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Abstract

Repeat proteins post-transcriptionally regulate the expression of the mammalian 

mitochondrial genome at the level of transcription, processing, maturation, and translation. 

Defects in the regulation of mitochondrial gene expression due to mutations in genes 

encoding repeat proteins can lead to mitochondrial dysfunction and disease, however the 

molecular mechanisms that regulate mitochondrial gene expression and how defects in these 

processes cause disease still remains poorly understood. Recently solved crystal structures, 

characterisation of the new genetic models, and use of RNA sequencing (RNA-Seq) 

technologies have greatly expanded our current understanding of mitochondrial repeat 

proteins and biology.
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Highlights

 MTERFs act as multi-functional proteins in regulating post-transcriptional control

 RNA processing links transcription and translation via assembly of the mitoribosome

 5′ mt-tRNA end cleavage by RNase P precedes 3′ tRNA end cleavage by RNase Z

 Human MRPP3 is an L-shaped molecule that resides in an auto-inhibitory state 

 Impaired RNA processing can predispose to an adult-onset metabolic syndrome
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1.  Regulation of mammalian mitochondrial gene expression by modular 

proteins

The mammalian mitochondrial DNA (mtDNA) is compact, circular, double-stranded 

genome, containing only 37 genes for 2 rRNAs, 22 tRNAs and 11 mRNAs. The 

mitochondrial mRNAs (mt-mRNAs) encode 13 polypeptides that are subunits of three 

respiratory complexes (Complex I, III and IV) and the ATP synthase, which together with 

Complex II form the oxidative phosphorylation (OXPHOS) system required for the majority 

of energy generation in cells (reviewed in [1,2]). The expression of mammalian mtDNA is 

regulated predominantly at a post-transcriptional level by many nuclear encoded RNA-

binding proteins that are imported inside mitochondria post-translationally to transcribe, 

stabilize, modify, translate and degrade mt-RNAs [3]. The known roles of nuclear encoded 

mitochondrial RNA-binding proteins (mtRBPs) have been reviewed recently [1,2,4,5].  Here 

we discuss the role of two families of mtRBPs that consist of characteristic repetitive protein 

motifs, mitochondrial transcription termination factors (mTERF) that can bind mtDNA and 

mtRNA and pentatricopeptide repeat (PPR) domain proteins [6-8].

The MTERF proteins are a group of structurally similar proteins with variably 

repeated MTERF-motifs that form a half-donut-shape, right-handed superhelix, where the 

positively charged concave side forms a path for nucleic acid binding [9-12]. In humans there 

are four human MTERF proteins: MTERF1, MTERF2, MTERF3, and MTERF4, all of which 

reside inside mitochondria [6,9,13-17]. The molecular structures and roles of most 

mammalian MTERF proteins in different aspects of mitochondrial gene expression have been 

well characterized, although little is known about the role of MTERF2 in mitochondria 

besides its affinity for mtDNA binding and association with the nucleoid [6,9,13-18]. 

PPRs were initially discovered in plant organelles as a large family of up to 800 

proteins [7,19] that were only recently identified to bind RNA in a sequence specific and 
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modular fashion [20-24]. In mammals there are only seven PPR proteins (Figure 1) that are 

exclusively mitochondrially localized and regulate mitochondrial gene expression from 

transcription to protein synthesis: the mitochondrial RNA polymerase (POLRMT) [25], 

leucine-rich pentatricopeptide repeat cassette (LRPPRC) protein [26-29], mitochondrial 

RNase P protein 3 (MRPP3) [30-32], pentatricopeptide repeat domain proteins 1, 2, and 3 

(PTCD1, PTCD2, and PTCD3) [33-36], and mitochondrial ribosomal protein of the small 

subunit 27 (MRPS27) [37]. 

