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INTRODUCTION 

Mitochondria are eukaryotic cell organelles primarily specialized for the syn-
thesis of ATP, which is an energy currency obtained from the catabolism of various 
organic compounds. Mitochondria are also essential in ion homeostasis, apoptosis, 
ROS production and in various metabolic pathways.  

Besides nuclear genome (nDNA) almost all eukaryotes possess a small and 
compact mitochondrial genome (mtDNA) that is packaged into complexes with 
the help of proteins (nucleoids), which are associated with the inner mitochondrial 
membrane (Rajala et al., 2014). MtDNA packaging into nucleoprotein complexes 
and inner membrane association are essential for its proper maintenance and 
portioning into daughter mitochondria, i.e., segregation.  

It has been demonstrated that actively replicating nucleoids are transiently 
associated with a subset of ER-mitochondria contact sites (mitochondria asso-
ciated ER-membranes or MAMs) leading to mitochondrial fission, thereby directly 
regulating the correct distribution of mtDNA to the newly generated daughter mito-
chondria (Friedman et al., 2011; Lewis et al., 2016). This innovative unravelling 
of interconnectedness of mtDNA synthesis and ER-mitochondria structures has 
provided evidence that mtDNA synthesis could be one of the first steps of mito-
chondrial division event. However, despite of these novel findings it remains to 
be elucidated how exactly mitochondrial DNA replication is coupled to the for-
mation (and dissipation) of ER-mitochondria tethers. The aim of this thesis was 
to first study the impact of impaired nucleoid integrity on the replication micro-
domain, which supposedly couples the mtDNA replication and subsequent distri-
bution of nucleoids via mitochondrial fission to membrane connections between 
ER and mitochondria. We further aimed to shed light onto the composition of 
nucleoids (protein factors) that contributes to the understanding of mtDNA main-
tenance in the dynamic mitochondrial network. As a multitude of mtDNA mainte-
nance proteins are associated with various human diseases the study of nucleoids 
is important to gain new knowledge that could have a potential to lead to improved 
treatment of many diseases in the future. 
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1. REVIEW OF LITERATURE 

1.1. Mitochondria – hallmarks of eukaryotic cells 

Mitochondria originate from a far-reaching endosymbiosis more than 1,4 billion 
years ago (Margulis, 1970). This endosymbiotic theory posits that a prokaryotic 
host acquired an ancestral mitochondrion that itself was a metabolically flexible 
facultative anaerobe able to produce ATP by aerobic respiration if oxygen is 
present, but capable of diverting from respiration to fermentation if oxygen is 
absent (Gray, 1989; Margulis, 1981, 1970). The endosymbiosis theory of mito-
chondrial origin appears to be most widely accepted, since eukaryotes harbor 
genetic material most likely obtained vertically from the endosymbiont (Andersson 
et al., 1998; Gray et al., 2001). However, it is being speculated that eventually the 
mitochondrial DNA becomes integrated into nuclear DNA, since a large pro-
portion of mitochondrial proteins is already encoded by the nuclear DNA, and 
majority of these are endosymbiotically acquired from the mitochondrial pre-
decessor. During the evolution process the genesis of mitochondria has occurred 
only once, as the clearest support for this is the presence of conserved genes across 
all eukaryotes, making for instance studies in nematodes, fruit flies or mice highly 
relevant to mammalian mitochondria (Polyak et al., 2012; Vergano et al., 2014). 
 
 

1.2. Mammalian mitochondria 

Architecturally mitochondria have two bounding membranes – inner and outer 
membrane (IMM and OMM, respectively) with different permeabilities, dividing 
them into 4 distinguishable compartments. IMM is convoluted and folded into 
cristae that greatly increase its surface area. Both membranes define two mito-
chondrial sub-compartments – intermembrane space (IMS) and matrix (enclosed 
by the IMM). Mitochondria are morphologically highly dynamic, ceaselessly 
undergoing fusion and fission, which are intimately linked with cellular physio-
logical conditions. Mitochondria are best known for possessing metabolic path-
ways, such as tricarboxylic acid (TCA) cycle and oxidative phosphorylation 
(OXPHOS) that ensure the synthesis of ATP. Flexibility and productivity of such 
pathways are intimately linked with the structure and function of mitochondria. 
The TCA cycle is a series of enzymatic reactions that produces energy (i.e., elec-
trons) during the catabolism of six-carbon sugar glucose, fatty acids and amino 
acids. This energy released from TCA cycle is harvested via reduction of electron 
shuttles, coenzymes NAD+ and FAD, and further transported to electron transfer 
chain (ETC), where NADH and FADH2 are oxidized. ETC complexes I–IV (cI-
cV) establish the formation of an electrochemical gradient across IMM via proton 
pumping into the IMS by cI, cIII and cIV (Figure 1). The energy of the electro-
chemical proton gradient enables complex V (F0F1-ATP synthase) to release 
protons back into the matrix and use the energy of the electrochemical gradient 
to produce ATP by ADP phosphorylation (Figure 1). However, as mitochondrial 
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oxidative phosphorylation is not immaculately coupled to ATP production, the 
energy of the proton gradient (so-called proton-leak) can also be consumed by 
the uncoupling proteins (UCPs), the mitochondrial anion carriers anchored in the 
IMM that compete with the F0F1-ATP synthase. 
 

 
Figure 1. A scheme of mitochondrial oxidative phosphorylation. ATP as an energy 
currency of the cell is generated mainly in mitochondria via oxidative phosphorylation 
(OXPHOS) process, in which electrons produced by TCA cycle are transferred down the 
macromolecular electron transfer chain complexes. OXPHOS is fueled by the consump-
tion of oxygen at cytochrome c oxidase (complex IV, cIV). High energy electron carriers 
NADH and FADH2 generated from the TCA cycle are recruited into the ETC by their 
oxidation at NADH dehydrogenase (complex I, cI) and succinate dehydrogenase 
(complex II, cII). The energy in the form of donated electrons drives the proton pumping 
across the inner mitochondrial membrane (IMM) into the intermembrane space (IMS) 
thereby creating a membrane potential (~170 mV) and proton concentration gradient (10–
30 mV). Oxidation of NADH and subsequent donation of electrons to cI enables the 
pumping of 4 protons across the IMS, whereas the oxidation of FADH2 does not 
contribute to the proton pumping, instead it is used to reduce Q (also known as coenzyme 
Q) to produce QH2. Electrons produced at cI and cII and picked up by the Q are transferred 
to cytochrome c reductase (complex III, cIII), which releases 4 protons into the IMS (at 
the end of a full Q cycle). Finally, cytochrome c oxidase (cIV) oxidizes cytochrome c and 
transfer the produced electrons to oxygen (which inter alia is the final electron carrier in 
aerobic cellular respiration) that is converted into water. Also, 4 protons are pumped into 
the IMS. Ultimately, the established electrochemical proton gradient across the IMM 
empowers ATP production by ATP synthase (F1F0-ATP synthase, also referred to as 
complex V), which drives the synthesis of 1 ATP for every 4 H+ ions. The amount of final 
yield of ATP produced is eventually dependent on the organic molecules broken down. 
Created with Biorender.com.  
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However, it is well established that mitochondria are not only involved in the 
synthesis of ATP but harbor a plethora of other activities. The production of fatty 
acids, amino acids, nucleotides, and heme groups (i.e., ferric iron reduced to 
ferrous iron, Fe3+ → Fe2+) is essential to ensure the sufficient storage of building 
blocks for biosynthetic pathways. 

A diverse signaling platform that is critical for the maintenance of cellular 
signaling involves calcium homeostasis. The trafficking of Ca2+ ions is regulated 
by multiple ion channels, such as voltage dependent anion channel (VDAC) 
(Gincel et al., 2001; Schein et al., 1976; Tan and Colombini, 2007) and mito-
chondrial inner membrane calcium uniporter (MCU) complex (Oxenoid et al., 
2016). Mitochondria are capable of accumulating calcium at significantly higher 
concentrations than the cytosol, having a powerful Ca2+ buffering capacity. 
Calcium surges can initiate the release of neurotransmitters, muscle fiber con-
traction, transcriptional regulation and even cell death (Ca2+ overload) via 
apoptosis. For example, in heart the muscle contraction is linked to an enhanced 
ATP production that results from Ca2+-increased activity of TCA cycle enzymes. 
(Cortassa et al., 2003; McCormack and Denton, 1984) 

Hence, mitochondria are metabolically very flexible, being able to rapidly 
coordinate their energetics and biosynthetic capacity in response to cell status. 
This is crucial for cell proliferation and differentiation, and cellular signaling that 
coordinate functional content exchanges between mitochondria and other cellular 
components (Valm et al., 2017). 
 
 

1.3. Mitochondrial genome 

Mitochondrial form and function are under control of dual genomes – nuclear 
(nDNA) and mitochondrial DNA (mtDNA). While the majority of mitochondrial 
proteins are encoded by the nDNA, 13 proteins are still encoded by the mtDNA. 
Human mtDNA is a 16 569-bp long double-stranded circular molecule (Anderson 
et al., 1981; Andrews et al., 1999; Radloff et al., 1967) that is not merely a mono-
meric circular molecule, but is found to exist in various complex structures like 
catenanes (inter-connected mtDNA molecules) or supercoils and open circles 
(Pohjoismäki and Goffart, 2011) (Figure 2). The distinction of the two strands of 
mtDNA lies in the difference in their nucleotide composition and subsequently 
in their densities (Berk and Clayton, 1974; Radloff et al., 1967). The heavy (H) 
strand, which also encodes the majority of genes is guanine-rich and the light (L) 
strand is cytosine-rich (Berk and Clayton, 1974; Nass, 1969). 
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Figure 2. Topological structures of mitochondrial DNA (mtDNA) of human embryonic 
kidney cells (HEK293). Mammalian mtDNA is usually circular and covalently closed 
except in some stages of replication and can be distinguished from open circles based on 
their different electrophoretic mobility in agarose gels. However, more complex forms of 
double-stranded circular mtDNA, including a range of supercoiled molecules, nicked 
circles and multiple catenated species are present in mammalian mitochondria. (Illustration 
created by the author of this thesis) 
 
Human mtDNA encodes for 22 tRNAs, 2 ribosomal RNAs (12S and 16S rRNA) 
and 13 proteins that correspond to the subunits of oxidative phosphorylation 
system (Anderson et al., 1981). Being very compact (without introns) and highly 
coding the 37 genes of mitochondrial genome are mainly disposed end to end. 
Furthermore, mtDNA also contains the non-coding region (NCR) sequence of 
about 1,1 kb in length that is located between the tRNAPhe and tRNAPro genes. 
This region contains important conserved elements necessary for mtDNA repli-
cation and transcription, such as the origin of replication for heavy strand (OH) 
and promoters for polycistronic transcription (LSP and HSP). MtDNA possesses 
a structure at the origin of replication referred to as D-loop, which contains the 
7S DNA. The 7S DNA forms at the region of the origin of H-strand by synthesis 
of a short (approx. 650 bps) complementary piece of DNA (incorporation of a 
third strand) (Kasamatsu et al., 1971). Studies have shown that the synthesis of 
this structure is supported by mitochondrial transcription factor A (TFAM), as 7S 
DNA is produced downstream of transcription (Gensler, 2001). Notwithstanding 
its poorly understood existence it is believed to be important in mtDNA repli-
cation according to the strand-displacement (also strand-asynchronous) model, 
which was described in the 1972 in rodent mitochondria (Robberson et al., 1972). 
According to this model the D-loop is formed upon the unidirectional displace-
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ment replication initiation of the heavy strand and accounts for the synthesis of 
about 60% of the heavy strand (~11 kb), until passing the origin of the light strand 
(Martens and Clayton, 1979) (Figure 3). After the primer synthesis by POLRMT 
the synthesis of the light strand commences and proceeds by POLG (counter-
clockwise until full circle). 

