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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
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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
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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 



211  Insights into Structural Basis of Mammalian Mitochondrial Translation

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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Abstract  The mammalian mitochondrial translation machinery is responsible for 
the synthesis of 13 mitochondrially encoded proteins that are essential for energy 
production. These proteins are subunits of the oxidative phosphorylation complexes 
embedded in the inner membrane of mitochondria. Mitochondrial protein synthesis 
is highly similar to that of bacterial systems; however, there are subtle differences 
between these systems in terms of their mechanisms and components. In this review, 
we will discuss the elements of mitochondrial translation, including the stages of pro-
tein synthesis and the factors involved in these processes. Although much still waits to 
be learned about the regulation of this system, a summary of what is currently known 
about the regulation of its protein components by post-translational modifications, 
specifically concerning energy metabolism, will also be included in this chapter.

2.1 � Background

2.1.1 � The Role of Mitochondrial Translation in Energy 
Metabolism

Mitochondria provide more than 90 % of the energy used by mammalian cells through 
the process of oxidative phosphorylation (OXPHOS). The 13 mitochondrially encoded 
proteins that are synthesized by the mitochondrial translation machinery are integral 
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components of the electron transfer and ATP synthase complexes and are essential 
for energy metabolism. They are localized in the inner membrane (IM) of mitochon-
dria and include seven subunits of complex I (NADH:ubiquinone oxidoreductase), 
one subunit of complex III (ubiquinone:cytochrome c oxidoreductase), three subunits 
of complex IV (cytochrome c:oxygen oxidoreductase), and two subunits of complex 
V (ATP synthase) (Fig. 2.1). The remaining subunits of the OXPHOS complexes, in 
addition to the ~1,500 proteins that support energy metabolism, are the products of 
nuclear genes. These proteins are synthesized by cytoplasmic ribosomes and imported 
into the mitochondria.

Mitochondrial energy metabolism, including the production of mitochondrial 
translation components, requires coordination of mitochondrial transcription and 
cytoplasmic translation. As described below, all the proteins supporting mitochon-
drial protein synthesis are synthesized by the cytoplasmic ribosomes. However, 
little is known about the retrograde regulation of mitochondrial energy metabo-
lism and translation. The availability of the high energy molecules, Acetyl-CoA, 
NADH/NAD+, and ATP, could be the major regulator of energy metabolism and 
protein synthesis in mammalian mitochondria via post-translational modifications 
by reversible acetylation and phosphorylation (Fig.  2.1). A brief analysis of this 
hypothesis will be discussed at the end of this chapter.

Fig. 2.1   Oxidative phosphorylation and regulation of the mitochondrial translation machinery. 
Mammalian mitochondria contain a 16.5  kb circular genome (mtDNA) which encodes for 22 
tRNAs, two rRNAs, and nine monocistronic and two dicistronic mRNAs. Mammalian mitochon-
drial ribosomes (28S and 39S subunits) are responsible for the synthesis of 13 mitochondrially 
encoded proteins that are subunits of complex I (blue), III (pink), IV (cyan), and ATP synthase, 
also known as complex V (orange). Metabolic levels of acetyl-CoA, NADH/NAD+, and ATP are 
important for the regulation of the mitochondrial translation machinery through reversible acety-
lation and phosphorylation
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2.1.2 � The Mitochondrial Genome

In mammals, mitochondrial DNA (mtDNA) contains about 16.5  kilobase pairs. 
It is a circular genome that encodes for 13 of the proteins of the OXPHOS 
complexes, as well as 22 tRNAs and two rRNAs required for protein synthe-
sis (Fig.  2.1). Nuclear DNA encodes for the majority of mitochondrial proteins 
and most subunits of the OXPHOS complexes. The 13 polypeptides encoded in 
the mammalian mitochondrial genome are synthesized from nine monocistronic 
mRNAs and two dicistronic mRNAs, which have overlapping reading frames 
(Jackson 1991; Anderson et al. 1982; Wolstenholme 1992). These mRNAs are 
quite unusual, almost entirely lacking 5′ and 3′ untranslated nucleotides. The 
translational start codon is generally located within three nucleotides of the 5′ end 
of the mRNA; therefore, mammalian mitochondrial mRNAs are defined as leader-
less mRNAs (Anderson et al. 1982; Montoya et al. 1981). Analysis of the 5′ ends 
of human mitochondrial mRNAs reveals post-transcriptional processing of the 5′ 
ends in 8 of the 11 mRNAs (Montoya et al. 1981). Moreover, they have minimal 
secondary structures at their 5′ ends (Jones et al. 2008).

