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1 Introduction
1.1 Mitochondria
Mitochondria are localized in the cytoplasm of most eukaryotic cells. They have a
changing shape and size, but they are usually depicted as elongated cylinders with a
diameter of 0.5 – 1 m. Mitochondria, or more correctly, the cellular mitochondrion, is a
highly dynamic organelle that is often organized as a continuous reticulum, but that can
fragment into smaller tubular structures depending on the cell state [1].
According to endosymbiotic theory, mitochondria with plastides are considered as
endosymbionts of a primitive eukaryote (-protheobacteria). After establishing a symbiotic
relationship, the loss of redundant genes and the transfer of genes from the bacterium to the
nucleus lead to the currently observed distribution of genes between the two genomes [2].
Mitochondria are surrounded by the inner and outer membranes that create two
separate mitochondrial compartments – inner mitochondrial matrix space and narrow
intermembrane space. The smooth outer membrane contains the proteins essential for
import of nuclearly – encoded mitochondrial proteins. The inner membrane is folded into
numerous cristae, which greatly increases its total surface area. This membrane contains
mainly enzymes of the respiratory chain, ATP synthase complexes, and specific transport
proteins that regulate the passage of metabolites and macromolecules across the inner
mitochondrial membrane. Since the electrochemical proton gradient is generated across the
inner membrane, it is important that the membrane phospholipid bilayer is impermeable to
ions.
Almost 90 % of energetic demands of mammalian organism is covered by ATP
generated by the oxidative phosphorylation (OXPHOS) process in mitochondria.

1.1 The Oxidative Phosphorylation System
The electrons from oxidized substrates stored in the form of redox equivalents,
reduced cofactors NADH and FADH2, are utilized by the oxidative phosphorylation
system (OXPHOS). The OXPHOS localized in the inner mitochondrial membrane consists
of complexes of the respiratory chain and mitochondrial F1Fo ATP synthase (ATPase). The
respiratory chain is organized into four enzyme complexes of the electron transport chain –
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Complex I (NADH:coenzyme Q oxidoreductase); Complex II (succinate:coenzyme Q
oxidoreductase); Complex III (coenzyme Q:cytochrome c oxidoreductase) and Complex
IV (cytochrome c oxidase). These protein complexes are associated with a variety of
redox-active prosthetic groups with increasing reduction potentials transporting electrons
from redox equivalents to molecules of oxygen. The electrons are transported by special
carriers – coenzyme Q and cytochrome c. In addition to the traditional components
mentioned above, other dehydrogenases are usually associated with the respiratory chain,
e.g. mitochondrial glycerophosphate dehydrogenase (GPDH) [3] and flavoprotein-linked
acyl-CoA dehydrogenase [4]. The reactions of complexes I, III and IV are also associated
with proton transfer across the mitochondrial inner membrane from matrix into the
intermembrane space, creating an electrochemical proton gradient (H+). This gradient is
subsequently utilized by ATPase that synthesizes the ATP from ADP and phosphate and
regulates the respiratory rate.

Figure 1. The Oxidative Phosphorylation Apparatus. The apparatus comprises the
respiratory chain enzymes (complexes I, II, III and IV) and mGPDH, which transport
electrons from NADH or FADH to oxygen and concomitantly generate proton gradient
across the inner mitochondrial membrane. The proton gradient is subsequently used by
FOF1 ATPase for ADP phosphorylation, drives the ADP/ATP exchange and transport of
inorganic phosphate into mitochondria or it can be dissipated by uncoupling proteins.
Adapted from [5].
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1.1.1 Complex I
NADH:coenzyme Q oxidoreductase is the largest complex in the electron transport
chain. It transclocates protons from the matrix across the membrane into the
intermembrane space. In mammalian mitochondria it is composed of at least 43 subunits
and the approximate molecular weight is 800 kDa. Seven of these subunits are encoded by
mitochondrial genome, the rest by nuclear [6, 7]. The complex I, an L-shaped molecule
with larger integral membrane part and smaller arm sticking out into mitochondrial matrix,
contains several electron transporters, flavin mononucleotide (FMN), multiple Fe-S centers
and probably also bound coenzyme Q. The complex I translocates 4-5 protons per single
electron pair transferred to coenzyme Q.

1.1.2 Complex II
Succinate:coenzyme Q oxidoreductase, succinate dehydrogenase (SDH) oxidizes
succinate to fumarate and passes electrons directly to the quinone pool. It serves as the
only direct link between the citric acid cycle and the electron transport chain in the
mitochondrial membrane. SDH (120 kDa) consists of four subunits [8]; two hydrophilic
(SDH-A = flavoprotein; SDH-B containing three Fe-S clusters), located on the matrix side,
having enzymatic activity [9], and two small hydrophobic subunits (SDH-C and SDH-D =
large and small cytochrome b binding proteins) containing one heme [10]. All subunits are
nucleus encoded.
1.1.3 Complex III
Ubiquinol:cytochrome c oxidoreductase, also called cytochrome bc1 complex,
transfers electrons from ubiquinone to cytochrome c [11]. It is functional as a dimer
(molecular weight 480 kDa), with the two monomers acting in dependence on each other
[12]. Only one subunit, cytochrome b, is mitochondrially encoded. The bc1 complex,
consisting of 11 subunits, is asymmetric and spans the inner mitochondrial membrane. The
redox groups in cyt bc1 comprise a Fe-S cluster on Rieske protein, two b type hemes on a
single peptide and the heme of cyt c1. Both Rieske protein and cytochrome c1 comprise of
globular domain incorporating the redox centre and hydrophobic anchor. Only the three
subunits containing redox centers play role in reduction of cytochrome. The other eight
subunits, organized into Core I and Core II, do not have catalytic role [13].
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1.1.4 Complex IV
Cytochrome c oxidase (COX), transferring electrons to molecule of O2, is the
terminal enzyme of the respiratory chain and composed of 13 subunits with molecular
weight of 205 kDa. Mitochondrial genome encodes the three largest subunits that present
catalytic core. The enzyme contains four redox centers – two heme centers, namely heme
a3 and heme a, and two Copper ions CuA and CuB [14, 15]. The heme a3 and CuB are close
to each other and form binuclear centre, where reduction of oxygen to water occurs. The
nuclearly encoded smaller subunits have a regulatory role caused by their phosphorylation,
binding of ATP, ADP and other allosteric factors. The electron donated from cytochrome c
enters the COX via CuA center and is subsequently transferred to heme a in subunit COXI.
It is then transferred to the binuclear center (heme a3 and electronically coupled CuB ion).
When the first two electrons enter the center, oxygen is able to bind and the dioxygen bond
is cleaved. Two further electrons reduce the oxygen to water [16]. During a complete
oxygen cycle, four protons are taken up from the matrix side for the formation of water and
four additional protons are assumed to be translocated from the matrix across the inner
mitochondrial membrane to the intermembrane space [17].

1.2 Mitochondrial F1Fo- ATP Synthase
1.2.1 Structure of F1Fo- ATP Synthase
The mitochondrial adenosine triphosphate synthase, F1 Fo ATP synthase EC
3.6.3.14 (ATPase) is a large multisubunit enzyme complex situated in an inner
mitochondrial membrane. The bovine complex contains 16 different proteins (including
the regulatory subunit, IF1) and has a mass of about 600 kDa [18]. Five subunits in the
stoichiometric ration 33 comprise the F1 catalytic unit [19], an ATP hydrolysis-driven
motor, whereas an additional 10 subunits comprise Fo. The extramembranous F1
subcomplex is attached to the membrane intrinsic Fo subcomplex by a central stalk and a
peripheral stalk [20]. The static, non-rotating portions of F1 and Fo are attached to each
other via the peripheral „stator stalk“. The structure of the whole ATP synthase from
bovine heart has recently been demonstrated at 3.2 Å resolution [21]. The mammalian
enzyme is built of subunits with a total composition - F1: 33 + IF1 ; Fo: abc10defg + F6
+ A6L + OSCP [22, 23].
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Figure 2. The subunit organisation in

mitochondrial F1Fo-ATPase. F1 is the
globular catalytic domain made of
subunits α, β and the three central stalk
subunits, γ, δ and ε. The Fo domain is
comprised of the c oligomer (10
copies), subunit a, and the peripheral
stalk subunits b, d, F6 and OSCP. The
so-called minor subunits (e, f, g, and
A6L) are not shown individually, but
they all span the membrane and are
probably present in a 1:1:1:1
stoichiometry. The rotor is made up of
the central stalk and the c-ring. The
remainder of the subunits makes up the
stator. The inhibitor protein (IF1) is
also not shown; it binds in a catalytic
α/β interface near the bottom of (αβ)3.
Adapted from [24].

