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ABSTRACT

Mitochondria are membrane-bound organelles that produce the majority of ATP
used to drive metabolic processes in eukaryotic cells. A unique feature of
mitochondria is the existence of a separate mitochondrial DNA (mtDNA), which
codes for thirteen proteins needed for oxidative phosphorylation (OXPHOS). The
double-stranded mtDNA is copied by a dedicated enzymatic machinery, which
includes mitochondrial DNA polymerase y (POLy) and a set of accessory proteins.
Mitochondria also harbor transcription and translation machineries, which are
distinct from those in the nucleus. Mutations that affect factors required for
mtDNA maintenance or expression can cause mitochondrial disease.

In the present thesis, we have characterised a subset of proteins which play an
important role in replication and transcription of mtDNA, both from a structural
and functional point of view. We have studied mitochondrial helicase TWINKLE
and analysed the molecular consequences of disease-causing mutations in this
protein. By means of electron microscopy, we have correlated structural changes
caused by these mutations, with functional consequences on the protein activity.
Our findings demonstrate that mutations impair TWINKLE's ability to undergo
large-scale conformational changes required for proper function.

We have also studied one of the most prevalent mitochondrial disease-causing
mutations affecting POLy, A467T. Using a combination of biochemical
characterisation and in vivo studies using a murine model, we demonstrate that
the mutation impairs interactions between the catalytic and accessory subunits
of POLy. As a result, POLy dissociates and the catalytic subunit is degraded by
LONP1, a protein involved in maintaining mitochondrial matrix protein
homeostasis.

Details of LONP1 function is further characterised in the two other studies. In
these works, we use cryo electron microscopy (cryo-EM) to determine the
structure of full-length, human mitochondrial LONP1. In combination with a
range of biochemical experiments we use this structural information to establish
the mechanisms by which LONP1 can degrade mitochondrial proteins. We also
analyse the functional consequences of two LONP1 mutations causing human



disease. In vitro analysis demonstrated that the mutations impaired LONP1’s
ability to bind and degrade substrates in an ATP-dependent manner.

In summary, our work has provided new structural and functional information
about POLy, TWINKLE, and LONP1 — three key factors required for proper
mitochondrial function. Our work has also characterised disease-causing
mutations affecting these proteins and established the molecular consequences
of these alterations.

Keywords: Mitochondria, mtDNA, LONP1, POLy, mtDNA maintenance,
mitochondrial disease, TWINKLE
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SAMMANFATTNING PA SVENSKA

Mitokondrier ar membranbundna organeller som producerar majoriteten av den
ATP som anvands for att driva metaboliska processer i eukaryota celler. En unik
egenskap hos mitokondrier ar férekomsten av ett separat mitokondriellt DNA
(mtDNA), som kodar for tretton proteiner som behovs foér oxidativ fosforylering
(OXPHQOS). Det dubbelstrangade mtDNA:t kopieras av ett dedikerat
enzymmaskineri, som inkluderar mitokondriell DNA-polymeras y (POLy) och ett
antal ytterligare replikationsproteiner. Mitokondrier har ocksa enzymatiska
maskinerier for transkription och translation, som skiljer sig fran dem i kdrnan.
Mutationer som paverkar faktorer som kravs for underhall eller uttryck av
mtDNA kan orsaka mitokondriell sjukdom.

| denna avhandling har vi karaktariserat ett antal proteiner som spelar en viktig
roll vid replikation mtDNA och for omsattning av mitokondriella proteiner, bade
ur en strukturell och funktionell synvinkel. Vi har studerat det mitokondriella
helikaset TWINKLE och analyserat de molekyldara konsekvenserna av
sjukdomsalstrande mutationer i detta protein. Med hjalp av elektronmikroskopi
har vi korrelerat strukturella forandringar orsakade av dessa mutationer, med
funktionella konsekvenser pa proteinaktiviteten. Vara resultat visar att
mutationer forsamrar TWINKLEs formaga att genomga de storskaliga
konformationsforandringar som kravs for korrekt funktion.

Vi har ocksa studerat en av de vanligaste sjukdomsframkallande mutationerna i
POLy, A467T. Med en kombination av biokemisk karakterisering och in vivo-
studier med en murin modell, visar vi att mutationen forsamrar interaktioner
mellan de katalytiska och accessoriska subenheterna av POLy. Som ett resultat
dissocierar POLy och den katalytiska subenheten bryts ned av LONP1, ett protein
som ar involverat i att uppratthalla protein-homeostas i mitokondrier.

Detaljer om LONP1-funktionen karakteriseras i ytterligare tva separata
studierna. | vart arbete anvander vi kryoelektronmikroskopi (cryo-EM) for att
bestdmma strukturen av humant fullangds-LONP1. | kombination med en rad
biokemiska experiment anvander vi denna strukturella information for att
faststdlla mekanismerna genom vilka LONP1 kan bryta ned mitokondriella
proteiner. Vi analyserar ocksd de funktionella konsekvenserna av tvd LONP1-



mutationer som orsakar mansklig sjukdom. In vitro-analys visade att
mutationerna forsamrade LONP1:s férmaga att binda och bryta ned substrat pa
ett ATP-beroende satt.

Sammanfattningsvis har vara studier gett ny strukturell och funktionell
information om POLy, TWINKLE och LONP1 — tre nyckelfaktorer som kravs for
korrekt mitokondriell funktion. Vart arbete har ocksa karakteriserat
sjukdomsframkallande mutationer som paverkar dessa proteiner och faststallt
de molekylédra konsekvenserna av dessa forandringar.

Keywords: Mitokondria, mtDNA, LONP1, POLy, mtDNA underhall, mitokondriell
sjukdom, TWINKLE
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ABBREVIATIONS

AAA+ ATPases associated with various cellular functions
ADP Adenosine diphosphate

adPEO Autosomal dominant progressive external ophthalmoplegia
ATP Adenosine triphosphate

bp Base pair

CODAS Cerebral, Ocular, Dental, Auricular and Skeletal syndrome
cryoEM Cryogenic electron microscopy

CsB Conserved sequence box

D-Loop Displacement loop

DSB Double-strand break

dsDNA Double-stranded DNA

e- Electrons

EM Electron microscopy

ETC Electron transport chain

FADH, Flavin adenine dinucleotide

H* Protons

HSP Heavy-strand promoter

H-strand Heavy strand

IC Transcription initiation complex

IMM Mitochondrial inner membrane

kDa Kilodalton

LSP Light-strand promoter

L-strand Light strand

LSU Large subunit of the mitochondrial ribosome

MPP Mitochondrial processive peptidase

mRNA Messenger RNA

mtDNA Mitochondrial DNA

mtHsp60 Mitochondrial heat shock protein 60 kDa
mtHsp70 Mitochondrial heat shock protein 70 kDa

mtSSB Mitochondrial single-stranded DNA binding protein
MTS Mitochondrial targeting sequence

NADH Nicotinamide adenine dinucleotide



NCR Non-coding region

Nm Nanometer

nts Nucleotides

On Origin of replication of the heavy strand

OL Origin of replication of the light strand

OXPHOS Oxidative phosphorylation

OMM Mitochondrial outer membrane

Pi Inorganic phosphate

POLy Mitochondrial DNA polymerase y

POLRMT Mitochondrial RNA polymerase

PQC Protein quality control

RITOLS Ribonucleotide incorporation throughout the lagging strand

ROS Reactive oxygen species

rRNA Ribosomal RNA

SiRNA Small-interference RNA

SsuU Small subunit of the mitochondrial ribosome

TEFM Mitochondrial transcription elongation factor

TFAM Mitochondrial transcription factor A

TFB2M Mitochondrial transcription factor B2

TIM23 Translocase of the inner membrane complex

TOM Translocase of the outer membrane complex

TOP3a Topoisomerase 3a

tRNA Transfer RNA

TSS Transcription start-site

TWINKLE T7 gp4-like protein with intramitochondrial nucleoid
localization

UPR Unfolded protein response

wt Wild type
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1. INTRODUCTION