MtDNA is transcribed by POLRMT as two long polycistronic transcripts that span 

almost the entire length of the heavy or light strand of the genome (Figure 2) [38].  MTERF1 

has been identified to bind within the tRNALeu(UUR) gene [9,13,14,39] and in vivo studies have 

shown that its binding blocks transcription to prevent transcriptional interference at the light 

strand promoter (LSP) [15]. The two polycistronic transcripts are processed according to the 

tRNA punctuation model (Figure 2), whereby mitochondrial rRNAs (mt-rRNAs) and 

mitochondrial mRNAs (mt-mRNAs) are interspersed by mitochondrial tRNAs (mt-tRNAs), 

which act as “punctuation marks” for processing [40,41]. Processing of the polycistronic 

transcripts involves the excision of mt-tRNAs at their 5′ ends by RNase P complex, which in 

mammals consists of three proteins, MRPP1, MRPP2, and MRPP3 [30-32,34,42], and at their 

3′ ends by RNase Z, which is ELAC2 [34,43]. PTCD1 associates with ELAC2 to assist in mt-

tRNA processing [34]. However, there are four exceptions to the tRNA punctuation model 

(Figure 3) which include the 3′ end of mt-ND6, 5′ end of mt-CO1, 5′ end of mt-CYB and 

between mt-ATP6 and mt-CO3 [40]. It is not entirely clear which other enzymes process 

these non-canonical sites although PTCD2 has been suggested to be required for processing 

the 5′ end of the mt-CYB transcript. Loss of the fas-activated serine/threonine kinase 5 

(FASTKD5) results in the accumulation of unprocessed transcripts from the 5′ end of mt-CYB 

and the 5′ end of mt-CO1 and between mt-ATP8/6-CO3 [35,44] and disruption of fas-
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activated serine/threonine kinase 4 (FASTKD4) has also been shown to cause the 

accumulation of the mtND5-CYB precursor transcript. It has been suggested that the 

FASTKD protein family contain a putative endonuclease in the RNA-binding domain, RAP 

[45]. However, it still remains to be confirmed if PTCD2 has endonuclease activity or 

recruits endonucleases that are not yet characterized or identified.  

The cleaved RNA transcripts then undergo maturation mediated by the LRPPRC/SLIRP 

complex [28,46] which includes polyadenylation of mt-mRNAs by the poly(A) polymerase 

(PAP), modification of tRNAs by a range of enzymes [4] and methylation of rRNAs by a 

variety of enzymes, including NSUN4 [6,11,47], followed by translation on mitochondrial 

ribosomes [48-50]. Mitochondrial ribosomes contain two PPR proteins within the small 

ribosomal subunit (PTCD3 and MRPS27) and are assembled co-transcriptionally [42]. Their 

assembly is mediated by a number of different factors, some characterized such as DDX28 

[51] and MTERF3 [17], with additional players yet to be characterized.

The variation in the levels of mt-RNAs underlies the significance of RNA-binding 

proteins in the post-transcriptional regulation of mitochondrial gene expression [52]. Repeat 

domain proteins play key roles in every aspect of mitochondrial gene expression, from 

transcription to protein synthesis and mutations or loss of these proteins can lead to 

mitochondrial dysfunction and disease [6,15,16,26,28,42,53,54].Here we review the current 

advances towards understanding the role of mammalian MTERF and PPR proteins in 

mitochondrial biology and pathology. 

2. Mitochondrial transcription termination factors (MTERFs)

2.1 Mitochondrial transcription termination factor 1 (MTERF1)

MTERF1 contains 8 MTERF-motifs, comprising of 19 α-helices [9]. MTERF1 binds in a 

sequence-specific manner to a 28 bp region within the tRNALeu(UUR) gene, downstream of the 
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16S mt-rRNA region and was originally thought to promote heavy-strand transcription 

termination in vitro [13]. However, the role of MTERF1 in heavy-strand transcription 

termination has since been debated as MTERF1 has been shown to partially terminate 

transcription from the heavy strand promoter (HSP), while completely terminating 

transcription from the LSP [14]. The role of MTERF1 in light-stand transcription termination 

was identified in vivo when both copies of the mouse Mterf1 genes were deleted to reveal that 

MTERF1 is dispensable for rRNA gene transcription regulation and instead it is required, but 

not essential, for minimizing transcription interference at the light strand promoter [15].  A 

mechanism of transcription termination by MTERF1 has since been proposed where 

MTERF1 binds to the major groove of DNA at its target site in the tRNALeu(UUR) gene to 

promote unwinding of the DNA helix and eversion of several key residues to cause base 

flipping in a stepwise manner, which is critical for transcription termination [9,55]. In 

addition to transcription termination, MTERF1 was proposed to promote rRNA synthesis by 

binding to both the heavy strand transcription initiation and termination sites to mediate the 

formation of a DNA loop [39]. A recent report has also implicated MTERF1 in the regulation 

of mtDNA replication pausing in vitro [56,57], indicating that overall MTERF1 plays an 

important role in regulating mitochondrial transcription and mtDNA replication.

