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Abstract

Mitochondria contain their own DNA (mtDNA) whiclan be damagel, leading to the
F2NXIFGA2Y 2F Yusb! RStSGA2ya opYids5bl!od ¢KS
GA&dadzSa yR LINPINBaaArAgSte | OOdzydzZA 4GS 6AGK
reach levels of 50% and has been linked to @éfiency and neurodgeneration. Although
GKSaS pyYdasb! INB ¢Sttt OKFNIOGSNRASRYE (GKS F
accumulation to high levels is unknown. One of the suggestions for deletion fiomast
inadequate replication. This study aimed to further undensthiow mtDNA replication diffs

between neurons and with agegnd whether such changes could be associated with the

formation and accumulation of mtDNA deletions.

This was investigated idifferent ways. Various regions of the brain differ in the levdls o
deletions. Therefore, the mtDNA replication levels in different regions were investigated via
thymidine analogue labelling to identify any alterations. Significant differences were dotice
between different regionsvith cerebellum generally presentingdreased signal and the SN
presentingthelowest { Ay OS | 3SAy3a IyR RA&SIAaS A& | NR
mice and PolgA™'mut mice were useddemonstrated a generatlecrease in thymidine
analogue signalling with increased age and with dicapon defect The replication levels
obtained from this study were compared to another study from the literature investigating

the levels of deletions from different brain regi®nNo correlation was observed suggesting

that although mtDNA replicatiorsialtered within different regions in the brain, there could

0S 20KSNJ YSOKIFyAaYyYa STFFSOUAYI GKS F2NNIGAZ2Y

Additionally, the thymidine analogue labellimgas developed and optimised far vitro use

on Hela cells and was usedladel iPSCs and differentiated neurons from a patient with a
large scale mtDNA deletion. Two isogenic cell lines of varying heteroplasmy (>10% and 40%)
were used for thisstudy tcS (G KS STFFSOO 2F FEft GSNBR nyYias5b!

was optimigd successfullfor further use.

Along with the total replication levels, the location of replication was also investigated to

understand the impact of this on the accumulatioho p Y{i5b! ® ¢ KA & A& RdzS



that have suggested that sinceplication and mitophagy happen in close proximity to the
nucleus and eactther, this increases the chances of a dysfunctional mitochondria, containing
nYG5b! I NB LI at©dugpasiedtdat ntajory ot Feplication happened in the
perinuclear region, and preliminary data on the location of mitophagy also showed a

perinuclear increase.

To further investigate the health and connectividy the mitochondria in the perinclear

NEIA2Y L O2YLI NBR GKSY (2 RA @fc? ¥y OSYAIIR OK 2 9ziR &
investigated the morphology and structural connectivity of mitochondria in human brain

tissue using electron microscopy techniques. This study was successful aminanglidata

from dopaminergic neurons are discussed.

In conclusionalthough mtDNA replication levels and replication location varies between
ySdzZN2yaz FF3SAy3a YR 3ISy2GeLIS adaA3ISaGAy3a AYLX A
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Chapter 1: Introduction

1.1 Origin of Mitochondria

Mitochondria are dynamic organelles present within the cytoplasm of all mammalian
nucleated cells. The origin of mitochondria has been tismsur to arise due to an
endosymbiotic relationship, where a primitive fréieing prokaryote with the ability to uise
oxygen available in the atmosphere as an energy source, was engulfed byeakargotic

cell. Thisvas brought to light in 197@Margulis, 1971)and expined that the reason for this
symbiotic relationship was that the frdeving prokaryote received a secure and s&ab
environment and in return ATP (adenosine triphosphate) as the result of respiration, was
provided for the host cel(Martin et al., 2015) The main evidence for this theory the
prokaryoticlike properties of the mitochondrion including its double membrane, circular
genome, ability to undergo fission and fusi@and the ability to independently synthesise
proteins. Alongside this, a high proportion of genes required for chibmdrial structure,

function and quality control are found in the nuclear genof@eay, 2012, Gray et al., 1999)

The hydrogen hypothesis theory proposes dratbasisfor mitochondrial originfMartin and

Miller, 1998) This theory suggests that the hostllosas a methanogenic archezoa which
engulfed a eubacterium with the ability to produce &hd CQ. When the host was in an
environment witha lack of K, a symbiotic relationship was formed between the two species.
Selective pressures within this enviroent selected the host cells with this symbiotic
relationship (Martin et al., 2001) This theory suggests that the formation of the nucleus
occurred following this symbtic event. However this theory is not completely accepted as a

Wi NHzS | NOKST 2F QX | S dzlohdN& Bas hdd beénSidentifieds and K 2 dzii
molecular analysis has identified mitochondrial genes present within the nuclear DNA of this

group(Clark and Roger, 1995, Roger, 1999)

The ancestor of mitochondria has been suggested to be the intracellular paRsikettsia
prowazekii,identified by whole genome sequencirigndersson et al., 1998Yhs analysis
found genes encoding for components of the tricarboxylic acid (TCA) cycle and complexes of

the respiratory chain within its genagnallowingRickettsia prowazekio produce ATP, similar

24



to mitochondria. However, due to inconsistencies in phglugfic trees during analysis and a
fast evolution rate, it has been suggested that this might not be the trueesior of
mitochondria but smply a lineage relativ€Degli Esposti, 2018, Degli Esposti, 20t6dther
studies, afew other organisms have been suggested to be the evolutionary ancestor of
mitochondria(Yang et al., 1985, Atteia et al., 2009, Williams et al., 2007, Degli Espostj, 2018)
despite this, all studies are consistein their agreement for a prokaryotic origin for the

mitochondrion(Gray, 2015)
1.2 Mitochondrial Structure

In concurrence with their prokaryetancestors, mitochondria have been observed through
electron microscopy as consisting of a double membrane structure withoater
mitochondrial (OMM) and an inner mitochondrial membrane (IMM) separated by the
intermembrane spacé€Palade, 1953, Mannella et.all994) Figure 1.1 presents a cartoon
illustration of a mitochondrion highlighting its integral structures (figure 1.1a), and an image
obtained from electron microscopy (EM, figure 1.1b). Although typically illustrated as a rod
shaped organelle (figuré.1a), tre shape and size of mitochondria vary due to their dynamic
nature and ability to form a reticular network. Initial studies, using EM, measured
mitochondrial length to be in the range of4um and with diameters ranging between 0.3
0.7um (Palade, 1953)This is consistent with the EM image (figure 1.1b) produced for the
purpose of this thesis. Further studies looking at 3D models have demonstrated consistent
values within the range d.75 to3un? for the size of mitochondrigRaglski and Marshall,
2008, BereiteiHahn, 1990, Wiemerslage and Lee, 20I®)e number of mitochondria per cell
also varies depending on the cell type due to differehéinergy requirementgNass, 1969)
Analysis of five different mammalian cell types demonstrated an average mftB8hondria

per cell(Robin and Wong, 1988However, these measures are not fixed since mitochondria

can undergo fission and fusion constantly meggar separating.
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Figurel.1l The structure of the mitochondriotmage A presents the cartoon representation of a mitochondrion
with its structural components labelled. Image B presents an electron nopiosnage of multiple mitochondria
presentedwithin an axon. The image shows clearly the cristae and double membrane structures of the
mitochondria

