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Preface

According to endosymbiont theory, mitochondria are the descendants of a once free-
living bacterial lineage, phylogenetically related to a specific bacterial group, the
a-Proteobacteria. In essence, the mitochondrion may be regarded as a stripped-down
and highly re-tailored bacterium. Although initially, in the evolving mitochondrion,
gene expression would have been carried out by bacterial-type systems of transcrip-
tion, posttranscriptional processing, and translation, these systems have been sub-
stantially altered during evolutionary transformation of endosymbiont to organelle:
and differentially so, in various eukaryotic lineages. In particular, nucleus-encoded
proteins, some of which replaced their mitochondrion-encoded counterparts, were
recruited to participate in mitochondrial gene expression, imposing a new level of
complexity and regulation. In addition, as evolution of the mitochondrial genome
took radically different—and in some cases quite bizarre—turns in different eukary-
otes, new processes such as trans-splicing and RNA editing were added along the
pathway of genetic information transfer. Again, this novelty and complexity is
strongly lineage specific, making it impossible to develop a unified model of
mitochondrial gene expression that is applicable throughout eukaryotes. Compara-
tive analysis of mitochondrial gene expression, a theme of this book, continues to
turn up new examples of unusual pathways and processes, particularly among
eukaryotic microbes (protists), the least well-studied eukaryotes in this regard.

In this book, we have sought to bring together research using well-developed
animal and yeast model systems and focused on a detailed understanding of partic-
ular aspects of mitochondrial RNA metabolism, with lineage-specific and novel
examples that serve to characterize mitochondria as virtual “playgrounds” in the
evolution of new modes of RNA biochemistry and molecular biology. Over the past
decade, in particular, great progress has been made in identifying nucleus-encoded
protein factors that act in the various pathways of mitochondrial RNA metabolism
described herein. Being able to gather together this information in a single volume
was a motivating force in developing this book.

In Chap. 1, Drakulic et al. summarize current knowledge about the mitochondrial
transcription system in several animal and fungal systems. With the exception of a
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single protist lineage (the jakobid flagellates), mitochondrial transcription in all other
eukaryotes is under the control of a nucleus-encoded, single-subunit, T3/T7-like
bacteriophage RNA polymerase, rather than a mitochondrion-encoded, multi-
subunit, bacterial-type enzyme. In Chap. 2, Freyer et al. discuss mitochondrial
RNA turnover in Metazoa, highlighting our current understanding of mechanisms
to process mitochondrial primary transcripts to yield mature mRNA, rRNA, and
tRNA species. This processing involves a variety of nucleus-encoded proteins such
as endo- and exonucleases, posttranscriptional modification enzymes, and poly
(A) polymerase. Chapter 3, by Saoji and Cox, focuses on the mitochondrial RNase
P complex in animals. This universal enzyme forms the 5’ terminus of tRNAs, and
here again, the mitochondrial system (an all-protein one) has departed radically from
its bacterial counterpart (a ribonucleoprotein complex). In Chap. 4, Weber-Lotfi and
Dietrich provide a detailed account of research into mitochondrial RNA trafficking,
including the controversial area of RNA import into and export from mitochondria.
RNA trafficking is increasingly recognized as an important contributor to function
and communication within mitochondria, and between mitochondria and the
nucleus, with noncoding RNAs generated in both nucleus and mitochondrion now
being implicated.

The final five chapters deal with lineage-specific examples of novel forms of
mitochondrial RNA metabolism, four of which are limited to protists. In Chap. 5,
Cruz-Reyes et al. discuss U insertion/deletion editing in the kinetoplastid protozoa, a
phenomenon discovered in 1986 that provided the first example of what has come to
be called “RNA editing”, a now-generic term that encompasses a wide range of
biochemically diverse and phylogenetically unrelated mechanisms. In this particular
system, editing is carried out by a multi-protein, nucleus-encoded editing complex,
the editosome, working in concert with mitochondrion-encoded antisense guide
RNAs that provide the nucleotide specificity for editing of primary mRNA tran-
scripts. Chapter 6, by Faktorova et al., details our understanding of a more recently
discovered system, in the mitochondria of diplonemids, a group phylogenetically
related to kinetoplastids. In the diplonemid case, generation of translatable mRNAs
requires extensive frans-splicing of transcripts encoded by highly fragmented genes,
as well as several different types of RNA editing. In Chap. 7, Dodbele et al. discuss a
tRNA editing system that re-tailors the 5’ ends of the acceptor stems of mitochon-
drial tRNAs, which as encoded in the mitochondrial genome are predicted to contain
mismatches in one or more of the first three 5’ positions of the tRNA. This system
was initially discovered in several amoebozoan lineages but is now recognized to be
more generally distributed among protists and in some fungi. Recent work has
identified the proteins that are responsible for this editing. In Chap. 8, Houtz et al.
discuss RNA editing in the slime mold, Physarum polycephalum. As an
amoebozoan, Physarum carries out the sort of mitochondrial tRNA editing described
in Chap. 7 but has a more extensive insertion/deletion editing system that re-tailors
rRNA and tRNA as well as mRNA transcripts—a type of editing so far unique to this
protist and its close relatives, in addition to carrying out more limited substitution-
type editing of a sort described in other eukaryotes. Finally, in Chap. 9, Takenaka
et al. discuss the extensive C-to-U and U-to-C RNA editing that occurs in land plant
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mitochondria. Somewhat surprisingly, it turned out that in this system, selection of
nucleotides to be edited does not rely on complementary base pairing specified by
antisense guide-type RNAs, as in kinetoplastid mitochondria, but on multiple
pentatricopeptide repeat (PPR) proteins. This chapter outlines the role played by
PPR proteins in this type of editing, as well as the involvement of numerous other
non-PPR proteins discovered over the past decade.

The continual elucidation of various factors (both RNA and protein) mediating
mitochondrial RNA metabolism has led to increasing recognition of the importance
of these factors in overall cellular function. In humans, a number of genetic disorders
have now been associated with mutations in mitochondrial RNA metabolism pro-
teins, as several chapters in this book discuss. Continued work in this area will
undoubtedly add greatly to our knowledge of overall mitochondrial RNA biology,
which in turn will inform our understanding of the functional importance of these
processes. As well, continued comparative exploration of the field through extension
to new eukaryotic lineages should eventually tell us how much (or how little) of the
pathways of mitochondrial RNA metabolism worked out in model systems are
generally applicable through the domain Eukarya and perhaps also when and how
variations on the general theme emerged during the evolution of the mitochondrion.

Our thanks to the authors who contributed to this book. We learned a lot, and we
hope that readers of this volume will, too.

College Station, TX, USA Jorge Cruz-Reyes
Halifax, Nova Scotia, Canada Michael W. Gray



Contents

1 The Mitochondrial Transcription Machinery. ... .............. 1
Srdja Drakulic, Jorge Cuellar, and Rui Sousa
2 Mitochondrial RNA Turnover in Metazoa. ... ................ 17

Christoph Freyer, Paula Clemente, and Anna Wredenberg

3 Mitochondrial RNase P Complex in Animals: Mitochondrial tRNA
Processing and Links to Disease . . . . ........................ 47
Maithili Saoji and Rachel T. Cox

4 Intercompartment RNA Trafficking in Mitochondrial Function
and Communication. . . . ....... ... . ... . ... L L. 73
Frédérique Weber-Lotfi and André Dietrich

5 Control Mechanisms of the Holo-Editosome in Trypanosomes. . . . . 125
Jorge Cruz-Reyes, Blaine H. M. Mooers, Vikas Kumar,
Pawan K. Doharey, Joshua Meehan, and Luenn Chaparro

6 Mitochondrial RNA Editing and Processing in Diplonemid
Protists. . . ... ... . ... 145
Drahomira Faktorovd, Matus Valach, Binnypreet Kaur,
Gertraud Burger, and Julius Lukes

7 Mechanisms and Evolution of tRNA 5'-Editing in Mitochondria. ... 177
Samantha Dodbele, Jane E. Jackman, and Michael W. Gray

8 Editing of Mitochondrial RNAs in Physarum polycephalum . . . . . . . 199
Jillian Houtz, Nicole Cremona, and Jonatha M. Gott

9 Requirement of Various Protein Combinations for Each
C-to-U RNA Editosome in Plant Organelles. . . .. .............. 223
Mizuki Takenaka, Anja Jorg, Matthias Burger, and Sascha Haag

ix



Chapter 1 ®)
The Mitochondrial Transcription s
Machinery

Srdja Drakulic, Jorge Cuellar, and Rui Sousa

Abstract The involvement of mitochondria in multiple cellular functions beyond
generation of ATP creates a need to organize mitochondrial DNA and regulate
transcription of mitochondrial genes. The mitochondrial transcription apparatus
itself is encoded in the nuclear genome. The central component of this appara-
tus—the mitochondrial RNA polymerase (mtRNAP)—is homologous to the
single-subunit RNAPs encoded by multiple bacteriophages, most notably the well-
characterized RNAP encoded by the T7 bacteriophage. Biophysical and biochemical
studies have revealed that structure-mechanism relationships are remarkably well-
conserved between the phage and mitochondrial RNAPs, with homologous elements
in both polymerase classes playing similar roles in promoter recognition, bending,
melting, and transcription initiation. However, mtRNAPs are distinct from phage
RNAPs, because mtRNAPs in isolation assume a “clenched” conformation in which
the large DNA-binding cleft of the polymerase is occluded and other parts of the
polymerase involved in promoter binding are sequestered by intramolecular inter-
actions. Interactions between the mtRNAP and mitochondrial transcription factors
alter mtRNAP structure to relieve this intramolecular sequestration and unlock the
promoter-specific binding and transcriptional activity of the polymerase. There is
one such factor required for mitochondrial transcription initiation in yeast and two
required factors in mammalian mitochondria, which may allow for greater scope in
regulation in higher vs. lower eukaryotes. Thus, mitochondrial transcription relies on
an RNAP that is homologous to the phage RNAPs that can function without any
accessory factors but exhibits features analogous to nuclear or bacterial transcription
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in that it requires additional factors to specifically initiate transcription at mitochon-
drial promoters. In this review, we aim to provide a comprehensive description of the
general, common mitochondrial transcription mechanisms and of the variations in
these transcription systems, from Saccharomyces cerevisiae to Homo sapiens.

1.1 Mitochondria: More Than ATP Production

Mitochondria are usually described as the main “power stations” of eukaryotic cells.
However, they are also involved in many essential cellular processes such as cell
signaling, production of metabolites, cell growth, cell differentiation, programmed
cell death (apoptosis), and innate immunity. Thus, not surprisingly, emerging evi-
dence relates mitochondrial dysfunction with a broad range of human disorders and
diseases (Wallace and Chalkia 2013). Since the mitochondrial proteome is encoded
by both mitochondrial and nuclear genomes, mitochondrial dysfunctions can arise
from mutations of genes encoded either in the mitochondrion or nucleus. The higher
mutational rate of the mitochondrial genome, probably arising from the combination
of the lower efficiency of mitochondrial DNA repair mechanisms and a more
“mutagenic” intra-organellar environment (Haag-Liautard et al. 2008), is
counterbalanced by mitochondrial heteroplasmy and, in most cases, high mutational
threshold values (Tuppen et al. 2010).

1.2 Organization and Packaging of the Mitochondrial
Genome

1.2.1 Variation in Mitochondrial Architecture

The first characterized mitochondrial DNAs (mtDNAs) were of vertebrate (chicken,
cow, mouse) origin and, surprisingly, revealed circular, covalently closed molecules
of ca. 15 kDa (Yoshida et al. 2002). This observation supported the idea, postulated
some 80 years earlier by Richard Altmann (based on general, microscopic mito-
chondrial morphology), that mitochondria evolved from internalized bacteria (Sagan
1967). While this discovery was important for the acceptance of the endosymbiotic
theory for the origin of the eukaryotic cell, it also led to the sustained belief that
mitochondrial genomes of all eukaryotic organisms are single circular DNA mole-
cules, with rare exceptions to this rule in the form of linear variants in some Ciliata
(Tetrahymena and Paramecium) (Williamson 2002). However, from the constantly
growing number of newly characterized mitochondrial genomes, it is evident that
there is extensive heterogeneity in the size, content, and architecture of mitochon-
drial genomes, rather than one general organization (Fig. 1.1a).
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Fig. 1.1 Organization of mitochondrial genomes. (a) Distribution of the different types of mito-
chondrial genomes in eukaryotes. Currently, six main types of mitochondrial genomes can be
distinguished according to their size, form, and distribution: (1) single-component circular mole-
cules with sizes from 11 or 12 kbp up to 28 kbp (these are “classical” mitochondrial genomes),
(2) single-component circular molecules with sizes from 22 kbp up to 1 Mbp, (3) circular molecules
of more than 22 kbp with the simultaneous presence of plasmid-like molecules, (4) multipartite
genomes comprised of heterogeneous populations of circular molecules, (5) single-component
linear molecules, and (6) multipartite linear molecules comprised of heterogeneous populations of
linear molecules. LECA is the last eukaryotic common ancestor from which diverged both uni- and
multicellular eukaryotic organisms. (b) Schematic comparison of yeast Abf2 and human TFAM
sequences. The color code of the structural domains is maintained for the atomic structure of
TFAM, pdb#: 3TMM. (¢) The human mitochondrial genome is present in the form of a single-
component circular molecule of ~16.8 kDa packaged into ~100-nm nucleotides. The first level of
compaction is obtained through the bending of mtDNA by TFAM molecules, while further
compaction is achieved by dimerization of TFAMs and subsequent looping. (d) TFAM’s affinity
for DNA can be modulated in response to the metabolic/energy requirements of the cell through
phosphorylation of serine residues at positions 53 and 56 (depicted as circles). The unbound TFAM
may either be degraded by Lon protease or recycled by the activity of mitochondrial phosphatases
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1.2.2 Compaction of Mitochondrial DNA

Mitochondrial DNAs (mtDNAS) are not present in “naked” or unprotected form but
are instead assembled into dynamic nucleoprotein complexes—nucleoids—which
allow effective genome maintenance and integration into cellular signaling
(Gilkerson et al. 2013). The principal components of mitochondrial yeast and
mammalian nucleoids are, respectively, Abf2 (ARS2-binding factor) and TFAM
(transcription factor A, mitochondrial) (Diffley and Stillman 1991; Parisi and
Clayton 1991). These two homologous proteins belong to the high-mobility group
(HMG) of nonhistone DNA-binding proteins (Chen and Butow 2005). Independent
characterizations of Abf2/DNA (Friddle et al. 2004) and TFAM/DNA complexes
(Ngo et al. 2014; Rubio-Cosials et al. 2011) led to the conclusion that these two
proteins reduce the length of extended mtDNA via a similar mechanism, by inducing
local U-turns in the DNA. In vitro, both proteins bind DNA in a non-sequence-
specific manner, with a similar occupancy rate of one protein for every 20-30 bp of
DNA (Diffley and Stillman 1992; Farge et al. 2012). However, data suggest that in
mammalian tissues and cells (Alam et al. 2003; Ekstrand et al. 2004; Kukat et al.
2011), TFAM is present in sufficient amounts to fully coat the mitochondrial
genome (Ngo et al. 2014), while physiological amounts of Abf2 in yeast limit its
compacting capacity (Chen and Butow 2005). The latter suggests the existence of an
additional packaging mechanism in yeast mitochondria. Crystal structures of TFAM/
DNA complexes (Ngo et al. 2011, 2014; Rubio-Cosials et al. 2011) reveal the two
HMG-box domains, HMG-A and HMG-B, wedged into the minor groove of
mtDNA, while a helical linker stabilizes the entire structure through electrostatic
interactions with the negatively charged backbone of the DNA (Fig. 1.1b). It was
also shown that TFAM monomers tend to form dimers in the presence of DNA,
which drives looping of the DNA as an additional level of packaging. The dimer-
ization is constrained to TFAM monomers that are separated by more than 200 bp
(Fig. 1.1c¢), but additional constraints on dimerization may limit the number of loops
that form in the mitochondrial DNA (Ngo et al. 2014).

1.3 The Mitochondrial Transcription Machinery

1.3.1 Mitochondrial RNAP Is Homologous to Single-Subunit
Phage RNAPs but Uses Accessory Transcription
Factors Analogous to Nuclear Transcription

During the evolution of the eukaryotic cell, the genomic content of the bacterial
endosymbiont that was the mitochondrial ancestor has been drastically reduced, both
by gene loss and by transfer of genes from the mitochondrion to the nucleus. Only a
small fraction of the original endosymbiont genes remain in the mitochondrial
genome. Some of the genes expressed in the mitochondrial proteome derive from
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neither the original endosymbiont nor its host but have been acquired from other
sources. Examples of this include the mitochondrial RNA polymerase (mtRNAP),
which is of bacteriophage origin (exceptions can be found among jakobid protists,
which have been reported to contain a multi-subunit mitochondrial RNA polymerase
(Burger et al. 2013)). However, the mitochondrial transcription machinery is not as
simple as that of the bacteriophage that uses a homologous single-subunit RNAP to
transcribe their genomes. Instead, mitochondrial transcription also exhibits features
analogous to transcription by multi-subunit RNAP families, as mtRNAPs, unlike
most single-subunit phage RNAPs, require auxiliary factor(s) for initiation of tran-
scription. This requirement potentially allows for additional levels of regulation of
mitochondrial transcription.

1.3.2 The Mammalian (Human) Mitochondrial Transcription
Machinery

1.3.2.1 Mammalian Mitochondria Utilize Three Proteins for Initiation
of Transcription

The mammalian mitochondrial transcription apparatus is a three-component system
composed of POLRMT (mitochondrial RNA polymerase), TFB2M (transcription
factor B2, mitochondrial), and TFAM (the homologue of yeast Abf2). Estimates of
the number of TFAM molecules per molecule of mtDNA and of TFAM’s affinity for
mitochondrial promoter DNA imply that the light-strand promoter (LSP) and the
heavy-strand promoter 1 (HSP1) are fully occupied by TFAM prior to assembly of
the complete transcription initiation complex (IC) (Kukat et al. 2011; Ramachandran
et al. 2016). FRET studies have revealed multiple TFAMs bound in a sequence-
specific manner to bent, upstream LSP elements and, in a non-sequence-specific
manner, to DNA downstream of the LSP (Ramachandran et al. 2016). As the Ky4
values of TFAM/LSP and POLRMT/TFB2M/LSP interactions are similar (7 and
5 nM, respectively) (Ramachandran et al. 2016), it is possible that the latter complex
displaces the downstream-bound TFAM and interacts with the TFAM located at the
upstream LSP element. Photo-cross-linking experiments have revealed multiple
interaction sites between the C-terminal tail of TFAM and the N-terminal region
of POLRMT (Table 1.1) (Morozov et al. 2014, 2015).

1.3.2.2 Sequence-Specific Binding of TFAM to Human Mitochondrial
Promoters

In addition to the non-sequence-specific binding mode that is essential for TFAM
compaction and organization of mitochondrial DNA into nucleoid structures, TFAM
also binds DNA in a sequence-specific manner that facilitates promoter recognition
and assembly of the mitochondrial transcriptional machinery (Chen and Butow



6 S. Drakulic et al.
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On the left are the TFAM or TFB2M residues that have been
substituted with the pBpa (parabenzoyl phenylalanine) cross-
linker (Morozov et al. 2014, 2015), while on the right are the
regions of POLRMT that have been mapped by hydroxylamine
digestion and cyanogen bromide (CNBr) as interacting with the
transcription factor residues (Morozov et al. 2015)

2005). Specifically, human mtDNA contains three promoters, the light-strand pro-
moter (LSP) and two heavy-strand promoters (HSP1 and HSP2), located in the
displacement-loop (D-loop) region of the genome (Chang and Clayton 1984; Fisher
and Clayton 1985). Biochemical and structural studies indicate that the HMG-A
domain binds promoter DNA first (Gangelhoff et al. 2009; Ngo et al. 2011, 2014;
Rubio-Cosials et al. 2011). This induces conformational changes both in TFAM and
DNA, allowing the lower-affinity HMG-B domain to bind (Lu et al. 2013). LSP and
HSPI contain both distal and proximal binding sites for the two HMG domains of
TFAM, and TFAM binds these elements in a specific orientation (Fisher et al. 1987;
Ngo et al. 2014). This is the basis for the differential recognition and transcriptional
activity of each promoter. TFAM exhibits lower affinity for HSP1 than for the LSP
(Kanki et al. 2004; Ngo etal. 2014). On HSP1, HMG-B domain binds to the proximal
binding element, resulting in loss of additional contacts observed in the TFAM/LSP
complex. In addition, the positioning of the TFAM C-terminal tail, which is essential
for interaction with POLRMT (human mitochondrial RNA polymerase) and tran-
scription initiation (Dairaghi et al. 1995), abolishes the requirement for mtDNA
bending for initiation of transcription (Ngo et al. 2014). The absence of a
corresponding C-terminal tail in Abf2 may explain why it plays no role in transcrip-
tion initiation in S. cerevisiae (Fig. 1.1b) (Dairaghi et al. 1995). On the LSP, the
HMG-B domain binds to a distal element, which has two consequences. First, the
different binding orientation allows TFAM to make more contacts with the LSP than
with HSP1, leading to the increased stability of the LSP/TFAM complex. Second, the
TFAM C-terminal tail is placed further from the initiation start site on the light strand.
This creates a requirement for TFAM to impose bending on the DNA so as to bring
the transcription machinery in close proximity to the LSP transcription start site (Ngo
etal. 2011).

1.3.2.3 Phosphorylation May Regulate TFAM Binding
to Promoter DNA

Since the initial contacts between mtDNA and TFAM involve the HMG-A domain,
the latter’s binding affinity would most likely be an important regulatory target
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(Lu et al. 2013). Protein kinase A (PKA)-mediated phosphorylation of serines at
positions 55 and 56 causes TFAM to be released from DNA and makes it prone to
Lon-mediated proteolysis (Fig. 1.1d) (Lu et al. 2013), though it is also possible that
DNA-free TFAM is not always degraded but can be dephosphorylated and stored
within nucleoids until its use for genome coating (Fig. 1.1d).

There is evidence that cAMP-mediated activation of PKA and subsequent TFAM
phosphorylation may occur in response to changes in metabolically generated CO,/
HCO;5™ (as may occur during ischemia) (Acin-Perez et al. 2009). And in Drosophila,
it has been shown that the prune (Pn) phosphodiesterase downregulates cAMP levels
in the mitochondrial matrix and promotes mtDNA replication by stabilizing TFAM.
There may therefore be multiple links between cAMP signaling, TFAM, and
mitochondrial transcription (Fig. 1.1d).

1.3.2.4 Additional TFAM Functions

Because transcripts obtained from transcription of the light chain are required for
mtDNA replication and because mtDNA stability is enhanced through packaging
into nucleoids, TFAM is important for the maintenance and regulation of mtDNA
copy number (Campbell et al. 2012; Wen et al. 2016; Zhang et al. 2015). A potential
mtDNA repair function has been also proposed for TFAM, as its affinity for
oxidatively or cisplatin-damaged DNA is greater than for undamaged DNA
(Yoshida et al. 2002, 2003).

1.3.2.5 TFB2M and POLRMT Bind the Promoter After TFAM

Though TFAM binding is the first step in formation of the transcription complex, it
is unclear whether POLRMT subsequently binds alone, followed by TFB2M, or
whether POLRMT and TFB2M bind together as a complex. The latter would be
consistent with observations that POLRMT/TFB2M exhibits almost 1.5- to 2-fold
higher stability on LSP than POLRMT alone (Ramachandran et al. 2016) and that
POLRMT/TFB2M forms a complex on DNA that is stable enough to survive gel
filtration (Yakubovskaya et al. 2014). Thus, the question whether POLRMT alone or
TFB2M-bound POLRMT interacts with TFAM and LSP DNA remains to be settled.
Once all three proteins are bound to the LSP, the promoter is melted, and the open
complex (OC) forms.

Insights into the promoter recognition and melting mechanisms of the mitochon-
drial transcription machinery emerge from studies of the extensively studied and
homologous T7 phage RNAP. The latter employs three structural motifs for pro-
moter binding (formation of closed complex) and melting (transition to the open
complex, OC): the AT-rich recognition loop (residues 93—101), the specificity loop
(residues 739-770), and the intercalating p-hairpin (residues 230-245) (Fig. 1.2a).
The interaction of the AT-rich recognition loop with the region that extends from
13 to 17 base pairs upstream of the transcription start site induces structural
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Fig. 1.2 Mechanism of the initial steps of transcription initiation by the human mitochondrial
machinery. (a) The atomic structures of T7RNAP (pdb 4RNP) and POLRMT (pdb 3SPA). The
structural elements of T7TRNAP responsible for promoter binding, bending, and melting and their
analogues in POLRMT—the specificity loop, intercalating f-hairpin, and AT-rich recognition
loop—have been colored in red, orange, and green, respectively. (b) TFAM recruits POLRMT or
POLRMT/TFB2M complexes to the LSP through interactions between TFAM’s C-terminal tail and
POLRMT’s NTD. Specific interaction sites between TFAM and POLRMT are presented in
Table 1.1. The presence of both transcription factors induces conformational changes in POLRMT
that drive the transition from the clenched to the open conformation and release of NTE’s
sequestration of the AT-rich recognition loop. These structural rearrangements also involve the
intercalating p-hairpin that is pushed toward the DNA duplex at the —5 position. The newly formed
interactions with promoter DNA are additionally reinforced by TFB2M’s NTD (residues 1-69),
resulting in the increased stability of the IC. The bending of the promoter leads to disruption of the
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reorganization in both T7 RNAP and the promoter DNA. This allows the correct
positioning of the remaining motifs and corresponding promoter elements: the
specificity loop with the region 7 to 11 bp upstream of the start site and the
intercalating hairpin, which inserts between the template and non-template strand
immediately upstream of the start site, results in an initial open complex with a
melted region extending from —4 to +1 (Cheetham et al. 1999).

The POLRMT shows conservation of all three of these phage RNAP structural
elements that are involved in promoter recognition and melting. POLRMT contains
a large NH,-terminal domain (NTD, residues 1-647) that exhibits structural simi-
larity to that of T7 RNAP, despite the absence of identifiable similarity at the
sequence level. Structural elements corresponding to the T7 RNAP AT-rich recog-
nition loop (residues 457-467) and intercalating f-hairpin (residues 591-624) are
located in the NTD, while the corresponding specificity loop (residues 1086—1108)
is within the C-terminal domain (CTD) (Fig. 1.2a). In the absence of TFB2M and
TFAM, POLRMT’s NH,-terminal extension (NTE, residues 42—-368) sequesters the
AT-rich loop, while the CTD is in a “clenched”” conformation that partially closes its
deep DNA-binding cleft (Ringel et al. 2011). These are the structural mechanisms
that account for POLRMT’s observed inability to initiate transcription from native
promoters (Ramachandran et al. 2016).

The interaction of TFAM’s C-terminal tail and TFB2M’s a8-helix with
POLRMT’s NTD (Table 1.1) is proposed to relieve the sequestration of the
AT-rich recognition loop by the NTE and to push the intercalating f-hairpin toward
the DNA duplex at the —5 position (Morozov et al. 2015). In the case of T7 RNAP,
binding of the AT-rich recognition and specificity loops bends the promoter DNA by
40-60° at the —1 base pair. This bending drives opening of the duplex DNA in the
TATA region (—1 to —4). Val235 of the intercalating p-hairpin is placed between
the —5 and —4 bps and stabilizes the upstream edge of the newly formed transcrip-
tion bubble (Cheetham et al. 1999; Cheetham and Steitz 1999). Displacement of
POLRMT’s intercalating f-hairpin may lead to formation of a pocket between the
[B-hairpin and the extended, helical “thumb” subdomain of the CTD. This may allow
the TFB2M NTE (residues 1-69) to be placed in close proximity of the POLRMT
active site (Morozov et al. 2015). Contacts between the TFB2M NTD and the —5
and +1 bases of the template strand (Morozov et al. 2015), the upstream and
downstream edges of the transcription bubble, and the initiating ATP (Sologub
et al. 2009) all contribute to the role of TFB2M in stabilization of the OC. In addition
to being required for formation and stabilization of the OC, TFAM is also required to
allow extension of transcripts beyond 2 nts in length (Ramachandran et al. 2016)
(Fig. 1.2b).

<
Y

Fig. 1.2 (continued) duplex from —4 to +1. TFB2M interacts with both the —5 and +1 bases,
participating in promoter melting and stabilization of the newly formed transcription bubble.
TF2B2M and TFAM play additional roles: interaction with the initial (priming or +1) NTP and
successful extension of the nascent RNA beyond 2 nts, respectively
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1.3.3 The Yeast (S. cerevisiae) Mitochondrial Transcription
Machinery

1.3.3.1 Yeast mtRNAP Uses a Single Transcription Factor to Initiate
from the 28 Promoters Found in the Yeast Mitochondrial
Genome

The mtRNAP (Rpo41) of the baker’s yeast S. cerevisiae, unlike its human homo-
logue, requires only one auxiliary factor, Mtf1 (mitochondrial transcription factor 1),
for the initial steps of RNA synthesis. This machinery can start transcription from
14 different promoters distributed along the population of polydisperse linear DNA
molecules that comprise the yeast mitochondrial genome (Fig. 1.1a) (Turk et al.
2013). Each of these promoters contains a conserved nine-nucleotide consensus
sequence (“*ATATAAGTA™"). Promoter activity is strongly dependent on the
non-template strand sequence at positions +1 and +2, with an A occurring at +1 in
all promoters, while the +2 position is more variable (Deshpande and Patel 2012).
The strongest promoters contain an A at this position, though promoters with a G are
nearly as active, but promoters with a pyrimidine are significantly weaker
(Deshpande and Patel 2014).

1.3.3.2 Rpo41 Alone Binds Nonspecifically to DNA

Rpo41 alone binds promoter and non-promoter DNA sequences equally well with a
K4 of ~48-66 nM (Deshpande and Patel 2012). This non-sequence-specific binding
could allow Rpo41 to bind weakly to mtDNA and slide along it until it encounters a
promoter. Cryo-EM structures of Rpo41 bound to DNA alone and together with
MTF1 (Drakulic et al. 2014), and crystal structures of human mtRNAP (Ringel et al.
2011), suggest that Rpo41 interacts with mtDNA in a clenched conformation, prior
to binding with Mtfl (Figs. 1.1, 1.2 and 1.3).

1.3.3.3 MTF1 Drives Conformational Changes in Rpo41 that Unlock
the Latter’s Sequence-Specific DNA-Binding and Promoter-
Opening Activities

The inability of Rpo41, like POLRMT, to initiate transcription alone may be due to
the polymerase, in the absence of MTFs, assuming the clenched conformation and to
the NTE sequestering the AT-rich recognition loop. The presence of Mtfl dramat-
ically increases the stability of all Rpo41/DNA complexes, but this effect is more
pronounced on promoter DNA complexes, as the Ky values for MTF1/Rpo41/
promoter DNA complexes are fourfold lower than for non-promoter complexes
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Fig. 1.3 Mechanism of the initial steps of transcription initiation by the yeast mitochondrial
machinery. (a) Model of Rpo41 alone bound to a yeast mitochondrial promoter. This model is
based on cryo-EM images of Rpo41 complexes formed in the absence of MTF1 using a “pre-
melted” promoter that contains a heteroduplex in the region that becomes melted in the open
complex. Such pre-melted promoters stabilize the association with Rpo41, allowing stable com-
plexes to be formed in the absence of MTF1. The AT-rich recognition loop, specificity loop,
intercalating B-hairpin, and PPR region of the NTE are colored green, red, orange, and light gray,
respectively. The template and non-template DNA strands and RNA are colored blue, purple, and
light green, respectively. In the absence of MTF1, Rpo41 binds in a non-sequence-specific manner,
with the AT-rich recognition loop hidden by the NTE and the upstream region of the DNA placed
far from the AT-rich recognition loop. (b) Cryo-EM-based model of Rpo41/Mtfl/promoter initia-
tion complex (IC). The magenta-colored transparent ellipse shows where the ellipsoid MTF1
molecule is bound. Binding of Mtfl to the Rpo41/promoter complex brings the upstream end of
the DNA in close proximity to the AT-rich recognition loop. This is coupled with opening
(unclenching) of the Rpo41 template-binding cleft. In addition, Mtf1 establishes contacts with the
promoter DNA and contributes to stabilization of the IC and promoter melting

(Tang et al. 2011). Binding of Mtf1 induces structural rearrangements both in Rpo41
and the promoter. The cryo-EM structures reveal that, at this step, Rpo41 assumes
the open conformation similar to POLRMT during elongation (Schwinghammer
et al. 2013), with a wider binding cleft that is formed through rotations of the thumb
and finger subdomains. During this step, the promoter DNA becomes additionally
bent, from 52° to 89° (Tang et al. 2011), which brings the upstream promoter
elements closer to the AT-rich recognition loop (Drakulic et al. 2014) (Figs. 1.1,
1.2 and 1.3). The increased stability of the Rpo41/promoter DNA/Mtf1 open com-
plex is derived primarily from these additional contacts between Rpo41 and pro-
moter DNA, together with interactions between Mtfl and the unwound NT strand
(Drakulic et al. 2014; Paratkar and Patel 2010). In addition, the C-terminal tail of
Mtfl is inserted between the melted DNA strands where it may contribute to
promoter opening (Drakulic et al. 2014; Savkina et al. 2010).
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1.3.4 Mitochondrial Transcription: Variations Within
a Common Theme

In little more than a decade, a great deal of progress has been made in understanding
mitochondrial transcription mechanisms. However, while the main outlines of the
picture are known, important details have not been fully clarified. In part, this reflects
the paucity of high-resolution structural data of all of the different steps in the
transcription process: from initial transcription factor binding, subsequent recruit-
ment of the polymerase to form a complete IC, promoter bending and melting,
initiation of transcription, and extension of initial transcripts to a length that drives
promoter release and the transition to elongation, elongation itself, and, ultimately,
termination. In the absence of such data, it is tempting to assume that similar
mitochondrial transcription mechanisms and machinery occur in all organisms.

This review highlights that this is not the case: while there are many similarities,
the mitochondrial transcription machinery differs in yeast and humans. These
differences may, in part, be due to the differences in genome structure and organi-
zation in fungi and mammals. The necessity for TFAM in human mitochondrial gene
transcription, for example, might be a consequence of the circular genome organi-
zation and much higher GC content of human mitochondrial promoter regions
compared to the promoters found in linear yeast mitochondrial genomes. In addition,
the involvement of two, rather than just one, accessory factors in human vs. yeast
mitochondrial transcription allows for greater scope and complexity in regulation,
which may be important in higher vs. lower eukaryotes.

With our picture of the mechanisms of mitochondrial transcription that is becom-
ing clearer, future studies will need to focus on extending our understanding of how
mitochondrial transcription is coupled to and coordinated with other processes. This
includes an understanding of the role of mitochondrial transcription in translation
and in mitochondrial DNA replication, as well as an understanding of how the
expression of nuclear and mitochondrial genes encoding mitochondrial proteins is
coordinated.
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Chapter 2 ®)
Mitochondrial RNA Turnover in Metazoa s

Christoph Freyer, Paula Clemente, and Anna Wredenberg

Abstract Correct regulation of mitochondrial gene expression is central to control-
ling mitochondrial function, and defects in all aspects of gene expression have been
observed in a range of disorders. Many of the central mechanisms involved are not
yet understood, but high conservation among many species allows for the use of a
range of model systems to further our understanding of mitochondrial gene expres-
sion. Studies from mice and fruit flies have shown functional conservation with the
human system and have provided important insights into general mechanisms inside
the mitochondrial network. Here we describe recent insights into mitochondrial gene
expression, focusing on observations made in the fruit fly, Drosophila melanogaster.

The engulfing of an a-proteobacterium by another cell (perhaps an archaebacterium)
some 2 billion years ago gave rise to the first eukaryotic cell, and this endosymbiont,
which evolved to become the mitochondrion, has since risen to be a central hub in
cellular metabolism. This endosymbiosis has been suggested to dramatically
increase the available energy to the newly formed composite cell through sharing
of common requirements and reduction of the endosymbiont’s genome (Lane and
Martin 2010; Lane 2017). This increase in available energy ultimately allowed for
the increased complexity seen in today’s eukaryotic cells, with highly specialised
compartmentalisation and restructuring of the two genomes. In this scenario, mito-
chondria, through their bioenergetic membranes, provided the host cell with energy
and essential metabolites. However, it seems that bioenergetic membranes require
tight control of the cellular redox state (Allen 2017) and large bacterial cells have
therefore multiple genomes attached to their plasma membranes. The bacterial
ancestry of mitochondria reflects this characteristic, with the majority of mitochon-
dria retaining a high degree of polyploidy, with thousands of copies of the mito-
chondrial genome dispersed throughout the mitochondrial network within a cell. In
many metazoans, the mitochondrial genome has been reduced to just a few genes
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Fig. 2.1 Dual genetic control of mitochondrial function. The oxidative phosphorylation system
(OXPHOS) is composed of subunits encoded by the nuclear as well as mitochondrial (mt) genomes.
Thirteen subunits are encoded by mtDNA, transcribed and translated inside the mitochondrial
matrix before being assembled in the inner mitochondrial membrane. Nucleus-encoded subunits
are translated in the cytosol and imported into mitochondria. All factors for mitochondrial gene
expression and translation are encoded in the nucleus and, together with around 1300 other proteins,
actively imported into mitochondria

essential to support a respiratory chain in the mitochondrial membrane, as well as
two structural RNAs for mitochondrial ribosomes. This cooperative arrangement
requires a great deal of coordination between the nuclear and mitochondrial
genomes, where over a thousand gene products need to be imported into mitochon-
dria (Calvo et al. 2015) (Fig. 2.1). However, what governs the signals, both from the
nucleus and from mitochondria in coordinating this nuclear-mitochondrial crosstalk,
remains largely unknown. Similarly, some aspects of mitochondrial gene expression
and its regulation are almost completely unknown. This review will discuss some
recent advances.

Polyploidy varies between cell types and species but can range from just a few
copies in single cellular organisms to over half a million copies of mitochondrial
DNA (mtDNA) in a single mature oocyte. In most systems, the mitochondrial
genome is a circular molecule (or circular mapping) within the mitochondrial matrix,
ranging anywhere between 1 and 2000 kb in size, although linear genomes can be
found in some plants, fungi and protists. These copies are usually identical within a
cell and organism, a concept termed homoplasmy, while the presence of different
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genotypes within an organelle is termed heteroplasmy. In rare cases, such as some
plants and protists, different mtDNA molecules encode for different genes within the
mitochondrial matrix (Kolesnikov and Gerasimov 2012). Heteroplasmy also plays
an important role in human disease and ageing, and most organisms have developed
mechanisms to ensure strict uniparental inheritance of their mitochondrial genome
(Larsson 2010; Stewart and Chinnery 2015). In metazoans, the mitochondrial
genome ranges between 11 and 28 kb in size, and for the purpose of this review,
we will limit our discussion to findings made in humans, mice and Drosophila
melanogaster (Dm).

2.1 Mitochondrial Function

Mitochondria have evolved to form highly dynamic networks within almost all
eukaryotic cells, capable of fusing and budding to optimise and respond to the
specific needs of each cell and even subcellular regions (Sheng and Cai 2012; Mishra
and Chan 2014). Their outer membrane is permeable to most substrates and proteins
smaller than 5 kDa, while the inner mitochondrial membrane (IMM) is obligatorily
impermeable to almost all substrates, including electrons and protons. The latter
character is essential for their function as energy-transducing membranes, where
electrons from the citric acid cycle are transferred through a respiratory chain—a
cascade of four protein complexes—to molecular oxygen, simultaneously pumping
protons across the inner mitochondrial membrane. This mitochondrial respiration is
tightly coupled to ATP synthesis (Kalckar 1939), and in 1961, Peter Mitchell
formulated his chemiosmotic theory, suggesting that the generated electrochemical
gradient is utilised by an ATP synthase upon proton re-entry into the mitochondrial
matrix to synthesise ATP, from ADP and molecular phosphate (Mitchell 1961). The
structures and molecular mechanisms of these five complexes, collectively called the
oxidative phosphorylation (OXPHOS) system, have since been resolved (Tsukihara
et al. 1995; Iwata et al. 1998; Zhu et al. 2016), with some notable exceptions, such as
the exact mechanisms how the reduction of ubiquinone is coupled to the transloca-
tion of protons across the inner mitochondrial membrane at the NADH:ubiquinone
oxidoreductase, or Complex I (Zhu et al. 2016).

By now, the endosymbiosis between the once-distinct cells has gone beyond just
energy metabolism and involves a large number of diverse pathways, including
glucose and lipid metabolism, steroid and haem synthesis, the production of heat and
reactive oxygen species (ROS), cell signalling, apoptosis or calcium buffering
(Chandel 2015). In total more than 1300 proteins are localised to mitochondria via
a number of multisubunit complexes that regulate the import into the different
mitochondrial compartments (Fig. 2.1) (Calvo et al. 2015; Wiedemann and Pfanner
2017). It is this central position in human metabolism that has placed mitochondria
as a key factor in many human diseases, and mitochondrial dysfunction can be seen
in a wide variety of clinical presentations as well as in the natural ageing process
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(Larsson 2010; Nunnari and Suomalainen 2012; Bratic and Larsson 2013; Levin and
Mishmar 2015; Kauppila et al. 2017).

2.2 The Mitochondrial Genome

In humans, as well as most other metazoans, the mitochondrial genome is a small,
circular, double-stranded, multicopy genome, dispersed throughout the mitochon-
drial network (Fig. 2.2). In reference to their bacterial ancestry, mtDNA is
compacted into supercoiled structures called nucleoids (Satoh and Kuroiwa 1991)
of roughly 100 nm in size (Kukat et al. 2011; Brown et al. 2011), and studies in a
variety of species have since demonstrated that the high-mobility group (HMG) box
protein, mitochondrial transcription factor A (TFAM), is responsible for this pack-
aging (Parisi et al. 1993; Larsson et al. 1998; Alam et al. 2003; Matsushima et al.
2003; Kukat et al. 2015; recently reviewed in Kukat and Larsson 2013). TFAM
levels closely resemble mtDNA copy number, and manipulating TFAM levels
in vivo can alter mtDNA copy number (Larsson et al. 1998; Ekstrand et al. 2004;
Wai et al. 2010; Freyer et al. 2010; Bratic et al. 2015). In most animals, mtDNA has a
strict uniparental inheritance, with transmission of the mitochondrial genome
through the female germ line (Ladoukakis and Zouros 2017). Mature mammalian

human mtDNA A\ [
(NC_012920) Dm miDNA

(DMU37541.1)
19 517bp

Fig. 2.2 Gene structure of the (a) human and (b) Drosophila melanogaster (Dm) mitochondrial
genomes. Control regions, mRNAs, tRNAs, and rRNAs are shown in yellow, blue, grey, and red,
respectively. In human mitochondria, transcription is initiated on both strands at the heavy- and
light-strand promoters, HSP and LSP, respectively. Transcription then proceeds around almost the
entire genome before terminating within the regulatory region (D-loop) or the antisense region of
the rRNA transcripts. Transcription in Dm is less well understood, but several transcription units
(solid lines), promoters and termination sites have been proposed. The existence of promoters
outside of the control region (A + T-rich region) is not clear, but this model would suggest the
absence of antisense RNA (dashed lines)
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oocytes contain a surprisingly high number of mtDNA molecules, and the transmis-
sion of paternal mtDNA is prohibited by a number of mechanisms (Shoubridge and
Wai 2007; Stewart et al. 2008; Sato and Sato 2013; Stewart and Larsson 2014). For
instance, factors regulating mtDNA copy number are significantly downregulated
during spermatogenesis (el Meziane et al. 1989; Larsson et al. 1997; Rantanen et al.
2001; Amaral et al. 2007), while paternal mitochondria are ubiquitinated and
actively degraded in the zygote (Sutovsky et al. 1999). In Dm paternal mtDNA is
already removed during spermatogenesis to ensure a strict maternal inheritance of
mtDNA (DeLuca and O’Farrell 2012), while in Drosophila simulans, paternal
contribution seems to be an integral part of its inheritance (Wolff et al. 2013).
Although the reasons for this strict evolutionary behaviour is unclear, heteroplasmy
can have major implications in human disease and ageing (Ma et al. 2014; Stewart
and Chinnery 2015).

2.3 Replication

The two strands of human mtDNA can be separated by buoyant density ultracentri-
fugation, due to their differential cytosine/guanosine content, historically designat-
ing the two strands as either the heavy (H) or light (L) strands (Battey and Clayton
1978). Gene content and order vary among species, but in most bilaterian animals,
genes are distributed on both strands, encoding 13 essential subunits of the
OXPHOS system together with 2 rRNAs and 22 tRNAs necessary for mitochondrial
translation. Gene structure in most of these mitochondrial genomes is highly com-
pact, and human mtDNA has no introns and only one major non-coding region that
contains promoter regions as well as the origin of H-strand replication (Oy)
(Gustafsson et al. 2016). The remaining genome is highly compact, with no or
only little separation between genes. Open reading frames can even be overlapping
and expressed from the same bicistronic transcript. The H-strand encodes the
majority of transcripts, specifying 10 mRNAs, 14 tRNAs and both ribosomal sub-
units, while the L-strand encodes 1 additional mRNA and 8 tRNAs (Fig. 2.2). In
contrast, gene organisation in D. melanogaster is slightly different with a more even
gene content distribution between the two strands (Lewis et al. 1995).

Replication of the mitochondrial genome is catalysed by a single replication
complex, with many factors related to bacteriophage homologs. The human
mtDNA polymerase holoenzyme consists of mtDNA polymerase y (POLy), com-
prising a catalytic subunit (POLyA) and two accessory subunits (POLyB), while in
D. melanogaster, the holoenzyme is composed of one catalytic and one accessory
subunit (Kaguni 2004). The basic mitochondrial replisome requires the mitochon-
drial helicase (Twinkle) and the single-stranded binding (SSB) proteins for complete
mtDNA replication [recently summarised in Young and Copeland (2016) and
Gustafsson et al. (2016)], and although POLy, Twinkle and SSB are sufficient to
replicate mtDNA in vitro, additional factors seem to be involved for faithful repli-
cation in vivo. For instance, the 5’-3’ exonuclease MGMEI and DNA ligase III have
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been shown to be required to join the ends of the newly synthesised mtDNA
molecules to generate its circular form (Lakshmipathy and Campbell 1999;
Puebla-Osorio et al. 2006; Bratic et al. 2015; Macao et al. 2015; Uhler et al.
2016). An additional DNA polymerase, referred to as PrimPol (primase-
polymerase), has been shown to be able to resolve stalling at replication blocks
and reinitiate DNA synthesis from aborted templates but is unable to rescue the loss
of POLy (Torregrosa-Muiiumer et al. 2017).

2.4 Transcription

Mitochondrial transcription is initiated from two designated promoter regions
localised in the control region in both vertebrates and most likely also in inverte-
brates (Garesse and Kaguni 2005), generating long primary polycistronic transcripts
covering almost the entire genome (Montoya et al. 1982; Chang and Clayton 1984;
Bogenhagen et al. 1984). The circular nature of most mitochondrial genomes
inevitably poses the possibility of collisions during simultaneous transcription,
requiring tight regulation. H-strand transcription has been proposed to be initiated
from two promoters (HSP, ,), although there is no consensus regarding the existence
of HSP, (Gustafsson et al. 2016). However, it is clear that two overlapping transcripts
with a 50-fold difference in steady-state levels are generated from HSP, with the
preferentially expressed, shorter transcript being initiated upstream of the tRNAP™
gene and containing both ribosomal subunit rRNAs, of 12S and 16S, before
terminating within the tRNA™"V"U®) gene. The second polycistronic transcript is
proposed to initiate from within the tRNA™ gene and to include the remaining
H-strand transcripts (Fig. 2.2). Termination of the longer transcript coincides with
specific termination sequence blocks, but the exact mechanism is not yet known
(Freyer et al. 2010; Jemt et al. 2015). In contrast, termination at tRNALUUUR) hag
been proposed to be due to binding of the mitochondrial termination factor,
MTERF]I, but other results have suggested that MTERF1 might prevent L-strand
expression of antisense rRNA sequences and direct replication fork pausing (Kruse
et al. 1989; Asin-Cayuela et al. 2005; Hyvérinen et al. 2007; Yakubovskaya et al.
2010; Terzioglu et al. 2013; Shi et al. 2016).

Transcription of L-strand transcripts is initiated at the light-strand promoter (LSP)
and extends throughout the genome before terminating at or close to the MTERF1-
binding site. Additionally, LSP transcription forms the primer required for mtDNA
replication by terminating ~100 nt downstream of LSP at conserved sequence
blocks, responsible for the transition from RNA to DNA (Xu and Clayton 1995,
1996; Pham et al. 2006; Wanrooij et al. 2010, 2012). The mechanism has recently
been reviewed elsewhere (Gustafsson et al. 2016). Mitochondrial transcription can
be affected by a number of environmental stimuli, as well as by manipulating the
expression of a range of different factors, either stimulating or inhibiting de novo
mitochondrial transcription. In Drosophila, several polycistronic transcription units
have been reported, covering either strand. Two members of the MTERF
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transcription termination family, mTTF and mTERFS5, have been shown to interact
with two sequence elements at the boundaries of these transcription units regulat-
ing transcription termination with opposing effects (Roberti et al. 2006; Bruni et al.
2012). Transcription in Drosophila either initiates from the A + T-rich region,
similar to the situation in humans, or from several sites within the genome (Roberti
et al. 2006). Currently it is not clear which model is correct, but disrupting the factors
involved in regulation might provide better evidence.

Despite its a-proteobacterial heritage, the metazoan mitochondrial transcription
machinery, just as its replication counterpart, is much closer related to the T7
bacteriophage system (Falkenberg et al. 2007). Besides the mitochondrial RNA
polymerase (POLRMT) (Ringel et al. 2011) and TFAM (Parisi and Clayton 1991;
Dairaghi et al. 1995; Malarkey et al. 2012), the mitochondrial transcription factor
2 (TFB2M) is essential for mitochondrial transcription initiation (Falkenberg et al.
2002; Sologub et al. 2009; Litonin et al. 2010), and deletion of these factors is lethal
in early development (Larsson et al. 1998; Adan et al. 2008; Kiihl et al. 2014). The
current model for transcription suggests that TFAM binds and bends mtDNA at the
promoter regions (Kukat and Larsson 2013), before recruiting POLRMT and
allowing TFB2M to melt the promoter region. Whether TFAM and TFB2M jointly
are required is not yet fully resolved (Ramachandran et al. 2017; Posse and
Gustafsson 2017), but once transcription commences, TFB2M is released, and the
mitochondrial transcription elongation factor, TEFM, is recruited to the remaining
transcription complex, where it aids the transcription machinery to navigate
through structurally difficult regions. TEFM might even regulate the switch between
transcription and replication at the CSBs (Minczuk et al. 2011; Posse et al. 2015;
Hillen et al. 2017). Finally, the mitochondrial ribosomal protein L7/L.12 (MRPL12)
has been proposed to interact with POLRMT to stimulate transcription and allow
full transcription of the polycistronic transcripts (Nouws et al. 2016). The Drosoph-
ila mitochondrial genome does not contain such a defined regulatory region,
but instead has a long A + T-rich region, where no structural features have been
reported.

2.5 Processing and Maturation

The current model of the life cycle of a metazoan mitochondrial RNA is that the
polycistronic transcripts are processed into their individual units by processing
enzymes that recognise the junctions, which are often delineated by tRNAs (Ojala
et al. 1981) (Fig. 2.3). These transcripts are then stabilised by an RNA-binding
complex, allowing for further maturations, before being targeted to mitochondrial
ribosomes for translation, after which the mitochondrial degradosome degrades
unwanted transcripts. The basic machinery and many factors involved in this process
have been identified, but how these factors are connected in a spatiotemporal manner
is not clear. Nor is this simplified view consistent with some observations made
experimentally, requiring further investigation. For instance, although the molecular
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Fig. 2.3 The life cycle of mitochondrial RNA. The mitochondrial RNA polymerase (POLRMT)
generates long, polycistronic transcripts, which are processed by RNase P and RNase Z, possibly
with the help of protein factors SUV3, FASTKD4 and FASTKDS. Coding transcripts are stabilized
by the LRPPRC/SLIRP complex for modifications, such as polyadenylation by mitochondrial poly
(A) polymerase (MTPAP). Mature mRNAs are translated close to the inner mitochondrial mem-
brane before being degraded by a combination of polynucleotide phosphorylase (PNPase), SUV3,
LACTB2 and RNASET2. How antisense RNAs are targeted for degradation, and whether

deadenylases regulate degradation, is not known. Neither is it clear how tRNAs and rRNAs are
degraded
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details of transcription initiation and processing of the polycistronic transcripts are
becoming more clear, basic principles of how these transcripts are extracted from the
nucleoid, where and when they are processed and modified and how translation is
initiated remain largely unknown.

Some aspects of how these processes could be organised are slowly emerging.
Perhaps not surprisingly, newly synthesised RNAs localise in close proximity to
nucleoids (Iborra et al. 2004), and it was later shown that a number of factors
involved in mtRNA metabolism and translation can also be found at these sites,
which gave rise to the concept of mitochondrial RNA granules (MRGs) (Borowski
et al. 2013; Antonicka et al. 2013; Jourdain et al. 2013, 2015; Lee et al. 2013;
Bogenhagen et al. 2014; Wilson et al. 2014; Antonicka and Shoubridge 2015; Tu
and Barrientos 2015; Zaganelli et al. 2017). RNA granules are ribonucleoprotein
particles, present in a variety of systems, which are often visible by light microscopy.
In the nucleus, cytosol and chloroplast, RNA granules have been reported to form in
response to stress or for RNA modifications and rRNA transcription. The function of
MRGs is less clear, as factors involved in processing, modification, mitoribosome
assembly, translation and RNA degradation have all been localised to MRGs
[recently summarised in Jourdain et al. (2016)]. In the absence of RNA, however,
these structures disappear, suggesting that their organisation might be less strict.
Some form of sub-MRG organisation has also been suggested, where so-called
D-foci form the site of RNA degradation (Borowski et al. 2013).

2.5.1 The tRNA Punctuation Model

In the canonical mitochondrial tRNA punctuation model, mRNAs on the long
polycistronic transcripts are flanked by tRNAs, which are recognised and released
by endonucleolytic cleavage (Ojala et al. 1980, 1981). This step is essential for
mRNA maturation, and the two mitochondrial endonucleases, RNase P and
RNase Z, consecutively process the polycistronic transcript, releasing short imma-
ture transcripts (Sanchez et al. 2011; Rossmanith 2012; Reinhard et al. 2017). Unlike
other RNase P complexes, the mitochondrial RNase P-like complex does not contain
an RNA component but is made up of three mitochondrial RNase P peptides,
MRPP1-3 (see also Chap. 3). In vitro studies demonstrated that MRPP1 and
2 form a complex at the 5’ tRNA junction to perform an N'-methylation of m'A9
or m'G9 of the tRNA stem (Helm et al. 1998, 1999; Vilardo et al. 2012). Besides its
involvement in RNA processing, MRPP2 also has dehydrogenase function and has
been shown to be involved in amino acid catabolism and lipid metabolism (Shafqat
et al. 2003; Yang et al. 2014). MRPP3 is dependent on these modifications to
perform nucleolytic cleavage at the 5’ end of tRNA. Disrupting MRPP1, 2 or 3 in
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Drosophila (Sen et al. 2016) or MRPPR3 in the mouse (Rackham et al. 2016) leads
to lethality and the accumulation of processing intermediates. Mutations in RNase P
have also been associated with mitochondrial diseases in humans (Vilardo and
Rossmanith 2015; Falk et al. 2016; Metodiev et al. 2016).

Mitochondrial RNase Z, on the other hand, is composed of the metallo-beta-
lactamase, ELAC2, which mediates 3’ processing of tRNAs (Brzezniak et al. 2011;
Sanchez et al. 2011; Rossmanith 2012; Xie and Dubrovsky 2015). Further, studies
made in flies (Dubrovsky et al. 2004; Xie and Dubrovsky 2015; Andreenkov et al.
2016) and mice (Rackham et al. 2016) supported the notion that 5’ processing
preceeds 3’ cleavage. The MRPP1/2 complex has recently been shown to also
promote 3’ cleavage by RNase Z, by presenting the released tRNA to the
CCA-adding enzyme (Reinhard et al. 2017). MRPP1 and 2 therefore function as a
platform, where mitochondrial tRNAs are processed and matured, and it will be
interesting to see whether other tRNA modifications are also dependent on MRPP1/2.

