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Mitochondrial protein synthesis is essential for all mammals, being responsible for providing key
components of the oxidative phosphorylation complexes. Although only thirteen different polypep-
tides are made, the molecular details of this deceptively simple process remain incomplete. Central
to this process is a non-canonical ribosome, the mitoribosome, which has evolved to address its
unique mandate. In this review, we integrate the current understanding of the molecular aspects
of mitochondrial translation with recent advances in structural biology. We identify numerous
key questions that we will need to answer if we are to increase our knowledge of the molecular
mechanisms underlying mitochondrial protein synthesis.
� 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical
Societies. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/3.0/).
1. Introduction

It has been known for over 50 years that isolated rat liver mito-
chondria can incorporate radiolabelled amino acids into nascent
polypeptides [1–4]. Although these first reports were challenged
by researchers claiming that this incorporation was due to bacte-
rial contamination of isolated mitochondrial preparations [5], by
the late 1960s it had become well accepted that mammalian mito-
chondria were capable of intraorganellar synthesis of proteins
[6,7]. We now know that the mitochondrial genome (mtDNA),
which is housed in the mitochondrial matrix, contains the blue-
print for thirteen polypeptides and all the RNA molecules believed
to be necessary and sufficient for intramitochondrial protein
synthesis [8]. All the other required components are imported from
the cytosol. During this 50-year period, many factors have been
identified that are critical for mitochondrial translation, but
despite this we are still surprisingly unsure about many details
underlying this process. This is due in major part to the lack of a
faithful in vitro reconstituted system. Progress is further impeded
by our inability to use standard molecular genetic manipulations,
as there is no robust process for transfecting mammalian mito-
chondria [9,10]. In this short review, we mention important contri-
butions to this field, but highlight fundamental questions that still
remain.

2. What is so unusual about the mammalian mitochondrial
ribosome?

Central to the process of mitochondrial protein synthesis is the
mitochondrial ribosome, or mitoribosome. Pioneering work from
O’Brien, Spremulli and others, showed that the bovine mitoribo-
some comprises 2 subunits of unequal size, a 28S small subunit
(mt-SSU) and 39S large subunit (mt-LSU) [11]. Only one molecule
of relatively short mtDNA-encoded ribosomal RNA could be identi-
fied in each subunit of the human mitoribosome – 12S rRNA in the
small subunit (954 nt) and 16S rRNA in the large subunit (1559 nt)
(however, see recent observations below) [8]. Intact mitoribo-
somes from a variety of mammalian sources were shown to be less
dense (55S) than either their cytosolic (80S) or eubacterial (70S)
counterparts and even differed from other organellar sources,
such as Saccharomyces, Neurospora, Tetrahymena or Xenopus
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mitochondria [11–15] reviewed in [16]. This is largely due to a
reversal in their protein to RNA ratio, changing from approximately
1:2 protein:RNA for eubacterial/eukaryotic cytosolic ribosomes to
approximately 2:1 for the mammalian mitoribosome. The reduced
ribosomal RNA species have not become shortened through
stochastic loss of nucleotides but by selective excision of regions,
including the anti-Shine–Dalgarno region, consistent with a
corresponding lack of S–D sequence in mammalian mt-mRNAs.
Although conservation of certain domains is clear, such as the
sarcin–ricin loop and helix 45 of the SSU [17], there is little overall
preservation of actual nucleotide sequence or even base composi-
tion [18]. Loss of part of the rRNA species would have been
expected to reveal a number of spatial domains in a standard
ribosomal structure. Intriguingly, some but not all of these
domains have become occupied by a series of ‘newly acquired’
mitoribosome-specific proteins that have no apparent orthologues
[17,19,20]. One consequence of these changes is a more porous
structure, which is consistent with the original data indicating that
a mitochondrial monosome had a low sedimentation coefficient of
55S [11,17].

Analysis of the many polypeptide constituents from a variety
of mitoribosomal sources has been an iterative enterprise reflect-
ing the constant technological improvement in detection meth-
ods [19,21–26]. Mass spectrometry of peptide fragments from
the 39S large subunits of isolated bovine mitochondria identified
48 independent gene products. Many of these proteins could be
assigned positions in an early and seminal cryo-EM structure
from Agrawal and colleagues of the entire 55S mitoribosome at
13.5 A resolution [17,27]. Crystals of the mitochondrial ribosome
have been elusive, but in their absence cryo-EM has continued to
provide vital structural information, with improvements increas-
ing the resolution to 12.1 Å of the bovine mt-LSU [27] and to 7 Å
for the mt-SSU [28]. Recently, however, Greber and colleagues,
using a combination of techniques, have produced a structure
of the mt-LSU at 4.9 Å that is approaching the resolution
achieved with crystallography. By subjecting porcine 39S mt-
LSU preparations to chemical cross-linking followed by controlled
proteolysis and MS analysis, contacts between numerous poly-
peptides have been unequivocally established. This information
combined with the near-atomic resolution of the cryo-EM has
both increased the number of mt-LSU assigned proteins to at
least 51 members and identified the positions within the porcine
mt-LSU of a number of these recently identified polypeptides
[20]. Intriguingly, the structural analysis has also identified an
RNA component that does not correspond to the 16S rRNA (see
below). Currently there is no parallel study on the 28S mt-SSU,
although previous mass spectrometry and increasingly sensitive
analyses have revealed that it comprises at least 30 individual
mitoribosomal proteins (MRPs) [18,23,24,29,30]. Cryo-EM has
also very recently been used to generate high definition struc-
tural information on the yeast mitochondrial ribosome, but again
it is the large subunit rather than the small that has been inves-
tigated. Single particle cryo-EM, using high-speed direct electron
detectors, has been used to produce an almost complete model of
this mt-LSU [31]. In this case there is no evidence of a 5S rRNA
particle, consistent with the lack of the 5S RNA binding proteins
L18 and L25 [31]. As a consequence of the loss of these elements,
the central protuberance is significantly remodelled, with mito-
chondrial specific proteins occupying the vacated space. The
yeast mt-LSU has 8 mitochondrial specific proteins that are com-
mon to both yeast and mammals, but a further 5 that so far are
believed to be specific to yeast [31]. The accumulated data raises
the question – are these really yeast specific or are there still more
components to the mammalian mitoribosomes that, as yet, have
escaped detection?
3. New versus old ribosomal proteins

As mentioned above, mitoribosomes have acquired a number of
new protein components. This means that the MRPs can be divided
into two groups, new and old and these are roughly equal in
number The old group includes those with clear eubacterial ortho-
logues, evidencing the bacterial origin of the mitochondria, which
therefore follow a similar nomenclature (e.g. MRPL1 is the ortho-
logue of RPL1). The second group of ‘new’ mitochondrial specific
MRPs (reviewed in [18,31,32]) appears to be evolving more rapidly
than cytosolic ribosomal proteins and have adopted functions that
suggest they do not merely act as fillers to occupy the space gen-
erated by the reduced rRNAs [33–36]. Acquisition of these novel
mitoribosomal proteins appears to be through gene duplication
or through the requisition of non-ribosomal proteins that have
become targeted to mitochondria, often bearing post-translational
modifications (discussed in [37]). One clear example of such gene
duplication in mammals results in the presence of MRPS18A, B
and C [24]. The difference in function of these distinct isoforms
has not yet been elucidated, but tissue specificity, or the formation
of specialised ribosomes dedicated to the translation of subsets of
mt-mRNAs, are potential explanations. The acquisition and adapta-
tion of pre-existing proteins is a fascinating phenomenon. A case in
point is that of MRPL39, originally termed MRPL5 [21,26]. A heart
specific variant of this protein was identified, which displayed
sequence similarity to the N-terminal domain of cytosolic threo-
nyl-tRNA synthetase that had maintained its tRNA binding site
[38]. Adaptive evolution presumably dispensed with the mid and
C-terminal regions, leaving a mitoribosomal protein with a cur-
rently undefined function. Has this substantial increase in the
relative amount of protein only evolved to shield the rRNA from dam-
aging reactive oxygen species as speculated by a number of groups, or
are there other novel functions still waiting to be disclosed?