1.2.1.1 F1 part of ATP synthase
F1 ATPase is composed of 33 with an overall molecular mass of 370 kDa
[25]. It is water-soluble (water-soluble F1 ATPase EC3.6.1.34) and contains the active site
of the ATP synthase, although by itself, it is only able to catalyze the hydrolysis of ATP
molecules. The active site is composed of the subunits  and , and the central stalk is
composed of the subunits ,  and . The subunits  and  are arranged alternately, just
like the segments of an orange, around a central  helical domain containing both the N
and C terminal regions of the  subunit, which has an extended banana-like structure. As
such in a single molecule, there are three active catalytic [24] and three non-catalytic
nucleotide-binding sites on the 33 hexamer. Non-catalytic sites are involved in the
regulation of the enzyme [26-28]. The heterohexamer 33 is arranged around the  subunit
that extends the full length of the central stalk [29]. The subunits  and  are bound to the
c-ring of Fo portion of the complex. Subunits  and  are believed to extend asymmetrically
under the globular F1 part of the enzyme and create a part of the central stalk. The 
subunit has no counterpart in the E.coli enzyme and has not yet been ascribed a function in
the mammalian ATPase.
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1.2.1.2 Peripheral stalk of ATP synthase
The peripheral stalk is composed of single copies of the oligomycin sensitivity
conferral protein (OSCP) and subunits b, d and F6 [30, 31]. The N-terminus (residues 1-10)
of OSCP [32] interacts with the N-terminal region (residues 1-15) of one or more subunit 
and with residues 1-5 of one or more subunits  that are located at the top of F1 distal from
Fo. [25, 33, 34]. The OSCP (residues 1-118) extends along the surface of F1 towards Fo
[35]. The peripheral stalk is in contact mainly with one subunit  near the top of F1 and
runs along a non-catalytic - interface on the side of F1. A C-terminal segment of the
OSCP interacts with the C-terminal domain of subunit b [32], which continues towards the
membrane. Subunits d and F6 both interact with subunit b [30]. The subunit d has 161
residues in case of bovine mitochondria. It has no predicted transmembrane helix, but is
overall helical, although not in form of a single extended helix. Subunit F6 is a small
protein (76 residues in bovine mitochondria), with no significant sequence similarities to
any subunit of bacterial or chloroplast ATP synthases. The structure of F6 has been solved
by NMR; it is highly flexible, consisting of two helixes, connected by an unstructured
linker [36]. Residues 20-80 of the subunit b probably form two transmembrane helices
joined by a hydrophilic loop that protrudes into the intermembrane space [37]. Since the
OSCP-b-d-F6 subcomplex was proposed to form a separate domain and play the role of a
stator [20], the peripheral stalk has been observed by electron microscopy in the isolated
enzyme from various species [38-40]. In the simplest form of the enzyme, in bacteria like
E.coli, the peripheral stalk consists of b2, where  subunit is equivalent to the OSCP
subunit in case of mitochondrial complex.

1.2.1.3 Fo part of ATP synthase
The Fo portion of the map consists of two lobes, interpreted as domains. The
position of the first domain, attached to the central stalk, is precisely where the c10-ring is
found in the model of the F1-c10 subcomplex from S.cerevisiae [23]. The F1-c10
subcomplex contains 6 of the 16 different subunits of ATP synthase and accounts for 75%
of its calculated mass.
The second domain, which appears to be similar in size to the c10 domain, is
immediately added to the c-ring. It extends beyond the membrane-bound portion of the
complex and becomes the peripheral stalk. This domain is likely to be comprised of the
membrane- bound subunits of the ATP synthase other than subunit c. These subunits
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include the mitochondrially encoded and hydrophobic subunits a (24.8 kDa) and A6L (8.0
kDa), and possibly subunits e (8.2 kDa), f (10.2 kDa) and g (11.3 kDa) [22, 41]. As in the
bacterial enzyme, there is likely to be one copy of subunit a per complex. The
stoichiometries of subunits A6L, e, f and g have not been determined rigorously by
experiment, but they appear from intensities on stained gels to be present also in single
copies. The domain probably also contains the two transmembrane helices from the
peripheral stalk subunit b [37], which is present as a single copy in the mitochondrial
complex [31] contrary to 2 copies in the E.coli complex. The interaction between subunits
a and b is less well defined, from an energetic as well as from a structural point of view.

1.2.2 Function of ATPase
The mitochondrial F1Fo- ATP synthase is a nano size rotary engine that produces
most of the energy in form of the ATP molecules required to drive many energy
demanding reactions in living cells. This multisubunit complex can operate as a reversible
rotary motor and exchanges energy by mechanical rotation of the central stalk.
In synthesis mode, the Fo motor converts the electrochemical gradient of protons
into torque to force the F1 motor to act as an ATP generator when molecules of ADP and Pi
are substrates for the formation of the terminal phospho-anhydride bond of ATP. On the
other hand, in hydrolysis mode, F1 converts the chemical energy of ATP hydrolysis into
torque, causing the membrane- embedded Fo motor to act as an ion pump. The F1 complex,
consisting of α3β3 hexamer around a central coiled-coil subunit γ, is intrinsically
asymmetric, owing to different interactions of the central subunit γ with each of the
catalytic subunits β, and provides them with different conformations and nucleotide
affinities at their catalytic sites. On rotation of the subunit γ, the conformations of the three
subunits β change sequentially such that each subunit β successively adopts the same
conformations of varying affinity during one rotational cycle. A figure 3 shows an
anticlockwise rotation of the γ chain, looking from below F1 and towards the bilayer that is
associated with ATP synthesis. It is envisaged that the α and β chains are held stationary by
a stator.
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Figure 3. The three-site alternating binding site mechanism for ATP synthase.
Starting from the top left, the scheme shows binding of ADP and Pi to an empty site
(also marked βE or O), whilst ADP and Pi are already bound at a second site (βDP);
tightly bound ATP is at the third site (βTP). Rotation of γ would cause a
conformational change in the βTP such that ATP is released and the conformation
would change towards βE. Concomitantly, the original βE is transforming towards
βDP and the initial βDP to βTP. Thus in the middle diagram (right hand side) the
structure has returned to the original (top left) conformation except that three
conformations have migrated round the ring of subunits α and β. Repeat of these
steps releases a further two ATP molecules and returns the structural arrangement
to the original (top left). Adapted from [42].
8

Each of the steps in the cycle depicted in Fig. 3 involves a binding change driven
by protonmotive force during ATP synthesis. The loosely bound ADP and Pi are converted
to ATP as the binding change occurs. In next step, the ATP formed becomes more loosely
bound. Release of ATP may occur after this step, or might also be favored by the next
binding change that returns the site to the form where addition of ADP and Pi is favored.
The binding changes are linked so that at any one time each of three catalytic sites on the
enzyme is in a different conformation. It is proposed that only one site at a time can
assume the tight conformation where covalent interconversion occurs. Each coordinated
binding change releases one ATP per enzyme. Each individual catalytic site requires three
binding changes to make an ATP, called as open (O), loose (L) and tight (T). The change
forms are considered to be closely related to the subunits changes designated as βE, βDP,
and βTP [43]. In the tight conformation, interconversion of bound ADP and Pi to bound
ATP can occur if the forward progress of the reaction cycle is delayed by lack of substrates
or energy input [42].
It was shown that Mg2+ plays an important role in transition state formation during
ATP synthesis [44]. As a result, three molecules of ATP are synthesized. This model is
called as the binding change mechanism [43]. The rotation of the subunit γ is consistent
with the crystal structure of F1 [24] and has been verified by various methods, most
convincingly by direct observation in a video microscope [45].
A prominent part of the Fo motor consists of an oligomeric c subunit ring. The
stoichiometry of which varies depending on the species. In the human as well as in yeast
mitochondrial F1Fo ATP synthase, the ring consists of 10 copies of subunit c. Contrary to
ring stoichiometries of 11 or up to 15 monomers that have been found in various bacterium
and cyanobacterium and as well in chloroplasts. The number of subunits in each ring also
indicates the number of protons transported across the membrane during each cycle of the
ATP synthase. Consequently, as the F1 motor contains three catalytic sites and synthesizes
three molecules of ATP per cycle, a variation in the number subunits c and protons binding
sites automatically leads to different H+/ATP ratios. It means that ATP synthases with
larger c rings have a high H+/ATP ratio, which would be advantageous for ATP synthesis
at low proton motive force. Conversely, ATP synthases with small c rings might prevail in
organisms with constantly high proton motive force: the low H+/ATP ratio of these
enzymes results in a more efficient use of energy.
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In the membrane-embedded Fo complex, the c ring is flanked by the a subunit. The
c ring interacts with the γδε subunits complex, forming the rotor assembly that spins
against the stator stalk [46, 47]. Proton translocation at the a/c subunit interface, driven by
the proton motive force, is thought to generate the torque applied to the rotor subunits
which is then used to promote the conformational changes required for ATP synthesis at
the F1 catalytic sites. The mechanism of proton translocation involves sophisticated
interactions between subunit a and the rotating c ring. Basically, subunit a acts as a
mediator for proton transport from the intermembrane space to the middle of membrane,
where the incoming proton is passed to the adjacent binding site in the c ring. The proton
remains bound for an almost complete rotation and is released to the matrix when it
reaches the a/c interface again.

1.2.3 Gene Organization of the Mitochondrial Genome and Expression of
Genes for ATPase
Mitochondria contain their own DNA, which is thought to be a remnant from the
time that they were free-living organisms before forming a symbiotic relationship with
eukaryotes. Human mtDNA is a 16.5 kb (16569 base pairs) circular minichromosome,
composed of two complementary strands, the heavy (H) and light (L) strands. It is much
smaller than most nuclear genes. All of the coding sequences are contiguous with each
other with no introns [48]. The only non-coding stretch of mtDNA is the displacementloop (D-loop), a region of about 1.1 kb which contains the promotores for light (PL) and
heavy (PH) strand transcription, the heavy strand origin of DNA replication (OH), and the
sequences required for attachment of mtDNA to the inner membrane (att). Although
human mtDNA encodes the basic machinery for protein synthesis, it remains entirely
dependent upon the nucleus for the provision enzymes for replication, repair, transcription
and translation.
The human mtDNA contains both protein-encoding genes and protein synthesis
genes. The 13 protein encoded genes specify seven subunits of the Complex I (ND1, ND2,
ND3, ND4, ND4L, ND5, ND6), three subunits of the Complex IV (COX1, COX2, COX3),
subunits 6 and 8 of ATP synthase, and apocytochrome b, which is part of the Complex III.
The rest of mtDNA genes encodes two rRNAs (12 and 16S rRNA) and 22 tRNAs that are
involved in protein translation.
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MtDNA is highly polymorphic, with several differences in sequence between
individuals from the same ethnic group and more between those in different groups.
MtDNA haplotypes are based upon specific pattern of polymorphism and seem to
influence the ageing process, susceptibility to some diseases, and the expression of some
mtDNA mutations [49, 50].

MtDNA haplotypes have been used to track population

movements across the globe and serve to provide a means to evaluate ethnic descent. There
is evidence of intra-molecular recombination in mtDNA [51, 52] but only recently has
evidence been obtained for intermolecular recombination [53].
A mammalian cell contains multiple mtDNA copies (polyplasmy), since each
mitochondria contains 2-10 mtDNA copies and since a cell has up to 10 000 mitochondria,
depending on the cell type [54].