Not all mRNAs are flanked by tRNAs, and thus the canonical processing of
polycistronic transcripts requires modification. Mitochondrial systems with severely
reduced tRNA content, such as trypanosome or coral mitochondrial genomes, which
contain no or only single tRNAs, might be important models to help identify the
mechanisms involved in the processing of noncanonical sites. In light of this require-
ment, additional components important for correct processing of mitochondrial
primary transcripts have recently been identified. For instance, the pentatricopeptide
domain-containing protein, PTCDI, is thought to regulate tRNA™" levels in mito-
chondria and has also been implicated in the processing of primary transcripts, but
more work is required to understand how PTCD] is involved in this process (Sanchez
et al. 2011). Similarly, loss of PTCD2 in the mouse heart showed defective 5’
cleavage of mitochondrial apocytochrome b transcript, suggesting a role in
processing (Xu et al. 2008). The mitochondrial helicase SUV3 is primarily implicated
to be part of the mitochondrial degradosome (see below), but depletion in
D. melanogaster (Clemente et al. 2015), yeast (Zhu et al. 1989; Stepien et al. 1992;
Hoffmann et al. 2008) or human cell lines (Szczesny et al. 2010) resulted in the
accumulation of unprocessed polycistronic transcripts and a failure to accumulate
mature tRNAs, strongly indicating that helicase activity is required for efficient
processing.

2.6 Maturation and Modification

2.6.1 tRNAs

Base and sugar modifications are an essential feature of RNAs, and ~7% of all
tRNA positions are modified. For the vast majority of these modifications, the
responsible enzymes have not yet been identified (Suzuki and Suzuki 2014; Van
Haute et al. 2015). Pseudouridylation is the most common modification of
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non-coding RNAs, with modifications reported in all mt-tRNAs as well as 16S
rRNA. However, the function, the effect on structure or the enzymes responsible are
largely unknown, with the exception of PUSI1, which pseudouridylates positions
27 and 28 of tRNAs (Patton et al. 2005; Ferndndez-Vizarra et al. 2007). Additional
putative pseudouridylate synthases are RPUSD3 and 4 and TRUB2 (Arroyo et al.
2016; Zaganelli et al. 2017). Identifying their functions will be important to
understand tRNA modifications. In contrast to the cytosol, mitochondria express
only one tRNAM®', both for elongation and translation initiation. Both forms require
a 5-formyl modification at the wobble base C34 (Takemoto et al. 2009; Bilbille et al.
2011), which is performed by the stepwise actions of the tRNAM®-(m5C34)-
methyltransferase NSUN3 (Van Haute et al. 2016; Haag et al. 2016) and the Fe**
/a-ketoglutarate-dependent deoxygenase, ALKBHI1 (Haag et al. 2016). Whether
a-ketoglutarate, a key component of the Krebs cycle, is therefore capable of
regulating mitochondrial translation is yet unclear. Finally, the mitochondrial
nucleotidyltransferase 1 (TRNT1) is responsible for 3/-CCA addition by
polymerising CTP and ATP onto the 3’ discriminator base of tRNAs (Nagaike
et al. 2001; Augustin et al. 2003), an essential modification during tRNA
maturation.

2.6.2 rRNA

Similarly, several methylation modifications on both the small (Seidel-Rogol et al.
2003; Metodiev et al. 2009, 2014) and large (Lee et al. 2013; Lee and Bogenhagen
2014; Rorbach et al. 2014; Bar-Yaacov et al. 2016) mitoribosomal rRNAs have been
identified, which are essential for rRNA stability and monosome assembly.

2.6.3 mRNA

Base modifications on mRNAs, such as methylations or pseudouridylations, are rare,
although a recent report demonstrated a m' A1374 modification in the ND5 mRNA,
expressing a subunit of human complex I (Safra et al. 2017). On the other hand,
mitochondrial mRNAs, but also tRNAs and rRNAs, can undergo a process termed
RNA editing, where the coding sequence of the mature RNA differs from the initial
DNA sequence. These edits can range from single nucleotide exchanges to entire
stretches that are deleted and replaced by a different sequence. These latter forms are
widespread in plant and trypanosome mitochondria, but not reported in humans. In
mammals single nucleotide modifications on mtRNAs have been reported, such as
cytidine-to-uridine or adenosine-to-inosine deaminations and have been discussed
elsewhere (Chateigner-Boutin and Small 2011).
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2.7 Polyadenylation of Mitochondrial mRNAs

One of the most extensive post-transcriptional RNA processing events is the
polyadenylation of mature transcripts, where non-templated adenosine residues are
added to the 3’ end of RNAs. Despite its common prokaryotic origin, the addition of
the poly(A) tail has different effects in the post-transcriptional regulation of tran-
scripts across the different kingdoms and different organelles. In bacteria and plant
organelles, polyadenylation is considered to signal degradation of the mRNAs
(Schuster and Stern 2009). In these cases, the 3’ termini of mature mRNAs are
protected from exonucleolytic attack by a structural terminator stem loop.
Polyadenylation by poly(A) polymerases such as pcnB in E. coli or ASG1 in plants
relaxes these structures and provides access for exonucleases (Hirayama et al. 2013;
Hui et al. 2014). In the nucleus and cytosol of eukaryotes, poly(A) tails are present in
the majority of mRNAs and play an important role in their stability, export from the
nucleus and translation (Weill et al. 2012). Yeast mt-mRNAs, on the other hand,
have developed a different mechanism and are not polyadenylated (Groot et al.
1974) but instead contain an AU-rich (Saccharomyces cerevisiae) or C-rich
(Schizosaccharomyces pombe) dodecamer sequence at the 3’ end, which promotes
transcript stability (Butow et al. 1989). RNA-binding proteins are proposed to
interact with these sequences, preventing degradation by the mitochondrial RNA
degradosomes.

In human mitochondria, however, the role of polyadenylation is less clear. More
than 45 years ago, polynucleotide adenylyltransferase activity was reported in rat
liver mitochondrial extracts (Jacob and Schindler 1972), capable of catalysing the
addition of AMP to 3’ termini of RNA from ATP in a template-independent manner.
Since then, the gene responsible has been isolated, and despite its common origin,
the poly(A) polymerase found in protist and animal mitochondria differs from its
bacterial counterpart. Mitochondrial poly(A) polymerases (MTPAP, also known as
PAPDI1 or TUTasel) belong to the group of noncanonical DNA type b polymerases,
capable of polyadenylation as well as polyuridylation, and have been characterised
in a number of species, including humans (Tomecki et al. 2004) and flies (Bratic
et al. 2016). In most bilaterian mitochondria, MTPAP adds 40-50 adenylate residues
to the 3’ termini of almost all mitochondrial transcripts, although polyuridylation and
polycytidylations have been reported, respectively, in mitochondria of trypanosomes
and Chlamydomonas (Aphasizhev and Aphasizheva 2008; Zimmer et al. 2009;
Salinas-Giegé et al. 2017). The crystal structures from humans and chickens
revealed that MTPAP functions as a homodimer without the need for additional
protein cofactors (Bai et al. 2011; Lapkouski and Hallberg 2015), although recent
data suggest that MTPAP activity can be stimulated by other factors such as SUV3
(Wang et al. 2014) and the leucine-rich PPR motif-containing protein, LRPPRC
(Wilson et al. 2014) (see below). With the exception of ND6 mRNA, which has a
long 3’ untranslated region (UTR), all mature human and murine mt-mRNAs are
polyadenylated (Temperley et al. 2010; Ruzzenente et al. 2012). Seven out of the
13 open reading frames do not encode a functional stop codon, and thus
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polyadenylation is required for completion of a UAA stop codon (Temperley et al.
2010). The reason for the absence of polyadenylation of the ND6 transcript in
humans and rodents is not entirely clear, and ND6 mRNA is indeed polyadenylated
in other species, including birds (Sun et al. 2017) and flies (Stewart and Beckenbach
2009; Bratic et al. 2011). In these cases, gene rearrangements have restructured the
mitochondrial genomes, potentially introducing defined processing signals at the 3’
termini and promoting polyadenylation. Besides ND6 mRNA, the transcript of ND5
has a long 3’ UTR with a short poly(A) tail in humans, potentially removing the
necessity of long poly(A) tails (Temperley et al. 2010; Mercer et al. 2011). The two
mitochondrial rRNAs contain short poly(A) tails in humans, while in flies, 16S
rRNA has a long poly(A) tail of around 40 adenosines (Bratic et al. 2011, 2016;
Clemente et al. 2015). Whether this elongated 3’ terminus of 16S RNA has any
structural consequences has not yet been explored.

As mentioned above, polyadenylation can serve as a signal for degradation in
bacteria, as well as plant organelles. However, in these cases, only a small proportion
of mature transcripts are actually polyadenylated, reflecting their status in RNA
turnover. In contrast, in most bilaterian mitochondria, almost all transcripts are
polyadenylated, suggesting a different role for the poly(A) tail, for example, in
promoting translation or transcript stability. Mitochondrial transcripts are not capped
and in general do not require circularisation for translation, and thus a direct role in
translation initiation has not been attributed to the poly(A) tail. In contrast, numerous
studies have addressed its role in transcript stability, and inactivation of MTPAP
leads to a shortening of the mitochondrial poly(A) tails with opposite effects on the
stability of mitochondrial transcripts. These results led to the suggestion that mito-
chondrial polyadenylation has both stabilising and destabilising roles. In general, the
inactivation of MTPAP by RNAI in human cell lines leads to increased steady-state
levels of some ND mRNAs, decreased steady-state levels of COX transcripts and
unchanged levels of CytB mRNA (Tomecki et al. 2004; Nagaike et al. 2005;
Piechota et al. 2006; Nagao et al. 2008). These results seemed to be corroborated
by the identification of a patient with severely compromised MTPAP activity,
leading to spastic ataxia (Crosby et al. 2010; Wilson et al. 2014). The mitochondrial
transcripts analysed in the forgoing studies all retained short adenylate stretches at
their 3’ ends and, together with the low processivity of MTPAP observed in vitro, led
to the suggestion that an additional putative enzyme is required to add these short
oligoadenylate stretches prior to MTPAP function and normal polyadenylation.
However, using an MTPAP knockout D. melanogaster model, we failed to observe
such oligoadenylation activity on mRNAs, questioning the presence of such an
enzyme in mitochondria (Bratic et al. 2016). These DmMTPAP KO flies presented
with a complete absence of adenylation on mt-mRNAs, and transcripts were
trimmed up to 20 nucleotides (nt) at their 3’ ends. The only transcripts that retained
some degree of polyadenylation were the two ribosomal RNAs, 12S and 16S, which
either retained an unchanged tail length of ~5 nt or had reduced polyadenylation
relative to the usual ~40 nt tail, respectively (Bratic et al. 2016). MTPAP KO flies are
larvae lethal with a severe mitochondrial dysfunction, and with the exception of
transcripts for DmCOX1 and DmCYTB, which were unchanged or reduced,
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respectively, all mt-mRNA steady-state levels were increased despite their
compromised 3 integrity (Bratic et al. 2016). This observation, together with results
obtained in human cell lines (Wydro et al. 2010), suggests that polyadenylation by
MTPAP is not required to protect mitochondrial transcripts from degradation.
Furthermore, de novo labelling experiments also excluded the possibility that
polyadenylation was required for translation and that despite the truncated 3’ ends,
mitochondrial translation could still occur (Bratic et al. 2016).

2.8 Mitochondrial RNA Stability

RNA turnover is determined by the rate of de novo transcription and degradation.
Neither of these processes is constant, and different RNA species have different half-
lives, depending on the type of RNA and the metabolic demands. Thus, both
transcription and degradation are highly regulated by protein complexes, such as
exosomes and degradosomes (Houseley and Tollervey 2009). In mitochondria, it is
reasonable to believe that RNA turnover is an important form of regulating gene
expression and transcripts can be rapidly removed or increased under the correct
physiological stimuli. Besides leading to mature mRNA, tRNA and rRNA tran-
scripts, mitochondrial transcription also results in large amounts of non-coding,
misfolded and aborted transcripts, as well as in processing by-products such as
mirror or antisense RNAs. However, despite deriving from the same polycistronic
transcript, the latter RNA species are rarely detected under normal physiological
conditions (Aloni and Attardi 1971; Wang et al. 2009; Szczesny et al. 2010;
Borowski et al. 2013). Thus, the different transcripts generated during transcription
have different half-lives, but what governs their half-life is not entirely clear. One
factor that is described as promoting RNA stability in mitochondria is the leucine-
rich PPR motif-containing protein, LRPPRC. Pentatricopeptide repeat (PPR) pro-
teins form a large family of modular RNA-binding proteins, which are involved in
various aspects of gene expression. In plants, over 400 different PPR domain-
containing proteins regulate RNA synthesis, processing and degradation in the
nucleus and organelles (Barkan and Small 2014), while in humans, only 7 members
have been identified, all localising to mitochondria (Rackham and Filipovska 2012;
Lightowlers and Chrzanowska-Lightowlers 2013). Besides LRPPRC, these PPR
proteins include PTCD 1-3, POLRMT (the mitochondrial RNA polymerase), the
RNase P subunit MRPP3 as well as the mitochondrial ribosomal protein, MRPS27.
LRPPRC has 35 PPR domains and was initially identified as interacting with and
stabilising polyadenylated mitochondrial transcripts (Mili and Pifiol-Roma 2003).
Since then, it has become clear that LRPPRC forms a stable complex with the stem-
loop interacting RNA-binding protein, SLIRP (Sasarman et al. 2010; Bratic et al.
2011; Ruzzenente et al. 2012; Chujo et al. 2012; Wilson et al. 2014; Lagouge et al.
2015; Spahr et al. 2016; Siira et al. 2017), and deletion of LRPPRC leads to a severe
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mitochondrial dysfunction and loss of mitochondrial mRNAs (Gohil et al. 2010;
Bratic et al. 2011; Xu et al. 2012; Ruzzenente et al. 2012; Harmel et al. 2013;
Mourier et al. 2014). Additionally, disruption of LRPPRC in mice (Ruzzenente et al.
2012) and flies (Bratic et al. 2011) led to a loss of the poly(A) tail of mitochondrial
transcripts, and it was later shown that LRPPRC is required for polyadenylation, as
well as stimulating MTPARP activity in vitro (Chujo et al. 2012; Wilson et al. 2014;
Siira et al. 2017).

However, although it is clear that LRPPRC is able to stabilise mitochondrial
mRNAs and plays a role in their maturation, it is not clear whether LRPPRC also
regulates RNA degradation by distinguishing between coding transcripts and RNAs
destined for degradation. In vitro work with recombinant LRPPRC, as well as RNA
precipitation experiments, does not suggest that LRPPRC is able to distinguish
between different RNA species (Spéhr et al. 2016; Siira et al. 2017). Thus, it is
more likely that the decision to keep or destroy a transcript is already made prior to
LRPPRC binding or made by other interacting proteins. An interesting candidate
would have been SLIRP, with which LRPPRC forms a stable complex (Sasarman
et al. 2010; Ruzzenente et al. 2012; Chujo et al. 2012; Lagouge et al. 2015; Spahr
et al. 2016), but the knockout of SLIRP in a mouse model did not increase antisense
RNAs but rather suggested that this protein is responsible for targeting mature
transcripts for translation (Lagouge et al. 2015).

Drosophila contain two homologs of both LRPPRC and SLIRP (Sterky et al.
2010; Bratic et al. 2011). DmLRPPRCI1, also known as the bicoid stability factor
(BSF), shares the same phenotypes as its mammalian homolog when disrupted
(Bratic et al. 2011), and recent experiments in Dm Schneider S2 cells demonstrated
that DmLRPPRCI1 is degraded by the mitochondrial matrix protease ClpXP, poten-
tially linking protein degradation to gene expression (Matsushima et al. 2017). In
contrast to its paralog, though, silencing of DmLRPPRC?2 does not affect mRNA
stability or polyadenylation but rather seems to affect the coordination of translation
(Baggio et al. 2014).

A number of RNA-binding proteins belonging to the family of Fas-activated
serine/threonine kinases (FASTK, FASTKDI1-5) have recently been localised to
human mitochondria, and although their functions have not yet been fully resolved,
they all seem to be involved in mtRNA metabolism (Jourdain et al. 2017). Interest-
ingly, in contrast to LRPPRC, which does not have any sequence specificity,
FASTKSs do seem to act differentially on transcripts. FASTK has been reported to
stabilise ND6 mRNA, by interacting with its 3’ end (Jourdain et al. 2015), while
FASTKDI promotes the degradation of the ND3 transcript (Boehm et al. 2017).
FASKD?2 and 3 are required for efficient mitochondrial translation (Popow et al.
2015; Boehm et al. 2017), and FASKD4 and 5 are reported to be involved in the
processing of noncanonical transcript junctions (Wolf and Mootha 2014; Antonicka
and Shoubridge 2015). Drosophila has only three orthologs, which all localise to
mitochondria, but their functions have not yet been described.
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2.8.1 Controlled mtRNA Degradation

Degradation of mRNAs is a major mechanism for regulating gene expression. In
bacteria, transcripts have a rapid turnover, with half-lives of only 3-8 min for the
vast majority (Bernstein et al. 2002), while in mouse fibroblasts, RNAs can be
retained for over 20 h (Schwanhéusser et al. 2013). Cytosolic degradation is highly
organised and occurs in designated structures, termed processing bodies (P-bodies),
involved in mRNA decay, decapping or nonsense-mediated decay. Mitochondrial
RNA decay has been proposed to occur in MRG substructures, termed D-foci
(Borowski et al. 2013), but their organisation and regulation are much less well
understood. In human mitochondria, mRNA half-lives have been calculated to range
between 1 and 3 h in cell lines, depending on transcript and physiological conditions,
but what controls degradation is not clear (Nagao et al. 2008; Borowski and
Szczesny 2014). Two factors have been identified to form the minimal mitochondrial
degradosome, consisting of the ATP-dependent RNA helicase SUV3 and polynu-
cleotide phosphorylase (PNPase). SUV3 belongs to a highly conserved Ski2 family
of DExH-box RNA helicases, with orthologs found in eukaryotes to Rhodobacter
(Dmochowska et al. 1999), and was initially identified in yeast as a suppressor of the
varl (SUV3) phenotype (Butow et al. 1989). Varl encodes a mitochondrial ribo-
somal subunit, and SUV3 was suggested to rescue the subsequent impaired transla-
tion by altering the levels of mitochondrial transcripts (Butow et al. 1989; Conrad-
Webb et al. 1990). In yeast, SUV3 has been shown to work with the RNase II-like
exonuclease, DSS1 (Stepien et al. 1992; Dziembowski et al. 2003). Higher eukary-
otes have lost DSS1, and instead, SUV3 forms a complex with PNPase in order to
degrade RNA in a 3’ to 5’ direction (Wang et al. 2009; Szczesny et al. 2010;
Borowski et al. 2013). The ubiquitous disruption of SUV3 in mice is embryonic
lethal, and heterozygous knockout animals have a reduced lifespan, increased
tumour formation and reduced mtDNA levels with increased mtDNA mutation
load (Chen et al. 2013). However, the effects on mitochondrial RNA turnover
were not investigated in this study. The disruption of SUV3 in flies (Clemente
et al. 2015) showed considerable agreement with studies performed in human cell
lines, where silencing of the human SUV3 gene product (SUPV3L1) or the expres-
sion of a dominant-negative variant in human cells resulted in increased mRNA
steady-state levels, as well as the accumulation of mRNA decay intermediates,
processing by-products and antisense RNAs (Szczesny et al. 2010). Additionally,
both models demonstrated a loss of mature mt-tRNAs, due to the lack of correct
processing of the primary polycistronic transcripts. Interestingly, disruption of
SUV3 had opposing effects on the poly(A) tail, with shortening in flies (Clemente
et al. 2015) but lengthening in human cells (Szczesny et al. 2010).

In plants PNPase is involved in the processing and regulation of
polyadenylation-dependent mtRNA decay (Schuster and Stern 2009; Zimmer
et al. 2009; Stoll et al. 2014) and has been shown to both degrade and extend 3’
tails in vitro (Nagaike et al. 2005). Despite its proposed interaction with the
mitochondrial matrix protein SUV3, PNPase has been Ilocalised to the
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intermembrane space (Chen et al. 2006), where it has been suggested to import
RNAs, including 5S rRNA (Wang et al. 2010). However, this conclusion has been
questioned as neither the RNase P complex (Lin et al. 2012; Rossmanith 2012;
Karasik et al. 2016) nor the mammalian mitochondrial ribosome requires cytosolic
non-coding RNAs (Amunts et al. 2015; Rorbach et al. 2016), and no clear
evidence of cytoplasmic RNAs inside mitochondria have been demonstrated for
human mitochondria. However, PNPase has also been localised to the D-foci
substructures, suggesting at least a dual localisation for PNPase (Borowski et al.
2013). Loss of DmPNPase or DmSUV3 results in increased mt-mRNA levels and
larvae lethality but unchanged mt-rRNA levels in D. melanogaster models
(Clemente et al. 2015). While the overexpression of either DmSUV3 or
DmPNPase has only mild effects on fly viability and mt-mRNA levels, double
overexpression of both components of the degradosome leads to a severe
mt-mRNA depletion, mild reduction of mt-rRNAs and larvae lethality (Pajak
et al., unpublished data). These results further suggest a role for a SUV3-PNPase
complex in the decay of mitochondrial RNAs, but what regulates this
degradosome and how it distinguishes between the different classes of mitochon-
drial RNAs remain unclear. Recently, a study in human cell lines proposed that
mtRNAs are actually targeted for degradation to the intermembrane space, where
the ribonuclease RNASET?2 rather than PNPase is responsible for mtRNA decay
(Liu et al. 2017). How the RNAs are transported across the IMM is not clear, and
further work is required. Additionally, the metallo-lactamase, LACTB2, has also
been proposed to act as an endonuclease in mitochondria, and while its disruption
led to only a mild increase in mtRNAs, in vitro experiments suggested a role in
RNA degradation (Levy et al. 2016).

Several additional putative ribonucleases have been reported to act in mitochon-
dria, but their roles are not fully understood. For instance, the mitochondrial
oligoribonuclease, RNA exonuclease 2 (REXO2), has been shown to degrade
small single-stranded RNA and DNA oligomers and has been localised to the
intermembrane space as well as the matrix (Bruni et al. 2013). The mammalian
endonuclease EndoG has been shown to digest a range of different nucleic acid
species, including single- and double-stranded RNA (Cymerman et al. 2008), and
has also been localised to the intermembrane space, where it is proposed to function
in apoptosis (Li et al. 2001). The presence of so many putative ribonuclease in the
intermembrane space raises the possibility that degradation can occur there, but
what RNAs are being degraded, or whether these enzymes protect mitochondria
from cytosolic RNAs, is not yet clear. Thus, although great advances have been
made in our understanding of mitochondrial RNA decay, the complexity and
seemingly different routes of mtRNA metabolism in different species have made
formulating a unifying mechanism impossible. However, a range of recent
advances, such as improved proteomic analysis, vastly reduced costs for next-
generation sequencing, improved structural analytical tools and novel screening
techniques as well as the incredible creativity of the research community, has
brought us closer to identifying all of the components and mechanisms involved
in mitochondrial RNA metabolism.
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2.9 C(linical Relevance

An additional source has come from the growing list of genes involved in mito-
chondrial diseases. Whole exome or whole genome sequencing is now routinely
used as a diagnostic tool to identify monogenic diseases, and to date, more than
500 genes have been associated with inborn errors of metabolism (IEM) alone, many
with mitochondrial involvement. The necessity to functionally validate novel
disease-causing variants has resulted in the identification of several genes directly
involved in mitochondrial RNA metabolism.

Mitochondrial diseases are defined by a primary defect in the OXPHOS system,
but mitochondrial dysfunction is also a hallmark in other diseases, such as heart
disease, diabetes, cancer, neurodegeneration and even the natural ageing process
(Nunnari and Suomalainen 2012). The mitochondrial network is essential in almost
all tissues, and thus its dysfunction can result in a wide range of symptoms or
combinations of symptoms. Clinical manifestations often involve the brain, heart
and skeletal muscle, with a vast spectrum of different clinical phenotypes, such as
proximal muscle weakness, cardiomyopathy, endocrine aberrations, external
ophthalmoplegia, mental retardation, dementia, ataxia, seizures, stroke-like epi-
sodes, deafness and blindness. These diseases can be caused by mutations in the
mitochondrial genome or in nuclear genes important for mitochondrial function.
Around 100 pathogenic mutations in mtDNA have been confirmed, while the list of
nucleus-encoded variants involved in mitochondrial disease is continuously grow-
ing. For instance, in POLy alone, more than 250 mutations have been identified to
date (Copeland 2014). Disease-causative genes have now been identified in all
processes of maintaining and expressing the mitochondrial genome, including
LRPPRC, RNase P, ELAC2, MTPAP, PNPase, mitochondrial aminoacyl-tRNA
synthases, NSUN3 and factors involved in the assembly and function of the
mitoribosome (Mootha et al. 2003; Crosby et al. 2010; von Ameln et al. 2012;
Haack et al. 2013; Vilardo and Rossmanith 2015; Falk et al. 2016; Metodiev et al.
2016; Van Haute et al. 2016).

2.10 Future Questions and Concluding Remarks

Several key questions in mitochondrial RNA metabolism remain. By now it is clear
that in mammalian and some metazoan mitochondria, polyadenylation does not
strictly serve as a signal for degradation and the possibility of two polyadenylation
states is suggested, where a stable poly(A) tail marks transcript maturation, while
transient polyadenylation is involved in the decay pathway. Regulating between
these two polyadenylation states could be controlled by specific deadenylases, such
as the 2/,5'-phosphodiesterase 12, PDE12, which has been shown to be involved in
the maturation of some mt-tRNAs (Rorbach et al. 2011; Pearce et al. 2017) or other,
not yet characterised deadenylases. We have shown that the poly(A) tail is required
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to maintain mt-mRNA integrity and that the polyadenylation process is needed for
the maturation of specific mt-tRNAs but not for translation. It is thus not unlikely
that polyadenylation has additional functions, depending on tail length and
sub-mitochondrial localisation. There are clear differences in the rate of RNA
decay, depending on the type of transcript, and although LRPPRC is able to stabilise
mRNA, it does not seem to possess sequence specificity, raising the question of what
regulates stability. Further, neither tRNAs nor rRNAs seem to be regulated by the
proposed ribonucleases, and despite rRNAs having a higher rate of transcription,
their turnover is not understood. Thus, elucidating the exact machinery and solving
the mechanism will be important to understand mitochondrial biology.
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Chapter 3 )
Mitochondrial RNase P Complex s
in Animals: Mitochondrial tRNA Processing

and Links to Disease

Maithili Saoji and Rachel T. Cox

Abstract Loss of mitochondrial function not only causes specific mitochondrial
diseases but also contributes to serious conditions such as neurodegeneration and
diabetes. Since mitochondrial DNA is transcribed as a polycistronic message com-
prised of three forms of RNA (rRNA, mRNA, and tRNA), proper 5'- and 3’-end
cleavage is essential. In the nucleus, tRNA 5'-end processing is carried out by the
first identified ribozyme, RNase P. In contrast, mitochondrial tRNAs are processed
by a three-protein complex, mitochondrial RNase P, which does not have an RNA
component. An accessory subcomplex made of the m' A9 methyltransferase MRPP1
and the dehydrogenase MRPP2 binds to the metallonuclease MRPP3 that cleaves the
RNA phosphodiester backbone. Each protein has been shown to be essential in
model organisms, and loss of each gives rise to human multisystemic diseases with
many characteristics of mitochondrial disease. In this review, we discuss what is
known about the mitochondrial RNase P complex, the molecular mechanism of
5’-end mitochondrial tRNA processing, and how loss of this activity causes human
disease.

3.1 The Polycistronic Nature of Mitochondrial DNA
Transcription

3.1.1 The Mitochondrial Genome

Mitochondria have evolved from alphaproteobacteria that resided within the eukary-
otic cell, maintaining an endosymbiotic relationship (Gray 2012; Margulis 1970).
Owing to their bacterial origin, mitochondria have their own genetic material, but
during evolution, most of the bacterial genes were either lost or transferred to the
nucleus, with the actual mitochondrial DNA (mtDNA) being much smaller, about
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16.6 kb, as compared to the bacterial genome (>5 Mb) (Gray 2012; Land et al.
2015). Even though the mitochondrial genome is replicated and maintained inde-
pendently of the nuclear DNA, numerous nucleus-encoded proteins are required for
replication, transcription, posttranscriptional RNA processing, and mitochondrial
translation. Around 200-300 nucleus-encoded proteins are translocated into the
mitochondrion to bring about mitochondrial gene expression (Powell et al. 2015).

3.1.2 The Punctuation Model

Mitochondrial DNA (mtDNA) is highly conserved across metazoans, encoding the
same products often organized differently on the two (heavy and light) strands
(Fig. 3.1). Drosophila mtDNA is similar to human in its size and with respect to
the products it encodes, making Drosophila a good model to study human mito-
chondrial function and disease (Lewis et al. 1995; Sen and Cox 2017) (Fig. 3.1b).
mtDNA exercises a complete economy of organization, with no introns, only one
intergenic sequence, and smaller rRNAs and tRNAs as compared to their nuclear
counterparts. mtDNA encodes 13 proteins that are components of Complexes I
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Fig. 3.1 Human and Drosophila mtDNA. (a) Human mtDNA. Three polycistronic messages are
transcribed for human mtDNA (arrows): two promoters initiate on the heavy strand (HSP, top)
and one on the light strand (LSP, bottom). With the exception of ND6, all mRNAs and both
rRNAs are encoded on the heavy strand. All mt-RNAs are flanked 5’ and 3’ by mt-tRNAs except
for the following noncanonical junctions: (1) 5'-end of Col, (2) ATP8/6 — Colll, (3) mt-tRNA
LeuCUN_ND5, (4) 3'-end of ND35, (5) 5'-end of Cyth, (6) 3'-end of ND6. (b) Drosophila
mtDNA. The combined five polycistronic messages (arrows) transcribe the same products as
human mtDNA. The expanded length is due to the A + T-rich region (not to scale). Single letters
(black boxes) represent mt-tRNAs. ND, NADH dehydrogenase (Complex I); Cytb, Cytochrome
b (Complex III); Co, cytochrome ¢ oxidase (Complex IV); and ATP, ATP synthase (Complex V)
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(NADH dehydrogenase), III (cytochrome b), IV (cytochrome ¢ oxidase), and V
(ATP synthase) of the OXPHOS pathway. It also encodes 2 ribosomal RNAs
(rRNAs) and the complete suite of 22 transfer RNAs (tRNAs) required for the
translation of these mitochondria-encoded proteins.

To meet the continuous energy demands of the cells, correct transcription and
translation of mitochondria-encoded peptides are obligatory. As in bacteria, mtDNA
is transcribed as a polycistronic message. The arrangement and the number of
transcripts differ in various species. In humans, mtDNA is transcribed as three
polycistronic transcripts, two from the heavy and one from the light strand, whereas
in Drosophila mtDNA encodes five polycistronic transcripts, three on the heavy and
two on the light strand (Fig. 3.1). In humans, the heavy-strand transcripts are
considered more informationally rich as they together encode 12 proteins,
2 tRNAs, and 14 tRNAs, while the light-strand transcript encodes 8 tRNAs and
only 1 protein (Taanman 1999). The mature RNA products are formed from the
polycistronic transcripts following endonucleolytic cleavages at the 5’- and 3'-ends.
In most pre-RNA transcripts, the junctions between mitochondrial rRNAs
(mt-rRNAs) and mitochondrial mRNAs (mt-mRNAs) are punctuated by tRNAs
(Ojala et al. 1981). The secondary cloverleaf structure of mitochondrial tRNAs
(mt-tRNAs) is thought to define the cleavage sites for endonucleases to release the
individual mature RNA products. Cleavage at the 5'-end of the mt-tRNA molecule is
brought about by the three-protein mitochondrial RNase P complex (mtRNase P;
Holzmann et al. 2008), whereas a ribonuclease Z (RNase Z)-like protein, ELAC2 in
humans and RNase Z" in Drosophila, is responsible for the cleavage at the 3’-end of
the mt-tRNAs (Brzezniak et al. 2011; Sanchez et al. 2011).

Most noncanonical mt-mRNAs are flanked by tRNAs [Fig. 3.1a, (1)-(6)]. For
5'-end cleavage of cytochrome ¢ oxidase I (Col), there seems to be a noncoding
RNA which adopts a tRNA-like conformation that is recognized and cleaved by
mtRNase P (Mercer et al. 2011; Sanchez et al. 2011). The NADH dehydrogenase
5 (NDS5)-cytochrome b (Cyt b) junction is known to be processed by PTCD2, a
pentatricopeptide repeat protein (Xu et al. 2008), whereas the processing of the
NADH dehydrogenase 6 (ND6)-noncoding (nc) RNA and the ATP6-cytochrome
¢ oxidase III (Colll) junctions is still not clear. Recently, FASTKDS5 was shown to be
necessary for processing the 5'-end of Col, ATP8/6-Colll, and ND5-Cytb junctions,
but the exact mechanism is still not well understood (Antonicka and Shoubridge
2015).

3.2 RNase P Function in Mitochondria

3.2.1 Mitochondrial RNase P Cleaves the 5'-End of Mt-tRNA

RNase P is the endonuclease that catalyzes hydrolysis of the phosphodiester bond at
the 5'-end of pre-tRNAs to generate tRNAs with a mature 5'-end and a 5'-leader
sequence (Robertson et al. 1972). RNase P is found in all domains of life and in
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nearly all species. It is a ribozyme with a catalytically active RNA subunit and a
variable number of proteins depending on the organism (Klemm et al. 2016). In
eukaryotic land plants, algae, and protists, single-peptide protein-only ribonuclease
P proteins (PRORPs) are sufficient to bring about 5’-end pre-tRNA processing
(Gobert et al. 2010; Klemm et al. 2016; Taschner et al. 2012). In Arabidopsis,
PRORPs carry out this function in the nucleus, chloroplasts, and mitochondria.
However, in human mitochondria, this reaction is carried out by a three-protein
mtRNase P complex made up of mitochondrial RNase P protein 1 (MRPP1),
mitochondrial RNase P protein 2 (MRPP2), and mitochondrial RNase P protein
3 (MRPP3). In this three-protein complex, MRPP3 is also sometimes referred to as
protein-only ribonuclease P (PRORP) (Holzmann et al. 2008).

Unlike its nuclear ribozyme counterpart, mtRNase P lacks a catalytic RNA.
Instead, MRPP3, a metallonuclease-like protein, is the catalytic endonuclease that
performs the 5’-end cleavage of mitochondrial pre-tRNAs. MRPP1 and 2 have each
been recruited from other biological pathways during evolution. MRPPI, or
TRMTI10C/RGOMTDI, is a methyltransferase required for methylation of the
ninth position of certain tRNAs (Jackman et al. 2003), and MRPP2, also known
as HDS10 or SDR5CI, is a member of the short-chain dehydrogenase/reductase
family which is involved in isoleucine and lipid metabolism (Moeller and Adamski
2009; Shafqat et al. 2003; Yang et al. 2014). MRPP2 acts as a scaffold to form a
MRPP1/2 subcomplex and is required for the methyltransferase activity of MRPP1.
The catalytic activity of MRPP3 is independent of the methyltransferase activity of
the MRPP1/2 subcomplex (Vilardo et al. 2012). The MRPP1/2 subcomplex
increases the affinity of MRPP3 for its substrate, likely through a structural
rearrangement of mt-tRNA or by altering the active site of MRPP3 (Shafqat et al.
2003). Recently, Reinhard et al. showed that MRPP1/2 subcomplex plays a more
central role in coordinating the activities of mt-tRNA processing. They observed
that the mt-tRNAs remained bound to the subcomplex after the 5’-end cleavage and
that the subcomplex enhances the 3’-end cleavage activity by ELAC2. Furthermore,
they observed that MRPP1/2 remained complexed with mt-tRNAs before and after
3’-CCA addition, orchestrating the events leading to the formation of mature
mt-tRNA formation (Reinhard et al. 2017).

3.2.2 What Is Known About mtRNase P Mechanism In Vivo

The Drosophila homologs of mtRNase P, called Roswell (MRPP1), Scully
(MRPP2), and Mulder (MRPP3), have been identified and characterized (Sen et al.
2016). These three proteins share a high degree of sequence similarity with human
mtRNase P proteins, containing all the same recognizable domains (Fig. 3.2). They
also appear to function in the same way (see below). Sen et al. showed that mutations
or knockdown of Mulder (Mldr), Roswell (Rswl), or Scully (Scu) causes lethality in
Drosophila. Loss or knockdown of each component disrupts mt-RNA processing.
Northern blots probed with four mt-tRNAs, each in a different transcript



3 Mitochondrial RNase P Complex in Animals: Mitochondrial tRNA. .. 51

A SAM dependant MTase
MTS TRM10-type domain
178 T Identity 39%
Dm Rswl ( zs,_-:_% - 44688 o imilarity 57%
36 1 Identity 89%
Mm MRPP1 po 40388 oiiarity 5%
Hs MBPP1 414 aa
B i SAM dependant MTase
. TAM10-type NS
nJ T MTS

%

o5 Bt

Dehydrogenase/
@ Reductase domain

149 177 :
DM St (e 25522 10t 3%
& b Similarity 93%
il B3
H 261 aa Identity 100%
Mm MRPP2 e Similarity 100%
15 83
Hs MRPP2 H 261 aa
Dehydrogenase/ "‘
Reductase domain §ig

(/ Dm Scu
F Pentatricopeptide Metallonuclease
ay 5 repeat domain 277 3oo0  domain 48s
Dm Midr (_k ( E 544 aa
Id_ef_ltil‘,r_ 26% Id_enm 40%
52 18 Similarity 47% 157 Similarity 59% 7
Mm MRPP3 584 aa
Identity 83% Identity 82%
54 1o Similarity 90% 330 Similarity 92% 540
Hs MRPP3 [ ’ 1 b 583 aa
G PPR domain

Fig. 3.2 Mitochondrial RNase P complex homologies. Schematics representing the domains of
MRPP1, MRPP2, and MRPP3 from Drosophila, mouse, and humans are shown in (a), (c), and (f),
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environment, showed the accumulation of larger mt-RNA species in mutants. Addi-
tionally, overexpressing Mldr and Rswl caused larval lethality with highly reduced
levels of ATP as compared to wild type. Lethality was not observed upon
overexpressing Scu. Ectopically increasing one of the enzymes of this multiprotein
complex could be a dominant negative effect due to sequestration of essential
components or mis-regulation of the active enzyme complex formation. Whether
the lethality was associated with mis-processing of mt-tRNA remains to be
determined.

Recently, MRPP3 was shown to be essential in mouse (see below; Rackham et al.
2016). Using tissues from conditional MRPP3 knockout mice, Northern blots, and
g-RT PCR analysis, Rackham et al. showed that MRPP3 loss led to the loss of 5’-end
processing of the precursor RNA, resulting in the depletion of mature mt-mRNA
over time and to the accumulation of unprocessed, higher molecular weight tran-
scripts. Additionally, they observed an increase in the rate of mtDNA transcription
accompanied by a decrease in the synthesis of mitochondria-encoded respiratory
complex proteins. The increase in transcription was most likely needed to compen-
sate for the lack of proteins but was unable to rescue the deficient RNA processing.
Rackham et al. also demonstrated that previously known canonical RNA junctions
depended on MRPP?3 for their 5'-end processing. However, the noncanonical junc-
tions, like ND5, which is bordered by tRNAMUCEUN 4t its 5'-end and a noncoding
RNA on its 3’-end, are dependent on cleavage by ELAC2 exclusively. Using
Northern blot analysis, they demonstrated that the loss of MRPP3 did not have a
significant effect on the overall levels of mature ND5S mRNA over time, suggesting
that ND5S mRNA maturation is in fact independent of MRPP3 cleavage. Similar
independence was also observed for ND6-tRNA™ and ATP8/6-Colll junctions,
which require ELAC2 and FASTKDS, respectively, for maturation (Sanchez et al.
2011). Interestingly, for some junctions, ELAC2 alone was unable to process the
3/-ends of tRNAS in the absence of 5'-end processing by MRPP3, which was shown
by a decrease in the processing at tRNAY*-16S rRNA, tRNA™"YYR_ND], and
tRNAMND2 junctions. This overall pattern of the endonucleolytic cleavages
suggests that mt-tRNA maturation happens in a sequential manner, where in most

Fig. 3.2 (continued) respectively. The N-terminal mitochondrial targeting peptide (MTS, yellow)
was predicted using the MitoProt server (https://ihg.gsf.de/ihg/mitoprot.html; Claros and Vincens
1996). The domain boundaries are predicted through homology-based alignments performed using
Clustal Omega and ExPASy (PROSITE) servers. The percent identity and similarity of individual
domains as compared to the human counterparts were calculated using BLAST. The Drosophila
Roswell (b), Scully (d, e), and Mulder (g) protein structural models were created using the
I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/, Zhang 2008). The Roswell
model is based on the structure of tRNA m'G9 methyltransferase Trml0 from
Schizosaccharomyces pombe (PDB ID: 4jwf), whereas the modeled Scully structure is based on
human MRPP2/HSD10 (PDB ID: 1u7t). The expected Drosophila Scully tetramer assembly is
shown in (e). The Mulder model was based on Arabidopsis thaliana PRORP1, PRORP2, and
human MRPP3 structures (PDB IDs: 4G24, 4G23, 5DIZ, 4XGL)
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cases 5'-end processing is required for 3’-end cleavage to happen. Furthermore,
Rackham et al. also demonstrated that in MRPP3 knockout mice, the expression
levels of nucleus-encoded mitochondrial proteins involved in mitochondrial gene
expression and mitochondrial ribosome biogenesis were affected. Taken together
their results suggested that 5’-end processing by MRPP3 is an indispensable step in
mitochondrial RNA maturation, translation, and correct mitoribosome biogenesis.

3.3 RNA Processing Centers in Mitochondria

3.3.1 Mitochondrial RNA Processing Granules

Discrete foci containing newly transcribed mt-RNA were first observed a decade ago
by pulse-labeling cells with bromouridine (BrdU). However, the other components
of these granules were largely unknown until recently (Fig. 3.3; Iborra et al. 2004).
G-rich sequence factor 1 isoform (GRSF1), an RNA-binding protein that binds the
G-rich sequence motif AGGGD (where D is either A, U or G), has been previously
implicated in posttranscriptional processing of cellular and viral mRNAs (Jablonski
and Caputi 2009; Kash et al. 2002; Schaub et al. 2007). GRSF1 was recently shown
to accumulate in most BrdU-labeled granules in the mitochondrial matrix
(Antonicka et al. 2013; Jourdain et al. 2013). GRSF1 was also shown to play a
role in RNA processing even though the exact role of the protein remains unclear.
Downregulation of GRSF1 causes a delay in clearing RNA from the mitochondrial
RNA granules and affects the steady-state levels of mature RNA transcripts, with an
associated decrease in mitochondrial protein levels. It has also been implicated in
mitochondrial ribosome biogenesis and stability. Through affinity purification,
Jourdain et al. identified several interacting proteins of FLAG-GRSF1 in
HEK293T cells. MRPP1 and 2 were the top hits and this interaction was not
mediated by RNA. In contrast, while MRPP3 was not identified as a binding partner
for GRSF1 through affinity purification, C-terminally tagged MRPP3 was shown to
co-localize with GRSF1 in mitochondrial granules using immunocytochemistry
(Jourdain et al. 2013). The GRSF1-rich granules were shown to localize newly
synthesized precursor RNA transcripts, thus potentially representing sites for mito-
chondrial RNA processing (Antonicka et al. 2013; Jourdain et al. 2013). In addition,
the granules were sensitive to the presence of transcription inhibitors. Jourdain et al.
did not observe accumulation of RNase Z in the granules, which could support the
sequential cleavage of the 5~ and 3’-ends of mt-tRNAs by mtRNase P and ELAC2,
respectively, with the argument that only the first step of mt-tRNA processing
happens in the RNA granules.

Nucleoids are the centers in which the replication and transcription of the
mitochondrial genome take place. mtRNase P complex proteins and ELAC2 were
shown to accumulate in distinct foci adjacent to the nucleoids in mouse 3 T3 cells,
and some studies propose that RNA processing granules are extensions of dynamic
nucleoids (Borowski et al. 2013). mtRNase P and ELAC2 proteins were shown to be
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Fig. 3.3 RNA processing granules. mtDNA replication and repair take place in nucleoids. The
newly synthesized mt-RNA is processed and matured in mitochondrial RNA granules. The
mtRNase P complex performs 5'-end cleavage, and ELAC2 performs 3'-end cleavage of the
polycistronic message. Polyadenylation, mt-tRNA modification, and mitoribosome biogenesis
also take place in the RNA granules. Mis-processed mt-RNAs are degraded in the associated
degradation granules

enriched in the nucleoid granule fractions, even though they are not always
co-localized within the nucleoid as judged by immunofluorescence. Thus, it seems
likely that the processing of the newly emerged RNA transcript happens either
within or very close to the nucleoid structure. Borowski et al. demonstrated a
small proportion of the foci co-localize with SUPV3L1/PNPase complex proteins
to form a mitochondrial degradosome (Borowski et al. 2013) (Fig. 3.3). As the RNA
processing granule research matures, many questions remain regarding the exact
order of events. More specifically, does GRSF1 act upstream or downstream of the
mtRNase P complex? How would mtRNase P protein inhibition affect granule
formation? Will mtRNase P protein downregulation lead to GRSF1 accumulation
in mitochondrial RNA processing granules?
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3.4 Mitochondrial tRNA Processing and Disease

Since mitochondria play a fundamentally important role in tissues, mutations in
mt-tRNAs and defects in mt-tRNA processing lead to diseases that are often severe,
sometimes fatal. Currently, treatments are not very effective and there are no cures
for these diseases. One unusual trait of mitochondrial diseases is that different
mutations in the same mt-tRNA can give rise to very different clinical presentations
(Chinnery 2000). There are approximately 275 disease-associated mutations in
mt-tRNAs, which often do not affect the anticodon region (Brandon et al. 2005).
Mitochondrial diseases can also occur due to defects in the nucleus-encoded
enzymes required to carry out the up to 20 mt-tRNA modifications needed to
produce mature and fully functional mt-tRNAs (Van Haute et al. 2015).

In metazoans, the full-suite of mt-tRNAs (20) is encoded in mtDNA. However, in
contrast to nuclear tRNAs, there are only 2 sets of mitochondrial isoacceptors
(different tRNAs species that carry the same amino acids but have different antico-
don sequences), whereas there are 513 identified tRNA-encoding genes in the
human genome. Thus in mitochondria, there is only 1 mt-tRNA for each of 18 of
the amino acids and 2 for serine and leucine. This means that for the majority of
mt-tRNAs, if a mt-tRNA becomes nonfunctional due to mutation, the corresponding
amino acid will simply not be available for translation. This situation can have
differential effects on mt-mRNAs depending on the amino acid requirements for
their synthesis.

Due to the polycistronic nature of mtDNA and the mt-tRNA “punctuation
model,” teasing out the effect of abnormal mt-tRNA levels is challenging. Loss of
normal mt-tRNA processing can lead to a decrease in mt-tRNA levels, mitochondrial
protein levels, and mt-rRNAs. If available, fully functional mt-tRNAs are too scarce,
translation will not occur at normal levels. For example, translation is reduced if
enzymes that carry out specific mt-tRNA modifications are defective. However, if
mt-tRNAs are not cleaved properly from the polycistronic message, this will have
detrimental effects on mt-mRNA processing and mt-rRNA abundance irrespective
of mt-tRNA levels. Diseases arising from mt-tRNA processing defects can therefore
be classified into two groups: those that arise from mutations in mt-tRNAs and those
due to mutations in the nucleus-encoded processing enzymes.

3.4.1 Point Mutations in mt-tRNAs Affecting mt-RNA
Processing

Various point mutations in mt-tRNAs have been shown to alter 5~ and 3’-end
processing (Table 3.1). The difference thus far appears to be that the mutation
must be at the mtRNase P site in order for 5'-end processing to be disrupted, whereas
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Table 3.1 mt-tRNA mutations affecting 5’- and 3’-end processing

M. Saoji and R. T. Cox

Affected
Mutation® mt-tRNA Human disease phenotype | Citation(s)
5'-end processing
Known processing defects
4263 A — G | tRNAlle Maternally inherited Wang et al. (2011)
5655 A — G |tRNAAla hypertension Jiang et al. (2016)
Hypothesized processing defects
4401 A — G | tRNAS" and Maternally inherited Li et al. (2009) and Zhu et al.
tRNAM! hypertension (2009)
5512A — G |tRNAT? Guo et al. (2016)
3’-end processing
Known processing defects
4269 A — G | tRNA" Cardiomyopathy Levinger et al. (2003)
4295 A — G
4317A — G
4309 G — AP Ophthalmoplegia
7445 U — C | tRNASr(UEN Non-syndromic deafness | Levinger et al. (2001)
3243 A — G° | t(RNALWUUR) MELAS Levinger et al. (2004)
3302A—=G Myopathy
3303C—T Cardiomyopathy
Hypothesized processing defects
4469 C — A | tRNAM® Maternally inherited Liu et al. (2017)
hypertension

“Based on the position in the mitochondrial genome (Anderson et al. 1981)
P Aberrant structure as well
“Reduced aminoacylation also (Park et al. 2003)

there is evidence that mutations in various regions of the mt-tRNA can reduce the
level of 3’-end processing. This may be due to the different mechanisms by which
mtRNase P and RNase Z interact with their substrates. As mentioned above,
mtRNase P appears to cleave mt-tRNAs first from mt-RNAs and thus may require
less structural information from the folded mt-tRNAs compared to RNase Z. Indeed,
nucleus-encoded tRNAs and mt-tRNAs can form alternative structures before base
modification occurs, and base modifications are required for normal tertiary struc-
ture. The initial extended hairpin structures that form after transcription may be
efficiently recognized by RNase P, but not RNase Z. Also, MRPP2/TRMT10C is
responsible for the m' A9 methylation in mitochondria, which has been shown to be
important for tertiary folding for some mt-tRNAs. Therefore, this modification by
the MRRP1/MRPP2 subcomplex may be required before RNase Z is able to
recognize the mt-tRNA. Adding further complexity, mt-tRNA ends are in different
contexts. The secondary structure each mt-tRNA assumes after transcription pre-
sumably affects the directly neighboring mt-RNA. For example, mt-tRNA"VUR) jg
between mt-rRNA and NDI, whereas mt-tRNAS™ASY) jg directly between two
mt-tRNAs (Fig. 3.1).
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Defects in 5'-end processing have been identified in patients suffering from
maternally inherited hypertension (Guo et al. 2016; Jiang et al. 2016; Li et al. 2009;
Wang et al. 2011; Zhu et al. 2009). Since mitochondria are loaded into the oocyte, this
non-Mendelian form of inheritance is the first indication that the phenotype is due to
mutations in mtDNA. Numerous mtDNA mutations are now associated with mater-
nally inherited hypertension. Wang et al. were the first to identify a novel mtDNA
mutation 4263A — G that altered 5'-end mt-tRNA processing (Wang et al. 2011).
The causes of hypertension are not well understood but are thought to arise from
complex changes in different tissues (Page 1967). However, the production of
reactive oxygen species (ROS) and inflammation appear to be two underlying causes,
and damaged mitochondria are in general frequently the source of abnormal levels of
ROS. Wang et al. identified homoplasmic females harboring the 4263A — G muta-
tion, which occurs in position 1 of mt-tRNA" (Fig. 3.4b, Wang et al. 2011). This
mutation results in decreased levels of mt-tRNAHe, mt-RNA translation, and respi-
ration. Using an in vitro mtRNase P reconstitution assay, the authors demonstrated
that the 4263A — G mutation decreased 5'-end processing efficiency by ~30%
compared to wild type. Recently, Jiang et al. identified an additional mutation in
mt-tRNA®™ associated with hypertension in three unrelated individuals whose fam-
ilies exhibited maternally inherited hypertension (Jiang et al. 2016). The 5655A — G
mutation is in the same relative position in the tRNA as the 4263A — G mutation and
causes the same mitochondrial deficits, such as reduced mt-tRNAAR levels, decreased
respiration, and a 35% decrease in 5'-end processing (Fig. 3.4f). In addition, cybrids
derived from patient lymphocytes exhibited reduced oxygen consumption and ATP
levels, increased ROS, and improperly aminoacylated mt-tRNA*? (Jiang et al.
2016).

Three reported mt-tRNA mutations in the literature have not been directly tested for
loss of 5’-end processing, but they are in a location that strongly suggests a causal
effect on a processing defect. Two groups independently identified 4401A — G in
maternally hypertensive patients (Li et al. 2009; Zhu et al. 2009). This mutation is
particularly interesting as it affects both mt-tRNAS™ (encoded on the L-strand) and
mt-tRNAM® (encoded on the H-strand) at their RNase P cleavage sites (Fig. 3.4c, d).
Using patient-derived cybrid cells, both groups showed decreased mt-tRNA levels and
respiration, and Li et al. also showed a decrease in mitochondrial protein synthesis.
More recently, Guo et al. identified a 5512A — G mutation in mt-tRNATP in a family
of maternally inherited hypertensives (Guo et al. 2016). This mutation is at the
analogous position to the 4263A — G mutation in mt-tRNA" and thus likely also
affects 5'-end processing (Fig. 3.4e).

The investigators who uncovered mtDNA mutations that affect 5'-end processing
were interested in causes of maternally inherited hypertension. To identify mt-tRNA
mutations affecting 3’-end processing, Levinger et al. instead started with mt-tRNA
mutations known to cause mitochondrial diseases and syndromes (Levinger et al. 2001,
2003, 2004). The U7445 U — C mutation in mt-tRNAS VN was known to cause
non-syndromic deafness, reduced mt-tRNA SN Jevels and mitochondrial protein
synthesis (Guan et al. 1998; Reid et al. 1997). This mutation is located precisely at the
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Fig. 3.4 Human pathogenic mt-tRNA mutations. (a—g) Human mt-tRNA cloverleaf structures
encoded from left to right of human mtDNA (Fig. 3.1a). Blue nucleotides represent pathogenic
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RNase Z cleavage site (Fig.3.4g). Using in vitro-labeled mt-tRNA 5™ and mitoplast
extract from HeLa cells as a source of RNase Z, Levinger et al. found the mutant
mt-tRNA was unable to undergo any 3’-end processing in contrast to wild-type
mt-tRNA even though they both appeared to form normal structures (Levinger et al.
2001). To extend these studies, the authors examined the effect on 3’-end processing of
mutations in mt-tRNA"™ and mt-tRNA™ V" two mt-tRNAs linked to cardiomyop-
athies, ophthalmoplegia, and mitochondrial encephalomyopathy with lactic acidosis and
stroke-like episodes (MELAS) (Levinger et al. 2003, 2004). Using experiments similar
to their previous work, the authors found four mutations in mt-tRNA" and one in
mt-tRNASVUR) that substantially reduced 3’-end processing (Fig. 3.4a, b). Some of
these mutations also resulted in structural and aminoacylation changes (Table 3.1).

An additional mt-tRNA mutation was recently published that was not analyzed
for defective 3’-end processing but that may interfere based on its position. Liu et al.
identified the 4467C — A mutation in mt-tRNAM in a family with maternally
inherited hypertension (Liu et al. 2017). This mutation is located near the RNase Z
cleavage site (Fig. 3.4d). Using Lymphocyte cell lines derived from patients, Liu
et al. demonstrated decreased ATP in cell extract, increased oxidative damage, and
lower oxygen consumption, indicating disrupted mitochondrial function.