MTERF1 binds DNA in a site and cell specific manner [9,52], with conserved 

residues responsible for the sequence-specific binding [9]. Pathogenic mutations in these 

residues in MTERF1 have been proposed to interfere with MTERF1 binding and 

transcriptional termination [9,58]. Furthermore, MTERF1 has also been shown to have a 

tissue-specific transcriptional and translational compensatory role in response to decreased 

mtDNA copy number in a MPV17 knockout mouse model that causes severe mitochondrial 

DNA depletion [59]. This implicates MTERF1 in diseases caused by impaired mitochondrial 

gene regulation, and further studies will shed light on its tissue-specific role in disease.
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2.2 Mitochondrial transcription termination factor 3 (MTERF3)

MTERF3 is a highly conserved protein that contains 7 MTERF-motifs, consisting of 22 α-

helices [10,60]. MTERF3 has a concave side with a strong positive charge that represents a 

nucleic-acid binding site, important for its role in binding mtDNA to regulate post-

transcriptional control [10]. MTERF3 is essential for life and heart-specific knockout of 

mouse Mterf3 gene causes respiratory chain defects and consequently mitochondrial 

dysfunction which results in a shortened life-span [16]. MTERF3 has been shown to 

associate with the mtDNA light and heavy strand promoter regions, resulting in increased 

transcription initiation from the LSP and HSP and increased steady-state levels of most mt-

RNAs. Furthermore MTERF3 was identified to bind the 16S mt-rRNA and to be important in 

the assembly and maturation of the large mitoribosomal subunit that is essential for assembly 

of the 55S mitochondrial ribosome [17]. Both studies have implicated the importance of 

MTERF3 in the regulation of mitochondrial transcription and ribosome biogenesis in vivo.

Recently, the loss of MTERF3 was investigated in cardiomyopathy to show that 

despite severe OXPHOS defects there were no signs of oxidative stress or production of 

reactive oxygen species (ROS) [61]. This is particularly important since many studies of 

heart disease implicate ROS and oxidative stress as the major contributor to cardiomyopathy 

and cardiac hypertrophy, identifying that there is a complex interplay between mitochondrial 

dysfunction and subsequent cellular signalling networks that precede heart disease. Mouse 

models of heart disease where nuclear genes encoding mitochondrial proteins have been 

knocked out or mutated, are ideal systems to investigate the role of mitochondrial 

dysfunction in different forms of heart disease.

2.3 Mitochondrial transcription termination factor 4 (MTERF4)
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MTERF4 is essential for embryo development and heart-specific loss of mouse Mterf4 causes 

mitochondrial cardiomyopathy, respiratory chain deficiency and shortened life-span [6]. 

MTERF4 regulates mitochondrial ribosome biogenesis and thereby translation through its 

association with the ribosomal RNA methyltransferase (NSUN4) [6,47]. The binding of 

MTERF4 to mt-rRNAs occurs via a heterodimer complex with NSUN4, which assists in 

targeting this protein to the large subunit [6]. The atomic structure of the MTERF4-NSUN4 

complex shows that MTERF4 contains 6 MTERF-motifs comprising 18 α-helices. The 

molecular structure of this complex shows that NSUN4, which lacks the ability to bind RNA, 

binds to the C-terminal domain of MTERF4 via specific conserved interactions which 

enables RNA binding [11,12]. MTERF4 is further required to stimulate the activity of 

NSUN4 to specifically methylate 16S rRNA [12,47]. Overall MTERF4 is essential for 

regulating mitochondrial ribosome biogenesis and translation in vivo.

