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ABSTRACT

The mitochondrion is the powerhouse of the eukaryotic cell. Most of the energy required to
carry out cellular processes is generated inside mitochondria via the process of oxidative
phosphorylation. The machinery required for oxidative phosphorylation is encoded by both
the nuclear and the mitochondrial genome. The cellular energy production will thus collapse
in the absence of mitochondrial gene expression. The mitochondrial RNA polymerase,
POLRMT, together with two transcription factors, TFAM and TFB2m, initiate mitochondrial
transcription. However, the exact mechanistic details of mitochondrial-transcription initiation
are unclear. Furthermore, the transcription by POLRMT is non-processive, and it prematurely
terminates after 150 nucleotides in a conserved sequence block region, CSBII. This indicates
that accessory factors are required for a complete transcription event.

In Paper I, we investigated the transcription initiation in mitochondria and proposed a model.
In addition, we were able to demonstrate that an N-terminal extension (NTE) in POLRMT
plays a role in the transition from the initiation to the elongation phase, possibly by
undergoing a conformational change. Upon the deletion of NTE, the POLRMT is
hyperactive, and together with TFB2m, it can carry out non-specific transcription events.
Thus, we conclude that the NTE is necessary for promoter-specific transcription initiation.
Once the transcription is initiated, the POLRMT enters the elongation phase.

In Paper II, we were able to characterize the in-vitro role of a transcription-elongation factor,
TEFM. TEFM increases the processivity of the POLRMT by allowing it to bypass road
blocks, such as the CSBII, and DNA lesions, such as apurinic or apyrimidinic sites. We
furthermore suggested that TEFM may be involved in the regulation of mitochondrial
transcription and replication in mammalian mitochondria.

For mitochondrial homeostasis, the integrity of proteins in the mitochondrial matrix must be
maintained, and this is achieved through the mitochondrial protein quality control (PQC)
system. Lon is the major mitochondrial matrix protease and is essential for mitochondrial
PQC. Lon belongs to the AAA+-protease family and is a homo-hexamer that uses energy
from ATP hydrolysis to recognize, bind, and translocate its substrate into a proteolytic
chamber.

In Paper III, we presented the structure of a full-length human mitochondrial Lon determined
by single-particle cryo-EM to a resolution of 3.6 A. We showed that the human Lon, in its
ADP-bound form, has its six protomers arranged in an open helical conformation with an 8 A
translational shift. The highly flexible N-terminal domains of every first and fourth protomer
dimerizes, thereby giving rise to a unique arrangement that strengthens the oligomerization.
At the same time, the arrangement provides new structural motifs for inter-protomer
communication. Based on our analysis, we propose a hand-over-hand model, using three
protomers, for substrate translocation by Lon, and our results can be generalized to the broad
family of LonA AAA+ proteases.

Keywords: Mitochondria, mtDNA, transcription, protein quality control, Lon, AAA+,
cryoEM
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SAMMANFATTNING PA SVENSKA

Mitokondrierna dr den eukaryota cellens kraftcentral. Storre delen av den energi som anvinds
1 den eukaryota cellen genereras frin den ATP som produceras i mitokondrier med hjélp av
oxidativ phosphorylering. Det proteinmaskineri som kravs for oxidativ fosforylering kodas i
bade mitokondriegenomet och i kdrngenomet. Den oxidativa fosforyleringen och dirigenom
energiproduktionen kollapsar i frdnvaro av mitokondriellt genuttryck. Det mitokondriella
RNA-polymeraset, POLRMT, i komplex med tva transkriptionsfaktorer, TFAM och TFB2m
erfordras for initiering av mitokondriell transkription. De mekanistiska detaljerna for
mitokondriell transkriptionsinitiering har dock lange varit oklara. Vidare har det visat sig att
transkriptionen av POLRMT ér icke-processiv och avslutas i1 fortid efter 150 nukleotider vid
en konserverad sekvensblockregion, CSBIIL. Detta indikerade att ytterliggare proteiner kravs
for att fa ett komplett mitokondriellt transkript.

I arbete I kunde vi demonstrera sammansittningsordningen for det mitokondriella
transkriptionsinitieringsmaskineriet och foresld en modell for transkriptionsinitiering.
Dessutom kunde vi visa att en N-terminal extension (NTE) spelar en stor roll vid dvergangen
fran initieringsfasen till elongeringsfasen, eventuellt genom att genomgd en
konformationsférdndring. Vid borttagning av NTE blir komplexet POLRMT-TFB2m
hyperaktivt och transkriberar icke-specifikt. Sdledes visar vi att NTE &r ndodvéindigt for
promotorspecifik transkriptionsinitiering. Nér transkriptionen vil har initieras, gir POLRMT
in 1 elongeringsfasen.

I arbete II bestdimde vi in vitro-rollen for en transkriptionselongeringsfaktor, TEFM. TEFM
okar POLRMTs processivitet genom att mdjliggora transkription dver CSBII och forbi DNA-
fordndringar sdsom apuriniska eller apyrimidiniska lesioner. Vi foreslog dessutom att TEFM
kan vara involverad i reglering av mitokondriell transkription och eventuellt indirekt dven
replikation i ddggdjursmitokondrier.

For att bibehdlla mitokondriell homeostas mdste proteinerna i mitokondriematrix vara
funktionella och detta uppnas genom det mitokondriella proteinkvalitetskontrollsystemet
(PQC). Humant mitokondriellt Lon dr det huvudsakliga mitokondriella matrisproteaset och
Lon &r vésentlig for mitokondriell PQC. Lon tillhdr AAA+-proteasfamiljen och dr en homo-
hexamer som anvénder energi frdn ATP-hydrolys for att kdnna igen, binda och translokera
substrat in i en proteolytisk kammare.

I arbete III beskriver vi strukturen av humant mitokondriellt Lon. Strukturen ir bestimd med
hjilp av s.k. singelpartikelkryoelektronmikroskopiteknik till en uppldsning av 3,6 A. Vi visar
att humant Lon, i sin ADP-bundna form, har sina sex protomerer anordnade i en Oppen
spiralformad konformation med en 8 A translation. De vildigt flexibla N-terminala
doménerna hos den forsta och sista protomeren dimeriserar och ger darigenom upphov till ett
unikt arrangemang som stdrker oligomeriseringen och kommunikationen mellan
protomererna. Baserat pd véar analys fOreslar vi att den Lon-katalyserade
substratnedbrytningen foljer en s.k. hand-over-hand-modell, med tre protomerer, och véra
resultat kan generaliseras till den breda familjen av LonA AAA+-proteaser.

Nyckelord: Mitokondrier, mtDNA, transkription, kvalitetskontroll, Lon, AAA+, cryoEM
ISBN: 978-91-7831-270-2
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1 INTRODUCTION TO MITOCHONDRIA

The mitochondrion works not only as the ATP producer for eukaryotic cells but also plays an
important role in many other cellular functions, including oxidation of fatty acids,
biosynthesis of amino acids and heme, apoptosis, signal transduction pathways, and pathogen
sensing. Due to the diverse roles played by the mitochondrion, a variety of metabolic,
genetic, and age-related diseases have been linked to mitochondrial disfunction. For this
reason, a deeper understanding of the expression and regulation of mitochondrial gene
expression is of immense importance for highlighting its role in basic human biology (Ngo
and Davies, 2007).

1.1 ORIGIN OF MITOCHONDRIA

Many different names like fila, korn, chondros, grains, faden, mito (filaments) were attributed
by the microscopists in the early 1850’s to the organelle that we now call mitochondria
(Lehninger, 1965).

Finally, the term mitochondria was coined by Benda in 1898 (Scheduler, 2008). Two
hypotheses were put forward to explain the origin of mitochondria. First, the autogenous
origin hypothesis (direct filiation), which proposes that intracellular compartmentalization
and functional specialization in a single eukaryotic cell resulted in a separate organelle i.e.,
the mitochondria. The second model states that around 1.6 billion years ago, the symbiotic
relationship between a proto-eukaryotic cell and primitive prokaryotic cell (alpha-
proteobacteria), capable of oxidative phosphorylation gave rise to mitochondria (Andersson
et al., 2003; Gray et al., 1999). This symbiotic relationship equipped the modern eukaryotic
cell with aerobic respiration capability (Gray et al., 1999). The discovery of a separate
genome in mitochondria (Nass and Nass, 1963) supported the second model. However,
during the course of evolution, only 15% of the modern mitochondrial genome can be traced
back to its ancestral bacterial endosymbiont (Tsukihara et al., 1996). The mitochondria were
initially linked to the transmission of genetic information, while it took almost 30-40 years of
intense biochemical studies to characterize the main mitochondrial role as the ‘powerhouse of
cell'. Subsequent research highlighted its role in many other cellular processes like oxidation
of fatty acids, biosynthesis of amino acids and heme, apoptosis, signal transduction pathways,
and pathogen sensing (Polo et al., 2017).

1.2 STRUCTURE OF MITOCHONDRIA

Mitochondria have an inner and an outer membrane. The outer membrane makes a boundary
wall, surrounding the whole mitochondria and the inner membrane convolutes to form finger-
like projections that penetrate deep into the matrix and are known as cristae (Figure 1). These
cristac were first observed by Palade and Sjostrand in 1950s (Palade, 1952; Sjostrand, 1953).

The outer membrane contains pore-forming proteins, porins that allow the free movement of
uncharged molecules smaller than 5 kDa, while larger molecules are transported across the
membrane through a group of assisting proteins called translocases. The presence of porins in



the outer membrane results in a minimal potential across the outer membrane area (De Pinto
and Palmieri, 1992; Mannella, 1992). On the other hand, the inner membrane has a relatively
high proportion of cardiolipin, which makes it impermeable to hydrophilic molecules.
Thereby, special transport channels are required to regulate the transport of ion/molecules and
metabolites over the inner membrane (Walther and Rapaport, 2009). This ion selectivity in
the inner membrane enables the development of an electrochemical membrane potential of
about 180 mV across the inner mitochondrial membrane area (Kiihlbrandt, 2015) that can
then use to drive ATP-synthesis through the action of ATP-synthase. Other than hosting
special transporters, the inner mitochondrial membrane is studded with various proteins
involved in the electron-transport chain and in ATP-synthesis (Palmer and Hall, 1972). The
inner membrane surrounds the mitochondrial matrix that contains the enzymes involved in
pathways for the oxidation of food i.e., the citric acid cycle, B-oxidation of fatty acids and the
amino-acid metabolic pathways (Berg et al., 2012). In addition to this, the mitochondrial
DNA and the machinery required for its replication, transcription, and translation is also
present in the matrix. According to one estimate, the mitochondrial matrix has a protein
concentration of up to 500 mg/ml which is equivalent to that in protein crystals (Kiihlbrandt,
2015).

Outer membrane

Inner membrane

Matrix

Crista

Inter membrane
space

Figure 1: Schematic representation of Mitochondria.

1.3 MITOCHONDRIAL BIOGENESIS

Early electron-microscope studies showed that mitochondria were sausage shaped,
approximately 3-4 um long and 1 pum wide. The number of mitochondria per cell varies from
cell to cell generally depending on the activity and energy demand of the cell type. For
example, a typical mammalian hepatocyte contains up to 1000-2000 mitochondria (Berg et
al., 2012), occupying about 20% of cell volume. However, mitochondria are highly dynamic
organelles that are continuously undergoing fission and fusion, hence the traditional approach
of considering the mitochondrion as a single sausage-shaped unit is somewhat misleading.
Therefore, the term used to describe the mitochondria in cells should rather be mitochondrial
network instead of discussing them as individual units (Chan et al., 2004; Chen and Chan,
2004; Shaw and Nunnari, 2002). Mitochondrial fusion allows a homogenous distribution of
proteins, metabolites, and mtDNA in the mitochondrial network of the cell. Mitochondrial
fission allows an increase in mitochondrial mass in times of high-energy demands. Both



mechanisms contribute to the quality control of mitochondria where fusion allows the
complementation of damaged components while fission allows sorting that may lead to the
removal of damaged molecules through mitophagy (Baker et al., 2011).

1.4 METABOLISM IN MITOCHONDRIA

The mitochondrion is known as the ‘powerhouse of the cell’ due to its central role in
producing ATP, the major energy currency of the cell. In the absence of mitochondria, cells
are dependent on anaerobic respiration/glycolysis to generate all the required ATP. In
anaerobic glycolysis, one glucose molecule generates only a net of 2 ATP molecules. In
contrast, using mitochondrial respiration one glucose molecule yields 32 ATP molecules. The
ATP is exported from mitochondria and is provided to all energy requiring reactions of the
cell. The mitochondrial matrix, houses a plethora of enzymes required for the oxidation of
fatty acids, carbohydrates, and amino acids. This process generates high-energy electron
carriers such as NADH and FADH; (Figure 2) that then, in turn, transfer the electrons to the

electron-transport chain.

Outer
\ mitochondrial
| membrane

Cytosol f
|
|

Anaerobic glycolysis

Glucose

) ) |
\ Matrix // : Inner
= =z | mitochondrial
membrane
Inter membrane space

Figure 2: Schematic representation of the ATP-production pathway in Mitochondria.

The electrons are transported through a series of four respiratory complexes embedded in the
inner membrane to their final electron acceptor, oxygen. While the electrons move through
the electron-transport chain, protons are pumped into the intermembrane space to create a
mitochondrial membrane potential (AW) gradient. Finally, to balance out the gradient, protons
are channeled into the mitochondrial matrix through a rotor-type ATP synthase. This
movement of protons induces conformational changes in the active site of ATP synthase and
catalyze the conversion of ADP and P; into ATP (Berg et al., 2012).

1.5 TRANSPORT TO MITOCHONDRIA

Human mitochondria require almost 1500 proteins and only 13 of them are mitochondrially
encoded. All the remaining proteins are encoded by the nuclear DNA, translated by the
cytosolic ribosomes and transferred to the mitochondria (Meisinger et al., 2008). Generally,
the proteins destined for mitochondria have a basic N-terminal targeting sequence known as
mitochondrial-targeting sequence (MTS), which is cleaved off after the protein enters the
mitochondria. The translocation of the targeted proteins is carried out by the dynamic super



complexes formed by translocases of the outer membrane (TOM) and translocases of inner
membrane (TIM) as seen by for example electron cryotomography (cryo-ET) (Gold et al.,
2014). These two protein complexes span the intermembrane space and connect. Once the
protein is delivered into the mitochondrial matrix. The tag is cleaved off and the protein is
folded further by chaperones to function properly.

1.6 THE MITOCHONDRIAL GENOME

The human Mitochondrial DNA (mtDNA) is a small circular molecule made up of almost 17
kbp (16568 base pairs) (Bogenhagen and Clayton, 1974). mtDNA is relatively compact as
compared to its bacterial ancestor (Andersson et al., 2003). One of the two strands is rich in
guanines and the strands can be separated from each other in CsCl, gradient thereby, giving
rise to the names heavy strand (H-S) and light strand (L-S) (Battey and Clayton, 1978). The
genetic information is distributed on both strands and encodes 13 mRNAs, 22 tRNAs and two
rRNAs (Anderson et al., 1981) (Figure 3).

HSP2 Hspy

_-, Human mtDNA

15,569 bp

e
coxil K ATpase8 .

Figure 3: Color-coded schematic representation of human mtDNA. The transcription start site, TSS of the
promoters present on their respective strands are represented by thick arrows pointing in the direction of the
transcription. The transcript formed is represented by dotted line. The non-coding regions are represented in grey
color while the regions coding for rRNA, mRNA and tRNA are shown in cyan, pink and red respectively.