3.4.2 Mutations in Mitochondrial RNase P

Human diseases due to mitochondrial deficiencies have now been linked to mutations
in all three members of the mtRNase P complex (Table 3.2). They are rare diseases
and many of the mutations occur in highly conserved residues. MRPP2/HSD10
(encoded by the HSDI17B10 gene) has the largest number of identified mutations,
referred to as HSD10, and was the first to be described [OMIM #300438, 300,256
(reviewed in Zschocke 2012)]. For consistency, we will refer to the protein as MRPP2
in this section; however, HSD10 disease is the name of diseases caused by mutations
in HSD17B10. As described above, MRPP2 is a multifunctional protein. It functions
in isoleucine metabolism but has been shown to be a promiscuous dehydrogenase
in vitro (reviewed in Moeller and Adamski 2009). Because MRPP2 was identified as
amember of the mtRNase P complex and plays a role in mt-tRNA 5’-end processing,

<
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Fig. 3.4 (continued) mutations (Table 3.1). The numbering system is according to (Anderson et al.
1981). Arrows at the 5'- and 3’-ends indicate the mtRNase P and RNase Z sites, respectively,
impacted by mutation. Red nucleotides indicate the neighboring 5" and 3’ transcripts. The arrows
above and below the red nucleotides indicate the start (beginning of arrow) or stop (arrowhead) of
the transcript close to the cleavage sites. The flanking gene may overlap with the mt-tRNA (e.g.,
mt-tRNAXYUUR a4 o there may be intervening nucleotides (e.g., mt-tRNAT™, e). The conserved
CCA sequence (green) found on the acceptor stem at the 3’-end of all tRNAs acts as the amino acid
attachment site and is uncoded; tRNA-nucleotidyltransferase is responsible for CCA addition. (h)
Tertiary structure of yeast tRNAP" color-coded for the D loop, anticodon loop, variable loop, TyC
loop, acceptor stem, and CAA tail as indicated by the cloverleaf cartoon
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Table 3.2 Disease phenotypes due to mitochondrial RNase P complex mutations

Human disease/
phenotype Citation(s)*

MRPP2/HSD10 (Scully)

D86G Neonatal onset Rauschenberger et al. (2010)

R226Q Perez-Cerda et al. (2005) and Vilardo
and Rossmanith (2015)

N247S Chatfield et al. (2015) and Vilardo and
Rossmanith (2015)

VI2 L Infantile onset Oerum et al. (2017)

L122V Ofman et al. (2003)

R130C Deutschmann et al. (2014) and Vilardo
and Rossmanith (2015)

P210S Vilardo and Rossmanith (2015)

V176 M Oerum et al. (2017)

E249Q Juvenile Yang et al. (2009)

K212E Falk et al. (2016)

V65A Richardson et al. (2016) and Seaver
et al. (2011)

Q165H Atypical/adult onset/ | Rauschenberger et al. (2010)

A154T nonregressive Fukao et al. (2014)

A157V Akagawa et al. (2017)

MRPPI/TRMT10C (Rswl)

R18IL Infantile lethality Metodiev et al. (2016)

T272A

MRPP3 (Mldr)

A485V ‘ Perrault syndrome Hochberg et al. (2017)

ELAC?2 (dRNase Z%)

F154 L Variable—Infantile Haack et al. (2013)

Arg211Stop, T5201 to juvenile

L423F

chr17:12,903,471A — T Akawi et al. (2016)

(splice site mutation)

“The most relevant citation(s) for mt-RNA processing. First reported cases and symptoms summa-
rized in Akagawa et al. (2017) and Zschocke (2012)

ascribing its molecular role in disease has been complicated (Holzmann et al. 2008).
However, the primary cause of symptoms experienced by patients with MRPP2
mutations may be due to loss of mitochondrial function and mt-RNA processing
(Zschocke 2012). For example, no clinical correlation has been found between loss of
the dehydrogenase activity and symptoms. The mutation Q165H, which abolishes
this activity, does not cause the classical, more severe disease onset, and those
mutations that are not near the enzyme’s active center cause the neonatal form of
the disease (Rauschenberger et al. 2010). In addition, reduced dietary isoleucine does
not improve HSD10 symptoms (Korman 2006; Sutton et al. 2003; Zschocke et al. 2000).
In vitro work has also shown dehydrogenase-dead protein can still rescue vital cellular
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functions and functions in the mtRNase P complex (Rauschenberger et al. 2010; Vilardo
etal. 2012).

HSD10 disease is rare with no effective treatment and exhibits variable ages of
onset. Symptoms are usually multisystemic, consistent with mitochondrial disease.
Patients often have a progressive loss of cognitive and motor functions, with
epilepsy and blindness. The most severe forms result in cardiomyopathy and severe
neurodegeneration (Zschocke 2012). Mutations can affect homotetramization, the
dehydrogenase activity or its ability to function in the mtRNase P complex (Vilardo
and Rossmanith 2015). As HSD17B10 is X-linked, mutations mostly affect males,
but heterozygous females can also have disease symptoms, making the inheritance
pattern X-linked dominant.

After MRPP2 was identified as a member of the mtRNase P complex, researchers
began testing samples from patients with HSD10 disease, as well as recombinant
pathogenic MRPP2 mutations, for mitochondrial deficits and decreased mt-RNA
processing, along with dehydrogenase and methyltransferase activities (Chatfield
et al. 2015; Deutschmann et al. 2014; Falk et al. 2016; Oerum et al. 2017; Vilardo
and Rossmanith 2015). Deutschmann et al. first showed that patient fibroblast cells
harboring R130C, the most prevalent mutation, significantly accumulate
unprocessed mt-RNAs encoded on the mtDNA heavy strand, but not the light strand
(Deutschmann et al. 2014). Chatfield et al. examined post-autopsy tissues from a
patient with the N247S mutation and found increased unprocessed mt-RNAs and
decreased mitochondrial protein synthesis (Chatfield et al. 2015). Vilardo and
Rossmanith took an in vitro approach, examining four different mutations, R226Q),
N247S, P210S, and R130C. All four mutations greatly impair dehydrogenase
activity, mt-tRNA processing, and methylation. R226Q and N247S mutations also
disrupted homotetramer formation and interaction with MRPP1 (Vilardo and
Rossmanith 2015). The MRPP1/2 subcomplex is highly stable. There is evidence
that reducing the amount of MRPP2 can affect the stability of MRPP1. Deutschmann
et al. examined protein levels in patient fibroblasts and found the reduced level of
MRPP2 resulted in lower MRPP1 levels, but not MRPP3 levels, whereas loss of
MRPP1 had no effect on MRPP2 levels (Deutschmann et al. 2014). In addition, Falk
et al. identified a novel K212E mutation and showed that while it has only a modest
effect on dehydrogenase activity, it reduced methylation and 5’-end processing
activities, as well as binding to MRPP1 (Falk et al. 2016). Most recently, Oerum
et al. identified the novel mutations V12 L and V176 M. Both reduced dehydroge-
nase, methyltransferase, and mtRNase P activities, with V176 M being much more
severe, in agreement with patient symptoms (Oerum et al. 2017).

As with MRPP2, the dual function of MRPP1 as a methyltransferase and member
of the mtRNase P complex makes it challenging to ascribe the primary defect of
mitochondrial loss of function. Disease-causing mutations in MRPP1/TRMT10C
have recently been identified (Metodiev et al. 2016). As mentioned above, the
MRPP1/2 subcomplex is an active methyltransferase that can methylate adenosine
and guanine nucleotides at position 9 (Vilardo et al. 2012). Nineteen out of the
22 mt-tRNAs have an A or G at position 9, and thus, they are likely acted upon by
MRPP2. Metodiev et al. described two unrelated patients suffering from lactic
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acidosis, hypotonia, feeding difficulties, and deafness. The patients’ symptoms were
so severe that they died after only 5 months of age. After whole-exome sequencing,
they were found to harbor mutations in MRPP1 (Table 3.2). Both patients exhibited
clear signs of mitochondrial disease, with deficits in Complexes I and IV. MRPP1
protein levels were reduced in patient-derived fibroblast cell lines, while MRPP2 and
MRPP3 levels were unchanged. The amount of m'R9 methyltransferase activity was
also unchanged. The steady-state levels of mt-tRNAs and mt-mRNAs remained
mostly unchanged in patient-derived fibroblasts; however there was an increase in
unprocessed mt-RNAs that was rescued by transfecting the cells with wild-type
MRPPI1. These results led the authors to speculate that the MRPP1 mutations may
affect interaction with MRPP3 rather than MRPP2 and the increased amount of
unprocessed mt-RNAs may interfere with translation.

Hochberg et al. have identified a disease-causing mutation in MRPP3 (Hochberg
et al. 2017). Perrault syndrome is a rare, genetically heterogeneous disease charac-
terized by sensorineural hearing loss in males and females and primary ovarian
insufficiency (Jenkinson et al. 2012). Most of the genes mutated in Perrault syn-
drome are involved in mitochondrial translation (OMIM #233400). Hochberg et al.
identified a family affected by Perrault syndrome of which three individuals har-
bored a A485V mutation in MRPP3. Located in the metallonuclease domain,
A485V does not cause reduced protein levels in patient-derived fibroblasts but
does decrease the level of mtDNA-encoded respiratory chain complex proteins. In
addition, the authors detected multiple unprocessed mt-RNAs. The authors went on
to test the A485V mutation in an in vitro mtRNase P reconstitution assay and found
the mutated MRPP3 possessed significantly less 5’-end processing activity com-
pared to wild type.

Since mutations in mtRNase P clearly affect mt-RNA processing, causing mito-
chondrial dysfunction and disease, it is possible that defects in 3’-end mt-RNA
processing could do the same. Haack et al. performed whole-exome sequencing on
patients suffering from oxidative phosphorylation deficiencies and identified four
disease-associated alleles of ELAC?2 in three families (Table 3.2, Haack et al. 2013).
Using qPCR, they found an increase in unprocessed mt-RNA in patient tissue
samples. The processing defect could be rescued in patient fibroblasts by
lentivirus-mediated infection with wild-type ELAC2. However, mt-tRNA levels
and at least four mt-mRNAs were unchanged, and there was no evidence of 3’-end
processing defects. Despite this, mitochondrial translation and protein levels were
reduced, suggesting that the increase in unprocessed mt-RNA intermediates may
hamper mitochondrial translation. Akawi et al. recently identified a splicing muta-
tion that reduces ELAC2 levels (Akawi et al. 2016). Using real-time PCR, they
found increased levels of unprocessed mt-RNAs in fibroblasts of one patient.
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3.5 Loss of Mt-tRNA Processing in Model Organisms

Model organisms are powerful systems for studying the cellular and molecular bases
underlying human disease. Human mutations in MRPP1, MRPP2, and MRPP3 are
rarely null alleles. This is because complete absence of mtRNase P activity is likely
incompatible with life. Because we can carry out conditional knockouts and rigorous
genetics, model organisms offer the opportunity to study the in vivo effects of
complete loss of mtRNase P activity on mt-RNA processing and mitochondrial
function, as well as the dehydrogenase and methyltransferase activities of MRPP1
and MRPP2. Single orthologs for each of the three mtRNase P complex members
have been identified in mouse and Drosophila. MRPP2 is the smallest protein and
has very high amino acid identity among human, mouse, and Drosophila (Fig. 3.2).
The crystal structure of human HSDI0 was determined as a homotetramer
complexed with NAD" and an inhibitor (Kissinger et al. 2004). Given the high
amino acid identity, this structure was used to model the structure for the Drosophila
MRPP2 Scully (Fig. 3.2d, ). MRPP3 contains seven pentatricopeptide repeats and a
metallonuclease domain (Fig. 3.2; Howard et al. 2012). There is only one MRPP3 in
all three species, with the highest identity in the metallonuclease domain (Fig. 3.2).
MRPP1/TRMTI10C also has only one ortholog in humans, mouse, and Drosophila.
Shao et al. solved the structure for yeast TRM10 in the presence and absence of a
methyl donor and showed that the catalytic domain displays the typical SpoU-TrmD
fold found in SPOUT family methyltransferases (Fig. 3.2; Shao et al. 2014).

3.5.1 Drosophila Mitochondrial RNase P

Drosophila is the only model organism in which all three members of the mtRNase P
complex have been studied and in which MRPP3’s essential role in vivo was first
demonstrated (Table 3.3; Sen et al. 2016). Sen et al. identified the MRPP3 and
MRPP1 orthologs, called Mulder (Mldr) and Roswell (Rswl), respectively, and used
genetics and cell biology to determine the role of mtRNase P in mitochondrial
function and mt-RNA processing in vivo. All three Drosophila orthologs localize
to mitochondria and associate with each other (Sen et al. 2016). Torroja et al.
characterized mutations in scu and found they were lethal and had reduced dehy-
drogenase activity (Torroja et al. 1998). By examining EMS-induced point muta-
tions, as well as RNAi knockdown, Sen et al. showed that loss of each mtRNase P
complex member delayed larval development and was pupal-lethal. Tissue extract
from mutants had very low ATP levels, and immunofluorescence showed swollen
mitochondria. Using Northern blots probed with four different mt-tRNAs in differ-
ent RNA contexts, the authors found unprocessed mt-RNAs in extract from rswl!
RNAi knockdown and mldr and scu mutants. While Sen et al. only had RNAi
available for rswl, we can show that a transposable element-induced mutation in
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Table 3.3 Model organism phenotypes due to loss of mtRNase P complex

‘ Phenotype | Citation(s)
Scully (MRPP2/HSD10)
Mouse
Knockout Embryonic lethality Rauschenberger et al. (2010)

Conditional knockout

(endothelial cells) spleen,
vasculature abnormalities, die
at 25 weeks (noradrenergic
neurons) die 26 weeks

Xenopus

Antisense knockdown Rauschenberger et al. (2010)

Drosophila

S163F (S169F) scu” Pupal lethal Sen et al. (2016)

Q159Stop scu*

E205X scu®*® Sen et al. (2016) and Torroja
et al. 1998

L33Q scu'”™ Torroja et al. (1998)

A86 + 7Stop scu’'?”

TriP.HMS02305 RNAi

scu Sen et al. (2016)
scuTriP-GLOI079 para.

Roswell (MRPP1)

Drosophila

rswl07838 Pupal lethal This work

rswl®P12#47 RNAL

rSWlTrzP.HMC02423 RNAi

Sen et al. (2016)

Mulder (MRPP3)

Mouse

Knockout

Conditional knockout

Embryonic lethality (heart/
skeletal muscle)
cardiomyopathy

Rackham et al. (2016)

Drosophila

WA465A (W520A) midr€

Y121D Y183D midr®

mldr*19%0% RNAi

Pupal lethal

Sen et al. (2016)

dRNase Z (ELAC2)

Drosophila

dRNaseZ'*7>T RNAi

dRNaseZ'*>* RNAi

dRNaseZFP**

Pupal lethal

Xie et al. (2011)

Xie et al. (2013)
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Fig. 3.5 A mutation in roswell causes pupal lethality. (a, b) A graph showing rsw mutant
larvae have delayed development and only approximately 30% eventually pupate compared to
sibling controls. No rswi®’%*® mutant adults emerge from the pupal cases (eclosion) (b). rswl®”*% is
induced by a transposable element insertion (Bellen et al. 2004; Spradling et al. 1999). (c) After
5 days, rswl®”%* mutant larvae (left) are much smaller than their wild-type siblings (right). These
phenotypes are consistent with rsw/ RNAi knockdown and loss of Mulder and Scully (Sen et al.
2016). Pupation and eclosion rates were performed as described in Sen et al. (2016)

rswl is also lethal, with delayed pupal development consistent with our previous
observations (Fig. 3.5, M.S. and R.T.C., unpublished data).

Mouse and human contain two proteins, ELAC1 and ELAC?2, that perform 3’-end
processing of nuclear and mitochondrial tRNAs, respectively (see above). ELAC2
encodes two products of which only one is targeted to mitochondria. In contrast,
Drosophila contains a single gene, dRNaseZ, which encodes an N-terminal mito-
chondrial targeting sequence and two nuclear localization signals (NLS). It is not
clear how the protein gets differentially targeted to the two organelles, though there
are other examples of this situation in the literature (Yogev and Pines 2011).
Dubrovsky et al. cloned the Drosophila homolog and showed that it can cleave
tRNAs in vitro (Dubrovsky et al. 2004). They also demonstrated that RNAi knock-
down and deletion of the gene causes growth defects and defects in tRNA and
mt-tRNA processing (Table 3.3; Xie et al. 2011, 2013). However, it is not clear
whether the lethality due to loss of the gene is caused by mitochondria-specific
disruptions, nucleus disruptions, or both.
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3.5.2 Mouse Mitochondrial RNase P

Rackham et al. created knockout mice for MRPP3 (Table 3.3; Rackham et al. 2016).
The authors not only clearly showed mt-tRNA processing defects but were also able
to show that mt-RNA processing links transcription to translation through
mitoribosome assembly (described above). Using Cre recombinase, the authors
removed the third exon of MRPP3 to create a knockout allele. The MRPP3 full-
body conditional knockout mice died at day E8.5. This is consistent with mouse
knockouts for proteins involved in mitochondrial gene expression. Since the mice
died so young, Rackham et al. used muscle-specific Cre to produce mice lacking
MRPP3 in heart and skeletal muscle. The mice had reduced muscle fibers with
reduced Complex I and Complex IV staining, and died at week 11 from cardiomy-
opathy, a phenotype frequently seen in mitochondrial disease.

MRPP2/HSD10 is the other member of the mtRNase P complex that has been
studied in mouse. Rauschenberger et al. created a conditional knockout of MRPP2
(Table 3.3; Rauschenberger et al. 2010). They reported that the mouse knockout
resulted in early embryonic lethality. In order to study MRPP2 function, they
established conditional knockouts, one using a Cre recombinase to eliminate the
protein in endothelial and immune cells and one using Cre to affect noradrenergic
neurons. The endothelial knockout mice died at week 25 with defects in spleen and
vasculature. The noradrenergic knockout mice died at week 26. Mitochondria in the
loci coerulei of the brain, which contain noradrenergic neurons, lacked normal,
dense cristae. To circumvent the early embryonic lethality in mice, Rauschenberger
et al. also examined MRPP2 function in another vertebrate, Xenopus laevis, using
morpholinos to knock down protein expression in the animal cap (Rauschenberger
et al. 2010). Explants from these cells had decreased mitochondrial function inferred
by a decrease in pyruvate turnover. Mitochondrial ultrastructure was also disrupted
as judged by transmission electron microscopy. In addition, the authors examined
morpholino-induced loss of MRPP2 on neural tissue patterning. They found pat-
terning was not disrupted, but tissue size was reduced. This may have been due to an
increase in apoptosis, as shown with increased TUNEL labeling.

3.6 Concluding Remarks and Future Directions

Processing of mtDNA transcripts presents unique challenges due to the constraints
of the very small genome encoding all three major RNA types encoded in polycis-
tronic messages. mtDNA supplies the mt-rRNAs for the mitoribosome and all the
mt-tRNAs. Both types of mt-RNA are required in order to translate the 13 proteins
encoded by mtDNA. As such, properly cleaving each product becomes essential in
order for the organelle to maintain its function. The suite of mt-tRNAs is also small
relative to the number encoded in the nucleus. There is only one cognate mt-tRNA
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per amino acid, with the exception of serine and leucine; thus, disrupting processing
of a single mt-tRNA transcript is problematic.

We now know that point mutations in mt-tRNAs can affect processing, leading to
maternally inherited hypertension and mitochondrial disease. In addition, pathogenic
mutations in MRPP1, MRPP2, and MRPP3 have been identified. Because null
alleles of mtRNase P are likely to be lethal, they have not appeared in humans.
Given the diverse nature of symptoms resulting from defects in mt-tRNA
processing, especially the link to hypertension, there may be many more as yet
undetected mild mutations that could predispose individuals to a variety of skeletal,
neural, and cardiovascular problems.

This is an exciting time to study mt-tRNA processing. Mutations in mt-tRNAs
have long been known to cause mitochondrial diseases, but we are still parsing the
details of how mtDNA transcription, processing, and translation control feedback to
each other, the sequential steps of regulation, and how defects in each process lead to
different diseases and symptoms. A better understanding of the molecular mecha-
nisms underlying mt-RNA processing may open avenues to more effective treat-
ments and cures of those with mitochondrial diseases.

Funding This work was supported by the National Institutes of Health/Department of Defense
[CHIRP HU0001-14-2-0041 to M.S. and R.T.C.].
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Chapter 4 )
Intercompartment RNA Trafficking s
in Mitochondrial Function

and Communication

Frédérique Weber-Lotfi and André Dietrich

Abstract Mitochondria currently appear to be a major destination for the RNA
trafficking and localization processes that control and coordinate gene expression in
living cells. A large set of messenger RNAs derived from the nuclear genome is
translated at the mitochondrial surface, while an increasing series of noncoding
RNAs has been reported to localize in the organelles, including microRNAs, addi-
tional small noncoding RNAs, transfer RNAs, and long noncoding RNAs. These
RNA species contribute to mitochondrial functions and control of organellar gene
expression, but mitochondria might also store and release noncoding RNAs of
nuclear origin having cytosolic targets. Conversely, data have emerged implying
that small and long noncoding regulatory RNAs are generated within the organelles
from the mitochondrial genome. Some of them nevertheless appeared to localize to
the nucleus or were recovered in body fluids. Integrating all reported data leads to an
intricate picture of multidirectional RNA trafficking and intercompartment commu-
nication that can be related to cellular homeostasis, cell differentiation, pathogenesis,
or disease. However, a number of facets in this amazing picture are still a matter of
debate, as the mechanisms underlying nucleic acid translocation through the mito-
chondrial membranes remain difficult to assess and the widespread presence of
mitochondrial DNA pseudo-sequences in the nuclear genome can make the origin
of some transcripts confusing. A detailed panorama of the reported mitochondrial
noncoding RNAs and of the questions raised by the data is developed here in relation
to major mitochondrial processes.
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4.1 Introduction

Trafficking and localization of RNAs is a general feature of cellular processes and
plays a fundamental role in the efficiency and regulation of gene expression
(Buxbaum et al. 2015; Chen 2016; Chin and Lecuyer 2017; Taliaferro et al. 2014).
Specific mechanisms involving cis-acting sequences and trans-acting proteins target
coding and noncoding RNAs to the subcellular location where they exert their
functions in the frame of an optimized cellular organization. It has progressively
appeared that mitochondria are also a destination in these pathways. As is the case
for other cytoplasmic compartments, a subset of messenger RNAs (mRNAs) is
targeted to the mitochondrial surface for translation (Lesnik et al. 2015; Weis et al.
2013). Such a localization has been shown as well in fungi, mammals, and plants. It
is expected to facilitate organellar uptake of the resulting proteins, although it might
also help assembly of mitochondrial complexes or improve translation regulation.
But mitochondria are a special case, as some RNAs localize to the inside of these
organelles, which means that they cross the membranes. While no example of
natural import of mRNAs has been documented so far, the extent of noncoding
RNAs (ncRNAs) reported to traffic into mitochondria has exploded with the recent
accumulation of massive sequencing datasets. The field now extends from
microRNAs (miRNAs) to long noncoding RNAs (IncRNAs) through the seminal
case of transfer RNAs (tRNAs) (Dong et al. 2017; Kim et al. 2017). Moreover, it is
hypothesized that mitochondria store nucleus-encoded ncRNAs that they release to
the cytosol upon regulation demands. Not to forget, mitochondria have their own
genetic system that produces essential polypeptides, and it has been reported that
mitochondrially generated ncRNAs might contribute to the control of organellar
gene expression. Further, IncRNAs might be exported from the organelles and exert
regulation functions in the nucleus. Altogether, the data imply a complex RNA
import-export picture that so far defies the limited knowledge that we have about the
possible underlying transport pathways and mechanisms. The challenge is further
complicated because the extent of import is highly variable and the low levels of
recovery documented for some RNAs in mitochondrial fractions in some cases
hinder convincing conclusions. Even the origin of RNAs matching in sequence the
mitochondrial DNA (mtDNA) is not necessarily obvious to establish, as numerous
pieces of the mitochondrial genome are integrated into the nuclear genome, the
so-called nuclear mitochondrial DNA segments (NUMTs) (Richly and Leister 2004;
Woischnik and Moraes 2002). The present chapter seeks to give a general panorama
of mitochondrial RNA trafficking processes in relation to functions in organellar
genetic processes and in regulation pathways. As it will be seen, the above issues
make the field rich in controversial data and debate, but also in novel thoughts and
prospects.
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4.2 Mitochondrial Trafficking of the MRP RNA
and mtDNA Replication

The mitochondrial genome of mammals is represented as a closed, circular DNA
molecule of 16.5 kb. The two strands are depicted as heavy and light, due to diverse
buoyant densities resulting from their base composition. The mammalian mtDNA
carries only one long noncoding region (D-loop), which contains the transcription
promoters for both strands and the origin of replication for the heavy strand (Orip).
Replication is carried out by DNA polymerase y. According to the strand-
displacement model, mtDNA synthesis on the two strands is asymmetrical and starts
first at the Oriy origin, making the heavy strand the leading strand (Gustafsson et al.
2016). Primase activity is provided by the mitochondrial RNA polymerase (Fusté
et al. 2010). RNA production from the light strand promoter (LSP) generates
transcripts complementary to the Oriy region. Processing of these transcripts in
turn produces primers to initiate heavy strand replication (Campbell et al. 2012).
Based on in vitro approaches, the corresponding processing activity was attributed to
a ribonucleoprotein that was called RNase MRP, standing for “RNase for mitochon-
drial RNA processing” (Chang and Clayton 1987). This enzyme however turned out
to be an essential nucleus-encoded endonuclease with various functions in the
nuclear and cytosolic compartments (Hernandez-Cid et al. 2012). It processes
ribosomal RNAs (rRNAs) and small RNAs in yeast nucleoli and cleaves the
B-type cyclin mRNA in temporal asymmetric MRP (TAM) bodies. It is also
involved in pre-rRNA processing in plants and protozoa and participates in viral
RNA degradation in the cytosol of plant cells.

RNase MRP contains a specific and structured 260-280-nucleotide uncapped
RNA encoded by a single-copy nuclear gene that is transcribed by RNA polymerase
III. The RNA is considered to act in cleavage catalysis and thus to be indispensable
(Topper and Clayton 1990b; Esakova and Krasilnikov 2010). The RNA moiety of
RNase MRP is structurally related to that of RNase P (see below Sect. 4.4.3) (Gold
et al. 1989; Forster and Altman 1990). In mammalian nuclei, the MRP RNA is a
source of siRNAs (Maida et al. 2009). As mentioned above, mitochondrial targeting
of RNase MRP and of its RNA moiety was put forward very early in mammals and
in yeast (Chang and Clayton 1987, 1989; Topper and Clayton 1990a; Bennett and
Clayton 1990; Stohl and Clayton 1992) (Fig. 4.1). In both organisms, the enzyme
was considered to perform site-specific cleavage of mitochondrial RNA sequences
implicated in replication priming (Chang and Clayton 1987; Stohl and Clayton
1992). The MRP RNA appeared to be itself processed into a mature form of about
130 nucleotides in mitochondria (Chang and Clayton 1987). However, the signifi-
cant presence of the MRP RNA in mammalian mitochondria was strongly
contradicted by a further study in which RNA fractions from highly purified HeLa
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Mitochondrion

Nucleus-encoded
MRP RNA

Fig. 4.1 Different options reported for mitochondrial targeting of the nucleus-encoded MRP RNA.
MRP localization to the organelles was proposed to be modulated by the G-rich RNA sequence-
binding factor 1 (GRSF1). Import into mitochondria would involve the mitochondrial polynucle-
otide phosphorylase (PNPASE). It was also put forward that the MRP RNA might only reach the
mitochondrial intermembrane space or associate with the outer membrane. The stem-loop described
as a mitochondrial import determinant (Wang et al. 2010) is highlighted as a thicker black line and
pointed by an arrow in one of the MRP structures

cell mitoplasts were probed (Kiss and Filipowicz 1992). In these experiments, the
level of MRP RNA recovered in the final mitoplast fraction was representative of no
more than 1 molecule per 100 organelles, i.e., a level that would be unable to sustain
RNase MRP activity. A controversial situation thus arose that was further fueled by
in situ hybridization experiments pointing to the presence of MRP RNA in mam-
malian mitochondria (Li et al. 1994). In later experiments, additional quantitative
analyses implied the presence in mitochondria of 6—15 molecules of MRP RNA per
human HeLa cell (Puranam and Attardi 2001), which is also quite low considering
the hundreds of mitochondria present in a cell (Posakony et al. 1977).

The contradiction was revived again more recently. Extensively purified nucleo-
lar RNase MRP and presumably mitochondrial RNase MRP were characterized in
yeast and contained distinct protein components, but an identical RNA moiety
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involved in cleavage catalysis (Lu et al. 2010). On the other hand, import of the
human RNase MRP RNA moiety into isolated yeast and mammalian mitochondria
was reported in a study devoted to a putative role of mitochondrial polynucleotide
phosphorylase (PNPASE) in organellar import of RNAs (Wang et al. 2010, 2012a).
A predicted 20-nucleotide stem-loop structure in the MRP RNA was determined to
be a mitochondrial import signal and rendered the non-imported GAPDH mRNA
able to be taken up into isolated yeast mitochondria (Wang et al. 2010) (Fig. 4.1).
Conversely, MRP RNA uptake was strongly decreased with liver mitochondria
isolated from a mouse with a liver-specific knockout of the PNPASE gene versus
mitochondria from wild-type mouse (Wang et al. 2010). The stem-loop structure of
the MRP RNA was also grafted as an RNA aptamer to mitochondriotropic
nanocarriers, so-called MITO-Porters, to optimize the nanovesicle functionality
(Yamada et al. 2016). The MRP RNA was further detected in mitoplasts in the
course of a global analysis of the human mitochondrial transcriptome (Mercer et al.
2011). These reports did not resolve the controversy. The dispute continued on the
significance of such observations for the specificity and selectivity of RNA uptake
into mitochondria, in the context of a similar situation for the RNase P RNA (see
below Sect. 4.4.3) (Rossmanith 2012). In a general search for novel mitochondrially
imported RNAs (see Sect. 4.3.3), Cannon et al. (2015) applied to mouse mitochon-
dria a very stringent elimination of cytosolic contamination. As for Kiss et al. with
HepG2 cells (Kiss and Filipowicz 1992), they concluded that the MRP RNA was not
imported into the mitochondrial matrix, only leaving open the possibility that it
might associate with the outer membrane or reach the intermembrane space
(Fig. 4.1). On the contrary, Noh et al. (2016) reported one more time the presence
of the MRP RNA in nuclease-treated mitoplasts from WI-38 human fibroblasts.
Based on affinity RNA pulldown, mass spectrometry analysis, siRNA silencing, and
CRISPR/Cas9-mediated knockdown, they proposed the RNA-binding proteins HuR
(human antigen R) and GRSF1 (G-rich RNA sequence-binding factor 1) as modu-
lators of the nuclear export and mitochondrial localization of the MRP RNA,
respectively (Noh et al. 2016) (Fig. 4.1). The contradictions thus persist. Asking in
a more open way the question of the function that the MRP RNA would have if
present in mitochondria might be a way to make progress.

4.3 ncRNA Trafficking and Regulation of Mitochondrial
Gene Expression

Sequencing of whole genomes and transcriptomes has revealed the massive abun-
dance of ncRNAs of different types and sizes that play key roles in all genetic and
regulatory processes. Moreover, there is growing evidence that ncRNAs also interact
with each other and form complex intertwined networks (Yamamura et al. 2017).
After exponential development of the data on ncRNAs in nuclear and cytosolic
regulatory mechanisms, the field is now extending to the mitochondrial genetic
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compartment, with challenging hypotheses and prospects. Evidence is growing that
intercompartment trafficking of ncRNAs takes part in nuclear-mitochondrial com-
munication through retrograde and anterograde signaling (Vendramin et al. 2017)
and in the control of most major pathways of mitochondrial metabolism (Baradan
et al. 2017; Geiger and Dalgaard 2017). Mitochondrial miRNAs in particular are
likely to play important roles in health, disease, and aging (Baradan et al. 2017,
Borralho et al. 2015; Rippo et al. 2014; Srinivasan and Das 2015).

4.3.1 Gene Regulation Driven by Imported Nucleus-Encoded
miRNAs in Mitochondria

miRNAs are small single-stranded RNAs (ssRNAs) of ~22 nucleotides in size with
complex and pleiotropic regulatory roles. Their biogenesis pathway has been well
characterized in animals (Breving and Esquela-Kerscher 2010). Transcription of
miRNA genes first results in stem-loop pri-miRNA precursors of hundreds to
thousands of nucleotides that can carry multiple miRNA sequences. In the nucleus,
most pri-miRNAs are recognized and cleaved by the Drosha complex to form
pre-miRNAs. The latter are exported from the nucleus to the cytosol by the
Exportin-5/Ran-GTP complex. In the cytosol, pre-miRNAs are processed by Dicer
and its cofactors, resulting in the release of ~22-nucleotide-long double-stranded
RNAs (dsRNAs). These are separated into two ssRNAs, the guide strand and the
passenger strand. The guide strand is recovered in the RISC complex that contains
one Argonaute protein. In mammals, there are four Argonaute proteins that can bind
to the 3'-untranslated region (3'-UTR) of mRNAs. The most abundant Argonaute
protein is Argonaute 2 (Ago2). Recruitment of the RISC complex loaded with the
guide strand miRNA on its target mRNA blocks translation or triggers degradation
(Kim et al. 2016). The mode of action can be selected by proteins of the RISC
complex other than Argonaute, such as a member of the GW 182 protein family, the
RNA-binding protein fragile-X-mental-retardation protein (FMRP), or the
decapping activator RCK/p54 (Breving and Esquela-Kerscher 2010). Argonaute
proteins and miRNAs have been recovered in the nucleus and in the cytosol. They
are associated with P-bodies, stress granules, exosomes, endoplasmic reticulum,
Golgi apparatus, lysosomes, and endosomes (Nguyen et al. 2014). Cell-free
miRNAs were also found in biological fluids (Makarova et al. 2016).

Global sequence analyses and alignments that run for different mammalian cells
pointed out the association of hundreds of indexed nucleus-encoded miRNAs with
mitochondria (Bandiera et al. 2011; Barrey et al. 2011; Bian et al. 2010; Das et al.
2012; Dasgupta et al. 2015; Kren et al. 2009; Jagannathan et al. 2015; Mercer et al.
2011; Sripada et al. 2012a; Wang et al. 2015; Wang and Springer 2015). These were
named mitomiRs (Bandiera et al. 2011). The first results documenting the presence
of nucleus-encoded miRNAs associated with RNase-treated mammalian mitochon-
dria highlighted mitomiRs with no predictable target among mitochondrial RNAs
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(Kren et al. 2009; Bian et al. 2010). Indeed, the vast majority of mitomiRs seem to
have cytosolic mRNAs as predicted targets and will be discussed below (see Sect.
4.5). However, further analyses highlighted nucleus-originating mitomiRs that can
potentially target mtDNA-derived RNAs (Bandiera et al. 2011; Barrey et al. 2011;
Dasgupta et al. 2015; Jagannathan et al. 2015; Mercer et al. 2011; Sripada et al.
2012a). Bandiera et al. (2011) identified from HeLa cells a signature of 13 nucleus-
encoded miRNAs reproducibly enriched in mitochondrial extracts, out of which
10 had potential mitochondrial targets. Genomic location analyses showed that these
miRNAs originated from intragenic or intergenic sequences, most of which were
located in regions of mitochondrial pseudogenes in the nuclear genome or in loci
involved in mitochondrial disorders (Bandiera et al. 2011). In comparison to the
usual ~22-nucleotide-long cytosolic miRNAs, they showed unusual sizes varying
from 17 to 25 nucleotides, which give them unique thermodynamic features. Also
atypical, some mitomiRs potentially target mitochondrial tRNAs or rRNAs
(Bandiera et al. 2011; Barrey et al. 2011; Dasgupta et al. 2015; Sripada et al.
2012a). Bioinformatic tools predicted that multiple mitomiRs might target the
same mitochondrial mRNA at different positions (Bandiera et al. 2011; Barrey
etal. 2011; Dasgupta et al. 2015; Jagannathan et al. 2015) and that a given mitomiR
might target several mitochondrial mRNAs, or both mitochondrial and nuclear
mRNAs (Bandiera et al. 2011; Dasgupta et al. 2015; Jagannathan et al. 2015;
Sripada et al. 2012a).

The functional significance of the presence of miRNAs matching mtDNA
sequences in mitochondria has been documented in several cases. Das et al.
(2012) reported that nucleus-encoded miR-181c¢ associates with the 3’-UTR of the
COX1 mitochondrial mRNA and Ago2 in organelles (Das et al. 2012) (Fig. 4.2).
Overexpression of miR-181c in rat myocyte cultures did not change the COXI
mRNA level but resulted in a decrease of the COX1 protein in the organelles and
a surprising increase of the COX2 mRNA and COX2 polypeptide. Similarly, in vivo
systemic delivery of a miR-181c-encoding plasmid mediated by a nanovector in rats
led to a selective mitochondrial complex IV remodeling (Das et al. 2014). Both the
COXI mRNA and the COX1 protein content were decreased in mitochondria, as
well as the COX2 and COX3 mRNA levels. Expression of other mitochondrial genes
was not significantly affected (Das et al. 2014).

A decreased level of the mitochondrially encoded ATP6 protein was in turn
observed upon overexpression of miR-378 in transformed HL-1 cardiomyocyte
mouse cells or upon redistribution of miR-378 to the heart interfibrillar mitochondria
in diabetic FVB mice (Jagannathan et al. 2015). In mitochondria, miR-378 was
found associated with Ago2 and the FRX1 protein, i.e., a mouse structural homolog
of FMRP, but the GW 182 RISC protein was not detected (Fig. 4.2). Conversely, an
enhanced translation of multiple mitochondrial mRNAs was reported in response to
miR-1, which is specifically induced during myogenesis (Zhang et al. 2014). The
levels of the ND1 and COX1 mtDNA-encoded proteins were increased by more than
15-fold during differentiation of C2C12 mouse cells from myoblasts to myotubes,
while the levels of the corresponding mRNAs were invariant. Again, Ago2, but not
GW182, was detected in mitochondria (Fig. 4.2). Finally, a specific increase of the
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Fig. 4.2 Reported effects of individual nucleus-encoded miRNAs on mitochondrial genetic pro-
cesses. miRNAs are represented in association with their target. Whether the effect of miR-181c on
COX2 is primary or secondary remains to be established. Ago2 was found in mitochondria in most
cases. In the case of miR-378, miR-1, and miR-21, GW 182 was searched for but was not detected in
mitochondrial fractions. Ago2 is the Argonaute 2 protein; GW182 is a protein containing multiple
GW repeats that is essential for miRNA-mediated gene silencing; FXR1 is the fragile-X-mental-
retardation-related protein 1; COXI, COX2, ATP6, CYTb, and NDI are the mRNAs coding for
subunit 1 of cytochrome oxidase, subunit 2 of cytochrome oxidase, subunit 6 of ATP synthase, and
cytochrome b and subunit 1 of NADH Coenzyme Q oxidoreductase, respectively; RNR2 is the
mitochondrial 16S rRNA

CYTb protein, without change at the mRNA level, was observed in HO9C2 rat
cardiomyoblast cells and in human HK2, HEK293, or HUVEC cells transfected
with a miR-21 mimic (Li et al. 2016). Also, Ago2 showed an increased association
with the CYTb mitochondrial mRNA in miR-21-transfected cells (Fig. 4.2). Notably,
GW182 knockdown prevented translational repression of the miR-21 cytosolic
target PTEN, but miR-21-triggered enhancement of CY7Th mRNA translation was
maintained (Li et al. 2016). Sripada et al. (2017) localized miR-4485 in mitochondria
from human cells. A dynamic association was highlighted, with various levels
observed under different stress conditions. miR-4485 was found to bind to mito-
chondrial 16S rRNA, to regulate the processing of pre-rRNA at the 16S rRNA-ND/
junction, and to affect translation of the downstream transcripts. Cell transfection
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with a miR-4485 mimic affected mitochondrial Complex I activity, ATP production,
ROS levels, caspase-3/7 activation, and apoptosis (Sripada et al. 2017).

There is no information so far on putative nucleus-encoded miRNAs that would
regulate gene expression in plant mitochondria. Using a computational approach,
Kamarajan et al. (2012) predicted seven potential mitochondrial miRNA targets in
plants, but no supporting experimental evidence has been presented.

The above series of functional results implies that some nucleus-encoded
miRNAs can indeed be translocated into mitochondria and can gain access to
mRNAs inside the organelles. Their impact seems to be mostly, but not exclusively,
on mitochondrial mRNA translation. However, they appear to either enhance or
inhibit translation, depending on the target and the context. Also, while several
groups documented the presence of Ago2 in mammalian mitochondria, the absence
of important cofactors of the cytosolic RNA silencing pathway, like the GW182
proteins (Pfaff and Meister 2013), was repeatedly reported (Jagannathan et al. 2015;
Li et al. 2016; Zhang et al. 2014). The molecular mode of action of miRNAs in
mitochondria is thus likely to differ significantly from the known cytosolic mecha-
nisms. Nevertheless, the abovementioned miRNAs appear to be part of important
mitochondrial regulation processes. Regulation of COX1 by miR-181c¢ alters mito-
chondrial function, leads to propensity for heart failure (Das et al. 2014), and
connects with the nuclear factor (erythroid-derived 2)-like 2 (NFE2L2/NRF2) path-
way in cancer (Jung et al. 2017). Following diabetic insult, miR-378 is redistributed
to the interfibrillar mitochondria in the heart, where it participates in alteration of
ATP synthase functions through downregulation of ATP6 expression (Jagannathan
et al. 2015). This pathway is part of a more general scheme involving the organelles,
as miR-378 is also involved in the control of mitochondrial fatty acid oxidation via
the carnitine system. Aberrant expression of miR-378 in cancer cells contributes to
the deregulation of the carnitine cycle (Valentino et al. 2017). The mitochondrial
enzyme carnitine O-acetyltransferase in particular is a target controlled by miR-378.
KO mice for miR-378 are resistant to high-fat diet-induced obesity and show
enhanced mitochondrial fatty acid metabolism (Carrer et al. 2012). Various aspects
of the implication of miRNAs, including mRNA targeting inside the organelles, in
the regulation of mitochondrial energy metabolism have been discussed, with a
special interest for heart failure processes (Pinti et al. 2017). The action of miR-1
on mitochondrial translation contributes to the changes in bioenergetics mechanisms
that are part of the myogenesis cell differentiation program. Notably, while stimu-
lating translation of multiple mRNAs in mitochondria, miR-1 is able to repress its
nucleus-encoded cytosolic mRNA targets (Zhang et al. 2014). The positive function
of miR-21 in mitochondrial translation is involved in the control of blood pressure in
mammals (Li et al. 2016). Finally, mitochondrially targeted miR-4485 negatively
affects the tumorigenic potential of breast cancer cells in cell culture and in a mouse
xenograft model. It might potentially act as a tumor suppressor by downregulating
mitochondrial RNA processing and mitochondrial functions (Sripada et al. 2017).

The presence of miRNAs in mitochondria implies that they can cross mitochon-
drial membranes. However, it has been noted that the level of some mitomiRs is
depleted in mitoplasts, i.e., organelles recovered after rupture of the outer membrane,
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Fig. 4.3 Different options proposed for Ago2-independent mitochondrial trafficking of nucleus-
encoded miRNAs. Some miRNAs would enter the intermembrane space for storage and would be
released into the cytosol on demand to regulate their target. Mediators suggested for nucleus-
encoded miRNA import include the VDAC in the outer membrane, the PNPASE in the
intermembrane space and a complex equivalent to the RIC complex in the inner membrane.
Interaction of P-bodies or endoplasmic reticulum with mitochondria could also facilitate the
independent import of miRNAs and Ago2 into mitochondria. Ago2 is the Argonaute 2 protein;
VDAC is the voltage-dependent anion channel; PNPASE is the mitochondrial polynucleotide
phosphorylase; RIC is the mitochondrial RNA import complex reported in L. tropica

in comparison to intact mitochondria (Mercer et al. 2011; Sripada et al. 2012a). It can
thus be assumed that some miRNAs can cross only the outer membrane and remain
in the intermembrane space, which would be an easier way for those that are
supposed to return to the cytosol to meet their target (see Sect. 4.5) (Fig. 4.3).
Conversely, miRNAs efficiently recovered in mitoplasts should be considered to
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translocate through both mitochondrial membranes. Several hypotheses have been
put forward to account for the uptake mechanism of these miRNAs into mitochon-
dria. Bandiera et al. (2011) proposed that the structural features of mitomiRs could
promote their entry into mitochondria (Fig. 4.3). The use of previously identified
RNA transport mediators has also been suggested, such as the voltage-dependent
anion channel (VDAC) localized in the outer membrane and known to be involved in
mitochondrial import of tRNAs in plant cells (see Sect. 4.4.1.2) (Bandiera et al.
2013; Salinas et al. 2006, 2014) (Fig. 4.3). Another factor could be the PNPASE
located in the mitochondrial intermembrane space (Bandiera et al. 2013; Geiger and
Dalgaard 2017; Sripada et al. 2012b), which was reported to play a role in regulating
the import of nucleus-encoded RNAs into mitochondria (Wang et al. 2010) (see
Sects. 4.2 and 4.4.3) (Fig. 4.3). Sripada et al. (2012b) also thought about a specific
mechanism similar to the RIC complex described as located in the mitochondrial
inner membrane of Leishmania tropica and supposed to mediate tRNA import into
mitochondria in Kinetoplastida (Mukherjee et al. 2007) (see Sect. 4.4.1.1) (Fig. 4.3).
Finally, Makarova et al. (2016) proposed that interactions with P-bodies and the
endoplasmic reticulum could facilitate the import of miRNAs and Argonaute pro-
teins into mitochondria (Fig. 4.3).

As Ago2 is dual-localized in the cytosol and in mitochondria, Ago2-dependent
mechanisms have been suggested for organellar import of miRNAs (Bandiera et al.
2013; Geiger and Dalgaard 2017; Srinivasan and Das 2015; Sripada et al. 2012b;
Zhang et al. 2014). However, the pathway involved in mitochondrial import of Ago2
itself is not clear. Fusion with the predicted mitochondrial targeting sequence (MTS)
of the Ago2 protein (Bandiera et al. 2011) failed to direct the green fluorescent
protein (GFP) reporter to mitochondria (Zhang et al. 2014). Communication
between mitochondria and the endoplasmic reticulum was proposed as an alternative
to the regular MTS-driven pathway for Ago2 import (Zhang et al. 2014) (Fig. 4.4).
Indeed, the endoplasmic reticulum was reported to be a central nucleation site for the
assembly of RNA silencing complexes (Barman and Bhattacharyya 2015; Stalder
et al. 2013). Conversely, Srinivasan and Das (2015) still suggested that Ago2 could
have a pivotal role in transporting ncRNAs into mitochondria via the regular TOM
and TIM protein import channels (Fig. 4.4). The authors further speculated that
Ago2 might also export to the cytosol miRNAs stored in mitochondria (see Sect. 4.5)
(Fig. 4.4). In a recent study, Ago2 and PNPASE were co-immunoprecipitated from
mitochondrial pellets, and the overexpression of PNPASE led to an increase in the
miR-378 level in the mitochondria of HL-1 cardiomyocyte mouse cells (Shepherd
et al. 2017). Strikingly, knockdown of the protein did not significantly alter the
mitochondrial miR-378 level. While the results show an association of Ago2 and
PNPASE, establishing whether the complex is inside mitochondria will require
further experiments using protease treatment of mitochondria or preparation of
mitoplasts (Fig. 4.4).
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Fig. 4.4 Different options proposed for Ago2-dependent mitochondrial trafficking of nucleus-
encoded miRNAs. The endoplasmic reticulum was proposed to be involved in mitochondrial
import of miRNAs in complex with Ago2. Alternatively, Ago2 could use the regular TOM and
TIM complexes to transport miRNAs into mitochondria. It was also suggested that Ago2 might
export stored miRNAs from mitochondria to the cytosol. Ago2 and PNPASE were
co-immunoprecipitated from mitochondrial fractions. Ago2 is the Argonaute 2 protein; PNPASE
is the mitochondrial polynucleotide phosphorylase; TOM and TIM are the regular protein
translocases of the outer and inner membranes

4.3.2 Gene Regulation Driven by mtDNA-Encoded miRNAs
in Mitochondria

As discussed above, mitomiR sequences mapping to the mtDNA could mostly be
attributed to indexed nucleus-encoded miRNAs, but whether some derive from
mtDNA-encoded transcripts is an obvious question (Barrey et al. 2011; Sripada
et al. 2012a). Giving a clear-cut answer is complex, due to the presence of numerous
pieces of mitochondrial sequences, i.e., NUMTs, in the mammalian nuclear genome,
but the potential exists. Both strands of the mammalian mtDNA are entirely tran-
scribed, generating large polycistronic RNAs. H-strand transcription is initiated from
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two differentially regulated sites in the D-loop, HSP1 and HSP2 (Asin-Cayuela and
Gustafsson 2007). The HSP1 promoter produces a transcript that covers only the
2 rRNA genes, but HSP2 yields fully coding transcripts that cover almost the entire
H-strand, including the 2 rRNA genes, 15 tRNA genes, and 12 protein genes.
L-strand transcription is initiated from the LSP promoter and produces a transcript
that carries 7 tRNAs and the ND6 mRNA. In this context, processing of the primary
transcripts can potentially yield antisense RNAs to any of the mitochondrial rRNAs,
tRNAs, or mRNAs. In particular, processing of the transcripts initiated from the LSP
promoter releases a set of large noncoding sequences that are antisense to most of the
mitochondrial genes. Analysis of the human mitochondrial transcriptome annotated
a series of novel small ncRNAs potentially expressed from distinct mtDNA loci, but
the majority seemed to derive from mitochondrial tRNA cleavage (Mercer et al.
2011). Numerous small noncoding transcripts (12—137 nucleotides) mapping to the
mitochondrial genome were identified in a further deep sequencing study of cyto-
solic and mitochondrial RNA libraries from mouse and human (Ro et al. 2013).
Comparison with the transcriptome of mtDNA-depleted p0O cells supported the
conclusion that these potential ncRNAs were encoded by the mitochondrial genome.
Analyses of their 5'-ends suggested that they were products specifically generated
from larger transcripts by ribonucleases rather than residual turnover by-products.
Notably, the patterns were different among organs and between species. When some
of the candidates were transfected into NIH 3 T3 mouse cells, an increased expres-
sion of their putative mitochondrial target RNAs was observed (Ro et al. 2013).
However, the possibility was not considered that in such cell transfection assays,
small RNAs presumed to be normally generated inside mitochondria have in this
case to be targeted from the cytosol into the organelles to reach their targets. Also
puzzling, production of the presumed mtDNA-encoded small RNAs was proposed
to involve the Dicer RNA interference ribonuclease, but Dicer was not detected in
the mitochondrial fractions from human HEK293T cells. Ago2 was also not found in
the organellar fractions in that study (Ro et al. 2013).

Barrey et al. (2011) identified 25 potential pre-miRNAs in mitochondria, which in
turn agrees with the idea of a mitochondrial miRNA biosynthesis pathway. In
addition, Shinde and Bhadra (2015) used in silico analysis of the mitochondrial
human genome to predict pre-miRNA-like hairpin structures and find miRNA target
sites. Six suitable pre-miRNA and mature miRNA candidates were selected. The
size of the predicted miRNAs varied between 19 and 22 nucleotides. These
pre-miRNAs and miRNAs were detected by quantitative northern analysis and
RT-gqPCR in enriched mitochondrial fractions containing low cytosolic mRNA
contamination. For preliminary functional analyses, the wild-type or a mutated
3/-region of the mitochondrial 16S rRNA gene was cloned downstream of the
luciferase gene. The fusion construct was expressed in human HEK-293 cells
co-transfected with candidate mitochondrial miRNAs. Downregulation of luciferase
was observed when using the wild-type fusion, whereas fusing the mutated 3'-region
had no consequence. The assays suggested that the mitochondrial sequence tested
was a potential target for two out of the six miRNA candidates analyzed. Further
sequence and function analyses should strengthen these observations.
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The large size (commonly 200-700 kb) and low gene density of plant mitochon-
drial genomes (Gualberto et al. 2014) theoretically provide a wide potential for
producing ncRNAs, while the complexity of transcriptional and posttranscriptional
processes (Bonen 2008; Brown et al. 2014; Holec et al. 2006, 2008; Sun et al. 2016;
Takenaka et al. 2013) indicates multiple regulation mechanisms. Nevertheless, the
existence of mtDNA-derived ncRNAs with specific functions in plant mitochondria
remains to be assessed (Rurek 2016). Of particular interest is the case of the
angiosperm genus Silene. Some species in this genus have the largest mitochondrial
genomes ever characterized and sequenced, reaching over 11 Mb in size (Sloan et al.
2012; Wu et al. 2015a). Resulting from massive gain and duplication of noncoding
sequences, these enormous mtDNAs are fragmented into dozens of circular-mapping
mitochondrial chromosomes, some of which contain no identifiable genes but still
are maintained. Whether the “empty” chromosomes contain novel and unannotated
functional elements, in particular genes for functional ncRNAs, was investigated
through RNA-seq of enriched mitochondrial transcripts of Silene noctiflora tran-
scripts (Wu et al. 2015b). The overall frequency of 17- to 25-nucleotide RNA reads
mapping to the mitochondrial genome was very low. No candidates for small
regulatory RNAs antisense to annotated mitochondrial genes were identified. A
large number of localized areas in unannotated regions, including “empty” chromo-
somes, showed high transcript abundance; however, only four candidates for func-
tional small ncRNAs mapping outside of regions containing annotated genes were
detected, and none of them exhibited significant similarity to characterized small
RNAs in miRBase (Wu et al. 2015b). Deep sequencing profiling of Arabidopsis
thaliana small RNAs in the 18- to 30-nucleotide range under high- or
low-temperature stress detected differential sets of unique reads mapping to the
mitochondrial genome and accounting for 0.40 (normal temperature), 0.37 (low
temperature), and 0.43 (high temperature) percent of the total unique reads, respec-
tively (Baev et al. 2014). Whether mitochondrially encoded small RNAs indeed
contribute to temperature stress response in plants remains to be considered in more
detail.

4.3.3 Gene Regulation Driven by Nucleus-Encoded IncRNAs
in Mitochondria

IncRNAs are transcripts of 200 nucleotides and more in length. A vast range of
IncRNAs is involved in all aspects of eukaryotic genetic and regulation processes
(Bunch 2017; Long et al. 2017; Wang et al. 2017). Recent data suggest that some
nucleus-originating IncRNAs might be targeted to mitochondria. In a general search
for novel mitochondrially imported RNAs, Cannon et al. (2015) subjected mito-
chondria isolated from mouse liver to a stepwise removal of the outer membrane
with digitonin. RNase digestion was carried out at each step. Digitonin treatment
was titrated in increasing quantities to ensure full elimination of the mitochondrial



4 Intercompartment RNA Trafficking in Mitochondrial Function and Communication 87

Mitochondrion

Nucleus

VL30
Ry

transcription

transcription
Primary P
transcript

l processing\

e —

——
AS IncRNA

Retrotransposon

Fig. 4.5 Origin of IncRNAs found in mammalian mitochondria. Nucleus-encoded transcripts of
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outer membrane at the final step. In such stringent conditions, only RNAs deriving
from VL30 retroelements were identified in the final mitochondrial matrix fraction
(Fig. 4.5). The RT-qPCR assays used did not give access to RNA sizes, but VL30
RNAs are known to be in the range of 1 to 11 kb (French and Norton 1997). What
function(s) such large RNAs might have in mitochondria and how they can translo-
cate into the organelles remain to be uncovered. Notably, it was reported that VL30
retrotransposition mediates cell death via mitochondrial and lysosomal damage,
pointing to a role of retrotransposition as a nuclear signal activating a
mitochondrial-lysosomal cross-talk in triggering cell death (Noutsopoulos et al.
2010). The results of these studies also implied that the classical approach of treating
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an unpurified mitoplast pellet with RNase might be insufficient to completely
eliminate RNAs that are not inside mitochondria (Cannon et al. 2015).

The recently annotated SAMMSON IncRNA is involved in melanogenesis. It
promotes mitochondrial targeting of P32, a regulator of mitochondrial homeostasis
and metabolism. Silencing SAMMSON disrupted mitochondrial functions in a
cancer cell-specific manner (Leucci et al. 2016). Interestingly, RNA-FISH experi-
ments showed that the SAMMSON IncRNA co-localized to a large extent with
mitochondria in melanoma cell lines (Leucci et al. 2016). Finally, SRAI is a
bifunctional gene, both producing a IncRNA and encoding a conserved protein
(Leygue 2007). The SRA IncRNA is a target for a number of RNA-binding proteins,
including the SRA stem-loop-interacting RNA-binding protein (SLIRP). Based on
the reported observation that SLIRP is predominantly a mitochondrial protein
(Colley and Leedman 2009), it was speculated that the SRA IncRNA might have a
role in both the nucleus and the mitochondria (Dong et al. 2017).