In contrast to those novel proteins of unknown function that
have been acquired by the mitoribosome, a number of other new
MRPs have brought defined but unexpected functions to their
new home. An example of such a protein is ICT1 (redefined as
MRPL58 in [18]). The transcript encoding this protein was first
reported in a cell culture model of colon carcinoma, where levels
varied between differentiated and undifferentiated HT29-D4 cells
[39]. Consequently, it became known as immature colon carcinoma
transcript 1 (ICT1). This deceptive nomenclature delayed its recog-
nition as an MRP. Characterisation of ICT1 later revealed that this
protein exhibited peptidyl-tRNA hydrolase activity. Any uncon-
trolled ability to cleave the elongating peptide from the P-site tRNA
is potentially lethal to the cell. It is therefore a somewhat surpris-
ing function to incorporate into the mature mitoribosome [40].
How this activity is restricted is part of an ongoing investigation
in our laboratory. Other bifunctional MRPs with deceptive nomen-
clature exist, including the mt-SSU associated Programmed Cell
Death Protein 9, PDCD9 (or MRPS30), a protein involved in apopto-
sis [24,41] and another mt-SSU component, Death Associated
Protein 3, DAP3 (or MRPS29), also reported to be an apoptotic
factor [42,43]. This mitochondrial specific protein brings a novel
GTP-binding activity to the ribosome [35]. Is it possible that further
bifunctional proteins will be identified as important in the assembly, or
as structural components of mammalian mitoribosomes?

4. Are all mitoribosomes born equal?

It is often assumed that all ribosomes are constitutively active
and are identical, irrespective of the different tissues, environmen-
tal cues or species of transcript to be translated. However, this is in
contrast to the established concept of a ribosome filter, where
translational control is exerted at the level of ribosome selection
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[44]. The application of this concept to mitoribosomes has only
more recently been considered [45,46]. To customise a ribosome,
potentially the protein composition or rRNA sequences could be
varied. Examples of the latter occur in Haloarcula marismortui,
which can synthesise highly divergent rRNA species [47] and in
Plasmodium falciparum that expresses different rRNA species at dif-
ferent stages of its lifecycle [48], resulting in distinct ribosomal
populations. No such variation is found in mammalian mt-rRNA,
at least at the nucleotide sequence level, where the vast majority
are identical, although variation in modification status cannot be
ruled out. If the rRNA does not vary, do variations in MRP composition
occur? The isoforms of MRPS18 and their potential in generating
different 55S species has been described above. Omission, or
potentially inclusion, of extra copies of MRPs could also vary the
55S particles. Variation in expression has been observed for a
number of genes encoding MRPs, including MRPL11, MRPS23
[49] as well and MRPL28 [50,51]. In each case the resultant change
in MRP composition was accompanied by significant changes in
OXPHOS and oxygen consumption. Variation could also be
introduced at the level of protein modification (see below). This
suggests that different forms and compositions of mitoribosomes
may exist, which by altering their translational activity or
efficiency, can modulate cell metabolism. Further weight to this
argument comes from recent plant mitochondria data. Kwasniak
et al. report the artificial generation of polymorphic mitoribosome
populations in Arabidopsis through siRNA-mediated depletion of a
specific MRP. This single alteration in the levels of RPS10 altered
the translation pattern within mitochondria [52] demonstrating
that Arabidopsis mitoribosomes can regulate intra-organellar trans-
lation through transcript selectivity [52].

Calculations indicate that the nuclear encoded MRPs are
evolving at a rate that matches that of the mt-rRNA [33], but is
the evolution of multiple MRP isoforms evidence of different mito-
ribosomal populations? Perhaps similar proteins from a single fam-
ily are interchanged under different physiological conditions, or are
tissue specifically expressed. Only a limited number of investiga-
tions have prepared and analysed the amino acid sequences of
MRP components from multiple tissues from the same organisms.
Therefore it has not yet been possible to validate whether the alter-
native MRP transcripts are tissue specifically or developmentally
expressed. Considering all this data, however, it is tempting to spec-
ulate that in the next few years there will be attempts to engineer
mitoribosomes to exploit specialised functions.

5. Do mammalian mitoribosomes contain a 5S rRNA species?

A detailed discussion on the structures of the mitoribosome is
beyond the scope of this mini-review but recent publications that
we have already highlighted are highly recommended [18,20,31].
However, there is one issue that we find particularly intriguing.
Perhaps the most striking difference between mammalian mitori-
bosomes and its other counterparts is the aforementioned reversal
of RNA to protein ratio. This loss in ribosomal RNA extends beyond
just the reduction in size of rRNAs, as an entire rRNA species
appears to be missing. Until relatively recently, 5S rRNA had been
documented as absent from 55S particles [17,18,22,32,45,53]. Fur-
ther, the recent high resolution structure of the yeast mt-LSU also
describes 5S rRNA and associated binding proteins to be absent
[31]. One feasible explanation for the lack of 5S rRNA associated
with the mt-LSU is the change in MRP composition. At least for
yeast, results from the new cryo-EM support this unequivocally.
The situation differs slightly in the mammalian counterpart. There
are multiple proteins that make contact with the 5S rRNA species
in the eubacterial ribosome. Two such proteins are L5 and L25;
both are absent from mammalian mitoribosomes. A further pro-
tein, L31, which in the eubacterial LSU is found in close proximity
to the 5S, lacks a mitochondrial equivalent [18,54,55]. In the
absence of these proteins, it is not unreasonable to have concluded
that the 5S rRNA has been lost as an integral component of the mt-
LSU [17,18]. The original cryo-EM studies performed on bovine
mitoribosomes revealed one molecule of 16S ribosomal RNA per
subunit, with no additional density consistent with a smaller 5S
or equivalent species, apparent [17]. Moreover, from the recent
high resolution structural data of the porcine mt-LSU it can be seen
that approximately 50% of the space that would have been occu-
pied by a 5S rRNA molecule has been filled with MRPs [17].

Even now it is still unclear whether the mammalian mitochon-
drial ribosome incorporates more than just two molecules of rRNA.
Whilst it may seem surprising in comparison to other ribosomal
particles that the mammalian mitoribosome incorporates just
one molecule of rRNA per subunit, it is consistent with the self suf-
ficient eubacterial origins and the mammalian mtDNA encoding all
the RNA species required for intramitochondrial protein synthesis.
The synthesis of the 2 mt-rRNA species and all mt-tRNA, would
preclude the necessity for importing any RNA species from the
cytosol. Such an explanation, however, may be too facile and it
would seem to be contradicted by a variety of other observations.
First, there is evidence based on subcellular fractionation and
in vitro studies that 5S rRNA is capable of being imported into
mammalian mitochondria [56–59]. Second, PNPase in the inter-
membrane space of the organelle has been implicated in the
import of physiologically relevant RNA species into mitochondria
[60,61]. Third, affinity-captured mitoribosomes from cultured
human cells has been claimed to contain substantial levels of 5S
rRNA, approaching levels of 16S mt-rRNA but not 5.8S rRNA [56].
Finally, and most tantalisingly, the high resolution images of 39S
porcine LSU reveal an RNA density that is separate from 16S rRNA.
This rRNA density is found in close proximity to MRPL18, the
orthologue of another eubacterial protein that associates with 5S
RNA in the ribosome. It is in a similar position (at the central pro-
tuberance) to where the 5S might be expected, by analogy to the
bacterial ribosome. Intriguingly, the density is too minimal to be
a complete 5S species, although it does show similarity to the 5S
rRNA domain b. In further contrast to 70S and 80S particles, this
density does not contact the main body of the mt-LSU [20]. Indeed,
part of the structural role that 5S rRNA plays in the eubacterial
ribosome, appears to be compensated for by 2 mitochondrial spe-
cific proteins, MRPL38 and MRPL52. The lost structural contact
with the main body of the mitoribosomal LSU is substituted by
MRPL52, which is predicted to include a long a-helix. The latter
in turn contacts MRPL38 at the top of the central protuberance, sta-
bilising the whole structure [20].

Returning briefly to the issue of 5S rRNA import into mamma-
lian mitochondria, this is an issue that has evoked much discus-
sion. Mitochondria from many organisms require RNA species to
be imported from the cytosol to support protein synthesis. This
is particularly well recognised for transfer RNAs (reviewed in
[62,63]), where 2 import systems have been characterised [63].
In contrast, PNPase has been implicated in augmenting the import
of various other RNA species into human mitochondria, including
the 5S rRNA. This surprising observation is supported in part by
the main submitochondrial location of PNPase being between the
two membranes. Although this protein is better known for its
ability to degrade rather than transport RNA [64–66], Wang et al.
performed a large number of in vitro and in vivo experiments in
various species to support the claim, including the use of mutated
PNPase to separate import and enzymatic functions. Interested
readers are recommended to consult this work [60].