Figure 4. Genetic and transcription map of human mtDNA. The two internal
circles represent both mtDNA strands with the encoded genes. External circles
represent the RNAs transcribed from the heavy strand (filled lines) and light strand
(open lines). 12S and 16S, ribosomal RNAs 12S and 16S; ND1 to ND6, subunits 1-6
of complex I; cyt b, cytochrome b subunit of complex III; COI – III, subunits of
complex IV; ATPase6 and 8, subunits of complex V. tRNA genes are indicated by the
three letter code of the corresponding amino acid. H1, H2 and L indicate
transcription initiation points for the H- and L-strand, respectively. OH and OL
represent replication origins for the H- and L-strand, respectively. Arrows indicate
the transcription or replication direction. Adapted from [55].
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1.2.3.1 Replication of mtDNA
Replication of mtDNA was believed to proceed continuously, asynchronously and
asymmetrically, starting from two spatially separated replication origins, one for each
strand. The timing of replication seems to proceed independently of that of the nucleus,
and occurs in dividing as well as non-dividing cells [56]. Proposed by Clayton [57], has
recently been challenged by experimental evidence supporting the existence of
conventional, strand-coupled replication of mammalian mtDNA [58, 59].
Since the mtDNA genetic code differs from the universal code, expression of
mtDNA genes must rely upon mitochondria-specific protein synthesis, carried out through
the interplay of nuclear-encoded transcriptional and translational factors with tRNAs and
rRNAs synthesized in situ from the corresponding mitochondrial genes. The H-strand
primer of mtDNA replication is generated by cleavage of the L-strand transcript by the
nuclear-encoded RNAse at runs of G nucleotides in the conserved sequence blocks CSBIII,
CSBII, and CSBI, primarily after CSBVI [60, 61]. The promotores PL and PH are
associated with mitochondrial transcription factor A (mtTFA) binding sites that are
essential for the effective expression of these promotores [62-64]. While the PH is
responsible for transcribing both of the rRNA genes and 12 of the protein coding genes, PL
transcribes the ND6 protein gene and several tRNAs and also generates the primers used
for initiation of H-strand replication at OH. The L-strand origin of replication (OL) is
located two-thirds of the way around the circle from OH [65].
An important progress in the understanding of the mitochondrial transcriptional machinery
has been the discovery that two novel transcriptional factors, mtTFB1 and mtTFB2,
cooperate with mitochondrial RNA polymerase and mtTFA to carry out basal transcription
of mammalian mtDNA [66].
MtDNA polymerase  (POLG), thymidine kinase 2, and deoxyguanosine kinase are
nuclear encoded enzymes responsible for replication that requires many other factors to
property perform its function, but only a few have been characterized in detail - an ATPdependent mitochondrial helicase, mitochondrially associated topoisomerases of types I
and II, a single-strand binding protein (mtSSB), DNA primase, mitochondrial DNA ligase
[55]. MtDNA is transcribed polycistronically and translated on mitochondrial ribosomes.
MtDNA transcription is necessary for the initiation of replication. A novel D-loop
replication origin (at position 57) has been identified and is thought to represent the major
site of mtDNA replication under steady-state conditions [67].
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1.2.3.2 Transcriptional regulation of F1Fo ATPase biosynthesis
Transcriptional and post-transcriptional mechanisms that underlie the concerted
intergenomic expression of genes for OXPHOS complexes, depending on cell type and
energy demands, have been intensively investigated [68, 69]. Transcriptional regulation of
ATP synthase structural genes is considered to play a key role in the overall regulation of
F1Fo-ATPase synthesis. In brown adipose tissue (BAT), the transcriptional pattern of the
ATPase subunits appears to follow the general transcriptional activation found for other
OXPHOS genes. In contrast to other high energy demanding tissues, the biosynthesis of
the ATPase in BAT is specific by the very low content of this enzyme [70, 71].
Analysis of the OXPHOS genes revealed a number of common features in their
promoters that would allow a coordinated response under specific activation. Among the
major transcription factors associated with mitochondrial biogenesis in mammals, nuclear
respiratory factors NRF1 and NRF2/GABP were found to be involved in transcriptional
regulation of a significant number of the OXPHOS genes [72-74]. An additional mode of
regulation in the scheme of the transcription of mitochondrial protein genes involves
upstream action of coactivator proteins, such as PGC1, PRC, and/or hormones – namely
glucocorticoid and thyroid, which might help to integrate the action of the transcriptional
factors mentioned above in a coordinated manner [75]. PGC1α was able to induce
expression of some ATPase subunits, such as F6, g and OSCP, in several tissues [76].
Thyroid hormone-dependent activation of several ATPase genes, subunit c and subunit β,
has been shown to operate in liver [77, 78].
The so-called cis-acting regulatory element 1 is one of the elements controlling αsubunit ATPase gene expression. Cis-acting regulatory element 1, necessary for activity of
the ATPase gene in HeLa cells [79, 80], includes the E-box (CACGTG) region that is
recognized by the USF2 transcription factor, which together with co-factor p300 activated
reporter gene transcription [81]. Another transcription factors YY1 and COUP-TFII/ARP1, decreasing transcription of the subunit α gene, have been described [82, 83].
Hybridization experiments showed that the subunit β of the ATPase is encoded by a
single copy gene [84]. The basal promoter of the human subunit β gene is characterized by
the absence of a TATA-box and the presence of a CCAAT-box [85-87]. Proximal and
distal promoter regions contain multiple binding sites for the transcription factor Sp1factor. Deletion of one of the Sp-1 sites in the promoter increased the transcription of a
reporter gene, implicating a negative effect of at least some of the Sp-1 regions on the
subunit β gene expression [88, 89]. The subunit β gene contains also a putative NRF-2
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responsive element [90]. It has also been shown that thyroid hormones regulate the basal
expression of the subunit β gene [91, 92] and that ERRα (estrogen-related receptor α), a
nuclear receptor interacting with PGC-1α, activated subunit β gene [93]. However there are
some discrepancies concerning the upregulation of the subunit β in reaction to thyroid
hormones, suggesting a differential response of gene to thyroid stimulation during rat liver
development [77, 84, 94]. The promoter region of the subunit β also contains two unique
partially overlapping elements, a muscle specific OXBOX, and REBOX presenting in all
cell types [95].
Human subunits γ exist in two different isoform generated by alternative splicing,
depending on a tissue specific manner [96]. The subunit γ gene contains NRF-1, Sp-1 and
AP1 (coactivator of Sp-1) putative recognition sites in promoter region [97, 98].
In the human genome, the subunit c is encoded by three separate genes, ATP5G1
(P1 isoform), ATP5G2 (P2 isoform) and ATP5G3 (P3 isoform), that are located on
different chromosomes, namely on 17, 12, and 2 respectively. All three genes consist of 5
exons and code for homologous mRNAs (each of ~500 bp) that are translated into the
same mature subunit c protein, with different mitochondrial import pre-sequences [99].
Analysis of tissue distribution of the P1 and P2 isoforms revealed that the P2 isoform is
constitutively expressed at the same level in all tissues tested. On the other hand, the P1
isoform is only expressed in heart, brain, lesser in kidney) in high energy demand tissues
[100]. The isoforms are also differentially regulated in vivo. It has been proposed that the
P2 isoform expression maintains the basal levels of the subunit c for a cell and the P1
isoform is regulated according to various physiological state or tissue specifity [78]. In
BAT, remarkably low expression of the P1 isoform, in comparison to other ATPase
subunits and to other tissues, correlated with the low amount of the ATPase in this tissue
[78, 101]. This fact may also be a generally applied factor in regulation of the assembly of
the F1Fo-ATPase and of the tissue specific content of the enzyme in higher eukaryotes. The
putative promoter regions of isoforms P1 – P3 contain several recognition sites for a lot of
transcription regulation factors, e.g. NRF1, and factors involved in regulation of fatty-acid
metabolism, such as ERRα, FXR (farnesyl X receptor), LXR (liver X receptor), PXR
(pregnane X receptor), and RXR (retinoid X receptor), all directly interacting with PGC-1
[102].
In other ATPase genes for subunits b, d, e, f, g, F6, and OSCP, there were described
many putative binding sites for various transcription factors and their coactivators, such as
NRF1, NRF2, Sp-1, Sp-3, p300, PPARγ, and/or YY1 (see MAPPER database).
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1.2.3.3 Post-transcriptional regulation
In post-transcriptional regulation, there are a lot of various mechanisms such as
alternative splicing of pre-mRNA, mRNA transport, mRNA stability, and/or degradation
involving polyadenylation.
Another post-transcriptional mechanism, a localization of mRNA, is thought to
facilitate translation and post- or co-translational import of a number of mitochondrial
proteins. In yeast, several ATPase subunits (α, β, and γ) were found to be preferentially
translated in mitochondria-bound polysomes rather than in free polysomes [103, 104].

1.2.4 Assembly of Mitochondrial ATP Synthase
The mitochondrial ATP synthase as well as other mitochondrial proteins are
synthesized on free cytosolic ribosomes and are kept in an import-competent conformation
by the activity of specific proteins – chaperones. Many of the mitochondrial proteins are
synthesized as precursor proteins with an amino-terminal extension that is recognized by
outer membrane surface receptors but also by cytosolic factors that may direct the proteins
to mitochondria [105, 106]. Matrix directed proteins have a corresponding target
presequence at their N-terminus, whereas inner membrane directed proteins most often do
not have cleavable presequences, but instead contain several internal targeting signals.
Targeting signals are first recognized by the TOM complex (translocase of the outer
membrane) and then direct the import through to TIM complexes (translocase of the inner
membrane), namely to TIM23 (matrix directed precursors) or to TIM22 (inner membrane
directed precursors). Most mitochondrial proteins are imported in an unfolded state [107].
The import presequence is digested by the matrix processing peptidase and the proteins are
sorted to their proper mitochondrial compartment. For proteins that are destined for the
inner mitochondrial membrane, such as the ATPase Fo subunits, import through the inner
membrane is believed to be arrested by a stop-transfer signal located in membranespanning regions of the imported protein, and the peptides are transported laterally into the
membrane with the help of oxidase assembly complex [106, 108]. However, insertion of
ATPase subunit c into the membrane most probably occurs subsequent to complete import
into the matrix [109].
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The multisubunit ATP synthase complex is formed stepwise with the assistance of
several assembly factors but the mechanism of how the mammalian ATP synthase
assembles from individual subunits is still not well understood.
The human Rho zero cells (Rho0) that contain mitochondria but lack mitochondrial DNA
[110, 111] as well as cells incapable of mitochondrial translation due to inhibition effect of
doxycycline [112] and cells of patients with various mitochondrial diseases or mtDNA
depletion syndromes were usually used for the assembly studies of the ATP synthase
complex [111, 113].