 
Figure 3. Strand-displacement model of mtDNA replication already descried in 1972 by 
Vinograd and colleagues (Robberson et al., 1972). The synthesis of the leading or  
H-strand is initiated within the non-coding D-loop region at OH site. H-strand synthesis 
proceeds continuously and unidirectionally (shown in purple). Lagging or L-strand 
synthesis does not initiate until the newly synthesized H-strand is nearly 70% complete 
and passes the L-strand replication origin (OL) (~11 kb away from OH). L-strand 
replication is likewise continuous and unidirectional, but counterclockwise until full 
circle (green dashed line). Modified from (Brown, 2005; Robberson et al., 1972). 
 
 

1.3.1 Mitochondrial nucleoids 

It was long thought that mtDNA is a naked molecule within the mitochondrial 
matrix, but it is now evident that mtDNA together with proteins is organized into 
complexes called mitochondrial nucleoids (Holt et al., 2007; Spelbrink, 2009) 
(Figure 4). Formerly it was suggested that each nucleoid contains ~3–6 mito-
chondrial genomes (even up to 10 mtDNA molecules) per nucleoid (Legros et al., 
2004), but this has recently changed due to an exertion of high-resolution tech-
niques. Using STED microscopy, with a resolution of 40–50 nm (230–260 nm in 
confocal) it was shown that the nucleoid has a diameter of approximately 100 nm, 
which would not enable the packaging of more than 2 mtDNA molecules by 
TFAM (Kukat et al., 2011). As the most stable protein component of nucleoids, 
TFAM is capable of covering and packing the entire mtDNA molecule, similarly 
to the role of histones in the nucleus. The ability of TFAM to pack mtDNA into 
nucleoids is attributed to its affinity to mtDNA, inducing unwinding and bending 
of DNA without sequence specificity (Alam et al., 2003; Kaufman et al., 2007; 
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Kukat et al., 2015). It is well established that the expression levels of TFAM 
protein and mtDNA are tightly linked, as the knockdown of TFAM results in 
mtDNA depletion and decreased mtDNA copy number leads to the degradation 
of TFAM (Ekstrand, 2004; Larsson et al., 1998; Maniura-Weber et al., 2004; 
Pohjoismäki et al., 2006). Hence, this TFAM contributes to mtDNA maintenance 
via nucleoid distribution and segregation (Nicholls and Gustafsson, 2018; Sasaki 
et al., 2017). 

Besides TFAM many other proteins have been co-purified with nucleoids or 
seen to co-localize with mitochondrial nucleoids (also called mitochondrial 
nucleoid associated proteins; Table 1), such as mitochondrial replicative helicase 
Twinkle (TWNK) (Spelbrink et al., 2001), DNA polymerase γ (POLG) (Carro-
deguas et al., 2002; Fridlender et al., 1972), single-stranded DNA binding protein 
(mtSSB) (Hoke et al., 1990; Tiranti et al., 1993), ATPase family AAA domain-
containing protein 3 (ATAD3) (Gilquin et al., 2010), DNA topoisomerases 2α 
and 2β (Paper II in this thesis) et cetera (for a more thorough list see Hensen et 
al., 2014). 
 
Table 1. A noninclusive list of the core nucleoid proteins and nucleoid-associated proteins 
identified in various biochemical purification assays. 

Protein Identified roles Publication(s) 

TFAM 
Packaging of mtDNA; 
transcription; mtDNA 
segregation 

(He et al., 2007; Wang and 
Bogenhagen, 2006) 

Twinkle mtDNA replication; formation of 
mtRNA granules

(Bogenhagen et al., 2008; Wang 
and Bogenhagen, 2006) 

PolγA and B mtDNA replication; mtDNA 
repair 

(Garrido et al., 2003; Wang and 
Bogenhagen, 2006)

mtSSB 7S DNA synthesis; mtDNA 
replication 

(Bogenhagen et al., 2008; Wang 
and Bogenhagen, 2006) 

ATAD3 Nucleoid organization; 
mitochondrial biogenesis

(He et al., 2012; Wang and 
Bogenhagen, 2006)

Top1mt mtDNA replication; mtDNA 
transcription 

(Bogenhagen et al., 2008; Zhang 
and Pommier, 2008)

POLRMT mtDNA transcription (He et al., 2012; Wang and 
Bogenhagen, 2006)

TFB1M and 
TFB2M mtDNA transcription (Bogenhagen et al., 2008; Wang 

and Bogenhagen, 2006) 

mTERF1 and 2 mtDNA transcription (Bogenhagen et al., 2008; 
Pellegrini et al., 2009) 

Prohibitin 1 
and 2 

Functional integrity of 
mitochondria via prohibitin 
complexes 

(Wang and Bogenhagen, 2006) 

Lon protease Maintenance of mitochondrial 
proteostasis 

(Bogenhagen et al., 2008; Lu et 
al., 2007)
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Protein Identified roles Publication(s) 

ClpX protease 
Maintenance of mitochondrial 
proteostasis; stress signaling via 
UPRmt 

(Bogenhagen et al., 2008; Wang 
and Bogenhagen, 2006) 

Suv3-like 
helicase Mitochondrial metabolism  (Bogenhagen et al., 2008; Wang 

and Bogenhagen, 2006) 

EF-Tu Mitochondrial translation 
elongation 

(He et al., 2007; Wang and 
Bogenhagen, 2006)

ANT2 and 
ANT3 

Energy metabolism; maintenance 
of mitochondrial membrane 
potential 

(Bogenhagen et al., 2008, 2003; 
Wang and Bogenhagen, 2006) 

LRP130 Activation of mitochondrial 
transcription 

(Bogenhagen et al., 2003; Wang 
and Bogenhagen, 2006) 

Top2α mtDNA maintenance in a cell 
and tissue specific manner (Bogenhagen et al., 2008) 

β-actin mtDNA maintenance (Reyes et al., 2011; Xie et al., 2018) 
Dna2 mtDNA maintenance (Duxin et al., 2009)

HSP60 and 70 
Mitochondrial chaperones 
important for mitochondrial 
proteostasis 

(Wang and Bogenhagen, 2006) 

 
 

 
Figure 4. Mitochondrial DNA is packaged into nucleoids that are associated with the 
inner mitochondrial membrane. TFAM is considered as the most abundant and most 
stable nucleoid component, that packages mitochondrial DNA into nucleoprotein com-
plexes. Inner membrane associated nucleoids are active in replication containing e.g., 
TWNK, POLG and mtSSB, and are also found in close association with mtRNA granules 
and ribosomes. Replicating mtDNA nucleoids are spatially linked to ER-mitochondria 
contact sites, where mitochondrial division events take place. Created with Biorender.com. 
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TWNK, mtSSB and POLG are shown to form a so called minimal replisome 
capable of synthesizing a full mtDNA molecule in vitro (Korhonen et al., 2004) 
(Figure 5). TWNK is a nuclear encoded hexameric replicative 5’→ 3’ DNA heli-
case structurally similar to phage T7 gene 4 primase/helicase (Spelbrink et al., 
2001). The primase domain of TWNK, however, is nonfunctional and primers 
for replication are generated by mitochondrial RNA polymerase (POLRMT) 
(Fusté et al., 2010; Wanrooij et al., 2008). As part of the replication machinery 
TWNK increases the processivity and fidelity of POLG that is specifically 
stimulated by mtSSB (Korhonen et al., 2003). MtDNA synthesis is catalyzed by 
POLG, a highly accurate (error frequency of less than 1ˣ10–6 per nucleotide) poly-
merase composed of one catalytic subunit and two accessory subunits (Longley 
et al., 2001). The POLG catalytic subunit possesses 3’→ 5’ exonuclease activity 
important for DNA proofreading (Longley et al., 2001; Macao et al., 2015). 
MtSSB, initially identified in Xenopus laevis oocytes, is dynamically incorpo-
rated into nucleoids during replication and is required for protecting the single 
stranded DNA (ssDNA) and also by helping to prevent the formation of secon-
dary structures in ssDNA (Mignotte et al., 1988). It is evident that mtSSB has an 
important role in mtDNA maintenance, as the knock-down of mtSSB causes the 
loss of mtDNA and has also been shown to impair the synthesis of the 7S DNA 
(Ruhanen et al., 2010). 
 