4.3.4 Gene Regulation Driven by mtDNA-Encoded IncRNAs
in Mitochondria

As mentioned above, the mammalian mitochondrial genome is extremely compact,
but expression from the HSP and LSP promoters generates full transcripts from
both strands and opens the possibility to release ncRNAs. Besides putative
miRNAs, identification of candidate mtDNA-encoded IncRNAs was reported.
Strand-specific deep sequencing analyses run on the transcriptome of RNase-treated
HeLa cell mitochondria highlighted three putative IncRNAs complementary to the
ND5, ND6, and CYTb mitochondrial mRNAs (Rackham et al. 2011) (Fig. 4.5). It
was estimated by RT-qPCR that these IncRNAs were 58%, 34%, and 14% as
abundant as their complementary coding ND5, ND6, and CYTb mRNAs, respec-
tively, and that they contained no significant open reading frame. Structural ana-
lyses showed that they all formed intermolecular duplexes, suggesting that they
may have a functional role. Expression of these IncRNAs appeared to be regulated
by nucleus-encoded mitochondrial proteins involved in RNA processing, a further
support for their significance. Knockdown of mitochondrial RNase P proteins 1 and
3 (MRPP1 and MRPP3) caused a dramatic decrease in the level of the three
IncRNAs, with a lower effect for MRPP3. A subtler negative effect was observed
upon knockdown of the mitochondrial RNase Z ELAC2, whereas impairing the
RNA-binding protein PTCD1 was associated with a specific decrease of the
IncND5 RNA. Knockdown of PTCD2 resulted in a decrease of IncND5 and
IncND6 (Rackham et al. 2011). Notably, PTCD1 and PTCD2 are pentatricopeptide
repeat (PPR) proteins (Lightowlers and Chrzanowska-Lightowlers 2008). Finally,
the fact that the abundance of these IncRNAs varied in different cell lines and
tissues further supported the idea that they contribute to the regulation of mito-
chondrial gene expression.
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Additional putative mitochondrial IncRNAs were identified upon deep sequenc-
ing of left ventricle myocardial transcripts from patients with severe heart failure
(Yang et al. 2014). Strikingly, reads mapping to the mitochondrial genome were
highly abundant in the total IncRNA population, with nine putative mitochondrial
IncRNAs accounting for 71% of the total cardiac IncRNA read counts. Analysis of
the abundance of these potentially mtDNA-encoded IncRNAs across different
disease states, together with that of regulatory factors, revealed a significant negative
correlation with the nucleus-encoded transcription factors GABPA and NRFI, as
well as with the coactivator of mitochondrial biogenesis PPRCI1. It was proposed
that a decreased mitochondrial transcript abundance in failing myocardium might
trigger an upregulation of nucleus-encoded regulators of mitochondrial biogenesis
(Yang et al. 2014). Again, the regulatory processes described seem to support the
significance of these mitochondrial IncRNA candidates, but whether they have
themselves a role in the regulation of mitochondrial gene expression remains to be
investigated.

An early cDNA library survey in A. thaliana identified 5 putative mitochondrial
ncRNAs with sizes of 162 to 300 nucleotides (Marker et al. 2002). Four of these
ncRNAs mapped to intergenic regions, surrounded by open reading frames of
undetermined significance but also by tRNA or respiratory complex subunit genes.
The fifth candidate spanned the nadl exon 5 3’-end and its downstream region, with
a tissue-specific expression mostly occurring in roots (Marker et al. 2002). Four of
these transcripts identified from a total cDNA library also mapped to the A. thaliana
nuclear genome, which contains massive insertions of mitochondrial sequences, so
that their origin remained uncertain. A 500-nucleotide mitochondrial transcript
actively expressed from an intergenic region was also highlighted during analysis
of mtDNA transcription and organelle RNA stability in A. thaliana (Holec et al.
2006). Notably, this transcript turned out to be edited, which suggests an authentic
mitochondrial origin, although the possibility cannot be discounted that RNAs
imported into mitochondria might be edited if the appropriate sequence context
happens to be present. As mentioned above (Sect. 4.3.2), RNA-seq analysis of the
transcripts deriving from the enormous 7 Mb mitochondrial genome of S. noctiflora
identified a large number of localized areas in intergenic regions, including “empty”
chromosomes, showing high transcription levels (Wu et al. 2015b). Whether these
are a source of functional long or intermediate size ncRNAs remains to be investi-
gated, but the idea is supported by the fact that many of these transcribed intergenic
sequences carry C to U editing sites.

Other extended plant mitochondrial transcriptomes have been generated through
deep sequencing, but the possible existence of functional ncRNAs in the organelles
was not considered (Fang et al. 2012; Grewe et al. 2014; Grimes et al. 2014; Islam
et al. 2013; Picardi et al. 2010; Shearman et al. 2014). However, again a number of
editing sites were detected in noncoding and unannotated regions. In particular,
RNA-seq analysis of the tobacco (Nicotiana tabacum) mitochondrial transcriptome
detected 73 editing sites in intergenic regions (Grimes et al. 2014). Finally, a total of
68 ncRNA candidates presumably derived from the mitochondrial or chloroplastic
genome was reported upon global sequencing of the 50- to 500-nucleotide RNAs of
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rice (Oryza sativa) (Liu et al. 2013). Sequencing of A. thaliana RNAs in the 50-300-
nucleotide range in turn highlighted 49 noncoding transcripts mapping to the
mitochondrial genome (Wang et al. 2014).

4.4 RNA Trafficking and Mitochondrial Translation

4.4.1 Mitochondrial Trafficking of Nucleus-Encoded tRNAs
to Support Translation

The set of mtDNA-encoded tRNAs is often insufficient for translation of all codons.
Some of the mitochondrial tRNAs are encoded by the nuclear genome and imported
from the cytosol into the organelles, where they function in protein synthesis. The
concept of tRNA import into mitochondria appeared 50 years ago with the analysis
of the organellar tRNA population in the ciliated protozoan Tetrahymena pyriformis
(Suyama 1967). Far from the initial skepticism, it is now accepted as an essential
process of mitochondrial biogenesis and is widespread in all eukaryotes. The number
and identity of the mitochondrially imported isoacceptors, which generally partition
between the cytosol and the organelles, depend on the species. The targeting and
translocation mechanisms remain difficult to assess but appear to differ among the
organisms (Salinas et al. 2008; Schneider 2011; Rubio and Hopper 2011; Sieber
et al. 2011; Wang et al. 2012a; Salinas-Giegé et al. 2015).

4.4.1.1 Mitochondrial Trafficking of Nucleus-Encoded tRNAs
in Protists

Kinetoplastida (Trypanosoma, Leishmania) and Apicomplexa (Plasmodium, Toxo-
plasma) represent an extreme case, as their mtDNA carries no tRNA gene and thus
all mitochondrial tRNAs are imported from the cytosol (Hancock and Hajduk 1990;
Kapushoc et al. 2002; Tan et al. 2002a; Esseiva et al. 2004; Sharma and Sharma
2015). However, this is not necessarily the case in other protists. The T. pyriformis
mtDNA carries 8 tRNA genes encoding 7 distinct tRNAs (Chiu et al. 1975; Suyama
1986; Burger et al. 2000), while the bacteria-like and gene-rich mitochondrial
genomes of core jakobids (Excavata) contain up to 29 tRNA genes, with 27 for
Reclinomonas americana (Burger et al. 2013). Notably, even in extreme cases where
the mtDNA carries no tRNA gene, the import process is selective, i.e., not all
cytosolic tRNAs are recovered in mitochondria. The reasons for that can be multiple
(Sieber et al. 2011). Some tRNAs are not needed, due to the prokaryotic features of
mitochondrial translation. Others would be inefficient or deleterious, due to
organellar deviations from the universal genetic code. On the other hand, a tRNA
can also be imported and subsequently adapted to the mitochondrial genetic code
through editing of the anticodon (Charriere et al. 2006). The initiator tRNA is a
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special example. Mitochondrial translation requires a formylated initiator tRNAM",
The cytosolic initiator tRNAM® cannot be formylated, and accordingly it is not
present in mitochondria. Instead, a fraction of the imported cytosolic elongator
tRNAM in Trypanosoma brucei can be formylated in the single mitochondrion,
so that this tRNA can be used for both elongation and initiation of translation in
mitochondria (Tan et al. 2002b). The extent of mitochondrial localization of the
tRNAs shared with the cytosol varies in Leishmania and Trypanosoma, but there
seems to be no correlation with the cytosolic abundance, with the organellar codon
usage, or with the life cycle (Shi et al. 1994; Kapushoc et al. 2002; Tan et al. 2002a;
Cristodero et al. 2010). Attempting to take advantage of the tRNA import pathway,
Sbicego et al. (1998) exchanged the natural intron in tRNA™" for synthetic
sequences and transformed splicing-deficient Leishmania tarentolae cell lines with
the corresponding gene constructs. Modified tRNAs containing up to 38 nucleotides
of additional sequence were transported into the mitochondria.

Structural determinants for tRNA import have been analyzed through different
in vitro and in vivo approaches. For Leishmania, the reported features included the
D-arm, the anticodon, the T-arm, and the variable loop, depending on the tRNA
considered (Bhattacharyya et al. 2002). The D-arm was especially highlighted for
tRNA™" (Mahapatra et al. 1998) and was taken as an import signal in further work
(see below). In Tetrahymena thermophila, the UUG anticodon of tRNA™ was
shown to be necessary and sufficient for mitochondrial import (Rusconi and Cech
1996). The nature of the T-stem 51:63 base pair determined mitochondrial localiza-
tion in T. brucei, while the U51:A63 base pair of the initiator tRNAM® constituted an
import antideterminant for this tRNA (Crausaz Esseiva et al. 2004). In line with such
observations, the elongation factor eEF1a was shown to be essential for the targeting
of tRNAs to the mitochondrial surface in 7. brucei (Fig. 4.6) and the U51:A63 base
pair happened to be the major antideterminant preventing binding of the
non-imported initiator tRNAM 0 eEFla (Bouzaidi-Tiali et al. 2007). Membrane
translocation of the cytosolic tRNAs targeted to the mitochondrial surface in pro-
tozoa seems to occur through a mechanism distinct from protein import (Schneider
2011; Rubio and Hopper 2011). Characterization of an outer membrane receptor
(called TAB) for tRNA import into Leishmania tropica mitochondria was reported
in early studies (Mahapatra and Adhya 1996) (Fig. 4.6), but this observation has had
no further follow-up so far. As to tRNA translocation through the inner membrane, a
large RNA import complex (RIC), composed of three mtDNA-encoded subunits and
eight nucleus-encoded subunits, was isolated from L. fropica mitochondria and
further analyzed (Bhattacharyya et al. 2003; Chatterjee et al. 2006; Mukherjee
et al. 2007; Koley and Adhya 2013) (Fig. 4.6). The RIC complex allowed the import
of the human tRNA™* into isolated human mitochondria (Mahata et al. 2005). It was
also reported that isolated RIC complex could enter human cells by a caveolin-1-
dependent pathway and subsequently support mitochondrial import of endogenous
tRNAs (Mahata et al. 2006; Mukherjee et al. 2014). However, the data on the RIC
became the subject of another open controversy in the field. Aspects of the work
raised an editorial expression of concern (Schekman 2010). Also, no other group
could find evidence for the existence of such a complex in Leishmania or
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Fig. 4.6 Models of mitochondrial tRNA import mechanisms in different organisms. Proteins of the
protist RIC complex are represented in purple. The proteins of the yeast mitochondrial protein
import machinery, the translocases of the outer and inner membranes (TOM and TIM), are in
brown. Heat shock proteins are in blue. TAB is an RNA-binding protein called tubulin antisense-
binding protein; eEFla is the eukaryotic translation elongation factor 1 alpha; single and double
asterisks are the Trypanosoma tRNA-binding membrane proteins Tb09.v1.0420 and Tb11.01.4590,
respectively; Tb09.v1.0420 is a homolog of subunit 11 of the RIC complex; aaRS stands for
aminoacyl-tRNA synthetase; TRIC1 and TRIC2 are tRNA import components identified in
A. thaliana; VDAC is the voltage-dependent anion channel; pre-MSKI1 is the precursor of the
mitochondrial lysyl-tRNA synthetase; enolase is a phosphopyruvate hydratase
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Trypanosoma. Participation of some of the described subunits in a tRNA import
complex was contradicted by further observations (Paris et al. 2009; Cristodero et al.
2010). Recent in vivo investigations by other groups in 7. brucei led to a different
picture. The role of eEFla in mitochondrial tRNA import was confirmed, while the
TIM17 subunit of the protein translocase of the inner membrane (TIM) and the
mitochondrial heat-shock protein HSP70 were shown to be required for the process
(Tschopp et al. 2011). An additional mitochondrial membrane complex with affinity
for tRNAs was purified from 7. brucei, and the involvement of two membrane
proteins in this complex in mitochondrial tRNA import was confirmed (Seidman
et al. 2012). One of these proteins is homologous to a component of the L. tropica
RIC complex mentioned above. Notably, both TIM17 and HSP70, together with
HSP20 and HSP60, were found to be associated with the putative 7. brucei tRNA
translocon (Fig. 4.6). Altogether, there is increasing evidence that mitochondrial
tRNA import and protein import pathways share components in Trypanosoma
(Tschopp et al. 2011; Seidman et al. 2012).

4.4.1.2 Mitochondrial Trafficking of Nucleus-Encoded tRNAs in Plants

Plant mitochondria use the universal genetic code and require an extensive collection
of tRNA isoacceptors. Depending on the species, one third to one half of these tRNA
species are nucleus-encoded and shared with the cytosol (Maréchal-Drouard et al.
1990; Kumar et al. 1996; Glover et al. 2001; Salinas et al. 2008; Duchéne et al. 2009;
Sieber et al. 2011; Salinas-Giegé et al. 2015). Substantial differences in the identity
of the imported tRNAs have been reported between angiosperms and gymnosperms,
dicotyledonous and monocotyledonous plants, but also between closely related
species. The mitochondrial genomes of a number of plant species have been
completely sequenced (https://www.ncbi.nlm.nih.gov/genome/organelle/), which
allowed one to deduce the missing tRNA genes. However, direct experimental
analyses are necessary to establish the precise set of imported isoacceptors in a
given species, as some tRNA genes present in the mitochondrial genome are not
functional. This is the case, for instance, for the tRNATP gene found in the
A. thaliana mtDNA or the tRNAS‘"(GCT) gene of sunflower (Helianthus annuus)
mitochondria. Defective mitochondrial tRNA genes were shown to be compensated
through uptake of the corresponding tRNAs from the cytosol (Ceci et al. 1996;
Duchéne and Maréchal-Drouard 2001). On the other hand, the reason for the import
of some isoacceptors is not necessarily obvious, as it seems to lead to redundancy in
decoding. It was proposed, on the contrary, that this redundancy reflects restrictions
in codon/anticodon recognition due to the presence of modified nucleotides in the
anticodon (Sieber et al. 2011). Other lineages present a contrasting situation. The
mitochondrial genome of the bryophyte Marchantia polymorpha carries 29 tRNA
genes representing 27 different tRNAs, lacking only genes for tRNA" decoding the
AUU and AUC codons and tRNA™ decoding the ACA and ACG codons (Oda et al.
1992). Nucleus-encoded tRNA" 4 su, and tRNA™ 4y, were indeed shown to be
present in M. polymorpha mitochondria (Akashi et al. 1996, 1997). More puzzling, a
priori non-needed cytosolic tRNAval( aac) Was also recovered in organellar fractions
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(Akashi et al. 1998). Conversely, the small mitochondrial genome of the green alga
Chlamydomonas reinhardtii encodes only 3 tRNAs (Michaelis et al. 1990), while
34 mitochondrial tRNAs are considered to be of nuclear origin. It turned out that the
steady-state levels of the imported tRNA isoacceptors are correlated with both the
cytosolic and the mitochondrial codon usage (Vinogradova et al. 2009). Moreover,
mitochondrial tRNA import and codon usage seem to have coevolved in
C. reinhardtii (Salinas et al. 2012).

Structural determinants for mitochondrial import in plants have been investigated in
transgenic N. tabacum cell lines expressing variants of naturally imported or
non-imported tRNAs (Delage et al. 2003b; Laforest et al. 2005; Salinas et al. 2005).
Mutations or sequence exchanges in the D-domain, the T-domain, or the anticodon
inhibited mitochondrial uptake of importable tRNAs. However, introducing features of
an importable tRNA into a naturally non-importable tRNA was not sufficient to provide
importability. Identity determinants of an importable tRNA are essential, as recognition
by the cognate aminoacyl-tRNA synthetase was shown to be necessary for import
(Dietrich et al. 1996a). However, recognition by a mitochondrially imported cognate
aminoacyl-tRNA synthetase was not sufficient to target a naturally non-imported tRNA
to the organelles (Dietrich et al. 1996b). Notably, a U to G mutation at position 34 in the
anticodon of the importable tRNAGly(UCC) inhibited import, in line with the importance
of the anticodon for tRNAY identity (Giegé et al. 1998). Conversely, the anticodon is
not involved in tRNA*™ identity, and introduction of a 4-nucleotide synthetic cargo
sequence after position 35 in the anticodon of A. thaliana tRNAAla(UGC) did not impair
mitochondrial import in transgenic N. tabacum plants (Dietrich et al. 1996a). Similarly,
a bean (Phaseolus vulgaris) tRNA™" containing an A > G mutation at position 35 in
the anticodon and a 4-nucleotide insertion after position 36 was imported into mito-
chondria upon expression from a nuclear transgene in transformed potato (Solanum
tuberosum) plants (Small et al. 1992). Altogether, the data suggest that the aminoacyl-
tRNA synthetases are involved in targeting the importable tRNAs to the mitochondrial
membrane. The TOM40 and TOM20 components of the protein translocase of the
outer membrane (TOM) were reported to contribute to further mitochondrial binding,
while the voltage-dependent anion channel (VDAC) might ensure translocation
through the outer membrane (Salinas et al. 2006, 2014) (Fig. 4.6). Uptake efficiency
and selectivity were shown to require ATP (Delage et al. 2003a). Two additional
putative RNA-binding proteins located in the outer membrane of A. thaliana mito-
chondria were recently shown to have a role in tRNA import (Murcha et al. 2016)
(Fig. 4.6). Called TRIC1 and TRIC?2, for “tRNA import component,” they are members
of the preprotein and amino acid transporter (PRAT) family characterized by the
presence of four transmembrane regions and a conserved domain (Rassow et al.
1999). TRICI and TRIC2 interact with components of the TOM and TIM protein
translocases and display exposed domains on the mitochondrial outer membrane. They
are required for tRNA uptake but not for protein import. From these different data, it
was hypothesized that repurposing of a preexisting protein import apparatus provided
the tRNA import pathway (Murcha et al. 2016).
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4.4.1.3 Mitochondrial Trafficking of Nucleus-Encoded tRNAs in Fungi

Partial localization of the cytosolic tRNALyS(CUU) to mitochondria in the yeast
Saccharomyces cerevisiae was also reported very early in the field (Martin et al.
1979) and was subsequently the subject of extensive studies (Tarassov and Entelis
1992; Tarassov et al. 2007). The yeast mtDNA encodes its own tRNAMS, but the
imported tRNA™* seems to have distinct recognition properties for the AAG
codons. It thus becomes necessary for adaptation of mitochondrial protein synthe-
sis when position 34 in the anticodon of the mitochondrially encoded tRNA™S
becomes hypomodified at elevated temperatures (Kamenski et al. 2007). Partial
mitochondrial localization of cytosolic tRNAS"yg and tRNA"yq, together
with the cognate cytosolic glutaminyl-tRNA synthetase, was also put forward in
yeast, implying that a direct aminoacylation pathway generates the GIn-tRNAS"™
needed for organellar translation (Rinehart et al. 2005). However, a further debate
arose when it was established that the yeast mitochondrion-encoded tRNAS™ is
actually mischarged to Glu-tRNAS™ by organelle-localized cytosolic glutamyl-
tRNA synthetase and that this intermediate shifts to GIn-tRNA®™ upon
transamidation involving a novel type of trimeric tRNA-dependent
amidotransferase (Frechin et al. 2009).

Extensive analysis of mutant and variant tRNA versions was developed to address
the molecular basis underlying selective mitochondrial import of tRNALyS(CUU) in
S. cerevisiae (Entelis et al. 1996, 1998; Kolesnikova et al. 2002). The major structural
determinants for import include C34 in the anticodon, as well as the G1:C72 base pair
and the U73 position in the aminoacyl acceptor stem. Transfer of these features
provided the non-imported cytosolic tRNALyS(UUU) with the ability to translocate
into mitochondria in vitro and in vivo (Entelis et al. 1998). Detailed studies on the
targeting and import mechanisms (Brandina et al. 2006; Entelis et al. 2006; Kamenski
etal. 2010; Baleva et al. 2015) established that the tRNA™ .y, is initially recruited
in the cytosol by an enzyme of the glycolytic pathway, the enolase (Fig. 4.6). Binding
to enolase enables a 3% fraction of the pool of aminoacylated tRNALyS(CUU) to
withdraw from cytosolic translation, promoting a drastic conformational
rearrangement from the canonical L-shape to a so-called F-form (Kolesnikova et al.
2010). The complex shuttles to the mitochondrial membrane, where the tRNA is
transferred to the precursor of the mitochondrial lysyl-tRNA synthetase (Fig. 4.6) and
recovers an L-shape. In this respect, a mitochondrion-associated macromolecular
complex containing the enolase, further glycolytic enzymes, the precursor of the
mitochondrial lysyl-tRNA synthetase, and the tRNALyS(CUU) was characterized
(Brandina et al. 2006). It is hypothesized that ultimately the precursor of the mito-
chondrial lysyl-tRNA synthetase in some way drives the tRNA into the organelles
using the mitochondrial protein import channel (Tarassov et al. 1995a, b) (Fig. 4.6).
Regulation of tRNA™ ‘«cuuy import into yeast mitochondria by the ubiquitin-
proteasome system was reported (Brandina et al. 2007).
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4.4.1.4 Mitochondrial Trafficking of Nucleus-Encoded tRNAs
in Animals

The mitochondrial genome of various metazoa carries only a few tRNA genes
(Lithgow and Schneider 2010; Schneider and Maréchal-Drouard 2000). Conversely,
mtDNAs of mammals are considered to encode all tRNAs needed to read the
adapted genetic code used in the mitochondria of these organisms. Nevertheless,
the abovementioned S. cerevisiae cytosolic tRNALyS(CUU) and derivatives thereof
could be imported into human mitochondria in vitro (Kolesnikova et al. 2000;
Entelis et al. 2001). On the other hand, the mitochondrial tRNA™* gene appears to
be a pseudogene in marsupials, and it was shown that mitochondria from these
species contain a tRNA™® coming from the cytosol (Dorner et al. 2001). Although
the mtDNA-encoded tRNA™ is functional (Nagao et al. 2009), the presence of
cytosolic tRNAs™ in rat and human mitochondria was reported, and isolated human
mitochondria were able to take up tRNAs®™ or a bacterial pre-tRNAP in vitro
(Rubio et al. 2008). Altogether, it appears that mammalian mitochondria have kept
the ability to import at least some tRNAs.

Yeast cytosolic tRNALyS(CUU) derivatives also turned out to be importable into
mitochondria in human cell cultures and to partially rescue mitochondrial functions
in trans-mitochondrial cybrid cells and in patient-derived fibroblasts affected by the
tRNA™® A8344G pathogenic mutation causing the MERRF (myoclonic epilepsy
with ragged red fibers) syndrome (Kolesnikova et al. 2004). Applying the same
strategy with a recombinant tRNA bearing the identity elements for human mito-
chondrial leucyl-tRNA synthetase allowed partial rescue the tRNAL°u<UUR) A3243G
pathogenic mutation causing the MELAS (mitochondrial encephalomyopathy with
lactic acidosis and stroke-like episodes) syndrome (Karicheva et al. 2011).

The mechanism of mitochondrial targeting and uptake of tRNA™* and deriva-
tives in human cells is likely to resemble that in yeast (see above Sect. 4.4.1.3), as the
precursor of the human mitochondrial lysyl-tRNA synthetase promoted the import
in vitro and in cultured human cells (Entelis et al. 2001; Gowher et al. 2013). Also,
the efficiency of the import into isolated human mitochondria increased in the
presence of rabbit or human enolase (Gowher et al. 2013; Baleva et al. 2015).
Human enolase binds to yeast tRNALyS(CUU) and improves tRNA binding to the
precursor of the human mitochondrial lysyl-tRNA synthetase (Baleva et al. 2015).

4.4.2 tRNA-Derived Sequences as Mitochondrial RNA
Shuttles

Strategies have been developed using signal sequences of naturally imported tRNAs
as shuttles to target cargo RNAs into mitochondria in living cells. Extensive analyses
with derivatives of the S. cerevisiae tRNA™ cyy led to the design of short import-
able RNAs containing two domains of the tRNA, the D-arm and a domain that was
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called the F-hairpin, joined by a central linker domain (Kolesnikova et al. 2010).
Exchanging the central linker of such FD-RNAs for an antigenomic sequence led to
repression of the replication of mutated mtDNA carrying a large pathogenic deletion
or a point mutation in human cybrid cells (Comte et al. 2013; Tonin et al. 2014).

The D-arm hairpin of the Leishmania tRNA™" was identified as a determinant for
mitochondrial import (Mahapatra et al. 1998; Bhattacharyya et al. 2002) (see above
Sect. 4.4.1.1). In an extensive series of experiments, this structure was fused with
short antisense RNAs to mitochondrial mRNAs, with antisense DNA oligonucleo-
tides or with long polycistronic RNAs carrying native mtDNA coding sequences.
The various chimeric fusions were loaded on isolated RIC complex (see above Sect.
4.4.1.1) and applied to human HepG2 cells and patient-derived cybrids or injected
into middle-aged and old rats. In all cases, the expected mitochondrial antisense
effect, mtDNA mutation rescue, or stimulation of mitochondrial translation and
respiratory capacity was reported (Mukherjee et al. 2008; Mahato et al. 2011; Jash
and Adhya 2011; Jash et al. 2012). The D-arm hairpin of the Leishmania tRNA™"
was in turn fused to an antisense RNA oligonucleotide directed against the mito-
chondrial COX2 mRNA, so as to promote mitochondrial import. The chimeric
transcript was loaded on MITO-Porter transducing/mitochondriotropic nanovesicles
(Furukawa et al. 2015). Incubation with HeLa cells resulted in knockdown of the
COX2 target RNA. As the stem-loop structure of the MRP RNA (see above Sect.
4.2), the tRNA™" D-arm hairpin was grafted to the MITO-Porters as an RNA
aptamer, to optimize the nanovesicle functionality (Yamada et al. 2016).

In plants, cargo RNAs were linked as 5'-trailors to a 120-nucleotide tRNA-like
sequence taken from the 3’-end of the Turnip yellow mosaic virus (TYMV) genomic
RNA (Val et al. 2011). This sequence mimics the mitochondrially importable tRNAY*
(Matsuda and Dreher 2004). The chimeric RNAs were expressed from nuclear
transgenes and targeted into mitochondria in N. tabacum and A. thaliana. Using
trans-cleaving hammerhead ribozymes as cargoes allowed specific knockdown of
individual mitochondrial RNAs and characterization of new organellar gene functions
(Sultan et al. 2016; Val et al. 2011).

4.4.3 Mitochondrial Trafficking of the RNase P RNA
and tRNA Processing

The history of RNase P RNA trafficking is somewhat parallel to that of MRP RNA
localization (see Sect. 4.2). The ubiquitous endoribonuclease RNase P ensures 5’-end
processing of tRNA precursors but has further roles and cleaves also substrates such
as IncRNAs, rRNAs, and mRNAs (Klemm et al. 2016; Jarrous 2017). After discov-
eries in the laboratories of S. Altman and T. Cech on ribozymes in the 1970s, it has
been considered for decades that throughout prokaryotes and eukaryotes, RNase P is
composed of a catalytic RNA responsible for the activity and a protein subunit
complement. The concept was readily applied to organelles. Mitochondrial RNase
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P activity in yeast was indeed shown to be dependent on protein coded for by nuclear
DNA and an RNA subunit encoded by the mtDNA (Miller and Martin 1983;
Hollingsworth and Martin 1986; Dang and Martin 1993). The mammalian mtDNA
does not encode such an RNA. Nevertheless, Doersen et al. (1985) reported in early
studies the enrichment of a HeLa cell mitochondrial RNase P with a nuclease-
sensitive activity, implying that the mammalian organellar RNase P would also be
aribonucleoprotein with a catalytic RNA and that the nucleus-encoded catalytic RNA
moiety of RNase P would thus be imported into mitochondria (Fig. 4.7). Conflicting
further assays failed to detect any nuclear RNase P activity or H/ RNase P RNA in
mitochondrial extracts and implied that mammalian mitochondrial RNase P would
not be a ribonucleoprotein (Rossmanith et al. 1995; Rossmanith and Karwan 1998).
The nucleus-encoded HI RNase P RNA remaining in organellar fractions was then
attributed to contamination unrelated to the mitochondrial RNase P activity. How-
ever, in agreement with the initial claims (Doersen et al. 1985), a mitochondrion-
associated RNase P activity was later extensively purified from HeLa cells and
reported to contain an RNA identical in sequence to the H/ RNA of nuclear RNase
P. Upon quantitative evaluation, the study concluded that the levels of H/ RNA
detected in HeLa cell mitochondrial fractions should be adequate to satisfy the
mitochondrial tRNA synthesis requirements (Puranam and Attardi 2001). Neverthe-
less, the mammalian RNase P was finally characterized as an enzyme made only of
proteins, through a combination of classical purification and mass spectrometry
analyses (Holzmann et al. 2008; Walker and Engelke 2008). Moreover, the activity
was reconstituted from the three identified subunits, without any RNA component.
The plant mitochondrial RNase P was shown as well to be a protein-only enzyme
(Gobert et al. 2010; Gutmann et al. 2012; Lechner et al. 2015).

The question of mitochondrial import of the H/ RNase P RNA was not closed
with these results, and, as in the case of the MRP RNA (see above Sect. 4.2), the
dispute was revived by the reports focused on the putative role of mitochondrial
PNPASE in mitochondrial import of RNAs (Wang et al. 2010, 2012a). The authors
proposed that the HI RNA actually binds to PNPASE and functions in PNPASE-
dependent processing of mitochondrial RNAs (Fig. 4.7). In the frame of these
experiments, mitochondrial uptake of human H/ RNA was tested both in vitro and
in vivo. While yeast naturally lacks PNPASE, the uptake was higher with mitochon-
dria isolated from yeast expressing the human PNPASE versus mitochondria from
wild-type yeast (Wang et al. 2010). Also, efficient in vivo mitochondrial import of
the human H/ RNA was reported in yeast cells expressing mammalian PNPASE
(Wang et al. 2010). Similarly, the HI RNA was taken up by mitochondria from wild-
type mouse MEF cells or mouse cells expressing the human PNPASE, but not by
mitochondria from mutated mouse cell lines lacking PNPASE. As for the MRP
RNA, HI RNA uptake was strongly decreased with liver mitochondria isolated from
a mouse with a liver-specific knockout of the PNPASE gene versus mitochondria
from wild-type mouse (Wang et al. 2010).

A 20-nucleotide stem-loop structure of the H/ RNA, similar to that in the MRP
RNA (see Sect. 4.2), was identified as a signal for PNPASE-dependent organellar
uptake (Fig. 4.7), and its fusion to the non-imported GAPDH mRNA allowed the
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Fig. 4.7 Models for mitochondrial import of RNase P HI RNA and 5S rRNA. The regions
described as mitochondrial import determinants (Wang et al. 2010; Smirnov et al. 2011) are
highlighted as thicker black lines and pointed by arrows in one of the H/ or 5S rRNA structures.
Putative import of the H/ RNA was proposed to involve PNPASE. Protection of the H/ RNA
against RNase digestion in mitochondrial fractions by tightly bound protein(s) was also implied.
The first factor involved in 5S rRNA import is the precursor of the mitochondrial ribosomal protein
L18 (pre-MRP-L18) that binds to the Loop D region of the y-domain in the cytosol. The RNA is
subsequently handed over to rhodanese and import proceeds. P represents unknown protein(s)

latter to be taken up into isolated yeast mitochondria (Wang et al. 2010). Human
mitochondrial tRNAT™® fused with the HI RNA stem-loop structure, but not tRNA
T alone, was imported into isolated mouse liver mitochondria. A subsequent study
reported that the HI RNA stem-loop was able to promote PNPASE-dependent
uptake of mitochondrial tRNA precursors into isolated mouse or human cybrid
mitochondria (Wang et al. 2012b). The imported precursors appeared to be
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processed and to function in mitochondrial translation. The strategy was further
developed to import HI stem-loop/COX2 mRNA fusion transcripts into mitochon-
dria in human or mouse cells, leading to the production and membrane insertion of
the COX2 polypeptide in vivo. Finally, appropriate precursors of wild-type mito-
chondrial tRNAs were combined with the HI stem-loop and with the 3’-UTR
sequence that normally targets the mRNA of human mitochondrial ribosomal
protein S12 to the organellar surface for translation (Russo et al. 2008). The chimeric
RNAs were expressed in human cybrid cell lines and rescued MERRF or MELAS
mitochondrial defects due to mutations in the mtDNA affecting tRNA genes (Wang
et al. 2012b).

The above data bring evidence that the H/ RNA is importable into mitochondria.
Nevertheless, whether this is a regular process in mammalian cells and whether a
protein-only RNase P enzyme and a PNPASE-H! RNA processing enzyme coexist
in mitochondria, with potentially distinct substrates, is still a matter of contradictory
discussion (Wang et al. 2010, 2012a; Rossmanith 2012). The discrepancies in the
functions proposed for this RNA in the organelles, together with the low mitochon-
drial estimates of only 33 to 175 molecules per cell, i.e., still much less than
1 molecule per mitochondrion (Puranam and Attardi 2001; Posakony et al. 1977),
account for the main issues of the debate. Especially puzzling in this long debate of
conflicting studies are the recent assays of Cannon et al. (2015) mentioned above
(Sects. 4.2 and 4.3.3) in which the authors carried out stepwise digitonin-mediated
removal of the outer membrane of mouse mitochondria combined with successive
RNase treatments. As a result, the H/ RNA remained resistant to RNase treatment
even in the final mitochondrial fraction, i.e., after complete organelle lysis in the
presence of the highest digitonin concentration. Nuclease resistance thus appeared to
be independent of the integrity of the inner membrane, suggesting that the H/ RNA
was actually protected by tightly bound protein(s) (Fig. 4.7).

4.4.4 Mitochondrial Trafficking of the 5S rRNA

The 5S rRNA is a universal component of ribosomes in prokaryotes and in the cytosol
of eukaryotes. A distinct 5S rRNA encoded by the mitochondrial genome is also
found in angiosperms and select protist groups, but such a gene is lacking in animal
and fungal mitochondria (Valach et al. 2014). Nevertheless, the presence of the
cytosolic 5S rRNA in mitochondria was repeatedly reported in mammals (Fig. 4.7).
The experimental evidence was based on extensive purification and RNase treatment
of mitochondria and mitoplasts and on in vivo expression of a tagged 5S rRNA
version (Yoshionari et al. 1994; Magalhaes et al. 1998). The significance and role of
this RNA in the organelles initiated one more debate. On the one hand, 5S rRNA was
found associated with human mitochondrial ribosomes isolated in mild conditions
(Smirnov et al. 2011), while on the other hand, it was not detected when the complete
structure of the human mitoribosome was determined at a subnanometer resolution
(Amunts et al. 2015; Greber et al. 2015; Englmeier et al. 2017). A third RNA moiety
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was indeed present in the solved structures, but it was a tRNAYY or a (RNAP"®
encoded by the mitochondrial genome (Amunts et al. 2015; Greber et al. 2015;
Rorbach et al. 2016). Whether the contradiction is due to mitoribosome isolation
and handling procedures remains to be clarified. It seems unlikely at the present stage
that the cytosolic 5S rRNA would be part of the core structure of the mammalian
mitochondrial ribosome, which does not necessarily exclude the possibility of cir-
cumstantial association. Notably, decrease of 5S rRNA import coincided with a
general decrease of mitochondrial translation, pointing to a functional importance
of this RNA inside the organelles (Smirnov et al. 2010).

The basis of 5S rRNA subcellular trafficking was further investigated (Smirnov
et al. 2008). Extensive in vitro assays with isolated human mitochondria pointed to a
putative involvement of the preprotein import channel in the organellar uptake
(Entelis et al. 2001). Further in vitro and in vivo assays identified two distinct
regions of the human 5S rRNA that appeared to be necessary for mitochondrial
targeting: (1) the proximal part of Helix I (in the a-domain) containing the conser-
vative uncompensated G;-U;, pair and (2) the Helix IV/Loop D region (in the
y-domain), which shows several noncanonical structural features (Smirnov et al.
2008) (Fig. 4.7). Conversely, the p-domain turned out to be dispensable for
organellar uptake. Mitochondrial targeting of the 5SS rRNA was shown to require
rhodanese, i.e., the mitochondrial thiosulfate sulfurtransferase, as an import factor
(Smirnov et al. 2010) (Fig. 4.7). Evidence was reported that the 5S rRNA, in a
particular family A conformation, can bind co-translationally to the nascent form of
rhodanese through the above-identified mitochondrial targeting determinants, pre-
dominantly the proximal part of Helix I. The RNA is proposed to act as a chaperone,
maintaining a misfolded, organellar import-competent conformation of the precursor
protein and functionally mimicking the chaperones involved in mitochondrial
targeting of preproteins. It was thus speculated that the 5S rRNA might exploit the
mitochondrial precursor protein import pathway for its own targeting to mitochon-
dria (Smirnov et al. 2010), a possibility also supported by the above in vitro assays
(Entelis et al. 2001). Further studies identified the mitochondrial ribosomal protein
L18 (MRP-L18) as a second factor for 5S rRNA organellar targeting (Fig. 4.7).
Cytosolic 5S rRNA was reported to bind to human MRP-L18 through the Helix
IV/Loop D region also identified above as a mitochondrial targeting determinant
(Smirnov et al. 2011). Binding to the precursor of MRP-L18 changes the folding of
the 5S rRNA, potentially into the conformation able to recognize the nascent
rhodanese. The data altogether led to a working model of 5S rRNA subcellular
trafficking (Smirnov et al. 2011). Upon gene transcription in the nucleus, the 5S
rRNA is first exported to the cytosol and then redirected to the nucleolus as a
complex with the L5 ribosomal protein. In the nucleolus, the RNA and protein are
both integrated into ribosomal large subunits. The hypothesis was proposed that
pre-MRP-L18 might compete with L5 for 5S rRNA binding in the cytosol and
withdraw from the prevailing route to the nucleolus about 1% of the 5S rRNA pool
for mitochondrial targeting. Refolded through binding to pre-MRP-L18, the RNA
would in turn become a chaperone for nascent rhodanese. Finally, the latter would
function as a carrier for mitochondrial uptake (Smirnov et al. 2011) (Fig. 4.7).
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Contrasting with this model, the assays of Wang et al. (2010) mentioned above
(Sects. 4.2 and 4.4.3) showed that uptake of human 5S rRNA into mitochondria
isolated from yeast expressing the human PNPASE was also more efficient when
compared to mitochondria from wild-type yeast. Conversely, as for the MRP and H1
RNAs, 5S rRNA uptake into liver mitochondria isolated from a mouse with a liver-
specific knockout of the PNPASE gene was severely compromised versus mito-
chondria from wild-type mouse. Whether these contradictory data reflect distinct
translocation pathways or can be integrated remains to be clarified.

Knowledge of import determinants (Smirnov et al. 2008) allowed development of
mitochondrial shuttle systems exploiting 5S rRNA trafficking. In vivo
mitochondrially importable recombinant 5S rRNAs were obtained by exchanging
part of the B-domain for short foreign cargo sequences of 12 to 14 nucleotides
(Smirnov et al. 2008; Comte et al. 2013). Mitochondrial targeting of recombinant 5S
rRNA variants carrying antigenomic sequences against the deletion junction in
mutant mtDNA causing the Kearns-Sayre syndrome decreased by half the propor-
tion of mutated versus wild-type mtDNA in cultured frans-mitochondrial cybrid
cells (Comte et al. 2013). Alternatively, a sequence of 21 nucleotides complemen-
tary to a region of the mitochondrial ND5 mRINA or gene was attached as a cargo to
the 3’-end of a modified 5S rRNA y-domain. The chimeric RNA was reported to
localize to mitochondria when introduced or expressed in human cells (Zelenka et al.
2014; Zelenka and Jezek 2016).

4.5 Storage of Nucleus-Originating miRNAs
and Regulation of the Cytosolic Transcriptome

Hundreds of nucleus-encoded miRNAs were found associated with mitochondria
upon high-throughput or specific analyses, with substantial differences between cell
types (Bandiera et al. 2011; Barrey et al. 2011; Bian et al. 2010; Das et al. 2012;
Dasgupta et al. 2015; Kren et al. 2009; Jagannathan et al. 2015; Mercer et al. 2011;
Sripada et al. 2012a; Vargas et al. 2016; Wang et al. 2015; Wang and Springer
2015). Only a limited set of these miRNAs was shown or predicted to have mtDNA-
encoded targets (see above Sect. 4.3.1), while the vast majority is still likely to target
nucleus-encoded mRNAs. The data as a whole widen the view of mitochondrial
contribution to cellular homeostasis but raise many questions in terms of RNA
trafficking, silencing mechanisms, and regulation pathways (Bandiera et al. 2013;
Bian et al. 2010; Kren et al. 2009; Leung 2015; Sripada et al. 2012a; Wang and
Springer 2015; Wang et al. 2015; Zhang et al. 2014). In terms of mitochondrial
localization, at least three open possibilities still have to be considered. Firstly, rather
than inside, some miRNAs seemed to localize at the surface of mitochondria,
combined with Ago2 or Ago3 and their target mRNAs. It was thus suggested that
the mitochondrial outer membrane might provide a platform on which to assemble
the miRNA/RISC complexes in order to regulate subcellular site-specific protein
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levels (Sripada et al. 2012a). A large subset of cytosolic mRNAS in various organ-
isms actively localizes to the mitochondrial surface for translation (Lesnik et al.
2015; Vincent et al. 2017) and might indeed become there a target for miRNA-
mediated silencing. Nevertheless, the vast majority of the studies report the presence
of nucleus-encoded miRNAs inside mitochondria, and the concept has emerged that
the organelles might constitute a “reservoir” or a “warehouse” for storage and “on
demand” release of miRNAs for regulation processes or stress response (Bandiera
et al. 2013; Kren et al. 2009; Wang and Springer 2015). Notably, the reports
essentially rely on RNA preparations from RNase-treated organelles with an intact
outer membrane. A more rarely considered second open possibility would thus be
the localization of miRNAs in the mitochondrial intermembrane space, rather than in
the matrix. To target cytosolic mRNAs, nucleus-originating miRNAs localizing in
mitochondria need to translocate both into (as discussed above in Sect. 4.3.1) and out
of the organelles. In our own experiments, the inner membrane was a much stronger
barrier than the outer membrane for translocation of longer RNAs, and it cannot be
excluded that miRNA exchange would be easier between the cytosol and the
intermembrane space. miR-146a, miR-103, and miR-16 were indeed found to be
enriched in the intermembrane space of human mitochondria (Mercer et al. 2011).
With respect to these first two possibilities, it was noted that some miRNAs or
miRNA targets were depleted in mitoplast extracts, i.e., after elimination of the outer
membrane, versus fractions from intact mitochondria (Mercer et al. 2011; Sripada
et al. 2012a). The import of nucleus-originating miRNAs into the mitochondrial
matrix compartment and their subsequent release remains the third possibility and
the most challenging concept. In earlier experiments, it was suggested that human
mitochondria can export tRNAs, as mitochondrial tRNA™* and tRNAM®' were
immunoprecipitated with Ago2 from cytosolic extracts (Beitzinger et al. 2007,
Maniataki and Mourelatos 2005), but the existence of a mitochondrial RNA export
pathway has not been investigated per se.

While the trafficking mechanisms remain to be clarified, data have emerged that
indeed point to a role of mitochondria in regulation pathways driven by nucleus-
encoded miRNAs and to a further layer of cross-talk between mitochondria, the
nucleus, and the rest of the cell (Bandiera et al. 2011; Leung 2015; Wang and
Springer 2015). The set of miRNAs associated with hippocampal mitochondria
changed following a controlled cortical impact injury in rats and might be involved
in the regulation of the response to traumatic brain injury (Wang et al. 2015).
Similarly, the profile of miRNAs associated with mitochondria was altered in
diabetic mice (Bian et al. 2010). It was shown as well that a given nucleus-encoded
miRNA can have targets both in the cytosol and in the organelles. Remarkably,
miR-1 showed opposite effects in the two compartments upon transfection into
mouse myoblasts, repressing translation of its cytosolic target RNAs HDAC4 and
ELL2 while increasing translation of the mitochondrial NDI and COXI mRNAs
(Zhang et al. 2014). Bioinformatic screenings predicted that mitochondrion-
associated nucleus-originating miRNAs might have mRNA targets directly related
to organelle biogenesis or organelle-specific functions but also targets involved in
general processes like nucleotide metabolism, cell cycle, apoptosis, cell
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proliferation, and differentiation (Bandiera et al. 2011; Bian et al. 2010; Kren et al.
2009; Sripada et al. 2012a; Wang and Springer 2015). The significance of miRNA
localization to mitochondria in the general organization and regulation of the cell has
thus been further discussed (Leung 2015). It was hypothesized that mitochondria, as
organelles able to integrate RNAs, might serve as vehicles to deliver miRNAs to
other cellular compartments (Wang and Springer 2015). Interactions of compart-
ments like the P-bodies or the endoplasmic reticulum with the dynamic mitochon-
drial network of mammalian cells might support exchange of miRNAs for
specialized or localized gene regulation. Mitochondria indeed establish dynamic
contacts with P-bodies, i.e., cytoplasmic granules related to mRNA turnover and
RNA interference, and inactivation of mitochondria strongly impairs miRNA-
mediated RNAi (Huang et al. 2011).

4.6 Regulation of the Nuclear Transcriptome Through
Mitochondrially Generated ncRNAs

Conversely to nucleus-originating ncRNAs regulating gene expression in mitochon-
dria, data is emerging that suggest potential nuclear regulation mediated by mtDNA-
derived transcripts (Dong et al. 2017; Pozzi et al. 2017).

4.6.1 Mitochondrially Generated Small ncRNAs

The possibility that small n.cRNAs generated from the mitochondrial genome might
take part in retrograde signaling and influence nuclear gene expression was tenta-
tively explored in the Manila clam Ruditapes philippinarum (Pozzi et al. 2017). This
organism shows unusual mitochondrial inheritance, i.e., doubly uniparental inheri-
tance (DUI). Two mitochondrial lineages are found in gametes, one transmitted
through eggs (female-inherited) and the other through sperm (male-inherited), with
up to 43% nucleotide divergence between the mtDNAs (Doucet-Beaupré et al.
2010). Considering, as discussed above, that there are many conceivable ways in
which the mitochondrial genome has the potential to generate regulatory RNAs,
Pozzi et al. (2017) investigated whether mtDNA-derived small ncRNAs might
influence germ-line gene expression and fate in R. philippinarum. Sequencing of
small RNA libraries derived from enriched mitochondria isolated from
R. philippinarum gonad samples of both sexes provided a selection of 14 putative
small ncRNAs (18-35 nucleotides) mapping essentially to unassigned regions and
tRNA genes in the 22 kb mtDNA that contains intergenic sequences (Pozzi et al.
2017; Hwang et al. 2016). At least one target nuclear gene was predicted for each of
these candidates, while no target gene was identified in the mitochondrial genome.
The predicted nuclear targets take part in a wide range of biological processes like
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microtubule dynamics and chromatin remodeling but also include the NROB1
protein that is crucial for sex determination. Although the presence of NUMTs has
not been reported so far for molluscs, as in other studies it could not be excluded that
the candidate small ncRNAs might derive from mitochondrial sequences integrated
into the nuclear genome (Pozzi et al. 2017). This work again raises the question of
RNA migration outside of the organelles. Release of mitochondrial material into the
germplasm of R. philippinarum was described (Milani et al. 2011) and would be as
well a reasonable mechanism for recovering ncRNAs in the cytosol (Pozzi et al.
2017).

4.6.2 Mitochondrially Generated IncRNAs

A set of chimeric, mtDNA-mapping IncRNAs with surprising compositions was
identified in mouse and human, leading to an abundant series of reports. The
transcripts (1.6 to 2.4 kb) were chimeras combining the mitochondrial 16S rRNA
with a 5'-leader sequence derived from the complementary strand (SncmtRNA,
SncmtRNA-2) or the antisense mitochondrial 16S rRNA with a 5'-leader sequence
derived from the sense strand (ASncmtRNA-1, ASncmtRNA-2) (Burzio et al. 2009;
Villegas et al. 2000, 2002b, 2007; Villota et al. 2012) (Fig. 4.8). Mitochondrial
transcription was required for the synthesis of these putative IncRNAs, and the
sequence was 100% identical to the mtDNA. In the absence of a suitable mitochon-
drial transcription template, it was proposed that these RNAs might result from
posttranscriptional trans-splicing in the organelles (Villegas et al. 2000, 2007).
Nuclear localization was repeatedly reported (Landerer et al. 2011; Villegas et al.
2000, 2002a), raising the question of the mechanisms able to ensure a putative
trafficking of such large and structured RNAs out of the organelles (Fig. 4.8). The
presence of the chimeric transcripts in both the mitochondria and the nucleus
suggested a role in mitochondrial-nuclear communication and retrograde signaling
(Dong et al. 2017; Landerer et al. 2011).

In the nucleus, the SncmtRNAs appeared to associate with the heterochromatin
and the nucleoli (Fig. 4.8). They were present in both normal and cancer cells and
were proposed to be involved in cell proliferation and cell cycle regulation (Villegas
et al. 2002b, 2007). Conversely, the expression of the ASncmtRNAs was
downregulated in tumor cell lines and tumors, suggesting that they might function
as mitochondrion-encoded tumor suppressors (Burzio et al. 2009; Landerer et al.
2011; Rivas et al. 2012). While not affecting the viability of normal cells, knock-
down of the ASncmtRNAs with antisense oligonucleotides inhibited proliferation
and induced caspase-dependent apoptosis in tumor cell lines, likely through miRNA
interference of survivin expression (Vidaurre et al. 2014). ASncmtRNA knockdown
was shown to inhibit tumor growth and metastasis in murine models (Borgna et al.
2017; Lobos-Gonzalez et al. 2016). The ASncmtRNAs were proposed to be a
vulnerability or “Achilles’ heel” of cancer cells and to constitute potential targets
for cancer therapy (Owen 2017; Vidaurre et al. 2014). They also seemed to be
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Fig. 4.8 Formation of hairpin IncRNAs in mitochondria and further localization. Processing of
mitochondrial primary transcripts followed by putative frans-splicing was proposed to generate
chimeric hairpin IncRNAs based on sense and antisense sequences from the mitochondrial 16S
rRNA. These are subsequently recovered in the nucleus, associated with both the nucleolus and to
heterochromatin. Alternatively, they might generate miRNAs in the cytosol

associated with miRNA-mediated aging processes (Bianchessi et al. 2015).
ASncmtRNA-2 was upregulated in diabetic kidney (Gao et al. 2017).

Based on their structure, on bioinformatic simulation and on
co-immunoprecipitation with Dicer, it was speculated that ASncmtRNAs might
themselves give rise to miRNAs (Vidaurre et al. 2014) (Fig. 4.8). In particular,
ASncmtRNA-2 was hypothesized to be a mitochondrial noncanonical precursor of
hsa-miR-4485 and hsa-miR-1973 and to regulate the cell cycle through miRNA
production during replicative senescence (Bianchessi et al. 2015). On the other hand,
a 63-nucleotide 5'-fragment released upon processing of SncmtRNA (Villegas et al.
2007) might trap the hsa-miR-620 miRNA and thus modulate the regulation of the
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corresponding target genes (Villota et al. 2012). In the study by Sripada et al. (2017)
(Sect. 4.3.1), mtDNA depletion but also inhibition of nuclear transport or Dicer
decreased the level of miR-4485 in mitochondria, with an enrichment of the precur-
sor in the cytosol. Although they did not rule out the possibility that a subfraction of
miR-4485 originates from the mitochondrial genome, the authors concluded that this
miRNA is likely encoded by the nuclear genome, processed through the canonical
miRNA pathway, and translocated to mitochondria.

4.7 Circulating Mitochondrially Generated ncRNAs

Extensive analyses have established that ncRNAs are critical contributors to cardio-
vascular pathophysiology. A number of them turned out to circulate in the body
fluids and were highlighted as biomarkers of cardiovascular pathologies (Viereck
and Thum 2017). Remarkably, among these ncRNAs some actually had a putative
mitochondrial origin. Survivors from heart attack often develop cardiac remodeling
and heart failure. Global transcriptomic analyses in plasma RNA from patients with
or without left ventricular remodeling after myocardial infarction identified a set of
seven highly abundant IncRNAs mapping to the mtDNA and consistently amplified
throughout the series of plasma samples (Kumarswamy et al. 2014). Their levels
were correlated positively with each other. Two of them, IncRNAs uc004cos.4 and
uc022bgs, predicted future cardiac remodeling in patients and were significantly
downregulated during the early stage of the process. The uc022bgs.1 IncRNA had
the greatest association with left ventricular remodeling and was called LIPCAR for
“Long Intergenic noncoding RNA Predicting CARdiac remodeling.” LIPCAR
levels increased at late stages of post-myocardial infarction remodeling and appeared
to be a prognostic indicator for chronic heart failure (Kumarswamy et al. 2014). The
same set of seven mtDNA-mapping IncRNAs was amplified in serum of patients
with hypertrophic obstructive cardiomyopathy or with hypertrophic nonobstructive
cardiomyopathy and correlated with clinical parameters (Kitow et al. 2016). In this
set, the uc004cov.4 and uc022bqu.1 putative mitochondrial IncRNAs were able to
identify hypertrophic obstructive cardiomyopathy as useful clinical biomarkers.
LIPCAR was also inversely associated with diastolic function in patients with type
2 diabetes (de Gonzalo-Calvo et al. 2016) and significantly increased in patients with
coronary artery disease (Zhang et al. 2017).

In terms of structure, similarly to the abovementioned SncmtRNA and ASncmtRNA
IncRNAs (Sect. 4.6.2), LIPCAR appeared to be a chimera, including in this case (—)
strand sequences mapping to the 5’ part of the COX2 gene and the 3’ part of the CYTb
gene from the human mitochondrial genome. The sequence roughly assembles two of
the IncRNAs detected by Yang et al. (Sect. 4.3.4) (Kumarswamy et al. 2014; Yang et al.
2014). The detection of IncRNAs with a putative mitochondrial origin circulating in
body fluids adds a further layer of question marks (Dorn 2014). What is the meaning of
such RNAs? If they are really assembled from mitochondrial transcripts and do not
originate from NUMTs (Richly and Leister 2004; Woischnik and Moraes 2002), do
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they have an initial function in the organelles? Are they able to exit the organelles
through a physiological pathway for regulation purposes, or do they simply escape the
scavenging processes associated with mitophagy? Similarly, one can wonder whether
they can be excreted from the cells or whether they are released upon cell damage.

