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Abstract  Mitochondrial ribosomes are known to be quite divergent from cyto-
plasmic ribosomes in both composition and structure even as their main functional 
cores, such as the mRNA decoding and peptidyl transferase sites, are highly con-
served. The translational factors that interact with these ribosomes to facilitate the 
process of protein synthesis in mitochondria have also likewise acquired unique 
structural features, apparently to complement the structure and function of the 
mitochondrial ribosome. In this chapter, we describe the current state of structural 
knowledge of the mammalian mitochondrial ribosome, some of its component 
proteins, and key translational factors.

1.1 � Introduction

Mitochondrial ribosomes (mitoribosomes) are responsible for synthesizing a 
limited number of polypeptide chains, which form essential components of the 
complexes involved in oxidative phosphorylation (OXPHOS). The OXPHOS com-
plexes reside in the mitochondrial inner membrane (mtIM) and are responsible 
for generating about 90 % of the energy (ATP) required by the cell. All proteins 
required for mammalian mitochondrial translation, including the mitochondrial 
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ribosomal proteins (MRPs), are encoded by the nuclear genome, translated in 
the cytoplasm and then imported into the mitochondria. The mammalian mito-
chondrial genome is relatively small (16.8 kb) and encodes for 37 genes, includ-
ing two ribosomal RNAs (12S and 16S rRNAs), 22 mitochondrial transfer RNAs 
(tRNAmt), and 13 polypeptides of the OXPHOS complexes. Unlike cytoplasmic 
ribosomes, whose X-ray crystallographic structures are known for several bacte-
rial (e.g., Schuwirth et al. 2005; Selmer et al. 2006), archaeal (Ban et al. 2000) 
and eukaryotic (e.g., Ben-Shem et al. 2011; Klinge et al. 2011) species, the three-
dimensional (3D) structures of organellar ribosomes have been studied primarily 
using the single-particle cryo-electron microscopy (cryo-EM) and molecular mod-
eling (Sharma et al. 2003, 2007, 2009; Mears et al. 2006; Manuell et al. 2007). 
This chapter concerns the mammalian mitoribosome, whose 3D cryo-EM structure 
is known for Bos taurus (Sharma et al. 2003). Several components of the mam-
malian mitochondrial translational machinery, including mito-rRNAs, MRPs, 
tRNAmts, tRNAmt synthetases and translational factors, have been associated 
with a number of human genetic diseases (see O’Brien 2002; O’Brien et al. 2005; 
Pearce et al. 2013; Watanabe 2010). Multiple review articles have been published 
recently on the structure of the mammalian mitoribosome (Agrawal and Sharma 
2012; Agrawal et al. 2011; Christian and Spremulli 2012; Koc et al. 2010). In the 
present article, we first elucidate the unique characteristic of the cryo-EM struc-
ture of the mammalian mitoribosome in comparison to those of the cytoplasmic 
ribosomes. We then summarize some of the mammalian mitochondrial translation 
factors that interact with the mitoribosome during translation and discuss their sin-
gular features. Description of the mitochondrial translation machinery is mainly 
presented with reference to bacterial translation since the overall mechanism for 
translation in mitochondria is more similar to that in bacteria rather than to that in 
eukaryotic cytoplasm.

1.2 � The Mammalian 55S Mitoribosome

Mitochondria are thought to originate through an early endosymbiotic event 
(~1.8  billion years ago) between an α-protobacteria and a primitive host cell 
(Gray et al. 2001), and therefore, mitoribosomes were proposed to be structurally 
similar to their bacterial counterparts. The mammalian mitochondrial rRNAs are 
smaller than those in bacteria, and the MRPs are generally both larger (when they 
are homologous to bacteria) and greater in number. It was believed that the over-
all structural organization of the mitoribosome would still be very similar to its 
bacterial counterparts, except that the additional MRPs would structurally replace 
the missing bacterial rRNA segments that were deleted in the mito-rRNAs during 
the course of evolution. The first cryo-EM structure determined for the 55S mam-
malian mitoribosome revealed that this paradigm about the structural replacement 
of deleted bacterial rRNA segments by MRPs was only partially valid, as about 
80 % of the missing bacterial rRNA segments were not found to be replaced by 
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the MRPs (Sharma et al. 2003). In general, the loss of rRNA segments correspond 
to the loss of interacting bacterial proteins, suggesting a complementary evolution 
of the binding ribonucleoprotein (RNP) partners (Mears et al. 2006). Furthermore, 
the overall 3D structure of the mammalian mitoribosome was found to be signifi-
cantly altered and highly porous as compared to its bacterial counterpart (Sharma 
et al. 2003; for recent reviews also see Agrawal et al. 2011; Agrawal and Sharma 
2012), primarily due to the occupation of new spatial positions by mito-specific 
MRPs and extensions and insertions within several of MRPs that are homologous 
to their bacterial counterparts. However, the conserved mito-rRNA segments that 
form the functional core of a ribosome are intact in their spatial positions in the 
mitoribosome structure, except for few conserved rRNA segments that are present 
in the peripheral regions of the structure (Mears et al. 2006; Agrawal et al. 2011). 
Even though the molecular mass of the mammalian mitoribosome (~2.71  MDa) 
is very similar to that of a bacterial ribosome (~2.3 MDa) its overall dimension 
is much larger by about 60  Å in diameter. Its dimension is similar to that of a 
eukaryotic (yeast) cytoplasmic ribosome (Fig. 1.1) with a much higher molecular 
mass (~3.3 MDa). These observations are consistent with the observed porousness 
of the mammalian mitoribosome structure (Sharma et al. 2003).

Like any other known ribosome, the 55S mitoribosomes are made up of two 
unequally sized subunits: the small 28S subunit (SSU) composed of a 12S rRNA-
molecule and about 30 nuclear genome encoded MRPs, and the large 39S sub-
unit (LSU) composed of a 16S rRNA molecule and about 50 nuclear genome 
encoded MRPs. Since all MRPs are imported into the mitochondria, most pos-
sess a mitochondrial targeting sequence (MTS) at their N-terminus (Claros and 
Vincens 1996). Recent studies suggest that many MRPs and mitochondrial transla-
tional factors undergo acetyl-CoA-, NAD+-, and ATP-dependent post-translational 
modifications in mitochondria, primarily acetylation and phosphorylation (see, 
Koc and Koc 2012, and Chap. 2), implying that these modifications play regula-
tory roles in mitochondrial translation. MRPs also participate in the formation of 
several mito-specific protein–protein bridges between the SSU and LSU (Sharma 
et al. 2003). A side-by-side comparison with the structures of the cytoplasmic 
ribosomes (Fig. 1.1) reveals that the exterior of the mammalian mitoribosome is 
predominantly shielded by MRPs, with fewer exposed rRNA regions. The inter-
subunit space, which includes the mRNA decoding (Ogle et al. 2001) and peptidyl 
transferase (Nissen et al. 2000) sites, and tRNAs and translation factors binding 
sites, has a relatively conserved composition and architecture with more exposed 
rRNA regions (Fig. 1.1d–i). The first average structure of a mitoribosome-bound 
tRNAmt revealed by the cryo-EM study (Sharma et al. 2003) showed a canoni-
cal L-shape, but with a “caved-in” elbow region, consistent with generally reduced 
size of D- and/or T-stem loops in tRNAmts (Watanabe 2010). The corridor of the 
inter-subunit space, i.e., the space between the shoulder of SSU and stalk base of 
LSU (marked with ‘sh’ and ‘Sb’, respectively, in Fig. 1.1a–c), where most large 
translation factors are known to interact with the cytoplasmic ribosomes (Agrawal 
et al. 1998, 2000; Datta et al. 2005; Stark et al. 1997; Valle et al. 2002; Gomez-
Lorenzo et al. 2000; Spahn et al. 2004; Gao et al. 2009; Schmeing et al. 2009; 
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Yassin et al. 2011b; Yokoyama et al. 2012), has a slightly wider opening in the 
mitoribosome primarily due to the deletion of bacterial rRNA segments from the 
shoulder region of its SSU.