3. Pentatricopeptide repeat domain proteins (PPRs)

3.1 Mitochondrial RNA polymerase (POLRMT)

POLRMT is a single-subunit DNA-dependent RNA polymerase that is distantly 

related to the bacteriophage T7 RNA polymerase [25,62]. It is the only mitochondrial RNA 

polymerase and forms the core component of the transcription machinery along with 

mitochondrial transcription factor B2 (TFB2M) and mitochondrial transcription factor A 

(TFAM), which are required by POLRMT to initiate transcription of mitochondrially-

encoded genes [25,63-66]. The formation of the transcription machinery begins when TFAM 

binds to the DNA promoter and recruits POLRMT via a protein-protein interaction to ensure 

promoter-specific transcription [64]. TFB2M then binds to form a transcription initiation 

complex with POLRMT and TFAM, and together TFAM and TFB2M melt the promoter to 

initiate transcription by POLRMT 
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[64,67-69]. POLRMT also synthesises the RNA primers required for the replication 

of the mtDNA which often takes precedence over transcription [54,63]. POLRMT is essential 

for survival since its loss causes embryonic lethality and heart- and skeletal muscle-specific 

knockout of Polrmt in mice leads to premature death as a result of a profound 

cardiomyopathy by 6 weeks of age [54]. POLRMT is exclusively a mitochondrial protein that 

does not support the transcription of nuclear encoded genes [66].

POLRMT interacts with the transcription elongation factor of mitochondria (TEFM), 

and together they can regulate the switch between replication primer formation and gene 

expression to mediate mtDNA transcription and replication [54,70-72]. TEFM activates and 

enhances mitochondrial transcription by stimulating the formation of longer transcripts and 

stabilising the interaction of POLRMT with DNA [71]. POLRMT has been shown to 

associate with the mitochondrial ribosome (mitoribosome) protein of the large subunit 12 

(MRPL12), when this protein is not part of the mitoribosome; this interaction is thought to 

stabilise POLRMT and influence mitochondrial transcription [73-75].  Further studies have 

also found POLRMT associated in a small subunit mitochondrial ribosome complex with 

TFB1M [76], which is a 12S ribosomal RNA methyltransferase required for the maturation 

and assembly of the small subunit of the mitochondrial ribosome [77]. This association is 

thought to occur independently of transcription and to be distinct from the POLRMT and 

TFB2M complex to increase the 12S mt-rRNA methyltransferase activity of TFB1M [76].

The atomic structure of the human POLRMT revealed a catalytic carboxy-terminal 

domain similar to that of phage polymerases and a unique extended N-terminal region 

containing two PPRs with an AT-rich recognition loop [25]. Functional analysis showed that 

the PPR domains play no role in transcription initiation, which is carried out by the C-

terminal domain. Instead, the crystal structure of the human POLRMT elongation complex 

shows newly synthesised RNAs exiting towards the PPR domain, suggesting a role for the 



Page 11 of 29

PPR domain in the elongation stage of transcription [78]. Elucidation of the POLRMT 

termination complex structure may be important in establishing if there is an additional role 

of the PPRs in POLRMT function.

3.2 Mitochondrial RNase P protein 3 (MRPP3)

MRPP3 is a mitochondrial protein containing five PPRs and a metallonuclease 

domain [30,31,42]. Initially, MRPP3 was co-purified with two additional proteins, MRPP1 

and MRPP2, which together were identified to form the mitochondrial RNase P complex that 

processes the 5′ ends of mt-tRNAs [32]. MRPP1 and MRPP2 form a stable subcomplex 

within the RNase P complex, however they are bifunctional proteins with additional cellular 

functions. MRPP1 belongs to the TRMT10 family and is a m1G9 methyltransferase 

responsible for methylating the ninth position on mt-tRNAs [34,79] and may have a role in 

mt-tRNA binding required for the RNase P complex [80]. MRPP2 is a member of the short-

chain dehydrogenase/reductase family and has a NAD+ binding domain, but no RNA-binding 

domains, and may be required for RNase P activity [81] or act as a structural scaffold for the 

RNase P complex. Mutations in MRPP2 cause mitochondrial disease as a result of impaired 

RNA processing, providing evidence that it is required for RNase P activity [82,83]. Until 

recently, the human mitochondrial RNase P complex was thought to be unique as a protein 

only complex that lacks the catalytic RNA component which is generally found in previously 

characterized nuclear RNase P enzyme complexes [32,84,85]. However, protein-only RNase 

P (PRORP) enzymes have since been identified to process precursor tRNAs in organelles and 

nuclei of diverse eukaryotic species [86-89]. 