In animal mitochondria, the 22 tRNAs are encoded by the mitochondrial 
genome. They are shorter than other tRNAs and lack the conserved nucleotides 
that play important roles in tRNA-folding (Watanabe 2010). These tRNAs fold 
into the basic cloverleaf structure of canonical tRNAs. However, they lack a num-
ber of the tertiary interactions that are highly conserved in prokaryotic and eukary-
otic cytoplasmic tRNA (Watanabe 2010; Helm et al. 2000). Although no crystal 
structure information is available for mitochondrial tRNAs, an L-shaped tRNA 
with a caved-in elbow region was found to be tightly bound to the mitochondrial 
ribosome at the P-site in cryo-EM reconstitution studies (Sharma et al. 2003).

Another interesting feature of the mitochondrial genome is the presence of only 
two rRNA species, 12S and 16S, for the small and large subunit rRNAs, respec-
tively (Pietromonaco et al. 1991). A recent report suggests that a 5S rRNA is 
also imported into mitochondria; however, it has not been confirmed whether the 
imported 5S rRNA is incorporated into the mitochondrial ribosome (Smirnov et 
al. 2011). In addition to leaderless and short tRNAs, mitochondria contain rRNAs 
that are considerably smaller than their counterparts in bacterial and eukaryotic 
cytoplasmic ribosomes (Koc et al. 2010). The compactness of the mammalian 
mitochondrial genome suggests that this phenomenon is not coincidental and has 
possibly evolved to minimize damage from the oxidative environment of mamma-
lian mitochondria.

2.1.3 � Mitochondrial Translation Machinery

The mammalian mitochondrial translation machinery is composed of ribosomes, 
tRNAs, mRNAs, recycling factors, and the factors of translation initiation, elon-
gation, and termination. Although emerging studies suggest RNA import into the 
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mitochondria, all of the RNA components that are involved directly in the translation 
machinery, including rRNAs, tRNAs, and mRNAs, are encoded by the mitochondrial 
genome (Attardi 1985; Attardi et al. 1982). All the other components (translation fac-
tors and ribosomal proteins) are products of nuclear-encoded genes and are translated 
into proteins by cytoplasmic ribosomes before they are imported into the mitochondria.

The largest component of the translation machinery is the mitochondrial 55S 
ribosome, which is comprised of 28S and 39S subunits, called the small and large 
subunits, respectively (O’Brien 1971). Mitochondrial ribosomes have a molec-
ular mass of about 2.7 ×  106 Da, approximately the size of bacterial ribosomes. 
As mentioned above, mitochondrial rRNAs are shorter than their bacterial coun-
terparts. They are truncated in specific locations, either in certain regions of their 
secondary structure or in entire domains (Koc et al. 2010). The missing regions in 
mammalian mitochondrial rRNAs are, for the most part, located on the periphery of 
bacterial rRNAs (Zweib et al. 1981; Glotz et al. 1981) and appear to be replaced by 
ribosomal proteins (Koc et al. 1999, 2000, 2001a, b, c). In fact, cryo-EM reconstitu-
tion studies have revealed that the truncated rRNA regions and domains are substi-
tuted with mitochondrial ribosomal proteins (Sharma et al. 2003). The combination 
of shorter rRNAs and a greater quantity of proteins has led us to describe mam-
malian mitochondrial ribosomes as “protein-rich” (Sharma et al. 2003; Koc et al. 
2001b, c). For a more detailed and comprehensive analysis of the structural char-
acteristics of mammalian mitochondrial ribosomes, readers should refer to Chap. 1.