 
Figure 5. Minimal replisome in human mitochondria. Multimeric helicase TWNK 
(green), homotetrameric single stranded DNA binding protein mtSSB (dark blue) and 
DNA polymerase POLG are able to synthesize full length mtDNA molecules in vitro. 
TWNK unwinds the DNA duplex (ATP-dependent process) in 5′ → 3′ direction. Gene-
rated ssDNA is bound and protected against degradation and formation of secondary 
structures by mtSSB. The final step, i.e., mtDNA synthesis is driven by polymerase γ, 
composed of a catalytic subunit (POLGA), and two DNA binding accessory subunits 
(POLGB). Modified from (Wanrooij and Falkenberg, 2010). Created with Biorender.com. 
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A study of Rajala et al. in 2014 elucidated that a specific actively replicating 
nucleoid pool exists in human mitochondria (Rajala et al., 2014). In this study a 
tight inner membrane-association of TWNK helicase was described and further 
biochemical fractionations showed the presence of other mtDNA replication 
factors (e.g. mtSSB, POLG) together with TWNK and mtDNA in a discrete 
fraction of density gradients (Gerhold et al., 2015; Rajala et al., 2014). A later 
study further demonstrated that this membrane-associated TWNK containing 
replicating nucleoid population was also enriched in mitochondrial cholesterol 
(Gerhold et al., 2015). A subsequent disruption of cholesterol metabolism by the 
loss of ATAD3, a protein regulating mitochondrial inner membrane structure and 
cholesterol metabolism, led to a modified distribution of mitochondrial choles-
terol (later also found in mouse models and in ATAD3 patients) (Desai et al., 
2017; Gerhold et al., 2015). An observation that also TWNK containing nucleoids 
were not anymore found in one discrete fraction indicated an existence of a 
specialized membrane platform, where mitochondrial cholesterol and replicating 
nucleoids coexist (Gerhold et al., 2015). 

However, not all nucleoids have been found to harbor TWNK or other 
replisome proteins, instead, components distinctive for transcription (POLRMT, 
TFAM, Top1mt and mtRNA granules) and the absence of TWNK (and the bulk 
of mtDNA) has led to an understanding that more than one nucleoid population 
exist (Hensen et al., 2019; Rajala et al., 2014). Biochemical fractionations have 
clearly shown that, for example, mitochondrial ribosomal proteins (e.g. MRPL48, 
MRPS35) and mtRNA granules (e.g. mitochondrial elongation factor Tu, FAST 
kinase domain-containing protein 2 or Fe(II) and 2-oxoglutarate-dependent oxy-
genase Alkb homologue 1) are either found in the soluble or less mtDNA-
associated fractions of specific bottom-up density (Paper III in this thesis). 

 
 

1.4. Mitochondrial network dynamics 

Mitochondria exist as a very active network continuously undergoing fusion and 
division to ensure correct distribution and segregation of mtDNA (Bereiter-Hahn, 
1990). Mitochondrial morphology is maintained by fusion and fission events 
mediated by conserved GTPases mitofusins (Mfn1 and Mfn2) (Santel and Fuller, 
2001), optic atrophy 1 (OPA1) (Olichon et al., 2002; Satoh et al., 2003) and 
dynamin-related protein 1 (Drp1) (Smirnova et al., 1998). 

In the cells Drp1 activation and inhibition are mainly regulated by its phos-
phorylation and coordinated with cellular conditions. Inhibitory phosphorylation 
by cyclic AMP-activated PKA at Ser637 of Drp1 allows to maintain its cytosolic 
localization. However, for example changes in cytosolic calcium level activate 
Ca2+-dependent phosphatase calcineurin, that subsequently dephosphorylates 
Drp1 at Ser637 allowing its translocation to mitochondria. (Cereghetti et al., 
2008; Cribbs and Strack, 2007) 

Before Drp1 recruitment and subsequent oligomerization it is necessary that 
actin polymerizes at ER-mitochondria interface. Actin polymerization serves as 
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an initiating driving force for the upcoming constriction and its assembly is 
regulated by the interconnected binding of ER-associated inverted-formin 2 (INF2) 
and mitochondria-anchored actin- and formin-binding protein Spire1C (Manor et 
al., 2015). 

Further mitochondrial constriction involves primarily Drp1, that is trans-
located to mitochondrial outer membrane via interactions with mitochondrial 
fission factor (Mff) and mitochondrial dynamics proteins 49/51 (MiD49/51) 
(binding of Fis1 protein remains to be elucidated) that promote Drp1 recruitment 
to the prospective fission sites (Otera et al., 2010; Palmer et al., 2011). Further 
polymerization of Drp1 is driven by the GTP hydrolysis leading to a formation 
of constrictive multimers around mitochondria and subsequently to the final 
scission. Mitochondrial fission directly influences mitochondrial morphology 
and according to recent findings it is essential for mtDNA segregation to the 
newly generated daughter cells. Initial findings revealed that ER defines the 
prospective division sites prior to the recruitment of Drp1 (Friedman et al., 2011). 
Further studies showed that the mitochondrial fission process occurs in the 
vicinity of nucleoids, which exist adjacent to ER (Ban-Ishihara et al., 2013; 
Lewis et al., 2016). Finally, by employing live cell imaging and high-resolution 
microscopy it was shown that specifically replicating nucleoids are associated 
with ER-mitochondria contact sites that represent future mitochondrial fission 
sites and lead to correct mtDNA segregation (Lewis et al., 2016). 

Mitochondrial membrane fusion can be divided into two consecutive steps. 
Fusion of the outer mitochondrial membrane is dependent on two large nuclear 
encoded GTPases – Mfn1 and Mfn2 (Mfn1 and Mfn2 share nearly 80% sequence 
similarity) that possess an N-terminal GTPase domain required for their oligo-
merization (Zorzano and Pich, 2006). Briefly, Mfn1 dimerization induces confor-
mational changes that in turn result in GTP hydrolysis by Mfn1 and subsequently 
tether outer membrane of adjacent mitochondria (Ishihara, 2004). Mfn1 is shown 
to possess much higher GTPase activity and tethering capacity of mitochondrial 
membranes than Mfn2 (Ishihara, 2004). However, while Mfn1 is exclusively 
found only in mitochondria its close homolog Mfn2 is also present in ER mem-
branes (de Brito and Scorrano, 2008). Mfn1 and Mfn2 can either form homo- or 
heterodimers to promote mitochondrial joining (Detmer and Chan, 2007). Outer 
membrane fusion is followed by the inner membrane fusion, which is mediated 
by a unique dynamin family GTPase Opa1. Opa1 is proteolytically processed by 
e.g. ATP-dependent metalloprotease YME1L1 or zinc metalloprotease OMA1 to 
generate a short soluble form, which together with a long membrane-anchored 
form is required for the inner-membrane fusion (Song et al., 2007), although it 
has been proposed that Opa1 short isoform is likely associated with mitochondrial 
fission (Anand et al., 2014). It also has been shown that Opa1 mediated inner-
membrane fusion is dependent on Mfn1 and not Mfn2, since Opa1 alone is unable 
to tubulate and fuse mitochondria lacking only Mfn1 (Cipolat et al., 2004). 
Nevertheless, mutated Mfn2 and Opa1 are shown to be responsible for Charcot-
Marie-Tooth type 2A (CMT2A) (Züchner et al., 2004) and dominant optic 
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atrophy (DOA) (Delettre et al., 2000), respectively, demonstrating their great 
importance in maintaining the normal physiology of the cell. 

Similar to mitochondrial fission, mitochondrial fusion is also important for the 
mtDNA maintenance and its distribution (Chen et al., 2010). The segregation is 
partly explained by the fact that mitofusins are required for the formation of a 
mtDNA replication platform needed for the subsequent distribution of mtDNA 
nucleoids. In Mfn1 and Mfn2 double knockout mice a depletion of mtDNA has 
been reported, which is followed by a reduced respiratory activity and impaired 
cardiac function (Chen et al., 2011; Papanicolaou et al., 2012). A strong decrease 
in mtDNA copy number and nucleoid clustering was shown to cause impaired 
mtDNA replication, which has been suggested to be due to altered expression of 
replisome proteins accompanied by mtDNA depletion (Silva Ramos et al., 2019). 
While Opa1 downregulation results in mtDNA depletion and is required for the 
nucleoid distribution, it does not cause nucleoid clustering (Elachouri et al., 2011). 

Hence, mitochondrial dynamics are essential for maintenance of the mito-
chondrial genome, mitochondrial network and cellular homeostasis, as several 
studies have confirmed that the nature of mitochondrial dynamics is well-orches-
trated with the cellular signaling pathways in both normal and pathological 
conditions. 

 
 

1.5. Mitochondria-associated ER-membranes (MAM) 

Already in 1956 a group of researchers revealed a study showing unique compact 
structures of ergastoplasm (now termed endoplasmic reticulum) in rat liver cells 
that were in close contact with mitochondria (Bernhard and Rouiller, 1956). It 
was elucidated that formation of these ergastoplasmic membranes along other 
membranes is merely a mechano-physical phenomenon, but further observations 
revealed a dynamic re-appearance of ergastoplasm in the close approximation of 
mitochondria in response to different stimuli (fasting, intoxication with carbo 
tetrachloride or partial hepatectomy), indicating a physiological role of this inter-
organellar communication (Bernhard and Rouiller, 1956). 

A later study focusing on phospholipid biosynthesis in rat liver showed that a 
crude mitochondrial preparation contained biosynthetic activities of phosphati-
dylserine (PtdSer), phosphatidylethanolamine (PtdEtn), and phosphatidylcholine 
(PtdCho), as confirmed by thin layer chromatography (Vance, 1990a; Vance and 
Vance, 1986). Enzymes, like PtdSer decarboxylase, PtdSer synthase and PtdEtn 
methyltransferase showed apparent existence in crude mitochondria, but consider-
ably less in purified mitochondria (Vance, 1990a; Voelker, 1989). Percoll frac-
tionation of crude mitochondria showed a presence of a clear band just above 
mitochondria, that was analyzed for various enzymatic activities (endoplasmic 
marker enzyme NADPH:cytochrome c reductase), Golgi (UDP-galactose:N-
acetylglucosamine galactosyltransferase), mitochondria (cytochrome c oxidase), 
and plasma membrane (5’-nucleotidase) showing no phospholipid biosynthetic 
enzyme activities of the ER (Vance, 1990a). However, the specific activity of a 
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second endoplasmic reticulum marker enzyme, glucose-6-phosphate phosphatase 
in fraction X was almost twice as high in microsomes possessing clearly different 
properties than the mitochondria, ER, Golgi, plasma membrane, peroxisomes or 
lysosomes (Vance, 1990a). Hence, based on the previous findings that mito-
chondria are held together by strands of ER associated with mitochondrial outer 
membrane (Baranska, 1980), it was proposed that a specific subfraction of ER 
exists. This subfraction associated with mitochondria, initially fraction X, but 
later termed mitochondria-associated ER membranes (or MAM) could serve as 
an important platform for lipid transfer to and from mitochondria (Rusiñol et al., 
1994; Vance, 1990b). The close proximity of the two adjacent membranes (ER 
and mitochondria) in terms of the distance is heterogenous, ranging from ~10 nm 
at the smooth and ~30–40 nm at the rough ER, as showed by electron microscopy 
(EM) (Csordás et al., 2006). The surfaces of the two membranes, however, never 
touch each other and remain adjoined by physical (protein) tethers. Based on 
high-resolution 3D imaging and high-magnification cryo-EM it has been esti-
mated that ~5–20% of the mitochondrial network is in close proximity to the ER 
in HeLa cells (Rizzuto, 1998) and ~4–11% in mouse liver (depending on the 
metabolic changes) (Sood et al., 2014). 

