 Oxidation of the glutathione pool may be
exacerbated by a lower mitochondrial membrane potential decreasing the activity of the tran-
shydrogenase, and hence the supply of NADPH for glutathione reduction. Interestingly, �O

cells displayed little of the change in glutathione redox potential that was observed in parental
wild-type cells during apoptosis because their pool of glutathione was already heavily oxi-
dized.93 In addition, MELAS, MERRF, and LHON cybrids were more susceptible to cell death
on exposure to hydrogen peroxide than controls, and that this cell death was blocked by
inhibitors of the PTP or of Ca2�-depletion.63 This suggests that proapoptotic pathways which
require an oxidized glutathione pool would be enhanced in cells with defective mitochondria
and that elevated Ca2� would further favour the induction of apoptosis as it activates the PTP
in conjunction with ROS.100 It is likely that cells with defective mitochondria will be prone to
Ca2� overload as their capacity to pump Ca2� out of the cytoplasm is reduced by a lower mito-
chondrial membrane potential and decreased ATP synthesis.23,33,38 Thus, vulnerability to Ca2�

overload leading to increased PTP induction, may also be a factor in the increased susceptibility
to hydrogen peroxide induced cell death in MELAS, MERRF, and LHON cybrids.63

While ATP is important for maintaining ion gradients across membranes and is consumed
by most energy requiring pathways in the cell it also inhibits the PTP.39 During periods of
ischaemia there is a progressive loss of adenine nucleotides as ATP and ADP are degraded to
nucleosides, bases and phosphate. Both ATP and ADP, but not AMP, inhibit PTP opening in
isolated mitochondria, while phosphate in conjunction with matrix Ca2� promotes it.39 This
phenomenon may be important in mtDNA diseases as in resting �0 cells there was a four-fold
decrease in the concentration of ATP and ADP relative to wild-type cells and a similar down-
ward trend in nucleotide concentration was observed in cybrids with mtDNA deletions.101

A depleted adenine nucleotide pool may facilitate opening of the PTP during periods of
ischaemia, as depletion of nucleotide levels below the threshold required for PTP induction
would be easier to achieve. MtDNA defects also increase the reliance on glycolytic ATP 
production,25,102 thus increasing the production of lactate that in extreme cases would harm
the cell by lowering the intracellular pH. Attempts to rectify this using a plasma membrane
Na�/H�-antiporter that is not osmotically neutral,103 could lead to swelling and in extreme
cases necrotic cell death. In support of this, blocking mitochondrial respiration with cyanide
in the presence of glucose causes severe swelling and disruption in neurological tissue that
can be prevented with inhibitors of glycolysis.104

A further mechanism by which mtDNA mutations may contribute to cell death is suggested
by the link between mitochondrial autophagy and cell death pathways. Cyclosporin A, an
inhibitor of the mitochondrial permeability transition and subsequent apoptosis, blocks
autophagy in hepatocytes,105 Beclin 1, a mammalian homologue of a yeast autophagy gene,
interacts with the antiapoptotic gene Bcl-2106 and apoptotic stimuli in neurons resulted a
thirty-fold increase in autophagy.107 In cells a link between mitochondrial turnover by
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autophagy and opening of PTP in response to mitochondrial dysfunction would provide a
mechanism to selectively eliminate damaged mitochondria from within a healthy population.
If mitochondrial dysfunction caused by mtDNA mutations triggered PTP opening and
autophagy on a large scale in an attempt to eliminate defective mitochondria, the increased
turnover of mitochondria could contribute to apoptotic cell death.

The role of mitochondrial dysfunction and increased cell 
death in mtDNA disease pathology

Understanding how and why cells die in response to mitochondrial dysfunction is critical for
understanding the pathophysiology of mtDNA diseases and for developing therapies. In addi-
tion it is important for understanding what role mitochondrial dysfunction plays in ageing and
in other degenerative diseases. A central concept in considering mitochondrial pathology is
that of a ‘threshold’, or the point at which the capacity of a cell or tissue system is exceeded.
It has generally been used in mtDNA diseases to define the proportion of a specific mtDNA
mutation required to affect basal respiration or protein synthesis, but it can be used more
extensively as there are likely to be multiple thresholds for different phenomena within a sin-
gle cell. For example, the proportion of mutant mtDNA required to disrupt insulin secretion
will differ from that required to cause cell death. Similar thresholds will occur for oxidative
damage or lipofuscin/ceroid accumulation, as increases in ROS or defective protein synthesis
will be countered by the action of antioxidants, proteases and lysosomes. A further aspect of
this concept is ‘stress’, or the variable environmental signals that cause a threshold to be
exceeded. For example, a mtDNA mutation that causes a decrease in the maximal rate of
mitochondrial ATP synthesis will only express itself when environmental stimuli cause ATP
turnover to exceed a combination of mitochondrial and glycolytic ATP generation.

The importance of the differing thresholds of pathways and the impact of environmental
stress are nicely illustrated in a series of mice in which Tfam was selectively eliminated from
certain cell types. Tfam is required for mtDNA transcription, and when initially healthy cells in
specific tissues had Tfam deleted through activation of cre-loxP recombination there was 
a gradual decline in mtDNA transcription and mitochondrial function over time.47,108–111 In a
pancreatic Tfam-knockout mouse, a decline in Tfam led to decreased insulin secretion in
response to glucose stimulation, a situation that mimics mitochondrial diabetes. Although blood
glucose levels were significantly elevated in these mice at one month of age it still took several
months before pancreatic �-islet area declined.110 Neuronal Tfam-knockout mice were asymp-
tomatic for 5 months, before dying within 2 weeks of the onset of symptoms from massive
neurodegeneration.47 When 4-month-old presymptomatic mice were challenged with the gluta-
mate agonist kainic acid, a substantial increase in apoptosis was observed in neural tissue when
compared with the wild-type.47 These mouse models illustrate nicely how variably pathways
within cells and tissues within the body depend on mitochondrial function and also demonstrate
that cell death is the extreme consequence of progressive mitochondrial dysfunction.

Conclusion: what are the implications for mtDNA diseases?

Mitochondrial dysfunction leads to cells that are functionally compromised in a number of
important ways. The most obvious metabolic defect caused by mitochondrial dysfunction is
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a deficiency in mitochondrial ATP synthesis. Although no mtDNA mutation will cause a com-
plete cessation of mitochondrial ATP synthesis in vivo, under conditions where ATP turnover
is increased, for example by ion influx, or ATP generation is decreased, for example by ageing,
some cells will experience difficulty in meeting their energy requirements. Mitochondrial dys-
function thus creates a situation where ATP supply is generally sufficient to allow cell survival,
but under certain conditions it will have pathological consequences. For example, if ATP
demand exceeds the ability of the cell to deliver it aerobically the cell will start to generate it
glycolytically and accumulate NADH, lactate and acid equivalents. A deficiency in oxidative
metabolism will cause a cell to resort to glycolytic ATP production earlier during a period of
high ATP hydrolysis than would a wild-type cell. In addition, turnover of NADH will be inhib-
ited by a defective respiratory chain, preventing the cell from reconverting lactate to pyruvate
after a period of ATP hydrolysis. The net effect is that mitochondrial dysfunction results in the
cell being exposed to pH insults of greater severity, frequency, and duration.

A similar argument for an increase in severity and duration of intracellular Ca2� dyshome-
ostasis in response to ATP depletion can be made, as defects in mitochondrial ATP synthesis
will prolong increases in cytoplasmic Ca2� by slowing extrusion of Ca2� by the plasma
membrane Ca2�-ATPase. The spatiotemporal complexity of Ca2� signalling and the large dif-
ferences in Ca2� channel expression between cell types,34 mean that the occurrence of Ca2�

overload and dyshomeostasis will be tissue specific. These changes will be of pathological
importance because of the cytotoxicity associated with chronically elevated cytoplasmic Ca2�

and one situation where mtDNA mutations might be particularly important in causing patho-
logical increases in cytoplasmic Ca2� is during glutamate excitotoxicity.

Events such as ATP depletion, pH changes, and Ca2� overload are likely to occur in most
mtDNA diseases so are unlikely to explain the differences caused by various mtDNA muta-
tions. Two potential candidates for explaining the pathological heterogeneity of mtDNA dis-
eases due to different mutations are oxidative stress and lipofuscin/ceroid accumulation.77

Oxidative stress will not be present to the same extent in all mtDNA diseases and the damage
caused will depend on the ROS species involved and on the patient’s antioxidant status.
Synthesis of abnormal polypeptides may be a common factor in mtDNA diseases, but
whether they impact on pathology is likely to vary, as each mtDNA mutation will lead to a
different pattern of abnormal or truncated polypeptides and iron. Some types of defective or
oxidatively damaged protein may be resistant to degradation, leading to the accumulation of
undigested protein that impairs mitochondrial function. This will be most relevant in post-
mitotic cells that cannot dilute out accumulated material by cell division, but could also occur
because of spatial constraints. For example, substantial distances separate the synapses and
cell bodies of neurons and increases in the biogenesis and degradation of mitochondria may
strain axonal transport, particularly in the presence of defective ATP synthesis.

In conclusion, most mtDNA mutations will result in a cell prone to ATP depletion and in
extreme cases calcium overload and cell death. The presence of increased oxidative stress and
ceroid accumulation may further promote cell death in some mtDNA disease and possibly
explain the wide clinical heterogeneity of mtDNA diseases. However, in most cases the
details of the pathogenic mechanism remain unclear. The implications for therapy are that
until effective gene therapies are available, there is potential to treat patients with agents
designed to ameliorate oxidative damage, Ca2� overload, or partially repair respiratory func-
tion.112 However, many of the therapies are likely to be specific for a particular mutation,
rather than generally applicable to all mtDNA diseases.
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12 Mitochondrial dysfunction in
neurodegenerative disease
JM Cooper

Mitochondria are recognized for their key role in supplying ATP for normal cell function,
which is particularly important for high-energy requiring cells such as neurones. However, the
generation of free radicals by the respiratory chain and the involvement of the mitochondrion
in cellular calcium buffering and regulation of apoptosis may also contribute to the involve-
ment of mitochondrial dysfunction in disease. The first section of the chapter focuses on var-
ious factors that may influence mitochondrial function, and their relationship to pathogenesis.
The second section reviews common neurodegenerative diseases (Parkinson’s disease,
Alzheimer’s disease, and Huntington’s disease) where mitochondrial respiratory chain dys-
function has been implicated in the disease mechanism. Those diseases with a specific and
well-defined mitochondrial aetiology are covered elsewhere (e.g. mitochondrial encephalopathies
(Chapter 5) and Friedreich’s ataxia (Chapter 10)).

Role of mitochondrial dysfunction in disease pathogenesis

Decreased ATP supply

The primary role of the mitochondrial oxidative phosphorylation system (OPS) is the efficient
supply of the high-energy phosphate compound ATP. Different cells in the body have differ-
ent requirements for ATP and in general it is organs with the highest energy demand that are
most vulnerable to OPS defects, namely the central nervous system (CNS), heart, skeletal
muscle, retina, liver, and kidneys. While it is possible for cells without mitochondrial DNA
(mtDNA; �0 cells) to survive and grow in culture without a functional OPS, relying solely
upon glycolysis for ATP production,1 this cannot be translated to the whole organism.2 The
relationship between OPS dysfunction and decreased ATP synthesis is open to debate.
Although in vitro evidence suggests that Complex I abnormalities of up to 70 per cent may
be required before ATP synthesis is affected,3 diseases manifest at lower thresholds,4,5 imply-
ing a discrepancy between the in vitro and in vivo situations.

Neurones are very sensitive to ATP supply for normal cell function. The brain has very low
stores of carbohydrate and therefore cannot maintain ATP synthesis via glycolysis alone for
long periods accordingly it is highly dependent upon oxidative phosphorylation for efficient
ATP synthesis. This dependence of the brain upon oxidative phosphorylation explains at least
in part the sensitivity of the brain to a variety of toxins, even though they may be systemically
administered. The basal ganglia are particularly sensitive to mitochondrial toxins. While the
specificity of MPTP toxicity to the substantia nigra (see section on Parkinson’s disease) may
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be in part dictated by the selective conversion and uptake characteristics of the toxin, this does
not appear to be the case for 3-nitroproprionic acid, rotenone, carbon monoxide, or cyanide.6–8

Oxidative stress

A by-product of normal electron transfer catalysed by the oxidative phosphorylation enzyme
complexes is the release of single electrons, which contribute significantly to the generation
of cellular superoxide.9,10 Inhibition of the mitochondrial respiratory chain (MRC) by a 
variety of toxins, including MPP�, rotenone, and antimycin A, markedly increased the rate of
superoxide formation11,12 suggesting that oxidative stress may be induced by conditions that
lead to mitochondrial inhibition. Indeed there is evidence that free radicals generated by inhi-
bition of Complex I can lead to further inhibition of the complex leading to a vicious cycle.13

The vulnerability of MRC components to oxidative damage suggests that MRC dysfunction
could be secondary to increased free radical generation. While Complex I was the most vul-
nerable to oxidative damage when analysed using in vitro systems,14,15 Complexes I and IV
were equally vulnerable using in vivo models of oxidative damage.16,17 However, the site of
damage may also depend upon the free radical species involved as Complexes II and III were
most vulnerable in SOD2 (mitochondrial MnSOD) knockout mice18 and also to irreversible
nitric oxide induced damage.19 Consequently, when decreased mitochondrial respiratory
chain function and oxidative stress co-exist it may not be apparent which is the primary event,
or whether they may be secondary to other factors.

The CNS has several features that are thought to make it particular sensitive to free radical
damage. It has a relatively high rate of oxidative phosphorylation and oxygen utilization, and
therefore increased superoxide generation as a byproduct. Several neurotransmitters including
dopamine and noradrenalin, autoxidize to give reactive quinones, in addition dopaminergic
regions of the brain will also generate H2O2 via monoamine oxidase b (MAOb) metabolism of
dopamine. Calcium movements within neurones are vital for normal function. Any perturba-
tion in calcium export from cells can result in increased oxidative stress either via increased
nitric oxide synthase (NOS) activity or decreased MRC function. Iron levels are relatively high
in the brain but iron binding capacity in the cerebrospinal fluid (CSF) is relatively low.
Consequently, the release of iron following CNS damage may contribute to an increase in the
iron-catalysed degradation of H2O2 and oxidative damage. Catalase activities are relatively low
in the brain, placing more emphasis on glutathione (GSH) and glutathione peroxidase activ-
ities for the removal of H2O2. The substrate for lipid peroxidation, polyunsaturated fatty acids
(PUFA), are relatively abundant in the brain making it more vulnerable to lipid peroxidation

A modification of the free radical theory of ageing, places the mitochondion at the focal
point of free radical damage which may accumulate with increasing age giving rise to mito-
chondrial dysfunction which contributes to cellular dysfunction.20 MRC function has been
reported to decline with increasing age21,22 and therefore MRC dysfunction may be a pro-
minent feature in post-mitotic cells of older individuals.

Calcium buffering, excitotoxicity, and apoptosis

The observation that mitochondria can accumulate calcium is well established. However, the
physiological significance of this calcium transport, the extent to which pathological states
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may influence calcium transport into mitochondria or how abnormal mitochondrial calcium
movements may influence mitochondrial function is beginning to be studied.

Mitochondria have a low resting calcium concentration maintained by a Na�–Ca2�

exchanger, with the Na� balance maintained by the Na�–H� exchange. Calcium import is via
a uniporter and is dependant upon the mitochondrial membrane potential (MMP) and calcium
concentration. Among the enzymes regulated by calcium concentration are the dehydro-
genases (pyruvate dehydrogenase) associated with the tricarboxylic acid cycle, consequently,
the rate of carbohydrate oxidation will be influenced by intra mitochondrial calcium concen-
trations, leading to up regulation of mitochondrial respiration and ATP synthesis.23

Mitochondrial calcium uptake seems to occur only at high cytosolic calcium concentration,
although these may be local to the mitochondria themselves if they are situated close to the
sites of calcium entry to the cell.

In neurones cytosolic calcium increases rapidly after depolarization and opening of the
voltage-gated calcium channels. Mitochondrial calcium uptake subsequently produces a rapid
fall in cytosolic calcium and then slowly releases calcium back to the cytosol through the
Na�–Ca2� antiport. Consequently, mitochondria may play a role in calcium signalling.

Although calcium uptake into mitochondria plays important physiological roles, it can also
have deleterious effects. Conditions that change the MMP will influence calcium uptake with
a collapse of the MMP preventing mitochondrial calcium uptake. Failure of mitochondrial
calcium entry may lead to decreased carbohydrate oxidation and oxidative phosphorylation
which will in turn lead to decreased MMP and ATP synthesis. Moreover increased mito-
chondrial calcium uptake may be particularly important in excitotoxicty and apoptosis.

Excitotoxicity describes the neurotoxic effects of increased postsynaptic stimulation by
excitatory neurotransmitters such as glutamate and aspartate. When cortical cultures were
treated with increasing concentrations of glutamate there was a dose-dependent loss of neu-
rones with preservation of glial cells.24 The mechanism of excitotoxic cell death is mediated
via the activation of the N-methyl-D-aspartate (NMDA) ionotropic glutamate receptor.
Glutamate activation of the NMDA receptor in addition to a drop in the membrane potential
allows release of the magnesium block of the NMDA receptor and entry of calcium/sodium
into the cell. This depolarization leads to the opening of voltage-gated calcium channels and
further increases in intracellular calcium concentration. Under normal situations the release
of glutamate into the extracellular space is transient with reuptake into the presynaptic neu-
rone and surrounding glia sufficient to terminate NMDA stimulation. However, it is possible
to have prolonged activation of NMDA receptors under circumstances where there is pro-
longed release of glutamate or similar NMDA agonist (quinolinic acid, homocysteine), or
impaired re-uptake of glutamate. In fact there is evidence that impaired mitochondrial respi-
ratory chain function leads to impaired Na/K ATPase activity and partial depolarization which
relieves the voltage dependant Mg2� block of the NMDA receptor channel enabling the chan-
nel to open even at relatively low glutamate concentrations25 thus potentiating excitotoxicity.

The NMDA activation results in increased intracellular calcium, which is closely linked to
the ensuing cell death.26 The targets of impaired neuronal calcium homeostasis caused by
excitotoxicity may involve kinases, phosphatases, proteases, phospholipases, neuronal nitric
oxide synthase (nNOS), and mitochondria. Elevated intracellular calcium concentrations,
lead to a decrease in MMP leading to cell death. It is not clear whether the decreased MMP
is caused by opening of the MPT pore, involved in apoptosis, or due to decreased MRC func-
tion caused by NO inhibition of Complexes II and IV. The cell death is calcium and NOS
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dependant and can be prevented by depolarising the mitochondria27 or by using NO sca-
vengers, NOS inhibitors or neurones from neuronal NOS knockout mice.28,29 It is possible
that impaired MRC function and decreased MMP may influence calcium uptake into mito-
chondria thus affecting calcium-dependant activation of ATP synthesis30 and also apoptosis.
There is evidence that NMDA receptor activation results in increased free radical generation
and oxidative stress,31 which seem to predominantly involve mitochondrial ROS generation.32

NO can be acting at several levels including regulation of cellular signalling, blood flow,
guanylate cyclase activity, and the activity of other proteins by S-nitrosylation (reviewed by
Kroncke et al. 1997).33 However, inhibition of the mitochondrial respiratory chain at
Complexes II, III, and IV are important targets of NO leading to cell dysfunction and death.

Mitochondria appear to play a key role regulating many apoptotic stimuli. Anti-apoptotic
(i.e. bcl2) proteins are localised to the mitochondrial membranes and the pro-apoptotic
cytochrome c and AIF (apoptosis-inducing factors) are located within the mitochondria and
released after mitochondrial swelling.

Apoptosis is associated with a sequence of events leading to a fall in MMP, opening of the
MPT pore and release of AIF into the cytoplasm. This precedes DNA fragmentation and 
chromatin condensation. Decreased MMP and increased intramitochondrial calcium have been
correlated with a decrease in MMP, which may be influenced by decreased MRC function and
free radical generation.34 Opening of the pore dissipates the proton gradient and therefore
MMP and the movement of solutes and small proteins between the matrix and cytosol leading
to swelling and rupture of the mitochondrial outer membrane, release of cytochrome c from
inter-membrane space. BCL-2 prevents MPT pore opening and therefore AIF release.

There is evidence that dysfunction of the MRC can lead to either cell death via apoptosis
or necrosis depending upon the degree of inhibition. With severe inhibition of the MRC, ATP
synthesis is severely impaired leading to a crisis in the cell function and a more rapid necrotic
death, while mild inhibition of the MRC may affect cell death through other mechanisms pos-
sibly involving free radical generation, MMP or calcium uptake leading to apoptosis.35 This
may be the case with excitotoxicity with low concentrations of excitotoxins eliciting apopto-
sis and high concentrations necrosis.36 The role of mitochondrial function seems important to
the outcome following excitotoxic insult, with cells that can maintain mitochondrial function
and ATP production may die by apoptosis and those that cannot maintain ATP supplies die by
necrosis.37 This can be seen in models of stroke where necrosis dominates in the ischaemic
core while apoptosis is seen in the border region of the insult.38

Decreased MRC function in a variety of diseases including neurodegenerative diseases
may decrease MMP thus making the cells more vulnerable to opening of the MPT pore and
apoptosis. Apoptosis has been described in a variety of neurodegenerative diseases including;
PD, HD, and AD, but this is not universally accepted.39

Mitochondrial dysfunction in neurodegenerative diseases

Over the last decade molecular genetics has made great strides in helping to identify the
underlying cause of many neurodegenerative diseases. Patients with Huntington’s disease
(HD), Friedreich’s ataxia (FRDA), and Wilson’s disease (WD) have mutations in a single gene
and therefore each disease has a common mechanism. In Alzheimer’s disease (AD), Parkinson’s
disease (PD), hereditary spastic paraplegia (HSP), and amyotrophic lateral sclerosis (ALS) 
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however, a genetic abnormality has been identified in only a fraction of patients and these are
spread across several different genes. Consequently in the latter group each disease is likely
to be linked to a variety of primary causes, involving genetic and environmental factors,
possibly leading to a common pathway of cell dysfunction and disease.

The MRC dysfunction is apparent in many neurodegenerative diseases. However, the cause
of the MRC defect and the role it plays in pathogenesis is different for each disease. In this
respect it is possible to categorize these diseases into three groups; those that involve a genetic
mutation directly affecting MRC components (Chapters 6–8 and 10); those involving a
genetic defect of a mitochondrial protein not directly involved with the MRC (Chapter 10)
and a third group where the MRC defect is more complex and likely to be secondary to other
processes occurring as part of the disease mechanism. The evidence for mitochondrial respi-
ratory chain dysfunction in the last group will be reviewed in the section following and their
relationship to the primary causes or secondary factors associated with the diseases will be
discussed.

Alzheimer’s disease

Alzheimer’s disease is the most common neurodegenerative disease with an incidence of up
to 15 per cent of the population over 65 years.40 Clinically, AD is characterized by a pro-
gressive loss of memory, disorientation in time and place and increased anxiety. A correct
diagnosis requires positive neuropathological findings including loss of cortical cholinergic
neurones, intraneural neurofibrillary tangles consisting of hyperphosphorylated tau, and
abundant extracellular amyloid plaques composed of �-amyloid. The majority of patients
present sporadically, however up to 20 per cent of patients show a familial pattern of inheri-
tance. These patients invariably have an earlier onset, before 55 years, and a more aggressive
course. Mutations of the amyloid precursor protein (APP),41 and more commonly of the pre-
senilin 1 and 2 genes42,43 have been identified in this group of patients and may cause the dis-
ease by promoting the generation of �-amyloid.44 In addition the presence of the APOE4
allele is also a risk factor for AD45 which may promote �-amyloid aggregation or tau 
phosphorylation.

Decreased energy metabolism is well recognized in AD. Positron emission tomography
(PET) studies have indicated that glucose metabolism is decreased in various cortical regions
of AD brains.46 Decreased cytochrome oxidase activity has been reported in a variety of AD
brain regions47 and platelets48 and confirmed histochemically.49 The underlying cause of this
dysfunction is not known however, there is evidence that APP fragments inhibit cytochrome
oxidase activity.50 Although an increase in the incidence of several base changes in mito-
chondrial DNA has been reported in AD, including a A4336G change in the tRNAGln

gene,51,52 which may contribute to pathogenesis in some patients, no common mtDNA
abnormality has yet been associated with AD.

There is extensive evidence of oxidative stress in AD affecting lipids, proteins, and DNA
(reviewed by Butterfield et al.),53 which may result directly from �-amyloid accumulation, or
indirectly from free radical generation due to MRC dysfunction. Nitrotyrosine levels have
been reported to be raised in AD hippocampus and corticol regions54 although it is not known
whether this is NO generated from an inflammatory response (iNOS) or via upregulation of
nNOS following excitotoxicity. Mitochondrial morphological changes have been observed in
normal myoblasts expressing APP cDNA similar to that seen in inclusion body myositis
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which shares the PHF and �-amyloid features with AD but in muscle.55 This suggests that
mitochondrial dysfunction may well be secondary to the �-amyloid and PHF pathology, that
is, a consequence of increased oxidative stress.

Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease with a preva-
lence of approximately 1 in 400. It is characterized clinically by bradykinesia, akinaesia and
tremor and pathologically by the loss of dopaminergic neurones in the pars compacta of the
substantia nigra (SN), the substantia innominata and locus coeruleus. The presence of Lewy
bodies in remaining neurones is a characteristic hallmark although these may be seen in other
diseases and may be missing in patients with Parkinson’s-like clinical features.56 Onset of the
clinical symptoms can be between the fourth and seventh decades with increasing age and
family history the most consistent risk factors.

The PD is caused by heterogeneous primary abnormalities. Genetic factors are known to be
important in at least a proportion of patients with known mutations exhibiting both autosomal
dominant and recessive traits. Five families have been described with 2 different dominant
point mutations in the � synuclein gene,57,58 a mutation of the UCH L1 gene in one family59

and a range of recessive mutations in a growing number of patients in the Parkin gene.60 These
patients tend to have an earlier onset than idiopathic PD and Lewy bodies are generally absent
from patients with the Parkin mutations suggesting they are not classical PD patients. While
the function of � synuclein is unclear it is known to be a major component of Lewy bodies in
both the genetic and sporadic patients suggesting it plays a key role in pathogenesis of PD.61

The UCHl1 and parkin are involved with the ubiquitination of damaged proteins and may
result in the accumulation of such proteins in patients with mutations of these genes.62

The possible involvement of mitochondrial dysfunction in PD is supported by the selective
dopaminergic cell loss and parkinsonism in primates (including humans) and/or rodents fol-
lowing exposure to various toxins that inhibit the MRC including MPTP, tetrahydroisoquino-
lines, iron, manganese, cyanide, rotenone, and carbon monoxide (reviewed by Cooper and
Schapira).63 This suggests that the SN is particularly sensitive to systemic perturbations of
energy metabolism.

The mechanism of MPTP induced parkinsonism is relatively well understood.64 Briefly
MPTP crosses the blood brain barrier where it is converted to MPP� by the action of
monoamine oxidase b. The MPP� is then selectively concentrated in the dopaminergic neu-
rones by the dopamine transporter. MPP� is further concentrated in mitochondria where it
inhibits Complex I of the respiratory chain thereby inducing ATP depletion. Transgenic mice
over expressing SOD165 and neuronal NOS knockout mice66 were both resistant to MPTP
toxicity suggesting a role for NO and oxidative stress in addition to decreased ATP synthesis
in MPTP toxicity.

Tetrahydroisoquinolines and isoquinolines can be produced in the brain from the conden-
sation of dopamine with aldehydes. There is evidence that these compounds are inhibitors of
Complex I. The injection of chemicals from these groups (1-benzyl-1,2,3,4-tetrahydroiso-
quinoline, N-methyl-salsolinol) into rats or mice have resulted in various pathological or clin-
ical signs similar to those seen in PD including reduced striatal dopamine and selective loss
of dopaminergic neurones (reviewed by Cooper and Schapira).63 More recently, the chronic
intravenous exposure of rats to the insecticide rotenone for 1–5 weeks resulted in a
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Parkinsonian model involving the loss of nigrastriatal dopaminergic neurones, the presence
of Lewy body-like inclusions and clinical signs of nigral degeneration.7 This indicates that
systemic exposure of toxins found in the environment could give clinical and pathological
features very close to that seen in PD.

Decreased Complex I activity has been identified in the substantia nigra of a large group of
patients with PD67 and confirmed in an independent study.68 While this defect could be sec-
ondary to degeneration or L-dopa therapy, Complex I activity was normal in other PD brain
regions and in multiple system atrophy, a disease involving degeneration of the SN, which is
treated using L-dopa.69 This suggested the decrease in Complex I was disease-specific, and
not secondary to L-dopa therapy or degeneration of the SN. Mitochondrial analyses of tissues
outside the CNS are somewhat varied with a small but consistent Complex I defect in PD
platelets70,71 but less consistent results in skeletal muscle72,73 and lymphoblasts.74,75

The analyses of �0 cybrids generated from the transfer of PD platelet mitochondria from
patients with decreased Complex I activity into A549 �0 or SHSY5Y �0 cells suggested the
Complex I defect was transferred to the resulting cybrids.76,77 The abnormalities of mtDNA
responsible for the defect have not yet been identified. A number of studies of unselected PD
patients have reported sequencing either the complete mitochondrial genome or the mito-
chondrial Complex I and transfer RNA genes of a variety of patients with PD.78–80 A variety
of polymorphisms have been identified that either have no predicted effect at the protein level
or have uncertain significance. These data are difficult to explain unless the involvement of
mtDNA in PD is restricted to a subgroup of patients, or the Complex I dysfunction is asso-
ciated with a particular mtDNA haplotype. The presence of the common deletion (4977 bp) has
been analysed in PD brains but levels were found to be similar to age matched individuals.72

The relationship between Lewy bodies and disease pathogenesis is not understood.
However the connection between PD patients with mutations of the � synuclein gene and the
presence of � synuclein in Lewy bodies of both these patients and sporadic patients places
the formation of Lewy bodies right at the centre of the disease pathway. There are no data on
mitochondrial function or oxidative stress in patients with PD of known cause. However, stud-
ies on cultured cells revealed no effect on mitochondrial function from overexpression of
mutant or wild type � synuclein (unpublished experiments of the author). In addition to this
the normal mitochondrial function in patients with diffuse Lewy body disease81 suggests that
mitochondrial dysfunction is not linked to � synuclein aggregation or Lewy body formation.

As � synuclein aggregation appears to play a central role in PD pathogenesis it is interest-
ing to note that � synuclein positive inclusions were seen in rats chronically treated with
rotenone or paraquat,7,82 and in cell culture systems following MRC inhibition.83 This raises
the possibility that MRC inhibition or free radical generation may be important factors in PD
pathogenesis leading to Lewy body formation, ATP depletion and oxidative damage.

A range of markers of oxidative stress and damage have been measured in PD brain samples
and have indicated that free radical damage may play a key role in pathogenesis. Included in this
are increased levels of lipid peroxidation, protein carbonyls, and DNA oxidation.84,85 In addi-
tion there is an increase in nitrotyrosine residues on a protein component of Lewy bodies, �
synuclein,86 implying peroxynitrite damage is also a feature of PD pathology. Increased iron
levels in PD SN have been reported by several groups,87,88 and although this may be a nonspe-
cific feature of neurodegeneration, iron can add to oxidative stress by catalysing the decompo-
sition of H2O2 to the reactive hydroxyl radical. Changes in antioxidant defences are also
indicative of oxidative stress, and with low levels of catalase in the brain GSH is particularly
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important for the oxidation of peroxides including H2O2. In PD, several groups have reported
decreased levels of GSH in the SN which correlated with disease severity.89,90 It is thought that
the synthesis of GSH is unaffected in PD and that GSH levels are depleted due to increased
oxidative stress, however the underlying cause of the increased oxidative stress is not known.

PD is almost certainly caused by heterogeneous factors. While it is possible that the under-
lying cause of the Complex I defect in PD is the primary cause of the disease in some patients,
in others it may merely play a role in the pathway leading to � synuclein aggregation and
dopaminergic cell loss. In the absence of an explicit mtDNA mutation in PD, the underlying
cause of Complex I dysfunction may relate to specific mtDNA haplotype(s). The effect may
be direct in particular neuronal cell types or stem from increased susceptibility to a toxin,
which might be exogenous (MPTP, rotenone) or endogenous (free radicals, isoquinolines).
The role of nuclear genes encoding Complex I subunits has yet to be investigated.

Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant disorder with an incidence of approxi-
mately 1 in 20,000. It is characterized clinically by behavioural disturbance, chorea, demen-
tia and ataxia with onset in the third to fifth decades of life. The classical pathological findings
include the loss of neurones in the caudate and putamen in particular the medium spiny neu-
rones,91 and the more recently recognized neuronal intranuclear inclusions (NII).92 The muta-
tion responsible for HD is an expansion of the CAG repeat in exon 1 of the huntingtin gene
on chromosome 4.93 The repeat is expanded to greater than 36 CAG repeats in affected
patients resulting in an expanded glutamine tract within the 350-kDa protein known as hunt-
ingtin. The age of onset and speed of disease progression is affected by the size of the CAG
repeat with a younger onset and more rapid progression being associated with longer repeat
lengths. The role of huntingtin is not known. It appears to be distributed within the cytosol
and is widely expressed in neuronal and other tissues94 with no clear correlation between the
level of expression and site of neuropathological abnormality95 suggesting cell-specific inter-
actions may be important. Huntingtin is a highly conserved protein and expression is required
for normal development.96 Heterozygous knockout of the HD gene does not show a pheno-
type indicating the CAG mutation in HD is likely to produce a toxic gain of function.97

A transgenic model of HD (R6/2) generated using the N terminus of the protein with between
130–150 CAG repeats shows a movement disorder after 8 weeks of age, and death after12–16
weeks.98 Although the brains are smaller than normal and NII are present there is no significant
degeneration. The role of NII in disease pathogenesis is not clear. They have been observed in
HD brains and also the R6/2 mice and consist of ubiquitinated N-terminal portions of huntingtin
which contain the expanded polyglutamine tract.99 It is still debateable what role NII play in
pathogenesis, rather than having a toxic role they have been proposed to be protective.100

Evidence for impaired energy metabolism in HD comes from a variety of different observations.
The analyses of HD brain using PET identified decreased glucose metabolism in the striatum and
cortex,101 and increased lactate levels in the cortex and basal ganglia using proton magnetic reso-
nance spectroscopy (MRS)102 were confirmed with elevated lactate pyruvate ratios in the (CSF)103

Analysis of MRC activities in HD brain identified a severe defect of Complexes II and III and a
mild defect in Complex IV in the caudate nucleus and to a milder degree in the putamen which
paralleled the severity of the pathology.104–106 Although Complexes II and III were most severely
affected in brain there was also an underlying Complex IV defect. This is of interest given the
increased sensitivity of HD lymphoblasts to mitochondrial depolarization and apoptosis induced
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by the Complex IV inhibitor cyanide.107 In addition, there is evidence that the androgen receptor
involved in another CAG repeat disease, spinobulbar muscular atrophy (SBMA), interacts with
subunit Vb of cytochrome oxidase108 and may contribute to mitochondrial dysfunction in SBMA.
However, to date there is no evidence that this is a common feature with CAG repeat diseases

In muscle 31P MRS analysis revealed decreased mitochondrial ATP synthesis in both symp-
tomatic and presymptomatic patients which correlated with the severity of the genetic muta-
tion.109 While a Complex I defect reported in HD skeletal muscle110 is consistent with this it
is not clear what relationship it has to the defect observed in the brain.

Models that induce HD pathology also suggest a mitochondrial role in disease pathogene-
sis. Ingestion of the Complex II inhibitor 3-nitroproprionic acid (3-NP),111,112 or intrastriatal
injections of malonate produced selective loss of medium spiny neurones in the rat.113 This
indicates that these cells are particularly sensitive to mitochondrial inhibition and in particu-
lar Complex II inhibition matching the biochemical defect in the striatum.

In the R6/2 mice at 12 weeks, there was a defect of Complex IV activity in the striatum,
and cortex. Consistent with a bioenergetic deficit in this model creatine treatment improved
survival and delayed clinical progression.114

Several observations have suggested that excitotoxicity may be involved in HD pathogen-
esis. First the NMDA agonist quinolinic acid induced striatal lesions in the rat similar to those
seen in HD resulting in motor hyperactivity, learning deficits, and decreased glucose metab-
olism.115,116 R6/2 mice have a decreased level of mGluR2 receptors that regulate glutamate
release and therefore may impair feedback control of glutamate release thus predisposing the
cells to excitotoxicity.117 Toxicity due to intrastriatal injections of malonate and 3-NP in cul-
tured cells was decreased by the NMDA antagonist MK 801.113,118 The role of excitotoxicity
in HD has been supported by increased striatal glutamate levels in HD caudate119 and
decreased numbers of NMDA receptors in HD striatum suggesting cells high in NMDA
receptors are more vulnerable.120 However, other factors must be important because HD
pathology does not relate to areas high in NMDA receptors.121

Evidence of oxidative stress and damage in HD is limited. Increased 8 hydroxy-2-
deoxyguanosine levels have been seen in HD caudate.106 Aconitase activity is very sensitive
to inactivation by free radicals and can be used to assess oxidative damage. Decreased aconi-
tase activity has been detected in HD brain with the greatest inhibition in the caudate followed
by the putamen and the cortex, mimicking the severity of pathology.105 The decreased aconi-
tase activity in the striatum and increased nitrotyrosine staining In R6/2 mouse brain is also
indicative of oxidative damage.19

It is likely that mitochondrial dysfunction in HD is caused by excitotoxicity and the con-
sequent generation of NO and free radicals, with inhibition of Complexes II/III and aconitase
by NO and ONOO. This would account for the severity of the defect reflecting the patholog-
ical involvement in HD. In the R6/2 model Complexes II and III were not affected while
aconitase was decreased in the striatum, consistent with a mild excitotoxic insult and very lit-
tle cell death. It is not yet known how mutant huntingtin increases susceptibility to excito-
toxicity but it could involve abnormal glutamate homeostasis.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis has a prevelance of approximately 1 in 20,000, it is character-
ized clinically by progressive muscular weakness and wasting with onset in the fifth decade
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and an average disease duration of between 3 and 5 years. Pathologically there is selective
loss of motor neurones. Approximately 10 per cent of patients exhibit autosomal dominant
inheritance (familial ALS, FALS) with approximately a quarter of these with one of more than
90 different mutations of the Cu/Zn superoxide dismutase gene (cytosolic form of the
enzyme) on chromosome 21.122 The SOD activity was decreased in FALS motor neurones but
not sporadic patients.123 Consistent with an impaired antioxidant capacity patient tissue from
familial and sporadic ALS patients showed evidence of increased oxidative damage to pro-
teins, lipid and DNA124,125 and evidence of NO induced damage,126 although changes were
not consistently observed for all oxidative markers and all tissues.

Transgenic mice expressing mutant SOD1 but normal SOD activity developed an ALS-like
disease127,128 and had evidence of oxidative damage.129 However, the observation that Cu/Zn
SOD knockout mice developed normally suggests that loss of this activity does not lead to
ALS per se although it did leave motor neurones more vulnerable to axon injury.130 This sug-
gested the SOD1 mutations probably produce a toxic gain of function, rather than a negative
loss of function.

Mitochondria have been reported to be morphologically abnormal in ALS motor neu-
rones123,131 and mutant SOD1 transgenic mice.132 The targeting of mitochondria by mutant
SOD1 may be related to the recent observation that transgenic SOD1 can also be found in
mitochondria133 which is in agreement with the localization of the enzyme to the mitochon-
drial intermembrane space in yeast.134 MRC dysfunction has been reported in ALS patients
affecting either Complex I activity in skeletal muscle135 or Complex IV activity in spinal cord
motor neurones.136 Decreased Complex IV activity has been association with a microdeletion
of subunit I of Complex IV137 adding further weight to the involvement of primary mtDNA
abnormalities in at least a subset of patients with ALS and the importance of mitochondrial
dysfunction in disease pathogenesis. A more general mitochondrial functional abnormality in
ALS was reported in a recent study of spinal cord from ALS patients. In these patients there
was an increase in mutant mtDNA and a general decrease in mitochondrial activities consis-
tent with a loss of mitochondrial mass138 which may reflect increased oxidative damage to
mitochondria. The involvement of mitochondrial dysfunction is supported further by the use
of creatine treatment to compensate for any bioenergetic defect in SOD1 mutant transgenic
mice, which significantly delayed the loss of motor neurones and prolonged survival.139

There is indirect evidence of glutamate excitotoxicity in ALS.140 The selective loss of
motor neurones may be explained by the fact that motor neurones are more sensitive than
inter-neurones in the dorsal horn to inhibition of the MRC,141 with increased oxidative stress
and MRC dysfunction making the cells more vulnerable to an excitotoxic insult resulting in
elevated intracellular calcium concentrations, increased free radical generation and further
MRC dysfunction leading to cell death.

Conclusion

There is substantial evidence that the mitochondrial respiratory chain and OPS is impaired in
many neurodegenerative diseases, however, the underlying causes of this dysfunction and the
role it plays in disease pathogenesis may vary considerably in different diseases.
Mitochondrial dysfunction caused by mutations of mtDNA or nuclear genes encoding MRC
subunits are clearly a primary cause of disease in the patients with classical mitochondrial
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encephalopathy (Chapter 5). This also appears to be the case in some patients with PD, AD,
and ALS, however, there is no evidence that they are important in the majority of patients with
these diseases. Endogenous and exogenous mitochondrial toxins may be involved in some
diseases (PD). Alternatively, increased excitotoxicity (HD, ALS), altered mitochondrial bio-
genesis (HSP, FRDA, see also Chapter 10) and increased oxidative stress and damage (ALS,
PD, WD, FRDA) may account for the changes in MRC function found in neurodegenerative
disease (Fig. 12.1). The causes of oxidative stress and their relationship with the known
genetic abnormalities are beginning to be understood in several diseases including increased
mitochondrial iron (FRDA) and copper (WD) levels and altered antioxidant defences (ALS).

With the observation that mitochondria can play a pivotal role in apoptosis and necrosis,
the MRC changes observed in many of these diseases may play an important role in neuronal
loss and may be a useful target for neuroprotective strategies.
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Fig. 12.1 Mitochondrial involvement in neurodegenerative diseases. Summary of the possible mecha-
nisms leading to MRC dysfunction in: Parkinson’s disease (PD), Huntington’s disease (HD),
Amyotrophic lateral sclerosis (ALS), Friedreich’s ataxia (FRDA), Wilson’s disease (WD), Hereditary
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13 Mechanisms underlying the age-related
accumulation of mutant mitochondrial
DNA
Aubrey DNJ de Grey

Introduction

The role of oxygen radical-mediated oxidative damage in ageing, first proposed by Harman
in 1956,1 has for many years been indisputable. For me, the most compelling evidence for it
is the consistent finding that shorter-lived animals generate more superoxide as a percentage
of their oxygen consumption, both across species and when calorically restricted and ad libitum-
fed animals are compared. This and the many other less direct pieces of evidence in favour of
the free radical theory of ageing have been expertly reviewed elsewhere2–6 and will not be dis-
cussed here; however, towards the end of this review I will describe the potentially pivotal
recent work of Zassenhaus’s laboratory.7

The pervasiveness of the free radical theory in contemporary biogerontology is perhaps
most clearly demonstrated by the frequency with which other, superficially unrelated, pro-
posed mechanisms of ageing are now embellished to intertwine them with the free radical the-
ory. Two prominent examples are the acceleration of both telomere shortening8 and
non-enzymatic glycosylation9 by oxidative stress. But the first such elaboration of the free
radical theory (for that is, in some senses, what such ideas are) was the simplest: that oxidative
damage induces mutations, whose accumulation makes us progressively less viable, includ-
ing (but not limited to) initiating cancer. This idea was explicitly set out by Harman in his
original article,1 along with the suggestion that oxidative damage would also affect compo-
nents of the extracellular medium.

In that first paper, Harman further noted that the substances most likely to suffer damage
from free radicals would be those closest to the free radicals’ principal site(s) of production.
It would be another decade before we acquired the crucial item of information that brings this
point into conjunction with the proposed importance of DNA oxidation to ageing. That item
was, of course, the discovery10,11 that mitochondria possess their own DNA, encoding pro-
teins essential to the process of oxidative phosphorylation.

Once we knew that mitochondria have their own DNA and are also probably the main site
of production of toxic oxygen radicals, it was but a small leap of induction to propose that the
mitochondrial DNA (mtDNA) was the likeliest site of accumulating mutations leading to age-
ing. Indeed, in 1972 exactly this was suggested—again by Harman:12

Free radicals ‘escaping’ from the respiratory chain . . . would be expected to produce deleterious effects
mainly in the mitochondria . . . Are these effects mediated in part through alteration of mitochondrial
DNA functions?
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It is worth noting here that there is an unfortunate tendency nowadays to attribute this insight
to an article published fully 17 years later13 that failed to cite Harman’s work. It is to be hoped
that this amnesia will cease.

Comfort’s (insufficiently) discomfiting objection

When a cell divides, the average number of mitochondria per cell in the two daughter cells is
obviously half of what it was in the parent. This number must thus be doubled, on average,
before those daughter cells are ready to divide again.

In a post-mitotic cell such as a neuron or a muscle fibre, however, no such requirement
exists. In theory, mitochondria of such cells could exist indefinitely in a non-dividing state for
the lifetime of their host cell, even if that were the lifetime of the organism. They would
inevitably suffer degenerative (including oxidative) damage, but this could in theory be
repaired by ‘piecemeal’ mechanisms analogous to those that keep the nucleus and its contents
functioning.

In the 1960s, however, it was discovered that this is not what mitochondria of post-mitotic
cell in fact do. Fletcher and Sanadi reported14 that many constituents of mitochondria could
be shown, by radiolabelling, to be recycled quite frequently—on the order of once a week to
once a month. The classic studies in this area15,16 established that this turnover rate was not a
property of the individual constituent, but was uniform for almost all the material of the mito-
chondrial inner membrane or matrix—DNA or protein—though certain components of the
outer membrane seemed to be recycled more rapidly. This indicated that mitochondrial main-
tenance is not a piecemeal, damage-targeted process as in the nucleus, but is instead per-
formed at the level of the entire organelle: that is, some organelles are simply destroyed
wholesale and presumably replaced by division of others. Electron microscopic evidence for
this destruction was in fact already available:17 it is termed autophagy or autophagocytosis.
(In 1996, preliminary data belatedly emerged18 on the rate of turnover in human tissues;
analysis of mass spectroscopy of muscle needle biopsies implies a half-life of 2–3 months if
most mitochondrial protein degradation is by autophagy. More measurements of human mito-
chondrial turnover rates are urgently needed.)

Enter Alex Comfort, just becoming better known in a more recreational context19 but at that
time also the prominent and hugely respected editor of Experimental Gerontology. In 1974 he
published a wide-ranging review of the state of the nation as regards the biology of ageing, in
which he touched briefly on Harman’s then 2-year-old idea.20 His treatment of it was brief,
perhaps because it seemed so conclusive:

Mitochondrial damage has also been studied . . . Mitochondria, however, are replaceable structures. In
order to ‘explain’ aging on the analogy of radiation-induced molecular attack we seem to require dam-
age either to irreplaceable molecules . . . or to the copying mechanism of clonally dividing cells

When I first read this passage I already knew the data that refuted it (discussed below), but I
was instantly struck by the feeling that, in the absence of that newer data, I would have aban-
doned on the spot the idea of mtDNA damage being a primary determinant of the rate of age-
ing. Mitochondria are recycled by the destruction of some and the division of others. As such,
there is the opportunity for the cell to destroy those mitochondria that have sustained damage
and replicate those that have not. This then places the mitochondrial population of a cell in the
same boat as the cellular population of a mitotically competent organ, such as the liver: all
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individuals are replaceable and the global decline of the entire population can be completely
prevented. One relatively recent finding serves to underscore the power of this type of preserva-
tion mechanism. Ageing is normally considered a universal characteristic of animals, except
that it is hard to define ageing in unicellular creatures. But Martinez showed in a painstaking
study published in 1998 that hydra, organisms with no post-mitotic cells at all, apparently do
not age: they die solely from extrinsic causes, not due to increasing frailty.21 He showed this
in the most compelling way possible, by identifying conditions so benign that extrinsic mor-
tality was almost totally absent: just one individual of his population died in the 4 years in
which these conditions were maintained. Unless one is prepared to propose that a microscopic
organism with a life cycle of a few days can have a mortality rate doubling time (the most
standard measure of the rate of ageing) on the order of decades, this shows that elimination
of some cells and their replacement by division of others is a preservation mechanism which
can work indefinitely. And so, Comfort was saying, it should be for mitochondria—even
mitochondria in post-mitotic cells.

Perhaps it was because Comfort’s objection was buried on page 8 of a 31-page treatise; per-
haps it was because others saw the weak link in his argument but never wrote it down. I sus-
pect, however, that it was in fact because nobody could bear to give up the idea of
mitochondrial mediation of ageing when nothing nearly so attractive was available as an altern-
ative. ‘It’ is, of course, the fact that Comfort’s objection was absolutely ignored for the next 20
years or so, during which the accumulation of mutations in the mtDNA was universally
ascribed to a mechanism that was precisely of the type that Comfort had said could not be right.

The ‘vicious cycle’ theory

The release of superoxide (O2
•�) at the respiratory chain was the subject of intensive study

during the 1970s, motivated not least by the discovery in 1969 that we have an enzyme to
destroy it, superoxide dismutase (SOD).22 It was found that two sites within the electron
transport chain, near to CoQ-binding sites of Complexes I and III, were prone to release
superoxide, and that the rate of this release was dependent on the degree of reduction of the
relevant point in the chain. Thus, agents that block electron flow late in the chain increase O2

•�

production because of a ‘logjam’ of electrons at the relevant locations; ones that block elec-
tron flow early in the chain diminish O2

•� production due to the depletion of electrons at those
locations.23,24 Later, it was shown that another factor modulates superoxide release: other
things being equal it is faster when the transmembrane proton gradient is higher.25

All 13 proteins encoded by the mtDNA of animals are components of one or another
enzyme in the respiratory chain. Thus, deleterious mutations in any of them have the capa-
city to alter the host mitochondrion’s rate of release of superoxide (Table 13.1). A knockout
of adenosine triphosphate (ATP) synthase (such as by a nonsense mutation in either of its
mtDNA-encoded subunits) would raise the proton gradient and thereby increase the release
of superoxide. A knockout of cytochrome c oxidase (COX) would lower the proton gradient,
but it would also block electron flow through the complexes that are prone to release super-
oxide. A knockout of the one mtDNA-encoded subunit of Complex III, cytochrome b, might
or might not increase O2

•� production there (depending on whether the parts of the enzyme
that form O2

•� can assemble) but should increase it at Complex I, unless the diminution of
proton gradient outweighs the logjam of electrons there. A mutation in a Complex I subunit
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gene should generally reduce O2
•� production, since it will both lower the proton gradient and

deplete electrons at one or both O2
•� -releasing sites.

This led to the following line of thought: Suppose that a cell initially has no mutant mtDNA
whatever. Then a spontaneous mutation occurs. It may, if it is in the ‘right’ gene, cause its host
mitochondrion to make more than the usual amount of O2

•�. If so, there is consequently an
increased risk that nearby mitochondria (or, for that matter, the other few mtDNA molecules
in the same mitochondrion) may themselves sustain mutations. Some of those mutations may
also be in the right genes to make the host mitochondrion produce even more superoxide.
Thus, the rate of occurrence of new mutations could in principle rise exponentially as a pos-
itive feedback loop—a vicious cycle—until all mtDNA molecules in the cell are dysfunc-
tional and the cell is unable to respire (Fig. 13.1).26

As can readily be seen, however, the vicious cycle theory falls very foul of Comfort’s
objection. If a cell detects a mitochondrion that is not only failing to make ATP but also
releasing a toxin at an elevated rate, what better stimulus can there be to destroy that mito-
chondrion without delay? That destruction cleanly breaks the vicious cycle and predicts a
steady-state level of mtDNA damage. Thus, though one would have been unduly impulsive 
to reject the vicious cycle theory outright, it was in dire need of elaboration to evade this
objection—elaboration which it did not receive.

It should also be mentioned that a precursor of the vicious cycle theory was published in
1980 by Miquel.27 He proposed that mitochondria in post-mitotic cell types were progress-
ively damaged to a point where they could not divide, leading to fewer mitochondria per cell
and reduced ATP supply. This proposal has a serious problem: if a cell contains a population
of mitochondria with a range of abilities to be replicated, the ones that can be replicated will
be and the ones that cannot will not, so those that cannot be replicated will be eliminated from
the cell as fast as they arise. Miquel presented and cited data indicating that mitochondrial
numbers decline with age in post-mitotic cells of rodents; a more plausible interpretation for
this is as a consequence of reduced physical activity, rather than a cause. Drosophila and
Musca flight muscles were also noted to lose mitochondria with age; here Miquel’s interpre-
tation is more plausible (though not proven), because flies age so rapidly that damage might
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Table 13.1 Predicted effects on superoxide production rate of different types of loss-of-function
mtDNA mutation. For details, see text

Complex I degree Complex III degree Electrochemical Superoxide
of reduction of reduction proton gradient production rate

Complex I point ? ↓ ↓ ↓
mutation

Complex III point ↑ ? ↓ ?
mutation

Complex IV point ↑ ↑ ↓ ?
mutation

Complex V point ↑ ↑ ↑ ↑
mutation

Deletion or RNA ↓ ↓ ↓ ↓↓
point mutation
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be affecting all mitochondria at an appreciable rate simultaneously, so that selection could not
compensate. This review will focus solely on vertebrates, however.

Mosaic loss of respiratory ability

In 1983, two papers were published initiating a series of studies that were to underpin subse-
quent progress in understanding how mutations in mtDNA might accumulate with age.28,29

Both analysed the activity of the terminal enzyme of the electron transport chain, COX, in
muscle biopsies from sufferers of progressive external ophthalmoplegia (PEO), a myopathy
only later determined to result (in most cases) from gross deletions of the mtDNA. In all
patients, there was an unambiguous loss of all COX activity in some muscle fibre segments
(the muscle was cut perpendicular to the fibres, so that a thin slice of each fibre was present
as a disc) while neighbouring fibres were not affected at all. In 1989 Müller-Höcker reported
the same ‘mosaic’ COX inactivity (in a dramatically smaller proportion of fibre segments) in
normal ageing.30

It seems to me that the simplest interpretation of this finding is, paradoxically, that the
vicious cycle theory was right after all but that Comfort was essentially right too. If the cell’s
reaction to a superoxide-raising mtDNA mutation is to destroy the host mitochondrion, then
the amount of such destruction that it needs to be doing at any one time is a function of the
number of such mutations that have occurred in the time it takes to destroy a mitochondrion.
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Fig. 13.1 The ‘vicious cycle’ theory to explain the age-related accumulation of mutant mtDNA. If
mutant mitochondria produced more free radicals than wild-type ones, and if these free radicals were
mutagenic to other mitochondria in the cell, there would be a positive feedback loop which would rap-
idly mutate all the mtDNA in the cell. However, neither prerequisite seems in fact to be true, and nor is
there the intracellular spectrum of mutations that this model predicts.
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Now, there is a chance—albeit maybe very small—that a large number of independent muta-
tions could occur, in mitochondria of the same cell, within an interval shorter than the time it
takes for a mitochondrion to be degraded. Conceivably, if enough mutations occur in this
time, the rise in O2

•� release might be sufficient to overwhelm the recycling machinery: the
rate at which new mutations would be occurring might exceed the rate at which they could be
eliminated by autophagy. It seems appropriate to term this the ‘error catastrophe’ elaboration
of the vicious cycle theory, as its dynamics are similar to those of the original error cata-
strophe theory of Orgel31 concerning protein synthesis. This model would give rise to exactly
the situation that Müller-Höcker found: most cells would maintain a low and constant level
of mutant mtDNA indefinitely, whereas occasional cells that once exceeded the critical level
had plummeted to respiratory oblivion. (A concern that was immediately apparent, and will 
be discussed in the concluding section of this review, was that so few fibres are affected in
normal ageing.)

This was not, however, the correct interpretation.

Clonal expansion asserted and then discovered

In the same year that Müller-Höcker published the discovery of mosaic respiratory deficiency
in normal ageing, Wallace suggested32 that the accumulation of mutant mtDNA in mitochon-
driopathies was due to its having a proliferative advantage over wild-type mtDNA (wt-mtDNA).
This arose from the finding that sufferers of sporadic mitochondriopathies (ones in which the
proband’s maternal lineage, including siblings, did not show symptoms) had exactly the same
mutation in every affected cell. This clonal expansion could have occurred at any time during
development, but the progressive nature of such diseases (and, indeed, the steady increase in
tissue levels of the mutant molecule) suggested that even within a single post-mitotic cell
there was a proliferation of the mutant at the expense of the wild-type molecule.33

The following year, Kadenbach and Müller-Höcker went a step further by considering this
phenomenon in the context of ageing.34 They noted that the age-related increase in the num-
ber of fibres lacking COX activity was a strong indication of independent mutational events
in each affected fibre. They further observed that mitochondrial turnover in non-dividing cells
could give the opportunity for such mutant mtDNA to replicate more rapidly, eventually
depleting the cell of all its wt-mtDNA. This proposal, incorporating as it did the prediction
that different respiration-deficient muscle fibres would harbour different mtDNA mutations,
constituted a clear distinction between ageing and mitochondriopathies.

But how could clonal expansion be demonstrated? A truly conclusive demonstration could
have been very difficult, were it not for a convenient feature of loss-of-function mtDNA muta-
tions in post-mitotic cell types: that a high proportion of them (very probably a large major-
ity35) are gross deletions similar to those found in progressive external ophthalmoplegia and
other sporadic mitochondriopathies. This allows the following prediction: if one designs sev-
eral DNA probes consisting of different small stretches of the mtDNA, and performs in situ
hybridization to a muscle sample with each such probe, one will see a mosaic distribution just
like that obtained with histochemical assays for COX. In some fibres, one of the probes will
fail to hybridize but others will give a normal signal; in other fibres a different probe will fail;
in some fibres all probes will hybridize (because the lesion is elsewhere or is a point mutation).
And in 1993, Müller-Höcker published the finding that this was exactly the situation in vivo36
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(he had published essentially the same finding in a patient with a mitochondriopathy the pre-
vious year;37 in that case all affected cells contain the same mutation, so the only distinction
is between affected and unaffected cells).

The mechanistic fallout of the clonal expansion phenomenon

This discovery36 was, in my view, the single most important experimental result in the whole
history of the mitochondrial free radical theory of ageing. I give it this status for Popperian
reasons:38 because it falsified so many hitherto attractive theories, and indeed continues to be
a critical observation with which any interpretation of newer results must be reconciled. It has
since been confirmed in other tissues, by other labs, and using other techniques;35,39–41 it is
not in doubt.

Firstly it falsified Comfort’s theory. It did not cast doubt on the idea that mitochondrial
turnover preserves the non-DNA components of mitochondria—and indeed there is still no
reason to doubt that, because mitochondrial division involves the incorporation of pristine new
lipid and nuclear-coded protein components, which have not been exposed to superoxide pro-
duction nearby and which therefore dilute out any oxidative damage that may be present. A
steady-state level of oxidative damage to that material is thereby maintained. But the clonal
expansion of a mtDNA mutation tells us that the mtDNA, which is of course synthesized by
replication and so for which the above logic does not work, escapes this process. For whatever
reason, the cellular process that selects some mitochondria for degradation and others for repli-
cation gets the choice wrong, and preferentially expands the mutant population rather than the
wild-type one. This is as counter-intuitive to the teleologically-minded biologist as any result
in biology, and it is no indictment of Comfort that he dismissed this possibility.

But secondly, it falsified the vicious cycle theory. Recall that the essence of the vicious cycle
theory is a cascade of independent mutational events in the same cell, caused by excessive
superoxide production by very nearby mitochondria that have already sustained such mutations.
This is totally incompatible with the observation of only one mutant mtDNA variant in a given
cell. If the vicious cycle theory were correct—whether or not the ‘error catastrophe’ extension
of it discussed above was correct—hybridization of mtDNA probes to tissue should show a sub-
stantial signal in every cell, due to the mtDNA molecules that have suffered lesions in other
regions of the mtDNA. Conceivably, the damage to mtDNA in affected cells would be so
aggressive that it would be eliminated entirely, but then no signal would be present in any
affected cell—that is, the distribution of signal would be the same for all probes, again contrary
to what is observed. Later studies using Southern analysis35,39 also eliminated this option.

The vicious cycle theory has been dispiritingly slow to die. It is still common to find it
being referred to as the mechanism of mutant mtDNA accumulation during ageing, some-
times even in articles that also discuss clonal expansion. Bearing in mind that it was only pub-
lished in concrete form26 in the same year that Kadenbach and Müller-Höcker published their
competing hypothesis,34 I find it very hard to see why the alternative that was so rapidly
shown to be incorrect received (and still receives) so much more airtime. This is especially so
given that that original exposition26 was very careful to note situations in which a vicious
cycle would not occur, and the finding that the type of mutation most commonly seen in vivo
is one that predicts just such a situation. Large deletions always remove at least one tRNA
gene and thus abolish synthesis of all 13 mtDNA-encoded proteins, including those in
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Complexes I and III. This will unequivocally diminish O2
•� production: at Complex I because

of the effects on electron transport and proton gradient discussed previously, and at Complex
III because the absence of cytochrome b prevents the assembly of the Rieske protein into the
complex42 and thereby abolishes the one-electron oxidation of ubiquinol that is necessary for
O2

•� release at that complex. (Complex I also fails to assemble properly when the mtDNA-
encoded subunits are missing,43,44 but the implications of this for superoxide 
production are less certain than for Complex III since the precise mechanism of superoxide
production at Complex I is not yet determined.)

A proposed extension of mitochondrial genetic terminology

The field of mitochondriology has hitherto made do with only one pair of words to distinguish
qualitatively different mitochondrial genetic states of a cell: a cell is stated to be ‘homoplasmic’
for a particular mtDNA characteristic (allele, base pair, etc.) if all its mitochondrial genomes
are identical in the respect in question, and ‘heteroplasmic’ otherwise. In what follows, how-
ever, it will sometimes be necessary to make two other distinctions, for which no terms are
yet in use and for which, therefore, I introduce terms here. When all the mtDNA genomes
within an individual mitochondrion are identical in the respect under consideration, that mito-
chondrion will be termed ‘homochondrous’ for that characteristic; mitochondria containing
genomes that differ in the respect in question are ‘heterochondrous’. Thus, a cell may be het-
eroplasmic for a given characteristic while all of its individual mitochondria are homochon-
drous for it, some carrying one variant and some the other. The other distinction which it will
be useful to make is whether the mitochondria in a cell are identical to each other in terms of
their mtDNA complement (again, with respect to some particular characteristic such as a
mutation); if so, such a cell will be termed ‘homokairotic’, and if not, ‘heterokairotic’. Thus,
a cell may be (at least approximately) homokairotic even when it is highly heteroplasmic, if
all its mitochondria are similarly heterochondrous. (These terms derive from the Greek kairos,
meaning ‘heddle frame’, the part of a loom that controls a subset of warp threads; the moti-
vation is that ‘mito-’ derives from the Greek mitos, meaning ‘warp thread’. I am indebted to
Dr James Clackson for his help in arriving at this terminology.) For clarity, the various terms
(both established and new) are tabulated in Table 13.2.
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Table 13.2 Extension of genetic terminology

Thing that is homogeneous Adjective for when it Adjective for when it Noun for its degree
or heterogeneous is homogeneous is heterogeneous of heterogeneity

The set of nuclear genomes homozygous heterozygous [n/a in diploids]
in a cell

The set of mtDNA genomes homoplasmic heteroplasmic heteroplasmy
in a cell

The set of mtDNA genomes homochondrous heterochondrous heterochondry
in a mitochondrion

The set of mitochondria in a homokairotic heterokairotic heterokairoty
cell
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The alternatives that remain: ‘structural’ versus ‘phenotype-based’

In the remainder of this review I shall leave the past behind and address what options remain
for the mechanism of age-related clonal expansion of mutant mtDNA. Relevant new data and
hypotheses have been appearing thick and fast in recent years and the topic has yet to reach
resolution.

Before examining any of the specific proposals that have been made, it is instructive to
introduce a characteristic possessed by some of them and not by others, which can itself be
subjected to scrutiny of its consistency with available data. It is this: does the mechanism
depend on the mtDNA-encoded proteins (or lack of them) in the mitochondria in which the
mutant mtDNA resides? The vicious cycle theory certainly does depend on those proteins—
partly on their lack of respiratory function, partly on their (presumed) faster release of super-
oxide. Some attractive hypotheses exist, however, which do not possess this property.
Hereafter, I term the latter models ‘structural’ and the others, such as the vicious cycle theory,
‘phenotype-based’; this terminology has recently been independently proposed by Birky.45

The simplest and first32 structural model was based on the observation that large deletions
are common mutations both in normal ageing and in several of the best-studied mitochon-
driopathies. The commonest deletion in both cases is a removal of 4977 bp—that is, 30 per
cent of the mitochondrial genome. Wallace pointed out that this might allow the replication
of that molecule to be completed faster, and thus allow mitochondrial biogenesis to be faster.
This would confer the observed selective advantage. A potential difficulty with this idea is
that the mtDNA is so small (even without the deletion) that its replication—despite being
much slower per base pair than nuclear or bacterial DNA replication—takes only an hour or
two,46 much faster than cell division in any human tissue in vivo, and enormously faster than
the rate of mitochondrial turnover measured in the tissues in which mtDNA mutations mainly
accumulate.14–17 In other words, it seems that replication of mtDNA cannot be a rate-limiting
step in mitochondrial biogenesis.

Birky recently proposed a highly elegant mechanism for the amplification of large dele-
tions that escapes the above problem; unfortunately, however, it predicts amplification to 
levels, and at a rate, that do not match observations. He noted45 that shortness can confer a
selective advantage even without mtDNA replication being rate-limiting, because mtDNA
copy number control seems to regulate total cellular mass of mtDNA, not the number of
mtDNA molecules.47 Consider, for simplicity, a cell with just two mtDNA molecules, one
wild-type and one half-length, and suppose that its target mtDNA content is three times the
wild-type length. Then, if genomes are chosen randomly one at a time for replication, the tar-
get may be reached with a total wild-type : deletion content of 3 : 1, 2 : 2, 2 : 3 or 1 : 4, with
respective probabilities 1/3, 1/3, 1/12, and 1/4, giving on average a 25 : 27 ratio of wild-
type : deletion. However, once the ratio of deleted molecules to wild-type reaches the recip-
rocal of the ratio of their lengths, an equilibrium situation will exist, since that ratio would
only be maintained by selecting deleted molecules for replication that much more often than
wild-type. For example, a cell with one wild-type and three half-length molecules and a tar-
get of five times the wild-type length will have an average wild-type : deletion ratio of 1 : 2.18
when the target is reached. This would mean that the common deletion would never rise above
60 per cent, which is incompatible with COX-negativity. Furthermore, even while such a
mechanism is amplifying a deletion, the rate of amplification is inversely related to the num-
ber of genomes on which copy control is acting. Thus it will be exceedingly slow (which in
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ageing it is definitely not) in a cell with thousands of mtDNA molecules, unless (i) copy con-
trol is at the level of the individual mitochondrion, which intuitively requires mitochondrial
fusion to be rare, and (ii) plenty of mitochondria are heterochondrous (since such selection
could not occur in homochondrous ones), which requires that fusion be frequent. Thus, this
mechanism is probably not important in ageing; it may, however, help to explain the stable
heteroplasmy for deleted mtDNA in cells cultured in nonselective medium, recently reported
by Schon’s group.48

Various direct observations also challenge the idea of deleted mtDNA having an inherent
replicative advantage. The earliest relevant study49 was in yeast. Yeast cultures spontaneously
generate mtDNA mutations, many of which are found to be ‘suppressive’—to enjoy a select-
ive advantage over wt-mtDNA when mutant and wild-type gametes fuse. It was found that 
the mutant mtDNA is generally replicated somewhat less frequently than the wild-type in
such crosses (the important exception of hypersuppressive strains will be discussed below).
More recently, Moraes et al.50 performed an analogous study in cultured human cells, from
which they concluded that grossly deleted mtDNA is replicated preferentially. When host
mtDNA was depleted (but not eliminated) with ethidium bromide and then allowed to
recover, deleted mtDNA recovered its mass several times faster than full-length mtDNA.
However, this is an assay of the maximal replication rate, not the rate in the presence of a
spontaneous mutation competing with a normal number of wild-type genomes in an
OXPHOS-replete cell, so its physiological relevance is uncertain. Also, the ratio of recovery
rates was greater than the ratio of wild-type to deleted mtDNA lengths (3 versus 1.83), but the
classical strand-asynchronous model of mtDNA replication51 suggests that maximal replica-
tion rate may be determined by the length of the major arc, which the deletion analysed
reduces by a factor of 3.28, so this does not constitute evidence for faster replicability per base
pair (let alone faster replication in physiological conditions) of deleted mtDNA. (The ratio of
repopulation rates during the first week was calculated50 as 7 based on linear repopulation
kinetics, but the more plausible assumption of exponential kinetics gives a ratio around 3.)
Finally, the same study50 found that the presence of deleted mtDNA in host cells reduced by
68 per cent the clonability of cybrids with donor cytoplasts containing wt-mtDNA (relative to
when the host cell was �0), suggesting that the deleted mtDNA outcompeted the incoming
wild-type; but host mtDNA carrying a loss-of-function point mutation also reduced clonabil-
ity by a similar proportion, 50 per cent, again implying that mtDNA length plays at best a
peripheral role.