There are two non-coding regions, one large and one small, located almost two-third parts
away from the first one. The large non-coding region, NCR known as the control region is
variable in different species but contains conserved patches of sequences. It has the promoter
sequences for transcription, three conserved-sequence block regions, the origin of replication
for the H-strand and a termination-associated sequence, TAS (Shadel and Clayton, 1997).
Each strand has its own promoter, namely L-strand promoter, LSP and H-strand promoter,
HSP and both are present in the NCR but transcribe in opposite directions giving rise to
bidirectional transcription. (Montoya et al., 1982). Transcription from LSP is also responsible
to produce a primer for replication of the H-strand (Chang and Clayton, 1985; Pham et al.,
2006; Wong and Clayton, 1985). Another feature is a three-strand structure formed in this



region, called D-loop. Replication from OriH often undergoes premature termination giving
rise to a sSDNA, referred to as 7S DNA. This 7S DNA often remains attach to the strand
resulting in a three-stranded structure called as Displacement loop or D-loop (Figure 4).

D-Loop TAS

HSP2 HSP1
5’| | CSBIII CSBII CSBI g | \ 3’
5 7S DNA 3’ B H-strand
FEEEEEEEEEr eyl
1111
] L-strand
3 F 5
LSP Orif
(+1)

Figure 4:Schematic representation of the D-loop region of human mtDNA. The TSS of LSP, HSP1 and HSP2
are marked by thick arrows. The origin of replication of the H-strand, OriH is marked by dotted line. The CSB
region and 7S DNA are marked in orange and light blue, respectively.

The second non-coding region is located almost 11,000 bp downstream of HSP (Falkenberg,
2018), and contains the replication of origin for the L-strand, OriL (Shadel and Clayton,
1997). The process of replication and transcription are discussed further in Chapter 2 and 3,
respectively. Furthermore, the tRNAs of mitochondria has different genetic code as compared
to the cytoplasmic tRNAs. For example, in mitochondria, the stop codon UGA codes for
tryptophan and AGG is instead the termination code while AGG codes for arginine in
cytosolic translation (Anderson et al., 1981). Furthermore, mitochondrial ribosomes have
higher protein to RNA ratio (Agrawal and Sharma, 2012). Additionally in mitochondria,
there are relatively few untranslated region, no introns, and the open reading frames for
proteins and rRNAs are often separated by tRNAs giving rise to the proposal of a tRNA
punctuation model for mitochondrial gene expression (Hillberg and Larsson, 2014) as
discussed in Chapter 4.

mtDNA is present in multiple copies per cell and mtDNA copy number generally depends on
the energy demand of the cell. It may vary from 100,000 in human oocytes (Chen et al.,
1995) to 3000 in human fibroblasts (Brown et al., 2011; Kukat et al., 2011). mtDNA is
packed into nucleoprotein structures of 100 nm diameter known as nucleoids (Kukat et al.,
2011). There is roughly one genome per nucleoid. The packaging protein is the mitochondrial
transcription factor A, TFAM which binds the mtDNA and induces a U-turn. TFAM is also
known to form homodimers. The binding, bending and dimerization induced by TFAM gives
a compaction of mtDNA. TFAM is also an important factor for transcription, a role that will
be discussed in Chapter 3. Several other proteins are also found in the nucleoid, such as the
mitochondrial single-stranded DNA-binding protein (mtSSB), transcription factors and also
some translational factors that might play a role in compaction (Kukat and Larsson, 2013).






2 MITOCHONDRIAL REPLICATION

During mitochondrial replication, the two strands of DNA are replicated simultaneously by
the replication machinery, which is composed of a DNA polymerase, a helicase and several
accessory proteins such as single-strand binding protein, topoisomerases and processivity
factors.

2.1 REPLICATION IN BACTERIOPHAGE T7 DNA POLYMERASE

The T7 bacteriophagal replication is well studied and can be reconstituted in-vitro using four
subunits: T7 DNA polymerase, a combined helicase and primase, single strand binding
protein and the host thioredoxin that act as a processivity factor and increases the processivity
of the T7 DNA polymerase up to 100-fold (Hamdan and Richardson, 2009).

2.2 REPLICATION IN BACTERIA

The replication machinery of E.coli is well studied. The genome has one unique origin of
replication called OriC, which is recognized by the origin recognition protein, DnaA. DnaA
wraps around the DNA followed by the loading of the helicase DnaB with the help of its
assistance proteins, DnaC. DnaA unwinds and exposes ssDNA, which is read by the primase
DnaG to synthesize RNA primers. Once the RNA primers are available, the DNA
polymerase, DNA polymerase III initiates DNA replication (Berg et al., 2012).

2.3 REPLICATION IN MTDNA

The DNA replication machinery in mitochondria can be reconstituted in-vitro using the
following four factors: a single-subunit DNA polymerase (POLyA), a dimeric processing
factor (POLyB), a hexameric helicase known as TWINKLE and a single-strand binding
protein (mtSSB (Korhonen et al., 2004). The replisome machinery is presumably similar to
the bacteriophage T7 DNA polymerase since the POLYA and the helicase are distantly related
to the bacteriophage T7 counterparts (Shutt and Gray, 2006), while the mtSSB has a homolog
in E. coli (Tiranti et al., 1993). Regarding the mechanism of replication of mtDNA, a strand
displacement model was first proposed in 1972 based on electron microscopy analysis
(Robberson et al., 1972). This model was later well supported by biochemical observations
(Clayton, 2003) and recently by genome-wide mapping of the mt-SSB protein (Miralles et al.,
2014). According to this model, the primase, mitochondrial RNA polymerase (POLRMT)
synthesizes an RNA primer that is used for the replication of the H-strand at OriH present in
the D-loop region. The parental H-strand is displaced and covered by the mtSSB protein. The
replisome continues thereby creating a nascent H-strand. After almost 11,000 bases, the
ssDNA of the OriL region in the parental H-strand is exposed. The stem-loop formation of
the OriL attracts the primase, POLRMT to synthesize a short RNA that will be used by the
replisome to replicate the L-strand. Therefore, the synthesis of both strands is continuous in
mtDNA and the replication of the H-strand is required to replicate the L-strand (Falkenberg,
2018).



Interestingly, most of the time the replication events are not always fully completed, and a
pre-termination event occurs just after 650 nucleotides, which corresponds to the termination-
associated sequence, TAS region in mtDNA. The helicase, TWINKLE is shown to have low
occupancy in this region (Ikeda et al., 2015; Milenkovic et al., 2013). Later experiments show
that mtDNA copy number is linked to the levels of TWINKLE in the cell, implying that the
replication in mtDNA can be regulated at a pre-termination level rather than an initiation
level (Falkenberg, 2018).

Several other proteins also play a role in mtDNA replication. For example, TOP1MT, the
mitochondrial topoisomerase to reduce supercoiling in mtDNA (Stewart et al., 1998)
(Falkenberg, 2018); RNase H1, for digesting the RNA primers (Holmes et al., 2015) and
DNA ligase III for ligating the Okazaki fragments (Puebla-Osorio et al., 2006).



3 MITOCHONDRIAL TRANSCRIPTION

Transcription is generally divided into three phases known as initiation, elongation, and
termination. During initiation, a specific region, usually upstream of the transcription start
site (TSS) is recognized by the transcriptional machinery. This recognition causes the binding
of the RNA polymerase (RNAP) to the TSS, followed by separation of the two strands at
TSS. This is known as the transcription bubble formation. Once the two strands are separated,
RNA starts to be synthesized and the transcriptional machinery enters the elongation phase
until the machinery encounters a termination signal and is released. The transcriptional
machinery can be as simple as a single protein subunit as common in viruses or highly
complex involving multiple subunits, typically more than 10 in mammalian nuclear
transcription (Berg et al., 2012). In the following section, the transcription in bacteria,
eukaryotic nucleus, and in bacteriophages is summarized briefly, while the transcription in
mitochondria will be discussed in depth.

3.1 TRANSCRIPTION IN BACTERIA

In E. coli, the transcriptional machinery is composed of a multi-subunit RNAP, where the
core comprises two o, one 3 and one " and a transient component, ¢ that identifies the
promoter sequence upstream the TSS (-10 to -35) and recruits the subunits of core RNAP to
the TSS. Once transcription is initiated, the o subunit leaves the complex. The elongation is
carried out by the core polymerase until it reaches the termination signal. In E. coli, the
termination signal is rather simple and is composed of a symmetrical inverted repeat of a GC-
rich sequence followed by a stretch of AT. The GC rich invert sequence is capable to form
hairpin structures that halt the transcribing RNAP. The AT-rich region transcribes into a
stretch of uracil in the newly transcribed RNA strand. As the affinity between adenines and
uracils present in template DNA and nascent RNA respectively is weak, the RNA is released,
and the termination event is completed. Factors like p can also be involved in the termination
phase where they bind the RNA transcript and interfere with the active RNAP thus
terminating the transcription (Berg et al., 2012).

3.2 TRANSCRIPTION IN THE NUCLEUS OF EUKARYOTES

Nuclear transcription in eukaryotes is performed by three different types of RNAP: Pol I, Pol
II, Pol III that mainly transcribe rRNA genes, protein-coding genes and tRNA genes,
respectively (Berg et al., 2012). All three types of transcription machineries are composed of
multi-subunit RNAP, which are similar to bacterial RNAP, a TATA-box binding protein and
multiple transcription factors that assist at various stages of transcription. Pol II, responsible
for transcribing the over-whelming amount of mRNAs, comprises of multiple DNA
recognition elements in its promoters (TATA-box, recognition sites for TFIIB and initiator
elements) and have six transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH)
that makes the Pol II pre-initiation complex to be of megadalton size. This complex is not
fully active and can only carry out basal transcription. The rate of transcription is modulated

by gene-specific activators, repressors, mediators, enhancers and corepressors that provide a



second level of complexity to nuclear transcription. This is in addition to the proteins that are
required for standard DNA maintenance. Termination of Pol I requires an 18 nt sequence that
is recognized by a specific termination protein while the mechanism of termination in the
other nuclear RNAPs is not well understood yet (Berg et al., 2012).

3.3 TRANSCRIPTION IN BACTERIOPHAGE T7

Bacteriophages have the least complex RNAP, since it is a single subunit protein. Still, it is
capable of performing all steps of transcription by itself in-vivo and in-vitro. It is closely
related to single subunit DNAP and RNAP, like E. coli DNAP and reverse transcriptase and
is entirely different from the bacterial or eukaryotic RNA polymerases (Steitz, 2009;
Tunitskaya and Kochetkov, 2002). Series of structural studies have been carried out in past,
that have increased our understanding of single subunit and factor independent RNAPs. The
structures of T7 RNAP available are DNA-free form (Sousa et al., 1993), promoter DNA-
bound form (Cheetham et al.,, 1999; Cheetham and Steitz, 1999), initiation transcription
complex with 3nt RNA-Bound complex (Cheetham and Steitz, 1999; ) (Durniak et al., 2008),
early elongation complex (Tahirov et al., 2002) and of elongation complex (Yin and Steitz,
2002). T7 RNAP comprises of two domains, a regulatory N-terminal domain, NTD and
catalytic C-terminal domain, CTD. The CTD can be divided into three domains: palm, thumb
(326-411) and finger (554-784) domain similar to a cupped right hand. The template ssDNA
binds at a deep cleft formed between the finger and thumb domains and reaches the active
site in the palm domain (Figure 5). It is in the palm domain where the polymerization
reaction between the rNTPS to form RNA takes place. The Finger domain separates the
downstream DNA strands of the transcription bubble and the thumb domain acts as a clamp
to prevent the disassociation of the complex and at the same time allows the complex to slide
on the DNA. T7 RNAP binds the promoter sequence spanning -17 to +6. Furthermore, T7
RNAP recognizes and binds the protomers region through two of its structural elements: 1)
the AT-rich recognition loop (93-101), a motif responsible for making specific contacts with
DNA elements in -17 to -13 region and 2) the Specificity loop (739-770) that has positively
charged residues at its tip and interacts with the region around the TSS and therefore, increase
the promoter specificity. Once T7 RNAP binds the promoter, another important structural
motif, the intercalating hairpin (232-242) separates the two strands around the TSS (-4 to
+3) and a structure called the open initiation complex is formed. The separation of the two
strands provides space for bond formation between the incoming NTPs (Figure 5B). During
synthesis of the first 2 to 8 nucleotides, T7 RNAP remains bound to the promoter and
translocate along the template strand (Cheetham et al., 1999). This dragging of the RNAP on
the TSS induces topoisomerase stress in the DNA-RNA hybrid which induces the refolding
of the NTD and places it away from the DNA. This step also releases the promoter and thus
the involved transcription factors which result in unstructured promoter binding elements.
The specificity loop is moved to create an RNA exit pore for funneling of the 5’end in
nascent RNA (Figure 5C). The binding of RNA in the exit pore increases the stability of the
transcription elongation complex and makes it more processive (Jeruzalmi and Steitz, 1998;

Tahirov et al., 2002). The transition from initiation to elongation acts as a major barrier and
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can result in several non-productive and abortive cycles of transcription (Tang et al., 2009).
The termination modes in T7 RNAP can be classified into two categories. Class 1, which
closely resembles the p-independent E.coli RNAP termination, involving a GC-rich hairpin
followed by a poly(U) stretch (Hartvig and Christiansen, 1996). Class 2, on the other hand,
have a seven bp DNA sequence, optionally followed by poly(U) stretch (Lyakhov et al.,
1998). Therefore, the structure of a single subunit is well equipped with all the structural
elements required to carry out a successful transcription in bacteriophages (Borkotoky and
Murali, 2018).
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Figure 5: Conformational changes happening in T7 RNA P during transition to different phases. (A) Structure
of DNA-free T7 RNAP (4rnp.pdb) Important regions are colored and labelled. See text for details (B) Structure
of T7 RNAP during initiation complex (3e2e.pdb). Important regions are colored and labelled as in 5A. (C)
Structure of T7 RNAP during elongation complex (1h38.pdb). Important regions are colored and labelled as in
5A. Note the movement of structural motifs involved in promoter binding (AT-loop in red) and melting
(Intercalating hairpin in purple) upon transition from initiation to elongation phase.

3.4 TRANSCRIPTION IN MITOCHONDRIA

The mtDNA is a small circular molecule where the genetic information is encoded by both
strands, therefore implying the requirement of at least one promoter per strand. There is
consensus on a single promoter for the L-strand, LSP, while there is no agreement on an
exact number of heavy strand promoters, HSP. In 1981, two independent studies found that
the rRNAs transcribed by HSP are synthesized at a 50-100 times higher rate than other
transcripts encoded by the same H-strand. Two reasons were put forward, firstly it could be a
premature termination event downstream of the rRNA or it could be two promoters for HSP
(Gelfand and Attardi, 1981; Ojala et al., 1981). Later in-vivo experiments supported the
presence of two HSPS: HSP1 and HSP2 (Martin et al., 2005; Montoya et al., 1982). HSP2 is
located almost 100bp downstream of HSP1. HSPI initiates 19 nt upstream of the tRNAPh
gene and produce transcripts that cover tRNAP, 12S rRNA, tRNAY? and 16S rRNA. While
HSP2 instead of stopping at 16S rRNA, supposedly transcribe the entire H-strand
(Gustafsson et al., 2016; Montoya et al., 1982). H-strand codes for all rRNA, mRNAs and
more than half of tRNAs. In addition to this, transcription from LSP is linked to replication,
as it will generate promoters required for H-strand replication. Moreover, the in-vivo rate of
L-strand transcription is found to be 2-3 times higher than that of H-strand (Cantatore and
Attardi, 1980). Transcription initiation has been seen for all the three promoters in-vitro,
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where HSP2 activity seems to be a marginal (Bogenhagen et al., 1984; Lodeiro et al., 2012).
This thesis will focus on the transcription events of LSP.