Does this additional density derive from 5S rRNA? If so then it
seems likely that this density will correspond to only a fragment
of the entire 5S, necessitating a form of processing. Is an alternative
possibility that this RNA species is only transiently associated with the
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mt-LSU and is not present in the fully assembled 55S particle?
Although plentiful, the copies of cytosolic rRNAs vastly outnumber
those of the mt-rRNAs. Moreover due to nuclear encoded but
mitochondrially destined proteins that are co-translationally
translocated across the outer mitochondrial membrane (OMM), it
is difficult to purify mitochondria without cytosolic ribosomes
anchored as co-contaminants. Protease shaving and RNase treat-
ment with or without disruption of the OMM can significantly
reduce but rarely eliminates all the 18S, 28S and 5S present in
preparations, making qPCR analysis unreliable. So how might it
be possible to convincingly discriminate between bono fide mito-
chondrial 5S and a contaminating population? We have performed
a simple RNA isolation from fractions following isokinetic sucrose
density gradients, which separates the mitoribosomal and cyto-
solic ribosomal subunits in total cell preparations. If 5S rRNA were
present in fully assembled mt-LSU, it would be found in stoichiom-
etric amounts relative to 16S rRNA species. A northern blot follow-
ing such a fractionation of HEK293 cells is shown in Fig. 1. Probing
for major rRNA components (5S, 12S, 16S, 18S and 28S) indicated
that a small fraction of the 5S is incorporated into a low density
particle as has been well described, previously [67], whilst the vast
majority is associated with the 80S particle as indicated by the co-
migration of 18S and 28S rRNA (Fig. 1). Clearly, there is no signif-
icant pool of 5S rRNA co-migrating with the16S rRNA, a marker
of the mt-LSU, precluding any possibility that the 5S rRNA is pres-
ent in stoichiometric amounts within the mt-LSU. Further, if the
rRNA present is a processed shorter form of 5S, then it avoids
detection by standard northern blot using the entire 5S species
as probe. It is intriguing that a second RNA species is present in
the porcine mt-LSU, but this simple fractionation experiment
shows it is unlikely to be the 5S rRNA, unless it is weakly bound
and/or subject to degradation.
Fig. 1. Intact 5S rRNA does not co-localise with the large subunit of mitochondrial
mitoribosomes. Cell lysates (850 lg), prepared from human HEK293 cells, were
separated by isokinetic sucrose gradients [40]. RNA was isolated from each fraction
(1 – 10) and the subsequent northern blot was interrogated to determine the
distribution of ribosomal RNA species [79]. Positions of the cytosolic and
mitochondrial small and large subunits are indicated underneath the panels. ‘Load’
represents RNA extracted from 85 lg cell lysate, equivalent to 10% of the lysate that
was loaded onto the gradient. The position of the mt-LSU is boxed together with the
corresponding fractions for the 5S rRNA panel.
6. Are there three available sites on the mammalian
mitoribosome for mt-tRNA occupancy?

Another unresolved question is whether the mammalian
mitoribosome contains an Exit or E-site for tRNAs following their
translocation through the A- and P-sites, consistent with all other
characterised ribosomes. Mears and colleagues evaluated the
eubacterial contact points that tRNAs made with the ribosome in
each of the A-, P- or E-sites and compared this with contact points
that could be potentially retained in mammalian mitoribosomes
[27]. In the A-site, 15 contact points were conserved and only 3
absent, whilst all 8 P-site contacts were conserved. Retention of
these contact sites in the A- and P-site is understandable as accu-
rate placement of the tRNA acceptor stem is vital for peptidyltrans-
ferase activity, necessary for elongation of the nascent peptide.
This conservation was in strong contrast to the E-site where there
was only 1 conserved but 11 absent contacts [27]. Loss of these
contacts in the E-site has led to the suggestion that this feature
may be weak or essentially absent in mammalian mitoribosomes
[17,68]. This is consistent with the observation that unlike eubac-
terial ribosomes and indeed yeast mitoribosomes that retain tRNAs
in the E-site on isolation, mammalian mitoribosomes tend to pur-
ify with the P-site rather than E-site occupied by tRNAs [17]. The
explanation for this loss may lie in the unusual reversal of the
RNA:protein ratio mentioned earlier.

7. How do nascent polypeptides leave the mitoribosome?

Not only are there changes in how the tRNA exits the mitoribo-
somes, it is clear that both the tunnel and exit site of the mitoribo-
some, through which the nascent proteins travel and emerge, have
been remodelled compared to 70S and 80S particles [17,20]. One
notable difference is that all the intraorganellar synthesised pro-
teins are highly hydrophobic. They will, therefore, have different
chaperone requirements compared to any soluble proteins that
will be synthesised as part of the repertoire of cytosolic or eubac-
terial ribosomes. One interesting feature is a unique cavity, termed
the polypeptide accessible site (PAS) that may form an alternative
escape route for nascent polypeptides. This opening results from
the loss of rRNA domains (equivalent to the 23S domains I and
III) that would otherwise have lined part of the exit tunnel [17].
It has not been determined which newly synthesised proteins, if
any, might use this site over the more conventional polypeptide
exit site (PES). The PES is not entirely conventional as it too has
new mito-specific MRPs in its architecture, forming a lid-like extra
layer [17,20]. Presumably these mitochondrial specific proteins
MRPL39, MRPL44 and MRPL45, which have been incorporated at
this exit site [20], have evolved to facilitate accurate co-transla-
tional insertion of the nascent peptide into the IMM. It may be that
different cohorts of chaperones flank these two sites, each specific
to particular nascent polypeptides. Is this an additional function that
the new MRPs stationed at the exit proteins might serve?

As described above, the mammalian mitoribosome has evolved
to synthesise solely hydrophobic inner membrane proteins. The
presence of the PAS and modifications to the PES are likely to
facilitate the entry of these polypeptides directly into the inner
membrane. Co-translational insertion of polypeptides will perforce
anchor the mitoribosomes to the IMM but data initially from the
Spremulli lab has shown that an interaction between mitoribo-
some and membrane can occur independent of translation [69].
Preparations of IMM and matrix were probed for the presence of
mt-rRNA species and even following puromycin treatment of the
IMM fraction to release nascent peptides, a large subset of mitori-
bosomes remained associated with the membrane [69]. The mito-
specific MRPs have long been suggested anecdotally as potentially
fulfilling this role but Greber et al. put forward a plausible model
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for MRPL45 acting as the anchor. The position of MRPL45 on the
outer extremity of the exit site, together with a short helix that
bears similarity to a putative membrane interacting segment of
TIMM44, a component of the protein import machinery, make
MRPL45 a likely candidate to keep the translating mitoribosome
in close proximity to the IMM [20]. If this protein does anchor the
large subunit to the IMM does this mean that the complete mt-LSU
is permanently attached? In the work mentioned above, Liu and
Spremulli determined that approximately half of the mt-rRNA
was associated with the IMM. They did so by probing dot blots
for mt-rRNA that had been extracted from either the matrix soluble
or IMM fractions [69]. One interpretation could be that signal
derived from the soluble 16S represents incomplete mt-LSU that
is in the process of being assembled. This would leave some unan-
swered questions including - How does the mt-SSU become associ-
ated with the mt-LSU? Does the mt-SSU only join the mt-LSU once
mt-mRNA associates with the former? Are 55S particles only present
at the IMM when they are actively translating or can 55S be free in
the matrix? It seems likely that new methods of detection will be
needed to investigate these questions. Technological developments
in imaging have improved dramatically since work on the mitori-
bosome began. Super-resolution microscopy in the form of PALM,
STED, N-SIM, N-STORM (relative merits are reviewed in [70]) and
others now give definition to �20 nm. These techniques have been
used to resolve questions about intramitochondrial structures
[71,72] but despite these advances in imaging, none of these meth-
ods are currently likely to be able to distinguish between complete
monosomes versus individual subunits that are free in the matrix.
Transmission EM can give better resolution but without suitable
antibodies or reporters it will still limit detection of ribosomal sub-
units that are separate rather than part of the complete monosome.
Correlative Light and Electron microscopy (CLEM) is not a new
technique [73], but impressive improvements have been made
since its instigation, with resolution now possible to �2 nm [74].
Genetic tags for use in CLEM have been designed by Roger Tsien,
the doyen of GFP, and demonstrated to label mitochondria [75].
Perhaps this method of visualisation will be a way forward?

