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a  b  s  t  r  a  c  t

Repeat  proteins  regulate  the expression  of  the  mammalian  mitochondrial  genome  at  the  level  of  tran-
scription,  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  struc-
tures,  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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1. Regulation of mammalian mitochondrial gene
expression by modular proteins

The mammalian mitochondrial DNA (mtDNA) is a compact,
circular, double-stranded genome, containing only 37 genes for
2 rRNAs, 22 tRNAs and 11 mRNAs. The mitochondrial mRNAs
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(mt-mRNAs) encode 13 polypeptides that are subunits of three res-
piratory complexes (Complex I, III and IV) and the ATP synthase,
which together with Complex II form the oxidative phospho-
rylation (OXPHOS) system required for the majority of energy
generation in cells (reviewed in [1,2]). The expression of mam-
malian 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,
stabilise, 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
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the roles of two families of mtRBPs that consist of characteristic
repetitive protein motifs, mitochondrial transcription termination
factors (mTERF), that can bind mtDNA and mtRNA, and pentatri-
copeptide repeat (PPR) domain proteins, that bind mtRNA [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 pro-
teins 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 iden-
tified to bind RNA in a sequence-specific and modular fashion
[20–24]. In mammals there are only seven PPR proteins (Fig. 1)
that are exclusively mitochondrially localized and regulate mito-
chondrial gene expression from transcription to protein synthesis:
the mitochondrial RNA polymerase (POLRMT) [25], leucine-rich
pentatricopeptide repeat cassette (LRPPRC) protein [26–29], mito-
chondrial 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 tran-
scripts that span almost the entire length of the heavy or light
strands of the genome (Fig. 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 tran-
scriptional interference at the light strand promoter (LSP) [15]. The
two polycistronic transcripts are processed according to the tRNA
punctuation model (Fig. 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 tran-
scripts 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 (Fig. 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-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 polyadenyla-
tion of mt-mRNAs by the poly(A) polymerase (PAP), modification of
tRNAs by a range of enzymes [4] and methylation of rRNAs by a vari-
ety 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 dis-
ease [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 �-helices
[9]. MTERF1 binds in a sequence-specific manner to a 28 bp region
within the tRNALeu(UUR) gene, downstream of the 16S mt-rRNA
region and was originally thought to promote heavy-strand tran-
scription 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 termi-
nating 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 transcrip-
tion 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 step-
wise 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 tran-
scription 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], indi-
cating 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 compen-
satory 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.

2.2. Mitochondrial transcription termination factor 3 (MTERF3)

MTERF3 is a highly conserved protein that contains 7 MTERF-
motifs, consisting of 22 �-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
mitochondrial gene expression [10]. MTERF3 is essential for life and
heart-specific knockout of mouse Mterf3 gene causes respiratory
chain defects and consequently mitochondrial dysfunction which
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