The small subunit of the bovine mitochondrial ribosome has about 29 proteins, 
of which 14 have homologs in prokaryotic ribosomes. The remaining 15 proteins 
are specific to mitochondrial ribosomes. In contrast, the large subunit of bovine 
mitochondrial ribosomes contains about 48 proteins. Of these, 28 are homologs of 
bacterial ribosomal proteins, while the remaining 20 are unique to mitochondrial 
ribosomes. Only 15 of the mitochondria-specific proteins have homologs in the 
yeast mitochondrial ribosome (Koc et al. 2001b, c; Smits et al. 2007). This obser-
vation indicates that there is a significant divergence between the protein composi-
tion of mitochondrial ribosomes in higher and lower eukaryotes. Again, this high 
protein and shortened rRNA arrangement was probably favored during the evolu-
tion of mitochondria from endosymbiotic bacteria in order to protect rRNA, which 
is more prone to oxidative damage than proteins.

Mammalian mitochondrial ribosomes resemble bacterial ribosomes more 
closely than eukaryotic cytoplasmic ribosomes, as shown in the homology of bac-
terial and mammalian mitochondrial protein components. About half of the mito-
chondrial ribosomal proteins (MRPs) have homologs in bacterial ribosomes, while 
the remaining proteins represent a new class of ribosomal proteins that is specific 
to mitochondria (Koc et al. 2001b, c, 2010). Conversely, bacterial ribosomes con-
tain certain proteins not preserved in mitochondrial ribosomes. The distribution of 
mitochondria-specific proteins on the exterior surface of the ribosome is visible in 
cryo-EM studies; however, additional high-resolution structural information is still 
needed to determine the exact function of these proteins in translation (Sharma 
et al. 2003). Our studies suggest that mitochondria-specific proteins are replace-
ments of the bacterial 70S ribosomal proteins that do not have clear homologs 
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in mitochondrial ribosomes (Koc et al. 2001b, c; Suzuki et al. 2001). In addi-
tion to their primary functions in protein synthesis, several mitochondria-specific 
MRPs, including MRPS29 (also known as DAP3) and MRPS30, are reported to 
be involved in apoptosis and various diseases (Henning 1993; Kissil et al. 1995; 
Mariani et al. 2001; Takeda et al. 2007; Bhatti et al. 2010; Stacey et al. 2008; 
Woolcott et al. 2009). The disease-causing mutants and defects of these MRPs and 
other mitochondrial translation components has been elegantly summarized in sev-
eral recent reviews (Rotig 2011; Smits et al. 2010; Christian and Spremulli 2011).

2.1.4 � Interactions of Mammalian Mitochondrial Ribosomes 
with the Inner Membrane

Along with mtDNA and transcription machinery, mitochondrial ribosomes are asso-
ciated with the IM, and mitochondrially encoded subunits are co-translationally 
inserted into the OXPHOS complexes (Bogenhagen 2009; Wang and Bogenhagen 
2006; Liu and Spremulli 2000; Mick et al. 2012; Ott and Herrmann 2010). These 13 
proteins are located at the hydrophobic cores of the OXPHOS complexes, possibly 
to prevent proton leakage and provide tightly coupled mitochondria. Studies in yeast 
provided most of our knowledge of the interactions of mitochondrial ribosomes with 
the IM and the assembly of mitochondrially encoded subunits of OXPHOS (Ott and 
Herrmann 2010; Bonnefoy et al. 2001; Naithani et al. 2003; Hell et al. 1998). The 
majority of the proteins involved in these processes are either absent or not highly 
conserved in mammals. In mammals, only three IM proteins, Oxa1L, Cox18, and 
LetM, have been found to interact with mitochondrial ribosomes, which are homol-
ogous to yeast IM proteins Oxa1p (a homolog of bacterial Yidc, Cox18p or Oxa2, 
and Mdm38p, respectively (Bonnefoy et al. 2009; Frazier et al. 2006; Gaisne and 
Bonnefoy 2006). It was recently proposed that the components conserved in both 
systems regulate mitochondrial translation in response to the assembly state of the 
OXPHOS complexes (Mick et al. 2012). It is possible that this response mecha-
nism, which depends on the availability of its components, is the most efficient way 
to regulate mitochondrial biogenesis at multiple stages. Interaction of mitochondrial 
ribosomes with the IM and co-translational insertion of mitochondrially encoded 
components can be found in several recent reviews (Christian and Spremulli 2011; 
Ott and Herrmann 2010; Fox 2012).

