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Mammalian mitochondria maintain their double-stieah circular genome in DNA-
protein complexes known as nucleoids, similar tcctér@a. While bacterial and yeast
mitochondrial nucleoids have been studied morensktely, much is unknown about the protein
composition and events that occur at mammalian andodrial nucleoids. Recent work has
identified many novel mitochondrial nucleoid proteiby mass spectrometry, however the
functions of many of these proteins are not wellarstood. One of the interesting proteins
identified by mass spectrometry is RNMTL1, a pw&atRNA methyltransferase. A search for
related mitochondrial proteins in proteomic datasasvealed MRM1 and MRM2 as potential
RNA methyltransferases as well. The work reported this thesis includes an initial
characterization of the three novel rRNA methylsfanase proteins. We provide data on the
subcellular localization of these proteins andrtaromolecular complexes in which they exist.
We have slightly focused more on RNMTL1, since mait RNMTL1 nor any known
homologues have previously been characterized, pradide data on its protein interacting

partners. We also provide evidence that RNMTL1 kasimportant role in mammalian



mitochondrial translation. In addition, we haveigsd the three methyltransferases to their
specific substrate sites on the mitochondrial laflgesomal subunit rRNA. MRM1, MRM2 and
RNMTL1 methylate the 2-O-ribose of '&° U@ and G*° respectively. These

methyltransferases are also likely involved in mhtondrial ribosome assembly and/or stability.
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Preface

While biochemical analysis of cell fractions beganreveal some of the functions of
mitochondria around the 1950s (Ernster and Sch@&1), proteomic studies to identify specific
mammalian mitochondrial proteins were initiated @981, using two-dimensional gel
electrophoresis (Anderson, 1981). Technologicalaades by 1998 to 2001 allowed the large
scale identification of mitochondrial proteins kyliming the powerful tool of mass spectrometry
(Calvo and Mootha, 2010). The vast amount of infation on mitochondrial proteins has been
organized into databases such as the MitoCartdiiAaget al., 2008), MitoMiner (Smith et al.,
2012; Smith and Robinson, 2009) and others (Cahg Mootha, 2010). Patterns found within
the N-termini of mitochondrial proteins have helpgeherate tools such as MitoProt, which
analyzes the amino acid sequence of any given ipraied calculates the probability of the
protein to be naturally imported into mitochondrée, well as the expected cleavage site after
import. This tool is particularly useful since masitochondrial matrix proteins have an N-
terminal sequence that is proteolytically cleavadsequent to translocation into the organelle.
The exact functions of hundreds of putative mitoahr@l proteins remain unknown.

The Bogenhagen lab was among the first to piomesthods for isolating highly purified
mitochondrial nucleoids from higher eukaryotes aedorm proteomic analysis of the proteins
in these complexes (Bogenhagen et al., 2003). [Ediso a model in which the nucleoid core
consists of mitochondrial DNA tightly packaged blyAM and mtSSB, and is handled by a set
of “core” proteins functioning in DNA repair, repéition and transcription (Bogenhagen et al.,
2008). The periphery of the nucleoid core cons@tsRNA processing enzymes, proteins

involved in translation, protein folding and ribose assembly factors. However, many of the
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nucleoid proteins are still uncharacterized. Wealetp study some of these proteins and found
an interesting group of putative RNA methyltranagss: RNMTL1, MRM1 and MRM2, which

is the basis for this dissertation.
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Chapter 1 — Introduction
A. The Significance and Diverse Functions of MammaliaMitochondria

Mitochondria are double-membrane organelles thatuarique to eukaryotes and are
believed to have evolved from the endosymbiotiofporation of am-proteobacterium most
similar to the present-day Rickettsiales into atloedl over 1.5 billion years ago (Dyall et al.,
2004; Gray et al., 1999). It is not surprising ta@but two-thirds of the approximately 1,100
known mitochondrial proteins in humans have baateorigins (Vafai and Mootha, 2012).
Interestingly, other mitochondrial proteins such @BIA Polymerasey, RNA polymerase
(POLRMT) and TWINKLE helicase are similar to T-otdcteriophage proteins (Filee et al.,
2002; Ringel et al., 2011; Shutt and Gray, 2006ifodhondria are most well known for their
role in oxidative phosphorylation by the respirgtohain (OXPHOS complexes, also known as
the electron transport chain (ETC)) at the innetoofiondrial membrane, which provides the
host cell with energy in the form of ATP. An hidt@a account of the major discoveries in
mitochondria, including the development of Mitchelypothesis of respiratory chain function,
is reviewed by Ernster and Schatz (Ernster andt3chf81). It is proposed that by maintaining
its own genome dedicated to producing energy, s&pérmom the nuclear genome, mitochondria
have allowed the evolution of complexity in highewkaryotes (Lane and Martin, 2010). In
higher eukaryotes, mitochondria also have importanttions in apoptosis, metabolism, heat
generation, calcium storage, immunity, cell signgivia reactive oxygen species (ROS) (Finkel,
2011), and the synthesis of iron-sulfur complex@siléchmidt and Puccio, 2014) and steroids
(Miller, 2013). Therefore it is no surprise thattochondrial dysfunction is found in a vast array

of human diseases that affects various organs amsks diverse, often debilitating symptoms.



Over 150 distinct mitochondrial syndromes are d&firand most are caused by abnormal
respiratory chain function, occurring in at leash 5,000 live births (Vafai and Mootha, 2012).
Mitochondria are heterogeneous in an organ-spebdisis to allow specialization of diverse
functions, likely explaining the organ-specific retial presentations of some mitochondrial
diseases. Over 300 mutations in mitochondrial DNONA) and over 110 mutations in
nuclear-encoded proteins have been found to leaditimchondrial disease. The first disease-
causing human mtDNA mutations were identified by kabs of Wallace (Wallace et al., 1988)
and Harding (Holt et al., 1988). Mitochondrial dises include mitochondrial encephalopathy
lactic acidosis and stroke-like syndrome (MELAS)yatlonic epilepsy with ragged red fibers
(MERRF), Leigh syndrome, Leber's hereditary opteuropathy (LHON), cardiomyopathy,
deafness, muscular dysfunction, anemia, diabetrkjri3on’s disease and Alzheimer’'s disease
(DiMauro and Schon, 2003; Stumpf and Copeland, 204%lor and Turnbull, 2005; Vafai and
Mootha, 2012; Wallace, 1999, 2012). Mitochondrigsfdnction is also heavily implicated in
aging (Bogenhagen, 2010; Bratic and Larsson, 20diginovic et al., 2004). Organs with a high
energy demand such as the brain, the heart, tbe dnd skeletal muscles are often the most
severely affected by dysfunctional mitochondria.e T$ynthesis of mitochondrial ribosomes
(mitoribosomes) and respiratory complexes is reagdldy the coordinated expression of two
genomes, the nuclear and the mitochondrial genoftess, mutations in either source may lead
to defects in mitochondrial biogenesis and mitod@h disorders. Mitochondria undergo fusion
and fission to share components to maintain a fomak population and to re-distribute
mitochondria, which is especially important in padad cell types (Detmer and Chan, 2007).

Dysfunctional mitochondria are believed to be restb¥rom the cell through mitophagy, a



process mediated by PINK1 and Parkin, proteins #n@atmutated in a subset of Parkinson’s
disease patients (Kane et al., 2014).

The current treatments for mitochondrial disordgtempt to mitigate the symptoms, but
do not deal with the underlying cause. Therapies @uly palliative and include vitamins,
cofactors, ROS scavengers and exercise (DiMaurdahdn, 2003; Gardner et al., 2007; Koene
and Smeitink, 2009; Smeitink et al., 2006). Methotlspecifically eliminating mutant mtDNA
without depleting normal mtDNA are under developmienvitro, including expression of a
mitochondrial-localized restriction enzyme (Srivast and Moraes, 2001) or zinc-finger
nuclease (Minczuk et al., 2010). However the clhicanslation of these ideas is still far away.
Since mtDNA is completely maternally inherited,astgies are being explored to prevent
transmission of defective mtDNA prior to birth. Bress in pro-nuclear transfer and spindle
transfer technology with human cells offers promcfea “three-parent” model to prevent
inheritance of defective mtDNA and are on the veofjeentering clinical trials in the United
Kingdom and possibly in the United States (Amatalgt2014; Craven et al., 2010; Tachibana et
al., 2013a; Tachibana et al., 2013b; Tachiband. e2@09; Vogel, 2014). Recently, polar body
genome transfer in mice has also shown promisenaaltarnative method for bypassing the

transmission of mitochondrial diseases (Wang eall4b).

B. Mammalian Mitochondrial Genetics
1. Mitochondrial Genome and Mitochondrial Nucleoids
The human mtDNA is an approximatelyutn circular molecule of 16,569 base pairs,
coding for 13 mRNAs, 2 rRNAs and 22 tRNASd 1). The double-stranded genome consists of

a heavy strand and a light strand, named so bec¢hadeeavy strand is G-rich while the light



strand is C-rich and can thus be separated by masalkaline cesium chloride gradients
(Falkenberg et al., 2007). tRNAs are dispersedutfinout the genome and in all but two cases
separate the rRNAs and mRNAs. The rRNAs and tRNascamponents of the mitochondrial
ribosome (mitoribosome) and translation machinempile the mRNAs are translated on
mitoribosomes to generate protein subunits of tkelative phosphorylation (OXPHOS)
complexes. mtDNA encodes components of Complexds IV and V, while Complex Il is
composed of four nuclear-encoded subunits. ThuBNAtis solely dedicated to producing the
electron transport chain (ETC). The coordinatiorthef mitochondrial and nuclear genomes are
required for assembly of the ETC. Complex | utdizbe NADH generated by the citric acid
cycle in the mitochondrial matrix, whereas Compl#x utilizes succinate and FADH
Complexes | and Il transfer their electrons to Cayeme Q, which then subsequently passes the
electrons through Complex Ill, cytochrome ¢ and @tax IV, initiating proton pumping from
the mitochondrial matrix into the intermembrane cgp@dlMS) at each step. This generates a
proton electrochemical gradient across the innéochondrial membrane (IMM), consisting of a
membrane potentiah¥’) and a proton concentration gradienpK). The protons re-enter the
mitochondrial matrix through Complex V (ATP syntbgsdriving the phosphorylation of ADP
to ATP. Uncoupling of the proton entry through A3yhthase and the ATP synthesis reaction by
uncoupling protein 1 (UCP1) is a mechanism of lgeaieration.

MtDNA is packaged similarly to bacterial DNA intaigieoids by various proteins and
not compartmentalized within a membrane (Bogenhag@h2). A comparison of the physical
properties of mitochondrial nucleoids across sdvgpacies is provided by (Chen and Butow,
2005). In vivo imaging of mammalian mitochondrialcteoids over time shows that they are

dynamic structures (Bereiter-Hahn and Voth, 1996yri@o et al., 2003; Iborra et al., 2004;



Legros et al., 2004). Super-resolution microscampasses the diffraction limit of light, which
is approximately 200 nm and has improved the viza@abn of nucleoids. Recently, TFAM, one
of the core protein components of nucleoids, wagessed with a photoactivatable fluorescent
mEos2 tag in mouse fibroblasts and imaged with rstgsolution photoactivated localization
microscopy (PALM) (Brown et al., 2011). TFAM servest only to tightly package DNA but
also regulates its accessibility to other protelhss estimated that there are between 1.4 to 7.3
mtDNA copies per nucleoid and an estimated rang&0oto 1,700 molecules of TFAM are
available per mtDNA (Bogenhagen, 2012). PALM imagiof TFAM-mEos2 revealed that
nucleoids have an average diameter of approximat@lynm and have an ellipsoidal shape
(Brown et al., 2011), consistent with the previguglported range of nucleoid diameters of 31 to
132 nm measured by electron microscopy (Iborra.e2804). Nucleoids often exclude freely
diffusible matrix proteins but these proteins caness the nucleoids through remodeling events
(Brown et al., 2011). By combining electron micragg and PALM, nucleoids were shown to be
tightly associated with the IMM (Kopek et al., 2Q,12onsistent with the co-fractionation of
mtDNA with membranes (Albring et al., 1977) and tidentification of IMM proteins in
proteomic analyses of nucleoids (Wang and Bogemh&#06). Yeast mitochondrial nucleoids
are also believed to be associated with the membr@g@hen and Butow, 2005).

Studies on yeast mitochondrial nucleoids have beéormative for understanding
nucleoids in mammals and other higher eukaryotemr{@ et al., 2003; Spelbrink, 2010).
However, the protein components and events thatiroat nucleoids are not well defined.
Chemical crosslinking of proteins to DNA within necids allowed the purification and
identification of some of the nucleoid componemtghe yeast system (Kaufman et al., 2000).

The Bogenhagen lab was the first to isolate highigfied mitochondrial nucleoids from higher



eukaryotes Xenopus oocytes) and identified the proteins via mass tspetry (Bogenhagen et
al., 2003).Xenopus oocytes were chosen as the starting material sheye each contain about
100,000 copies of mtDNA and are therefore abun@amucleoids. The Bogenhagen lab and
others have also isolated nucleoids from severahmmaian cell lines and rat liver (Bogenhagen
et al.,, 2008; He et al., 2012b; Wang and Bogenhag@@6), as reviewed by (Hensen et al.,
2014). Nucleoids are often purified as native caxres by sedimentation through gradients or
by immunoprecipitation, except in one case in whitlcleoids were first crosslinked with
formaldehyde prior to isolation in stringent comatis (Bogenhagen et al., 2008), a method
previously performed on yeast nucleoids (Kaufmaralet 2000). These approaches provide
information on the average composition of nucleoltss interesting that some nucleoid proteins
are bifunctional, possibly acting as a sensor & thetabolic state of the cell to regulate
mitochondrial nucleoid dynamics. Only recently, aspect of nucleoid dynamics has been
factored into proteomic studies by using a nongadive heavy-isotope amino acid labeling
approach known as stable isotope labeling with amatids in cell culture (SILAC)
(Bogenhagen et al., 2014). Cells are briefly growthe presence of heavy-amino acids to label
newly synthesized proteins (pulse), and then thHeelilag medium is removed (chase).
Macromolecular complexes were isolated from mitoch@ from these cells and labeled
proteins were distinguished from non-labeled prateby mass spectrometry. The SILAC
techniqgue helped to reveal that many newly-syn#ieeli nuclear-encoded mitochondrial
ribosomal proteins (MRPSs) localize to the nuclefmdthe initiation of ribosome assembly and
then dissociate into ribosomal complexes (see below

Human mtDNA has an approximately 10-fold higher aioh rate than nuclear DNA

(Brown et al., 1979; Wallace and Fan, 2009). Softbecontributing factors to the high rate of



mtDNA mutation include a lack of repair pathwayatthre present in the nucleus. Mitochondria
are capable of short-patch and long-patch basaieraiepair, and possibly mismatch repair and
single-strand break repair, but lack nucleotideisan repair (Bogenhagen, 1999; Kazak et al.,
2012; Liu et al., 2008; Mason and Lightowlers, 200tason et al., 2003; Pinz and Bogenhagen,
1998). While yeast and plant mtDNA undergo homoilegycecombination, the ability to repair
double-strand breaks in mammalian mitochondridlisogbated.

Mammalian mitochondria only possess one DNA polyasey DNA Polymerase The
fidelity of DNA Polymerasey is dependent on its proofreading exonuclease dgméiich is
essential for health, as demonstrated by the “routabuse”, which has a D257A mutation in
the Polymerase 3'>5’ exonuclease domain. mtDNA in the mutator moussuimulates a 3- to
5-fold increase in point mutations. These mice gmésvith signs of premature aging, including
weight loss, reduced subcutaneous fat, alopectegrae spinal curvature, osteoporosis, anemia,
reduced fertility, enlarged heart and reduced loitggKujoth et al., 2005; Trifunovic et al.,
2004). Nonetheless, due to the many copies of mMtWthin cells, cells can be perfectly
healthy in a state of heteroplasmy, a conditiowlmich wild-type and mutant mtDNA co-exist.
There are about 1,000 to 10,000 mtDNA moleculessperatic cell, and over 100,000 copies in
an oocyte (Falkenberg et al., 2007). Mitochondriatleoids have been shown to be able to share
protein components while faithfully maintaining niNB in their respective nucleoids, a concept
known as functional complementation (GilkersonlgtZz908; Jacobs et al., 2000). Thus a subset
of mtDNA encoding functional genes can compensate & percentage of dysfunctional
genomes, and thus diseases do not present uritieshbld level of heteroplasmy is reached,
typically 60-90% (Gardner et al., 2007). Interegiyn cell cultures can survive and grow in the

absence of mtDNA (as rho-zerpOj cells) when the culture medium is supplementéith w



uridine (Desjardins et al., 1985; King and Attarti§89), however, higher eukaryotes cannot
survive as an intact organism without functionaDMA.

The mammalian mitochondrial genome is extremely gact as demonstrated by the
lack of introns or untranslated mRNA regions. Moktthe mtDNA-encoded mRNAs require
polyadenylation to provide the stop codon. Intenggy, the mitochondrial genome slightly
diverges from the “universal” genetic code (Baredllal., 1980; Barrell et al., 1979); AUA and
AUU code for methionine instead of isoleucine, A@Ad AGG encodes stop codons instead of
arginine, and UGA codes for tryptophan instead sfogp codon. It is unclear why mitochondria
utilize a unique genetic code, but the mitochonimecific tRNA modifications (see below)
contribute to the usage of only 22 tRNAs rathenttiee full set of 32 required for recognition of
the “universal” genetic code.

Mitochondria follow a strict maternal inheritancdthough in only one known case, a
patient was found to have inherited some patern®NA (Schwartz and Vissing, 2002).
Transmission of mtDNA is not yet fully understodujt there appears to be “bottleneck” that
operates to permit only a small number of mtDNA @coles to be inherited from the mother.
One possible mechanism of the bottleneck is thateths a significant reduction in mtDNA
content during early oogenesis, prior to a rapipagsion in mtDNA during oocyte maturation,
leading to a random shift in mtDNA mutational lobetween oocytes (Chinnery and Hudson,
2013). Thus, a mother with a sub-threshold leveintDNA heteroplasmy may be healthy, but
give birth to diseased children (Chinnery and Hugs®013). This bottleneck theory helps
explain how mutant mtDNA that acquire a replicaivantage are not continuously propagated

in the host’s lineage in a process called “Mullegchet” (Wallace, 2007).



It is proposed that by maintaining a separate genentirely dedicated to producing
energy, mitochondria have allowed the evolutiorcoafmplexity (Lane and Martin, 2010). It is
believed that over an evolutionary timescale, naggtoteobacterial genes have been exported to
the nucleus, while the host nuclei also evolved meateins that bind and package mtDNA
(Kucej and Butow, 2007). Eukaryotic cells develomedystem to synthesize nuclear-encoded
mitochondrial proteins by translating the protears cytosolic ribosomes, importing them into
mitochondria and sorting to the proper sub-mitochi@h location, as reviewed by (Schmidt et
al., 2010). Most matrix proteins are synthesizedpi@sproteins with a positively-charged N-
terminal mitochondrial localization signal (MLS; tm¢hondrial targeting sequence (MTS)),
which is cleaved upon entry into the matrix. Otimeitochondrial proteins have an internal
targeting signal that is not cleaved. The procésaitnchondrial protein import is dependent on
the electrochemical membrane potential, thus defechitochondria may be culled by starving
for an influx of proteins needed for maintenance &rogenesis. It is unknown why mtDNA
have retained a specific set of genes and whetheotantDNA is still undergoing evolution to

transfer its genes into the nucleus.