4.8 Conclusion

As detailed throughout this chapter, a plethora of nucleus-encoded ncRNAs has been
reported to localize to/into mitochondria, to be stored there and released when
required, to be handed over from there to further compartments like P-bodies and
the endoplasmic reticulum, or to function inside the organelles in replication, trans-
lation, or regulation. Reciprocally, it has been put forward that mitochondria them-
selves produce ncRNAs to control their own gene expression but also to regulate
nuclear gene expression and potentially ensure systemic functions through body
fluids. The reports altogether draw a complex and integrated network of RNA
trafficking and intercompartment communication. In particular, regulatory RNAs
and not only proteins seem to be sent to mitochondria as an anterograde response,
while retrograde signaling would involve transport of mitochondrial transcripts. This
exciting picture, however, still suffers from weaknesses. The never-ending contro-
versies reported here, for instance, in the case of the MRP and HI RNAs (Sects. 4.2
and 4.4.3), or the observations that some RNAs can remain resistant to RNase in final
mitochondrial lysates independently of inner membrane integrity (Sects. 4.3.3 and
4.4.3) (Cannon et al. 2015) illustrate how difficult it is still to convincingly establish
whether a given nucleus-encoded RNA is present or not in the inner organellar
compartment. Conversely, it is often difficult as well to definitely conclude that an
RNA mapping to the mitochondrial genome is synthesized in the organelles. In the
absence of functional pressure, pieces of mtDNA integrated into the nuclear genome
(NUMTsS) (Richly and Leister 2004; Woischnik and Moraes 2002) tend to undergo
sequence drift, which can help to distinguish them from authentic mitochondrial
genes. However, the criterion is not considered in many studies, it is not obvious for
smaller RNAs, and the original sequence might remain for recent transfers. Although
likely to be rare, expression of NUMTs can occur (Song et al. 2013). Thus, following
massive identification of candidate mitochondrial ncRNAs, nucleus-encoded or
mtDNA-derived, and prediction of putative targets, the time has come to clear the
field by advancing robust evidence for relevant functions of individual candidates in
mitochondria. The functional data reported for miR-181c, miR-378, miR-21, miR-1,
or miR-4485 (Sect. 4.3.1) point in that direction.

A further challenging concept is the extensive multidirectional intercompartment
trafficking that is implied by the reported ncRNA distribution. A better knowledge of
the paths that allow RNA translocation through organellar membranes would poten-
tially render the proposed scheme more acceptable. Unfortunately, as illustrated
throughout this chapter, several decades of research have brought only limited
consensual understanding of the molecular mechanisms supporting RNA transport
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into mitochondria, and the existence of a reverse mechanism that would promote
RNA export from the organelles has not been investigated. Widening the debate, but
even more puzzling, mitochondria are also competent for active DNA uptake, at least
in vitro (Koulintchenko et al. 2003, 2006). Double-stranded constructs of over 11 kb
could be taken up into isolated plant organelles (Ibrahim et al. 2011), and the
incorporated DNA was functional in organello for transcription, recombination,
and repair (Boesch et al. 2009, 2010; Koulintchenko et al. 2003, 2006; Mileshina
etal. 2011). DNA export from mitochondria has been tested, but it remains difficult to
ascertain, as non-specific membrane leakage or damage can always be objected to
such data (Klimenko et al. 2011; Patrushev et al. 2004, 2006). RNA and DNA uptake
mechanisms are likely to share common features (Weber-Lotfi et al. 2015). While the
principle of nucleic acid trafficking into mitochondria is now widely admitted, the
mechanistic picture that emerges from the currently available data remains complex
and multifaceted (Campo et al. 2017; Konstantinov et al. 2016). Several routes are
likely to be open, differing between organisms or coexisting in the same cell. Whether
these are all pathways specifically established for nucleic acids or whether some
reflect opportunistic hijacking of regular translocation routes of other components,
like the protein import pathways, or taking advantage of molecular assemblies, like
the permeability transition pore, is still an open discussion (Weber-Lotfi et al. 2015).

Finally, the observation of long chimeric ncRNAs made of mitochondrial
sequences in the nucleo-cytosolic compartment (SncmtRNA, SncmtRNA-2,
ASncmtRNA-1, ASncmtRNA-2; Sect. 4.6.2) or in body fluids (LIPCAR; Sect.
4.7) points to a further intriguing field that combines the above two concepts. If
such RNAs are indeed synthesized in mitochondria, this implies that there is a route
to release long RNAs from the organelles. On the other hand, the chimeras cannot be
synthesized as such from the mtDNA and need to be assembled from separate
transcripts. Trans-splicing was put forward as a mechanism (Villegas et al. 2000,
2007), but in the absence of introns, one might wonder whether there is an appro-
priate splicing machinery in mammalian mitochondria. An alternative idea that
cannot be excluded would be that chimeric RNAs are synthesized from NUMTs,
directly from chimeric mitochondrial pseudogenes in the nuclear genome, or upon
nuclear frans-splicing of distinct transcripts. Human cells are considered to express
numerous chimeric RNAs, for the vast majority through unknown processes. Recent
bioinformatic mining of available EST databases pointed out fusions of nuclear
sequences but also fusions of mitochondrial sequences and even fusions between
mitochondrial sequences and nuclear sequences (Yang et al. 2013). In combination
with a putative mitochondrial in and out trafficking of transcripts, a full repertoire of
possibilities is thus open to speculation for the formation and spread of chimeric
IncRNAs including mitochondrial sequences.
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Joshua Meehan, and Luenn Chaparro

Abstract RNA metabolism in the single mitochondrion of trypanosomes and
related kinetoplastid protozoa exhibits a unique posttranscriptional maturation of
mRNAs by specific U insertion/deletion RNA editing that creates protein-coding
sequences in 12 mRNA targets. In 7. brucei, the editing apparatus includes over
40 proteins and hundreds of small noncoding guide RNAs (gRNAs). The editing
machinery faces several challenges besides the need to coordinate its numerous
components. These challenges include specific targeting of over 3000 sites in
mRNA-gRNA hybrids, faithful discrimination of a large pool of pre-edited, partially
edited intermediates and fully edited transcripts in the mitochondrial milieu, and
differential control of editing in insect and mammal hosts. However, the basic
mechanistic steps that control substrate loading, initiation, and progression of editing
are not understood. A growing understanding of the holo-editosome organization
offers important clues. The editing holoenzyme is a dynamic aggregate of multi-
protein subcomplexes: the “RNA-free” editing enzyme termed RECC and auxiliary
RNPs. One RNP is the REH2C subcomplex that includes an RNA helicase. Another
subcomplex is RESC that includes two proposed modules: GRBC and REMC. The
current model of RNA editing apparatus involves multi-RNP complexes serving as
scaffolds that bring together mRNA, gRNA, and the RECC enzyme. Such molecular
scaffolds may provide a context for specific mRNA-gRNA annealing, specific site
recognition, and editing fidelity and progression. Here, we review protein compo-
nents in RECC that exhibit differential effects during the life cycle of trypanosomes
and specific components of the auxiliary RNPs that may participate in editing
control. Notably, variants of RECC and the accessory RNPs have been identified.
These findings lead us to propose an updated model of RNA editing, whereby
isoforms of enzymatic and nonenzymatic subcomplexes establish “dynamic”
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functionally distinct holo-editosomes. This should expand the flexibility and spec-
ificity of the control mechanisms in RNA editing.

5.1 Introduction

Kinetoplastid protozoa, including trypanosomes, are early-branching eukaryotes
with unprecedented mechanisms of gene expression. One such mechanism is a
posttranscriptional remodeling of the mitochondrial mRNA transcriptome by the
specific insertion and deletion of uridylates. This unique process, discovered in 1986
and coined “RNA editing” by Rob Benne, was readily recognized as a new paradigm
in RNA metabolism (Benne et al. 1986). Currently, the term RNA editing is used
broadly to represent a large number of posttranscriptional mechanisms, excluding
RNA splicing, 5’ capping, and 3’ tail biogenesis, that alter the sequence of the
primary transcripts (see in this volume Chaps. 6, 7 and 8). Pioneer studies by the
Stuart, Simpson, Sollner-Webb, and Hajduk labs in the 1990s showed that
kinetoplastid RNA editing is protein-catalyzed and directed by small noncoding
guide RNAs (gRNAs) that exhibit complementarity to fully edited mRNA via
canonical and GoU base pairs (Blum and Simpson 1990; Seiwert et al. 1996; Rusché
et al. 1997; Sabatini et al. 1998). In Trypanosoma brucei, the etiologic agent of
African trypanosomiasis or sleeping sickness, the mRNA transcripts are remodeled
at thousands of sites, in reactions requiring hundreds of different gRNA types
(Koslowsky et al. 2013). This massive enterprise involves over 40 proteins, most
of which can be assigned to a few macromolecular subcomplexes: the ~20S catalytic
RNA editing core complex (RECC, also termed the 20S editosome) and auxiliary
editing RNPs (Rusché et al. 1997; Stuart et al. 2005; Panigrahi et al. 2008; Weng
et al. 2008; Kumar et al. 2016; Tables 5.1 and 5.2, respectively). A growing number
of components in the RNA editing apparatus were recently reviewed (Read et al.
2015; Aphasizheva and Aphasizhev 2016; Cruz-Reyes et al. 2016). An outstanding
central question in the field is how the extensive editing process is controlled in
trypanosomes. The current chapter addresses this question. Different levels of
control are expected during the highly complex editing process. The parasite
undergoes stage-specific adaptations in the bloodstream of the mammalian host
and in the insect transmission vector, the tsetse fly. At each stage, specific or
preferential sets of mRNA transcripts are edited. Evidently, strict control mecha-
nisms in mitochondria are needed to prevent “off-targets” including abundant tRNA
and rRNA species. Bloodstream-form (BF) and insect-infecting procyclic-form
(PF) trypanosomes grow optimally at different temperatures. This could impose
different constraints on RNA structure that may influence the targeting by gRNAs
and RNA-protein interactions during editing. Recent studies of the RECC enzyme
and auxiliary RNPs suggest additional mechanisms of editing control. These include
the identification of three variants of RECC with differing site-specificity (Carnes
etal. 2011) (Fig. 5.1). Surprisingly, the RECC enzyme, which provides the catalytic
center of the holo-editosomes, includes subunits with differential roles in BF and PF



5 Control Mechanisms of the Holo-Editosome in Trypanosomes 127

Table 5.1 Proteins of the

; Name Synonyms T. brucei Gene ID
RECC subcomplex variants RECC

KREPAL1 Al MP81 Tb927.2.2470
KREPA2 A2 MP63 Tb927.10.8210
KREPA3 A2 MP42 Tb927.8.620
KREPA4 A4 MP24 Tb927.10.5110
KREPAS AS MP19 Tb927.8.680
KREPA6 A6 MP18 Tb927.10.5120
KREPB4 B4 MP46 Tb927.11.2990
KREPB5 B5 MP44 Tb927.11.940
KREPB6 B6 MP49 Tb927.3.3990
KREPB7 B7 MP47 Tb927.9.5630
KREPBS B8 MP41 Tb927.8.5690
KREPB9 B9 Tb927.9.4440
KREPB10 B10 Tb927.8.5700
KRENI N1 REN1 Tb927.1.1690
KREN2 N2 REN2 Tb927.10.5440
KREN3 N3 REN3 Tb927.10.5320
KRET2 T2 RET2 Tb927.7.1550
KREX1 X1 REX1 Tb927.7.1070
KREX?2 X2 REX2 Tb927.10.3570
KRELL1 L1 RELI1 Tb927.9.4360
KREL?2 L2 REL2 Tb927.1.3030

trypanosomes (McDermott et al. 2015b). Also, an accessory RNP carries an enzy-
matic RNA helicase, and nonenzymatic RNP variants have been proposed (Madina
et al. 2014; Kumar et al. 2016; Cruz-Reyes et al. 2016; Kafkova et al. 2012)
(Fig. 5.2). Thus, both core and accessory components of holo-editosomes may
contribute to the control of this amazing process. Overall, the current view of
RNA editing control seems complex but also brimming with exciting possibilities.
Collectively, recent observations from various laboratories discussed below open
paths to improve our understanding of novel control mechanisms in trypanosome
RNA editing and mitochondrial RNA metabolism in general.

5.2 Variants of the RECC Editing Enzyme: RECC1,
RECC2, and RECC3

The initiation step in processes such as those catalyzed by replisomes, ribosomes,
spliceosomes, and transcription complexes is typically subject to strict control.
Trypanosome RNA editing begins with the recognition of a suitable mRNA/
gRNA bimolecular substrate and the ensuing endonucleolytic cleavage at the first
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Table 5.2 Protein components of the accessory GRBC, REMC, and REH2C subcomplexes

T. brucei Gene

Name Function Motifs Synonym D

GRBC

GRBC1 gRNA binding, gRNA GAP2 Tb927.7.2570
stability

GRBC2 gRNA binding, gRNA GAP1 Tb927.2.3800
stability

GRBC3 MRB8620 | Tb927.11.16860

GRBC4 MRB5390 | Tb11.02.5390

GRBCS5 Pentein MRB11870 | Tb927.10.11870

GRBC6 MRB3010 | Tb927.5.3010

GRBC7 MRBO0880 | Tb927.11.9140

REMC

REMCI MRB10130 |Tb927.10.10130

REMC2 MRBI1860 | Tb927.2.1860

REMC3 MRB800 Tb927.7.800

REMC4 MRBS8180 | Tb927.8.8180

REMC5* RNA binding. MRB4160 | Tb927.4.4160
Processivity of editing

REMC5A? RNA binding. MRBS8170 | Tb927.8.8170
Processivity of editing

RGG2 RNA binding. RRM, RGG TbRGG2 Tb927.10.10830
Processivity of editing

PhyH MRB7260 | Tb927.9.7260

REH2C

REH2 RNA helicase, RNA DEAH/RHA, HA2, Tb927.4.1500
binding OB, dsRBD

H2g) REH2 adaptor, REH2 | C2H2 zinc fingers Tb927.6.1680
stability

i) RNA binding Tb927.6.2140

Other characterized proteins not assigned to the complexes above

REH1

RNA helicase, gRNA
exchange

DEAD-box

Mhel61

Tb927.11.8870

RGG1

RGG

TbRGG1

Tb927.3.1820

“Paralogs with 77.3% translated sequence identity

(3’ most) editing site on the mRNA strand. Subsequent steps of U-specific addition
or removal and RNA ligase-mediated resealing of the cleaved strand complete a full
editing cycle at that site (Fig. 5.1c). This basic three-step catalytic cycle repeats at
individual sites as editing progresses in a general 3’ to 5" direction (Seiwert et al.
1996; Cruz-Reyes and Sollner-Webb 1996; Carnes et al. 2017). Together, substrate
recognition and mRNA cleavage may mark the physical and functional engagement
of the editing apparatus. Therefore, these events may be key checkpoints in the
control of RNA editing.



5 Control Mechanisms of the Holo-Editosome in Trypanosomes

A

X1
exoUase
Alternative B7
Rlil-like
endonuclease ZnF
modules

N2
: RIll
8 ZnF PUF

B9 B4
RIll-like RIll-like
ZnF ZnF PUF

Shared
proteins

X2
OB ZnF exoUase

Deletlon subcomplex

Insertion

S+ —Rrord e

3 RIll endo

N2 or N3

5 ——RoH O ©ADP

P mRNA
LI gRua

g Ll

ute TUTase
T2

5 —RUoH p.]:\:\:l_'. mRNA
<R gRNA
3

RNA ligase
R2

54—RU 1 MRNA
y—"'R gRNA

RECC VARIANTS
RIII combmatorlal potentlal

=1:]
RIll-like
ZnF

B6
RIll-like
ZnF

B10
Rlll-like
ZnF

B5
RIll-like
ZnF PUF

A1 T2
OB ZnF TUTase

Insertlon subcomplex

™\
]
1
1
I § i
I § i
I iz
I 1
I i
I 1
i i
1 1

Deletion

—PRU mRNA
5 ‘{EIIL"" gRNA

3 RIll endo
N1
5}M—RUocH A@)ADP RNA
m
z]:\:\:l._"' gRNA
y—" ADP

3-Uexo
MP
v i X1

5¥#—Ron p mRNA
‘{EEE]—_'.QRNA
31/

RNA ligase
R1

mRNA
YIIEL‘"gRNA
/

129

Fig. 5.1 RNA editing core complex (RECC). (a) Variants of RECC with shared proteins and
alternative endonuclease modules for insertion and deletion editing. BS3 cross-links between
RNase III (RIII)-like proteins identified by McDermott et al. (2016) are indicated with lines. (b)
Summary of the combinatorial potential of RIII-like proteins based on the BS3 cross-linking data in
panel (a). (c) Basic reaction steps at each editing site include gRNA-directed cleavage of the
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The first reported purification of the RECC enzyme identified seven protein
subunits (Rusché et al. 1997), but subsequent studies nearly tripled this number
(Stuart et al. 2005) (Table 5.1). Three of these proteins, REN1 (N1), REN2 (N2), and
REN3 (N3), have a functional RNase III-type endonuclease domain. A key for
current protein terminology is shown in Table 5.1. Typical RNase III-type nucleases
form a homodimer in which both monomers contribute to the creation of a dSRNA-
binding surface. The dimer makes a double-stranded RNA cleavage with each
monomer cleaving one of the two strands in the RNA duplex (Gan et al. 2008). In
contrast, purifications of RECC enzyme exclusively cleave the mRNA strand in
mRNA-gRNA duplexes (Seiwert et al. 1996; Rusché et al. 1997; Hernandez et al.
2008). Also, a recombinant version of REN1 cleaved the mRNA strand in an in vitro
assay (Kang et al. 2006). Early in vitro studies of gRNA-directed cleavage using
mitochondrial extracts and native purified RECC enzyme identified basic require-
ments for the endonuclease reaction, including a robust stimulation by adenosine
nucleotides (ADP or ATP) at deletion sites and their converse inhibition at insertion
sites (Cruz-Reyes et al. 1998a, b) (Fig. 5.1c). This early observation revealed a
presumed allosteric control of the editing endonucleases and represents the earliest
indication of differential control of the cleavage step at sites for insertion and
deletion. Nucleotides immediately adjacent to a scissile phosphodiester bond can
be manipulated to enhance overall efficiency or artificially convert deletion sites to
insertion sites and vice versa (Cruz-Reyes et al. 1998a, 2001; Cifuentes-Rojas et al.
2005). A-form dsRNA is required at, or near, the editing site, and a 2’ hydroxyl is
essential at the scissile bond for cleavage (Cifuentes-Rojas et al. 2007). Also, the
trypanosomal cleavage activity minimally requires a single helical turn of RNA in
the anchor region (Cifuentes-Rojas et al. 2007; Hernandez et al. 2008). While basic
requirements for efficient endonucleolytic cleavage in vitro were identified, the
discrimination of bona fide editing sites in the mitochondrial milieu leading to a
productive cleavage most likely faces additional structural constraints and chal-
lenges. The observations above raise central questions, including: how the unique
single-stranded cleavage activity of trypanosomal editing nucleases is established,
how editing sites are precisely recognized, and how the key editing nuclease step is
controlled in vivo.

Genetic studies of the REN proteins in trypanosomes led to important insights
regarding these questions. Purification of each tagged endonuclease revealed three
variants or isoforms of the RECC enzyme: RECC1, RECC2, and RECC3 (Fig. 5.1a).
These variant complexes share a common set of proteins and are distinguished by
specific sets of three or two proteins, N1/B8/X1, N2/B7, or N3/B6, respectively
(Fig. 5.1a). Reciprocal purifications of tagged B8, B7, and B6 confirmed the

Fig. 5.1 (continued) mRNA, followed by either a 3’-U exonuclease or a 3’ TUTase acting on the
cleaved upstream fragment, and RNA ligase action. The gRNA-directed cleavage reactions at
U-deletional and U-insertional editing sites are biochemically distinct, with the former requiring
an adenosine nucleotide, while the latter is inhibited by adenosine nucleotides
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Fig. 5.2 Accessory editing RNPs in holo-editosomes. (a) A current model of holo-editosomes
whereby accessory multi-RNPs serve as molecular scaffolds that bring together mRNA, gRNA, and
the RECC enzyme. The known multi-protein RNPs include the enzymatic REH2C and the
nonenzymatic GRBC and REMC. Two GRBC variants discussed here (GRBC and GRBC*) bind
and stabilize gRNAs but are readily distinguished by their content of the component MRB3010
(“3010” in the cartoon). The REH2C subcomplex includes the RNA helicase REH2, H2R1, and 12F2.
The REH2C subcomplex binds stably via RNA with GRBC*/REMC and transiently with GRBC/
REMC. Most of the identified proteins were originally thought to form a single complex that was
termed MRBI1. So, purified complexes using REH2 or MRB3010 (3010) as baits were originally
dubbed REH2-MRB and 3010-MRB, respectively. Purifications of GRBC or of REH2C (i.e., in this
case from a cell line depleted of cellular gRNA and gRNA-binding GAP1) contain all editing
mRNA types: pre-edited, partially edited, and fully edited. The “RNA-free” RECC enzyme (or its
variants) transiently interacts with the RNPs via RNA. Components of REMC and of the
polyadenylation mediator complex (PAMC) participate in editing progression and post-editing
mRNA 3’-end maturation, respectively. The initiating gRNA hybridizes to the first (the 3’ most)
block in the pre-edited mRNA. The mRNAs are shown in red, and the gRNA transcripts are shown
in various colors. (b) Domain organization of the proteins in REH2C. M?F1 has eight C2H2 zinc
fingers. "?F2 has no bioinformatically identified domains but its C-terminus is glycine-rich. (c)
(Left) Overlay of OB-fold from chain A of the crystal structure of yeast Prp43 RNA helicase



132 J. Cruz-Reyes et al.

typifying proteins in each RECC variant (Carnes et al. 2011). Interestingly, B8, B7,
and B6 carry one degenerate RNase-like domain that lacks critical catalytic amino
acids. Also, the RECC variants exhibit different substrate specificity. Such specific-
ity has been studied in vitro and in vivo (Carnes et al. 2011, 2017). RECC1 primarily
cleaves at deletion sites, RECC2 primarily cleaves at insertion sites, and RECC3
primarily cleaves at insertion sites of the mRNA CO2. However, the in vivo studies
suggest some flexibility in the specificity of these enzymes at insertion and deletion
sites. A current hypothesis is that the single-stranded cleavage activity of the RECC
variants is due to heterodimerization of each REN enzyme with a non-catalytic
RNase III protein partner. Consistent with this model, recent studies were unable to
find evidence for homodimerization of the REN proteins (McDermott et al. 2016).
Interestingly, four of the shared proteins in the RECC variants, B4, B5, B9, and B10,
also carry degenerate RNase III domains. So, each RECC variant includes one
catalytic REN endonuclease and up to five RNase IlI-like proteins that are catalyt-
ically inert. Thus, the possible binary partnerships may include one REN nuclease
and one degenerate RNase III protein or two degenerate RNase IlI-like proteins.
Such combinatorial potential of the RNase III protein network may provide fine-
tuning while expanding the recognition of editing substrates. The editing machinery
must discriminate thousands of editing sites in mitochondria and cleave them
efficiently despite the frequent changes in covalent structure of the mRNA and
global conformation of the bimolecular mRNA-gRNA structure which changes to
adjust to the variable uridine composition of the mRNA as editing progresses (Reifur
et al. 2010). The flexibility and ability of the editing machinery to recognize such
highly variable substrates could also contribute to the control of differential editing
during the life cycle of T. brucei.

Recent studies of the RECC variants in procyclic trypanosomes used chemical
cross-linking and mass spectrometry to determine proximities between protein sub-
units in these complexes (McDermott et al. 2015a, 2016). A large network of
possible interactions was established using this powerful approach. This review
specifically focused on the catalytic and degenerate RNase III proteins. Importantly,
RENI1, REN2, and REN3 formed no detectable cross-links with each other
(Fig. 5.1a, b). This observation is consistent with the exclusive nature of the REN
enzymes in the RECC variants. However, inter-cross-links were detected for the
typifying pairs N2/B7 and N3/B6, in RECC2 and RECC3, respectively. The RNase
IlI-like protein B4, which is shared in the RECC variants, exhibited the largest
number of proximities including with all three REN enzymes and the RNase III-like
proteins B5, B6, B7, and B10. The network of detected cross-links between RNase-
like proteins is summarized in Fig. 5.1b. The B4 protein showed similar tripartite

Fig. 5.2 (continued) (PDB-ID 2XAU) in magenta on the 7. brucei homology model in green. Rmsd
of 2.53 A CA atoms of 64 residues. (Right) Overlay of the OB-fold from chain B of the crystal
structure of Fly MLE RNA helicase (PDB-ID SAOR) in dark blue on the 7. brucei homology model
in green. Rmsd of 3.60 A CA atoms of 72 residues. The five antiparallel B sheets in the OB-fold
barrel are marked with grey arrows
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subsets with N2/B7, N3/B6, and N1/B10. In a few cases, no inter-protein cross-links
were detected in these studies, for example, between N1 and B8 in the RECCI
module or inter-protein cross-links involving B8 or B9. However, this result may
represent a limitation of the BS3 cross-linker used in these studies. This cross-linker
has a linker arm of 11.4 A, which can react with two lysine residues whose alpha
carbon atoms are up to 30 A apart (McDermott et al. 2016). Thus, it is conceivable
that bona fide binding surfaces in some proteins lack pairs of lysines separated by
appropriate distances and locations for inter-cross-linking. Conversely, proximal
cross-links do not necessarily reflect true protein contacts. Valuable insights about
the architecture of RECC complexes were generated, but the extent of the combi-
natorial potential for the editing RNase III proteins would require validation using
complementary approaches, including the use of isolated recombinant proteins. In
summary, three alternative RECC variants, alongside their potential binary combi-
nations of three catalytic and seven degenerate RNase III proteins, may control key
initiating steps in the discrimination and cleavage of editing sites.

5.3 Differential Roles of the RECC Proteins B4, BS, and A3
in Procyclic-Form and Bloodstream-Form
Trypanosomes

Genetic studies of B4, BS, and A3 showed that these proteins, which are common to
the RECC variants, exhibit differential behaviors in BF and PF cells. As described
above, B4 and B5 have degenerate non-catalytic RNase III domains and could
potentially dimerize with catalytic or other non-catalytic RNase III editing proteins.
A3 also lacks catalytic motifs. However, all three proteins, B4, BS, and A3, carry
domains that suggest functional interactions with RNA or proteins (Fig. 5.1a). Initial
RNAi-based genetic knockdowns in BF cells showed that BS and A3 affect the
integrity of RECC complexes. Analysis of A3 in PF cells shows a partial effect (Law
et al. 2008; Guo et al. 2010; McDermott et al. 2015b). More detailed characteriza-
tions using conditional null cell lines also showed that the lack of BS eliminated the
RECC complexes in BF cells but only partially disrupted them in PF cells. Also, the
lack of A3 eliminated the RECC complexes in BF cells but only slightly decreased
their sedimentation density in PF cells. However, both B5 and A3 are required for
RNA editing and cell growth. Furthermore, the substitution of amino acids at
selected sites within these proteins differentially affected cell growth, the integrity
of the RECC complexes, and RNA editing in the two life stages (McDermott et al.
2015b). Some mutations in various domains of B5 and A3 affected PF cells, BF
cells, or both. In a complementary study, a random mutagenesis of the functional
domains of BS5 identified eight amino acid substitutions that are lethal in BF cells but
not in PF cells. Most of these positions were in the degenerate RNase IlI-like
domain, consistent with the idea that this type of domain controls editing
(McDermott et al. 2015a). In the case of B4, a recent study showed that this protein
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is similar to B5 in that mutations in their degenerate RNase III domain more severely
impact the integrity of the RECC complexes in BF than in PF cells. In this study of
B4, mutations in the RNase III domain strongly inhibited BF and PF growth and
editing (McDermott and Stuart 2017).

Originally, the RECC complexes were thought to largely provide the basic
catalytic center in the holo-editosomes. However, the above mutagenic studies
provided the first evidence of differential relevance for some subunits of these
complexes in BF and PF trypanosomes. So, the RECC complexes may also play a
role in the control of stage-specific RNA editing. The above observations also
showed that functional studies in one stage are not necessarily valid in another
stage. A number of possible mechanisms may account for the differential roles of
specific subunits of the RECC complexes including differences in protein modifica-
tion, conformation, or interactions with other proteins or RNA. Interestingly, the A3
protein is a proposed structural core component of RECC complexes. In PF cells, A3
showed a number of cross-links with specialized components of both the U-insertion
and the U-deletion pathways (McDermott et al. 2015a). It will be interesting to
compare how the intra-cross-link network of A3, B4, and BS5 differ in purified
complexes from both PF and BF cells. B4 seems also particularly interesting because
it generated in PF cells the largest number of cross-links with other RNase III-type
proteins. Yet another RNase III protein, like BS, or another core protein besides A3
(i.e., also shared in the RECC variants), may be a major interaction point in BF cells.
It is possible that RECC complexes in BF and PF cells exhibit a similar protein
composition. However, the low expression of tagged proteins in BF have prevented
isolation of sufficient RECC complexes for analysis in this life cycle stage (Carnes
et al. 2011). Even if RECC complexes are compositionally identical in BF and PF
cells, the dramatic differences caused by the mutations described above suggest that
the architecture of the RECC complexes, or their protein-protein and protein-RNA
interactions, differ substantially in the two stages.

5.4 Enzymatic and Nonenzymatic Auxiliary RNPs
of the Editing Apparatus: REH2C, GRBC, and REMC

The current assignment of individual proteins to the known editing subcomplexes is
mostly based on RNA-independent co-purification, direct physical interaction of
isolated proteins, or both. Also, it is common to find that one protein stabilizes
another protein(s) in the same subcomplex. Two subcomplexes are discussed here:
the RNA editing helicase 2 complex (REH2C) and the RNA editing substrate
complex (RESC). Most of the proteins that currently define the REH2C and RESC
were initially detected in early purifications of a proposed higher-order RNP origi-
nally termed mitochondrial RNA-binding complex 1 (MRB1) or gRNA-binding
complex (GRBC) (Panigrahi et al. 2008; Hashimi et al. 2008; Weng et al. 2008;
Hernandez et al. 2010). The interdependence for stability among some proteins in
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the subcomplexes helped define two proposed modules of RESC: the core GRBC
and the more loosely defined RNA editing mediator complex (REMC) (Aphasizheva
et al. 2014). Protein components of GRBC and REMC stably co-purify in immuno-
precipitations or affinity purifications of accessory editing proteins (Weng et al.
2008; Hernandez et al. 2010; Ammerman et al. 2012). However, as discussed below,
GRBC and REMC appear to have different editing functions. The dependence for
protein stability in the subcomplexes is not always mutual: that is, one protein may
stabilize another protein but not vice versa. One protein subunit may specifically
affect the function(s) of another by directly impacting its stability. However, the loss
of a core component could disrupt the assembly or the stability of the entire
subcomplex. Interestingly, variants of GRBC have been reported that differ in
their content of gRNA and one or more proteins (Madina et al. 2015). There is
also evidence that variants of REMC exist (Kafkova et al. 2012). Putative variants of
the editing subcomplexes may exhibit overlapping but differential functions that
increase flexibility in function and specificity during the extensive remodeling of the
mitochondrial transcriptome. A central concept in understanding the function of
enzymatic and nonenzymatic RNPs in editing derives from the realization that these
RNPs are enriched of editing mRNAs, both substrates, and products. Such data led
to a model in which the auxiliary editing RNPs serve as scaffolds for a dynamic
assembly of mRNA-gRNA hybrid substrates and active RECC enzyme (Madina
et al. 2014; Aphasizheva et al. 2014).

5.5 The REH2C Helicase Subcomplex and Its Association
with Variants of GRBC

The ~15S REH2C was first identified in purifications of the RNA helicase REH2 from
RNA-depleted mitochondria after a genetic knockdown of the single T7 bacteriophage-
like RNA polymerase in the organelle (Madina et al. 2015). The isolated REH2C
includes the REH2 RNA helicase, REH2-associated factor 1 (HZF 1), and H2poA
(Kumar et al. 2016). A purification of REH2C from gRNA-depleted cells after the
knockdown of a core protein in GRBC, the gRNA-binding protein GAP1, showed that
REH2C retains fully edited mRNA, pre-edited precursors, and partially edited inter-
mediates (Kumar et al. 2016). Thus, REHC2 is an mRNP that includes three protein
subunits and all mRNA types that are involved in editing. These editing mRNAs in
REH2C are enriched in the subcomplex relative to never-edited mRNAs in mitochon-
dria and relative to nuclear and cytosolic transcripts (Kumar et al. 2016).

In the REH2C subcomplex, only REH2 and "?F1 are required for editing in
procyclic trypanosomes. Interestingly, a knockdown of "2F1 affects the REH2 in at
least two ways in vivo: it hinders REH2 co-purification with RESC components (i.e.,
in GRBC/REMC), and it causes REH2 fragmentation. The "*F1 knockdown does
not prevent the association of REH2 with "F2. Thus, "F1 is an adaptor protein that
stabilizes REH2 and brings it to the editing apparatus (Kumar et al. 2016). In
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agreement with a stabilizing role, the overexpression of ™?F1 has been seen to
moderately increase the REH2 level at steady state (Kumar et al. In Preparation).
The immunoprecipitated native REH2C exhibits 3’5" ATP-dependent unwinding
activity (Hernandez et al. 2010). The isolated recombinant REH2 also catalyzes
ATP-dependent unwinding of dsRNA in vitro. This observation indicates that REH2
may indeed function as an ATP-dependent RNA helicase in RNA editing (Kumar
et al. In preparation). REH2C associates with the gRNA-bound GRBC via RNA
contacts. Interestingly, different types of RNA-based association between these two
RNPs have been observed. This result led to a model of the holo-editosome
including two variants of the GRBC, namely, GRBC and GRBC* (Madina et al.
2014, 2015; Kumar et al. 2016) (Fig. 5.2). Notably, REH2C binds stably with
GRBC*, whereas the interaction of REH2C with GRBC is transient. Both types of
association by REHC?2, stable or transient, are mediated by RNA. GRBC and
GRBC* are also readily distinguished by their differential content of the protein
subunit MRB3010. That is, relative to the core GAP1/GAP2 proteins that exist in
both GRBC variants, MRB3010 is readily detected in GRBC but not in GRBC*. It is
unclear whether GRBC* and GRBC have other distinguishing protein marker(s).
However, the GRBC variants can be separated via purification of REH2 or "?F1
(in the case of GRBC*) or via purification of MRB3010 (in the case of GRBC). Both
the purified REH2C*GRBC* co-complex (via REH2) and GRBC (via MRB3010)
are enriched with fully edited mRNA transcripts compared to total mtRNA (Madina
et al. 2014). A separate study also showed that GRBC associates with editing
mRNAs (Aphasizheva et al. 2014). Thus, the independent studies by Madina et al.
(2014) and Aphasizheva et al. (2014) provided the first experimental data supporting
a model of the holo-editosome in which accessory RNPs bring together mRNA,
gRNA, and the RECC enzyme. Other studies have compared GRBC and GRBC*,
including their RNA content and interactions with other components of the editing
machinery. An RNA-Seq study that examined the content of initiating gRNAs found
that GRBC exhibits a relative enrichment of several initiating gRNAs (e.g., gRNAs
covering the first 1-3 blocks at the 3’ end of an editing domain) compared to the
stable REH2C*GRBC* co-complex and total mtRNA (Madina et al. 2014). Inter-
estingly, MRB3010 is thought to participate early in the editing process (Ammerman
et al. 2011). Manual sequencing of cDNA clones and qRT-PCR of the first editing
block in mRNAs A6 and ND7, or the first few blocks in mRNA RPS12, indicated a
greater accuracy in editing by the initiating gRNA in the mRNA found in GRBC
than in REH2C*GRBC* or in total mtRNA (Madina et al. 2015). Each gRNA directs
the editing of one block (Koslowsky et al. 2013). Thus, the MRB3010-containing
GRBC variant appears to support relatively more efficient editing by RECC than the
REH2C*GRBC* co-complex. However, both REH2 and HzFl, in the REH2C
subcomplex, cause trans effects on GRBC. For example, the REH2 knockdown
reduced the editing of mRNAs associated with GRBC. This editing inhibition was
observed in qRT-PCR assays of either the initial 3’ block or a distal 5’ block in the
mRNA transcripts. This finding suggests that REH2 affects most, if not all, editing
sites during early and late stages of editing progression. The REH2 knockdown also
induced increased pausing at preferential sites in the mRNA transcripts examined
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(Madina et al. 2015). It is possible that REH2 remodels the mRNA-gRNA local
structure at each site to improve access by RECC. Similarly, mRNA transcripts that
associate with GRBC are also less completely edited upon "?F1 depletion. In the "?F1
knockdown, pulldowns of GRBC (via MRB3010) exhibited a reduced level of
associated RECC enzyme and pre-edited mRNA (Madina et al. 2015; Kumar et al.
2016; Kumar et al. unpublished data). This result suggests that the REH2C
subcomplex can affect GRBC in trans. Specifically, the recruitment of REH2 by
the adaptor protein "?F1 may promote binding or retention of pre-edited mRNA
and RECC enzyme by GRBC. Moreover, band shift assays showed that
immunoprecipitated GRBC and REH2C*GRBC* form a RNP with a short radioac-
tive RNA duplex that is slow-moving in native gels (Kumar et al. 2016). Interest-
ingly, depletion of "F1 in mitochondrial extracts reduced the level of this RNP in
both isolated subcomplexes. The observations above indicate that REH2C acts in
trans to influence GRBC in multiple ways. Thus, dynamic physical and functional
interactions of REH2C with variants of GRBC, and with variants of RECC
(described above), could increase the combinatorial potential of the subcomplex
variants in holo-editosomes.

5.6 A New Class of Protein Regulators of DExH/RHA RNA
Helicases Includes the Trypanosomal "?F1 and Other
Multi-zinc Finger Proteins in Evolutionarily Distant
Eukaryotes

The control of helicase function in DExH/RHA-subfamily members often involves the
direct interaction between the characteristic OB-fold in the C-terminus of this type of
helicases and factors termed G-path proteins (Robert-Paganin et al. 2015). DExH/
RHA helicases from yeast, flies, and humans participate in diverse RNA processes
including mRNA splicing, ribosome biogenesis, and X-chromosome activation. Stud-
ies of the OB-fold in these helicases indicate that this conserved domain is regulatory
(Walbott et al. 2010; Jarmoskaite and Russell 2014; Prabu et al. 2015). However,
bioinformatic domain searches failed to identify recognizable G-patch domains in the
trypanosomal "?F1 or "F2 (Kumar et al. 2016). No crystal structure of a G-patch is
currently available (Robert-Paganin et al. 2015). However, the C-terminal half of
REH?2 binds directly with H2E1 (Kumar et al. 2016), and this interaction involves a
~250 amino acid fragment including the OB-fold in REH2 (Doharey et al.,
unpublished data). We recently proposed that besides typical G-patch proteins, there
is a second class of DExH/RHA helicase protein regulators that contain multiple zinc
fingers (Cruz-Reyes et al. 2016). Examples of other DExH/RHA helicase*Znf cofactor
systems include the following cases in nematodes and humans. In the gonads of
hermaphroditic worms, the nuclear MOPsMEP-1 system is thought to control the
spliceosome-mediated location of EJCs near exon-exon junctions in target mRNAs
involved in the sperm-oocyte switch (Bono and Gehring 2011). In humans, the
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cytosolic DXH30°ZAP system specifically binds viral mRNA targets and directs them
to exosomes for their specific degradation (Guo et al. 2007; Ye et al. 2010). So, these
helicase*Znf protein systems, including the REH2+"?F1 pair, control the function of
specialized mRNPs. H2E1 MEP-1, and ZAP seem to be dimeric (Bono and Gehring
2011; Ye et al. 2010; Kumar et al. Unpublished data). Another common feature of
these zinc finger proteins is that they all serve as adaptors directing their helicase
partners to editosomes, spliceosomes, and exosomes, respectively. The evolutionary
distance between early-branching trypanosomes and vertebrates suggests that zinc
finger cofactors likely modulate DExH/RHA helicases in additional RNA processes
where they may be present. The high conservation of the OB-fold enables detailed
sequence and structure models of this domain in REH2, as we have found using
available crystal structures of RNA helicases in yeast and flies, Prp43p and MLE,
respectively (Fig. 5.2c). We are currently using this information to probe conserved
features that may affect helicase function in REH2 in trypanosomes and evolutionarily
distant RNA helicases (Kumar et al. submitted for publication).

5.7 Different Contribution to Editing Progression by
Protein Components of REMC

Genetic studies of proteins in the auxiliary RNPs often show differences in the
impact of these proteins on the editing efficiency of different mRNA substrates.
However, the functional basis of those differences remains unclear in most cases.
This is further complicated because most of these proteins lack bioinformatically
identifiable motifs. Also, detailed mechanistic studies are necessary. A study
of protein components of REMC, namely, RGG2 (aka TbRGG2), REMC4
(MRB8180), and the 77% identical paralogs REMCS5A/REMC5 (MRB4170/
MRB4160), found that these proteins exhibit differential effects on editing progres-
sion in two examined mRNAs (Simpson et al. 2017). The paralogs REMC5A and
REMCS are redundant, so a double knockdown (dKD) of these proteins was
necessary to induce a substantial editing phenotype in procyclic trypanosomes. In
addition to the distinct effect of individual REMC subunits, it is feasible that variants
of REMC occur in vivo. In that case, the function and specificity of this module
could be more dynamic. Consistent with this idea, a RGG2 knockdown reduced the
levels of REMCS5A but had no effect on the steady-state level of REMC4. In
contrast, knockdowns of REMC4 or REMC5A/REMCS5 had no effect on the level
of RGG2 (Simpson et al. 2017). Notably, affinity purifications of tagged REMC5A
and REMCS paralogs showed similar, but not identical, sets of associated proteins.
In fact, the tagged purification of either paralog had an underrepresentation of unique
peptides attributable to the other paralog. Furthermore, the REMCSA and REMCS5
paralogs failed to co-purify in samples treated with RNase, and the knockdown of
one paralog did not affect the isopycnic sedimentation of the other (Kafkova et al.
2012). So, REMCS5A and REMCS are part of distinct variants of the REMC module.
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Together, the occurrence of REMC variants and a distinct contribution of individual
protein subunits to editing progression increase the potential for differential control.
RGG2, REMC4, and REMC5A/REMCS5 are RNA-binding proteins, as established
in UV cross-linking assays of each recombinant protein with synthetic RNA tran-
scripts (Fisk et al. 2008; Kafkova et al. 2012). Genetic knockdowns in trypanosomes
suggest that RGG2, REMC4, and REMC5A/REMCS specifically affect mRNAs that
require extensive editing. That is, these knockdowns did not affect mRNAs that
require minimal editing or the steady-state level of pre-edited mRNA precursors or
transcripts that are never edited. Interestingly, the studies by Simpson et al. also
showed differential effects on the editing progression of two mRNAs examined,
RPS12 and the ND7-5" domain (i.e., the mRNA ND7 has separate 5" and 3’ editing
domains, not a single domain as in other mRNAs). Notably, depletion of RGG2 or
REMCH4 caused pausing at numerous sites on RPS12, but at only a few sites on the
ND7-5" domain. However, the double REMC5A/REMC5 knockdown resulted in
the converse effect, that is, there was pausing at numerous sites in the ND7-5'
domain but only at a few sites in RPS12. Importantly, these pauses are spread out on
sequences that are targeted by multiple gRNAs. A broad distribution of pausing sites
is expected if the editing progression is affected. RGG2 and REMC4 affect mostly
the same sites, but a few sites seem specific to one protein or the other. So, RGG2
and REMC4 may have synergistic effects on editing. In comparison to the studies of
editing progression where the pools of gRNA may be normal, the genetic knock-
down of a core protein (GAP1) caused abrupt pausing specifically at the end of the
first or second gRNA. This result was due to the concurrent loss of the GRBC
integrity and gRNA in the cell. The assembly of components that form REMC and
other editing complexes is an interesting question because it may be controlled
in vivo. However, studies of the assembly process in vivo may be challenging
because depletions of individual proteins may induce secondary effects on overall
complex integrity. Thus, additional control mechanisms that involve the accessory
RNPs are emerging including the likely occurrence of REMC variants and the
substrate specificity of the REMC subunits during editing progression. This com-
plexity further increases the potential for differential control in the editing
machinery.

5.8 Differences in RNA-Binding Preference by Protein
Components in REMC

Most, if not all, editing protein components of the RECC enzyme and the auxiliary
RNPs may influence, directly or indirectly, the interactions of the editing apparatus
with RNA substrates and products. Such protein-RNA interactions may be structural
or regulatory. Either situation may control the editing reactions, RNA stability, or the
coordination of editing with transcription and translation in mitochondria. A recent
study applied UV-cross-linking and affinity purification (iCLAP) techniques to
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investigate direct RNA interactions of the paralogs REMC5A/REMCS5 (MRB8170/
MRB4160) in procyclic trypanosomes (Dixit et al. 2017). REMC5A and REMC5
interacted with all types of mitochondrial mRNA (not with gRNA) including
pre-edited and fully edited mRNA, but also with transcripts that are never edited.
The study reported the total number of the iCLAP tags (each tag includes ~30-50 nt)
for several transcripts. In general, REMC5A and REMCS5 exhibited similar binding
profiles in their mRNA preferences and the total number of interactions in each
transcript. The nature of the editing process and the short length of the tag sequences
prevented a clear distinction of whether a fully edited tag derived from the final
edited product or intermediates with partial editing (i.e., with an edited 3’ block).
Likewise, a pre-edited tag could derive from the pre-edited primary transcript or
intermediates with partial editing (i.e., with a pre-edited 5’ block). However, most
tags included an extensively edited sequence (~90%), and the least abundant
contacts were with never-edited sequences. The highly diverse pool of mRNA
molecules in mitochondria requires additional studies. However, a functional inter-
pretation of the specific RNA-protein contacts is beginning to emerge. Full gene
maps of the tags comparing two pre-edited transcripts revealed contacts of REMCS5A
and REMCS throughout most of the length of the COX3 mRNA. In contrast, both
proteins exhibited negligible contacts with a different (ND3) mRNA. Interestingly, a
double knockdown (dKD) of REMCS5A and REMCS5 caused a decrease in the
steady-state level of both pre-edited and edited CO3 mRNA. This result was found
in two separate studies by the same lab (Kafkova et al. 2012; Dixit et al. 2017). This
observation suggests that REMCS5A and REMCS specifically stabilize the CO3
mRNA, both before and after editing. The ability to control the steady-steady level
of a pre-mRNA would determine how much substrate enters the editing pathway. In
other cases, binding of REMC5A and REMCS5 to a mRNA transcript could specif-
ically stimulate the editing of that transcript. This may be the case for the A6 mRNA,
where dKD of the paralogs consistently increased the level of pre-edited transcript
while decreasing the level of edited molecules (Kafkova et al. 2012; Dixit et al.
2017). Thus, RNA binding by REMCS5A and REMC5 may have differential
substrate-specific roles in RNA stability or RNA editing. The precise distribution
of these roles in the mitochondrion is somewhat unclear because one study suggested
a specific increase in pre-edited mRNAs without changes in their edited counter-
parts, whereas another study suggested changes in editing (i.e., gain of substrate and
loss of product) (Kafkova et al. 2012; Dixit et al. 2017).

5.9 Conclusion

Uncovering the mechanisms that control the RNA editing process in trypanosome
mitochondria remains a daunting task. However, a recent model of holo-editosomes
as dynamic aggregates of specialized subcomplexes offers promising insights.
Central to this model is the realization that accessory subcomplexes serve as
molecular scaffolds that bring together mRNA, gRNA, and the RECC enzyme.
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Finally, the existence of editing subcomplex variants or isoforms also provides
critical insights. Indeed, variants of RECC, GRBC, and REMC have been found.
Together, these variant subcomplexes may provide the flexibility and fine-tuning
that is necessary for the specific recognition of thousands of editing sites in
pre-edited substrates and the myriad of intermediates in the mitochondrial milieu.
Because the cleavage step by REN nucleases in RECC may be a key checkpoint in
editing control, the cross-linking data suggesting a combinatorial potential of cata-
lytic and non-catalytic RNase III proteins are exciting. The future identification and
verification of bona fide partners in the putative RNase III heterodimers may
establish alternative pairs between catalytic and non-catalytic RNase III proteins
and between non-catalytic RNase III proteins and possible roles of the heterodimers.
The isolation of editing complexes from bloodstream-form trypanosomes remains
problematic due to the difficulty in culturing this life cycle form at high density.
Nonetheless, cross-linking maps of editing complexes and the determinations of the
protein composition and organization of editing complexes in BF trypanosomes will
be important. The stepwise assembly of the individual subcomplexes and their
co-complexes may also be controlled based on the metabolic needs of the growing
parasites or their adaptation to different hosts. Many questions remain, including the
binding and stabilization of gRNA by core proteins of GRBC, the targeting of
specific mRNAs by the GRBC, the possible roles of REH2C in remodeling of
mRNA-gRNA hybrids for efficient editing by RECC, the coordination of REMC
with other subcomplexes during editing progression, the determinants for RNA
binding by components of REMC, and the differential effects in stability or editing
of their ligands. While trypanosome RNA editing remains a surprisingly intricate
process in mitochondria, the evolving model of the holo-editosome organization is
brimming with exciting possibilities.
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Abstract RNA editing and processing in the mitochondrion of Diplonema
papillatum and other diplonemids are arguably the most complex processes of
their kind described in any organelle so far. Prior to translation, each transcript has
to be accurately trans-spliced from gene fragments encoded on different circular
chromosomes. About half of the transcripts are massively edited by several types of
substitution editing and addition of blocks of uridines. Comparative analysis of
mitochondrial RNA processing among the three euglenozoan groups, diplonemids,
kinetoplastids, and euglenids, highlights major differences between these lineages.
Diplonemids remain poorly studied, yet they were recently shown to be extremely
diverse and abundant in the ocean and hence are rapidly attracting increasing
attention. It is therefore important to turn them into genetically tractable organisms,
and we report here that they indeed have the potential to become such.

6.1 Introduction

6.1.1 General Overview

It is beyond reasonable doubt that the genome of all extant mitochondria is of
bacterial origin and with high confidence derives from a single acquisition of an
alpha-proteobacterium by an archaeal cell (Zimorski et al. 2014). The mitochondrial
genome was then subject to progressive reduction by downsizing of the endosym-
biont genome and via the transfer of genes into the nucleus and subsequent
retargeting of their products into the organelle. This led to a stepwise conversion
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of the endosymbiont into a mitochondrial organelle that is controlled largely from
the nucleus (Lithgow and Schneider 2010; Gray 2012). Closest to the original proto-
mitochondrial version seems to be the gene-rich mitochondrial genomes of jakobid
flagellates, which belong to the supergroup Discoba (Burger et al. 2013). In several
lineages, the gradual loss of genes resulted in a minimized genome containing just
two protein-coding genes (Flegontov et al. 2015) or in a complete elimination of the
mitochondrial genome (Maguire and Richards 2014). In other lineages that include
both uni- and multicellular eukaryotes, organization of the mitochondrial genome
acquired an almost limitless spectrum of forms and structures, which led some
authors to postulate that “anything goes” in these organellar genomes (Burger
et al. 2003). Recent research shows that this statement also applies to the expression
of mitochondrial genes, as their transcripts are more often than not subject to diverse
and complex forms of RNA editing, splicing, and processing.

Moreover, the structural and organizational diversity is not confined to the genome
and transcriptome but also applies to the proteome of these organelles. Interestingly,
only a minor fraction of proteins constituting the mitochondrion (= mitoproteome) is
a remnant of the original alpha-proteobacterium, while most of them are of diverse
prokaryotic (but other than alpha-proteobacterial) or eukaryotic origin (Szklarczyk
and Huynen 2010). The evolution of the mitochondrial ribosome represents an
illustrative example of numerous lineage-specific losses accompanied by gains of a
substantial amount of novel proteins (Desmond et al. 2011). Since most of extant
eukaryotic diversity is hidden in poorly studied protist lineages (Pawlowski et al.
2012), it is likely that their mitoproteomes will significantly differ from that of the
prototypic ones in yeast and human. The mitoproteomes of these latter opisthokonts
are by far the best studied and are at present the largest in terms of protein repertoire,
as summarized in MitoCarta2.0 (Calvo et al. 2016). However, it seems that some
protist mitoproteomes may be as complex as those of their multicellular relatives, as
exemplified by the studies of the mitochondrion of Acanthamoeba castellanii
(Gawryluk et al. 2014) and Trypanosoma brucei (Zikova et al. 2017).

T. brucei and related trypanosomatid flagellates contain a single canonical mito-
chondrion that generates ATP via oxidative phosphorylation, with oxygen being the
terminal electron acceptor (Tielens and van Hellemond 2009; Skodova-Sverakova
et al. 2015). It is likely that in terms of main metabolic setup, Diplonema papillatum
(Fig. 6.1) and other diplonemids have a rather similar organelle (our unpublished
data). This presumption and the relatedness with kinetoplastid flagellates indicate
that the mitoproteome of diplonemids will be highly complex rather than reduced as
is the case of disparate anaerobic or microaerophilic eukaryotes (Maguire and
Richards 2014). The well-studied mitochondrion of 7. brucei with over 1100 pro-
teins (Dejung et al. 2016; Urbaniak et al. 2013; our unpublished data) is as complex
as the mitochondrion of multicellular organisms. Moreover, its metabolism is highly
adaptable to the drastically different environments of the insect vector and the
bloodstream of the mammalian host (Verner et al. 2015). It is reasonable to assume
that the mitochondrion of diplonemids (Fig. 6.1) will be more akin to the
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Fig. 6.1 Morphology of the model diplonemid, Diplonema papillatum. Light microscopy (a) and
scanning electron microscopy (b) revealing the sac-like shape of the cell in culture and two
heterodynamic flagella. (¢) Transmission electron microscopy of a longitudinally sectioned cell
with a prominent nucleus (N), single reticulated and peripherally located mitochondrion (M) with
large discoidal cristae (arrowhead), and readily visible Golgi apparatus (G)

morphologically developed and metabolically highly active organelle of the insect-
dwelling trypanosomes, especially since its nuclear genome is much larger (estimated
at around 180 Mbp; our unpublished data) compared to that of the well-studied
parasitic kinetoplastids (El-Sayed et al. 2005).

So far, diplonemids have been considered a marginal, rare, and rather insignifi-
cant group that received attention only thanks to its bizarre mitochondrial genome
(see below). However, as they are emerging as major players in the world oceanic
ecosystem, we predict that the era of diplonemids is just beginning.
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6.1.2 Diplonemid Ecology, Taxonomy, and Phylogeny

With a single known exception (Triemer and Ott 1990), diplonemids seem to be
confined to the marine environment including benthic waters. Yet in this largest
planetary ecosystem, they are virtually omnipresent. In the frame of a global survey
of marine microbial eukaryotes performed by the Tara Oceans expedition, based on
the V9 region of the 18S ribosomal (r)RNA gene, over 85% of total eukaryotic
plankton diversity is represented by unicellular eukaryotes (de Vargas et al. 2015).
Diplonemids appeared among the most abundant groups, as they constitute the sixth
most abundant (by reads of rRNA) and the third most diverse (by the number of
operational taxonomic units, OTUs) eukaryotic group of the photic zone (de Vargas
et al. 2015; Lukes et al. 2015).

This came as a surprise since all the other prominently present eukaryotic groups
were already well known, whereas diplonemids were until then considered rare and
ecologically insignificant protists. In some stations of the Tara Oceans expedition,
diplonemids reach up to 58% of all eukaryotes in the deeper mesopelagic zone
(Flegontova et al. 2016) and were detected down to 6000 m in the poorly studied
abyssopelagic zone (Eloe et al. 2011). Extensive sampling in the deeper pelagic
layer, which is apparently the main habitat of diplonemids, further confirmed their
prominent position among marine planktonic eukaryotes in terms of abundance and
diversity (Flegontova et al. 2016).

The vast majority of marine diplonemids falls into a single clade dubbed the
“deep-sea pelagic diplonemids” (DSPD) from deep oceanic environments (Lépez-
Garcia et al. 2001, 2007; Lara et al. 2009) and was recently encountered at various
depths ranging from surface to mesopelagic waters (Lukes et al. 2015). The DSPD
clade is also widespread in different geographical locations, ranging from tropical to
polar regions, as well as from coastal to open ocean environments (Flegontova et al.
2016). Despite their diversity, ubiquity, and apparent abundance, we know close to
nothing about the lifestyle, morphology, physiology, and biochemistry of the DSPD
clade. Diplonemid species subjected to studies so far have been associated with
parasitic or predatory lifestyles in plants, diatoms, and other marine protists (Schnepf
1994; Yabuki and Tame 2015). However, neither of the investigated species falls
into the DSPD clade, which represents over 90% of diplonemid diversity.