Transcription from mtDNA is carried out by the mitochondrial RNA polymerase, POLRMT,
a single subunit protein, which is distantly related to bacteriophage T7 RNA polymerase
(Masters et al., 1987; Tiranti et al., 1997). Interestingly, unlike bacteriophage T7 RNAP,
POLRMT cannot carry out transcription on its own and is dependent on factors at each stage
of the transcription. It has been shown that two factors; mitochondrial transcription factor A,
TFAM and mitochondrial transcription factor B2, TFB2m are required to initiate
transcription form LSP (Gaspari et al., 2004; Morozov et al., 2014; Morozov et al., 2015;
Posse and Gustafsson, 2017; Sologub et al., 2009b). In short, the transcription from mtDNA
at LSP is initiated when the mitochondrial transcript factor A, TFAM, recognizes a promoter
-12 to -14 region upstream the TSS (TSS is referred at +1). There, it binds and bends the
DNA and recruits POLRMT and TFB2m to the TSS. TFB2m separates the two strands at
TSS and allows the de novo synthesis of RNA (Figure 6).

Initiation Elongation Termination

Figure 6: Schematic representation of transcription in Mitochondria. (A) The proteins: POLRMT, TFAM,
TFB2m will bind the Transcription start site (TSS) marked by +1 on LSP (B) During initiation, TFAM will
recognize promoter and bind. TFAM will recruit the other two proteins, POLRMT and TFB2m. TFB2m will
melt the dsDNA at the TSS, allowing the RNA to be synthesized. The exact order of binding of the two proteins
is unknown. (C) During elongation, the initiation factors are released and the POLRMT enters the elongation
phase. The step should be processive to transcribe the full length of L-strand. (D) At the end of cycle, the
POLRMT and transcribed RNA is released and event is terminated.

The POLRMT than enters the elongation phase in which the initiation factors (TFAM,
TFB2m) leave the complex while the processivity factor, transcription elongation factor,
TEFM, binds the POLRMT and allows the synthesis of the near-genomic length transcripts
from LSP. MTERF]1 is reported to be the protein that completely blocks the transcription

from the L-strand (Asin-Cayuela et al., 2005; Shi et al., 2016; Terzioglu et al., 2013).

3.4.1 Proteins involved in mitochondrial transcription

Biochemical studies together with structural investigation of truncated POLRMT,
transcription initiation complex and transcription elongation complex, along with structures
of mitochondrial transcription factor TFAM, TFB2m and TEFM have shed light on some of

12



the major aspects of mitochondrial transcription (Table 1). The factors involved and the
phases of transcription are briefly discussed in the next section (Table 1).

3.4.1.1 Mitochondrial RNA polymerase, (POLRMT)

POLRMT was first identified in yeast as Rpo41, an important factor required for maintenance
of the mitochondrial genome (Greenleaf et al., 1986). Later, it was found that mitochondrial
RNAP from both yeast and human are dependent on extra factors for carrying on
transcription even if they are related to the single subunit T7 RNAP. Human POLRMT can
initiate promoter-specific initiation in-vitro in the presence of two factors, TFAM and
TFB2m.

Human POLRMT is a protein of 1230 residues encoded by the nuclear genome. The initial
41 amino acids are used for targeting to mitochondria and the mature polypeptide is
composed of 42-1230 amino acids. The structure of a truncated apo POLRMT (105-1230)
shows that it has a unique extension on the N-terminus of the protein that is not present in the
T7 RNA polymerase (Figure 7). This unique part can be divided into a non-structured N-
Terminal extension, NTE (42-218), and a well-structured pentatricopeptide domain, PPR-
domain (219-355), which is in addition to the T7 RNAP resembling parts: the N-terminal
domain, NTD (356-623) and the C-terminal domain CTD (623-1230) (Ringel et al., 2011);
3SPA.pdb).

Table 1: Summary of the structures of the macromolecules involved in mitochondrial

transcription.
Macromolecules | Details Constructs used PDB Reference
ID
TFAM Bound to LSP | 43-246 3TMM | (Ngo et al., 2011)
(-39to0 -12)
Bound to LSP | 43-246 3TQ6 | (Rubio-Cosials et
(-39to0 -12) al., 2011)
Bound to HSP | 43-246 ANOD | (Ngo et al., 2014)
(-29 to -8)
Bound to a 43-246 ANNU | (Ngo et al., 2014)
random
sequence
TFB2m Apo truncated | Initial 62 AA removed, 6ERO | (Hillen et al.,
protein and 268-294 loop 2017a)
replaced by GSSG linker
TEFM NTD 57-134 50L9 | (Hillen et al.,
2017b)
CTD 153-356 OL8 (Hillen et al.,
2017b)
POLRMT Apo truncated | 105-1230 3SPA | (Ringel et al.,
2011)
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Initiation Proteins bound | TFAM (43-245), 6ERP | (Hillen et al.,

complex to LSP (-39to | POLRMT (104-1230) and 2017a)
+11) with TFB2m (lacks 62 N-
bubble -4 to +3 | terminal residues,
replaced long loop 268-
294 with GSSG linker
Initiation Proteins bound | TFAM (43-245), 6ERQ | (Hillen et al.,
complex to HSP1 (-39 | POLRMT (104-1230) and 2017a)

to +11) with TFB2m (lacks 62 N-
bubble -4 to +3 | terminal residues,

replaced long loop 268-
294 with GSSG linker
Elongation POLRMT POLRMT (150-1230) 4BOC | (Schwinghammer
complex bound to etal., 2013)
DNA-RNA
scaffold
POLRMT and | POLRMT (150-1230) S5OLA | (Hillen et al.,
TEFM bound 2017b)
to DNA-RNA | CTD of TEFM (153-356)
scaffold

The CTD resembles the CTD of T7 RNAP and has a cupped right-hand architecture
containing thumb (711-790), finger (954-1044) and the active site containing palm domain
hinting that the catalytic mechanism is overall conserved. Locally, the finger domain that
mediates catalysis through its O-helix and separates the downstream dsDNA after TSS, is
rotated by 25° and thus has a ‘clenched’ conformation. The thumb residues (711-790) that
act as a clamp and increase the processivity of POLRMT, has a partial density in the solved
structure (Figure 7).
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Figure 7: Domain architecture of Mitochondrial RNA polymerase, POLRMT. (A) Schematic representation of
the domains compared in human POLRMT, mouse POLRMT and T7 RNAP. N-terminal extension including
the PPR motif is missing in T7 RNAP. 1-42 region of human and mouse POLRMT is the mitochondrial
targeting sequence, MTS and is removed when the proteins enter mitochondria (B) Structure of human
POLRMT (150-1230; 3spa.pdb)
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The NTD is partially similar but the structural motifs are repositioned. Particularly, the AT-
rich recognition loop, responsible for promoter recognition is now involved in protein
interactions with a unique pentatricopeptide repeat domain, PPR. The sequestering of AT-
loop hints that this region can no longer play its destined role of promoter recognition. The
second promoter recognition element, the specificity loop, makes specific contacts with the
major groove upstream of TSS has no density in the available crystal structure. The third
motif, responsible for separating the two strands at TSS in T7 RNAP, is the intercalating
hairpin. This hairpin is repositioned 7A away from the active site. Mutational analysis
showed that variants of POLRMT with deleted intercalating hairpins can only initiate
transcription from pre-melted templates (a dSDNA strands with mismatched NTPs at TSS to
separate the two strands artificially), while the exposing of AT-loop by deleting the PPR
region did not make POLRMT independent of TFAM. The overall structure explains the
dependency of POLRMT on the transcriptional factors, TFAM and TFB2m.

Regarding the NTE and PPR domains that are found in POLRMT and absent in
bacteriophage T7 RNAP, PPR-domains are commonly present in RNA-binding and
processing proteins in plants and animals (Lightowlers and Chrzanowska-Lightowlers, 2008;
Rodeheffer et al., 2001; Small and Peeters, 2000). In the POLRMT structure, the PPR is
connected to the NTD by a proline-rich linker that serves as a hinge to move the PPR domain
with respect to NTD. However, the exact role of NTE remains unknown. There is missing
density for the NTE in the apo-POLRMT structure. However, the structure suggested that the
unique N-terminal region of POLRMT will undergo a conformational change during
transcription (Ringel et al., 2011).

In yeast, the removal of the NTE results in mitochondrial genome instability. However, the
phenotype can be rescued if the NTE is expressed separately (Wang and Shadel, 1999).
Another study reported that loss of NTE in yeast results in the decrease of promoter-specific
transcription but triggers the transition from initiation to elongation (Paratkar et al., 2011).
Therefore, the NTE seems to be involved in promoter specificity. This was also supported in
mouse RNAP, (mPOLRMT) where the N-terminal region plays a similar role, since removal
of it in mPOLRMT makes a tight complex with TFB2m and makes the complex hyperactive.
Specifically, transcription can be initiated from non-promoter templates and is no longer
dependent on TFAM (Posse et al. 2014; Paper I). Based on the above analysis, it was
proposed that TFAM recognizes and binds the DNA first and the POLRMT is recruited to the
TSS by the interaction between NTE of POLRMT and TFAM (Posse et al., 2014; Paper I).
The observation was backed up by another study (Morozov et al., 2014; Posse et al., 2014).
The exact structural details of the interaction of NTE are unknown. In a similar study, an
interaction was reported between mPOLRMT and upstream DNA around position -50 to -60
(Posse et al., 2014; Paper I) and this were later mapped to position -49 (Morozov et al.,
2015). The region was shown to interact with NTD of the POLRMT (Posse et al., 2014;
Paper I).
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As described above in the mitochondrial replication section, POLRMT also plays a role in
replication by acting as a primase for H-strand. This is supported by biochemical data where
depletion of POLRMT leads to a decrease in 7S DNA and mtDNA levels. At low POLRMT
level, replication is favored over transcription as indicated by the priority to transcribe L-
strand instead of H-strand (Kiihl et al., 2016). However, the mechanism of POLRMT
dependent OriH initiation and the mechanism of primer formation are not comprehensively
understood.

mPOLRMT can also initiate transcription from ssDNA independent of transcription factors
but it is not very processive and produce transcripts of 20-100 nucleotides. Because of this
characteristic feature, POLRMT can work as a transcribing primase of L-Strand form OriL
(discussed in the replication section). OriL forms stem-loop regions where the single strand
loop region contains a stretch of poly d(T). There is no structural information for the complex
of POLRMT with the OriL region. It can be speculated that the stem-loop OriL is protruding
out and can provide a binding surface for the PORTMT, making it TFAM independent.
Melting is not required on ssDNA, therefore, there is no need for TFB2m (Fusté et al., 2010;
Wanrooij et al., 2008). But the exact mechanism of interaction remains to be investigated.

3.4.1.2 Mitochondrial transcriptional factor A, TFAM

TFAM was first identified to be responsible for promoter-specific initiation by POLRMT
(Fisher and Clayton, 1985) and the DNA binding region was mapped to -12 to -40 bp
upstream of TSS. Other studies mapped the TFAM binding site on LSP using DNase
protection I assay and reported to be between -10 and -35 (Dairaghi et al., 1995; Fisher et al.,
1987). TFAM belongs to the High Mobility Group (HMG) box containing family of proteins,
where TFAM has two HMG boxes separated by a linker region and has a C-terminal tail. In
addition to specific interactions in the LSP promoter region, TFAM was also found to bind
DNA non-specifically similar to its yeast homolog, Abf2 (Bakkaiova et al., 2016). Structural
investigations of TFAM bound to DNA includes crystal structures of TFAM with the LSP
promoter region (Ngo et al., 2011; Rubio-Cosials et al., 2011), the HSP promoter region (Ngo
et al., 2014) and a non-specific DNA region (Ngo et al., 2014) (Figure 8). The structures
suggest that first HMG box, HMGI binds and bends DNA at 90° and the second HMG box,
HMG?2 does the same, giving rise to a U-turn in dsDNA (Hillberg & Larsson, 2011).
Interestingly, the TFAM bound to HSP1 appeared in an opposite direction, suggesting that
the transcriptional machinery has different topology at LSP and HSP1(Ngo et al., 2014). Two
later studies; one biochemical and one structural, however has argued against this theory and
suggested similar organization of transcriptional machinery on both promoters (Hillen et al.,
2017a; Morozov and Temiakov, 2016). Furthermore, these later publications argues that the
discrepancy occurs since the structural study of TFAM-HSP1(Ngo et al., 2014) only used a
partial sequence of HSP1 (-29 to -8) as compared to -39 to -16, which was proposed by
(Fisher et al., 1987).
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Figure 8: Domain architecture of human TFAM. (A) Schematic representation of domains presents in human
TFAM, Two High mobility groups (HMG) boxes are separated by a linker region. At the C-terminus there is a
flexible tail (B) Structure of TFAM bound to DNA corresponding to LSP (-39 to -12). HMGI binds the
proximal part of DNA while HMG2 binds the distal part._Both bend the DNA altogether to 180°. Two groups
have reported the structure (3tmm.pdb and 3tq6.pdb) (C) Structure of TFAM bound to DNA corresponding to
HSP1 (-29 to -8). HMGI binds the distal part of DNA while HMG2 the proximal part (4nod.pdb) (D) TFAM
binds and bends a non-specific DNA in the similar manner

Given the reports that TFAM is making physical contact with POLRMT, the TFAM has to be
position precisely and in this aspect the placement at -39 to -16 on HSP1 might be right.
Earlier, the C-terminal tail of TFAM was found to be crucial for transcription initiation as
removal of a C-terminal tail of TFAM (222-246 amino acids) severely impairs promoter-
dependent transcription. The yeast homolog, Abf2 lacks this c-terminal tail and solely acts as
a DNA packaging factor. Upon adding the C-terminal tail of TFAM to Abf2, the Abf2 was
able to initiate promoter-specific transcription in a human system, suggesting that the TFAM
C-terminal tail -POLRMT interaction, is required for promoter recognition (Morozov et al.,
2014).Disruption of the TFAM gene in mouse heart ((Li et al., 2000; Wang et al., 1999)
(Wredenberg et al., 2002), muscle (Wredenberg et al., 2002), pancreas (Silva et al., 2000) and
nerve cells (Sorensen et al., 2001) leads to tissue-specific depletion of mtDNA and mtDNA
transcripts causing severe respiratory chain deficiency. This shows that TFAM is
indispensable for proper cell functioning. Furthermore, it has been shown that TFAM is
present in saturating amounts to cover the DNA in-vivo (Kanki et al., 2004; Kukat et al.,
2011; Takamatsu et al., 2002). Arguably saturating levels of TFAM will make transcription
impossible, an observation further supported by the in-vivo methylation protection and
crosslinking experiment that suggest the presence of partial naked regions in mtDNA
(Ghivizzani et al., 1994; Lott et al., 2013; Pardue et al., 1984).

