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Abstract

Although recognized earlier as subcellular entities by microscopists, mitochondria
have been the subject of functional studies since 1922, when their biochemical
similarities with bacteria were first noted. In this overview I trace the history of
research on mitochondria from that time up to the present day, focussing on the
major milestones of the overlapping eras of mitochondrial biochemistry, genetics,
pathology and cell biology, and its explosion into new areas in the past 25 years.
Nowadays, mitochondria are considered to be fully integrated into cell physiology,
rather than serving specific functions in isolation.

1. Foreword

Mitochondria were first recognized by microscopy as subcellular
entities in the 19th century. However, it was only in 1922 that Wallin
published a series of papers, e.g. [1], revealing that the chemical signatures
of mitochondria and of aerobic bacteria were similar, from which he
proposed the idea that mitochondria arose, in the course of evolution, by
invasion of an ancient cell by organisms akin to modern-day bacteria. From
this developed the theory of endosymbiosis, that such an invasion or
engulfment led to a mutually beneficial collaboration within a single cell
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that later evolved into a multicellular organism. In this article, I shall trace
how we progressed from this ingenious concept, nowadays supported by a
large body of data, to our present-day understanding of mitochondria and
the physiological functions they perform. Importantly, space constraints
prevent me from going into any depth in respect of any of the historical
milestones I shall discuss. It is also not practical to cite every one of the
thousands of published works to make up this catalogue of knowledge.
Instead I cite only a handful of key references that underlie, illustrate or
summarize the main advances, focusing, in the interests of open scholar-
ship, on those that are freely available. In so doing, I apologize to all those
works remain uncited, including many collaborators and friends. This
article can be but a short overview of a nowadays enormous field, which
can nevertheless be of value to those just entering it.

The past century of mitochondrial research can be considered to comprise
four overlapping eras, those of mitochondrial biochemistry, genetics, pathology
and cell biology (Fig. 1), which I shall now consider in that order, after
reviewing Wallin’s ideas of cellular evolution and where they have led us to.

2. Endosymbiosis

Wallin’s work, and hence his ideas on cellular symbiosis as the origin
of eukaryotes, were largely ignored for almost a half-century [2]. This was
partly because they appeared to contradict tenets of Darwinian evolution,
and partly because some of the experimental work on which they were
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Fig. 1 The eras of mitochondrial research. Mitochondrial biochemistry began in the
1920s and continues until the present day, albeit at a lower intensity. Similarly,
mitochondrial genetics extended from the late 1940s onwards. Mitochondrial
pathology has its origins in the early 1960s and remains intensively investigated,
whilst the explosion of interest in mitochondrial cell biology occurred in the 1990s
and is ongoing.
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based was dubious, notably the claim of being able to grow mitochondria
in vitro. However, his main presentation of the evidence for a bacterial
affinity or origin of mitochondria seems sound. Not only do mitochondria
resemble bacteria morphologically, they also multiply in cells by growth
and division. Most importantly, some vital dyes for mitochondria, notably
Janus Green B, understood later to be specific for the enzyme cytochrome c
oxidase [3], also stained most aerobic bacteria, including those that were
endosymbionts in the root tissue of leguminous plants [4].

Despite misgivings over his experimental work, Wallin’s thesis began
to be seriously reconsidered in the 1960s, most famously by Lynn
Margulis (Sagan), who developed the concept into the wider idea that the
eukaryotic cell was a mosaic of organelles derived from different bacterial
ancestors [5,6]. Once again, the hypothesis was received with some
skepticism, in particular as regards the origins of the cell nucleus and of
the cytoskeleton, whilst the evidence in favour of an endosymbiotic
origin for mitochondria and for plant chloroplasts gradually came to be
accepted. Eventually, with the characterization of organelle DNAs in the
1980s by Mike Gray and others, the theory came to be more or less
universally accepted, based on the fact that the ribosomal RNA genes of
both mitochondrial and chloroplast DNAs were clearly much more
closely related to those of bacteria than to their counterparts encoded by
eukaryotic nuclear genomes [7]. In fact, DNA sequence analysis allowed
the placement of organelles within specific bacterial taxa: chloroplast
DNA with cyanobacteria, and mitochondrial DNA with alpha-proteo-
bacteria, both with a monophyletic origin [8]. In a sense, I am already
getting ahead of myself, since mitochondrial DNA was unknown in 1922,
and its discovery will be covered in a later section.

3. The era of mitochondrial biochemistry

The discovery of the key enzymes of intermediary metabolism is the
foundation stone of mitochondrial biochemistry, dating back to the 1920 and
1930s. This was also the heyday of the study of enzymes in general and, thus,
it is fitting in a volume such as this to devote slightly more space to it. One
name stands out from the crowd, that of Hans Krebs, whose findings allowed
him to propose the cycle of enzymatic interconversions of metabolites [9]
that bears his name, and which is still considered valid, even if a few ‘bells
and whistles’ have been added on since it was first elaborated [10].
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Krebs applied rather laborious chemical and enzymatic assays of
metabolites to determine the precise reactions that were carried out in
various animal tissues. In the first paper in his series [9], mitochondria were
not even mentioned, and it was only a decade later that the mitochondrial
localization of the Krebs cycle enzymes was firmly demonstrated by Leh-
ninger and colleagues [10]. This latter work also demonstrated that the
oxidation reactions carried out by mitochondria were coupled to the
incorporation of radio-labelled inorganic phosphate into various types of
macromolecules [11], a process which has been termed ‘oxidative phos-
phorylation’ (OXPHOS) ever since, although the specific link to the
production of ATP was only proven later [12]. Nowadays, the term is
applied to the entire pathway of mitochondrial respiration and ATP
synthesis.