The atomic structure of PRORP1, which is a homolog of MRPP3, from Arabidopsis 

thaliana is V-shaped with a metallonuclease domain linked to a PPR domain by a zinc-

binding domain [90]. The metallonuclease domain is the active site and is responsible for the 
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catalytic activity of the protein, without the need for additional proteins or a catalytic RNA. 

This active site contains Mg2+ metal ions bound to conserved aspartate residues that are 

essential for its catalytic activity. The PPR domain is thought likely to provide specificity 

through its interaction with pre-tRNAs [90]. In contrast to the plant PRORP1, the atomic 

structure of the human MRPP3 protein has been shown to have a more relaxed, L-shape that 

is also composed of a PPR domain connected by a central domain containing a highly 

conserved zinc-binding site bound to a metallonuclease domain [30,31]. Unlike PRORP1, 

MRPP3 has a distorted and non-productive active site, as metals ions that are necessary for 

its activity are absent from the active site and the protein exists in an auto-inhibited state 

[30,31]. Since the human MRPP3 protein requires MRPP1 and MRPP2 for its catalytic 

activity, it is thought that only upon their binding along with a pre-tRNA substrate that a 

conformational change is induced to stimulate enzymatic activity [30,31]. Why this 

additional layer of specificity might be required in mammalian mitochondria is not known. 

The RNase P complex has been associated with mitochondrial RNA granules that are viewed 

as centers for RNA processing, maturation, and mitochondrial ribosome biogenesis. These 

processes occur co-transcriptionally [42]and in close proximity to mitochondrial nucleoids 

[44,91-93]. 

Knockdown of MRPP3 in HeLa cells has been shown to cause a processing defect 

with the accumulation of precursor transcripts and a reduced abundance of mature mt-RNAs 

[32,34,94]. However the essential role of MRPP3 was revealed recently where a knockout of 

Mrpp3 in mice was shown to be embryonic lethal and heart and skeletal-muscle specific 

knockout of Mrpp3 caused a cardiomyopathy and premature death at 12 weeks of age [42]. 

Loss of MRPP3 caused a profound processing defect and the accumulation of unprocessed 

transcripts and the loss of mature mt-RNAs [42]. The loss of mature mt-RNAs was associated 

with a large increase in transcription driven by increased POLRMT levels that were not 
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sufficient to overcome the processing defects. The role of MRPP3 in 3′ end cleavage of mt-

tRNAs has been investigated across the entire mitochondrial transcriptome using diverse 

RNA sequencing (RNA-Seq) techniques in both in vitro and in vivo models where MRPP3 

has been knocked down or lost [34,42]. Transcriptome wide parallel analyses of RNA ends 

(PARE) has identified the exact in vivo cleavage sites of RNase P and has demonstrated that 

cleavage of the 5′ mt-tRNA precedes 3′ mt-tRNA end processing [42]. Recently we have 

used the same model to elucidate the hierarchy of mitochondrial RNA processing via RNA 

circularization prior to library preparation and RNA-Seq. Our findings revealed the identities 

of processing intermediates, their abundance in vivo and showed that RNA processing and 

degradation can occur simultaneously [95].

The loss of MRPP3 and functional processing of mt-RNAs causes impaired 

translation of all mitochondrially encoded polypeptides that has downstream consequences 

on the biogenesis and activity of the mitochondrial respiratory complexes causing general 

OXPHOS defects and mitochondrial dysfunction [42]. Characterisation of a MRPP3 heart 

and skeletal muscle-specific knockout mouse model has provided the first evidence of a 

mechanistic link coupling mitochondrial transcription and translation via the assembly of the 

mitoribosome [42]. The assembly of the small subunit is impaired in the absence of a mature 

12S mt-rRNA, while the large subunit mitoribosome proteins form a sub-complex on the 

precursor 16S mt-rRNA, showing that mitoribosomal biogenesis occurs co-transcriptionally 

[42]. Future studies will be required to understand mitoribosomal assembly in detail and this 

new model will assist in providing insight into the early assembly of subcomplexes of the 

mitoribosome.