The elusive DSPD diplonemids were, however, frequently encountered in a
single-cell genomic survey of heterotrophic flagellates, conducted in the North
Pacific Ocean (Gawryluk et al. 2016). Data generated from 10 individual cells,
some of which belonged to OTUs most frequently represented in the Tara Oceans
dataset, contain over 4000 protein-coding genes that fall into an ensemble of
categories expected for heterotrophic protists. One striking feature is the high density
of nonconventional introns that are absent from their kinetoplastid sister group
(Gawryluk et al. 2016). Although we still have limited morphological and genetic
information about the DSPD clade, it has now been formally described as a new
class within Diplonemidea (Okamoto et al. 2018).
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Moreover, significantly more information is available on the morphology, ultra-
structure, and behavior of marine diplonemids not falling into the DSPD clade, but
constituting several sister clades. These sac-like cells, highly variable in size and
shape, have invariably two heterodynamic flagella inserted into a pronounced
flagellar pocket and a DNA-rich mitochondrion with prominent lamellar cristae
(Fig. 6.1). As is expected for a newly emerging speciose group of protists, the
taxonomy and phylogeny of diplonemids is likely to evolve in the upcoming years.

6.1.3 Relationship of Diplonemids to Other Members
of Euglenozoa

Diplonemids are part of the supergroup Euglenozoa, which includes two other
morphologically and biochemically distinct main groups, kinetoplastids and
euglenids (Adl et al. 2012; Cavalier-Smith 2016). This triumvirate was extended
by the addition of anaerobic symbiontids (also called postgaardids) that were until
recently placed among euglenids (Cavalier-Smith 2016). Symbiontids, which have a
uniquely modified feeding apparatus and owe their name to their dependence on
surface bacteria, are a poorly studied small group with only three genera described so
far—Postgaardia, Calkinsia, and Bihospites. They were isolated from anoxic or
low-oxygen environment, mainly from marine sediments (Yubuki et al. 2009, 2013;
Breglia et al. 2010). Dependence on surface-bound episymbiotic bacteria along with
hydrogenosome-like mitochondria with reduced cristae indicate a tight mutualistic
relationship. Recently, symbiontids were shown to be present worldwide, similarly
to the other euglenozoan groups, and they also seem to be more diverse than
appreciated so far (Breglia et al. 2010; Edgcomb et al. 2011; Yubuki et al. 2013).

6.1.4 Mitochondrial Genome and Gene Structure

Despite the fact that all mitochondria are most likely derived from a single endo-
symbiotic event, mitochondrial genomes have evolved into myriad forms (Burger
et al. 2003). The most diverse mitochondrial genomes are to be found among protists
belonging to the supergroup Discoba (Smith and Keeling 2015). Jakobida harbor the
most gene-rich mitochondrial genomes known (Burger et al. 2013), while anaerobic
Metamonada exhibit mitochondrial reduction and even complete organelle loss
(Karnkowska et al. 2016).

Arguably one of the most complex forms of mitochondrial DNA (mtDNA)
evolved in diplonemid flagellates. D. papillatum carries in its organelle the largest
amount of mtDNA known so far. The presence of an extraordinarily high amount of
nucleic acids in its single mitochondrion was indicated by centrifugations of total
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DNA in cesium chloride density gradients (Maslov et al. 1999). Later on, this
observation was corroborated by staining mtDNA in situ, which revealed a strong
continuous signal throughout the lumen of the reticulated organelle (Marande et al.
2005).

Flow cytometry experiments indicate that the D. papillatum nuclear genome has a
size of about 180 Mbp (our unpublished data). In a more recent study, the cultured
cells were stained simultaneously with an A + T-selective and nonselective dye, and
the nuclear and mitochondrial signals were distinguished by color deconvolution,
followed by quantification (Wheeler et al. 2012). This approach revealed massive
inflation of the D. papillatum mtDNA, which with its estimated size of 270 Mbp not
only exceeds that of the corresponding nuclear DNA but also represents the largest
amount of DNA documented in any bacterium-derived organelle (LukeS
et al. unpublished). However, this enormous inflation does not reflect the gene
content, which is rather ordinary, specifying subunits of respiratory complexes (six
identified ORFs have unknown function) and the large and small subunit
mitoribosomal rRNAs (Vicek et al. 2011; Valach et al. 2014; Moreira et al. 2016).

Members of the genera Diplonema and Rhynchopus, as well as Hemistasia
phaeocysticola have a multipartite mitochondrial genome (VIcek et al. 2011; Yabuki
et al. 2016). In D. papillatum, mtDNA is composed of thousands of non-interlocked
circular chromosomes of at least 81 sequence classes that fall into two size catego-
ries—o6 kb and 7 kb long, also labelled classes A and B, respectively (Marande et al.
2005) (Fig. 6.2). Within each class, chromosomes are essentially identical in
sequence except for a short region called “cassette.” Representing only about 5%
of the chromosome, each cassette is composed of short unique 5’ and 3’ regions that
flank a coding sequence, which is invariably a single gene fragment. With the sole
exception of the small mitoribosomal rRNA, all genes are broken into up to
11 fragments, each of which resides on an individual chromosome (Valach et al.
2016); contiguous gene versions were not detected in mtDNA or nuclear DNA of
D. papillatum (Figs. 6.2, 6.3 and 6.4). As a consequence of systematic fragmenta-
tion, not a single gene could be recognized at the outset of investigating the
mitochondrial genome (Burger et al. 2016).

6.2 From Fragmented Genes to Contiguous Transcripts Via
RNA Splicing

6.2.1 Splicing Types Found in Nature

As detailed above, genes in diplonemid mitochondria are systematically fragmented.
However, mRNAs and rRNAs are, as usually, in one piece. Therefore, some kind of
posttranscriptional mending must take place, which we have investigated mostly in
D. papillatum and to some degree in D. ambulator, Diplonema sp. 2 [recently
renamed to Flectonema neradi (Tashyreva et al. 2018)], and Rhynchopus euleeides.
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Fig. 6.2 Gene expression in diplonemid mitochondria. (a) Canonical circular mitochondrial
chromosomes comprise a constant region of identical sequence across all members of a class
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Our results reveal that the formation of contiguous mitochondrial mRNAs and
rRNAs is diametrically different from conventional RNA splicing.

To summarize briefly, four major RNA splicing mechanisms exist across the
various life forms and are classified according to the type of intervening sequence
that is being eliminated: spliceosomal, tRNA (or archaeal), Group I, and Group II
intron splicing (reviewed in Moreira et al. 2012). An additional less abundant type
acting in fungi and vertebrates is IRE-mediated splicing that removes HAC1/XBP1
introns from pre-mRNA (Gonzalez et al. 1999). Each intron type is spliced by a
distinct molecular machinery, be it a ribonucleoprotein complex (spliceosomal
introns), catalytic RNA assisted by proteins (Groups I and II introns), or proteina-
ceous enzymes (tRNA and HAC1/XBP1I introns) (Hudson et al. 2015; Stahley and
Strobel 2006; Zhao and Pyle 2017; Tanaka et al. 2011).

Initially, RNA splicing was viewed as an intramolecular (cis) reaction, removing
an internal stretch of a pre-RNA and resealing adjacent exons. However, each of the
abovementioned splicing types can also proceed in frans, i.e., the exons can reside
on separate molecules, essentially representing halves of a pre-RNA broken apart
within the intron.

6.2.2 RNA Processing Steps Prior to Trans-splicing
in Diplonemid Mitochondria

Expression of fragmented genes in diplonemid mitochondria involves a unique
mode of trans-splicing not seen before in any other system. The substrate for this
particular trans-splicing is generated in a series of steps. First, gene pieces are

Fig. 6.2 (continued) [e.g., (a) and (b) in D. papillatum] and a unique cassette, which encloses a
module (gene fragment). A cassette may be oriented in either sense relative to the constant region
(illustrated at left and right). Long primary transcripts are initiated from the constant region by either
two convergent promoters (left), or a bi-directional promoter (right), and extended into the other
side of the constant region. (b) Separately transcribed single module precursors are processed in a
highly parallelized process, which includes removal of 5’ and 3’ flanking noncoding regions,
C-to-U, A-to-I, and U-appendage RNA editing of specific modules, 3’ polyadenylation of terminal
modules, and trans-splicing of modules at processed ends (gray background). During the processing
and trans-splicing, errors and their repair can take place: (i) exonucleolytic over-trimming of a
module can be compensated for by a longer U-tract; (ii) 3’ flanking region of the upstream module
can be retained instead of a U-tract; (iii) 3’ end over-trimming of can be compensated for by
U-addition, even if the terminus is not normally a U-appendage site; (iv) polyadenylation of the
terminal module may occur at over-trimmed sites; (v) two non-cognate modules can be joined
together. Note that only the coding-strand transcripts are shown. (¢) Examples of erroneous and
error-compensating intermediates at the junction between the modules m7 and m8 of nad5 detected
in the total RNA from Flectonema neradi (Diplonema sp. 2). Coding and flanking noncoding
regions are shown in black and gray, respectively. Note that the correctly processed, U-appendage-
edited, and trans-spliced product represents the vast majority of detected RNAs
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Fig. 6.3 Mitochondrial genome architectures and gene expression pathways in euglenozoans.
Phylogenetic relationships among representative euglenozoan genera with their mitochondrial
genome organization schematized. Euglenid mitochondria generally contain an assortment of linear
molecules of variable length, though some species also harbor circular DNAs. Mitochondrial DNA
of trypanosomatids, termed kinetoplast DNA (kDNA), is arranged into a single disc-shaped
structure of catenated molecules. Bodonid species (Bodo, Trypanoplasma, and Dimastigella)
contain non-catenated and relaxed or supercoiled circular molecules. Diplonemid mitochondrial
circular chromosomes differ in size, with Hemistasia having particularly small chromosomes, as
well as gene fragments

transcribed as long precursor molecules from a promoter located in the shared region
of a mitochondrial chromosome. Although precise mapping of the transcription start
site by in vitro capping experiments failed, the site was inferred to be located within
the constant regions of chromosomes from precursor length determined by RNA
circularization followed by RT-PCR across the ligation site (circRT-PCR) and
amplicon sequencing (Kiethega et al. 2013) (Fig. 6.2a).

The promoter is most likely bi-directional (or two mirroring promoters exist in the
constant region of circular chromosomes), since gene fragments are found encoded on
either strand of the chromosome (plus and minus orientation of A-class and B-class
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Fig. 6.4 Gene complement and editing site count across representative euglenozoans. Black
rectangles indicate the presence of a gene (left column), with the number specifying the tally of
precursor transcripts. Also shown is the total number of edits (+U, —U, C-to-U, A-to-I) in the
corresponding mature transcript

chromosomes). In addition, antisense transcripts of individual gene fragments are
detectable at low steady-state concentrations (Valach et al. 2014). Whether the amount
of sense and antisense transcripts is regulated at the level of transcription initiation,
transcription progressivity, or transcript degradation is currently not known.

The subsequent step in the expression of fragmented mitochondrial genes con-
sists in end-processing of module transcripts. Processing intermediates, which are
readily discernable by cDNA sequencing and circRT-PCR experiments, indicate that
a combination of both endonucleolytic cuts and trimming are at work to generate
transcripts that consist exclusively of coding regions (Fig. 6.2b). Only the 5" (“first)
module of protein-coding genes retains noncoding sequence, notably a 26- to 27-nt-
long 5" UTR (Kiethega et al. 2013).

Prior to trans-splicing, modules that will constitute the end of the mature tran-
scripts undergo further maturation, notably addition of a homopolymer tail at the 3’
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end. Transcripts of the “last” module from protein-coding genes are polyadenylated,
forming the A-tail of mRNAs. Remarkably, A-tailed 3’-module transcripts belong to
the most abundant precursors in total RNA, being present in certain cases (e.g., coxI)
in a steady-state concentration comparable with that of the mature transcript
(Marande and Burger 2007).

The last modules of both mito-rRNAs also receive a homopolymer tail. The large
ribosomal subunit (mt-LSU) rRNA is polyadenylated. We reported previously that
the transcript, once incorporated into the mitoribosome, has no A-tail (Valach et al.
2014). However, we realized recently that the result that led to this conclusion was
due to an experimental artifact (see below “Limitations Encountered in Using the
RNA-Seq Approach”). Reinvestigation of this issue by circRT-PCR demonstrates
unambiguously that the A-tail length of mt-LSU rRNA (19-20 nt) remains
unchanged after integration into the mitoribosome (Valach and Burger, unpublished
data). The small ribosomal subunit (mt-SSU) rRNA from diplonemids studied so far
is special in that its 3’ end carries a tail made from 8 Us. Curiously, in the
kinetoplastid Trypanosoma brucei, both mt-rRNAs are modified by the addition of
multiple terminal uridines (Adler et al. 1991).

Throughout eukaryotes, terminal adenylation or uridylation of rRNAs is gener-
ally a signal for degradation (Slomovic et al. 2010; Kuai et al. 2004). While
exceptions to that rule have been reported for several taxa (Chaput et al. 2002;
Mohanty and Kushner 2011), rigorous studies of either transcript stability or the state
of rRNA actually incorporated into the ribosome are rare. Finally, prior to trans-
splicing, certain modules will undergo RNA editing, which will be detailed in a later
section.

6.2.3 Succession of Posttranscriptional Processing Steps
and Trans-splicing

Contiguous mRNAs and mt-LSU rRNA of diplonemid mitochondria are formed
through the joining of gene module transcripts that have been processed as described
above. (Note that we use the term “module-transcript joining” synonymously with
“trans-splicing”) (Figs. 6.2, 6.3, 6.4 and 6.5). Intermediates of module-transcript
end-processing, as well as trans-splicing, are readily detectable, not only in circRT-
PCR experiments (Kiethega et al. 2013) and deep transcriptome sequencing
(Moreira et al. 2016) but even in much less sensitive Northern hybridization
(Marande and Burger 2007). This situation made D. papillatum an ideal system in
which to investigate the temporal order of events.

Specifically, we observed a mixture of end-processing and trans-splicing inter-
mediates, demonstrating that the succession of the individual posttranscriptional
processing steps is not as strict as presented above (Fig. 6.2b). For example, module
transcripts were detected that still carry adjacent, noncoding sequence at one termi-
nus, while their other terminus is already trans-spliced to the neighbor module. This



156 D. Faktorova et al.

mtDNA mtDNA mtDNA

transcription transcription transcription

long single-module  pqyycistronic precursors

precursors
exo-/endonucleolytic endonucleolytic
processing processing
pre-gRNA pre-rRNA
mono-modules pre-mRNA
C-to-U + A-to-I 3’ oligo-
editing adenylylation
, - 3’ poly- 3’ oligo-
3’ U-addition : . : g
editing uridylylation +‘.".'” uridylylation
| editing
3’ poly- via gRNA
adenylylation
3’ addition of
trans-splicing long A/U tails
rRNA mRNA mRNA rRNA mRNA rRNA
ribosome ribosome ribosome
assembly assembly assembly
translation translation translation
protein protein protein

Fig. 6.5 Comparison of gene expression pathways among euglenozoans. Note that while the
processes are sequential in kinetoplastids, diplonemids perform most processing and editing steps
in parallel (see also Fig. 6.2)

shows that end-processing is not required to be completed for both module termini
before trans-splicing can proceed. Further, polyadenylation of 3’-module transcripts
is not a prerequisite for trans-splicing of their 5’ end to the upstream neighbor.
Similarly, RNA editing of a module transcript via substitutions is not required to
have taken place before trans-splicing. The only exception is U-appendage RNA
editing. U-addition at module 3’ ends is completed before the corresponding termi-
nus is joined to its downstream module or, in the case of terminal modules, before it
is polyadenylated. Still, trans-splicing products with incompletely processed ends
are the minority, as are those that are still pre-edited or not yet polyadenylated.

In summary, trans-splicing results in the correct sequential order of modules, yet
proceeds without a particular directionality (e.g., 3’ to 5"). Thus transcript biogen-
esis in diplonemid mitochondria is a highly parallelized process (Kiethega et al.
2013).
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6.2.4 Partner Selection in Trans-splicing

In diplonemids of the D/R clade, about 80 mitochondrial module transcripts have to
be trans-spliced to their correct partner, raising the question how cognate module
recognition is achieved. Cis sequence elements such as those adjacent to trans-
splicing sites of conventional introns are not discernable, nor are conserved primary
or secondary structure elements that are shared by all splice sites (Kiethega et al.
2011). Therefore, we posit trans-acting factors that recognize module transcripts to
be joined and align them tail to head for trans-splicing.

Kinetoplastids possess guide RNAs, an abundant species of ~50-nt-long tran-
scripts with a 5'-triphosphate and a U-tail, which are involved in mitochondrial
uridine insertion and deletion RNA editing (Aphasizhev and Aphasizheva 2011;
Read et al. 2016). We speculated initially that such molecules might guide trans-
splicing in diplonemids, yet Diplonema mitochondria do not contain such an RNA
species (Kiethega et al. 2013). Another conceivable kind of trans-acting splice
guides would be full-length antisense mRNAs and antisense rRNA, serving as a
single template for all splice junctions of a given gene. Since full-length genes are
not present in Diplonema nuclear or mitochondrial DNA, these antisense transcripts
would have to be produced by an RNA-dependent RNA polymerase (Valach et al.
2014), using sense transcripts as a template. Alternatively, there might be multiple
(i.e., a total of 69) short antisense RNAs, each complementary to a single module
junction.

We tested the “antisense RNA hypothesis” for cox/ and rnl. For coxl, we
performed exhaustive in silico analyses in an attempt to detect potential splice
guides. Indeed, for each of the junctions, sequences were identified in the mitochon-
drial and nuclear genome that have the potential to be transcribed into splice guides
(Kiethega et al. 2011); in turn, RT-PCR experiments indicated the existence of splice
guides for five of the eight junctions (Kiethega et al. 2013). For rnl, which is ~100x
more highly expressed, RT-PCR returned a readily discernable antisense product,
Northern experiments showed a weak and smeary signal, and deep sequencing of a
stranded cDNA library made from total RNA using an approach, which produces
di-tagged first-strand cDNAs (ScriptSeq kit), yielded ~2.5% read coverage of the
complementary strand bridging the rnl-m1/rnl-m2 junction. This rate is more than
two times above the 1% of spurious antisense reads considered typical for the
methodology (Valach et al. 2014).

Yet, these results must be considered with caution. The RT-PCR technique may
produce artifactual antisense products, e.g., by polymerase template switching.
Moreover, in more recent RNA-Seq experiments (Valach et al., unpublished data),
we noted a considerable variation in the depth of junction-crossing antisense reads
between libraries made from different RNA preparations (1-6%). Furthermore, total
RNA-Seq libraries, made wusing the first-strand dUTP-cDNA approach
(as implemented in the TruSeq kit) (Parkhomchuk et al. 2009) of D. ambulator,
F. neradi (Diplonema sp. 2), and R. euleeides, showed only a coverage of 1% (i.e.,
background level). In sum, at the current time, it is uncertain if Diplonema cells



158 D. Faktorova et al.

indeed produce a significant steady-state level of genuine junction-crossing anti-
sense RNAs for cox/ or mt-LSU rRNA.

Instead of RNA guides, trans-splicing could also be directed by guide proteins.
Such proteins must be capable of binding selectively to specific RNA sequence
motifs. Sequence-specific RNA-binding proteins are generally composed of sev-
eral conserved RNA-binding domains that engage in base-dependent interactions
with RNA and form a three-dimensional shape that is complementary to that of the
recognized RNA motif (Ban et al. 2015). The most common and best-studied
RNA-binding proteins are characterized by either tristetraprolin (TTP)-type tandem
zinc finger domains, pentatricopeptide repeat protein (PPR) domains, Pumilio-FBF
(Puf) domains, or RNA recognition motif (RRM) domains. We detected genes
from the three latter families in the preliminary version of the D. papillatum
nuclear genome sequence (our unpublished data). It remains to be confirmed, in
silico and experimentally, which of these predicted proteins are located in the
mitochondrion.

6.2.5 Accuracy of Module Trans-splicing

With several dozen distinct gene module transcripts in the diplonemid mitochon-
drion, what is the trans-splicing accuracy? Deep transcriptome sequencing of total
D. papillatum RNA shows on average ~0.1% mis-spliced transcripts, with certain
modules being considerably more “promiscuous” than others (Fig. 6.2c¢). For
example, in a total RNA library, as much as ~16% of trans-spliced coxI-m7 3’
termini have been joined incorrectly, i.e., predominantly to cox/-m6 instead of
cox1-m8. In contrast, poly-A libraries contain only about 0.4% of mis-joined coxI-
m7 products. Thus, incorrectly joined modules appear to be eliminated by some
quality control mechanism in mature polyadenylated mRNAs. Mis-splicing might
be caused by short identical sequence motifs. A preliminary search (>6-nt-long
motifs within 20-nt from the junction) did not reveal recurrent patterns. The
analysis has to be extended to more distant regions and also consider secondary
structure motifs.

Interestingly, a recent investigation of the distantly related diplonemid
H. phaeocysticola (Yabuki et al. 2016) recovered rare cases of mitochondrial
transcripts in which the first cox/ module was joined to downstream modules
other than the expected module 2. These findings were interpreted as indicative of
an mRNA assembly pathway containing a step of module-transcript insertion in
contrast to a “concatenation” model described for D. papillatum. Although this
suggestion is an intriguing possibility that merits further study, in the light of the
existence of module mis-joining in all D/R diplonemids studied thus far (Valach
et al. 2016), it seems more plausible that the rare transcripts with unexpected
module order in Hemistasia also represent dead-end intermediates.
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6.2.6 Speculations on the Trans-splicing Reaction
and Machinery

While the process of trans-splicing in diplonemid mitochondria is quite well char-
acterized, open questions remain about the reaction itself. Given the absence of
conserved nucleotides at the splice junctions, a ribozyme reaction mechanism is
unlikely, thus favoring the hypothesis of an enzyme-based ligation of module
transcripts. For example, splicing of conventional tRNA introns and of HAC/XBP1
involves an end-joining reaction catalyzed by RNA ligases of the T4 Rnl or the RtcB
family (Popow et al. 2012). Preliminary analyses of the nuclear genome draft from
D. papillatum show that it encodes proteins of the RtcB family. Some family
members will be involved in the splicing of nuclear tRNA introns, while others
might join mitochondrial module transcripts. We postulate that module ligation and
matchmaking are performed by an integrated molecular machinery—the hypothet-
ical joinosome (Valach et al. 2016)—whose identification is our priority.

Interestingly, a second case of unorthodox trans-splicing has been reported in
mitochondria of certain dinoflagellates. One of the mitochondrion-encoded gene,
cox3, is broken up into two separate pieces, while its transcript is contiguous
(Jackson and Waller 2013). Whether the machinery involved shares communalities
with the system in diplonemids remains to be investigated.

6.2.7 Limitations Encountered in Using the RNA-Seq
Approach

By investigating the mitochondrial transcriptome of diplonemids, we became aware
of several limitations of the RNA-Seq approach (see also Ozsolak and Milos 2011;
Levin et al. 2010). One problem is that read coverage only partially represents the
actual steady-state level of a transcript, especially when the library construction
protocol, as in our case, uses hexamer primers for initiating first-strand cDNA
synthesis. Not only does coverage drop strongly toward the template’s extremities,
but also internally drastic fluctuations occur, probably due to differences in effi-
ciency of primer annealing to particular sequence contexts. An important challenge
in our analyses was the low read coverage in homopolymer tracts, likely caused by
inefficient progressivity at the stage of reverse transcription and sequencing.
Strand specificity is another issue, especially when analyzing the level of genuine
antisense transcripts. We noted that the degree of spurious antisense reads depends
on the sequence of the gene in question and may be above or below the overall
vendor-stated rate of a given library construction protocol. To determine exactly the
level of spurious antisense products, controls with an in vitro-synthesized RNA
should be performed so that the portion of genuine antisense transcripts in the sample
can be reliably assessed. Our approach was to synthesize in vitro an ~200-nt-long
RNA that covers the rnl-m1/rnl-m2 junction and—for cost reasons—mix it into an
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RNA preparation of another organism to be sequenced, construct a stranded
RNA-Seq library of this mix, and sequence it.

Further, we encountered the problem that capture probes used for eliminating
over-abundant transcripts, such as rRNAs, are not always removed completely from
the sample prior to library construction. Remnants of the capture probe prime reverse
transcriptase during first-strand synthesis, generating artificially profuse amounts of
reads all starting at the same position. Capture probes are biotinylated for easy
removal with streptavidin-coated magnetic beads after annealing with their target
rRNA. We assume that sample contamination occurred because of a too low ratio of
beads to capture probe and/or because of incomplete biotinylation of the
oligonucleotide.

A final unexpected issue was that different RNA-Seq library construction kits are
not equally effective in reproducing A-tails. Control experiments with circRT-PCR
confirmed that mt-LSU rRNA has indeed 19-20 As at its 3’ end, just as determined
via the reads from the ScriptSeq library (Valach et al. 2014), while the TruSeq library
returned only 0-2-nt-long A-tails. We assume that the particular mix of random
primers used by the TruSeq protocol is biased against annealing with A-tracts.

6.3 From Defective to Functional Products Via RNA
Editing

As alluded to in the previous section, the convoluted mitochondrial gene expression
in diplonemids does not stop at ribonucleolytic processing and covalent joining to
form the functional mRNA or rRNA. Certain module transcripts undergo additional
maturation steps, which result in nucleotide-level changes of the transcript sequence.

6.3.1 Types of RNA Editing Systems in Mitochondria

In general, RNA modifications corresponding to nucleotide insertions, deletions, or
substitutions are referred to as RNA editing (reviewed in Knoop 2010). They may
take place directly during transcription or at later maturation stages, may involve a
variety of enzymatic activities (e.g., base deaminases, nucleases, ligases, 3’ or 5’
polymerases), and may affect mRNAs, rRNAs, or tRNAs, as well as other types of
transcripts like miRNAs, ncRNAs, or retrotransposons (reviewed in Knoop 2010;
Nishikura 2016). We first briefly overview the diversity of RNA editing mechanisms
in mitochondria (Table 6.1), with emphasis on five instances where the enzymatic
players have been characterized, before addressing the peculiarities of the
diplonemid RNA editing.

C-to-U substitution is commonly encountered in land plant organelles, with
hundreds to thousands of editing events per genome (reviewed in Takenaka et al.
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Table 6.1 Diversity and distribution of RNA editing types in mitochondria

Transcript
Type of change Distribution category Selected references
Substitution | C-to-U Land plants mRNA Reviewed in Takenaka
et al. (2013)
Slime molds mRNA Bundschuh et al. (2011)
Heteroloboseans | mRNA Riidinger et al. (2011) and
Fu et al. (2014)
Diplonemids mRNA, Moreira et al. (2016)
rRNA
Malawimonads | mRNA Authors’ unpublished data
U-to-C Land plants mRNA Reviewed in Takenaka
et al. (2013)
A-to-1 Diplonemids mRNA, Moreira et al. (2016)
rRNA
Various Dinoflagellates | mRNA, Lin et al. (2002) and Jack-
rRNA son et al. (2007)
Insertion Predominantly C Slime molds mRNA, Bundschuh et al. (2011),
(also U, A, G) rRNA, Mahendran et al. (1991)
tRNA and Chen et al. (2012)
Predominantly G Heteroloboseans | mRNA, Yang et al. (2017)
(also A, C, U) rRNA,
tRNA
A Dinoflagellates mRNA, Jackson et al. (2007)and
rRNA Jackson and Waller (2013)
Metazoans tRNA Yokobori and Piidbo
(1995)
U Metazoans mRNA Vanfleteren and
Vierstraete (1999) and
Lavrov et al. (2016)
Kinetoplastids mRNA Reviewed in Read et al.
(2016)
Diplonemids mRNA, Moreira et al. (2016)
rRNA
Various (5" end) Amoebozoans tRNA Jackman et al. (2012)
Fungi tRNA Laforest et al. (1997)
Heteroloboseans | tRNA Authors’ unpublished data
Various (3’ end) Jakobids tRNA Leigh and Lang (2004)
Metazoans tRNA Segovia et al. (2011)
Deletion A Slime molds mRNA Gott et al. (2005)
U Kinetoplastids mRNA Reviewed in Read et al.

(2016)

2013; see also Chap. 9). Although the enzyme responsible for the deamination
reaction has not yet been unambiguously identified, a plethora of ancillary cofactors
has been catalogued (reviewed in Sun et al. 2016) and the indirect experimental
evidence has been converging on the DYW family of PPR proteins as the catalytic

component (Salone et al. 2007; Shikanai 2015).
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A different process takes place in the mitochondria of slime molds such as
Physarum polycephalum (Bundschuh et al. 2011; Mahendran et al. 1991), where the
plentiful mono- and dinucleotide insertions at internal sites in mitochondrial transcripts
occur co-transcriptionally, probably relying on the interplay between the RNA poly-
merase complex and its substrate DNA (Visomirski-Robic and Gott 1997; see also
Chap. 8). However, the exact mechanism of this system remains to be elucidated.
Much better understood is the editing of mt tRNA at their 5’ and 3’ ends, a posttran-
scriptional nucleotide insertion process observed in various eukaryotic clades
(Table 6.1). Several amoebozoans replace 5’ terminal nucleotides of their mt tRNA
employing an unconventional 3’ to 5’ polymerase of the Thgl family (Abad et al.
2011; see also Chap. 7). Editing of tRNA at 3’ end can proceed via polyadenylation by
a 3’ terminal adenylyltransferase (poly-A polymerase), generating a missing secondary
structure element (reviewed in Rammelt and Rossmanith 2016).

Finally, one of the best understood RNA editing processes takes place in the
mitochondrion of kinetoplastids (Benne et al. 1986), where most mRNAs undergo
extensive insertion and/or deletion of U residues by a complex ribonucleoprotein
machinery (reviewed in Read et al. 2016; see also Chap. 5). The multicomponent
editosome includes endonuclease, U-specific exoribonuclease, terminal
uridylyltransferase (TUTase), and ligase activities, which for each edited site com-
plete a cycle consisting of cleaving the transcript, inserting/deleting a number of Us
specified by a partially complementary guide RNA, and religating the broken strand.

6.3.2 Idiosyncratic RNA Editing in Diplonemid Mitochondria
6.3.2.1 Appendage of Uridines

RNA editing in D. papillatum mitochondria was noted early on in the cox/ cDNA,
which contained six nonencoded Ts inserted between its modules 4 and 5 (Marande
and Burger 2007). Once high-throughput cDNA sequencing technologies made
possible a comprehensive investigation of RNA editing sites, a more complex
picture emerged: in this diplonemid, 240 Us are inserted at 18 sites distributed
across 14 out of its 18 genes (Moreira et al. 2016) (Figs. 6.2b, c and 6.4). Insertions
of no other nucleotide besides U, nor nucleotide deletions, have been detected in any
diplonemid analyzed to date.

While many U-tracts are shorter than the one in coxl, a stretch of as many as
26 Us is added in the middle of the mt-LSU rRNA (rnl) (Valach et al. 2014).
Recently, we have confirmed the presence of even more impressive 50 Us in a
row in the mature transcript of the (unassigned) gene y5 (Valach et al. 2017). Such
long U-tracts blur the line between the conventional definition of RNA editing
(a single or a couple of affected nucleotides at a single site) and posttranscriptional
modifications traditionally not considered to represent RNA editing, such as terminal
polyuridylylation.

In Diplonema, the U residues are not inserted in a cut-add-reseal strategy as in
kinetoplastid RNA editing. Instead, they are appended to 3’ termini of processed
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modules prior to trans-splicing. First, all identified U insertions are confined to
module junctions or to 3’ ends of last modules, just upstream of poly-A tails in
case of mRNAs. Second, circular RT-PCR, 5’ and 3’ RACE, and primer extension
assays showed that in D. papillatum, no cox] mRNA trans-splicing intermediate
lacks the six Us after the modules 4 and 5 have been joined together, nor does it
contain the six Us attached to the downstream module 5. It is exclusively the 3’ end
of the upstream module 4 to which the U-tract is appended (Kiethega et al. 2013).
Comprehensive investigation of the entire transcriptome further confirmed that only
the 3’ end-processed module transcripts are uridylylated, irrespective of the matura-
tion state of the 5" end of that same module (Moreira et al. 2016). In this respect, the
U-appendage pathway is similar to trans-splicing, which can also proceed even if the
opposite end of a module that does not participate in module joining is incompletely
processed (see the previous section; Fig. 6.2b).

The close relationship between module transcript joining and uridylylation has
been further corroborated by our deep-coverage transcriptome data from
D. papillatum and three additional diplonemids, revealing transient errors or “back-
ground noise.” At a frequency around 0.1%, Us (mostly 1 to 3) are being added even
at module 3’ ends that normally do not undergo U-appendage RNA editing. Inter-
estingly, the vast majority of these abnormal U-addition events occur in trans-spliced
transcripts whose upstream partner’s 3’ end is several nucleotides shorter, with the
Us compensating for the missing sequence (Valach et al. 2017). We thus hypothesize
that the same process ensuring the usual U-appendage RNA editing can also repair a
deletion at a module junction, which could have arisen from erroneous over-
trimming during module transcript end-processing (Fig. 6.2b, c¢). Curiously, at
certain, but not all, junctions usually separated by a U-tract (e.g., nad5-m7/m8 in
F. neradi [= Diplonema sp. 2]), we also observe rare (<1%) occurrences of two
cognate modules being joined together without the U-tract (Valach et al. 2017).
However, in these cases, the missing sequence is compensated by a sequence stretch
originating from the upstream module’s 3’ flanking region, which is present instead
of the expected U-tract (Fig. 6.2b, c). It remains to be seen whether these defective
trans-spliced products are translated or rather are discarded by some downstream
control mechanism, as is apparently the case for mis-joined, non-cognate modules
(see Sect. 2). In any case, these two observations—gap filling by U-addition or
partial retention of a 3’ flanking region—imply that some kind of a molecular ruler
measures the length of the module transcripts or the distance between the two RNA
ends to be joined. Likely candidates are the factors involved in junction recognition
(see below).

6.3.2.2 Clustered Substitutions of Adenosines and Cytidines

The screening for cDNA vs. genome differences further unveiled 85 cytidine-to-
uridine (C-to-U) substitutions, well known from organelles of many species
(Table 6.1). In addition, we discovered 29 adenosine-to-guanosine (A-to-G) sub-
stitutions in half of the D. papillatum genes (Moreira et al. 2016) (Fig. 6.4). These
substitutions indicate C-to-U and A-to-I base deamination (inosine is read as
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guanosine during reverse transcription). Indeed, A-to-I deamination could readily
be demonstrated experimentally (Moreira et al. 2016). While this type of deami-
nation is common for tRNAs, ours was the first report of its kind for mitochondrial
mRNAs and rRNAs. Diplonemid mitochondria also show an exceptionally high
rate (>95%) of RNA editing at a given site, and further, in most instances,
diplonemid editing sites congregated in clusters denser even than those of the
so-called hyper-edited segments in metazoan nuclear transcripts (Wahlstedt and
Ohman 2011) (Fig. 6.4).

The latter two features are particularly intriguing. As a general rule, we consid-
ered as a cluster a group of adjacent sites where more than half of the potentially
editable residues (As + Cs) in a row were indeed edited. In D. papillatum, in all but
one cluster (y5-ml), every single C in a cluster is edited, as are most As (Moreira
etal. 2016). For example, in an 85 nt-long region of mt-SSU rRNA, all 15 As and all
30 Cs are substituted. Although most sites are edited to high levels, there are few
partially edited (5-40% rate) sites, with editing rates generally slightly higher for C-
to-U than for A-to-I substitutions. Still, all of these occur within a cluster or at its
boundaries and thus may indicate “misfiring” of the editing enzyme(s).

Our comprehensive analyses of trans-splicing and editing intermediates in
D. papillatum also revealed that substitution RNA editing in a cluster progresses
stochastically and not directionally. As mentioned in the previous section on trans-
splicing, substitution editing is essentially completed before trans-splicing begins;
pre-edited or partially edited module transcripts that are already trans-spliced are
found only at below 5% (Moreira et al. 2016) (Fig. 6.2).

6.3.3 Functional Consequences of RNA Editing

Both types of RNA editing in diplonemid mitochondria appear to be critical for the
function of the affected transcripts. For example, in the case of rnl, the long U-tract is
predicted to form segments of two helices of the mt-LSU’s central domain 0 (Valach
et al. 2014). The six Us of the cox] mRNA add codons for amino acids that restore
the three-dimensional structure of the protein (Kiethega et al. 2011), whereas the two
Us of the nad4 transcript rectify the reading frame of the coding sequence (Moreira
etal. 2016). In several mature transcripts (e.g., cox3, y3), U-appendage together with
polyadenylation creates the termination codon, and in nadl mRNA, the 16 nt-long
U- tract at its 3’ end adds codons for five additional phenylalanyl residues to the
polypeptide, thus completing the C-terminal membrane-spanning helix. Similarly,
substitution RNA editing of nad4 mRNA leads to a protein that contains all its
hydrophobic transmembrane helices instead of lacking the second helix (Moreira
et al. 2016). Comparative analysis of the gene across four diplonemid species
demonstrated that the proteins encoded by edited mRNAs became more similar to
one another, as well as to homologs from other organisms.

Interestingly, dense C-to-U and A-to-I RNA editing results in codons rich in U
and G (I) residues, which mostly specify apolar amino acids. In addition,
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uridylylation creates UUU codons, which code for the hydrophobic phenylalanine
residue. Apolar and hydrophobic amino acids being favored in membrane-embedded
or membrane-anchored proteins, one can easily imagine how these two types of
RNA editing in particular could become evolutionarily fixed for mending the
deterioration of diplonemid genes, which all encode proteins of this class.

6.3.4 Predicted Components of the Editing Machineries

Based on our insights into diplonemid mitochondrial RNA editing described above,
we have attractive working hypotheses about the nature of the enzymes involved in
the two types of RNA editing. Akin to kinetoplastids, diplonemids add Us at the 3’
end of mitochondrial transcripts, suggesting that U-appendage RNA editing is
performed by a TUTase enzyme similar to RET2 of the trypanosome editosome.
For substitution RNA editing, a nucleotide/base excision-replacement system is
conceivable, but our current data rather indicate that the mechanism relies on base
deamination. Since the C-to-U and A-to-I edits are closely spaced and display no
ordering of pre-edited and edited positions in transcript intermediates, we speculate
that an enzyme able to deaminate both Cs and As is involved. Interestingly, a
precedent for such an enzyme was discovered in the kinetoplastid 7. brucei (Rubio
et al. 2007). According to our preliminary analyses, several genes potentially
encoding proteins with a nucleotidyltransferase or deaminase domain are present
in the draft nuclear genome of D. papillatum (our unpublished data).

As in the case of trans-splicing (Kiethega et al. 2011), no cis-elements have been
identified in the genome sequence that have the potential to direct the enzymatic
machinery to the RNA editing sites (Moreira et al. 2016). This led us to postulate that
all three processes—the trans-splicing, U-appendage, and substitution RNA
editing—are guided by trans-acting factors (Valach et al. 2016). Among the numer-
ous RNA-binding protein (RBP) families that were mentioned in the previous
section and that could be implicated in mitochondrial RNA processing in
D. papillatum, PPR proteins have emerged as primary candidates. They are not
only the most notable cofactors of C-to-U editing in land plant organelles (Sun et al.
2016) but also serve as cofactors of numerous other organellar RNA transactions in a
wide variety of organisms (Manna 2015).

6.4 Comparison of Mitochondrial Gene Expression Across
Euglenozoa

In molecular biology textbooks, expression of genetic information is simple and
straightforward. However, in some organisms it is surprisingly derived, incompre-
hensible, and gratuitously inefficient. This applies not only to diplonemids but also
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to those protists from other euglenozoan groups. Since no molecular data are
currently available about symbiontids, we will compare the expression of mitochon-
drial genes among the three other euglenozoan groups—diplonemids (besides
Diplonema papillatum also represented by Diplonema ambulator, Flectonema
neradi (D. sp.2), and Rhynchopus euleides), trypanosomatids (represented by
Trypanosoma brucei), and euglenids (represented by Euglena gracilis, Peranema
trichophorum, and Petalomonas cantuscygni). What is currently known about the
organization of their mtDNA and about the mitochondrial gene expression of D.
papillatum, T. brucei, and E. gracilis is summarized in Figs. 6.3, 6.4 and 6.5.

6.4.1 Mitochondrial A + T Content and Gene Complement
Throughout Euglenozoa

All euglenozoans carry a single mitochondrion with discoidal cristae, with possibly
the only exception being the euglenid P. trichophorum, which possesses several
small elongated mitochondria (Roy et al. 2007). While packaging of mtDNA into a
dense single kinetoplast remains a character exclusive to kinetoplastids, mtDNA in
diplonemids and euglenids is homogenously distributed throughout the organellar
lumen and is only exceptionally organized into tiny bodies or foci. The A + T content
of mtDNA varies across euglenozoans—it has a typically higher A + T content in
T. brucei, R. euleides, E. gracilis, and P. cantuscygni, but in P. trichophorum and
D. papillatum, the A + T content is unusually low (Roy et al. 2007; Dobdkov4 et al.
2015).

Regardless of its structure (Fig. 6.3), the mitochondrial genome of euglenozoans
has a very similar gene composition. It is typically composed of subunits of four
respiratory complexes, complex I (NADH dehydrogenase; nad genes), complex III
(ubiquinone-cytochrome ¢ oxidoreductase; gene cob), complex IV (cytochrome
c oxidase; cox genes), and complex V (ATP synthase; gene atp6), and two
mitoribosomal RNAs (rnl and rns) (Faktorova et al. 2016) (Fig. 6.4). Moreover,
mtDNA in T. brucei also encodes ribosomal protein Rps12 (Alfonzo et al. 1997). No
tRNA genes have been identified in any euglenozoan mitochondrial genome and
therefore have to be imported from the cytoplasm (Alfonzo and S6ll 2009).

6.4.2 Comparison of D. papillatum Genome Structure
with Other Diplonemids

Diplonemid species studied to date possess several classes of circular chromosomes.
Compared to the 6.0 kb and 7.0 kb classes in the case of D. papillatum, the sizes in
the other studied species vary from 4.5 kbp to >6.7 kbp (with a majority at ~5 kbp)
in D. ambulator, from ~5 kbp to ~10 kbp in Diplonema sp. 2 (= F. neradi,
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Tashyreva et al. 2018), and from 5 kbp to 12 kbp (with a majority at ~7 kb and
~8 kb) in R. euleeides (Kiethega et al. 2011; Valach et al. 2017). In D. papillatum
almost every gene split into fragments (up to 11) and each piece is encoded on a
separate chromosome (Moreira et al. 2016) (Fig. 6.4). While the fragmentation
pattern is essentially identical in the other investigated D/R clade species, up to
eight gene pieces were found to be encoded on the same chromosome (Valach et al.
2017).

In H. phaeocysticola, the size of mitochondrial chromosomes sequenced so far is
significantly smaller (2.7-3.2 kb), with twice as many half-sized gene fragments
(Yabuki et al. 2016), and a similar situation seems to be the case in the newly isolated
species belonging to the same clade (our unpublished data). Moreover, currently we
are trying to shed more light on this group by studying the mitochondrial genome
structure of newly described diplonemid species that belong to the genus
Rhynchopus (Rhynchopus humris and Rhynchopus serpens) or to the newly
described environmental clade (Lacrimia lanifica), and even a novel early-branching
clade, represented by Sulcionema specki (Tashyreva et al. 2018).

6.4.3 Kinetoplastids: Uridines In and Out

Kinetoplastids are either free-living (e.g., Bodo saltans) or parasitic protists, which
include human parasites of major medical importance, such as members of the genera
Trypanosoma and Leishmania. They are characterized by a kinetoplast, a compact
mass of mtDNA composed of dozens of maxicircles and thousands of minicircles
(Shapiro and Englund 1995; Stuart and Feagin 1992). Maxicircles (~20 kbp) repre-
sent functional equivalents of mtDNA in other organisms. Most of the mitochondrial
genes (12 out of 18) are literally encrypted (Fig. 6.4). This means that their transcripts
have to undergo a process of RNA editing, which restores meaningful open reading
frames that are translatable (Fig. 6.5). Since its first description in 7. brucei (Benne
etal. 1986), many distinct and unrelated types of RNA editing have been described in
organisms across the entire tree of life (Read et al. 2016). In T. brucei and other
kinetoplastid protists, RNA editing is guided by small minicircle-encoded molecules
called guide RNAs (gRNAs) that serve as template for the insertions and/or deletions
of uridines into the pre-edited sequence at specific positions (Aphasizhev and
Aphasizheva 2011).

Interestingly, about a thousand distinct minicircle-encoded gRNAs, together with
more than 70 different nucleus-encoded proteins, are necessary for proper expres-
sion of the small complement of 18 mitochondrion-encoded genes (Alfonzo et al.
1997; Verner et al. 2015; Read et al. 2016). More specifically, in addition to well-
described RNA editing core complex (RECC) or the 20S editosome (Goringer
2012), several other ribonucleoprotein complexes, e.g., the MRB1 complex, were
recently shown to be involved in the RNA editing and processing machinery
(Ammerman et al. 2012; Read et al. 2016; Dixit et al. 2017).
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The uridine insertion/deletion type of RNA editing in kinetoplastids, and even
more the obscure and still unrecognized machinery for trans-splicing associated with
uridine insertions and cytidine-to-uridine and adenine-to-inosine substitution RNA
editing in diplonemids, appears extremely costly in comparison to their benefits. So
far, no advantages of these strategies have been proposed, leading to the speculation
that they most likely originated as a result of constructive neutral evolution
(Flegontov et al. 2011; Lukes et al. 2011).

6.4.4 Euglenids: Surprises in Their Own Right

It was hoped that elucidation of the structure and expression of mitochondrial
genome in euglenids, the sister group to kinetoplastids, would shed light on the
origin of the latter groups’s bizarre mtDNA structure and RNA processing. There-
fore, it was quite surprising when the mitochondrial genome of E. gracilis was
recently shown to be extremely streamlined, without any evidence of RNA editing
(Dobédkova et al. 2015) (Fig. 6.5). This mitochondrial genome consists of a hetero-
geneous population of 1 to 9 kbp-long linear fragments. Up to now, only seven
protein-coding genes have been discovered, as well as two mito-rRNAs (mtSSU and
mtLSU), which are each split into two fragments (Spencer and Gray 2011;
Dobadkova et al. 2015) (Fig. 6.4).

Nonetheless, transmission electron microscopy of the early-branching euglenid
P. cantuscygni revealed a structure in its mitochondrion resembling the kinetoplast
of the kinetoplastid flagellates (Leander et al. 2001; Lee and Simpson 2014).
Observations of the mtDNA fraction by electron microscopy confirmed that linear
DNA molecules are most frequent, but also small (1 to 2.5 kbp) and large (~40 kbp)
circular molecules have been infrequently noted. This observation together with the
absence in the sequenced mtDNA segments of some highly conserved
mitochondrion-encoded subunits of respiratory complexes III and IV suggest that
some kind of RNA editing and gene encryption may exist in this species (Roy et al.
2007).

6.5 Genetic Manipulation of D. papillatum

The recently recognized diversity and abundance of diplonemids (Flegontova et al.
2016; Gawryluk et al. 2016) makes it mandatory to turn at least one species into a
genetically tractable organism. Indeed, in order to understand their biology, interac-
tions, ecology, and more specifically functions of individual proteins, a crucial step
is to establish protocols that would allow genetic manipulations of diplonemids. We
have started to develop a transformation system of the type species D. papillatum,
the genome of which is being sequenced (our unpublished data). Even more
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importantly, it can be easily cultivated axenically in the laboratory, reaches high cell
density, grows in large volumes, and can be cryopreserved.

Nuclear gene expression of D. papillatum is similar to that in other euglenozoans.
Its genes are transcribed polycistronically, and individual mRNAs are then trans-
spliced, with the short spliced-leader (SL) RNA gene being added to the 5" end of
each transcript. On one hand, the 39-nt-long SL RNA of D. papillatum is quite
conserved at the sequence level even in the planktonic diplonemids from the DSPD
clade. On the other hand, the situation seems much more complex when it comes to
nuclear spliceosomal introns, as the nuclear DNA of the DSPD species displays a
high density of noncanonical introns that await further characterization (Gawryluk
et al. 2016). The genome and transcriptome of D. papillatum have been sequenced,
and their assembly and annotation are under way (our unpublished data). Knowing
the full set of genes will be essential not only for turning this diplonemid into a
model species but also for our understanding of its metabolism and other features.

The first obvious task is to get foreign DNA into the D. papillatum cells. To
ensure stable integration, several crucial steps have to be fulfilled. One is to find
resistance markers that can be used for selection of transformants. In the next step,
optimal transformation conditions and strategy have to be designed. Last but not
least, constructs have to be obtained that will not only stably integrate into the
genome, but even more importantly, allow expression, including transcription,
posttranscriptional processing and modifications, so that the ensuing transcripts
can be finally translated on cytosolic ribosomes. We have accomplished all these
steps (Kaur et al. 2018), although efficiency is still moderate and requires
optimization.

More specifically, so far we have found seven selection markers to which
D. papillatum is sensitive. Using available genomic data, we have selected genes
that are suited for replacement, namely, those that are nonessential are highly
expressed and contain 5” and 3’ untranslated regions (UTRs) longer than 100 nucle-
otides. Moreover, we have established a protocol for DNA uptake in a reproducible
fashion and have created linear constructs bearing fluorescent protein and selection
marker flanked by diplonemid 5 and 3’ UTRs. We have also confirmed stable
incorporation of foreign DNA into the D. papillatum genome and have evidence
that both the fluorescence gene and the resistance marker on the electroporated
constructs are transcribed. Sequencing results showed that the SL RNA sequence
is trans-spliced to the 5’ end of the corresponding transcripts. The antibiotic resis-
tance of selected clones provides indirect evidence that the integrated genes are
translated (Kaur et al. 2018).

In principle, homologous recombination should be possible, since the genes
involved in the corresponding machinery are present in the D. papillatum genome,
but so far, the inserted DNA has failed to integrate into the target locus. We believe
that this can be remedied by further extension of the 5" and 3’ homologous regions of
the constructs. We also plan to use the CRISPR/Cas9-based approach to achieve
proper integration of the introduced genes. Attempts to maintain circular plasmids as
non-integrated episomes, or to transform the cells with a virus vector carrying green
fluorescent protein, were not successful (our unpublished data).
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These preliminary data allow us to state that D. papillatum can be transformed
and has a solid potential to become a genetically tractable organism. Once a robust,
reproducible transfection protocol for gene replacement and tagging has been
established in D. papillatum, we plan to apply the procedure to other diplonemid
species—key to understanding the biology of the group as a whole. For the time
being, with a representative of the species-rich DSPD clade yet to be brought into
culture, the next candidate for transformation is H. phaeocysticola. However, this
species is much more challenging to work with, as it prefers live diatoms as a food
source and reaches only low cell densities. Moreover, in contrast to D. papillatum,
H. phaeocysticola can apparently not be cryopreserved (our unpublished data).

6.6 Conclusions and Outlook

Within the last couple of years, diplonemids have emerged from obscurity as one of
the most diverse groups of marine eukaryotes. They are also among the half dozen
most abundant eukaryotes. Since their cell numbers seem to expand with depth, one
can expect that the importance of diplonemids for the marine ecosystem is widely
underappreciated.

Two steps are key for further exploration of these fascinating and ecologically
highly relevant protists: (1) complete genome and transcriptome sequences from a
broad range of diplonemid species have to become available, and (2) diplonemid
species must become amenable to reverse genetic methods, allowing stable integra-
tion, transcription, and translation of introduced genes. Given the steadily growing
interest in diplonemids, we are optimistic on both accounts.
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Chapter 7 ®)
Mechanisms and Evolution of tRNA Creck o
5'-Editing in Mitochondria

Samantha Dodbele, Jane E. Jackman, and Michael W. Gray

Abstract In several protists and fungi, many of the tRNAs encoded by the mitochon-
drial genome are unusual in that they are predicted to have mismatches within the first
three positions of the acceptor stem. However, examination of the sequences of the
corresponding mature tRNAs has shown that these positions instead contain canonical
Watson-Crick-type base pairs. This difference results from changes that are made at the
transcript level, such that predicted mismatches are effectively corrected. The correction
process, termed mitochondrial tRNA 5'-editing (mz-tRNA 5'-editing), involves removal
in the 5'-to-3' direction of several nucleotides, starting at the 5’-end of the acceptor stem
and including those 5" nucleotides at positions of mismatching, followed by sequential
addition of nucleotides in the 3'-to-5" direction to fill in the resulting gap, with nucle-
otides on the 3’ side of the stem serving to guide incorporation. While the nature of the
nuclease(s) involved in removal of nucleotides during mt-tRNA 5’-editing is unknown,
the addition function is carried out by a mitochondrion-targeted Thg1-like protein (TLP),
a novel 3'-to-5' nucleotidyltransferase (“reverse RNA polymerase”). Thgl (tRNA-
histidine guanylyltransferase), the founding member of the protein family to which
TLPs also belong, catalyzes the addition of a single, non-templated G residue to the
5-end of histidine tRNA, whereas TLPs involved in mt-tRNA 5'-editing robustly
catalyze multiple rounds of templated addition of nucleotides to the 5’-end of appropri-
ately truncated tRNA substrates. To date, mt-tRNA 5'-editing has been experimentally
documented in several amoebozoan and fungal species and is predicted to occur in
several other protist lineages. Consideration of phylogenetic distribution and biochem-
ical characteristics suggests a constructive neutral evolution (CNE) scenario for the
evolution of mt-tRNA 5'-editing, wherein mitochondrion-targeted TLPs independently
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emerge in discrete eukaryotic lineages, thereby allowing the fixation in the mitochon-
drial genome of tRNA mismatch mutations that would otherwise be purged by purifying
selection.

7.1 Introduction

The term RNA editing encompasses a wide variety of mechanistically and evolu-
tionarily unrelated processes that re-tailor RNA transcripts so that the final nucleo-
tide sequence differs from that of the corresponding DNA coding element (Gray
2003). Two distinct categories of editing are recognized (substitution and insertion-
deletion), depending on whether or not, respectively, the sequence of the final edited
RNA is co-linear, nucleotide-for-nucleotide, with that of the encoding DNA. (Note
that this categorization only addresses the state of the final edited product but says
nothing about the actual mechanism of editing: both substitution and insertion-
deletion types of editing may proceed by quite different biochemical pathways in
the different organisms in which they occur.) In type and extent, RNA editing is
almost exclusively a eukaryotic phenomenon and is particularly prominent in
eukaryotic organelles, plastids, and mitochondria, especially the latter (Gray 2012).

Messenger RNA (mRNA) was the first class of RNA for which editing was
discovered (Benne et al. 1986; Chen et al. 1987; Powell et al. 1987). Subsequently,
other classes of RNA (ribosomal, transfer, viral) were shown to undergo editing,
with the first reports of transfer RNA (tRNA) editing appearing in 1993 (see Price
and Gray 1998).

Editing of tRNAs in the mitochondria of Acanthamoeba castellanii (Lonergan
and Gray 1993a, b) provided the first example of what has come to be known as “mt-
tRNA 5'-editing.” This type of editing was discovered during sequencing of the
mitochondrial genome of A. castellanii, a single-celled eukaryotic microbe (protist).
A. castellanii mitochondrial DNA (mtDNA) encodes 15 distinct tRNA species
(Burger et al. 1995), and secondary structure modeling predicted that 12 of these
tRNAs would have one or more mismatches in the first three positions of the
acceptor stem, normally a helix consisting of 7 base pairs. This unprecedented
situation raised the question of whether mt-tRNAs having a mismatched acceptor
stem could actually be functional, considering the essential role of this helical
element in forming the L-shaped three-dimensional tRNA structure (Kim 1978).

However, sequencing of the corresponding mature tRNAs demonstrated that
these predicted mismatches had been corrected posttranscriptionally during tRNA
maturation by changes (editing) within the 5 half of the acceptor stem, generating
standard Watson-Crick (WC) base pairs (Lonergan and Gray 1993a). In all, 21 edits
were predicted by secondary structure modeling, all of which were subsequently
confirmed by sequencing the corresponding mature tRNAs (Lonergan and Gray
1993a; Price and Gray 1999a). Unexpectedly, two UoG pairs (at position 1 in a
tRNAM®! and position 3 in a tRNA™"?) were also seen to be edited to standard C-G
pairs, even though both UoG and GoU pairs are tolerated within and frequently
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found in RNA helices. UoG/GoU editing only appeared to occur within the first
three positions of the acceptor stem: pairs of this type elsewhere within the acceptor
stem were unaffected.