Figure 5. Assembly of the mammalian ATP synthase. ATP synthase is formed in
several successive steps.

1.2.4.1 Assembly of the F1 ATPase domain
In the case of F1 part, a close similarity of its structure in all types of energytransducing membranes suggests an analogous assembly mechanism in mammalian cells,
lower eukaryotes and prokaryotes.
Two proteins, Atp11p and Atp12p, were first described as proteins required for
assembly of the F1 component in yeast Saccharomyces cerevisiae [114]. Later human
genes for the Atp11p and the Atp12p were characterized [115]. Both genes are broadly
conserved in eukaryotes and are expressed in a wide range of tissues, which suggests that
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Atp11p and Atp12p are essential housekeeping proteins of human cells [115, 116]. In both
yeast and human cells, there was evidence that the Atp11p interacts specifically with the
F1 subunit [117], while the Atp12p binds selectively to the F1 subunit [115, 118]. The
substrate selectivity exhibited by human Atp11p and ATP12p suggests that these proteins
function in a manner that is analogous to their yeast counterparts. These specific binding
interactions that define the chaperone activities of these proteins have identified [119]. The
Atp12p binds the free subunit α while the Atp11p structurally plays the α subunit to bind
with the unassembled β subunit. The assembly of the α3β3 hexamer is a complicated
process consisting of interaction sequence where unassembled subunit is replaced by the
neighboring subunit [117, 118]. Another yeast protein factor, Fmc1p, has been found to be
required for F1 assembly in cells grown at elevated temperatures [120]. All these chaperone
proteins, which are found throughout different species [121], do not belong to any of the
major chaperone families (Hsp/hsc) that have a broad range of substrates
It is well documented that in ATPase complex from Escherichia coli subunit ε,
mitochondrial homologue is named δ, is critically important for the binding of F1 to Fo
domain, mainly N terminal domain [122, 123]. Without ε subunit, the enzyme fails to
assemble in the cell and no membrane-associated ATPase activity is observed [124].
Similar effect was found in case of yeast mitochondria [125]. A key step during assembly
of ATPase enzyme complex, an interaction between α3β3 hexamer and the Fo portion is
independent on the γ subunit [126].
Apparently, the nuclearly encoded subunits of F1 can be assembled without
expression of subunits relevant to Fo. It is reasonable to conclude that F1 assembles as a
free entity, loosely attached to the membrane. The subsequent loss of the mitochondrially
encoded ATPase subunits a and A6L does not inhibit F1 assembly [127].

1.2.4.2 Assembly of the Fo subunits to the F1 portion.
Concerning the Fo, the situation is complicated by increasing evolutionary
complexity of the Fo structure, which gained 7 new subunits from bacteria to man. Most of
the present knowledge of mitochondrial ATP synthase biogenesis originates from studies
in yeast but the assembly process in mammalian cell might be modified as there are
substantial differences between higher and lower eukaryotes such as the number and
location of Fo subunit c genes, ATP synthase-specific assembly factors, or factors
regulating transcription of mtDNA-encoded ATP synthase genes.
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It is suggested that primary assembly of the c subunit ring in the membrane is a
crucial step for formation of Fo structure [128]. In E.coli, recombinant subunit c is able to
form itself into ring structures in the absence of any other subunits of the complex [129]. In
mammals, c subunit appears to play an important role in the formation of the whole
ATPase complex. Low amounts of the c subunits correlated with low content of the
enzyme in the mitochondria of brown adipose tissue [78]. F1-c subcomplex (apparent mass,
470 kDa in BN-PAGE) was identified as a stable assembly intermediate [130]. Nijtmans
and colleagues [112] had identified earlier a complex V assembly intermediate with similar
size containing subunit c. Subunit c has been identified as the first Fo-subunit to associate
with F1 during assembly of yeast and Escherichia coli ATP synthase [128, 131, 132].
Binding of a ring of nuclear encoded c subunits alters the solubility properties of the F1
domain considerably. The highly hydrophobic ring has the potential to anchor the
extramembranous F1 domain to the mitochondrial membrane. The authors suggested that
this subcomplex may contain also some nonidentified Fo subunits, because the subunits
OSCP, F6, and b also are required for the connection of F1 to Fo in the bovine ATP
synthase complex. F1 domain and F1-c subcomplex are indicated as potential assembly
intermediates. Structural studies showed another structure - F1 subcomplex with the IF1
inhibitor protein and discussed whether F1 subcomplexes exist in an inhibited form in the
membrane [111].
In yeast mitochondria, the Fo portion was shown to assemble temporally in the
order of subunits c, A6L and a, indicating that the subunit c is the one that starts the
assembly and is absolutely required for Fo assembly [127, 133]. It is, of course, possible
that very different mechanisms control Fo biosynthesis in mammalian cells, where subunit
c is encoded by the nuclear genome, but it may simply be suggested that, also in
mammalian mitochondria, the assembly of Fo subunits is limited by the import and
assembly of subunit c.
It had been reported previously that human cells grown in the presence of
doxycycline, to block mitochondrial protein synthesis, still assembled a functional F1,
which was weakly associated to the membrane through subunit c [112]. It was shown that
in the absence of both subunits a and A6L, the rotor subunits appear to be assembled,
including c subunits, and the components of the second stalk, subunits b and OSCP, are
present. On the other hand, assembly of subunit a was found to depend on the presence of
the OSCP [128]. From single-subunit depletion studies in yeast, it is known that
association of subunit b with the Fo is important for the subsequent assembly of OSCP and
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subunit d [134]. The interactions among these subunits keep the F1 attached to the
mitochondrial inner membrane, although more weakly than in control cell lines. This is in
line with findings in E.coli and yeast where subunit a is not essential for assembly of
subunits b and c or for attachment of F1 to the membrane [132, 135, 136]. However,
subunits b and c and subunit 8 of yeast (or A6L) are essential for assembly of subunit a
[132, 137-139]. Subunits e and g are assembled at a late stages, since their disruption in
yeast did not significantly influence growth [140]. Thus, subunit a, important proton
channel component, must be added at the last steps in assembly of F1Fo. Mutations in
mtDNA affecting the ATP6 gene (for subunit a) are often connected with abnormal
accumulation of subcomplexes, substantial depletion of subunit a and of the stalk subunit b
protein content but an increase in the c subunit protein content was observed [141].
Interestingly, assembly of the inhibitor protein IF1 into F1Fo requires subunit a or
A6L for proper control of the ATPase activity, as IF1 is missing when subunits a and A6L
are not present. The inhibitor protein might also add further stability to the F1Fo complex
[142].
In the assembly process of Fo part some factors, namely Atp10p and Atp22p, have
been published. A functional interaction between the Atp10p and the subunit a was
hypothesized. The Atp10p is considered to be a subunit a chaperone. It has been suggested
that the Atp22p plays an important role in a post-translational changes in Fo assembly [143,
144]. Presently, a new metalloprotease, termed Atp23p, has been found to be associated
with the inner mitochondrial membrane and be conserved from yeast to humans. Mutations
in the ATP23 gene cause the accumulation of the precursors form of subunit a in yeast and
prevent assembly of Fo. Subunit a precursor is processed to the mature protein by the
Atp23p and the efficiency of processing of the precursor depends on the presence of
Atp10p. In addition to their roles in processing of subunit a, the Atp23p and the Atp10p are
also essential for assembly of this subunit into a functional Fo when Atp23p promotes the
association of mature subunit a with subunit c oligomers [145, 146]. As mammalian
subunit a lacks the precursor form, the putative role in higher eukaryotes of the Atp23p can
be associated with assembly but not processing of subunit a.
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1.2.4.3 Mitochondrial F1Fo ATP synthase oligomers and supercomplexes.
The structure of soluble F1-ATPase from bovine heart reconstituted with IF1
corresponds to a F1-F1 dimer bridged by two IF1 molecules [147, 148]. The dimeric F1FoATP synthase from bovine heart mitochondria have been purified [149] and the dimerforming subunits (e and g) in the Fo-Fo interface close to subunits a and A6L are proposed
on the basis of the second stalk according to cross-linking studies [150]. The Fo bridging
protein seems to reinforce the Fo-Fo interface, thereby stabilizing the dimeric arrangement
of the ATP synthase. The data show that two ATP synthase monomers are joined by
protein bridges on both the intermembrane space and matrix sides of the complex. The
most striking feature of the ATP synthase dimer is the conic geometry with which the two
ATP synthase monomers are arranged. This conic shape of the dimer is consistent with the
current models of cristae biogenesis and polymerization of conic F1Fo dimers could induce
budding of the inner mitochondrial membrane [149]. Similarly, isolation of dimers and
even higher oligomers of ATPase were seen in yeast [151] and dimerization of the
chloroplast enzyme was observed to be considered a better enzymatically functional
organization [152].
It appears that ATP synthases are organized as more or less extended functional
homooligomeric structures in the inner mitochondrial membrane. Recent data indicate
specific associations of ATP synthase with other OXPHOS components and adenine
nucleotide (ADP/ATP) translocator (ANT) and Pi carriers (PIC) to build up „ATPsynthasomes“ with a stoichiometry ATPase:ANT:PIC 1:1:1 [153-155]. This complex is
assumed to improve the efficiency of ATP synthesis by substrate-product channeling.
Finally, ATPase, ANT and PIC together with the mitochondrial ATP-binding cassette
protein 1 have been found to associate with succinate dehydrogenase (Complex II of the
respiratory chain) to form a supercomplex that can confer mitochondrial ATP-sensitive K+
channel activity [155].