3.4.1.3 Mitochondrial transcription factor B2, TFB2m

The second transcription factor in mammalian mitochondria is TFB2m. TFB2m and its
homolog TFB1m were first identified on the basis of sequence similarity to the yeast
mitochondrial transcription factor, Mtfl, the structure of which is similar to
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methyltransferases, involved in maturation of ribosomal RNA (Falkenberg et al., 2002;
McCulloch et al., 2002). Both were found to be tentative participants in in-vitro transcription
experiments where TFB2m was found to have 10-fold higher activity than TFBIm
(Falkenberg et al., 2002). TFBIm, on the other hand, was found to retain its role as a
mitochondrial rRNA methyl transferase as knocking down of TFB1m results in impaired
translation (McCulloch and Shadel, 2003; Metodiev et al., 2009). TFB2m has evolved into a
bona fide mitochondrial transcription factor, where it is believed to be required for promoter
melting (Litonin et al., 2010; Sologub et al., 2009a). TFB2m is not required for transcription
on pre-melted templates (Sologub et al., 2009a) or ssDNA templates (Posse and Gustafsson,
2017) underlining its proposed role in promoter melting.

TFB2m is a 45 kDa nuclear-encoded protein comprised of 396 protein residues with a
putative MTS containing 19 aminoacids. Recently, the structure of a truncated and modified
TFB2m was reported (Hillen et al., 2017a). It has an N-terminal domain, NTD (97-267) and
C-terminal domain, CTD (295-396), which are separated by a long linker loop (268-294).
The NTD resembles rRNA methyltransferases while the CTD forms a helical domain with
the disordered tail. To enable structure determination by X-ray crystallography, the long
linker loop was replaced by a GSSG linker and 62 residues from N-terminus of TFB2m were
removed (Figure 9). Replacement of the long linker region doesn't seem to have an effect on
the TFB2m function while the removal of 62 residues results in a protein which has lost 40%
of activity. In the yeast case, the long linker region in Mtfl is linked to Mtfl and Rpo41
interactions (Cliften et al., 1997). The structure of modified TFB2m shows that it resembles
the mouse TFB1m structure with some divergence that includes a loop in the NTD that
contributes to the positive surface formed by TFB2m at the interface with DNA (Metodiev et
al., 2009) (Hillen et al., 2017a; McCulloch et al., 2002).
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Figure 9: Domain architecture of human TFB2m. (A) Schematic representation of domains presents in human
TFB2m, N-terminal domain is S-adenosyl methionine dependent methyl transferase domain and the C-terminal
globular domain. Both are linked by a long flexible linker (267-295), which was replaced by a GSSG stretch for
crystallography purpose. Also, the initial flexible 62 residues were removed (B) Structure of human TFB2m,
NTD and CTD domain is colored in light and dark blue respectively. The GSSG linker is shown in yellow
(6ero.pdb) (C) The view in B is rotated to 90° to see the top view.
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3.4.1.4 Mitochondrial transcription elongation factor, TEFM

TEFM was first discovered in RNA interference-mediated knockdown experiments where its
depletion resulted in severe respiratory-chain dysfunction due to dramatic decrease in distal
transcription from the promoters. It was proposed to interact with the C-terminal part of the
POLRMT suggesting that it is an accessory subunit of POLRMT (Minczuk et al., 2011). The
in-vivo experiments were confirmed up by the in-vitro transcription experiments showing that
the addition of TEFM dramatically stimulates the processivity of POLRMT (Agaronyan et
al., 2015); Posse et al., 2015 i.e. Paper II). During transcription from LSP, the POLRMT
prematurely terminates at a conserved sequence block II region, CSBII (Pham et al., 2006)
due to the formation of G-quadruplexes. Addition of TEFM to the transcriptional machinery
completely abolishes this termination event (Agaronyan et al., 2015); Posse et al., 2015 i.e.
Paper II). Further details about TEFM role in transcription are covered in Paper II.

TEFM is a nuclear encoded 36 kDa protein with a 36 AA of MTS, which upon cleavage
gives the mature protein containing an N-terminal domain, NTD (35-135) and a C-terminal
domain, CTD (150-360) joined by a flexible linker region (135-150). NTD is predicted to be
a helix hairpin helix (HhH) motif and the CTD has an RNase H fold. This was also confirmed
by a recent structure of TEFM where NTD and CTD were separately crystallized (Hillen et
al., 2017b)(Figure 10). The CTD has an RNase H-like fold comprising of a central B-sheet
and four C-terminal a-helices, where the last helix forms a dimeric interface between two
TEFMs. The fold is commonly found in the family of Holliday junction resolvases (Gorecka
et al., 2013; Wyatt and West, 2014). Even though it has an RNase H like fold, it does not
have an endonuclease activity (Hillen et al., 2017b).
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Figure 10: Domain architecture of human TEFM. (A) Schematic representation of domains presents in human
TEFM, N-terminal domain and the C-terminal domain linked by a long flexible linker (134-150). (B) Structure
of NTD of human TEFM (50la9.pdb) (C) Structure of dimer of CTD of human TEFM in two views (50la8.pdb).
Interestingly, the CTD structure is similar to the Schizosaccharomyces pombe holiday-
junction resolvase, Ccel, which plays an important role in yeast mitochondrial genome
replication (Ceschini et al., 2001; Lockshon et al., 1995). The globular NTD is unique to
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TEFM and is made up of a Helix hairpin Helix motif (HhH), commonly present in DNA
binding proteins. The structure of NTD resembles the HhH domain of the bacterial tex
protein. It was found that the NTD is dispensable for TEFM activity (Hillen et al., 2017b).

The structure of POLRMT bound to TEFM and DNA-RNA elongation scaffold (Hillen et al.,
2017b) shows how the TEFM is interacting with the other components in the elongation
phase and the structural mechanism is discussed in the 3.4.2.2 section covering mitochondrial

transcriptional elongation.

POLRMT from a thermophilic fungus, Chaetomium thermophilum, is 40% identical to its
human counterpart. Bioinformatics study shows that there is an 80 amino acid stretch towards
the c-terminus of the fungal POLRMT that is similar to regions strongly conserved in TEFM.
This C-terminal extension is not found in human POLRMT. This suggests that that the
functionality of the mammalian TEFM protein could be a component of Chaetomium
thermophilum POLRMT and other fungal POLRMT, possibly hinting the inbuilt multi-
functional and self-sufficient role of POLRMT in the regulation of mtDNA transcription.
However, the structural-functional relationship of this family of fungal POLRMTSs remains to
be explored.

3.4.1.5 Mitochondrial termination factor 1, MTERF1

Mitochondrial termination factor 1, MTERF1, belongs to the MTERF family, in which all
members are involved in mitochondrial gene expression. MTERF1 is found to be associated
with transcription and has been shown to play an important role in replication (Hyvérinen et
al., 2007; Shi et al., 2016). This protein specifically binds the dsSDNA downstream of the 16S
rRNA region inside the tRNAM" gene (Kruse et al., 1989; Shang and Clayton, 1994). It was
first identified as the terminator of both LSP and HSP transcripts and regulator of H-strand
transcription that ensures that rRNA have an increased level of transcription which remains
part of transcripts. On the contrary, another experiments, showed that MTERF1 is terminator
from LSP and has no effect on rRNA and mRNA levels (Terzioglu et al., 2013). The
structure of MTERF1 bund to tRNAL nucleotide sequence reveals that it is a strictly helical
protein which wraps around the tRNA and partially unwinds it by flipping out three
nucleotides (Jiménez-Menéndez et al., 2010; Yakubovskaya et al., 2010).

3.4.2 Phases involved in mitochondrial transcription

Putting all these players in the context of transcription, each phase is further discussed in the

sections below.

3.4.2.1 Mitochondrial transcription initiation

A recently published structure of the transcription initiation complex on LSP or HSPI
contained a pre-melted dsDNA template with the promoter region -35 to +10 and a bubble
around the TSS -4 to +3 bubble (where +1 is TSS), TFAM (43-245), POLRMT (104-1230)
and TFB2m (lacks 62 N-terminal residues, replaced long loop 268-294 with GSSG linker)
(Hillen et al., 2017a). In short, during initiation the TFAM binds the upstream promoter -35
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to +10 containing a region, bends the DNA, the distal part of the TFAM is contacted by the
part of NTE in POLRMT which helps it to recruit it to TSS. The upstream dsDNA passes
underneath the PPR domain towards the active site of the POLRMT, where the +1 TSS is
unfolded by the TFB2m, which is supporting from underneath. TFB2m contacts the NT
strand around TSS, thereby repositioning the intercalating hairpin and pushing the POLRMT
outwards. The specificity loop of the POLRMT makes contacts with the major groove of the
upstream DNA. The downstream dsDNA leaves the complex at 90° to the active site
underneath the palm domain of the POLRMT (Figure 11).

In detail, the TFAM recognizes the promoter region, binds and bends the DNA, which makes
a scaffold for the POLRMT. In addition to this, the distal HMG box of TFAM is approached
by the tether helix (123-245) in POLRMT that allows precise positioning of POLRMT on the
TSS. In the structure, TFAM does not make any contact with TFB2m. The C-terminus of
TFB2m interacts with POLRMT causing a 25° rotation in the NTD. These interactions are at
two points: the loop in the NTD of POLRMT, the lever loop (588-604) and the intercalating
hairpin. The intercalating hairpin is moved by 7 A which positions it between the two DNA
strands. This confirms a previous interaction shown between mouse POLRMT and TFB2m.
Furthermore, the interactions strengthen upon removal of the initial NTE and PPR domain of
mouse POLRMT (Posse et al., 2014; Paper 1). Additionally, TFB2m holds on to the NT
strand in the TSS region and therefore, stabilizes the melting of the dsDNA at the TSS. This
is similar to the case of the bacterial sigma factor in bacterial transcription, even though it
does not have any structural similarity (Murakami and Darst, 2003; Zhang et al., 2012). Other
than this, the specificity loop appears to be ordered and runs along the major groove of DNA
upstream of the TSS, hinting that it could interact with DNA. However, it is not established
yet if the contact between DNA and protein is sequence-specific from the resolution obtained
in the crystal structure.

As discussed above in the TFB2m section, the TFB2m construct used for crystallization has
its initial 62 residues and a long loop region 268-294 replaced by a GSSG linker. The
replacement of the long loop region has a pronounced effect and results in 40% reduction in
protein activity (Hillen et al., 2017a). The initial 62 residues of TFB2m are believed to be
interacting with the priming nucleotide (Morozov et al., 2015), thus implying that the
contacts during initiation cannot be restricted to above-identified interactions and more
remains open for further investigations. Moreover, a recent paper found out that a bubble in
the TSS region makes the POLRMT, TFB2m independent and the transcription is similar to
transcription from ssDNA (as happens in OriL). However, the exact mechanism of promoter
melting by TFB2m remains unknown from the given data. It is agreed upon that TFB2m, like
Mtfl in the yeast system, plays a role during initiation and once the dsDNA is melted,
TFB2m disassociates from the complex and POLRMT enters the elongation phase (Mangus
et al., 1994).
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Figure 11: Comparison of structures of POLRMT in different phases of transcription. (A) Structure of DNA-
free POLRMT (150-1230). NTE (42-218) is missing in the crystal structure. Other important regions: AT-loop
(red) is involved in promoter recognition, Hairpin (purple) is involved in DNA melting the +1 transcription start
site, Palm (green), finger (pink) and thumb (orange) are involved in catalytic process (3spa.pdb).(B) Structure of
Initiation complex (POLRMT, TFAM; TFB2m, DNA-LSP; 6erp.pdb). Upon DNA binding, there is not much
change in the overall structure of POLRMT as TFAM recognizes the promoter region and bends it, POLRMT
interacts with TFAM using its tether helix (123-245). TFB2m stabilizes the active site from bottom and interacts
with the non-template (NT) strand at TSS. (C) View in B is rotated to see the upstream and downstream DNA
path. (D) Structure of Elongation complex (POLRMT+TEFM+ES; Sola.pdb). On transition from initiation
complex to elongation complex TFB2m leaves the complex and TEFM binds at its site. (E) View in D is rotated
to see the DNA exit path. Note that the upstream DNA is now entering inside the complex using the downstream
DNA path of Initiation complex and downstream DNA has a new exit path. (F) View in E is rotated to see the
TEFM interactions. Dimer of TEFM sits on the downstream DNA and widens the POLRMT to give path to
existing RNA. (G) Structure of Elongation complex in the absence of TEFM (POLRMT+ES; 4boc.pdb). (H)
View in G is rotated to see the DNA path which is not very visible in this structure. (I) View in H is rotated to
compare the view with TEFM bound EC in fig F. Note that TEFM opens up the POLRMT. Compare F and 1.

3.4.2.2 Mitochondrial transcription elongation

To investigate the structure of POLRMT in its elongation phase of transcription, a DNA-
RNA hybrid with 9nt RNA mimicking the oligonucleotides in an RNA polymerase
elongation phase (elongation scaffold, ES) was used (Schwinghammer et al., 2013). In this
study, the scaffold was incubated with AISOPOLRMT. A major change in the elongation
state as compared to the structure of the presumed initiation state of POLRMT is the path of
the DNA. The upstream dsDNA now passes underneath the palm subdomain, a path that was
followed by the dsDNA in the initiation complex and the downstream dsDNA is leaving at
180° between thumb and lever loop of the POLRMT, which gives thumb domain a chance to
increase the processivity of the POLRMT. The template strand is held by the POLRMT while
the NT strand is kept away from the TSS because of a different path of the DNA in the
elongation complex. Interestingly, the intercalating hairpin now unzips the two strands in the
downstream region. It is not understood how the upstream region of dsDNA relative to TSS
is separated as that should be the first step for any RNAP. The emerging RNA (5"-end)
appears to go towards the PPR domain, a path also confirmed by mapping (Schwinghammer
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et al., 2013). Since only 9nt RNA was used in the structure, the exact path of RNA cannot be
traced. The structure reveals striking difference from the T7 RNAP, which undergoes a

conformational change in its promoter binding NTD while human POLRMT rearranges the
DNA path.

From the available structure of initiation and elongation complex, it can be speculated what
happens during the transition from initiation to elongation phase: As the POLRMT
translocate along the dsDNA, the distance between the POLRMT and TFAM will increase
causing the tether helix (123-245) of POLRMT to detach from TFAM causing TFAM
release. In a later step, the upstream dsDNA will be repositioned and this movement will
possibly release the TFB2m factor that is no longer required. Emerging RNA will be
separated from the downstream dsDNA by the intercalating hairpin. Still, some questions that
remain to be answered are exactly what trigger the release of TFB2m? How is the path of
DNA changed? Where would the NTE of POLRMT bind and how is the upstream dsDNA
separated?

A recent structure of the elongation complex with TEFM shows interactions between
POLRMT, TEFM and ES (Hillen et al., 2017b). During transcriptional elongation with bound
TEFM, the homodimers CTDs of TEFM sits on the top of the active site where it appears to
stabilize the upstream and downstream dsDNA and at the same time stabilizes the
unwounded NT strand at the transcription active site. This stabilization of NT strand is not
possible in the absence of TEFM. (Schwinghammer et al., 2013). Downstream dsDNA is
held like a clamp between TEFM and POLRMT, a structure that is observed in other
transcription of bacterial and eukaryotic transcription systems (Bernecky et al., 2017; Liu and
Steitz, 2017; Martinez-Rucobo et al., 2011). On top of making interactions with nucleic acid,
TEFM also stabilizes the intercalating hairpin and crosslinking studies suggest that it may
interact with the specificity loop at the RNA exit path (Hillen et al., 2017b). This interaction
can narrow the RNA exit path. In order to obtain the crystal structure many flexible parts
were removed as for example the NTD and the linker of TEFM. Especially the linker was
found to be indispensable for TEFM activity (Hillen et al., 2017b). Moreover, the NTE of
POLRMT, that is shown to interact with TEFM (from crosslinking experiments) was
removed in order to obtain crystals. Furthermore, the RNA exit path cannot be tracked as
RNA with 5 nt tail was used. It will be interesting to know if RNA is going towards PPR
domain and how this path is structurally controlled.