3.3 Leucine-rich pentatricopeptide repeat cassette (LRPPRC) protein 
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LRPPRC is a mitochondrial protein predicted to contain 30-33 PPR domains and is essential 

for life [28,29,96-98]. LRPPRC was the first human PPR protein to be identified when a C to 

T transition mutation at 1119 bp of the LRPPRC open reading frame was shown to change a 

conserved alanine residue to valine at position 354 causing the rare autosomal recessive 

French-Canadian variant of Leigh Syndrome (LSFC found in the Saguenay-Lac-Saint-Jean 

region of Quebec) [26]. Patients with mutations in LRPPRC LSFC have cytochrome c 

oxidase (COX) deficiency and show clinically distinct symptoms from classical Leigh 

Syndrome, where the brain and liver are mostly affected and display early-onset 

neurodegeneration (Leigh disease), liver steatosis, and chronic lactic acidosis [99,100]. 

However, it has been suggested that these symptoms can be affected by other genetic and 

environmental factors [101]. Recently there have been reports of new LRPPRC mutations 

that resemble LSFC outside of the French-Canadian population [102]. LSFC patient 

fibroblasts containing the A354V (Ala354 → Val) have reduced levels of LRPPRC, impaired 

translation of mitochondrially-encoded proteins and consequently defects in OXPHOS [27]. 

Recently it was shown that loss of LRPPRC and SLIRP results in tissue-specific OXPHOS 

deficiencies in LSFC patients [103].

In vivo investigations have shown that when Lrpprc is deleted in mice it results in 

embryonic lethality and heart and skeletal muscle-specific loss causes cardiomyopathy and 

premature death [28]. Loss of LRPPRC results in uncoordinated protein synthesis 

compromising OXPHOS biogenesis and function [104], similarly to the defects identified in 

liver-specific deletion of Lrpprc [105]. Lrpprc heart deficient mice also have a significantly 

reduced abundance of mt-mRNAs, except mt-ND6, which further corroborates with in vitro 

studies, but also shows increased abundance of mt-rRNAs [28]. Additional studies using 

heterozygous Lrpprc+/- mice or LRPPRC knockdown in cells have identified accumulation of 
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some precursor mt-mRNAs [53,106], suggesting that LRPPRC loss may contribute to 

accumulation of processing intermediates.

LRPPRC binds the Stem-Loop Interacting RNA Binding Protein (SLIRP) in a co-

dependent manner to form a hetero-dimeric protein complex [27,28,97]. The PPR domain of 

LRPPRC and the RNA recognition motif (RRM) domain of SLIRP were recently shown to 

participate in protein-protein interactions enabling the formation of a stable complex between 

these two proteins [97].  LRPPRC and the LRPPRC/SLIRP complex, but not SLIRP alone, 

bind mt-RNA [27,97]. Recently we carried out high throughput RNase footprinting and 

photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-

CLIP) to identify the in vivo binding targets of LRPPRC and its role as a mt-RNA chaperone 

required to relax secondary RNA structures thereby facilitating polyadenylation, RNA 

stability and coordinated translation [107].

The LRPPRC/SLIRP complex maintains a pool of non-translated mt-mRNAs and 

maintains mt-mRNA polyadenylation of all mt-mRNAs, except mt-ND6, which is the only 

non-polyadenylated mt-mRNA [28,106,108]. LRPPRC and the LRPPRC/SLIRP complex 

promote polyadenylation by mitochondrial poly(A) polymerase (mtPAP) to maintain 

polyadenylated mt-mRNAs, while SLIRP stabilizes LRPPRC by protecting it from 

degradation [46,97,108,109]. The LRPPRC/SLIRP complex specifically stabilizes mt-

mRNAs with longer half-lives including mt-CO1, mt-CO2, and mt-CO3 in HeLa cells by 

possibly suppressing 3′ exonuclease activity mediated by polynucleotide phosphorylase 

(PNPase) and SUV3 helicase, however the exact mechanism by which this occurs is yet to be 

described [108]. Although its stable binding partner SLIRP is not essential for survival, its 

presence is required for the recruitment of mt-mRNAs to the mitochondrial ribosome and 

controlling the rate of translation [46]. Therefore the LRPPRC/SLIRP is essential for mRNAs 

stability, polyadenylation and the coordination of mitochondrial protein synthesis.
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3.4 Pentatricopeptide repeat domain protein 1 (PTCD1)