From these initial studies, several properties of this editing system emerged.
(1) Mismatches as well as noncanonical UoG and GoU pairs within the first three
positions of the acceptor stem (but not elsewhere) are converted to standard WC base
pairs via appropriate nucleotide substitutions on the 5’ side of the stem. (2) This
pattern implies that the 3’ half of the acceptor stem effectively serves as an internal
guide for editing on the 5’ side of the stem. (3) Pyrimidine-to-purine, purine-to-
purine, and pyrimidine-to-purine edits occur, in a ratio of 15:6:2 in this particular
mitochondrial system. (4) The overwhelming number of changes are from U, A, or C
to G: i.e., in an edited tRNA, the 5’ half of the stem becomes decidedly more G-rich
after editing.

Consideration of the substitutions generated by this editing system suggested a
mechanism whereby the first three nucleotides on the 5 half of the acceptor stem,
whether mismatched or not, are excised by a nuclease activity (exo- or endo-) and
replaced in a stepwise fashion by a 3’-to-5" nucleotidyltransferase activity, using the
corresponding nucleotides on the 3’ half of the stem as template and guide (Lonergan
and Gray 1993a): the latter an admittedly unprecedented type of enzyme (Fig. 7.1).
Development of an in vitro tRNA editing system starting with purified A. castellanii

Encoded Expected 5' truncated Activated 5' edited
mt-tRNA mt-tRNA intermediate mt-tRNA intermediate mt-tRNA
Aa- As- Aa' Aa
C C C C
5 C A? Cc C
p A 73 Ars ppp_, An
U xCyqy 72 Cz G-Cpy
U x Uz 7 ATP Uz GTP, ATP A-Uy
U xCyg P Cy App_Cq G- Cyq
—_ J ;T) '
O =) Mismatched (= =) ppi (= “—") AMP,PPi (™ \ 0)
-y \J h_\_ - NtS " \I \\. - |- \.“ \b A — N ;‘3 -
LN N 4
O O O O
N J\ J
Y Y
Step 1: Nucleolytic Excision Step 2: 3'to 5'
by Unknown Nuclease Restoration by TLP

Fig. 7.1 Mitochondrial tRNA 5'-editing pathway. The 5'-editing pathway removes 5'-end
mismatched nucleotides (indicated in green in this representative example) by an as-yet unidentified
nuclease step. Intermediates that lack 5’-nucleotides such as the expected intermediate shown here
have been observed in several sequencing experiments, although other possible intermediate
species, such as those with additional correct 5'-nucleotides removed along with the mismatches,
cannot be ruled out. The 5'-end repair activity requires first, activation of the 5'-phosphate that
results from 5'-mismatch removal, followed by addition of the correct Watson-Crick base pairing
nucleotides (GTP and ATP in this example) to restore a fully base-paired 5'-end to the mt-tRNA. In
Dictyostelium discoideum, this activity is catalyzed by one of the Thgl/TLP family enzymes
(DdiTLP3) encoded in this organism. Homologues of DdiTLP3 are likely to catalyze similar
roles in other species, although this inference has yet to be experimentally validated
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mitochondria provided strong and direct evidence for the existence of such an
enzyme (Price and Gray 1999b). This in vitro system was employed in protein
fractionation experiments aimed at isolating a purified activity that could be studied
further, but these attempts proved unsuccessful, a result attributed in part to an
apparently very low concentration of the putative nucleotidyltransferase in active
mitochondrial extracts (A. Lohan and M.W. Gray unpublished).

At the time, the only known enzyme acting as a 3'-to-5'-nucleotidyltransferase
was histidine tRNA guanylyltransferase, which was named Thg1 upon its discovery
in yeast (Saccharomyces cerevisiae) nearly two decades later (Gu et al. 2003). This
enzyme adds a G residue specifically to the 5'-end of tRNA™* opposite the discrim-
inator nucleotide at position N3, the fourth position from the mature 3’ terminus
(Cooley et al. 1982; Williams et al. 1990). In eukaryotes, G is added opposite a
universally conserved A in the discriminator position. Although the catalytic mech-
anism of the yeast enzyme had been investigated in partially purified extracts (Jahn
and Pande 1991), no sequence information for the corresponding protein was
available; hence, no bioinformatic survey could be undertaken to look for potential
homologues that might have 3’-to-5’-nucleotidyltransferase activity.

Subsequent identification and sequence determination of the yeast gene for Thgl
revealed that a highly conserved ortholog is encoded by the vast majority of
sequenced eukaryotic genomes (Gu et al. 2003; Jackman et al. 2012). Thgl proved
to be the founding member of the Thgl superfamily (Jackman et al. 2012), whose
members include related Thgl-like proteins, designated “TLPs,” identified in
selected groups of archaea, bacteria, and eukaryotes. As detailed below, TLPs
proved to have a robust 3'-to-5"-nucleotidyltransferase activity, able to progressively
add nucleotides to the 5'-end of appropriately truncated tRNA substrates.

7.2 Mitochondrial tRNA Editing in Dictyostelium
discoideum

Dictyostelium discoideum is a soil-dwelling social amoeba commonly utilized as a
model organism for motility, chemotaxis, cytokinesis, and phagocytosis studies. Its
unique life cycle, transitioning from single cells to a multicellular unit upon starva-
tion, makes it an ideal model for studying cell differentiation and signaling (Ogawa
et al. 2000; Eichinger et al. 2005). Shortly after mt-tRNA 5’-editing was discovered
in A. castellanii, the same type of mt-tRNA editing in D. discoideum was inferred
after the sequencing of its mitochondrial genome (Ogawa et al. 2000). The mtDNA
of D. discoideum encodes 18 tRNA genes, with 8 of these predicting mismatches in
the first three positions of the acceptor stem, similar to A. castellanii (Ogawa et al.
2000; Laforest et al. 2004; Abad et al. 2014). Furthermore mitochondrial genomes of
both organisms exhibit similarities suggesting a common ancestral origin, such as
similar genome sizes (55.5 kb in D. discoideum and 41.6 kb in A. castellanii), A + T
content, (72.6% in D. discoideum and 70.6% in A. castellanii), a fused cox1/2 gene,
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and gene order of the ribosomal protein cluster (Ogawa et al. 2000). Nonetheless, the
observation of tRNA mismatches stochastically distributed among different types
and positions of the mt-tRNAs suggests that specific changes observed in different
mt-tRNA genes are the products of independent evolutionary events (Ogawa et al.
2000; see Sect. 7.5, below).

Initially the eight mismatch-containing mt-tRNA species were predicted to be
edited based on the presence of A x C,U x C, A X G,C x A, and A x A encoded
mismatches in the acceptor stem sequence (Laforest et al. 2004; Abad et al. 2011,
2014). Editing of these tRNAs was later confirmed through the well-established
approach of mt-tRNA circularization followed by RT-PCR (Lohan and Gray 2007,
Abad et al. 2014). The resulting sequences revealed that all eight mismatch-
containing mt-tRNAs were completely edited with their 5'-stem restored to the
correct WC base pairing (Table 7.1). Interestingly, some cDNA sequences derived
from two of these mt-tRNAs (Ilecay and Gluyyc) either retained the mismatch or
had the mismatch removed but the correct WC base pairing not yet added (Abad
et al. 2014). These partially edited species likely represent intermediates in the
editing process and support the originally proposed mechanism whereby one or
more nucleases act(s) on the 5’-end of the mt-tRNA to generate a 5’-truncated species
that is the substrate for 3/-to-5" addition by the repair nucleotidyltransferase.

Seven D. discoideum mt-tRNAs contain a wobble GoU/UoG at various positions
within the first three base pairs of the acceptor stem; however, since wobble base
pairs are generally tolerated in tRNA, and only Ilegay; also contains other non-WC
mismatches along with the UoG base pair, this was the only one of these seven
mt-tRNAS that was initially expected to undergo 5’-editing. Indeed, editing of this
mt-tRNA (Ilegay;) was confirmed upon sequencing (Abad et al. 2014). However,
two additional mt-tRNAs were also revealed to be 5'-editing substrates (Proygg, and
Trpcca), with the wobble UoG/GoU base pairs in these mt-tRNAs being edited to
WC C-G or A-U pairs, respectively (Abad et al. 2014). The difference here appears
to be dependent on the location of the wobble base pair, since both of these edited
mt-tRNAs contain a GoU at the first position of the acceptor stem, while the
remaining four unedited mt-tRNAs contain the wobble pair at the third position, in
the absence of any bona fide mismatches. Nonetheless, this evidence of 5’-editing
despite the absence of a traditional mismatch is of particular interest as it suggests
that the nuclease component of the 5’-editing machinery does not solely rely upon
recognizing specific types of base pairs but in addition uses other aspects of
sequence context to effect recognition of “incorrect” nucleotides to be removed
(Abad et al. 2014).

Although wobble base pair editing is clearly observed in D. discoideum and
A. castellanii (Price and Gray 1999a; Abad et al. 2014), it is only minimally
observed in Polysphondylium pallidum, Monoblepharella, and Harpochytrium,
organisms that otherwise contain very similar mismatch and editing patterns in
mt-tRNAS, suggesting that 5’-editing may be governed by organism-specific rules
(Laforest et al. 2004; Abad et al. 2014; Long and Jackman 2015). A comparison of
D. discoideum and P. pallidum mt-tRNAs that encode GoU/UoG base pairs reveals
some striking examples of these types of organism-specific patterns of editing. In
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Table 7.1 Verified mt-tRNA 5'-editing events in Amoebozoa

Resulting | Tested

Organism® mt-tRNA Position | Edit pair® by® Citation
Acanthamoeba 1le2(CAU) 2 A—G |G-C RT Lonergan and
castellanii (12/ 3 U—G |G-—C Gray (1993a)
13) Ala(UGC) |3 U—A AU RT, | Lonergan and
Cir Gray (1993a),
Asp(GUC) |1 U—G |G-C RT, Price and Gray
2 U—A AU Cir (1999a)
3 U—-G |GC
Met(CAU) 1 U—C |[C-G RT,
2 U—A |A-U Cir
Lys(CUU) 1 A—G |G-C Cir Price and Gray
2 U—G |G-C (1999a)
3 U—-G |GC
Glu(UUC) 1 A—G |G-C Cir
Ile1(GAU) 1 A—G |G-C Cir
2 C—A |AU
Leul(UAG) |1 A—G |G-C Cir
2 U—-G |G-C
Phe(GAA) 1 U—-G |G-C Cir
2 C—-G |G-C
3 A—G |G-C
Tyr(GUA) 2 U—G |G-C Cir
Trp(CCA) 3 C—-G |G-C Cir
Leu2(UAA) |1 U—-G |G-C Cir Price and Gray
3 U—C |C-G (1999a), Lohan
and Gray (2007)
Dictyostelium Ile(CAU) 1 A—G |G-C Cir, Abad et al.
discoideum PPA (2011, 2014)
(10/18) Glu(UUC) 1 U—G |G-C Cir Abad et al.
Tyr(GUA) 1 A—G |G-C Cir (2014)
Leuw(UAG) 1 A—G |G-C Cir, Abad et al.
2 A—C |C-G PPA (2011, 2014)
GIn(UUG) 1 C—-U |U-A Cir Abad et al.
2 A—C |C-G (2014)
Ile(GAU2) 1 A—-C |C-G Cir
2 A—U |U-A
Leu(UAA) 2 A—U |U-A Cir
3 A—C |C-G
Ile(GAU1) 1 A—C |C-G Cir
2 A—U |U-A
3 U—C |C-G
Pro(UGG) 1 U—-C |C-G Cir
Trp(CCA) 1 G—A |A-U Cir

(continued)
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Table 7.1 (continued)

Resulting | Tested
Organism® mt-tRNA Position | Edit pair® by* Citation
Polysphondylium | Ala(UGC) 1 U—-G |[G-C Cir Abad et al.
pallidum (5/11) | Asn(GUU) 1 A—G |G-C Cir (2014)
Ile(GAU) 2 A—-C |C-G Cir
Leu(UAA) 1 A—C |C-G Cir
3 A—C |C-G
PheGAA 1 A—G |G-C Cir
2 A—U |U-A
3 U—-C |C-G
Physarum Metl(CAU) |1 U—-G |G-C Cir Gott et al.
1(75/15y)cephalum Met2(CAU) |1 C—-G |[G-C Cir (2010)

“Numbers in parentheses indicate no. of edited mt-tRNAs vs. total no. of mt-tRNAs encoded by the
mitochondrial genome

“Positions 1, 2, and 3 of the acceptor stem comprise paired nucleotides 1-72, 2-71, and 370,
respectively, according to the standard tRNA numbering

°RT reverse transcriptase sequencing, Cir circularization, PPA phosphatase protection assay

D. discoideum mt-tRNA"; A1, two canonical mismatches occur immediately adja-
cent to a UoG base pair, and all bases including the UoG base pair are 100% edited
(Abad et al. 2014; Long and Jackman 2015). However in P. pallidum mt-tRNAPPe
Gaa, Where the UoG base pair occurs at the same location and in a similar context,
immediately adjacent to a canonical mismatch, the UoG wobble pair is nearly 100%
unedited (Long and Jackman 2015).

In summary, in D. discoideum 10 mt-tRNAs undergo 5'-editing (Leuyag,
Leuyaa, Glnyye, llegaur, llegauz, Tyrua, llecau, Gluyuce, Prouce, and Trpeca)
(Abad et al. 2014). The observed patterns of nucleotide changes indicate some
preferences that may reflect the constraints of the underlying machinery, but the
types of nucleotide changes that are observed as a consequence of editing reactions
span the entire range of possible nucleotide changes when editing events that have
been experimentally validated in amoebozoans are considered together (Table 7.2).
However, the pattern of events observed in any individual species does not neces-
sarily follow the overall trend, which further supports the independent acquisition of
specific nucleotide changes in each mitochondrial genome and the existence of a
broadly active suite of enzymes in each organism that is able to restore the correct
mt-tRNA sequences in each case. For example, in D. discoideum the majority
(73.3%) of editing events entail a nucleotide edited to a pyrimidine versus only
26.7% of editing events that entail a nucleotide edited to a purine (Table 7.2). In
contrast, the dominant types of changes observed when all species are considered
together are those that result in changes to a purine nucleotide as a consequence of
editing. Similarly, in D. discoideum it is most common for a nucleotide to be edited
to a C (46.7% of editing events), followed by being edited to U or G (each comprises
26.7% of editing events). Finally, editing to an A is not observed, whereas editing to
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A nucleotides comprises a substantial fraction (8.3%) of overall amoebozoan 5-
'_editing events presented here (Table 7.2). One trend in which D. discoideum
editing patterns match the average editing patterns is in terms of the nucleotide
that is most commonly changed by 5'-editing. In this case, A is the most commonly
edited nucleotide (overwhelmingly so in D. discoideum), while editing of other
nucleotides is less common, in all species investigated to date (Table 7.2).

7.3 Role of TLPs in the Mechanism of 5'-Editing

The analysis of mt-tRNA 5'-editing in D. discoideum set the stage for characteriza-
tion of the enzymatic machinery involved in this process, since many well-
established genetic and biochemical tools have been developed for this organism.
Sequencing results suggested that the overall mechanism for mt-tRNA 5’-editing in
D. discoideum is analogous to that in A. castellanii, and therefore the relevant
enzymes were expected to carry out a two-step process entailing posttranscriptional
excision of mismatched nucleotides from the 5'-end followed by restoration of WC
base pairing to the 5'-truncated tRNA by a polymerase acting in the 3'-to-5" direction
(Lonergan and Gray 1993a, b; Price and Gray 1999a, b; Bullerwell and Gray 2005;
Jackman et al. 2012; Abad et al. 2014; Long and Jackman 2015) (Fig. 7.1). Consis-
tent with this idea, four distinct gene-encoding members of the Thgl/TLP super-
family of enzymes were identified in the genome of D. discoideum. This finding was
particularly intriguing in light of a recent biochemical characterization of a bacterial
TLP that was able to exploit a template-dependent 3'-to-5" polymerase activity to
carry out 5'-end repair of a model tRNA substrate in vitro (Rao et al. 2011),
suggesting that one or more of the D. discoideum TLPs could be acting similarly
as the 3'-to-5" polymerase component of the editing enzyme.

Biochemical and genetic tools were used to demonstrate that indeed one of the
four encoded Thg1/TLP genes in D. discoideum is the enzyme responsible for the
editing reaction in this organism. The four D. discoideum genes consist of one Thg1
enzyme (DdiThgl) and three TLPs (DdiTLP2—4), which are distinguished based on
characteristic sequence differences (Jackman et al. 2012). In vitro characterization of
the four purified recombinant enzymes with model mt-tRNA substrates demon-
strated that two of the enzymes, DdiTLP3 and DdiTLP4, both exhibited robust
in vitro activity with a variety of 5'-truncated mt-tRNAs that mimic editing inter-
mediates in this pathway, intimating a possible in vivo role in 5'-editing for either or
both of these proteins (Abad et al. 2011; Long and Jackman 2015; Long et al. 2016).
However, of these two candidate editing enzymes, only DdiTLP3 was also localized
to the mitochondria and exhibited a defect in the extent of mt-tRNA 5'-editing when
its expression was depleted by RNAi, unambiguously demonstrating that it has an
exclusive role in the 5'-editing reaction (Long et al. 2016). Notably, a viable
D. discoideum strain with a deletion of DdiTLP3 could not be obtained, and the
RNAI depletion strain shows significant growth and developmental defects. These
defects are consistent with an essential requirement for 5’-editing of mt-tRNAs in
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mitochondria of D. discoideum and the critical role for DdiTLP3 in this process.
Subsequently, two genes encoding TLPs (AcaTLP1 and AcaTLP2) were identified
in A. castellanii, with AcaTLP2 having a mitochondrial targeting sequence and
likely to represent the 3’-to-5' nucleotidyltransferase component of the mt-tRNA
5'-editing system in this organism (Rao et al. 2013).

Biochemical characterization of the 5’-editing enzyme DdiTLP3 suggests that the
polymerase components of the editing enzyme are likely to be key players in the
organism-specific rules regarding retention or removal of wobble base pairs, as
described above. A kinetic comparison of the D. discoideum vs. A. castellanii
3/-to-5’ polymerases with some model mt-tRNA substrates revealed that the bio-
chemical properties of these enzymes match the patterns of editing that are observed
in their respective organisms (Long and Jackman 2015). Specifically, the 5'-editing
TLP in D. discoideum (DdiTLP3) cannot efficiently extend (in the 3'-to-5’ direction)
a mt-tRNA intermediate in which the 5’-terminal nucleotide is involved in a wobble
base pair, suggesting that this type of base pair must be removed from the tRNA
(presumably by the nuclease activity) prior to efficient repair of the mt-tRNA.
Indeed, this is also consistent with the biological editing pattern observed in the
organism. In contrast, neither of the putative editing TLPs in A. castellanii exhibits
this strong distinction between repair of WC-terminated vs. wobble-terminated
mt-tRNA intermediates, consistent with the ability of the 5'-editing pathway in
this organism to retain the wobble base pair immediately adjacent to the site of
5'-editing in at least one mature mt-tRNA (Alaygc) in this species. More complex
patterns of partial editing that have been observed in other species likely represent
additional substrate recognition patterns that are yet to be revealed. A complete
understanding of these will require a broader investigation of the biochemical
properties of TLPs (and other parts of the editing machinery) from diverse species.

Interestingly, the identity of the nuclease involved in the first step of the 5'-editing
pathway still remains unknown in any organism (Abad et al. 2011; Long
and Jackman 2015; Long et al. 2016). Initial labeling experiments of mt-tRNAs
in purified A. castellanii mitochondrial extracts led to the hypothesis that a
5'-exonuclease or endonuclease is responsible for the first step of mt-tRNA
5’-editing (Price and Gray 1999b). Potential 5'-to-3’ exonuclease candidates include
enzymes such as Ratl or Xrnl, which are known to act on tRNA during the rapid
tRNA decay (RTD) pathway that removes incorrectly modified or processed tRNA
from eukaryotic cells (Whipple et al. 2011; Dewe et al. 2012; Betat et al. 2014).
However their high degree of processivity would seem to preclude these particular
nucleases from removing only one to three nucleotides from the 5’-end to generate
the relevant editing intermediates that have been observed experimentally. The
5'-end-associated endonuclease activity of RNase P, normally used to remove
additional 5’ leader sequences from primary tRNA transcripts, is also a candidate
(Yuan and Altman 1995). However the characteristic precision in cleavage site
selection exhibited by RNase P also makes it unlikely that this enzyme is involved
in a process such as 5’-editing that requires cleavage at a variety of positions within
the aminoacyl acceptor stem (Yuan and Altman 1995). An unknown 5-
'-endonuclease may recognize and cleave between mismatches. However in light
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of the differing tolerances of GoU editing between different mt-tRNAs in
D. discoideum as well as A. castelllani, a specialized mechanism of recognition
would be required to specifically target some GoU base pairs but not others. Finally
it is possible that the TLPs that perform the repair reaction also possess a nucleolytic
ability; however, further study is required to address this possibility.

7.4 Other Mitochondrial Functions for 3'-to-5’ Polymerases

Analysis of the remaining three Thgl/TLP enzymes encoded by D. discoideum
demonstrated that each of the four enzymes specified by this organism appears to
exhibit distinct and non-overlapping physiological roles. For two of the enzymes
(DdiThgl and DdiTLP4), these appear to be strictly cytoplasmic roles involving
nucleus-encoded RNAs, although the actual biological function is only known for
DdiThgl, which adds G_; to tRNA™ like other eukaryotic Thgl orthologs. The
ability of DdiTLP4 to act on at least two different noncoding RNA substrates raises
the possibility that this enzyme is involved in the broader metabolism of noncoding
RNAs, but a definitive role for this enzyme in RNA metabolism remains to be
determined (Long et al. 2016). However, DdiTLP2, like DdiTLP3, localizes to
mitochondria and is the only one of the four DdiTLPs for which a viable deletion
strain could be obtained; thus, its activity is not strictly essential for growth in
D. discoideum. Sequence analysis of the mitochondrion-encoded tRNA™* obtained
from DdiTLP2 deletion strains revealed a total absence of the G_; nucleotide
compared to the same tRNA isolated from the parental strain, where the G_,
nucleotide could readily be observed (Long et al. 2016). Biochemical analysis of
the purified DdiTLP2 enzyme was consistent with this role, since DdiTLP2 cata-
lyzed robust incorporation of the G_; nucleotide into mt-tRNAM™ transcripts. This
in vivo and in vitro evidence confirmed that DdiTLP2 plays a role in tRNA™®
maturation that is distinct from the traditional 5'-editing reaction but is related in
the sense that an additional unencoded nucleotide is added to the 5’-end of this
tRNA. Intriguingly, DdiTLP3 was also observed to catalyze this G_; addition
activity in vitro, but the absence of any detectable G_; on the isolated mt-tRNA™*
in the dditlp2 deletion strains (in which DdiTLP3 is intact) suggests that this overlap
in function is not similarly observed in the context of the mitochondria themselves.

The observation of a tRNA™*related function for DdiTLP2 is highly reminiscent
of the activity exhibited by the Thgl members of the enzyme family, whose essential
function in nucleus-encoded tRNAM™® metabolism through addition of the G_,;
nucleotide is well-established (Gu et al. 2005; Preston and Phizicky 2010). However,
there are some significant biochemical differences between the DdiThg1-catalyzed
and DdiTLP2-catalyzed activities that suggest that these may have arisen indepen-
dently. First, the eukaryotic G_; addition function generates a non-WC base pair
(G_, is added opposite Ay3), while in D. discoideum mitochondria, the presence of a
C;; discriminator nucleotide would allow the TLP to take advantage of its preference
for generating WC base pairs, as observed for all TLPs to date (Abad et al. 2010; Rao
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et al. 2011). Second, selective recognition of tRNA™* as a substrate for Thgl is
strictly dependent on the presence of the tRNA™® GUG anticodon, while DdiTLP2
readily acts on mt-tRNA™ variants in which the GUG is altered to another antico-
don sequence (Jackman and Phizicky 2006; Long et al. 2016). Interestingly, many
metazoan species encode a Thgl enzyme with a putative N-terminal mitochondrial
targeting peptide. In fact, the human THGI-like (THG1L) enzyme has been local-
ized to mitochondria, where its overexpression is associated with increased mito-
chondrial proliferation that may be relevant to the progression of diabetic
nephropathy (Murphy et al. 2008, 2013; Hickey et al. 2011; Corcoran et al. 2013).
However, the precise nature of the biochemical activities of THGIL in human
mitochondria is not known. A complete understanding of all mitochondrial roles
for members of the Thg1/TLP enzyme family will require a much better understand-
ing of the molecular functions of these unusual enzymes.

7.5 Origin and Evolution of Mitochondrial 5'-Editing

How do RNA editing systems originate, and why do they persist? The initial
examples of this phenomenon raised these questions, and they have preoccupied
researchers in this field for more than three decades as novel RNA editing systems
have been uncovered. A common perception is that editing evolved to correct
“mistakes” in RNA transcripts, resulting from what would otherwise be deleterious
or even lethal mutations in the corresponding gene. Indeed, the function of mt-tRNA
5'-editing is effectively to restore the helical character of a mismatched acceptor
stem, the integrity of which plays an important role in determining aminoacylation
specificity (Giegé et al. 1998), as well as being essential in the formation of the
tertiary structure of tRNA, thereby positioning the attached amino acid correctly for
peptide bond synthesis (Kim 1978).

However, an explanation for the emergence of an RNA editing system based on
its current function puts the cart before the horse, so to speak, because deleterious or
lethal mutations are not likely to persist in a genome while waiting for a corrective
RNA editing system to evolve. Such mutations would be eliminated by purifying
selection long before the appearance of the required editing system. Although,
undoubtedly, the various RNA editing systems that have been described currently
serve a corrective function, we would argue that they did not emerge initially in
response to a need for editing.

To explain the origin of RNA editing, a three-stage, neutral evolutionary model
(Covello and Gray 1993), subsequently termed “constructive neutral evolution
(CNE)” (Stoltzfus 1999; Gray et al. 2010; Lukes et al. 2011), has been proposed.
The first stage of this model posits that, whatever the nature of the editing activity, it
was already in place before there was a need for editing, emerging in a neutral
manner (i.e., not subject to selection) from a preexisting activity in the cell. The
second stage envisages mutation at editable sites, mutations that are able to be acted
upon at the RNA level and effectively “corrected” by the preexisting editing system.
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In the case of tRNA 5'-editing, editable sites are the first three positions of the tRNA.
Finally, in the third stage, as the number of sites requiring editing increases and the
probability of complete reversion to a non-editing-requiring state becomes vanishing
small [a Muller’s ratchet type of effect (Muller 1964)], selection comes into play,
with the RNA editing system becoming an essential part of the genetic information
transfer pathway. An important corollary is that the appearance of an RNA editing
system 1is in itself mutagenic, because it allows the fixation in the genome of
otherwise deleterious/lethal mutations that would normally be eliminated by purify-
ing selection (Gray 2001).

In the specific case of mt-tRNA 5’-editing, the initial discovery of this process in
A. castellanii (Lonergan and Gray 1993a, b) immediately posed a conundrum.
Assuming that the ancestral state was one in which the tRNA acceptor stem was
fully paired, how did most of the mtDNA-encoded tRNAs (12/15) in A. castellanii
come to require editing (i.e., those tRNAs that display one or more mismatches
within the first three base pairs of the acceptor stem)? And, why are mismatches
strictly confined to the first three base pairs of the acceptor stem, the rest of the tRNA
assuming a conventional structure? More precisely, since we know that editing
occurs on the 5’ side of the acceptor stem (Lonergan and Gray 1993a), why are
only the first three tRNA positions so evolutionarily labile?

Invoking a CNE model as an explanation, we envisage as the first stage the
appearance in mitochondria of a constitutive system that is able to remove the first
three nucleotides at the 5’-end of a tRNA and replace those nucleotides using the
corresponding positions on the 3’ side of the acceptor stem as a template, generating
standard WC-type base pairs as a result. (How such a system comes to be lodged in
mitochondria in the first instance is addressed below.) The postulated RNA editing
system comprises both a nuclease, either exo- or endo-, capable of carrying out the
first step—removal of 5’ nucleotides—and a novel, template-directed 3’-to-5'
nucleotidyltransferase acting sequentially: essentially a 3’-to-5' RNA-dependent
RNA polymerase. As discussed earlier, these two activities may reside in separate
proteins, or in a single protein. A mitochondrial system having these properties was,
in fact, biochemically characterized in A. castellanii (Price and Gray 1999b), as well
as in Spizellomyces punctatus (Bullerwell and Gray 2005), a chytrid fungus in which
tRNA 5'-editing had also been described (Laforest et al. 1997).

Once such a system appears in mitochondria, it is straightforward to envisage the
consequences. Mutations that disrupt base pairing in the first three positions of the
acceptor stem would preferentially accumulate because these mutations can be
counteracted at the level of the tRNA transcripts. In essence, relaxed functional
constraints at the genome level would allow the fixation of mutations that would
otherwise be purged by purifying selection. Assuming that the editing activity is able
to operate on any mitochondrial tRNA, a second consequence is the spread of tRNA
5" mismatching among the collection of mtDNA-encoded tRNAs; most tRNAs
would be expected to exhibit at least one 5’ mismatch, but a few (by chance)
might have none. Finally, because the mutational process resulting in tRNA 5’
mismatching is stochastic, we expect that there should be no conservation of editing
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sites in related organisms in which this type of editing occurs: i.e., we attribute no
functional significance to the emergence of mismatching.

Consideration of characterized editing sites in A. castellanii mitochondrial tRNAs
and sequence comparisons among mitochondrial tRNA isoacceptors within different
Acanthamoeba species provides strong evidence for the second stage of the CNE
model: mutation at editable sites. In A. castellanii, a major component of mitochon-
drial genome evolution is AT drift whereby both coding but particularly noncoding
regions are enriched in A and T nucleotides (70.6% overall; 71.6% in non-coding
regions). Of 23 positions known to be edited in 12 mitochondrial tRNAs, 20 (87%)
represent a change from A or U to another nucleotide (mostly G), indicating that the
first three 5’ positions, left to accumulate mutations without functional constraint,
become even substantially more A + T-rich than the mitochondrial genome as a
whole. A similar pattern is evident in the case of D. discoideum (Table 7.2).

When mitochondrial tRNA sequences for the same isoacceptor are compared
from different Acanthamoeba species (Fig. 7.2), it is evident that the first three 5’
positions (i.e., the editable positions) are the only ones that differ substantially;
moreover, these variant positions are predominantly AT-rich, as expected. With few
exceptions, the sequence at all other tRNA positions is identical, in particular at the
final four 5’ positions and all seven of the 3’ positions of the acceptor stem.

Comparison of acceptor stems for the same mitochondrial isoacceptor tRNA in
different amoebozoan genera demonstrates that the pattern of editing is not con-
served at any of the first three 5’ positions (Fig. 7.3). For example, in tRNA™ ¢4y, as
predicted from the corresponding gene sequence, the first acceptor stem pairing is
GoU in Veramoeba vermiformis (Vve; a potential G—A editing), AXC in
D. discoideum (Ddi; a demonstrated A—G editing), AXG in D. citrinum (Dci; a
potential A—C editing), but A-U in A. castellanii (Aca) and G-C in D. fasciculatum
(Dfa) and in three isolates of P. pallidum (Ppa; no editing required). Notably,
non-conservation of editing sites is clearly evident among different species of the
same genus (Dictyostelium). These observations are consistent with the view that the
emergence of editing sites is stochastic and not related to function (i.e., the emer-
gence is neutral, not selected).

How can we account for the appearance of the editing system in mitochondria,
even before there is a need for editing? The occurrence of mt-tRNA 5'-editing shows
a punctuate distribution: i.e., eukaryotes carrying out this type of editing are inter-
spersed with related species in which there is no obvious requirement for mt-tRNA
5'-editing (Jackman et al. 2012). This pattern makes vertical inheritance of the
system from a remote common ancestor difficult to envisage, if in fact the majority
of eukaryotes seem not to engage in mt-tRNA 5’-editing. The examples identified so
far of this type of editing more likely represent derived traits within the specific
lineages in which they occur. If so, how then do we explain the virtually identical
biochemical characteristics of partially purified mt-tRNA 5'-editing systems from
two distantly related eukaryotes, the amoebozoan A. castellanii (Price and Gray
1999b) and the chytrid fungus S. punctatus (Bullerwell and Gray 2005): microbes
that represent two distinct eukaryotic supergroups?
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AlaUGc

2 NITGCA|TA|GTTT|AATGGTA|AAAT | C|AATAC|CTTGC|ACGTATTAGAT | ATCAG | TTCGATT | CT|GAT | TGCGTCC|A
5  WAATGCA|TA|GTTT|AATGGTA|AAAT | C|AATAC|CTTGC|ACGTATTAGAT | ATCAG | TTCGATT | CT|GAT | TGCGTCC|A
1 TGCA|TA|GTTT | AATGGTA | AAAT | C| AATAC|CTTGC | ACGTATTAGAT | ATCAG | TTCGATT | CT | GAT | TGCGTCC | A
4 TGCA|TA|GTTT | AATGGTA | AAAT | C| AATAC|CTTGC | ACGTATTAGAT | ATCAG | TTCGATT | CT | GAT | TGCGTCC | A
7 TGCA| TA|GTTT | AATGGTA| AAAT | C| AATAC| CTTGC | ACGTATTAGAT | ATCAG | TTCGATT | CT | GAT | TGCGTCC | A
3 TGCA| TA|GTTT|AATGGTA| AAAT | C| AATAC | CTTGC | ACGTATTAGAT | ATCAG | TTCGATT | CT | GAT | TGCGTCC|A
6 TGCA|TA|GTTT|AATGGTA|GAAT|A|AGTAC|CTTGC|ACGTACTAGAT|ATCAG|TTCGATT|CT|GAT|TGCGTCC|A

TR | % | ootk | okttt | || ok kot | skt | skl okl | skoksolok | stk stk | ok | sk |

LRRICCTA| TA|GTTT | AATGGCA | AAAT | A| TTTCG| CTCATAA| CGAAA | GGTT | ATTGG | TTCGATT | CC | AGT | TAGGCCT |A
WeCCTA| TA|GTTT | AATGGCA | AAAT | A| TTTCG| CTCATAA| CGAAA | GGTT | ATTGG | TTCGATT | CC | AGT | TAGGCCT |A
[*

****l**l****l***** *l****l*l*****l*******l*****|****|*****|*******|**|* *l

Proyce

CAGAGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGACT | ATAGG | TTCGAGT | CCTGT | CACTCTG | A
CAGAGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGATT | ATAGG | TTCGAGT | CCTGT | CACTCTG| A
'AGAGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGACT | ATAGG | TTCGAGT | CCTGT | CACTCTG | A
AGAGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGACT | ACAGG | TTCGAGT | CCTGT | CACTCTG | A
WAGAGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGACT | ACAGG | TTCGAGT | CCTGT | CACTCTG | A
AGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGACT | ACAGG | TTCGAGT | CCTGT | CACTCTG | A
WAGTG | TA| GCAT | AATAGGTA | ATGT |G| TCTGT | TTTGGGA | ACAGA | AGATT | ACAGG | TTCGAGT | CCTGT | CACTCTG | A

NOPUTWNRE

Fig. 7.2 Acanthamoeba sp. mitochondrial tRNA isoacceptors are essentially identical in sequence
except at the first three 5’ positions of the acceptor stem. Sequence data (tDNA) are from Ledee and
Byers (2009) and are aligned for three different tRNAs. Mismatched positions (nucleotides on the 5
side of the acceptor stem that do not pair with the corresponding nucleotide on the 3’ side) are
denoted by white letters on a black background. Nucleotides at each position that are identical
among the compared isoacceptors are denoted by asterisks (*) below the alignment; those identical
nucleotides in the acceptor stem are shown as white asterisks on a blue background. The few
non-identical nucleotides (denoted by a period below the alignment) are highlighted in turquoise.
Numbers indicate different Acanthamoeba species

As discussed earlier, studies in D. discoideum (Abad et al. 2011, 2014) and
A. castellanii (Rao et al. 2011) have provided compelling evidence that
mitochondrion-targeted TLPs constitute the 3'-to-5' nucleotidyltransferase that
carries out the resynthesis step in the mt-tRNA 5'-editing pathway. TLPs are broadly
distributed in all three domains of life—Archaea, Bacteria, and Eukarya—with
bacterial TLPs constituting two distinct clades, group 1 and group 2, in phylogenetic
trees (Heinemann et al. 2010; Jackman et al. 2012). Eukaryotic TLPs appear
monophyletic and are specifically associated with group 1 bacterial TLPs,
suggesting an origin from the latter group as a result of one or more horizontal
gene transfers during eukaryotic evolution. A striking correlation exists between the
presence of a putatively mitochondrion-targeted TLP and the existence of mt-tRNA
5'-editing, either demonstrated or inferred from the secondary structure of mtDNA-
encoded tRNAs (Table 7.3).
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Alaygc
Vve Aca Dd1i Dci Dfa Ppal Ppa2 Ppa3
A A A A A A A A
G-C G-C G-C G-C UxC AxC| UxC UxC
G-C G-C G-C G-C G-C G-C G-C G-C
GeU UxU GeU GeU GeU GeU GeU GeU)
G-C UeG G-C G-C G-C G-C G-C G-C
U-A G-C A-U A-U A-U A-U A-U A-U
U-A C-G UeG UeG U-A U-A U-A U-A
G-C A-U A-U A-U G-C G-C G-C G-C
llecau
Vve Aca Dd1i Dci Dfa Ppal Ppa2 Ppa3
A A A A A A A A
m A-U AxC AXG G-C G-C G-C G-C
A-U AxC C-G AxC C-G C-G C-G C-G
G-C UxC U-A U-A U-A U-A U-A U-A
C-G C-G C-G C-G U-A U-A U-A U-A
C-G C-G C-G C-G UeG UeG UeG UeG
C-G U-A UeG UeG UeG UeG UeG UeG
G-C A-U G-C G-C G-C G-C G-C G-C
Proyce
Vve Aca Dd1i Dci Dfa Ppal Ppa2
A A A A A A A
C-G C-G UeG C-G AXG| AXG] AXG|
A-U A-U C-G C-G AXG AxC AxC
G-C G-C G-C G-C G-C G-C G-C
G-C A-U GeU G-C A-U A-U A-U
G-C G-C U-A U-A A-U A-U A-U
UeG U-A U-A U-A U-A U-A U-A
G-C G-C G-C G-C G-C G-C G-C

Fig. 7.3 Lack of conservation of editing sites in mitochondrial tRNA isoacceptors from different
amoebozoan genera. Confirmed editing sites are shown in red on a yellow background. Predicted
editing sites are indicated by white lettering on a black background. GoU and UoG pairs that are
NOT subject to editing within the acceptor stem are highlighted in turquoise. Abbreviations: Vve
Veramoeba vermiformis, Aca Acanthamoeba castellanii, Ddi Dictyostelium discoideum, Dci
Dictyostelium citrinum, Dfa Dictyostelium fasciculatum, Ppal Polysphondylium pallidum CKS8,
Ppa?2 Polysphondylium pallidum PN500, Ppa3 Polysphondylium pallidum PPHUS8

Given these observations, we propose the following scenario for the independent
acquisition of biochemically highly similar mt-tRNA 5’-editing systems in select
eukaryotic lineages. We posit that a group 1 bacterial-type TLP was acquired by
horizontal gene transfer early in eukaryotic cell evolution. The original function of
such a protein is not clear, although we have suggested that, in general, TLPs may act
constitutively to reconstitute (in a 3'-to-5' direction) 5’ ends that suffer loss of
nucleotides, e.g., due to stochastic 5'-3" exonucleolysis: in much the same way as
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the well-known CCA-adding enzyme (tRNA nucleotidyltransferase) serves to recon-
stitute the 3’ ends of tRNAs, but in a 5'-to-3" direction. TLP gene duplication in
selected eukaryotes followed by acquisition by one of the duplicates of an
N-terminal mitochondrial import sequence would target a TLP to mitochondria,
setting in motion the CNE model discussed earlier, in which mtDNA-encoded tRNA
genes gradually accumulate mispairing mutations at positions 1, 2, and/or 3 that are
able to be “corrected” at the RNA level. This scenario accounts both for the punctate
distribution of mt-tRNA 5'-editing (due to independent emergence of a
mitochondrion-targeted TLP in different lineages) and the high degree of biochem-
ical similarity in distantly related eukaryotes (because although these systems are
independently derived traits, they are underpinned by orthologous TLPs).

Note that implicit in this scenario is the assumption that TLPs are only able to
“repair” the first three nucleotides at the 5'-end of a tRNA, in much the same way
that the CCA-adding enzyme adds a maximum of three nucleotides at the 3" end.
This assumption is necessary to account for the fact that mismatch-inducing muta-
tions are restricted to the first three positions of the acceptor stem: non-repairable
mutations further down the acceptor stem presumably being eliminated by purifying
selection. This assumption remains to be tested biochemically, however.

7.6 Conclusion

The discovery of RNA editing systems provides an inherent challenge to the
principle of the genome serving as the sole information carrier for the cell. In this
example of mitochondrial 5'-editing, clearly the editing enzymes are essential
partners in helping to assemble the complete set of tRNA species that are required
for translation. Given the predicted bacterial origin of the TLP components of the
editing machinery, it is intriguing to consider the possibilities for similar roles of
these enzymes in extant bacterial and archaeal species where they are encoded in the
genome but where 5'-editing is not predicted to occur. Importantly, since only a
limited number of TLP enzymes have been investigated biochemically and geneti-
cally, and since the relevant editing nuclease has yet to be identified in any species,
the potential for these enzymes to participate more broadly in the maintenance or
repair of cellular nucleic acids will be exciting to evaluate through future studies of
this intriguing enzyme family.
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Chapter 8 )
Editing of Mitochondrial RNAs ekl
in Physarum polycephalum

Jillian Houtz, Nicole Cremona, and Jonatha M. Gott

Abstract The mitochondrial transcriptome of the true acellular slime mold
Physarum polycephalum (Physarum) undergoes extensive RNA editing to produce
precise, site-specific changes not encoded at the DNA level. RNA editing in
Physarum is essential for proper mitochondrial gene expression by creating open
reading frames in protein-coding RNAs and by altering the folding stability of
structural RNAs. Physarum carries out one of the widest range of RNA editing
events yet described. These changes to mitochondrial RNAs involve the site-specific
insertion of over 1300 “extra” nucleotides, deletion of 3 encoded nucleotides,
targeted base conversions, and the removal and replacement of nucleotides at the
5" end of certain tRNAs. While these sequence alterations are absolutely required for
the production of functional transcripts, it remains a mystery why they are not
encoded in the mitochondrial genome. Although various examples of RNA editing
have been described in several eukaryotic organisms, Physarum mitochondria
achieve non-templated nucleotide insertion by a unique co-transcriptional mecha-
nism. The cis-acting elements required for insertion editing have been localized to a
relatively small region in the vicinity of editing sites, but the details as to how editing
sites are recognized and the identity of the trans-acting editing factor(s) required for
insertion of these extra nucleotides remain to be elucidated. Two other mech-
anistically distinct forms of editing, 5’ tRNA editing and C-to-U conversion, have also
been described, which proceed via two independent, posttranscriptional pathways.
The relatively recent availability of genome and transcriptome sequence data has
facilitated the identification of potential candidates for each of these activities and
experiments to determine which of these factors are involved in the various forms of
editing are underway.
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8.1 Introduction

RNA processing and maturation of certain transcripts require site-specific changes in
the nucleotide sequence or base composition that are not encoded at the DNA level.
The process by which this maturation occurs is referred to as “RNA editing” and
includes both nucleobase substitutions or conversions and nucleotide insertions and
deletions. RNA editing occurs in all major classes of RNAs, including tRNAs,
rRNAs, mRNAs, long noncoding RNAs (IncRNAs), and microRNAs (miRNAs),
and is observed in diverse eukaryotic organisms including unicellular protists,
worms, flies, plants, and mammals (reviewed in Knoop 2011). Depending on the
context, RNA editing may alter either the folding stability of structural RNAs or the
coding potential of mRNAs; these editing events often reveal cryptic genes, or
“cryptogenes,” whose transcripts are otherwise unrecognizable at the genome level
(Gott et al. 2005; Sturm and Simpson 1990).

8.1.1 Internal Insertion/Deletion of Nucleotides

The phenomenon of RNA editing was first described in Trypanosoma brucei and
Crithidia fasciculata by Benne and colleagues (Benne et al. 1986), who reported the
insertion of four non-encoded uridines (Us) into the cox2 mRNA. Further charac-
terization of the kinetoplastid transcriptome revealed widespread, site-specific U
insertions as well as U deletions (see Chap. 5). Shortly thereafter it was discovered
that one or more extra nucleotides are added at a specific site in RNAs from various
paramyxoviruses (Cattaneo et al. 1989; Thomas et al. 1988; Vidal et al. 1990) and
throughout mitochondrial RNAs in the acellular slime mold Physarum
polycephalum (Bundschuh et al. 2011; Mahendran et al. 1991).

8.1.2 Nucleotide Replacement at tRNA Ends

Transfer RNAs (tRNAs) have long been known to be subject to a vast array of
internal nucleoside modifications, most of which cannot be encoded in the genome
(Limbach et al. 1994; Soll 1971). The ends of mitochondrial tRNAs can also be
targeted by editing events that correct mismatches within the acceptor stem. These
changes occur at the nucleotide level and are effected via a variety of mechanisms.
Nucleotide changes at the 5’ end of mitochondrial tRNAs were first reported in
Acanthamoeba castellanii (Lonergan and Gray 1993) (see Chap. 7). Multiple exam-
ples of editing of the 3’ side of the acceptor stem were subsequently reported
(reviewed in Betat et al. 2014), initially in tRNAs in snail mitochondria (Hatzoglou
et al. 1995; Yokobori and Piibo 1995).
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8.1.3 Base Alterations

The term RNA editing was first defined as the insertion of non-encoded nucleotides, but
this definition was expanded to include base changes upon the discovery of a single, site-
specific C-to-U change within the cytoplasmic mammalian apoB mRNA (Powell et al.
1987). This was followed by the description of numerous C-to-U (Covello and Gray
1989; Gualberto et al. 1989; Hiesel et al. 1989), and less frequent U-to-C (Gualberto
et al. 1990; Schuster et al. 1990), changes in mRNAs in plant mitochondria and, shortly
thereafter, chloroplasts (Hoch et al. 1991) (see Chap. 9). The observation of a site-
specific purine conversion within the glutamate receptor mRNA (Sommer et al. 1991)
increased the repertoire of editing types further; the apparent A-to-G change at the
cDNA level was attributed to the deamination of adenosine to inosine (A-to-I), an
activity initially characterized by Bass and Weintraub (Bass and Weintraub 1988).
Although A-to-I conversions in higher organisms have only been observed in RNAs
of nuclear origin (Nishikura 2016), A-to-I changes have recently been reported in
mitochondrial RNAs in diplonemids (Moreira et al. 2016).

8.1.4 Functions of Editing

RNA editing has a range of functions, some of which have yet to be uncovered (Gott
and Emeson 2000; Knoop 2011). The insertion of nucleotides leads to the creation of
open reading frames within mRNAs derived from cryptogenes that lack them. Base
changes often result in codon alterations that can affect the sequence of the protein
product. The creation of start and stop codons can occur via changes at either the
base or nucleotide level. Likewise, splice sites and miRNA binding sites can be
created or masked by editing, leading to the production of alternative proteins and/or
changes in translatability and mRNA stability. Changes within noncoding RNAs
generally affect secondary and tertiary interactions in structural RNAs such as
tRNAs and rRNAs, while alterations within miRNAs and IncRNAs can affect
interactions with their targets (Daniel et al. 2015; Nishikura 2016). The downstream
effects of other editing events, such as those within RNAs derived from retro-
elements, are unknown; these may result in functional changes, serve as molecular
sponges, or simply be the result of off-target effects.

8.2 [Editing in Mitochondria and Plastids

RNA editing is particularly prevalent in organelles. Widespread insertion editing is
observed in the kinetoplasts of trypanosomes (see Chap. 5) and the mitochondria of
Physarum polycephalum (this chapter) and Diplonema papillatum and related pro-
tists (Moreira et al. 2016). Mechanistic details are still lacking in many of these
systems; however, based on their distinct characteristics, there are likely multiple
editing mechanisms utilized in these disparate organisms.
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Mitochondrial RNAs in diplonemids are also subject to base alterations, includ-
ing both A-to-I and C-to-U changes (Moreira et al. 2016), and the interconversion of
pyrimidines (C-to-U and U-to-C) is common in plant organelles (see Chap. 9).
Mitochondrial mRNAs in higher plants are subject to hundreds of C-to-U changes,
while plastid RNAs are generally edited at a lower level (Ichinose and Sugita 2016).
Concomitant U-to-C changes are seen less frequently (Ichinose and Sugita 2016) but
are common in chloroplast RNAs in some ferns (Wolf et al. 2004) and hornworts
(Kugita et al. 2003; Yoshinaga et al. 1996) and in mitochondrial mRNAs in Placozoa
(Burger et al. 2009; Steinhauser et al. 1999) and lycophytes (Grewe et al. 2011). A
small number of C-to-U changes have also been reported in mitochondrial mRNAs
in Physarum (Gott et al. 1993) and the protists Naegleria (Riidinger et al. 2011) and
Acrasis (Fu et al. 2014). While A-to-I and C-to-U changes in organelles have been
attributed to deamination reactions, the mechanism underlying U-to-C changes has
yet to be characterized in detail.

The mitochondria (Grewe et al. 2011; Lin et al. 2002; Shoguchi et al. 2015) and
plastids (Mungpakdee et al. 2014; Zauner et al. 2004) of dinoflagellates and
apicomplexans contain mRNAs that differ considerably from the sequence predicted
based on their DNA sequences. These differences include pyrimidine (Py)-to-purine
(Pu) and Pu-to-Py changes, as well as Py-Py and Pu-Pu exchanges. Most of these
alterations cannot be ascribed to simple base interconversions and are thus likely to
be the result of either base or nucleotide excision and replacement.

Mitochondrial tRNAs and rRNAs are also subject to a variety of editing events.
Transfer RNA changes include replacement of nucleotides at the 5’ end in various
Amoebozoa (Abad et al. 2014; Gott et al. 2010; Lonergan and Gray 1993) and
chytridiomycete fungi (Bullerwell and Gray 2005) (see Chap. 7), addition of nucleo-
tides at the 3’ end in metazoans (Betat et al. 2014), and internal nucleotide insertions in
Physarum and Didymium (Antes et al. 1998). Mitochondrial rRNAs in myxomycetes
contain over 100 internal nucleotide insertions (Table 8.1) (Bundschuh et al. 2011;
Krishnan et al. 2007; Mahendran et al. 1994); less extensive editing of rRNAs has

Table 8.1 Summary of

Editing type Total number # of genes affected

editing events in the

mitochondria of Physarum +C 1255 46

polycephalum +U 43 18
+G 2 2
+A 1 1
+AA 4 2
+UU 2 1
+UA 2 2
+UC/CU 9 5
+UG/GU 4 4
+CG/GC 2 2
—A 3 1
C—-U 4 1
C—G 1 1
U—-G 1 1
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been reported in organelles from Dictyostelium (Barth et al. 1999), dinoflagellates
(Dang and Green 2009; Zauner et al. 2004), and Diplonema (Moreira et al. 2016;
Valach et al. 2014).

8.3 Editing in the Mitochondria of Physarum polycephalum
and Related Myxomycetes

8.3.1 Characterization of Edited RNAs in Physarum
polycephalum Mitochondria

Editing in Physarum mitochondria was initially discovered by Miller and colleagues,
who reported the presence of 54 non-encoded C residues in the Physarum atpA
mRNA (Mahendran et al. 1991). Characterization of additional mitochondrial RNAs
led to the discovery of dinucleotide insertions (Gott et al. 1993; Mahendran et al.
1994), U insertions (Bundschuh et al. 2011; Gott et al. 1993; Mahendran et al. 1994),
and four C-to-U changes (Gott et al. 1993), as well as the unusual finding that the
rRNAs (Bullerwell et al. 2010; Krishnan et al. 2007; Mahendran et al. 1994) and four
of the five tRNAs encoded in the mitochondria (Antes et al. 1998) also contain extra
nucleotides. However, even after the entire Physarum mitochondrial genome was
sequenced, many of the genes expected to be present could not be identified using
standard gene-finding programs (Takano et al. 2001). The development of special-
ized algorithms (Beargie et al. 2008; Gott et al. 2005) led to the identification of
additional genes; subsequent characterization of these mRNAs uncovered a site
within the nad2 mRNA where three encoded A residues are deleted (Gott et al.
2005). The entire complement of RNAs expressed in the mitochondria of plasmodial
cells was ultimately identified by sequencing total mitochondrial RNA (Bundschuh
et al. 2011). The RNA-seq data revealed 775 additional editing sites, including a
single A insertion and 2 sites of single G insertion (Table 8.1). REDBASE, a
searchable database of Physarum editing sites, has been established and is freely
available (http://bioserv.mps.ohio-state.edu/redbase/) (Gott 2013).

The Physarum genome contains 45 cryptogenes, including the genes encoding
37 mRNAs, 5 tRNAs, and the large, small, and 5S-like rRNAs (Bundschuh et al.
2011). Added nucleotides typically make up ~4% of the nucleotides in mRNAs and
~2% in tRNAs and rRNAs. The overwhelming majority (94%) of the 1333 total
editing events in Physarum mitochondria are sites of single cytidine (C) insertions.
All but ten of these sites fall within the coding regions of mRNAs or within mature
tRNAs and rRNAs. Nine of the ten extragenic edited sites fall within the 5" or 3
UTRs of mRNAs; only one C insertion is intergenic, falling between tRNAM® and
tRNA™,

While RNA editing events only occur in specific contexts and/or developmental
stages in some organisms, Physarum mitochondrial RNAs are edited in all life
cycle stages (i.e., in both diploid and haploid forms) (Rundquist and Gott 1995).
Editing in Physarum is highly accurate and exceptionally efficient, as incorrectly
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inserted nucleotides and incompletely edited sites are undetectable in steady-state
RNA pools in vivo (Byrne et al. 2002; Gott et al. 1993). The sole exception is the
single intergenic C insertion site, which is only edited to ~50% (Bundschuh et al.
2011).

Editing patterns are similar between mRNAs, tRNAs, and rRNAs (Fig. 8.1).
Excluding dinucleotide insertion sites, the minimum distance between editing sites is
nine nucleotides. This distance constraint is likely to be related to the mechanism, as
described below. There is a significant statistical bias in editing site contexts
(Bundschuh et al. 2011; Miller et al. 1993); 59% of unambiguous C insertions
(i.e., C residues not inserted next to an encoded C) follow a Pu-U, with A-U more
commonly seen than G-U at positions -2 and -1, respectively. However, a large
percentage of editing sites don’t fit this pattern, and, given that the mitochondrial
genome is ~74.1% AT, the significance of this bias is unclear. No consensus
sequence is discernable, which is perhaps not surprising given the frequency of
editing sites and the considerable constraints imposed by the need to conserve the
amino acid sequence of essential mitochondrial proteins and the overall structure of
noncoding RNAs (Fig. 8.1).

The first editing site within an mRNA is usually close to the initiation codon, and
inserted nucleotides are present throughout the RNA, although regions upstream of
the stop codon tend to have fewer editing sites (Gott 2013). Nucleotide insertions lead
to frequent reading frameshifts (Fig. 8.1c), creating ORFs that encode proteins highly
similar to those in mitochondria from other species. There is a definite codon bias,
with 33% of unambiguous C insertion sites falling within the first position of a codon,
18% at the second position, and 49% in the third position (Bundschuh et al. 2011).

8.3.2 Editing in Other Myxomycetes

Mitochondrial RNAs in other myxomycetes are also edited to various extents.
Analysis of the tRNAs encoded in the mitochondrial genomes of Physarum and
the closely related Didymium nigripes showed similar patterns, although only one C
insertion site is common to both species (Antes et al. 1998). A curious finding in
these experiments was that while single tRNAs are fully edited, polycistronic tRNAs
that are only partially edited can be detected in both species. Partially edited mRNAs
are virtually undetectable, so it may be that incomplete editing in relatively stable
tRNA precursors impairs tRNA processing.