3.4.2.3 Mitochondrial transcription Termination

During transcription termination, POLRMT should stop RNA synthesis and leave the
mtDNA. Termination of transcription in mammalian mitochondria is not well understood.
One factor, MTERF1, can act on both the L-strand and H-strand. The structure of MTERF1
suggests that it binds the downstream tRNAL® region specifically, partly unwind and bend it
causing a roadblock for transcriptional machinery (Jiménez-Menéndez et al., 2010;
Yakubovskaya et al., 2010). How this bending stops an active POLMRT is unknown. The
factors involved in termination from HSP are unknown (Hillen et al., 2018)
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3.4.3 Other proteins involved in mtDNA transcription

As discussed above, mtDNA transcription is not entirely understood and new factors are
constantly being discovered. One such factor is mitochondrial ribosomal protein L12,
MRPLI12 that holds on to POLRMT both in-vivo and in-vitro. One study finds that it
stimulates the transcription from both strands (Litonin et al., 2010; Surovtseva et al., 2011;
Wang et al., 2007) while another contradicts it and found no effect of MRPL12 on
transcription in-vitro, even in the presence of mtDNA extracts (Litonin et al., 2010).

Leucine-rich pentatricopeptide containing protein, LRPPRC was also linked to transcription
both in-vivo and in-vitro experiments, where it was reported to stimulate mtDNA
transcription and interact directly with POLRMT (Liu et al., 2011). Knock-out of LRPPRC
from mouse heart did not affect the transcriptional level, on the other hand, the mRNA
transcripts were less stable with decreased polyadenylation and dysfunctions in translation
were observed (Ruzzenente et al., 2012). Mutations in LRPPRC causes cytochrome c oxidase
deficiency, which is held responsible for the neurodegenerative disorder, French Canadian
variant of Leigh syndrome (Merante et al., 1993).
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4 POST-TRANSCRIPTIONAL RNA PROCESSING

The transcription of the L-strand and H-strand results in long polycistronic near-genomic
length transcripts, which are processed to yield individual RNA molecules. It is suggested
that RNA processing occurs co-transcriptionally (Antonicka et al., 2013; Jourdain et al.,
2013; Lee et al., 2013). Processing of mitochondrial transcripts involves initial cleavage to
yield individual RNAs, further maturation of each RNA molecule i.e. polyadenylation of
mRNA, CCA additions to tRNA tails, other modifications in tRNA and nucleotide
modification in rRNAs (Shokolenko and Alexeyev, 2017) (Figure 12).

A tRNA punctuation model was proposed by (Ojala et al., 1981), suggesting that since most
RNAs in the polycistronic transcript are flanked by tRNA, the processing starts at the tRNAs
(Figure 12). The 5'-processing is carried out by the mtRNase P enzymes, which comprise of
three subunits of MRPP1-3. In plants, the protein-only RNase P1 (PRORP1) can carry this
process independently. On the other hand, the recent structure of MRPP3 suggests that the
active site of MRPP3 is distorted that explains the dependency of this protein on the other
two factors MRPP1 and MRPP2 to carry out the cleavage at 5’end of tRNA, supposedly by
inducing a conformational change in MRPP3 (Reinhard et al., 2015). A recent study suggests
that MRPP1-2 is not only required for MRPP3 activation to carry out 5'-processing of tRNA
but it serves as a platform for tRNA during 3 -processing by ELAC2 and even further CCA
addition steps (Reinhard et al. 2017). Silencing of ELAC2 causes accumulation of
unprocessed transcripts in vivo (Brzezniak et al., 2011; Sanchez et al., 2011). After the 3"-end
processing of tRNAs, the maturation of the tRNAs are continued with the addition of a
Cytosine-Cytosine-Adenine (CCA) addition to the 3"-end. This reaction is performed by the
tRNA nucloetidyl transferases (TRNT1) (Nagaike et al., 2001).
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Figure 12: Post-transcriptional RNA processing. (A) mtDNA is transcribed giving rise to long polycistronic
RNA. (B) According to tRNA punctuation model, tRNA will be processed first at 5’end by RNAse P composed
of MRPP1, MRPP2, and the nuclease MRPP3. The 3 -ends will be processed by RNAseZ comprising of ELAC2
with the tRNAs still bound on MRPP1/2, resulting in individual RNAs still bound to MRPP1/2. (C) The RNAs
will then be matured by different proteins. (D) Matured RNAs will function in the mitochondrial translation to
generate membrane-bound components in the OXPHOS machinery, which is required for the generation of ATP.
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5 MITOCHONDRIAL PROTEIN REGULATION

As described in the introduction, mtDNA encodes only 13 proteins. These 13 proteins
constitute crucial parts of the ATP-production machinery, the remaining 1000-1500 proteins
required to carry out the important mitochondrial functions are imported from the cytosol.
Once imported, they fold in the mitochondrial matrix and are often organized into multimeric
complexes to carry out their respective metabolic functions. All this emphasizes that
mitochondrial proteostasis relies heavily on the import of proteins and maintaining their
quality by a protein quality control (PQC) mechanism. Both mechanisms ensure that the
mitochondrial proteome is adjusted to the cellular demands to maintain a healthy
mitochondrial population as is crucial for cell physiology and survival (Baker Michael et al.,
2013). The impairment of any of these mechanisms will affect the normal functioning of the
mitochondria. The mitochondrial PQC machinery consists of an elaborate network of
molecular chaperones and protein degradation factors, known as proteases that continually
monitor and maintain the integrity of the proteome. Chaperones facilitate de-novo folding of
the proteins but also refold the proteins affected by stress conditions (Baker and Haynes,
2011). Two of the chaperones Hsp60 (also known as HPD1) and Hsp70 (also known as
HSPA and mortalin) have been shown to be involved in protein translocation and refolding
reactions in mitochondria (Voos, 2013). Hsp78 is required at elevated temperatures and is
necessary for the solubilization of aggregated proteins in-vivo (Neupert and Herrmann, 2007).
Proteases, on the other side, degrade the unfolded and/or damaged proteins. Often, these
protein-degrading machineries are ATP dependent and belong to the AAA+ superfamily
(Atpase Associated with various cellular activities) but there are some ATP-independent
proteases also. The AAA+ mitochondrial proteases forms a hollow chamber connected to the
outside through narrow axial pores through which they translocate the substrate by using
chemical energy from ATP hydrolysis (Gur et al., 2013).

5.1 PQC IN MAMMALIAN MITOCHONDRIA

In mammalian mitochondria, proteases are highly diverse and are present in each
compartment of the organelle i.e., in the matrix, in the intermembrane space and in the inner
membrane where their active site is oriented towards the matrix, known as m-AAA+
proteases or facing the intermembrane space, known as i-AAA proteases (Quirds et al.,
2015). Damaged membrane-associated subunits of electron transport chain, ETC are
degraded by the m-AAA+ and i-AAA+ proteases (Hornig-Do et al., 2012; Stiburek et al.,
2012; Zurita Rendon and Shoubridge, 2012). The intermembrane space has several ATP-
independent proteases that take part in the PQC mechanism. For example, HTRA2, a trimeric
protein, is highly conserved from bacteria to mammals and depletion of it causes a drop in
mitochondrial membrane potential, causing reduction in ATP levels. HTRA2 degrades
oxidized proteins (Quirds et al., 2015)(Figure 13 and Table 2).
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Figure 13: ATP—dependent proteolytic machines in metazoan cell. 26S proteasome works in cytosol. i-AAA+
proteases and m-AA A+ proteases are present in the inner membrane of the mitochondria. ClpXP and Lon are the
major AAA+ proteases present in mitochondrial matrix.

The ATP dependent proteases in the mammalian mitochondrial matrix are ClpXP and Lon.
The Serine protease, ClpXP (ClpX is the ATPase subunit and ClpP is the protease subunit)
together with the matrix peptide exporter HAF-1, have been reported to be involved in the
mitochondrial unfolded protein response (UPR™) (Bezawork-Geleta et al., 2015). The
mitochondrial UPR is a stress response that, in the advent of stress in mitochondria, causes
upregulation of the transcription of nuclear-encoded chaperone genes to promote the protein
homeostasis within mitochondria. It is well studied in Caenorhabditis elegans and
Drosophila melanogaster but remains poorly understood in mammals (Bezawork-Geleta et
al., 2015).

Table 2: Examples of proteases found in mitochondria.

Mitochondrial Symbol Function Type Reference
location
Matrix LonP1 PQC and ATP dependent | (Quirds et al.,
mitochondrial 2014b)
biogenesis
Matrix Casein lytic PQC ATP dependent | (Gispert et al.,
protease XP 2013)
(ClpXP)
Intermembrane | HTRA2 (or PQC and ATP (Clausen et al.,
space OMI) apoptosis independent 2011)
Inner membrane | YMEILI1 PQC and ATP dependent | (Stiburek et al.,
facing interspace mitochondrial 2012)
(i-AAA+) biogenesis
Inner membrane | AFG3L2 PQC and ATP dependent | (Quirds et al.,
facing matrix (m- mitochondrial 2015)
AAA+) biogenesis
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On the other hand, it is clear that Lon is the major degrader of misfolded proteins in the
matrix (Bezawork-Geleta et al., 2015) This study will focus on the Lon function as a
protease.

5.2 THE HUMAN MITOCHONDRIAL LON, LONP1 (LONM)

In the human mitochondrial matrix, LonP1 is the main AAA+ protease. The highly conserved
LonP1 selectively degrades proteins that have been damaged due to destabilizing mutations
or oxidative modifications (Pinti et al., 2016a; Quiros et al., 2015).The proteins associated
with Human LonP1 are summarized in Table 3. Recently data suggested that LonP1 is solely
responsible for degradation of misfolded protein in human mitochondria and while it doesn’t
act on aggregated proteins, it prevents the formation of toxic aggregates (Venkatesh et al.,
2012). It is also known to act on certain regulatory proteins (Pinti et al., 2015). In-vitro
experiments with purified TFAM and human LonP1 has shown that a phosphorylated TFAM,
which is no longer able to bind DNA, is degraded by human LonP1 (Lu et al., 2013). The
same observation was reported in Drosophila cells (Matsushima et al., 2010). Therefore,
human LonP1 can regulate mtDNA replication and transcription. Recently, a study showed
that upon stress in mitochondria, a mitochondrial UPR™ response is induced which causes
simultaneous transcriptional repression and increase in Lon-mediated degradation of MRPP3,
a pre-tRNAs processing enzyme (Miinch and Harper, 2016). This implies that human LonP1
also regulates mitochondrial gene expression.

Table 3: Proteins shown to be associated with LonP1. Adapted from (Pinti et al., 2015)

Proteins | Comment | References

TCA cycle

Aconitase Degraded by Lon (Bota and Davies,
2002)

Glutaminase C Degraded by Lon (Kita et al., 2012)

Oxidative phosphorylation

COX4-1 Degraded by Lon (Fukuda et al., 2007)

SDHS5 Degraded by Lon (Bezawork-Geleta et
al., 2014)

Maintenance of mtDNA

mtDNA POL vy Physically interact with nucleoids (Bogenhagen et al.,
2008)

TWINKLE Physically interact with nucleoids (Bogenhagen et al.,
2008)

TFAM Degraded by Lon when (Luetal., 2013)

phosphorylated

MRPP3 Degraded by Lon (Miinch and Harper,
2016)

Other proteases

StaR Degraded by Lon (Granot et al., 2007)

ALAS-1 Degraded by Lon (Tian et al., 2011)

Cystathionine B-synthase | Degraded by Lon (Teng et al., 2013)
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The majority of Lon is found to be localized in matrix while a small part is also found to be
associated with inner membrane where nucleoids are present (Pinti et al., 2015). In nucleoids,
human LonP1 is reported to interact with mtDNA by recognizing ssDNA in D-loop and in-
vivo is found to bind the G-rich consensus sequence in the LSP and to the RNA transcribed
from that region (Pinti et al., 2015), suggesting human LonP1 is involved in maintenance of
DNA integrity (He et al., 2018).

Given the importance of human LonP1, dysfunction of Lon is linked to mitochondrial
disorders causing loss of mitochondrial function, reduced cell proliferation, early embryonic
lethality and apoptosis (Bota et al., 2005; Cheng et al., 2013; Gibellini et al., 2014; Quirds et
al., 2014a) while overexpression promotes proliferation of cancer cells by remodeling their
mitochondrial function. Imbalanced levels of Lon are linked to neurological, cardiac and
hepatic disorders and aging (Pinti et al., 2015; Pinti et al., 2016a; Van Dyck and Langer,
1999). Despite its huge importance and clinical role, little is known about the structure-
function relationship of human LonP1 as compared to its bacterial homologues.

5.2.1 Evolution and location

Lon is highly conserved throughout evolution and its homologues have been found in all
kingdoms of life. Its high degree of conservation suggests that its presence is crucial for cell
survival. Lon was first identified in E. coli as an ATP-dependent protease with a Ser-Lys
catalytic dyad and was named La because upon UV irradiation, the E. coli mutants that were
deficit in the Lon gene, appeared to be longer than the ones that had this gene (Charette et al.,
1981; Chung and Goldberg, 1981; Howard-Flanders et al., 1964).

In humans, both mitochondrial and peroxisomal forms of Lon are encoded by the nuclear
genome and the respective LonPI and LonP2 genes are present on chromosome 19 and 16.
Peroxisomal specific, LonP2 is not well explored, however it has shown to degrade proteins
damaged by hydrogen peroxide (Pinti et al., 2016b).

The mitochondrial Lon, LonP1 is reported to have three isoforms in humans that are based on
alternative splicing. The canonical isoform 1 is the longest (1-959) while isoform 2 and 3
have the 42-105 and the 1-196 residues missing respectively. The physiological function of
the isoforms 2 and 3 is unknown. In the canonical isoform 1, the initial 67 residues are
reported to be part of MTS (https://www.uniprot.org/uniprot/P36776). While all the studies
(biochemical, kinetic, structural) up till now have used initial 114 amino acids as the MTS
sequence (Fishovitz et al.,, 2017; He et al., 2018; Lee et al., 2018). Based on the recent
structural reports of 114-959 construct, that the initial N-terminal residues are involved in
oligomerization (Kereiche et al., 2016), it can be presumed that the residues 62-114 are of
significant importance and there is a need to further explore this region (discussed in Paper
II).
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5.2.2 Domain organization

Human LonP1 has 30-40% sequence homology to bacterial Lon and together they belong to
the LonA subclass. In this subclass, each protomer has a species-specific N-terminal domain,
known as LAN, followed by an ATPase domain made up of an o/p- and a-subdomains and
finally a C-terminal protease domain. This is similar to FtsH and other m-AAA+ proteases
where a single polypeptide contains all the domains (Baranek et al., 2011; Lee et al., 2011)
and is in contrast to other AAA+ proteases such as ClpXP (ClpX is the AAA+ ring and the
ClpP is the protease) and the 26S proteasome where different functionalities reside on
different polypeptides (Figure 14) (Baker and Sauer, 2012; Bard et al., 2018).
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Figure 14: Cartoon representation of the various AAA+ proteases. There are two main types: One Component
system that comprises of Lon (matrix) and FtsH (membrane) that have their ATPase on the same polypeptide
where LonA has a species-specific Lan domain and FtsH has a transmembrane domain. The Two component
system that comprises of ClpX and HsIU, have their ATPase and the peptidase activity on separate polypeptides.
ClpX has a Zinc binding domain and HsIU has an accessory domain inserted in its AAA+ domain. The active
proteolytic residues are marked.