2.2 � Protein Synthesis in Mammalian Mitochondria

Protein synthesis occurs in four stages, designated as initiation, elongation, 
termination, and ribosome recycling. Here, we will briefly describe the pro-
tein factors and mechanisms involved in these processes. The majority of factors 
involved in protein synthesis in mammalian mitochondria were initially discovered 



34 E. C. Koc and H. Koc

and characterized in the Spremulli laboratory (see recent reviews by Spremulli  
et al. (2010, 2011, 2011) for the detailed structural and mechanistic aspects of 
these proteins).

2.2.1 � Translation Initiation

Translation initiation starts with the dissociation of ribosomes into their subu-
nits. The formylated Met-tRNA (fMet-tRNA) is base-paired to the start codon on 
the mRNA in the P-site of the small subunit. This process is stimulated by three 
translation initiation factors in bacteria: IF1, IF2, and IF3. Although IF1 has been 
viewed as a universal translational initiation factor in bacteria, only two mamma-
lian mitochondrial initiation factors, mitochondrial initiation factor 2 (IF2mt) and 
mitochondrial initiation factor 3 (IF3mt), have been identified to date (Koc and 
Spremulli 2002; Liao and Spremulli 1990, 1991). We have shown that these two 
factors are sufficient to assemble an initiation complex on 55S ribosomes with 
fMet-tRNA in vitro (Koc and Spremulli 2002; Grasso et al. 2007).

In the current model (Fig. 2.2), the first step is the dissociation of the 55S ribo-
some into its subunits by IF3mt and formation of the 28S-IF3mt complex. It is 
proposed that mRNA could enter via a protein-rich mRNA entrance and bind 
to the 28S subunit first (Sharma et al. 2003); however, the exact mechanism of 
mRNA binding to the ribosome is not known. Currently, the order of mRNA, 

Fig. 2.2   Model for the initiation stage mitochondrial protein synthesis. The process of initiation 
begins with the 39S and 28S subunits associated a 55S ribosome. Mitochondrial initiation factor 
3 (IF3) binds and dissociates the 55S ribosomes into its subunits (Step 1). The IF3mt remains 
bound to the 28S subunit (Step 2). Thereafter, fMet-tRNA, mRNA, and mitochondrial initiation 
factor 2 (IF2), which is bound to GTP (red circle), bind to the 28S subunit (Step 3). The presence 
of the proper start codon (AUG) allows the mRNA to be locked into place by codon–anticodon 
interactions, and this setup forms the 28S initiation complex. The 39S subunit joins the initiation 
complex, and GTP is hydrolyzed to GDP (orange circle) to allow IF2mt and IF3mt to dissociate 
(Step 4)



352  Mechanism and Regulation of Protein Synthesis in Mammalian Mitochondria

fMet-tRNA, and IF2mt:GTP binding to the 28S-IF3mt complex is not clear 
(Christian and Spremulli 2011; Grasso et al. 2007). For simplicity, these processes 
are shown together in Step 3. Toeprinting analysis suggests that mRNA move-
ment is paused on the 28S subunit to inspect the codon at the 5′ end of the mRNA 
(Christian and Spremulli 2010). During this pause, IF2mt:GTP can promote the 
binding of fMet-tRNA to the 5′ AUG start codon of leaderless mitochondrial 
mRNAs on the 28S the ribosome (Step 3). Next, the large subunit joins the 28S 
initiation complex, IF2mt hydrolyzes GTP to GDP, and the initiation factors are 
released, resulting in a complete 55S initiation complex (Step 4).