2. Mitochondrial DNA Replication and Transcription
MtDNA replicates independently of the cell cyclel auclear DNA replication. There are
several models of mammalian mtDNA replication (lealkerg et al., 2007): 1) the strand
displacement model (Clayton, 1982, 1991; Robbeedoal., 1972), 2) the RNA incorporated
throughout the lagging strand (RITOLS) model (Haftd Reyes, 2012), and 3) the strand-
coupled model (Holt and Reyes, 2012). The strasglatement model accounts for the high

conservation of the non-coding origins of replioatiand is discussed below. Transcription is



initiated by a complex of POLRMT, TFAM and TFB2M @te of three promoters: Light-strand
promoter (LSP), Heavy-strand promoter 1 (HSP1}leavy-strand promoter 2 (HSP2) (Clayton,
2003; Yakubovskaya et al., 2014). Transcripts thiziate at LSP occur upstream of the Origin
of heavy strand replication (2 LSP transcripts can be synthesized as neagémbme length
polycistronic RNA encoding mRNAs and tRNAs, butsome cases terminate at Conserved
Sequence Box Il (CSBIl) (Pham et al., 2006) to gat@DNA primers for mtDNA replication.
The transcription complex undergoes a polymerase&tswg event at CSBII, allowing DNA
Polymerasey to elongate the RNA primer. A subset of these D&k#ended RNA primers is
terminated at the termination-associated sequend&)(to generate 7S DNA, while a small
percentage continues past the TAS to replicate hisvy strand. The region of mtDNA
encompassing the 7S DNA is called the D-loop, inclvtihe 7S DNA is paired with the light
strand and a region of the heavy strand is loopgd(Micholls and Minczuk, 2014). Heavy
strand replication proceeds about two-thirds thegtle of the genome until it encounters the
Origin of light strand replication (Q. At O, replication of the light strand begins in the
opposite direction while replication of the heawasd continues to completion. mtDNA
replication is assisted by mtSSB, a nucleoid proteat binds to single-strand DNA, Twinkle,
the mtDNA helicase, and mtDNA topoisomerases |, diffl llla (Sobek and Boege, 2014).
HSP1 transcripts initiate upstream of the phengiaa tRNA gene and may be
terminated by MTERF1 downstream of the 16S rRNAegeMTERFL1 is proposed to bind to
HSP1 and tRNA-Leu (UUR), putting the transcriptiomchinery on a loop known as a
“ribomotor” (Guja and Garcia-Diaz, 2012). This iensistent with the much higher levels of
mitochondrial rRNAs compared to mMRNAs; rRNAs aréneated to be approximately 50-fold

more abundant than mRNAs (Terzioglu et al., 20T8nscripts that initiate from HSP2 begin
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upstream of the 12S rRNA gene and generate a nkkg@ehomic length polycistronic RNA. The
polycistronic RNAs are then processed and modifiad, described below. RNA is not
significantly imported into or exported from mamiaal mitochondria, although PNPase was

reported to mediate RNA import (Wang et al., 20Mang et al., 2012).

3. RNA Processing and Modifications
a. RNase P and RNase Z cleave at tRNA junctions in palistronic transcripts

At the same time the human mitochondrial genomesggsienced by the Sanger method
(Anderson et al., 1981), the mRNAs were also charaed (Montoya et al., 1981). The 5’ ends
of most mMRNAs either begin with a start codon oryvproximal to a start codon, and are
immediately flanked by tRNAs (Montoya et al., 198Big. 1). Mitochondrial transcripts
synthesized from the heavy strand and the liglanstrare polycistronic precursors, and the
rRNAs and all but two stretches of mMRNAs are sdpdray tRNAs. It was therefore proposed
that RNase P and RNase Z (ELAC2) are endonucléaesecognize the secondary structure of
tRNAs within the nascent polycistronic messagesdaeave at their 5’ and 3’ ends, respectively,
to separate the individual tRNAs from rRNAs and nfNThis RNA processing mechanism is
also known as the “tRNA punctuation” model (Bat@myd Clayton, 1980; Ojala et al., 1980;
Ojala et al., 1981)Hig 2). The RNases cleave sequentially; RNase P cleavegars prior to
RNase Z cleavage (Manam and Van Tuyle, 1987; Rastimet al., 1995). Data supporting the
model that processing occurs on nascent RNA sydr$rom the nucleoid has recently been
provided by the co-localization of RNase P and RNas to mitochondrial nucleoids

(Bogenhagen et al., 2014).
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RNase P was first discovered in bacteria as aipr&BA complex in which the catalytic
activity was attributed to its RNA component (GusrTakada et al., 1983). In the human
nucleus, RNase P is found to be a protein-RNA cemmonsisting of at least ten protein
subunits serving to process precursor tRNAs (Jarr@002). An RNA-free RNase P was
identified in human mitochondria and an active cmponsisting of three proteins, MRPP1,
MRPP2 and MRPP3, was reconstituteditro (Holzmann et al., 2008). In addition to its rate i
RNA processing, MRPP1 was found to have methylfezase activity at 1G9 and mA9
positions on tRNA (Vilardo et al., 2012). MRPP2nslti-functional protein with broad substrate
specificity and is also known as hydroxysteroid-g} dehydrogenase 10 (HSD17B10), amyloid-
beta binding alcohol dehydrogenase (ABAD) or TypeS-hydroxyacyl-CoA dehydrogenase
(HADH2), among other names. Due to its ability todbamyloid-beta, MRPP2 was implicated
in Alzheimer’s disease, but recent data showstthatis not the case (Vilardo and Rossmanith,
2013). A missense mutation in MRPP3 was recentbgiileed as a nuclear genetic determinant
of mitochondrial tRNA modification and accounts f@bout 22% of the variance in
mitochondrial RNA sequences within and among irdiliai blood cells (Hodgkinson et al.,
2014). RNase Z (ELAC2) mutations have been foundoéoassociated with hypertrophic
cardiomyopathy due to defective RNA processing (lHaz al., 2013), as well as pathogenesis-
related mutations in tRNA genes that affect 3' pnacessing (Levinger et al., 2004a; Levinger
et al., 2004b; Levinger and Serjanov, 2012; Yamlgt2006), highlighting the importance of
separating the individual messages from precursansctripts for proper mitochondrial
translation. Recently, GRSF1 was described toacterith RNase P in distinct foci and mediate
its tRNA 5’ end processing activity and the subssqulispersal of the RNA (Jourdain et al.,

2013), however the functions of GRSF1 are contest{@ntonicka et al., 2013) (see below).
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b. mRNA Polyadenylation

In comparison to mitochondrial tRNAs and rRNAs, @fhundergo various base-specific
nucleotide modifications (see below), mitochondmd&NA only have one type of modification,
polyadenylation, which affects the mRNA stabilitynlike yeast mtDNA, the mammalian
mitochondrial genome is extremely concise, as destnated by the lack of intronic sequences in
MRNAs as well as the lack of 5 and 3’ untranslatedions (UTRs), with minor exceptions
(Montoya et al., 1981; Temperley et al., 2010b)s Ihoteworthy that mammalian mtDNA is so
compact that 7 of the 11 mRNAs (two remain polyoisic after RNA cleavage) are not encoded
with stop codons, but require polyadenylation tovte the final A residue(s) in the termination
codon (Chang and Tong, 2012; Gagliardi et al., 2B&ckham et al., 2012; Temperley et al.,
2010b). Mitochondrial polyadenylation is mediateg mtPAP, which surprisingly does not
appear to have bacterial origins, but is ratherilamto the cytosolic PAPs (Rorbach and
Minczuk, 2012). 10 of the 11 mitochondrial tranptsiare polyadenylated, and the length of
polyadenylation can vary among cell types and ewghin a cell (Rackham et al.,, 2012;
Rorbach and Minczuk, 2012), but in human cellsy taee predominantly about 45 nucleotides
long (Rackham et al., 2012; Rorbach and Minczuk,20’emperley et al., 2010b). ND6 is the
only mitochondrial mRNA that is not polyadenylatethe role of polyadenylation besides
completion of stop codons is unclear, as changeslyadenylation can increase or decrease the
stability of certain messages (Gagliardi et al.0£20Rorbach and Minczuk, 2012). Since
polyadenylation is a determinant of transcript #itgb it is difficult to determine whether

polyadenylation has a direct role in mediating wti@ndrial translation.
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Mammalian mitochondrial mRNAs are also unique irattithey lack the 5 7-
methylguanosine cap present on cytosolic mMRNAsdmaot completely follow the universal
genetic code. Interestingly, AUG, AUA and AUU serag initiation codons, while only one
tRNAY®" gene is encoded by mtDNA. Thus, the initiator MRNAY®" must be formylated by
MTFMT (Tucker et al., 2011) and the unmodified tR\fAis used during translation elongation.
Another unique feature of mitochondrial mMRNAs isatttCOXI and ND6 form secondary
structures to initiate a -1 frameshifting evenerdby allowing recognition of their stop codons,
AGA and AGG, respectively, by the translation teration factor mtRF-1a (Lightowlers and

Chrzanowska-Lightowlers, 2010; Richter et al., 20I0emperley et al., 2010a).

c. tRNA Modifications

The tRNAs found in bacteria and eukaryotic cytadolpe 0 tRNAs) have a canonical
cloverleaf secondary structure, characterized ftom 5’ to 3’ direction of the tRNA by an
acceptor stem, D-stem, D-loop (not to be confusdd the mtDNA D-loop), anticodon stem,
anticodon loop, extra loop, T-stem, T-loop, and C€Aninus. In contrast, mitochondrial tRNAs
have three forms of non-canonical tRNAs: Type ljchihave a shortened D-loop and shortened
extra loop, Type Il, which have variable length asdjuence in their D-loop and T-loop, and
Type Ill, which lacks the D-loop (Suzuki and Naga011b). Mitochondrial tRNAs have a lower
melting temperature than canonical tRNAs and tloeeetheir post-transcriptional modifications
are likely necessary to assist in their folding astdbility. Fifteen species of modified
nucleosides have been identified on 118 positionsndochondrial tRNAs, three of which are
specific to mitochondria: 5-formylcytidine @), 5-taurinomethyluridine t°U) and 5-

taurinomethyl-2-thiouridine ttn®>s?U) (Suzuki, 2014; Suzuki and Nagao, 2011b). Theemoth
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tRNA modifications include base methylation andyasriridylation. Mitochondrial tRNAs lack
2’-O-methylation, which is found on bacterial tRNAsd the mammalian mitochondrial large
ribosomal subunit rRNA.

The wobble position nucleosides of mitochondriaN#® are: 1) C, 2) queuosine (Q),
3) taurine-containing uridines and 4) unmodifiedugosine or uridine>€ at the wobble position
is required to recognize the AUA and AUG codonsjlevlp and unmodified guanosine allow
detection of pyrimidine-ending codons, and unmedifiuridine recognizes all four of the
nucleosides in the opposing codon. The expansiomadified nucleosides at the wobble
position in mitochondria allows broad specificitydadecoding of 60 different sense codons by
using only 22 tRNAs, in contrast to the minimal s&t32 tRNAs required for the standard
genetic code (Suzuki and Nagao, 2011b). Similaslyhe canonical tRNAs, the 3’ termini of
mitochondrial tRNAs undergo CCA addition by TRNElowing for aminoacylation (Nagaike
et al., 2001). Aminoacyl-tRNA synthetases may rexxogthe relatively truncated mitochondrial
tRNAs by utilizing their N-terminal distal helix aa compensation mechanism (Watanabe,
2010). Approximately half of the 400 identified pagenic mutations in mitochondrial disease
are located on mitochondrial tRNA genes (SuzukilfOand mutations that affect RNA
processing are known to be pathogenic (Levingat.e2004a; Levinger et al., 2004b; Levinger
and Serjanov, 2012). The lack of taurine modifmasiin tRNAs is also known to cause diseases
such as MELAS and MERRF (Suzuki and Nagao, 20Xggin highlighting the importance of

mitochondrial translation.

d. rRNA Modifications
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The mitochondrial-encoded 12S (954 nt) and 16S5@Ly&%) rRNAs are components of
the small and large ribosomal subunits, respegtii®her and Dubin identified the mammalian
mitochondrial rRNA methylation sites by double @alitive labeling of BHK-21 hamster cells
with 3P and [methyH] methionine, which label all nucleotides and onyethylated
nucleotides, respectively, followed by purificatioof mitochondrial rRNA and RNA
fingerprinting (Baer and Dubin, 1981). The predictecondary structure of the 12S and 16S
rRNAs with identified modification sites are shownFig 3. All five of the mitochondrial rRNA
base methylations are found on 12S rRNA, while ¥BBSIA has only three 2’-O-ribose
methylation sites and one pseudouridylation sit@efBand Dubin, 1981; Rorbach and Minczuk,
2012) {Table 1). In addition to supporting ribosomal function,NR modifications may be
crucial for ribosome assembly and/or stability (&tec and Fournier, 2002). The 2’-O-ribose
methylations may serve to support RNA folding, RBi#condary structure and/or recognition by
proteins (Decatur and Fournier, 2002; Motorin andinij 2011). Similar to mammalian
mitochondria, the most common modifications in yeasd human cytosolic rRNAs are 2'-O-
ribose methylations and pseudouridylations (Tabje Rurprisingly, the modifications of
mammalian mitochondrial rRNA are in stark contrastthose of bacterial rRNA, which are
predominantly base methylations and only few ar®2ibose methylations.

Four of the five base methylations on mammaliaroahibndrial 12S rRNA have been
assigned to corresponding methyltransferases. TEBA& mammalian homologue of bacterial
KsgA, is responsible for the dimethylation of twdjacent adenosines®**° and n,A%’, as
demonstrated by primer extension assays with revieasiscriptase (Seidel-Rogol et al., 2003),
while NSUN4 is responsible for 38®*, as demonstrated by bisulfite sequencing (Metodiev

al., 2014). TFB1M and NSUN4 are necessary for eoricydevelopment in mice, as genetic

16



deletion of these genes causes embryonic lethatligpproximately 8.5 days (Metodiev et al.,
2009; Metodiev et al., 2014). Mice with a heartepe knockout of either TFB1M or NSUN4
mediated by cre recombinase driven by the Ckmm ptenare born, but develop mitochondrial
cardiomyopathy. Heart-specific depletion of TFB1Eused decreased 12S rRNA stability and
impaired assembly of the small mitoribosomal subunith an apparent increase in the LSU
(Metodiev et al.,, 2009). Interestingly, heart-sfiecdepletion of NSUN4 leads to increased
levels of 12S rRNA and accumulation of both smailtl darge mitoribosomal subunits at the
expense of the complete monosome (Metodiev e@ll4). Upregulation of 12S rRNA and
ribosomal subunits may be a compensation resporesghanism for the lack of functional
monosomes. The activity of TFB1M may be regulatdce patients who are susceptible to
aminoglycoside-induced deafness carry an A1555Gatout in the 12S rRNA gene, which
causes TFB1M-mediated hypermethylation of its gsabst adenosine residues.
Hypermethylation of 12S rRNA leads to subsequenSRIBpendent AMPK signaling to E2F1
and apoptosis of hair cells in the ear (Raimunda.ef012).

Studies on catalytic-inactive mutations of mettanigferases are informative. A catalytic
mutant of Dimlp, the yeast cytosolic homologue 6BIM, was generated and revealed that
Dimlp has an essential methyltransferase-indepénade in pre-rRNA processing that is
sufficient to support normal growth (Lafontaineaét 1998). The catalytic activity of TFB1M is
crucial for mitochondrial function, as demonstrateyl overexpressing a methyltransferase-
deficient TFB1M carrying the point mutation G65AHeLa cells (Cotney et al., 2009). TFB2M
is also believed to have methyltransferase activigt overlaps with that of TFB1M, but cells
overexpressing a G105A point mutation in the caéalgite did not reveal any obvious

deleterious phenotypes (Cotney et al., 2009), stersi with a much more significant role of
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TFB2M in initiation of transcription (Falkenberg at., 2007). Catalytically-inactive mutant
methyltransferases are informative in the contéxibmsome assembly as discussed below.

The 2-O-ribose methylation sites on 16S rRNA ama'&> Um™® and Gn*"° The
GmM** and UM®® methylations and corresponding methyltransferaaes conserved in
evolution, as the corresponding sites on bactandl yeast mitochondrial rRNA are methylated
by RImB (bacteria) or Pet56p / MRM1 (yeast mitocthom), and RrmJ (bacteria) or FtsJ2 /
MRM2 (yeast mitochondria), respectively (Caldaslet 2000a; Lovgren and Wikstrom, 2001,
Pintard et al., 2002; Sirum-Connolly et al., 1995he Gnt®*’® methylation site and its
corresponding methyltransferase, RNMTL1, are noaetl apparently restricted to higher
eukaryotes (Lee et al., 2013), although the comedimg residue in yeast cytosolic rRNA,
G is also 2'-O-methylated (Decatur and Fournie)20Rorbach et al., 2014). RNMTL1
has recently been referred to as MRM3 (Rorbach,e2@l4). The sole pseudouridylation site on
16S rRNA, %" was identified by CMC modification of RNA followleby incubation in basic
conditions and a reverse-transcriptase-based prew&nsion assay (Ofengand and Bakin,
1997). The data presented in this thesis suppbwesassignment of MRM1, MRM2 and
RNMTL1 to the methylation of &* U**°and G*"° respectively (Lee and Bogenhagen, 2014;
Lee et al., 2013), which is consistent with datspnted by Rorbach, et al (Rorbach et al., 2014).
While an indirect mechanism of rRNA methylation hast yet been excluded, mitochondrial
rRNA methyltransferases likely resemble bacteri@nd-alone proteins that recognize and
methylate a specific target site, rather than rarcdmoRNP complexes that utilize a guide RNA
strand to methylate nucleo-cytosolic rRNAs, as nodg RNAs have been identified in

mammalian mitochondri@ecatur and Fournier, 2002; Motorin and Helm, 2011
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The 2’-O-ribose methylation sites on 16S rRNA aealized to regions participating in
the peptidyl transferase center (PTC) of the nbmsome, indicating a role for these
modifications in the catalytic function of the rRNAased on the high-resolution crystal
structures of bacterial and archaeal ribosomescdhserved sites corresponding to mammalian
mitochondrial GM™*° and Unt** are expected to fold into the P-loop and A-lo@spectively,
and the modified nucleotides are in close contadirectly interact with the 3’- end of tRNAs in
the P- and A-sites of the ribosome (Blanchard anglii, 2001; Decatur and Fournier, 2002).
Since GM*°is adjacent to UM®, it is also expected to fold into the A-loop. Thadl three
modified nucleotides are likely involved in catalyg the transfer of the elongating peptide from
the P-site tRNA onto the A-site aminoacyl tRNA. Jhs$ consistent with the observation that
RNA is the catalytic component of bacterial ribogsniCech, 2000; Steitz and Moore, 2003). In
addition to methylation and pseudouridylation, H2@ 16S rRNAs are oligoadenylated (Mercer

et al., 2011).