1.1 THE ORIGINS OF MITOCHONDRIA

Mitochondria are membrane-enclosed organelles found in most eukaryotic
cells. The discovery of mitochondria can be attributed to Karl von Kollicker.
In 1857, he observed under the microscope some granular structures in
eukaryotic cells. In 1864, Richard Altmann proposed that these granules
were living structures, fundamental particles for life and called them
“bioblasts” (Altmann, 1864). Altmann also was the first to suggest that these
“bioblasts” were once free-living organisms that now live inside the
eukaryotic cell, introducing the term of “endosymbiosis”. Later on, Carl
Benda named these structures “mitochondrion” from the Greek words
“mitos” (thread) and “chondros” (granule) (Benda, 1867). The evolutionary
origin of mitochondria was an open question, until 1967 when an article
entitled “On the origin of mitosing cells”, was published by Lynn Margulis
(Sagan, 1967). In this work, she suggested that “there are three fundamental
organelles: the mitochondria, the photosynthetic plastids and the (9 + 2)
basal bodies of flagella, which were once themselves free-living (prokaryotic)
cells”. This article gave birth to the endosymbiotic theory, explaining the
origin of mitochondria. Later work has demonstrated that mitochondria
originated from a common ancestor, an a-proteobacteria. The host lineage
that gave rise to eukaryotes appears to have been an Archaea, most likely
belonging to a group known as the Asgards (Roger et al., 2017). Through
evolution, the a-proteobacteria adapted to life inside the eukaryotic cell and
reduced its own genome, as most of metabolic genes were lost as they
became dispensable or could be complemented by the host nuclear-encoded
functions (Gray et al., 1999). This reductive genome evolution resulted in
what we know today as mitochondrial DNA (mtDNA).
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1.2. STRUCTURE OF MITOCHONDRIA

Mitochondria are membrane-enclosed subcellular organelles. Their
structure was first visualized by electron microscopy (EM) (Palade, 1952).
They consist of two phospholipid bilayers: the outer mitochondrial
membrane (OMM) and the inner mitochondrial membrane (IMM), which
surround an intermembrane space (Palmer & Hall, 1972). The inner
membrane folds into structures called cristae which face the mitochondrial

I”

matrix, “the mitochondrial cytosol” (Figure 1). These inner membrane’s
cristae contain the essential components of the oxidative phosphorylation
(OXPHOS) system, which converts energy from food into adenosine
triphosphate (ATP) which can be used to drive various cellular activities. The
system consists of the electron transport chain (ETC), which translocate
protons across the inner membrane, and the ATP-synthase, which uses the
energy-rich proton gradient to generate ATP (Alberts et al., 2008; Lehninger,
1964). The OMM is permeable to ions and larger molecules whereas the
IMM is less permeable and functions as a chemical barrier, which allows the
formation of the electrochemical gradient needed for ATP synthesis (Liu et

al., 2020).

Outer membrane

Inner membrane

Cristae

Matrix

Intermembrane
space

Figure 1. The mitochondrion has an inner and an outer membrane separated by an
intermembrane space. The inner membrane is folded into cristae, which harbour the OXPHOS
system. Created with BioRender.com.
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Our understanding of mitochondria has changed over the years thanks to
improvements in live cell imaging, from static organelles to a dynamic
network that undergoes processes such as fission and fusion (Tilokani et al.,
2018). Fission is a process in which mitochondria split, whereas in fusion,
mitochondria merge (Sebastian & Zorzano, 2018). These processes ensure
the presence of mitochondria in cells undergoing cell division and the
regulation of mitochondrial homeostasis. The average number of
mitochondria per cell ranges from 100 to 1000, depending on the type of
tissue and their energetic needs, whereas each mitochondria contains 2-10
copies of mtDNA (Alberts et al., 2008; Filograna et al., 2021).

Most of the proteins found in mitochondria are nuclear-encoded, translated
in the cytosol and imported into mitochondria through two types of
translocation complexes. These complexes are the translocase of the outer
membrane complex (TOM) for the OMM and the translocase of the inner
membrane complex (TIM22/TIM23) for the IMM. Apart from their role in
translocation, these complexes also assist protein insertion and folding into
membranes (Schmidt et al., 2010).

Specific mitochondrial-targeting sequences (MTS) are usually found in the N-
terminal domain of proteins heading to mitochondria. A component of the
TOM complex, Tom70, interacts with the preprotein in complex with
chaperones (Rimmer et al., 2011). Once translocation is ongoing, the MTS is
proteolytically cleaved by the mitochondrial processing peptidase (MPP)
(Omura, 1998). The presence of an MTS is a strong indicator of the presence
of a protein inside mitochondria.

1.3. METABOLISM INSIDE MITOCHONDRIA

The main function of mitochondria is to ensure cell survival by “burning”
food carbohydrates, amino acids and fatty acids through several metabolic
pathways that end up in the generation of energy in form of ATP, the energy
currency of the cell (McBride et al., 2006). ATP was first isolated in vivo in
1929 and was soon linked to muscle contraction (Lehnartz, 1933), but later
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on it was realized that this molecule also served as a source of chemical
energy in other tissues. In 1937, ATP was finally linked to cell respiration and
described as the final product of the newly described OXPHOS process
(Kalckar, 1937). In 1964, Lehninger and colleagues found that enzymes
involved in the oxidation of fatty acids and in the citric acid cycle were
located in mitochondria and that these processes were linked to oxidative
phosphorylation and ATP production (Lehninger, 1964).

OXPHOS is responsible for the synthesis of most of the ATP in the cell, while
only a small fraction is directly generated by the catabolism of the food-
derived molecules. Without mitochondria and OXPHOS, cells would only rely
on the energetically inefficient cytosolic glycolysis pathway for satisfying the
cell’'s energy requirements. To activate OXPHOS in mitochondria, several
other metabolic pathways are necessary. The first step is to generate
activated electron-carriers, nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinucleotide (FADH). The majority of these carriers are
produced during the citric acid cycle or Krebs cycle, but smaller amounts are
also formed in other catabolic reactions such as glycolysis. The energy
released by the gradual catabolism of the metabolites is captured by NAD+
and FADH which are then activated as NADH and FADH; (Alberts et al., 2008).

Three catabolic pathways for breaking down food into metabolites are linked
to mitochondria: B-oxidation of fatty acids, glycolysis, and degradation of
amino acids. Whereas the catabolism of fatty acids and amino acids take
place already in the mitochondrial matrix (resulting in acetyl CoA, another
activated carrier), glycolysis takes place in the cytosol and produces
pyruvate, which will be imported into mitochondria through pyruvate
transporters like porins. In the matrix, pyruvate is converted into acetyl CoA
before entering oxidation through the citric acid cycle. Acetyl CoA is oxidized
to CO, through the self-regenerating citric acid cycle, producing three
molecules of NADH, one molecule of FADH; and one molecule of GTP (which
transfers its terminal phosphate group to adenosine diphosphate (ADP) to
form ATP) per cycle (Alberts et al., 2008).
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Cytoplasm Food-derived metabolites
Pyruvate Glucose  Fatty acids Amino acids

_____~
Glycolysis

FAD

NAD FADH,
+

+
2H*

Matrix

Pyruvate

v Fatt i
y acids
Acetyl CoA «—< Amino acids

Citric
acid
cycle

Figure 2. Overview of the OXPHOS system. The catabolism of food-derived metabolites
leads to the formation of Acetyl CoA, which enters the citric acid cycle, producing activated
e carriers, NADH and FADH,. The carriers donate energy-rich e- to the ETC which results in
the pumping of protons (H*) into the intermembrane space, creating an electrochemical
gradient. H* flow back into the matrix through the ATP synthase, which catalyses the
formation of ATP.