The unique features of two mitoribosomal subunits and some of their MRPs are 
described in the next two sections. Our laboratory has been modeling 3D struc-
tures of MRPs and docking them into our most recent 7.0 Å resolution cryo-EM 
map to develop a pseudo-atomic model of the 55S mitoribosome. Here our focus 
is primarily on some of the homologous MRPs for which atomic structures and 
relative positions within the bacterial ribosome are known and which possess 
mito-specific insertion and/or extension segments.

1.2.1 � The 28S Small Subunit

The overall shape of the mitoribosome small subunit (SSU) is dramatically altered 
compared to bacterial ribosomes (Fig. 1.1d–f) due to the deletion of a significant 
portion of bacterial rRNA segments (Fig. 1.2a–c). These deletions amount to almost 
40 % of the SSU rRNA as there are 1,542 nucleotides (nts) in E. coli versus 950 nts 
in mammalian mito-SSU. The decoding-site region, which is the central functional 
core of the SSU (marked with asterisks in Fig. 1.1d–f) is conserved but the periph-
eral architecture of the mito-SSU is significantly altered. The intactness of all three 
characteristic domains of a SSU, the body (b), head (h) and platform (pt), suggests 
that the basic architecture of SSU is important for its function, despite the fact that 
the diameter of the mito-SSU body is reduced and its shoulder region is signifi-
cantly diminished due to the absence of the bacterial rRNA helices 16 and 17.

The bovine mitoribosome contains 31 MRPs (named S1 to S31), of which 14 
are bacterial homologues and 17 MRPs are specific to mitoribosome (Koc et al. 
2000; Koc et al. 2001a; Suzuki et al. 2001a; Emine Koc, personal communica-
tion). One of the homologous SSU MRPs, S18 is present in three-isoforms, 
referred to as MRP S18A, S18B and S18C (Koc et al. 2001a). There is no homo-
logue for the six bacterial ribosomal SSU proteins S3, S4, S8, S13, S19 and S20 in 
the mitoribosome. The mito-specific MRPs significantly contribute to the unique 
architecture of the mito-SSU by primarily occupying its head, lower body and sol-
vent side (Sharma et al. 2003) (Fig. 1.1a–f). Addition of significantly large mass of 
mito-specific MRPs to the lower body is primarily responsible for an overall elon-
gate shape and an unusually large dimension of the mito-SSU along its long axis.

The homologous SSU MRPs possess a varying size range of amino acid exten-
sion segments (8–215 amino acid) at their N- and/or C-terminus, except for MRPs 
S6 and S12, which are shorter in the mitoribosome (Table  1.1; Fig.  1.2d). For, 
example, The MRP S9, located in the head of SSU, carries the longest N-terminus 
extension (NTE) of 215 amino acid residues, which can be accounted by the large 
extra mass of mito-specific protein cryo-EM density present in the immediate vicin-
ity of the protein’s homologous segment (Sharma et al. 2003). Among all homolo-
gous SSU MRPs, S7 is the only MRP that has a 20 amino acid insertion within its 
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Fig. 1.1   A side-by-side comparison of structures of the mammalian mitochondrial ribosome with 
cytoplasmic (bacterial and eukaryotic) ribosomes. RNA–protein segmented structures of ribosomes 
from a mammalian mitochondria (55S, Bos taurus), b bacteria (70S, Escherichia coli), and c yeast 
cytoplasm (80S, Sachharomyces cerevisiae) displayed with SSU on the left and LSU on the right 
side, as viewed from the SSU shoulder (sh) and LSU stalk base (Sb) sides. In b and c, atomic struc-
tures of the 70S (PDB ID codes 1VOX-Y) and 80S (PDB ID codes 3U5B-E and 3IZS) ribosomes 
have been low-pass filtered to roughly match the resolution of the cryo-EM map of the mamma-
lian mitoribosome shown in a. d–f Structures of SSUs from the corresponding top panel, but shown 
from the SSU-LSU interface side. g–i Structures of LSUs from corresponding top panel, but shown 
from the LSU-SSU interface side. Mito-specific MRPs of SSU and LSU are colored yellow and blue, 
respectively; conserved ribosomal proteins [here “conserved” refers to bacterial homologues present 
in the mitoribosome] of SSU and LSU are colored green and aquamarine, respectively; and rRNAs 
of SSU and LSU are colored orange and purple, respectively. Landmarks of SSU: b body, h head, 
m mRNA gate, pt platform, sh shoulder, S12 protein S12, Asterisks in d–f point to the location of 
mRNA decoding site. Landmarks of LSU: CP central protuberance, L1 protein L1 stalk (note the 
change in conformation of the L1 stalk, which is known to be a highly dynamic structure), L9 protein 
L9, Sb Stalk base or MRP L11 region, St L7/L12 stalk (this region was disordered in the crystallo-
graphic structures of the 70S and 80S ribosomes, and hence absent in panels H and I), SRL α-sarcin-
ricin stem loop, H69 LSU rRNA helix 69, A, P and E in h indicate the positions of three canonical 
tRNA-binding sites (note the difference in the region analogous to E site in panel g), Red asterisks 
in g–i indicate the general location of the peptidyltransferase center. Spider (Frank et al. 2000) and 
Chimera (Pettersen et al. 2004) software were used respectively for surface representation and visu-
alization of the ribosome maps
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conserved domain (Fig. 1.2d) that is tightly accommodated in an additional mass of 
density observed within the cryo-EM map (unpublished results from our laboratory).

One of the unique features of the mammalian mitochondrial translation is that 
most of its mRNAs lack a 5′ untranslated region (5′-UTR) (Temperley et al. 2010). 
In the cryo-EM structure of the mito-SSU the mRNA entrance has a unique gate-like 
feature, which is made up of mito-specific MRPs (Sharma et al. 2003; marked by 
“m” in Fig. 1.1a), which may be directly involved in the recruitment of mitochondrial 
mRNAs to initiate the translation. In the bacterial ribosome, proteins S3, S4 and S5 
occupy the mRNA entrance (Yusupova et al. 2001). Of these, proteins homologous to 
S3 and S4 are absent in the mitoribosome, but are replaced by certain other mito-specific 
MRPs or the extensions of homologous MRPs. For example, MRP S5 has 120 and 
52 amino acid NTE and C-terminal extension (CTE), respectively, that may partially 
compensate for the loss of bacterial S4 and S8 proteins that reside on opposite sides 
of S5 in the bacterial ribosome (Wimberly et al. 2000). However, these extensions 
would not account for the SSU’s gate-like feature, which can only be explained by 
the presence of additional mito-specific MRPs that are yet to be identified.