8. How are these molecular machines put together?

Biogenesis of cytosolic ribosomes requires over 170 proteins
and a further 70+ small nucleolar RNAs. In contrast, eubacterial
ribosomes, the ancestors of mitochondria, appear to require only
20 or so non-ribosomal proteins to coordinate assembly if one
excludes the rRNA modifying enzymes [76]. Although considerably
fewer than the trans-acting factors required for 80S assembly the
number of factors identified as playing a role is likely to increase
[77]. Remarkably this process of ribosome assembly is one that
can be recapitulated in vitro (reviewed in [76,78]). The pathway
of 55S biogenesis is currently very ill defined. Will putting together
mammalian mitoribosomes, which are so different in composition to
their counterparts, require many or a minimal number of factors to
effect assembly? So far we know of only a few assembly factors,
including those that chaperone or modify the mt-rRNAs [79,80],
and those where their specific role is inferred, as their absence
causes a disruption in mitoribosome biogenesis [81–84]. Ribo-
somal RNA modifications are limited and need further definition
(reviewed in [85]). In some cases, methyltransferases have been
implicated, although it has not been possible to demonstrate direct
modification in vitro, possibly because the substrate, in the form of
a partially assembled mitoribosomal subunit, is not available or
that other co-activators may be required [86–88]. Mitoribosomal
protein modification has also been identified. A thorough review
by Koc and Koc has shown the overwhelming majority of MRPs
to be either acetylated or phosphorylated [89]. However, the
extensive proteomics approach did not determine the effects of
these modifications on ribosome biogenesis [89]. With the excep-
tion of SIRT3 acting to acetylate MRPL10 [90], the proteins respon-
sible for effecting the modifications, or indeed their functional
significance remain largely undefined. Despite our increase in
knowledge, many questions still remain. When does the mt-rRNA
become incorporated? Are there specific subcomplexes that are
initially formed? Are the mt-LSU and mt-SSU assembled on the IMM
surface or in the matrix? Are the rRNA modifications a pre-requisite
for incorporation into the subunit or do they occur as part of a quality
control process? Is there a quality control process that prevents aber-
rantly assembly subunits from associating to form a 55S particle?

9. What is known about the natural process of mitochondrial
translation?

Having assembled the mitoribosomal subunits, it is not yet fully
understood how an mt-mRNA is loaded to facilitate translation.
Various in vitro analyses by Spremulli and colleagues have investi-
gated the association of mt-mRNAs with the small subunit and
estimated what impact the structure of the 50 termini of the tran-
scripts might have on loading [91–94]. Thus far the data suggests
that the initial step is the association of mt-mRNA and fmet-
tRNAmet with the small subunit, assisted by initiation factors that
have been characterised, again by the Spremulli group [95–101].
This is a GTP dependent process but the details and timing of these
initiation events have yet to be confirmed. In vitro derived data
confirmed a strong preference for the initiating AUG to be placed
at the very 50 terminus. As few as three nucleotides upstream of
the start codon resulted in very inefficient initiation, strongly sup-
porting the need for processing to have completely excised the
transcripts from the primary polycistronic unit prior to translation
[91]. The lack of 50-UTRs longer than 3 nucleotides on the mt-
mRNAs, with the exception of the internal start sites of MTATP6
and MTND4, also means that transcripts could potentially act like
leaderless bacterial mRNAs, which can join fully assembled ribo-
somes rather than via an initial SSU interaction [102–104]. In addi-
tion to confirming precisely how these transcripts associate and
initiate translation, the intriguing question still remains – how do
the mitoribosomes find the internal AUG initiation codons in each of
the two bicistronic transcripts?

Following initiation, peptide elongation occurs through a basic
mechanism that is similar to the eubacterial counterpart [97–
102]. Termination and recycling also share numerous characteris-
tics, although the unique mitochondrial genetic code produces
some unusual anomalies. For example the original interpretation
of the human mitochondrial genetic code suggested that AGA
and AGG had been recoded from triplets encoding arginine, to
STOP codons [8]. This led to the search for an omnipotent release
factor that could recognise and terminate translation from 4
codons, UAA, UAG, AGA and AGG that were believed to be used
by many mammalian species [105]. The original candidate, mtRF1,
was found not to be able to facilitate translational release at any
termination codon, but identification of a second family member,
mtRF1a (or MTRF1L [106]), exhibiting a greater similarity to stan-
dard release factors, was able to promote peptide release from a
UAA and UAG codon [107]. Further in vivo data has shown that
on entry of the single AGA or AGG triplet to the mitoribosomal
A-site, a -1 frame shifting event occurs, placing a standard UAG
into the A-site, therefore allowing mtRF1a to effect polypeptide
release for all thirteen human mt-encoded polypeptides [108].
The mitochondrial release factor family includes two other mem-
bers, ICT1 (see above) and C12orf65, mutations in the latter are
known to cause clinical manifestations common to mitochondrial
disease [109–113]. Depletion or mutation of these factors causes
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defects in mt-translation but their specific function remains
unknown [109,114,115]. Following termination, the mitoribosome
and mt-mRNA need to dissociate to perform a new round of trans-
lation. The features of this process have been characterised and it is
likely that research will contribute only minor refinements to our
understanding [105,116,117].

Many questions remain in this arena too. Is there premature
drop-off from abortive translation? What mechanisms recognise
and eliminate the aberrant peptide and the rogue mt-mRNA? This
review does not touch upon the processing, maturation or stability
of the mt-transcripts or the process of turnover but these areas are
also under intense investigation.

10. Is the mitoribosome part of a large mitochondrial
‘expression factory’?

Mitochondrial nucleoids were initially described as a complex
containing mtDNA and various protein components, although their
exact composition has been the source of some debate (reviewed
in [118]). Many proteins have been described as being more or less
tightly associated with nucleoids, suggesting a core with mtDNA
and TFAM at its centre and rings of components rippling out in ever
more distant circles [119]. Proteins involved in mitoribosome bio-
genesis or mt-rRNA modification have been reported to interact
with (inner circle) or be found close to (more distant circles) nucle-
oids [120–123]. A number of other post-transcriptional processes
have also been associated with submitochondrial particles that
are found close to the nucleoid [124]. Transcribed polycistronic
mt-RNA units have to be processed and matured to generate func-
tional mt RNA species. A number of the RNA modifying enzymes
necessary for these processes have been located to areas referred
to as RNA processing granules and these have also been found to
be close to the nucleoid [123,125]. What were not originally
defined as part of the core complex were mitoribosomal proteins,
although crude mass spectrometry data on immunoprecipitated
mitoribosomes did report the association of various nucleoid-asso-
ciated proteins [116]. Recent careful analysis, however, indicates
that a subset of MRPs associates with nucleoids in a transcription
dependent manner [124]. This is consistent with the coupling of
mt-RNA with MRPs immediately following transcription. Together
these data suggest that there is a tightly coordinated ‘conveyer
belt/assembly line’ starting with mtDNA transcription that
generates the nascent mt-rRNA transcript and then by spatial
positioning of components, regulates the assembly of fully modi-
fied functional 55S particles onto which matured mt-mRNAs are
loaded. We are, however, still far from a complete understanding
of how these processes are spatially and temporally coordinated.

11. Why can’t we answer some of these questions using
reporters or an in vitro translation system?

Reporter constructs are widely used to test various aspects of
gene expression. Determining the consequences of mutations in
open reading frames that might impact on efficiency of transla-
tional initiation or termination would be informative. Introducing
changes to the sequence but not the predicted structures would
also be useful to help identify the elements that are important in
cleavage of sites in the polycistronic unit that are not at tRNA
junctions. Unfortunately, neither the introduction of such reporter
constructs into mitochondria, nor insertion of direct changes into
mtDNA, is currently possible. As mentioned in the introduction,
there is still no robust, reproducible system for transfection of
mammalian mitochondria. The problems associated with this have
been thoroughly reviewed and so will not be dealt here [9,10].