PTCD1 contains fifteen PPR domains with no other function domains and it is essential for 

life [33,110]. PTCD1 in cells has been found associated with the leucine mt-tRNAs (mt-

tRNALeu(UUR) and tRNALeu(CUN)) and precursor RNAs containing the leucine mt-tRNAs and 

affects OXPHOS function [33,80,94]. RNA-Seq analyses have indicated that decreased levels 

of PTCD1 are associated with changes in 3′ end processing of mt-tRNAs, suggesting that 

PTCD1 may affect RNA processing [34]. Furthermore, low levels of PTCD1 have been 

found to associate with ELAC2 suggesting that these proteins are in a common complex and 

through their association they may affect RNA metabolism or co-location within the RNA 

granules of mitochondria. Our group is investigating the exact molecular role of PTCD1 in 

vivo currently to identify its role in mitochondrial gene expression.

Recently, we have identified that heterozygous Ptcd1+/- mice that are 

haploinsufficient for PTCD1 develop age-induced obesity, glucose intolerance and insulin 

resistance, hepatic steatosis and cardiac hypertrophy [110]. These pathologies result from 

perturbed fatty acid metabolism and alterations in metabolic hormones, growth factors, and 

pro-inflammatory cytokines, which result in downstream tissue-specific changes in the 

mTOR signalling. The reduction of PTCD1 results in impaired RNA metabolism and 

decreased protein synthesis. These defects affect the biogenesis of the respiratory complexes 

and reduce OXPHOS activity, which likely contributes to the liver pathology observed with 

age [110]. This model demonstrates for the first time that haploinsufficiency of a 

mitochondrial RNA-binding protein that can cause mild mitochondrial dysfunction that can 

predispose to an adult-onset metabolic perturbations such as glucose intolerance.

3.5 Pentatricopeptide repeat domain protein 2 (PTCD2)
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PTCD2 contains at least five PPR domains [35,96] and its role has been investigated in mice 

homozygous for a Ptcd2 disruption causing truncation of the PTCD2 protein and loss of the 

full-length protein in all tissues [35]. These mice have decreased Complex III activity, which 

is predominantly isolated to the heart, although it will be interesting to identify if pathologies 

in different tissues are observed with age in these mice.  Loss of full-length PTCD2 causes a 

significant accumulation of unprocessed mt-ND5-CYB transcripts and consequently reduced 

levels of mature mt-ND5 and mt-CYB transcripts [35]. Although PTCD2 does not contain an 

endonuclease domain, these findings have suggested a role for PTCD2 in RNA processing of 

the mt-CYB mRNA, where the 5′ end of the mt-CYB is one of the four non-canonical 

processing sites previously described. PTCD2 has also been implicated in the processing of 

long non-coding RNA (lncRNA) as knockdown of PTCD2 in HeLa cells causes reduction of 

mt-ND5 lncRNA and the mt-ND6 lncRNA that forms the 3′ UTR of the mt-ND5 mRNA 

[111]. The exact mechanisms by which PTCD2 affects the processing of the non-canonical 

site of the 5′ end of the mt-CYB mt-mRNA and mt-ND5 and mt-ND6 lcRNA and the role of 

lncRNAs in mitochondria remain to be elucidated.

3.6 Pentatricopeptide repeat domain protein 3 (PTCD3)

During evolution, the mammalian mitochondrial ribosome has diverged from its bacterial 

predecessor with a reduction in RNA content and acquisition of additional mitochondrial-

specific proteins. These unique mitoribosomal proteins are predicted to have important and 

specific roles in the recognition of mRNAs and mitochondrial translation (reviewed in [48]). 