As mentioned above, mammalian mitochondrial mRNAs lack the 5′ methylgua-
nylate cap structure and the canonical Shine-Dalgarno helix found in eukaryotic 
and bacterial mRNAs, respectively, to position the start codon at the P-site of the 
ribosome. However, the location of the start codon within one or two nucleotides 
of the 5′-end of leaderless mRNAs has been shown to be critical in initiation com-
plex formation in vitro (Christian and Spremulli 2010). These unusual features of 
leaderless mRNAs suggest the presence of a novel mRNA recognition and binding 
mechanism to ribosomes, possibly provided by mitochondria-specific ribosomal 
proteins or additional protein factors in mammalian mitochondria. It is possible 
that this is one of the most highly regulated steps in mitochondrial translation, but 
this remains to be investigated.

2.2.1.1 � Mitochondrial Translation Initiation Factor 2

Mammalian mitochondrial IF2mt, which is homologous to bacterial IF2, was 
initially characterized and purified from bovine liver (Schwartzbach et al. 1996). 
The full-length human, bovine, and mouse IF2mt are all 727 amino acids (aa) 
long. The predicted mature form, which includes residues 78-727, can be stably 
expressed in E. coli (Claros and Vincens 1996). This recombinant protein is capa-
ble of promoting the binding of the initiator tRNA (fMet-tRNA) to mitochondrial 
28S subunits or 55S ribosomes in the presence of GTP and synthetic mRNAs. 
Mammalian IF2mt can also stimulate the binding of fMet-tRNA to bacterial ribo-
somes; however, bacterial IF2 cannot stimulate formation of the initiation complex 
on mitochondrial ribosomes (Ma and Spremulli 1995).

When compared to the six-domain model of E. coli IF2, mammalian IF2mt 
covers domains III–VI, with an additional small insertion domain that is only 
found in animal mitochondria (Christian and Spremulli 2011; Atkinson et al. 
2012; Yassin et al. 2011; Spremulli et al. 2004). The electron density map of the 
initiation complex formed with bovine IF2mt and 70S ribosomes at 10.8 Å reveals 
a three-dimensional model for the structure of this factor (Fig.  2.3a) (Yassin et 
al. 2011). Although domain III could not be modeled in this structure, the dele-
tion mutations of IF2mt suggest that this domain interacts with the ribosome and 
makes important contacts with the 28S subunit (Spencer and Spremulli 2005). 
Domain IV, which is called the G-domain and is the most highly conserved 
domain, is also responsible for effective binding to 28S subunits. The presence of  
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the G-domain is required for the proper arrangement of IF2mt domains, specifi-
cally domain V and its interactions with the large subunit near the ribosomal L7/L12  
stalk and the sarcin-ricin loop (Allen et al. 2005; La Teana et al. 2001). The small 
insertion domain is located between domains V and VIC1, and its structural 
aspects are discussed in Chap. 1 by Agrawal et al. The region of IF2mt respon-
sible for interacting with fMet-tRNA has been mapped to the VIC2 subdomain 
(Fig. 2.3a) (Spencer and Spremulli 2004). The mammalian mitochondrial genome 
encodes only a single tRNAMet gene that is partitioned between initiation and 
elongation after aminoacylation. This is also a unique feature that is only found 
in the animal mitochondrial translation system. Translation initiation starts with 
a formylated Met-tRNA (fMet-tRNA); therefore, only a fraction of Met-tRNA is 
formylated by a mitochondrial Met-tRNA formylase (Takeuchi et al. 1998). The 
formylated form interacts with IF2mt and is used in translation initiation, while 
the unformylated Met-tRNA interacts with EF-Tumt and is channeled into elon-
gation. It is postulated that this partitioning begins with the competition between 
transformylase and EF-Tumt (Spencer and Spremulli 2004).

2.2.1.2 � Mitochondrial Translation Initiation Factor 3

We discovered mammalian IF3mt in homology searches of human and mouse 
ESTs using IF3 sequences from various species as queries (Koc and Spremulli 
2002). The coding region of human IF3mt contains 278 amino acid residues. 