The last-mentioned result supports a further objection to Wallace’s model, noted as long
ago as 1990 by Shoubridge et al.:33 though large deletions are common in both ageing and
mitochondriopathies, they are by no means the only mutations seen. Even if it is considered
reasonable that deletions might proliferate due to having less DNA to replicate, this is not a
plausible reason why point mutations should enjoy the same advantage. It is uneconomical to
propose different mechanisms for the two classes of mutation, at least not in the same cell
type, unless there is no alternative that could explain the phenomenon both for point muta-
tions and for deletions. Shoubridge et al. suggested that the speed of mtDNA replication
might not be governed solely by the quantity of DNA that must be replicated, but also by site-
specific regulatory mechanisms. Specifically, there might exist cis-inhibitory sequences,
whose disruption by point mutations or by deletions could allow unrestrained (or less
restrained) mtDNA replication—possibly even runaway ‘rolling-circle’ replication.52

However, this model also has a serious shortcoming: dozens of point mutations are now
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known that underlie mitochondrial pathologies (reviewed in, e.g. Ref. 53), as well as many
that are reported to accumulate during normal ageing,54 and these are sprinkled liberally
across the whole genome. It is reasonable that some of the binding sites of proteins that reg-
ulate mtDNA replication and/or transcription might have the role proposed by Shoubridge 
et al.—and, indeed, there is now good evidence55,56 that some such sites do confer a replicative
advantage in certain circumstances—but this idea becomes hard to sustain when many
regions not obviously involved in mtDNA maintenance must be postulated. (A multiplicity of
such sites could perhaps be expected if coupled leading-and lagging-strand synthesis is in fact
common in vivo, but current evidence57 suggests that it is restricted to situations where mito-
chondrial biogenesis is very rapid, which is not the case in the post-mitotic cells that accu-
mulate loss-of-function mtDNA mutations in vivo.)

General challenges to structural mechanisms

In addition to the data analysed above, various observations exist that challenge the models
discussed so far purely because they are ‘structural’, having nothing to do with the function-
ing of mtDNA-encoded proteins. Since these findings would thus also challenge any other
structural model, it is valuable to examine them in detail.

One observation that is hard to reconcile with a structural model is the relatively high fre-
quency of cells with just a trace (a few percent) of deleted mtDNA.58,59 If the expansion of
such mutants is independent of their phenotypic consequence, such cells should be only a
short time away from becoming COX-negative, due to being taken over by that mutant
mtDNA. This does not happen—the actual abundance of COX-negative cells or fibre seg-
ments rises only slowly. A phenotype-based mechanism, by contrast, is consistent with
(indeed, predicts) the presence of a lot of cells with traces of mutant mtDNA, because initially
that mutant mtDNA will be distributed across many mitochondria and none will be homo-
chondrous for it. Only after homochondrous mutant mitochondria arise will their OXPHOS
capacity begin to decline, and even then only gradually (by progressive dilution each time
those mitochondria divide).

An even more telling inconsistency of structural models with the data is the phenomenon
of ‘functional dominance’. When the mosaic distribution of mitochondrial dysfunction was
first discovered, it was by histochemical means (usually COX inactivity). It is straightforward
to show that the same muscle fibre segments that are COX-negative are also, by and large, the
ones with mtDNA deletions detectable by in situ hybridization: indeed, this is the most direct
evidence that deletions are more common than point mutations in normal ageing.35 But on
closer examination it emerges that, even when COX activity in affected cells is absolutely
eliminated, a few percent of apparently undeleted (and presumably non-mutant) mtDNA
remains.36,39 In other words, the selective pressure that caused the deleted molecule to take
over the cell has not run to completion. This pressure must be very strong when it is working,
because turnover rates of mitochondria are such as to allow only about 100 mitochondrial
generations in the rat during its lifetime,14,16,17 and there must be an absolute minimum of
about log21,000,000 � 20 doublings of the mutant mtDNA population to get it from one copy
to the million or so which a 1-mm-long muscle fibre segment (a typical length seen60) con-
tains. Thus, the failure to complete that last scrap of expansion tells us that this strong selec-
tion is switched off at the last minute.
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How is it switched off? We have only one hint: the COX inactivity. It is completely
unknown why a cell that has been involuntarily deprived of nearly all its respiratory function
by the proliferation of dysfunctional mtDNA should choose to deprive itself of the remainder,
but that is the observation. [The hypothesis that I favour is that this is a side effect of the inter-
play between nuclear and mitochondrial gene expression: that some (though not all, we
know61) nuclear-coded subunits of the respiratory chain cease to be transcribed when the cell
detects that they are not being sufficiently incorporated into enzyme complexes. But that is
beyond the scope of this review.] But then, if the mechanism of clonal expansion depends on
the activity or otherwise of the oxidative phosphorylation machinery in host mitochondria,
expansion would be predicted to cease when COX activity ceases. By contrast, a structural
mechanism would be oblivious to the changed respiratory milieu and would proceed unabated
to complete the elimination of wt-mtDNA.

A third class of observations is perhaps the most direct and forceful challenge to structural
mechanisms. Mitochondrial dysfunction in skeletal muscle, both in normal ageing and in
mitochondriopathies, is often associated with substantial mitochondrial hyperproliferation.
Critically, structural models clearly predict that hyperproliferation should precede loss of
COX activity, whereas phenotype-based models predict the opposite. The data on this point
are remarkably clear: COX-negative cells are often seen that exhibit little or no mitochondrial
hyperproliferation,62,63 whereas COX-positive cells with unusually many mitochondria are
almost never seen (except in the case of the MELAS mutation64 at position 3243, which may
be amplified by an unusual mechanism56). The cell’s mtDNA copy control mechanism might
delay structurally driven proliferation until OXPHOS insufficiency appears, but even then
hyperproliferation should slightly precede all-out COX-negativity.

Taken together, the above observations constitute a strong argument that leads me to 
conclude that the mechanism underlying clonal expansion cannot be structural, so must be
phenotype-based.

Mitochondrial fusion: a challenge to phenotype-based mechanisms?

Before attempting to discriminate between the various hypotheses that are unchallenged by
the above arguments—the ‘phenotype-based’ proposals—it is necessary to consider a very
general objection to the idea that clonal expansion could be phenotype-based.

Mitochondria are, of course, degenerate bacteria. Consequently, it is natural to think of the
mitochondria of a cell as a population of individuals, which maintain roughly constant num-
bers through a balance of biogenesis by division and death by autophagy. What is not at all
natural is to think of them doing the opposite of biogenesis—fusing. However, there is now
very solid evidence that they sometimes do exactly that. Progress has been greatest in a very
specialized aspect of mitochondrial biology, spermatogenesis, in which a gene responsible for
mediating fusion was cloned in 1997;65 this gene has homologues in all phyla yet examined
and the yeast homologue also mediates fusion. In human cells, the evidence is also by now
very compelling; the foremost series of studies, including recently the first in vivo work, is
that of Hayashi’s group.66–70

The relevance of mitochondrial fusion to the present discussion is that it makes the cell
broadly homokairotic, whatever its degree of heteroplasmy. This potentially eliminates the
link between genotype and phenotype among the mitochondrial population of a cell, and
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thereby renders any phenotype-based mechanism of selection for one genotype over another
(specifically, for a mutant genotype over wild-type) out of the question. If fusion is (i) complete,
so that mtDNA molecules and/or their protein or RNA products are distributed among both
daughter mitochondria when the fusion product eventually redivides, and (ii) frequent, occurring
at least as often as mitochondrial turnover, then at any given instant in a heteroplasmic cell there
will be no significant difference between the abundance of functioning respiratory chain enzyme
complexes in mitochondria that contain more mutant mtDNA and that in ones that contain less.

At present, however, there is no need to abandon the idea of a phenotype-based mechanism
of clonal expansion, because no evidence exists to suggest that mitochondrial fusion in vivo is
as frequent (or as full) as would be necessary for the above scenario, except when tissue mutant
load is much higher than is ever seen in normal ageing. In fact, several types of direct evidence
exist that suggest the contrary. A series of painstaking electron-microscopic studies of mito-
chondria in muscle (reviewed in Ref. 71) indicates that the filamentous morphology often seen
at the light microscope level may actually be a series of closely abutting but distinct units.
Secondly, early work72 using the dye JC-1, which indicates the mitochondrial membrane poten-
tial by changing from red to green at a threshold level, clearly showed mitochondrial filaments
with some red segments and some green segments, which is bioenergetically impossible if the
filament is a continuous aqueous compartment (though one alternative, that the mitochondria
are fully fused but JC-1 does not sufficiently precisely measure membrane potential, has not
been firmly excluded). Thirdly, in vitro analysis of the ability of two mtDNA species harbour-
ing different mutations to complement each other suggests that fusion is rare73 (though not 
vanishingly so69). Finally, doubt has been cast on the relevance of in vitro observations of mito-
chondrial fusion by the discovery that it is stimulated by oxidative74 and other75 stress: the oxy-
gen tension in vivo is much less than when cells are cultured in air, so fusion may be greatly
promoted by standard culture conditions. By analogy, it could also be promoted in vivo when
mutant mtDNA is pathophysiologically abundant, as in mitochondriopathies (the consequent
suppression of selection perhaps explaining why patients’ mutant mtDNA levels typically rise
rather slowly) or the recently developed mouse model of mitochondrial disease.70

Hypotheses for phenotype-based faster replication of mutant mtDNA

In addition to the vicious cycle theory, two other detailed, phenotype-based suggestions have
been made for how mutant mitochondria might replicate more frequently than wild-type and
thereby take over cells in which they arise. The first was actually set out as long ago as 1990,
in the same article33 that suggested the idea of runaway replication due to mutation of cis-
inhibitory sequences. However, it was suggested negatively—as an unfavoured alternative to
loss of cis-inhibition—and was thus overlooked by many, though it was later championed by
Attardi’s group, who named it the ‘crippled mitochondrion’ hypothesis.76 The proposal was
that mitochondrial biogenesis is at least partly under the control of the individual mitochon-
drion, so that mitochondria initiate division (importing the relevant proteins and lipids, as well
as replicating their DNA) when their microenvironment signals that this is appropriate. If so,
the changes caused by a mutation-induced loss of respiratory function could perhaps be just
the type of alteration to trigger biogenesis. Specifically, the depletion of intramitochondrial
ATP is a plausible trigger to build more ATP-synthesizing machinery (i.e. more mitochondria)
and would indeed result from a mtDNA mutation.
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This hypothesis is not conclusively disproven, but it makes two quite firm predictions that
appear not to be borne out by the data. One is at present only provisionally falsified: that
mtDNA mutations which affect only the ATP synthase should be clonally expanded just as
effectively as those which affect the electron transport chain. This is contrary to a report that
examined a 5-bp region of the ATPase 6 gene.77 The other prediction has been more decisively
contradicted, however: that mitochondrial proliferation, such as can be observed with the
Gomori trichrome stain or by quantifying the concentration of mtDNA, should precede loss
of COX activity. In fact, the order of events appears to be the reverse,62,63 except in the case
of the MELAS mutation64 at position 3243 which may be amplified by a different mechanism
than that which amplifies typical spontaneous loss-of-function mutations such as deletions.56

As mentioned earlier, this is also a strong general argument against structural mechanisms of
amplification of deletions.

The second proposed mechanism for phenotype-based faster replication of mutant mtDNA
was first put forward in 1994 in an inconspicuous forum, a conference proceedings chapter;78 this
was compensated in 1997 by its brief description in Scientific American.79 It is also based on con-
sideration of a mitochondrion’s microenvironment, but does not involve any mitochondrial auto-
nomy. If we consider a cell which contains some mutant and some wild-type mitochondria, and
we assume that mitochondria travel essentially at random about the cell, we can infer that at
certain times there will be unusually many mutant mitochondria near the nucleus and at other
times unusually few. (We can ignore the polyploidy of mitochondria for this purpose: in any event,
if mitochondrial fusion is as rare as was argued above, elementary arguments based on genetic
drift show that few mitochondria will ever be heterochondrous.) Let us then make two further
assumptions, both reasonable: (i) that the nucleus initiates a bout of mitochondrial biogenesis
when the ATP level in the nucleus drops, and (ii) that this pulse of biogenesis is ‘sub-saturating’—
it involves the division of only a subset of the cell’s mitochondria. Then, the beneficiaries of this
pulse will preferentially be those mitochondria nearest to the nucleus, since that is where the rel-
evant transcripts and protein products will be at greatest density—and, indeed, that is where
some46,80,81 (but not others82) have reported that mitochondrial biogenesis occurs. But if we con-
sider how the pulse came about, we can see that more often than not it will occur when there are
unusually many mutant mitochondria near to the nucleus, failing to supply nuclear ATP.

It is a shame when such an elegant hypothesis is very easily refuted, but such is the case
here. The proposed process can be broken down into three stages, and straightforward statis-
tical arguments show that it fails at all three. Firstly consider the situation shortly after the
mutation has arisen: we can fairly presume that it segregates randomly at first, so that most
mutations are destroyed before selection can affect them but a few are amplified by random
chance to perhaps a few dozen copies, allowing them to reach homochondry in one or two
mitochondria. But the proposed mechanism cannot start with one or two dysfunctional mito-
chondria: enough must accumulate that, if they all happen to be near the nucleus at the same
time, they will constitute a substantial proportion of the perinuclear mitochondrial population.
This is vanishingly unlikely. Secondly, even if such a situation were to arise and the mechan-
ism thus to be allowed to begin, there is a problem of variance: the more mutant mitochon-
dria there are, the more exactly their movements will cancel each other out, so that it is again
vanishingly unlikely that the proportion of mutant mitochondria near the nucleus will ever
deviate appreciably from that in the cell as a whole. And finally, if a cell did accumulate
enough mutant mtDNA to be bioenergetically compromised, it would never have enough
wild-type mitochondria near the nucleus to shut biogenesis down even when unusually few
mutants were near the nucleus, so again there would be no selection for the mutant genome.
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Beginner’s luck: ‘survival of the slowest’ (SOS)

A radically different mechanism83 was proposed by the present author in 1997. It seeks to
explain not only the bald phenomenon of clonal expansion, but also two other paradoxical but
long-standing observations: that expansion occurs only in non-dividing (or very slowly divid-
ing) cell types, and that mitochondrial autophagy happens at all.

The restriction of clonal expansion to non-dividing cells is in fact a very general challenge
to all the hypotheses described so far. A mechanism for preferential replication of a given
mutation should, a priori, exert its influence wherever replication is occurring: it is of course
possible that different mechanisms would exist in different tissues, but that is not where
Occam’s razor tells us to begin. It is reasonable to suppose that continuously dividing cells
would not actually accumulate high enough levels of mutant mtDNA to render them bio-
energetically impaired, since at that point the continued replication of the cell itself would be
retarded and the contribution of those highly loaded cells to the overall mutant load in the tissue
thereby capped. But we know that the excess of bioenergetic capacity in cells is substantial—in
cultures heteroplasmic for mutations associated with mitochondriopathies, it is typical for
cells to show no slowdown of growth until the mutant genotype exceeds about 60 per cent of
the total,84 and some cell lines grow at undiminished rates despite lacking any mtDNA what-
ever. By contrast, cells with a high load of clearly loss-of-function mutations are never found
in rapidly cycling tissues (except cancers, discussed below).

This leads one to search for a factor in the mitochondrial life cycle which may be absent in
mitotically active cells, or at least much less prevalent than in post-mitotic ones. Autophagy
of mitochondria is just such a factor. It necessarily occurs at a substantial rate in post-mitotic
cells, sufficient to allow the weekly to monthly half-life observed for inner membrane and
matrix components;14–17 in rapidly dividing cells, on the other hand, there is no need to make
room for mitochondrial division. Critically, moreover, autophagy is a process which, if biased
in favour of wild-type mitochondria, would cause the clonal expansion of mutant mitochon-
dria even in the complete absence of any bias in the biogenesis machinery. (Autophagy has
been claimed to be entirely nonselective, degrading aliquots of cytoplasm entirely at ran-
dom,85 but this teleologically implausible scenario has now been disproven in one context, the
fertilized egg,86 so may also be incorrect in post-mitotic cells.)

It was of course necessary to flesh out this abstract concept with a moderately concrete
mechanism. The one that was set out83 began from the unpopular, but (as discussed earlier)
firmly predicted, notion that typical spontaneous mtDNA mutations reduce, rather than
increase, the release of superoxide by their host mitochondria. This would lead to a slower
rate of self-inflicted damage to the membranes of those mitochondria than to wild-type ones.

At this point it was necessary to postulate something plausible but, to my knowledge at that
time, untested: that superoxide-mediated oxidation would increase a mitochondrial inner
membrane’s permeability to protons, thereby uncoupling its electron transport chain from its
ATP synthase. (I later discovered work from the 1970s showing that, indeed, peroxidation
does markedly increase a membrane’s proton permeability.87,88) Mitochondria in such a state
would be a severe liability to the cell, since their electron transport chain would continue 
consuming nutrients and oxygen unabated but the only release of energy would be as heat.
This seemed like a highly plausible trigger for rapid lysosomal degradation of the affected
mitochondrion.

These components meshed readily into a full-fledged mechanistic hypothesis (Fig. 13.2). In
the absence of mutations, mitochondria succumb one by one to autophagosomes (structures
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related to lysosomes) attracted by their self-inflicted membrane damage and consequent 
uncoupled respiration. This depletes the cell of mitochondria until ATP supply becomes inad-
equate and a round of mitochondrial biogenesis is initiated (Fig. 13.2(a)). Once a mutation
occurs, the same process continues, but it only rarely involves the phagocytosis of a mutant
mitochondrion because the wild-type ones are eliminated more rapidly (Fig. 13.2(b)). In a 
population of rapidly dividing cells, cellular ATP shortage and consequent mitochondrial 
biogenesis is triggered by the halving of mitochondrial numbers per cell that results from each
cell division, so the cycle is short-circuited and autophagy of mitochondria essentially never
occurs (Fig. 13.2(c)).

This hypothesis is thus consistent with all known aspects of the clonal expansion of 
dysfunctional mtDNA, and it remains the only proposed mechanism that is (though another,
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discussed below, may amplify a class of phenotypically silent mutations). However, it has cer-
tainly not been proven correct. It makes a number of concrete predictions that are yet to be
tested. One is that autophagy of mitochondria is much rarer in mitotically active tissues than
elsewhere. Another is that mutations which do increase the rate of superoxide release are not
amplified: this is one interpretation of the finding that mutations in a short region of an
ATPase subunit gene do not accumulate with age,77 but it needs more systematic examination.
As noted earlier, one very direct prediction has been confirmed in yeast49—that mutant
mtDNA is not replicated any more frequently than wild-type in most suppressive petite
strains—but corresponding work on mammalian cells remains limited.

Mitotically active cells: recent developments

Arguably the weakest aspect of the SOS model in its original form was that it predicted only
no selection for, not selection against, loss-of-function mtDNA mutations in mitotically active
cells. Selection against such mutations would appear once they became prevalent enough to
be bioenergetically meaningful, but (as was noted earlier) they do not remotely approach such
levels in practice. Kowald and Kirkwood therefore proposed an embellishment of the SOS
mechanism, in which there is indeed selection against mutant mitochondria even when they
are in a small minority in a given cell.89,90 Their idea was that mitochondrial biogenesis, espe-
cially the import of nuclear-coded proteins, will be slower in a mutant mitochondrion due to
a relative shortage of intramitochondrial ATP and a reduced transmembrane proton gradient.
This will mean that a mutant mitochondrion cannot complete division (and thus become able
to initiate another round of division) as rapidly as a wild-type one. If cell division is rapid,
mitochondrial biogenesis may be continuous and this difference may lead to preferential
expansion of wt-mtDNA rather than mutant, purely by faster mitochondrial biogenesis.
(Unlike mtDNA replication, it is unknown how long a mitochondrion takes to import all the
proteins necessary to divide.)

The idea that deleterious mutations are eliminated from mitotically competent tissues has
received support from several recent studies that investigated the age-related distribution of
point mutations. What is found, importantly, is that this is a property not only of highly
mitotic tissues but also of some rather slowly dividing ones. Both in dermal fibroblasts91 and
in tumours,92 large deletions were absent and nearly all point mutations detected were in the
non-coding D-loop region of the genome where it may be that they have no phenotypic con-
sequence (the common deletion is found at much higher levels in tumours than in neighbour-
ing tissue,93 but still at under 1 per cent of total mtDNA, far less than in the above studies).91,92

The same result was reported in an analysis of brain94 and presumably reflects glia, which
comprise over 90 per cent of the cells in most brain regions.95 Glia and fibroblasts divide so
rarely that Kowald and Kirkwood’s model seems unlikely to apply. An explanation may be
that cells which suffer deleterious mtDNA mutations do indeed fall into the SOS vortex but
that, unlike post-mitotic cells, when they become bioenergetically incompetent they enter
apoptosis at once: being more easily replaced than post-mitotic cells, they may be tuned to
succumb more readily.

Interestingly, other studies of tumour mtDNA96–101 have found numerous clear loss-of-
function mutations. This may suggest that tumours vary in the stage at which their require-
ment for aerobic respiration becomes negligible, but a subtler explanation is indicated by the
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almost complete limitation of such mutations, in all these studies, to genes encoding Complex I
subunits. One possibility is that tumour cells require OXPHOS not for ATP supply but 
only to maintain redox stability; this can be achieved in the absence of Complex I by revers-
ing the malate/aspartate shuttle and upregulating plasma membrane electron export, but if
Complexes III and/or IV are also lacking then more extreme biochemical acrobatics are
needed.102 The risk of artifactual detection in tumours of ‘mutations’ that are in fact nuclear
pseudogenes is real—it cannot be absolutely excluded by a failure to identify the sequence in
control tissue103—but the recent systematic identification of all such pseudogenes in the 
public human genome sequence104 may diminish this risk henceforth.

Finally, a recent paper105 points out that cells can theoretically be taken over by spontan-
eously mutant mtDNA even in the absence of any selection mechanism. If it is a question of
pure and unbiased luck whether a given mtDNA molecule is destroyed or replicated, there is
clearly a nonzero (albeit very slight) probability that a spontaneous mutation, initially present
only in one copy, will defy the usual effects of genetic drift and increase to become the major-
ity species in the cell, after which genetic drift will preferentially amplify it to homoplasmy.
The mutation rate necessary for this to give rise to the frequency of COX-negative cells
observed in ageing was shown to be realistic. However, this model predicts (i) that the ampli-
fication process will run to completion, contrary to the ‘functional dominance’ observation
noted earlier, and (ii) that, when parameters are chosen that produce the observed frequency
of COX-negative cells, for every cell that is entirely mutant there will be many cells that are
severely heteroplasmic (say, a ratio of mutant to wild-type of between 1 : 3 and 3 : 1), which
is likewise not seen.39 If the number of mitochondrial generations is much greater, however,
this selection-free model does indeed predict mostly homoplasmic cells; thus, there is no need
to ascribe tumorigenic significance to the presence of such mutations,106 as some of the afore-
mentioned studies have tentatively done.96,98

The abundance of dysfunctional mtDNA in aged tissues: recent developments

There is no doubt that mtDNA mutations cause severe diseases. I have only minimally
addressed such diseases in this review, partly because it seems that the population dynamics
of the mutant genotype in those diseases differs in various ways from that in normal ageing.
The most palpable difference is that even very elderly individuals seem to possess extremely
little dysfunctional mtDNA—by most estimates, under 1 per cent of the total (but see below).
The only tissue in which generally accepted techniques have found a much higher level of
COX inactivity than this is the substantia nigra, where the value is about 10 per cent.107,108

Moreover, the phenomenon of clonal expansion makes it difficult to sustain the long-standing
idea that we actually have a lot of dysfunctional mtDNA but our existing detection techniques
grossly underestimate it. This theory, usually termed the ‘tip of the iceberg’ hypothesis,109

requires the presence of high levels of mutant mtDNA in cells that also possess enough wild-
type mtDNA to exhibit good COX activity histochemically. Crucially, moreover, it requires
that cells remain in this highly heteroplasmic state for long periods, since if it were unstable,
rapidly moving to homoplasmy for the mutant molecule, COX activity at the tissue level
would decline precipitously. But instability of a very heteroplasmic state (or rather, the 
consequence of that instability) is exactly what we observe in the few cells that do become
wholly respiration-deficient. The only way out of this, it seems, is to propose a very strict 
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disjunction of sister mtDNA molecules at each mitochondrial division, whereby genetic drift
at the level of the mitochondrion is all but eliminated. Such a ‘faithful nucleoid’ system has
been argued to exist on the basis of population dynamics studies in culture52 but this inter-
pretation of those observations has recently been suggested to be flawed110,56 and no bio-
chemical evidence for such a system has emerged. (It must be stressed that the evidence for
nucleoids per se, that is, for aggregation of multiple mtDNA molecules in particulate struc-
tures, is clear—the above concerns only their ‘faithfulness’.)

Direct support for the ‘tip of the iceberg’ hypothesis has emerged in recent years, however,
with the application of novel PCR variants such as long extension PCR.111 Several
groups112–114 have reported much higher levels of both point mutations and deletions than
were found in earlier work. These reports have been severely criticized, however,115,116

because the quantitative reliability of the techniques is unclear. A second severe difficulty,
especially with the data of Ozawa’s group,113 is that most of the deletions identified leave the
mutant molecule lacking one or both of the origins of replication. It has been suggested that
the light-strand origin is not absolutely required for mtDNA replication,57 but its absence is
nonetheless likely to inhibit replication significantly, and the heavy strand origin is absolutely
indispensable. Finally, there is the problem that the levels of mtDNA mutations reported by
these groups111–113 are so high as to seem to be at odds with the essentially undiminished
bioenergetic capacity of tissue from older individuals.117 An intriguing possibility, not yet
investigated, is that much of this deleted mtDNA is in fact fragmented and in the process of
being degraded. Wholesale mtDNA degradation coupled with replication of other mtDNA
molecules might be an important repair mechanism; this is suggested by the finding118 that
fragmented mtDNA is abundant in vivo and is highly enriched in oxidatively damaged bases.

A pair of recent studies may reconcile the above observations. It was shown59,119 that, in cardio-
myocytes, at least some of the molecules identified by long extension PCR as mtDNA dele-
tions are in fact duplications, which when amplified using divergent primers in the duplicated
region are indistinguishable from heteroplasmic deletions (Fig. 13.3). The presence of duplica-
tions, as well as their preferential amplification in individual cells, was shown especially con-
vincingly by Khrapko’s group59 because the sensitivity of their PCR technique was sufficient to
allow use of only part of a single cell’s mtDNA; thus, the breakpoints of the mutant molecule
having been identified, a second sample from the same cell could be analysed using primers
which lay within the putatively deleted region, and which thus would amplify nothing if the
molecule really were a deletion but would amplify a characteristic, unique fragment if it were
a duplication (Fig. 13.3). Jacobs’s group119 used the same technique to show the presence of
duplications, but did so on DNA derived from whole tissue and thus less directly addressed the
clonal expansion question. These findings allow the coexistence of large quantities of ostensi-
bly deleted mtDNA with a very low abundance of COX-negative cells.

It is intriguing to consider the mechanism of clonal expansion of such rearrangements. It
was noted earlier that in 1986, Chambers and Gingold showed49 that suppressive petite yeast
strains generally replicate their mutant mtDNA less frequently (if anything) than their wild-
type, presaging the ‘SOS’ model of clonal expansion in mammals. But they also found that in
hypersuppressive strains, whose mtDNA possesses duplicated origins of heavy-strand replica-
tion, the mutant mtDNA was indeed replicated more often than the wild-type. It seems highly
likely that this would be so for the mtDNA duplications discovered in the aforementioned
studies,59,119 as has indeed been proposed previously;120 it was recently shown121 that both
heavy-strand origins are active in such molecules.
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A further revelation from these studies59,119 is that the common deletion may be 
mis-named—that other rearrangements may be much more common. A large proportion of
the rearrangements found in both studies had one breakpoint near position 16,070 and the
other in the minor arc, often near position 3260. If they are deletions, they lack the light strand 
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origin; but if they are duplications they have it and also have two heavy strand origins. An
intriguing idea, provisionally supported by both in vivo122 and in vitro observations,120,48 is
that duplications of this sort never become homoplasmic in cells despite their replicative
advantage, because they are constantly being resolved by homologous recombination into a
wild-type molecule and a poorly (if at all) replicable deletion. (Machinery to do this is prob-
ably needed in order to avoid the accumulation of wild-type dimers, which may occasionally
be created by mtDNA replication.122) If so, there will be an equilibrium level of heteroplasmy
determined by the extent of the duplication’s replicative advantage over wild-type. Since no
bioenergetic insufficiency would be predicted to result from most such mutations, it may be
that evolution has allowed their incidence to remain high relative to mutations that produce
replication-competent but dysfunctional species such as the common deletion. (Clearly it is
possible for a duplication to confer a loss of function, for example, if the junction sequence
encodes a toxic fusion protein, and indeed mild respiratory dysfunction results from the dupli-
cations found in rare sufferers of inherited rearrangement-based mitochondriopathies,120,123

but this can be expected to be the exception rather than the rule—see Ref. 47, for example.)

A concluding digression: the vexed question of whether 
mutant mtDNA matters in vertebrate ageing

If there is indeed only a negligible diminution with age in the bioenergetic capacity of almost
any tissue, the question clearly arises of how it can have any pathological significance.115 The
long-standing popularity of the mitochondrial free radical theory of ageing is no accident: it
arises principally from the extraordinarily consistent cross-species correlations discussed in
the Introduction. However, genetically tractable mammalian models of mtDNA mutations are
vital for its more detailed elucidation. Larsson’s group developed a mouse model of mito-
chondrial disease, by flanking the gene for a mtDNA replication regulator with loxP sites to
allow conditional deletion of this gene and consequent loss of mtDNA in a pattern defined by
cre recombinase expression.124 This is of great utility in the study of mitochondriopathies, but
it generates respiration-deficient cells at too great a frequency to be directly relevant to stud-
ies of ageing. The same applies to the mtDNA-deletion-bearing mouse recently developed by
Hayashi’s group.70 Recent work of Zassenhaus’s group,7 by contrast, provides unprecedented
direct evidence that damage to mtDNA can be severely deleterious to the organism even when
present at the very low levels typical of aged tissue. The synthesis of mtDNA was rendered
error-prone by the transgenic introduction of a proofreading-deficient version of the mtDNA
polymerase (POLG) catalytic subunit into mice. The transgene was expressed only in cardiac
tissue and only after birth, and the result in young adult mice was a frequency of cardiac
mtDNA point mutations of roughly one per mtDNA molecule. This sounds like a high muta-
tion load, but one must bear in mind that only a few mitochondrial generations would have
been supported by the transgenic polymerase, so homochondrous mutant mitochondria (let
alone homoplasmic mutant cells) would still be rare: different mutations in different mtDNA
molecules, if deleterious at all, would usually complement each other. Supporting this, res-
piratory function of isolated mitochondria was not detectably impaired. However, these mice
exhibited severe cardiomyopathy by the age of 6 months. The significance of this finding was
potentially undermined by the report125 that transgenic overexpression of the presumed inert
molecule GFP, under the same promoter used by Zassenhaus’s group, also produced 
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cardiomyopathy in a dose-dependent manner; but this loophole seems to have been closed by
the subsequent report that wild-type POLG does not produce this (nor, indeed, any detectable)
phenotype when expressed at similar levels under the same promoter.134 Detailed
understanding of the relevance of this finding to ageing must await careful analysis of 
the incidence of COX-negative cardiomyocytes and of mtDNA mutations in other tissues 
of these mice, but it has the potential to show definitively that mtDNA mutations really are
causative in ageing.

There is thus strong motivation to seek a mechanism whereby dysfunctional mtDNA could
make a major contribution to mammalian ageing even when present at extremely low levels.
Two such models are presently available. One126 revolves around the finding by Aiken’s
group35,41,60 that the COX-negative segments of monkey and rat muscle fibres tend to be thinner
than average, possibly indicating progress towards atrophy of the segment and eventual
breakage, which could cause loss of the whole fibre. If this is correct, mtDNA mutation accu-
mulation could be a major cause of sarcopenia (loss of muscle mass with age), a phenom-
enon with very pleiotropic effects in ageing due to the multifaceted role of muscle in
whole-body homeostasis. However, other mechanisms (such as loss of motor neurons127) are
presently more supported as being the primary cause of sarcopenia.