1.2.2 � The 39S Large Subunit

About 50 % of bacterial rRNA segments are also deleted in the mito-large subunit 
(LSU) (3,024 nts in E. coli versus 1,560 nts in mammalian mito-LSU) (Fig. 1.3a–c), 

Table 1.1   Homologous MRPs of the SSU

Protein Accession  
number

Length  
(residues)

MTS Mito-specific  
segments

Identity/ 
similarlya (%)

MRP S2 P82923 293 1–49 50–75, 277–293 30/43
MRP S5 Q2KID9 430 1–88 89–209, 377–430 27/42
MRP S6 P82931 124 – – 26/32
MRP S7 Q3T040 242 1–38 39–81, 121–141 34/56
MRP S9 Q58DQ5 396 1–52 53–267 40/53
MRP S10 P82670 201 – 1–75, 175–201 32/51
MRP S11 FIN498 197 1–24 25–68, 43/59
MRP S12 Q29RU1 139 1–30 – 52/63
MRP S14 Q6B860 128 – 1–27 37/55
MRP S15 E1BBB4 256 1–53 54–94, 188–256 28/56
MRP S16 P82915 135 1–15 97–135 45/68
MRP S17 E1BF33 130 – 90–130 29/51
MRP S18A F1MJC2 196 1–38 39–60, 137–196 40/58
MRP S18B F1N059 258 1–21 22–95, 170–258 28/54
MRP S18C P82917 143 1–39 40–51, 126–143 55/71
MRP S21 P82920 87 – 1–30, 80–87 32/51

MTS mitochondrial targeting sequence
a With homologous proteins from E. coli SSU
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Fig. 1.2   Structural components of the mammalian mito-SSU. a Secondary structures of small 
ribosomal subunit RNAs from bacteria (16S, grey) and mammalian mitochondria (12S, green). 
Portions of rRNA that form components of the SSU head, body (shoulder and bottom), and 
platform are indicated. The rRNA helices are numbered according to bacterial 16S rRNA.  
b–c Three dimensionally folded structures of the bacterial (b) and mammalian mitochondrial (c) 
SSU rRNAs, as derived from X-ray crystallography (PDB ID code 1VOX) and cryo-EM (based 
on Sharma et al. 2003, and Sharma et al., manuscript in preparation) studies, respectively. The 
head (hd), platform (pt), shoulder (sh), and spur (sp) regions are labeled. Note the diminished 
sh region in the mito-rRNA fold due to the absence of bacterial rRNA helices 16 and 17, and a 
channel created in the main body due to absence of bacterial rRNA helices 12 and 21. d Ab initio 
models of the homologous SSU MRPs as generated using I-TASSER (Roy et al. 2010), but not 
fitted into the cryo-EM of the mito-SSU. The MRP segments homologous to bacterial ribosomal 
proteins are depicted in blue and the mito-specific insertions/extensions are shown in red. N- and 
C-termini are identified in each case



8 M. R. Sharma et al.

Fig.  1.3   Structural components of the mammalian mito-LSU. a Secondary structures of large 
ribosomal subunit RNAs from bacteria (23S, grey) and mammalian mitochondria (16S, green), 
Dashed lines indicate unassigned segments of the mito-rRNA. The rRNA helices are numbered 
according to the bacterial 23S rRNA. b–c Three dimensionally folded structures of the bacterial 
(b) and mammalian mitochondrial (c) LSU rRNAs, as derived from X-ray crystallography (PDB 
ID code 1VOY) and cryo-EM (based on Sharma et al. 2003; Mears et al. 2006; and Sharma et al., 
manuscript in preparation) studies, respectively. d Unfitted ab initio models of the homologous 
LSU MRPs. The MRP segments homologous to bacterial ribosomal proteins are depicted in blue 
and the mito-specific insertions/extensions are shown in red. MRP L47 is tentatively included in 
this list, as the major portion of its NTD domain appears to be a structural homolog of the bacte-
rial L29 (see text). N- and C-termini are identified in each case



91  Insights into Structural Basis of Mammalian Mitochondrial Translation

but the overall shape of the mito-LSU is not altered as dramatically as that of the 
mito-SSU (Fig.  1.1). The presence of all three characteristic features of a bacte-
rial LSU, such as the L1 protuberance (L1), the central protuberance (CP) and the  
L7/L12 stalk (St), within the cryo-EM structure of the mito-LSU suggests that the 
basic architectures of both ribosomal subunits are important for their protein syn-
thesis function. Like in mito-SSU, rRNA deletions have not affected the structure of 
the central functional core (the peptidyltransferase center region) of the mito-LSU, 
but they have significantly altered the composition of its tRNA exit site (E site), nas-
cent polypeptide exit site, and several other peripheral regions of LSU (Fig. 1.1g–h). 
For example, 11 of the 12 interaction sites of tRNA involving rRNA segments at the 
bacterial ribosomal E site are absent in the mito-LSU (Mears et al. 2006), strongly 
suggesting that binding of tRNAmt at the putative mitoribosomal E site is either 
very weak or such a site does not exist on the mammalian mitoribosome. Similarly, 
the lower two-thirds of the nascent polypeptide exit tunnel (Nissen et al. 2000) is 
almost completely remodeled in the mito-LSU and is occupied primarily by the 
mito-specific MRPs (Sharma et al. 2003; also see, Agrawal et al. 2011).

The mito-LSU contains 50 MRPs, out of which 29 are homologous to bacte-
rial ribosomal proteins (Table  1.2), and 21 MRPs are mito-specific (Koc et al. 
2001a, b, 2010; Suzuki et al. 2001b). Homologues of the bacterial ribosomal 
proteins L5, L6, L25, L26 and L31 are absent in the mito-LSU. Similar to SSU 
MRPs, most homologous MRPs of LSU possess NTE and/or CTE, ranging in size 
from 8 to 120 amino acid segments, except for MRPs L2, L14, L33, L34 and L36 
(Fig. 1.3d). L5, which is present within the central protuberance (CP) of the bacte-
rial ribosome and forms the B1 group bridges with the SSU is replaced by MRPs 
specific to the mito-LSU (Sharma et al. 2003). The immediate binding partners 
of L5, the 5S rRNA and the LSU rRNA helix 84 are also absent in the mito-LSU. 
However, a recent report suggests that 5S rRNA is transported into mitochondria 
along with MRP L18 and it could become part of the mitoribosome LSU (Smirnov 
et al. 2011). It is possible that the 5S rRNA associates with only a small fraction of 
the mitoribosome, and therefore has gone undetected in the averaged 3D cryo-EM 
map (Sharma et al. 2003).

In mitochondria, all synthesized polypeptides are inserted into mtIM, and 
therefore polypeptide conducting exit tunnel in their ribosomes are tailor-made 
(Sharma et al. 2003, 2009; Agrawal et al. 2011), apparently to facilitate the  
co-translational release and incorporation of nascent hydrophobic polypeptides 
into the mtIM (Gruschke and Ott 2010). Unlike the situation in the structures of 
cytoplasmic ribosomes (e.g. Nissen et al. 2000), the polypeptide exit tunnel in 
mito-LSU has two solvent-accessible openings, referred to as the conventional 
polypeptide exit site (PES), which is located ~90 Å away from the peptidyltrans-
ferase center, and a mito-specific polypeptide-accessible site (PAS), which prema-
turely opens up in the middle, at only ~65 Å away from the peptidyltransferase 
center. In the mammalian mitoribosome, the openings at both PES and PAS are 
primarily occupied by MRPs. Based on overall topology of the polypeptide-exit 
tunnel in the mammalian mitoribosome, it is conceivable that the nascent poly-
peptide chain could use either the conventional PES or the mito-specific PAS 
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route, depending upon its folding requirements. In the bacterial ribosome, PES is 
encircled by four proteins L22, L23, L24 and L29 and inner lining of the lower 
two-thirds of the polypeptide exit tunnel is primarily made by domains I and III 
of the 23S rRNA. In case of mitoribosome the analogous section of the tunnel is 
either surrounded by MRPs or is left unoccupied, as the size of domains I and 
III are dramatically reduced in the mito-LSU 16S rRNA (Fig. 1.3a), giving rise to 
PAS (see Sharma et al. 2003; also see Agrawal et al. 2011). The conventional PES 
is also primarily surrounded with mito-specific MRPs. The homologous MRPs 
L22, L23, and L24, each with mito-specific extensions, are present in the mito-
LSU (Fig. 1.3d). These extensions may account for the part of the large extra mass 
of mito-specific MRP density present at the mito-PES. However, there is still an 