Cell free synthesis has been readily achieved for the eukary-
otic and eubacterial system and wheat germ lysates are also
commercially available. Why should mitochondrial systems be so
much more difficult? Almost all of the initial attempts to establish
in vitro mitochondrial translation systems started with a heterolo-
gous system often combining yeast or occasionally mouse mt-
mRNAs, or simply homoribopolymers together with a mix of yeast
and eubacterial components [126–128]. Short peptides could be
synthesised from poly(U) or poly(UG) templates but only in the
presence of eubacterial supplements, whilst programming with
either poly(A) or poly(C) templates resulted in two orders of
magnitude less product [128]. Other groups reported no nascent
peptide production, or in some cases truncated or aggregated prod-
ucts [126,129]. Explanations proposed for these aborted syntheses
included the change of UGA to a tryptophan codon, lack of recog-
nition of the correct AUG initiator, or the necessity for organelle
specific tRNAs [130–132]. The aggregation previously detected
could occur either in the exit tunnel or as the peptide emerges
from the exit site. It is easy to see how each of these scenarios
could cause the ribosome to stall and thus generate only truncated
species. Another difficulty is isolating translation competent mam-
malian mitoribosomes. As mentioned earlier, preparations of iso-
lated mammalian mitoribosomes retain a deacylated P-site tRNA
even after puromycin treatment and therefore could not be used.
The alternative would be the daunting task of over-expression
and purification of the 80+ components and constituents, including
presumably modified, mt-rRNAs. This would be especially chal-
lenging, as there would be no guarantee that once purified and
combined, these components would behave as the eubacterial
preparations and dutifully self-assemble. All of the, sadly abortive,
attempts so far point towards the need for an in vitro translation
system to contain very specific mitochondrial factors from a
homologous system. It seems highly probable that a successful sys-
tem will also require the presence of a membrane into which the
products can be co-translationally inserted to prevent aggregation,
and the relevant chaperones. It may also prove that critical compo-
nents have yet to be identified. There is no doubt that having such
a system would greatly enhance our progress in understanding
post-transcriptional gene expression in mammalian mitochondria.
Unfortunately this commodity may remain elusive a while longer.
Without it, even the most impressive high resolution structural
analyses may only be giving a partial picture.

As the title indicates, there are still plenty of unanswered ques-
tions, far more than just those enumerated here. Unravelling the
vagaries and intricacies of the mammalian mitochondrial transla-
tion system will keep the field busy for some time to come.
Conflict of interest

There are no conflicts of interest.

Acknowledgement

R.N.L. and Z.C.L. would like to thank The Wellcome Trust
[096919/Z/11/Z] for continuing support.

References

[1] Roodyn, D.B., Reis, P.J. and Work, T.S. (1961) Protein synthesis in
mitochondria. Requirements for the incorporation of radioactive amino
acids into mitochondrial protein. Biochem. J. 80, 9–21.

[2] McLean, J.R. et al. (1958) Incorporation of labeled amino acids into
the protein of muscle and liver mitochondria. J. Biol. Chem. 233 (3), 657–
663.

[3] Kroon, A.M. (1963) Amino acid incorporation into the protein of
mitochondria and mitochondrial fragments from beef heart. Biochim.
Biophys. Acta 69, 184–185.

[4] Truman, D.E. and Korner, A. (1962) Incorporation of amino acids into the
protein of isolated mitochondria. A search for optimum conditions and a
relationship to oxidative phosphorylation. Biochem. J. 83, 588–596.

http://refhub.elsevier.com/S0014-5793(14)00445-1/h0005
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0005
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0005
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0010
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0010
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0010
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0015
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0015
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0015
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0020
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0020
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0020


2502 R.N. Lightowlers et al. / FEBS Letters 588 (2014) 2496–2503
[5] Sandell, S., Low, H. and von der Decken, A. (1967) A critical study of amino
acid incorporation into protein by isolated liver mitochondria from adult rats.
Biochem. J. 104 (2), 575–585.

[6] Beattie, D.S., Basford, R.E. and Koritz, S.B. (1966) Studies on the biosynthesis
of mitochondrial protein components. Biochemistry 5 (3), 926–930.

[7] Haldar, D. and Freeman, K.B. (1969) Importance of the osmolarity of the
incubation medium on amino acid incorporation into protein by isolated rat
liver mitochondria. Biochem. J. 111 (5), 653–661.

[8] Anderson, S. et al. (1981) Sequence and organization of the human
mitochondrial genome. Nature 290, 457–465.

[9] Mileshina, D. et al. (2011) Mitochondrial transfection for studying organellar
DNA repair, genome maintenance and aging. Mech. Ageing Dev. 132 (8–9),
412–423.

[10] Lightowlers, R.N. (2011) Mitochondrial transformation: time for concerted
action. EMBO Rep. 12 (6), 480–481.

[11] O’Brien, T.W. (1971) The general occurrence of 55 S ribosomes in mammalian
liver mitochondria. J. Biol. Chem. 246 (10), 3409–3417.

[12] Chi, J.C. and Suyama, Y. (1970) Comparative studies on mitochondrial and
cytoplasmic ribosomes of Tetrahymena pyriformis. J. Mol. Biol. 53 (3), 531–
556.

[13] Stegeman, W.J., Cooper, C.S. and Avers, C.J. (1970) Physical characterization of
ribosomes from purified mitochondria of yeast. Biochem. Biophys. Res.
Commun. 39 (1), 69–76.

[14] Swanson, R.F. and Dawid, I.B. (1970) The mitochondrial ribosome of Xenopus
laevis. Proc. Natl. Acad. Sci. USA 66 (1), 117–124.

[15] Kuntzel, H. and Noll, H. (1967) Mitochondrial and cytoplasmic polysomes
from Neurospora crassa. Nature 215 (5108), 1340–1345.

[16] Chrzanowska-Lightowlers, Z.M., Pajak, A. and Lightowlers, R.N. (2011)
Termination of protein synthesis in mammalian mitochondria. J. Biol.
Chem. 286 (40), 34479–34485.

[17] Sharma, M.R. et al. (2003) Structure of the mammalian mitochondrial
ribosome reveals an expanded functional role for its component proteins.
Cell 115 (1), 97–108.

[18] Koc, E.C., Haque, E. and Spremulli, L.L. (2010) Current views of the structure
of the mammalian mitochondrial ribosome. Isr. J. Chem. 50, 45–59.

[19] Suzuki, T. et al. (2001) Structural compensation for the deficit of rRNA with
proteins in the mammalian mitochondrial ribosome. Systematic analysis of
protein components of the large ribosomal subunit from mammalian
mitochondria. J. Biol. Chem. 276 (24), 21724–21736.

[20] Greber, B.J. et al. (2014) Architecture of the large subunit of the mammalian
mitochondrial ribosome. Nature 505 (7484), 515–519.

[21] Matthews, D.E. et al. (1982) Protein composition of the bovine mitochondrial
ribosome. J. Biol. Chem. 275 (15), 8788–8794.

[22] Koc, E.C. et al. (2001) The large subunit of the mammalian mitochondrial
ribosome. Analysis of the complement of ribosomal proteins present. J. Biol.
Chem. 276 (47), 43958–43969.

[23] Koc, E.C. et al. (2001) Identification of four proteins from the small subunit of
the mammalian mitochondrial ribosome using a proteomics approach.
Protein Sci. 10 (3), 471–481.

[24] Cavdar Koc, E. (2001) The small subunit of the mammalian mitochondrial
ribosome. Identification of the full complement of ribosomal proteins
present. J. Biol. Chem. 276 (22), 19363–19374.

[25] Goldschmidt-Reisin, S. et al. (1998) Mammalian mitochondrial ribosomal
proteins. N-terminal amino acid sequencing, characterization, and
identification of corresponding gene sequences. J. Biol. Chem. 273 (52),
34828–34836.

[26] Graack, H.R., Bryant, M.L. and O’Brien, T.W. (1999) Identification of mammalian
mitochondrial ribosomal proteins (MRPs) by N-terminal sequencing of
purified bovine MRPs and comparison to data bank sequences: the large
subribosomal particle. Biochemistry 38 (50), 16569–16577.

[27] Mears, J.A. et al. (2006) A structural model for the large subunit of the
mammalian mitochondrial ribosome. J. Mol. Biol. 358 (1), 193–212.

[28] Kaushal, P.S. et al. (2014) Cryo-EM structure of the small subunit of the
mammalian mitochondrial ribosome. Proc. Natl. Acad. Sci. USA 111 (20),
7284–7289.

[29] Suzuki, T. et al. (2001) Proteomic analysis of the mammalian mitochondrial
ribosome. Identification of protein components in the 28 S small subunit. J.
Biol. Chem. 276 (35), 33181–33195.