The other model, termed the ‘reductive hotspot hypothesis’,128–130 is based on the produc-
tion of extracellular superoxide by respiration-deficient cells. It is lacking in firm supporting
evidence, though preliminary support for some of its predictions is now available.131–133

Interestingly, the mechanism underlying the atrophy identified by Aiken’s group may also be
oxidative in nature, since high levels of oxidized nucleic acids were found in these regions by
immunohistochemistry.41

The extensive and increasingly direct evidence that mtDNA damage has a significant role
in ageing, coupled with the availability of multiple promising hypotheses to explain how this
effect is mediated, makes this one of the most exciting areas of contemporary biogerontology.
Plainly, there is an urgent imperative to test and refine these and any future elaborations of
the mitochondrial free radical theory of ageing, if we are to make progress in understanding
how oxygen, that small molecule without which we cannot survive for more than a few min-
utes, is also one with which we cannot survive for more than a few decades.
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Section 5 Model systems, genetic counselling,
and prospectus for therapy
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14 Segregation and dynamics of
mitochondrial DNA in mammalian cells
Jose-Antonio Enriquez

A key aim of mitochondrial genetics is to understand the rules that govern mtDNA segregation.
To this end, cells carrying more than one mtDNA genotype have been generated and the 
partitioning of mtDNA to daughter cells monitored. Typically, these experiments investigated
the segregation of mtDNAs carrying a pathological mutation versus apparently normal
mtDNA. Another approach was to create animals with two mtDNA genotypes that were 
non-pathological and analyse the segregation pattern of the two types of mtDNA in different
tissues at various ages. Collectively, these studies demonstrate that mtDNA segregation can
be non-random, yet the molecular mechanisms underlying the complex patterns of mtDNA
segregation remain to be elucidated. Two levels of mitochondrial segregation can be envi-
sioned. One is mtDNA segregation in germ cells, affecting transmission of mtDNA to the next
generation. The other is segregation of mtDNA during mitosis that is somatic cells in whole
animals or cells cultured in the laboratory. The Chapter reviews the current models of mitotic
mtDNA segregation in mammalian cells and their experimental support. Germ line transmis-
sion of mtDNA in mammals is discussed elsewhere (Chapter 16).

Introduction

The transmission of mitochondrial DNA (mtDNA) is a complex phenomenon that is far from
understood. Mitochondrial DNA’s high copy number (polyploidy), typically 103–104 molecules
per cell, its compartmentalization in organelles, and the fact that not all mtDNA molecules repli-
cate in each cell cycle contribute to the complexity.1 Moreover, mitochondria are mobile and
their distribution changes within the cell during growth and division. In addition, in mammalian
cells mtDNA may be organized in multicopy complexes (nucleoids) inside mitochondria,2 as 
in lower eukaryotes.3 Many of these factors are likely to play a role in determining mtDNA 
segregation.

Segregation and interaction of mtDNAs in cell culture models

Mitochondria have been considered to behave as an intracellular population of microorgan-
isms. As a result, the investigation of the dynamics of mtDNA segregation was seen as a popu-
lation genetics problem.4 It was soon evident that the number of individual organelles in a 
cell was significantly lower than the number of mtDNA molecules. Thus, mtDNA polyploidy
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happens not only within a cell but also within each organelle (a typical mitochondrion in
mammalian cells should host an average of five mtDNA molecules).

The norm in mammalian cells is that the sequence of all, or almost all, copies of mtDNA
is identical at any given nucleotide position (homoplasmy). Thus, to be able to investigate the
segregation of mtDNA in cell culture it was necessary to develop cellular models containing
more than one mtDNA genotype (heteroplasmy). A number of early studies exploited drug
resistance markers carried on mtDNA, most notably chloramphenicol resistance (CAPr).5–10

A major breakthrough for the analysis of mtDNA dynamics followed from the isolation of
the first mammalian cell line lacking mtDNA, so-called �0 cells, and the demonstration that
they could be repopulated with exogenous mitochondria that carry mtDNA.11 As hetero-
plasmy is common in the cells of patients with mitochondrial disease it allowed a number of
human heteroplasmic cell lines to be established, either by culturing patient-derived cells
directly or by transferring mitochondria from patient’s cells to human �0 cells, creating 
so-called cybrids. The cybrid approach has the advantage that mtDNA of patients with 
mitochondrial disease can be studied in a control nuclear background, enabling the researcher
to exclude possible confounding nuclear effects on mitochondrial function. Moreover,
although no one predicted it at the time, mitochondrial repopulation of �0 cells gave rise to 
a wealth of data on mtDNA segregation that is still being assimilated.

Segregation of wild type and rearranged mtDNAs

Hayashi et al. performed a very interesting experiment in which mitochondria from skin
fibroblasts of a CPEO patient harbouring a 5196-bp deletion (�-mtDNA5,196) were introduced
into HeLa cells lacking mtDNA.12 Three of six trans-mitochondrial clones (cybrids) isolated
contained a mixture of wild-type mtDNA (wt-mtDNA) and partially deleted mtDNA
(�mtDNA)  in proportions ranging from 35 to 50 per cent. Interestingly, when grown in 
glucose-rich medium, the proportion of �-mtDNA invariably increased and then stabilized 
at 75–85 per cent, without any significant change in the total amount of mtDNA. This was
interpreted as a replicative advantage of the �-mtDNA over wt-mtDNA. The positive selec-
tion of deleterious mutant mtDNA has also been observed for several different pathological
variants in a number of studies12–15 (further details discussed later in this Chapter), it appears
paradoxical yet propagation of DNA by selfish mechanisms is widespread in nature.

The proportion of �-mtDNA remained below 50 per cent when the cells were grown in a
medium where glucose was substituted by galactose (conditions that require a functional
OXPHOS system). Thus, for this mutation, 50 per cent mtDNA appears to be the threshold at
which OXPHOS function is compromised in cultured cells.12 The term ‘functional domin-
ance’ was coined to describe the loss of OXPHOS function in cells that retained some 
wt-mtDNA.16 To explain this effect it was suggested that �-mtDNA and wt-mtDNA 
co-existed in organelles.16 Hayashi et al. obtained indirect evidence for this in their cybrids
when measuring cytochrome c oxidase (COX) function of individual mitochondria by elec-
tron microscopy.12 All the mitochondria of a clonal cybrid line harbouring 75 per cent of 
�-mtDNA were COX-negative, suggesting that no organelle contained purely wt-mtDNA.
They extended this analysis to clones with 42–72 per cent �-mtDNA, proportions above and
below the threshold level that determines the OXPHOS competence.17 Below 60 per cent 
�-mtDNA the majority of the organelle appeared to be COX-positive, whereas clones over 
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60 per cent �-mtDNA were uniformly COX-negative. Thus, the result suggests that in each
organelle wild type and �-mtDNA co-exist (organelle heteroplasmy).

The observations of Hayashi et al.12 in human cultured cells carrying �-mtDNA raised a
number of important questions. What was the mechanism that maintains heteroplasmy in
organelles? Why did all heteroplasmic clones accumulate �-mtDNA at the expense of 
wt-mtDNA, in the absence of selection for OXPHOS function? Was the phenomenon specific
for �-mtDNA or a particular cell type? In 1993 Bourgeron et al.18 investigated the fate of a
similar �-mtDNA in skin fibroblasts and lymphocytes. Both immortalized cultured skin
fibroblasts harbouring 60 per cent �-mtDNA and B lymphoblastoid cells with 80 per cent 
�-mtDNA were severely COX-deficient. The segregation behaviour of �-mtDNA was,
however, strikingly different between the two cell types when grown in culture. Although 
progressive loss of �-mtDNA accompanied by a recovery of COX activity was seen in both,
the lost was almost complete in fibroblasts, whereas it stabilized at 60 per cent �-mtDNA in
lymphoblastoid cells.18 Since COX-deficient cells are uridine-dependent, the effect of uridine
supplementation on fibroblasts was tested. Strikingly, they accumulated �-mtDNA up to a
level of 90 per cent after 10 passages.18 These results indicated that heteroplasmy could be
influenced by cell type (genetic effect), or growth regime (environment).

Partially duplicated mitochondrial DNA, though associated with milder pathology19 and a
milder biochemical phenotype14 than �-mtDNA, displayed equally dramatic segregation bias
in particular cell lines. One phenomenon was de novo generation of a partial triplication in
one cell background, which led to the proposal that additional origins of replication can con-
fer a selective advantage to mtDNA.14 The other noteworthy phenomenon was the consistent
loss of all rearranged mtDNA molecules in a different cell background, although it could not
be determined whether this was via intramolecular recombination or via re-amplification of a
very low dose of wild-type molecules. Nevertheless, it is clear from this and the other studies
that genetic background can profoundly affect the fate of particular mtDNA variants.

Segregation of wild type and mutant mtDNAs harbouring point mutations

The segregation behaviour of pathological point mutations of mtDNA has been investigated
widely in cell models. One of the more extensively investigated point mutation has been the
mtDNAA3243G transition in the human mitochondrial tRNALeu(UUR) gene, associated with the
MELAS syndrome.20 In 1992, Yoneda et al.15 generated 48 cybrids by transferring organelles
from myoblasts obtained from four unrelated patients with MELAS to cells lacking mtDNA.
When mtDNA segregation in 13 heteroplasmic clones was analysed two patterns emerged,
long-term maintenance of a constant ratio of mutant to wt-mtDNA (stable heteroplasmy), or, in
5 of them, a rapid and dramatic shift to the mutant genotype. The proportion of mutant and wt-
mtDNA was highly variable between subclones taken from the ‘shifting’ cultures whereas it lay
in a narrow range in subclones taken from the stable clones. Based upon (i) the similar growth
rates of cells containing wild type and those with predominantly mutant mtDNA, (ii) the
constant doubling time of the shifting clones, and (iii) the speed of the shift in genotype, the
authors conclude that the accumulation of mutant mtDNA was the result of intracellular
selection. Since a shift to wt-mtDNA was never observed, random segregation could be
excluded, and a replicative advantage of mutant mtDNA was inferred. It was proposed that
the replicative advantage could only operate in cells that displayed homoplasmy for the
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mutant and wt-mtDNAs at the level of the organelle. The corollary was that in cells with 
heteroplasmic organelles the proportion of each mtDNA genotype would remain constant.15

Dunbar et al.21 repeated the experiment of Yoneda et al. and obtained similar results with
the same recipient (osteosarcoma) �0 cell line. However, in a different (lung carcinoma) recipi-
ent �0 cell line they observed the opposite behaviour namely, where a shift was observed it
was towards wt-mtDNA.21 Again, unidirectional shifting argued against a random segregation
mechanism. Therefore, a replicative advantage for one or other mtDNA, determined by the
nuclear background, was suggested to be the most likely explanation for the phenomena.21

In contrast the results of Shoubridge for the same mutation in the osteosarcoma nuclear
background, were consistent with stochastic (random) segregation. Some clones increased
mutant mtDNA, while others increased the amount of wild type, very few, if any, were 
stable.22 Shoubridge also catalogued the distribution of the mtDNAA3243G mutation in the mito-
chondrial-donor myoblasts, showing that all were heteroplasmic for the mutation, yet in spite
of this, over half of the cybrid clones had only wt-mtDNA. Therefore, Shoubridge suggested
that a preferential replication of wt-mtDNA occur during mtDNA repopulation and early
clonal growth of the cybrid population. Alternatively, random segregation may have occurred
in both directions in many lines, proving lethal where this led to fixation of the mutant allele.

Matthews et al.,23 using a pure fibroblast culture as mitochondrial donor, found neither
homoplasmic wt-mtDNA clones nor any significant difference in the variance of
mtDNAA3243G mutant load between fibroblast subclones and transformant cybrids. In a sec-
ond study using pure fibroblasts, the mean proportion of mtDNAA3243G in cybrids correlated
well with the proportion of mutant mtDNA in the donor fibroblast cell lines.24 Moreover, the
incidence of pure wild type clones again correlated with the original amount of wt-mtDNA in
donor cells. In addition, a shift towards mtDNAA3243G was observed in all heteroplasmic
lines,24 albeit that the speed of segregation was up to seven-fold slower than the earlier
reports.15,21 The same mutation has also been studied in immortalized skin fibroblasts, avoid-
ing the possible complications of cell fusion.23 All subclones derived from patient fibroblasts
that were heteroplasmic for the MELAS mutation were heteroplasmic. The interclonal vari-
ance did not increase after 15 generations indicating that the heteroplasmy was stable and
arguing against any biased segregation between the two types of mtDNA in these cells.23 In
summary, after mitochondrial transfer several possible outcomes for heteroplasmic clones
have been documented: stable maintenance of heteroplasmy, rapid unidirectional segregation
to either wt-mtDNA or mutant mtDNA, slow unidirectional segregation to mutant mtDNA, or
stochastic segregation. Presumably, specific factors (genetic and environmental) determine
each outcome though none is yet known.

The majority of the published work was focussed on the behaviour of the shifting clones and
scant attention was paid to the phenomenon of stable heteroplasmy. The mechanism that main-
tains a constant proportion of mutant and wt-mtDNA, even after years’ of continuous culture,
is equally perplexing to non-random segregation. Matthews et al.23 proposed that the mainten-
ance of stable heteroplasmy in their mtDNAA3243G fibroblasts argued in favour of linked
replication and segregation of the wild type and mutant mtDNAs. More recently, Lehtinen and
collaborators25 using the mtDNAA3243G mutation addressed the issue of maintenance of het-
eroplasmy in an exhaustive work. They describe a series of experiments that demonstrate per-
sistent stable heteroplasmy. In addition, they compared their observation with the predictions
of a random partition model and deduced a very high segregation number, similar to or even
greater than the mtDNA copy number of a cell. They also found that the stable genotype could
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be forced to shift to a limited extent by applying external selection, that is, OXPHOS-dependent
growth. One of the cell lines they used carried a second mutation in some mtDNA molecules,
which showed an abrupt genotype shift, analysis of a number of subclones from this cell line
indicated that the shift was followed by re-stabilization at a new level of heteroplasmy.25

Competition between mtDNAs

A crucial issue in the understanding of mtDNA dynamics is to settle the controversy about
mtDNA competition within cells, which could facilitate intracellular selection of particular
mtDNAs. This is relevant not only to understanding the mitotic segregation of mtDNA but also
the evolution of heteroplasmy in post-mitotic cells. Mathematical models have been developed
to support the contention that relaxed replication and random drift alone can account for the
accumulation and, eventual, fixation of initially heteroplasmic mtDNAs.26,27 However, other
studies indicate that mtDNA competition and intracellular selection of one or another mtDNA
genotype may also play a role.12,15,21 An excellent example of this is the apparent replicative
advantage of �-mtDNAs. The simplest explanation for the preferential accumulation of 
�-mtDNA is that it replicates faster because of its smaller size, although this hypothesis was
not supported by direct measurements of the rate of completion of �-mtDNA (7.5 kb deletion)
and full-length mtDNA circles in a heteroplasmic cell line.28 Nevertheless, a recent report
shows how the repopulation rates of self-mtDNA, in cells that were severely depleted of
mtDNA, were significantly faster for �-mtDNAs than for normal size mtDNA.29 This seems
to be true even if they are normalized for mass rather than copy number. It was then suggested
that a competition for limiting amounts of trans-acting factors involved in mtDNA replication
or stability could be responsible for the maintenance of mtDNA and for the regulation of its
copy number.29 This model was supported by the inability of ape mtDNA to repopulate human
cells harbouring 100 per cent deleted mtDNA, even under strong cell selection for OXPHOS
function.29 This was an unexpected result, since ape mtDNA is able to repopulate human ��
cells and restore OXPHOS function.30,31 The presumption is that a human nuclear background
maintains even nonfunctional human mtDNA over functional ape mtDNA because factors 
limiting for replication are preferentially sequestered by human mtDNA.

Further support in favour of a model of mtDNA copy number regulation by limiting factors
was recently obtained. It was reported that the mtDNA copy number in cell models harbour-
ing full-length, partially duplicated and different forms of deleted mtDNA was inversely pro-
portional to the size of the mtDNA. Therefore, the cell maintains a constant mass of mtDNA
rather than a constant number of mtDNA genomes. Tang et al.32 proposed that this is a multi-
factorial process involving trans-acting factors that initiate replication, regulation of the mito-
chondrial dNTP pools, and external stimuli such as hormones and intracellular ATP demands.32

If confirmed, the regulation of mtDNA copy number by limitation for specific factors 
offers a solid conceptual frame to explain intracellular competition between different mtDNA
genotypes.22,33

Cooperation between mtDNAs

Most of the models that have been investigated up to now involved mtDNA genotypes that
caused OXPHOS deficiency or that confer a growth advantage. The question of what mutant
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load is necessary for the expression of OXPHOS deficiency or antibiotic resistance leads us
to a more general problem. Can different mtDNAs in the same cytoplasm cooperate? It was
earlier observed that different types of mutation were phenotypically silent up to a threshold.
Thus, �-mtDNA showed an abrupt threshold in cybrids, with no phenotype when the propor-
tion of mutant mtDNA was below 50 per cent.12 On the other hand, wt-mtDNA levels as low as
6 or 9 per cent are sufficient to protect against the phenotypic expression of the mtDNAA3243G

and the mtDNAA8344G tRNA mutations.34,10 In the case of �-mtDNA, negative cooperation by
means of a partial dominant effect of the deleted molecules over the wt-mtDNAs has been 
proposed.12,16 In the case of point mutations, cooperation was also suggested.

The mtDNAA8344G mutation provides a useful molecular marker since this mutation induces
premature terminated proteins.35 In particular, one of these truncated proteins, which is derived
from the premature termination of COI (cytochrome c oxidase subunit 1), appears and accu-
mulates in parallel to declining OXPHOS phenotype.10 In cells with 90 per cent mutant
mtDNA, just below the functional threshold, the minority of wild-type molecules (10 per cent)
must complement the mutant molecules. Therefore, it was suggested that intermixing and
cooperation of the wild type and mutant gene products occurred in these cells.10,36 Although
no similar molecular marker is available for the mtDNAA3243G mutation the similar threshold
for both tRNA mutations strongly suggests that complementation follows the same pattern.36

The complementation patterns described above were obtained with a wt-mtDNA that coex-
isted with the mutation since its inception.36 To investigate if complementation between 
different mtDNAs could be achieved when two genotypes were located initially in different
cells, cybrid experiments were performed. Oliver and Wallace investigated the interaction
between chloramphenicol (CAP) resistance, using CAPr and CAPs mtDNAs. They followed the
synthesis of two isoforms of the subunit 3 of Complex I37 an mtDNA-encoded polypeptide that
showed different migration in SDS-electrophoresis when encoded by CAPr or CAPs mtDNAs.
Their results indicated that CAPr is a dominant or co-dominant character and that the presence
of CAPr mitochondrial ribosomes allows the synthesis of polypeptides encoded by CAPs

mtDNA.38 This observation suggested that complementation between mtDNAs originally
located in physically distinct organelles can occur.38 However, others observed no evidence of
interaction between CAPr and CAPs mtDNAs sequentially introduced in the same cell.10

A more robust experimental approach to evaluate the possibility of mtDNA cooperation
would be to mix homoplasmic mitochondria harbouring two pathological ‘recessive’ mtDNA
mutations derived from different cells. Since each mutation has a well-defined phenotype,
restoration of function due to complementation between the two types of mtDNA could be
easily evaluated. This type of experiment was performed by Yoneda et al.10 They reported no
evidence of mtDNA interaction between two mtDNAs harbouring recessive OXPHOS defect-
ive mutations (one the mtDNAA8344G mutation in the tRNALys and the other the mtDNAA3243G

mutation in the tRNALeu(UUR)).
Takai et al.39 introduced a predominantly (�95 per cent) �-mtDNA5196, unable to support

mitochondrial protein synthesis due to the lack of five tRNAs, together with CAPr mtDNA.
Then, they studied the ability of the double cybrids to perform protein synthesis in the pres-
ence and absence of CAP. The synthesis of �-mtDNA5196 and HeLa mtDNA encoded protein
markers was detected in a cybrid cell line containing 53 per cent �-mtDNA5196. However,
protein synthesis was largely although not completely inhibited by CAP. These results were
interpreted as an indication of a general interaction between the two types of mtDNA. Thus,
the CAPr HeLa mtDNA provided the five tRNAs (lacking from �-mtDNA) and the residual
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resistance to chloramphenicol needed to allow expression of the genes encoded by 
�-mtDNA.39

The heightened sensitivity to CAP displayed by the double cybrids with respect to the
parental CAPr line is difficult to understand. It was explained by considering the resistance to
CAP as a recessive trait. It should be noted however, that this is the opposite of the conclu-
sion inferred from the earlier experiments described above, where CAPr was apparently 
dominant or co-dominant38 (see also Ref [10] and references therein). In addition, no direct
test of the purity of the HeLa mtDNA in the cybrid cells was performed. It was reported that
cells apparently homoplasmic for a mutant mtDNA may contain a trace of wt-mtDNA which
can be selected in certain culture conditions.40 Therefore, the possibility of coexistence of
HeLa CAPr and HeLa CAPs mtDNA is a very common phenomenon10,41 and therefore cannot
be excluded. In addition they described a double cybrid cell line carrying 76 per cent 
�-mtDNA5196 able to grow under strong selective conditions that could very well be
explained if �-mtDNA5196 and HeLa CAPs mtDNA coexisted in it but remain fully segreg-
ated. In that way, the dominant effect of �-mtDNA5196 might be avoided.

These results appeared to contradict those of the earlier study that showed no restoration 
of OXPHOS function when two different mutant mtDNAs were introduced in the same 
cytoplasm.10 Takai et al. reasoned that this contradiction could be because both types of
organelles used previously were OXPHOS incompetent. Therefore, the mitochondria would
be unable to reach the energy threshold needed to fuse. To test this possibility, Takai et al.42

introduced into cells two mutant mtDNAs that caused loss of OXPHOS function when homo-
plasmic. Again one was the �-mtDNA5196 and the other was a mtDNA4269 mutant in
tRNAIle.43 Then, they tried to select cells showing partial recovery of OXPHOS activity by
growing them in the absence of uridine and pyruvate. In this selection medium, a partial
recovery of OXPOS would be enough to allow the survival of cells. However, no colony was
obtained.42 The experiment was repeated but without selection, two out of 98 clones analysed
harboured both types of mtDNA (18 and 60 per cent of �mtDNA5196, respectively). The clone
carrying 60 per cent �-mtDNA5196 was able to show partial restoration of mitochondrial pro-
tein synthesis; despite reaching the threshold level at which �-mtDNA5196 was previously
found to cause failure of protein synthesis.12 Interestingly, five sub-clones taken from the 
18 per cent �-mtDNA5196 cybrid all showed an increase in the amount of �-mtDNA5196

(40–55 per cent), and partial restoration of protein synthesis. Seemingly then, complementa-
tion between deficient mtDNAs that were originally located in separated organelles can occur.

Why then the discrepancy between the different reports designed to detect mtDNA com-
plementation? In the HeLa cell, mtDNA interaction seems to be observed repeatedly, whereas
this was not the case in osteosarcoma cells. To gain some insight into the apparent prohibi-
tion of mtDNA interaction in osteosarcoma cells, we analysed the interaction of two sets of
mitochondria harbouring non-allelic recessive single point mtDNA mutations.40 One was the
mtDNA8344 mutation in the tRNALys and the other was an in vitro isolated frame shift muta-
tion within the gene coding for the ND4 subunit of the NADH dehydrogenase.44 Strong
selective pressure for OXPHOS competence was applied by growing cybrids in galactose
containing medium to promote clones exhibiting complementation between the two mutant
mtDNAs. In parallel, cell fusion frequency was determined in equivalent cybrids grown on
glucose-containing medium that was nonselective for respiratory capacity. Twelve of 
53 clones that were able to grow in the galactose-containing medium were studied; all had 
re-established normal mitochondrial protein synthesis and respiratory activity.40 All of them
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showed a high proportion of tRNALys mutant mtDNA (61–86 per cent) that however never
reached the previously observed threshold (91 per cent). Therefore, strong selection demon-
strated that mtDNA cooperation is possible in the osteosarcoma nuclear background.
Nevertheless this is a rare phenomenon at least in this cell type; it was estimated that only
0.3–1.6 per cent of the cells that received both types of mitochondria in their cytoplasm,
exhibited complementation.40

Another advance was made by a very clever experiment carried out by Hayashi et al.45

They reasoned that under nutritional selection most of the cybrids containing two types of
mutant mtDNAs are excluded before respiratory function could be restored. To prevent this,
hybrid instead cybrid cells were generated and selected in HAT medium by nuclear comple-
mentation between the HeLa HPRT� and the Osteosarcoma TK�. Each cell line was also
homoplasmic for a different tRNA point mutation (HeLa HPRT�, mtDNAA4269G in the
tRNAIle, and Osteosarcoma 143B: TK�, mtDNAA3243G in the tRNALeu(UUR)) this allowed to
select only cells with two nuclei as well as two types of mutant mtDNA. Since OXPHOS
competence was not required for growth in HAT medium, they were able to estimate the pro-
portion of HATR cells generated (cells that received two types of mtDNA). In parallel, they
estimated the proportion HATR cells able to grow in the absence of uridine. Fascinatingly,
they found that a minimum of 10 days in uridine-supplemented medium was necessary to be
able to isolate HATR cells (24 per cent) that were subsequently capable of growing in the
absence of uridine. More interesting still, after 14 days under no nutritional constrains the
majority of their HATR clones (88 per cent) were also able to survive in the absence of 
uridine. Predictably, the HATR, uridine independent cells had restored mitochondrial protein
synthesis and COX activity.45 Because the experiment combined HeLa and 143B nuclei,
potential differences between the two cell types could not be addressed; nor was the influence
of hybrid status on complementation behaviour or OXPHOS restoration evaluated.

These unresolved issues could be of major interest since, as discussed above, osteosarcoma
derived cybrids containing two different tRNA mutations, maintained in culture more than 
12 weeks under nonselective conditions were unable to recover OXPHOS competence.10

Other work supports the idea that the osteosarcoma background tends to segregate two popu-
lations of mtDNA. Cell death was prevalent in slow-growing complemented 143B cybrid and
hybrid clones.40 Their ability to complement was lost rapidly when cells were switched from
galactose to nonselective medium, and these cells died when switched back to selective
medium (R Acín and JA Enriquez unpublished observations). These findings suggest that in
the osteosarcoma background equilibrium exists between two counteracting forces; an inher-
ent tendency to segregate the two mutant mtDNAs into distinct mitochondrial populations and
selection for those cells with a mixture of mtDNAs appropriate for survival in galactose
medium. In conclusion, the discrepancy between results outlined above is due probably to the
use of different nuclear backgrounds.46

Segregation and complementation of mtDNAs in animal models

The extrapolation of any model developed from cell culture studies to the situation in vivo
should be made with care. Nevertheless, it would be unwise to dismiss the segregation and
complementation behaviour of mtDNA genotypes in culture as irrelevant to the progression
of maternally transmitted mtDNA diseases, or fixation of pathological mutations during
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development. Some theoretical models propose that random intracellular drift and relaxed
replication alone could account for the clonal expansion of mtDNA mutations during ageing.
Therefore replicative advantage of some mtDNAs need not be invoked to explain age-related
accumulation of mutant mtDNAs or increased load of mutant mtDNA in post-mitotic
cells.26,27 Nevertheless, experimental evidence strongly suggests that mtDNA segregation
may not merely be random.

Since natural heteroplasmy is rare in mammals, the investigation of this issue has been
addressed by the generation of artificial heteroplasmic embryos. This was achieved in mice by
fusion of zygotes carrying one mtDNA haplotype with enucleated embryos carrying a differ-
ent mtDNA haplotype.47 Most reports using engineered heteroplasmic mice were devised to
investigate the transmission of two mtDNA haplotypes through the germ line.48,49 Fortunately,
some groups also followed the fate of host and transferred mtDNAs in different cell types 
during development. Intriguingly, a variety of behaviours almost as broad as those observed in
cultured cells were found. Some cell types such as colonic crypts showed a segregation behav-
iour compatible with a random drift model. In these cells, heteroplasmy was unstable and the
general tendency over time was to reach homoplasmy. However, four tissues (liver, kidney,
spleen, and blood) showed a preferential and consistent accumulation of one or other mtDNA
haplotype in a tissue-specific and age-related manner.50 Moreover, the rate of segregation was
specific for each tissue. Therefore, the random-drift segregation model is not sufficient to
explain the behaviour of mtDNA in somatic cells culture in the laboratory or in vivo.

Similar experiments also suggested that some mouse mtDNA haplotypes have a replicative
advantage over others during embryonic development and differentiation, and also showed
tissue-specific segregation patterns.51 To explain the directional bias in the selection of the
accumulated mtDNA haplotype, it was proposed that polymorphic mtDNAs do not behave as
neutral variants. Rather, it was suggested that haplotype-dependent differences in respiratory
chain function, detected at a sub cellular level, could favour the expansion of one or other
mtDNA haplotype.50 The notion of phenotypic effects associated with frequent and non-
pathological mtDNA haplotypes in humans and mice has recently received strong 
support.52,53 Alternatively, since no differences in respiratory chain function associated to
mouse mtDNA haplotypes was observed in cell culture, factor(s) involved with mtDNA main-
tenance were recently proposed to play a crucial role in the direction of segregation.54

Maintenance of heteroplasmy over five generations was reported in one artificially gener-
ated heteroplasmic mouse.55 Interestingly, tissue variability falls after the second generation.
The stability of heteroplasmy through a number of generations and the ongoing decrease in
tissue variability was interpreted as a consequence of de novo generation of intramitochon-
drial heteroplasmy. This would be achieved by fusion between the two original types of
organelles.55 Thus, a similar cause for maintenance of stable heteroplasmy was proposed for
cultured cells15 and of whole animals.55

Few data are yet available on the segregation patterns of heteroplasmic mtDNAs in human
tissues, but they suggest that their behaviour may also be variable. Thus, a longitudinal ana-
lysis on the segregation of polymorphic or pathogenic mtDNA mutations in white blood cells
and platelets showed no change in the proportion of a silent polymorphism. On the contrary,
the mutation load of a mtDNA point mutation at nucleotide 3460 showed a progressive reduc-
tion with age at an overall rate of 1 per cent per year.56 A decline in the proportion of MELAS
mutant mtDNA over a period of several years in blood cells of six patients has also been
reported,57 as has tissue specific distribution of human heteroplasmic mtDNAs.58 Therefore,
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it appears that different modes of mtDNA segregation occur in different cell types of whole
animals, including humans, and that these represent all the variety of behaviours observed in
cultured cells.

Mitochondria and mtDNA seen as a single dynamic cellular unit

Two opposite models have been proposed. One considers that mtDNA is itself mobile and
able to pass between organelles in a way that is efficient and leads to a random distribution
within the cell cytoplasm.17 The model of mitochondria as a single dynamic unit arose out of
a study of mitochondria pre-treated briefly with ethidium bromide (EB) to label mtDNA prior
to fusion with �0 recipient cells. The resultant cybrids were stained additionally with a fluor-
escent compound (Rhodamine 123) to label all the cybrid mitochondria regardless of whether
or not they contained mtDNA.17 Since the two fluorescent profiles (mtDNA labelled with EB
and organelles labelled with Rhodamine 123) substantially overlapped, it was inferred that the
donor cytoplast mitochondria had fused with organelles lacking mtDNA, spreading mtDNA
throughout all the organelles, within 6 h.17 There are a number of points that were not evalu-
ated in this report that could compromise the interpretation of the results: (i) It is not clear
whether uptake of R123 is similar for OXPHOS-competent organelles and OXPHOS incom-
petent organelles located in the same cytoplasm. In fact, the labelling intensity of the
OXPHOS competent mitochondria was shown to be substantially higher than that of the
OXPHOS incompetent organelles when they were located in different cells;17 (ii) There is an
important asymmetry in the distribution of R123 labelled organelles in OXPHOS competent
and incompetent cells. Thus, �0 mitochondria are poorly labelled with R123 and seem to be
located chiefly around the nucleus. On the contrary, the label in �� mitochondria spreads
throughout the cytoplasm. Therefore, if the two patterns are merged, �� mitochondrial fluor-
escence might completely hide that of �0 organelles.

A second argument was raised in the same report to support the notion of mtDNA as a free
and quickly moving entity between all the cell’s mitochondria. This is based on electron
microscopy observations of the COX activity of mitochondrial profiles in cells containing
variable amount of �-mtDNA. Since �-mtDNA does not segregate in different organelles, it
was inferred that individual mtDNA molecules, full-size or partially deleted, freely and con-
tinuously move between mitochondria and mix homogeneously. Again, there is alternative
explanation of the data, but most importantly, the experiments are not equivalent. At the out-
set of the second experiment �-mtDNA and wt-mtDNA molecules were located in the same
physical entity (i.e. the mitochondria of the patient) when transferred to a �0 cell. Whereas in
the EB/R123 staining experiment two physically independent types of mitochondria (�0 and
��) were introduced into the same cytoplasm. Therefore, to be fully comparable, it would be
necessary to introduce mitochondria pure for �-mtDNA into a cytoplasm containing only
full-size mtDNA.