C. Post-transcriptional Regulation of Mitochondrial RNA

Post-transcriptional regulation of mitochondrighrtscripts is extremely important for
mitochondrial function as mitochondria are dynauomganelles and must regulate the expression
of their genes in response to signals and theiremwment. Mitochondrial RNA decay is perhaps
equally important to RNA synthesis, processing aratlifications. Since transcripts are nearly
full-genomic length, non-coding RNAs may anneaatal inhibit the function of coding RNAs,
consistent with the finding of long, non-coding R&lAnd small RNAs derived from tRNA
genes in mitochondria (Mercer et al., 2011; Rackledral., 2011). Mitochondrial mMRNA half-

life ranges from 25 minutes to almost 4 hours (&wlf and Attardi, 1981; Nagao et al., 2008),
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while rRNA half-life ranges from 2.5 to 3.5 hourGglfand and Attardi, 1981). Despite the
estimated abundance of rRNAs existing as 50 timeatgr than the other transcripts, one report
found 16S rRNA to exist at twice the abundancea8 tRNA, suggesting a yet finer mechanism
of transcript regulation (Mercer et al., 2011). fiehés also an unexplained discrepancy in the
amount of rRNAs produced per rRNA gene in mitochrandompared to the cytosol, known as
the “copy number paradox”. The ratio of rRNA proddger rRNA gene is approximately 100
times greater for cytosolic rRNAs than mitochondrRNAs (Attardi and Schatz, 1988; Bai et
al.,, 2000). The suggestion that ND5 mRNA expressimhtly regulates mitochondrial
respiration highlights the importance of maintaghappropriate RNA levels (Bai et al., 2000).

As mentioned above, polyadenylation may affectdcapt stability but the mechanism
and pattern is unclear (Slomovic et al., 2005).okliondrial proteins that participate in post-
transcriptional regulation include the LRPPRC/SLIB&#Mplex, which has multiple roles on
regulating RNA and is disrupted in a French-Canadiabtype of Leigh’s syndrome (Chujo et
al., 2012; Mootha et al., 2003; Ruzzenente et2@ll2; Sasarman et al., 2010; Xu et al., 2004),
C1gR (p32), which binds to all mitochondrial mRN&sd affects their translation (Yagi et al.,
2012), PDE12, which removes 3’ terminal polyA tgforbach et al., 2011), PTCD1, which is
inversely related to levels of leucine tRNA (LigiMers and Chrzanowska-Lightowlers, 2008,
2013; Rackham et al., 2009; Sanchez et al., 2BI0¢D2, which promotes processing of ND5-
Cytb transcripts (Xu et al., 2008) and GRSF1, whiohy have a role in precursor RNA
processing or localization of transcripts into sbmal particles (Antonicka et al., 2013; Jourdain
et al., 2013). GRSF1 was found to bind nascenstrgpts and siRNA-mediated knockdown in
mammalian cells led to changes in abundance of soiteehondrial messages (Antonicka et al.,

2013), suggesting a role in the stabilization of ARMERSF1 is also suggested to have a role in
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mitochondrial translation and/or ribosome assem@lgurdain et al., 2013). Mitochondrial
RNases that may be involved in RNA turnover incltitee PNPase-SUV3 complex, which forms
“degradation-foci” (D-foci) (Borowski et al., 2018hen et al., 2006; Portnoy et al., 2008; Wang
et al., 2014a; Wang et al., 2009), REXO2, @8’ exoribonuclease and RNase L (Rorbach and
Minczuk, 2012). A human genomic analysis of 107apué mitochondrial RNA binding
proteins was conducted and implicated FASTKD4 fiomthg in the stability of a subset of
MRNAs (Wolf and Mootha, 2014). Nuclear-encoded RNyese found in mitochondria at low
abundance, but it is possible that these are congants bound on the outside of mitochondria,

despite the use of RNase in the mitochondrial iswlgprocedure (Mercer et al., 2011).

D. Mitochondrial Ribosomes and Translation
1. General Properties of Mammalian Mitochondrial Ribosomes (Mitoribosomes)

The earliest study to show that mammalian mitochansiynthesized their own proteins
was by McLean and others in the Simpson lab in 198&reby radioactively labeled amino
acids were incorporated into rat muscle and livéilochondria in an ATP-dependent manner
(McLean et al., 1958). At the time, the field waghty skeptical of mitochondrial translation,
due to the much greater abundance of cytosolicsabmes or the possibility of bacterial
contamination. This important discovery was furthdvanced when O’Brien and Kalf isolated
mammalian mitoribosomes and began to charactehiem,t first from rat livers (O'Brien and
Kalf, 1967a, b), and then from cows, pigs and rEblfO'Brien, 1971). The isolation of
mitoribosomes was made possible by improvementifiarential centrifugation techniques of

cell lysates and buffers that maintain ribosoméikta Within this time period, the Schatz
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group provided evidence that yeast mitochondria aisithesized their own proteins, separately
from cytosolic translation machinery (Schatz, 1997)

Isolation of mitoribosomes provided a means of whgl their protein constituents and
structure, especially as technology improved. Proie studies have identified most, if not all of
the MRPs (Goldschmidt-Reisin et al., 1998; Graachklg 1999; Koc et al., 2001a; Koc et al.,
2001b; Koc et al., 2013; O'Brien et al., 1999; @Bret al., 2000; Suzuki et al., 2001a), while
cryo-EM studies provided single-digit Angstrom-region models of the mitoribosome
(Agrawal and Sharma, 2012; Greber et al., 2014;sKau et al., 2014; Mears et al., 2006;
Sharma et al., 2003). Mammalian mitoribosomes dtenocompared to bacterial ribosomes
because of the wealth of knowledge on the lattdrtha ancestral relationship between the two.
Mitoribosomes are similar in size to their prokdmyacounterparts at about 2.6 mega-Daltons.
The organization of the rRNA secondary structur® isix domains is conserved, as well as
approximately half of the ribosomal proteins. Hoeevmitoribosomes are composed of
approximately two-thirds protein by mass and onethRNA, while the inverse is true of
bacterial ribosomes, making mitoribosomes less @leiMitochondria have evolved shorter
rRNAs by truncating a number of helices and hayeaeged their protein repertoire (Koc et al.,
2010). In addition to mitoribosomes having ribosbprateins that lack homologues in bacteria,
MRPs that have ancestral counterparts often hawenl-C-terminal extensions compared to the
bacterial proteins. It was originally proposed ttieg increased number and size of MRPs would
structurally compensate for the shortened rRNAaegi(O'Brien, 2002; Suzuki et al., 2001b),
but cryo-EM studies show that only approximatel$@0f the “missing” rRNA is replaced by
protein. Many of the mitochondrial-specific proteioccupy new positions on the mitoribosome,

which may be necessary to accommodate the unigateirés of mitochondrial translation,
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including the non-universal genetic code, uniqu&lAR and leaderless, uncapped mRNAs.
Deproteinized bacterial rRNA has been shown to gesssatalytic activity. This is supported by
the lack of protein density at the catalytic regiohthe peptidyltransferase center and the
resistance to translation-targeting antibiotico@éd by certain rRNA mutations (Cech, 2000;
Noller, 1991; Steitz and Moore, 2003). Although auohondrial rRNAs are much less
extensively modified than bacterial rRNAs, most tbé remaining modifications occur at
conserved sites presumably important for ribososserably and/or function (see below).

The complete mammalian mitoribosome (55S; monosauagists of a small subunit
(28S; SSU) and a large subunit (39S; LSU). The 3S$W complex of 12S rRNA and
approximately 31 MRPs, containing the decoding eetitat recognizes the 5’ ends of mRNAs
during translation initiation. The LSU is a complek16S rRNA and approximately 51 MRPs,
containing the peptidyltransferase center thatlyzta the transfer of the elongating peptide
chain in the P-site to the incoming aminoacyl-tRMAhe A-site. Mitoribosome components are
known to vary across different tissues (Pagliaghial., 2008; Vafai and Mootha, 2012), and
possibly even within cells, as MRPS18, a membethef SSU, is expressed in three different
isoforms (Koc et al., 2001a). Mitoribosomes are plately dedicated to synthesizing thirteen
protein subunits of the respiratory complexes tomately produce energy for the cell in the
form of ATP. However additional roles of individuMRPs have been suggested (Koc et al.,
2013; Koc et al., 2001c; Rackham and Filipovskadl240MRPS29, a GTPase also known as
Death-Associated Protein 3 (DAP3) and MRPS30 (PDGD&y be linked to roles in apoptosis
(Kissil et al., 1999; Miyazaki et al., 2004; Sunatt, 1998; Tang et al., 2009). Some newer
members of the mitoribosome may possess extraarbak activities as well. MRPS39

(AURKAIP1) was first identified as a protein thahts to and regulates the activity of Aurora-A
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Kinase 1 (Koc et al., 2013). MRPL38 (ICT1) has bedraracterized as a peptidyl-tRNA
hydrolase that releases stalled ribosomes (Ridttat.,, 2010b). MRPL59 (CRIF1) functions to
insert mitochondrial-synthesized OXPHOS subunits the IMM (Kim et al., 2012), consistent
with the close association of mitoribosomes witke MM (Christian and Spremulli, 2010;
Haque et al., 2010a; Haque et al., 2010b; Liu gmekr8ulli, 2000; Smits et al., 2010). Several
non-ribosomal proteins co-sediment with ribosomainplexes in gradients and function in
mitoribosome assembly (see below), yet interestipgbteomic studies have not identified them
as MRPs, indicating that they may exist in a swaichiometric abundance, have a dynamic
association with the ribosome and/or will eventdié assigned as MRPs as with AURKAIP1,
ICT1 and CRIF1, under the proposed guidelines (Kbal., 2013). Mutations in MRPs and
rRNAs (DiMauro and Schon, 2003; Galmiche et all2MHaque et al., 2008; Miller et al., 2004;
O'Brien et al., 2005; Papapetropoulos et al., 2@#gda et al., 2007; Scheper et al., 2007) lead

to severe disease phenotypes, emphasizing the tamgerof mitoribosome function.

2. Mitochondrial Translation

The process of mitoribosome translation is reviewgdseveral authors (Christian and
Spremulli, 2012; Chrzanowska-Lightowlers et al.120Kuzmenko et al., 2014; Smits et al.,
2010; Watanabe, 2010). Mammalian mitoribosomes lexadved to preferentially recognize
leaderless mMRNA (Christian and Spremulli, 2010), issthe case for most mitochondrial
transcripts. Currently, TACOL1 is the only known nigkational activator in mammalian
mitochondria (Weraarpachai et al., 2009). Seveaalors are known to be involved in the
assembly of electron transport chain complexeso@&2 (COX14) (Weraarpachai et al., 2012),

SURF1 (Zhu et al., 1998), c20orf7 (Sugiana et 2008), hCOA3 (Clemente et al., 2013),
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FAM36A (Szklarczyk et al., 2013), CRIF1 (Kim et,aP012) and the MITRAC complexes
(Mick et al., 2012). Since all mtDNA-encoded protduare hydrophobic core components of
ETC complexes, it is also likely that translatiencoupled to insertion of the proteins into the
inner mitochondrial membrane. The mitoribosomal L&lay directly interact with the C-
terminal tail of OXALL to dock at the IMM and ingdats newly synthesized protein into the
IMM (Haque et al., 2010a; Haque et al., 2010b; taog¥ers et al., 2014; Liu and Spremulli,
2000). Alternatively, MRPL45 at the polypeptide tettinnel of the mitoribosome may allow
direct docking at the IMM and alignment of the pméptide exit tunnel with OXA1L (Greber et
al., 2014). Thus all of the molecular genetic psses in mitochondria appeared to be highly
coordinated in a chain of eventBr@ntispiece figure). Mitochondrial translation may also
dictate RNA and ribosome stability. In one casa @athogenic mtDNA microdeletion, mRNA
lacking a stop codon undergoes translation-depértatenylation and RNA decay (Temperley
et al., 2003). Additionally, actinonin, an inhihitof human peptide deformylase in mitochondria,
induces mitoribosome stalling, initiating a ribosorand RNA decay pathway (Richter et al.,

2013).

3. Mitochondrial Ribosome Assembly
The assembly of bacterial large and small ribosomdlunits has been completely
reconstitutedn vitro from its individual proteins and RNAs purified fnobacterial cells, without
accessory proteins or assembly factors. This c@tadin the generation of the Nomura maps
and classification of the ribosomal proteins asnary, secondary or tertiary RNA binding
(Nomura, 1973; Nomura and Erdmann, 1970; Shajaai.ef011). Reconstitution of bacterial

ribosomes has also been successful witkitro-synthesized unmodified RNA (Krzyzosiak et
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al., 1987). Such an amazing feat has not been giistrad with mitoribosomes, largely due to
the limited amounts of starting material and thanptexity of mitoribosome assembly.
Nevertheless, the kinetics of bacterial ribosomserbly is greatly enhanced by accessory
factors. Bacterial ribosome assembly involves aodcriptional rRNA processing and
coordinated steps of rRNA folding (Woodson, 20081D), rRNA modifications and protein-
binding events that continually stabilize the coaxpland these mechanisms are expected to be
conserved in mitoribosome assembly. Many of theetted mitochondrial ribosome assembly
proteins are thought to resemble bacterial hom@asgRNA chaperones, protein chaperones and
GTPases are all crucial in the assembly process,rthosome assembly is an energy-demanding
process. The requirement of GTPases suggestshibatnergetic state of the cell can dictate
mitoribosome assembly based on the available am@fuGrP. Mammalian mitoribosomes are
unique in that they possess intrinsic GTPase agtiattributed to MRPS29 (DAP3), a cell death-
associated protein that lacks a bacterial equitvalems unknown whether its GTPase activity

contributes to mitoribosome assembly or function.

a. rRNA Methyltransferases Function in Ribosome Assemlly
rRNA methyltransferases are a class of proteinstiage significant roles in ribosome
assembly and typically utilize S-adenosyl methien{\doMet, SAM) as the methyl donor
substrate. Some rRNA methyltransferases have ntegthgferase-independent roles in ribosome
assembly, as demonstrated by catalytically-inaativgants of bacterial KsgA (Connolly et al.,
2008), yeast cytosolic Diml1p (Lafontaine et al.98Pand yeast Pet56p (Lovgren and Wikstrom,
2001) can still support ribosome formation. Inaation of the small ribosomal subunit rRNA

methyltransferase KsgA in bacteria is non-lethatl gmovides resistance to the antibiotic
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kasugamycin. Surprisingly, overexpression of caizjly-inactive KsgA in a KsgA-deleted
background is deleterious. In strains lacking fioral KsgA, intermediates in SSU assembly
accumulate along with precursor rRNA (Connolly &t 2008). Deletion of the mammalian
homologue of KsgA in mice, TFB1M, is embryonic lathwhile a heart-specific TFB1M
knockout leads to mitochondrial cardiomyopathy veinerSSU and monosome assembly is
severely inhibited (Metodiev et al., 2009). In dooh to the role of POLRMT in transcription
and primer synthesis in TFB2M-containing complexe®LRMT associates with TFB1M to
enhance its rRNA methyltransferase activity andnte SSU and monosome assembly
(Surovtseva and Shadel, 2013).

Surprisingly, depletion of NSUN4, a 12S rRNA methghsferase, in mice, significantly
increased SSU and LSU levels, but also depletedtdaly state level of monosomes (Metodiev
et al.,, 2014). NSUN4 exists as a stoichiometric glex with MTERF4. MTERF4 directs the
complex to the LSU, promoting LSU assembly, whil&UWN4 methyltransferase activity is
specific for the SSU 12S rRNA (Camara et al., 2(Nigtodiev et al., 2014; Spahr et al., 2012,
Yakubovskaya et al., 2012). Thus, the MTERF4-NSuidhplex most likely bridges the large
and small subunits together to encourage monosameafion. Heart-specific knockout of
MTERF4 in mice leads to embryonic lethality andrailar ribosomal phenotype as knockout of
NSUN4, as there is an apparent upregulation of itldévidual ribosomal subunits but no
corresponding increase in the levels of monoso@améra et al., 2011).

RImB, the bacterial homologue of mammalian rRNA mytansferase MRM1, is not
necessary for ribosome assembly, as deletion of BRIgmowed no altered ribosome
sedimentation properties (Lovgren and Wikstrom, 130Meletion of the yeast homologue,

Pet56p, causes a defect in the assembly of the (SStum-Connolly et al., 1995), however
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Pet56p variants with mutations in the SAM-bindingcket that abolish methyltransferase
activity were still able to support ribosome biogsisin vivo (Lovgren and Wikstrom, 2001).
Deletion of RrmJ (FtsJ), the bacterial homologuenaimmalian FtsJ2 (MRM2), leads to
accumulation of the SSU and LSU at the expense @fiasome abundance (Caldas et al.,
2000b). RrmJ and MRM2 are rRNA methyltransferades @re active on LSU particles or
intermediates of the LSU assembly, but not on fRI&A in bacteria (Caldas et al., 2000a) and
yeast mitochondria (Pintard et al., 2002), respebti Site-specific mutations in the substrate
RNA-binding site or mutations that inactivate thethyltransferase activity independent of
AdoMet-binding in RrmJ precludes the rescue ofrthesome assembly defect in RrmJ-deficient
strains (Hager et al., 2002; Hager et al., 2004ferAhe acceptance of our first manuscript and
during the review of our second manuscript, theas @vidence that knockdown of MRM2 and
RNMTL1 disrupts mitoribosome levels (Rorbach et 2014). It will be of interest to identify
and study catalytically inactive mitochondrial 2-¥ose rRNA methyltransferase mutants. It is
unclear whether all of the rRNA modifications vsliffice for ribosome assembly or whether the
methyltransferases have roles in the assembly gsorelependent of or in addition to RNA

modification.

b. GTPases Function in Ribosome Assembly
GTPases are another class of proteins importamtifosome assembly. In bacteria, some
of the ribosome assembly GTPases (RA-GTPases)idanict the assembly of either the SSU or
LSU, and others function in the assembly of monasyrwhile some may even have additional
roles in non-ribosomal processes such as DNA ragibic and segregation, stress response, cell

growth, cell division and cell morphology (Brittor2009; Goto et al., 2013). The exact
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mechanisms by which RA-GTPases function is unclbat, they are likely to recruit other
assembly factors or to directly alter the RNA stuwe through RNA-binding events. Since
GTPases utilize the high-energy molecule GTP, obus assembly can be regulated by the
energetic status of mitochondria and the amoumubfients in the extra-cellular environment.
RA-GTPases may serve as checkpoints in the assqrdgss by loading or unloading proteins.
Bacteria are remarkable for their ability to sugsréemperature-sensitive RA-GTPase mutants
or deficiencies by overexpressing compensatoryeprst

Currently, two GTPases are known to have rolehenaissembly of the SSU: ERAL1 and
MTG3 (Table 3). ERALL, the mammalian mitochondhaimologue of bacterial Era, binds to a
region of 12S rRNA encompassing the adenosineesubp TFB1M-mediated dimethylation
and is suggested to assist the folding of the RNénferlein et al., 2010; Uchiumi et al., 2010).
Era may not directly participate in bacterial riboge assembly, but it is proposed to bind to the
SSU at the subunit interface, blocking monosomeé&tion until a signal abrogates this effect,
thus serving as a checkpoint in the assembly psa&sjani et al., 2011). Era is also believed to
have an extra-ribosomal function in regulating cilision, although ERALL is not known to
function in cell division in human cells. siRNA-nmatkd depletion of ERAL1 severely reduced
mitochondrial SSU and LSU levels (Uchiumi et aQ1@), causing a translation defect.