LonPl1, like bacterial Lons, form homohexamers where the LAN domains recognize and bind
the substrate which upon ATP hydrolysis by the AAA+ module is threaded into the chamber
composed of the AAA+ module and protease domain. Upon arrival to the protease domain,
the substrate is hydrolyzed and finally expelled out of the chamber. The chamber is the main
site of action where both protein substrates and ATP are hydrolyzed (Vieux et al., 2013).
Several crystal structures of the chamber or the individual domains from the bacterial (LonA,
ATP dependent, soluble), archaeal (LonB, ATP dependent, transmembrane) and ATP-
independent bacterial homologs (LonC, soluble) are reported in order to understand the
structural basis of Lon’s function and are summarized in Table 4.
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Table 4: List of published structures of Lon available in RCSB.

Species Construct Comment PDB ID Reference
[E. coli Proteolytic domain (584— | Hexameric, Open to surface, Ser- | IRR9 (Botos et al.,
784 with S679A) Lys dyad identified 2004b)
E. coli Alpha domain (491-584) | Monomer, S2 identified 1QZM (Botos et al.,
2004a)
E. coli LAN domain (1-119) Dimer with a unique fold 2ANE (Li et al., 2005)
H. sapiens Proteolytic domain (756— | Hexameric, Ser-Lys dyad in 2X36 (Garcia-Naftia
959) different conformation than E. etal., 2010)
coli (1r19.pdb)
E. coli LAN domain (7-245) monomer 3LIC (Lietal., 2010)
Bacillus LAN domain (4- 209) monomer 3M65 (Duman and
subtilis Lowe, 2010)
Bacillus AAA+ domain and Hexamer, First Chamber 3M6A (Duman and
subtilis protease domain (246- structure Lowe, 2010)
770) +6 ADP
Brevibacillus Alpha subdomain (492- Monomer, suggests DNA binding | 4GIT (Leeetal.,,
thermoruber 585) residues 2014)
Meiothermus Chamber (244-799) Hexamer, three protomer model | 4YPL (Linetal,
§ taiwanensis suggested 2016)
s — (Mta) +3ADP
= Meiothermus Chamber (244-799) Hexamer, three protomer model | 4YPM (Linetal,
taiwanensis suggested 2016)
(Mta) +bortezomib
Meiothermus 243-490 monomer 4YPN (Linetal,
taiwanensis 2016)
(Mta)
Meiothermus Alpha and Proteolytic Hexamer in the presence of Mg SE7S (Linetal,
taiwanensis domain, 490-780 2+ ions 2016)
(Mta)
Meiothermus Alpha and Proteolytic Hexamer in the presence of Mg SE7S (Linetal,
taiwanensis domain, 490-780 2+ ions 2016)
(Mta)
H. sapiens 114-959 with S855A CryoEM, 15 A, first 3D EMD?3275 | (Kereiche et
mutation+ AMPNP representation, Closed planar al., 2016)
arrangement in chamber
H. sapiens 114-959 with S855A CryoEM, 20 A, first 3D EMD3274 | (Kereiche et
mutation+ ADP representation, Open helical al., 2016)
- arrangement in chamber
M. jannaschii | Proteolytic domain (456— | Dimer, Ser-Lys-Asp, Identified 1XHK (Imetal.,
" 640) as catalytic triad 2004)
g Archaeoglobus | Proteolytic domain (416— | Hexamer, disordered active site 1ZOE (Botos et al.,
= | fulgidus 620) 2005)
Thermococcus | 18-635 + ADP Hexamer with loose and tight 3K1J (Chaetal.,
\_onnurineus binding protomers 2010)
o | Meiothermus 1-108+218-710 Hexamer, Atpase independent 4FW9 (Liao et al.,
£ _Jd taiwanensis Lon, LAN disordered 2013)
= Meiothermus 35-385 Hexamer, LAN ordered 4FWV (Lietal., 2013)
_taiwanensis

5.2.3 Mechanism of action

Interesting is the first three-dimensional low-resolution model for Human LonP which hints

on the unique 3D organization of this protein (Kereiche et al., 2014). The hexameric Lon can

be divided into three parts; head, neck and leg region (Figure 15). The Head or the chamber is

composed of the protease and the Atpase domain of six protomers while the LAN domains
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arrange in trimers of dimers to form three legs that are connected to the head by a neck
region. The structure agrees with the previous observations that the LAN domains recognize
and bind the substrate which is translocated into the chamber upon ATP hydrolysis and
degraded by the protease domain (Kereiche et al., 2014).
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Figure 15: Available Structures of LonA. (A) CryoEM structure of human LonP1 (114-959) bound to AMP-
PNP (EMD-3275) (B) CryoEM structure of human LonP1 (114-959) bound to ADP (EMD-3274) (C) Crystal
structure of chamber of Bs LonA (246-770) bound to ADP. The hexamers are arranged in helical conformation
(3m6a.pdb). (D) Crystal structure of chamber of Mta LonA (244-799) bound to ADP and inhibitor. The
hexamers are arranged in planar ring conformation (4ypl.pdb) (E) Crystal structure of LAN domain of E. coli
LonA (10-117) (2ane.pdb). (F) Crystal structure of LAN domain of E. coli LonA (7-245) (3ljc.pdb). (G) Crystal
structure of LAN domain of Bs LonA (4-209) (3m65.pdb).

To better understand each step of substrate degradation by Lon, the mechanism can be
divided into the following four stages: 1) Substrate recognition and binding 2) substrate
translocation 3) Substrate degradation 4) Substrate ejection. Little is known about the
substrate ejection. However, the first three phases of substrate degradation by Lon will be

briefly discussed below:

5.2.3.1 Substrate recognition

Substrate recognition is an important step and human LonP1 should be able to discriminate
between its targets and non-targets. The precise mechanism is not well understood for human
LonPl. It has shown to act on DNA-free TFAM but the recognition sequence has not been
identified (Lu et al., 2013).

In the eukaryotic 26S proteasome, the protein substrate to be degraded is recognized by a
ubiquitination tag while in others, a small protein-sequence stretch on the substrate known as
degron, is used to recognize and bind the substrate. In E. coli, the Clp and FtsH often
recognize an 11 amino-acid stretch called the SsrA tag (AANDENYALAA). The tag, when
added to other proteins, can be recognized by Clp in-vivo and the proteins are degraded
(Smith et al., 1999). Other than this, five recognition motifs were recognized by broad
scanning using a mutant variant of ClpP, three were located near the C-terminus and two
were located on the N-terminus (reviewed in (Gur et al., 2013).
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For Bacterial Lons, numerous studies report a variety of target regions or degrons but there is
not any coherence. A misfolded -galactosidase substrate is recognized by a region between
28-49 on the N-terminus called 3-20 (Gur and Sauer, 2008b). UmuD, a DNA repair protein
involved in SOS response, is identified by the 15-29 residue region in the N-terminus
(Gonzalez et al., 1998). SoxS, a transcription activator, is also identified by a 21 residues
on the N-terminus (Shah and Wolf, 2006). Similarly, a regulatory protein, SulA, is
identified by a degron called Sul20 (Wohlever et al., 2014). In yet another case, attaching a
SsrA tag, which is specific for ClpP, makes the protein targeted by Lon (Gur and Sauer,
2008a). Yet another type of degradation by Lon requires adaptors. For example, in
Yersinia pestis, a small heat shock protein Q, HspQ is believed to interact with Lon with
its C- terminus that enhances the activity of Lon towards a range of substrates including
YmoA, RsuA and Y039 (He et al., 2018). DNA has been shown to be an adapter for
some DNA binding proteins like TrfA and RepE which can only be degraded when Lon
is complexed with DNA (Karlowicz et al., 2017). On the other hand, the search for a
degron on other regulatory proteins like RcsA (Chung and Goldberg, 1981; Gottesman and
Zipser, 1978) and DnaA were unsuccessful (Liu et al., 2018). In the latter case, it was
proposed that Lon interacts with DnaA on two sites, one used to hold on Lon while other is
where the degradation is initiated.

Another study suggested that Lon recognizes specific surface determinants or folds
(Ondrovicova et al., 2005). Another study backed up this finding and suggested that Lon
recognizes its substrate based on hydrophobicity, which are normally hidden when folded and
exposed when unfolded. This can be a good explanation for the huge variety seen in Lon
substrates. This study also suggested, based on kinetic experiments, that the Lon hexamer
contains more than one recognition site for protein substrates (Gur and Sauer, 2008b) .

Yet recently it was shown that human LonP1 failed to identify the substrates of bacterial Lon
even though human LonP1 has 30-40 % sequence similarity to bacterial Lon, indicating a
species-adapted substrate specificity (He et al., 2018). More work is required to understand
the substrate recognition requirements for human LonP1.

5.2.3.2 Substrate translocation

Once the substrate is recognized and bound by the LAN domains, its flexible region is
brought close to the entrance of chamber from where the substrate is threaded inside by using
energy from ATP hydrolysis by the ATPase domain. In addition to ATPase hydrolysis, the
ATPase domain has flexible loops, termed as axial pore loops that have shown to directly
interact with these substrates and thread it inside the chamber. All the protomers in the
hexamers communicate in order to successfully translocate the substrate inside the chamber
(Lin et al., 2016; Olivares et al., 2018; Sauer and Baker, 2011). The mechanism of ATP
binding, ATP hydrolysis, intra- and inter-monomer communication along with the concerted
action of loops are briefly discussed below.
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Like the degron, which terminus is threaded inside the chamber of human LonPl, is
unknown. Other proteases like FtsH and Clp bind the N-terminus of SsrA tagged lambda
protein and degrades on C-terminus. It was found that Clp can efficiently translocate a
polypeptide from the N-terminus to the C-terminus as it can in the opposite direction (Gur et
al., 2012). The 26S proteasome binds the N-terminal ubiquitinated lysine’s of the substrate
and initiates degradation at the C-terminus (Bard et al., 2018) reviewed in (Gur et al., 2013).
Still the proteases like VAT, that work in conjunction with the 20S proteasome, acts on
unstructured N- or C-termini (Ripstein et al., 2017).

Once the flexible terminus of the substrate is placed at the entrance of the chamber, it should
unfold and translocate inside, the mechanical energy required for this job is provided by the
ATP hydrolysis in the ATPase domain. The ATPase domain has two sub domains, o/f and o-
subdomains which are connected by an Aromatic-loop (A-loop) (Figure 16). It is at the
interface of the two subdomains underneath the A-loop where the nucleotide-binding pocket
is found. The structural motifs that are involved in the nucleotide binding, nucleotide
hydrolysis and coupling ATP hydrolysis to conformational changes to carryout mechanical
work, are well-conserved in the AAA+ machinery and well-studied in literature (Wendler et
al., 2012).

For nucleotide binding and hydrolysis, the known motifs are Walker A (WA, also known as
P-loop), Walker B (WB), Sensor 1 (S1), Sensor 2 (S2), Arginine finger (Arg-finger) and
Aromatic-loop (A-loop). The WA motif (-GPPGVK-) stabilizes the - and y-phosphates of
the bound nucleotide. The WB (-LIDEVDK-) is involved in nucleotide hydrolysis and
coordinate Mg?" ion that is required for catalysis. The S1 motif, usually a conserved Thr or
Asn, places a nucleophilic water close to the y-phosphate of the ATP and facilitates
nucleophilic attack. The S2 motif is mostly an Arg that helps to discriminate between ATP
and ADP by hydrogen bonding to the terminal phosphate of ATP and is linked to
conformational changes between the ATPase subdomains. The inter-subunit communication
is carried out by the Arg-finger which is provided by the neighboring ATPase subunit. This
Arg-finger protrudes out to reach the nucleotide binding pocket of the neighboring protomer,
where it can coordinate with the y-phosphate of ATP and can cause the ATP hydrolysis that
is the basis of the power stroke. Moreover, the Arg-finger is in an ideal location as it is
directly connected to the nucleotide-binding pocket and the flexible loops of the harboring
protomer; therefore, any conformational change occurring in the substrate-binding regions
can be transduced through the Arg-fingers to the rest of the protomers in the chamber
(Wendler et al., 2012; Zhao et al., 2016).
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Figure 16: Crystal structure of monomer of Mta LonA (244-799) bound to ADP and inhibitor, Bortezomib
(4ypl.pdb, Chain B) (A) Monomer in one view and rotated in (B) to see the structural motifs involved in the
AAA+ and protease domain. (C) Close up of protease domain, the active Ser and Lys residue are marked in red.
An inhibitor can also be seen in the active site. (D) Close up view of the ADP bound active site in AAA+
domain. Important structural motifs are highlighted. Conserved pore loop is shown in black. See text for details.
The conserved pore loops protrude from the ATPase domains towards the central cavity of
the chamber and are reported to physically interact with the incoming substrate. To
investigate whether all loops of oligomers operate in concerted fashion to unfold and
translocate protein or only one binds at a time, an elegant method was described by Sauer and
his colleagues where they study the loops of Clp by generating a single chain hexamer of Clp
(TIosefson et al., 2015). Six copies of the ClpX gene were cloned into a single gene and this
strategy allowed to control the insertion of desired mutations within one protomer out of a
hexamer. They found that a single subunit can promote efficient translocation of a substrate
and is not dependent on the sequential activity of other protomers of hexamer (losefson et al.,
2015). This suggests that the protomer follows a hand-over-hand model to translocate the
substrate. This is supported by latest structural reports of many proteases: 26S proteasome
(Bard et al., 2018) , Vps4-vtal (Monroe et al., 2017), Hsp104 aggregase (Gates et al., 2017),
YME1 (Puchades et al., 2017) , VAT protein (Ripstein et al., 2017). However, a
crystallographic study of bacterial Lon, MtalL.onA bound to three ADPs and an inhibitor at
proteolytic active site suggested a three protomer model, where three non-neighboring
protomers hydrolyse ATP simultaneously and cause a concerted movement of the loops (Lin
et al., 2016). The sequential movements of loops in two sets thus allow the unfolding and
translocations of the substrate inside the chamber. This is in contradiction to the canonical
hand-over-hand model reported by many different methods for AAA+ machinery. In the
single particle analysis of full-length human LonP1 included as a manuscript in this thesis, a
hand-over-hand model where three protomers provide a hand for substrate translocation is
suggested (Paper III).
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Figure 17: The three protomer model based on the crystal structure of hexamer of Mta LonA (244-799) bound
to ADP and inhibitor, Bortezomib (4ypl.pdb). Three protomers bound to ADP are shown in blue and ADP-free
are shown in yellow.

Even though the structural motifs for nucleotide binding and hydrolysis are well conserved in
human LonP1 and similar to bacterial Lon in structure, reports suggest that human LonP1 can

have a different kinetic mechanism compared to bacterial Lons (Fishovitz et al., 2017).

5.2.3.3 Substrate proteolysis

When the terminus of the substrate reaches the protease domain, it is degraded through the
action of the Ser-Lys dyad in the proteolytic site. Biochemical, mutational and structural data
have suggested that a Ser-Lys dyad is sufficient for catalytic activity in Lon (Rotanova et al.,
2006). This is different from other serine protease where a Ser-Lys-Asp triad is needed
(Botos et al., 2004b). The exact proteolytic location is unknown; however, one mechanistic
study has demonstrated that Lon generally cleaves between hydrophobic residues present
between highly charged patches of the polypeptide chain (Ondrovicova et al., 2005). The
structure of the catalytic domain of E. coli suggests that polypeptides are oriented to place
their si-face of the peptide bond in front of the serine hydroxyl group to allow nucleophilic
attack (Botos et al., 2004b).