OXPHOS involves the reoxidation of the primary electron acceptors
used by the cell in glycolysis and in the reactions of the TCA cycle. This is
accomplished in a stepwise fashion in mitochondria, with electron transfer
to carriers of decreasingly negative redox potential that constitute the
respiratory (or electron-transport) chain. These reactions are catalyzed by
large enzyme complexes embedded in the inner mitochondrial membrane,
each containing many different polypeptide subunits (almost 100 in total).
Their counterparts in aerobic bacteria are simpler, and there is a continuing
debate as to what biochemical or physiological roles are performed by the
so-called supernumerary subunits found in the mitochondrial versions of
the OXPHOS enzyme complexes. The stepwise passage of electrons to
oxygen involves three of these complexes, confusingly named as complexes
I, III and IV – complex II (cII) being a component of the Krebs cycle
(succinate dehydrogenase, more precisely termed as succinate:ubiquinone
oxidoreductase) which serves as a side-branch of the main respiratory
chain, feeding electrons to complex III via ubiquinol, alongside some other
flavin-linked dehydrogenases. The elucidation of the structure and enzy-
matic mechanisms of this complex array was the result of the work of many
laboratories, involving their purification and reconstitution, the determi-
nation of their subunit composition, the characterization of the genes that
encode their subunits, their enzymatic mechanisms and eventually their
atomic structures. This endeavour began in the 1950s [13,14] and extended
into the first decades of the present century. There remains debate about
the status of some remaining subunits which are loosely bound, sub-stoi-
chiometric or taxon-/tissue-specific, and about the overall organization of
the complexes in the respiratory membrane.
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Complex I (cI), NADH:ubiquinone oxidoreductase, comprises over 40
different subunits in mammals, though rather fewer in filamentous fungi. In
budding yeast (Saccharomyces cerevisiae) it is completely absent, being
replaced by members of the Ndh2 family that are composed of a single type
of polypeptide, and catalyze a similar chemistry (reduction of ubiquinone
by NADH) but are non energy-conserving. After the purification of cI was
refined in the 1970s [15], its structure at ∼4 Å resolution was finally elu-
cidated as recently as 2016 [16,17]. It is one of the largest and most
complex multisubunit assemblies in biology, being approximately 1 MDa
in molecular weight, i.e. comparable with the large subunit of the bacterial
ribosome.

Complex III (cIII), ubiquinol:cytochrome c reductase, is the common
entry point to the ‘trunk section’ of the respiratory chain, receiving elec-
trons from cI, cII and other dehydrogenases that reduce ubiquinone.
Structurally it is a simpler enzyme than cI, in mammals comprising only 11
subunits [18], although it catalyzes an equally or arguably even more
intricate reaction, originally proposed by Peter Mitchell [19], known as the
Q cycle. The complex was successfully purified and characterized in the
1960s and 1970s [20–22], but it was crystallized only in the 1980s [23] and
its atomic-level structure was elucidated only in the 1990s [18].

The structure of mammalian mitochondrial respiratory complex IV
(cIV, cytochrome [c] oxidase), now recognized to consist of 14 different
polypeptides [24], was solved at < 3 Å resolution in the late 1990s [25],
although how the 14th subunit was incorporated was only recently
revealed [26].

There are now known to be dozens of other important metabolic
enzymes in mitochondria for which there is no space to mention indivi-
dually, including pathways shared with other organelles, for example, fatty
acid oxidation (with peroxisomes), the urea cycle (with the cytosol), steroid
and phospholipid synthesis (with the ER); plus the elaborate machineries of
metabolite and protein import. However, a fifth enzymatic complex
embedded in the inner mitochondrial membrane, ATP synthase or com-
plex V (cV), is a vital part of the OXPHOS system.

Although the purification of the respiratory chain and OXPHOS com-
plexes in their active state was considered a huge achievement of 20th
century biochemistry, it has come to be regarded as a case of over-reduc-
tionism (redox pun not intended). This is because Hermann Schägger and
colleagues, around the year 2000, applying gentle electrophoretic techniques,
showed that the respiratory chain complexes could be recovered in their
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native state in the form of ‘supercomplexes’, also called respirasomes, in
which cI, cIII and cIV are physically associated in a variety of stoichiometries
[27,28]. For a long time the existence of supercomplexes was controversial,
and their biochemical and physiological significance are still debated [29–31].
Their molecular architecture remains a subject of ongoing studies, but their
formation and/or reorganization appears to depend on specific assembly
factors [28,29], as well as variant subunits that may be expressed tissue-spe-
cifically or subject to metabolic or developmental regulation.

A major advance came with Mitchell’s chemiosmotic hypothesis [32],
an ingenious concept that filled in the ‘missing link’ between the redox
reactions of the respiratory chain and the recovery of the released energy in
the form of ATP. The basic idea, now universally accepted despite the
many controversies surrounding it in the early years [33], is that the release
of free energy from the oxidation steps of the respiratory chain is directly
coupled to the pumping of protons across the inner mitochondrial mem-
brane, setting up a proton gradient against which this pumping action
operates. The free energy thus stored is recaptured by the return of protons
to the mitochondrial matrix through cV, where it drives the phosphor-
ylation of ADP by inorganic phosphate. The proton gradient can also
energize other transport processes directly. The molecular mechanism of
the ATP synthase was elucidated in the 1990s by the determination of its
structure, an effort led by John Walker [34]. This showed that cV was
essentially built from two components: one that was essentially static in the
inner mitochondrial membrane, and one that was free to rotate. The rotary
movement is driven by the proton gradient and involves a series of con-
formational changes that energize the formation and release of ATP. The
principle is very similar to that of an electric motor or dynamo and, like
them, can operate also in reverse, creating a proton gradient and thus a
membrane potential by hydrolysis of ATP, even if the respiratory chain
itself is inoperative. The protonmotive nature of cI, cIII and cIV is thus an
intrinsic aspect of the mechanistic biochemistry of these complexes. As was
the case for cV, their structural elucidation and the study of specific mutants
that disturb their structures in predictable and/or experimentally verifiable
ways have been the key to understanding not only their primary redox
chemistry but how electron transport between the redox-active centres is
coupled to proton pumping. The molecular mechanism is different for
each of the complexes. Nevertheless, each of them appears to be ancient
within the bacterial lineage which gave rise to mitochondria and chlor-
oplasts, including modern-day aerobic bacteria.
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As already indicated, the mitochondrial localization of the respiratory
machinery and of the Krebs cycle enzymes was not immediately appreciated in
the 1930s. Over the succeeding decades, the topological issue has become
more complex, since the mitochondrial membrane system is now understood
to divide the organelle into at least six compartments [35] – see Fig. 2. In
addition to an outer membrane, the inner membrane is nowadays considered
to comprise two separate compartments, the inner boundary membrane sur-
rounding the matrix, and the cristal membrane in which the OXPHOS
complexes and some accessory machinery are embedded. These cristae enclose
a lumen that is separated by cristal junctions from the intermembrane space,
which is located between the outer and boundary membranes. In addition,
there are contact sites where the outer and boundary membranes are closely
juxtaposed, and where transport of proteins into mitochondria is facilitated.
Finally there are similar contact regions where the outer membrane is inti-
mately associated with specific domains of the ER, the so-called MAMs
(mitochondria-associated membranes), and where exchanges of calcium ions,