During OXPHOS (Figure 2), the produced NADH and FADH, transfer their
high-energy electrons (e’) to the ETC located in the IMM, whose function is
to transfer these electrons through four protein complexes to combine with
a molecule of breathing O, to form two molecules of water, while pumping
protons to the intermembrane space, generating a proton gradient across
the IMM. This proton gradient is harnessed by Complex V, ATP synthase,
which utilizes the energy-rich electrochemical gradient. A flux of protons
back to the matrix drives the ATP synthase and generates a rotary force in
the head of the enzyme which catalyses the formation of ATP from ADP and
an inorganic phosphate (P;) (Alberts et al., 2008; Kuhlbrandt, 2015).
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1.4 ORGANIZATION OF THE MITOCHONDRIAL
GENOME

Backin 1963, the first indications of the presence of DNA inside mitochondria
were obtained by EM (Nass & Nass, 1963). One year later, DNA was found in
yeast mitochondria by density gradient flotation experiments (Schatz et al.,
1964). Soon after, several groups started isolating mtDNA from different
animal tissues and realized that the molecule was about 5 um long and had
a circular, duplex conformation (Clayton et al., 1968; Van Bruggen et al.,
1966). This was a revolution, since the only known extranuclear DNA at the
time was that in chloroplasts (Chun et al., 1963).

D-loop
HSP
! CSBs 7S DNA R
S 2 A [T TEETEEE TR
|
L L TAS
LSP OriH
HSP(—\\r\ ,”
o ‘\ NCR il
L
LSP ™ OriH
(131) /
~
|| Human mtDNA
—_— 16,569 bp =
<%
OriL< \\ rRNA
(5721) I mRNA
/ | H tRNA

Figure 3. MtDNA overview, depicting all mRNAs, tRNAs and rRNAs and focusing on
the NCR and the D-loop. Kindly shared by Jennifer Uhler.
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The mtDNA was sequenced both in human and mouse (Anderson et al.,
1981; Bibb et al., 1981). The human mtDNA is a double-stranded DNA
(dsDNA) of 16569 base pairs (bp) (Figure 3). The two strands, heavy strand
(H-strand) and light strand (L-strand) have a different base composition
which allows them to be separated by density centrifugation in alkaline CsCl,
gradients (Berk & Clayton, 1974). The genome has a long non-coding region
(NCR) that contains regulatory elements, including the promoters for the
polycistronic transcription of each mtDNA strand (a heavy-strand promoter
(HSP) and a light-strand promoter (LSP)) and the origin of replication for the
H-strand (Ou). The origin of replication for the L-strand (O,) lies
approximately 11000 bp downstream of the NCR (Falkenberg, 2018).

MtDNA codes for 11 messenger RNAs (mRNAs), which are translated into 13
protein components of the OXPHOS; 22 transfer RNAs (tRNAs), needed for
the translation of the 11 mRNAs and 2 ribosomal RNAs (rRNAs) — one for the
small (SSU) and large (LSU) subunits of the mitochondrial ribosome
(Gustafsson et al., 2016). Transcription of mtDNA is polycistronic and the
mature transcript is produced by RNA processing. As originally suggested by
the “tRNA punctuation model”, rRNA and protein-coding genes are flanked
by tRNAs. During tRNA maturation, these tRNA regions are recognized and
cleaved, resulting in the release of the mRNAs and rRNAs (Ojala et al., 1981).
The 13 proteins encoded by mtDNA are all essential components of the
OXPHOS machinery. The remaining ~99% of proteins found in mitochondria
are nuclear-encoded, translated in the cytosol and later translocated into
mitochondria to perform their roles (Figure 4) (Calvo & Mootha, 2010). To
date, there are more than 1000 proteins reported to have a human
mitochondrial location according to MitoCarta, an online compendium of
mitochondrial proteins (Pagliarini et al., 2008; Rath et al., 2021).

In the matrix, mtDNA is associated with proteins related to mtDNA
maintenance, forming DNA-protein complexes denoted nucleoids (Garrido
et al., 2003). Mitochondrial transcription factor A (TFAM) is the main
structural protein of nucleoids. TFAM binds, bends and wraps DNA without
sequence specificity (Hallberg & Larsson, 2011). These 100 nm clustered
structures colocalize with the mitochondrial network, suggesting a confined
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space where replication, transcription and other processes related to mtDNA

maintenance take place in the matrix (Figure 4) (Kukat et al., 2011).

% e

Figure 4. Overview of the crosstalk between the nucleus and mitochondria. Nuclear-encoded
proteins are produced by cytosolic ribosomes, and they are imported into mitochondria,
where they can play different roles. MtDNA-encoded proteins are translated by
mitochondrial ribosomes and form part of the OXPHOS system which eventually, produces
ATP. Created with BioRender.com.

1.5 MITOCHONDRIAL DNA TRANSCRIPTION

Transcription is the process in which genetic information stored in the DNA
is converted into single-stranded RNA. RNAs encoded by mtDNA include
mRNAs, which will be read by ribosomes and translated into polypeptides,
which will fold into fully active proteins; tRNAs, which participate in the
translation process; and rRNAs, which are a part of the ribosome.

The enzymatic machinery for mtDNA transcription is structurally related to
that of the T7 bacteriophage and completely different from the nuclear
machinery (Masters et al., 1987). The mitochondrial transcription machinery
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is thus much simpler than the complex machinery found in the nucleus,
harbouring a single-subunit polymerase, and a reduced number of
transcription factors which suffice to initiate, elongate, and terminate the
process (Hillen et al., 2018).

Mitochondrial transcription is carefully regulated. The main protein is the
mitochondrial RNA polymerase (POLRMT) which takes charge of reading and
transcribing the DNA into a nascent RNA strand with a 5'-3' directionality.
However, similar to the situation in nuclear transcription, mitochondrial
transcription needs additional transcription factors to assist POLRMT in
initiation, elongation, and termination. During initiation, TFAM and
mitochondrial factor B2 (TFB2M) support promoter-specific transcription
and are required for mtDNA transcription to commence (Falkenberg et al.,
2002; Posse & Gustafsson, 2017). Once the transcription initiation complex
(IC) is formed and transcription has initiated, transcription elongation is
stimulated by the mitochondrial transcriptional elongation factor (TEFM)
(Minczuk et al., 2011; Posse et al., 2015). Termination of L-strand
transcription depends on the transcription termination factor MTERF1,
which specifically binds to a 28-bp region located downstream of 16S rRNA
(Asin-Cayuela et al.,, 2005; Kruse et al., 1989; Terzioglu et al., 2013;
Yakubovskaya et al., 2010).

1.5.1. MITOCHONDRIAL RNA POLYMERASE

POLRMT carries out mitochondrial transcription (Kelly & Lehman, 1986;
Tiranti et al., 1997). In contrast to nuclear transcription, which depends on a
number of specialized RNA polymerases, mitochondrial transcription only
depends on POLRMT (Turowski & Boguta, 2021). Whereas nuclear RNA
polymerases are multisubunit complexes, containing many different
proteins, POLRMT is a single-subunit polymerase, structurally related to the
T7 bacteriophage RNA polymerase (Masters et al., 1987).
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Structural studies of POLRMT have revealed several features of the protein
that are important for its function (Ringel et al., 2011). These features include
a C-terminal, catalytic domain as well as a preceding N-terminal domain,
which contains an AT-rich recognition loop used for promoter binding.
POLRMT also contains an N-terminal extension, which helps to direct
promoter specific transcription (Posse et al., 2014).