Depletion of YgeH in bacteria depletes SSU leveld &ads to the accumulation of
aberrant small subunit rRNAs, without affecting taeels of LSU (Britton, 2009). Depletion of
MTGS3, the yeast homologue of YgeH (MTG3 / hNOA140@f14 in humans), leads to a severe
decrease in mitochondrial translation and depletiomitoribosomes, consistent with decreased
rRNA levels and accumulation of a precursor SSU ARdpecies, indicating a link between

ribosome formation and rRNA processing (Paul et 2012) . Overexpression of a large
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ribosomal subunit protein MRPL4 partially rescuks MTG3 deficiency. Similarly, MTG3 in
mammalian mitochondria is associated with the S$& asr GTP-dependent manner and is
important for translation (He et al., 2012a; Kolayic et al., 2011). Inactivation of MTG3 in
mice depletes monosome levels and thus is embryetiial (Kolanczyk et al., 2011). MTG3
can bind to DNA and RNA containing G-quadruplexasssibly indicating an extra-ribosomal
role in maintaining mtDNA and/or transcript levéfd-Furoukh et al., 2013).

Two GTPases have been implicated in LSU assemblyfGMand MTG2. MTG1 (RbgA
in bacteria, Mtglp in yeast mitochondria) was fidgntified in a yeast screen for proteins that
affect mitochondrial translation but are not digdhvolved in processes such as initiation,
elongation or termination (Barrientos et al., 2008)deficiency of RbgA in bacteria leads to
reduced monosome levels and impaired LSU asserablygn LSU intermediate accumulated.
This LSU intermediate was deficient in ribosomadtpins that are crucial for the structure and
function of the PTC (Britton, 2009). RbgA bindsthe LSU rRNA near the A-site and P-site in
both intermediate and fully assembled LSU stagesasY mutants with Mtglp deficiency
maintained mitochondrial rRNA expression and preces but have a mitochondrial translation
defect, as shown by radioactive pulse labeling riBatos et al., 2003). These mutants were
partially rescued by expression of the human MT@tegor by mutating their LSU rRNA in
Domain V, a region involved in the PTC. While ye®Riglp was found not to co-localize with
mitoribosomes, human MTG1 was found associated theghLSU in a GTP-dependent manner
(Barrientos et al., 2003; Kotani et al., 2013). Kkdown of MTG1 in HeLa cells did not
significantly alter mitochondrial rRNA levels, bsignificantly decreased protein synthesis. The
recombinant human MTG1 has no detectable intri@BSi®ase activity until stimulated by the

presence of LSU or monosome particles (Kotani et 2013). It remains to be determined
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whether MTG1 impacts ribosome assembly in yeastraaohmalian mitochondria as it does in
bacteria. Without a known mechanistic basis, thglel®n of MTG1 was associated with an
increase of all mitochondrial-encoded mMRNAs exdp6 (Wolf and Mootha, 2014).

ObgE in bacteria (Mtg2p in yeast mitochondria, MT@R ObgH1 in mammalian
mitochondria) also has both ribosome-assembly atich-eilbosomal functions, including the
general stress response, sporulation, chromosomegaion and chromosome replication
(Britton, 2009). Bacterial ObgE was found to intg#ravith ribosomal protein L13 and to sustain
monosome levels. A lack of ObgE leads to accunaratif the individual ribosomal subunits
and an aberrant pattern of LSU sedimentation. Y&#glp is necessary for mitochondrial
translation through association with the LSU. Mtgfgficiency severely decreased both SSU
and LSU levels (Datta et al., 2005). Similarly, nmatian MTG2 is also required for translation
and associates with the LSU, but its effect on gdme assembly remains to be determined.
SiRNA targeting MTG2 in HelLa cells did not reducéanhondrial translation as drastically as
SiRNA targeting of MTG1 (Kotani et al., 2013). lordrast to recombinant MTG1, MTG2 has
measurable intrinsic GTPase activity. Interestinglyerexpression of ObgE partially suppresses
a temperature-sensitive RrmJ rRNA methyltransferasgant in bacteria (Britton, 2009). A
similar observation was made with the correspongieast mitochondrial proteins Mtg2p and

MRM2 (Datta et al., 2005).

c. Other Assembly Factors
MTERF3 is a putative transcription termination @acthat behaves as a negative
regulator of mitochondrial DNA transcription initian in mice (Park et al., 2007) and is required

for embryonic development. MTERF3 can also bind@& rRNA and its loss is associated with
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defective LSU assembly and a translation defebbih Drosophila and mice (Wredenberg et al.,
2013).

C70rf30 (ybeB in bacteria) is a protein associaté&ti the mitochondrial LSU (Rorbach
et al., 2012; Wanschers et al., 2012), specificaih MRPL14, and may be minimally
associated with the monosome (Fung et al., 2018hckdown of C70rf30 causes a defect in
LSU and monosome assembly and thus a defect islateon. However, the mechanism by
which C70rf30 operates is unclear, since C7orf30rgs to the DUF143 family of proteins that
may act as ribosome silencers (Fung et al., 20Q8grexpression of mutant C70orf30 at one of
the conserved residues, H185A, disrupts the mibspime profile on a sucrose gradient,
producing a dominant negative effect, possibly bicompeting the endogenous C70rf30 protein
(Rorbach et al., 2012).

The m-AAA protease consisting of Afg3l2 and pargplesubunits are required for the
maturation of MRPL32 by cleaving its precursor foupon import into mitochondria (Almajan
et al.,, 2012; Nolden et al., 2005). The inability grocess the precursor protein results in an
inability to properly incorporate MRPL32 into thé&aesome, as seen in hereditary spastic
paraplegia.

ClgR, also known as p32, binds to all mitochondnaRNAs and interacts with
ribosomal proteins (Yagi et al.,, 2012). Mitochomdinibosome stability and translation were
perturbed when p32 was deleted in MEFs, thus rbibsome formation may be among the
multiple functions of p32.

Although the function of MPV17L2 is unknown, it asgates with the LSU and
monosome in mammalian mitochondria and has a notdbosome assembly (Rosa et al., 2014).

SiRNA targeting MPV17L2 disrupted assembly of tf83J$LSU and monosome complexes.
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GRSF1 has been implicated in ribosome assemblyraaditment of RNA into the
ribosomal complexes (Antonicka et al., 2013). Thechanism by which GRSF1 promotes
ribosome assembly is unclear. Studies have prophsedsRSF1 preferentially binds to G-rich
RNA sequences, particularly “GGG” (Kash et al., 208chaub et al., 2007; Ufer et al., 2008),
which is found in 22 of the 37 mitochondrial tramgts, including the 12S and 16S rRNAs.
Since we have identified GRSF1 at the nucleoid ébggen et al., 2008), it is possible that
GRSF1 functions as an RNA chaperone assisting riberporation of the rRNAs into the
ribosomes. Alternatively, GRSF1 may have an indinete in mitoribosome assembly or
stability by assisting in RNA processing (Jourdah al., 2013), however 13 of the 15
mitochondrial transcripts that lack “GGG” are tRNAaurther studies are needed to resolve this
discrepancy.

RNA helicases are expected to be crucial at meltgieps of the RNA folding and
ribosome assembly pathway, although none have Wesh characterized in mammalian
mitochondria. DEAD-box RNA helicases i coli have RNA-dependent ATPase activity, and 4
of the 5 are directly involved in ribosome assem(@hajani et al., 2011). While DEAD-box
helicases are sometimes dispensable in bacteeg, ahe essential in eukaryotic cytoplasmic
ribosome biogenesis (Martin et al., 2013; Peillet2®08; Shajani et al., 2011). Mrh4, a DEAD-
box helicase in yeast mitochondria interacts witlte tlarge ribosomal subunit rRNA,
intermediates in LSU assembly and monosomes, aessential for translation (De Silva et al.,
2013). Deletion of Mrh4 leads to an accumulatiormdfSU assembly intermediate. Since Mrh4
is most closely related to DDX28, an uncharacteéripaitative helicase that we have co-

immunoprecipitated with RNMTL1 (Lee et al.,, 2013jhdais associated with nucleoids
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(Bogenhagen et al., 2008), it will be of interestdetermine if DDX28 functions in ribosome

assembly.

d. Mitoribosome Assembly Begins at the Mitochondrial Nicleoid

Since mitochondria originate from an-proteobacteria, their ribosome assembly
pathways are expected to have some similaritiedalteria, transcription of a polycistronic
precursor RNA at the nucleoid is processed almashediately by RNases and folded by
helicases, while translated ribosomal proteins rabge onto the rRNAs with the help of
assembly factors (Shajani et al., 2011). Couplihgteps in the ribosome assembly pathway is
likely designed for efficiency and regulatory catrPrior to recent work in the Bogenhagen
laboratory, little attention has been devoted iesgtigating where mitoribosomes are assembled
in mitochondria. Based on our initial observatidnribosomal proteins and other factors in
nucleoid preparations, we developed the hypothtbsisearly steps in mitoribosome assembly
occur at the nucleoid. This hypothesis has beefiroted by the presence of RNA processing
proteins (RNase P and RNase Z), mitoribosomal praigbunits, rRNA methyltransferases and
mitoribosome assembly factors (MTG3, MPV17L2, GRSERAL1) in nucleoid preparations
(Bogenhagen et al.,, 2008; He et al.,, 2012a; Leal.et2013; Rosa et al., 2014). Confocal
microscopy revealed that RNase P subunits, RNasand, rRNA methyltransferases are
localized in foci next to nucleoids. Additionaliyyey remain in stable complexes with nucleoids
after centrifugation through isokinetic and isopgcgradients. While these RNA processing
enzymes are diffusible in mitochondria, we usedhhls isotope labeling by amino acids in cell
culture (SILAC) approach and found that certain Iyesynthesized mitoribosomal proteins were

enriched at the nucleoid compared to ribosome cexasl (Bogenhagen et al., 2014). Thus,
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MRPs translated in the cytosol are imported inttoofiondria and gather at the nucleoid, then
move into ribosomal complexes. Transcription infdoi in mitochondria with 2'-C-
methyladenosine severely blunted the enrichmemtewfly-synthesized mitoribosomal proteins
at the nucleoid relative to the ribosomal complexedicating that mitoribosome assembly is a
co-transcriptional process. Mitochondrial ribosofriegenesis also begins at the nucleoid in
plants (Bohne, 2014), consistent with plant mitoahta having the same ancestral roots as
mammalian mitochondria.

Since mitoribosome biogenesis is crucial for mitowdirial biogenesis, it is of interest to
study factors that contribute to the assembly,ilyaland/or function of mitoribosomes. MRM1,
MRM2 and RNMTL1 were previously uncharacterizedtems that likely contribute to the
grand scheme of biogenesis. My contribution to bady of work is the initial characterization
of three novel mitochondrial rRNA methyltransfemg€hapter 3) and the assignment of these

proteins to their specific substrate sites on JISA (Chapter 4).
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Figure 1 — Map of the human mitochondrial genome, modifredh (Chinnery et al., 1999). The
MRNASs (bold lines), rRNAs (red lines) and tRNAs ¢tes) are emphasized. HSP1, heavy-strand
promoter 1; HSP2, heavy-strand promoter 2; LSPhtdggrand promoter; CSB, conserved
sequence box; TAS, termination-associated sequence.
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Figure 2 — tRNA punctuation model. RNase P recognizes #alves at the 5’ end of tRNAs in
a polycistronic precursor RNA, followed by subsegjuBNase Z cleavage at the 3’ end of
tRNAs.
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E. coli Yeast mitochondria | Mammalian
mitochondria
SSuU 16S rRNA 15S rRNA 12S rRNA
Not modified Not modified nut -2
m'Cm™*% RsmH Rmsl Not modified AT NSUN4
Not modified Not modified nC** NSUN4
meA Y KsgA Not modified MpA” TFBIM
m°%A P KsgA Not modified mA”' TFB1IM
LSU | 23S rRNA 21S rRNA 16S rRNA
Gn?*' RImB/YjfH/RrmA G’ Pet56p Gm* -2
Ccm*** RImM/YgdE Not modified Not modified
Um*>* RImE/RrmJ/FtsJ/Yg1136¢c | Ui’ MRM2 Um™=% -2
Not modified Not modified Gm="t -2
\P258( _ RlUC \112815 _ r) \P1394 _ 7

Table 1 — Mammalian mitochondrial rRNA modifications anleir corresponding sites in
bacteria E. coli) and yeast{ cerevisiae) mitochondria. (Note: not all of the bacterial rRN
modifications are shown). Red, data for the prat@molved in the methylation of these sites are

provided in this thesis.
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Bacteria | Yeast Yeast Mammalian | Mammalian
(E. coli) | cytosolic | mitochondria | cytosolic mitochondria
2’-O-methyl | 4 55 2 105 3
¥ 11 45 1 95 1
Base mod. 21 10 0 10 5
Other 2 0 0 0 0
Total 38 110 3 210 9

Table 2— rRNA modifications across various species, sbpietype of modification (Decatur
and Fournier, 2002; Maden and Hughes, 1997; Pimtiaatl, 2002; Purta et al., 2009; Rorbach
and Minczuk, 2012).
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Figure 3 — The secondary structure of human mitochondré® And 16S rRNAs and their
modifications, modified from (Burk et al., 2002; rBmer and Douzery, 1996). Evidence for the
substrate sites of MRM1, MRM2 and RNMTLL1 is prowda this thesis.
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Species Protein Role in ribosome assembly?

Bacterial RbgA Yes — Deletion causes reduction ohasome and lack of
free LSU.

Yeast Mtglp Unknown — Deletion causes a translation defec

(mito)

Mammalian| MTG1 Unknown — Knockdown causes decreased translati

(mito)

Bacterial ObgE Yes — Deficiency causes lack of nsontes and
accumulation of an atypical LSU. Overexpressiogues
RrmJ mutant.

Yeast Mtg2p Yes — Deficiency caused decreased level®thf BSU and

(mito) LSU. Overexpression rescues MRM2 mutant.

Mammalian| MTG2 Yes — Deficiency leads to decreased leveS%i and

(mito) LSU.

Bacterial Era Unknown — Possibly acts as a checitpoi

Mammalian| ERAL1 Yes — Knockdown caused decreased SSU assembly

(mito)

Bacterial YqgeH Yes — Deficiency eliminated detetdadomounts of SSU.

Yeast MTG3 Yes — Deficiency causes no detectable SSU.

(mito)

Mammalian| MTG3 / hNOA1/ | Yes — Knockout in mice depleted monosomes andealter

(mito) C4orfl4 the subunit sedimentation profiles.

Mammalian| MRPS29 / DAP3| Unknown — Ribosomal protein withimsic GTPase and

(mito) tied to extra-ribosomal functions.

Table 3— GTPases involved in ribosome assembly amongréiit species.
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Chapter 2 — Materials and Methods

Oligonucleotides and Reagents — Oligonucleotides were purchased from Operonthad
sequences are shown irable 1 Chemicals used are listed with their supplierddEM,
mifepristone, zeocin (Invitrogen); hygromycin B,dame 6 (Roche); 60% lodixanol (Optiprep),
DNase | Type Il, and others chemicals (Sigma-AlayidurboNuclease (Accelagen); Amplify™
(Amersham Biosciences); Restriction enzymes (Newldd Biolabs); 10% Triton X-100
(Fisher); -*P]ATP, S-fH]-adenosylmethionine (MP Biochemicalsj*$]methionine/cysteine
(Perkin Elmer Life Sciences); HisTraf Heparin-Sepharose HiTr8h Superose 6
chromatography columns (GE Healthcare). Antibodigainst antigens are listed with their
providers and dilutions: SDHA (MitoSciences; 1:1M§)) FLAG (Sigma-Aldrich; 1:1,500),
MRM1 (Sigma-Aldrich; 1:500), MRM2 (Abcam; 1:1,000MRPS15 (Proteintech; 1:1,500),
RNMTLL1 (Proteintech; 1:5,000), DNA (Chemicon; 1.0@Q), TFAM (Bogenhagen laboratory;
1:5,000), MRPL13 (Spremulli Laboratory, 1:1,500 104,000). Other antibodies include
fluorescent goat-anti-rabbit or goat-anti-mouseibaadlies (Molecular Probes; 1:1,000), and
alkaline phosphatase- or HRP-conjugated goat-abty it or goat-anti-mouse antibodies (KPL or
Thermo Scientific, respectively; 1:5,000). Biotiff€ (Invitrogen), T7 RNA Polymerase
(Ambion T7 Megascript), Hybond N+ membrane (GE Iteadre); Ultrahyb and Brightstar®

BioDetect Kit (Ambion).

Oligo Sequence (5’ to 3) Purpose

MMRNMTL1 | CGGCGCGCCAGTAATGGCAGCGCCGG Cloning mouse RNMTL1
Ascl (Fwd) into pGS vector
MMRNMTL1 | TGCGGCCGCAGTGGTAACTCCTG Cloning mouse RNMTL1
Notl (Rv) into pGS vector

mmMRM1 CGGCGCGCCAGAAATGCGGCGACTCTG Cloning mouse MRM1
Ascl (Fwd) into pGS vector

mmMRM1 TGCGGCCGCAGGAGTCTTGGAGAAG Cloning mouse MRM1
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Notl (Rv) into pGS vector
mmMRM2 CGGCGCGCCAGAAATGGCCGGGCATCTG| Cloning mouse MRM2
Ascl (Fwd) into pGS vector
mmMRM2 TGCGGCCGCACGGCCTCCTGGTG Cloning mouse MRM2
Notl (Rv) into pGS vector
hsRNMTL1 | GACATATGGTGCGACCGTTGCTG Cloning human RNMTL|
Ndel (Fwd) into pET22b+ vector,
lacking the MLS
hsRNMTL1 | ATGCGGCCGCGTGGTAACTCCTGTC Cloning human RNMTL
Notl (Rv) into pET22b+ vector
mmMRM1 CCATATGGGAGAACGGCCTGGCG Cloning human MRM1
Ndel (Fwd) into pET22b+ vector
mmMRM2 ACATATGGGCGCTGAGCACCTG Cloning human MRM2
Ndel (Fwd) into pET22b+ vector
h12SF (Fwd) | TAGATACCCCACTATGCTTAGC RT-PCR for h1ERNA
h12SR (Rv) CGATTACAGAACAGGCTCC RT-PCR for h12s rRNA
h16SF (Fwd) | CCAAACCCACTCCACCTTAC RT-PCR for h16SNR
h16SR (Rv) TCATCTTTCCCTTGCGGTAC RT-PCR for h16S kRN
ND1F (Fwd) | TCAAACTCAAACTACGCCCTG RT-PCR for ND1 mRN
NDI1R (Rv) GTTGTGATAAGGGTGGAGAGG RT-PCR for ND1 mRNA
ND2F (Fwd) | CTACTCCACCTCAATCACACTAC RT-PCR for ND2 RNA
ND2R (Rv) AGGTAGGAGTAGCGTGGTAAG RT-PCR for ND2 mRNA
ND5F (Fwd) | GTCCATCATAGAATTCTCAC RT-PCR for ND5 mRNA
ND5R (Rv) GCCCTCTCAGCCGATGAAC RT-PCR for ND5 mRN/
ND6F (Fwd) | CCACAACCACCACCCCATC RT-PCR for ND6 mRNA4
ND6R (Rv) GGTTGAGGTCTTGGTGAGT RT-PCR for ND6 mRN/
COXIF (Fwd) | ACACGAGCATATTTCACCTC RT-PCR for COXI
MRNA
COXIR (Rv) | CCTAGGGCTCAGAGCACTGC RT-PCR for COXI
MRNA
SIRNMTL1-A | GGAGCAACGAGAGAAACAA SsiRNA against RNMTL1
(dsRNA)
SiRNMTL1-B | GGAUUGGUCCGACCUCGUA SiRNA against RNMTL1
(dsRNA)
SIMRM1-A CCAGGCCCAUGUUUAUUGA siRNA against MRM1
(dsRNA)
siMRM1-B GGAAGUUGAGGGAAAGUUU siRNA against MRM1
(dsRNA)
SiIMRM2-A ACAUCUCAGGGACCCAUUU siRNA against MRM2
(dsRNA)
siMRM2-B GAAUGUAAGGAUCAUCAAA siRNA against MRM2
(dsRNA)
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D5 Primer GGTTGGGTTCTGCTCCGAGG Domain 5
Methylation analysis
D6 Primer GATCACGTAGGACTTTAATCG Domain 6
Methylation analysis
8-17 hG1144 | TCCGAGGTCGCCTATTAGCAATACGAA | DNAzyme targeting
AACCGAAATTTTT G1144 on 16S rRNA
8-17 hG1145 | CTCCGAGGTCGCTATTAGCAATACGAA | DNAzyme targeting
CAACCGAAATTTT (G1145 on 16S rRNA
8-17 hU1369 | TTAATCGTTGAATATTAGCAATACGAA DNAzyme targeting
AACGAACCTTTAA U1369 on 16S rRNA
10-23 hG137Q0 TTTAATCGTTGAAGGCTAGCTACAACGA | DNAzyme targeting
AAACGAACCTTTA G1370 on 16S rRNA
hs16S Probe | GAATTCCTAGTGTCCAAAGAGCTG Probe for 16S rRNA
(EcoRI Fwd)
hs16S Probe | AAGCTTCCAAGCATAATATAGCAAG Probe for 16S rRNA
(Hind 11l Rv)

Table 4— DNA oligonucleotides used in this thesis.