Fig. 2.3   Structural models of mammalian mitochondrial initiation factors. a Model for the 3-D 
structure of IF2mt, based on the cryo-EM map of IF2mt:70S initiation complex (PDB# 3IZY). 
Domain III has been omitted from the structure due to the resolution obtained with the cryo-
EM images. Domain IV is shown in blue, domain V is shown in purple, the insertion domain 
is shown in orange, domain VI-C1 is shown in green, and domain VI-C2 is shown in pink.  
b Structural model of IF3mt based on the crystal structure of the N-terminal domain of G. stearo-
thermophilus IF3 and the NMR structure of the murine IF3mt C-terminal domain (PDB# 1TIF 
and 2CRQ)

http://dx.doi.org/10.1007/978-3-642-39426-3_1
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IF3mt is highly conserved in mammals, while the sequence homology is 35–40 % 
in vertebrates. Recently, a clear homolog in Saccharomyces cerevisiae was 
reported (Atkinson et al. 2012). Recombinant human IF3mt was generated 
after removing the 31-residue signal peptide predicted by MitoProtII (Koc and 
Spremulli 2002). Bacterial factors contain two globular domains separated by a 
linker region (Biou et al. 1995). The structural model of IF3mt based on the crys-
tal structure of the N-terminal and linker domains of Geobacillus stearothermophi-
lus IF3 and the NMR structure of the C-terminal domain of mouse IF3mt indicates 
that the mammalian factor is also organized in a dumbbell shape (Fig.  2.3b) 
(Moreau et al. 1997). The N-terminal homology domain of IF3mt contains an 
α-helix folded against four β-sheets (Fig. 2.3b). The C-terminal domain of IF3mt 
is folded into a similar structure, except with two α-helices (Fig. 2.3b). Although 
the linker region contains a helical segment in bacteria, the mitochondrial linker 
is predicted to be a partial α-helix. Deletion mutations in IF3mt biochemical 
studies suggest that this linker is highly flexible prior to binding to the ribosome 
(Christian and Spremulli 2009).

IF3mt promotes the dissociation of 55S ribosomes into their subunits and stim-
ulates the binding of fMet-tRNA to mitochondrial 28S subunits in the presence 
of IF2mt and mRNA (Koc and Spremulli 2002). It also prevents premature bind-
ing of fMet-tRNA to ribosomes prior to mRNA binding (Bhargava and Spremulli 
2005). However, the proofreading activity found in bacterial IF3 is not conserved 
in IF3mt (Petrelli et al. 2001). This lack of proofreading activity is postulated to 
be due to the recognition of both AUG and AUA as start codons and to the par-
titioning of tRNAMet between translation initiation and elongation (Christian 
and Spremulli 2011). The deletion and point mutations of IF3mt and their roles 
in translation initiation have been studied extensively (Christian and Spremulli 
2009; Bhargava and Spremulli 2005; Haque and Spremulli 2008). The removal of 
the N-terminal domain and the linker region only slightly affects IF3mt activity, 
whereas truncation of the C-terminal domain completely inactivates IF3mt func-
tion and its binding to the 28S subunit. It has also been shown that the C-terminal 
domain of IF3mt is sufficient by itself to promote initiation complex formation 
with the 55S ribosome (Christian and Spremulli 2009). In fact, Ala mutations of 
several critical residues at the C-terminal domain of human IF3mt, located at posi-
tions 170–171 and 175, result in loss of its dissociation function, and therefore, 
initiation complex formation (Christian and Spremulli 2009). This observation 
clearly supports the IF3mt mechanism of action proposed in Fig. 2.2. The N- and 
C-terminal extensions of IF3mt also play roles in monitoring the sequence of ini-
tiation complex formation by reducing the affinity of the factor for the 39S sub-
unit and preventing the premature binding of fMet-tRNA, respectively (Fig. 2.4) 
(Christian and Spremulli 2009, 2011).