Nevertheless, the single dynamic unit model is attractive, as it can accommodate the behav-
iour of highly stable heteroplasmic clones, that is cell lines which maintain a constant pro-
portion of mutant and wt-mtDNA, as well as those clones that show very slow segregation of
mtDNA genotypes. Inherent in the model is the assumption that each and every mtDNA 
molecule moves quickly and freely in the cytoplasm and that the unit of mtDNA segregation
is a single molecule.25,59 The model cannot explain rapid segregation of mtDNA that has been
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observed in a number of situations (see above) whatever the type of mtDNA that is preferen-
tially accumulated. Nor can it explain the complementation behaviour of mtDNA in cultured
cells even in the most favourable case. Thus in the mixed HeLa/osteosarcoma hybrids, mito-
chondrial profiles that had not recovered COX activity were readily apparent by electron
microscopy 10 days after fusion.45 Moreover, no hybrid was OXPHOS competent 7 days after
fusion, and 20 per cent of them remained OXPHOS incompetent at day 14.45 The concept of
quick and continuous fusion of mitochondria within cells allowing rapid migration of mtDNA
molecules suffers from other problems. Fusion and fission of mitochondrial membranes is
known to be an exquisitely regulated process.60 Specific proteins have the ability to promote
fusion61,62 or fission.62 When the balance is disturbed, mitochondrial function and inheritance
are compromised in yeast62 and male sterility induced in Drosophila.61 Therefore, the 
proposal that mtDNA behaves in all situations and every cell type as a single dynamic unit in
mammalian cells seems implausible.

Making sense out of all this . . .

To gain any coherent picture from the myriad findings described above it is necessary to
assume that all the apparent contradictions are in fact partial views of a complex picture.
However, some extreme positions have to be jettisoned, in particular the concept of mtDNA
segregation as solely passive and amenable to modelling by a population genetics approach
at the cellular level.4 By the same token, the idea that mitochondria and their DNA behave
exclusively as independent entities (organelles) is fatally flawed. A recent view that is gain-
ing ground suggests that mitochondria are capable of fusion and fission, and that they are
organized in a dynamic architecture with transitions between a network-like structure and a
more disperse one.63–68 The fact that these organelles are dynamic and able to interchange
material is likely to have important consequences for the interaction, and thereby segregation,
of mtDNA molecules. Very recently it was demonstrated beautifully that, despite their ability
for interaction, mitochondria within individual cells are morphologically heterogeneous and
unconnected, allowing them to have distinct functional properties.69 Thus, we should not pre-
suppose that mtDNA are able to move freely between mitochondria. This would require a
sophisticated molecular mechanism able to randomize the distribution of the mtDNAs
throughout the mitochondrial network. On the contrary, yeast mtDNA seems to be much less
mobile than other mitochondrial components.70 Evidence is accumulating that mammalian
mtDNA is also organized in stable superstructures (nucleoids). Then, how does the segrega-
tion and complementation behaviour described above fit with the organelle dynamic?

The polyploid mtDNA nucleoid as the unit of inheritance of mammalian mtDNA

Recently a model was proposed that assumes that mtDNA nucleoids each containing several
copies of mtDNA are copied as a unit. A sort of mitochondrial mitosis would then be respons-
ible for mtDNA replication and transmission, that is, after replication, the nucleoid divides,
yielding two daughter nucleoids each a replica of its parent.59

Nucleoids could themselves be heteroplasmic or, more than one type of homoplasmic
nucleoid could be present in a given cytoplasm. The first situation could arise by mutation
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events during replication and the second situation would correspond to engineered hetero-
plasmic cells and embryos, or could evolve from nucleoids that were initially heteroplasmic.

The different segregation behaviours observed to date could be easily accommodated in
this model. Thus, if the nucleoid is heteroplasmic, its faithful division would result in stable
heteroplasmy or in a very slow rate of mitotic segregation, and there would be no selection of
mtDNA variants. The model requires that the mtDNA copy number per nucleoid is within a
narrow range, but different cell types could have different sized nucleoids. Heteroplasmy will
be maintained even if some nucleoids are not replicated each cell cycle, as heteroplasmy can
be shared by all nucleoids. This would accommodate the observation that mtDNA replication
is relaxed. If heteroplasmy were due to the presence of two types of homoplasmic nucleoids,
segregation would be very rapid and can follow a random pattern, or an intracellular selection
for one or other type of nucleoid under certain circumstances:59

With respect to the different complementation behaviours of recessive mtDNA mutations,
it is easy to imagine that the different molecules in a nucleoid can complement each other
when any of its mtDNA molecules harbours a mutation. Even more, it would be possible to
complement several mtDNA mutations affecting more than one gene, or to support a high
proportion of one mutation, if at least one functional copy of each gene per nucleoid remains.
Interestingly, for mutations that show a partial dominant phenotype, as is the case with large
partial deletions, this model provides a good explanation for the fact that, even if the propor-
tion of wt-mtDNA is as high as 30 per cent, no COX� mitochondria are observed in cells.12

Thus if this level of heteroplasmy is due to heteroplasmic nucleoids that have an insufficient
load of wt-mtDNA no random grouping of wt-mtDNA molecules would generate functional
mitochondria. On the other hand, complementation between two different homoplasmic
mutant nucleoids, would be much more difficult if we assume that, despite the ability of the
organelles to undergo fusion or fission, the area of influence of each nucleoid remains
restricted to a small portion of the mitochondrial network.

It should be remarked that the nucleoid model is not just an ad-hoc adaptation of the model
that considered single organelles as the unit of inheritance of mtDNA. There is a substantial
difference between them. In the former model mitotic segregation can occur by organelle
division, while the nucleoid model does not allow it.

Then, what . . .?

The fact that fusion and fission of mitochondria appear to be complex and regulated
processes60 adds to the barriers that the polyploid mtDNA genome has to face in the cell.
Thus, several levels of structure have to be taken into account to understand the behaviour of
this genome. Those are: the mtDNA molecule itself, the organization of mtDNA molecules in
nucleoids, the compartmentalization of nucleoid within the organelles, the dynamics of and
structure of mitochondria in the cell. We have to keep in mind that the organization of mito-
chondria at each of these levels could vary between different cell types and different physio-
logical or pathological situations. These differences are likely to influence segregation and the
degree of interaction among heteroplasmic mtDNAs.

Therefore, segregation behaviour depends on a number of parameters that exert their influ-
ence to quite different extents in particular cell types or at particular stages of development.
These are mitochondrial partition, fusion and fission, replication mechanism, recombinase

290 Jose-Antonio Enriquez

Holt-14.qxd  4/15/03  9:05 AM  Page 290



expression, mtDNA copy number per nucleoid, and last but by no means least the ability to
satisfy OXPHOS demand (a function of the inherent capacity to generate ATP aerobically,
which depends on the mtDNA genotype, combined with ATP demand).
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15 Mouse models of mitochondrial disease
Caroline Graff and Nils-Göran Larsson

Mitochondrial DNA has proved refractive to genetic engineering providing a major obstacle
to creating animal models of mitochondrial DNA disease. Mitochondrial DNA (mtDNA) 
is located in the matrix enclosed by double membranes and there is as yet no method for
introducing and stably maintaining foreign DNA in mitochondria. Most mouse models have
therefore been generated by nuclear gene targeting (Table 15.1). However, it has recently been
shown that it is possible to introduce isolated mitochondria into mouse embryos (Table 15.1).
This strategy allows mtDNA mutations to be introduced into the germ line, provided that
mitochondria carrying the desired mutation can be isolated from cell lines or tissues. Gene 
targeting of mtDNA remains an important goal for the future.

Mice with ANT-1 gene deficiency develop mitochondrial 
myopathy and cardiomyopathy

The first mouse knockout that mimicked mitochondrial disease in humans was of the adenine
nucleotide translocator (ANT ) gene. The primary function of ANT is ATP/ADP exchange
between the mitochondrial matrix and the cytosol. ANT belongs to a large family of nuclear-
encoded inner mitochondrial membrane carriers, which contain six membrane-spanning
domains. In contrast to most proteins imported into mitochondria, ANT and other carrier pro-
teins do not contain a mitochondrial targeting peptide. ANT has also been proposed to make
up part of the mitochondrial permeability transition pore that has a role in apoptosis. There
are three human ANT isoforms, all of which have tissue specific patterns of expression. ANT1
is predominantly expressed in heart, skeletal muscle and brain. ANT2 is predominantly
expressed in kidney, spleen, liver, fibroblasts, and lymphocytes, whereas ANT3 is ubiquit-
ously expressed at low levels.

There are only two Ant genes in mice; Ant1 is expressed in heart, skeletal muscle and brain
and Ant2 is expressed in all tissues except skeletal muscle.1 Ant1-deficient mice were gener-
ated by deleting exons 1–3 of Ant1 (Ant1�/�) and as predicted this allele does not show any
Ant1 expression.2 Homozygous knockouts survived and were fertile at least until the age of 
8 months.2 Since Ant2 is expressed in all tissues except muscle, the homozygous Ant1(�/�)
mice were deficient of Ant in muscle and partially deficient in heart and brain.1 The knock-
outs displayed ragged red fibers (RRF) and increased mitochondrial volume in skeletal 
muscle, classical features of mitochondrial myopathy (MM) in humans. Enzyme histochem-
istry demonstrated an increased activity of both succinate dehydrogenase (SDH, Complex II)
and cytochrome c oxidase (COX, Complex IV) in skeletal muscle of the Ant1 knockout.
Patients with MM typically have RRF with increased SDH and reduced COX activity. The
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Table 15.1 Mouse models of mitochondrial disease

Mouse model/ Technique Biochemical findings and phenotype References
targeted gene

Ant�/� Germ line Heart: H2O2↑ Gpx↑, Aconitase�, HCM 1,2
knockout Muscle: CII↑, CIV↑, H2O2↑ Gpx↑, Sod2↑,

Aconitase�, Exercise intolerance, RRF, S-lactate↑
SOD2m1BCM/ Germ line Heart: Sod1↑, 10% DCM, Exercise intolerance 9
SOD2m1BCM knockout CNS: Degenerative injury, Motor abnormalities

Growth retardation, Anaemia
Sod2tm1Cje�/� Germ line Heart: CI↓, CII↓, CIII�, CIV�, Aconitase↓, CS↓, 8,10,11

knockout DCM
Muscle: CI�, CII↓, CIII�, CIV�, CNS: Aconitase↓,
Liver: HMG-CoA lyase↓, Steatosis
Organic aciduria, S-ketones↑

Sod2tm1Cje�/� Germ line Liver: CIII↓, Increased oxidative damage to 12
knockout mitochondrial proteins and mtDNA

Tfam�/� Conditional Embryo: CII�, CIV↓, mtDNA↓, Apoptosis↑ 25
knockout Absence of heart, Delayed neural

development, Embryonic lethal
Tfam�/� Conditional Heart: CI↓, CII�, CIII↓, CIV↓, CV↓, CS� 25

knockout All tissues: mtDNA↓
Phenotypically apparently normal

Ckmm-cre, Conditional Heart: CI↓, CII�, CIV↓, CS�, mtDNA↓, 26
Tfam� knockout Apoptosis↑, DCM with mosaic CIV deficiency,

AV heart conduction blocks
Muscle CI�, CII�, CIV�, mtDNA↓

Myhca-cre, Conditional Heart: CI↓, CII�, CIII↓, CIV↓, Aconitase� 28
Tfam� knockout DCM with mosaic CIV deficiency,

AV heart conduction blocks
RIP-cre, Conditional Pancreatic � cells: CII�, CIV↓, Diabetes 29
Tfam� knockout Mellitus, Impaired insulin stimulus-secretion

coupling, �-cell loss
CAPr (mt501-1) ES cell Germ line mice: DCM, myopathy 23

cybrids Chimeric mice develop bilateral cataracts
�mtDNA Cybrid Heart, muscle, and kidney: mosaic CIV deficiency 13

fusion to Renal failure, S-lactate↑
embryos

Frdadel4(�/�) Germ line Apoptosis↑, No iron deposits 38
knockout Embryonic lethal

MCK-cre, Conditional Heart. CI↓, CII↓, CIII↓, Aconitase↓, Iron 39
Frda� knockout accumulation, HCM, DCM
NSE-cre, Conditional Heart. CI↓, CII↓, CIII↓, Aconitase↓, 39
Frda� knockout No iron deposits, CM 

Brain: Aconitase↓, Movement disorder,
Defective proprioception

A/J mtDNA Natural tRNA arginine gene polymorphism 37
mtDNA modifies severity of hearing impairment in mice 
variations homozygous for the A/J allele at the Ahl locus

CI–V, activity of respiratory chain enzyme Complex I-V; CM, cardiomyopathy; CS, citrate synthase
activity; DCM, dilated cardiomyopathy; ES, embryonic stem cells; HCM, hypertrophic
cardiomyopathy; Gpx, glutathion peroxidase activity/expression; RRF, ragged red fibre; Sod1,
cytoplasmic superoxide dismutase activity/expression; Sod2, mitochondrial superoxide dismutase
activity/expression; � unchanged; ↓ reduced; ↑ increased.
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hearts of the homozygous knockout Ant1(�/�) mice developed a concentric hypertrophy by
the age of 4–6 months with an increased heart weight and an increased number of normally
appearing mitochondria. Respiration rates of mitochondria isolated from tissue homogenates
of skeletal muscle showed a reduction in ADP-stimulated respiration for Complexes I (NADH
dehydrogenase) and II of the respiratory chain.

The Ant1(�/�) mice have also been used to study the levels and toxicity of reactive oxygen
species (ROS).1 Skeletal muscle, brain and heart mitochondria from the Ant1 deficient mice
produced two- to eight-fold higher amounts of hydrogen peroxide (H2O2) than control mice,
while liver mitochondria from the same animals had normal ROS production. Increased levels
of the detoxifying enzymes mitochondrial superoxide dismutase (MnSOD or SOD2), and
gluthathione peroxidase-1 (Gpx1) were found in both heart and skeletal muscle. The activity
of aconitase was normal in heart and skeletal muscle indicating that the increased ROS levels
did not interfere with the activity of iron–sulphur cluster enzymes. Long-extension polymerase
chain reaction (LX-PCR) analyses revealed increased levels of mtDNA rearrangements in the
mutant hearts comparable to the levels found in very old mouse hearts. However, it should be
noted that LX-PCR analyses are prone to artefacts that make this method unreliable for quan-
tification of mtDNA rearrangements.3 That said, it is interesting to note that mutations in ANT1
is one cause of multiple deletions of mtDNA in humans (Chapter 9).

Mouse models with impaired ROS defence

The ROS are a normal byproducts of a number of cellular processes, most notably respira-
tion. Defence mechanisms to neutralize ROS include SOD of which there are three isoforms
with different locations. Cu/ZnSOD (SOD1) is located in the cytosol, extracellular SOD
(SOD3) is secreted and MnSOD (SOD2) is located in the mitochondrial matrix. Gain of 
function mutations in SOD1 have been identified in cases of familial amyotrophic lateral 
sclerosis4 and studies of animal models suggest that mutated SOD1 causes activation of 
caspase 1 and caspase 3 leading to neuronal cell death by apoptosis.5 Knockout of Sod1 or
Sod3 in mice did not generate any major phenotype.6,7

In contrast, Sod2 knockout mice displayed a dramatic phenotype. Two independent mouse
lines with Sod2 deficiency have been generated, Sod2tm1Cje(�/�)8 and SOD2m1BCM(�/�).9

The SOD2m1BCM mice were created by deleting exons 1 and 2 of Sod2. These knockout mice
exhibited a diminished growth rate from postnatal day 2 (P2) progressing until death at P18.
The mutants developed neurodegenerative changes with motor abnormalities, limb weakness,
early onset fatigue, and circling behaviour. In addition, the mutants had hypocellular bone
marrow resulting in anaemia, abnormal distribution of glycogen, and intracellular lipid 
vacuoles in hepatocytes. Approximately 10 per cent of the SOD2m1BCM(�/�) mutants 
developed dilated cardiomyopathy with widespread myocardial cell injury and abnormal
mitochondria. The Sod1 activity was increased by ~25 per cent in mutant heart tissue probably
reflecting a compensatory response to the Sod2 deficiency.

The Sod2tm1Cje(�/�) mice8 were obtained by deletion of exon 3 and these knockouts were
hypotonic, hypothermic, and paler at birth than their littermates. At P4–P5, the mutants
started to die off and all showed severe growth retardation with death before P15.8,10

The hearts were enlarged and showed signs of dilated cardiomyopathy (DCM) with dilated
left ventricles and reduced left ventricle wall thickness. Histology of the myocardium showed
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hypertrophic and degenerative changes as well as an increased number of apparently normal
mitochondria. Histochemistry showed that mutant heart and skeletal muscle had decreased
SDH activity and normal COX activity. In addition, the knockout mice displayed liver steatosis
and skeletal muscle lipid deposits suggesting abnormal fatty acid metabolism. There were no
neurological signs, the brain appeared normal upon microscopy and there was no evidence of
increased lipid peroxidation. SDH activity was reduced in skeletal muscle and heart mito-
chondria at P4–P6.11 There was also a deficiency of Complex I, citrate synthase, and aconit-
ase activities in knockout heart mitochondria, possibly caused by oxidative damage to these
enzymes. There was no evidence of increased mtDNA rearrangements in heart, brain, kidney,
skeletal muscle, or liver as determined by LX–PCR analyses.

The heterozygous Sod2tm1Cje(�/�) knockout mice did not exhibit an abnormal phenotype
up to age 9 months despite a 50 per cent reduction in Sod2 activity in heart, brain, liver, and
kidney.12 Analysis of liver mitochondria from the heterozygous knockouts aged 2–4 months
revealed increased oxidative damage to mitochondrial proteins as measured by the levels of
added carbonyl groups. There was no evidence of increased protein oxidation in the cytosol.
Further, Sod2tm1Cje(�/�) liver mitochondria demonstrated a 30 per cent increase of the oxid-
ative adduct 8-OH-guanine in mtDNA but not in nuclear DNA. The levels of Gpx and Cu/Zn
SOD were normal in liver mitochondria, which suggests that there was no compensatory
increase in these ROS scavengers. The mitochondrial aconitase activity in liver was reduced
~30 per cent whereas cytosolic aconitase activity was unchanged in the heterozygotes com-
pared with the wild type animals. Measurements of oxygen consumption in isolated liver
mitochondria indicated an impairment of Complex III activity.

The Sod2tm1Cje(�/�) mice were rescued from DCM, neonatal death, and lipid accumula-
tion in liver by treatment with the SOD mimetic, manganese 5, 10, 15, 20-tetrakis (4-benzoic
acid) porphyrin (MnTBAP) intraperitoneally from P3.10 The mean life span of MnTBAP
treated Sod2tm1Cje(�/�) mice was extended from ~P8 to ~P16. Interestingly, the MnTBAP-
treated mutants developed a progressive movement disorder characterized by limb ataxia
accompanied by head tremor. At P21, the mice were moribund, immobile, and exhibited
weight loss. Histology showed spongiform encephalopathy and neuronal vacuolization. The
brain phenoype is likely explained by the inability of MnTBAP to cross the blood–brain 
barrier; thus, the beneficial effects of the compound are not realized in brain.

In summary, Sod2-deficient mice show that mitochondrial SOD activity is necessary for
maintenance of respiratory chain function. The oxidative stress caused by lack of Sod2 is 
limited to mitochondria and is detrimental to the function of terminally differentiated tissues
with a high-energy demand, such as brain and heart. The differences in phenotype between the
two Sod2 knockout mouse strains may well be explained by differences in genetic background.

The hypothesized link between increased ROS production and rearrangements of mtDNA
is somewhat tenuous, given the pitfalls of LX-PCR. The Ant1 knockouts were suggestive of
such a link as these mice displayed increased hydrogen peroxide production and increased
mtDNA rearrangements. In contrast, LX-PCR of the Sod2 knockout tissues did not identify
increased levels of mtDNA rearrangements despite the fact that ROS levels are predicted to
be high in these mice. The Ant1 knockout might promote mtDNA rearrangement via altered
nucleotide balance, whereas the Sod2 knockout would not be expected to have this effect.
Alternatively, mtDNA rearrangements may have accumulated over 16–20 months in the Ant1-
deficient mice due to chronic exposure to high levels of ROS whereas the Sod2-deficient mice
may simply not have lived long enough to display this phenotype. It should be noted that 
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neither the Ant1 nor the Sod2 knockouts primarily affect respiratory chain function, but rather
ADP/ATP translocation and ROS defence, respectively. There is thus a need for further 
studies to establish or refute the proposed link between respiratory chain deficiency, ROS 
production, and mtDNA rearrangements.

Heteroplasmic mice

Two approaches applied recently have succeeded in the long-held goal of establishing 
mixtures of mutant and wild-type mtDNA (wt-DNA) in mice and shown that the mutant
mtDNA can be transmitted through the germ line.

Mice with mtDNA deletion

In a ground-breaking study, Hayashi and colleagues introduced exogenous mouse mitochon-
dria with partially deleted mtDNA (�-mtDNA) into mouse zygotes by electrofusion and
demonstrated that the �-mtDNA was transmitted through the germ line for three generations.13

This was achieved by isolating a naturally occurring �-mtDNA from enucleated somatic cells
or brain synaptosomes (synaptic nerve cell endings) obtained from aged mice and fusing these
with �0 mouse cells that lack mtDNA. One resulting cybrid clone contained 30 per cent 
�-mtDNA, which lacked a 4696-bp region encompassing six tRNA genes and seven structural
genes. The mtDNA mutant load of the clonal cell line increased to 83 per cent after many cell
divisions. Cybrids with high levels of �-mtDNA demonstrated decreased COX activity con-
firming that the �-mtDNA deletion was deleterious. In order to generate trans-mitochondrial
mice, the �-mtDNA was introduced into pronuclear stage embryos by electrofusion of 
enucleated cytoplasts, containing �-mtDNA, and mouse embryos. The chimeric embryos were
cultured for 1–2 days and subsequently introduced to the oviduct of pseudo-pregnant foster
mothers. A total of 111 pups were born and 98 of these survived to adulthood. Further char-
acterization identified 24 mice with between 6 and 42 per cent �-mtDNA in skeletal muscle.
Five F0 founder females with 6–13 per cent �-mtDNA were selected for further breeding and
germ line transmission of �-mtDNA to their progeny was accomplished. Transmission of 
�-mtDNA was confirmed by analysis of muscle biopsy specimens from three consecutive gen-
erations, (F1–F3). The variance in the proportion of �-mtDNA in progeny of mothers with a
low proportion of the mutant mtDNA was greater than the variance in progeny to mothers with
high levels of �-mtDNA. This could be explained by a replicative advantage to the �-mtDNA 
molecule over wt-mtDNA molecule. All pups had less than 90 per cent �-mtDNA suggesting
that very high levels of �-mtDNA are lethal to ova or embryos.

Surprisingly, a partially duplicated mtDNA molecule was identified in all generations
(F0–F3) despite being undetectable in the cell lines used to create the mice. The partially
duplicated mtDNA comprises a copy of partially deleted and a copy of wt-mtDNA. Analysis
of the proportion of partially duplicated mtDNA in tissues from F1 and F2 mice revealed 
0–17 per cent �-mtDNA in skeletal muscle, heart and blood whereas �-mtDNA was absent
in other tissues such as testis, kidney, and brain. It should be noted, however, that it is possi-
ble that low levels of the partially duplicated mtDNA molecule escaped detection since the
samples were analysed by Southern blotting. Therefore, it remains unclear if the �-mtDNA
molecule was transmitted through the germ line, or whether transmission occurred via par-
tially duplicated mtDNA molecules. After transmission the partially duplicated molecules
could have been resolved via intramolecular recombination to yield wt-mtDNA and 
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�-mtDNA molecules. Alternatively, the �-mtDNA molecule was transmitted intact and 
subsequently recombined with the wt-mtDNA generating a partially duplicated molecule. In
any event, partially duplicated mtDNA is known to co-exist with �-mtDNA in humans.

Histochemical studies in the �-mtDNA mice revealed that muscle fibres containing more
than 85 per cent rearranged mtDNA (�-mtDNA and partially duplicated mtDNA) were COX-
negative but these fibres did not have typical RRF appearance upon Gomori trichome stain-
ing. A mosaic pattern of COX-negative fibres was also found in the heart of mice with high
levels of rearranged mtDNA. Mice with high levels of mutant mtDNA died by P200 from 
kidney failure. Analysis of kidneys containing 85 per cent mutant mtDNA demonstrated
reduced COX activity (70 per cent reduction). The mice also presented with lactic acidosis
and anaemia, which are well-recognized features in paediatric patients.

Thus, the �-mtDNA deletion mouse model reproduces several important features of human
mitochondrial disorders such as mosaic distribution of COX-deficient muscle fibres in skeletal
and heart muscle and different mutational load in different tissues of the same individual.
Nevertheless, RRF that are often associated with COX-negative fibres in patients with
Kearns–Sayre syndrome were absent in the �-mtDNA mice. Further, the levels of rearranged
mtDNA were similar in most analysed mouse tissues, whereas the levels of �-mtDNA in
human mitochondrial disorders often vary considerably between tissues. In adult humans,
there are typically high levels of �-mtDNA in post-mitotic tissues such as heart, muscle, and
brain and low or undetectable levels in blood. The findings in �-mtDNA mice are most sim-
ilar to children with early onset multisystem mitochondrial disease who typically have a
widespread distribution of high levels of �-mtDNA.14

It is important to clarify further the interrelationship between �-mtDNA and partially
duplicated mtDNA, and the availability of mice with rearranged mtDNA should aid greatly this
process. Maternal transmission of partially duplicated mtDNA has been described in several
human pedigrees. In these pedigrees, the affected children suffered from multisystem disorders
and had widespread tissue distribution of high levels of rearranged mtDNA.15–17 There has
been only one case-report of maternal transmission of �-mtDNA18 and several reports of non-
transmission of �-mtDNA in humans.19,20 These observations in humans and mouse suggest
that partially duplicated mtDNA molecules may predispose to the formation of �-mtDNA dur-
ing early embryonic development. The �-mtDNA mouse will be a valuable tool for studying
the maintenance and dynamics of rearranged mtDNA molecules in the germ line.

Chloramphenicol-resistant mice

The drug chloramphenicol specifically inhibits mitochondrial translation yet chlorampheni-
col resistance (CAPr) can result from point mutations in the 16S rRNA gene of mtDNA.21

These mutations not only confer chloramphenicol resistance they also impair mitochondrial
ribosome function. The inhibition of mitochondrial protein synthesis causes a reduction of
Complex I and IV activities.22

Mitochondria can be introduced to embryonic stem (ES) cells by cybrid techniques, how-
ever, this requires the use of female ES cells in order to create trans-mitochondrial mice, since
mtDNA is exclusively maternally inherited. In contrast, manipulation of nuclear genes usu-
ally utilizes male ES cells. Recently, it was demonstrated that the CAPr mutation caused by a
T → C transition at nucleotide 2433 (T2433C) of the 16SrRNA gene could be transmitted
through the female germ line.23 The chimeric CAPr mice were generated in two steps. 
First, mouse cells carrying the T2433C mutation were enucleated and the cytoplasts were
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fused to female ES cells that had been deprived of their endogenous mitochondria by rho-
damine-6-G treatment. All chimeric mice with significant ES-cell contribution, as determined
by coat colour, developed bilateral cataracts. Electroretinograms demonstrated a reduction of
both rod and cone function. Morphology in 6-month-old chimeric males did not reveal any
signs of photoreceptor degeneration but there was vacuolization of the retinal pigment epithe-
lium and the optic nerve head contained a hamartomatous-like protuberance. The mice born
after germ line transmission displayed growth retardation, myopathy, cardiomyopathy (CM),
and embryonic or perinatal lethality. Skeletal and heart muscle mitochondria were abnormal
with inclusions. The neonatal lethality after germ line transmission of the CAPr mtDNA pre-
vents stable maintenance of the mutant mtDNA in the mouse.

Tfam knockout mice

The unsolved technical problems associated with transfection of mitochondria encouraged us
to use an alternate approach whereby mtDNA expression is manipulated by targeting of a
nuclear gene. Mitochondrial transcription factor A (Tfam) is a nucleus-encoded protein that
is imported to mitochondria where it acts as a transcription factor.24 It is not only necessary
for transcription, but also for mtDNA replication since an RNA primer is necessary for
replication initiation. We utilized the cre-loxP recombination system to disrupt Tfam since
this system would allow manipulation of respiratory chain function in selected mouse tissues.
The cre-loxP recombination technique involves two steps. First, we generated mice with loxP
sequences flanking exons 6 and 7 of the Tfam gene (TfamloxP). This was achieved by homo-
logous recombination in ES cells, creation of mouse chimeras and subsequent transmission
through the germ line.25 The second step encompasses excision of exons 6 and 7 of Tfam and
was accomplished by reciprocal DNA recombination between the two loxP sites when
TfamloxP mice were mated with transgenic mice expressing cre-recombinase. Insertion of loxP
sites into the Tfam locus does not impair the expression of Tfam protein, mtDNA expression,
or the respiratory chain function.26

We initially created germ line knockouts by mating heterozygous TfamloxP mice
(�/TfamloxP) with animals homozygous for a �-actin cre-transgene, which ubiquitously
expressed cre-recombinase in the preimplantation embryo.25 This mating generated het-
erozygous Tfam knockouts (�/Tfam�) which were viable and had no observable phenotype.
However, the �/Tfam� mice exhibited reduced mtDNA copy number (~30–40 per cent reduc-
tion) in all analysed tissues and reduced activities in the heart of respiratory chain complexes I,
III, IV, and V, all of which contain mtDNA-encoded subunits. Still, the levels of mitochon-
drial transcripts and mtDNA-encoded respiratory chain subunits were unchanged in most
other tissues despite the general reduction of mtDNA copy number. This may be due to a
compensatory increased stability of mitochondrial transcripts and proteins.14,27

An intercross of �/Tfam� mice produced no homozygous mutant pups and we could deter-
mine that loss of Tfam was embryonic lethal between embryonic day (E)8.5 and E10.5.
Analysis of homozygous knockout (Tfam�/Tfam�) embryos revealed absence of cardiac
structures, complete absence of Tfam protein and an absence of mtDNA. Thus Tfam is essen-
tial for mtDNA maintenance in vivo and loss of mtDNA is not compatible with normal
embryonic development.

In a series of studies, we have mated TfamloxP/ TfamloxP mice to transgenic mice carrying
the cre-recombinase gene regulated by different tissue specific promoters.26,28,29 In the first
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study, we generated a mouse model for mitochondrial dilated cardiomyopathy and atrio-
ventricular heart conduction blocks by heart-specific inactivation of the Tfam gene.26 To 
selectively disrupt Tfam in heart and skeletal muscle, TfamloxP/TfamloxP mice were mated with
muscle creatinine kinase (Ckmm)-cre transgenic mice; double heterozygous offspring were
mated with TfamloxP/TfamloxP mice thus generating heart and muscle specific Tfam knockout
animals (TfamloxP/TfamloxP, �/Ckmm-cre). The Ckmm promoter is active from E13. The
mutant animals exhibited decreased spontaneous activity and growth retardation or weight
loss from P10. Mean survival was 20 days and most knockouts were dead by the ages of 
3–4 weeks. At autopsy, at ages 2–4 weeks, the mutant hearts were enlarged with increased
weight and dilation of the left ventricular chamber, similar to human dilated cardiomyopathy.
Further analysis of 2–4-week-old mutants showed a highly tissue-specific pattern with knock-
out of Tfam and a corresponding reduction of Tfam protein levels in heart and skeletal muscle.
The levels of mtDNA and mitochondrial transcripts were reduced in heart (70–80 per cent
reduction) and in skeletal muscle (30–40 per cent). There was also a reduction of the mtDNA-
encoded respiratory chain subunit ATP8 protein and of respiratory chain function in mutant
hearts but not in muscle. None of these changes were observed in kidney or liver. Enzyme
histochemistry showed a mosaic pattern with several cardiomyocytes lacking COX activity
while maintaining normal SDH activity. Mutant hearts had an increased number of mito-
chondria with abnormal shape and size. Electrocardiography (ECG) of mutants revealed a
progressive atrioventricular (AV) heart conduction block, decreased peak aortic blood flow
velocity and all mutants died within 30 min of onset of isoflurane anaesthesia. Telemetry
showed intermittent periods of AV heart conduction blocks in wake mutant animals. Thus, the
heart- and muscle-specific Tfam knockout animals reproduce important physiological fea-
tures of human mtDNA disorders caused by deletions or point mutations of mitochondrial
tRNA genes. It is well established that the mutation load in patients, that is, the proportion of
mutated mtDNA to wt-mtDNA, can determine the severity of symptoms. For instance, a
threshold level of ~60 per cent deleted mtDNA is required to cause respiratory chain defi-
ciency30 which is consistent with the data observed in the Ckmm-cre mutant mice. Patients
with progressive external ophthalmoplegia and Kearns–Sayre syndrome caused by mtDNA
deletions have an uneven distribution of COX-deficient muscle fibres directly correlated to
the distribution of deleted mtDNA.31 An analogous mechanism may account for the histo-
chemical mosaicism observed in the mutant mouse hearts, such that uneven expression and/or
uneven action of the cre-recombinase gives rise to genomic mosaicism for the Tfam� allele.
Cardiac manifestations are frequent in mitochondrial disorders. Kearns–Sayre syndrome
patients often develop AV heart conduction blocks requiring prophylactic treatment 
with pacemaker. Similar to the cardiomyopathy mice, affected patients may develop dilated
mitochondrial cardiomyopathy leading to heart failure.32

In the second study, we mated the TfamloxP/TfamloxP mice to animals carrying the 
cre-recombinase transgene regulated by the �-myosin heavy chain (Myhca)-promoter active
from E8.28 Double heterozygous offspring were mated to TfamloxP/ TfamloxP to obtain heart-
specific Tfam knockouts with the TfamloxP/ TfamloxP, �/Myhca-cre genotype. This mating,
referred to as ‘standard mating’ generated reduced litter sizes with a lower than expected
number of mutant animals. Further analyses showed that 75 per cent of the mutant animals
died during the first week of life and that the remaining 25 per cent of the heart-specific Tfam
knockout mice survived for several months. Analysis of E18.5 knockouts showed that the 
cre-loxP recombination was restricted to heart, leading to a reduction of mtDNA (70 per cent
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reduction). The heart weights were not increased and there were no obvious malformations in
the mutant hearts at E18.5. Hearts obtained from adult knockout mice at ages 2–4 months
presented with markedly increased weights, significant enlargement of the heart accompanied
by dilation of ventricles and atria. There was also a reduction in Tfam protein levels and
mtDNA copy number (70 per cent reduction). Tissue homogenates of adult knockout hearts 
demonstrated a reduced activity of Complexes I, III, and IV whereas Complex II, aconitase and
isocitrate dehydrogenase displayed normal activities. The COX and SDH staining of mutant
hearts revealed an extensive mosaic deficiency of COX activity in cardiomyocytes. The ECG
recordings revealed AV heart conduction blocks in anaesthetized and wake mutant mice.