outer membrane

inner boundary membrane

cristal membrane

intermembrane space

matrix

intracristal space

cristal junctions

Fig. 2 The topological compartments of mitochondria. In addition to the external
space of the cytosol, the mitochondrial membrane system defines three membrane
compartments and three internal spaces, as shown.
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phospholipids, sterols/steroids and their intermediates are believed to occur
[36]. Specific protein complexes within this overall topology define bound-
aries, interconnections and transport machineries, such as those dedicated to
protein import and sorting to the appropriate intramitochondrial compart-
ment. These protein complexes have been discovered and characterized by the
standard tools of biochemistry: fractionation (based on size, buoyant density,
detergent action), co-immunoprecipitation, proximity labelling, mass spec-
trometry and the two-hybrid approach [37], combined with classical and
reverse genetics and high-resolution imaging. These methods are under
continuous refinement, and our current understanding of the mitochondrial
proteome, and the submitochondrial localization and physiological functions
of the ∼1100 proteins that it comprises [38], is reflected in the huge number of
recent studies on mitochondria reported in the literature and accessible on
Pubmed: 24,600 in 2022, 3500 in 1992, just 360 in 1962. Although not all of
these publications deal with biochemical issues, the structural and functional
characterization of the mitochondrially localized proteins remains the object of
the majority of these ongoing studies. Thus, the era of mitochondrial bio-
chemistry is far from over.

I cannot conclude my survey of the era of mitochondrial biochemistry
without acknowledging the visionary contribution of Otto Warburg, again
dating largely from the 1920s and extending into the 1960s and beyond. As
an early mentor of Krebs, he also didn’t fully appreciate, until later, that he
was working on mitochondria. His most important observation was that
cancer cells rely mostly upon glycolysis for their energy supply, whilst
normally differentiated cells in the body rely principally on respiration [39].
His 1931 Nobel prize citation was “for his discovery of the nature and
mode of action of the respiratory enzyme”.

Although, like many facets of cancer cells, Warburg’s conclusions
represent a broad generalization to which there are important caveats [40]
and even exceptions, it has recently become central, once again, in
thinking about the metabolic transformations that enable tumour cells to
proliferate and invade, and to survive under hypoxic conditions [41].

4. The era of mitochondrial genetics

Before the actual discovery of mitochondrial DNA (mtDNA), Boris
Ephrussi and Piotr Slonimski in the late 1940s into the 1960s uncovered
genetic evidence that pointed to its existence [42]. They isolated mutants in
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budding yeast that were unable to respire, but survived on fermentable
substrates such as glucose. These mutant strains also formed smaller colo-
nies. It soon became clear that most of these so-called petite mutant traits
were inherited in a fashion that disobeyed the by-then well established rules
of Mendelian genetics, and instead appeared to be inherited cytoplasmically
[43], without meiotic segregation. With the discovery of mtDNA, initially
in mammalian cells by Margit and Sylvan Nass [44,45] in 1963, and soon
after in budding yeast by Gottfried Schatz and colleagues [46], it quickly
became apparent that these extranuclear genetic determinants were carried
on a separate DNA genome located inside the organelle.

A crucial advance, initiated already by Slonimski himself in the 1960s, was
that not all mutants with the petite phenotype mapped to the mtDNA [42]. In
fact, a much larger number of complementation groups generating the
respiration-defective petite phenotype showed completely standard nuclear
inheritance. These pet mutants were later catalogued and characterized sys-
tematically by Alex Tzagoloff and Carol Dieckmann [47], and found to
number over 400. Their work implied that the vast majority of proteins
required for the construction and maintenance of the OXPHOS system are
encoded in the nuclear genome, with only a small minority in the mtDNA
itself. This supported the idea that, in the course of evolution, most of the
genes of the bacterial ancestor of mitochondria were either transferred to the
nucleus or substituted by pre-existing genes contributed by the original host.
Some may also have evolved de novo since the endosymbiotic partnership
began, while others may have been transferred horizontally from elsewhere, or
were simply lost because they were no longer useful. It has been argued that
these gene transfer processes confer an energetic and hence selective advantage,
such that gene loss from the endosymbiont is essentially unidirectional [48].

Throughout the remainder of the 1960s and into the 1980s, the
characterization of mtDNA and its gene products became possible due to
the rapid advances in analytical methods, notably the development of
dideoxy DNA sequencing by Fred Sanger and colleagues, for whom
human mtDNA became only the second replicon to be fully analyzed [49].
Combined with classical genetics, molecular methods led Slonimski and
colleagues to the discovery of introns in yeast mtDNA [42], at about the
same time as they were being found by others in viral genomes and in
eukaryotic nuclear genes. However, the introns of organelle DNAs turned
out to be of a special type, categorized as Group I or Group II, and capable
of self-splicing in vitro. Although relatively common in bacteria and their
viruses, as well as organelles, they are very rare in eukaryotic
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nuclear DNAs. Albeit self-splicing in vitro, their removal from primary
transcripts in vivo was found to depend on maturases actually encoded with
the introns, as well as on a variety of nuclear-coded proteins. The
laboratories of Bernard Dujon [50] and Ron Butow [51] then proceeded to
identify another extraordinary property of these introns in that they were
also transposable elements ‘homing’ to specific sites in target genomes, by
mechanisms again involving intron-encoded proteins.

The sequencing of mtDNA enabled the identification of the mito-
chondrially encoded gene products. In the case of humans, these comprised
13 polypeptides plus the RNA components of a separate translation system,
namely two rRNAs and a minimal set of 22 tRNAs. The latter were
shown to employ expanded codon recognition and a modified genetic
code [49]. The existence of this translation system had been noted already
in the 1970s, but it was not until the turn of the millennium that the
constituent polypeptides of mitoribosomes, as well as its associated factors
were fully identified, involving a number of laboratories, notably those of
Linda Spremulli [52], Tom O’Brien [53] and Tsutomo Suzuki together
with Kimitsuna Watanabe [54]. In fact, it was not until 2015 that the
atomic-level structure of the mammalian mitoribosome was elucidated, by
Venki Ramakrishnan and colleagues [55]. Even the precise structure of the
full set of human mitochondrial tRNAs with their many base-modifica-
tions was published only recently by the Suzuki lab [56]. In animals, all of
the mitoribosomal proteins are nuclear-coded, although mtDNA encodes
one (Var1) in yeast, several in plants and tens in some protists.