The double membrane of the mitochondrion has a similar structure to the phospholipid

bilayer of the cell meinrane and functions in a similar way to allgelective permeabilisation.

The OMM is a smooth lipid membrane separating the free flow of molecules between the
mitochondrial interior and the cytoplasm of the cell. The membrane contains veltage
dependent aron channels (VDAC), also known as mitoch@ahghorin. These channels allow

the exchange of molecules and ions <10kDa to pal®erts et al., 2002, Szabo and Zoratti,

2014) VDAC remains open at a membrane potential of OmV, but when the potential reaches

30mV (for both positive and negative potential), it cloggb OKf @ mt58 a2y Iy R C2 NI &

Compared o the OMM, the IMM is highly selective in terms of permeabilisation, only allowing
Oz, CQ, O and NHto pass freely. The IMM has an increased protein to lipid ratio due to
the presence of cardiolipin and the IMM bound oxidative phosphorylation (OXPHOS)
complexes k V (also termed respiratory complexes), that are required for ATP production
(Fleischer et al., 1961 ardiolipin is a protein required for the fotion of the respiratory
chain enzymes and also provides structural support for the (Rfiffer et al., 2003)Due to

this high protein content, the IMM is leggermeable then the OMM. Alongside this, the IMM

is also folded into convoluted structures called @aestFrey and Mannella, 2000)The
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convolution provides an increased surface area, which isefigial for oxidative
phosphorylation (OXPHOS) protein assembly and to maximise ATP productionall®rigin
according to the baffle model, the IMM was thought to be folded back on itself to form
internal ridges with broad openings (Palade, 1953). Howewih, better resolution and 3D
9a% a0NHzZOGdzNBa UGSNYSR WLISRA Odzf Aed ONFaIMMS Q &
contained an inner boundary membrane (IBM) and a cristae membrane (CM) that were
connected together via narrow and tubular openings exltristae junctiongDaems and
Wisse, 1966, Mannella et al., 1997, Frey and Mannella)268 mentioned befee, the IMM

is highly selective in terms of permeabilisation, and hence for protein transport it centai
adenine nucleotide translocator (ANT) which is responsible for the transport of ATP out of the
mitochondrial matrix into the cytoplasm and the transpof adenosine diphosphate (ADP)

from the cytoplasm into the matrix in a 1:1 rai{Bfaff et al., 1969, Lauquin et al., 2017)

Certain molecules over 10kDa, including pyruvate poadl as the result of glycolysis in the
cytoplasm and various nuclear encoded proteins, are required within mitochondria. These
proteins contain Nerminal sequences that target them to mitochondria but they require
assistance to cross the membranes. Tollfate this, the OMM and IMM also contain the
translocases of the outer membrane (TOM) and inner membrane (TIM) that allow protein
transport across thenitochondrial membranes and into the mat ilberts et al.2002, Endo

and Yamano, 2010, Ahmed and Fisher, 2009)

Surrounded by the inner membrane, is the matrix, containing a mixture of substances that
makes it more viscous than the cytoplagPalale, 1953) They includé various nuclear
encoded proteins and multiple copies of the mitochondrial DNA (mtDNA) packed together in
nucleoids. Initially studies discovered an average of 2.6 mtDNA molecules per mitochondria,
and within the whole cell the rage was from 2241720 invarious mammalian cell typ€Robin

and Wong, 1988)In human carcinoma cell lines, for example, mtDNA copy number was
suggestedo be in the range of -5 mtDNA molecules or an average of 4.6 mtDNA molecules
within each mitochondrior{Satoh and Kuroiwa, 1991)his was consistent witater studies
using more developed techniques such as quantitatRh€R and immunREM  which
demonstrated a similar range ofD mtDNA molecules per mitochondridhegros et al.,
2004, Iborra et al., 2004)
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As mentioned above, a number of nuclear encoded proteins required for mitochondrial

function are also transported into the matrix. This includes emw required for the

transcription, translation and general maintenance of the mtDNA. The majority @irtteins

required for this purpose are coded for by the nuclear DNA and transported into the matrix.
Mitochondria contain mitochondrial ribosomes faanslation. The matrix is also the site of

iron-a dzf LIK dzNJ Of dza G SNJ 06 A 2 3 S y&&idnZob fatty Beildzdd Krébs 2 EA RA ¢
cycle, hence electron carriers, enzymes required for these processes and tpeoducts are

also present within thenatrix (McCommis and Finck, 2015, Braymer and Lill, 2017, Wanders

et al., 2010)

1.3 Mitochondrial dynamics

Mitochondrial dynamics is a term that describes various characteristics of mitochondria
including their biogeasis, fission, fusion, transport and finally their degraolat through the

process of mitophagy.
1.3.1 Mitochondrial biogenesis

This is the process by which, new mitochondria are formed. This normally occurs in response

to the requirement for energy within d¢ks, for example an increase in the demand for more

ATP wold stimulate the production of more mitochondriplandschin and Spiegelman (&),

One of the most studied proteins within the biogersepathway is Peroxisome Proliferator

' OGA@FGSR wSOSLWLIW2N) DFEYYEFE [/ 2F00A@FG2N m ! 1
phosphorylation by AMRctivated protein kinase (AMPK) in response to an increaaske

AMP/ATP ratio, or by Sirtuin (SIR@&pendent deactylation, which then functions to
FOGAGIGS LINRPRAzOGAZ2Y 2F (apadE alt IDO7mHanddclyin ek al,. F SSRO |
2003, Canté et al., 2010)