[30] Koc, E.C. et al. (2000) A proteomics approach to the identification of
mammalian mitochondrial small subunit ribosomal proteins. J. Biol. Chem.
275 (42), 32585–32591.

[31] Amunts, A. et al. (2014) Structure of the yeast mitochondrial large ribosomal
subunit. Science 343 (6178), 1485–1489.

[32] O’Brien, T.W. (2003) Properties of human mitochondrial ribosomes. IUBMB
Life 55 (9), 505–513.

[33] Pietromonaco, S.F., Hessler, R.A. and O’Brien, T.W. (1986) Evolution of
proteins in mammalian cytoplasmic and mitochondrial ribosomes. J. Mol.
Evol. 24 (1–2), 110–117.

[34] Pietromonaco, S.F., Denslow, N.D. and O’Brien, T.W. (1991) Proteins of
mammalian mitochondrial ribosomes. Biochimie 73 (6), 827–835.

[35] Denslow, N.D., Anders, J.C. and O’Brien, T.W. (1991) Bovine mitochondrial
ribosomes possess a high affinity binding site for guanine nucleotides. J. Biol.
Chem. 266 (15), 9586–9590.

[36] Berger, T. et al. (2000) The apoptosis mediator mDAP-3 is a novel member of
a conserved family of mitochondrial proteins. J. Cell Sci. 113 (Pt 20), 3603–
3612.
[37] O’Brien, T.W. (2002) Evolution of a protein-rich mitochondrial ribosome:
implications for human genetic disease. Gene 286 (1), 73–79.

[38] Spirina, O. et al. (2000) Heart-specific splice-variant of a human
mitochondrial ribosomal protein (mRNA processing; tissue specific splicing.
Gene 261 (2), 229–234.

[39] van Belzen, N. et al. (1998) Expression of differentiation-related genes in
colorectal cancer: possible implications for prognosis. Histol. Histopathol. 13
(4), 1233–1242.

[40] Richter, R. et al. (2010) A functional peptidyl-tRNA hydrolase, ICT1, has been
recruited into the human mitochondrial ribosome. EMBO J. 29 (6), 1116–
1125.

[41] Carim, L. et al. (1999) Cloning, expression, and mapping of PDCD9, the human
homolog of Gallus gallus pro-apoptotic protein p52. Cytogenet. Cell Genet. 87
(1–2), 85–88.

[42] Morgan, C.J. et al. (2001) A conserved N-terminal sequence targets human
DAP3 to mitochondria. Biochem. Biophys. Res. Commun. 280 (1), 177–181.

[43] Kissil, J.L. et al. (1995) Isolation of DAP3, a novel mediator of interferon-
gamma-induced cell death. J. Biol. Chem. 270 (46), 27932–27936.

[44] Mauro, V.P. and Edelman, G.M. (2002) The ribosome filter hypothesis. Proc.
Natl. Acad. Sci. USA 99 (19), 12031–12036.

[45] Filipovska, A. and Rackham, O. (2013) Specialization from synthesis: how
ribosome diversity can customize protein function. FEBS Lett. 587 (8), 1189–
1197.

[46] Janska, H. and Kwasniak, M. (2014) Mitoribosomal regulation of OXPHOS
biogenesis in plants. Front. Plant Sci. 5, 79.

[47] Lopez-Lopez, A. et al. (2007) Intragenomic 16S rDNA divergence in Haloarcula
marismortui is an adaptation to different temperatures. J. Mol. Evol. 65 (6),
687–696.

[48] Gunderson, J.H. et al. (1987) Structurally distinct, stage-specific ribosomes
occur in Plasmodium. Science 238 (4829), 933–937.

[49] Lyng, H. et al. (2006) Gene expressions and copy numbers associated with
metastatic phenotypes of uterine cervical cancer. BMC Genomics 7, 268.

[50] Robbins, P.F. et al. (1995) Cloning of a new gene encoding an antigen
recognized by melanoma-specific HLA-A24-restricted tumor-infiltrating
lymphocytes. J. Immunol. 154 (11), 5944–5950.

[51] Chen, Y. et al. (2009) Oxygen consumption can regulate the growth of
tumors, a new perspective on the Warburg effect. PLoS One 4 (9), e7033.

[52] Kwasniak, M. et al. (2013) Silencing of the nuclear RPS10 gene encoding
mitochondrial ribosomal protein alters translation in arabidopsis
mitochondria. Plant Cell 25 (5), 1855–1867.

[53] Lizardi, P.M. and Luck, D.J. (1971) Absence of a 5S RNA complnent in the
mitochondrial ribosomes of Neurospora crassa. Nature 229 (5), 140–142.

[54] Nissen, P. et al. (2000) The structural basis of ribosome activity in peptide
bond synthesis. Science 289 (5481), 920–930.

[55] Harms, J. et al. (2001) High resolution structure of the large ribosomal
subunit from a mesophilic eubacterium. Cell 107 (5), 679–688.

[56] Smirnov, A. et al. (2011) Biological significance of 5S rRNA import into human
mitochondria: role of ribosomal protein MRP-L18. Genes Dev. 25 (12), 1289–
1305.

[57] Entelis, N.S. et al. (2001) 5 S rRNA and tRNA import into human
mitochondria. Comparison of in vitro requirements. J. Biol. Chem. 276 (49),
45642–45653.

[58] Smirnov, A. et al. (2010) Mitochondrial enzyme rhodanese is essential for 5 S
ribosomal RNA import into human mitochondria. J. Biol. Chem. 285 (40),
30792–30803.

[59] Magalhaes, P.J., Andreu, A.L. and Schon, E.A. (1998) Evidence for the presence
of 5S rRNA in mammalian mitochondria. Mol. Biol. Cell 9 (9), 2375–2382.

[60] Wang, G. et al. (2010) PNPASE regulates RNA import into mitochondria. Cell
142 (3), 456–467.

[61] Vedrenne, V. et al. (2012) Mutation in PNPT1, which encodes a
polyribonucleotide nucleotidyltransferase, impairs RNA import into
mitochondria and causes respiratory-chain deficiency. Am. J. Hum. Genet.
91 (5), 912–918.

[62] Duchene, A.M., Pujol, C. and Marechal-Drouard, L. (2009) Import of tRNAs
and aminoacyl-tRNA synthetases into mitochondria. Curr. Genet. 55 (1), 1–
18.

[63] Schneider, A. (2011) Mitochondrial tRNA import and its consequences for
mitochondrial translation. Annu. Rev. Biochem. 80, 1033–1053.

[64] Yehudai-Resheff, S., Hirsh, M. and Schuster, G. (2001) Polynucleotide
phosphorylase functions as both an exonuclease and a poly(A) polymerase
in spinach chloroplasts. Mol. Cell. Biol. 21 (16), 5408–5416.

[65] Donovan, W.P. and Kushner, S.R. (1986) Polynucleotide phosphorylase and
ribonuclease II are required for cell viability and mRNA turnover in
Escherichia coli K-12. Proc. Natl. Acad. Sci. USA 83 (1), 120–124.

[66] Carpousis, A.J. et al. (1994) Copurification of E. coli RNAase E and PNPase:
evidence for a specific association between two enzymes important in RNA
processing and degradation. Cell 76 (5), 889–900.

[67] Ciganda, M. and Williams, N. (2012) Eukaryotic 5S rRNA biogenesis. Wiley
Interdiscip. Rev. RNA 2 (4), 523–533.

[68] Mears, J.A. et al. (2002) Modeling a minimal ribosome based on comparative
sequence analysis. J. Mol. Biol. 321 (2), 215–234.

[69] Liu, M. and Spremulli, L. (2000) Interaction of mammalian mitochondrial
ribosomes with the inner membrane. J. Biol. Chem. 275 (38), 29400–29406.