At about the same time as the full human mtDNA sequence was being
determined, Julio Montoya and Deanna Ojala in the group of Giuseppe
Attardi mapped its transcription products, identifying the full genome-
length precursor transcripts, the 11 mature mRNAs, two of them bicis-
tronic, plus the rRNAs, tRNAs and various intermediates of RNA pro-
cessing [57]. The genome organization and inferred RNA processing
pathway gave rise to the so-called punctuation model [58], wherein the
processing steps that create the 5′ and 3′ termini of the tRNAs, which are
interspersed amongst the other coding segments of the genome, also
generate the corresponding termini of the upstream and downstream
transcripts, be they mRNAs, rRNAs or other tRNAs. The genome
organization of human mtDNA was thus found to be extremely eco-
nomical, with almost no non-coding information except for the extended
non-coding region in which were embedded the signals governing tran-
scription and DNA replication [59].
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During the following decade, the mtDNAs from many other animal
species were sequenced and characterized, revealing that most of the above
features as well as the overall order of protein-coding and rRNA genes
were highly conserved. Only a small number of inversions and transposi-
tions appear to have occurred since the metazoan radiation, except in some
specific taxa where many rearrangements have taken place, such as in
nematodes [60] and some molluscs [61].

As more mtDNAs from diverse taxa were sequenced, some specific
anomalies were revealed that appear to be taxon specific. These include
the arrangement of most of the tRNA genes in a single cluster in echino-
derms and in yeast, putatively self-splicing introns in cnidaria, trans-splicing
in plants and diplonemids and repetitive sequence elements in some
nematodes. Across phylogeny, variant genetic codes and noncanonical
tRNA structures were frequently observed, along with cases of massive and
even complete loss of tRNA genes, and the co-existence of linear and
multipartite genomes rather than the ‘standard’ monomeric circle. RNA
editing was first described in the late 1980s (in mitochondria) in the
laboratories of Rob Benne, Larry Simpson and Ken Stuart [62,63], and led to
the discovery of cryptogenes in the mtDNA of kinetoplastids, some
requiring very extensive RNA pan-editing to generate functional mRNAs
[64]. In turn, editing in this taxon is dependent on a large number of
extragenomic elements – the minicircles, each encoding a guide RNA with
a specific target site in the editing programme. The types of mitochondrial
RNA editing and gene fragmentation in different taxa are extremely diverse
– see, e.g. [65]. All of these cases suggest that mitochondrial genome evo-
lution has proceeded as a kind of arms race, with lineage-specific encryption
mechanisms resisting (or in some cases harnessing) invasive genetic elements.

The discovery of mitoribosomes and of poly(A)-tailed transcripts con-
taining the protein-coding sequences of mammalian mtDNAs prompted the
question as to what functions are performed by the polypeptides encoded by
the 13 open-reading frames of the mammalian mitochondrial genome.
Several of their counterparts in yeast had already been identified bio-
chemically, enabling five of them to be annotated immediately as crucial
redox-active proteins of the OXPHOS system: cIV subunits COX1, 2 and
3, associated with cytochromes a and a3 plus the copper centres of cIV,
apocytochrome b, belonging to cIII, and subunit 6 or a of cV, into which
protons are fed by the rotating ring of c subunits for transit across the
membrane to energize the cycle of conformational changes that drive ATP
synthesis. The remaining open reading-frames were finally shown by Paolo
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Mariottini and Anne Chomyn in the Attardi lab, and John Walker and
colleagues, to encode other OXPHOS polypeptides, namely subunit 8
(or A6L) of cV [66,67] and seven subunits of cI [68].

The mechanism(s) of mtDNA replication remains incompletely
understood, and various models have been put forward, none of which is
supported by comprehensive data. The prevalent view is based around the
ingenious model originally proposed in the 1970s by Jerome Vinograd and
David Clayton, in which the two strands of the circular mtDNA are
replicated asynchronously from different origins, leaving large expanses of
the molecule partially single-stranded during much of the replication cycle
[69]. The main points of this model are still valid except that, in most
molecules, the displaced strand appears to be provisionally hybridized to
RNA over most of its length [70,71]. However, fully dsDNA replication
intermediates are also detected, implying that a proportion of molecules
replicate by a more conventional, strand-coupled mechanism [71]. There is
also evidence for rolling-circle replication and recombination-driven
replication in some tissues and organisms. Given this confusing multiplicity
of inferred mechanisms, probably indicative of genetic redundancy in a
biologically essential process, working out the precise mechanistic details
and enzymology is still a work in progress.

What is very clear is that all of the enzymes required for mtDNA replication,
as well as for transcription and RNA processing are exclusively nuclear-coded,
except in jakobids [72], which are considered to be an anciently diverged group
of eukaryotes. In animals and fungi, the major DNA polymerase found in
mitochondria (Pol γ), assumed to be the mtDNA replicase, is related to the
single-subunit DNA polymerases of T-odd bacteriophages [73,74]. However, its
processivity-enhancing partner protein is not the chromosomally encoded
thioredoxin as in bacteria, but a novel tRNA ligase-related polypeptide, at least
in animals [75], with no counterpart at all in yeast. Other phage-related enzymes
are part of the machinery of mtDNA maintenance, notably the major mito-
chondrial primase-helicase, related to phage T7 gp4 which, in metazoans, has
lost primase activity [76]. Another example is the single-subunit RNA poly-
merase [77] which, like Pol γ, has acquired accessory factors that facilitate
initiation, most notably the transiently interacting factor Mtf1 (in yeast) or
TFB2M (in metazoans), as well as a DNA-bending, minor-groove DNA-
binding protein (TFAM in metazoans). Intriguingly, the jakobids have a bac-
terial-like multisubunit RNA polymerase encoded in their mtDNA [72].