1.5.2. MITOCHONDRIAL TRANSCRIPTION FACTOR A

TFAM belongs to the high-mobility group (HMG) box family of proteins and
consists of two HMG boxes separated by a linker. TFAM also contains a C-
terminal tail region, required for stimulation of transcription initiation at
mitochondrial promoters (Fisher et al.,, 1992). Thanks to its HMG boxes,
TFAM can bind, wrap, and bend DNA without sequence specificity.
Mitochondria contain high levels of TFAM (about 1 TFAM molecule per 16 bp
of mtDNA), which can completely coat and package mtDNA into a
nucleoprotein complex, the nucleoid (Kukat et al., 2011; Shi et al., 2012). The
level of compaction depends on TFAM concentration, and highly compacted
nucleoids impede access to the replication and transcription machineries.
These observations suggest that the TFAM to mtDNA ratio may regulate the
number of active nucleoids and play an important regulatory role (Bruser et
al., 2021; Farge et al., 2014). The exact mechanism underlying TFAM levels
regulation remains unclear, but previous work has indicated that acetylation
and phosphorylation of the protein may play a role (King et al., 2018; Lu et
al., 2013), but the physiological relevance of these observations needs to be
established. Sequence-requirements for DNA binding have been addressed
in recent work, concluding that TFAM requires a minimal motif for sequence
recognition (Choi & Garcia-Diaz, 2022; Cuppari et al., 2019).

10
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Deletion of the Tfam gene in mice has shown that TFAM is essential for
mtDNA maintenance (Larsson et al., 1998). Conversely, increased expression
of Tfam results in higher levels of the TFAM protein and increased mtDNA
copy number (Ekstrand et al., 2004). In support of this notion, a disease-
causing mutant variant of TFAM, P178L, is associated with mtDNA depletion
and neonatal liver failure in affected patients (Mehmedovic et al., 2022;
Stiles et al., 2016).

1.5.3. MITOCHONDRIAL TRANSCRIPTION MODEL

TFAM also plays a key role in transcription initiation. The protein binds to a
high-affinity binding site located 16-39 bp upstream of the transcription start
site (TSS) at HSP and LSP. Structural work has demonstrated that TFAM
induces a sharp U-turn in promoter DNA and interacts directly with POLRMT,
helping to place the enzyme with its active site next to the TSS (Hillen et al.,
2017; Morozov et al., 2014; Ngo et al., 2011; Rubio-Cosials et al., 2011;
Yakubovskaya et al., 2014). The binding of TFAM and POLRMT provokes a
conformational change that enables the recruitment of TFB2M and the
formation of the IC (Figure 5) (Hillen et al., 2017; Posse et al., 2014; Shi et al.,
2012).

POLRMT
TFAM TFB2M

I_’ ‘\

®

Figure 5. Sequential model of the initiation of mtDNA transcription. 1) TFAM is recruited to
the promoter site and induces a 180° U-turn. 2) POLRMT is recruited and binds to the DNA in
the TSS upstream TFAM. 3) The binding of TFAM and POLRMT induces a conformational
change, which 4) enables the recruitment of TFB2M and the formation of the IC.

® ©) ®
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Once transcription is initiated, TFAM and TFB2M are released and TEFM is
recruited to form the elongation complex (Minczuk et al., 2011; Posse et al.,
2015). Structural evidence demonstrates that TEFM stabilizes POLRMT
interactions with the DNA template and prevents the collapse of the
transcription bubble (Hillen et al., 2017). TEFM is required for full-length
transcription and in its absence, the majority of transcripts are prematurely
terminated at conserved sequence box Il (CSBIl), a G-quadruplex forming
sequence located downstream of LSP (Pham et al., 2006; Posse et al., 2019;
P. H. Wanrooij et al., 2012; Wanrooij et al., 2010).

1.6 MITOCHONDRIAL DNA REPLICATION

MtDNA replication is carried out by a group of replication proteins, which are
not the same as those required for DNA replication in the nucleus (Figure 4).
Mitochondrial DNA polymerase y (POLy) is the polymerase responsible for
the synthesis of both H- and L-strand DNA and is essential for mtDNA
maintenance. Other DNA polymerases, including PrimPol, DNA polymerase
0, DNA polymerase B, and DNA polymerase { have been reported to have
mitochondrial isoforms and play a role in DNA repair (Garcia-Gomez et al.,
2013; Krasich & Copeland, 2017; Singh et al., 2015; Sykora et al., 2017,
Wisnovsky et al., 2016). However, these DNA polymerases are not crucial for
mtDNA maintenance and cannot substitute POLy in mtDNA replication.

A minimal mitochondrial replisome can be reconstituted with highly purified
factors in vitro. In isolation, POLy cannot use dsDNA as a template for DNA
synthesis. However, when the polymerase is combined with the helicase
TWINKLE, the two proteins form a processive replication machinery capable
of synthesizing stretches of ssDNA. Addition of the mitochondrial single-
stranded DNA binding protein (mtSSB) stimulates processivity and allows the
formation of genome-length replication products (Korhonen et al., 2004). To
initiate mtDNA synthesis, POLy needs a primer, which in mammalian
mitochondria is synthesized by POLRMT (Fuste et al., 2010; Wanrooij et al.,
2008).
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POLRMT

TWINKLE

J

mtSSB
Lagging strand \' N 5

Figure 6. Representation of the mitochondrial replisome acting on a DNA fork structure.
Primers for initiation of lagging strand DNA synthesis at O, are synthesized by POLRMT.
Created with BioRender.com.

1.6.1 MITOCHONDRIAL DNA POLYMERASE y

POLy is a heterotrimeric protein composed of a catalytic subunit,
mitochondrial DNA polymerase y A (POLyA) and a dimer of an accessory
subunit, mitochondrial DNA polymerase y B (POLyB) (Carrodeguas et al.,
1999; Farge et al., 2007; Gray & Wong, 1992). POLyA is genetically and
structurally related to the T7 bacteriophage DNA polymerase and shares
several domains, sharing many aspects of the molecular process (Gao et al.,
2019; Lee et al., 2009). In addition to its 5’-3' polymerase activity, POLYA has
a 3'-5' exonuclease proofreading activity. The exonuclease activity reverses
POLy directionality and excises the incorrectly added nucleotides. The ability
to switch between polymerase and exonuclease modes reduces its error rate
to about 1x10°%/bp. Mutations that abolish the exonuclease activity lead to
a gradual accumulation of mtDNA mutations and premature ageing
phenotypes in mice (Kujoth et al., 2005; Trifunovic et al., 2004). Loss of
exonuclease activity also impair proper mtDNA ligation. In contrast to wild
type (wt) POLy, the exonuclease deficient polymerase fails to stop once it
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reaches a downstream 5'-end. Instead, the enzyme continues into the dsDNA
region, creating a 5'-flap that is difficult to ligate (Macao et al., 2015).

The accessory subunit, POLyB, increases POLYA processivity and stability (Do
et al., 2020; Farge et al., 2007). Both POLYA and POLyB are essential for
mtDNA maintenance and embryonic development (Hance et al., 2005;
Humble et al., 2013; Longley et al., 2006).

Mutations affecting POLG, encoding POLyA, is the most common nuclear
cause of mitochondrial disease. To date, more than 300 different disease-
causing mutations have been identified, affecting different domains in the
protein. For instance, mutations affecting the interactions between the
accessory and the catalytic subunits result in poor polymerase activity and
POLyA stability (Chan et al.,, 2005; Silva-Pinheiro et al.,, 2021). As a
consequence of an impaired POLy function, patients may develop mtDNA
depletion or mtDNA deletion syndromes. Symptoms vary, but myopathy and
neurological manifestations are common (Rahman & Copeland, 2019). In
paper Il of this thesis, we perform a phenotypic and molecular
characterisation of A467T, the most common disease-causing mutation in
POLYA.