Regarding the communication between the ATPase and the protease domain, there is one
crystal structure of the bacterial Lon, MtaLLonA bound to an inhibitor at the proteolytic site;
the structure shows that a B-hairpin structure that emerges from the protease domain, reaches
the nucleotide binding pocket to communicate with the ATPase hydrolysis directly. It also
have a comparatively hydrophobic tip that can guide the substrate to the proteolytic active site
(Lin et al., 2016). However, the exact mechanism of intra- and inter-protomer communication
remains to be explored.

Since the protease subunits of two-component system proteases do not hydrolyze ATP, it can
be presumed that ATP hydrolysis is used only for translocation of the substrate to the
proteolytic site and that the further cleavage of the peptide bond doesn’t require ATP
(Ripstein et al., 2017).
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5.3 26S PROTEASOME

The 268 proteasome is the most elaborate proteasome found in eukaryotic nucleus and in the
cytoplasm. It’s also a AAA+ machinery where 20S forms the core particles forming a
sequestered chamber in the form of barrel shape while the two 19S regulatory components
bind to one or both ends of the chamber (Bard et al., 2018). 19S particles are responsible for
recruiting the ubiquitinated protein, deubiquitinate them followed by unfolding and
translocation through a central pore into the proteolytic chamber for degradation. The
regulatory part has two components; a lid with 9 subcomponents where the one has
deubiquitinating activity (Rpnl1) and the base made upon 10 subunits out of which six are
AAA+ ATPase (Rptl-6). This ATPase forms a hetero-hexameric ring where each subunit has
highly conserved nucleotide binding pocket and pore loops similar to Lon. The mechanism of
action is believed to be that the after ubiquitinated substrate is recruited, the ATPase
hydrolyses ATP and threads the flexible initiation region of the substrate into the chamber
which is translocated by interaction with the pore loops to the proteolytic site inside the
chamber. The proposed mechanism of translocation is hand over hand model that is
supported by many cryoEM and substrate bound hexameric AAA-+-motors. (Bard et al.,
2018).
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6 METHODOLOGY

6.1 RECOMBINANT PROTEIN PRODUCTION IN E. COLI

In order to carry on structural studies a large amount of pure and homogenous protein is
required. However, this is normally not possible through harvesting proteins from natural
resources. Therefore, the proteins are recombinantly expressed in other systems, like
bacterial, yeast and animal cells. The protocols for recombinant expression in E. coli strains
are well established (Graslund et al., 2008). It is convenient, quick and cost-effective most of
the time as compared to other expression systems. Some of the major concerns in E. coli
production system is protein inactivity that may arise as the protein may adapt a stable but
erroneous fold not suitable for activity, or it may require additional molecules for protein
folding that are not available in this system or erroneous di-sulphide bond formation or if the
expressed protein is toxic to the cell. Most of the time this can be fine-tuned. Still in cases
where to yield active proteins post translational modifications are required which are not
possible in the simple bacterial system, other expression systems are preferred (reviewed in
(Rosano and Ceccarelli, 2014).

The process requires cloning the required gene of protein into an expression vector using
standard molecular biology techniques. The recombinant vector is then typically transformed
into special strain of E. coli that also have a controlled expression of the T7 RNAP (involved
in transcription). In normal conditions, a lac repressor remains bound to the lac promoter of
T7-RNAP gene and is released only when the cells are induced by isopropyl [B-D-1-
thiogalactopyranoside (IPTG). This release causes the transcription and translation of T7-
RNAP which then causes the transcription of the gene of interest located on the transformed
plasmid. This is followed by the translation of the protein of interest (Studier et al., 1990)
(Figure 18).

6.2 PURIFICATION OF PROTEINS

Once the protein is produced in the E. coli cells, it can be harvested by lysing the cells and
purifying the protein by different protein purification methods. Specialized tags like (His)s,
Maltose binding protein, MBP; Chitin binding domain, CBD and Strep-tag can be added to
either end of the protein to facilitate both the purification and production procedure (Kimple
et al., 2013). Other properties like DNA binding and pl of the protein can be exploited to
further purify the protein. The quality of the protein is constantly checked by running the
proteins on a denaturing gel (SDS-PAGE gel). External conditions like buffer, temperature,
salt, pH also play a role in maintaining the protein fold intact and thus preventing it from
aggregation.

In the current study, the following method was used as a standard: The proteins were
expressed using a cleavable (His)s tag on the N-terminus in the E. coli system using standard
expressing condition. Cells were lysed by homogenization, centrifuged at high speed to get
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rid of cell debris. His-tagged protein is separated from all the other proteins present in the
soluble fraction by using Immobilized metal affinity chromatography (IMAC). IMAC is
based on the interaction between primarily histidine and a resin-bound metal (Jerker et al.,
1975). In this case, the Hiss tag of the protein interacts with the immobilized Niz+ ion bound
to the stationary phase in the column. This step will allow the binding of His-tagged protein
to the Ni-loaded column, while most other proteins will be washed away. The bound protein
is released either by changing pH or by adding a competitive molecule like Imidazole. The
tag of the protein can be cleaved now and can be subjected to additional rounds of
purification. The current work involved DNA binding proteins, therefore DNA and
nucleotides were the common contaminants and their presence can be assessed by absorbance
measurement at 260 and 280 nm. The value of A260/280 is a quick indicative of nucleic acid
presence (Schowen, 1993). Values higher than 1 usually indicate that DNA or RNA is bound,
while values between 0.5 and 0.7 suggests that the proteins are free of DNA. Purification on
heparin or ion exchange columns help in getting rid of bound oligonucleotides. Usually a
final step of purification is size exclusion chromatography, SEC (or gel filtration column, GF)
which separates the proteins based on size and shape. Here, the proteins are allowed to pass
through a porous material where proteins bigger than the bead size will come out first while
the proteins smaller than the bead size will be entering resin beads and will take longer time
to elute. The elution is further monitored by the UV meter to measure absorption at 280 nm.
The obtained chromatogram is indicative of the oligomeric state and quality of the protein.
SEC works as a robust technique to study not only the homogeneity of the protein, but
protein-DNA interaction and protein-protein interactions. Other qualitative technique used
throughout purification is running the protein on the denaturing sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). In SDS-PAGE the protein is denatured by
adding reducing agent (B-mercaptoethanol or Dithiothreitol, DTT) that will break the
disulfide bonds and SDS that will unfold the proteins and confer a negative charge to all the
proteins, causing the proteins to migrate in a 1D gel system based on molecular weight. The
gels are later stained with Coomassie blue stain, whose sulfonic acid groups will interact with
the positive amine groups of protein causing the proteins to be stained in white background
(Kimple et al., 2013; Nes, 1999).

6.3 BIOCHEMICAL CHARACTERIZATION OF COMPLEXES

To investigate interactions between protein-protein and protein-DNA/RNA, the following
methods were used: Usually a quick qualitative run is done to analyze the interaction between
components followed by a preparative and quantitative method. In the current study, native
gels, electrophoretic mobility shift assays (EMSA) or analytical gel filtration column were
used for this purpose while the quantitative measurements were done using microscale
thermophoresis technique (MST). Complex preparations for structural studies were prepared
on preparative gel filtration columns.

Native gels (polyacrylamide or agarose) are run in non-reducing and non-denaturing

environment, where the protein migration will depend on the pl of the protein complex, the
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size of the protein complex and the pH used. Smaller and basic protein complexes will run
faster as compared to larger and less charged protein complexes. The gels can be stained later
for visualization. EMSA are based on the same principle as native gels but they are used for
studying protein-DNA/RNA interactions. Free-DNA/RNAs will migrate faster as compared
to the protein-bound DNAs, as a result a shift in the band between the free and protein-bound
DNA will be apparent. These gels can be stained both for protein and nucleic acid for
visualization. The gel system requires small amounts of sample, many conditions can be
tested in one run, and can be used for doing stoichiometric calculations. However, the
movement is based on the percentage of gels and running conditions like (temperature, buffer
type, pH of buffer) and often needs further optimization. Another problem is to extract the
formed complex from the gel (Arndt et al., 2012). A second approach, analytical GF often
validates the gel-based measurements and are more indicative of the quality of the sample. It
separates based on size as the complex is bigger in size than the individual protein. Although
it is an efficient method, the measurement of thermodynamics, kinetics and affinity are
provided by other quantitative biophysical methods, such as MST. MST is used to measure
the interaction between two components where one of them is fluorescently labeled. The
principle is based on the directed movement of fluorescently labeled molecules in a micro-
temperature gradient, the movement of the labelled molecule will be different in bound and
free state, as the complex molecule will have a different hydration shell, charge and size as
compared to the non-bound particles. These changes can be measured and affinity can be
calculated. The technique is different from other biophysical methods like, isothermal
titration colorimetry, ITC which requires large amount of sample, and surface plasmon
resonance, SPR which requires immobilization of one of the ligands. The detection limit is in
the range of pM to mM range of dissociation constants. One drawback of MST is that the
fluorescent labeling can result in nonspecific binding (Jerabek-Willemsen et al., 2014).

Generally, for structural studies, once the complex is established qualitatively, the next step is
to produce it in enough amounts for structural studies and that can be done by performing a
preparative purification on a gel-filtration column.

6.4 STRUCTURE DETERMINATION

Three-dimensional structural knowledge of the proteins provides the basis for understanding
the function of macromolecules. This study employed x-ray crystallography and cryoEM.
Both will be briefly discussed below and all the used methods are summarized in Figure 18.

6.4.1 X-ray crystallography

X-ray crystallography is the most widely used method to determine three-dimensional
structure of proteins. In X-ray crystallography, crystals are exposed to intense and
monochromatic x-rays. If the crystals have a highly ordered and repetitive network of
molecules they will diffract the incident beam. The diffracted beams that follow Bragg’s law
nA=2dsin® will constructively interfere giving rise to a diffraction pattern on the detector.
This diffraction pattern has the intensity information i.e. squares of amplitudes but the phase
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angles are lost. This problem of losing the phase information is known as phase problem, and
strategies such as multiple-isomorphous replacement and anomalous dispersion can be
employed to obtain the phase information. Once the phase problem is solved the initial
electron density map can be calculated through Fourier transformation. If adequate resolution
is obtained a macromolecular model can be built into the electron density. The model is
thereafter refined to fit the data as accurate as possible. Parameters like the R-factor are used
as an indicative tool for measurement of the quality of fit between model and data (Rhodes,
2006a).

Protein crystallization is the basic requirement for structure determination by x-ray
crystallography. It is normally based on vapor-diffusion principle where the concentrated
protein sample is mixed with a crystallization solution (a precipitant) in a pl drop volume and
is kept close to a reservoir containing higher precipitant concentration in a closed system.
This will allow the system to reach equilibrium. Slowly the water will vaporize from the
drop, the protein concentration in the drop will gradually increase and move towards
nucleation in ideal conditions. This is the condition where the attractive forces between he
molecules are maximal and they start arranging themselves in arrays of crystals, which can
grow to give rise to full crystals (Rhodes, 2006b).

But proteins and especially larger macromolecular complexes are large, flexible and dynamic
molecules and naturally resist crystallization. Therefore, in most of the cases to increase the
crystallizability of the proteins, the proteins have to be redesigned by removing flexible loop
regions and often dividing into smaller domains and then determining the structure of each
domain separately. These regions can be predicted by in-silico and wet-lab based methods
such as limited proteolysis. The larger the size and the complexity of the macromolecule to
be crystallized, the smaller is the chance for crystals that will diffract to high resolution. In
addition to engineering the protein, multiple constructs of proteins with different lengths and
tags are screened simultaneously and entered into the crystallization pipeline. This increases
the chance of obtaining crystals.

Availability of commercial screens and robotic systems have made the initial screening
procedure fast and convenient but finding the right crystallization condition is still the
bottleneck (Rhodes, 2006b). Moreover, the challenge is not only to get a crystal, but a good
diffraction quality crystal (visibly big, large, no cracks). Therefore, once a hit (the initial
crystal) is obtained, the crystallization condition is optimized systematically to get big and
better diffracting crystals. It begins with tweaking the concentration of the components in the
crystallizing condition (salt, precipitant, pH of buffer) systematically and broadening out to
test new additives (amino acids, polyamines, reducing agents) in the crystallization
conditions. Additional parameters like temperature, drop size and drop volume will add a
second layer of variety to the optimization procedure. Another commonly used technique is
seeding that uses pieces of crystals as nucleation points to grow new crystals of the
macromolecule. Dehydrating fully grown crystals is yet another strategy, where the fully-

grown crystals are washed in range of solutions with the aim of reducing the solvent content
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of the crystal, that will possible shrink the crystal lattice and thereby enhance the crystal
packing resulting in a better diffracting crystal. Variations added can be the type of
dehydrant, ratio, temperature, time. Optimizing crystals mostly involve doing all the above
steps in parallel but systematically (Wheeler et al., 2012). In short, just obtaining a good
quality diffracting crystal can be a challenge in itself and can take several years. It should be
noted that the crystal structure is one static conformation of the macromolecule and doesn’t
represent the dynamic state.

6.4.2 Electron cryomicroscopy, cryoEM

cryoEM is another technique that have undergone tremendous development and received
immense attention in the last few years. There are three variants of it: single-particle analysis
(SPA), electron tomography and electron crystallography. Single-particle cryoEM is the main
method used in Paper III and will be briefly discussed below.

The principle of SPA is based on transmission electron microscopy where a thin layer of
vitrified sample is exposed to a more or less coherent beam of electrons. The electrons will
interact with the specimen giving rise to both elastic and inelastic scattering. The lens system
converts the elastically scattered electrons to an image that can be recorded on a detector.
Images are processed to yield a three-dimensional reconstruction of the particle (Frank, 1975;
Kuhlbrandt, 2014; Wang, 2015). The following steps are involved in a cryoEM experiment:

6.4.2.1 Sample preparation

The aim for sample preparation is to obtain thin layer of vitrified sample through which the
electron beam can transmit. This can be obtained by applying the sample to an electron
microscopy grid followed by removing excessive sample by blotting. The grid is then rapidly
plunged frozen in liquid ethane which is at -180°C resulting in the fixation of the particles in
their native conformation state. Ethane has a higher heat capacity than liquid nitrogen which
will take comparatively more time to cool the grid and can cause crystallization of ice and
sample. Therefore, ethane is preferred (Carroni and Saibil, 2016; Dubochet and McDowall,
1981).

Before applying the sample, the surface properties of the grid should be changed by glow-
discharging the grid. During glow-discharging the grid is placed in an evacuated chamber
connected to power supply. As the current is passed, the air inside the chamber get ionized
resulting in the deposition of negatively charged ions on the surface of the carbon grid. This
grid can now hold on to the hydrophilic biological samples. Sometimes extra layer of thin
continuous carbon is applied to evenly distribute the particles on the grid but this may
decrease the signal to noise ratio from the protein as the carbon itself scatters electrons. There
is huge variety of commercially available grids with different types of coating, mesh and hole
size. Vitrification is semi-automated these days by using robotics that mainly control the
vitrifying condition. Usually multiple grids with different blotting conditions and
concentrations of the sample are prepared and screened for best ice and sample on the
microscope before the actual data collection step (Aebi and Pollard, 1987).
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6.4.2.2 Aligning the microscope

The microscope is fine tuned for best performance. This involves gun alignment, C2 aperture
centering, beam tilt, objective aperture centering, lens astigmatism and gain reference for

detector which is done before screening the grid (Sun and Li, 2010).