On the present day this dynamic specialized subdomain of the ER associated 
with mitochondria is under thorough investigation due to its involvement in the 
pathogenesis of, for example, neurological diseases (see paragraph below). The 
synthesis of cellular lipids and their dynamic trafficking between ER and mito-
chondria due to the presence of long-chain-fatty-acid-CoA ligase and phosphati-
dylserine synthase enzymes is only one of the roles of MAM. It has been shown 
that MAM are also involved in the Ca2+ homeostasis (Patergnani et al., 2011) that 
influences cell proliferation, differentiation, apoptosis (Simmen et al., 2005) and 
even gene expression, ROS signaling (Zhou et al., 2011) and mitochondrial DNA 
maintenance via its segregation (Lewis et al., 2016). 

MAM tethers between two adjacent organelles are mediated by various 
proteins, such as IP3R, Grp75 and VDAC1 (Szabadkai et al., 2006). IP3R and 
VDAC1 proteins are both associated with intracellular calcium homeostasis, 
IP3R being a calcium channel residing in the ER membrane that controls the 
release of Ca2+ and VDAC1 locating in mitochondrial outer membrane and 
mediating the mitochondrial uptake of Ca2+. Mitochondrial outer membrane 
chaperone Grp75 is a member of a heat shock protein family 70 (Szabadkai et al., 
2006) that regulates the interaction between VDAC1 and IP3R thereby coordi-
nating the transfer and exchange of Ca2+ and maintaining the crosstalk between 
these organelles. Grp75 participation in the formation of MAM tether has been 
confirmed by in situ proximity ligation assay (Honrath et al., 2017; Tubbs and 
Rieusset, 2016). 

Another protein complex modulating ER-mitochondria coupling is formed by 
mitofusins 1 and 2, which assemble into homo-or heterodimeric complexes, and 
mediate coupling between organelles (Naon et al., 2016). However, the direct role 
of Mfn2 in ER-mitochondria interface formation is still under investigation, as 
the results have been controversial with opposite outcomes. For example, a 
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visualization of ER-mitochondria apposition in Mfn2 knockout mouse embryonic 
fibroblasts (Mfn2-KO MEFs) by confocal microscopy showed a decrease in the 
co-localization of the two adjacent organelles (de Brito and Scorrano, 2008). In 
the same study a biochemical analysis of the induced ER Ca2+ bursts revealed that 
the respective mitochondrial Ca2+ peaks were considerably lower than that in 
control cells, indicating an impaired mitochondrial Ca2+ uptake (de Brito and 
Scorrano, 2008). However, a quantitative analysis of the ER-mitochondria cou-
pling by electron microscopy and further quantification of confocal microscopy 
data in Mfn2-KO MEFs showed instead increased apposition of the two organelles 
(Cosson et al., 2012; Filadi et al., 2015). 

Furthermore, a more recent study using the same knockout cell line and novel 
split green fluorescent protein-based contact site sensors for measuring the close 
and long range juxtapositions of the two organelles also reported an increased 
ER-mitochondria coupling (specifically narrow, 8–10 nm contacts) (Cieri et al., 
2018). 

Ultimately, an alternative negative regulation hypothesis proposes that Mfn2 
may not be essential in the formation and/or maintenance of ER mitochondria 
tethering, but rather might possess yet undefined tethering subunits to interact 
with and thereby limiting the formation of functional ER-mitochondria conju-
gation (Filadi et al., 2018). 

Besides the aforementioned interactions a connection involving vesicle-
associated membrane protein-associated protein B (VAPB) and protein tyrosine 
phosphatase-interacting protein 51 (PTPIP51) has been recently described (De 
Vos et al., 2012; Lee and Min, 2018). The association of an ER membrane-
anchored protein VAPB and a microtubule-associated protein PTPIP51 is 
important for the modulation Ca2+ transport and autophagy (De Vos et al., 2012). 

An important protein shown to be responsible for MAM integrity is phospho-
furin acidic cluster sorting 2 protein (PACS2), since a downregulation of PACS2 
disrupts the integrity of MAM by separating the two organelles (Herrera-Cruz 
and Simmen, 2017; Simmen et al., 2005). A proposed mechanism for destruction 
of MAM integrity upon the depletion of PACS2 is associated with mitochondrial 
fragmentation via Drp1-mediated fission. Furthermore, the disruption of un-
coupling of the organelles induces increase in ER calcium levels and ER stress 
via upregulation of BiP (also known as Grp78) levels, an ER chaperone that is 
necessary to maintaining proper protein folding and subsequent export (Rut-
kowski and Kaufman, 2004). Although it is evident that PACS2 participates in 
the maintenance of ER homeostasis and ER-mitochondria interplay, this complex 
pathway definitely warrants future research.
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Figure 6. Communication between ER and mitochondria via protein bridges and various 
regulators. Close apposition of mitochondria to ER is mediated by protein tethers, which 
form specialized membrane regions termed mitochondria-associated ER-membranes 
(MAM). These interactions are modulated by different protein complexes, such as mito-
fusins (Mfn1-Mfn2 or Mfn2-Mfn2), VDAC1-Grp75-IP3R, PACS2 and VAPB-PTPIP51. 
The reversible linkages between ER and mitochondria are essential for Ca2+ transfer and 
signaling, synthesis and nonvesicular transport of lipids, ROS signaling and many other. 
VDAC1 – mitochondrial voltage-dependent anion channel, GRP75 – mitochondrial outer 
membrane chaperone glucose-regulated protein 75, IP3R – ER membrane located inositol 
1,4,5-trisphosphate receptor, PACS2 – cytosolic phosphofurin acidic cluster sorting protein 
2, BAP31 – ER located cell receptor–associated protein 31, VAPB – ER vesicle-associated 
membrane protein-associated protein B, PTPIP51 – protein tyrosine phosphatase inter-
acting protein 51 on mitochondrial outer membrane, GSK3β – glycogen synthase kinase 
3β, MCU – mitochondrial calcium uniporter, SERCA – sarcoendoplasmic reticulum (SR) 
calcium transport ATPase. Modified from (Sharma et al., 2020). Created with Bio-
render.com. 
 
Of great importance is the MAM involvement in mitochondrial DNA maintenance. 
It is established that in the budding yeast Saccharomyces cerevisiae, a multi-
protein complex called ER-mitochondria Encounter Structure (ERMES) physi-
cally tethers ER and mitochondria thereby contributing to mitochondrial distri-
bution (Boldogh et al., 2003). ERMES tethering complex formation is dependent 
on integral mitochondrial outer membrane proteins Mdm10 and Mdm34, 
cytosolic protein Mdm12 and ER transmembrane protein Mmm1 (Kornmann et 
al., 2009; Stroud et al., 2011). Live cell imaging revealed that the bulk of mito-
chondrial division events were spatially linked to ER-mitochondria contact points 
and in these foci mitochondrial constriction occurs leading to division (Friedman 
et al., 2011). Furthermore, studies have demonstrated that ERMES complexes are 
located in the vicinity of replicating nucleoids and are important for mito-
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chondrial nucleoid distribution (Hanekamp et al., 2002; Hobbs et al., 2001; 
Meeusen and Nunnari, 2003; Murley et al., 2013). Of note, as ER-mitochondria 
connection exists in yeast cells it led to an assumption that something similar 
might occur in mammalian and human cells. Time lapse imaging of Cos-7 cells 
(African green monkey kidney fibroblast-like cells) showed that mitochondrial 
division events chiefly occurred at ER-mitochondria contact sites, where ER 
tubules crossover mitochondria and constrict the latter before Drp1 recruitment 
(Friedman et al., 2011). Thus, it was proposed that in ER specifically marks the 
foci where subsequent mitochondrial division events occur (Friedman et al., 2011). 

Further studies with human cells investigating mtDNA maintenance in dynamic 
mitochondrial network shed light into an interplay between mitochondrial division 
and nucleoid segregation (Ban-Ishihara et al., 2013, p.). Again, using live cell 
imaging of HeLa cells it was reported that mitochondrial division events occurred 
in the proximity of nucleoids. A disruption of nucleoid integrity via mtDNA 
replication inhibition altered the distribution and levels of mitochondrial fission 
factors (Mff and Drp1). Interestingly, treatment of cells with carbonyl cyanide  
m-chlorophenylhydrazone (CCCP), which is a lipid-soluble weak acid and a 
potent mitochondrial uncoupler (causes dissipation of membrane potential and 
mitochondrial depolarization) did not induce significant changes in Mff or Drp1 
(Ban-Ishihara et al., 2013). A further manipulation of cells using depletion of Mff 
and Drp1 and division inhibitor Mdivi-1, a cell-permeable quinazolinone deri-
vative that selectively inhibits mitochondrial division proteins Drp1 and Dnm1, 
resulted in the clustering of nucleoids and the occurrence of highly dense cristae, 
indicating an important relationship between nucleoids and mitochondrial division 
machinery (Ban-Ishihara et al., 2013). However, nucleoid and inner membrane 
clustering in cells with impaired division was proposed to be a yet unknown 
protective response to prevent mitochondrial degradation and needs further 
elucidation. 

Biochemical studies have later on shown that replicating nucleoids charac-
terized by the presence of the replicative helicase TWNK and mtDNA are spatially 
and dynamically associated with mitochondrial inner membrane (Rajala et al., 
2014). The further demonstration that also mitochondrial cholesterol co-exists 
specifically with replicating nucleoids at inner membrane led to an understanding 
that a cholesterol rich membrane structure that tethers actively replicating 
nucleoids to the inner mitochondrial membrane via ATAD3 (mitochondrial inner 
membrane ATPase) and is associated with ER mitochondria contacts exists 
(Gerhold et al., 2015). ATAD3 involvement in this interplay has been extensively 
investigated (Gilquin et al., 2010; Issop et al., 2015; Liu et al., 2006) and having 
a significant role in cholesterol metabolism it likely acts as a stabilizing 
scaffolding structure for mitochondrial replicating nucleoids (Desai et al., 2017; 
Gerhold et al., 2015; Peralta et al., 2018). 