Amongst the hundreds of PET genes are those that contribute to the
uniquely mitochondrial apparatus of protein import, the so-called TOM
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and TIM complexes that act as import and sorting complexes located,
respectively, in the outer and inner mitochondrial membranes [78]. These
were originally identified genetically in yeast, starting in the 1980s, by
the laboratories of Walter Neupert and Gottfried Schatz, but appear to be
essentially the same in all animals, fungi and plants, with the essential
components present in all eukaryotes [79]. This led to the assumption that a
necessary step in ‘organellogenesis’ after endosymbiosis was the evolution
of a machinery for importing (nuclear-coded) proteins from the cytosol,
and that protein transport was a one-way process. Such a view has been
challenged by the recent finding of remnants of a bacterial type-2 secretion
system in jakobids and other excavates [80], suggesting that proteins may
originally have been exchanged in both directions. Protein export from
mitochondria to enable ‘bacterial-like’ functions to be performed else-
where in the cell would have become redundant once the relevant genes
had all been transferred to the nucleus, but this process appears not to have
reached completion in all eukaryote lineages.

Mitochondrial DNA in animals, most plants and many fungi shows
uniparental inheritance. This makes sense in highly anisogamic species –
essentially all metazoans, where the amount of cytoplasm contributed to
the zygote by the maternal gamete (oocyte) is vastly greater than that
originating from the male gamete. However, as revealed by mtDNA stu-
dies beginning in the 1980s, there are curious exceptions [81]. One is
evident in some molluscs, which maintain two distinct isotypes of mtDNA
inherited through opposite parents [82]. Interspecific hybrids of mice and
some other species also show evidence of paternal transmission of mtDNA
[83], which is believed to represent a breakdown in the normal mechan-
isms by which paternal mitochondria are recognized and destroyed in early
embryonic development, as documented in both flies [84] and mammals
[85], and involving targeted ubiquitination as well as active degradation of
sperm mtDNA [86].

One of the most intriguing aspects of (animal) mitochondrial genetics is
the fact that within a single individual and in all of their cells, all mtDNA
molecules are identical by sequence. How this condition, known as
homoplasmy (genetic homogeneity of the cytoplasm), is established and
maintained is still debated, but appears to involve a drastic reduction in
mtDNA copy number from thousands per cell to tens. Combined with
multiple rounds of cell division during germ-cell development, this leads to
mitotic segregation possibly followed by selective mtDNA amplification
during oogenesis, resulting in homoplasmic oocytes [87,88]. Some
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instances of ‘benign’ heteroplasmy have been observed, alongside the
intriguing observation that shifts to homoplasmy can occur over very few
maternal generations [89]. Low level heteroplasmy across the mitochon-
drial genome is now considered the norm [90]. The studies of Jim Stewart
and Nils-Göran Larsson have provided evidence for purifying selection to
eliminate deleterious mtDNA mutants during oogenesis [91]. However,
not all potentially harmful variants are eliminated, with tRNA mutants
especially prone to escape this selective process, resulting in persistent
heteroplasmy. This will be discussed further in the following section.

5. The era of mitochondrial pathology

The centrality of mitochondrial metabolic processes for life, coupled
with the highly unorthodox genetics of mtDNA and the involvement of
over hundreds of nuclear genes in the building and maintenance of the
OXPHOS system, strongly suggest that there must be many mutations that
lead to impaired mitochondrial function and hence to disease. However,
for a long time this was overlooked, most likely for two reasons. First, the
very necessity of these metabolic pathways and gene products suggested
that almost all such mutations would be lethal. Second, that any nonlethal
OXPHOS mutants would affect physiological functions in a similar way,
producing a stereotypical phenotype, akin to the uniform petite phenotype
of the many hundreds of OXPHOS-defective mutants in yeast. Both
assumptions proved incorrect.

The first reported case of a clinical OXPHOS defect came in the early
1960s, when Rolf Luft and colleagues observed a patient showing signs of
severe hypermetabolism and concomitant thermogenesis, due to disruption
of the normally tight coupling of ATP production to respiration in
mitochondria [92]. Over the following decades, clusters of patients with
varying neuromuscular symptoms were identified, notably by the groups of
John Morgan-Hughes and Salvatore DiMauro, with mitochondrial dys-
function as a primary underlying feature [93,94]. However, it was the
discovery of the role of mtDNA in disease in the late 1980s that was the
major breakthrough that opened up the field. First, Ian Holt and co-
workers reported the association between heteroplasmic, large deletions of
mtDNA and many cases of neuromuscular disease [95]. Soon after, the
groups of Doug Wallace and of Yu-ichi Goto, Ikuya Nonaka and Satoshi
Horai identified inherited point mutations in mitochondrial tRNA genes
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[96,97], associated with syndromic disorders affecting the major organs,
notably skeletal muscle, the CNS and heart. These first-described muta-
tions were heteroplasmic, supporting the idea that wild-type mtDNA was
indispensable for life. However, homoplasmic mutations were soon added
to the list by the Wallace group, which identified point mutations in
mitochondrial genes for subunits of cI as the cause of LHON [98], a type of
optic-nerve atrophy, and by the group of Nathan Fischel-Ghodsian who
found that a homoplasmic mutation in the gene for mitochondrial large-
subunit rRNA predisposed to aminoglycoside-induced deafness [99].

Very soon after the discovery of mtDNA deletions as a cause of disease,
patients with multiple deletions of mtDNA, but showing autosomal inheri-
tance, came to light in studies by the group of DiMauro and others [100,101].
Other cases, with different clinical features, were found to be associated with
depletion of mtDNA content in specific tissues [102]. Painstaking genetic
mapping and mutational analyses eventually led to the identification of some of
the key genes that were responsible, notably those coding for the major DNA
polymerase [103] and replicative helicase [104] of mitochondria, and some
other products involved in nucleotide transport and metabolism.

The 1990s saw an explosion of data, connecting mutations not only in
mtDNA but also in many hundreds of nuclear genes coding for mito-
chondrial components with an increasingly broad and, to some extent
baffling, heterogeneity of clinical conditions. With the advent of techni-
ques for interrogating the sequence of the entire genome, the list of
‘mitochondrial disease genes’ continues to grow.

More surprising, but also in a way obvious, has been the increasing
realization that an even wider disease spectrum than these classic ‘mito-
chondriopathies’ is associated with mitochondrial dysfunction, which may be
at the root of diverse pathological processes or constitute an instrumental step
therein [105,106]. Much of this additional disease burden is attributable to
the broader cellular role of mitochondria [107], to which I now turn.