PTCD3, also known as MRPS39, is one of these mammalian-specific supernumerary proteins 

and is also a member of the PPR family as it contains fifteen PPRs [36,96]. Knockdown of 

PTCD3 in cells does not affect RNA metabolism, but severely disrupts protein synthesis and 

causes global OXPHOS defects [36]. PTCD3 associates with the 12S rRNA and co-
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immunoprecipitates with mitochondrial ribosomal proteins of the small subunit [36], acting 

as a component of the small subunit of the mitoribosome [36,112]. In addition, PTCD3 has 

been found associated with the mitochondrial translation initiation factor 3 (mtIF3) via the 

small subunit, which facilitates the dissociation of the large subunit and formation of an 

initiation complex to initiate mitochondrial translation [113]. In a separate study PTCD3 was 

found associated with immature colon carcinoma transcript 1 protein (ICT1), which is a 

mitochondrial ribosomal protein of the large subunit 58 (MRPL58) and has a role as a 

translation release factor [114], suggesting that PTCD3 associates with translation factors 

through the assembled mitoribosome. PTCD3 also associates with the mitochondrial 

ribosomal proteins MRPS32 and MRPS29, which are also supernumerary proteins [112,114-

116]. The cryoEM structure of the bovine and human mitoribosomes validated PTCD3 as the 

largest protein component of the small ribosomal subunit [49,50,117], positioned at the head 

of the subunit and in close proximity to the entrance of the mRNA channel [49,50,112,117]. 

Based on its location PTCD3 could potentially guide mt-mRNAs into the ribosomal mRNA 

channel at the entry site, however its exact role in translation is currently under investigation. 

PTCD3 has also been found to associate with the mitochondrial transcription elongation 

factor (TEFM), mitochondrial RNA polymerase (POLRMT), and a putative dead-box RNA 

helicase (DHX30) [70], suggesting a potential role of PTCD3 in transcription or that their 

association is a consequence of the close proximity of the mitoribosome to the transcription 

machinery, as these systems function interdependently. 

3.7 Mitochondrial ribosomal protein of the small subunit 27 (MRPS27)

MRPS27 is another supernumerary ribosomal protein of the small subunit and member of the 

PPR family as it contains six PPR domains [118]. The MRPS27 gene is positioned adjacent 

to the PTCD2 gene and shares 17.8% identity with PTCD2, however despite their sequence 
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similarity, these proteins are functionally very different [35]. MRPS27 associates with the 

12S mt-rRNA and is required for mitochondrial protein synthesis and knockdown of 

MRPS27 in cells causes general OXPHOS decline [37]. The cryoEM structure of the 

mammalian mitoribosome localized MRSP27 at the bottom of the body of the mitochondrial 

small subunit suggesting its role in forming a newly discovered protein-RNA inter-subunit 

bridge that connects the large and small subunit [49,50,117]. Biochemical studies have found 

MRPS27 associated with MRPL58 (ICT1) [114], MRPS29 (DAP3) [119], mitochondrial 

ribosome assembly factor Era G-protein-like 1 (ERAL1) [120], and the human homolog of a 

plant NO-associated protein, hNOA1 [121]. The role of these interactions and the exact 

function of MRPS27 in mitochondrial translation is currently under investigation.

4. Concluding remarks

Each of the seven mammalian PPR and four MTERF proteins have diverse roles in the post-

transcriptional control of mitochondrial gene expression. MTERF3, MTERF4, LRPPRC, 

POLRMT, MRPP3 and PTCD1 are essential for life and LRPPRC has been implicated in 

human disease, which illustrates the importance of gene expression for mitochondrial 

biogenesis and function. Significant progress has been made into unravelling key aspects of 

mitochondrial biology and disease, to improve our understanding of post-transcriptional 

control of gene expression. However, there are many gaps in our knowledge of repeat 

proteins in biology and disease. Filling these gaps will be critical in establishing the exact 

roles and mechanisms of repeat proteins in controlling gene expression, which can provide 

insights into pathogenesis of diseases and new avenues for drug development, as well as 

fundamental insight into the regulation of the minimal mammalian genome. The continual 

advances in technologies such as next generation sequencing and the generation of new 

genetic models are the next frontier for the mitochondrial gene expression field.
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Figure 1: Schematic representation of the seven mammalian PPR proteins and four 

mTERF proteins. Repeat proteins were identified using TPRpred [122], sequence 

inspection, or by examination of the crystal structures, in the case of MRPP3 and POLRMT 

[25,30,31] and MTERF repeats were identified in the crystal structures of MTERF1 [9-12] or 

by sequence comparisons.

Figure 2: Schematic of the human mitochondrial genome and illustration of the 

mammalian tRNA punctuation model

Figure 3: Schematic of the four exceptions to the mammalian tRNA punctuation model
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