1.3 Mitochondrial Diseases
Defects of mitochondrial metabolism cause a wide range of human diseases that
include examples from all medical subspecialities. Given its important role in the human
body, defects of mitochondrial function can have disastrous consequences.
The mitochondrial diseases, namely mitochondrial encephalomyopathies, are
defined restrictively as disorders due to defects of mitochondrial energy metabolism, i.e.
oxidative phosphorylation [156]. Faulty oxidative phosphorylation may be due to overall
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dysfunction of the OXPHOS system or can be associated with single or multiple defects of
the five complexes forming the OXPHOS system itself.
The probability of mitochondrial dysfunction is increased by the presence of
mtDNA that, in human, is responsible for the encoding of proteins critical for oxidative
phosphorylation. Thus, human mitochondrial diseases encompass mutations of mtDNA as
well as nuclear DNA that are either sporadic or inherited. Besides that, however,
dysfunction includes effect of exogenous factors and there exist also pathological changes
in mitochondrial OXPHOS system of secondary origin.

Figure 6. Map of the human mitochondrial genome with diseases due to
mutations. The map shows differently shaded areas representing the protein-coding
genes for the mtDNA encoded OXPHOS subunits, the 12S and 16S rRNAs, and the
22 tRNAs identified by one-letter codes for the corresponding amino acids. Diseases
due to mutations that impair mitochondrial protein synthesis are shown in blue;
diseases due to mutations in protein-coding genes are shown in red. For
abbreviations see page IV. Adapted from [157].
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Changes in mtDNA sequence can be inherited or somatic (created in situ). MtDNA
has a mutation rate of 10-20 fold that of nuclear DNA. The reasons for this include
relatively high levels of oxygen radicals in mitochondria, the lack of introns, further the
lack of protective histones of mt DNA and the failure of proof-reading by mtDNA
polymerases. Over 150 pathogenic point mutations and more than 200 deletions, insertions,
and rearrangements have been repeatedly so far identified and new mutations are being
described every year (MITOMAP). Most of the sequence variations observed in mtDNA
between individuals are simple polymorphisms that carry no risk of disease. Unrelated
individuals may differ at up to about 60 positions out of 16 569 and hypervariable regions
are known, making mtDNA particularly useful for purposes of forensic identification [158]
and evolutionary biology [50]. For example, the control region of mtDNA is the most
highly polymorphic of all segments of mtDNA, containing over 350 reported
polymorphisms. Unfortunately, this high degree of polymorphism in mtDNA complicates
the interpretation of “mutations” that are found in patients with disease.
About 60 % of the currently known point mutations affect mitochondrial tRNAs, 35
% affect polypeptide subunits of the OXPHOS system, and 5% affect mitochondrial
ribosomal RNAs. These “template” mutations are transmitted maternally, in contrast to
“replication mutations” that originate from faulty function of mitochondrial replication
machinery that is a product of nuclear genes. Thus autosomal dominant or autosomal
recessive disorders have been described that include either mtDNA depletion or multiple
deletions

syndromes.

The

mtDNA

depletion

syndromes

represent

quantitative

abnormalities that produce disease when mtDNA drops below 30-35 % of normal [159].
These syndromes are the result of nuclear gene defects. These syndromes typically lead to
either myopathy or liver and brain disease. Point mutations are frequently inherited whilst
deletions and insertions are usually sporadic.

1.3.1 Heteroplasmy, segregation and threshold effect
Heteroplasmy refers to the coexistence of mutant and wild-type mtDNA within
cells and tissues. It is a condition that is often associated with mtDNA disease. There are
thousands of mtDNA molecules per cells, for the most part, their sequence will be
identical, homoplasmic. However, somatic mtDNA mutations arise and accumulate with
ageing, and could have a role in the senescence of tissues. The most common source of
somatic mutation of mtDNA the free radicals are generated by the respiratory chain itself.
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The fraction of mutant mtDNA may vary from less than 1 % to more than 95 %, in
affected tissues of patients with mitochondrial disease. Heteroplasmy occurs both within
and between cells, and between organs in patients with mitochondrial disease.
Mitochondria are randomly segregated at cell division including oogenesis. It is during
oogenesis that wild-type and mutant mtDNA molecules are randomly partitioned to oocyte
creating a spectrum of heteroplasmy across the oocyte population. This random
segregation occurs through tight “bottlenecks”: of the 150 000 mtDNA molecules
estimated to be present in human oocytes, only a minute proportion of this mtDNA
population is transmitted both during oogenesis and subsequently to the embryo. This has
important implications for transmission of mutant mtDNA, as well as the tissue specific
basis of disease expression.
There are the studies on the inheritance patterns of mtDNA in cattle maternal
lineages, showing a very rapid alteration in a restriction site polymorphism within only one
or a few generation [160]. Rapid switch in mtDNA patterns has been attributed to a
phenomenon known as mitochondrial meiosis, as several mtDNA molecules per
mitochondrion in most somatic cells are reduced to a single mtDNA molecule during the
reduction in size of the oocyte mitochondria. The presence of a single genome within a
mitochondrion enables the organelle itself to be the unit of segregation of mtDNA.
Moreover, mitotic divisions during embryogenesis up to the establishment of germ cells
enables stringent segregation of mitochondria with the same genome allowing for fast
fixation of mtDNA polymorphisms in the following generation [161].
In some mitochondrial diseases the mutant load of an affected tissue is directly
related to the severity of the phenotype. However, for most diseases the phenotype
dependence on the abundance of mutant mtDNA is more complicated. Factors other than
the heteroplasmy rate within a cell or a mitochondrion, which contribute to the
pathogenesis, are the threshold effect – percentage of mutation needed to manifest
biochemically and clinically, dependent on the energy need of a particular tissue. The
phenotypic threshold effect observed at the single-cell level could arise when the products
of the wild-type mtDNA can no longer complement the effects of the mutated ones. For
instance, a heteroplasmic mutation in mtDNA will result in the co-existence of mutated
mRNAs, mutated tRNAs and defective respiratory chain subunits along with their wildtype molecules that may be sufficient to support normal function of the organelle until their
levels fall below a critical value (threshold), at which point they can no longer compensate
for the effect of the mutation, leading to impairment of mitochondrial function. Depending
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on the gene affected by the mutation in mtDNA, complementation can occur at different
levels of mitochondrial gene expression [162]. Further factors are the nuclear background,
age, sex, and environment, resulting in a wide range of phenotypes [163].

1.3.2 Complex I disorders
Isolated Complex I deficiency is one of the most common causes of mitochondrial
encephalomyopathies. Patients usually present at birth or in early childhood with severe
multisystemic disorders dominated by brain dysfunction, most commonly with Leigh
syndrome, a devastating neurodegenerative disorder characterized pathologically by
bilateral lesions in brainstem, basal ganglia, thalamus and spinal cord, and presented
clinically by psychomotor retardation and brainstem or basal ganglia dysfunction with or
without cardiomyopathy [164-166]. Less common presentations of Complex I deficiencies
include hepatopathy and tubulopathy, cardiomyopathy and cataracts, and lactic acidemia.
Due to the bi-genomic origin of the complex, the genetic cause of Complex I deficiency
can be located on either the mtDNA or nDNA. Pathogenic mutations have been found in 6
of the 35 nuclear-encoded subunits of Complex I [167]. Given the severity of Leigh
syndrome due to mutations in nDNA-encoded Complex I subunits, it is amazing how
“mild” are the phenotypes resulting from mutations in the mtDNA-encoded subunits. Of
the ten known mutations in Complex I genes, six are associated with Leber´s hereditary
optic neuropathy (LHON), a maternally inherited cause of blindness [168]. Several
mutations in the mitochondrial structural Complex I genes, as well as in mitochondrial
tRNA genes, have been linked to isolated Complex I deficiency. The mutations were found
in structural genes ND1, ND4, ND5, ND6 that have been related to LHON [169, 170],
MELAS, dystonia, or Leigh syndrome [165, 171]. Mutations in mitochondrial tRNA genes
also lead to defects of Complex I with phenotypic presentation MELAS, MERRF, or
isolated myopathy (for review see [172]). In general, mtDNA mutations cause only a
minority of isolated Complex I deficiencies. Especially in childhood, about 5-10 % of
Complex I deficiency can be related to mutations in mtDNA. An intriguing feature of
LHON is that only about 50 % of males and about 10 % of females who harbour one of the
three primary mutations (G3460A, G11778A, T14484C) actually develop the optic
neuropathy. This incomplete penetrance and predilection for males to lose vision imply
that additional genetic and/or environmental factors must modulate the phenotypic
expression of LHON. Alternatively, the gender bias could also result from a combination
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of subtle anatomical, hormonal, and/or physiological variations between males and females
[173].

1.3.3 Complex II disorders
Selective loss of Complex II has been reported in a case of sporadic Kearns-Sayre
syndrome [174]. The pathogenic missense mutations have been found in the flavoprotein
subunit of Complex II, causing autosomal-recessive Leigh syndrome [175], and a late
onset neurodegenerative disease characterized by optic atrophy, ataxia and myopathy
[176]. Mutations in both, the small and the large cytochrome b560 subunits have been
reported in families with autosomal dominant hereditary paraganglioma, a disorder
characterized by the presence of benign, highly vascularized tumors of parasympathetic
ganglia in head and neck, most commonly occurring in carotid bodies [177, 178]. These
mutations represent the first errors in a respiratory chain gene associated causally with
neoplastic transformation [179]. Non sense and missense germline mutations in Complex
II genes have been shown in patients with familiar pheochromocytoma, with or without
paraganglioma, and in sporadic pheochromocytoma [180]. Three of the genes encoding
structural subunits of Complex II are implicated as tumor suppressors, and suggest a role in
oxygen sensing and the hypoxia response [177, 181], but the molecular basis for these
effects remains to be determined. It is also not clear why mutations in flavoprotein subunit
of Complex II should produce Leigh syndrome while mutations in the other three subunits
are cancer susceptibility genes, with no evidence of central nervous system disorder [182].