6. The era of mitochondrial cell biology

In the 1990s, in parallel to the exploration of the involvement of
mitochondria in disease, an entirely new field opened up with the reali-
zation that mitochondria are not simply biological fuel cells converting
chemical into electrical energy. Nor are they to be regarded merely as
metabolic ‘clearing houses’ with essential roles in the biosynthesis of lipids,
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purines and pyrimidines, iron-sulphur clusters, heme and one-carbon
compounds [108]. They are also now recognized as essential components
of cell signalling networks [109], operating to maintain biological home-
ostasis both within individual cells, as well as in tissues, organs and even the
entire body. Moreover, mitochondria have been shown to be dynamic
entities, undergoing fusion, fragmentation, movement and the exchange of
macromolecules with other organelles. These findings have fundamentally
altered our view not only of mitochondria but of the whole cell. Orga-
nelles were once thought of as structurally distinct and functionally inde-
pendent cellular compartments. However, the current view which has
emerged since 1990 is that organelles in general, and mitochondria in
particular, are highly interactive, share many essential tasks upon which
cellular integrity and function depend, and communicate continuously
with each other and with the rest of the cell, as well as with the extra-
cellular environment. I shall briefly review some of the key findings that led
to this revolution in thinking.

The work of Stan Korsmeyer and others in the early 1990s demonstrated
that mitochondria operate as platforms for the integration of the signals
instructing the cell to remain alive or instead enter the programmed suicide
pathway of apoptosis and its variants [110]. Under appropriate conditions,
signals emanating from the cell surface and from inside the mitochondria
themselves converge at the outer mitochondrial membrane to generate the
irreversible opening of channels through which holocytochrome c, as well as
some other small proteins normally confined within the intermembrane
space, are exported to the cytosol, where they activate members of
the caspase protease family [111]. These then propagate the death message
throughout the cell, and disassemble and degrade its components.

However, it soon became apparent that mitochondria are also the
source of several other classes of signalling molecules that influence diverse
physiological processes in the rest of the cell (Fig. 3). These include calcium
ions, hydrogen peroxide and other reactive oxygen species (ROS), plus a
number of Krebs cycle intermediates that are essential for epigenetic pro-
cesses acting in the nucleus and their regulation. These various small
molecules, as well as some proteins whose mitochondrial import can
become blocked, then signal to the rest of the cell the metabolic state of
mitochondria, including the various stress conditions to which they are
prone, such as proteotoxic or oxidative damage or infection by a virus or
other pathogen. In the first instance, such signals then regulate metabolic
enzymes residing elsewhere in the cell, as well as their expression, or
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facilitate the delivery of stress-response proteins to restore intramitochon-
drial homeostasis. If these measures do not correct the stress, more drastic
outcomes follow. Defective mitochondria can be eliminated by a limited
mobilization of the cell’s autophagic machinery, ‘mitophagy’. If damage
persists the last resort is apoptosis.

The outer mitochondrial membrane, which was previously believed to
serve only a topological function defining the intermembrane space, has
gradually emerged as a crucial decision-making ‘platform’. Not only does it
house the machinery that initiates the cell-death programme. It also serves
as a platform on which signals indicative of infection by a pathogen are
assembled and transduced to the nucleus, cell surface and ribosomes, so as
to mount an intra- and inter-cellular immune response.

Ca2+
cytochrome c

tBID

Pink1

H2O2

ATFs

heat

ER
peroxisomes
cytoskeleton

Golgi

metabolites

tBID

PPRs

immune
responses

ATP

O2

Fig. 3 Mitochondria are cell signalling hubs. A summary of some of the major
signals received and emitted by mitochondria. Incoming biochemical signals (green
arrows) include ligand-bound pathogen pattern receptors (PPRs), pro-apoptotic
molecules such as tBID, and oxygen, whose levels are effectively monitored by
mitochondria in crucial oxygen-sensing tissues. These signals elicit various responses
(blue arrows), respectively the activation of immune pathways, e.g. via the inflam-
masome or the MAVS signalosome, the release of cytochrome c to initiate apoptosis,
and hydrogen peroxide to activate hypoxia and oxidative stress signalling. Other
emitted signals from mitochondria include heat and ATP itself, which in turn mod-
ulates many protein kinases, being also a primary substrate thereof. A large number of
metabolites, as well as calcium and other ions, are taken up or exchanged by mito-
chondria (purple arrows), regulating many of cellular enzymes and also providing
substrates for the creation of epigenetic marks in the nucleus. Mitochondrial pro-
teostasis is monitored by the failure to uptake reporter proteins (orange arrows) such
as the ATF transcription factors or Pink1 kinase, respectively activating mitochondrial
unfolded protein responses or mitophagy. In addition, mitochondria communicate
biochemically and biogenetically with other organelles and cellular systems (red
arrow) via physical connections and vesicle transit.
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Following the discovery of these various phenomena, much effort has
been expended since 1990 to identify the molecular machineries respon-
sible, elucidate the mechanisms by which they act, investigate their roles in
disease and, where appropriate, target them pharmacologically, aiming to
correct and eventually treat the various pathologies in which they are
involved. The field has become vast, so I shall here just cite a few examples
from each of these areas of ‘mitochondrial cell biology’.

One of the first identified protein families with roles in the mitochondrial
regulation of apoptosis is the one related to the oncoprotein Bcl-2, whose
inappropriate overexpression in lymphocytes is a common initiation step in
follicular lymphoma [110]. The Bcl-2 family of proteins comprises both pro-
and anti-apoptotic members. The former can form homo- and/or hetero-
dimers which directly operate as channels through which cytochrome c can
be exported to the cytosol. The anti-apoptotic members of the family,
including Bcl-2 itself, generally antagonize this process by forming inactive
heterodimers with pro-apoptotic family members, thus titrating out the
membrane permeabilization activity that would otherwise initiate the cascade
of events leading to cell death [111].

The machinery involved in mitophagy, both in regard to its signalling
and implementation, remain somewhat controversial. The general con-
sensus is that mitophagy is, in part, a constitutive process in which orga-
nelles are continuously turned over, so as to prevent the accumulation of
defective mitochondria and ensure their functional quality maintenance
[112]. However, there appears also to be an overlapping machinery
whereby mitochondria that have been subjected to irreversible damage can
signal their plight and undergo mitophagy. In regard to the latter, a specific
E3 ubiquitin ligase, parkin, implicated in the etiology of a familial form of
early-onset Parkinson’s Disease, is accumulated at the surface of mito-
chondria that have lost their membrane potential and are no longer able to
import cytosolically synthesized proteins. The crucial accessory player in
the pathway is the protein kinase Pink1, which phosphorylates parkin and
probably other targets involved in the induction of mitophagy, when its
import is prevented [113].