1.6.2. MITOCHONDRIAL DNA HELICASE (TWINKLE)

TWINKLE (T7 gp4-like protein with intramitochondrial nucleoid localization)
is a hexameric helicase required for mtDNA replication (Korhonen et al.,
2003; Spelbrink et al., 2001). The helicase was discovered while analysing a
mutated chromosomal region in patients suffering autosomal dominant
progressive external ophthalmoplegia (adPEO) (Spelbrink et al., 2001;
Zeviani et al., 1989). TWINKLE has 5'-3' helicase activity, which is stimulated
by mtSSB (Korhonen et al., 2003). The helicase can load onto circular DNA
without the need of accessory factors and support mtDNA replication (Jemt
et al, 2011).
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TWINKLE has a strong structural similarity to the phage T7 gene 4
primase/helicase (Holmlund et al., 2009). TWINKLE possesses a primase
domain, but important primase motifs, present in the T7 gp4 helicase and
bacterial and phage DnaG-like primases, are not conserved (Farge et al.,
2008; Shutt & Gray, 2006; Spelbrink et al., 2001). Consequently, TWINKLE
lacks a primase activity. In paper | of this thesis, we report a structural
analysis of several disease mutants that affect both oligomerization and
stability of TWINKLE (Peter et al., 2019).

1.6.3. MITOCHONDRIAL SINGLE-STRANDED DNA BINDING
PROTEIN

MtSSB is a 15-kDa protein which belongs to a family of single-stranded DNA
binding proteins whose roles include processes like replication, repair and
homologous recombination (Tiranti et al., 1993). The protein binds ssDNA as
tetramers formed by two dimers interacting head-to-head. The tetramer
interacts with ssDNA through four electropositive patches (Yang et al., 1997).
By binding ssDNA, mtSSB protects the ssDNA stretches, which are left naked
while mtDNA replication occurs, from nucleases and reactive oxygen species
(ROS) and prevents the formation of secondary structures that may hinder
POLy action. Recent work suggests mtSSB may also have a role in regulating
initiation of mtDNA synthesis. Loss of mtSSB causes an upregulation of full-
length transcription from LSP at the expense of DNA replication primer
formation (Jiang et al., 2021).

1.6.4. ADDITIONAL MTDNA REPLICATION PROTEINS

Additional proteins required for mtDNA replication, includes POLRMT, which
also acts as a primase by synthesizing the RNA primers used by POLy to
initiate replication at the two origins of replication, O_ and Oy (Fuste et al.,
2010; Wanrooij et al., 2008). Similar to mtSSB, POLRMT also influences the
switch between primer synthesis and full-length transcription (Kuhl et al.,
2016). Once replication is completed, catenated daughter molecules must
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be separated. This process is dependent on the mitochondrial isoform of
topoisomerase 3a (TOP3a), which recognizes a hemicatenane structure
formed close to Oy and separates the nascent mtDNA molecules (Nicholls et
al., 2018).

Termination of mtDNA replication also requires DNA ligase Ill (Lig3) and the
loss of this protein causes embryonic lethality and mtDNA depletion
(Lakshmipathy & Campbell, 1999; Puebla-Osorio et al., 2006). POLy is vital in
this process, as a deficient exonuclease activity might affect the idling
process that allows the formation of ligatable ends. As a result, the ligase will
not be able to close the nick in the nascent strand. In future rounds of
replication, this nick will impede lagging strand replication and will result in
double-strand breaks (DSBs), causing the formation of linear mtDNA
fragments (Macao et al., 2015).

1.6.5. MITOCHONDRIAL REPLICATION MODELS

The first model of mtDNA replication was proposed by Jerome Vinograd in
1972 (Kasamatsu et al., 1971; Robberson et al., 1972). The so-called strand-
displacement model was further corroborated and expanded by David A.
Clayton (Berk & Clayton, 1974). By analysing replication intermediates using
EM, Vinograd and co-workers came to the conclusion that the vast majority
of mitochondrial H-strand DNA synthesis events (about 95%) initiated at Oy
are prematurely terminated after about 650 nucleotides (nts) (Kasamatsu et
al., 1971). The nascent H-strand, termed 7S DNA, displaces the parental H-
strand, leading to the formation of a triplex structure called the displacement
loop (D-loop) (Nicholls & Minczuk, 2014).

The primers required for Oy activation are formed by transcription initiation
at LSP. The Ou-region contains three conserved sequence elements,
conserved sequence box |, Il and 11l (CSB I, CSB Il and CSB 111). CSB Il stimulates
premature transcription termination (Pham et al., 2006; P. H. Wanrooij et al.,
2012). Transcription termination is due to the formation of G-quadruplex
structures involving nascent RNA and non-template DNA, which creates a
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stable RNA-DNA hybrid (P. H. Wanrooij et al., 2012; Wanrooij et al., 2010).
RNAseH1 processing of this hybrid generates free 3’-ends which POLy can
use to initiate mtDNA replication (Al-Behadili et al., 2018; Posse et al., 2019).

During the initial phase of H-strand DNA synthesis, there is no simultaneous
L-strand DNA synthesis. Instead, the displaced parental H-strand is covered
by mtSSB, which blocks the access to POLRMT and prevents primer
formation (Figure 7) (Miralles Fuste et al., 2014; Wanrooij et al., 2008). Once
replication of the H-strand has progressed approximately to 60% of the
molecule length, the replication machinery passes O.. At this site, the
displaced, single-stranded parental H-strand folds and forms a stem-loop
structure (Martens & Clayton, 1979). This double-stranded stem prevents
mtSSB binding, while leaving a short stretch of ssDNA exposed in the loop
region. POLRMT recognizes the loop and initiates the synthesis of primers
needed to commence L-strand DNA synthesis (Miralles Fuste et al., 2010).
The sequence requirements for O, activity are a double-stranded stem
structure rich in pyrimidines and a single-stranded loop of at least 10 nts (S.
Wanrooij et al., 2012). Once L-strand synthesis is initiated, both H-strand and
L-strand DNA synthesis continues until they reach full circle.

Alternative models for mtDNA replication have also been proposed. One of
these models is called “Ribonucleotide incorporation throughout the lagging
strand” (RITOLS), which states that RNA molecules hybridize to the parental
displaced H-strand, acting as a lagging strand, which as replication advances,
are replaced by DNA (Yasukawa et al., 2006). However, the enzymatic
machinery responsible for this process has not been described. There are
also some incongruencies such as the presence of high levels of mtSSB and
the presence of RNAseH1, which are not fully compatible with the proposed
model (Reyes et al., 2013). In addition to RITOLS, there has been suggestions
of a backup replication mode called strand-coupled replication, but the
molecular basis for this mechanism remains obscure (Holt et al., 2000).
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Figure 7. Representation of the strand-displacement model for mtDNA replication. TWINKLE
(blue) opens unwinds dsDNA in front of POLy (purple), whereas mtSSB (green) binds and protects
the parental H-strand. Once the replication fork passes O,, POLRMT (orange) can synthesize RNA
primer and L-strand DNA synthesis starts. MtDNA replication proceeds until both strands are fully
replicated. Finally, once replication is complete, gaps are ligated and the newly formed mtDNA
molecules are separated by decatenation. Kindly shared by Jennifer Uhler.

1.7 MITOCHONDRIAL HOMEOSTASIS

Protein homeostasis is vital for the proper functioning of all the processes in
the cell and depends on chaperones which ensure proper folding and
proteases which remove damaged proteins. These activities are a part of the
protein quality control (PQC) system and in their absence, misfolded proteins
may form aggregates which disturb mitochondrial function (Voos, 2009).