Table 1.2   Homologous MRPs of the LSU

Protein Accession  
number

Length  
(residues)

MTS Mito-specific  
segments

Identity/ 
similaritya (%)

MRP L1 A6QPQ5 325 1–50 51–77, 311–325 26/48
MRP L2 Q2TA12 306 1–60 – 39/55
MRP L3 Q3ZBX6 348 1–40 41–95, 306–348 32/51
MRP L4 Q32PI6 294 1–22 23–63, 275–294 35/52
MRP L7/L12 Q7YR75 198 1–44 45–58, 32/50
MRP L9 Q2TBK2 268 1–52 53–93, 242–268 28/45
MRP L10 Q3MHY7 262 1–29 30–71, 243–262 22/44
MRP L11 Q2YDI0 192 – 1–10, 159–192 45/61
MRP L13 Q3SYS1 178 1–40 152–178 33/36
MRP L14 Q1JQ99 145 1–32 – 33/46
MRP L15 Q0VC21 297 1–49 178–297 47/57
MRP L16 Q3T0J3 251 1–29 30–57, 195–251 29/52
MRP L17 Q3T0L3 172 – 1–8, 139–172 35/56
MRP L18 Q3ZBR7 180 1–30 31–47, 173–180 39/59
MRP L19 F1MMM8 292 1–44 45–88, 206–292 33/50
MRP L20 Q2TBR2 149 1–9 126–149 42/60
MRP L21 F1MSV8 209 1–50 51–98 24/50
MRP L22 Q3SZX5 204 1–30 31–50, 168–204 33/53
MRP L23 DAA25904 153 – 1–10, 113–153 32/52
MRP L24 Q3SYS0 216 1–9 10–52, 156–216 34/53
MRP L27 Q32PC3 148 1–30 120–148 37/59
MRP L28 Q2HJJ1 256 1–25 26–74, 154–256 23/30
MRP L30 Q58DV5 161 1–35 36–63, 122–161 29/57
MRP L32 Q2TBI6 188 1–78 124–188 16/22
MRP L33 Q3SZ47 65 1–7 – 53/63
MRP L34 A8NN94 96 1–50 – 48/70
MRP L35 Q3SZA9 188 – 1–101, 159–188 32/40
MRP L36 XP_580819 148 1–112 – 47/63
MRP L47 Q08DT6 252 1–60 61–86, 155–252 25/31

MTS mitochondrial targeting sequences
a With homologous proteins from E. coli LSU
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ambiguity to whether or not the mito-specific MRP L47 is a homologue of bacte-
rial L29. Bioinformatics analysis such as profile–profile search for distinct homo-
logue has shown that MRP L47 is related to bacterial L29, whereas BLAST and 
Pfam analysis do not reveal any similarity among these two proteins (Smits et al. 
2007). The ab initio model of MRP L47 shows a conserved structural domain sim-
ilar to that in the bacterial L29, in addition to the large NTE and CTE (Fig. 1.3d). 
Based on distinct similarity between the central domain of MRP L47 3D model 
and structure of the bacterial L29, it is tempting to categorize MRP L47 as a bacte-
rial L29 homologue.

In mitochondria the process of polypeptide integration into the mtIM is facili-
tated by the Oxa1 proteins, homologues of bacterial YidC. Oxa1L is the human 
homologue of the yeast Oxa1p, which is known to be involved in the biogenesis of 
membrane proteins and which assists in the insertion of proteins from mitochon-
drial matrix to the mtIM (Luirink et al. 2001; Ott and Herrmann 2010). The yeast 
homologue of MRP L23 (mrp20 in yeast) is known to interact with the C-terminus 
tail (CTT) of Oxa1p in order to recruit the mitoribosome for co-translational 
insertion of the mitochondrially-encoded polypeptides into mtIM (Jia et al. 2003; 
Szyrach et al. 2003; Keil et al. 2012). Interestingly, the cross-linking studies of 
Oxa1L-CTT with the bovine mito-LSU did not produce any crosslinks to the con-
ventional PES proteins, such as the MRPs L22, L23, L24 and L29. However, the 
Oxa1L-CTT does crosslink to some other MRPs, including MRPs L13, L20, L28, 
L48, L49, and L51 (Haque et al. 2010). Of these, L13, L20, and L28 are known 
to be situated at distant locations from the polypeptide exit tunnel in the bacte-
rial ribosome (Schuwirth et al. 2005). Of these, MRPs L13 and L20 possess only 
small CTEs, and therefore, are less likely to reach the polypeptide exit tunnel to 
interact with the mitoribosome-bound Oxa1L-CTT. However, MRP L28 has rela-
tively large extensions on both its N-and C-termini (Fig. 1.3d), which could poten-
tially reach the PAS but less likely to reach all the way to PES. Among remaining 
MRPs that are cross-linked to Oxa1L-CTT are mito-specific MRPs L48, L49 and 
L51. The exact locations of these MRPs on the mito-LSU are not presently known. 
As described in the previous paragraph, large mass of unidentified mito-specific 
MRP densities are present at both PAS and PES that could be accounted for by 
all three cross-linked mito-specific MRPs. Since no crosslink to MRP L47, the 
putative bacterial L29 homologue, was detected with the Oxa1L-CTT, it is pos-
sible that MRP L47 is shielded by mito-specific MRPs L48, L49 or L51 on the 
mitoribosome.

1.3 � Mitochondrial Translation Factors

Like cytoplasmic ribosomes, the mitoribosome requires well-coordinated inter-
actions with a number of mitochondrial translational factors (henceforth referred 
to as mito-translational factor) to conduct protein synthesis. Mito-translational 
factors bear greater similarity to their bacterial rather than to their eukaryotic 
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counterparts. However, most mammalian mito-translational factors have acquired 
special structural features (Fig. 1.4) that may be required for effective and accu-
rate translation on the significantly modified mitoribosomes. Like MRPs, all mito-
translational factors are also encoded in the nucleus, synthesized in the cytoplasm 
with N-terminus MTSs (Table  1.3), and then imported into the mitochondrial 
matrix. In the following sections, we describe the structural organization of vari-
ous mammalian mito-translational factors that directly interact with the mitoribo-
some and possess mito-specific amino-acid sequence insertions and/or extensions, 
based on sequence alignment of the mature (i.e., after the removal of MTSs) mito-
translational factors (Fig.  1.4a) with those of their bacterial counterparts, and 
their 3D ab initio models (Fig. 1.4b). We describe them in a general order of their 
involvement in the process of protein synthesis, using bacterial translation sys-
tem as the model (e.g., see, Schmeing and Ramakrishnan 2009). Accordingly, the 
mitochondrial translation can be divided into four stages of protein synthesis, i.e., 
initiation, elongation, termination, and recycling.