1.3.4 Complex III disorders
Even though 10 of the 11 subunits of Complex III are nDNA encoded (only cyt b
subunit is specific by mtDNA), no pathogenic nuclear mutations have yet been identified.
Missense mutations in BCS1L, a gene whose product is involved in the assembly of the
complex have been found in four Turkish families with early-onset tubulopathy,
hepatopathy and encephalopathy [183] and with a lethal infantile disorder dubbed
GRACILE (growth retardation, aminoaciduria, cholestasis, iron overload, lactacidosis, and
early death) [184].
On the other hand, 12 pathogenic mutations have been found in the cytochrome b gene
and, remarkably, all cases were sporadic, most of them isolated myopathies with or without
myoglobinuria [185]. Presumably the sporadic cytochrome b mutations arose during
embryogenesis, shortly after mesodermal differentiation.
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1.3.5 Complex IV disorders
Patients with autosomal recessive COX deficiency can present with a number of
different clinical phenotypes including classical Leigh syndrome, a French-Canadian form
of Leigh syndrome, fatal infantile COX deficiency, hypertrophic cardiomyopathy and
myopathy, and a reversible COX deficiency confined to skeletal muscle [186]. A unique,
retrospective, multicenter study of 180 children with COX deficiency analyzed the clinical
features, prognosis, and molecular bases of the COX defects [187].
Mutations in all three of the mtDNA encoded subunits that constitute core of COX
have been identified. These different defects have been described as frame shift,
microdeletions, nonsense and/or missense types of mutation. All of them in COXI – III
genes were heteroplasmic and, in contrast to the autosomal recessive presentation of
isolated COX deficiency, disease onset was generally in late childhood or adulthood [188].
Mutations have not been identified in any of the 10 nuclear-encoded structural genes in
patients with any of the above phenotypes [189, 190]. However, mutations in different
mitochondrially targeted nDNA-encoded proteins that are required for the assembly of the
holocomplex – SURF1, SCO2 and COX10 – have now been associated with recessively
inherited Leigh or Leigh-like syndromes and COX deficiency. The function of SURF1 is
unknown, but SCO2 is though to be required for the insertion of copper into COX, as a
mitochondrial copper chaperone [52]. Mutations in the human SCO2 gene have been found
to cause fatal, early-onset hypertrophic cardiomyopathy with encephalopathy. The severity
of the COX deficiency is tissue-specific: cardiac and skeletal muscle are more affected
than liver or fibroblasts [191, 192]. The consequences of SCO2 and SURF1 mutations
suggest the existence of tissue-specific functional differences of these proteins that may
serve various tissue-dependent requirements for the regulation of COX biogenesis [193].
The COX10 gene encodes a heme A:farnesyltransferase required for heme formation. A
missense mutations in the COX10 gene was reported in a patient presenting with
leukodystrophy and proximal tubulopathy [194].

1.3.6 Complex V disorders
Generalized decrease in the content of human ATP synthase or alteration of its
structure and function are associated with severe pathological states resulting in typical
mitochondrial diseases. There are two types of isolated deficiency of ATP synthase that
have been described, differing in the pathogenic mechanism, biochemical phenotype
(structural and functional) as well as in clinical presentation.
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The first and long well-known type, are qualitative defects of ATP synthase caused
by mutations in mtDNA-encoded ATP synthase subunit that produce a variable picture of
differential onset and severity. Up to date, no mutation has been found in ATP8 gene that
codes the second mitochondrially synthesized ATPase subunit. Pathogenic mutations (five
missense mutations described so far) found in the subunit a are all associated with “striatal
necrosis syndromes”, as patients often show alterations in the basal ganglia in cranial
magnetic resonance imaging [195], and all are maternally transmitted, heteroplasmic and
pathogenic phenotype correlate with their mutation load [196].
Maternally inherited Leigh syndrome (MILS) is associated with high levels (90 %
in both blood and brain tissue) of either one of two mutations, T8993G and T8993C,
converting Leu 156 to either Arg or Pro, respectively. Lower levels (70-90 %) of either
mutation, however, result in a completely different disorder, called NARP (neuropathy,
ataxia and retinitis pigmentosa). Asymptomatic or oligosymptomatic mothers of NARP or
MILS patients harbor 70 % mutation in blood (and presumably in brain as well). Thus,
the degree of clinical involvement correlates with the level of heteroplasmy and with the
degree of impairment of ATP synthesis in the brain. The fact that relatively small
differences in the degree of heteroplasmy determine whether a person has the fatal MILS
phenotype, the less severe NARP phenotype, or is essentially normal, has led to a new
strategy to treat these devastating disorders [197-200].
The T9176C and T8851C mutations also produce a Leigh syndrome presentation but are
rare, as is the T9185C mutation which again produces a Leigh/cerebellar phenotype of
onset at 7-9 years of age at high heteroplasmy with an ataxia at lower heteroplasmy [201203].
In addition to missense mutation – in the ATP6 gene there exists yet another
inherited defect, microdeletion of few nucleotide basis. A 2 bp microdeletion at positions
9205 and 9206 (9205ΔTA) was originally discovered in a newborn with transient lactic
acidosis [204]. Recently, a second case of a 9205ΔTA microdeletion was found in a child
with severe encephalopathy and hyperlactacidaemia [205]. In contrast to all often known
mtDNA deletion in studied genes it does not affect amino acid composition but splicing of
primary polycystronic transcript. Seneca and co-workers investigated in detail transcript
processing in the original patient and also biochemical consequences of the mutation [206,
207].
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ATPase defect due to nuclear genome mutations was demonstrated for the first time
in 1999 in a new type of fatal mitochondrial disorder [208]. A boy with severe lactic
acidosis, cardiomyopathy and hepatomegaly died within 2 days of his life. A generalized,
70-80 % decrease in ATPase activity and ATP production was associated with
corresponding selective decrease of the content of the ATPase complex, which had normal
size and subunit composition. Later on, other similar cases of selective ATPase deficiency
were found in the Czech Republic, Austria and Belgium. Up to now 14 cases have been
described that exhibit quite homologous phenotype consisting of elevated plasma lactate
levels, 3-methyl-glutaconic aciduria, hypertrophic cardiomyopathy, psychomotor and
various degree of mental retardation [208-211].
Finally, the first mutation in the ATP12 gene, for assembly factor of mitochondrial
ATP synthase, has been identified in a single infant patient with lactic acidosis, dismorphic
features and rapidly progressive encephalopathy. Deficiency of complex V activity was
associated with marked reduction of complex V subunits content in both muscle and liver
mitochondria [211].

1.3.7 Multiple OXPHOS system defects
Deficiencies that involve more than one respiratory chain complex are common in
mtDNA mutations. All such mutations affect mitochondrial protein synthesis globally,
either indirectly, via deletions that remove large segments of the mtDNA, or directly, via
mutations in specific tRNA and rRNA genes.
The most prominent disorders associated with large-scale (kb-sized) partial
deletions of mtDNA are Kearns-Sayre syndrome (KSS), a fatal multisystemic disorder,
progressive external ophtalmoplegia (PEO), a myopathy characterized by paralysis of the
extraocular muscles and Pearson´s marrow or pancreas syndrome. In all three disorders,
which are sporadic (i.e. mothers and siblings are unaffected), patients harbor a single
species of deleted mtDNA that co-exists with wild-type molecules, but the specific
deletion varies among patients. Along with these deleted mtDNA, these patients often
harbor a partial duplication of mtDNA. The two rearranged species are related to each
other topologically: the duplicated molecule is a tandem duplication of wild-type mtDNA
in which the material missing in the analogous mtDNA has been removed. Duplicated
mtDNAs, however, do not lack any tRNA genes, and all evidence to date indicates that
these molecules are, in fact, not pathogenic [51, 52].
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Pathogenic mutations in tRNA and rRNA genes typically affect the translation of
all 13 mtDNA-encoded polypeptides, resulting in generalized OXPHOS deficiencies. The
most common maternally inherited mtDNA mutation is in the tRNA (Leu) gene, and most
often causes MELAS (mitochondrial encephalomyopathy, lactic acidosis and stroke-like
episodes). By contrast, mutations in tRNA (Lys) are most often associated with MERRF
(myoclonus, epilepsy, with ragged-red fibers - a marker of abnormal mitochondrial
proliferation in muscle). MELAS and MERRF are clinically distinct syndromes because
the negative efects of the relevant tRNA mutations on total protein synthesis are different,
both qualitatively and quantitatively [195]. Not surprisingly, syndromes associated with
tRNA mutations can affect every system in the body, including the eye (optic atrophy;
retinitis pigmentosa; cataracts); hearing (neurosensory deafness); the endocrine system
(short

stature;

diabetes

mellitus;

hypoparathyroidism);

the

heart

(hypertrophic

cardiomyopathies; conduction blocks); the gastrointestinal tract (exocrine pancreas
dysfunction; intestinal pseudo-obstruction; gastroesophageal reflux); and the kidney (renal
tubular acidosis) [157].