In most cells, mitochondria exist in long filamentous structures that are
continuously split and reformed in a cycle of fusion and fission that is
essential for mitochondrial quality maintenance [114]. Mitochondria must
be fragmented, so as to isolate defective parts of the ‘mitochondrial net-
work’ and target them for mitophagy. However, various physiological
stresses can lead either to fragmentation or hyperfusion of the
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mitochondria, and these processes are poorly understood, despite years of
painstaking research to identify the molecular machinery involved, which
remains incomplete. In addition to their endogenous or ‘homotypic’
fusion-fission cycle, mitochondria are also in communication with other
membrane-bound organelles, notably peroxisomes, for the delivery of
specific peroxisomal components via mitochondrial-derived vesicles [115],
endosomes for the recycling of iron [116], Golgi-derived vesicles for the
acquisition of proteins required for mitochondrial fission [117] and most
extensively of all, with the endoplasmic reticulum for diverse molecular
exchanges required for metabolic homeostasis. The latter include,
for example, lipid biosynthesis, Calcium flux, endocrine signalling, redox
maintenance in the secretory system and some aspects of ROS handling
[118,119]. Mitochondria-derived vesicles are also believed to act as an
additional pathway for mitochondrial quality control [120].

As well as the dynamic aspects of their own structure, mitochondria
have been shown to be motile within cells [121], which has generally been
interpreted as their being guided by metabolite gradients to where they are
needed in the cell, in order to supply ATP, deliver waste products, be
replenished with substrates or collect newly synthesized macromolecules.
These processes have been thought most critical in developing neurons,
where mitochondrial energy should be important in synaptic processes, but
where the major supplies of new proteins and substrates are far away in the
cell body. However, there may be other reasons for mitochondrial motility,
which can vary even within different compartments of a single cell [122].
Mitochondria may not even be the primary source of ATP for synaptic
transmission [122]. Once again, the identification of the molecular
machinery of mitochondrial motility, notably involving the microtubule
network and the motor proteins that move cargo along it, have been the
major achievements of this area of research [121]. A proper understanding
of the physiological reasons for which mitochondria move within cells, and
the role of its malfunction in the pathology of neurodegeneration and other
diseases, remain incomplete.

Mitochondria were once thought of as sinks for excess cytosolic calcium,
a process highly dependent on the mitochondrial calcium uniporter (MCU).
However, calcium currents clearly play multiple roles in mitochondria [123],
as highlighted by the regulatory complexity of the MCU itself [124]. The
buffering of cellular calcium is, indeed, an important role of mitochondria in
many cell-types, where it fine-tunes a great variety of physiological process,
notably the contractile cycle of cardiomyocytes and of skeletal muscle, the
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activation of T-lymphocytes and the excitability of neurons. But calcium also
regulates many of the metabolic enzymes of mitochondria, although the
main avenue of regulation appears to be indirect, via the modulation of
pyruvate uptake by cytosolic calcium [125]. Genetic ablation of the MCU
has surprisingly mild physiological effects [126], suggesting that it is oper-
ationally redundant to other pathways.

Major interest has centred around the role of mitochondria in signalling
oxidative stress, arising from overload or inhibition of the OXPHOS system,
e.g. due to toxins, anoxia or physicochemical damage. When respiratory
chain function is limited, and its various electron carriers accumulate in the
reduced form, electron flow can eventually be reversed through complex I
[127], leading to massive overproduction of superoxide and other reactive
oxygen species (ROS). ROS release from mitochondria, usually in the
metastable form of hydrogen peroxide, leads to a broad response targeted at
stress mitigation. Although this response has been largely construed as a ‘cry
for help’, promoting the increased synthesis and transport to mitochondria of
polypeptides with functions in OXPHOS or in ROS detoxification, it
undoubtedly has a broader role in remodelling cell metabolism and gene
expression so as to resist or accommodate actual or incipient stress. It also has
a more specific role in the signalling of hypoxia in oxygen sensing organs and
tissues, such as the carotid body and the vasculature of the lung [128,129].

Recently, it has become clear that the mitochondria are in constant
communication with the cell nucleus, to signal aspects of their own func-
tionality. A variety of metabolic stresses induce translocation to the nucleus of
transcription factors that reprogramme gene expression to correct or mitigate
the inducing stress. A notable stress condition is the proteotoxicity that can
result from the accumulation of misfolded proteins due to redox imbalance,
errors in protein synthesis, or the lack of coordination of mitochondrial and
cytosolic translation, leading to the presence of unincorporated subunits of the
OXPHOS complexes. Although commonly recognized as ‘the’ mitochondrial
unfolded protein response (UPRmt), it is modulated in fine detail according to
the nature of the problem, the tissue in which it has occurred, and other
physiological abnormalities that may accompany it, related to its underlying
cause. This implies that is its better regarded as a complex tapestry of signals
and responses induced by different types of mitochondrial stress [130]. In
addition to stress mitigation, mitochondrial biogenesis is adjusted to fit phy-
siological and developmental needs by a number of nuclear transcription
factors and co-factors [131], often in response to endocrine signals [132] that
may also have more direct effects on mitochondrial metabolism [133].
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The outer mitochondrial membrane as a platform for the detection of
pathogens and their biological signatures, is especially important for the
response to RNA viruses [134]. Although the relevant molecular mechanisms
have not yet been fully elucidated, a key player is the mitochondrial anti-viral
signalling protein MAVS, which coordinates the activation of interferon-
linked pathways and autophagy. Pathogen pattern receptors such as the Toll-
like, NOD-like, RIG1-like and cGAS receptor families interact with and are
regulated by mitochondria in diverse ways, leading to the activation of large
protein arrays such as the inflammasome and the MAVS signalosome, that are
essential for pathogen clearance and the production of endocrine signals to
alert neighbouring cells to the threat of infection. The physiological rationale
for mitochondrial involvement in innate immunity has been extensively
discussed. Whilst local ATP delivery under metabolically challenged condi-
tions appears to be essential, many of the same pathways are involved in
responding to mitochondrial damage, which may also be a sign of infection,
i.e. indicating that mitochondria could be an ideal place for viruses to remain
hidden. In addition, many viruses manipulate mitochondrial functions as part
of their own life cycle, or to disable host immunity [135].