Tissue Cell Culture — HelLa adherent cells, HEK293T cells and mouse f8blasts
were grown on tissue culture plates (Corning or flBdlcon) in DMEM supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillimdalO0ug/ml streptomycin in an incubator at
37°C, with 5% CQ. HelLa suspension cells were grown in SMEM suppleete with calf
serum, penicillin, and streptomycin as with adhereglls, in spinner flasks at 37°C. When
indicated, the growth medium was supplemented WithM sodium pyruvate and 50y/ml
uridine. Cells were transfected with Fugene 6 atiogrto manufacturer instructions and stable
transfectants were isolated on selective media.

Cloning of plasmids — pGS-mmRNMTL1, pGS-mmMRM1, and pGS-mmMRM2 were
cloned by ligation of PCR-amplified genes into ansc#Notl-digested pGS vector
(pGeneSwitch) designed by D.F.B. (Brown et al.,Y015enes were amplified using primers

with restriction site overhangs such that an Agelwas added upstream of the start codon and a
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Notl site replaced the stop codon, allowing a tcaps to code for a fusion protein with a C-
terminal Eos tag. pET22(hsRNMTL1, pET226-mmMRM1 and pET22bmmMRM2 were
similarly cloned but with Ndel and Notl restrictigites, producing a 6X-His-tag fusion protein.
pBSKII*-hs16SrRNA was kindly provided by the Miguel GatBimz lab. pBShs16S-probe
was cloned by using pBSKH16SrRNA as a template and primers that orientl8ise pairs of
16S rRNA complementary sequence downstream of B& plasmid T7 promoter in between
EcoRI and Hindlll restriction sites. Thus, the peo#inneals to nucleotides 142 to 458 of 16S
rRNA. Ligation products were transformed into OnetShopl10 chemically competent E. coli
for amplification and then plasmids were isolatgdMidiPrep (Qiagen).

Isolation of Purified Mitochondria — This method is scaled for approximately 2 X 10
cells or about twelve 150 mm x 25 mm tissue culpleges, however volumes can be adjusted
for as little as half of a 100 mm x 20 mm tissudtwe plate of cells. All buffers were
supplemented with 2 mM DTT and protease inhibi{fot& mM PMSF, Jug/ml leupeptin, and 1
uM pepstatin A) and all centrifugation steps werefgrened at 4°C unless otherwise stated.
Adherent cells were trypsinized and neutralized@ MEM containing FBS, or suspension cells
were pelleted at 5@0for 5 min, 4°C, then resuspended in PBS and gellagain. The cells were
resuspended in 5 ml MIB (1X MSH (210 mM mannitd), MM sucrose, 20 mM Hepes pH 8.0, 2
mM EDTA), 0.2 mg/ml BSA, DTT and protease inhibgprthen pelleted and resuspended in 3
ml MIB. The cells were transferred to a 15 ml-cahitwbe and 12l were used for counting in a
hematocytometer. 81 of 10% digitonin in DMSO (50% inert) were addeddathe tube was
gently inverted several times. Al sample of cells was used to assess permealmlityypan
blue as an indication that the diluted digitonirs meeakened the cell membranewithout causing

cell lysis. If over 90% of the cells appeared spsibée to trypan blue, 7 ml MIB was added to
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further dilute the digitonin and then the cells eveentrifuged at 1,2@0for 5 min. If >10% of
the cells were refractory to trypan blue, digitomias added in increments ofu The pelleted
cells were resuspended in 5 ml MIB and forciblygeasthrough a 25-gauge needle ten times. A
1 ul sample was inspected under the microscope fotysts indicated by a significant decrease
in the density of organelles localized at the cldgemic side of the nuclei. 5 ml of MIB was
added to the lysate and nuclei were removed byethuecessive centrifugations at §d0r 5
min. The supernatant was then spun at 1§@060 15 min either in an HB-6 swinging bucket
rotor or in microfuge tubes. The pellet containargde mitochondria was then resuspended in 3
ml KIB (MIB supplemented with 1 M KCI) to remove togolic contaminants, and the
mitochondria were pelleted again, then resuspemuddml| Energy Mix (1 mM ADP, 5 mM
glutamic acid, 5 mM sodium malate, 1X MSH with 2 mWyCl, (instead of EDTA), 1 mM
KoHPO,, DTT, and protease inhibitors) supplemented with /gy DNase | and 1l
TurboNuclease. The DNase treatment of crude mitodha was carried out at 37°C for 20 min
in a closed container. The DNase was inactivatetth DO ul of 0.25 M EDTA and the
mitochondria were pelleted again. The mitochondware resuspended in 1 ml MSH
supplemented with DTT and protease inhibitors, #&h spun through a sucrose step gradient
(1.7 M and 1 M sucrose buffered in 20 mM Hepes, &8 2 mM EDTA, DTT, and protease
inhibitors) at 112,009 for 25 min. The mitochondrial layer was transfdrte a clean tube and
diluted in three volumes of 0.5X MSH, then cengigd at 10,00 for 10 min. For experiments
that did not require the mitochondria to be highlyified, some steps were skipped for practical
purposes as indicated.

Immunoblotting — The concentration of proteins in cell fractionsre determined by

BioRad assays and samples were loaded onto 12%%r 3DS-PAGE with sample loading
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buffer. Proteins were transferred onto PVDF memésarlocked in 5% (w/v) non-fat milk
powder dissolved in PBS containing 0.5% (v/v) Twén Blots were probed with antibodies
specified and developed with secondary antibodyugated to either alkaline phosphatase for
colorimetric detection or horseradish peroxidasef@miluminescence.

Confocal Microscopy — 3.5-cm diameter MatTek dishes were coated wihud/ml
fibronectin for 2 h, then blocked with FBS-contaigiDMEM for 20 min. 80,000 cells were
plated and incubated overnight. In some casess vadle incubated with 50 nM MitoTracker
Red for 90 min prior to a PBS wash and were fixath W% paraformaldehyde. Cells were
permeabilized with 0.25% Triton X-100 in PBS anddied with MaxBlock (Active Motif) over
night at 4°C, then in 5% (v/v) horse serum, 3% MBSA, 0.2% Triton X-100 in PBS for 30
min at room temperature. Antibodies were appliespatified dilutions.

Sedimentation Analysis on Glycerol Gradient — Purified mitochondria were resuspended
in lysis buffer (20 mM Hepes, pH 8.0, 20 mM NaClmM EDTA, 2 mM DTT with protease
inhibitors, 2% Triton X-100). Insoluble material sveemoved by centrifugation at 5,@0for 5
min, 4°C. The soluble supernatant was layered avEd-ml 15-40% glycerol gradient prepared
in gradient buffer (same as the lysis buffer, exedth 0.2% Triton X-100), layered on top of a
pad consisting of 30% iodixanol, 30% glycerol iradjent buffer in a 14 x 29-mm tube. The
gradient was centrifuged at 210,@0@r 4 h, 4°C. Fractions were collected from thétdrm of
the gradient and analyzed by SYBR Green I| RNAwt@ and immunoblotting.

Sedimentation Analysis on lodixanol Gradient — Ribosome-containing fractions were
concentrated by ultrafiltration using a Vivaspin-iDa concentrator. The nucleoid- and
ribosome-containing fractions from the glyceroldjemt were individually pooled and separately

layered on top of a 20-40% iodixanol gradient comtg 0.2% Triton X-100 and 2 mM EDTA,
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then centrifuged at 140,0@®vernight, 4°C. Fractions were collected from Hwgtom of the
gradient.

Sedimentation Analysis on Sucrose Gradient — Purified mitochondria were resuspended
in 10 mM Tris, pH 7.5, 100 mM KCI, 2% Triton X-108, mM B-mercaptoethanol, 20 mM
MgCl,. The soluble material was separated by centrifogaat 3,009 for 5 min, 4°C, then
layered over a 10-ml 10-30% sucrose gradient peebiarthe lysis buffer, but with 0.02% Triton
X-100, over a pad of 30% iodixanol, 30% glycerdheTgradient was centrifuged at 70,006r
17 h, 4°C and fractions were collected from thedrat

Real Time-Polymerase Chain Reaction (RT-PCR) — RNA isolated by using TRIzol
(Invitrogen) was used as a template for first-straDNA synthesis with reverse transcriptase
and random primers (Invitrogen). cDNA was amplifwdh primers specific for human 12S,
16S, ND1, ND2, ND5, ND6 and COXI, using 2X SYBR @mneDNA Polymerase Mix and a
Step One Plus instrument (Applied Biosystems).

Immunoprecipitation of RNMTL1-interacting proteins — 3T3-Sw mouse fibroblasts
(integrated the pSwitch vector, coding for a chimenifepristone-activated promoter activation
domain) were stably transfected with pGS-RNMTL1-3Ftcoding mouse RNMTL1 with a
FLAG3;-Hisg tag at the C-terminus. Twelve 150 mm x 25 mm glatecells were grown for two
days and then expression of RNMTL1-3FH was indunedthcubating with 50 pM mifepristone
for 16 h. Mitochondria were purified and resuspehae150ul of FLAG column wash buffer
(provided by Sigma) supplemented with Triton X-1@® mM Tris, pH 7.4, 150 mM NacCl,
0.02% Triton X-100, protease inhibitors). An equalume of 2X lysis buffer (100 mM Hepes,
pH 7.5, 200 mM NacCl, 4% Triton X-100 and proteasshitors) was added and the solution was

gently mixed by pipetting. The insoluble materisdswemoved by centrifugation at 15,9G0r
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5 min, 4°C, and then the soluble fraction was imtat with pre-washed FLAG M resin (FLAG
antibody-conjugated beads) (Sigma) for 3 h, 4°Cleviutating. The mixture was centrifuged at
1,00@ for 1 min, 4°C and the supernatant (flowthrougl@sveollected. The resin was washed
six times with wash buffer and proteins were renabfrem the resin by incubating with 20

of 150 pg/ml FLAG; peptide diluted in wash buffer. Samples were sapdrby 12% SDS-
PAGE and silver-stained for visualization of albf@in bands.

Proteomics — A 20ul of sample of FLAG resin-eluted proteins were leddnd briefly
electrophoresed into a polyacrylamide gel by stehd@DS-PAGE techniques. The gel was
submitted to the Proteomics Center at Stony Broakvéisity. Tryptic peptide fragments were
analyzed by LC-MS/MS using a Thermo Fisher ScientlfTQ Orbitrap XL ETD mass
spectrometer by matching collision-induced disdomia spectra against a library of known
peptide spectra derived from the Swiss-Prot/Tresalthbase.

Purification of Recombinant Proteins — Codon optimized RIPL DERB. coli transformed
with pET226-hsRNMTL1, pET226-mmMRM1 or pET226-mmMRM2 were grown to
approximately Olgyo = 0.3, and then expression was induced with 1 sdpriopyl 1-thio-D-
galactopyranoside (IPTG) for 3 hours at 37°C, wdhaking. Bacteria were pelleted by
centrifugation and resuspended in lysis buffer 2@ Hepes, pH 7.5, 1 M KCI, 5% glycerol,
0.5% Triton X-100, 1 mMpB-mercaptoethanol, protease inhibitors). The ceksewlysed by
sonication on an ice water bath. The soluble foactvas separated by centrifugation at 25¢000
for 30 min, 4°C and then passed through a Q#5PVDF filter. Lysate from cells expressing
hsRNMTL1 were loaded onto a HisTfap column at 95% Buffer A (20 mM Hepes, pH 7.5, 1
M KCI, 5% (v/v) glycerol, 3 mM3-mercaptoethanol, 0.02% (v/v) Triton X-100, 0.2 M SF),

5% Buffer B (same as Buffer A, except supplememtgd 50 mM KCI and 500 mM imidazole,
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pH 8.3). The column was washed with 15 column vasraf 95% Buffer A, 5% Buffer B, and
then with 15 column volumes of 85% Buffer A, 15%ff&u B. Proteins were eluted using a 15-
100% Buffer B gradient and fractions were collect&tie elution fractions containing the
highest concentration of RNMTL1 (peak fractionsy determined by SDS-PAGE and
Coomassie Blue staining, corresponded to approexim&0% Buffer A, 50% Buffer B. These
fractions were pooled and loaded onto a heparirafit column at 95% Buffer C (20 mM
Hepes, pH 7.5, 5% glycerol, 7 mpimercaptoethanol, 0.02% Triton X-100, 1 mM EDTAZ2 O.
mM PMSF), 5% Buffer D (same as Buffer C, exceptamented with 1 M KCI). The column
was washed with 5 ml of 95% Buffer C, 5% Buffer Broteins were eluted using a 5-100%
Buffer D gradient. The peak elution fractions cepended to approximately 70% Buffer D. The
peak elution fractions were pooled and diluted vathequal volume of enzyme storage buffer
(77.3% glycerol, 20 mM Tris pH 8.0, 5 mM DTT, 0.0ZBiton X-100, protease inhibitors) and
stored at -80°C. Purification of mmMRM1 was perfednsimilarly to hsRNMTL1 with minor
changes. Cell lysate was bound to HisTragolumn and the column was washed with 10
column volumes of Buffer A, followed by 10 columnlumes of 95% Buffer E (20 mM Hepes,
pH 7.5, 5% glycerol, 3 mMs-mercaptoethanol, 0.02% Triton X-100, 0.2 mM PM360 mM
KCI), 5% Buffer F (same as Buffer E, except supmatad with 500 mM imidazole, pH 8.3) and
15 column volumes of 85% Buffer E, 15% Buffer F.akRefractions corresponded to
approximately 55% Buffer F. These fractions wereled and diluted in an equal volume of
Buffer C, and then loaded onto a heparin Hifthpolumn. The column was washed with 5
column volumes of 90% Buffer C, 10% Buffer D. Pmgewere eluted in a 10-100% Buffer D
gradient. The peak fraction corresponded to apprately 62% Buffer D. mmMRM2 was

purified as with mmMRM1, except the peak elutiomnahMRM2 from the HisTrap" column
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corresponded to approximately 70% Buffer B and fittv HiTrag" column at approximately
45% Buffer D.

Analysis of a potential interaction between recombinant human MTERF3 and
hsRNMTL1. Recombinant human MTERF3 lacking a His-tag wasllyi provided by the Miguel
Garcia-Diaz lab. 70 pmol of hsRNMTL1 was incubateith 70 pmol of MTERF3 in a final
volume of 50ul and a final concentration of 1X Wash Buffer (5Xagh Buffer = 100 mM
Hepes, pH 7.5, 500 mM NaCl, 10 mpAmercaptoethanol, 125 mM imidazole, pH 8.3, 0.1%
Triton X-100), on ice for 5 min. The low concentoat of imidazole in the Wash Buffer is used
to prevent non-specific protein binding to the Dyeads®. 2Qul of Dynabeads® slurry was
thoroughly washed with 1X Wash Buffer and incubatéith the proteins on a rotator for 15 min,
4°C. The unbound proteins were collected and tlaelbavere washed three times with 200f
1X Wash Buffer. Bound proteins were eluted from beads in 5Qu of Elution Buffer (1 M
imidazole, pH 8.3, 2% SDS).

SIRNA Treatment of Tissue Culture Cells — HeLa adherent cells and HEK293T cells were
reverse-transfected with 3 nM or 6 nM siRNA by tfitgluting the siRNA in OptiMEM and
adding 10ul (for 3 nM siRNA) or 20ul (for 6 nM siRNA) RNAiMax and 800,000 cells. The
mixture was plated on a 10-cm diameter cultureepdaud incubated for 3 days.

Radioactive Pulse-labeling of Mitochondrial Proteins — HeLa cells were transfected with
SsiRNA targeting a negative control (scrambled, Ssejjuence or gene of interest for the
indicated lengths of time. Cells were rinsed in K&rbalanced salt solution for 5 min, DMEM
lacking cysteine and methionine for 5 min, and tB&EM with dialyzed FBS and 100g/ml
emetine also lacking cysteine and methionine for nin. 8 ul (~80 uCi) of

[*°S]cysteine/methionine was added to 4 ml of medianifh of labeling. The medium was then
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changed to DMEM with FBS and emetine for a 30-ntiase. Partially purified mitochondria
were analyzed by SDS-PAGE and Coomassie Blue staihdestain. The gel was dried and
exposed to a phosphor storage screen, and thecréen was scanned by a Typhoon 9000 (GE).

Crosslinking of [°H] AdoMet to Recombinant Proteins — Purified recombinant proteins
(24.5 pmol BSA, 14.2 pmol hsRNMTL1, 51 pmol mmMRMIB, pmol mmMRM2) were diluted
in 50 mM Tris, pH 8.0, 40 mM NaCl, 2 mM DTT, 2 mMDEA and 1.1uCi of [*H]AdoMet and
incubated on ice for 10 min. The mixtures were thpotted onto a siliconized microscope slide,
placed on top of ice, exposed to 254-nm UV lighttfe indicated lengths of time and subjected
to SDS-PAGE, Coomassie blue staining and destaiftiagioactivity was detected by soaking
the gel in Amplify™ (Amersham Biosciences), drying onto 3MM Whatmapgvaand exposure
of the dried gel to X-ray film at -80°C.

Gd filtration — A Superose 6 (GE) gel filtration column was g by washing in
several column volumes of running buffer (20 mM BlgpH 7.5, 300 mM NaCl, 5% glycerol, 2
mM DTT, 0.02% Triton X-100). 25Qg of BSA (66 kDa) and 250g of carbonic anhydrase (29
kDa) were mixed in 30@l and loaded onto the column to provide a stanearton profile for
two proteins of known sizes that exist as monom&isilarly, approximately 10Qug of
hsRNMTL1 (26 kDa), 265 g of mmMRM1 (32 kDa) and 250g of mmMRM2 (24 kDa) were
individually analyzed by Superose 6 gel filtratidgfractions were analyzed by standard SDS-
PAGE and Coomassie Blue staining, and in the cesRNMTL1 immunoblotting.