In mammalian mitochondria, the two main proteases which play a key role
in this process are LONP1 and CLPXP. These proteins are AAA+ serine
proteases which are located as soluble proteins in the mitochondrial matrix
(Szczepanowska & Trifunovic, 2021). The large AAA+ (ATPases associated
with various cellular activities) family of proteases is characterised by the
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formation of oligomeric (mainly hexamers) structures and the presence of a
central pore through which its substrates are threaded. These proteases
share a conserved ATPase domain and undergo ATP-dependent
conformational changes. The AAA+ family includes not only proteases, but
also many other molecular machines, which transform the chemical energy
from ATP into mechanical force (Khan et al., 2021). The other protein studied
in this thesis, TWINKLE helicase, also belongs to this family.

AAA+ proteases degrade protein substrates into small peptides and harbor
three main activities: a proteolytic activity which takes place inside a
degradation chamber located in the head of the protein, a chaperone-like
activity that ensures that the substrates are unfolded and threaded as
polypeptides into the chamber and an ATPase activity which generates a
mechanical force that leads the polypeptides into the degradation chamber
(Gerdes et al., 2012). Sometimes, proteases also cooperate with dedicated
chaperones which provide the unfolded substrates for degradation, such as
mtHsp60 (mitochondrial heat shock protein 60 kDa) and mtHsp70
(mitochondrial heat shock protein 70 kDa) (Voos & Rottgers, 2002).
Chaperones are also required to correctly fold mitochondrial proteins into a
fully active conformation after they are translocated into mitochondria
(Figure 8).

The PQC system contributes to protein homeostasis in the cell under normal
and stress conditions, e.g. oxidative stress (Voos & Pollecker, 2020).
Defective proteins can activate a signaling cascade which causes a general
upregulation of the PQC system to counteract the potentially toxic
accumulation of unfolded proteins. The mechanism, referred to as unfolded
protein response (UPR), supposedly exists in mitochondria, but the exact
mechanisms remain unclear (Voos & Pollecker, 2020). Sometimes the UPR is
not enough to solve the accumulation of misfolded proteins which can
further aggregate and result in disease, like what we observe in Alzheimer
disease (Chapel et al., 1984). Therefore, protein levels in the cell need to be
tightly regulated, both to satisfy minimum levels for proper activity and to
limit overexpression and deleterious consequences due to accumulation of
proteins.
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Figure 8. Overview of the PQC system and mitochondrial homeostasis. Nuclear-encoded
proteins are translated in the cytosol and translocated inside mitochondria by recognition of
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their MTS by both TOM and TIM complexes. Imported polypeptides can either fold into
functional proteins with the help of chaperones or misfold, in which case, they will be
degraded by matrix soluble proteases or membrane-associated proteases (not shown) into
peptides. Created with BioRender.com.

1.7.1 LONP1

LONP1 is the main mitochondrial matrix protease and plays several roles in
mitochondria (Pinti et al., 2016). The protease was discovered more than 40
years ago in bacteria, originally known as La protease (Chung & Goldberg,
1981). More than 10 years later, a 100 kDa human homologue was reported
(Wang et al., 1993). LONP1 is crucial for proper mitochondrial function. Loss
of LONP1 results in early embryonic lethality in mice whereas its
overexpression results in proliferation of cancer cells (Quiros et al., 2014).
LONP1 is a homohexamer whose subunits are divided into a flexible N-
terminal domain, an a-helix neck region, an ATPase domain, and a
proteolytic domain (Kereiche et al., 2016; Shin et al., 2020; Valentin-Gesé et
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al., 2022). All these domains locate in the same subunit, in contrast to other
proteases such as CLPXP where the ATPase and proteolytic domains are
located in different subunits, requiring the formation of a heterooligomer
(Baker & Sauer, 2012). In CLPXP, the AAA+ ATPase CLPX forms a hexameric
ring, which associates with two heptameric rings of the CLPP peptidase. The
CLPX hexameric ring is required for ATP-dependent unfolding of the protein
substrate and translocation into the catalytic core of CLPP (Ripstein et al.,
2020).

As noted, LONP1 is an AAA+ protease and ATP hydrolysis within the hexamer
directs a coordinated substrate binding, denaturation, and introduction into
the proteolytic chamber for degradation (Figure 8). In this way, LONP1
prevents the accumulation of toxic aggregates of misfolded proteins
destabilized by e.g., mutations or oxidative damage. Another relevant role of
LONP1 is the regulation of mitochondrial gene expression by two different
mechanisms: first, by degrading MRPP3, the nuclease subunit of
mitochondrial RNAseP involved in early mitochondrial RNA processing
(Munch & Harper, 2016) and second, by degrading TFAM, therefore
controlling its levels and indirectly regulating mtDNA compaction and gene
expression (Matsushima et al., 2010) (Figure 9). Furthermore, it has also
been proposed that the phosphorylation of TFAM impairs mtDNA binding
and promotes LONP1 degradation (Lu et al., 2013). However, arguing against
a role in mtDNA level regulation, patients with disease-causing mutations
which impair LONP1 activity, display deficient OXPHOS and a loss of mtDNA
copy number (Peter et al., 2018). Clearly, the physiological role of LONP1 in
the regulation of TFAM levels need to be further investigated.

It has also been suggested that LONP1 can act as a chaperone, not only in
unfolding substrates prior to their degradation but also to fold newly
imported proteins and to assist the Hsp70 folding activity (Matsushima et al.,
2021; C. S. Shin et al., 2021). Some early studies also suggest that LONP1 has
the capacity to bind mtDNA (Liu et al., 2004; Lu et al., 2003).
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Mitochondrial
gene expression

Figure 9. Overview of how TFAM is controlling mtDNA compaction and therefore,
mitochondrial gene expression. The level of compaction of mtDNA determines if the
replication and transcription machinery can access TFAM-free mtDNA. LONP1 is
hypothesized to play a role in the control of TFAM levels, and indirectly in the control of
mitochondrial gene expression. Created with BioRender.com.

As a part of this thesis, we study the structure and function of LONP1. In
Paper Il, we demonstrate that POLyB protects POLyYA from LONP1
degradation. In this manner, LONP1 ensures that POLyA only exists in
complex with its accessory subunit. As a consequence, the disease-causing
A467T mutation, which impairs the binding of the accessory POLyB subunit
to POLYA causes a drop in POLyA levels. In Paper Ill, we report and analyse
structures of the human mitochondrial LONP1, with several insights into its
molecular function and regulation. In Paper IV, we report and characterise
new disease-causing mutations in LONP1.
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1.8 MITOCHONDRIAL DYSFUNCTION IN DISEASE
AND AGEING

Mitochondrial diseases are a heterogeneous group of disorders with a wide
spectrum of different phenotypes (Larsson & Clayton, 1995). In most cases,
the cause is an impaired function of the OXPHOS system, which results in
lower ATP production. The underlying defect can be a mutation in mtDNA
and the first such pathogenic mutations were discovered more than 30 years
ago (Holt et al., 1988). Mutations in the mtDNA can impair the activity of any
of its thirteen encoded proteins or affect tRNA or rRNA gene, impairing
mitochondrial translation (Hallberg & Larsson, 2014). Alternatively,
mitochondrial disease can be caused by mutations in nuclear genes encoding
proteins required for proper mitochondrial function. This second class
includes mutations in affected proteins involved in mitochondrial
homeostasis and DNA maintenance. Malfunction of these gene products
may in turn result in deletion or depletion of mtDNA (DiMauro, 2019).

Mitochondrial diseases often affect the central nervous system and skeletal
muscle. However, symptoms may also develop from other organs, including
heart, eye, kidney, and pancreas. As a result, the clinical manifestations can
be quite complex, affecting a wide spectrum of organ functions. Individual
mitochondrial diseases are quite rare, but as a group, they are surprisingly
common. Reports suggest an incidence of 1 in 4300 live births and a
prevalence of pathogenic mtDNA mutations of at least ~1:5000 among adults
(Gorman et al., 2015).