6.4.2.3 Screening the grid and test data collection

The vitrified grid is exposed to electrons in a screening microscope (100-200 KeV) with a
good detector. The aim is to look for nice distribution of particles in reasonably thin ice. Once
good grids are obtained, a small test dataset is collected, processed and analyzed based on
parameters like, resolution, sample homogeneity, signal to noise ratio, orientation
distributions and number of particles. If the data looks reasonable, more data should be
collected from the same grid. If not that then the procedure should be repeated all over
(Carroni and Saibil, 2016; Herzik et al., 2017).
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6.5 COMPARISON OF X-RAY CRYSTALLOGRAPHY AND CRYOEM

Table 5: Comparison of X-ray crystallography and single particle Cryo-EM.

Characteristic | X-ray crystallography CryoEM
Sample Require crystals Require thin layer of vitrified
sample
Source X-rays give diffraction pattern Electrons give direct images of the
according to Bragg’s law particles
Information No focus lens for x-rays so phase Use of focus lens, phases are also
obtained information is lost recorded
Sample Purity highly important Purity and homogeneity help,
requirements heterogeneity can potentially be
removed computationally
Sample Above 10 mg/ml concentration of 0.5-1 mg/ml of sample required
concentration sample required
Sample volume | 35 ul for one screening experiment | 3 -10 pl for one screening
experiment
State Static conformation Different dynamic states can be
captured at the same time
Accuracy As high concentration of protein is | Biologically relevant and close to
used, non-biological conformations | native states are achieved
can exist
Additional Complementary methods require to | Not required usually
assessment ensure the state observed is not

crystalline artifact

Size limitation

The smaller and more compact the
macromolecule, the higher is the
chance for high-quality diffraction

The larger the particle, the higher
is the chance to obtain high
resolution structural information

Resolution

Atomic resolution up till 0.5 A.
Typically 2-3 A.

Typically, 2.5-8 A resolution

Data Processing

Fast and well-developed methods

Time consuming, Methods are
developing.

Bottle neck Crystallization and achieving well Obtaining good grids and data
diffracting crystals processing
Cost Affordable Quite expensive data collection
and processing time
Target Preferred for capturing static Preferred for capturing dynamic

conformation of < 100 kDa at
molecular resolution

states of big machineries > 250
kDa at medium to high resolution.
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As mentioned in table, both structural techniques have their pros and cons and complement
each other. cryoEM can be used to get information of the overall architecture and it can at the
same time guide to pinpoint the flexible parts.
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7 SUMMARY OF PAPERS

71 PAPERL:

The amino terminal extension of mammalian mitochondrial RNA polymerase ensures
promoter specific transcription initiation

This part of the PhD project was aimed at understanding mitochondrial transcription and this
paper addresses the transcriptional machinery that is involved during initiation of
mitochondrial transcription. The catalytic core of the human mitochondrial RNA polymerase
(POLRMT) is structurally similar to the bacteriophagal T7 RNA polymerase, implying that
the mechanism of RNA synthesis is similar. However, POLRMT has a unique N-terminal
extension (NTE) with unknown function. A previous crystal structure of a POLRMT
construct that lacks the initial 104 amino acids in the construct showed only density from
residue 218. Biochemical studies of the above construct showed that it is active on dsDNA
while the construct 200 and 368 could only carry out transcription in the presence of a pre-
melted templates, suggesting a role of the NTE in transcription initiation (Ringel et al., 2011).
A similar truncation in yeast polymerase, Rpo41 affects its binding to the transcription factor
Mtfl (Paratkar et al., 2011). The function of NTE in mammalian mitochondrial transcription
remained largely unknown.

To address the possible roles of this NTE in regulation, a project was initiated where the NTE
of mouse POLRMT was truncated to different lengths and its effect on transcription was
investigated by biophysical and biochemical methods. Out of many mutants that were
designed, only one mutant where the initial 320 amino acids were removed (denoted as
mPOL320), was found to be active in in-vitro transcriptional assays. A microscale
thermophoresis (MST) experiment was done on different relevant complexes. MST measures
the change in migration of partner-free and partner-bound protein induced by a temperature
gradient. Upon titration of the labelled transcription factor B2, TFB2m, to the wtPOL and
mPOL320, we found that the mPOL320 has increased affinity for TFB2m and it forms a tight
complex. The complex can be purified on a gel filtration column. The in-vitro experiments
showed that mPOL320 clearly increases the transcriptional activity and the truncation makes
the POLRMT independent of the promoter-recognition factor, TFAM causing it to be hyper
active and transcribe even from non-specific DNA sequences. To further examine if the NTE
truncation is having an effect on initiation complex formation a DNase I foot-printing
experiment was performed, which showed that NTE is having a negligible effect on the
protection pattern. It was shown that only TFAM protects a region upstream from the
transcription start site at position -10 to -40. Neither POLRMT nor TFB2M in isolation nor
when added together could create a footprint. In the presence of all three components, a
protection at -50 and -60 region was also noticed, which is in complement to a -40 to +10
footprint reported in previous studies (Gaspari et al., 2004). With the same experiment, the
binding order of proteins required for transcription initiation were determined to be TFAM
followed by the complex of POLRMT-TFB2m. The results obtained in this study differ from

previous reports where a similar truncation in yeast Rpo41 will yield a non-active polymerase
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(Paratkar et al., 2011), while in mouse POLRMT, removal of NTE will still result in an active
polymerase, even over active. Removal of NTE affects the interaction of POLRMT with its
transcriptional factor, TFAM and TFB2m implying that NTE plays an important regulatory

role and ensures promoter-specific transcription.
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Figure 19: Summary of results of Paper 1.
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7.2 PAPERII:

TEFM is a potent stimulator of mitochondrial transcription elongation in-vitro

This part of the project addresses the mitochondrial transcriptional machinery during its
elongation phase and studies the potential role of a novel protein factor involved in the
elongation phase. The transcription elongation factor (TEFM) was identified in 2011, by a
RNAi meditated knockdown in human cells , as a protein required in the formation of
promoter distal transcripts by interacting with the catalytic core of the mitochondrial RNA
polymerase, POLRMT (Minczuk et al., 2011). To further investigate the biochemical and
structural role of TEFM in mitochondrial transcription, a study was initiated as a PhD project
where in-vitro transcription assays, microscale thermophoresis, MST and DNase I foot
printing techniques were used to answer the biological question. The project was in
collaboration with Claes Gustafson from GU.

Using in-vitro transcription assays, we were able to show that only by using initiation
transcriptional machinery i.e. POLRMT with two initiation transcription factors TFAM and
TFB2m, transcription can be initiated from LSP transcription start site but 65 % of these
transcription events are prematurely abolished just after a short RNA of 120 nucleotides is
synthesized. However, in the presence of TEFM, this premature termination is abolished. The
termination region corresponds to the conserved sequence block II region (CSBII) which in
the mitochondrial genome transcribes to a G-quadruplex. G-quadruplexes are guanine rich
sequences that stack in planes to form bulky, stable regions. TEFM assists in the transcription
of such putative termination points. Further experiments showed that TEFM also allows the
mitochondrial transcription machinery to bypass normal DNA lesions like apurinic or
apyrimidinic sites (AP-site) and 8-0x0-2"-deoxyguanosine (8-0xo-dG) sites.

Complex formation experiment on size exclusions chromatography suggested that the TEFM
and POLRMT can interact in the absence of RNA-DNA and interactions is stronger in the
presence of RNA transcribing DNA. This affinity was measured quantitatively by Microscale
thermophoresis experiment, MST. By DNase I foot printing experiments, it was showed that
TEFM is involved even at the initiation stage of mitochondrial transcription as the foot print
was altered in the presence of TEFM.

All these experiments led us to formulate that TEFM is a potent transcription elongation
factor and it increases the POLRMT affinity to DNA template and make it less prone to
termination events. In addition, POLRMT completely abolishes the termination event at
CSBII region, suggesting that TEFM could be involved in generating the replication primers
for OriH transcription. A similar report at that time suggested that TEFM could act as a
control between replication and transcription (Agaronyan et al., 2015). In our paper, we did
mention that this could be linked but if it directly acts as a switch needs to be addressed with
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7.3 PAPERIII:

Structure and degradation mechanism of the Human Mitochondrial Lon protease

Human mitochondrial Lon is AAA+ protease (ATPase Associated with diverse cellular
Activities) and performs the crucial role of degrading misfolded, oxidatively modified
proteins in human mitochondria. Furthermore, it is involved in the metabolic regulation by
degrading proteins involved in replication, repair and transcription of the mitochondrial
genome(Bota et al., 2005). For instance, it has been shown to regulate the level of TFAM, the
transcription factor in human mitochondria and specifically recognizes and degrades the
DNA-free TFAM (Lu et al., 2013). Another study showed that upon mitochondrial stress
followed by the triggering of the mitochondrial unfolded protein response, Lon specifically
degrades MRRP3 (Miinch and Harper, 2016). MRPP3 is the nuclease subunit in the
mitochondrial RNase P complex that performs the initial step in mitochondrial RNA
processing. Moreover, Lon has been implicated in multisystem developmental disease,
CODAS syndrome (Cerebral, Ocular, Dental, Auricular Skeletal)(Peter et al., 2018; Pinti et
al., 2016a; Strauss et al., 2015) . LonP1 is a homo-hexamer that uses energy from ATP
hydrolysis to recognize, bind, and translocate its substrate into a proteolytic chamber. Earlier
studies of individual domains and truncated proteins of bacterial and archaeal homologues,
along with the low-resolution structure (15-20 A) of human LonP1 have suggested the three-
dimensional architecture of human LonP1. However, the absence of a structure of a full-
length eukaryotic mitochondrial Lon have always hampered our understanding.

For this purpose, human mitochondrial Lon, human LonP1 was recombinantly expressed,
purified as a hexamer, vitrified on electron microscopy grids and screened for single-particle
electron cryoEM microscopy (cryo-EM). Extensive data collections, optimisations and data
processing has resulted in a high-resolution electrostatic potential map of human
mitochondrial Lon with information up to 3.6 A. The atomic model of LonP1 protease was
built and refined. The structure shows that human mitochondrial Lon is a homo-hexamer
where the promoters are arranged in an open helical conformation with a slight translational
shift. Additionally, we found that the legs have a unique dimeric arrangement, where the
LAN domains of every first and fourth protomer is interacting thereby giving rise to an extra
pore in the neck region which acts as the first gate to the chamber entrance. Accompanied by
the ATPase and protease assays, we are able to say how LonP1 may capture substrates and
translocate it through the chamber towards the proteolytic domain. A crystal structure of a
bacterial homologue suggests that Lon uses three of its protomers synergistically and the
sequential movements of non-neighbouring protomers in two sets unfold the substrate(Lin et
al., 2016) . This is in contradiction to what is reported for the other ATP-dependent proteases
: 26S proteasome (de la Pena et al., 2018), Vps4-vtal (Monroe et al., 2017), Hsp104
aggregase (Gates et al., 2017), YMEI1 (Puchades et al., 2017) , VAT protein (Ripstein et al.,
2017). Our single-particle analysis of a full-length human LonP1 suggests that it exhibits a
combination of both, Lon exhibits hand over hand model where three protomers provide the
hand. We propose that ATP is hydrolyzed by all the protomers in order, where one ATP
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hydrolysis event by one protomer moves the other protomers through extensive
communication which is not restricted to the chamber. The structure is the first high-

resolution structure of human mitochondrial Lon.

Given the consideration of Lon as one of the potential therapeutic target and potential
biomarker for cancer diagnosis(Lu, 2017) (Bota and Davies, 2016).The availability of the
high resolution structure is one step forward toward understanding the dynamic machinery.
Moreover, its only through the cryoEM that the dynamics of the AAA+ machinery are
captured and additionally have guided to the static part of the protein which can be solved by
x-ray crystallography.
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Figure 22: Summary of results of Paper III.
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8 FUTURE PERSPECTIVES

The mitochondrion is the power house of the cell and abnormal functioning of the
mitochondrion is linked to variety of metabolic, genetic, and age-related diseases. The aim of
the current PhD was to explore the structural-functional relationships of mammalian
mitochondrial matrix proteins. There are almost 1000-1500 proteins present in human
mitochondria and the structures of only 190 proteins (or parts of proteins) are reported in the
structural data bank, PDB. With 97% of them being solved by X-ray crystallography. X-ray
crystallography is an excellent and so far, the only available technique to get high atomic
resolution information for the static thermodynamically favourable fold of a small protein.
This information is mandatory for a pharmaceutical drug design. But proteins are dynamic
machines with flexible regions busy in carrying on basic functions that are required for life.
In the present era, single particle cryoEM has emerged as a strong tool to study big dynamic
machineries at high resolution giving rise to endless possibilities.

The specific aim of this thesis was to understand protein machinery involved in transcription
and quality control. With Paper I, the proteins involved in first step of transcription i.e.
initiation were studied and a model for the binding order of the proteins was proposed. The
proposed model was later supported by the follow-up studies, especially the structural report
of the initiation complex (Hillen et al., 2018). Although the structural report is intriguing,
there are some basic questions that are not answered. The reason perhaps lies in the
truncations made in order to be able to crystallise the proteins. For example, 20-62 residues of
TFB2m, which are involved in DNA priming are removed in the published structure.
Interestingly, the study reported that removal of these residues does not affect the function of
the protein which is to separate the dsSDNA at the transcription start site. But later, instead of
a normal dsDNA - that truncated TFB2m is able to separate, a pre-melted dsDNA was used
in the structure. As a result, only a few core contacts were recorded. Now with the availability
of cryoEM, there is a possibility to capture a transcribing transcription complex. It must be
noted that the complex is at border-line size-wise for cryoEM and another challenge will be
to capture a stable homogenous complex.

In Paper II, the elongation phase of transcription was investigated. We were able to
characterise a putative transcription elongation factor that turned out to be critical for the
processivity of the mitochondrial RNA polymerase. A later study reported the structure of
transcription elongation complex with TEFM. Once again as per demand of the technique, X-
ray crystallography, all the flexible regions of the protein were removed and only the core of
the complex was crystallised. As a result, there are still unaddressed questions that need
further investigation. This complex would be interesting to be explored with cryoEM.

In Paper 111, the cryoEM structure of human mitochondrial Lon protease, LonP1 is reported.
The dynamic structure is intriguing but demands more mutational, biochemical and structural

work to fully understand the mechanism. Still it is the first report of a high-resolution full-
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length structure of human LonP1 that can work as a guide to answer mechanistic questions
about substrate recognition, substrate translocation and ATP hydrolysis. It would be
interesting to see if the wt-type human LonP1 with ADP bound has a similar structure as the
mutant LonP1 we were able to obtain a high-resolution reconstruction of. Now with the
conditions of purification, data collection and processing being established, there is a
possibility to capture the protease in different states of action. Given the involvement of Lon
in cancer and proposal of Lon being used as a potential biomarker for cancer and target for
other therapeutics, the research work can be extended to drug design.

To conclude, the method of cryoEM together with the unexplored large mitochondrial
machineries, it can be certainly said that the future for mitochondrial research holds promise.
Both structural techniques x-ray crystallography and cryoEM can complement each other to
understand the structural-functional relationship of a multitude of interesting mitochondrial

macromolecular complexes.
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