1.3.1 � Translation Initiation

The initiation stage concludes with the docking of the fMet-tRNAmt
Met at the start 

codon of the mRNA onto the ribosomal peptidyl site (P site) on the 55S mitori-
bosome. Bacterial translation involves three initiation factors, IF1, IF2 and IF3. 
However, homologues of only two bacterial factors, IF2mt and IF3mt, were iden-
tified in the mammalian mitochondria. It was proposed that IF2mt performs the 
task of both IF1 and IF2 in mitochondria (Spencer and Spremulli 2005; Gaur et 
al. 2008). Like bacterial IF3, IF3mt functions to actively dissociate the 55S mitori-
bosome into its two subunits, while it remains bound to the mito-SSU to prevent 
the re-association of the latter with the mito-LSU (Spencer and Spremulli 2005); 
whereas IF2mt forms a ternary complex with the initiator fMet-tRNAi

Met and GTP 
to deliver the fMet-tRNAi

Met into the initiator P site (e.g., see Allen et al. 2005 for 
IF2; and Yassin et al. 2011b for IF2mt) of the mito-SSU. During this process, the 
CCA end of the initiator tRNA interacts with the conserved IF2mt’s domain VI-C2 
(Spencer and Spremulli 2004; Yassin et al. 2011b). Once the mito-SSU initiation 
complex is formed, IF2mt promotes its association with the mito-LSU via the lat-
ter’s interaction with IF2mt domains IV (the GTPase domain) and VI. The activa-
tion of IF2mt’s GTPase leads to the dissociation of IF2mt and of IF3mt, resulting in 
the formation of a 55S initiation complex, which then enters the elongation phase 
of protein synthesis.

1.3.1.1 � Mitochondrial Initiation Factor 2

The mitochondrial initiation factor 2 (IF2mt) comprises of six structural domains 
(Fig. 1.4), which are homologous to domains III–VI of bacterial IF2 (Spencer and 
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Fig.  1.4   Mammalian mitochondrial translation factors. a Bar diagrams showing mammalian 
mito-specifc segments (red) as compared to their bacterial counterparts. Numbers on top of each 
bar diagram refer to amino acids. Missing numbers at the start of each bar diagram would corre-
spond to MTSs, except for RRFmt, where MTS has been proposed to be a functional component 
of the factor. RF1amt is not shown, as it does not contain a contiguous mito-specific segment. 
The GGQ domain of ICT1 posseses a unique 10 amino acid insertion segment (depicted in pink). 
b Ab initio models of the mitochondrial translational factors as generated using I-TASSER, 
except for IF2mt, which is based on cryo-EM study (Yassin et al. 2011b), and EF-Tumt, which 
is known from X-ray-crystallography (Jeppesen et al. 2005). The nomenclature of structural 
domains of various factors is based on general consensus in the field, and domains are iden-
tified mostly by roman numerals, except for the GTP-binding domains, which are labeled as 
G-Domain. NTD and CTD refer to IF3mt’s N- and C-terminal domains, respectively; in b, N- and 
C-termini are also identified in each case. The color codes used for various domains of corre-
sponding factors are matched between a and b
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Spremulli 2005; Gaur et al. 2008; Yassin et al. 2011b), except for a mito-specific 
37 amino-acid residues insertion domain. The insertion domain is present in the 
inter-domain linker between domains V and VI-C1. Mutation of several conserved 
basic residues of the insertion domain reduces the ability of the Bos taurus IF2mt 
to bind mito-SSU, implying that the insertion domain makes direct contacts with 
the SSU (Spencer and Spremulli 2005). Among all mitochondrial translation fac-
tors, the ribosome-bound structure is known only for the IF2mt, which was obtained 
by cryo-EM. The cryo-EM study of the IF2mt•GDPNP•fMet-tRNAi

Met in complex 
with the bacterial 70S ribosome (Yassin et al. 2011b) strongly supported the previ-
ous biochemical (Spencer and Spremulli 2005) and genetic (Gaur et al. 2008) stud-
ies. It showed that the insertion domain protrudes from rest of the IF2mt mass onto 
the ribosomal-SSU’s aminoacyl-tRNA binding site (A site), where it interacts with 
conserved ribosomal elements (the SSU rRNA helices 18 and 44, and protein S12) 
that are also known to interact with the bacterial IF1 (Fig. 1.5) as well as the A-site 
tRNA (Carter et al. 2001). Thus, the study suggested that the mito-specific insertion 
domain mimics the function of the bacterial IF1 by sterically precluding the bind-
ing of initiator tRNA to the ribosomal A site (Yassin et al. 2011b). However, some 
questions remain unresolved as (i) the insertion domain had to be linked to the rest 
of IF2mt in the homology model through very long unstructured regions on both its 
ends (Yassin et al. 2011a), and (ii) there is neither a sequence homology nor any 
structural similarity between the insertion domain and the bacterial IF1 (Fig. 1.5c, 
d). However, both structures bear similar surface charge distributions, which might 
play an important role in recognition of the same binding pocket on the SSU. Owing 
to the long unstructured linker region, it is conceivable that the insertion domain is 
a highly dynamic structure that remains folded onto the rest of the IF2mt molecule 
in its unbound state and the extended conformation is attained only upon its inter-
action with the ribosome, as has been observed for bacterial class I release factors 
(e.g., Rawat et al. 2003). Moreover, the ribosome-bound IF2mt structure presents a 

Table 1.3   Mitochondrial translational factors with mito-specific segments

Protein
Accession  
number

Length  
(residues) MTS

Mito-specific  
segments

Identity/ 
similaritya (%)

IF2mt NP_001005369 727 1–77 472–508 40/60
IF3mt NP_001159734 278 1–31 32–60,

245–278
26/48

EF-Tumt NP_003312 455 1–48 443–455 55/75
EF-G1mt NP_079272 751 1–36 739–751 45/63
RF1mt NP_004285 445 1–28 29–75 40/60
ICT1 NP_001536 206 1–19 20–61 28/52
C12orf65 NP_001137377 166 1–17 18–56 28/43
RRFmt NP_620132 262 1–26b 1–78 30/52
EF-G2mt NP_115756 779 1–45 46–61, 454–477 38/55

MTS, mitochondrial targeting sequences
a With homologous E. coli protein
b MTS has been proposed to be a functional component of RRFmt
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compelling evidence of the integration of function of bacterial IF1 onto IF2mt that 
might have occurred during the course of evolution so that one less protein had to be 
transported into the mitochondrial matrix. Integration of relatively small IF1 feature 
to IF2mt would also ensure its efficient transport to the protein synthesis site within 
highly dense mitochondrial matrix.

1.3.1.2 � Mitochondrial Initiation Factor 3

Mitochondrial initiation factor 3 (IF3mt) shares the basic domain organization of the 
eubacterial IF3, with an N-terminal domain (NTD) and a C-terminal domain (CTD) 
connected by a flexible helical linker (Biou et al. 1995; Christian and Spremulli 
2009; Petrelli et al. 2001). In addition, both its conserved domains harbor mito-spe-
cific NTE and CTE of ~30 amino acid residues each (Fig.  1.4). IF3mt stimulates 
initiation complex formation on the mito-specific leaderless mRNAs (Christian 
and Spremulli 2010). Both its mito-specific NTE and CTE have been implicated in 
optimizing the binding of IF3mt to enable its own dissociation from the 55S mitori-
bosome (Bhargava and Spremulli 2005; Christian and Spremulli 2009; Haque and 
Spremulli 2008). The CTE and the linker region of IF3mt have also been impli-
cated in dissociation of the fMet-tRNA•IF2mt from the mito-SSU in the absence of 
mRNA, suggesting their role in preventing the premature occupation of the P site.