A distinct feature of mtDNA is that it is exclusively maternally inherited
(Kaneda et al., 1995; Ross et al., 2013). In addition, mtDNA does not appear
to undergo germline recombination (Hagstrom et al., 2014). As a result,
deleterious mutations may accumulate over time, following a model known
as the Muller’s ratchet effect (Muller, 1964). The accumulation of mtDNA
mutations has also been implied as a cause for biological ageing.
Experimental support for this theory came with the development of a mouse
model, the mutator mouse, with increased mtDNA mutation load (Ross et
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al., 2013; Trifunovic et al., 2004). This mutator mouse expresses a variant of
POLy which impairs the exonuclease activity required for proofreading
during mtDNA replication, which results in a progressive, random
accumulation of point mutations that affect the activity and stability of the
OXPHOS mtDNA-encoded subunits (Edgar & Trifunovic, 2009). As a result,
the mice develop premature ageing phenotypes. These findings were in
agreement with earlier work, which has linked mitochondria to ageing. For
instance, a reduction in the number of mitochondria and several
mitochondrial structural changes have been observed in ageing postmitotic
tissues (Edgar & Trifunovic, 2009). These structural changes include
alterations in cristae structure and enlargement of mitochondria (Wilson &
Franks, 1975).

An increase in ROS-modified proteins and a decrease in LONP1 levels have
also been observed in ageing mice (Bota et al., 2002). Interestingly, deletion
of the LONP1 homologue in yeast, Pim1, resulted in accelerated ageing of
yeast cells (Erjavec et al., 2013). However, LONP1 involvement in ageing
might also be indirect, e.g., by affecting the levels or quality of other proteins
directly contributing to the ageing process, such as POLy.
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2. AIM

The overall objective of this thesis is to characterise proteins involved in
mitochondrial DNA maintenance and protein homeostasis, from a
biochemical and a structural perspective. We also aim to understand how
disease-causing mutations affecting these proteins may disturb function and
cause phenotypes in patients. The specific aims of the different papers are
summarized below.

Paper I: To structurally characterise disease-causing mutations in the
mitochondrial helicase TWINKLE using negative-staining EM, aiming to link
impaired TWINKLE activities with altered oligomeric properties.

Paper ll: To explore the functional and biochemical consequences of A467T,
a common disease-causing mutation in POLyA. The work aims to establish a
mouse model for this mutation and to explore the effects of A467T on
protein stability. The work also aims to elucidate the role of LONP1 in
degradation of mutant forms of POLYA.

Paper lll: To establish the molecular basis for LONP1’s ability to recognize
and degrade substrates, and to establish the role of ATP hydrolysis in this
process. To this end, we aim to use biochemistry and cryoEM to obtain a
detailed structure-function understanding of human LONP1.

Paper IV: To characterise, both clinically and biochemically, two novel
disease-causing mutations in the N-terminal domain of LONP1, with the aim
of understanding the molecular basis for the disease phenotypes caused by
these mutations.
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3. RESULTS

3.1 Paper | “Structural basis for adPEO-causing mutations
in the mitochondrial TWINKLE helicase”

TWINKLE is the mitochondrial helicase that unwinds dsDNA and supports
replication by POLy (Korhonen et al., 2003; Spelbrink et al., 2001). There have
been many reported mutations in the TWINKLE protein that affect both its
helicase and NTP hydrolysis activities (Korhonen et al., 2008). These
mutations cause a neuromuscular disorder known as adPEO (Zeviani et al.,
1989). The molecular basis of these mutations was not known and, by using
negative-staining EM, we structurally characterised mutant versions of
TWINKLE to provide new insight on their molecular defects. We obtained a
2D classification of particles and could see defects in oligomerization and ring
closure without needing to build a 3D reconstruction.

Figure 10. TWINKLE undergoes conformational changes upon
NTP binding, going from an NTP-free open ring to an NTP-bound

closed ring. From (Peter et al., 2019).
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First, we observed the formation of intermediates in wt TWINKLE upon NTP
binding from an open protein structure to a closed one (Figure 10). We also
calculated that 60% of wt TWINKLE particles form hexamers and a 40% form
heptamers, which suggests the number of subunits might vary over the
replication process.

Second, we were able to classify the analysed mutants into two different
groups according to the location of the residues:

e Mutations in the linker region (S369P and L381P).

e Mutations in the primase domain (W315L, R334Q and P335L).

S369P and L381L are located in the flexible linker region, which faces the
adjacent subunit, thus serving as a connection between subunits. These
mutations led to an accumulation of broken rings (Figure 11, bottom part)
and a severe reduction or total loss of ATPase activity respectively.

W315L R334Q P335L

Heptamers

‘

Hexamers Heptamers
S369P

Bkl

Figure 11. TWINKLE mutations result in either, different oligomerization or
in flexibility loss and open rings. From (Peter et al., 2019).
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W315L, R334Q and P335L are found in an electropositive cleft in the primase
domain, thus thought to be important for DNA binding (Figure 11, top part).
W315L had indeed, a defect in binding ssDNA and a preference to form
heptamers (87%). R334Q showed diffuse and disorganized rings while
keeping a similar ratio of hexamers:heptamers as wt TWINKLE, and only
showing a mild effect on activity. P335L showed a high variation in
oligomerization, forming from hexamers (5%) up to nonamers, with a strong
impairment of helicase and ATPase activities.

To sum up, these results prove that structural defects such as
oligomerization defects or broken rings, caused by mutations in both linker
and primase domains of TWINKLE, can be a primary cause of adPEO and
other mitochondrial pathologies.
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3.2 Paper Il “DNA polymerase gamma mutations that
impair holoenzyme stability cause catalytic subunit
depletion”

In this paper, we analysed the most common mitochondrial disease-causing
mutation, the A467T variant in POLyA, both in vivo and in vitro. The lack of in
vivo models has impeded a broader understanding of the pathogenesis

behind this mutation, but we developed a Polg?*+°7/A44T

murine model (mice
equivalent version of the human A467T mutation) which displayed impaired
mtDNA replication. Our murine model showed increased replication
intermediates and low levels of 7S DNA as well as impaired mtDNA recovery
after induced depletion. Surprisingly, the mice showed a milder phenotype
than the human patients, without any clear age-related phenotypes nor

reduced lifespans.

Our in vitro analysis of A449T POLyA showed a decrease in polymerase and
exonuclease activities. In addition, protein levels in mice tissues were
reduced in comparison to wt controls. We also observed that A449T POLyA
was unstable in the absence of POLyB and became stabilized upon POLyB
binding. By size-exclusion chromatography we observed a defective binding
of POLyB to A449T POLyA. Therefore, reduced interactions between the two
subunits could likely explain the reduced levels of A449T POLyA observed in
mice tissues. We hypothesized that LONP1 could be the protein responsible
for degradation of A449T POLYA in vivo. We therefore tested LONP1's ability
to degrade purified proteins in vitro. These assays showed that POLyA is
degraded by LONP1 but upon POLyB binding, it is protected from
degradation. A mutation like A449T that affects POLyB binding and complex
formation, will therefore leave POLyA exposed to LONP1 degradation.

We further confirmed these observations in vivo, both knocking down LONP1
in Hela cells with a small-interference RNA (siRNA), and in a LonP1 heart
knock-out, both resulting in a decent increase in POLYA levels, confirming
also in vivo the observations made with in vitro purified proteins.
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Based on our findings, we proposed a model in which POLyB binds POLyA to
stabilize it and enhance its activities. POLyB binding can be affected by
mutations such as A467T, resulting in the destabilization of the complex and
degradation by LONP1, causing reduced mtDNA replication and mtDNA
levels (Figure 12).
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Figure 12. Overview of the stability mechanism of POLyA and POLyB both in wt and
mutant conditions. Impaired binding by POLyB results in degradation of POLyA by
LONP1 and therefore, reduced mtDNA levels.
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3.3 Paper lll “A dual allosteric pathway drives human

mitochondrial Lon”

In this paper, we establish three high-resolution cryoEM structures of human
mitochondrial LONP1 to illustrate its mechanism: a substrate-bound LONP1
structure (Lon®t), an Apo structure (Lon**°) and a covalent complex structure
(Lon*®%®4) Together with biochemical data on desighed mutant versions of
LONP1, we provide new information on the regulated mechanism of this
protease.