In order to investigate whether the long-living knockouts carried some genetic resistance to
developing dilated cardiomyopathy, the adult knockout animals were intercrossed. This 
mating, referred to as ‘mutant mating’, generated approximate Mendelian proportions of
knockouts. More than 95 per cent of the knockouts obtained from the mutant mating survived
for more than 3 months, suggesting that the life span of the knockouts was modified by some
genetic determinant, possibly a recessive gene. There were clear differences in the biochem-
ical, and histological profiles of standard and mutant mating knockouts at E18.5. The E18.5
standard mating knockout embryos had reduced Tfam protein levels, reduced ATP8 protein
levels, reduced mtDNA copy number (70 per cent reduction), reduced Complex IV activity,
and a profound mosaic COX deficiency in the heart. The E18.5 mutant mating knockouts dis-
played normal levels for most variables except for Tfam protein levels, which were reduced
in two out of four analysed hearts, and COX activity, which was deficient in cardiomyocytes.
In spite of these differences, there appeared to be an equal frequency of cre-loxP recombined
Tfam alleles in standard and mutant mating E18.5 hearts. Adult mutant mating knockout
hearts displayed markedly increased heart weights with dilation of ventricles and atria and a
mosaic pattern of COX-negative cardiomyocytes.

The results from the Tfam/Ckmm-cre and Tfam/Myhca-cre studies show that the age of
onset of respiratory chain dysfunction in mutant mice can be successfully manipulated by
temporal regulation of cre expression in the heart. The data also show that the long-living
mutants generated by the standard mating must carry some genetic determinant which pro-
tects their hearts from the consequences of the knockout since it is transmitted to their off-
spring. These genes may act to stabilize mtDNA, mitochondrial transcripts, or mitochondrial
proteins. In any event, further studies of other tissue-specific Tfam knockouts on several dif-
ferent genetic backgrounds will allow researchers to systematically search for genes that
modify the phenotype. Such genes may shed light on the pathogenic mechanisms of mito-
chondrial disorders in general and on mitochondrial biogenesis in particular.

In a third study, we disrupted the Tfam gene in pancreatic �-cells by mating the
TfamloxP/ TfamloxP mice with transgenic mice carrying the cre-recombinase gene regulated by
the rat insulin-2 promoter (RIP-cre).29 The offspring carrying the RIP-cre transgene were sub-
sequently mated to TfamloxP/ TfamloxP mice generating mutant mice with tissue specific
knockout of Tfam in pancreatic �-cells (TfamloxP/ TfamloxP, �/RIP-cre). Analysis of 7-week-
old mutant mice showed the presence of the Tfam� allele in brain and pancreas. Furthermore,
the knockouts had severe mtDNA depletion and severe COX deficiency in pancreatic islets.
The mitochondria of �-cells were more abundant and had an abnormal appearance with tubu-
lar cristae indicative of severe respiratory chain dysfunction. Histochemical analysis of islets
from 7-week-old mice demonstrated a normal distribution of endocrine cells, normal total
mean surface islet area and normal mean ratio of endocrine to exocrine pancreatic tissue. The
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mutant animals developed diabetes as reflected in increased non-fasting and fasting blood
glucose levels from the age of 5 weeks. The non-fasting blood insulin levels were reduced at
7–9 weeks, suggesting that the primary cause of diabetes in these young mice was deficient
insulin secretion caused by deficient �-cell function.

The hypothesis of impaired stimulus–secretion coupling in the knockout �-cells was fur-
ther investigated by physiological in vitro studies of isolated islets. The �-cell stimulus–secre-
tion coupling is initiated by glucose uptake and metabolism resulting in increased cytosolic
ATP/ADP ratios, closure of ATP-dependent K�-channels, depolarization of the plasma 
membrane, opening of voltage dependent L-type Ca2�-channels, increase in cytoplasmic free
Ca2� concentration [Ca2�]i and exocytosis of insulin-containing secretory granules. We found
decreased polarization of the mitochondrial membrane potential after glucose stimulation,
impaired [Ca2�]i signalling, reduced insulin secretion after glucose stimulation, and normal
total insulin content in knockout islets at the ages of 7–8 weeks. However, in 27–39-week-old
mutant mice the phenotype was quite different. The Tfam� allele could no longer be detected
in pancreas, the islets had normal COX activity, �-cell mitochondria appeared normal upon
electron microscopy and there was an aberrant distribution of endocrine cells with loss of 
�-cells and a relative increase of other islet cell types. These findings suggest that the mutant
�-cells were lost with time by an unknown mechanism.

It has been estimated that approximately 0.5–1 per cent of diabetes is caused by mutations
in mtDNA and these patients have a phenotype similar to that in the �-cell Tfam knockout
mice with decreased glucose-stimulated insulin secretion and reduced �-cell mass without
any evidence of inflammation or apoptosis.33 The mitochondrial diabetes mice thus provide
genetic evidence for a critical role of the respiratory chain in normal glucose-induced insulin
secretion and may prove useful for future investigations of the pathogenesis and treatment of
mitochondrial diabetes.

Mitochondria have a central role in programmed cell death, apoptosis, and may induce
apoptosis by releasing apoptosis inducing factors from the intermembrane space to the
cytosol. This initiates a cascade of events which activates caspase 3 and results in DNA frag-
mentation. We noticed cell loss in pancreatic islets in the mitochondrial diabetes mouse model
with �-cell-specific Tfam knockout, and cell loss has been reported in the brainstem and pan-
creatic islets in humans with respiratory chain dysfunction. In a recent report, it was demon-
strated that COX-negative muscle fibres from patients with high levels of single mtDNA
deletions or tRNA point mutations show signs compatible with apoptosis.34 We analysed
mouse embryos completely lacking Tfam and heart tissue with tissue-specific Tfam deple-
tion, in order to further investigate the relationship between respiratory chain deficiency and
apoptosis.35 There was a significant increase in TUNEL-positive cells in mouse hearts and
embryos with respiratory chain deficiency consistent with an active apoptotic process.
Apoptosis could be confirmed in Tfam knockout hearts by visualizing DNA fragmentation on
electrophoretic gels and by demonstrating the presence of activated caspase 3 and activated
caspase 7. We also found that Tfam knockout embryos, which lack mtDNA and respiratory
chain function, displayed no apoptosis at E8.5 and massive apoptosis at E9.5 followed by
resorption of the embryo at E10.5. Thus, both embryonic and terminally differentiated cells
with mtDNA depletion and respiratory chain deficiency are more apoptosis prone in vivo than
normal cells. We also found increased levels of Gpx and Sod2 transcripts and increased Gpx
enzyme activity in Tfam knockout hearts suggesting an increased ROS defence. However,
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we could not detect any reduction in the activity of the ROS sensitive iron–sulphur cluster
containing enzymes aconitase and SDH.

We also found increased transcript levels of the glycolytic enzyme glyceraldehyde-3-
phosphate dehydrogenase in Tfam knockout hearts suggesting that glycolytic ATP production
may be sufficient to maintain the ability to undergo apoptosis in respiratory-deficient cells.
The exact mechanism by which respiratory-chain-deficient cells undergo apoptosis is not
clear but it is likely that the reduced oxidative phosphorylation capacity affects the 
mitochondrial membrane potential, perhaps making the cells more likely to undergo mito-
chondrial membrane permeability transition whereby apoptosis-inducing factors are released
to the cytosol. However, it still remains open if cytochrome c-mediated apoptosis is the main
in vivo pathway in cells lacking mtDNA or whether other cytochrome c-independent 
pathways contribute to the process.

Interactions between the nuclear and mitochondrial genomes

Mutations of mtDNA can predispose to antibiotic-induced hearing loss in humans and nuclear
genes modify the mtDNA-determined phenotype.36 A systematic scheme of backcrosses in
mice with age-associated hearing impairment due to nuclear gene defects has demonstrated
that the extent of hearing loss can be modified by the mtDNA genotype.37 The three different
inbred mouse strains (A/J, NOD/LtJ and SKH2/J) with age related hearing loss were crossed
to (CAST/Ei) mice with normal hearing. The F1 hybrids from these crosses all had normal
hearing and they were systematically backcrossed to the different hearing-impaired strains.
Surprisingly, in one of the strains (A/J) the hearing impairment was worse if the trait had been
transmitted through the A/J mothers than if it had been transmitted through the CAST/Ei
mothers indicative of a maternally inherited component. This phenomenon was only seen in
mice homozygous for the A/J allele at the Ahl locus on chromosome 10 (D10Mit138 Ahl).
Sequence comparison of mtDNA in the three hearing-deficient mice strains demonstrated a
single nucleotide difference in the tRNA-arginine gene. The A/J mice contained mtDNA with
10 adenine repeats, whereas NOD/Ltj and SKH2/J carried nine adenines and the wild type
CAST/Ei strain carried eight adenines at this position. Further studies are necessary to
demonstrate direct interaction between the nuclear Ahl gene product and the mutated mito-
chondrial tRNA gene.
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16 Transmission, genetic counselling, and
prenatal diagnosis of mitochondrial 
DNA disease
Joanna Poulton, Vincent Macaulay, and
David R Marchington

Mitochondrial DNA is maternally inherited in humans. Thousands of copies of mitochondrial
DNA are present in every cell and in most normal individuals these are virtually identical.
Mitochondrial diseases may be caused by mutations in either mitochondrial or nuclear genes
and hence give rise to maternal or autosomal patterns of inheritance. Antenatal diagnosis of
mitochondrial diseases based on chorionic villus sampling (CVS) is available for Mendelian
disorders and the syndromes caused by a limited number of human mitochondrial DNA muta-
tions. However, prenatal diagnosis of many other maternally inherited mitochondrial diseases
is less reliable because it is currently not possible to predict accurately how the level of patho-
logical and normal mitochondrial DNA will change later in gestation or throughout life. This
review focuses on the substantial progress that has been made recently in understanding trans-
mission, genetic counselling, and prenatal diagnosis of mitochondrial diseases.

Modes of inheritance of mitochondrial diseases

Unlike nuclear DNA, where there are usually only two copies of each gene per cell, thousands
of copies of mitochondrial DNA (mtDNA) are present in every nucleated cell. Normal indi-
viduals are homoplasmic (i.e. virtually all copies of their mtDNA are identical). Heteroplasmy
(the presence of both normal and mutant mtDNA in a single individual, tissue, or cell) is com-
mon to many mtDNA diseases, so that the proportion of mutant mtDNA in any cell or tissue
may vary from 0 to 100 per cent. Change in the level of mtDNA variants over time is termed
segregation. Segregation of mtDNA mutants in the germ line is the thrust of this chapter.
Segregation of mtDNA mutants in somatic tissues and cell lines is discussed in Chapter 14.

The polypeptides encoded by mtDNA are all subunits of the oxidative phosphorylation 
system (OPS), a highly complex array of multimeric enzymes which produce ATP (see
Chapter 4). The majority of these are encoded in the nucleus, as are all the proteins involved
in mtDNA maintenance and expression, and other mitochondrial functions. Hence, there are
potentially a large number of diseases with a Mendelian pattern of inheritance.

Maternally inherited mtDNA diseases

Mitochondrial DNA mutants cause diverse phenotypes in different organisms due to impaired
respiratory chain function: the petit colony morphology with loss of aerobic respiration in yeast,
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cytoplasmic male sterility and non-chromosomal stripe in higher plants, and neurological or
multisystem disease in man. The latter include mtDNA rearrangements1 which cause sporadic
Kearns–Sayre syndrome, Pearson’s syndrome2 or maternally inherited diabetes and deafness;3

point mutations which cause mitochondrial encephalopathy with lactic acidosis and stroke-
like episodes (MELAS),4 myoclonic epilepsy with ragged red fibres (MERRF)5 and Leber’s
Hereditary Optic Neuropathy (LHON).6 Heteroplasmy (the presence of both normal and
mutant mtDNA in a single individual) is present in many such mtDNA diseases, so that the
proportion of mutant mtDNA in any cell or tissue may vary from 0 to 100 per cent. In some
tissues the level of mutant changes successively with time, for instance, falling in blood7 and
accumulating in non-dividing cells such as muscle.8 In most disorders, there appears to be a
threshold effect such that tissues function normally unless the proportion of mutant rises
above a particular level. Heteroplasmy may underlie some of the variability in penetrance and
severity of mtDNA disorders. Preferential accumulation of mutant mtDNAs in affected tis-
sues appears to explain their progressive nature.9,10 Such a mechanism cannot be the explana-
tion in LHON due to the G11778A6 mutation which is commonly homoplasmic. The MtDNA
haplotype analysis in this disorder demonstrates a high degree of homogeneity, consistent
with a small number of founder mutations. Hence mitochondrial genetic variation is less
likely to underlie the differences than other genetic or environmental factors (see the Section
on ‘Involvement of mtDNA in multifactorial disorders’).

The main part of this chapter will focus on mechanisms of transmission and genetic advice
to individuals with maternally inherited mtDNA disease.

Mendelian mitochondrial diseases

Over the past few years there have been a number of publications on the cloning of nuclear
genes for mitochondrial diseases. Mutations in genes encoding subunits of the respiratory
chain or involved in its assembly have been identified in children with severe diseases pres-
enting early in life (Table 16.1).11 Almost all of these are autosomal recessive and hence have
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Table 16.1 Summary of bottleneck estimations in humans using a single selection model

Study mtDNA Severity Proportion Median Estimated Reference
number mutant of of final bottleneck

mtDNA mutant proportion size
mutant mtDNA in of mutant (median)

mother mtDNA (%)

1 Polymorphism No 98% 2 1–2 31
effect

2 G8993T Mild Blood 99 1 32
50%*

3 A3243G Severe Blood 7% 8 29
Muscle
18%

4 mtDNA Very Ovary 19 9 30
deletions severe 22%

mtDNA Mild
duplications
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a 1 in 4 recurrence risk in siblings of affected individuals. Surf1 is numerically the most
important. Mutations in this gene underlie 75 per cent of cytochrome oxidase deficient Leighs
syndrome, that is about 10–20 per cent of all Leigh’s syndrome.12 In addition mutations 
have been identified in various subunits of Complex 1, in proteins involved in assembly13 or
transport of macromolecules into mitochondria.14

Mutations have also been identified in genes involved in mtDNA replication, repair or
maintenance in association with mtDNA depletion or multiple deletions.15 Four of these dis-
orders present in adult life with proximal external ophthalmoplegia, neurigenic weakness and
multiple mtDNA rearrangements. Mutations in thymidine phosphorylase (TP) underlie reces-
sive MNGIE (myoneurogastrointestinal encephalomyopathy) in which mtDNA depletion and
multiple mtDNA deletions co-exist. TP is a trifunctional protein involved in turnover of
nucleotides.16 Mutations in at least three different genes underlying dominantly inherited
proximal external ophthalmoplegia (AdPEO) have been identified in recent years: mitochon-
drial DNA polymerase (POLG), the mitochondrial adenine nucleotide transporter (ANT) and
a DNA helicase named Twinkle.

Mitochondrial DNA depletion is a heterogeneous group of disorders usually presenting in
infancy or childhood. The mtDNA in these patients was previously held to be qualitatively nor-
mal but quantitatively reduced in affected tissues. Much as patients with TP deficiency may
have mtDNA depletion in addition to mtDNA deletions, it is likely that there are low levels of
heteroplasmic mtDNA mutations.17 Most of the familial cases have been identified in a single
generation in sibships and are hence likely to be autosomally recessive. However, dominant
inheritance has been identified in one family. Mutations have been identified in deoxyguano-
sine kinase (DGUOK) in consanguinous Druze kindreds presenting with liver disease18 and in
mitochondrial thymidine kinase (TK2)19 in patients with a pure myopathic presentation. The
precise role of these proteins in the pathogenesis of the various disorders is unknown.

Involvement of mtDNA in multifactorial disorders

It is now clear that mitochondria are involved in some multifactorial and polygenic diseases.
In most of the cases that have been studied, a homoplasmic mtDNA mutant is maternally trans-
mitted and interacts with environmental or other genetic factors. Hence these are maternally
inherited disorders whose penetrance is variable. For instance, maternally inherited deafness
results from interaction of the 1555 mtDNA mutation with an environmental factor. Exposure
to aminoglycoside antibiotics increases the penetrance and lowers the age of onset of deafness
associated with this mutation. In another well-characterized example, nuclear and mitochondrial
genes interact to cause deafness associated with senescence in mice. In addition to linkage 
to a nuclear marker, Johnson et al.20 demonstrated a clear maternally inherited component, linked
to a specific mitochondrial haplotype with a candidate mtDNA mutation in an ERNA gene.

We have recently demonstrated an association between a common mtDNA variant in man
(henceforth the 16189 variant), and four multifactorial phenotypes: type 2 diabetes, thinness
at birth, dilated cardiomyopathy and penetrance in homozygotes for the haemochromatosis
C282Y allele. The increased risks are conferred by the 16189 variant arising on multiple dif-
ferent mtDNA haplotypes and in several different ethnic groups. This excludes a founder
effect and strongly suggests that the effect is caused by the 16189 variant per se. The T → C
transition at 16189 bp is almost always homoplasmic. It gives rise to a homopolymeric C tract
that frequently results in heteroplasmic length variation near to control sequences in the large
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non-coding region but as yet the effect on function is unknown. The data suggest that the risk
of diabetes conferred by this mitochondrial variant interacts with both genetic and environ-
mental factors. Because the majority of mitochondrial proteins are encoded by autosomal
genes such interactions are intuitively likely. They probably underlie the variability in pene-
trance in many mtDNA diseases where mutant load does not explain variable penetrance or
tissue specificity, of which LHON is a good example (see Chapter 8).

Inheritance of mtDNA

Maternal and paternal transmission of mtDNA

Like all extra-chromosomal DNA, including chloroplast and plastid DNA, mtDNA is gener-
ally maternally inherited. In humans the term mitochondrial inheritance is synonymous with
maternal inheritance. At fertilization, the sperm contributes about 500 mtDNAs, or 0.5 per
cent of the total DNA to the zygote. Studies of paternal transmission in intraspecific mouse
crosses, show that paternal mtDNA is lost very early in embryogenesis. Paternal mitochon-
dria labelled with vital dyes prior to in vitro fertilization (IVF) are degraded by the early pre-
nucleus stage apparently via ubiquitinylation. However, in mouse interspecific crosses,
paternal mtDNA is detectable right from single cell embryos through to neonates albeit at low
levels (�1 per cent).21 However, the paternal mtDNA is restricted to certain tissues and is not
transmitted to offspring, hence it does not enter the germ line. Transmission of paternal
mtDNA in mouse thus appears to be unlikely.22 In man the possibility of paternal transmis-
sion has become an issue because of advances in treatment of male infertility due to a defi-
ciency in numbers of sperm (oligospermia). It is now possible to generate viable human
embryos by microinjection of single sperm from oligospermic men into unfertilized human
ooctyes (so called ICSI for intracytoplasmic sperm injection). As the sperm tail mitochondria
may be specifically excluded from the embryo during natural fertilization, this procedure
might introduce more paternal mtDNA than normal. This is a real issue, because evidence is
accumulating that mitochondrial dysfunction may contribute to male infertility.23,24 The pro-
cedure may therefore increase the likelihood of injecting mtDNA carrying pathogenic
mutants. However, current studies suggest that no detectable paternal contribution results
from this procedure. There is however, a unique case report of a patient with mitochondrial
disease where a mutation arose on paternal mtDNA.25 No wild type paternal mtDNA was
detectable in any tissue, and the mutant paternal mtDNA was detectable only in muscle where
it comprised 90 per cent of mtDNA. It would thus appear that the mtDNA mutation conferred
an exceptional advantage to the mutant mtDNA, but only in the myogenic lineage. Hence, it
is likely that paternal transmission of mtDNA is rare. This can readily be inferred from the
apparent absence of mtDNA recombination in human lineages,26 although this is controver-
sial.26,27 From here onwards, we will ignore the potential paternal contribution because it is
clear that the vast majority of mtDNA is maternally inherited.

Presumed benefit of uniparental inheritance of mtDNA

All mitochondrial genomes encode only a small number of polypeptides. The nucleus encodes
the vast majority of respiratory chain subunits and all of the proteins needed for mitochondrial
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biogenesis. There are therefore potentially a large number of important interactions between
mitochondrial and nuclear genomes. The constraints of these requirements may explain the high
level of uniformity (homoplasmy) among mtDNAs within an individual, contrasting with the
great diversity of mtDNA between individuals. The mutation rate of mtDNA is substantially
higher than that of nuclear DNA. It is generally held that the vast majority of non-neutral muta-
tions are likely to be detrimental. An organism’s population of mtDNA will accumulate an
increasing number of deleterious mutations by a process known as Muller’s ratchet.28 This is an
irreversible ‘ratchet’ because once a detrimental point mutation has occurred, the chance of a
compensatory or back mutation is low. Hence, if transmission is random and unrestricted, the
offspring should become successively less fit. Therefore, any organism transmitting DNA 
uniparentally or by asexual reproduction needs a means of preventing the accumulation of detri-
mental mutants. Uniparental inheritance excludes accumulation of mtDNA mutations from one
parent. In addition, the genetic bottleneck (restriction in the number of founder mtDNA 
molecules) eliminates or reduces the variation between mtDNAs in the offspring. In humans 
and mice, this bottleneck apparently occurs during oocyte development (see Section on ‘The
mitochondrial bottleneck’ below).

Furthermore, the importance of homoplasmy is implied by (i) the instability of mtDNA het-
eroplasmy in unicellular organisms and (ii) the existence of a genetic bottleneck in multicel-
lular organisms as diverse as maize and man.

The mitochondrial bottleneck

There are examples where all the copies of mtDNA in a mother differ from those of her off-
spring by a single nucleotide. Hence, complete switching of mtDNA type has occurred in a
single generation. Because oocytes contain approximately 100,000 mtDNAs and yet the
mutation probably only occurs once, there must be a restriction in mtDNA numbers followed
by amplification, whereby the mutant mtDNA becomes the mitochondrial founder for the
child. We refer to this as a genetic ‘bottleneck’. After birth, there may also be segregation of
mtDNAs so that affected individuals have different levels of mutant mtDNA in different tis-
sues, different cells within a tissue and perhaps even different mitochondria. In practice, how-
ever, the mean level of mutant in the offspring and oocytes is typically close to that of the
mother.29,30 While this is probably the truest for the level in the mother’s ovaries, it will also
be reflected by her other tissues (see the Section on ‘Is there selection of mtDNAs in the germ
line?’, for the limitations in the case of A3243G mutation).

The mitochondrial bottleneck in human oocytes and pre-implantation embryos
We investigated the bottleneck in normal oocytes from couples in our IVF clinic referred for
male infertility. We used naturally occurring length variation in the large non-coding region
of mtDNA. This region of mtDNA deviates from the rule that homoplasmy is the norm, as
some individuals are heteroplasmic for different length variants. We showed that there is lit-
tle or no difference in the frequency distribution of length variants between several different
tissues from any normal individual. We studied a heteroplasmic length variant in oocytes from
controls and from a patient with a pathogenic mtDNA mutation and showed that segregation
of founder mtDNA molecules has probably occurred by the time the oocytes are mature.31 A
similar result was obtained from oocytes of a woman with the A3243G mutation.29 We
demonstrated that no such segregation occurred in multiple samples of placenta (unpub-
lished). Further studies are essential as the apparent bottleneck size may depend on the
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mtDNA mutation. For instance, segregation was very marked in a family carrying the mtDNA
mutation at position T8993G32 compared with a patient with the mtDNA rearrangement.30

Hence the confidence limits for recurrence risks are extremely wide in the former.
If mutant mtDNA remains uniformly distributed among individual cells of the embryo it

should be possible to assess the level of mutant mtDNA prenatally, by CVS or pre-implantation
embryos. In a recent study, blastomeres in pre-implantation embryos derived from a woman
with the A3243G mutation were analysed (RP Jansen et al., personal communication), every
blastomere contained very similar levels of mutant mtDNA.

Few carrier/affected foetuses have been analysed for load of mutant mtDNA in different
tissues. However, the limited existing data from studies on human foetuses or neonates with
pathogenic mtDNA mutations also suggest that the proportion of mutant mtDNA in different
tissues is more uniform than in adults. Hence, mtDNA do not appear to segregate much 
during embryogenesis.33–35

Animal models of the bottleneck 1: polymorphic variants
Four groups have recently constructed heteroplasmic mouse models of mtDNA segregation
by introducing donor cytoplasm into a fertilized recipient mouse egg.36–39 Analysis of devel-
oping female germ cells demonstrated that the major component of the bottleneck occurs
between the primordial germ cell and primary oocyte stage. As in humans, these data imply
that the major component of the bottleneck has occured by the time oocytes are mature.

Blastomeres from pre-implantation embryos derived from heteroplasmic oocytes in mouse
contained very similar levels of mutant mtDNA.37,40

In two of the animal models of heteroplasmic mtDNA segregation the proportion of each
mtDNA variant was uniform in all tissues of the foetus’s analysed. Taken together, these stud-
ies suggest that a major bottleneck occurs during oogenesis and that mtDNA segregates little
during embryogenesis.

However, in two of these experiments there was tissue-specific, directional selection for
different mtDNA genotypes in the same animal after birth.39,41 While this type of segregation
occurs in human diseases, these animal studies used non-pathogenic mtDNA: no clear defect
of mitochondrial function was detectable.42 Furthermore, when liver cells were harvested
from liver that was nearly homoplasmic for one of the mtDNA types were cultured, selection
went in the opposite direction. This suggests that there are tissue-specific factors conferring
an advantage to one type of mtDNA in vivo that are different in cell culture. In summary, lit-
tle segregation has been observed before birth in mice. If confirmed in humans this will sim-
plify prenatal diagnosis. The factors governing segregation in somatic cells are discussed in
more detail in Chapter 14.

Animal models of the bottleneck 2: detrimental variants
There are now mouse models of two different groups of deleterious mtDNA mutations but in
neither has there been extensive analysis of mtDNA segregation or constellations of pheno-
types that are classical for mtDNA disease. Mitochondria harbouring a mtDNA mutation in a
ribosomal gene which confers chloramphenicol resistance (CAPr) and a respiratory defect in
cultured cells were introduced into mouse embryonic stem (ES) cells and used to create
chimeric mice. CAPr mtDNA was detectable in all of 10 types of tissue in 7 chimeric mice, but
not in all tissues in all of the mice that we analysed. This demonstrated that transmitochondrial
ES cells are still pluripotent and suggested that this method can be used to generate mice that
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are chimeric and potentially transgenic for mtDNA mutants.43 Other investigators obtained
germ line transmission using a different CAPr mutation but found that the phenotype was
severe and resulted in foetal death.44 Survivors had myopathy and dilated cardiomyopathy and
the oldest pup died at 11 days.

Another group succeeded in generating mice with rearranged mtDNA45 (see Chapter 15).
Unlike human phenotypes where mtDNA deletions are usually sporadic, transmission of this
rearranged mtDNA followed a maternal inheritance pattern. There was histological but not
clinical evidence of muscle involvement and the main cause of death was renal failure, a rare
occurrence in human mtDNA diseases. Therefore these studies are not exact parallels of
human mtDNA disease. Hayashi and colleagues also used their model to assert that comple-
mentation occurs between donor and recipient mtDNAs arguing that similar cytochrome
oxidase activity in all mitochondria within a cell implies that each mitochondrion contains a
similar proportion of wt-DNA and mutant mtDNA. This in turn suggests that there must be
complete mixing of donor and recipient mtDNAs. While this may well turn out to be correct,
the published data set is incomplete as the origin of wt-mtDNA (whether donor or recipient)
was not determined, nor the precise types of rearrangement present. The presence of duplic-
ated mtDNA may influence the segregation of rearranged mtDNAs, particularly if higher
forms such as triplications are present. Such factors are very likely to influence apparent bot-
tleneck sizes in the case of mtDNA rearrangements.46

Bottleneck size
Two types of mathematical model have been used to describe the mitochondrial bottleneck,
differing in whether they consider a single or multiple selections (see Box 16.1). The most
widely used assumes that the bottleneck occurs as a result of mtDNA segregation over 30
identical cell divisions, during which the mtDNA content of the cell partitions stochastically.
The model is a poor fit in biological terms because reality does not fit these assumptions: the
mtDNA content of the oocyte varies fifty to hundred-fold, indeed there appears to be no
mtDNA synthesis early in embryogenesis, from zygote to blastocyst. Furthermore, there may
be selection of mtDNAs based on phenotypic or selfish mechanisms. There appears to be a
high degree of cytoplasmic organization in the late stages of oogenesis precluding total
mtDNA mixing and stochastic partitioning. Furthermore polarity of the embryo is evident
even in the zygote, suggesting that mitochondria are unlikely to segregate as single inde-
pendent units even early in embryogenesis. Hence, the packaging of mtDNAs into daughter
cells may reflect their location within the zygote at the time of fertilization. If the cytoplasmic
organization of the oocyte is maintained during the first cell divisions, the segregation of a
heteroplasmic mtDNA population would depend mostly on the mtDNAs that were founders
for each cytoplasmic region. After the last mitotic division of oogenesis, oocytes undergo a
massive increase in size (~twenty-fold) during which there is presumably multiclonal prolif-
eration of mtDNAs.47 In this case, a single selection model may be the more physiological.
The best description of mtDNA segregation during oogenesis may ultimately be an iterative
process drawing upon both single and multiple selection models.

In practice, both single and multiple selection models generate frequency distributions for
heteroplasmic oocytes/offspring of a similar shape, even though the bottleneck size (or num-
ber of segregating unites, n) is radically different. The advantage of the single selection model
is that it can be used to model recurrence risks ‘on the back of an envelope’ in the clinic for
counselling patients.
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Box 16.1

The inheritance of mtDNA lends itself to population genetic modelling in miniature. The same
mathematical machinery that has been developed to describe the sampling of genes from genera-
tion to generation in a population can be invoked to treat the sampling of mtDNA genomes during
oogenesis. This sampling process—the cause of the fluctuation of allele frequencies in populations
(‘genetic drift’)—leads to changes in the proportions of heteroplasmy between a mother and her
children. The Wright–Fisher model presents an idealization of the situation. Suppose a mother is
heteroplasmic at some position in her mtDNA with a level of mutant equal to p0. In the course of
development of the germ line, the level of mutant can fluctuate just because of the stochastic nature
of the sampling process. The intensity of fluctuation depends on the number of molecules that are
sampled at each stage: small numbers lead to large fluctuations, larger numbers to less.

After one round of sampling, where N molecules are taken, the number of mutant molecules is
described by a binomial distribution. After g rounds of sampling, the distribution does not take a
simple mathematical form. However, some of its properties can be obtained easily. In particular, the
expected value does not change from the starting value p0, and the variance satisfies:

V � p0(1 � p0)(1 �(1 � N�1)g)

To a good approximation, this variance only depends on g/N. That is, a tight bottleneck (N small)
for a few rounds of sampling (g small) is equivalent to a mild bottleneck (N large) for many rounds
(g large), at least as far as the variance is concerned.

This result has been used as a way to estimate N, by the method of moments.48 That is, by assum-
ing a group of siblings represent separate realizations of the sampling process, the variance can be
estimated from data and the above expression inverted to obtain N (to assign g, each sampling event
is assumed to correspond to a cell division in the germ line).

Since we do not really know much about the number of molecules being sampled throughout the
process of oogenesis, Bendall et al.49 took the view that you might as well take g � 1. They used
a Bayesian approach to infer N in this case, within pedigrees. Even if the model is not an accurate
representation of the biological processes, you can think of this number as the effective size of the
bottleneck. More explicit models of oogenesis are clearly needed. Chinnery and Samuels50 have
made a start.

The above describes the picture when all mtDNAs are considered equal. The role that selection
might play in the segregation process is still unclear, and more theoretical work is needed.

Is there selection of mtDNAs in the germ line?

Given the appealing view that the mtDNA bottleneck improves the biological fitness of 
offspring, one might assume that there would be a high rate of foetal attrition for germ cells
or embryos with a high level of a detrimental mtDNA mutant. This can be investigated by
looking at (i) the fertility of women carrying mtDNA mutants, which might be reduced 
and the difference in the mean percentage mutant mtDNA in (ii) mother and offspring or 
(iii) ovary and oocytes.

Two parameters must be considered before embarking upon this discussion, bottleneck size
and stability of the mean level of mutant mtDNA. Firstly, if mtDNAs segregate stochastically,
the progeny of cells that are heteroplasmic for two neutral mtDNA polymorphisms should
tend to segregate to 100 per cent one type or the other after enough cell divisions. Hence,
other factors such as phenotypic selection must be operating in cell cultures where this does
not occur. For example, in cells containing mtDNA mutants that confer a severe phenotype,
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100 per cent mutant mtDNA may never be reached. Secondly, segregation to 100 per cent
(mutant or wild-type) will be slow where number of segregating units is large (for instance,
in a cell with many thousands of mtDNAs where the number of mtDNAs per mitochondrion
is 1 and mitochondria segregate independently). Hence, bottleneck sizes can appear to be
large either because the number of segregating units is genuinely large, or because selective
pressures are operating. Conversely, small bottleneck sizes may indicate that the number 
of segregating units is small, perhaps because of a mtDNA segregation defect, or because of
stochastic mtDNA segregation.

Secondly, the mean level of mutant mtDNA in a population may alter either because of
selection, or drift due to a small number of segregating units. A consistent tendency for the
mean to shift in a specific direction suggests selection rather than drift, but stability does not
indicate the absence of selection. Indeed we suggest that opposing selection pressures are the
norm in cultures of cells with severe mtDNA phenotypes.