PG mh (GKSY AYyRdzOSa R26yaiNBlIY LINRRdAzOGAZ2Y 27F O
biogenesis pathway via other signallingpfeins such as Peroxisome Proliferator Activated
wSOSLIi2NI DFYYF 6tt! wi 03 bdzOf S| NEStd&anReldNdd i 2 NB ¥
Receptor (ERR) all of which function to assist in mitochondrial biogefZesig et al., 2002,

Hardie et al., 2012, Fan and Evans, 2015, Jager et al., 2007)
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t D/ meficientmice have beendescR | & 0SAy 3 dofdzyiSRé G6KAO
a dminished mitochondrial number and respiratory capadibeone et al., 2005)While

2 @S NB E LINB & & ik 2ityo had HemonBirfated'm increase in mitochondrial density,
oxygen consumption, oxidative phosphorylation genes and mtDNA levels all indicating an

increased level of biogeneq#/u et al., 1999)
A more specifidiscussion ofmitochondrial biogenesis in neurons can be found in chapter 5.
1.3.2 Mitochondrial fusion

As mentioned above, originally, with EM, mitochondria were observed to be simple rod
shaped organelles and were thought to be distinct, individual mitochomdialade, 1953)
However, with advances such as live cell imaging, it was discovered that mitochondria are
dynamic organelles that undergo simultaneous and continuous fission and fusioltimg in
altered morphology to form complex networks with one anotif@dohnson et al., 1981, Rizzuto

et al., 1996, van der Bliek et al., 2018hese mechanisms determine the shape and size of
mitochondria. Fusion is the mearg of multiple mitochondria to form the connected
mitochondrial network observed in many cells. The main purpose of fusion is to&haents
between mitochondria such as mtDNA and other vital molecules (including NADH, FADH and
cAMP), to provide mtDN#tability and at times, to compensate for mitochondrial dysfunction
and avoid degradatio(Olichon et al., 2003, Twig et al., 2006, Nunnari and Suomalainen, 2012,
Chen et al., 2010)

This process requires the fosi of both the OMM and IMM and is mediated by mitofusin
proteins 1 and 2 (mfnl and mfn2) andtathondrial dynamin like GTPase, also called opal
due the involvement of this gene in dominant optical atrophy, which is the neurodegeneration
of the optic nerve(Delettre et al., 2000, Santel and Fuller, 2000hese are GTPases which
hydrolyse guanosine triphosphate (GTP) for their energy requirementsl &tid 2 mediate

the fusion of OMM as they contain hydrophobic heptad repeats (HR) which tethem to

the OMM. Although the exact mechanism of fusion is unclear, the mitofusins can also bind to
HR regions on adjacent mitochondria which eventually leadie fusion of the phospholipid
bilayer using the energy obtained from GTP hydrolfsshiba et al.2004, Formosa and

Ryan, 2016, Westermann, 201@tudies have shown that they are present together within a
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cel and have certain structural and functional differences, however they are capable of
facilitating successful fusion individually as W€lhen et al., 2003aY his was also highlighted

by a studyshowing mRNA expression of mfnl and mfn2 in most human tissues examine
including skeletal muscle, heart, brain and pancreas, however their expression levels differed
in different tissues suggesting differential affinity for either protein based on ti§Saatel et

al., 2003) Following OMM fusion, is the fusion of the IMM.

The opal protein imvolved in the fusion of IMM. Studies have observed ®RAIMutations

(or their yeast orthologs), resulted in fusion of the OMM, but not the I\N¥eeusen et al.,
2006, Meeusen et al., 2004, Mal et al., 2005, \dstermann, 2010)Similato mfnl and mfn2,

the exact mechanism of action of opal is still undetermined. However, it is known that it is
imported into the mitochondria, again due a mitochondria targeting sequence, and can be
tethered to the IMM of both ntochondria that are undergag fusion(EscobaHenriques and
Anton, 2013, Westrmann, 2010)

Although thre mechanism of action is not completely clear, several studies have identified the
importance of these proteins in mitochondrial fusion. Studies on patient fibroblasts with
mutations in the OPA1 gene have demonstrated completgbition of mitochondrial éision

in some casefZanna et al., 2007)-urtherhighlightingthe importance of the fusion process

is that mutations in the genes that code form2fand opal are involved in neuropathies such
as optic atrophy or axonal neuropatt{Zichner et al., 2006, Williams et al., 2Q10ther
studies have also observed a lack of tubular network and the presence ohdragd
mitochondria in cells with mutations in minmfn2 or opaXChen et al., 2003a, Olichon et al.,
2003) Alongside this, knodowns of OPA1 using siRNA in HelLa cells has demonstrated
increased mitochondrial fragmentation and apoptog@lichon et al., 2003)with Mfn1l
knockout displaying similar characteristics. Over expression of mfnl cDNA results in a highly
complex mitochondrial network and the presence of mfnl containing a point mutation results
in fragmented mitochondriain vitro (Santel et al., 20030ver expression of Mfn&so gives
similar results, leading to a highly connected network of mitochondria in most cases, however
in some cases, they also produced clusters of fragmented mitochondria within the perinuclear

regionand causing the release of cytochromm¢Huang et al., 2007)rhis could & because
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Mfn2 has also been identified as beimyalved in the removal of damaged mitochondria and

cellular apoptosigChen and Dorn, 2013, Wa¢in et al., 2012)
1.3.3 Mitochondrial fission

Fission is the process by which individual mitochondria separate from the network, typically
for transport to distal regions or for dgadation purposegSimcox et al., 2013 he fission
process othe IMM is still inconclusive, however, the main protein conducting this is dyramin
like protein 1 (drpl), which is a GTP4Senirnova et al., 2001Mutations in the drpl gene
lead to perinuclear clusters of highly connected mitochondria as observed with
overexpression of tm2 (Huang et al., 2007he method of action of this protein is to foln
multimeric structure with itself which encloséise site of fission and allows cleavage of the
OMM (Smirnova et al., 20010ther proteins such as fission protein 1 (FIS1), mitochondrial
fission factor (mff), mitochondrial dynamic proteins (MiD49 and MiD51) also have roles in
fission by recruiting drpl from the cytoplasm the OMM(Losén et al., 208, Mozdy et al.,
2000) Studies looking at knocdlown of fis1 in human cell lines has not demonstrated an effect
on fission, however mff was demonstrated as having an effect on drpl and fission, as drpl

was not recruited to mitochondri¢Otera et al., 2010)