The binding position of bacterial IF3 on the bacterial SSU is known from cryo-
EM (McCutcheon et al. 1999; Julian et al. 2011) and by hydroxyl radical probing 

Fig.  1.5   Structure of the ribosome-bound mammalian IF2mt, as derived by cryo-EM. a The 
cryo-EM map of the E. coli 70S ribosome (30S subunit, yellow; 50S subunit, blue) in complex 
with IF2mt (red), initiator tRNA (green) at the P/I position. b Fitting of atomic models of the 
IF2mt and initiator tRNA (P/I stands for P-site tRNA at initiator position) into the correspond-
ing cryo-EM densities (meshwork) extracted from the map of the 70S•IF2mt•GMPPNP•fMet-
tRNA complex shown in a. The color codes used for various domains of IF2mt are the same as in 
Fig. 1.4. Asterisk (*) point to the region that would correspond to domain III of IF2mt. Binding 
positions of the insertion domain (red, c) and IF1 (green, d) onto a common binding pocket 
of SSU of the ribosome. Landmarks of the ribosome are as in Figs. 1.1 and 1.2 (adopted from 
Yassin et al. 2011b)
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(Dallas and Noller 2001) studies. Interestingly, each of these studies places IF3 on 
the rim of the platform of the ribosomal SSU, but with different assignments of 
orientation for the two IF3 domains. While the structure of a mito-SSU•IF3mt is 
not yet published, our preliminary cryo-EM reconstructions suggest that the over-
all configuration of IF3mt binding on the mito-SSU would be similar to what was 
proposed earlier for the bacterial ribosome. The cross-linking studies of IF3mt with 
the mito-SSU (Haque et al. 2011) identified several MRPs that may be present in 
immediate vicinity of the platform rim of the mito-SSU. This includes homolo-
gous MRPs S5, S9, S10 and S18 and several mito-specific MRPs, S29, S32, S36, 
and PTCD3. Among the homologous MRPs, S18 is situated on the platform and 
therefore, its direct interaction with IF3mt can be readily explained. The presence 
of the globular portions of S5, S9, and S10 on the solvent side of the bacterial 
SSU (Wimberly et al. 2000) suggests that the interaction of these MRPs with 
IF3mt, which sits on the rim of the SSU platform, would be unlikely. However, 
C-terminus of S9 is exposed on the SSU-LSU interface side and MRPs S5 and 
S10 both possess long mito-specific extensions (Fig. 1.2d), which have potential to 
reach to the inter-subunit face to produce crosslinks with mito-SSU bound IF3mt. 
In addition, there is a large mass of unidentified cryo-EM density within the mito-
SSU head region that could account for the cross-linked mito-specific MRPs. Of 
these, docking of the homology model of PTCD3 into the cryo-EM map nicely 
explains the bulk of unassigned density in the SSU head at the interface of the 
mRNA channel (unpublished results in our laboratory), from where it could poten-
tially crosslink to IF3mt.

1.3.2 � Translation Elongation

Translation elongation is a cyclic process (see for example, Agrawal et al. 2000; 
Schmeing and Ramakrishnan 2009) where an amino acid residue, as specified 
by the mRNA codon, is added to the growing nascent peptide, followed by pro-
gression of the ribosome along the mRNA by a codon step. The elongation stage 
alternates between aminoacyl-tRNA (aa-tRNA) delivery and translocation of the 
mRNA•(tRNA)2 complex on the ribosome, and ends when the ribosome encoun-
ters a stop codon. Like in bacterial translation system, mitochondrial transla-
tion also involves two canonical translation elongation factors (EFs) that interact 
directly with the mitoribosome. (i) EF-Tumt, which promotes the accurate bind-
ing of aa-tRNAmt, in form of a ternary complex aa-tRNAmt•EF-Tumt•GTP, to the 
vacant aa-tRNA binding site (A site) of the ribosome; and (ii) EF-G1mt, which, 
after the peptide-bond formation, binds to the ribosome as EF-G1mt•GTP and 
promotes translocation of the mRNA•peptidyl-tRNA complex to free up the ribo-
somal A site, or the mRNA decoding site, for the next round of elongation. Two 
forms of EF-Gmt are present in most organisms (Hammarsund et al. 2001). The 
second isoform, EF-G2mt, is exclusively involved at the recycling stage, and is 
described later under the Sect. 1.3.4.2.
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1.3.2.1 � Mitochondrial Elongation Factor Tu

Mitochondrial elongation factor Tu (EF-Tumt) is the most highly conserved among 
all translation factors that associate with the mitoribosome. EF-Tumt has an overall 
55 and 75 % sequence identity and similarity, respectively, with bacterial EF-Tu. It 
is also the only mitochondrial translational factor for which an atomic structure is 
currently available, in complex with its GTP exchange factor, EF-Tsmt (Jeppesen 
et al. 2005), and as expected, it shows an overall structural similarity to its bacte-
rial counterpart (Kjeldgaard et al. 1993; Nissen et al. 1995). It comprises of three 
domains, the G domain (the GTP-binding GTPase domain), and domains II and 
III. The 3′ end of the aa-tRNA resides in the crevice between the G domain and 
domain II as its CCA arm interacts with domain III (Schmeing et al. 2009; Akama 
et al. 2010). Although the factor-binding region on the mitoribosome is significantly 
open due to deletion of the bacterial SSU rRNA helices h16 and h17 in the mito-
SSU rRNA (Sharma et al. 2003) (Figs. 1.1a, d, and 1.2a–c), most of the ribosomal 
components that are known to interact with the functional sites of bacterial EF-Tu 
(G domain and domain II) and bound tRNAs (anticodon stem-loop ASL region) as 
part of the ternary complex (Valle et al. 2002; Schmeing et al. 2009; Schuette et al. 
2009; Agirrezabala et al. 2011) are conserved in the mitoribosome. These include 
components such as α-sarcin-ricin stem loop (SRL), GTPase-associated center 
(comprised of LSU rRNA helices 43, 44 and protein L11), SSU protein S12, and 
the decoding site (comprised of portions of SSU rRNA helices 18 and 44). Thus, all 
essential structural elements that are involved in the proofreading step in bacterial 
ribosome are conserved in the mitoribosome. However, EF-Tumt possesses a CTE 
of 11 amino acid residues (Fig. 1.4), whose functional significance is unknown.

The E. coli ternary complex can deliver the aa-tRNA to the mitoribosome when 
constituted with canonical aa-tRNAs, but not when in complex with aa-tRNAmts 
(Bullard et al. 1999), suggesting that the nature of the interaction of the aa-tRNA 
with EF-Tumt must also account for the differences in the shape and stability 
of tRNAmts, several of which are smaller in size and lack their D- and/or T-arms 
(Hanada et al. 2000; Watanabe 2010). Furthermore, the tRNA itself participates in 
the signal transduction process of decoding. On cognate codon-anticodon interac-
tion, the anticodon stem-loop is pulled into the A site and gets distorted. Part of that 
signal is transmitted via the tRNA scaffold to the G domain triggering the GTPase 
activity of EF-Tumt (Valle et al. 2002; Schmeing et al. 2009; Schuette et al. 2009). 
The coupling of tRNAmt structure to that of the EF-Tumt suggests that the mito-
specific CTE may play a role in positioning the shorter aa-tRNAmts effectively in 
the decoding site for proofreading. It may compensate for the non-canonical shape 
and size of mammalian tRNAmts, in a mechanism that may be similar to that of the 
much longer CTE of C. elegans EF-Tu1mt. The CTE in C. elegans EF-Tu1mt has 
been proposed to compensate for the lack of the T-arm in the C. elegans tRNAmt 
(Ohtsuki and Watanabe 2007). In the bacterial ribosome•aa-tRNA•EF-Tu complex, 
domain III interacts with the T stem-loop of the tRNA such that its C-terminus 
points towards the shoulder of the SSU (Schmeing et al. 2009). Accordingly, the 
CTE in EF-Tumt may also interact with the structurally diminished shoulder of the 
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mito-SSU. Such an interaction would help stabilizing the aa-tRNAmt•EF-Tumt•GTP 
ternary complex interaction with the mitoribosome. A structural characterization of 
the mitoribosome•aa-tRNAmt•EF-Tumt•GTP complex could help in delineating the 
function of the CTE in EF-Tumt.

