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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
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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
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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,

<
Y

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



3 Mitochondrial RNase P Complex in Animals: Mitochondrial tRNA. .. 67

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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