Knockout of dpl in mice leads to the presence of extremely large individual mitochondria
instead of a tubular networkWakabayashi et al., 2009)rp1 knockout mice ithis study also
demonstrated embryonic lethalitgnd this was determined as being due to developmentally
regulated apoptosis not occurring during neural tube formation. Other studies using drpl
knockout mice have also demonstrated the need for this proteicytochromecrelease and
apoptosis(Ishihara et al., 2009)This is because fission is required for targeted removal of
damaged mitochondria, also termed mitbagy(Twig et al., 2008)n support of this, patient
fibroblasts with parkin mutations (a protein involved in mitophagy, see section 1.3.5) have
demonstrated increased mitochondrial branching, sugmesthat they experienced increased

fusion(Mortiboys et al., 2008)

Mitochondrial transport
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Mitochondrial transport occurs due to the demand for ATP in various regions of a cell.
Mitochondria move along the cytoskeleton of the cafi microtubules (MT) which have a
negative or posive charge that facilitates the movement and transport direction of cargo.
This movement uses ATP as an energy source and utilises the proteins kinesin, dynein and
myosin (Frederick and Shaw, 200Disruption of these proteins in HelLa cells has been
observed as causing defective mitochondrial movement leading to perinuclear clustering of
mitochondria and formation of highly branched mitochondri&aradi et al., 2004)
Mitochondrial movement is particularly important in neurons due to their architecture, they
are the longest cells in the human body and are highly branched with a number of processes
and axons. Dopamimgic neurons, for example, can have a total length.6m when all their

processes are added {Bolam and Pissadaki, 2012, Matsuda et al., 2009)

Transport of mitochondria into distal regions of the neuronclsuas axons is termed
anterograde and the movementagok towards the cell body or the perinuclear region is
retrograde (figure 1.2). The cytoskeletal structure of neurons is comprised of cytoskeletal
St SyYSyida GSNIN¥SR GKS YA ONR U ¢zBtdplli8. Fackh MT has ad K A OK
negatively charged endirected towards the cell body and a positively charged end towards
the distal regions which allows-Hirectional transport based on their polarity and driven by
the hydrolysis of ATlHirokawa et al., 2010)This transport is mediated by two motors:
kinesins for anterograde movements as they travel towards the positively charged end of the
MT, and dynein motors for retrograde movement as they traoehe negatively charged end
(Ligon and Steward, 2000, Tanaka et al., 19¥8)nein can also mediate anterograde
movement and kinesin is required for dynein mediatettograde transport(Hirokawa et al.,
1990, Pilling et al., 2006, Haghnia et al., 200fe attachment of mitochondria to these
motors is facilitated by two proteins: Miro and Trakl (Miltdwpan Spronsen et al., 2013,
Schwarz, 2013)lhese act as a connectibetween the motor proteins and the mitochondria,
forming a motoradaptorreceptor complex, allowing firectional movement of the
mitochondria. Miro $ a GTPase found on the OMM, which binds to Trak1 which then interacts
with kinesins. The interactiongiween mitochondria and dynein remains unclear, however it

has been suggested that dynein can bind with proteins present on the OMM, for example

32



VDAC, bt is also thought to interact with Miro as loss of Miro impacts on both anterograde

and retrograde mitochondrial transpo(Russo et al., 2009, Schwarzer et al., 2002)

Anterograde

Microtubule

,

Retrograde

Figurel.2 Mitochondrial transport machinery in neurons. Mirol, Trak2, Kinesin and Dynt
involved in the anterograde and retrograde movement of mitochondria along the microti
that form the cytoskeleton of a neon. The negative and positive charge of the microtubu
also hiahliohted in the imaae. Svntanhilin halts mitochondrial movemedtanchorina them 1

Mitochondria are not always moving, they can remain stationary for a period of time, in fact
evidence suggests that the majority of the mitochondria are station@yn et al., 2013)
There have been multiple mechanisrasggested for the stalling of mitochondria, one of
which involves syntaphilin (SNPH, figure 1Kang et al., 2008Y0ther suggested methods
include anchoring to the microtubules by myosin present on the mitochondrial surface,
inhibiting Miro or the motor complexes and disassociation from the metomplexes which

in turn blocks the movement mediated by thef8chwarz, 2013, Sheng, 2014, Pathak et al.,
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2010) SNPH is a protein specific to neurons and capable of binding to the MT and the OMM,
butitisnotcap 60t S 2F Y2@Ay3 f2y3 GKS a¢ gKAOK Ay
microtubule. As further evidence, knockout of this gene in mouse models has demonstrated

an increase in mitochondrial movemeg8heng and Cai, 2012)
1.3.4 Mitochondrial degradation (Mitophagy)

Thespecificdegradation of mitochondria is termed mitophagy. This is the process by which
dysfunctional mitochondria are removed from the reticulaetwork and dgraded by
lysosomes. This process is connected to fission as this is required to remove the damaged
mitochondria from the network in order for mitophagy to ocqiduvezinCaubet et al., 2006,
Frank et al., 2012)This term was coined by a study that used GFP tadggiat chain 3 (LC3)
protein in hepatocytegKim et al., 2007)This study demonstratethat when cells were
exposed to laser induced photo damaged, there was a loss of membrane potential and

following this loss, there was an increase in GFBadd C3 intensity over time.

One of the suggested pathways of mitophagy, is the FimEidted putaive kinase 1 (PINK1)

and parkin pathway. PINK1 contains a mitochondrial targeting sequence and localises within
the inner membrane space. Usually in healthjyochondria, PINK1 undergoes proteolysis by
presenilinsassociated rhomboidike protein (PARL)n Icases of mitochondrial damage such

as a loss of membrane potential or an increase in reactive oxygen species (ROS), PARL does
not cleave PINK1, which inrtutransfers to and accumulates within the OMMarendra et

al., 2008) This accumulation aietates and recruits the E3 ubiqutin ligase protein, parkin, from
the cytoplasm which ubiquitinate® MM proteins (including VDAC1 and DRP1) and recruits
lysis proteins such as p62, LC3 and autophagosdNe®ndra et al., 2010)This relationship

of PINK1 and parkiis further evidenced by overexpression studies, where overexpression of
parkin in PINK1 deficientells was beneficial, rescuing the ensuing defects, however
overexpression of PINKL1 in parkin deficient cells did not have the same effect suggesting that
parkin was required for the recruitment of further mitophagy related prote(@ark et al.,

2006, Exner et al., 2007, Park et al., 2006}he absence of PINKit has been suggested that