In vitro methylation assays — 5 pmol of proteins were incubated with 5 pmolrof¥itro-
synthesized 16S rRNA and 70 pmSHIAdoMet in a final concentration of 1X Buffer (2X
Buffer = 50 mM Hepes, pH 8.0, 100 mM KCI, 2 mM DT2% glycerol, and 10 mM Mggbr 4

mM EDTA, pH 8.0) in a volume of 100 for 30 min, 30°C. The RNA was extracted by TRIzol
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and a subsequent phenol-chloroform extraction. RN& was resuspended in 0.3 M sodium
acetate in TE (DEPC-treated), and subjected tdikation counting in OptiFluor for 5 min per
sample. The counts foH are reported as counts per minute (CPM).

Primer Extension Assays with Reverse Transcriptase — RNA from partially purified
mitochondria were isolated from cells transfectathvgiRNA targeting Scr or RNMTL1 by
using TRIzol. A control, unmodified RNA was genedtoy T7 RNA polymerase transcription
from EcoRlI-linearized pBSKIths16SrRNA plasmid. Primers were designed to anteedbS
rRNA with their 3’ termini 4 or 5 nucleotides upsam of the known 2’-O-ribose modified
residues. Primers were labeled at the 5’ termith \[ysi->’PJATP and polynucleotide kinase, and
then purified on urea-14% polyacrylamide gel. Laldgbrimers were annealed to 500 ng of RNA
and extended with Superscript 3 reverse transeeptathe presence of RNasin RNase inhibitor,
DTT and various concentrations of dNTPs for 30 @ir87°C. Reactions were terminated by
adding 0.3 M sodium acetate, 20 mM EDTA and (@ glycogen, followed by ethanol
precipitation and analysis on urea-14% polyacrytEnNA sequencing gel. Radioactivity was
detected by exposure to phosphor storage screededection with Typhoon 9000.

DNAzyme Analysis of RNA — 8-17 DNAzyme reactions to cleave unmodified IRSIA
at G1144, G1145 and U1369 were performed by ame&NA (750 ng — 21g) fromin vitro
transcription or from cells treated with sSIRNA t&NBzyme (400 pmol) and DEPC-treated water
in 16 ul at 95°C for 2 min. The reaction was cooled tomotemperature (~25°C) for 10 min,
followed by addition of 1@l 2X Buffer (200 mM KCI, 800 mM NaCl, 100 mM Hepgs 7.5,

15 mM MgCL, 15 mM MnC}), and then incubated at 37°C for 1 h. Reaction®wstopped by
addition of 3ul of 0.25 M EDTA, pH 8.0 (DEPC-treated), 1Q0 of 0.3 M sodium acetate

(DEPC-treated) and 10g glycogen, followed by ethanol precipitation anadvash with 70%

53



ethanol. 10-23 DNAzyme reactions (G1370) were paréul by annealing RNA with DNAzyme
in 12 ul and adding 12l of 2X Buffer (30 mM NacCl), 8 mM Tris, pH 8.0). Bhreaction was
heated at 95°C for 3 min, cooled on ice for 5 md ¢&en incubated at room temperature for 10
min. 6 ul of 5X Buffer (750 mM NaCl, 200 mM Tris, pH 8.0ha 2 ul of 0.3 M MgCL was
added and the reaction was incubated at 37°C for Reactions were stopped as with 8-17
DNAzyme reactions. Control reactions were perforrmeth DEPC-treated water in place of
DNAzymes.

Northern Blotting — DNAzyme-treated RNA samples were dried and Esuded in Gl
DEPC-treated TE (10 mM Tris, pH 7.5, 1 mM EDTA)ul%f RNA loading solution (80% (v/v)
de-ionized formamide, 5% (v/v) formaldehyde, 20 nBDTA, pH 8.0, 40ug/ml ethidium
bromide, 0.05% (w/v) bromophenol blue and 0.05%v)wylene cyanol) was added to the
samples and heated at 65°C for 5 min. The sampdes lwaded onto a MOPS-2% Agarose gel
and electrophoresed at 83V for ~2.5 hours in MOP8eB{20 mM MOPS, pH 7.0, 2 mM
sodium acetate, 1 mM EDTA, pH 8.0) with a buffecleange system. The gel was imaged with
UV for ethidium bromide detection and then soaked®X SSC (1.5 M sodium chloride, 150
mM sodium citrate) for 10 min. The RNA was transterto HyBond N+ (GE) nitrocellulose
membrane overnight by capillary action in 10X SS@e membrane was auto-crosslinked by a
UV Stratalinker (Stratagene) and baked in a vacwainB80°C for 2 hours. Ultrahyb pre-
hybridization buffer (Ambion) was applied accorditg manufacturer instructions and a
biotinylated RNA probe was hybridized overnigh6&8tC. The biotinylated probe was generated
by in vitro T7 RNA polymerase transcription of pBl&16S-probe in the presence of
biotinylated-CTP. The membrane was then washedtitwes in 2X SSC, 0.5% SDS and then

two times in 0.2X SSC, 0.5% SDS for 10 min each6atC and RNA was detected by
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streptavidin linked to alkaline phosphatase (Bistdm® BioDetect Kit; Ambion) according to
manufacturer instructions. Blots were exposed toayX-film and the developed scan was
digitized by a Typhoon 9000. Bands were quantifieth Image Quant TL Analysis Toolbox
and the percent of RNA cleavage was calculated by:

p rel _ Pixel density of cleaved band 100%
ereent cleavage = (Pixel density of cleaved + Pixel density of uncleaved bands) x °
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Chapter 3 — Initial Characterization of Three Novel Mitochondrial rRNA

Methyltransferases

A. RNMTL1, MRM1 and MRM2 are mitochondrial proteins

The Bogenhagen lab has identified many novel mdramanitochondrial nucleoid
proteins by proteomic analysis (Bogenhagen et2808; Wang and Bogenhagen, 2006). We
were particularly interested in RNMTL1, since neittRNMTL1 nor any of its homologues have
been previously characterized. A search for pogsielated RNA methyltransferases in the
mitochondrial proteomic databases revealed MRML1 itM2, which have homologues in
lower organisms, but were not characterized ineledtes. RNMTL1, MRM1 and MRM2 have
all been identified in mitochondrial preparatiof&gliarini et al., 2008) and in a study of the
human “methyltransferasome” (Petrossian and Cl&t@&). We started with an analysis of the
mouse genes, which are well conserved in humanmaduand mouse MRM1, MRM2 and
RNMTL1 are 73%, 79% and 81% identical, respectivé@lge amino acid sequence of mouse
RNMTL1 and MRM1 reveal structural domains that sirailar to a 2’-O-ribose binding domain
and SpoU-methylase domain, while MRM2 has an HRkgJdlomain Fig 4A). MitoProt Il
predicts an N-terminal mitochondrial targeting sigfMTS) that is cleaved after import in each
of the three proteinsT@ble 5). Vector NTI was used to compare the sequence lumies to
other characterized methyltransferases: bacteredAKand RImE (FtsJ/RrmJ), yeast Pet56
(MRM1) and MRM2, and mouse TFB1M, TFB2M, NSUN4 aMRPP1. A dendrogram
grouping the proteins by degree of relation is shawFig 4B. RNMTL1 is more closely related
to MRML1 than it is to MRM2. From these indicatiothat MRM1, MRM2 and RNMTL1 are
novel putative RNA methyltransferases in mammahatochondria, we began to study them

more in depth.
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We first performed subcellular fractionation of Ltde cells and immunoblotting to
confirm our nucleoid proteomic data. Equal amouwftgprotein from whole cell homogenate
(Hom), post-nuclear supernatant (PNS), post-mitodhal supernatant (PMS), crude
mitochondria (CM) or purified mitochondria (PM) veetoaded per lane and immunoblotting
revealed that the three putative RNA methyltrarasfes are enriched in the mitochondria, along
with a positive control, SDHA, a 70 kDa protein salt of Complex Il that resides within the

inner mitochondrial membrang&ig 4C-E).

B. RNMTL1, MRM1 and MRM2 are associated with mitochondial nucleoids and

ribosomal complexes

We were interested in the localization of RNMTLMRM1 and MRM2 within
mitochondria. We stably transfected 3T3-Sw cellshwihe mouse genes tagged with a
photoactivatable fluorescent protein, Eos, at the@ninus and prepared the cells for confocal
microscopy. These fusion proteins are expresseéruth@ control of a mifepristone-inducible
promoter and the Eos tag fluoresces as a greeralsigfitochondria were stained with
MitoTracker Red Itig 5A,C), which is a dye that is oxidized and thereby aomd within the
mitochondrial matrix, or with anti-SDHA antibody é&ra secondary antibody conjugated to
Alexa 568 (red) Fig 5E). We observe a mitochondrial localization of theseteins, consistent
with the subcellular fractionation data. In eache;ahe Eos fluorescence did not fill the interior
of the mitochondria. Since RNMTL1 was detected inprateomic analysis of nucleoids
(Bogenhagen et al., 2008), we were interested enstib-mitochondrial localization of these

proteins. Mitochondrial DNA was probed with an abNA antibody and an Alexa 568-
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conjugated secondary antibodyid 5B,D,F). The Eos signal appears in distinct foci in close
proximity to the nucleoids.

In our experience, despite preserving the nataredchondrial targeting signal at the N-
terminus, fusion with an Eos tag at the C-termiousitochondrial proteins can sometimes alter
mitochondrial morphology and protein localizatidinis may be the result of the tag disrupting
the natural folding of the protein or disrupting ihteractions. The expression level of the fusion
protein may also not be the same as the endogemquession. We therefore directed an
antibody against endogenous RNMTL1 in HelLa celld emunterstained with MitoTracker Red
(Fig 6A) or anti-DNA antibody ig 6B). We observe a localization pattern similar tot thi
Eos-tagged RNMTLL1. Thus both expression of a flasceatly tagged RNMTL1 and an antibody
targeting endogenous RNMTLL1 reveal that RNMTL1 &xi® a punctate pattern adjacent to
mitochondrial nucleoidsHg 5E,F).

We sought additional evidence for RNMTL1, MRM1 aWdRM2 existing in nucleoid
complexes by solubilizing purified mitochondriarimtdHeLa S3 spinner cells in non-denaturing
conditions such that complexes are preserved. bheble lysate was layered onto a non-
denaturing 15-40% glycerol gradient and separayeiddkinetic centrifugation such that species
are separated by their sedimentation coefficiehe massive nucleoid complexes are observed
to sediment to the bottom of the gradient. Fractiarere collected from the bottom of the
gradient and probed for RNMTL1, MRM1 and MRM2 piog as well as a ribosomal subunit
protein, MRPL13, by immunoblotting={g 7). 16S rRNA levels were determined by TRIzol
extraction of RNA from the fractions and RT-PORg(7A). Relative amounts of RNMTL1 and
MRPL13 were determined by densitometry analysishefimmunoblot and are shown on the

graph Fig 7A). RNMTL1 and MRM1 were found in the nucleoid friact and also in a more
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slowly sedimenting complex with MRPL13, althoughsnof the non-nucleoid MRM1 remained

at the top of the gradient with the free pool adtpins. MRM2 was not abundant in the nucleoid
fraction, but existed in a lower-density complexeTnucleoid fraction was identified by SYBR

Green | fluorescence and TFAM immunoblotting (dadé shown). The protein complexes that
sedimented more slowly in the center of the gradoeemtained mitoribosomal complexes (see
below). It should be noted that incompletely preees mitochondrial RNAs and possibly

incompletely assembled mitoribosome complexes sésbment in this region of the gradient
(Bogenhagen et al., 2014).

To validate the co-sedimentation of RNMTL1 and MRMith nucleoids, the nucleoid
fraction from the glycerol gradient was layeredtop of a 20-40% iodixanol (OptiPrep) gradient
and separated by isopycnic centrifugation, such $p&cies are separated by their buoyant
density. Fractions were collected from the bottofnthee gradient and mitochondrial DNA
content was detected by SYBR Green | fluorescedB& was extracted from several fractions
and digested with Hindlll, and then electrophoref@dugh an agarose gel and stained with
ethidium bromide to confirm the identity and pur{fyig 8A). Fractions were also probed for
TFAM, RNMTL1 and MRML1 proteinsKig 8B). TFAM is a nucleoid marker and is found in the
same fraction as the peak of mtDNA along with RNMTand MRM1. Thus, RNMTL1 and
MRML1 are indeed tightly associated with nucleoidd eemain in a complex after centrifugation
through two types of media.

To explore the association of RNA methyltransfesasvith ribosomal complexes,
fractions 8-11 from the glycerol gradient generatellig 7 were pooled and concentrated, then
layered onto a 20-40% iodixanol gradient and sepdrhy isopycnic centrifugation. Fractions

were collected from the bottom and the relative RbAndance was measured by SYBR Green
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Il fluorescence Kig 9A). Control experiments corroborated that the degpnated RNA in the
fractions with the peak SYBR Green Il fluorescem@s rRNA. Fractions were also probed for
MRPS15 (a member of the mitochondrial SSU), MRP{d &iember of the mitochondrial LSU),
RNMTL1 and MRM2 proteins by immunoblotting=i§ 9B). RNMTL1 and MRM2 remain
tightly associated with the ribosomal complex aftentrifugation through two types of media, as
indicated by MRPS15- and MRPL13-containing fracsion

Our first report focused more on the charactanmadbf RNMTL1, since it is a novel
protein (Lee et al., 2013). We have established RM¥MTL1 exists in two relatively stable
complexes: nucleoids and ribosomes, while MRM1 wsthy found in the nucleoid and free
floating protein fractions and MRM2 is predomingnih the ribosome complexes. As noted
above, the apparent ribosome association of thestips might reflect their presence in
assembly intermediates rather than mature ribos@ubunits. Conventional procedures for
isolation of mitoribosome complexes employ sucrgsadients with higher salt and MgCl
concentrations (O'Brien, 1971). To determine whetRBIMTL1 was specifically associated
with the LSU, SSU or monosome, we applied solul#¢aiS3 mitochondrial lysate onto a non-
denaturing 10-30% sucrose gradient supplementett @88 mM MgC}h to preserve the
monosomes, over a pad of glycerol and iodixan@ctons were collected from the bottom of
the gradient and probed for proteinsigl 10A) or 12S rRNA and 16S rRNAF{g 10B).
RNMTL1 was found in the 39S LSU fractions and & tbp of the gradient, but not in the
monosome or SSU fractions. Analysis of the sametitms for MRML1 revealed that both
proteins remained at the top of the gradient inltemolecular weight region. Upon very long
exposure, a trace amount of MRM1 was found asstiatith higher molecular weight

complexes Kig 10A). We conclude that the higher salt concentrationthe sucrose gradient
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compared to the glycerol and iodixanol gradientspldice a majority of the rRNA

methyltransferases from ribosomal complexes.

C. Murine RNMTL1 interacts with mitochondrial LSU comp onents and other proteins
We next investigated the proteins that interadghwnurine RNMTL1. We expressed

FLAG3;-Hisg-tagged mouse RNMTL1 (RNMTL1-3FH) from a mifepris&inducible promoter
in 3T3-Sw mouse fibroblasts. The protein is impdrieto mitochondria, similarly to the Eos-
tagged proteins (data not shown). Mitochondria vpengfied from mifepristone-induced cells by
two methods, either with or without 1 M KCI in thdIB buffer prior to sedimentation in
between the 1.7 M / 1 M sucrose layers (see Me)hddisochondria were then lysed in non-
denaturing conditions. The soluble fraction wasibated with FLAG M resin, and then the resin
was washed and RNMTL1-interacting proteins wereteeluin a batch-wise manner by
competition with FLAG peptide. Samples of the washes and elutions wdrgec to SDS-
PAGE, followed by immunoblottingHig 11A) or silver staining Kig 11B). The three elutions
were pooled and the proteins were partially el@ttovesed into a polyacrylamide gel by
standard SDS-PAGE techniques. The gel was subj¢atpdoteomic analysis. A large fraction
of spectral counts were attributed to mitochondigafje ribosomal subunit proteins (39% of
counts), and small subunit proteins were detecte@d #ower abundance (8%). The well-
represented non-ribosomal mitochondrial proteireg tto-immunoprecipitated with RNMTL1-
3FH are listed (36%)T@able 6). In the second experiment, washing mitochondritn W11B
containing 1 M KCI efficiently reduced the cytosobkontaminants. It is possible that many of
the RNMTLL1-protein interactions are RNA-dependemd aanalysis of RNA-independent

interactions have yet to be performed.
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One of the proteins that immunoprecipitated withrime RNMTL1-3FH was MTERF3.
This potential interaction was particularly inteneg because, as mentioned above, MTERF3 is
involved in mitochondrial LSU biogenesis (Wrederpeaat al.,, 2013). We considered that
MTERF3 may direct RNMTL1 and its rRNA methyltransfee activity to 16S rRNA or a
partially assembled LSU intermediate, much like NRF& directs NSUN4 to the LSU, although
the RNA substrate of NSUN4 is 12S rRNA (Camard.eQ11; Metodiev et al., 2014). We first
performed a negative control experiment to tesedombinant human MTERF3 lacking a His-
tag (kindly provided by the Miguel Garcia-Diaz ladgn bind to magnetic Dynabeads®, which
bind to His-tagged proteins. We performed this expent in a batch-wise format. We incubated
the protein with the beads and collected the untonaterial. The beads were then washed three
times and the bound proteins were eluted with Imtlazole, pH 8.3 and 2% SDS. Samples of
the load, unbound proteins, washes and elution® \wwanlyzed by standard SDS-PAGE and
Coomassie Blue staining. As expected, nearly athef MTERF3 protein was in the unbound
fraction (fractions on the left of the pre-stainetairker (PSM) inFig 12). We then applied
recombinant Histagged hsRNMTL1 protein to magnetic Dynabeads® medbated it with
MTERF3 (fractions on the right of the PSMHkig 12). hsRNMTL1 bound and eluted from the
Dynabeads®, but MTERF3 was almost completely founthe unbound fraction. Thus, we did
not observe MTERF3 to co-elute with RNMTL1. Howewee have not ruled out the possibility
that recombinant hsRNMTL1 was non-functional (selWw) or that the His-tag interferes with
the potential interaction between RNMTL1 and MTERRE3emains to be determined whether

there is a direct interaction in mitochondria.
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D. RNMTLL1 is involved in mitochondrial protein synthesis

Since RNMTL1 was tightly associated with mitoriboses and is a putative RNA
methyltransferase, it is likely to have an impottesie in ribosome assembly, stability and/or
function. We tested several commercial siRNA camds for their efficiency to deplete
RNMTL1 protein levels. HeLa cells were reverse-sfasted with siRNA and mitochondria
were purified for immunoblotting. Equal amountspobtein were loaded per lane and probed for
either RNMTL1 or the control, MRPL13. siRNA reducBNMTL1 levels by ~90%, but “R1”
was slightly more effectiveF{g 13A). We did not detect drastic changes in the aburela
several mitochondrial transcripts due to treatnw@ntieLa cells with 6 nM siRNAKig 13B).
The relative abundance of the 16S rRNA transcrohgared to 12S rRNA was not affected by
SiRNA against RNMTL1. Thus, despite depletion ofpatative rRNA methyltransferase,
mitochondrial rRNAs remain relatively stable withazomplete methylation. siRNA targeting
RNMTL1 caused Hela cells to grow more slowly thallsctreated with siRNA targeting a
scrambled sequence (Scr), but mitochondrial trgpiscrwere not affected, suggesting a
phenotype at the protein level. To test whetherochibndrial translation was affected, we
transfected HelLa cells with siRNA for 3 days andlded the medium of cysteine and
methionine, while simultaneously administering manibitor of the cytosolic ribosomes, emetine,
prior to protein analysis. The medium was supplgetn with radioactive
[*°S]cysteine/methionine for 1 h to label newly sysihed proteins. Purified mitochondria from
treated cells were subject to SDS-PAGE and autogadphy. R1 siRNA decreased

mitochondrial translation by ~40%:ig 13C).
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E. Analysis of activity in recombinant RNA methyltransferase family members