[70] Manley, S., Gunzenhauser, J. and Olivier, N. (2011) A starter kit for point-
localization super-resolution imaging. Curr. Opin. Chem. Biol. 15 (6), 813–
821.

http://refhub.elsevier.com/S0014-5793(14)00445-1/h0025
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0025
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0025
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0030
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0030
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0035
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0035
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0035
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0040
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0040
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0045
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0045
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0045
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0050
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0050
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0055
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0055
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0060
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0060
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0060
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0065
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0065
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0065
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0070
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0070
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0075
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0075
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0080
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0080
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0080
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0085
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0085
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0085
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0090
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0090
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0095
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0095
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0095
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0095
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0100
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0100
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0105
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0105
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0110
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0110
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0110
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0115
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0115
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0115
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0120
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0120
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0120
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0125
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0125
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0125
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0125
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0130
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0130
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0130
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0130
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0135
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0135
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0140
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0140
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0140
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0145
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0145
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0145
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0150
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0150
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0150
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0155
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0155
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0160
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0160
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0165
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0165
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0165
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0170
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0170
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0175
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0175
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0175
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0180
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0180
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0180
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0185
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0185
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0190
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0190
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0190
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0195
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0195
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0195
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0200
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0200
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0200
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0205
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0205
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0205
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0210
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0210
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0215
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0215
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0220
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0220
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0225
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0225
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0225
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0230
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0230
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0235
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0235
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0235
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0240
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0240
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0245
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0245
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0250
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0250
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0250
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0255
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0255
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0260
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0260
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0260
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0265
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0265
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0270
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0270
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0275
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0275
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0280
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0280
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0280
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0285
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0285
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0285
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0290
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0290
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0290
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0295
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0295
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0300
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0300
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0305
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0305
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0305
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0305
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0310
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0310
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0310
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0315
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0315
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0320
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0320
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0320
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0325
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0325
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0325
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0330
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0330
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0330
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0335
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0335
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0340
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0340
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0345
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0345
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0350
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0350
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0350


R.N. Lightowlers et al. / FEBS Letters 588 (2014) 2496–2503 2503
[71] Brown, T.A. et al. (2010) Approaches toward super-resolution fluorescence
imaging of mitochondrial proteins using PALM. Methods 51 (4), 458–463.

[72] Kukat, C. et al. (2011) Super-resolution microscopy reveals that mammalian
mitochondrial nucleoids have a uniform size and frequently contain a single
copy of mtDNA. Proc. Natl. Acad. Sci. USA 108 (33), 13534–13539.

[73] Hayat, M.A., Ed., (1987). Correlative Microscopy in Biology, Instrumentation
and Methods, Academic Press, London.

[74] Perkovic, M. et al. (2014) Correlative light- and electron microscopy with
chemical tags. J. Struct. Biol..

[75] Shu, X. et al. (2011) A genetically encoded tag for correlated light and
electron microscopy of intact cells, tissues, and organisms. PLoS Biol. 9 (4),
e1001041.

[76] Shajani, Z., Sykes, M.T. and Williamson, J.R. (2011) Assembly of bacterial
ribosomes. Annu. Rev. Biochem. 80, 501–526.

[77] Bharat, A. and Brown, E.D. (2014) Phenotypic investigations of the depletion
of EngA in Escherichia coli are consistent with a role in ribosome biogenesis.
FEMS Microbiol. Lett. 353 (1), 26–32.

[78] Hage, A.E. and Tollervey, D. (2004) A surfeit of factors: why is ribosome
assembly so much more complicated in eukaryotes than bacteria? RNA Biol.
1 (1), 10–15.

[79] Dennerlein, S. et al. (2010) Human ERAL1 is a mitochondrial RNA chaperone
involved in the assembly of the 28S small mitochondrial ribosomal subunit.
Biochem. J. 430 (3), 551–558.

[80] Metodiev, M.D. et al. (2009) Methylation of 12S rRNA is necessary for in vivo
stability of the small subunit of the mammalian mitochondrial ribosome. Cell
Metab. 9 (4), 386–397.

[81] Wredenberg, A. et al. (2013) MTERF3 regulates mitochondrial ribosome
biogenesis in invertebrates and mammals. PLoS Genet. 9 (1), e1003178.

[82] Surovtseva, Y.V. and Shadel, G.S. (2013) Transcription-independent role for
human mitochondrial RNA polymerase in mitochondrial ribosome
biogenesis. Nucleic Acids Res. 41 (4), 2479–2488.

[83] Rorbach, J., Gammage, P.A. and Minczuk, M. (2012) C7orf30 is necessary for
biogenesis of the large subunit of the mitochondrial ribosome. Nucleic Acids
Res. 40 (9), 4097–4109.

[84] Kotani, T. et al. (2013) Human G-proteins, ObgH1 and Mtg1, associate with
the large mitochondrial ribosome subunit and are involved in translation and
assembly of respiratory complexes. Nucleic Acids Res. 41 (6), 3713–3722.

[85] Rorbach, J. and Minczuk, M. (2012) The post-transcriptional life of
mammalian mitochondrial RNA. Biochem. J. 444 (3), 357–373.

[86] McCulloch, V., Seidel-Rogol, B.L. and Shadel, G.S. (2002) A human
mitochondrial transcription factor is related to RNA adenine
methyltransferases and binds S-adenosylmethionine. Mol. Cell. Biol. 22 (4),
1116–1125.

[87] McCulloch, V. and Shadel, G.S. (2003) Human mitochondrial transcription
factor B1 interacts with the C-terminal activation region of h-mtTFA and
stimulates transcription independently of its RNA methyltransferase activity.
Mol. Cell. Biol. 23 (16), 5816–5824.

[88] Guja, K.E. et al. (2013) Structural basis for S-adenosylmethionine binding and
methyltransferase activity by mitochondrial transcription factor B1. Nucleic
Acids Res. 41 (16), 7947–7959.

[89] Koc, E.C. and Koc, H. (2012) Regulation of mammalian mitochondrial
translation by post-translational modifications. Biochim. Biophys. Acta
1819 (9–10), 1055–1066.

[90] Yang, Y. et al. (2010) NAD+-dependent deacetylase SIRT3 regulates
mitochondrial protein synthesis by deacetylation of the ribosomal protein
MRPL10. J. Biol. Chem. 285 (10), 7417–7429.

[91] Christian, B.E. and Spremulli, L.L. (2010) Preferential selection of the 50-
terminal start codon on leaderless mRNAs by mammalian mitochondrial
ribosomes. J. Biol. Chem. 285 (36), 28379–28386.

[92] Jones, C.N. et al. (2008) Lack of secondary structure characterizes the 50 ends
of mammalian mitochondrial mRNAs. RNA 14 (5), 862–871.

[93] Liao, H.X. and Spremulli, L.L. (1989) Interaction of bovine mitochondrial
ribosomes with messenger RNA. J. Biol. Chem. 264, 7518–7522.

[94] Liao, H.X. and Spremulli, L.L. (1990) Effects of length and mRNA secondary
structure on the interaction of bovine mitochondrial ribosomes with
messenger RNA. J. Biol. Chem. 265, 11761–11765.

[95] Christian, B.E. and Spremulli, L.L. (2009) Evidence for an active role of IF3mt
in the initiation of translation in mammalian mitochondria. Biochemistry 48
(15), 3269–3278.

[96] Gaur, R. et al. (2008) A single mammalian mitochondrial translation initiation
factor functionally replaces two bacterial factors. Mol. Cell 29 (2), 180–190.

[97] Grasso, D.G. et al. (2007) Overexpression and purification of mammalian
mitochondrial translational initiation factor 2 and initiation factor 3.
Methods Enzymol. 430, 59–78.

[98] Haque, M.E. et al. (2011) Contacts between mammalian mitochondrial
translational initiation factor 3 and ribosomal proteins in the small subunit.
Biochim. Biophys. Acta 1814 (12), 1779–1784.

[99] Koc, E.C. and Spremulli, L.L. (2002) Identification of mammalian
mitochondrial translational initiation factor 3 and examination of its role
in initiation complex formation with natural mRNAs. J. Biol. Chem. 277 (38),
35541–35549.

[100] Ma, J. and Spremulli, L.L. (1996) Expression, purification, and mechanistic
studies of bovine mitochondrial translation initiation factor 2. J. Biol. Chem.
271 (10), 5805–5811.
[101] Tucker, E.J. et al. (2011) Mutations in MTFMT underlie a human disorder of
formylation causing impaired mitochondrial translation. Cell Metab. 14 (3),
428–434.

[102] Udagawa, T., Shimizu, Y. and Ueda, T. (2004) Evidence for the translation
initiation of leaderless mRNAs by the intact 70 S ribosome without its
dissociation into subunits in eubacteria. J. Biol. Chem. 279 (10), 8539–8546.

[103] Moll, I. et al. (2004) Translation initiation with 70S ribosomes: an alternative
pathway for leaderless mRNAs. Nucleic Acids Res. 32 (11), 3354–3363.

[104] Brock, J.E. et al. (2008) Ribosomes bind leaderless mRNA in Escherichia coli
through recognition of their 50-terminal AUG. RNA 14 (10), 2159–2169.