1.3.2.2 � Mitochondrial Elongation Factor G1

Mitochondrial elongation factor G1 (EF-G1mt) catalyzes the translocation of the 
mRNA•(tRNAmt)2 complex on the mitoribosome. It carries a mito-specific CTE 
besides the well-defined five structurally conserved domains, which are homologous 
to the bacterial EF-G (Ævarsson et al. 1994; Czworkowski et al. 1994) (Fig. 1.4). 
Unlike its bacterial counterpart, EF-G1mt is inactive in ribosome-recycling (Tsuboi 
et al. 2009) and is highly resistant to fusidic acid (Chung and Spremulli 1990; 
Bhargava et al. 2004). Bacterial ribosomal elements that are known to interact with 
EF-G domains are mostly conserved in the mitoribosome (Bhargava et al. 2004), 
except for certain rRNA components in the mito-SSU shoulder (Sharma et al. 2003). 
Phylogenetic analysis indicates that the EF-G1mt like proteins have evolved to 
facilitate the translocation process on the ribosome (Atkinson and Baldauf 2011). 
In bacterial ribosomes, EF-G binds and stabilizes the ratcheted state of ribosome 
to catalyze the translocation step (Agrawal et al. 1999; Frank and Agrawal 2001; 
Agirrezabala and Frank 2009). Cryo-EM data from our laboratory suggests that 
the inter-subunit ratcheting is less pronounced in the mitoribosome (Sharma et al., 
manuscript in preparation), as compared to that observed for the bacterial ribosome 
(Agrawal et al. 1999; Frank and Agrawal 2000). It is possible that the remodeling 
of EF-G1mt enables it to function on the mitoribosome without the requirement of 
substantial ratchet-like reorganization. In addition to the mito-specifc CTE, which 
appears to be directly involved in facilitating translocation on the mitoribosome 
(Sharma et al., manuscript in preparation), the G domain of EF-G1mt has also been 
extensively remodeled, including an insertion of GEV in the highly conserved 
switch I loop (Atkinson and Baldauf 2011). Such a remodeling of the G domain has 
been implicated in conferring fusidic acid resistance to EF-G1mt. In addition to the 
mito-specific features in EF-G1mt, the central protuberance of the mito-LSU bears a 
unique and dynamic structural feature that may also contribute to the tRNAmt trans-
location process. This feature was identified as the P-site finger (Sharma et al. 2003), 
as it interacts with the T-stem loop side of the P-site tRNAmt on the mitoribosome.

1.3.3 � Translation Termination

A stop codon (UAA/UAG) at the A site marks the end of the open-reading frame 
(ORF) and it is recognized by the class I release factors (RFs) that catalyse the 
hydrolysis of the ester bond of peptidyl-tRNA, leading to release of the nascent 
polypeptide chain form the ribosome and translation termination. In mitochondria, 
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at least four proteins possessing the peptide-hydrolyzing domain of a typical RF, 
the GGQ domain, have been identified, which include RF1mt, RF1amt, immature 
colon carcinoma transcript-1 (ICT1), and C12orf65 (Fig. 1.4, note that the figure 
includes only those factors that possess mito-specific insertions or extensions, sug-
gesting that RF1amt does not carry a mito-specific segment). Of these, so far only 
RF1amt has been characterized as a canonical RF in mammalian mitochondria (see 
Richter et al. 2010). However, in the following sections, we briefly describe each 
of these four factors.

1.3.3.1 � Mitochondrial Release Factor 1a

Mitochondrial release factor 1a (RF1amt) is a mitochondrial class 1 release fac-
tor that recognizes both UAA/UAG stop codons and terminates translation of all 
13 mitochondrially-encoded polypeptides (Chrzanowska-Lightowlers et al. 2011). 
The domain organization of RF1amt is similar to that of bacterial class I factors 
(Vestergaard et al. 2001). Domain II, the codon-recognition domain of the factor, 
contains structural elements that identify the stop codon; the codon recognition loop 
with the conserved tri-peptide motif PXT and the tip of helix α5. Domain III bears 
the universal GGQ motif, which interacts with the acceptor end of the P-site tRNA. 
The glutamine residue of the GGQ motif catalyzes the hydrolysis of the peptidyl-
tRNA by coordinating a water molecule, as shown by structural studies of analo-
gous bacterial complexes (Rawat et al. 2003; Laurberg et al. 2008; Weixlbaumer et 
al. 2008). Correct stop codon recognition by domain II is required for proper place-
ment of the GGQ motif of domain III into the peptidyltransferase center. The codon 
recognition signal is transmitted via LSU rRNA helix 69 and the inter-domain 
switch loop within class I RF (Laurberg et al. 2008; Korostelev 2011). Since there 
is no expected difference between the structural organizations of the bacterial RF1/2 
and RF1amt, it is likely that RF1amt interacts with the mitoribosome in a similar 
fashion as its bacterial counterpart (Laurberg et al. 2008; Weixlbaumer et al. 2008).

1.3.3.2 � Mitochondrial Release Factor 1

Mitochondrial release factor 1 (RF1mt) has been shown to be inactive as a peptidyl 
hydrolyase on the bacterial ribosome (Soleimanpour-Lichaei et al. 2007), appar-
ently because the codon recognition elements of RF1mt are significantly different 
from those of canonical RFs. The conserved tripeptide of the codon recognition 
loop of RF1 is PXV instead of the conserved PXT, which is followed by a GXS 
insertion. Another codon recognition element on the tip of α-helix 5 has an RT 
insertion in its preceding loop (Soleimanpour-Lichaei et al. 2007; Chrzanowska-
Lightowlers et al. 2011; Huynen et al. 2012). Besides the conserved domain 
organization of a class I RF, RF1mt has a 48 amino acid long mito-specific NTE. 
The function of this RF, including its mito-specific extension (Fig.  1.4a), is yet 
unknown. An analysis of a ribosome-bound homology model of RF1mt alludes 
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to RF1mt as having a role analogous to that of the tmRNA in bacterial ribosome 
(Huynen et al. 2012). The study suggests that bulkier RF1mt codon recognition 
motif is unlikely to be accommodated in an mRNA occupied A site and that it 
probably recognizes the empty A site of a stalled mitoribosome.

1.3.3.3 � Immature Colon Carcinoma Transcript-1

Immature colon carcinoma transcript-1 (ICT1) is a component of the mito-LSU 
and its activity is essential for cell viability. Having the universal GGQ motif but 
lacking the codon recognition domain, it is active as a ribosome-dependent pep-
tidyl-tRNA hydrolyase in a non-codon dependent manner. Its activity has been 
implicated in the hydrolysis of prematurely terminated peptidyl-tRNA in the 
stalled mitoribosome (Richter et al. 2010). This functionality is similar to that of 
the bacterial YaeJ (Antonicka et al. 2010; Gagnon et al. 2012). However, its posi-
tion on the mitoribosome is yet to be mapped, which is required to understand 
how this factor, being a component of the mitoribosome LSU, disengages itself 
from the nascent polypeptide hydrolysis site when not required.