To further characterize the RNA methyltransferdamily members, we expressed
recombinant human RNMTL1 (hsRNMTL1) and mouse MRNM&@mMRM1) and MRM2
(mmMRM2) without their predicted mitochondrial Idzation signals, which are expected to be
cleaved immediately after protein import into mhoadria, using codon-optimized RIPL DE3
E. coli. We purified the proteins on nickel (HisTf&}) columns, followed by heparin HiTrdp
columns. We found that 1 M KC| was needed to dishupding to bacterial nucleic acids. The
purity of the proteins is shown in a Coomassie Bitaned gelKig 14A). We experienced some
difficulty in working with recombinant hsRNMTL1. Ithe process of purifying the protein, we
noticed that only approximately 20% of the totadtpin was soluble after bacterial cell lysis. We
attempted to increase the solubility of the protsirexpressing it with a proteolytically excisable
N-terminal maltose-binding protein domain to enem# protein folding and expressing at
temperatures below 37°C. However, the solubilitytlod protein did not improve. We also
experienced precipitation of hsRNMTL1 in enzymerate conditions after several weeks at -
20°C, despite the presence of approximately 350KV

To determine whether the recombinant proteinshtad to AdoMet, we utilized a cross-
linking protocol. Proteins were incubated witiiJAdoMet on ice and exposed to UV light for
several minutes, then separated by SDS-PAGE andcted to fluorography. BSA, the negative
control, did not crosslink to AdoMet, whereas NSUNHe positive control did, as expected.
mmMRM2 also crosslinked to AdoMet, but not hsRNMTad mmMRM1 Eig 14B,0. It is
possible that recombinant hsRNMTL1 and mmMRM1 may Imave been properly folded or
may require post-translational modifications thig aot provided by expression in a bacterial

system.
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RNMTL1 and MRM1 contain domains resembling the Gpoethylase sequence and
thus are classified as SPOUT-family methyltransfesa(Petrossian and Clarke, 2011). All
currently known SPOUT-family members exist as dsnéfkaczuk et al., 2007), thus we
determined whether our recombinant proteins behasduch. We used a Superose 6 gel
filtration column, which separates species by tltokes radius, such that larger particles elute
first and smaller particles enter the pores ofdbeimn resin and elute later. Calibration of the
Superose 6 gel filtration column revealed that B&8/&6 kDa monomeric protein, eluted mainly
in fractions 26-27, while carbonic anhydrase, akP&x monomeric protein, eluted mainly in
fractions 33-35. hsRNMTLL1 eluted in fractions 34-8mMRM1 eluted in fractions 34-36 and
mmMRM2 eluted in fractions 38-41. Since all of timethyltransferase proteins eluted near the
position of carbonic anhydrase, we conclude that mcombinant proteins behaved as
monomers Kig 15. Perhaps the recombinant proteins are not bebaas they would
endogenously in mitochondria, consistent with #heklof ability to crosslink to AdoMetF(g
14B,0).

In attempt to provide direct evidence that thesetgins methylate 16S rRNA, we
incubated the recombinant proteins withiJAdoMet andin vitro-synthesized 16S rRNA, and
then ethanol-precipitated the RNA for analysis ntdlation counting. Reactions were
performed in the presence of magnesium or EDTAcesisome methyltransferases require
magnesium while others do not (Motorin and Helml1 D0 We did not observe any enhanced
methylation of the RNA in the presence of the rebmant hsRNMTL1, mmMRM1 or
mmMRM2 (Table 7). The positive control MTERF4-NSUN4 complex showstightly
enhanced RNA methylation, consistent with the figdi that NSUN4 has been demonstrated to

have mMC methyltransferase activity (Metodiev et al., 20&hd the recombinant protein
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complex has loose substrate specificityyitro (Yakubovskaya et al., 2012). RNA methylation
IS a spontaneous reaction (Motorin and Helm, 20pbgsibly accounting for the level of
radioactivity retained by the precipitated RNA vath the presence of active methyltransferase
protein. In our experiment, it may even have beessible that the recombinant proteins bound
to the RNA and inhibited spontaneousvitro methylation, as marked by the lower CPM'’s
compared to RNA-only samples. In addition to theepbal problems of purifying these proteins
from bacteria as discussed above, the lackinotitro methyltransferase activity was not
unexpected, since RrmJ and MRM2 methylate partedisembled ribosomal intermediates and
not naked RNA (Caldas et al., 2000a; Pintard ¢t2802). In addition, the lack of activity for
mmMRM1 and mmMRM2 may also be due to the speciesiip substrate recognition,
although the 16S rRNA genes are 74% identical dred 2-O-ribose methylation sites are

conserved.
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Protein Species Reference Aminpl Molecular | Probability Cleavage

acids Weight imported into | site
(kDa) mito (%)

MRM1 Human | NP_079140.p353 8.15| 38.6 98.8 27
Mouse | NP_663408.2320 0.17| 34.8 98.9 25
MRM?2 Human | NP_037525.1246 9.60| 27.4 29.7 14
Mouse | NP_080786.1246 9.75| 27.1 75.7 27
RNMTL1 | Human | NP_060616.1420 8.89| 47.0 56.5 11
Mouse | NP_899086.p418 9.45| 46.8 99.7 49

Table 5— Predicted attributes of MRM1, MRM2 and RNMTL1.
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Figure 4 — RNMTL1, MRM1 and MRM2 are members of the mettayisferase familyA)
Amino acid sequence analysis of mouse RNMTL1, MRMHl MRM2. B) Dendrogram of
known and putative RNA methyltransferases. HelLacslilar fractions were immunoblotted
for RNMTL1 (C), MRM1 (D) and MRM2 E) and compared to a positive control, C2, a subunit
of the succinate dehydrogenase complEigyres 4Aand4B were produced by D.F.B.).
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E RNMTL1-EOS F RNMTLI-

Figure 5 — MRM1, MRM2 and RNMTL1 tagged with Eos localize foci in the vicinity of
nucleoids. Confocal microscopy imaging of Eos-tahgeoteins (green) counterstained with
MitoTracker Red (red)A,C) or anti-SDHA antibody (red)H), or for mitochondrial DNA with
anti-DNA antibody (red)B,D,F). Scale bars, 10m.
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Figure 6 — Endogenous RNMTLL1 is localized in foci in theimity of mitochondrial nucleoids.
Anti-RNMTL1 antibody (green) was applied to HeLdl€and mitochondria were stained with
MitoTracker Red (red)A) or mitochondrial nucleoids were stained with dDINA antibody

(red) B).
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Figure 7 — RNMTL1 and MRM1 sediment with nucleoid and ribogl complexes on a non-
denaturing glycerol gradient, while MRM2 only seéimbs with ribosomal complexes. Proteins
in the fractions were detected by immunoblottindyiler 16S rRNA was detected by RNA
extraction and RT-PCR. Relative amounts of RNMTIntl MRPL13 proteins and 16S rRNA
are graphed. (This experiment was conducted byBD.F.
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Figure 8 — RNMTL1 and MRM1 sedimenting with the nucleoiddtion remains associated with
nucleoids after centrifugation through an iodixaf@ptiPrep) gradient\) The nucleoid fraction
from the glycerol gradient generated big 7 was loaded onto a 20-40% iodixanol gradient.
Fractions were collected from the bottom and arelylor mtDNA content by SYBR Green |
fluorescence and Hindlll restriction digest. Digebtsamples were run on agarose gel and
stained with ethidium bromide. Sizes of DNA fragnseare indicated on the right. M, 1 kb
marker, with sizes indicated on the |d&) Fractions were probed for TFAM, RNMTL1 and
MRML1 protein by immunoblotting. (This experimentsweonducted by D.F.B.).
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Figure 9 — RNMTL1 and MRM2 sedimenting with ribosomes iryagrol gradient fractions
remain associated with ribosomes after centrifegatiirough an iodixanol gradient. Fractions 8-
11 from the glycerol gradient producedFig 7 were pooled and concentrated then separated on
a 20-40% iodixanol gradient. Fractions were coéldcirom the bottom and analyzed for RNA
with SYBR Green Il fluorescencé) and for proteins by immunoblottin@). (This experiment
was conducted by D.F.B.).
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Figure 10 — RNMTLL1 is associated with the LSU on a sucrossdignt supplemented with
MgCl,. Purified HeLa S3 mitochondria were lysed in n@maturing conditions and the soluble
fraction was layered onto a 10-30% sucrose gradkemaictions were probed for LSU marker
MRPL13, SSU marker MRPS15, RNMTL1, MRM1 and MRM2®tgins by immunoblottingX)
and fractions 12-25 were analyzed for relative gtias of 12S and 16S rRNA by RT-PCB)(
The immunoblot for MRM1 was overexposed to reveahall proportion of protein migrating

with denser complexes (MRM1 (hi)).
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Figure 11 — Affinity chromatography purification of RNMTL1FH and associated proteins.
Samples of the FLAG M resin washes and elutionsewsubject to SDS-PAGE and
immunoblotting for FLAG Q) or silver staining B). M, pre-stained protein marker, L,
mitochondrial lysate loaded onto FLAG M resin.
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Protein Name Molecular mass| Experiment 1 Experiment 2
(kDa) Spectral counts | Spectral counts

RNMTL1 47 44 28

LRPPRC 157 11 18

DDX28 60 14 8

HSP60 (Hspdl) 61 3 18

HSP75 (GRP75) 73 1 19

p32 (Clgbp) 31 2 10

RPUSD4 42 7 3

PTCD3 78 0 9

GRSF1 42 2 6

SQRDL 50 4 4

MTERF3 (Mterfdl) 47 0 7

POLRMT 128 3 2

LRRC59 35 3 2

Table 6 - Well-represented non-ribosomal mitochondrial tgirs that

immunoprecipitated by RNMTL1-3FH.
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Figure 12— Recombinant hsRNMTL1 does not interact with MTHBRThe fractions on the left
of the pre-stained protein marker (PSM) correspiand negative control experiment in which
recombinant human MTERF3, which lacks a His-tags egaplied to Dynabeads. The beads were
washed and bound proteins were removed by an elbtiffer containing 1 M imidazole, pH 8.3
and 2% SDS. The fractions on the right of the madarespond to an experiment testing
whether recombinant Higagged hsRNMTL1 bound to Dynabeads® can retaiomémant
human MTERF3 on the beads. MTERF3 did not bind $&MMTL1 and did not remain

indirectly bound to the beads. L, load; F, flowtigh (unbound); wl/w2/w3, bead washes;
el/e2, bead elutions.
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Figure 13 — siRNA-mediated depletion of RNMTL1 in HeLa cetlecreased mitochondrial
translation without drastically affecting mitochorad transcript levelsA) HelLa cells were
transfected with siRNA targeting a negative contratrambled sequence (Scr) or siRNA
targeting RNMTL1 (R1, R3). Purified mitochondria ieeprobed for RNMTL1 and a loading
control, MRPL13 by immunoblottingB) RT-PCR analysis of mitochondrial transcripts after
SsiRNA treatment normalized to 12S rRNA levels. Coon-transfected, Scr, transfected with
scrambled sequence, R1.6 and R3.6, two differéitlAs targeting RNMTL1 used at 6 n\TL)
Autoradiograph of ¥S]cysteine/methionine labeled mitochondrial prateiafter SiRNA
treatment. CBB, Coomassie Blue staining as a prdtading control. (This experiment was
conducted by D.F.B.).
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Figure 14 — Recombinant RNMTL1 and MRM1 do not cross-link [f{]AdoMet under
conditions that permit cross-linking for NSUN4 adékM2. A) 500 ng of recombinant proteins,
human RNMTL1 (hsRNMTL1), mouse MRM1 (mmMRM1) and use MRM2 (mmMRM2)
lacking their predicted mitochondrial localizatisignals were purified fromE. coli and
separated on SDS-12% polyacrylamide and visualige@oomassie Blue staining,C) Human
MTERF4/NSUN4 (3.48 pmol) (provided by the Miguel rGa Diaz lab at Stony Brook
University), RNMTL1 (14 pmol), BSA (14.5 pmol), MRM(51 pmol) and MRM2 (49 pmol)
were incubated with®H]AdoMet, exposed to UV light for 0, 2, 5 or 8 mamd separated by
SDS-PAGE for Coomassie Blue staining (CBB), follovimy fluorographyiH).
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Figure 15 — Recombinant hsRNMTL1, mmMRM1 and mmMRM2 behawge naonomeric
proteins. The recombinant proteins were flowedugloa Superose 6 gel filtration column and
fractions were collected. Fractions were separatedtandard SDS-PAGE and Coomassie Blue
staining or immunoblotting in the case of hsRNMTLIhe BSA and carbonic anhydrase
standards were run separately from the recombpratgins.
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Protein Conditions CPM
RNA only + MgChb 159
hsRNMTL1 + MgC} 74
mmMRM1 + MgCh 56
mmMRM2 + MgChb 52
hsMTERF4-NSUN4 + MgGl 166
RNA only + EDTA 87
hsRNMTL1 + EDTA 42
mmMRM1 + EDTA 63
mmMRM2 + EDTA 43
hsMTERF4-NSUN4 + EDTA 422

Table 7—hsRNMTL1, mmMRM1 and mmMRM2 do not cataly@evitro methylation of 16S
rRNA. This experiment was conducted once undereticeaditions.
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Chapter 4 — Assignment of Three Mitochondrial rRNA Methyltransferases to their

Substrate Sites

There were several indications for the involvemahRM1, MRM2 and RNMTLL1 in
the 2'-O-ribose methylation of &* U3 and G*"°sites on human 16S rRNA, respectively. 1)
MRM1 (RImB in bacteria, Pet56p in yeast mitochoaylrand MRM2 (RrmJ/FtsJ in bacteria,
Mrm2p in yeast mitochondria), and their equivalERNA methylation sites are evolutionarily
conserved in bacteria and yeast mitochondria. lysms of the amino acid sequences revealed
that MRM1 and RNMTL1 are predicted to have 2’-O-hydtransferase domains, and MRM2
has a FtsJ-like domain (FtsJ is a bacterial 2’-@hylgransferase). 3) Human mitochondrial 16S
rRNA contains a unique &° 2’-O-methylation site, whereas mitochondrial mRNs#sl tRNAs
are not known to possess a 2’-O-ribose methyladdriWe found RNMTL1 weakly associated
with the mitochondrial LSU, which may be mediatedifiteractions with 16S rRNA. The 2'-O-
methylation of G**° U'**°and G*"°are likely important for ribosome assembly, sighikind/or
function because their bacterial counterparts ewishin regions that fold into a secondary
structure participating in the peptidyltransferasmter of the large ribosomal subunit. The
secondary structure of human 16S rRNA that encosggathe 2’-O-ribose methylation sites is
shown inFig 16A. The G** site within the P-loop and the'ty® and G*° sites within the A-
loop of human 16S rRNA is compared to their coroesiing sites in bacterial rRNA=(g 16B).
In bacteria, &' in the P-loop is crucial for tRNA binding and pielgt transferase activity
(Green et al., 1997). This site may mediate a l@amge interaction with sites over 300
nucleotides away in sequence (Green et al., 199 Dacteria, 5°°% which corresponds to'tf*

in human 16S rRNA, is base-paired t&€ While 2-O-methylation of &*? does not have a
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major effect on the A-loop fold, it has an impanttbe conformation of 8> and G>*®residues,
which may mediate tertiary interactions in the sbme, by shifting the sugar pucker o®

into a specific conformation (Blanchard and Pugik€i01).

A. Mapping the site of modification attributable to RNMTL1 using primer extension

We proceeded to use a common method of mappir@-rbose methylation sites to
study RNMTL1. Reverse transcriptase is inhibited #&®y2’-O-ribose site at low dNTP
concentrations, but can bypass the modificatianaithigh dNTP concentrations (Maden, 2001).
Thus reverse transcriptase-mediated extensionDiA primer on a RNA template would stall
at 2’-O-methylation sites. We designed a primet #mneals four nucleotides downstream of the
G'**site and a primer that anneals downstream of tH&° &ite on 16S rRNAKig 17A). The
primers were radioactively 5 end-labeled by polgieotide kinase and-[**P]JATP, and
annealed to 500 ng aoh vitro-synthesized 16S rRNA or RNA from crude mitochoadrom
HelLa cells treated with siRNA targeting a scramldeduence or RNMTL1 for three days. The
reaction proceeded with Superscript 3 reverse ¢rgptase and 2, 4 or 6 nM dNTPs. Separation
of the primer extension products on sequencing geisaled no effect of R1 siRNA on reverse
transcriptase read-through of thé'® site relative to control siRNAF{g 17B), whereas it
caused an increased read-through 6¥ QFig 17C). From this, we conclude that RNMTLL1 is
involved in the methylation of €° and not G'*> This experiment also revealed subtle
problems in interpreting primer extension resu$'* is situated in the middle of a G-rich
equence, which is known to inhibit primer extensiéiso, the juxtaposition of §*° and G*"°

modifications presents a challenge in determinimggetxtent of primer extension past each site.
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B. Mapping the 2’-O-methylation sites on 16S rRNA withDNAzymes

We sought to develop an alternative method toioonthe assignment of RNMTL1 to
methylation of G**° and to map the methylation sites of MRM1 and MRM& reviewed the
literature for alternative methods of detecting@tbose methylation. These methods include
resistance to RNase H when hybridized to a chima@igonucleotide (Yu et al., 1997), splint
ligation (Saikia et al., 2006), reverse transcoptcoupled to PCR (Dong et al.,, 2012), mass
spectrometry, two-dimensional thin layer chromaapiny of nuclear digests, and boronate
affinity chromatography, among other techniqueshfBéAnsmant et al., 2004). A simple, low-
cost and definitive method that has not receivecchmattention is the use of DNAzymes
(Buchhaupt et al., 2007; Cruz et al., 2004), whach single-stranded deoxy-oligonucleotides
that consist of two annealing arms flanking a “bdia bubble” (Fig 18A). The arms direct the
DNAzyme to a specific di-nucleotide junction of tRNA and the catalytic bubble directs a
divalent metal ion (magnesium or manganese) to pterthe RNA to undergo self-cleavage at
the targeted site. The mechanism of DNAzyme-medi®&A self-cleavage is shown by
Buchhaupt et al (Buchhaupt et al., 2007). The el@sOH of the RNA undergoes a nucleophilic
attack on its own 3’-phosphodiester bond. If theARBI methylated at the 2’-OH, then it cannot
undergo self-cleavage in the presence of a tardeilzyme. We designed Type 8-17 and Type
10-23 DNAzymes to target the cleavage 6t*G a control site that is known to be unmethylated,
and the three methylated sites'® U and G°° We tested the efficiency of these
DNAzymes on unmodifiedjn vitro-synthesized 16S rRNA and observed that the RNA is
cleaved to near completion for each of the targstied Fig 18B) (Lee and Bogenhagen, 2014).

We tested the efficacy of two siRNAs targetingreat human MRM1 (siMRM1-A and

siMRM1-B) and MRM2 (siMRM2-A and siMRM2-B). HelLa lte were transfected with 3 nM
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SsiRNA for 3 days and crude mitochondria were ismlaEqual amounts of mitochondrial protein
from treated cells were immunoblotted and compa@dhe Scr control. siMRM1-B and
siMRM2-B were more effective at depleting the celfsMRM1 and MRM2, respectivelyHg
19A,B). We have also previously validated the efficatgiBNA “R1” in depleting human cells
of RNMTL1 protein Fig 12A).