Hence, along with the improvement of technology over the past 10 years a 
discovery of several mechanisms by which mitochondria regulate their dynamics 
and genome maintenance has come to pass. It will only be a matter of time when 
a thorough insight into a molecular mechanism by which the signals from the 
mitochondrial matrix are conveyed to the ER will be provided.



25 

1.6. Diseases associated with mitochondria and 
mitochondrial DNA 

Unlike nuclear DNA, mitochondrial DNA generally exists as multiple copies per 
cells, ranging from a few thousand in human fibroblasts up to ~300 000 in human 
oocytes (Reynier et al., 2001; Steuerwald et al., 2000). The reason for this vari-
ability is mainly due to different oxidative capacity of cells, which is undoubtedly 
highest in muscle cells, such as skeletal or cardiac muscle, and in the brain. By 
and large mitochondrial diseases are heterogenous, progressive, early-onset and 
frequently embryonically lethal, and with an estimated prevalence of 1 in 4300, 
of which mtDNA accounts for up to 40% of the cases (Schaefer et al., 2008, Tan 
et al., 2020). For example, in 2012 it was reported that a live-birth prevalence of 
early onset mitochondrial disorders in Estonia is ~1 in 20 000 (Joost et al., 2012). 
By applying an improved novel diagnostic algorithm in 2003, 36 mitochondrial 
disease cases were diagnosed from 2003 to 2017 in Estonia (before this period 
only once case was diagnosed), which accounted for nearly 20% of all inborn 
metabolic diseases (Tiivoja et al., 2020). 

One peculiarity that makes the study of mitochondrial diseases so intricate is 
the coexistence of different mtDNA genomes in a single cell – a phenomenon 
referred to as heteroplasmy (Holt et al., 1988). Of note, on the contrary to hetero-
plasmy there can be a situation where all mtDNA molecules within the cell are 
identical called homoplasmy (Wallace et al., 1988). The occurrence of the patho-
logical phenotypes in this case is dependent on the greater number of mtDNA 
molecules having partial deletions or duplications, although wild-type mtDNA 
molecules are still present in disease cells – generally considered as threshold 
effect (Wallace, 1993, 1986). 

It is now widely accepted that any kind of damage to mitochondrial DNA can 
potentially have a detrimental impact on the main source of cellular energy 
currency. Various mutations in mtDNA are shown to be directly associated with 
several human pathologies, such as Leber's hereditary optic neuropathy or LHON 
(Wallace et al., 1988) (mtDNA point mutation leading to a missense substitution 
of a histidine for arginine in subunit 4 of NADH dehydrogenase (complex I)), 
mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes 
or MELAS (Goto et al., 1990) (point mutations in mtDNA-encoded tRNA genes), 
Kearns–Sayre syndrome or KSS (Lestienne and Ponsot, 1988, Zeviani et al., 1988), 
myoclonic epilepsy with ragged-red fibers or MERFF (Shoffner et al., 1990), 
chronic progressive external ophthalmoplegia or CPEO (Hutchinson, 1879; von 
Graefe, 1856) with mutations in the POLG (Lamantea et al., 2002) and TWNK 
(Spelbrink et al., 2001) genes also associated with this condition. 

However, besides directly mtDNA sequence-derived pathologies there have 
been several studies showing that also mtDNA copy number is associated with 
human diseases, such as cardiomyopathy or neurodegenerative disorders. A large 
number of studies addressing these disorders have been focusing on investigating 
the role of TFAM. In in vivo mouse models the heterozygous mutation of TFAM 
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causes ~40% decline in mtDNA copy number, while on the contrary, the homozy-
gous mutation is embryonically lethal (Larsson et al., 1998). Both decreased 
mtDNA and TFAM levels have been described in Alzheimer’s (Oka et al., 2016; 
Rice et al., 2014), Parkinson’s (Grünewald et al., 2016) and Huntington’s (Kim 
et al., 2010) diseases in numerous patients. 

A broad range of diseases are further associated with altered mitochondrial 
dynamics and impaired ER-mitochondria interplay. As intercommunication 
between mitochondria and ER is involved in regulating various physiological 
processes, such as maintaining the stable state of Ca2+ equilibrium and lipid home-
ostasis, and also mtDNA segregation, it has gained remarkable attention in epi-
demiology, especially in neurology. For example, alterations in ER-mitochondria 
communication through disruption of VAPB and PTPIP51 tether have been 
reported in ALS, a severe and rapidly progressive motor neuron disorder (Stoica 
et al., 2014). Disturbed ER-mitochondria interplay via dysregulated mitochondrial 
proteins, such as PINK, parkin or α-synuclein, has been further associated with 
familial form of Parkinson’s disease (Vila et al., 2008). 

One of the hallmarks of Alzheimer’s diseases (AD) is an accumulation of 
amyloid beta peptides in amyloid plaques (Thal et al., 2019). In familiar AD auto-
somal dominant gene mutations in PS1, PS2 and APP have been described (Area-
Gomez et al., 2012). APP processing by β-and γ-secretases generates Aβ and a 
fundamental role in this process lies on PS1 and PS2, both proteins also enriched 
in MAMs (Area-Gomez et al., 2009). The discovery that also APP is found at 
MAM sites (Pera et al., 2017) has contributed to the understanding that AD and 
changes in MAM are associated and the precise mechanism/pathway definitely 
requires further elucidation. 

Aberrant ER-mitochondria interplay in Huntington’s disease has also been 
under intense investigation, since the association between IP3R, huntingtin-
associated protein 1A (HAP1A) and mutated huntingtin was shown to promote 
Ca2+ release from the ER (Naia et al., 2017). During formation of a physical tether 
between ER and mitochondria, IP3R interacts with VDAC1, allowing more Ca2+ 
to be taken up by mitochondria, resulting in mitochondrial depolarization and 
disrupted Ca2+ homeostasis (Naia et al., 2017). 

The list of disorders with primary and secondary mitochondrial dysfunction 
described above is merely the tip of the iceberg. There are more than 400 patho-
genic gene variants alone that have been found to cause mitochondriopathies 
(Frazier et al., 2019). The complexity of all defects with either direct or indirect 
mitochondrial contribution is still beyond the scope of our understanding, thus 
continuous research is needed to resolve the missing pieces that could lead to an 
efficient treatment. Hence, being so small, yet having such a fundamental role in 
maintaining its own genome and at the same time regulating inter-organelle 
communication mitochondria influence life and death of an entire organism. 
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2. AIMS OF THE STUDY 

The aim of this study was to investigate protein composition and maintenance of 
human mitochondrial DNA-protein complexes nucleoids.  
 
The specific objectives were to: 
 
a) Study how does the nucleoid composition influence the replication micro-

domain. 
 
b)  Elucidate proteins interacting with mitochondrial nucleoids. 
 
c)  Study the functional signaling hubs between mitochondria and ER (MAM) in 

terms of mtDNA maintenance.  
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3. MATERIAL AND METHODS 

3.1. Cell culture 

HEK293 and U2OS cell lines were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% FBS. Transfection of cells was performed 
using DharmaFECT 1 transfection reagent (Dharmacon) according to the provided 
guidelines. Shortly, cells were seeded and grown for 24 hours prior transfection 
using either siGENOME Non-Targeting siRNA (Dharmacon) or specific 
siGENOME Human TWNK siRNA SMARTpool (#M-017815-01-0020) and 
siGENOME Human TFAM siRNA SMARTpool (#M-019734-00-0020) at a 
concentration of 25 nM. Three days post-transfection cells were harvested for 
subsequent analyses. 
 
 

3.2. Mitochondrial isolation and  
subsequent sub-fractionation 

Mitochondria from HEK293 cells were isolated according to (Gaines and Attardi, 
1984) with modifications. Briefly, cells were collected by centrifugation at 500 g 
and washed once with PBS. Pelleted cells were resuspended in a hypotonic buffer 
(4 mM Tris-HCl, pH 7.8, 2.5 mM NaCl, 0.5 mM MgCl2 supplemented with 
protease inhibitor cocktail), swelled for 6 minutes and stroked in a Teflon-glass 
Elvehjem homogenizer 20 times. Upon disruption the tonicity was brought to 
isotonic, and suspension was transferred to a polypropylene tube for subsequent 
centrifugation at 1200 g for 5 minutes at 4 °C. The collected supernatant was finally 
centrifuged at 14 000 g for 10 minutes at 4 °C to obtain crude mitochondria.  

Crude mitochondrial preparation was further sub-fractioned to isolate mito-
chondrial membrane associated (insoluble) and matrix (soluble) fractions. For 
that an equal amount of mitochondrial protein (determined by Bradford assay) 
was lysed with a non-ionic mild detergent digitonin at a ratio of 1:2 (μg digi-
tonin:μg protein) for 10 minutes on ice, centrifuged at 14 000 g for 10 minutes at 
4 °C and supernatant transferred to a separate tube. Insoluble pellet fraction was 
resuspended in an equal volume of PBS and aliquoted for further analyses.  

Crude mitochondria for floatation fractionation assay (Rajala et al., 2014) 
(summarized on Figure 7) were further purified over sucrose gradient (1M and 
1.5 M sucrose in 20 mM HEPES pH 7.6, 10 mM EDTA). Pure mitochondrial 
layer was recovered and re-suspended in PBS. 1 mg of total mitochondrial protein 
was lysed with digitonin and membrane and matrix fractions were separated by 
centrifugation at 14 000 g for 10 minutes at 4 °C. The obtained fractions were 
mixed with Optiprep™ (Cosmo Bio Usa Inc.) to get a final concentration of 
42.5% iodixanol. Samples were transferred into ultracentrifuge tubes, overlaid 
with 40 – 0% of iodixanol in TN (containing 10% sucrose, 1% Triton X-100, 
25 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM DTT, protease inhibitors) buffer 
and centrifuged at 100 000 g for 14 hours at 4 °C. Fractions of 400 μl each were 
collected from top-to-bottom and further analyzed for protein and mtDNA. 
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Figure 7. Floatation gradient analysis workflow. Mitochondria were isolated from 
HEK293 cells and sub-fractioned into membrane-associated insoluble fraction (pellet) 
and soluble matrix fraction (supernatant) using mild detergent digitonin at a ratio of 1:2 
(μg protein:μg digitonin). Obtained fractions were subjected to flotation/fractionation on 
an iodixanol density gradient (42,5% – 0%) and centrifuged at 100 000 g for 14 hours at 
4 ℃. Upon ultracentrifugation fractions (10) were carefully collected from top-to-bottom 
and subsequently analyzed.  
 