1.3.3.4 � C12orf65

C12orf65 is another essential mitochondrial RF lacking the stop codon recognition 
domain. However, despite the presence of the universal GGQ domain, its peptidyl-
hydrolyase activity has not been demonstrated in vitro. The fact that the C12orf65 
deficiency can be suppressed by over expression of ICT1 suggests that the pro-
tein is catalytically active in vivo (Antonicka et al. 2010). Since it is present in the 
mitochondrial matrix, C12orf65 has been suggested to play a role in recycling the 
abortive peptidyl-tRNA species, released from the mitoribosome during the elon-
gation phase of translation. Phylogenetic analysis suggests that though C12orf65 
is of eukaryotic origins, it shares a C-terminal helix rich in basic residues with 
YaeJ and ICT1 (Duarte et al. 2012). In YaeJ this helix is responsible for sensing 
the empty mRNA channel on a stalled ribosome (Gagnon et al. 2012).

1.3.4 � Ribosome Recycling

After the translation termination, the post-termination ribosome complex (PoTC) 
remains occupied by the translated mRNA and a deacylated tRNA at the P/E 
position. As in bacteria (see Yokoyama et al. 2012), two mito-translational fac-
tors, RRFmt and EF-G2mt, work in conjunction to facilitate the recycling step in 
mitochondria (Tsuboi et al. 2009) to release the deacylated tRNAmt and mRNA 
from the PoTC, and perhaps, to dissociate the 55S mitoribosome into its two 
subunits with the involvement of the third factor, IF3mt. The cryo-EM stud-
ies of the bacterial PoTC•RRF and PoTC•RRF•EF-G complexes suggest that 
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alternate inter-ribosomal subunit ratcheting (upon RRF binding; Barat et al. 
2007; Yokoyama et al. 2012) and unratcheting (upon subsequent EF-G binding; 
Yokoyama et al. 2012) in conjunction with a steric clash between domain II of 
RRFmt and SSU (Barat et al. 2007) facilitates disassembly of the PoTC.

1.3.4.1 � Mitochondrial Ribosome Recyling Factor

The conserved fold of the mitochondrial ribosome recyling factor (RRFmt) is simi-
lar to that of a bacterial RRF that contains two well-defined structural domains 
(Selmer et al. 1999). Domain I is a three helix bundle connected by flexible elbow 
linkers to domain II, a βαβ sandwich. In addition, RRFmt has a mito-specific 78 
amino acid residues long NTE (Rorbach et al. 2008). The homology model 
(Fig. 1.4b) suggests that its NTE is mainly α-helical. Most components of the ribo-
some (LSU rRNA helices, 69, 71, 80 and 93, and SSU protein S12) that are known 
to interact with the bacterial RRF (Agrawal et al. 2004; Gao et al. 2005; Barat et 
al. 2007; Weixlbaumer et al. 2007; Pai et al. 2008; Dunkle et al. 2011; Yokoyama 
et al. 2012) or the chloroplast ribosome (Sharma et al. 2007, 2010) are conserved 
in the mitoribosome. Therefore, it is likely that the conserved domains I and II of 
RRFmt make similar contacts on the mitoribosome.

In bacteria, RRF stabilizes the ribosome in its ratcheted state, which causes the 
destabilization of several inter-subunit bridges (B1 group bridges, and bridges B2a 
and B3; see Gabashvili et al. 2000; Yusupov et al. 2001; Sharma et al. 2003, for 
the bridge positions and nomenclature), and apparently primes the ribosome for 
the subsequent EF-G binding (Barat et al. 2007; Yokoyama et al. 2012), which 
catalyzes the final disassembly step. As indicated earlier (Sect. 1.3.2.2), the mitori-
bosome does not undergo ratcheting to the same degree as the bacterial ribosome 
does. It is possible that the long mito-specific NTE of RRFmt is involved in disrup-
tion of the mitoribosome’s B1 group bridges, which are also made of mito-specific 
MRPs, to offset the requirement of a pronounced ratcheted state.

1.3.4.2 � Mitochondrial Elongation Factor G2

Mitochondrial elongation factor G2 (EF-G2mt) is a mito-specific paralog of EF-G 
that interacts with the 55S mitoribosome•RRFmt complex to catalyze the dis-
assembly of the PoTC, therefore the factor has been also referred to as RRF2mt 
(Tsuboi et al. 2009). Unlike the canonical EF-G, EF-G2mt is unable to catalyze 
translocation and does not require hydrolysis of GTP to accomplish the riboso-
mal subunit splitting. The ability of EF-G2mt to functionally interact with RRFmt 
and the ribosome, to bring about ribosome splitting, mainly lies within its domains 
III and IV (Tsuboi et al. 2009). There is a mito-specific 25 amino acid insertion 
within EF-G2mt’s domain II. The cryo-EM study of the bacterial PoTC•RRF•EF-G 
complex shows that domains III, IV and V (but not domain II) of the structurally 
homologous bacterial EF-G interact with the domain II of RRF (Yokoyama et al. 
2012). Thus, the function of the mito-specific insertion in domain II of EF-G2mt 
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remains elusive. However, based on its location on the 3D model of EF-G2mt 
(Fig. 1.4b) it is conceivable and as suggested earlier for the mito-specific extension 
in EF-Tumt (Sect.  1.3.2.1), that the insertion may be involved in facilitating the 
factor’s interaction with the structurally depleted shoulder of the mito-SSU, rather 
than directly interacting with the mito-specific NTE of RRFmt. Further structural 
studies in context of the mitoribosome would be needed to resolve this intriguing 
interplay between the two recycling factors of the mitochondrial translation.

1.4 � Concluding Remarks

An overall comparison of the previously determined cryo-EM structure of the 
mammalian mitoribosome with atomic structures of the cytoplasmic ribosomes is 
presented in this article, highlighting some of the unique features of the mitori-
bosome. The retention of key architectural elements in the mitoribosome under-
pins a notably conserved basic functioning despite compositional changes during 
its long structural evolution. The cryo-EM structure suggests that the mammalian 
mitoribosome has acquired several novel features related to mitochondrial protein 
synthesis. We have come a long way in improving the resolution of the cryo-EM 
structures of the mitoribosome, which is currently at 7 Å resolution in our labo-
ratory. In the absence of any atomic structures of MRPs or mitochondrial trans-
lational factors, with the exception of EF-Tumt, molecular interpretation of the 
cryo-EM structures of the mitoribosome and its functional complexes is currently 
based on experimentally supported docking of homology models into the cryo-EM 
maps. However, identification and modeling of 38 non-homologous mito-specific 
MRPs in the cryo-EM map, especially those with undefined secondary structure 
motifs, continues to be a challenging task. The main barrier in achieving a high 
resolution structure appears to be an inherently heterogeneous composition of the 
mitoribosome, primarily due to a dramatic reduction in size of mito-rRNAs and 
significant increase in the number of MRPs. Many of these MRPs may be loosely 
attached to the rest of the mitoribosome in the absence of a direct interaction 
with the main rRNA scaffolds. This situation is dramatically different from the 
cytoplasmic ribosomes, which possess large rRNA scaffolds for interaction with 
their mostly basic ribosomal proteins, to produce relatively stable complex ame-
nable to X-ray crystallographic structure determination. While the compositional 
fragility of the mitoribosome poses a challenge for X-ray crystallographic tech-
nique, it is highly suited to the single-particle cryo-EM method. This technique 
can provide structures for the mitoribosome and its functional complexes at ever 
increasing resolution to understand the functions of various insertion and exten-
sion sequences in both MRPs and mitochondrial translation factors, and to unravel 
mechanistic and molecular details of mitochondrial protein synthesis.
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