Having three known 16S rRNA methylation sites #meée putative mitochondrial 2’-O-
ribose rRNA methyltransferase proteins, we thetizei DNAzymes in combination with
siRNA and Northern blotting as tools to assignrtiethyltransferases to their substrate sitég (
20). We tested whether knockdown of the methyltratrasies would increase the susceptibility of
16S rRNA to DNAzyme-mediated cleavage at the knowathylation sites. After 3 nM siRNA
treatment for 3 days, the cells were trypsinized amashed in PBS, and then whole cell RNA
was extracted by TRIzol®. We performed a subsegpkanol-chloroform extraction and ether
extraction prior to ethanol precipitation to obtaighly purified RNA. This step was necessary
as some contaminants remain associated with the BRf&k TRIzol extraction. 21g of RNA
were treated with a stoichiometric excess of DNA2y@#00 pmol). The RNA was separated on
a denaturing agarose gel and the ethidium bromigi@isg was imaged with UV light. The
bands in the lower panels correspond to cytos&®idAs, which are estimated to be 100 times
more abundant than the mitochondrial rRNAs (Kingl &ittardi, 1993), and serve as loading
controls Fig 21A). Somewhat surprisingly, 16S rRNA from cells teshtwith the negative
control siRNA had an observable level of accessjttid DNAzymes targeting cleavage at'$s
and U%%° (Fig 21A). Quantification of the extent of cleavage (seetevlals and Methods)
revealed approximately 34% cleavage dt*&(n=3), approximately 30% cleavage at*¥

(n=5), and approximately 9% cleavage at*& (n=5) in the Scr control samples. Since
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DNAzymes cannot direct RNA self-cleavage at sitkeat thave a 2’-O-methyl group, this
indicates that 16S rRNA is not completely modifiedder normal cell growth conditions.
However, there are several caveats to the absquaatification of DNAzyme-mediated RNA
cleavage: 1) despite careful handling, the RNA émhger lane has slight variability, 2) the
intensity of bands detected on X-ray film follows n@n-linear response, 3) the level of
background detected by X-ray film is variable aomthstimes a smear may appear to indicate
intensity from a band, and 4) different cell linesy have different levels of steady-state
methylation on 16S rRNA. Nonetheless, we consisteobserved a significant increase in
cleavage at &*° when MRM1 was knocked down in Hela cells, andgmificant increase in
G"¥"% cleavage when RNMTL1 was knocked doviiig(21A). However, when we analyzed the
RNA from cells treated with siRNA targeting MRM2dar these conditions, we did not observe
an obvious change in cleavage at®with siRNA targeting any of the methyltransferagésta
not shown).

We reasoned that the significant level of unmedifi.6S rRNA at t7°°in HelLa cells
complicated our effort to document an increasecitessibility of this site to DNAzymes after
depletion of MRM2. Therefore, we tested whether sdevel of unmodified 16S rRNA at’¢f°
is observed in another human cell line. We tre&tB&293T cells with sSiRNA as we had HelLa
cells. HEK293T cells have a higher level of 16S MRdhmethylated at &*° than Hela cells,
whereas Hela cells have a higher level of unmetegla/*®. These experiments in HEK293T
cells confirmed that knockdown of MRM1 and RNMTLAuses increased cleavage at*Gand
G™"° respectively Fig 21B). There was a slight improvement in 16S rRNA chager at J*%°
due to depletion of MRM2 relative to the negatiwatrol compared to Hela cell&i§g 21B).

We then doubled the amount of siRNA targeting MRid® nM and the corresponding amount
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of RNAIMax in HEK293T cells, and supplemented thedm with 1 mM sodium pyruvate and
50 pg/ml uridine. This produced a much more significaftect, clearly indicating that
knockdown of MRM2 causes increased cleavage'#t (Fig 21C). A summary combining the
results of HeLa and HEK293T data reveals the effettepleting each of the methyltransferase
proteins on each methylation site-Bhfor each set), Tiable 8). On average, siRNA targeting
MRM1 increased DNAzyme-mediated 16S rRNA cleavagg'&™ compared to the negative Scr
control by ~1.7-fold. The effect of siRNA targetiMRM2 increased cleavage ati¥ by ~1.4-
fold, compared to the control, and the effect 8fdA targeting RNMTL1 increased cleavage at
G'¥"%py ~2.5-fold, compared to the control. While theuification of RNA cleavage is subject
to variability, we consistently see that siRNA &irgg MRM1, MRM2 and RNMTL1 leads to
obvious increases in the susceptibility of 16S rR6ADNAzyme-mediated cleavage at'®;
U™ and G*° respectively. Although we have not yet ruled eatindirect mechanism of
action, we have provided convincing data that afldhe assignment of MRM1, MRM2 and

RNMTL1 as 2’-O-methyltransferases specific t6® U*% and G*"sites, respectively.
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Figure 16 — The methylation sites on mitochondrial 16S rRNWattare conserved in bacteria
contribute to secondary structures in the P-loopp Adoop, which participate in the peptidyl
transferase centef) The 2’-O-ribose methylations located in human shittndrial 16S rRNA.
B) Comparison of the secondary structure encompasbmgonserved methylation sites on
mitochondrial and bacterial large ribosomal subtRNA.
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Figure 17 — Depletion of RNMTL1 increases reverse transaspt extension past™&° in
domain 6 of 16S rRNAA) Primers were designed to anneal to 4 or 5 nudestupstream of
known methylation sites in domain 5 or domain 6.ARWNas isolated from HelLa cells treated
with Scr (Con) or R1 siRNA, or frorm vitro transcription of the 16S rRNA gene by T7 RNA
polymerase. Primers targeting domainBj ¢r domain 6 C) were radioactively 5’ end labeled
and annealed to 500 ng RNA, then incubated witkbns/transcriptase and 2, 4 or 6 nM dNTPs.
Reactions were electrophoresed through a urea-1alyag@ylamide DNA sequencing gel and
radioactivity was detected by a phosphor storageesc The sequence of RNA extended by
reverse transcriptase is shown on the right ofgéleimage. P, primer, T7, primer extension
through unmodified RNA, arrows, bands of interesie do methylated nucleotides. (This
experiment was conducted by D.F.B.).
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Figure 18 — DNAzymes effectively cleave unmodified RNA ande aan effective tool for
studying 2’-O-ribose methylation of RNA) Approach to determining whether RNA is 2'-O-
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site-specific RNA self-cleavag8) 0.75ug of in vitro-synthesized 16S rRNA were treated with
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Figure 19 — siRNA effectively depletes MRM1 and MRM2 protéavels in HelLa cells. Crude
mitochondria isolated from Hela cells were treatgtth 3 nM siRNA for 3 days. Mitochondria
were analyzed by SDS-PAGE and immunoblotting. siMIRIM (A) and siMRM2-B B) were
more effective than siMRM1-A and siMRM2-A, respeety. SDHA, mitochondrial succinate
dehydrogenase subunit A, serving as a loading abntr
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Figure 21— DNAzymes allow the assignment of 2’-O-methylsfemases to their substrate sites.
2 ug of whole cell RNA was isolated from HelLA)(and HEK293T B) cells treated with 3 nM
siRNA for 3 days, and analyzed by DNAzymes and Nari blotting. DNAzyme-mediated
G'* cleavage was robust in all conditions tested, @®eeed. siRNA targeting MRM1 and
RNMTL1 significantly enhanced the cleavage of 16MNA at G**° and G*'° respectively,
compared to the control siRNA targeting a scramisieguenceXA,B). siRNA targeting MRM2
slightly increased the cleavage dt% compared to the control siRNAY, but when HEK293T

cells were treated with 6 nM siRNA, the effect wasch more significantQ).
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% Cleavage % Cleavage % Cleavage % Cleavage % Cleavage % Cleavage

Condition atG1145 at U1369 at G1370 Condition at G1145  at U1369 at G1370
siScr 19.17 39.26 2.55 siMRM2 13.83 48.24 8.30
50.66 30.99 11.81 40.27 34.90 9.46
34.27 34.12 13.80 24.95 44.30 14.20
22.12 6.13 39.95 9.09
22.90 11.00 41.40 9.00
Average 34.70 29.88 9.06 Average 26.35 41.76 10.01
Stdev 15.75 7.35 4.60 Stdev 13.28 4.97 2.38
SEM 9.09 3.29 2.06 SEM 7.66 2.22 1.06
siMRM1 35.95 39.59 9.58 SiRNMTL1 18.89 42.31 14.63
70.04 36.71 7.90 37.83 26.75 32.59
72.32 20.80 10.41 23.57 34.62 30.10
11.60 22.20 19.75
Average 59.44 32.37 9.87 17.10
Stdev 20.37 10.12 1.55 Average 26.76 31.47 22.83
SEM 11.76 5.84 0.78 Stdev 9.87 8.86 8.03
SEM 5.70 4.43 3.59

Effect of siRNA on DNAzyme-mediated Cleavage of 16S rRNA

70

N siScr
B siMRM1

B siMRM2

HSiRNMTL1

Percent 16S rRNA Cleavage

G1145 U1369 G1370
Cleavage Site on 16S rRNA

Table 8 — Quantification of the effects of SIRNA on DNAzgamediated 16S rRNA cleavage.
This table combines data from HelLa and HEK293Tsce#lated with siRNA for 3 days and the
average data is graphed.
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Chapter 5 — Conclusion and Perspectives

| have presented data produced by subcellulartidreation, confocal microscopy,
sedimentation through different gradients and imeopuacipitation combined with mass
spectrometry demonstrating that the three novel malan proteins MRM1, MRM2 and
RNMTL1 are localized to mitochondria and are tightlssociated with mtDNA nucleoids. In
gradients with relatively low salt concentratiomslan the presence of EDTA, a large proportion
of MRM1 was found associated with the nucleoid claxpr as a free protein, and although
MRM2 did not have much presence in the nucleoid pleres, a significant proportion of
MRM2 was found in fractions that contained bothaniiosomal subunits and incompletely
processed mitochondrial RNAs that have retainedestiRNA junctions (Bogenhagen et al.,
2014). This indicates that not all of the ribosoniesthese fractions are fully assembled.
RNMTL1 was found to be associated with both nudemmd ribosomal complexes. It is possible
that MRM1, MRM2 and RNMTL1 are associated with ingmetely assembled ribosomal
intermediates and may modify nascent rRNA or rRNat is being assembled into the ribosome.
These proteins may also have methyltransferasgemtkent roles in ribosome assembly and
other processes, such as serving as checkpointsribosome assembly. Perhaps the
methyltransferases do not catalyze the methyl teamsaction until the ribosome subunits have
reached a particular stage in assembly or untibchibndria have received the proper signals to
complete ribosome assembly. This would be condistdtlh the levels of unmethylated 16S
rRNA detected in our RNA analysis. Under highett sainditions (100 mM KCI) and in the
presence of 20 mM Mgglsed in the sucrose gradient, RNMTL1 was the onky of the three
proteins to have maintained a significant assamatwith the LSU, while MRM1 and MRM2

behaved essentially as free proteins. The sequaineeents involving RNA processing, RNA
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modification and RNA incorporation into mitoribosemis still unclear. It will be important in
the future to understand the exact substrate ofRIN& methyltransferases and the timing of
their function.

RNMTLL1 is important for mitochondrial translatioas its depletion over 3 days did not
significantly alter mitochondrial transcript levelsut severely decreased mitochondrial protein
synthesis. Knockdown of MRM2 in human cells hasoabeen demonstrated to cause a
significant reduction in mitochondrial translatiRorbach et al., 2014). It will be of interest to
determine whether depletion of MRM1 will produceimilar effect. Nonetheless, siRNAs did
not completely abolish mitochondrial translationggesting that: 1) the activity of the residual
proteins is sufficient to maintain a low level afnslation, 2) the pre-existing translation
machinery is stabilized, and/or 3) there is a campgon mechanism in mitochondria similar to
that in bacteria and yeast mitochondria, for exanipy overexpression of a RA-GTPase.

| purified recombinant mouse MRM1, mouse MRM2 &mdnan RNMTL1 proteins from
E. coli. hsRNMTL1 and mmMRM1 did not bind and crosslinkddoMet in the same conditions
that NSUN4 and mmMRM2 were able to. | was not ablebserve RNA methyltransferase
activity with naked 16S rRNAn vitro. These proteins behaved as monomers, despiteathe f
that all other known members of SPOUT family pnegaihat include RNMTL1 and MRM1 exist
as dimers (Tkaczuk et al., 2007). It is also pdediat in the purification process, the exposure
of proteins to the low salt concentrations may heargesed protein aggregation and subsequent
loss of activity. Alternatively, expression of r@ebinant proteins in bacteria dismisses the
possible requirements for post-translational modtfons and/or protein folding with certain
chaperones. Perhaps purification of recombinantepre from an insect cell line or rabbit

reticulocyte lysate would generate functional priseEndogenous proteins may also be isolated
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from large-scale mitochondrial preparations frortiscby ion exchange, size exclusion, and/or
immuno-purification. The inability to observe RNAethylationin vitro may be due to the
requirement of a protein partner, as in the castMdERF4-NSUN4 (Yakubovskaya et al.,
2014), although methylation of the NSUN4 substsate was independent of MTERRK4 vivo
(Metodiev et al., 2014). | identified endogenous BRIF3 among other proteins that co-
immunoprecipitate with murine RNMTL1-3FH, and sinREFERF3 is a mitoribosomal LSU
biogenesis factor (Wredenberg et al., 2013), wesidemed whether MTERF3 and RNMTL1
behaved like the MTERF4-NSUN4 complex. However,aswot able to provide evidence that
recombinant human MTERF3, can interact with hsRNMITiLvitro. The native Stokes radii of
the mitochondrial rRNA methyltransferases can he&dist in further detail by analyzing
mitochondrial lysates by gel filtration, similar twr analysis of the recombinant proteins. This
method would provide a different resolution thadiseentation gradients and would give insight
on whether the endogenous proteins in the low nutdeeveight pool exist as monomers, dimers
or multimers. Additionally, MRM1- and MRM2-interang proteins can be identified by
immunoprecipitation and mass spectrometry as caaduor RNMTLL1. It will be important to
compare the set of proteins that interact with tiethyltransferases on an RNA-dependent
manner to those that interact on an RNA-independamner. This can be accomplished by
treating the mitochondrial lysate with RNase A ptm co-immunoprecipitation.

MRM1, MRM2 and RNMTL1 were putatively identifiedsa2’-O-ribose rRNA
methyltransferases based on their amino acid segqueomology to known methyltransferase
domains. Additionally, MRM1 and MRM2 have bacterald yeast mitochondrial counterparts
that methylate sites corresponding to human 16SARNM G™*° and U°%° respectively.

Mitochondrial RNMTL1 and &° methylation appear to be exclusive to higher eyitas, thus
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we speculated that RNMTL1 catalyzes 2’-O-ribosehylation of G*’° Primer extension assays
with reverse transcriptase indicated that RNMTLIndeed involved in the methylation of 16S
rRNA at G However, the reverse transcriptase-mediated prergnsion assay would not
have been a good approach to assess methylat®it‘aand U>*° since the assay depends on a
reduced probability of bypassing the methylatioressiat low dNTP concentrations & is
immersed in a G-rich sequence and reverse tratase@ncounters an adjacent methylation site
prior to U™%. Both situations present problems for the primgtemsion assay. Instead,
DNAzyme analysis was applied to confirm that RNMTId involved in the 2’-O-ribose
methylation of G*"° and to provide the first set of data to assignMRand MRM2 to the
methylation of G'*>and U3 respectively. Although an indirect mechanism eftmylation has
not been ruled out, MRM1 and MRM2 appear to be bt rRNA 2’-O-methyltransferases,
much like their bacterial and yeast mitochondr@lrterparts.

There are other future experiments that couldrzketaken to improve understanding of
the roles of these three rRNA methyltransferases taw they fit into the broader picture of
ribosome biogenesis and function, and even in rhdodrial biogenesis. One may consider
generating cell lines with a knock-out of eachle tRNA methyltransferases and combinations
of them. Recent developments in genome enginearegproviding affordable methods of
specific gene manipulation (Gaj et al., 2013). Kaoat cells may need to be cultured in media
supplemented with sodium pyruvate and uridineefytare deficient in mitochondrial function. If
there is an overlap in substrate specificity amotigs rRNA methyltransferases, one may assess
the ability to rescue possible defects in the krogkcells by overexpressing combinations of
the mitochondrial rRNA methyltransferases. It wdlso be of interest to identify rRNA

methyltransferase mutations that inactivate the RWA&ling domain or AdoMet-binding
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domain, or mutations of residues directly involuadhe methyltransferase reaction. One may
assess the methyltransferase-independent actit/ithese proteins in mitoribosome assembly
and whether they are able to partially rescue ptessiefects in the knockout cells. Bacteria and
yeast mitochondria have compensation mechanisnmdefaiencies in rRNA methyltransferases
proteins. For example, overexpression of RA-GTP4A3bgE in bacteria or Mtg2p in yeast
mitochondria can rescue deficiency of RrmJ or MRM&thyltransferases, respectively. The
details of these compensation mechanisms are unknbthe purpose of rRNA methylation in
ribosome assembly and/or stability is to encouragpecific RNA conformation or to recruit
proteins, and if RA-GTPases function in a similaarmer, then this may offer a plausible
explanation. Nonetheless, compensation mechanisnas #&eficiencies in  rRNA
methyltransferases have not yet been studied inmadian mitochondria.

Since the three methyltransferases are genersdlgcaated with nucleoids, it will be of
interest to determine when and where the rRNA nmiatiopn events occur. rRNA can be isolated
from different complexes separated in sedimentagjadients and tested for susceptibility to
DNAzyme-mediated cleavage at the three differenthgiation sites. It will be of interest to
determine whether unmodified rRNA can be incorpaaanto mitoribosomes, as this appears to
occur in bacteria with a deletion in RImB (analogéo MRM1) (Lovgren and Wikstrom, 2001).
Yeast mitochondria with a deficiency in Mrm2p (avgdus to MRM2) are able to incorporate
rRNA into ribosome assembly intermediate partithes are substrates for the methyltransferase
reaction,invitro (Pintard et al., 2002). Intermediates in mammatmtoribosome assembly have
not been well-defined, but mass spectrometry ofcaecgradient fractions may help distinguish
intermediates from fully assembled LSU and SSU. Tike of siRNA targeting genes in the

mitoribosomal assembly pathway may enhance thenadetion of assembly intermediate
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complexes. If ribosomal assembly intermediatesbeaisolated, cryo-EM images may shed light
on the mitoribosome assembly process, althoughntiaig be very difficult to do, since it will
require relatively homogenous samples. In additibrthese intermediates can be isolated,
perhaps the incompletely assembled complexes calsdikas substrates for a methyltransferase
reaction with recombinant proteins or proteins immoipurified from mitochondria. Endogenous
rRNA methyltransferase proteins can also be puriffeom a large scale mitochondrial
preparation to analyze their activity anvitro-synthesized 16S rRNA or on ribosome assembly
intermediate complexes. Such experiments couldigecan informative contrast to our inability
to demonstrate methylation of naked 16S rRNA wa&bombinant proteinsn vitro. This would

be consistent with certain methyltransferases reguia protein-RNA complex as a substrate.
The SILAC approach to studying nucleoid and ribosocomponents separated in glycerol
gradients (Bogenhagen et al., 2014) can also bebioath with SiRNA targeting the
methyltransferases to better understand the raktip between rRNA methylation and

ribosome assembly.
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