 

3.3. Immunofluorescence 

U2OS cells grown on 22 mm coverslips were transfected with either 25 nM of 
TWNK siRNA SMARTpool or TFAM siRNA SMARTpool as described above. 
Cells were fixed 3 days later with 3.3% formaldehyde in complete medium for 
25 minutes, washed three times with PBS and permeabilized with 0.5% Triton  
X-100 in 10% FBS/PBS for 15 minutes. After rinsing with PBS primary anti-
bodies (anti-TFAM from Abcam, anti-FACL4 from Santa Cruz, anti-TOMM20 
from Sigma, anti-DNA from Abcam) were added at 1:500 dilution in 10% 
FBS/PBS overnight at 4 °C. Coverslips were washed thrice with PBS and incu-
bated with Alexa-Fluor conjugated secondary antibodies (anti-mouse and anti-
rabbit AlexaFluor 488 conjugates, and anti-rabbit and anti-mouse AlexaFluor 568 
conjugates from ThermoFisher Scientific) at 1:1000 dilution in 10% FBS/PBS 
for 1 hour. Coverslips with fluorescently labelled cells were immersed in 
ProLongTM Gold Antifade Mountant with DAPI and imaged using Zeiss LSM710 
confocal microscope with ZEN software.  
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3.4. Copy number analysis 

For mtDNA copy number determination total cellular DNA was extracted using 
a classical phenol:cholroform method with modifications (Barker et al., 1998). 
Cells were harvested, washed with PBS and resuspended in DNA lysis buffer 
supplemented with 200 μg of proteinase K. After incubation for 30 minutes at 
37 °C 2 volumes of phenol:chloroform:isoamyl alcohol 25:24:1 pH 6.8 (ACROS 
Organics™) was added, vigorously mixed and centrifuged at 5000 g for 
5 minutes. The aqueous phase was transferred into new tubes and extraction 
repeated. DNA was precipitated by the addition of 2.5 volumes of 96% ethanol 
at –20 °C, centrifuged at 14 000 g for 30 minutes, washed once with 70% ethanol 
and reconstituted in 20 mM HEPES, pH 7.4. Quantitative PCR was carried out 
using 5X HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne OÜ) 
and a total of 50 ng of DNA. MtDNA copy number was normalized to nuclear 
DNA by amplifying human MT-CYB fragment (MT-CYB forward: 5’-GCCTG-
CCTGATCCTCCAAAT-3 and reverse: 5’-AAGGTAGCGGATGATTCAGCC-3’) 
as compared to a fragment of a single copy nuclear gene APP (APP forward: 5’-
TTTTTGTGTGCTCTCCCAGGTCT-3’, APP reverse: 5’-TGGTCACTGGTT-
GGTTGGC-3’). Calculation of fold change was carried out using the -ΔΔCt 
algorithm. 

For dot blot analysis of mtDNA samples were diluted with 2X SSC, boiled for 
15 minutes at 95°C, snap-cooled and transferred onto nylon membrane (GE 
Healthcare Amersham HybondTM-N+) using Bio-Rad Bio-Dot® apparatus. Upon 
UV crosslinking with 120 mJ/cm2 membrane was hybridized at 65°C using radio-
actively labelled mitochondrial probe (human MT-CYB gene amplification 
forward 5’-TGAAACTTCGGCTCACTCCT-3’ and reverse 5’-GTTGTTTGA-
TCCCGTTTCGT-3’ primers) for 3 hours. Membranes were exposed to phosphor 
screen and imaged using Typhoon Phosphorimager with ImageQuant TL soft-
ware. 

 
 

3.5. Protein analysis 

Protein samples were analyzed using SDS-PAGE and subsequent blotting. 
Samples were boiled at 95 °C for 5 minutes and loaded onto 8%–15% poly-
acrylamide gels, resolved in denaturing SDS buffer (Bio-Rad Mini-PROTEAN® 
Tetra Cell system) and transferred onto GE Healthcare AmershamTM ProtranTM 
0,45 μm nitrocellulose membrane. Membranes blocked for 1 hour with 5% skim 
milk in TBST and incubated with primary antibodies in 3% BSA in 1X TBST 
followed by incubation with secondary antibodies. Primary antibodies with 
respective dilutions used are listed in the table 2. 
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Table 2. List of antibodies used. 

Antibody Species Supplier Catalog number Dilution factor 
TFAM Mouse Abcam ab119684 1:5000 

Twinkle Mouse 
Kind gift of Dr. Anu 
Suomalainen-
Wartiovaara

– 1:1000 

POLG Goat Santa Cruz Biotech. sc-5931 1:500 
VDAC1 Mouse Abcam ab14734 1:1000 
SSBP Rabbit Sigma HPA002866 1:3000 
HSP60 Mouse Santa Cruz Biotech. sc-376240 1:1000 
ATAD3 Rabbit Kind gift of Dr. Ian Holt – 1:10 000 
ATAD3A Rat HMGU FLJ4D5 1:1000 
Mitofilin Rabbit Abcam ab137057 1:5000 
COX2 Rabbit ProteinTech 55070-1-AP 1:5000 
Mitofusin 1 Mouse Santa Cruz Biotech. sc-166644 1:1000 
Mitofusin 2 Mouse Santa Cruz Biotech. sc-100560 1:1000 
FACL4 Mouse Santa Cruz Biotech. sc-271800 1:1000 
POLRMT Rabbit Abcam ab32988 1:1000 
IRE1α Rabbit Cell Signaling 3294 1:1000 
Calnexin Rabbit Cell Signaling 2679 1:1000 
ATF6 Rabbit Cell Signaling 65880T 1:1000 
DNA Mouse Abcam ab27156 1:1000 
TOMM20 Rabbit Sigma A75430 1:1000 
TOMM40 Rabbit Santa Cruz Biotech. sc-11414 1:1000 
Β-actin Mouse Cell Signaling 3700 1:2000 
Α-tubulin Mouse Abcam ab52866 1:2000 
COX4 Rabbit Abcam ab16056 1:1000 
ATP5A Mouse Abcam ab14748 1:1000 
PERK Rabbit Cell Signaling 5683 1:1000 

 
Signals were detected and quantified using LI-COR Odyssey® Fc Imaging 
System with Image Studio software.  
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4. RESULTS AND DISCUSSION 

4.1. The importance of mitochondrial topoisomerases  
in mitochondrial DNA maintenance (Paper II) 

It has been repeatedly shown that mtDNA occurs in different topological forms 
the in cells, e.g., open circles, catenanes and supercoils, but the proteins respon-
sible for the regulation of the formation of these structures requires more eluci-
dation. As the replication and transcription of the circular mtDNA molecule occurs 
bidirectionally it causes DNA supercoiling. This topological stress is resolved by 
catalytically active enzymes – topoisomerases, which by and large release tensions 
and decatenate newly replicated mtDNA. 

The specific localization of (mitochondrial) DNA topoisomerases was studied 
here by applying density gradient centrifugation of sub-fractioned mitochondria. 
Firstly, the best characterized topoisomerase in mitochondria, Top1mt, was 
mainly found in the membrane-associated high-density fractions together with, 
e.g., mitochondrial RNA polymerase (POLRMT) (Figure 8). This is well in 
accordance with previously reported data showing that Top1mt has a significant 
role in the regulation of transcription (Dalla Rosa et al., 2017). However, a portion 
of Top1mt co-localized with mitochondrial replicating nucleoids in low-density 
fraction together with mtDNA and replicative helicase TWNK, thus it is also 
regulating the mtDNA replication process. 

The second well-known type I topoisomerase with described mitochondrial 
function is Top3α. It has been proposed that Top3α is important for the separation 
of newly synthesized mtDNA molecules destined for segregation via mito-
chondrial fission (Nicholls et al., 2018). Reduced expression of mitochondrial 
isoform of Top3α resulted in a formation of enlarged nucleoids with altered intra-
mitochondrial distribution and also an increase in high-molecular-weight mtDNA 
structures (catenanes) (Nicholls et al., 2018). This indicates an impaired separation 
of mtDNA molecules upon replication, which is a prerequisite event for the 
segregation. Here, similar to Top1mt, Top3α was detected in the membrane 
associated fractions of submitochondrial preparations and specifically in the 
replicating nucleoid fraction (Figure 8), which corroborates the previous findings. 
Hence, as mtDNA replication events occur at ER-mitochondria contact sites, 
which are necessary for the subsequent distribution of daughter nucleoids within 
mitochondrial network, the co-localization of Top3α with mtDNA replication 
factors here indicates its role in mtDNA maintenance. 

Mitochondrial localization has also been described for two type II topoiso-
merases – Top2α and Top2β (Zhang et al., 2014), but the localization studies have 
been somewhat conflicting possibly due to dual localization and tissue specificity 
of their expression (Paper II, figure 1B), and various studies have failed to detect 
either Top2α or Top2β in mitochondrial preparations (Nicholls et al., 2018; 
Zhang et al., 2014). Also, the mitochondrial targeting sequence (MTS) for both 
Top2α and Top2β remains to be elucidated. Here, both Top2α and Top2β were 
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detected in sub-mitochondrial preparations of HEK293 cells (Figure 8). Both 
Top2α and Top2β localized to the membrane associated replicating nucleoid 
fraction, indicating their association with mtDNA metabolism. However, the 
knockdown of Top2β, but not Top2α caused an accumulation of supercoiled 
mtDNA intermediates and led to a significant decrease in mtDNA copy number 
(Paper II, figure 2). These results thus demonstrate that Top2β is essential for 
mtDNA maintenance most likely in a tissue specific manner. 

 

 
Figure 8. Localization of mitochondrial topoisomerases on floatation/fractionation 
gradients. While mitochondrial topoisomerase Top1mt is found both in the replicating 
nucleoid fraction (fraction 8 in the pellet) and in the high-density fractions together with 
RNA polymerase (fractions 1–4 in the pellet), the topoisomerases Top2α, Top2β and 
Top3α are predominantly found in the replicating nucleoid fraction (fraction 8 in the 
pellet) together with mitochondrial DNA. The Western blot panels presented here are 
cropped versions of the original exposures. 
 