The overall lesson from the era of ‘mitochondrial cell biology’ is that
mitochondria are not merely metabolic machines harbouring the enzymes
needed to process substrates and release bioenergy, but serve also as hubs of
cellular decision-making, interacting with many other cellular components
and integrating and transducing many of the signals that ensure cellular and
organismal survival. The earlier view of organelles as a manifestation of the
division of cellular labour has given way to a more holistic picture of the
cell in which its component parts, most centrally the mitochondria, are
seen as a dynamic community of interactive elements.

7. The future of mitochondrial enzymology

The discovery of the mitochondrial dimension in human pathology
has spurred a broad effort to correct or mitigate the effects of the under-
lying genetic defect, so as to arrest disease progression, prevent pathological
manifestations or transmission, and even reverse the more egregious
symptoms. Bound up with this is the intriguing but disappointing failure of
many laboratories to achieve a convincing genetic transformation of
metazoan mtDNA, even at the level of cultured cells. One potential
avenue that yet to be pursued is to manipulate and mobilize genetic
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elements that can replicate inside mitochondria, such as endogenous ret-
roviruses, mitoviruses, or other classes of virus, some components of which
appear to access mitochondria or shuttle promiscuously between mito-
chondria and other cellular compartments (e.g. see Ref. [136,137]).

The allotopic expression of mitochondrial genes in the nucleus [138] is
advancing, but has not yet achieved consistent success. Strategies to reduce
the burden of heteroplasmy by destroying mutant mtDNA molecules with
targeted nucleases [139], by metabolic or nutritional therapies that impose
selection at the cellular or organismal level for mitochondrial fitness [140], or
by drugs that mitigate oxidative stress [141], all show promise. The repla-
cement of mutant mtDNA in oocytes, even when homoplasmic, has been
proposed as a viable technology for prevention [142], although technical
issues remain [143]. Other ideas, such as the introduction of alternative
respiratory chain enzymes [144] or the use of viral vehicles for replacement
gene therapy [145] are actively being explored.

Mitochondria are increasingly regarded as a viable target for therapeutic
intervention in a whole host of disease conditions where mitochondrial
dysfunction may not be the underlying cause, but is nevertheless an essential
step in the pathological process. Examples include the targeting of mito-
chondrial oxidative stress in heart disease [146], metabolic interventions in
cancer treatment [147] and therapies designed to bolster failing mitochon-
drial functions in neurodegeneration [148]. Unique metabolic features of the
mitochondria of diverse parasites can be targeted by drugs that are essentially
benign to humans [144,149]. Research on the evolutionary peculiarities of
the mitochondrial genetic system in many protists, such as apicomplexa [150]
and kinetoplastida [151,152] is leading towards new therapeutic concepts,

A huge literature is accumulating, regarding the application of mtDNA
sequence data in species identification and population biology, including
deep roots as well as recent events. Although collected for purposes distinct
from understanding the specific biochemistry of mitochondria, these data
nevertheless represent a valuable resource for understanding not only the
evolution of mtDNA, but also the processes governing the co-evolution of
the nuclear and mitochondrially encoded components of the OXPHOS
enzyme complexes, or that of the enzymes responsible for mitochondrial
genome maintenance and expression with the mtDNA itself, and its
transcripts. There is much still to learn about the functions of these basic
elements of metabolism and genetics.

Sequence information from mtDNA continues to be applied in for-
ensics and archaeology as well, although its use has been largely supplanted
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by nuclear DNA data, which provides much finer resolution. However,
mtDNA-derived data is still crucial where samples are very degraded or
minimal in quantity. Once again, the application has little or nothing to
add to knowledge of the biology or biochemistry of mitochondria, but has
served a totally different purpose, namely to nourish the popularization of
mito-science. Stories such as the evidence for Mitochondrial Eve [153], the
identification of the remains of the family of the last Tsar of Russia [154] or
of England’s King Richard III [155] have fired the popular imagination and
brought the topic of mitochondria to wide public attention. Public support
for any area of research is essential if it is to continue to be funded. Keeping
mitochondria it at the forefront of public attention is vital for ensuring that
it continues to be supported through the inevitable ‘lean’ periods when
major discoveries are few.

Recent observations indicating that mammalian and even insect
mitochondria are maintained in vivo at temperatures at least 15 °C hotter
than the extracellular environment [156,157] have thrown a new spotlight
on how heat is produced, retained and conducted from mitochondria, and
how this affects all of the biological processes of the cell. Most obviously,
the properties of almost all of the enzymes of mammalian mitochondria as
well as enterobacteria have hitherto been studied at 37 °C, taking no
account of the actual temperatures they may experience in vivo. These may
vary drastically depending on their precise submitochondrial localization:
the double membrane of mitochondria, as well as that of gram-negative
bacteria (plus the bacterial cell wall) is implied to represent an insulating
layer, limiting heat transfer but also enabling intraorganellar/intracellular
temperature homeostasis to operate by still unknown mechanisms.
Nevertheless, in many cases, especially of enzymes located in the inner
mitochondrial membrane or mitochondrial matrix, 37 °C is far outside of
the physiological range, and many earlier enzymological findings may need
to be revisited and even, in some cases, overturned.

Finally, I dare to venture into the thorny subject of mitochondria and
aging. At one time, the idea that oxidative damage arising from dysfunction
of the mitochondrial OXPHOS enzymes was a or perhaps even ‘the’ key
factor in the aging process [158] has given way to a broader concept, that
the loss of turnover and repair capacity in the OXPHOS system and the
lifetime accumulation of uncorrected mtDNA mutations in the soma
contribute to the loss of cellular and organismal viability that we perceive as
aging [159,160], but are not its sole cause. Moreover, it is the age-asso-
ciated disruption of the mitochondrial signalling of oxidative stress rather
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than the actual damage to biomolecules that has been postulated as the most
important factor linking mitochondria to aging [161]. Artificially increasing
the rate of mtDNA mutagenesis in model organisms does lead to pheno-
types that resemble some aspects of aging [162–167], though to variable
extents The exact reasons why this is so remain debated. Clearly these
models do not precisely recapitulate every aspect of the aging process.
Pinning down how loss of mitochondrial fitness impacts aging remains an
elusive but important goal of current research.
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