In the Lon*t structure, we observed six-fold symmetry in the protease
domain and that the ATPase domain was tilted relative to the central axis of
the hexamer. We also observed that three of the nucleotide-binding sites
were ATP-bound, with a fourth site involved in active ATP hydrolysis and the
other two binding ADP.

We also obtained good resolution data for the neck region, which acts as a
hinge between the a-helices of opposite subunits (P1 and P4, P2 and P5, P3
and P6), connecting them and acting as a regulatory (connects rigid body
movements from the ATPase to the N-terminal domain) and structural
(supporting the assembly and stability of the hexamer) feature. The a-helices
of P2, P4 and P6 form a neck pore through which the substrate is threaded
into the head of the protein. Once the substrate has threaded through the
pore, it is translocated by some pore loops, up to the proteolytic chamber in
a hand-over-hand model which has been attributed to other AAA+ ATPases,
such as YME1 (Puchades et al., 2017) or CLPXP (Ripstein et al., 2020).

The Lon??° structure showed that, in absence of substrate, all subunits are
ADP-bound. The Lon*®%" structure allowed us to trap the substrate in the
proteolytic active site by mutating one of the residues of the catalytic dyad.
By forming a covalent complex with the substrate, we could visualize it in the
structure. We observed that only one active site is occupied with the
substrate, confirming the existence of a regulatory mechanism that allows
coordinated degradation of substrates.
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Our structures confirm several of the mechanisms proposed in other studies,
while avoiding the use of Walker A and B helix mutations or catalytically-
dead variants which are usually used in these studies (Shin et al., 2020; M.
Shin et al., 2021). Another difference is their use of a shortened N-terminal
domain protein version (115-959) compared to our 68-959 version. This was
based on a mass spectrometry analysis which proved the reported MTS was
miscalculated (Vaca Jacome et al.,, 2015). Also, in order to switch to
proteolytic active conformations, previous studies have used inhibitors (M.
Shin et al., 2021). Therefore, we present native structures of LONP1. And
most important, we provide structural information on the neck region and
the formation of the entrance pore. Overall, this paper provides new
structural information which increases our understanding of LONP1
mechanism.
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3.4 Paper IV “Novel mutations in the substrate binding
domain of the mitochondrial matrix protease LONP1 are a
cause of mitochondrial disease”

As mentioned above, LONP1 is the main mitochondrial protease and several
mutations have been reported to date (Besse et al., 2020; Dikoglu et al.,
2015; Hannah-Shmouni et al., 2019; Inui et al., 2017; Khan & AlBakri, 2018;
Nimmo et al., 2019; Peter et al., 2018; Strauss et al., 2015). Most of these
mutations have been related to multiple congenital anomalies syndrome
characterised by Cerebral, Ocular, Dental, Auricular and Skeletal anomalies
(CODAS syndrome) and mostly localized in the ATPase and proteolytic
domain. In this manuscript we reported two patients suffering mutations in
the N-terminal domain of LONP1, in an area where no mutations had been
previously reported. The N-terminal domain has been suggested to be
involved in substrate binding and its entrance into the proteolytic chamber
as a polypeptide. However, this region is very flexible and high-resolution
structures have not been published with the exception of structures of the
isolated N-terminal domain in E.coli (Li et al., 2005) or B. subtilis (Duman &
Lowe, 2010).

Patient 1 was compound heterozygous for mutations c.365 C>T, p.Pro122Leu
(paternal) and ¢.1908 C>G, p.lle636Met (maternal), whereas Patient 2 was
homozygous for mutation c¢.374C>T, p.Prol25Leu. By using in vitro
experiments with purified recombinant LONP1 proteins we observed an
increased ATPase activity coupled with a defective proteolytic activity,
suggesting an impairment in substrate binding and degradation. In
experiments with patient derived primary dermal fibroblasts, we observed a
decrease in LONP1 levels and mtDNA copy number for Patient 1 and a
marked decrease in Complex | levels in both patients with impaired complex
activities, suggesting a dysregulation in OXPHOS.
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4. CONCLUDING REMARKS

LONP1 has proven to be a central player in mitochondrial homeostasis, with
several roles in protein quality control, stress response and mitochondrial
gene expression. During this thesis work, we have shed light on the
molecular mechanisms of LONP1 function and its role in mitochondria.
Nevertheless, given the complexity of mitochondrial proteolysis and the
highly controlled and layered regulation of mitochondrial gene expression,
there are many uncertainties and further pathways to unveil. As discussed
above, LONP1 has been reported to have an effect on TFAM levels and
thereby influence mtDNA maintenance and copy number control. However,
many aspects of the regulation are not understood. Even if we here observe
LONP1-dependent degradation of TFAM in vitro, we have yet to obtain solid
proof for LONP1-dependent control of physiological TFAM levels in cells and
tissues. We also need to determine if there are other mitochondrial factors
needed for proper regulation of TFAM levels. Can other proteases
complement or substitute LONP1 in this process?

We would also like to investigate how LONP1 recognizes specific protein
substrates. Which are the structural requirements for substrate recognition
and subsequent degradation by LONP1? Some proteases have been reported
to follow a sequence-recognition pattern (Rampello & Glynn, 2017) whereas
other might just recognize a specific secondary structure or unfolded
exposed area (Tzeng et al.,, 2021). One previous report suggested that
phosphorylation of TFAM may act as a signal for LONP1 degradation (Lu et
al., 2013), but we have constantly observed degradation without any
phosphorylation. LONP1-mediated regulation of TFAM levels in
mitochondria could happen right after its import into mitochondria,
impeding its binding to mtDNA. One could speculate that LONP1 levels are
regulated in response to the metabolic needs of the cell, since the protein
may affect TFAM levels and, as a consequence, mitochondrial gene
expression. However, it remains to be established if such regulatory
pathways exists.
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In addition to our structures of LONP1 in Paper Il, several other LONP1 (both
bacterial and human) structures have recently been published (Lin et al.,
2016; Shin et al., 2020; M. Shin et al., 2021). All of them, lacking information
of the N-terminal domain, so we miss important aspects of LONP1 function,
including information about how the protein recognizes its substrates, how
substrate denaturation occurs, and how substrates are transferred into the
proteolytical chamber as unstructured polypeptides. Future structural
analysis should be focused at developing means to reduce local flexibility in
the N-terminal domain, with the goal to obtain structural information on
substrate binding in a similar way as we do in Paper Il with the K898A
mutation in the active site. In paper IV, we report two novel LONP1
mutations, the first ones reported in the N-terminal domain. Unfortunately,
none of the structures published can provide high-resolution information on
this area which could complement our observations. Structural information
could provide crucial insights into the disease-causing mechanisms.

Further studies of LONP1, both functional and structural, and a more
comprehensive understanding of how LONP1-mediated degradation occurs,
may in the future lead to new therapies. Small compounds that modulate
LONP1 activity may be useful for treating disease caused by mutations on
LONP1 or disease-causing mutations in substrates of LONP1 (such as POLyA
mutations). The design and characterisation of inhibitor compounds for
LONP1 has attracted interest lately (Kingsley et al., 2021; M. Shin et al., 2021)
and could also be used in therapies for LONP1-overexpressing cancer cells
(Quiros et al., 2014).
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