VDAC is abundant within the OMM alters to be accessible for parkin translocation and
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mitophagy, suggesting that parkin meté#d mitophagy can occur even in the absence of

PINKXGeisler et al., 2010)

Another pathway of mitophagy usdsiP3like protein X(NIX) which has been studied in
erythrocytes since their differentiation involves the complete removal of mitochondria and
through the action of this paway (Aerbajinai et al., 2003Mice lacking NIX in these cells
retain their mitochondriaas the cells maturéSandoval et al., 2008)n this pathwg, NIX
localises to the OMM and then in turn bintis LC3 present in the cytoplasm via the LC3
interacting region (LIR) on the NIX. LC3 then functions to recruit autophagosomes. In mice
with NIXdeficiency there is a decrease in mitophagy, however decireashe membrane
potential of the IMM by treatmentwith the uncoupler Carbonyl cyanide-chlorophenyl
hydrazone (CCCP) can rescue mitophagy, suggesting stimulation of another pathway such as
PINK1/ParkifZzhang and Ney, 2009, Sandoval et al., 20BB)JP3 has also been suggested to
behave in a similar manner to NI&s they both contain LIR allowing binding to LC3
(Chinnadurai et al., 2009, Rodger et al., 2018)Vivomodels wih loss of BNIP3 resulted in
lower levels of mitopagy along with an accumulation of damaged mitochon@@hourasia

et al., 2015)

Mitophagy, and its impdance for neurons is discussed in more detailhapter 5.
1.4 Mitochondrial functions
1.4.1 Tricarboxylidd OAR o0¢/ !0 0OeO0fS o6YNBoQa 0Oe0Of S

The initiation of glucose breakdown for ATP production occurs within the cytoplasm via the
process of glycolysis. This reactibreaks down glucose through intermediate prothjénto
pyruvate producing a net yield of two adenosine triphosphate (ATP) molecules and two

molecules of reducedllicotinamide adenine dinucleotid®ADH)Berg, 2011ffigure 1.3).

When the condibns are hypoxic, this pyruvate is converted tatia acid via anaerobic
respiration, however in the presence of oxygen, the pyruvate is imported into the
mitochondrial matrix and is converted into Acetyl CoA by pyruvate dehydrogenase (producing
NADH as dy-product), which is used for the TCA cy(Wang et al., 2010)Fatty acid
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breakdown through K S -oxidation pathway, can also result in the pltection of Acetyl CoA

for use within the TCA cyc{elouten and Wanders, 2010)

The TCA cycle consists of a seriesnayme medited reactions through which Acetyl CoA is
oxidised, in turn reducing several products such as GDP? &#DFAD into GTP, NADH, and
FADHrespectively, which are required for downstream oxidative phosphorylgt@abs and
Egglston, 190b, Krebs and Eggleston, 1940&jgure 1.3 presents all the intermediate
products in glycolysis and the enzymes that mediate this proc@éshin this cycle
oxaloacetate is produced, which then combines with a new molecule of Acetyl CoA to go
through the same series of oxidative reactions again. The name citric acid cycle comes from

the formation of citrate from oxaloacetate and Acetyl CoA.
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‘ Hexokinase

;Phosphoglucose isomerase

‘Phosphofructokinase

; Aldolase/Triose phosphate
isomerase

‘Glyceraldehyde 3-phosphate
dehydrogenase

‘ Phosphoglycerate Kinase
‘ Phosphoglycerate Mutase

‘ Enolase
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Figurel.3 The reactions of glycolysis and the TayAle. This presents the breakdown of glucose to pyruvate
through glycolysis, which happens in the cytoplasm. It also presents the transport of pyruvate into the
mitochondrial matix, where it is converted into Acetyl CoA, and enters the TCA cycle. iAtetheediates are

named for both the processes. All the enzymes mediating the reactions are presented in blue. The green asterisks
represent the production of NADH. The image alsmws the production of FADH2 from succinate which is used

by complex Il ahe OXPHOS system

1.4.2 Oxidative phosphorylation (OXPHOS)

As the final process of ATP production, mitochondria contain the electron transpart cha

within their inner membrane. Thienables OXPHOS, which requires complexe¥ (figure
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1.4). The OXPHOS prsses utilise redox reactions which transport electrons across the
complexes and transfers protons into the IMS, thereby establishing a proton gradient and
allowing the maintenancef a negative membrane potential across the IMMimaki et al.,

2012) The protons are then utilised by coreglV to phosphorylate ADP to form ATP.

Complex I, or NADH ubiquinone oxidoreductase, is the largest of the 5 OXPHOS complexes
containing around 486 subunitgHirst et al., 2003, Sazanov, 2007 )of which are aded for

by themammalianmitochondrial DNA (mtDNA) (MTND1, MTND2, MTND3,DANMTND4,
MTND5 and MTNDG6). The remaining subunits are encoded by the nuclear genome and
translocate into the mitochondria to be assembled in the inner membrane, to produceitihe f
enzyme complex with the mitochondrially encoded subunits. This comptehises NADH
produced in the TCA cycle into NAEansferring four protons into the intermembrane space

and transferring electrons to reduce CoenzyméJ@nssen et al., 2006@quation 1.1). This
complex is also a site of reactive oxygen species (ROS) ghimduas it can produce

superoxide radicles as a result of electron leak@djest et al., 2008)
0 0 'O'i:@+5'o+(matrix)rb,j 6 B0 Rt40" (ms)

Equation 11 Complex | reaction

Complex Il is also called Succinate dehydrogenase, and functions in oxidising succinate to
fumarate (this reation is part of the TCA cycle) and produces FA@dcchini, 2003)The
oxidation of FADHinto FAD, by the iron sulphur clusters within this complex, produces
electron that are passed on reducing Coenzyme Q (equdti®). Complex Il is the smallest of

all the compéxes and is completely coded for by the nuclear DNA.

[ 600OOaDIERd O €¥Doan

Equation 12 Complexlireaction
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Figurel.4 Oxidative phosphorylain. Highlighted on the figure are the complexe¥)(embedded in the inner
mitochondrial membrane and functions within the OXPHOS system. This system functions by transporting
electrons from complex | antlto complex 1V with the help of cytochrome dsnocess releases protons into

the intermembrane space creating a proton gradient that is then utilised by complex V to convert ADP into ATP.
More details about the individual processes are presentdtisel.4.2.