In Drosophila, it is clear that impaired mitochondrial function may reduce both male and
female fertility. The fertility of women carrying the A3243G mutant appears no different from
controls,51 so if foetal attrition occurs then its effect on the whole population is small.
Chinnery and colleagues collated published data on the difference in level of mutant mtDNA
in blood from mothers and their offspring in some of the commonest maternally transmitted
mtDNA diseases.52 Unfortunately the interpretation of such data is hampered by several prob-
lems. Firstly, the data are subject to reporting bias, even if the proband is omitted from the
analysis. Secondly, longitudinal studies suggest that the level of mutant mtDNA in blood may
decline with time in the two commonest severe mutations, namely mtDNA deletions53 and
A3243G.7 It is likely that such a decline occurs for all heteroplasmic mutations in which the
level of mutant mtDNA in blood is lower than muscle.54 For A3243G, the rate of decline is
proportional to the initial load of mutant mtDNA.7 Hence the initial maternal load will be
underestimated by more than that of the offspring, particularly in mothers with a high level
of mutant mtDNA in muscle. Hence neither the mean nor the distribution of the difference in
level of mutant mtDNA between mothers and offspring can be used to make inferences about
this process, as Chinnery et al. attempted to do. The only studies that are truly informative
about this process are those on animals and on human oocytes. There are only four relevant
studies on humans, summarized in Table 16.1. The mean level of mutant mtDNA was lower
in oocytes than in ovary (study 4) or in muscle (which is likely to be closer to the level in
ovary than the level in blood study 3). Both involved severe mtDNA mutations that undergo
selection in cell culture (see Chapter 14) so it is likely that selection against these mutants
occurred. This is consistent with the tabulated estimates of bottleneck size, which should be
magnified by such processes. In contrast, the bottleneck size for a neutral polymorphism and
the phenotypically mild T8993C mutation are small, suggesting that little if any selection
occurs in these cases. This may be reflected by large swings in per cent mutant either up or
down (studies 1 and 2). In the published mouse studies, the proportion of mtDNA types in
ovary was not recorded. In a subsequent study it is clear that the proportion of the BALB
mtDNA always increased in spleen (surrogate for level in blood as this comprises mainly 
lymphocytes) and, by analogy with pathogenic mutations in humans, is likely to be the ‘fittest’
of the 2 genotypes in these mice, although this must be subtle as it was not measurable.42 The
overall trend is that the level of BALB for the mother (not specifically in ovary) is lower 
than the level for the offspring or developing oocytes, consistent with selection against the
disadvantageous type.
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In conclusion, we have suggested that selection against detrimental mtDNA mutants operates
during oocyte maturation, as this is the simplest explanation of the data on the human and mouse
germ line. In severe pathogenic mutants this results in a trend towards a lower proportion of
mutant mtDNA in the offspring/oocytes and a larger apparent bottleneck. In milder/polymorphic
mtDNA variants the apparent bottleneck size is smaller and consequently swings between gen-
erations can be much larger. This contrasts with the assumptions made by previous investigators
who are not able to explain the apparent differences in bottleneck sizes.32,29,52

Genetic management of mitochondrial disease

Estimating recurrence risks

Diseases in which the molecular basis is known
Autosomal. Current data suggests that the recurrence risks for autosomal recessive 
disorders, such as MNGIE and recessively inherited mtDNA depletion are likely to be up to
25 per cent . However, as both these disorders have autosomal dominant phenocopies, molecular
confirmation is important.

MtDNA rearrangements. The recurrence risk for pure mtDNA deletions is likely to be very
low (�1–5 per cent). If mtDNA duplications are present the recurrence risk is higher. We
therefore suggest that excluding mtDNA duplications is an important component to genetic
counselling.

8993. Recurrence risks for the 8993 mutation depend on the base change, the T8993G 
being more severe than T8993A. The situation has been ably summarized by White et al.,55

see Figs 16.1 and 16.2. The confidence intervals are very wide.

3243. Recurrence risks in families carrying the A3243G mutation are particularly difficult,
because the level of mutant mtDNA in different tissues is more variable than for mutations at
8993 bp. In particular, the level of mutant mtDNA falls with time in blood. This makes it 
difficult to assess the mother’s mutant load. Published data52 is likely to have reporting 
bias. We therefore favour a policy of honesty about the uncertainties. In patients with 
levels of �30 per cent A4354G mutant mtDNA in muscle and/or �10 per cent in blood the
recurrence risk is low (maybe 15–25 per cent). In patients with symptoms (other than just 
diabetes and/or deafness) and/or a mutant load �50 per cent in muscle We advise a high
recurrence risk �60 per cent.

8344. Chinnery et al.52 have collated useful information about levels of mutant which are
around 80, 20, and 15 per cent for women with levels of 80–100, 60–80, and 40–60 per cent
mutant, respectively (Fig. 16.3). Offspring of women with lower levels of mutant are at 
low risk.

LHON. There is little reliable data on recurrence risks for individual LHON mutations. Most
authors state the recurrence risks for the 11778 mutation and state that the levels for 3460 
and 14484 are similar. In fact, the relative risk to women is higher in 3460 families as the sex
ratio is less skewed to males.56 The most comprehensive report by Harding probably overestim-
ates risks as ascertainment is less complete than in the Australian studies. Risks to female and
male offspring of affected mothers are higher than to unaffected (50, 77, 9, and 50 per cent,
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respectively from the UK data or 30, 50, 15, and 25 per cent for the Australian ones).
Furthermore, the risk decreases with age (Fig. 16.4), so that males who have reached aged 20
without problems have halved their lifetime risk. For females, this occurs at aged 27 years.57

Diseases in which there is a respiratory chain defect but 
the precise molecular basis is unknown
Genetic counselling of this group is extremely difficult as they embrace such a wide group of
disorders. In the largest study of Leigh’s disease recurrence risks were between 1 in 8 and 1
in 4. If, however, a mother carries a (n unrecognized) mtDNA mutation then the recurrence
risk can be much higher, for instance we advise �60 per cent in patients with MELAS.
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Prenatal diagnosis

Prenatal diagnosis in autosomal mitochondrial diseases in which 
the molecular basis is known
Prenatal diagnosis is now available in families where a nuclear mutation has been identified,
particularly in the case of severe recessive disorders. As with many other Mendelian disorders
when the mutation can be identified, CVS and termination of affected foetuses can be offered.
This is now routine in families with Leigh’s disease caused by mutations in the SURF1
gene.58,59 Other recessive disorders in which the causal mutation has been identified are 
collectively rare, and prenatal diagnosis has only been carried out in a handful of cases.59,60

Prenatal diagnosis is also theoretically available in dominantly inherited AdPEO. However,
as the severity of the phenotype is variable, it is not yet clear whether families will choose this
option.

Prenatal diagnosis in diseases in which there is a respiratory chain defect but 
the precise molecular basis is unknown
Prenatal diagnosis based on respiratory chain function in amniocytes is possible in families
with autosomal inheritance where the defect is present in all tissues. The main disorder where
this has been feasible is systemic cytochrome c oxidase deficiency, which is sufficiently dis-
tinctive when clinical and biochemical features are combined. In practice this approach has
largely been replaced by DNA-based diagnosis. Tissue-specific cytochrome oxidase defi-
ciency could be caused by a heteroplasmic mtDNA mutation and may not cause a detectable
respiratory chain defect in cultured CVS even from an affected foetus. Similarly, deficiencies
in other complexes appear to be more heterogeneous and hence uncertainties have precluded
attempts to use this method widely.

Management options and prenatal diagnosis of mtDNA disease
Precise recommendations regarding prenatal diagnosis for maternally inherited mtDNA dis-
eases have been formulated at a recent European Neuromuscular Centre (ENMC) workshop.61

These recommendations depend on the particular mutation and hence the recommendation of
the workshop was that specialist advice be sought in counselling these patients.

Currently the options open to women with mtDNA disease are

1. Oocyte donation. In practice, there is a limited supply of donors, and maternal relatives
such as sisters are high risk.

2. Pre-implantation diagnosis. Current data suggest that the varied tissue distribution of
mtDNA mutants which is found postnatally has not developed in the pre-implantation
embryo in which heteroplasmic mtDNA is uniformly distributed between blastomers.37,40

3. Chorionic villus sampling. Little is known regarding the tissue distribution of mtDNA
mutants in the developing foetus. Such evidence as exists suggests that the mutant load in
extra-embryonic tissues probably reflects that of the foetus.55,62

4. There may be many asymptomatic maternal relatives who feel unable to risk having chil-
dren because of these uncertainties. Estimations of recurrence risks based on blood levels
of mutant mtDNA are reasonable in some types of mutation but may be inaccurate for 
others.63 We are using oocyte sampling to estimate recurrence risks more accurately. This
has been particularly useful in families with a single affected child where the absence of
mutant mtDNA in the mother’s blood may be falsely reassuring. While the level of mutant
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mtDNA in oocytes sampled following superovulation may give the best estimate for the
likely levels in the child, it is not certain that they are truly representative of those which
might develop into live babies. We have used this approach particularly in ‘private mutations’
where there are minimal historical data on which to base estimates of recurrence risks.

Requirements for mtDNA prenatal diagnosis
A major problem for genetic counselling is that the correlation between phenotypic severity
and level of mutant is poor in many mtDNA diseases. Prenatal diagnosis would be easy if and
only if there were (i) a close correlation between load of mutant mtDNA and disease sever-
ity, (ii) uniform distribution of mutant in all tissues, and (iii) no change in mutant load with
time. These are fulfilled in a families with mutations at 8993 bp but not in the majority of
mtDNA disorders.54,55,63,64

Recurrence risks for a severe phenotype based on maternal level of mutant have been estim-
ated in a handful of disorders, most accurately for mutations at 8993 bp.55 Predictions are 
limited by the accuracy with which the level of mutant mtDNA in oocytes can be predicted
from the tissues available for analysis. In the case of mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELAS) due to mutations at 3243 bp, blood levels
of mutant mtDNA may be very misleading. We suggest that there are situations where pre-
conceptual genetic counselling based on oocyte sampling could be useful. It is probable that
this should be restricted to women where prenatal diagnosis can subsequently be carried out.

Pre-implantation diagnosis has some theoretical advantages but is not widely available in
many centres for example, the UK. As with all IVF procedures, the rate of achieving preg-
nancy is substantially lower than natural conception. It is therefore most applicable to women
with a very high recurrence risk.

CVS has been successfully carried out in several women carrying the NARP mutation. 
In all cases the mutant load was either high or low, enabling accurate predictions. However,
caution is needed for other mtDNA disorders in which the correlation between severity and
mutant load is less precise. As with all of the options, there is a risk that CVS may be unhelp-
ful where the mutant load has an intermediate level.

We anticipate that our understanding of the transmission genetics and segregation of
mtDNA mutants will be revolutionized by new findings based on the animal models of mtDNA
disease currently being developed and that prenatal diagnosis will become routine thereafter.

Precise recommendations for some common mtDNA disorders
MtDNA rearrangements. For women with KSS due to mtDNA rearrangements, particularly
those in whom rearrangements are detectable in blood (�5 per cent), we recommend CVS
and Southern blotting (PCR analysis may be misleading). For women with chronic progres-
sive external ophthalmoplegia (CPEO) and healthy women (in whom no deleted mtDNA is
detectable in blood) with a single child with mtDNA rearrangements, the risk of another
affected child is probably very low: CVS analysis is an option.

The NARP or Leigh’s syndrome—T8993G and T8993C. There is a relationship between
mutant load in the mother and the risk of an affected offspring. Both mutations fulfil the 
criteria above for prenatal diagnosis and therefore CVS is likely to be informative. For symp-
tomatic women and those with levels of mutant above 50 per cent, oocyte donation or 
pre-implantation genetic diagnosis should be seriously considered.
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The MERRF A8344G. There is a relationship between mtDNA mutant load in the mother
and the risk of an affected offspring. Severe disease is rare in offspring of mothers with a load
of �40 per cent mutant mtDNA in blood. CVS should be offered to mothers with levels of
�40 per cent. Oocyte donation or pre-implantation genetic diagnosis should also be consid-
ered in mothers with high mutant load.

MELAS A3243G. This is the most common and most problematic heteroplasmic mtDNA
disorder because severity is not clearly related to mutant load.

1555, 11778, 3460, and 14484 mutations. As there is currently no way of predicting the
clinical phenotype of patients with these mutations, prenatal diagnosis is not appropriate.

Private point mutations. In this group of patients there is no good data available from which
risk can be calculated. Sampling of several tissues in the mother, including oocyte sampling,
may help.
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17 Gene therapy for mitochondrial 
DNA disorders
B Bigger, RW Taylor, DM Turnbull, and RN Lightowlers

Mutations of the mitochondrial genome (mtDNA) cause a variety of progressive clinical 
disorders for which there is no effective treatment. Consequently, novel therapeutic
approaches are being considered. Mitochondrial genetics is complex, with single cells con-
taining many hundreds or thousands of mtDNA molecules and in the disease state there are
often populations of mutated and wild type mtDNA coexisting in the same cell or tissue. As
the defective genome is expressed within the mitochondrial matrix surrounded by two mem-
branes, any therapeutic molecule must reach this compartment. Concepts for treatment
include transfection and expression of wild type mitochondrial genes from the nucleus 
(allotopic expression) and reducing the load of mutated mtDNAs in heteroplasmic cells by 
a variety of means. Although there has been some success in manipulating levels of 
heteroplasmy by cell replacement or concentric exercise techniques, no one method will be
effective for treating all patients with mtDNA disease.

Introduction

In the past few years, there have been numerous reports of nuclear gene defects that cause
mitochondrial disease (see Chapters 9 and 10). Whilst this group of disorders is highly sig-
nificant, strategies for potential gene therapy are similar to those proposed for other nuclear
gene defects and will not be reviewed in this chapter. The aim here is to focus on disease due
to primary mutations of the mitochondrial genome and how the genetic aspect of these dis-
orders presents unique difficulties for gene based therapy. Although several chapters in this
book deal admirably with mtDNA genetics, it is important to revisit some of the peculiarities
of mitochondrial genetics and their relevance to disease.

Disorders of the mitochondrial genome

As has already been discussed, there is great interest in mtDNA disease and the possible
involvement of mitochondrial dysfunction in common neurodegenerative disorders and the
ageing process (see Chapters 12 and 13). Mutations of the mitochondrial genome (point
mutations or rearrangements) lead to the production of aberrant mitochondrial translation
products, incorrect processing and maturation of mitochondrial transcripts, or general defects
in intramitochondrial protein synthesis. As all mitochondrially encoded polypeptides 
are required for efficient oxidative phosphorylation, such defects manifest as deficiencies in
cellular respiration.
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Despite the fact that the first patient with symptoms resulting from defects in the 
mitochondrial genome was only identified in 19881,2 the involvement of mtDNA mutations
in disease has rapidly been recognized as considerable. Given its size, mutations in the 
mitochondrial genome are responsible for a disproportionately large amount of mitochondrial
disease, for which over 100 pathogenic mutations and rearrangements have been identified.3

In the North East of England, the incidence of mtDNA disease is 1 : 17,000 and 1 in 8000
individuals carry a potentially pathological mutation.4 This is particularly striking when 
compared to the incidence of myotonic or Duchenne dystrophy (approx. 1 : 20,000 and
1 : 31,000, respectively) and similar to Huntington’s disease.

Mitochondrial cytopathies resulting from mtDNA mutations can present as a multitude of
clinical phenotypes affecting mainly heart, skeletal muscle, or central nervous system (CNS).
Interestingly, the same mutation may cause varied clinical phenotypes in different individuals
or pedigrees. This is often due to variation in the proportions of defective and wild type
mtDNA. With 103–104 copies of mtDNA in a typical mononuclear cell, the threshold of dis-
ease manifestation is believed to be dependent upon the percentage of mutated versus wild
type mtDNA molecules in individual cells and tissues. Pathological mtDNA mutations are
mostly recessive that is the threshold for disease manifestation is usually greater than 50 per
cent. In some patients who have had serial biopsies taken over a period of several years, the
ratio of mutated to wild type mtDNA (wt-DNA) increased, that is, segregation to mutated
mtDNA occurred. It is therefore essential that any gene therapy strategy designed to target
mitochondrial DNA disease must take into account both mutant load and segregation bias.

Gene therapy for mtDNA disorders

As all mtDNA-encoded polypeptides are essential components of oxidative phosphorylation
enzymes, defects associated with pathogenic mtDNA mutations may be difficult to overcome
by pharmacological intervention. Consequently, radical concepts for treating these chronic
progressive disorders need to be developed. Recently, several novel hypotheses have been
contemplated:

� Redesigning mitochondrial genes for expression from the nucleus

� Methods for manipulating mtDNA heteroplasmy

� Introduction of mitochondrial mini-vectors

Each approach has its advantages and disadvantages and is considered below.

Redesigning mitochondrial genes for expression from the nucleus

Pathogenic point mutations are most commonly found in mt-tRNA or mt-mRNA genes. There
is a great deal of interest in being able to exploit the endogenous protein and nucleic acid
import pathways to treat these disorders. The basic concept is simple—identify the mutated
gene product, introduce a wild type version of the gene into the nucleus and import normal
copies of the gene product into mitochondria from the cytosol. Expression of a gene in 
a foreign location in this manner is termed allotopic expression.
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Allotopic expression of mitochondrially encoded proteins

Most nuclear encoded gene products targeted and imported into mitochondria possess a short
N-terminal amphipathic protein sequence that is removed after import (reviewed in Chapter 3).
The products of mtDNA, however, do not require a targeting signal as they are synthesized in
the mitochondrial matrix. It had been known for many years that various non-mitochondrial
polypeptides could be relocated to the mitochondrial matrix simply by adding a targeting
sequence to their N-terminus. Nevertheless, important questions remained. Could endo-
genous mitochondrial gene products be translocated to the matrix when translated in the
cytosol and fused to an N-terminal targeting signal? If so, was the imported protein integrated
successfully into a multi-subunit complex involved in oxidative phosphorylation? In addition
to engineering the gene to encode a presequence, there was a further problem—the gene must
also be modified to take account of differences in the mitochondrial and standard genetic
codes. Codon recognition in human mitochondria differs slightly from the standard genetic
code—the triplet AUA specifies methionine in mitochondria (in contrast to isoleucine in the
cytosol). Critically, AGA and AGG do not specify arginine rather they are recognized as transla-
tion termination codons in mitochondria. Conversely the stop codon TGA in the standard
code specifies tryptophan in the mitochondrial genetic code. In 1988, Nagley et al.5 overcame
the real and imagined difficulties of allotopic expression in yeast. They recoded the mito-
chondrial ATP8 gene from Saccharomyces cerevisiae and fused it with the N-terminal target-
ing signal of ATPase 9 of the fungus Neurospora crassa. When the engineered gene was
inserted into the nucleus of S. cerevisiae, the allotopically expressed ATPase 8 protein was
successfully targeted and imported into mitochondria, restoring respiratory function to a
strain lacking the normal mitochondrial gene product.

This impressive piece of work demonstrated that allotopic expression was a viable method
of restoring respiratory function, at least in yeast. But could this approach be used to restore
oxidative phosphorylation in human cells? After many years of trying to repeat this feat in
higher eukaryotes by several research groups, Manfredi et al.6 have now reported some suc-
cess. In a subset of patients with the mtDNA disease termed NARP (Neurogenic Ataxia and
Retinitis Pigmentosa), a point mutation in the MTATP6 gene at np 8993 causes a defect in
ATP synthase.7 Manfredi et al. recoded a wild type copy of the MTATP6 gene and added a
presequence from human COXVIII. Working with cell lines carrying the NARP mutation, the
chimeric gene was introduced by viral transfection into the nucleus and the wild type fusion
protein was reported to partially rescue the biochemical phenotype (Fig. 17.1).

A second exciting approach is to transfect human cells with a respiratory gene from a dif-
ferent species and to rectify a respiratory defect by mitochondrial import of the gene product.
This has been attempted with the relatively simple rotenone-insensitive NADH : quinone
oxido-reductase (roughly equivalent to mammalian Complex 1) which is expressed from a
single nuclear gene (NDI1) in S. cerevisiae.8 Using the adeno-associated virus, Yagi and col-
leagues were able to transfect human cell lines with the yeast NDI1 gene. The transfected cell
lines imported the yeast respiratory Complex 1 into the mitochondrial matrix and were able
to show the enzyme was fully functional.9 This work has recently been extended using human
cell lines lacking the essential mtDNA-encoded ND4 gene product. Transfectants expressing
the targeted NDI1 gene product demonstrated NADH-dependent and rotenone-insensitive
respiration, which was antimycin sensitive, showing the NDI1 protein to be incorporated into
an active respiratory chain.10 Although technically impressive, NDI1 does not pump protons
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Fig. 17.1 Rescue of a mitochondrial gene mutation by allotopic expression. (a) In man, mtDNA
encodes two polypeptides (ATPase 6 and ATPase 8) that are components of the F0F1 ATP synthase
(shown as dashed lines in the figure). All other members of the complex are encoded by the nucleus,
translated in the cytosol and translocated to mitochondria. In this example, expression from a mutated
MTATP6 gene produces a defective ATPase 6 gene product (mutation shown as a black dot). When the
subunit is integrated into the complex, the enzyme is unable to synthesize ATP normally. (b) By recoding
MTATP6 to allow correct cytosolic translation and adding an N-terminal preprotein to target the gene
product to mitochondria, the chimeric gene product can now be expressed from the nucleus (allotopic
expression). The fully functional MTATP6 encoded in the nucleus is shown as a continuous line. 
The various subunits of the complex are designated according to the standard nomenclature for yeast.
AF, associated factors.
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across the inner membrane, and this was reflected in a lowered P : O ratio for NADH-
dependent coupled respiration. Therefore, it is unlikely that allotopoically expressed NDI1
would be an effective gene therapy for Complex I deficiency, as oxidative phosphorylation
would remain far less efficient than normal. Furthermore, although mutations in Complex 1
genes are commonly associated with Leber’s hereditary optic neuropathy (LHON), it is not
clear that the pathology is a direct result of Complex I deficiency.

Allotopic expression of mt-tRNA genes

In many patients with mtDNA disease the defective gene encodes a mt-tRNA. How could such
patients be treated by allotopic expression? It has been known for many years that most plant
and protist species import from the cytosol some or all tRNAs involved in mitochondrial 
translation.11,12 This is not the case in humans, where all mt-tRNAs are encoded by the mito-
chondrial genome and there is no requirement for tRNA import. Nevertheless, Tarassov, Martin
and colleagues embarked upon a series of experiments to examine the validity of tRNA import
as a gene therapy strategy for mitochondrial diseases. First they investigated tRNALys of 
S. cerevisiae (tRK1), as this is the only tRNA in yeast transcribed from nuclear DNA and
imported into mitochondria. Then they went on to demonstrate that tRK1 and derivatives can
be imported into isolated human mitochondria.13 Import requires the tRNALys to be aminoacyl-
ated and for the import mixture to contain the mitochondrial precursor of the yeast lysyl tRNA
synthetase and other undefined factors.14 The same group have recently found that certain
nuclear-expressed tRNAs can be targeted and imported into mitochondria of cultured human
cells (I Tarassov, personal communication). In addition to import of tRNAs, there is evidence
to suggest that the RNA components of MRP RNase and RNase P are translocated into mam-
malian mitochondria. Finally, some 5S rRNA co-localizes with mitochondria.15 By identifying
the important cis-acting elements required for successful RNA import, it is envisaged that
novel vectors will be designed to import tRNAs, antisense RNAs or even ribozymes that may
be able to modulate levels or expression of mitochondrial transcripts.

The allotopic expression of both mitochondrial proteins and mt-tRNAs is a potentially
exciting method for treating patients with defects of the mitochondrial genome. However, the
correctly engineered genes must be delivered, recombined into the nucleus and faithfully
expressed in a large number of human cells for this approach to be viable.

Manipulation of mtDNA heteroplasmy

Many patients suffering from mtDNA disorders harbour two populations of mtDNA, (hetero-
plasmy). In addition to the molecule carrying the pathogenic mutation, the patient carries wild
type copies. As mutations are often recessive, it is striking that these patients contain a cure
within their own body. A cure would result if wt-mtDNA were propagated at the expense of
mutated mtDNA. But how can mutant molecules be eliminated? Three approaches have been
taken. First, cell replacement therapies have been considered. Second, the mutated mtDNA
has been targeted either by engineering and targeting restriction endonucleases to the 
mitochondrial matrix or by using sequence-selective peptide nucleic acids to inhibit the replica-
tion of the pathogenic molecule. Third, the mutated mtDNA could be repaired using a mis-
match repair system. Another potential, and in principle straightforward, mechanism would
be to employ factors that influence segregation bias, that is, induce or overexpress a nuclear
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gene whose product promotes propagation of wt-DNA over mutated mtDNA. Although the
existence of such factors is implied by the outcome of segregation studies in cultured human
cells (see Chapter 14), as yet no such factor has been identified.

Cell replacement therapy

Patients suspected of having a mitochondrial disorder are often subjected to a muscle biopsy.
Sections of this material can be retained for histochemical and biochemical analysis, molecu-
lar genetic diagnostics, and used to establish primary myoblast cultures. Several groups in the
1990s reported that some pathological mutations were absent from primary cell lines cultured
in the laboratory.16,17 The mutations were heteroplasmic in patients’ muscle and associated
with the classic mosaic pattern of cytochrome c oxidase (COX) activity of mitochondrial dis-
ease. The mutations were sporadic and somatic and there was no instance of disease transmis-
sion. Cells from the muscle biopsy that proliferate in culture are myogenic progenitors known
as satellite cells, which make up a relatively small mass of the mature myofibre. Exactly why
the mutation is not present in primary cultures established from muscle with greater that 95 per
cent mutant load remains unresolved. However, this phenomenon has been exploited to remove
the mutated mtDNA from at least a small section of tissue.18,19 Muscle degenerants such as the
anaesthetic bupivicaine have been used on a limited amount of vastus lateralis muscle from a
patient with a myopathy due to a mutation in mt-tRNALeu(CUN). Muscle regenerated due to
activation of satellite cells, and the newly formed fibres displayed normal COX activity and
a remarkably low level of mutated mtDNA. The success of such cell replacement therapy is
tempered by the knowledge that the pathogenic molecule is likely to be present in the major-
ity of cells within the body of a patient. Even in cases where the mutant population of mtDNA
is restricted to muscle, the mutation is likely to be present at high levels in all 
muscle blocks and it is currently not known what quantity of muscle degeneration can be
repaired by endogenous satellite cell regeneration. Nor is it known if the mutated mtDNA will
reaccumulate in the regenerated muscle.

An interesting variation on this concept has been explored by Taivassalo et al.20 again
studying heteroplasmic patients with low levels of pathogenic mtDNA in satellite cells.
Instead of using chemical muscle degenerants, these authors were able to show that by induc-
ing muscle hypertrophy with short bursts of concentric exercise, satellite cells apparently
devoid of mutated mtDNA were incorporated into myofibres, increasing the proportion of
fibres with normal respiratory activity. Although the number of patients assessed is still low,
the effect of a simple treatment such as concentric muscle exercise is highly encouraging.

Targeting mutated mtDNA

Sequence selective cleavage with restriction endonucleases
By standard cybrid fusion techniques, Srivastava and Moraes generated a heteroplasmic
rodent cell line containing mtDNA from both rat and mouse. Crucially, the mouse mtDNA
contained two cleavage sites for the restriction endonuclease Pst1, whilst the rat genome was
devoid of any Pst1 site. By fusing the presequence of human COXVIII to the endonuclease
and transfecting cells with the engineered gene, it was successfully targeted to mitochondria
and the cell lines revealed a significant shift of heteroplasmy towards the rat genome, consist-
ent with the endonuclease cleaving the mouse mtDNA.21 This is encouraging, but what is the
relevance to mtDNA disease? In rare situations, pathogenic mutations introduce unique
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restriction sites into the mitochondrial genome. For example, a T → G transversion at np
8993 which causes a maternally inherited Leigh Disease or NARP (see also above) results in
a unique Sma1 site. Tanaka and colleagues were also able to produce an endonuclease (Sma1)
fused to a mitochondrial preprotein. When expressed in a human cell line heteroplasmic for
mtDNA carrying the T → G transversion, the endonuclease is imported correctly and has
been shown to selectively degrade the pathogenic molecule, allowing the wild type to propa-
gate.22 Therefore transfection of the chimeric endonuclease into patients harbouring the 8993
transversion could rectify the disorder.

Inhibiting replication of the mutated genome with peptide nucleic acids
Even assuming that it is possible to express the targeted endonuclease in sufficient numbers of
cells to treat a patient, one major drawback is that only a very small subset of patients harbours
pathogenic molecules that contain unique restriction sites. Ideally, any treatment for heteroplasmic
disorders should be amenable to all mutations. One possible panacea for all heteroplasmic muta-
tions would be to use an agent that could bind selectively to any pathogenic molecule and inhibit
its replication. As mtDNA is believed to turnover throughout life, inhibiting replication of the
pathogenic mtDNA would allow the wild type to propagate, similar to the situation where the
mutated molecule is selectively digested. This hypothesis is simple and compelling (Fig. 17.2).
Mitochondrial DNA replication is believed to be initiated by synthesizing one strand of the
duplex historically referred to as the heavy (H-) strand and is primed by a short RNA species
originating from the light (L-) strand promoter.23 Synthesis of the L-strand does not occur until
the origin of L-strand replication (OL) is uncovered after about two-thirds of the new H-strand
has been synthesized,24 that is, lagging-strand synthesis is delayed (although this has recently
been challenged).25 As a consequence of this delay the H-strand template is single-stranded for
much of the replication process, providing an excellent target for any agent that can base-pair
selectively to mutated mtDNA. There are, however, substantial barriers to be addressed before
treatment of patients can even be considered. First, an agent must be identified that can show
selective targeting under physiological conditions, even when a molecule is identical except for
a single base pair. Second, the agent must be able to inhibit mtDNA replication. Third, the agent
must be capable of entering the cell, and thence mitochondria.

For a single point mutation, an agent must be identified that will selectively target molecu-
les differing in sequence from the normal copy by only a single base pair. Paradoxically,
deleted mtDNA would seem to provide an easier target for selective inhibition, but it is com-
plicated by the deletion mechanism involving repeat sequences. In the ‘common’ deletion, for
example, two repeat sequences of 13 bp, separated by almost 5 kb, nucleate the deletion event,
with the resolved ‘deleted’ molecule retaining a single copy of the 13 bp repeat.26 To promote
binding selectivity, an agent must be designed which recognises the unique nucleotide sequence
around the mutation. At physiological temperatures, it is difficult to design any standard
oligonucleotide that will show meaningful binding specificity, although bridging oligomers
designed to span the deletion sequence do show some binding cooperativity.27 Peptide nucleic
acids (PNAs), however, are ideally suited for binding selectivity at such temperatures. These
molecules carry regular nucleobases on a repeating aminoethyl glycine backbone.28 Due to
their unusual composition, PNAs are not degraded by nucleases or peptidases and are 
relatively stable in serum and cell extracts.29 PNAs are able to perform standard
Watson–Crick base interactions with complementary DNA or RNA oligomers.30 Crucially,
they are uncharged, promoting increased binding affinity with complementary molecules.
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Fig. 17.2 The antigenomic approach to mtDNA disease. Two mtDNA molecules found in a typical 
heteroplasmic state. (a) Mutated mtDNA; (b) the wild type copy. The L-strand strand of mtDNA is shown
as a closed bold line and the H-strand as a dotted line. Arrows indicate the direction of synthesis of the new
DNA strand. The two molecules are identical except for a single pathogenic mutation, represented by the
filled circles (a). The antigenomic agent is shown as a grey rectangle with a semicircular inset to highlight
its binding selectivity. In (i), the two molecules are ready to replicate. A short nascent H-strand is shown
in the displacement loop, initiating from the origin of H-strand replication; (ii) The new H-strand is
extended in a clockwise fashion, with the L-strand acting as template and the old H-strand being displaced.
(iii) Further extension displaces the region of the H-strand which carries the mutation (shown as a grey cir-
cle). This single-stranded region spanning the mutation is a perfect template for the antigenomic molecule
which binds to the mutated template. Due to the single base pair mismatch, it is unable to interact with the
normal mtDNA. The H-strand has now been extended beyond the origin of L-strand replication, which,
after displacement, forms a stem-loop structure. This structure is recognized by mtDNA primase and syn-
thesis of a new L-strand is initiated (bold line with arrow). (iv) As the new L-strand is extended further, the
replication complex on the mutated mtDNA will encounter the tightly bound antigenomic molecule strad-
dling the mutation on the old H-strand. If the complex is unable to remove the bound molecule, replica-
tion will be truncated, as shown in the upper panel. The antigenomic agent is unable to bind to normal
mtDNA and replication of both H- and L-strand are completed as shown in (b). This illustration is simpli-
fied and does not show how the two fully replicated molecules are resolved. Although the truncated repli-
cation intermediate shown in (a iv), contains a complete L-strand with a new and complete H-strand, it is
possible that this duplex is never resolved from the complex. Even assuming correct resolution, replication
of a mutated mtDNA can only produce one daughter molecule, unlike the uninhibited normal molecule
that will produce two daughter mtDNA molecules. (Figure reproduced from Smith PM, et al. (2002). The
use of PNAs and their derivatives in mitochondrial gene therapy. In: Toward Gene Therapy & Functional
Genomics with Synthetic Organic Polymers: Peptide Nucleic Acids, Morpholinos, and Related Antisense
Biomolecules (eds M During and CG Janson), Landes Bioscience.)

Furthermore, single base mismatches have a dramatic effect on binding affinities, making
PNAs ideal agents for differential binding of templates differing by only a single base pair at
physiological temperatures.31 Previously, a short 11-mer PNA which spans the A8344G muta-
tion known to cause MERRF (myoclonus, epilepsy with ragged red fibres) has been shown to
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bind selectively to a template carrying the MERRF mutation and not a template identical
except for a single nucleotide. MtDNA polymerase gamma-driven run off replication of the
MERRF template was shown in vitro to be inhibited by the PNA.32 Inhibition was unaffected
by template DNA being coated by single-stranded binding protein, confirming the PNA as an
excellent candidate for an antigenomic agent.