1.3.8 Nuclear defects involved in biogenesis, function and dynamics of
OXPHOS
Disorders due to mutations in nDNA are very numerous not only because most
respiratory chain subunits are nucleus-encoded, but also – and more importantly – because
correct structure and functioning of the respiratory chain requires many steps, all of which
are under the control of nDNA. These steps include:
(1) Nuclear factors are needed for the proper assembly of respiratory chain complexes.
Mutations in various genes have been associated with numerous disorders, for example
see above – mutations in genes for SURF1, SCO1, SCO2, COX10, COX15, LRPPRC,
BCS1L, ATP12 and other.
(2) MtDNA integrity and replication requires nDNA-encoded factors and there has been
rapid progress in our understanding of the molecular basis of disorders of intergenomic
signaling, including syndromes associated with multiple mtDNA deletions and mtDNA
depletion. The most frequent examples of alteration of mtDNA include defects due to
mutations in genes for thymidine phosphorylase, for one isoform of the adenine
nucleotide translocator (ANT1), in gene called Twinkle, a helicase, in genes encoding
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polymerase  (POLG), thymidine kinase 2 (TK2) or deoxyguanosine kinase (dGK).
(for references see review [157]).
(3) Transport of nDNA-encoded proteins from the cytoplasm into mitochondria.
Hereditary defects in this complex machinery can cause mitochondrial diseases,
although only relatively few such disorders have been documented. The first is an Xlinked disease, the deafness-dystonia syndrome (Mohr-Tranebjaerg syndrome), which
is characterized by neurosensory hearing loss, dystonia, cortical blindness, and
psychiatric symptoms, and is due to mutations in TIMM8A gene, which encodes the
deafness-dystonia protein (DDP1), an intermembrane space component of the transport
machinery [212]. The second is an autosomal form of hereditary spastic paraplegia due
to mutations in the chaperonin HSP60 [213].
(4) The respiratory chain is embedded in the lipid bilayer of the inner mitochondrial
membrane, which is more than a mere scaffold. Alternations of this lipid milieu can
cause disease, as illustrated by altered synthesis of cardiolipin in Barth syndrome, an
X-linked recessive disorder characterized by mitochondrial myopathy, cardiopathy,
growth retardation, and leucopenia [214]. The tafazzin gene responsible for this
disorder encodes a family of proteins (“tafazzins”) that are homologous to
phospholipid acyltransferase.
(5) Mitochondria are dynamic organelles and move around the cell, divide by fission, and
fuse with one another. Disorders of these essential functions can also cause disease, as
illustrated by autosomal dominant form of optic atrophy resulting in early-onset
blindness, caused by mutations in a gene encoding a dynamin-related guanosine
triphosphatase [215]. Similar to OPA1, another fundamental component of the
mitochondrial fusion machinery mitofusin 2, an outer mitochondrial membrane
dynamic-related large GTPase, is defective in a hereditary form of progressive axonal
sensory polyneuropathy, known as Charcot-Marie-Tooth type 2A [216]. Interestingly,
mutations in mitofusin 2 have been recently identified in a particular form of hereditary
progressive neuropathy that involves both neurons and the optic nerve, known as motor
and sensory neuropathy type VI [217].
At the end, abnormalities of mtDNA and/or OXPHOS activity have been identified
in several different neurodegenerative diseases. An important issue is whether these
represent primary abnormalities or defects because of other factors not directly related to
pathogenesis. Neurodegenerative diseases such as Friedreich´s ataxia, Wilson disease or
30

hereditary spastic paraplegia are caused by mutations in nuclear genes encoding
mitochondrial non-OXPHOS protein. Huntington disease is associated with mutation in
nuclear genes encoding non-mitochondrial proteins affecting OXPHOS function. Finally,
Parkinson disease, amyotrophic lateral sclerosis, and Alzheimer disease are disorders with
evidence for mitochondrial involvement which can not as yet be assigned [218].

1.4 Mitochondria and ROS
In most cell types, mitochondria appear to represent one of the major sources of
generation of free radicals or reactive oxygen species (ROS). This is because a
consequence of the action of oxidative phosphorylation is the generation of unpaired
electrons that interact with O2 and thus generate superoxide ions, highly reactive free
radical species. These are readily interconverted to other radical species, such as hydroxyl
ions (OH•) and H2O2. It is widely assumed that the major impact of such ROS generation is
harmful although recently it has been suggested that mitochondrial ROS generation may
play a significant physiological signaling role. Nevertheless, ROS may cause lipid
peroxidation and damage to cell membranes and to DNA, above all mtDNA, so that
mitochondria represent not only a major source of ROS generation, but also a major target
of ROS induced damage.
Various respiratory chain components, including flavoproteins, iron-sulfur clusters
and ubisemiquinone, are capable of transferring one electron to oxygen and thus producing
of ROS. Superoxide formation occurs on the outer mitochondrial membrane, in the matrix
and on both sides of the inner mitochondrial membrane. Whilst the O2-• generated in the
matrix is eliminated in that compartment, part of the O2-• produced in the intermembrane
space may be carried to cytoplasm via voltage-dependent anion channels [219]. The major
recently demonstrated components of ROS generation are Complexes I, II and III of the
respiratory

chain

glycerophosphate

cascade,

external

dehydrogenase,

NADH

dehydrogenase,

dehydroorotate

dehydrogenase,

mitochondrial
aconitase,

ketoglutarate dehydrogenase and monoamino oxidase (for references see [220]).

31

α-

Figure 7. Sites and topology of ROS production in mitochondrial respiratory
chain. Electron flow (blue arrows), proton flow (green arrows), sites of ROS
production (red arrows) as well as sites of action of individual OXPHOS inhibitors
(black) are depicted. Adapted from [221].

In overall, ROS production is very complicated process depending on redox state of
the mitochondria and correlating with values of the mitochondrial membrane potential ΔΨm
[222, 223]. The O2-• formation is increased by specific inhibitors of respiratory chain
complexes (rotenone for complex I, antimycin A for complex III), which stop the electron
flow by all upstream carriers [224, 225]. Under this condition, the protonmotive force is
zero. It is also well documented that high levels of potential ΔΨm above 140 mV lead to an
exponential increase of mitochondrial ROS production [226-228]. In line with this finding,
decrease of ΔΨm via stimulation of ATP synthase, a low ATP/ADP ratio, substrate
limitation or increased proton permeability lower the amount of ROS produced [229].
It is assumed that the UCP proteins play an important role in oxidative stress in cells. It
was shown that mainly UCP2 expression might limit the free radical generation [230].
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1.4.1 Mitochondrial antioxidant defenses
Mitochondria are equipped with series of antioxidant defenses. Mitochondria
contain a high concentration of glutathione, a variant of superoxide dismutase (SOD),
glutathione peroxidase (GPx) and catalase. Superoxide is enzymatically converted to H2O2
by a family of mettaloenzymes called superoxide dismutase [231]; the potentially harmful
peroxide is further removed by catalase. The mitochondrial matrix contains a specific form
of SOD with manganese (MnSOD) in the active site, which eliminates the O2-• formed in
the matrix or on the inner side of the inner membrane. The steady-state concentration of
O2-• in the intermembrane space is controlled by three different mechanisms. Firstly, this
compartment contains a different SOD isoenzyme which contains copper and zinc instead
of manganese (CuZnSOD) [232]. Secondly, the intermembrane space contains cytochrome
c which can be reduced by O2-• [233]. Finally, the spontaneous dismutation of the O2-• is
here facilitated by the lower pH [234]. The H2O2, the product of O2-• dismutation and the
main precursor of OH• in the presence of reduced transition metals, is mostly decomposed
by GPx and in some tissues by catalase [235, 236]. The recently discovered family of
thioredoxin dependent peroxide reductases (TrxR), called peroxiredoxins (Prx), are
involved in ROS detoxification [237]. In addition to cytochrome c, other electron carriers,
namely ubiquinol QH2, appear to have a detoxifying role against ROS.
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2 The aims of the thesis
The ATPase is a key component of mitochondrial energy conversion in the
mammalian organism. The isolated defects of the ATPase result in mitochondrial diseases
which are deleterious and manifest primarily in children, very often shortly after birth.
The labor techniques to determine defects of ATPase are still not routinely used in
many diagnostic laboratories. It is therefore probable that ATPase disorders may escape
diagnosis in accordance with our opinion that the incidence of isolated ATPase deficiency
would be much higher than originally believed.
The present thesis is focused on the diseases caused by various etiopathologies of
mitochondrial ATP synthase. The primary aim was to characterize pathophysiological
consequences as well as clinical manifestation of isolated defects of ATPase that are
caused by mutations in mitochondrial genome or in nuclear genes.
The specific aim of this work was:
a) to characterize structural and functional changes in ATPase and cytochrome c
oxidase due to a 9205ΔTA microdeletion in the mtDNA ATP6 gene;
b) to elucidate the consequences of the replacement of the initiation codon AUG
for GUG in the ATP6 gene due to homoplasmic A8527G mutation;
c) to characterize and correlate biochemical data and clinical presentation on 14
patients with ATPase deficiency caused by nuclear genetic defects;
d) to characterize pathological mechanism of the isolated ATPase disorders with
respect to energy deprivation and increased ROS production.
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3 Summary of results
The thesis consists of 5 attached articles that all have already been published. They
have presented the results of our studies describing several deficiencies of mitochondrial
ATP synthase due to various mutations and defects. In these papers we have characterized
structural and functional consequences as well as clinical features of the ATPase disorders.