To determine the extent of editing in more distantly related myxomycetes,
Horton and Landweber (2000) examined editing patterns within a 1200 nucleo-
tide region of the cox! mRNA from Physarum polycephalum, Didymium
nigripes, Stemonitis flavogenita, Arcyria cinerea, and Clastoderma debaryanum.
The extent of insertion editing in Physarum, Didymium, and Stemonitis is similar
(34-40 C insertions, 1-4 U insertions, 3 dinucleotide insertions). The coxI
mRNAs in the other two species are edited at a much lower level, with only
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Fig. 8.1 Physarum mitochondrial RNAs are subject to three distinct forms of editing. (a)
Non-encoded nucleotides are added co-transcriptionally to rRNAs (red dots, top left), tRNAs (red
boxes, top right), and mRNAs (red downward arrows, bottom) as either single or dinucleotide
insertions. (b) The nucleotide at the 5’ end of two of the tRNAs encoded in the mitochondrial
genome is removed and replaced posttranscriptionally to complete the tRNA acceptor stem (green
box, top right). (¢) Four of the encoded C residues in the cox/ mRNA are changed to U residues
(blue letters, blue upward arrows, bottom) in a posttranscriptional process
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4 U insertions in this region in Clastoderma and 4 U insertions and a single C
added in Arcyria. Surprisingly, the pattern of C-to-U conversions was quite
different; Stemonitis lacks C-to-U changes, while Physarum and Didymium each
have four and Arcyria has two. Surprisingly, although all but 1 of these
10 changes fall in five codons within a 60 nucleotide span of the cox/ mRNA,
none is shared between species.

Silliker and colleagues have characterized the editing sites within 16 mRNAs
encoded in the mitochondria of another myxomycete, Didymium iridis
(Hendrickson and Silliker 2010; Traphagen et al. 2010). Overall patterns of C, U,
and dinucleotide insertions are similar, but not identical to those in Physarum
polycephalum, with sites of U and dinucleotide insertion more highly conserved
than C insertion sites. There are also three C-to-U sites in these mRNAs, one in
coxl and two in cox2, none of which is shared with Physarum. This work also
described the first example of a single A insertion in myxomycete mitochondria
(Hendrickson and Silliker 2010).

The most comprehensive analysis of myxomycete editing to date was carried out
by Miller and colleagues (Krishnan et al. 2007), who looked at the distribution of
editing sites within a conserved region of the mitochondrial small ribosomal rRNA
(SSU) from seven different species. Alignment of mtDNA and cDNAs derived from
Physarum polycephalum, Physarum didermoides, Didymium nigripes, Didymium
iridis, Lycogala epidendrum, Echinostelium minutum, and Stemonitis flavogenita
demonstrated that the pattern of editing sites is similar between species. In all
species, editing sites are enriched in the most highly conserved regions of the
rRNA. At least 27 of the 29 insertion sites fall within regions predicted to be base-
paired and, based on covariation analyses, are involved in stabilization of common
secondary structures. However, there was surprising variability in the location of
inserted nucleotides. Of the 29 editing sites identified, none is conserved in all
7 species, and 14 insertion sites are present in only a single organism. The editing
patterns in Physarum polycephalum and both species of Didymium are identical in
this region, but none of these ten sites is shared by Lycogala. Echinostelium and
Lycogala each utilize six unique insertion sites and share three others. Four of the
sites in Physarum didermoides are in common with Physarum polycephalum, and
three are shared with Lycogala, while one site is unique to this species. Stemonitis
has six sites in common with Physarum polycephalum and one with Echinostelium
but also has an unprecedented deletion of a single encoded U.

Despite the use of different editing sites, overall editing patterns are strikingly
similar in terms of density and spacing (Horton and Landweber 2000; Krishnan et al.
2007; Bundschuh et al. 2011; Hendrickson and Silliker 2010; Traphagen et al.
2010). Each contains eight to ten editing sites within this region of the rRNA, and
all sites within a given organism are at least nine nucleotides apart. Contexts are also
similar, with editing sites being preceded by a Pu-U at a higher frequency than
expected by chance. These similarities imply the existence of mechanistic
constraints.
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8.4 Editing Mechanisms in Physarum polycephalum
Mitochondria

In organello and in vitro studies have led to the conclusion that there are at least three
distinct editing mechanisms within Physarum mitochondria, comprising three types
of editing events: (1) C-to-U substitutions in the cytochrome oxidase I (cox]) mRNA
(Gott et al. 1993), (2) 5 editing of tRNAM" and tRNAM®? (Gott et al. 2010), and
(3) mono- and dinucleotide insertions (Bundschuh et al. 2011) (Fig. 8.1). In stark
contrast to editing mechanisms in most other systems, nucleotide insertion into
Physarum mitochondrial RNAs occurs co-transcriptionally, with non-templated
nucleotides incorporated at the 3’ end of nascent transcripts (Cheng et al. 2001).
The mechanism underlying the AAA deletion within the nad2 mRNA has not been
examined directly, largely because this mRNA is expressed at very low levels
in vitro (Gott et al. 2016). The complete absence of these three encoded nucleotides
in steady-state RNA pools has been confirmed by primer extension sequencing of
the mRNA (Gott et al. 2005), leading to the hypothesis that deletions are carried out
co-transcriptionally, perhaps by the same apparatus as nucleotide insertions. As
described below, the C-to-U substitutions and 5’ tRNA editing in Physarum mito-
chondria are posttranscriptional editing events.

8.4.1 tRNA Editing

The 5 ends of two of the five mitochondrion-encoded tRNAs (t(RNAM®!! and (RNAM®?)
are subject to nucleotide replacement (Fig. 8.1b). These tRNAs were initially suggested
to be edited in this manner by M. W. Gray (personal communication) based on the
presence of predicted mismatches at the top of the acceptor stem, a pattern characteristic
of edited tRNAs in A. castellanii mitochondria. This expectation was confirmed by
in vitro labeling studies and sequencing of circularized tRNAs (Gott et al. 2010). The
5'-editing reaction displays striking similarities to the reaction catalyzed by tRNA™®
guanylyltransferase (Thg1), the enzyme responsible for addition of a single G to the 5’
end of tRNA™ in yeast and other organisms (Gu et al. 2003). A search of available
Physarum sequence data for Thgl-related genes resulted in the identification of two
potential candidates for the tRNA editing activity. These Physarum sequences were then
used to identify orthologs of these potential editing factors in the genomes of
A. castellanii, Dictyostelium discoideum, and numerous other species (Jackman et al.
2012). As described in Chap. 7, biochemical characterization of the four Thgl-like
proteins (TLPs) identified in D. discoideum confirmed that these proteins act on 5’ ends
of tRNA (Abad et al. 2011) and identified DAiTLP3 as the enzyme responsible for 5’
tRNA editing in D. discoideum mitochondria (Long et al. 2016). Unlike many of the
edited tRNAs in A. castellanii and D. discoideum, the Physarum tRNAs subject to
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nucleotide replacement editing contain only a single mismatch at the top of the acceptor
stem (Gott et al. 2010). This opens up the possibility that the properties of the Physarum
enzyme(s) may differ slightly from the previously characterized enzymes.

8.4.2 C-to-U Editing

The determination that C-to-U editing in Physarum mitochondria is posttranscrip-
tional is based on three lines of evidence: (1) the presence of C rather than U at these
positions in otherwise edited RNAs made in vitro (Byrne and Gott 2002; Visomirski-
Robic and Gott 1995), (2) S1 nuclease protection assays of labeled RNAs synthe-
sized in isolated mitochondria (Visomirski-Robic and Gott 1995), and (3) sequencing
of nascent (i.e., polymerase-associated) RNAs made in vivo, which contain a
mixture of C and U at these sites (Byrne and Gott 2004). The four C-to-U changes
in the Physarum cox] mRNA (Fig. 8.1c¢) are likely to be targeted by proteins similar
to those present in plant mitochondria. Recognition of C-to-U sites in plant mito-
chondria requires PPR proteins, the majority of which contain a C-terminal DYW
domain (see Chap. 9). Most organisms have few, if any, PPR proteins, and only a
very small subset of sequenced genomes appears to encode PPR-DYW proteins
(Schallenberg-Riidinger et al. 2013). The presence of PPR-DYW proteins suggests
these species may exhibit C-to-U editing, a prediction that has already been borne
out in Naegleria (Riidinger et al. 2011) and Acrasis (Fu et al. 2014). Approximately
100 PPR proteins are encoded in the Physarum genome, 16 of which contain a
recognizable DYW domain (Schallenberg-Riidinger et al. 2013). Five of these DYW
domains are highly homologous to those present in plant editing factors, making
them leading candidates for the Physarum C-to-U editing activity. Given that in its
natural environment Physarum feeds on bacteria and decaying plant material,
Physarum may have acquired the C-to-U editing activity via lateral gene transfer.
Curiously, however, BLAST searches of Physarum genome and transcriptome data
(Schaap et al. 2015) have failed to identify genes with significant homology to any of
the auxiliary proteins shown to be involved in editing in plant mitochondria,
suggesting that the Physarum C-to-U editing apparatus may be a simpler form of
the editing machinery (“editosomes”) found in plants (see Chap. 9). Alternatively,
Physarum may encode auxiliary factors distinct from those in other organisms.
Preliminary studies to identify and isolate factors required for C-to-U editing are
underway (see below).

8.4.3 Insertion Editing

The pattern of nucleotide insertion first observed in Physarum mitochondrial RNAs
is thus far unique to Physarum and closely related myxomycetes (Fig. 8.1a). Char-
acterization of steady-state RNA pools indicated that essentially all RNAs were fully
edited (Gott et al. 1993) and strategies implemented to look for unedited or partially
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edited mRNAs failed to find potential intermediates. These findings led to the
hypothesis that insertion editing was somehow linked to transcription. Based on
the premise that editing occurs close to the site of RNA synthesis, initial efforts at
developing an in vitro editing system focused on isolated organelles. In order to
distinguish transcripts made in vitro from the vast pool of existing mitochondrial
RNAs, run-on transcripts were labeled, and individual transcripts were isolated via
S1 nuclease protection and analyzed via RNA fingerprinting (two-dimensional
separation of RNA oligonucleotides via denaturing gel electrophoresis followed by
thin-layer chromatography) (Visomirski-Robic and Gott 1995, 1997a, b). Tran-
scripts synthesized in isolated mitochondria were efficiently edited under most
conditions. However, under severely limiting CTP concentrations, run-on transcripts
were largely unedited at C insertion sites, confirming that the mitochondrial genome
is the editing template (Visomirski-Robic and Gott 1997a). Remarkably, upon
restoration of editing conditions, the subsequently transcribed RNA was edited,
while nucleotide insertion into previously synthesized, unedited RNA, was not
observed. These data demonstrated that the editing machinery works in association
with the transcriptional apparatus and that nucleotide insertion proceeds unidirec-
tionally with a 5’ to 3’ polarity (Visomirski-Robic and Gott 1997a).

In order to further purify transcription/editing complexes, mitochondrial lysates
were fractionated via gel filtration chromatography to enrich for native mitochon-
drial DNA (mtDNA) and its associated endogenous protein complement. These
mtDNA-protein complexes, which support run-on transcription and editing, are
referred to as “mitochondrial transcription elongation complexes” or mtTECs
(Cheng and Gott 2000). Although these fractions remain editing competent, RNAs
synthesized in vitro by these crude extracts are not fully edited (Cheng and Gott
2000), and a low level (~5%) of sites are mis-edited (Byrne et al. 2002). The two
predominant forms of mis-editing are the insertion of a single G at C insertion sites
and inter-site deletions (i.e., the precise deletion of encoded nucleotides between two
editing sites). Importantly, all mis-editing events occur at bona fide insertion sites,
suggesting that editing sites are uniquely demarcated and that editing site recognition
and nucleotide insertion can be uncoupled (Byrne et al. 2002).

Editing-competent mtTECs were shown to lack detectable levels of nucleotide
triphosphates (NTPs) (Cheng and Gott 2000), enabling the manipulation of the
relative concentrations of each NTP during run-on transcription/editing. These
experiments demonstrated that the level of C addition at individual insertion sites
can be varied in a predictable pattern by lowering or raising the concentration of the
templated NTP immediately downstream of the site relative to the CTP concentra-
tion in the reaction. High concentrations of the next encoded nucleotide significantly
reduced the level of C insertion, while low levels of the following nucleotide greatly
increased the extent of editing. These findings indicated that transcription and
editing are competing processes, leading to the conclusion that non-encoded nucle-
otides are added to the 3’ end of nascent RNAs during transcription of the mito-
chondrial genome (Cheng et al. 2001) (Fig. 8.2).

The sequence elements that direct editing to specific sites have not been identified.
Bioinformatics approaches have failed to uncover consensus sequences or conserved
features within the mitochondrial DNA (Bundschuh et al. 2011; Chen et al. 2012).
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Fig. 8.2 Diagram depicting predicted regions of contact between the mitochondrial RNA poly-
merase and nucleic acids in the Physarum transcription/editing complex. The model is based on
published structures of the bacteriophage T7 transcription elongation complex (Yin and Steitz
2002) in which the DNA upstream of the active site is unwound and contained in a 7-8 bp
RNA-DNA hybrid and the downstream DNA is largely double-stranded. The Physarum mitochon-
drial RNA polymerase is depicted as yellow clouds, the DNA strands are shown in light blue (T,
template strand) and black (NT, non-template strand), and the nascent RNA is shown in green.
DNA and RNA regions predicted to be enveloped by the polymerase are shown as lighter colored
lines beneath the darker portion of the polymerase. The site of non-templated nucleotide insertion is
indicated by the red starburst. The region of the DNA template outlined with red dots has been
demonstrated to be critical for nucleotide insertion. See text for details

Furthermore, the nature of the in vitro systems, consisting of a pool of mitochondrial
genomes with preformed transcription complexes, precludes systematic mutagenesis
of sequences surrounding editing sites. To circumvent these issues, “chimeric tem-
plates” were created by fusing mitochondrial sequences to DNA fragments associated
with transcription/editing complexes (Fig. 8.3). This was accomplished by digestion
of the mtTEC DNA with restriction endonucleases and ligation to either artificial
DNA constructs (i.e., cloned Physarum genes or PCR-generated cassettes, Fig. 8.3a,
b) or to other mtTEC fragments, leading to rearrangements of the native templates
(Byme and Gott 2002) (Fig. 8.3d). Run-on transcription from these templates
revealed that editing is only supported when the native template is transcribed; no
editing is observed during transcription of non-native DNA downstream of ligation
junctions, even in instances where the DNA sequence is identical to that of the native
gene (Byrne and Gott 2002). A second critical observation from chimeric template
studies was that DNA fragments isolated from phenol-extracted mtTEC also fail to
support editing when ligated to native mtTEC fragments (Byrne and Gott 2002)
(Fig. 8.3c¢), indicating that any potential signals due to epigenetic modifications are
insufficient to demarcate editing sites. In contrast, rearranged native mtTEC
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Fig. 8.3 Edited transcripts are only generated from the native portion of chimeric templates. Left:
regions of the mitochondrial genome from native transcription elongation complexes (mtTECs) are
depicted in black and blue, DNA fragments containing Physarum mitochondrial sequences gener-
ated by PCR or derived from plasmid DNA are shown in green, and DNA fragments isolated from
phenol-extracted mtTECs are depicted in brown. Right: editing status of run-on transcripts derived
from each type of chimeric template. See text for details

fragments, either in the form of linear or circularized fragments, maintain the same
level of editing efficiency as intact mtTECs (Byrne and Gott 2002) (Fig. 8.3d). These
results suggest a requirement for at least one template-associated trans-acting protein
factor in the mechanism of Physarum insertion editing. Subsequent in vitro experi-
ments showed that editing site recognition and insertion of non-encoded nucleotides
are separable processes (Byrne et al. 2002). Curiously, single and dinucleotide
insertion sites respond differently to changes in relative nucleotide concentrations
in vitro, with patterns of editing and mis-editing differing even among dinucleotide
sites, suggesting that additional factors may be needed for dinucleotide insertions
(Byre and Gott 2004).

To localize template sequences required for nucleotide insertion, restriction
endonucleases that cut close to sites of editing were used to generate chimeric
templates. Using this strategy it was possible to change template sequences either
upstream or downstream of individual editing sites (Rhee et al. 2009) (Fig. 8.4).
These experiments demonstrated that the cis-elements required for specifying C
addition are limited to ~18 bp of DNA centered around the site of insertion, termed
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Fig. 8.4 Strategy for rearranging the native template to replace sequences proximal to editing sites.
A restriction endonuclease (RE) with a recognition site close to a C insertion site (red arrows) is
used to digest mitochondrial DNA in native mtTECs, and the resulting mixture of fragments is
randomly ligated under conditions that favor intramolecular ligation. Run-on transcripts derived
from these sub-genomic templates are characterized via RT-PCR using primers (gray arrows) that
only yield a product from a specific chimeric template. (a) Strategy for changing sequences
upstream of an editing site. (b) Strategy for changing sequences downstream of an editing site

the “critical region” of the template (Fig. 8.2). Template changes falling outside of
this small window had no effect on editing at any of the sites tested (Rhee et al.
2009). Curiously, these experimentally defined limits are seemingly in conflict with
the finding that no statistically significant nucleotide conservation patterns can be
detected within this critical region (Bundschuh et al. 2011; Chen et al. 2012).
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Because either upstream or downstream sequences, but not both, are changed in
chimeric templates, it may be that redundant, longer range interactions on either
side, are involved in “marking” an editing site (Chen et al. 2012). Alternatively, the
editing apparatus may recognize subtle structural differences or utilize only a subset
of nucleotides within the critical region at any one site (Chen et al. 2012; Gott
2013).

The sequence of the vast majority of RNAs transcribed from chimeric templates
(“chimeric transcripts”) contains all templated nucleotides near the junction. How-
ever, when template sequences very close to an editing site were altered, mis-editing
events were occasionally observed; in all cases these mis-editing events occurred
between the ligation junction on the template strand and the neighboring editing site
(Rhee et al. 2009) (Fig. 8.5). Because both the restriction endonuclease and the DNA
ligase used to generate the chimeric template are still present during the transcrip-
tion/editing reactions, it is likely that in these rare cases, the template may have
contained a nick at the ligation junction, potentially altering critical interactions with
the transcription/editing complex. When upstream sequences within 9 bp of a site
were changed, nucleotide insertions were not observed, but a small subset of
products lacked the templated nucleotides between the site of ligation and the editing
site immediately downstream of the ligation junction (Fig. 8.5a). Thus, the editing
site appears to be recognized but not utilized in this context, suggesting that
sequences downstream of an editing site, which are still intact in these chimeras,
are involved in editing site recognition. When downstream sequences within
9-10 bp of an editing site were altered, the site was occasionally edited, but in
these cases the edited products lacked the templated nucleotides between the inser-
tion site and the ligation junction (Fig. 8.5b). These results, as well as the finding that
changes in the upstream region appear to prevent nucleotide addition, implicate the
template sequences 5’ of an editing site in nucleotide selection and/or insertion, and
point to an additional role for the downstream region in templated extension from the
unpaired nucleotide (Rhee et al. 2009).

The chimeric template experiments provided evidence that one or more trans-
acting factors are required for insertion editing and suggested that such factors may
be interacting with the mtDNA rather than traveling along the template in stable
association with the mtRNAP. However, attempts to dissociate editing factors from
mtTECs via salt washes or treatment with detergents have been unsuccessful,
suggesting that either the mitochondrial RNA polymerase (mtRNAP) is capable
of carrying out the editing reaction alone under these conditions or that, since
editing can only be assayed in the context of run-on transcription, any factors
required for editing are bound at least as tightly as the mtRNAP. Efforts to
recapitulate editing using either native or recombinant mtRNAP failed to produce
edited RNA. In both cases, only unedited RNA was synthesized, consistent with a
need for additional editing factors. Current efforts aimed at identifying such factors
are discussed below.
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Fig. 8.5 Altering sequences within the critical region of chimeric templates produces distinct
patterns of mis-editing. Templated nucleotides falling between the ligation junction on the template
strand and the adjacent C insertion site (red arrows) were absent in a small subset of run-on
transcripts derived from chimeric templates in which sequences within 9 bp of the editing site
were altered (Rhee et al. 2009). (a) Chimeric templates in which sequences upstream of a C
insertion site were changed occasionally yielded small deletions that lacked the C insertion. (b)
Chimeric templates in which sequences downstream of a C insertion site were changed resulted in
small deletions that often contained the non-encoded C. In each case, editing at sites outside of the
critical region was not affected

8.5 Insertion Editing Models

The finding that insertion editing is closely linked to transcription places a number of
constraints on potential editing mechanisms. One model considered initially was that
transcription, editing, and translation are all tightly coupled to ensure that only edited
RNAs are translated. However, the finding that rRNAs and tRNAs display similar
editing patterns makes an essential link to translation doubtful. In viral systems
(Kolakofsky 2016; Volchkov et al. 1995) nucleotide insertion generally occurs
within a homopolymeric tract (“slippery site”’) within the RNA template, but the
context of Physarum insertion sites is quite different, and only about a third of the
inserted Cs are adjacent to even a single encoded C (Bundschuh et al. 2011). There
are also significant mechanistic differences between the two systems in that varying
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nucleotide concentrations in Physarum in vitro systems display a pattern opposite to
that observed during “stuttering” by the viral polymerase within the homopolymer
tract (Cheng et al. 2001; Visomirski-Robic and Gott 1997a).

8.5.1 Cis-Acting Elements

The cis-acting signals that direct nucleotide insertion into Physarum mitochondrial
RNAs could potentially be located in the mtDNA, the RNA transcript, or both
(Fig. 8.2). Based on the results with chimeric DNAs, the template elements required
for specifying C addition are limited to ~9 base pairs (bp) upstream of a C insertion
site and 9—10 bp downstream of the site (Rhee et al. 2009). Unfortunately, the
currently available in vitro systems do not allow testing of individual strands of the
DNA template (i.e., template vs. non-template strand) and do not distinguish
whether the information resides at the level of DNA or RNA.

The finding that editing sites are spaced at least nine nucleotides apart is particularly
intriguing given the boundaries of the essential template elements and may be
indicative of physical or mechanistic constraints within the transcription/editing com-
plex (Fig. 8.2). There is extensive homology between the polymerase domains of
single-subunit mitochondrial RNA polymerases, including the Physarum mitochon-
drial RNA polymerase, and the closely related RNA polymerases from bacteriophages
T7, T3, and SP6 (Miller et al. 2006; Gott and Rhee 2008). In high-resolution structures
of T7 RNA polymerase transcription elongation complexes (Tahirov et al. 2002; Yin
and Steitz 2002), the enzyme is associated with ~10 bp of the DNA upstream of the
catalytic site and ~10 bp of downstream DNA. The DNA downstream of the active site
is wrapped around the surface of the polymerase and is largely double-stranded. In
contrast, the DNA upstream of the site of nucleotide addition is unwound. This portion
of the template strand is largely base-paired with the nascent RNA, forming a ~7-8 bp
RNA/DNA hybrid enveloped by the polymerase. The non-template DNA strand
makes sequence-independent contacts with the outer surface of the polymerase,
reforming a duplex as the template strand emerges from the enzyme. Thus, it is
extremely likely that the regions of the DNA template required for insertion editing
are very close to, or in direct contact with, the Physarum mtRNAP (Fig. 8.2).

In chimeric templates that change the sequence of the DNA upstream of an
editing site, the primary sequence of the upstream RNA is also changed. Given
that all but 9 bp of the upstream template are dispensable for editing, any require-
ment for specific RNA sequences 5’ of an insertion site is therefore limited to the
nine nucleotides immediately upstream of that site. Because ~12 nucleotides of RNA
are protected from nuclease digestion in T7 RNA polymerase elongation complexes
(Huang and Sousa 2000), the region of the transcript that could influence editing is
expected to be within the confines of the Physarum mtRNA polymerase, with nearly
all of this region engaged in the RNA-DNA hybrid. This model is supported by
in vitro experiments involving the removal of upstream RNA via oligonucleotide-
directed RNase H cleavage prior to run-on synthesis, which demonstrated that
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upstream RNA having just emerged from the elongation complex is not required for
editing (Majewski and Gott, unpublished data). Because non-encoded nucleotides
are added to the 3’ end of nascent transcripts (Cheng et al. 2001), involvement of
RNA sequences downstream of an editing site would not be expected. While it
cannot be formally excluded that the Physarum polymerase “backtracks” to insert a
non-encoded nucleotide after incorporating the templated nucleotide(s) downstream,
both the RNase H experiment and the nucleotide concentration effects mentioned
above make this scenario unlikely.

8.5.2 Trans-acting Factors

Taken together, the results from both the chimeric template experiments and exper-
iments with purified native and recombinant mtRNAP argue for the existence of one
or more trans-acting editing factors. In vitro experiments also suggest that dinucle-
otide insertions may require additional factors (Byrne and Gott 2004). Such factors
could conceivably specify the location of editing sites guided by either site-specific
DNA sequence or structure. However, there is currently no evidence to support the
presence of proteins bound in the vicinity of editing sites. The mitochondrial DNA in
mtTECs appears to be fully accessible to restriction enzymes, including those whose
recognition sites overlap editing sites (Byrne 2004; Rhee et al. 2009). Likewise,
DNA foot-printing experiments failed to identify protected regions within the DNA
template, arguing against (but not precluding) the static binding of editing factors at
editing sites. It is possible that editing factors are not tightly bound or exchange
rapidly with transcription complex elements, although, these possibilities are seem-
ingly inconsistent with the findings that transcription/editing complexes can be
purified via gel filtration chromatography (Cheng and Gott 2000) and affinity
selection (Houtz, unpublished) and are stable in the presence of salts and detergents
(Rhee and Gott, unpublished).

It is unknown whether it is the Physarum mtRNAP and/or auxiliary factors that
catalyze the actual insertion of non-encoded nucleotides. However, the polymerase
must be intimately associated with the editing reaction based on its involvement in
the events preceding and following the editing reaction: (1) the mtRNAP must halt
(i.e., pause) transcription once it reaches an editing site long enough to allow for both
selection and insertion of the non-templated nucleotide(s) and (2) the nascent RNA
must be extended in a template-directed fashion (Cheng et al. 2001). To accomplish
this, the Physarum mtRNAP must be capable of accommodating (an) “extra,”
unpaired nucleotide(s) at the growing end of the RNA chain as well as a
RNA-DNA hybrid containing one to two unpaired nucleotides. It is possible,
therefore, that the need for additional frans-acting factors may reflect the need to
facilitate and/or stabilize transitions between transcription and editing conformations
in the polymerase itself.
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8.6 Current Work and Future Directions

The identification and subsequent characterization of trans-acting editing factors are
of paramount importance to the establishment of reconstituted in vitro editing
systems and, ultimately, the elucidation of Physarum editing mechanisms. Using a
combination of biochemical and bioinformatics approaches, candidate factors for
each form of editing have been identified, and their potential roles are now being
explored.

8.6.1 Factors Involved in Insertion Editing

A top priority of current work is the identification of factors involved in insertion
editing. Although the isolation of mtTECs via gel filtration removes ~95% of the
proteins present in the mitochondrial lysate (Cheng and Gott 2000), these fractions
still contain a complex mixture of proteins, most of which are unlikely to be involved
in editing. To reduce the complement of proteins in these fractions further, an affinity
selection approach involving the isolation of defined portions of the mitochondrial
genome along with their associated proteins has been developed. Importantly, these
affinity-selected complexes retain editing activity and contain a limited number of
proteins. All proteins co-purifying with a subset of mitochondrial DNA fragments
encoding edited RNAs were analyzed via mass spectrometry, and each peptide was
mapped to the reference Physarum transcriptome (Schaap et al. 2015). The resulting
dataset contains proteins with no significant homology to known or predicted pro-
teins as well as proteins predicted to contain nucleic acid-binding domains. These
high-priority candidates are being targeted in ongoing gene silencing experiments to
determine which of these are essential for nucleotide insertion. In addition, since it is
highly likely that any frans-acting factor involved in insertion editing interacts at
some point with the Physarum mtRNAP, yeast two-hybrid screens are being used to
assess whether any of these candidates physically interact with the polymerase.

8.6.2 Factors Involved in C-to-U Editing

Until recently, the mechanism underlying the C-to-U changes in Physarum mito-
chondria has been largely unexplored. The existence of Physarum genes encoding
PPR-DYW proteins suggests that the machinery responsible for C-to-U changes in
Physarum may be similar to that in plant mitochondria (see Chap. 9). However, the
apparent lack of Physarum orthologs of most of the general plant editing factors
raises the possibility that Physarum C-to-U editosomes may differ significantly from
those found in plants. A number of independent methods are currently being used to
identify and isolate factors that specifically bind to and/or act upon RNAs containing
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one or more C-to-U sites. Initial gel shift experiments provided evidence that one or
more factors capable of specifically binding to C-to-U substrate RNAs are present in
mitochondrial lysates. This finding was supported by the detection of proteins that
physically cross-link to these RNAs upon UV irradiation. Affinity selection of these
proteins is underway, with a goal of identifying initial targets for gene silencing.
These experiments will lay the groundwork for the establishment of in vitro editing
assays and the ultimate identification of the full complement of proteins required for
C-to-U conversion in Physarum mitochondria.

8.7 Concluding Remarks and Outstanding Questions

There are at least three distinct editing mechanisms at play within Physarum
mitochondria. Multiple examples of C-to-U and 5’ tRNA editing are found in nature,
and there are commonalities between these forms of editing and those observed in
myxomycetes. Evidence suggests, however, that features of these forms of editing
may be idiosyncratic in Physarum. Although significant progress has been made
toward deciphering the unique mechanism by which non-encoded nucleotides are
precisely added to create functional RNAs in Physarum mitochondria, many ques-
tions remain. These fall into three broad categories: the source of the information
(How are the sites of editing and the identity of the nucleotide to be added specified?
Are separate signals required?), the composition of the editing apparatus (What
trans-acting factors are required? Does the mtRNAP participate in the editing
reaction?), and the actual mechanics of the reaction (What role does each compo-
nent play? What signals the mtRNAP to pause transcription at an editing site and to
resume once the site is edited? Is there a template for nucleotide insertion? If so, is it
composed of nucleic acids, protein, or both? Are additional cofactors required?
What enzyme is responsible for adding the non-encoded nucleotides? How does the
polymerase extend the RNA chain from an unpaired nucleotide in a template-
directed manner? How is (are) the extra nucleotide(s) accommodated within the
RNA/DNA hybrid? What is the basis for the extraordinary efficiency of the editing
reaction? How is the accuracy achieved? Is there a proofreading function?).
Clearly, the identification of trans-acting factors will be a key step in beginning to
dissect this process mechanistically.
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Chapter 9 )
Requirement of Various Protein e
Combinations for Each C-to-U RNA

Editosome in Plant Organelles

Mizuki Takenaka, Anja Jorg, Matthias Burger, and Sascha Haag

Abstract In flowering plants, RNA editing converts several hundreds of organelle
cytidines to uridines. Targeted cytidines are recognized by PLS class
pentatricopeptide repeat (PPR) proteins, which bind RNA sequences upstream of
the C targets in a sequence-specific manner. In the past several years, different types
of proteins have been identified as RNA editing factors, including multiple
organellar RNA editing factors/RNA editing factor interacting proteins (MORFs/
RIPs), organelle RNA recognition motif (ORRM) proteins, organelle zinc finger
(OZ) proteins, a P class PPR protein NUWA, short DYW proteins, and
protoporphyrinogen oxidase 1 (PPO1). These proteins seem to contribute to indi-
vidual RNA editing complexes in a different manner. Despite many key players for
the assembly of editosomes having been revealed, the complete mechanism of the
editing machinery including the deaminase enzymatic activity is still unclear. Plant
editosomes are highly diverse not only due to the PLS class PPR proteins they
contain but also in other components that are present. In this review, we introduce
the recent progress in the field and discuss possible functions of each component in
RNA editosomes in plant mitochondria and chloroplasts.

9.1 Introduction

RNA editing is a posttranscriptional process that alters the RNA sequence from that
of DNA-encoded information. In terrestrial plants, RNA editing converts specific
cytidines (Cs) to uridines (Us) at specific positions in plastid and mitochondrial
transcripts (Hiesel et al. 1989; Gualberto et al. 1989; Covello and Gray 1989). While
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posttranscriptional mRNA editing is performed only as C-to-U alterations in
flowering plants (Giegé and Brennicke 1999), reverse reaction (U-to-C) RNA
editing also frequently occurs in ferns, mosses, and lycopods besides many C-to-U
changes (Grewe et al. 2009; Kugita et al. 2003; Knie et al. 2016). The number of
editing events comprises several hundred to thousands in vascular plants (Kugita
et al. 2003; Bentolila et al. 2013; Oldenkott et al. 2014; Takenaka et al. 2013a),
whereas the moss Physcomitrella has only 13 sites (Riidinger et al. 2009). Editing
often restores functionally conserved codons and creates start or stop codons that are
necessary for normal expression of organellar gene functions (Chateigner-Boutin
and Small 2010; Fujii and Small 2011; Knoop 2011; Shikanai 2006). Indeed, many
RNA editing events have been shown to be essential for the proper function of
mitochondria or plastids and optimal growth of plants (Kotera et al. 2005;
Chateigner-Boutin et al. 2008; Sung et al. 2010; Zhu et al. 2012; Sosso et al.
2012; Stein et al. 1991; Zhou et al. 2008; Glass et al. 2015).

The C-to-U conversion seems to be a simple deamination reaction in plants.
EDTA and EGTA severely inhibit the editing activity in mitochondrial in vitro RNA
editing assays (Takenaka and Brennicke 2003), and in vitro RNA editing with
chloroplast lysate is sensitive to zinc chelators, suggesting that zinc ion is an
essential cofactor as in other deaminase systems (Hegeman et al. 2005). In animals,
two deaminase-mediated RNA editing mechanisms have been identified, C-to-U
editing by apolipoprotein B mRNA editing enzyme (APOBEC) and adenosine-to-
inosine (A-to-I) editing by adenosine deaminase acting on RNA (ADAR) (Sommer
et al. 1991; Teng et al. 1993; Mehta and Driscoll 1998, 2002; Bass and Weintrau
1988; Kim et al. 1994a, b; Melcher et al. 1996; Wagner et al. 1989). APOBEC- and
ADAR-mediated editing systems create multiple proteins from differentially edited
transcripts and regulate gene function. On the other hand, so far there is no evidence
that supports a similar conditional or developmental gene regulatory function in
plants (Takenaka et al. 2013a; Fujii and Small 2011; Shikanai 2015). Although
unedited or partially edited transcripts may be available for plant mitochondrial
ribosomes, there is no clear evidence of useful protein varieties being synthesized
from incompletely edited transcripts. The majority of plant organellar proteins that
accumulate derive from completely edited transcripts, likely due to instability of the
aberrant proteins translated from transcripts lacking required RNA editing events
(Grohmann et al. 1994; Lu and Hanson 1994; Lu et al. 1996; Phreaner et al. 1996).
Therefore, the main function of RNA editing in plants seems to be a correction
mechanism to compensate for T-to-C mutations inherited at the level of the organelle
genome.

Editing events have been gained and lost during plant evolution. An edited C in
one species is sometimes encoded as T in another (Takenaka et al. 2013a; Shikanai
2015; Bock 2000). RNA editing would not be needed if all detrimental T-to-C
mutations were changed back to Ts, as observed in Marchantiaceae liverworts (Oda
et al. 1992; Salone et al. 2007). However, once many mutated sites rescued by RNA
editing have been fixed, converting all of them becomes increasingly unlikely,
resulting in the maintenance of the RNA editing machinery (Fujii and Small 2011;
Tillich et al. 2006; Gray 2012). Nevertheless, overall, RNA editing events seem to
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have gradually decreased during evolution of the plant lineage; in general, lower
plants and gymnosperms exhibit a larger number of target sites than angiosperms
(Kugita et al. 2003; Oldenkott et al. 2014; He et al. 2016; Guo et al. 2016).

Nucleotides to be edited have to be recognized and targeted within the multitude
of C nucleotides in RNA molecules. Investigations in vivo using a trans-plastidic
approach (Bock et al. 1996, 1994; Lutz and Maliga 2007; Bock and Koop 1997),
in vitro (Hegeman et al. 2005; Neuwirt et al. 2005; Verbitskiy et al. 2006, 2008;
Hirose and Sugiura 2001), and in organello (Farré and Araya 2001; Farré et al. 2001;
Blanc et al. 1995; Staudinger et al. 2005) have revealed that the cis-elements for C-
to-U RNA editing encompass 20-25 nucleotides upstream (5') of the editing site.
However, the crucial cis-elements contain no commonly observed sequence motifs,
implying that an individual editing site requires unique sequence recognition
machinery. Indeed, it has been revealed that plant RNA editosomes include distinct
RNA-binding proteins, PPR (pentatricopeptide repeat) proteins, that selectively
recognize various RNA sequences located upstream of the C to be edited (Lurin
et al. 2004; Cheng et al. 2016).

The discovery of a recognition code for specifying the target RNA sequences by
PPR motifs, termed the “PPR code,” revealed the basic mechanism for the specific
selection of RNA editing sites in plant organelles (Yagi et al. 2013; Takenaka et al.
2013b; Barkan et al. 2012). All of the currently known trans-factors needed for RNA
editing in mitochondria and chloroplasts are nucleus-encoded (Zeltz et al. 1993;
Halter et al. 2004). Starting with the discovery of MORF/RIP editing factors
(Takenaka et al. 2012; Bentolila et al. 2012), great progress has been made in
identifying other protein components of the editosome (Shikanai 2015; Sun et al.
2016; Ichinose and Sugita 2017), now including the RRM-containing proteins
(Tillich et al. 2009; Sun et al. 2013), OZ1 (Sun et al. 2015), and a P class PPR
protein called NUWA (Guillaumot et al. 2017; Andrés-Colas et al. 2017; He et al.
2017). Interestingly, differences in RNA editosomes are not only provided by the
PLS-type PPR recognition factors involved but also by other components. This
review summarizes the recent progress in the analysis of the plant organellar editing
mechanism, with a focus on the novel identified RNA editing factors required for a
large number of sites that suggests an unexpected complexity of plant editosomes.

9.2 PLS-Type PPR Proteins

The first RNA editing required factor was identified for an RNA editing event in
plastids in 2005 by tracing a disturbed function of the plastid NADH dehydrogenase
(Kotera et al. 2005). The editing event affected creates an AUG translational start
from the genomic ACG codon of the ndhD gene. Consequently, without this editing
event, the NDHD protein is not synthesized, and the NADH dehydrogenase complex
cannot be functionally assembled in the mutant. The first factor for editing events in
mitochondrial mRNAs was identified by the mapping of ecotype-specific editing
variants (Zehrmann et al. 2009). This protein, MEF1, is required for three editing
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sites in rps4, nad2, and nad7 transcripts in mitochondria. Up to now more than
50 proteins that belong to the same PPR gene family have been reported to be
nucleus-encoded factors required for editing at one or few sites in mitochondria as
well as in plastids. The PPR protein family has extraordinarily increased in the plant
kingdom, with more than 400 members in a typical flowering plant (Fujii and Small
2011; Cheng et al. 2016; Lurin et al. 2004; Barkan and Small 2014; Lightowlers and
Chrzanowska-Lightowlers 2013; Herbert et al. 2013). Almost all of the PPR proteins
are targeted to the two genome-containing organelles, mitochondria and plastids,
where these factors are involved in various RNA processing steps (Shikanai and
Fujii 2013; Schmitz-Linneweber and Small 2008).

Each PPR member possesses multiple 35 amino acid repeats (PPR motifs) in
tandem, which recognize specific RNA sequences in a combinatorial pattern
(Fig. 9.1a) (Takenaka et al. 2013b; Barkan et al. 2012; Yin et al. 2013). The PPR
proteins involved in intron removal and exon splicing, endonucleolytic processing,
RNA stability, and access to translation are mostly grouped together as P class PPR
proteins, which consist of tandem repeats of 35 amino acid P motifs. Those required
for C-to-U RNA editing belong to the PLS class, which contains an N-terminal PPR
domain with basically the repetition of a unit of canonical (P), longer (L) and shorter
(S) PPR motifs, and a few additional domains at the C-terminus, the extension
(E) domain, the E+ domain, and the DYW domain (Takenaka et al. 2013a; Lurin
et al. 2004; Shikanai and Fujii 2013; Schmitz-Linneweber and Small 2008)
(Fig. 9.1a). In Arabidopsis thaliana, about 190 PPR members contain E domains.
Among them, approximately 80 have DYW domains in addition to EE+ domains at
the C-terminus (Cheng et al. 2016; Lurin et al. 2004).

How PPR domains bind specific RNA sequences can be explained by the “PPR
code” (Fig. 9.2), in which amino acid combinations at two positions in each PPR
motif (6 and 1’ in the original paper but redefined as 5 and 35 after structural analysis
of PPR proteins) (Yagi et al. 2013; Takenaka et al. 2013b; Barkan et al. 2012) are
highly correlated with their corresponding nucleotide. PPR domains in PLS-type
editing factors bind from four nucleotides upstream of the target editing site to
further upstream with a one-motif to one-nucleotide correspondence manner. The
current PPR code conforms to the nucleotide specificity of most P and S motifs.
Certain amino acids at the fifth position provide some nucleotide preference also to L
motifs, though the specificity is not as strong as that observed in P and S motifs (Yagi
et al. 2013; Takenaka et al. 2013b). Combinatorial nucleotide specificity patterns of
PPR motifs confer sequence-specific RNA binding to the PLS-type PPR proteins.

E domains have been shown to be essential for editing (Hayes et al. 2013; Okuda
et al. 2007, 2009; Takenaka 2010). However, revealing their exact function requires
further analysis. Recent redefinition of the E domain defined two tandem PPR-like
structures (E1 and E2 in Fig. 9.1c), suggesting that they might have RNA binding
ability similar to PPR motifs, though so far no RNA binding has been experimentally
proven (Cheng et al. 2016; Okuda et al. 2014). Another possible function of the
domain could be to supply an interacting interface for other cofactors in RNA editing
complexes, e.g., MORF proteins. E+ domains are located between E and DYW
domains (Lurin et al. 2004) and are annotated as such because a truncation of the
C-terminus of PLS-type RNA editing factors often occurs preceding the E+ domain.
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Fig. 9.1 Schematic representation of PPR (pentatricopeptide repeat) proteins involved in RNA
editing. PPR proteins comprise tandem repeats of approximately 35 amino acids, forming double
helix motifs. (a) PLS class. PPR domains in PLS class PPR proteins consist of P (canonical), L
(long), and S (short) motifs. The P, L, and S motifs often form a cluster. P2, L.2, and S2 are variants
of P, L, and S motifs, respectively. Additional C-terminal domains have two main annotations—the
extension (E) domain, E+, and the DYW domain. E and E+ subclass PPR editing factors do not
have the DYW domain, and approximately 100 E or E+ subclass PPRs are encoded in Arabidopsis,
while the DYW subclass contains about 80 proteins. (b) Short DYW-type PPR proteins. DYW1,
DYW?2, MEFS, and MEFSS have only 4-6 PPR motifs, a truncated E domain, and a DYW domain.
(c) Definition of C-terminal domains in RNA editing factors. Original definition by Lurin et al.
(2004) suggested an E, an E+, and a DYW domain, whereas a more recent definition by Cheng et al.
(Cheng et al. 2016) proposed two PPR-like structures, E1 and E2, and expanded DYW domain. (d)
NUWA and PPR596 belong to the P class, which consists of tandem repeats of canonical (35 amino
acids) PPR motifs. PDM1/SELI has a PPR domain consisting of P, L, and S motifs but no E or
DYW domains
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Fig. 9.2 PPR code—How PLS PPR proteins recognize the cis-elements for RNA editing sites. The
PLS-type RNA editing PPR proteins are extended at their C-termini by E and often also by DYW
domains. Different from P-type PPR proteins, the RNA editing PPR proteins contain alternating
P-L-S-type elements. The P2, L.2, and S2 are variants of P, L, and S motifs, respectively. The amino
acid identities at positions 5 and 35 in each P, P2, and S motif are highly correlated with nucleotide
identities (solid lines). Similar tendencies are also observed in some L, L2, and S2 motifs. However,
their specificity is not as strong as seen in P and S motifs (broken lines)

The DYW domain shows some similarity to the cytidine deaminase domain
found in other proteins (Salone et al. 2007). Two groups independently demon-
strated zinc ion binding of the two conserved motifs (HXE and CXXC) in the DYW
domain, which is essential for typical cytidine deaminases (Hayes et al. 2013, 2015;
Boussardon et al. 2014). Therefore, this domain has been proposed to provide the C-
to-U catalytic activity in the editing reaction (Salone et al. 2007). Some DYW
domains have been discovered in protists (Rudinger et al. 2011; Knoop and
Riidinger 2010), and at least some of these protist species also have the plant-type
C-to-U RNA editing in mitochondria, supporting the hypothesis that the DYW
domain catalyzes the cytidine deaminase reaction. However, so far a deaminase
activity of recombinant DY W-containing PPR editing factors has not been demon-
strated in in vitro RNA editing systems, which have been established with mito-
chondrial or chloroplast lysates and in vitro transcribed RNA (Hegeman et al. 2005;
Hirose and Sugiura 2001; Hayes and Hanson 2007; Takenaka et al. 2007; Nakamura
and Sugita 2008).

9.3 Short DYW-Type PPR Proteins

Deletion of DYW domains in certain PPR proteins abolishes their editing function,
suggesting that they are essential in the PPR editing factors (Zehrmann et al. 2010;
Wagoner et al. 2015). However, elimination of DYW domains often does not
affect the editing activity of many PPR proteins (Okuda et al. 2009, 2010;
Zehrmann et al. 2010), in agreement with the fact that about half of the RNA
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editing factors have no DYW domain (E or E+ subclass in Fig. 9.1a). If DYW
domains contribute catalytic activity, how do E class PPR proteins work as editing
factors? In 2012, DYW1, which consists of a DYW domain and a partial E
domain but no PPR motifs (Fig. 9.1b), was found to be necessary for editing at
a site in the chloroplast ndhD mRNA, which is recognized by an E subclass PPR
protein, CRR4 (Fig. 9.1a) (Boussardon et al. 2012). This observation raises the
possibility that the other edited Cs recognized by E or E+ subclass PPR proteins
recruit DYW-containing PPR proteins to gain the deaminase activity. As the best
candidates for providing DYW domains in Arabidopsis, five DYW domain-
containing PPR proteins with several PPR motifs and a degenerate E domain
have been proposed (Boussardon et al. 2012; Verbitskiy et al. 2012). Recently,
DYW?2, one of the members of the short-type PPR proteins, was shown to be
required for more than 100 RNA editing sites (Guillaumot et al. 2017; Andrés-
Colés et al. 2017). Interestingly, many of the DY W2-affected editing sites are also
known as targets of E+ subclass PPR proteins, suggesting that DYW?2 is required
for providing DYW domains to all E+ subclass PPR proteins. Truncated
C-terminal domains in DYW1 or DYW2 seem to complement the missing
C-terminal domains of the long PPR partners (Fig. 9.1a, b). So far the partners
for E subclass PPRs have not been identified, but truncated E domains in some
short DYW proteins perfectly compensate for the missing C-terminus of E sub-
class PPR proteins, implying a similar scenario for E subclass PPRs. Another short
DYW member, MEFS8, shows reduced RNA editing at several sites in the knock-
out line (Verbitskiy et al. 2012; Diaz et al. 2017). Interestingly, the double
knockout of MEF8 and its close homolog MEFS8S show embryo Ilethality,
suggesting redundancy of their function (Verbitskiy et al. 2012). As well, the
MEF8 and MEFS8S proteins may provide the enzymatic activity to an editosome
carrying a site-specific E subclass PPR, though so far no E subclass PPR proteins
that edit affected sites in mefS mutants have been reported (Verbitskiy et al. 2012;
Diaz et al. 2017). The cooperation between E or E+ subclass PPR proteins and
short-type PPR proteins indicates that an RNA editing complex likely includes at
least one DYW domain-containing protein. This and other already mentioned data
strongly suggest that the DYW domain is sufficient as a catalytic domain in the
plant RNA editosome (Hayes et al. 2013, 2015; Boussardon et al. 2014). However,
it is hard to deny the possibility that another, still missing, protein is required for
performing the C-to-U deamination.

Until recently, all identified editing factors belonged to the PLS class PPR family
(Kotera et al. 2005; Shikanai 2015; Takenaka 2014). Accordingly, a simple RNA
editosome model comprising two types of PPR proteins was proposed: an E or E+
subclass PPR protein recognizes the RNA sequence and another DYW domain-
containing protein supplies the C-to-U deaminase activity. However, discovery of
other essential components in the editosome, the MORF/RIP family, the ORRM
family, the OZ family, and the P class PPR protein family indicates a more complex
model of RNA editosomes in plant organelles (Table 9.1) (Takenaka et al. 2012;
Bentolila et al. 2012; Sun et al. 2013, 2015; Guillaumot et al. 2017; Andrés-Colas
et al. 2017; Shi et al. 2015, 2016).
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Table 9.1 RNA editing factors in plant organelles other than typical E or DYW class site-specific

factors
Accession # in Subcellular
Protein family | Protein Alias Arabidposis localization
Short DYW DYWI1 AT1G47580 Chloroplasts
Short DYW DYW2 AT2G15690 Mitochondria/
chloroplasts
Short DYW MEF8 AT2G25580 Mitochondria
Short DYW MEF8S ATA4G32450 Mitochondria
PclassPPR |NUWA |EMBI796 AT3G49240 Mitochondria/
chloroplasts
P class PPR PPR596 AT1G80270 Mitochondria
PLS subclass | PDM/ AT4G18520 Chloroplasts
PPR SEL1
MORF/RIP MORF1 |RIP8 AT4G20020 Mitochondria
MOREF/RIP MORF2 | RIP2, DAL AT2G33430 Chloroplasts
MORF/RIP MORF3 | RIP3 AT3G06790 Mitochondria
MORF/RIP MORF8 | RIP1 AT3G15000 Mitochondria/
chloroplast
MOREF/RIP MORF9 | RIP9 AT1G11430 Chloroplasts
RRM CP31A | RBP31 AT4G24770 Chloroplasts
RRM CP31B AT5G50250 Chloroplasts
RRM ORRMI1 AT3G20930 Chloroplasts
RRM ORRM2 AT5G54580 Mitochondria
RRM ORRM3 | GR-RBP3, RBGA7 | AT5G61030 Mitochondria
RRM ORRM4 | GR-RBP5, RBGA2 | AT1G74230 Mitochondria
RRM ORRMS | GR-RBP2, GRP2, AT4G13850 Mitochondria
RBGAS
RRM ORRM6 AT1G73530 Chloroplasts
(074 0Z1 VAR3 AT5G17790 Chloroplasts
PPO1 PPOX1 AT4G01690 Chloroplasts
OCP3 AT5G11270 Chloroplasts
HEMC | RUGI, RUGOSA1 AT5G08280 Chloroplasts

9.4 MOREF Proteins

Multiple organellar RNA editing factor 1 (MORF1) has been identified through
genetic screening for mitochondrial editing defects in EMS mutant populations of
Arabidopsis (Takenaka et al. 2012). The morfI-1 mutant, in which a single amino
acid substitution occurs in a conserved sequence, shows reduced RNA editing extent
at more than 50 sites in mitochondria. Another member of the MORF proteins, RIP1
(= MORFS), was isolated as one of the cofactors of a PPR RNA editing factor,
RAREI (Bentolila et al. 2012). In a rip1 Arabidopsis mutant, the editing efficiency at
over 400 sites in mitochondria and 11 sites in chloroplasts was reduced (Bentolila
etal. 2012, 2013). All MOREF proteins in A. thaliana are imported into mitochondria
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Fig. 9.3 Of the nine MOREF proteins in Arabidopsis, five MORF (multiple organellar RNA editing
factor) proteins play a major role in plant RNA editing. All MORF proteins have a central conserved
motif (MORF domain), while MORF1 and MORF8 have an extended C-terminus with unknown
function

and/or chloroplasts and contain a highly conserved central region of approximately
100 amino acids termed the MORF domain (Fig. 9.3). In contrast to genes encoding
PLS-type PPR proteins, mutagenesis of a single MORF/RIP gene affects dozens or
hundreds of editing sites (Bentolila et al. 2013). Among the nine members of the
MORF/RIP family in Arabidopsis, five show a significant effect on mitochondria
and/or plastid editing while the rest of the family members have minor or no effects
on editing (Bentolila et al. 2013; Takenaka et al. 2012) (Table 9.1). In plastids,
MORF2 and MORF9 are required for almost all editing sites (Bentolila et al. 2013;
Takenaka et al. 2012), and the knockout of each gene leads to impaired chloroplast
development (Takenaka et al. 2012; Chatterjee et al. 1996; Bisanz et al. 2003). In
mitochondria, MORF8/RIP1 affects over 400 sites and MORF1 and MORF3 around
50-60 sites.

Besides the conserved MORF domain, MORFs do not have any annotated
domain, but MORF1, MORF4, and MORFS8 contain an extended C-terminus
(Fig. 9.3) (Bentolila et al. 2013; Takenaka et al. 2012). Recent structural analysis of
the MORF domain suggested its structural similarity to an N-terminal ferredoxin-like
domain (NFLD), which confers RNA substrate positioning in bacterial 4-thiouracil
tRNA synthetases, implying direct RNA contacts of MORF proteins during RNA
editing, though this has to be experimentally proven (Haag et al. 2017). MORFs
interact with the PLS-type PPR editing factors via a connection to the PPR motifs or
other regions (Takenaka et al. 2012; Bentolila et al. 2012; Bayer-Csaszar et al. 2017).
Some editing events can be affected by two or more different MORF proteins,
suggesting that different combinations of MORF editing factors are required for
distinct editing events (Bentolila et al. 2013; Takenaka et al. 2012). Indeed, such
complex interaction patterns were observed among MORF members through protein-
protein interaction studies (Takenaka et al. 2012; Zehrmann et al. 2015) (Table 9.2).
Furthermore, structural studies of MORF1 and MORF9 proteins confirmed the
homodimerization of MORF domains. Interestingly, MORF1 shows a possible
tetramer formation, suggesting more complex regulation of RNA editing through
homo- and hetero-interactions between several MORF proteins (Haag et al. 2017). As
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components of RNA editosomes, specific homomers of MORFs are required for
some sites, but a specific heterogeneous combination can be more active for others. In
addition to the MORF-MOREF interactions, MORF proteins preferably interact with
PLS class PPR proteins including the short DYW class, which is likely to be required
for the function of MOREF proteins (Bayer-Csészar et al. 2017). A requirement for a
specific MORF combination in a PPR-MOREF interaction is shown for the MEF13
protein, whose target editing sites are also negatively affected in morf3 and morfS
mutant lines (Glass et al. 2015). Interaction between the MEF13 and MORF?3 proteins
is enhanced only in the presence of MORFS8 but not MORF1, in a yeast three-hybrid
system.

It has been hypothesized that MORF dimers serve as a bridge between the
PLS-type PPR editing factor and the deaminase activity in the editosome
(Fig. 9.4a) (Takenaka 2014; Zehrmann et al. 2015), since two or more MORF
proteins affect the same editing sites and MORF proteins form different homo-
and heterodimers (Table 9.2). Yeast two-hybrid and pull-down assays between
MORF1 and MEF21, both of which are required for editing at position 257 in
cox3 mRNA (cox3-257), suggest that the MORF1 protein strongly binds to the E
domain of MEF21 (Bayer-Csaszar et al. 2017). Therefore the E domain may be a
main hub for PPR-MOREF interaction.

Another structural analysis for the MORF9 protein with an artificially designed
PLS repeat protein indicates that MORF9 directly associates with PPR motifs (Yan
et al. 2017). In a REMSA assay, the MORF9 protein enhances the interaction
between the artificial PPR protein and its target RNA. MORF9 associates with P,
L, or S motifs, but only converts an angle between the two helixes in an L motif to
angles similarly observed in P- and S-type motifs. Such structural changes by the
MORF9 protein may enable L motifs to contribute to sequence-specific RNA
binding, which is generally observed in P and S motifs (Fig. 9.4b) (Yan et al.
2017). Although the enhancement of PPR-RNA affinity is so far the most reasonable
explanation for a role of MOREF proteins, it is unclear how specific MORF-MORF
interactions contribute to such a scenario. The absence of E and DYW domains in
the 