Electrons produced from oxidation BfADH and FARKom Complex | and Il respectively, are
transferred on to Coenzyme Q that is then oxidised by complex Ill. This complex, also known
as ubiquinol cytochrome oxidoreductase, consists of 1ilsunits, one of which; cytochrome

b (gene: MTCYBi} coded for by mtDNASchagger et al., 1995)his complex is responsible

for transferring electrons from Coenzyme Q to cytochrom&his complex also releases 4
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protons into the intermembrane spadgan den Heuvel and Smeitink, 200Cytochromecis

then responsible for transferring electrons from Complex IIl to complex IV.
20 "R +20 © @ WooyHZEX (matrinTDHO+0 @2 () @ @a o) F40" (ms)

Equation 13 ComplexIl reaction

Conplex IV (Cytochromeoxidase; COX) is comprised of 13 subunits, 3 of which; COXI)
and COXIII, are coded for by the mtDNAn den Heuvel and Smeitink, 200T}is complex
accepts electrons from cytochromeand transfers them to oxygen (therminal electron
acceptor), producing #. This also releases two protons into the intermembrane space

further adding to the proton gradienCapaldi, 1990, Diaz, 2010)
46 0 @ DoOFEO" marin+ 02 MO © ¢ Braoy2ex) +40% (ms)
Equation 14 ComplexVreaction

The final complexcomplexV is also termed ATP synthase. This contains 17 subunits, 2 of
which; ATP6 and ATPS8, amesent on mMmtDNA. This molecule is responsible for
phosphorylating ADP into ATP using the protons pumped out into the IMS by the other
compkxes. This protein contains two main domaing &d k. The protons in the
intermembrane space travel down theiocentration gradient into the matrix through the

Fo subunit of ATP synthase causing this to rotate. This leads to the rotation of thdanit

which functions to catalyses the phosphorylation of ADP into ATP and the release of this ATP
molecule into thematrix (Boyer, 1997) The ATP synthase can also function in reverse
converting ATP into ADP and releasing protons to lM8a procesgAbramov et al., 2010)

This usuallpccurs as response to loss of membrane patal in order to regain this, and to

avoid mitophagyCGottlieb et al., 2003, Safiulina et al., 2006)
0 080 .70 (vs)b  THYH2.70* (matrix)

Equation 15 Complex Yeaction
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1.4.3 Biogenesis of molecules in mitochondria

Iron is transported into the mitochondria using mitoferrin present on the IiBhaw et al.,

2006, Zhu et al., Z®). This is used within mitochondria for haem synthesis which is a catalyst
for redox reactions occurring in complexeBl] by acting as an electron cear. Iron is also
important for the movement of electrons in the OXPHOS system as it is usedSoclEster
biogenesis. These are required within the OXPHOS complexes to accept electrons, for example
the FeS cluster within Complex Il accepts electromsf FADH(LIll et al., 2012, Wang and
Pantopoulos, 2011)FeS clusters are formed and matured using variousoationdrial
proteins (such as Isul/2, Isal/2, Nfu, Grx5 and Abcb7), which obtain the iron thradmkirfy

and forms FeS clusters. The sulphur for this process is produced from cysteine mediated by
the enzyme cysteine disulfurag@ong and Rouault, 20Q0Mitochondria also function to

regulate iron homeostasis within the c@Rouault and Tong, 2005)

Although the mechanisms remain unclear, mitochondria are alsoitbegsteroid hormone

synthesis from cholestergMiller, 2013)
1.4.4 Calcium buffering

Mitochondria assist the cell with calen buffering and the regulation of this ion is particularly
important within neurons for action peintial generation (Bean, 2007, Surmeier and
Schumacker, 2013Mitochondria contain the mitdeondrial C&" uniporter (MCU) in their
IMM and VDAC on the OMM, which together are capable of itmpgicalcium ions from the
cytoplasm into the mitochondrial matrix regulating the calcium ion concentration within the
cell. This is based on a calcium gesdiand when there is large concentration of calcium
within the cell, it is sequestered down itsrezentration gradient into mitochondria, which can
sequester large quantities of calcium, up to 1000nmol per mitochondfirichok et al.,
2004) Ca"is required for variousignalling pathways and functions within the cell such as
ATP production, however at large concentrations it can be detrimental and lead to apoptosis
of the cell (Griffiths and Rutter, 2009, Orrenius et al., 2003 {t8tan and Chan, 2003Calcium

is released into the cell through an exchange with Idas at a ratio of 3 Ndor each C&

molecule.
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1.4.5 Reactiveoxygen species (ROS) production

Reactive oxygen species can be produced from the mitochondrial OXPHOS ayestienthe
leakage of electrons from complex | and@ken et al., 2003b)These electrons can react with
oxygen molecules in the vicinity (produced from complex IV) to produce the superoxide anion
(“Oy). Although initially thought to be detrimental, recent studies discovered that at low
levels, ROS are benmahl for cells though various pathways such as cell signalling,
differentiation and immunity(Sena andChandel, 2012)However, at higher levels, ROS can
have negative effects, and therefore the mitochondriaspess antioxidant enzymes to
minimise this risk and regulate ROS. Superoxide dismutase (SOD), present within the matrix
and IMS, converts th&€0; into HO,, which is then converted into 2@ by gluthathione
peroxidase (GPx) or peroxiredoxins (PE&pharwal and Schumacker, 2Q14)though this
system is bneficial, HOcan itself be converted into the hydroxyl radic&) upon reaction

with “O," (Sena and Chandel, 201R0S scavengers such as uric acid and vitamin C can also
function to protect from ROS raled damaggValko et al., 2007)ROS can be detrimental as

it can also cause the oxidatiarf proteins, lipids and DNA within the cells and mitochondria
(Lyras et al., 1997, Slupphaug et al., 20@)ce mitochondria are a site of ROS production,
mMtDNA can be particularly damaged due to its close proximity to the source of ROS, leading
to mtDNA damagéndo et al., 2007, Liang and Godley, 20@83) accumulation of this damage

can everually lead to apoptosis of the c€Kim et al., 2010)
1.4.6 Apoptosis

Cellular damage, such as oxidative stress, DNA damage and higholiemeércellular calcium

can lead to cell death. Apoptosis is the process by which a damaged or unrequired cell is
degraded. The IMM contains Aptosis Inducing Factor Mitochondria Associated (AIFM1).
This generally functions as a NADH oxidoreductasejefier in the case of damage, this
protein translocates to the nucleus in order to cause chromosome condensation and DNA
fragmentation leading to poptosis (Kettwig et al., 2015)This protein can also induce the

release of cytochrome c.