1. Diminished synthesis of subunit a (ATP6) and altered function of ATP synthase
and cytochrome c oxidase due to the mtDNA 2bp microdeletion of TA at positions
9205 and 9206; P.Ješina, M.Tesařová, D.Fornůsková, A.Vojtíšková, P.Pecina,
V.Kaplanová, H.Hansíková, J.Zeman and J.Houštěk: Biochem J. 383, 2004: 561-71 (IF
= 4,278)
The first paper describes a very rare mtDNA mutation, 2 bp deletion of TA at positions
9205 and 9206 (9205ΔTA), which affects the STOP codon of the ATP6 gene and the
cleavage site between the RNAs for ATP6 and COX3. The mutation was present at
increasing load in a three-generation family. In the affected boy with severe
encephalopathy, a homoplasmic mutation was present in blood, fibroblasts and muscle.
The fibroblasts from the patient showed normal aurovertin-sensitive ATPase hydrolytic
activity, a 70% decrease in ATP synthesis and an 85 % decrease in COX activity. ADPstimulated respiration and the ADP-induced decrease in the mitochondrial membrane
potential at state 4 were decreased by 50 %. The content of subunit a was decreased 10fold compared with other ATPase subunits, and [35S]-methionine labeling showed a 9-fold
decrease in subunit a biosynthesis. The content of COX subunits I, IV and VIc was
decreased by 30-60 %. Northern Blot and quantitative real-time reverse transcription-PCR
analysis further demonstrated that the primary ATP6-COX3 transcript is cleaved to the
ATP6 and COX3 mRNAs 2-3-fold less efficiently. Structural studies by Blue-Native and
two-dimensional electrophoresis revealed an altered pattern of COX assembly and
instability of the ATPase complex, which dissociated into subcomplexes.
Our results show that the 9205ΔTA mutation prevents the synthesis of ATPase subunit
a, and causes the formation of incomplete ATPase complexes that are capable of ATP
hydrolysis but not ATP synthesis. The mutation also affects the biogenesis of COX, which
is present in a decreased amount in cells from affected individuals. The second case of the
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same 9205ΔTA homoplasmic mutation, which has been already published by Seneca et al.
[204-207], differs dramatically. An explanation for this difference might be due to some
compensatory mechanism affecting the post-transcriptional processing and/or translation of
the ATP6 and COXIII mRNAs.

2. GUG is an efficient initiation codon to translate the human mitochondrial ATP6
gene; A.Dubot, C.Godinot, V.Dumur, B.Sablonniere, T.Stojkovic, J.M. Cuisset,
A.Vojtíškova, P.Pecina, P.Ješina and J.Houštěk: Biochem Biophys Res Commun.
313(3), 2004:687-93; (IF = 2,904)
The second paper presents another novel mutation in ATP6 gene. In contrast to the
mutation in the STOP codon presented in previous article, a maternally inherited and
practically homoplasmic mitochondrial mutation, 8527A>G, changing the initiation codon
AUG into GUG, normally coding for a valine, was observed in the ATP6 gene encoding
the ATPase subunit a. No alternate Met codon could replace the normal translational
initiator. The patient harboring this mutation exhibited clinical symptoms suggesting a
mitochondrial disease but his mother who carried the same mtDNA mutation was healthy.
The mutation was absent from 100 controls and occurred once amongst 44 patients
suspected of Leber Hereditary Optic Neuropathy (LHON) but devoid of typical LHON
mutations. In patient fibroblasts, no effect of 8527A>G mutation could be demonstrated on
the biosynthesis of mtDNA-encoded proteins, on size and the content of ATPase subunit a,
on ATP hydrolysis and on mitochondrial membrane potential. In additional, ATP synthesis
was barely decreased.
The main conclusion of this paper is that, in human mtDNA, GUG can be used as an
alternative initiation codon to produce a normal amount of ATPase subunit a. To our
knowledge, GUG has never been reported to be able to initiate the translation of human
mtDNA-encoded proteins. Interestingly, this change in the ATP6 initiation codon does not
seem to be related to patient phenotype.
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3. Mitochondrial Membrane Potential and ATP Production in Primary Disorders of
ATP Synthase; A.Vojtíšková, P.Ješina, M.Tesařová, M.Kalous, A.Dubot, C.Godinot,
D.Fornůsková, V.Kaplanová, J.Zeman a J.Houštěk: Toxicol.Mech.Methods 14, 2004:711; (IF = 0,464)
In this article, we summarize our analysis of the functional consequences of various
types of primary ATPase defects at the level of mitochondrial ATP production and
maintenance and discharge of the mitochondrial membrane potential ΔΨm. Studies of
fibroblasts with ATPase defects due to heteroplasmic mtDNA mutations in the ATP6 gene,
affecting protonophoric function or synthesis of subunit a, show that at high mutation
loads, mitochondrial membrane potential ΔΨm at state 4 is normal, but ADP-induced
discharge of ΔΨm is impaired and low ATP synthesis is also found when the ATPase
content is diminished by altered biogenesis of the enzyme complex. Irrespective of the
different pathogenic mechanisms, elevated ΔΨm in primary ATPase disorders could
increase mitochondrial production of reactive oxygen species and decrease energy
provision. This conclusion was later confirmed by several studies from our group as well
as other laboratories.

4. Deficiency of mitochondrial ATP synthase of nuclear genetic origin. W.Sperl,
P.Ješina, J.Zeman, J.Mayr, L.DeMeirleir, R.Van Coster, A.Pícková, H.Hansíková,
H.Houšťková, Z.Krejčík, J.Koch, E.Holme and J.Houštěk: Neuromuscul Disord. (2006
Dec;16(12):821-9. Epub2006 Oct 17); (IF = 3,043)
In the fourth paper we summarized data on 14 patients with ATPase deficiency caused by
nuclear genetic defects. We compared and analyzed available information on clinical
presentation, tissue involvement, metabolic profiles, and specific methods to the structure and
function of ATPase in order to highlight the dominant clinical and laboratory features and the
differences from patients with mtDNA-based defect.
A quantitative decrease of the ATPase complex was documented by Blue-Native
electrophoretic and Western blotting analysis. It was supported by the diminished activity of
oligomycin/aurovertin-sensitive ATP hydrolysis in various tissues, namely in fibroblasts,
muscle, or liver. All patients had neonatal onset and elevated plasma lactate level. In most
tested cases increased lactate in urine and cerebrospinal fluid as well as alanine in blood were
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also observed. In 12 patients investigated 3-methyl-glutaconic aciduria was detected. Seven
patients died, mostly within the first weeks of life and surviving patients showed psychomotor
and various degrees of mental retardation. Eleven patients had hypertrophic cardiomyopathy;
other clinical signs included hypotonia, hepatomegaly, facial dysmorphism and microcephaly.
In one patient, the gene defect was localized to the assembly factor ATP12. In other cases the
mutated genes remain unknown.
This phenotype markedly differs from the severe central nervous system changes of
ATPase disorders caused by mitochondrial DNA mutations of the ATP6 gene presenting
mostly as NARP and MILS. The increasing number of cases reviewed here indicates that
these biosynthetic defects may be more frequent than originally thought.

This study

represents the largest group of patients with nuclear genetic defect of ATPase published so
far.

5. Mitochondrial diseases and genetic defects of ATP synthase J.Houštěk, A.Pícková,
A.Vojtíšková, T.Mráček, P.Pecina, P.Ješina; Biochem Biophys Acta – Bioenergetics,
1757, 2006:1400-1405; (IF = 4,302)
This paper describes an overview of isolated defects of ATPase. Alteration of ATPase
biogenesis may cause two types of deficiencies that have been described, differing in the
pathogenic mechanism, biochemical phenotype (structural and functional) as well as in
clinical presentation.
The first, long well-known type are qualitative defects of ATPase caused by mutations in
ATP6 (subunit a), one of mtDNA-encoded ATPase subunits. These cases are presented with
structurally modified ATPase complex but the enzyme does not function properly. Maternally
transmitted mutations in the ATP6 gene are manifested as NARP syndrome or as fatal
encephalopathy known as Leigh syndrome. A different form of qualitative ATPase deficiency
is represented by very rare microdeletion 9205ΔTA in the ATP6 gene.
The second currently known type of isolated disorders of ATPase are quantitative defects
in which the cellular content of the enzyme is selectively reduced. The disorder is of nuclear
genetic origin, patients do not shown any mutations in mtDNA ATP6 and ATP8 genes, and
ATPase content is fully restored by replacement of the nucleus in transmitochondrial cybrids.
At present, more patients with ATPase deficiency have been diagnosed.
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Both types of ATPase disorders result in a decreased ability of mitochondria to produce
ATP in patient cells. Therefore the mainly affected tissues are brain and heart that are
primarily dependent on oxidative metabolism. The low ability of mitochondria to utilize
respiration-generated proton gradient for ATPase generally means that the mitochondrial
membrane remains hyperpolarized, which leads to increased generation of reactive oxygen
species (ROS) by the respiratory chain. The pathogenic mechanism thus includes two major
components – energy deprivation and enhanced oxidation stress.
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4 Conclusions
From the results of our studies performed at several different genetic models of isolated
disorders of the F1FoATP synthase and/or correlations of biochemical phenotypes with
clinical presentation we conclude that:


The 9205ΔTA mutation in the ATP6 gene prevents the synthesis of ATPase subunit
a and cytochrome c oxidase subunit COXIII, and causes the formation of incomplete
ATPase complexes that are capable of ATP hydrolysis but not ATP synthesis. The
mutation also affects the biogenesis of COX, which is present in a decreased amount in
cells from affected individuals. This mutation is the first described mutation in STOP
codon for gene in mtDNA. It affects the cleavage site between the ATP6 and COXIII
transcripts and therefore this mutation leads to pathological changes (structural and
functional) in both ATPase and COX.



In human mtDNA, GUG in the ATP6 gene can be used as an alternative initiation
codon to produce a normal amount of ATPase subunit a. The GUG codon is thus able
to initiate the translation of human mtDNA-encoded proteins similarly as in few cases
of other eukaryotic cells.



The isolated deficiency of mitochondrial ATPase due to mutations in nuclear genes
presents with specific and homogenous phenotype that is characterized biochemically
by decreased ATPase activity and quantitative decrease of the ATPase complex and
clinically by neonatal onset, elevated plasma lactate levels, 3-methylglutaconic
aciduria, psychomotor retardation, hypertrophic cardiomyopathy. On these bases it can
be easily differentiated from maternally-transmitted ATPase defects due to mutations
in mtDNA ATP6 gene. The nuclear ATPase defects thus represent a specific entity
among mitochondrial diseases.



Our studies clearly demonstrate that low ATPase content and decreased
mitochondrial ATP production lead to high values of ΔΨm and are associated with
activation of ROS generation by the mitochondrial respiratory chain. Both the energetic
deprivation and increased oxidative stress are important components of the pathogenic
mechanism of ATPase disorders.
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