PNAs have been shown to be imported into a variety of cells, albeit with low efficiency,
however they are not localized to mitochondria. Conjugation to a 29-mer COXVIII 
presequence successfully targeted PNAs to mitochondria in cultured cells, but matrix import
could not be demonstrated in isolated organelles.33 It has recently been possible to overcome
this problem by taking advantage of the uncharged nature of PNAs. Addition of a caged
lipophilic cation, such as a triphenylphosphonium moiety, to PNAs facilitates membrane
potential-driven uptake into the matrix.34 Although very encouraging, whilst uptake can be
shown in isolated organelles and into mitochondria of cultured cells, addition of high 
concentration TPP–PNAs to heteroplasmic cell lines has yet to result in altered levels of 
heteroplasmy.

There are only two possible explanations for these results—the PNA does not bind to
mtDNA, or the PNA binds mtDNA but is removed from the template during or prior to replica-
tion. To circumvent the latter possibility, TPP–PNA derivatives have now been synthesized
with the uv-inducible photocrosslinking moiety, benzophenone and constructs are being made
around the chemotherapeutic drug chlorambucil (Fig. 17.3).

Mismatch repair of mutated mtDNA

An entirely hypothetical approach is to target the mutated molecule and repair it using a wild
type oligonucleotide as template. The concept is simple. An imported ‘wild type’ oligo-
nucleotide would hybridize across the mutation site as the mtDNA becomes single-stranded
during replication, generating a heteroduplex. This is recognized by the mismatch repair
machinery and providing there is no strand bias, repair will restore the wild type sequence or
mutate the oligonucleotide. Although seductive, there are numerous problems associated with
this approach. First, it has yet to be shown convincingly that human mitochondria possess
mismatch repair activity. Second, even assuming there is such activity, it is not known
whether this activity will show a strand bias. Third, an oligonucleotide must be imported and
hybridized to mtDNA to produce a heteroduplex that can act as a substrate for the mismatch
repair machinery. Recently, chimeric RNA–DNA hybrid oligonucleotides (chimeroplasts)
have been used to correct single nucleotide nuclear gene defects possibly by a process involv-
ing the mismatch repair machinery35,36 with levels of success in vivo ranging from as much
as 40 per cent correction,37 to a more generally achieved level of 1 per cent.38 Steer and col-
leagues have also reported some success with RNA/DNA chimera-targeted gene conversion
of mutated kanamycin and tetracycline resistance genes using rat liver mitochondrial
lysates.39 We now also have some data to suggest that mismatch repair activity does occur in
human mitochondria and that the repair activity does not show any strand bias (PA Mason and
RN Lightowlers, unpublished experiments).

It is exciting to contemplate the use of mismatch repair in treating mtDNA disorders, but it
is clear that there is a great deal of experimentation is needed before this concept can
progress.
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Fig. 17.3 Covalent attachment of inhibitory PNAs to DNA Peptide Nucleic Acids exhibit sequence
selectivity which can be used to target pathogenic mtDNA molecules differing from their wild type
counterparts by only a single nucleotide. By derivatizing the PNA with a caged lipophilic cation such as
triphenylphosphonium (shown attached to the right of the PNA), the molecule can be targeted to mito-
chondria and translocated into the matrix. Unfortunately, experiments with heteroplasmic cells in culture,
have shown no modulation of heteroplasmy levels in the presence of the triphenylphosphonium–PNA
derivative. To tackle the possibility that bound PNA could be removed by the replication or transcrip-
tion machinery, molecules have been designed to covalently attach to ssDNA after hybridization. (a) A
benzophenone moiety has been added to the PNA–TPP derivative. After irradiation with long wave UV
the molecule becomes covalently bound via the methyl group of thymine residues. (b) Chlorambucil
linked to PNA–TPP. When brought into proximity with a guanine residue, chloride is lost resulting in
covalent attachment of PNA–TPP to DNA.
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Design and introduction of mitochondrial mini-vectors

A logical means of treating mtDNA defects is to rectify the mutation by introducing a wild
type copy of the defective gene(s) into mitochondria and expressing it within the matrix. Once
the gene has been successfully targeted to the mitochondrial matrix, expression must be main-
tained. This can be achieved in various organisms by selection for homologous recombina-
tion events. Unfortunately, the current view is that although there has been a report of
recombinase activity in mammalian mitochondrial lysate,40 it is not clear that recombination
is a common occurrence, as it is with yeast mtDNA. If recombination is a very rare event, the
only way of maintaining targeted genes is by engineering constructs that will be replica-
ted autonomously. Designing such a construct is fraught with difficulty as the cis-acting 
elements important for mtDNA replication, maintenance, and resolution have yet to be fully 
catalogued.

Mitochondrial DNA vectors

Mitochondrial vectors for yeast mitochondria have been available for some time. Biolistic
bombardment has been employed to transform yeast mitochondria lacking mtDNA (�0) with
a plasmid containing the OXI1 gene flanked by its control regions. Internalized mtDNA was
shown first to be replicated in concatamers within mitochondria, and also to be able to rescue
an mtDNA-encoded OXI1 point mutation by recombination.41 A yeast mitochondrial expres-
sion vector termed pMIT was also devised, composed of an in frame fusion of the RNA 
maturase coded in introns 1 and 2 of yeast mitochondrial COXI.42 In plants, electroporation
of isolated wheat mitochondria with plasmids containing a luciferase gene or a COXII gene
has been successfully transcribed, whilst the mRNA of the latter was also efficiently
processed and edited.43

In addition to the concerns due to absence or low level recombination activity, there are
other problems with applying this information to mammalian mitochondrial vector design.
First, both S. cerevisiae and wheat mitochondrial DNA possess genes with individual pro-
moters, introns, and terminators. Mammalian mitochondrial DNA is intronless and has only
three transcription initiation sites, all within the D-loop region. Transcription from these sites
generates large polycistronic RNA units from which individual RNA species are processed
and matured (see Chapter 2). Second, cis-acting elements crucial for resolving mtDNA fol-
lowing replication and the mechanism of mtDNA resolution are not currently known. Finally,
it is considerably more difficult to introduce DNA into mammalian mitochondria than into
yeast or plant mitochondria by the techniques of electroporation and biolistic bombardment
(see delivery section, below) making it difficult to assess functionality of vectors.

Despite this depressing prognosis, recoding of reporter or exogenous genes has been
attempted with the aim of expression within mammalian mitochondria. The cDNA of the
human ornithine transcarbamylase (OTC) gene was recoded and ligated to a bacterial vector
containing the entire mouse mitochondrial genome. This construct has had progressively
larger segments removed, including the bacterial backbone, to create mitochondrial minicir-
cles.44 Electroporation of these and other constructs into isolated mouse mitochondria results
in the vector reaching a mitochondrial location that is insensitive to added DNase,45 but no 
mitochondrial OTC transcription has been observed to date. There are several possible 
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reasons for the lack of transcription. First, electroporation may not be a reliable method for
targeting nucleic acids to the correct microenvironment for gene expression. It is interesting
to note that using similar electroporation parameters to,45 McGregor et al.46 showed that fol-
lowing electroporation of in vitro transcribed mt-luciferase RNA, the transcript reached an
RNase-insensitive environment in mitochondria, but no translation of this RNA could be
demonstrated. Second, the mitochondrial mini-vector, unlike the endogenous mtDNA is com-
pletely double stranded. In vivo, it is believed that half of the major non-coding region is
triplex in a substantial fraction of mtDNA molecules. Although this entire third strand does
not act as a primer for DNA synthesis, it is possible that it is required to produce a replica-
tion competent DNA configuration. However, runoff transcription of fully duplex mitochon-
drial mini-plasmids such as pTER has been demonstrated in vitro using a post-100,000-g
mitochondrial lysate.47 Third, it may also be essential to maintain the mtDNA in a supercoiled
form to promote transcription.48 In support of this argument, electroporation of supercoiled
DNA results in the internalization of predominantly open circular and linear DNA.45

Assuming that supercoiled DNA is required for transcription, it is unclear if mitochondrial
helicases can act sufficiently in the time frame of the experiments to permit successful 
transcription.49

It should also be noted that despite modern cloning methods, manipulation and cloning 
of entire mammalian mitochondrial genomes, and in particular, human mtDNA remains 
problematic.50 This has undoubtedly hampered research efforts in this area. To our knowledge,
complete human mtDNA has only been cloned in the last 2 years. Ideally, the production of a
mammalian mitochondrial GFP or luciferase vector would permit direct visualization of tran-
sient expression. Further, the use of selectable markers such as the chloramphenicol resistance
mutation (CAPr) in the 16S rRNA gene51 or oligomycin resistance due MTATP6 mutations,52

will hopefully provide a much needed handle for longer-term mitochondrial transfection 
procedures.

Delivery of vectors to mitochondria

Trials to assess the efficacy of any novel mitochondrial mini-vector require the delivery of a
large polyanion across a double membrane to the mitochondrial matrix. Standard approaches
to gene therapy for nuclear genetic disorders rely on effective systems of DNA delivery 
to the nucleus. Much of the current success in this field is owed to a wide range of naturally
occurring gene delivery vectors, namely viruses. Viruses have developed highly specialized
strategies for entry into mammalian cells, escaping or avoiding the lysosomal pathway,
nuclear localization and directing high levels of gene expression. As such they present a 
powerful approach to gene transfer. Mitochondria, by contrast do not appear to have any 
specific viral pathogens. On the basis of electron microscopy data in the late 1960s and 1970s,
intramitochondrial viruses, such as Rous sarcoma virus were postulated53,54 but the evidence
for true intramitochondrial location was contested even then55,56 and does not appear 
to be supported by any further data. A mitochondrial virus occurs in the fungus causing 
Dutch Elm disease but this appears to be the result of a freak event, as the isolated virus is
non-infectious.

In the absence of viral delivery, several others methods have been attempted with limited
success.
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Utilizing the endogenous protein import system
By adding a short target peptide, which is recognized by components of the mitochondrial
translocation machinery, it is believed to be possible to import nucleic acids. Vestweber and
Schatz fused the presequence of yeast COX subunit IV to a modified mouse dihydrofolate
reductase and showed it could be imported and cleaved by yeast mitochondria.57 A short,
24-mer single or double stranded oligonucleotide was chemically coupled to the target pep-
tide and was internalized via the protein translocation complex. Following submitochondrial
fractionation and nuclease/protease treatment, the authors concluded that a subset of the
DNA-protein conjugate had reached the matrix. The original work has been extended using
322 nucleotides of duplex DNA coupled to the target peptide of rat OTC. The DNA was 
radiolabelled and following submitochondrial fractionation, radiolabel was detected in 
the mitochondrial matrix.58 A similar approach has recently been used to demonstrate that
liposome-mediated cellular delivery of an oligonucleotide coupled to a target peptide reaches
mitochondria.59

Despite this, no effective progress on the import of large DNA sequences has been
reported, suggesting that the translocation system will not be useful for importing self-
replicating mitochondrial mini-vectors.

Cationic liposomes
One of the most popular non-viral methods for introductng DNA into cells is mediated by
cationic liposomes.60 Most cationic lipid formulations consist of lipid soluble tails and a 
positively charged headgroup, which binds in a charge specific manner to the phosphate back-
bone of the nucleic acid. For optimal transfection, these nucleic acid–liposome complexes
require a net positive charge61 and appear to be condensed into a stable structure,62 which is
often resistant to nuclease digestion.63 Cationic liposome/DNA complexes and derivatives
have been noted to localize to a certain extent to mitochondrial sites,64 probably due to the
mitochondrial membrane potential. However, although DNA delivery through the outer mito-
chondrial membrane is feasible, the double membrane barrier is unlikely to permit matrix
import of DNA by this route.

Amphiphiles with delocalized cationic charge centres, such as the triphenylphosphonium
derivatives, have been used to pull small electroneutral molecules into the mitochondrial matrix
in a membrane-potential-dependent manner, but dealing with a large polyanion like DNA is
altogether another prospect. There has been some interest in coating large nucleic acids, such
as potential mini-vectors, to the self-assembling cationic amphiphile, dequalinium.65

Once formed, these DQAsome assemblies are predicted to cross the plasma membrane and
localize to mitochondria where they will release their nucleic acid cargo. It has been 
postulated that the released DNA could then be imported into the mitochondrial matrix via
the protein translocation machinery.66

Biolistic bombardment
Yeast mitochondria have been transformed with DNA using a method developed for plant
cells. Biolistic bombardment of plant cells with 0.5–1 �m diameter tungsten coated beads
results in internalization of the DNA into cells (reviewed by Klein et al.).67 Adaptation of this
technique for mitochondrial transformation with plasmid DNA containing the OXI3 gene,
resulted in successful complementation of the OXI3� respiratory-deficient yeast strain after
homologous recombination with the deficient mitochondrial gene.68 However, the efficiency of
this technique was only about 1 : 105, highlighting the limitations of biolistic bombardment.
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This technique has also been used to transfect �0 yeast mitochondria with a plasmid contain-
ing the OXI1 gene and demonstrate complementation after forming a diploid with a strain car-
rying point mutations in oxi1.41 More recently, this technique has also been used to introduce
a pathogenic tRNA mutation in an attempt to produce a simple model for mtDNA disease.69

There has been no report of successful biolistic-bombardment induced transformation of
mammalian mitochondria. This may be due to the relatively small size of individual 
mitochondria in relation to the bombarding particles.70 Alternatively, biolistic bombardment
may not have been attempted with valid self-replicating mini-vectors. Recent advances in
biolistic bombardment technology, permitting successful transfection of mammalian cells 
in vivo, in particular fibroblasts,71–73 however, suggest that it may be worth revisiting this 
technology, particularly once we learn more of the essential cis-elements for mammalian
mtDNA maintenance.

Electroporation
The transformation of isolated mammalian mitochondria with plasmid DNA by electropora-
tion is currently under development. Respiratory competent mitochondria have been sub-
jected to electroporation with a 7.2-kb plasmid, using field strengths of between 8 and 
20 kV/cm.45 The functional integrity of electroporated mitochondria was retained at up to 
12 kV/cm, at which point electron microscopy showed that approximately half of the retained
plasmid appeared to be present on the inner membrane or mitochondrial matrix. Most of the
apparently internalized DNA proved to be nicked or linear, with no detectable supercoiled
DNA, despite having used the supercoiled form for electroporation. Addition of DNase 1 to
mitochondria post-electroporation also showed a subset of the vector to have accessed 
a DNase-insensitive location. Electroporation of isolated mitochondria with vectors of
between 8.6 and 20 kb also produced data consistent with internalization in a size-dependent
manner.44

Despite these apparently successful experiments, transcription or translation of any vector
has not been possible following electroporation of mammalian mitochondria. This is in 
contrast to results recently obtained for electroporation of isolated wheat mitochondria, where
vectors were transcribed and the transcript was both correctly spliced and edited43 (see
Section on ‘Manipultion of mtDNA heteroplasmy’).

Conclusion

Disorders of the mitochondrial genome are now recognized as relatively common genetic 
disorders. Defects cause lesions in respiration and ATP synthesis. The absence of pharmaco-
logical therapies for patients suffering from these chronic progressive disorders has forced the
research community into considering more radical proposals, many of which are highly 
original. Due to its location within the mitochondrion, many approaches to treatment of
mtDNA disease require targeting and import of therapeutics. Advances have been made in
this area, including highjacking the protein translocation system or conjugation of nucleic
acid to delocalized lipophilic cations. Progress in mitochondrial transfection has, however,
been limited by the absence of unequivocal evidence for the functionality of any nucleic acid
that has been claimed to be imported. It is clear that to make substantial contributions towards
the goal of therapy, we need first to increase our limited knowledge of the molecular mecha-
nisms underlying mtDNA maintenance and expression.
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One approach that does not require the transfection of mitochondria is that of cell replace-
ment. It is encouraging that activation of satellite cells in myofibres decreases the level of
pathogenic mtDNA in some patients with heteroplasmic disorders. However, this approach is
unlikely to be of any benefit to the majority of patients who have multisystem disorders.

The challenge of treating patients with mtDNA disorders is technically and intellectually
demanding. Many exciting new ideas have been considered in the past few years, but it is
clear that we are still very far from being able to treat patients with these disabling, progres-
sive disorders.
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assembly of enzymes 156, 183, 187–90, 191
ATP 69, 70, 72, 149, 229

depletion 215, 219–20, 222, 235, 259
PTP effect on 220
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transport 81–82
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BCS1, see respiratory chain complex III
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Biolistic bombardment/transformation 337, 339–40
blastocyst 315
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apoptosis inducing factor 219, 232
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clinical features of mitochondrial disease
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ataxia 89, 130, 170, 182, 186, 187, 193, 236
bone, see Pearson’s syndrome
brainstem lesions 182–83
cachexia 99, 168
cardiac dysfunction/cardiomyopathy 93, 98, 181,

185, 186, 188, 229, 297, 302, 311
cerebellar defects 182–83, 187
chorea 236
CNS central nervous system 88, 89, 182, 196, 229
(C)PEO, see ophthalomoplegia
deafness, see hearing loss
dementia 88, 92, 236
diabetes (mellitus) 91, 98, 129, 311–12
dysarthia 97
dystonia 59, 182, 192
encephalopathy 87, 186, 190
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clinical features of mitochondrial disease (cont.)
endocrine, see diabetes
exercise intolerance, see muscle weakness
gastrointestinal tract, see MNGIE
haemochomatosis 311
hearing loss 91, 95–96, 99, 130, 132, 138, 182,

192, 305, 311
heart, see cardiac dysfunction
hepatic failure 99
ketoacidosis 190
lactic acidosis 92, 100, 185

see also MELAS
lactate: pyruvate ratio 149
muscle weakness 89, 129, 170
mental retardation 92
myoclonic epilepsy, see MERRF
myoclonus 130,

see also MERRF
myoglobinuria 187
myopathy 87–89, 93, 166, 181, 186, 251, 295
neurological 87–89
neuropathy 96, 99, 168

see also CNS
neurodegeneration 190, 229, 232, 238–39
ophthalmoplegia 88, 89, 91, 99, 111, 115, 117, 129,

169, 170, 251, 280, 322
optic

nerve 94, 148
atrophy 152, 186, 192–93
see also LHON

OPA1, see optic atrophy
ototoxicity, see hearing loss
paragangliomas 186
psychomotor delay 182
ptosis 90, 170
pyramidal signs 182
ragged red fibres (RRF) 87, 88, 91, 92, 111, 166,

187, 191, 218, 295
renal tubulopathy 99, 190
retinal ganglion cells 148
retinopathy/retinitis pigmentosa 89, 96, 99, 182
rhabdomyolysis 170
seizures 91, 92, 96, 187
stroke-like episodes 100, 148

see also MELAS
thinness at birth 311
tremor 170
vomiting recurrent 92, 182

clonal expansion, see mitochondrial DNA
complementation assays 189

see also mitochondrial DNA
complexes I–IV, see respiratory chain
consanguinity 190
COX, see respiratory chain complex IV
cre-loxP 301
CVS, see chorionic villus sampling

cyanide 234, 237
cybrids 15, 111, 133, 134, 149, 156, 213, 217, 256,

280–86, 299
cytochrome (c) oxidase, see respiratory chain

complex IV
cytoplasmic male sterility 310

deleted mitochondrial DNA, see mitochondrial DNA
rearrangements

deoxyguanosine kinase 167
depletion, see mitochondrial DNA depletion
dGK, see deoxyguanosine kinase
DNA repair 12–14
DNA recombination 12–14, 281, 301, 312
DNA replication 8–10, 255

aphidicolin 6
AZT 6
D-loop 7, 9, 11, 27, 30, 118, 165
DNA ligase 4, 13
DNA polymerase gamma, see PolG
endonuclease G 7, 10, 219
footprinting 5
L-strand transcript 7
mitochondrial DNA helicase, see Twinkle
mitochondrial single strand binding protein

(mtSSB) 7
OH/origin of heavy strand replication 7, 9, 11
OL/origin of light strand replication 9, 11, 12, 333
POLG 5–8, 12–14, 16, 165, 171–72, 267–68
reverse transcriptase 6
termination associated sequences/TAS 10, 11
Twinkle 8, 14, 171–73

dNTP, see nucleotide metabolism
dopamine 234
dopa L- 235
drift, see genetic drift
Drosophila melanogaster (fruitfly) 6, 7, 289, 317
dynamin, see OPA1

embryo/genesis 312, 314, 315
embryonic stem cells 300
electroporation 340
Escherichia coli (bacterium) 35, 36, 38, 53, 165, 186
excitotoxicity 148, 215, 230–32, 237, 238, 239

Fenton reaction 195
fission mitochondrial 289
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frameshift mutation 190, 285
frataxin, see Friedreich’s ataxia
free radicals, see ROS
Friedreich’s ataxia/FA 182, 194–97
fundoscopy 94, 96
fusion mitochondrial 258–59, 288, 289, 290

gene knockouts/manipulations 221, 234
ANT-1 295–97
chloramphenicol resistant mtDNA 300–1
rearranged mtDNA 299–300
SOD 297–99
Tfam 301–05
see also transgenic animals

genetic drift 264, 283, 287, 317
germ line 287, 295, 299, 313, 318
gerontology, see ageing
glial cells 263
glutamate 215, 231, 237
glutathione 217, 219, 220, 230, 236
glycolysis 3
glycolytic ATP production 220, 222, 305
GSH, see glutathione

haemeA: farnesyltransferase, see respiratory chain
complex IV

hereditary spastic paraplegia 191–92, 218
heterochondrous 254

see also heteroplasmy
heterokairotic 254

see also heteroplasmy
heteroplasmy 112, 129, 130, 134, 135, 154, 254, 279,

280, 287, 299, 309, 310, 314, 315, 331, 332–33
hippocampus 233
homopolymeric tract 311
HSP see chaperones

or hereditary spastic paraplegia
or transcription, heavy strand promoter

Huntington’s disease 218, 236–37
hybridisation in situ 252, 257
hydra 249
hydrogen peroxide 217, 220, 230
hypersuppressiveness, see yeast

ICSI, see sperm intracytoplasmic injection
incidence of mitochondrial DNA disease 328
inclusion body myositis 168

infertility male 289, 312, 313
inheritance, see maternal or Mendelian
insulin secretion 212, 213, 221, 304
iron metabolism defects and 193–97, 222

see also Friedreich’s ataxia
iron release 230
ischaemia-reperfusion 217

knockout, see gene knockouts
KSS; Kearn’s-Sayre syndrome 89–90, 95, 111, 112,

115, 117, 322

Lewy bodies, see Parkinson’s disease
LHON; Leber’s hereditary optic neuropathy 94–95,

146–51, 193, 217, 220, 310, 318, 331
linkage analysis 170, 311
lipid peroxidation 195, 217, 230
liposomes cationic 339
loss-of-heterozygosity 187
LS; Leigh’s syndrome 92, 96–97, 182–83, 185, 186, 321

see also NARP, SURF1 and respiratory chain
complexes I and II

Luft’s disease 87
lysosome 218, 261–62

storage disease 218–19

magnetic resonance imaging spectroscopy 94, 99,
149, 236

male fertility, see infertility male
maternal inheritance/transmission 91, 93, 98, 129,

286, 309, 312
MDS, see mitochondrial DNA depletion
MELAS; Mitochondrial encephalopathy lactic acidosis

and stroke-like episodes 92–93, 95, 98, 129,
135–37, 210, 212, 217, 220, 287

membrane depolarisation 215
membrane potential mitochondrial 213, 220, 231, 305
Mendelian inheritance 168, 183, 187
Mendelian mitochondrial diseases 168, 310
MERRF; Myoclonic epilepsy with ragged red fibres

91–92, 95, 98, 127, 134, 212, 213, 217, 218,
220, 334–35

messenger (m)RNA 32
MIDD; Maternally inherited deafness and diabetes,

see MELAS
MILS; Maternally inherited Leigh’s syndrome,

see NARP
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mismatch repair 335
missense mutations 186, 190, 193
mitochondrial (DNA) bottleneck 313–16, 318
mitochondrial DNA clonal expansion 252–54, 257–58,

261, 264, 287
mitochondrial DNA copy number 279–80, 283, 301

see also mitochondrial DNA depletion
mitochondrial DNA complementation 283–86
mitochondrial DNA deletions, see mitochondrial

DNA rearrangements
mitochondrial DNA depletion 16, 165–68, 170, 311
mitochondrial DNA duplications, see mitochondrial

DNA rearrangements
mitochondrial DNA mutation thresholds 93, 111,

284, 328
mitochondrial DNA point mutations

1,555 mutation 126, 130–31, 138–39, 311, 323
see also clinical aspects-hearing loss

3,243 mutation 126, 129, 137, 260, 281–82, 313,
317, 318, 322, 323

see also MELAS and MIDD
3,460 mutation 147, 148, 149, 150, 287, 323

see also LHON
7,445 mutation 130, 138

see also clinical aspects-hearing loss
7,472 mutation 130, 137

see also clinical aspects-hearing loss
8,344 mutation 126, 134, 137, 318, 323

see also MERRF
8,993 mutation 155–56, 314, 317, 318, 322

see also NARP/MILS
11,778 mutation 147, 148, 149, 150, 310, 323

see also LHON
14,484 mutation 147, 148, 149, 150, 323

see also LHON
16,189 mutation 311–12

mitochondrial DNA rearrangements
(partially) deleted mitochondrial DNA 13, 16, 90,

112–16, 251, 253, 255, 256, 257, 265–66,
280–81, 283, 284, 285, 286, 299–300, 315, 318

(partially) duplicated mitochondrial DNA 13, 16,
115–16, 265–66, 281, 299–300, 315, 318

multiple deletions of mitochondrial DNA 168–73,
297, 311

see also Twinkle/POLG/ANT1 mutations
mitochondrial DNA replication, see DNA replication
MNGIE mitochondrial neurogastrointestinal

encephalopathy 168–70
Mohr-Tranebjaerg syndrome 59, 192
monoamine oxidase 230
motor neurone disease, see amyotrophic lateral

sclerosis
MPP�/MPTP, see Parkinson’s disease
MRC, see respiratory chain
MRI/S, see magnetic resonance imaging/spectroscopy

MTP, see permeability transition pore mitochondrial
MTS, see targeting signals mitochondrial
multiple sclerosis 94

NAD/H 70–73, 149
NARP; Neurogenic muscle weakness ataxia and

retinitis pigmentosa 96, 97, 155–56, 181, 213,
329–30, 333

Neurospora crassa (multicellular fungus) 48, 53
neurones 221, 229, 236
neurodegeneration 218, 221, 229
nicotinamide adenine dinucleotide, see NAD/H
nitric oxide 230, 231, 233, 237, 238
nitric oxide synthase 231, 232, 233
NMDA (N-methyl-D-aspartate) receptor 215,

231–32, 237
nonsense mutation 190
NO, see nitric oxide
NOS, see nitric oxide synthase
nuclear respiratory factor1/NRF1 168
nucleoids 14, 15, 279, 289–90
nucleotide metabolism 15, 16, 167–69, 172–73

see also TK, TP and dGK

oocyte 111, 113, 312, 313, 314, 315, 317
donation 321, 322
see also superovulation

oxidative stress/damage 196, 215–17, 230, 235, 237,
268, 298

see also ROS

�0 cells 111, 133, 220, 229, 235, 280, 299, 340
see also cybrids

paraplegin, see hereditary spastic paraplegia
Parkinson(ism)’s 59, 154, 157, 165, 229, 234–36
PCR 265, 297
PDH(C), see pyruvate dehydrogenase
Pearson’s syndrome 98–99, 111

see also rearranged mitochondrial DNA
penetrance disease 311, 312
peptide nucleic acid/PNA 331
permeability transition pore mitochondrial 219–20,

232, 295
PET, see positron emission tomography
phagocytosis 262
polymerase chain reaction, see PCR
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polymerase gamma, see DNA replication
polyploidy, see mitochondrial DNA copy number
positron emission tomography 233
pre-implantation diagnosis 321
pre-natal diagnosis 185, 309, 321–23
presenilin 233
proteases/peptidases 55

AAA proteases 56, 57
Lon protease 56
metalloprotease 191, 218

proteins encoded in mitochondrial DNA
ND, see also respiratory chain complex I
ND1 136, 147
ND4/4L 147, 285
ND5 112, 147
ND6 135, 138, 147, 150–52
COX, see also complex IV
CO(X)I 138
CO(X)III 118, 182
ATPase, see also ATP synthase
ATPase 6/subunit a/ATP6 329
ATPase 8/A6L/ATP8 112, 302, 329
cytochrome b, see complex III

protein import 48–49, 329, 339
protein synthesis, see translation
protein turnover 218

see also turnover
PTP, see permeability transition pore
pyruvate dehydrogense deficiency 97, 183

random (intracellular) drift, see genetic drift
reactive oxygen species, see ROS
recurrence risk 311, 314, 318–20, 321
recombination see DNA recombination
repair see DNA repair
replication see DNA replication
respiratory chain and deficiencies thereof 73–80, 233

complex I 74–75, 97, 135, 150–52, 166, 184–86,
229, 230, 234–36, 249, 329

complex II 97, 186–87, 230, 232, 236, 237, 298
complex III 75–77, 166, 232, 236, 237, 249, 298
complex IV 77–80, 97, 111, 118, 166, 188–89,

190, 230, 232, 233, 236, 237, 238, 249, 251,
252, 257, 268, 281, 299

Co-enzyme Q 187
copper 190
cytochrome b 75, 76, 154–55
cytochrome c 75–79
iron-sulphur clusters, (Fe-S) 74, 75, 194–95, 217
Q cycle 76

rhodamine (123) 288
rhodamine (6-G) 301

ribonucleases, see RNase
ribosomal proteins 139
ribosomal, rRNA 30–33, 36, 95, 130

see also point mutation 1,555
ribosomes 36
ribozymes 331
RNA, see messenger, ribosomal and transfer RNA
RNA 5S 331
RNases

RNase H 8, 11
RNase MRP 7, 10, 34, 331
RNase P 7, 34, 331

ROS 152, 195–96, 215, 216, 219, 220, 221, 222, 232,
233, 236, 249–50, 253, 268, 297–99

rotenone 234–35

Saccharomyces cerevisiae (Yeast) 6, 47, 48, 60, 165,
329, 331

satellite cells 332
Sco1 190
Sco2 190
segregation of mitochondrial DNA 279, 309, 315,

317, 328
chloramphenicol resistant 280, 285
cultured cells 280–86
humans 287–88
mice 286–87, 314
point mutations 281–83
rearrangements 280–81
stochastic 316

selection models for mitochondrial DNA variants 313–15
clonal expansion 251–53
intracellular 281
selection of the slowest 261–63
structural 255–57
vicious cycle theory 249–51
see also segregation of mitochondrial DNA

SOD, see superoxide dismutase
SOS, see ageing-survival of the slowest
Southern analysis/blotting 170, 253
sperm intracytoplasmic injection 312
spinobulbar muscular atrophy (SBMA) 237
SSB, see DNA replication, mitochondrial single strand

binding protein
streptomycin, see aminoglycoside antibiotics
substantia nigra, see Parkinson’s disease
succinate dehydrogenase/SDH, see respiratory chain

complex II
superovulation 322
superoxide, see ROS
superoxide dismutases 216–17, 230, 234, 238, 249

mimetic 298
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SURF1 182, 183, 189–90, 321
see also LS, Leigh’s syndrome
see also respiratory chain complex IV

syndromes, see MELAS, MERRF etc.
synuclein alpha 234, 235

T7 (bacteriophage) 6, 8, 31, 165, 171, 172
targeting signals mitochondrial 48, 49, 329
TFAM, see transcription – mitochondrial transcription

factor A
therapy gene 327

allotopic expression 329
cell replacement 332
concentric muscle exercise 332
mini-vectors 337–40
mismatch repair of mutated mtDNA 335
peptide nucleic acid inhibition of replication

333–35
targeting mutated mtDNA 332–33
tRNA import 331
see also treatment

thermodynamics of oxidative phosphorylation 70–72
thresholds 221, 280

see also mitochondrial DNA mutation thresholds
thymidine kinase (2) 167
thymidine phosphorylase 168
TIM, see translocase of the inner membrane
TK2, see thymidine kinase
TOM, see translocase of the outer membrane
TP, see thymidine phosphorylase
transcription 29–34

heavy strand promoter (HSP) 30, 32
HMG box protein 5, 31
light strand promoter (LSP) 30
methyltransferase 32
mitochondrial RNA polymerase 8, 30–33
mitochondrial transcription factor A (mtTFA or

TFAM) 5, 8, 11, 14, 30, 31
gene knockout 221, 301–305

mitochondrial transcription factor B (mtTFB1 or 2)
5, 31, 32

mitochondrial transcription termination factor
(mTERF) 33, 135, 136

run-off 338
transfer, tRNA 27, 29, 32–34, 38, 39, 90–93
transfer RNA pathological mutations 127–30

tRNAAsn 90
tRNAIle 90, 285, 286
tRNALeu(CUN) 90
tRNALeu(UUR) 90, 127, 128–30, 286
tRNALys 127, 134, 285–86

tRNASer(UCN) 127, 137–38
see also MELAS, MERRF, hearing loss and diabetes

transgenic mice 238
mitochondrial DNA chimeric 314
see also gene knockouts

translation 34–39
aminoacylation 35, 134, 136
anticodon loop 130
chloramphenicol inhibition 300
codon assignment 29
codon recognition 329
emetine inhibition 134
elongation factor, EF 37, 38
modification 134, 137
translation termination 39

translocase of the inner membrane 47–55, 57–60
translocase of the outer membrane 47–49, 51–54, 57,

59, 60
treatment

anticonvulsants 100
antioxidant 196–97
co-enzyme Q 100, 187, 197
carnitine 100
creatine 237
riboflavin 100
thiamine 100
valproate avoiding 100

triplet expansion 194, 236
tRNA suppressor mutation 129, 136–37
tumours and mitochondrial DNA mutations 263–64
turnover 248, 253

see also protein turnover

uridine 285, 286

Xenopus laevis (Frog) 6, 7
yeast 183, 189, 191, 195

hypersuppressiveness 256
petit colonies 309
see also Saccharomyces cerevisiae

Zidovudine, see AZT
zygotes

human 315
mouse 287, 299
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