Within the IMM, cytochrome c is present and functions as an electron transporter for the

OXPHOS system. The releaseytdahrome c from the IMM is generally regulated by the-Bcl
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2 family of proteins. BNIP3L is involved in mitaathgal quality control by interacting with
Spermatogenesis Associated 18 (SPATALS8, or Mieap) which can regulate the translocation of
lysosomal preeins into the mitochondrial matrix to degrade damaged proteins, a process
termed Mieapinduced accumulation folysosomelike organelles (MALMjNakamura and
Arakawa, 2017)BNIP3L can also bind to BcBcl2 is capable of interacting with VDAC to
increase the memikane permeability and also influenceytochrome crelease which
induces apoptosisThis is in response to high levels of damage, where cytochoomaleased

to trigger caspas® leading to apoptosi@Nang and Youle, 2009, Hittemaanal., 2011)
1.5 Mitochondrial DNA

Mitochondria are the only other organelle that contain their own DNA, which like the
organelle in which is it found is maternally inherité@diles et al., 1980)As mentioned, the
subunits required for OXPHOS are coded for by both the nuclear and the mitochondrial
genomes. The mtDNA of humans was first sequemntd®81, which was later revised1899

to include any polymorphisms and correct any err@kaderson et b, 1981, Andrews et al.,

19990 aGi5b! O2yiGlAya ot 3ISySa O2RAyYy3 F2NJ mo L
base pairs (figure 1.5). It is a circular DNA molecule that consists of a heavy (H) strand on the
outside that gets this name, as itrigh in purines, which are heavier than pyrimidines. This H

strand is paired with the light (L) strand on the inside.
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Figurel.5 Mitochondrial DNA. Highlighted on the figure are the protein encodingg@éncolour and the ger
are stated on the image. The orange sites code for sRM# the green stadium shapes demonstrate the tF
The OL and OH regions are also indicated, along with Hloe® Image taken with permission frofdincent
2017)

MtDNA is supercoiled and arranged into structures called nucleoids (which average 100nm in
diamete), within the mitochondrial matrix, causing tm#olecule to be highly compa¢$atoh

and Kuroiwa, 1991, Gilkerson et al., 2Q18though previous studies have eluded to a higher
numberof mtDNA molecules within these nucleoids, recadvances in electron microscopy
discovered that each nucleoid contained an average-8fritDNA moleculegKukat et al.,

2011, Brown et al., 2011¥%uper resolutio fluorescence imaging was also used to identify that
each nucleoid, in addition to mtDNA, also contains mtDNA maintenance proteins, such as
those involved in transcription and replicatigBrown et al., 2011)One such example of a
nucleoid protein is mitochondrial transcription factor A (TFAM). This is involved in mtDNA

transcription; however, it also has an additional function in the appropriate packaging of

44



MtDNA. TFAM cagenerate Ushaped bends with the mtDNA, due to the presenta high
mobility group (HMG) box, allowing mtDNA to be compacted within the nuc(@déh et al.,
2003, Ngo et al., 2011b)

MtDNA contains a nowgoding dsplacementoop (Bloop) which consists of the origin of
replication (OH) for the heavy strand. For replication to initiate, a complementary strand binds
to the Dloop displacing the H strand frothe L strand. This exposes OH where replication for

the Hstrand is initiated. The origin of replication for the light strand (OL) is present further
into the strand. The region from OH to OL is the major arc and the remaining bases pairs from
OL to OH a termed the minor arc. The 13 genes present are all esador OXPHOS and all

the genes are expressed as there are no introns in the mtDNA and some genes even have
overlapping regions; therefore any damage to mtDNA could be severe. As mentioned in the
previous section, high levels of ROS are also producednwiiie mitochondria from the
OXPHOS system. As a result, mtDNA is also highly susceptible to damage which accumulates
with age(Castro et al., 2012, Manczak et al., 2005, Caedirinski et al., 1992b, Yen et al.,
1991, Fayet et al., 2002)

Unlike the nuclear DNA, cells and indeed individual mitochondria harbour multiple copies of
mtDNA. A single cell has been estimated to contaift110 copies of mtDNA, howevehe
number can vary based on age, tissue and(Y®iesner et al., 1992,ightowlers et al., 1997,
Miller et al., 2003) Individuals with inherited mtDNA mutations commonly harbouldwype

and mutant genomes within most cells, a situation termed heteroplasmyhdfmtDNA
genomes present are all the same, this is termed homoplasmy. For a mutation within mtDNA
to have a biochemical defect, a certain threshold level of mutant mtDNAdnae achieved,

at which point the wild type mtDNA could not compensate for thetated mtDNA. This is
termed the biochemical threshold effe(Rossignol et al.,@3) Due to this threshold, there

is often some residual function of the OXPHOS system in cells harbouring mtDNA mutations,

as wild type mtDNA might be presefirunelle et al., 2005)
1.5.1 MtDNA replication

MtDNA replication will be discusdein more detail in chapter 4, therefore this brief

introduction will focus on the replication machinery and the modes of replication.
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As mentioned before, a nucleoid contai mtDNA molecules alongside a few replication

machinery related proteins. Theseclode TFAM, mitochondrial transcription factor B
6YdecCc. 0 Yilwb! LIRfe@YSNIrasS 6th[wac¢c0X 5b! t2fey
strand binding protein (MtSSB), Twimkland Mitochondrial Lon peptidase (LONP)
(Bogenhagen et al., 2008, Gilkerson et al., 20TBAM, as discussed above, is involved in
transcription and packaggrof mtDNA. TFAM, mtTFB and POLRMT are involved in mtDNA
transcription (section 1.2). POLRMT also has roles in replication initiation by providing RNA

primers at the at the site of OFFuste etal., 201@ t 2f ! A& GKS 5btd LI2f & YS
mitochondria, that carries out mtDNA synthesis based on template sequence and is also
adz33SaiSR (G2 KIFI@S NRtS& Ay NBLI AN ¢KS AYLRZN
knocldown mice displayed an accelerated ageing phenotype and when a numbesezsdis