 

4.2. An interplay between mitochondrial DNA and  
RNA pools (Paper III) 

Correct mitochondrial functioning requires a well-orchestrated regulation of 
mitochondrial RNA synthesis, processing, and correct translation of mtDNA-
encoded respiratory chain proteins. Recent studies have shed more light into the 
role of dynamic tRNA modifications in mitochondria and described the presence 
of specific demethylases with polysomes and their role in mitochondrial RNA 
metabolism (Haag et al., 2016; Liu et al., 2016). The co-localization of specific 
non-heme iron (i.e., ferric iron) and α-ketoglutarate-dependent dioxygenase family 
enzyme AlkBh1 with mitochondrial ribosomes and RNA granules was further 
studied here. As previously demonstrated mtRNA granules are discrete hubs of 
newly synthesized RNA and are reportedly adjacent to mitochondrial nucleoids 
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(Hensen et al., 2019; Jourdain et al., 2013; Minczuk et al., 2011). Moreover, it 
was very recently demonstrated that the replicative helicase TWNK not only 
colocalizes with mtRNA granules, but it is important for their formation, and 
together with mtSSB are necessary for mtRNA metabolism (Hensen et al., 2019). 
Here it was found that AlkBh1 is largely concentrated in high density fractions 
of specific top-to-bottom gradients of submitochondrial preparations together 
with mtSSB and mtRNA granules proteins, such as translation elongation factor of 
mitochondria (TUFM) and the mitochondrial large ribosomal subunit assembling 
protein FASTKD2 (Figure 9). Both large (MRPL48) and small (MRPS35) ribo-
somal subunit proteins showed overlapping with AlkBh1 (Figure 9). Finally, mito-
chondrial localization of AlkBh1 was confirmed by immunofluorescence in 
various cell lines and an overlap analysis on high-resolution images showed its’ 
strong colocalization with FASTKD2, but not with mtDNA (Paper III, figure 1A–
C; 2). 
 

 
Figure 9. Isolated mitochondria were subjected to digitonin lysis, sub-fractioned into 
membrane insoluble pellet and soluble matrix fractions and separated on a floatation/ 
fractionation density gradient. Presented here are the analyzed digitonin insoluble 
fractions, which contains the mitochondrial membrane associated components. MtDNA 
co-migrates with TWNK, mtSSB and TFAM in a single fraction high up the gradient 
(fraction 8), Western blot panels presented here are cropped versions of the original 
exposures. 
 
Taken together, these results here demonstrate the essential interconnectedness 
of mtDNA and mtRNA metabolism, as the disruption of either mitochondrial 
nucleoid integrity or mitochondrial network organization ultimately leads to 
altered gene expression and mitochondrial unfolded protein response (UPRmt) 
(Paper III, figure 4).
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4.3. Maintenance of mitochondrial nucleoids –  
the dual role of mitochondrial transcription factor A 

(TFAM) (Paper I) 

Nuclear-encoded DNA-binding protein TFAM binds to the DNA minor groove 
without sequence specificity. TFAM has multiple functions in regulating mtDNA, 
one of which is the wrapping of the DNA into DNA-protein complexes termed 
mitochondrial nucleoids. Different populations of nucleoids exist, which are 
largely differentiated by their composition closely linked to their function. TFAM 
plays also an important role in the segregation of mtDNA molecules, as nucleoids 
are considered segregation units of mtDNA. 

To investigate the possible impact of mtDNA packaging factor TFAM on 
mitochondrial nucleoids (populations) a 3-day TFAM-specific siRNA mediated 
knockdown in HEK293 cells was performed, followed by an isolation of crude 
mitochondria (contains, inter alia, ER membranes) and sub-fractioning into 
membrane-associated (insoluble) and matrix (soluble) fractions using mild 
detergent digitonin (See M&M Figure 7). 

A short, 3-day TFAM knockdown caused significant decrease in mtDNA 
relative copy number (~50%) (Figure 10C). As the purpose was, foremost, the 
investigation of nucleoid maintenance without completely abolishing mtDNA 
replication we had to ensure that the mtDNA was not completely depleted. Further 
analysis of nucleoid proteins showed that there was an upregulation of replicative 
helicase TWNK in TFAM knockdown mitochondria both in membrane asso-
ciated fraction and in intact mitochondria (Figure 10A). A component of mito-
chondrial minimal replisome, mtSSB, and mtDNA encoded complex IV enzyme 
COX2 did not exhibit clear alterations (Figure 10A; Paper I, Figure 2). A dot blot 
analysis to determine mtDNA distribution and a relative quantity in sub-frac-
tioned mitochondria showed that in TFAM knockdown the mtDNA is more in 
the membrane associated fraction, i.e., only ~20% of mtDNA was soluble and 
80% in the membrane fraction (in comparison the respective distribution in 
control mitochondria was 30% in soluble and 70% in the membrane fraction) 
(Figure 10D). Interestingly, a set of MAM proteins (MFN2, FACL4 and VDAC1) 
displayed a clear increase in TFAM knockdown mitochondria, indicative of a 
greater proportion of MAM with replicative nucleoids (Figure 10A). 

 
 

4.3.1. ER-mitochondria membrane contacts are altered  
in TFAM knockdown cells 

The presence of ER membranes in close vicinity of membrane associated repli-
cating nucleoids has been previously demonstrated to be important for early 
mitochondrial division events and subsequent mtDNA segregation. Our initial 
finding that MAM proteins increase in the membrane-associated fractions upon 
gene-silencing of TFAM was further examined by the fractionation of crude 
mitochondria into MAM and ER. Isolated MAM fractions from TFAM knock-
down cells showed a significant increase in MFN1/2, VDAC1 and FACL4 levels 
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consistent with the submitochondrial fractionation results (Figure 10B; Paper I, 
Figure S2). The level of TWNK was also slightly increased in isolated MAM 
from the knockdown cells (Figure 10B), indicative of stronger association of 
TWNK-containing nucleoids with mitochondrial inner membrane. Taken together, 
TFAM knockdown resulted in upregulation of replicative helicase TWNK and a 
greater retention of mtDNA in membrane associated fraction together with MAM 
proteins, although overall mtDNA content decreased significantly. 
 

 
Figure 10. 3-day TFAM knockdown in HEK293 cells. (a) PBS-washed intact and 
digitonin fractioned crude mitochondria analyzed for various proteins by Western 
blotting. (b) Crude mitochondrial fractionation into MAM and ER. (c) TFAM knockdown 
caused a significant decrease in mtDNA relative copy number. For statistics, a two-tailed 
paired t-test comparing knockdown to the respective control set at 100 was used. Error 
bars indicate +/– SEM (n = 6). *** indicates a p-value ≤ 0.001. (d) Relative mtDNA 
distribution between soluble and insoluble fractions determined by dot blotting. * indi-
cates a p-value ≤ 0.05. The Western blot panels presented here are cropped versions of 
the original exposure pictures.
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4.3.2. TFAM knockdown does not alter the distribution  
of nucleoids in mitochondrial floatation gradients 

Mitochondrial nucleoid populations were subsequently separated by a specific 
top-to-bottom density gradient centrifugation according to previously described 
method (Rajala et al., 2014) (See M&M Figure 7). 

Firstly, the previously described replicating nucleoid fraction persists upon 
TFAM knockdown as mtDNA together with other replisome components occur 
in one discrete fraction (Figure 11). It is noteworthy, and concordant with previous 
digitonin fractionations here, that mtDNA is mostly present in the membrane 
associated fraction in TFAM knockdown, whereas the TFAM protein and mtDNA 
signals in the soluble matrix fractions are considerably weaker (Figure 11). 

 

 
Figure 11. Separation of human mitochondrial nucleoid populations by density gradient 
centrifugation (floatation). The Western blot panels presented here are cropped versions of 
the original exposure pictures. Different density fractions are depicted with numbers 1–10. 
 
 

4.3.3. TFAM knockdown causes an aggregation of nucleoids 

To better understand the impact of TFAM knockdown within the dynamic mito-
chondrial network, a confocal microscopy in TFAM silenced U2OS cells was 
further applied. The staining of both mock transfected and TFAM knockdown 
cells with TFAM, DNA and mtSSB antibodies showed clear differences in the 
distribution of signals. Endogenous TFAM, mtSSB and mtDNA signals displayed 
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intense and enlarged fluorescence puncta compared to the control (Figure 12; 
Paper I, Figure 1, Figure S1), regardless of an overall decrease in TFAM and 
mtDNA levels (Figure 10; Paper I, Figure 1E, 2D). Interestingly, a rather similar 
phenotype has been previously reported in TFAM knockdown HeLa cells, where 
mtDNA (specifically designed mtDNA probe) and mtSSB exhibited enlarged 
signals indicating an enlargement of mitochondrial nucleoids (Kasashima et al., 
2011). Despite of the aggregation of nucleoid components the mitochondrial 
thread-like network remained similar to the control cells (Paper I, Figure 1C, 1D).  
 

 
Figure 12. Confocal microscopy of U2OS cells transfected with TFAM-targeted and 
control siRNA. TFAM shows clear aggregation in knockdown U2OS cells (red). The  
ER-specific protein FACL4 did not exhibit clear changes (green). Knockdown of TFAM 
was confirmed by determining the expression level of TFAM by Western blotting. 
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Taken together these results indicate that mtDNA replication and segregation 
favorably occur at the sites of MAM contacts, corroborating the findings of Lewis 
et al., 2016. The reorganization of mitochondrial nucleoids via TFAM knock-
down most likely triggers a compensatory response to maintain proper functioning 
of mitochondria (upregulation of TWNK and MAMs), which was not observed 
for the TWNK knockdown, i.e., TWNK knockdown at similar conditions showed 
weaker impact on both nucleoid and MAM proteins (Paper I, Figure 4A–4E). 
This is plausible since TFAM is considered as a constitutive nucleoid component, 
whereas TWNK dynamically associates with a small proportion of replicating 
nucleoids at the inner mitochondrial membrane and is also required for the 
maintenance of mtRNA granules.
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CONCLUSIONS 

The maintenance of mtDNA relies on faithful mtDNA and mtRNA metabolism, 
which involves for instance regulation of mtDNA topology by topoisomerases 
and functional gene expression system with essential role on mtRNA granules 
and mitochondrial ribosomes. Furthermore, mitochondrial homeostasis requires 
well-coordinated cellular and mitochondrial network dynamics (fusion and fission) 
to ensure proper segregation and allocation of nucleoids. These aspects were 
studied in this thesis and the following conclusions were made: 
 
1. DNA topoisomerases Top2α and Top2β colocalized with mitochondrial repli-

cating nucleoids, of which Top2β had a clear impact on mtDNA metabolism. 
Ablation of Top2β led to an accumulation of positively supercoiled mtDNA, 
impaired replication initiation and a decline in mtDNA copy number. Topoiso-
merase Top1mt showed only a partial co-existence with replicating nucleoids, 
majority of this protein was found together with mitochondrial ribosomal 
proteins and RNA polymerase (POLRMT), indicating its importance in mtRNA 
metabolism (transcription). Also, Top3α was found to interact with replicating 
nucleoids confirming its importance in mtDNA maintenance. 