[105] Zhang, Y. and Spremulli, L.L. (1998) Identification and cloning of human
mitochondrial translational release factor 1 and the ribosome recycling
factor. Biochim. Biophys. Acta 1443 (1–2), 245–250.

[106] Nozaki, Y. et al. (2008) HMRF1L is a human mitochondrial translation release
factor involved in the decoding of the termination codons UAA and UAG.
Genes Cells 13 (5), 429–438.

[107] Soleimanpour-Lichaei, H.R. et al. (2007) MtRF1a is a human mitochondrial
translation release factor decoding the major termination codons UAA and
UAG. Mol. Cell 27 (5), 745–757.

[108] Temperley, R. et al. (2010) Hungry codons promote frameshifting in human
mitochondrial ribosomes. Science 327 (5963), 301.

[109] Antonicka, H. et al. (2010) Mutations in C12orf65 in patients with
encephalomyopathy and a mitochondrial translation defect. Am. J. Hum.
Genet. 87 (1), 115–122.

[110] Spiegel, R. et al. (2014) Delineation of C12orf65-related phenotypes: a
genotype-phenotype relationship. Eur. J. Hum. Genet..

[111] Heidary, G. et al. (2014) Optic atrophy and a Leigh-like syndrome due to
mutations in the c12orf65 gene: report of a novel mutation and review of the
literature. J. Neuro-Ophthalmol. 34 (1), 39–43.

[112] Tucci, A. et al. (2014) Novel C12orf65 mutations in patients with axonal
neuropathy and optic atrophy. J. Neurol. Neurosurg. Psychiatry 85 (5), 486–
492.

[113] Buchert, R. et al. (2013) Mutations in the mitochondrial gene C12ORF65 lead
to syndromic autosomal recessive intellectual disability and show genotype
phenotype correlation. Eur. J. Med. Gen. 56 (11), 599–602.

[114] Kogure, H. et al. (2012) Solution structure and siRNA-mediated knockdown
analysis of the mitochondrial disease-related protein C12orf65. Proteins 80
(11), 2629–2642.

[115] Shimazaki, H. et al. (2012) A homozygous mutation of C12orf65 causes
spastic paraplegia with optic atrophy and neuropathy (SPG55). J. Med. Genet.
49 (12), 777–784.

[116] Rorbach, J. et al. (2008) The human mitochondrial ribosome recycling factor
is essential for cell viability. Nucleic Acids Res. 36 (18), 5787–5799.

[117] Tsuboi, M. et al. (2009) EF-G2mt is an exclusive recycling factor in
mammalian mitochondrial protein synthesis. Mol. Cell 35 (4), 502–510.

[118] Bogenhagen, D.F. (2012) Mitochondrial DNA nucleoid structure. Biochim.
Biophys. Acta 1819 (9–10), 914–920.

[119] Bogenhagen, D.F., Rousseau, D. and Burke, S. (2008) The layered structure of
human mitochondrial DNA nucleoids. J. Biol. Chem. 283 (6), 3665–3675.

[120] He, J. et al. (2012) Mitochondrial nucleoid interacting proteins support
mitochondrial protein synthesis. Nucleic Acids Res. 40 (13), 6109–6121.

[121] He, J. et al. (2012) Human C4orf14 interacts with the mitochondrial nucleoid
and is involved in the biogenesis of the small mitochondrial ribosomal
subunit. Nucleic Acids Res. 40 (13), 6097–6108.

[122] Lee, K.W. et al. (2013) Mitochondrial ribosomal RNA (rRNA) methyltransferase
family members are positioned to modify nascent rRNA in foci near the
mitochondrial DNA nucleoid. J. Biol. Chem. 288 (43), 31386–31399.

[123] Antonicka, H. et al. (2013) The mitochondrial RNA-binding protein GRSF1
localizes to RNA granules and is required for posttranscriptional
mitochondrial gene expression. Cell Metab. 17 (3), 386–398.

[124] Bogenhagen, D.F., Martin, D.W. and Koller, A. (2014) Initial steps in RNA
processing and ribosome assembly occur at mitochondrial DNA nucleoids.
Cell Metab. 19 (4), 618–629.

[125] Jourdain, A.A. et al. (2013) GRSF1 regulates RNA processing in mitochondrial
RNA granules. Cell Metab. 17 (3), 399–410.

[126] Moorman, A.F., Van Ommen, G.J. and Grivell, L.A. (1978) Transcription in yeast
mitochondria: isolation and physical mapping of messenger RNAs for subunits
of cytochrome c oxidase and ATPase. Mol. General Genet. 160 (1), 13–24.

[127] Chang, A.C. et al. (1975) Studies of mouse mitochondrial DNA in Escherichia
coli: structure and function of the eucaryotic–procaryotic chimeric plasmids.
Cell 6 (2), 231–244.

[128] Grivell, L.A., Reijnders, L. and Borst, P. (1971) Isolation of yeast mitochondrial
ribosomes highly active in protein synthesis. Biochim. Biophys. Acta 247 (1),
91–103.

[129] Moorman, A.F. et al. (1978) Identification of mitochondrial gene products by
DNA-directed protein synthesis in vitro. Biochim. Biophys. Acta 518 (2), 351–
365.

[130] De Ronde, A. et al. (1980) In vitro suppression of UGA codons in a
mitochondrial mRNA. Nature 287 (5780), 361–363.

[131] Borst, P. and Grivell, L.A. (1978) The mitochondrial genome of yeast. Cell 15
(3), 705–723.

[132] Dekker, P.J., Papadopoulou, B. and Grivell, L.A. (1993) In-vitro translation of
mitochondrial mRNAs by yeast mitochondrial ribosomes is hampered by the
lack of start-codon recognition. Curr. Genet. 23 (1), 22–27.

http://refhub.elsevier.com/S0014-5793(14)00445-1/h0355
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0355
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0360
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0360
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0360
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0365
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0365
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0370
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0370
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0375
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0375
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0375
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0380
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0380
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0385
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0385
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0385
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0390
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0390
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0390
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0395
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0395
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0395
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0400
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0400
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0400
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0405
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0405
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0410
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0410
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0410
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0415
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0415
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0415
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0420
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0420
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0420
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0425
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0425
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0430
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0430
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0430
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0430
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0435
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0435
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0435
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0435
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0440
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0440
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0440
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0445
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0445
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0445
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0450
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0450
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0450
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0455
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0455
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0455
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0455
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0460
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0460
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0460
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0465
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0465
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0470
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0470
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0470
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0475
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0475
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0475
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0480
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0480
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0485
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0485
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0485
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0490
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0490
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0490
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0495
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0495
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0495
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0495
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0500
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0500
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0500
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0505
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0505
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0505
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0510
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0510
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0510
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0515
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0515
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0520
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0520
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0520
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0525
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0525
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0525
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0530
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0530
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0530
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0535
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0535
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0535
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0540
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0540
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0545
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0545
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0545
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0550
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0550
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0555
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0555
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0555
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0560
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0560
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0560
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0565
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0565
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0565
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0570
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0570
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0570
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0575
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0575
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0575
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0580
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0580
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0585
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0585
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0590
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0590
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0595
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0595
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0600
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0600
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0605
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0605
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0605
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0610
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0610
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0610
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0615
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0615
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0615
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0620
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0620
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0620
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0625
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0625
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0630
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0630
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0630
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0635
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0635
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0635
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0640
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0640
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0640
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0645
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0645
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0645
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0650
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0650
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0655
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0655
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0660
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0660
http://refhub.elsevier.com/S0014-5793(14)00445-1/h0660

	Mitochondrial protein synthesis: Figuring the fundamentals, complexities and complications, of mammalian mitochondrial translation
	1 Introduction
	2 What is so unusual about the mammalian mitochondrial ribosome?
	3 New versus old ribosomal proteins
	4 Are all mitoribosomes born equal?
	5 Do mammalian mitoribosomes contain a 5S rRNA species?
	6 Are there three available sites on the mammalian mitoribosome for mt-tRNA occupancy?
	7 How do nascent polypeptides leave the mitoribosome?
	8 How are these molecular machines put together?
	9 What is known about the natural process of mitochondrial translation?
	10 Is the mitoribosome part of a large mitochondrial ‘expression factory’?
	11 Why can’t we answer some of these questions using reporters or an in vitro translation system?
	Conflict of interest
	Acknowledgement
	References