GSNE | aa20AL SR (WwifundWe et aR2D04, Wongiet:ali, RGDSMESSB is a

single strand DNA binding protein, and has been thought to provide stability to single stranded

mtDNA during reptiation. An increase in mtDNA replilcan was associated with an increase

in mMtSBB protein levels indicating this is involved in mtDNA replication and (Sghiultz et

al., 1998, Ruhanen et al., 2010)winkle isa mtDNA helicase capable of unwinding short
AGNBGOKSaAa 27T iréchoh in fesponbe topstimulat®dn fror@mt&SB, and mutations
GAGKAY (GKA& 3ASYyS IINB |a4a20A10SR 6AGK Yi5hb!
conditions (Korhonen et al., 2003, Gaft et al., 2008, Tyynismaa ai., 2005) LONP is a

protease and functions to degrade damaged nucleotideset al., 2007)

Although the déinitive mechanism of replication is uncertain, a few theories ewkich have

postulated potential mechanisms. The first theory to be proposed suggests that mtDNA
replication occurs through the stranatdisplacement method (SDM). This mechanism was

initially described in a paper looking at mouse mitochondria isolated wsaegium chloride

density centrifugationKasamatsu and Vinograd, 1973his led to the development of the

SDM model of replication which has also beererefd to as the asynchronous model of

mMtDNA replicationClayton, 1982)The SDM mechanism suggests ttegilication begins at

Whil Q 2F GKS fSIFRAY3 &ldoplis displacédKThis gavy srandNid tieR 0 = | &
NEBLIX AOFGSR FNRY pQ2&% Fo GiK $2 ya@idNT Iy LHLINKE EBA YOI S8/t aNE

origin of replication of the lagging strd (light strand) becomes exposed. This allows
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replication of the lagging strand to bedirishnan et aJ 2008)in an opposing direction from

PQ (2 0Q dzyGAf 02 (td (figurd\l:6) Rutherkevidgrge shii@tifig tiNSS LI
was obtained when the origin of replication sites OH and OL were found on opposite strands
with a distance of over 11kbetween them(Clayton, 1982)Ths suggests that replication is
initiated at different locations within both the strand$he 11kb distance supports the original

idea that2/3" of the H strand is replicated before replication begins at the L strand.

Another proposed theory is the cougldeadinglaggingstrand replication(Holt et al., 2000)

also termed thesynchronous model which was observed usingn2Dtral agarose gel
electrophoresis This theory suggests that re@ton is initiated at the zone of replication
(Oriz) that is present at the same loar both the leading and the lagging strand. This region

is broad and said to be between the bases 12337 and 15887 containing the genes ND5, ND6
and CYB. In this modegplication proceeds bidirectional(Bowmaker et al., 2003However,

the caupled leadinglagging theory was observed after mtDNA in human cultured cells was
depleted usingt Qo Q R A R §RIE) drdhidiiirk lRotmyd& hence this mode of reggdition

could be the result of damage. This study also investigated an untreated coelirithe which
presented with a different replication intermediate to the ddC or ethidium bromide

treatments. This suggested that multiple modes of replication couiste

b2y SGKSt Saa GKAAZ YR {5a3 KI@ZS 08QSYAOKEf B 8
the L strand suggesting multiple origins of replicatiBnown et al., 2005)Another challenge

for the SDM model came when mitochondrial RNA polymerase was found to Risve
primase activity in the mitochondria and to be capable of producing primers éoOthregion.

This can initiate replication of the L strand even without H strand exposing the OL site as
suggested by SDNFusté et al., 2010)This primase castart replication at any one of the

Ydzf GALIX S h[ &aAdSa FyR GKS 31 L) o0Si@vansogijetil KSa S
al., 2008) As mentioned above, the studyHolt et al., 2000)iscovered two replication
intermediates, one with and one without mtDNA depletion, one of these was vulnerable to
single stranded nucleaséagestion as suggested by SDM, which was initially used to support
SDM and coupkeading lagging theory cexisting(Holt et al., 200Q)However upon further

study using a purer preparatioof mitochondria, these single stranded intermediates were
found to not be DNA but RNBNA hybridgYang et al., 2002, Yasukawa et al., 2006¢ led
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G2 0KS LRadGdzA FdA2y 2F GKS Wwb! AYyO2NLI2NI GA2Y |
model) (figure 1.6JHdt and Reyes, 2012, Yasukawa et al., 2006)s is similar to the SDM

method where the H strand replicates as normal from OH, whereas the single stranded L

strand replicates as segments of RNA of about 2.5kb in length, which hybridises with the H

strand and is then matured into DNA.

wSOSyiate | woz22ifl O0SQ YSOKFyAaY 2F NBLIX AOI (A
replication forks on 2D gel electrophore@iReyes et al., 2013J his theory is similar to RITOLS,

however it suggests that RNA transcripts coenpéntary to the Lstrand are produced prior

to replication. This was verified as RNA chain terminators did not block the labelling of mtDNA
replication intermediates however DNA chain terminators did, hence RNA transcripts was
produced beforehand. Oncetiaf 2 21LJ Aa RAA&ALI I OSR YR 5b! &aeyick
H strand, these RNA transcripts bind to the L strand discontinuously. This is later processed

into DNA through a maturation process which is as yet unclear. This also explains the single
strandeal regions noticed byHolt et al., 2000as the RNA transcripts are discontinuous,

therefore short single strands of DNA are present between the DNA:RNA hybrid regions.
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Figurel.6 Models of replication for the mtDNA. In the top image, SDM starts replication at the OH and a
strand is revealed, replication of the lagging strand begins. Thterhdmage demonstrates the RITOLS m
where the replication of both strand is imited at the OH region, and the lagging start replicates using
fragments. Image taken with permission frqReeve, 200)

1.5.2 MtDNA repar

DNA can undergo various chemical modifications that result in damage. Over the evolutionary
period, sufficient repair mechanisms have been developed to combat this damage. Although
an abundance of information is available regarding thpair of nuclearDNA, DNA repair
within mtDNA remains relatively unknowhloutgraaf et al., 2006ntil recentlymtDNA was
believed to have no repair system at all due to the increaB®tA mutations oberved in
MtDNA compared to nuclear DN akes and Van Houted997, Mecocci et al., 1993)
However this was because most betmtDNA is coding and polycistronic, hence mutations
have a higher chance of leading to a biochemical defect, and due to the high esidatss
present within mitochondria, high levels of DNA damage were inevitable. Recent advances
however have pavede way to better understand the repair mechanisms present in mtDNA
(Alexeyev et al., 2013, Bowmaker et al., 20@3Jjst of préeins involved in mammalian mtDNA

repair and their function in presented in table 1.1
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