 
2. AlkBh1 protein, which has many enzymatic activities, particularly on RNA 

substrates, colocalized to mitochondrial RNA granules, which are hubs for the 
posttranscriptional processing of mtRNA and mitochondrial ribosome 
biogenesis. Ablation of AlkBh1 led to an inhibition of cell growth both in 
mammalian culture and in C. elegans and activated UPRmt indicative of 
mitochondrial dysfunction. 

 
3. The most stable component of mitochondrial nucleoids is TFAM, an abundant 

transcription factor in mitochondria that tightly compacts the entire mtDNA. 
The packaging of mtDNA by TFAM influences mtDNA transcription, trans-
lation, and segregation. The knockdown of TFAM caused an aggregation of 
mitochondrial nucleoids and a significant decrease in mtDNA copy number. 
Furthermore, depletion of TFAM resulted in increased levels of TWNK 
helicase and mtDNA in the membrane-associated fractions together with a 
transient enhancement of a specific MAM sub-compartment. Although a 
downregulation of a replicative helicase TWNK caused a reduction in mtDNA 
copy number and a moderate elevation of MAM protein levels in the 
membrane fractions, no aggregation of nucleoids was observed. 

 
These results clearly demonstrate a tight interconnectedness of mtDNA and 
mtRNA metabolism, and mtDNA segregation via mitochondrial dynamics. Even 
though there are many unanswered questions about the molecular aspects of 
mtDNA maintenance and how this contributes to the development of mito-
chondrial and mtDNA-related diseases, this thesis provides many new details to 
this matter and opens new perspectives for future research. 
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SUMMARY IN ESTONIAN 

Inimese mitokondriaalsete nukleoidide dünaamika 
mitokondriaalses võrgustikus 

Mitokondrid on eukarüootse raku organellid, mis on muuhulgas spetsialiseerunud 
ATP tootmisele. ATP kui raku energiavaluuta on vajalik mitmete biokeemiliste 
ning füsioloogiliste protsesside tööshoidmiseks. 

Peale tuumagenoomi esineb peaaegu kõigil eukarüootidel väike ning kom-
paktne mitokondriaalne genoom (mtDNA), mis on organiseeritud DNA-valk 
kompleksidesse ehk nukleoididesse. Replikatsiooniprotsessis osalevad nukleoidid 
on muuhulgas assotsieerunud mitokondrite sisemembraaniga, mis on oluline 
mtDNA säilitamise ning segregatsiooni aspektist (Rajala et al., 2014). Nukle-
oididega interakteeruvad valgud koordineerivad erineval moel mtDNA ja mtRNA 
metabolismi ning mitokondrite dünaamikat. 

Mitokondrid signaliseerivad teiste organellidega, sh endoplasmaatilise 
retiikulumiga (ER). Neid funktsionaalseid signaliseerimiskeskuseid, kus ER ja 
mitokonder füüsiliselt interakteeruvad, nimetatakse MAM-ideks (ingl mito-
chondria associated ER-membranes). Vastavad kontaktid kohandavad dünaami-
liselt raku erinevaid metaboolseid vajadusi ning vahendavad mitmeid signaale. 
Viimastel aastatel on esile kerkinud nende kontaktpunktide oluline panus näiteks 
vähi ja neurodegeneratiivsete haiguste puhul (Stoica et al., 2014; Thal et al., 2019; 
Vila et al., 2008). Lisaks sellele on MAM kontaktid olulised mtDNA segregat-
siooniks, kuna on leitud, et replitseeruvad nukleoidid asuvad MAM kontaktide 
vahetus läheduses. Samas pole täpselt teada, kuidas nukleoidi staatus võiks mõju-
tada MAM struktuuride terviklikkust ja funktsiooni. Käesoleva doktoritöö käigus 
uuriti mitokondriaalsete nukleoidide kooslust, mtDNA säilitamist ning nukle-
oidide ja MAM kontaktide omavahelist koosmõju. 

Antud doktoritöös mitokondriaalsete nukleoidide populatsioonide valgulise 
koosluse uurimiseks mtDNA säilitamise kontekstis kasutati spetsiifilist bio-
keemilist fraktsioneerimist ning nn flotatsiooni. Katsete üheks eesmärgiks oli 
tuvastada mtDNA topoisomeraaside võimalik lokalisatsioon mitokondriaalsete 
nukleoidide populatsioonides. Esmalt selgus, et topoisomeraasid Top2α ning 
Top2β lokaliseeruvad membraaniga seotud replitseeruvates nukleoidides, mida 
iseloomustab muuhulgas mtDNA ning helikaas TWNK esinemine. Antud tule-
must kinnitas ka immuunofluorestsents mikroskoopia. Samas, varasemalt hästi-
kirjeldatud mitokondriaalne topoisomeraas Top1mt lokaliseerus vaid osaliselt 
replitseeruvate nukleoidide fraktsioonis. Enamus Top1mt esines koos riboso-
maalsete valkudega ning mitokondriaalse RNA polümeraasiga, mis kinnitab selle 
valgu olulisust eelkõige transkriptsioonis.  

Edasised katsed näitasid, et ainult Top2β mõjutab selgelt mtDNA säilitamist. 
Top2β valgu knockdown põhjustas positiivselt superkeerdunud (ingl supercoiled) 
mtDNA topoloogiliste vormide osakaalu suurenemist ning mtDNA koopiaarvu 
olulist langust. Lisaks, potentne topoisomeraaside inhibiitor, fluorokinoloon 
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antibiootikumide klassi kuuluv tsiprofloksatsiin pärssis Top2β aktiivsust in vitro 
ja in vivo ning põhjustas tõsist 7S DNA langust, seeläbi takistades oluliselt repli-
katsiooni initsiatsiooni. 

Doktoritöö raames uuriti ka spetsiaalse nukleiinhappe dioksügenaasi AlkBh1 
täpset lokalisatsiooni ja funktsioone, kuna eelnevalt selgus, et AlkBh1 asub mito-
kondrites ning selle üheks interaktsioonipartneriks on just mitokondriaalsete 
nukleoidide struktuurne valk ATAD3 (publitseerimata andmed). Mitokondrite 
fraktsioneerimiskatsed näitasid, et AlkBh1 lokaliseerub spetsiifiliselt mitokond-
riaalse RNA graanulites (FASTKD2, TUFM) koos mitokondri ribosoomidega 
(MRPL48, MRPS35), viidates AlkBh1 rollile transkriptsioonis ja/või translat-
sioonis. Antud tulemusi kinnitasid ka immuunofluorestsents ning kõrge resolut-
siooniga 3D-SIM mikroskoopilised analüüsid. Edasi uuriti AlkBh1 vähenemise 
mõju ka mudelorganismis Caenorhabditis elegans ning selgus, et valgu kadu 
põhjustas ebakorrektselt volutunud valkude kuhjumist mitokondris (ingl mito-
chondrial unfolded protein response), viidates ebanormaalsele translatsioonile. 

Viimaseks, nukleoidide terviklikkuse uurimiseks kasutati mtDNA pakkimis-
valgu ja transkriptsioonifaktori TFAM transientset allareguleerimist. Käesolevas 
töös leiti, et TFAM valgu taseme langus põhjustas olulist mtDNA koopiaarvu 
vähenemist ning nukeoidide agregeerumist. Digitoniininiga fraktsioneeritud 
mitokondrite analüüsimisel selgus, et replikatiivne helikaas TWNK tase suurenes 
oluliselt membraaniga seotud nukleoidide fraktsioonis koos MAM marker-
valkude FACL4, MFN2, VDAC1-ga. Muuhulgas suurenes ka mtDNA osakaal 
antud fraktsioonis viidates intensiivistunud mtDNA replikatsioonile, et kompen-
seerida üldist mtDNA langust. Edasine MAM väljapuhastamine TFAM knock-
down rakkudest näitas olulist MAM markervalkude tasemete suurenemist koos 
TWNK helikaasiga toetades eelnevat hüpoteesi, et nukleoidide terviklikkuse 
häirumisel toimub kompensatoorne replikatsioon sisemembraaniga assotsieeru-
nud nukleoidides. Seejuures tugevneb antud piirkonnas mitokondri ning ER 
vaheline interakteerumine, mis on vajalik mtDNA segregatsiooniks ja seeläbi ka 
mtDNA korrektseks säilitamiseks. 

Tulemustest selgus ka see, et ajalises skaalas oli tegu pöörduva reaktsiooniga, 
kuna pikaaegsel TFAM knockdown rakkude kasvatamisel (5–6 päeva) olid MAM 
markervalkude tasemed võrreldavad kontrollrakkude valkude tasemetega. 

Kokkuvõttes aitavad antud doktoritöö tulemused paremini mõista mtDNA ja 
mtRNA omavahelisi seoseid mitokondri genoomi säilitamise kontekstis. See-
juures on väga oluline roll ka mitokondriaalsel dünaamikal, st liitumisel ja jagu-
nemisel tagamaks nukleoidide korrektse jaotumise tütarmitokondritesse. Mito-
kondriaalne dünaamika on omakorda tihedalt seotud ER-mitokonder inter-
aktsioonide moodustumisega kohtades, kus lokaliseeruvad TWNK-sisaldavad 
replikatiivsed nukleoidid. Kuigi mitmed olulised mtDNA säilitamise ning segre-
gatsiooni molekulaarsed mehhanismid vajavad edasist uurimist, muuhulgas ka 
mitokondriaalsete haiguste kontekstis, on käesoleva töö tulemused selle oluliseks 
panuseks. 
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