In bacteria, IF3 binds to the platform region of the small subunit, and this 
region is one of the most highly conserved regions of the mitochondrial ribo-
some (Sharma et al. 2003; Koc et al. 2001b; McCutcheon et al. 1999; Pioletti et al. 
2001). We have identified the contacts between IF3mt and the 28S subunit using 
cross-linking assays in combination with identification of cross-linked ribosomal 
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proteins by mass spectrometry (Haque et al. 2011). In this analysis, MRPs with 
bacterial homologs (such as MRPS5, MRPS9, MRPS10, and MRPS18-2) and 
proteins with no homologs in bacterial ribosomes (such as MRPS29, MRPS32, 

Fig.  2.4   Model for the elongation and termination steps of mitochondrial protein synthesis. 
During elongation, the tRNA with the growing polypeptide chain or fMet-tRNA is located in 
the P-site of the ribosome. A second aa-tRNA is brought to the A-site of the ribosome by EF-
Tumt (Tu), which is bound to GTP (shown as a red circle) (Step 1). As GTP is hydrolyzed to 
GDP (depicted as an orange circle), EF-Tumt is released from the ribosome, and at this step, 
EF-Tsmt (Ts) is required for GDP-GTP exchange (Step 2). In the next step, peptide bond syn-
thesis is catalyzed and the growing polypeptide chain is transferred to the aa-tRNA in the A-site 
(Step 3). Next, EF-G1mt:GTP (G1 with a red circle) binds to the ribosome’s A-site and cata-
lyzes its translocation (Step 4). This moves the deacetylated tRNA out of the P-site and shifts the 
newly acetylated tRNA to the P-site (Step 5). Elongation proceeds until the ribosome recognizes 
a termination codon. The beginning of termination is signaled by the termination codon (shown 
here as UAG), which enters the ribosome’s A-site (Step 1). Both mtRF1a (F1a) and GTP bind to 
the A-site, and the polypeptide chain is released with hydrolysis of GTP (Step 2). The mecha-
nism for the release of mtRF1a and GDP from the ribosome is still unknown. RRF1mt (RRF) 
then binds to the A-site, followed by EF-G2mt (G2, also known as RRF2mt) (Step 3). These two 
release factors promote the dissociation of the ribosomal subunits as well as the release of the 
mRNA and deacetylated tRNA (Step 4). The ribosome is free to perform further cycles of trans-
lation after RRF1mt and EF-G2mt are released
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MRPS36, and PTCD3) are identified as the 28S subunit proteins that interact 
with IF3mt. The interaction between IF3mt and MRPS29 (DAP3) is unexpected, 
because IF3mt was found to be located at the lower part of the 28S subunit by 
immunoelectron microscopy (O’Brien et al. 2005). The locations of MRPS32, 
MRPS36, and PTCD3 in the small subunit are not known; however, we have 
shown that PTCD3 is one of the proteins that interacts with mRNA on the 28S 
subunit (Koc and Spremulli 2003). The group of bacterial homologs of MRPs 
cross-linked to IF3mt is different from the ribosomal proteins that interact with the 
bacterial IF3 in the platform of the 30S subunit. This difference is possibly due to 
the mitochondria-specific ribosomal proteins surrounding the platform region in 
the 28S subunit (Koc and Spremulli 2003).

2.2.2 � Translation Elongation in Mammalian Mitochondria

During elongation, mRNA is decoded sequentially as amino acids are incorpo-
rated into the growing polypeptide chain (Fig. 2.4). In contrast to the differences 
observed between the mitochondrial and bacterial translation initiation processes, 
elongation is highly conserved in these systems (Spremulli et al. 2004). The basic 
mechanism of mitochondrial translation elongation is summarized in Fig. 2.4. In 
the first step, a ternary complex formed with GTP, mitochondrial elongation fac-
tor Tu (EF-Tumt), and aminoacyl-tRNA (aatRNA) enters the A-site of the 55S 
ribosome, which is occupied with either fMet-tRNA or aa-tRNA at the P-site 
(Step 1). Formation of the correct cognate ternary complex hydrolyzes GTP and 
causes the release of EF-Tu:GDP in Step 2. Elongation Factor Ts (EF-Tsmt) sup-
ports the GDP/GTP exchange by forming an EF-Tumt:EF-Tsmt complex. The 
peptidyl-transferase activity of the ribosome catalyzes peptide bond formation 
and extends the peptide chain by one residue on the peptidyl-tRNA at the A-site, 
leaving a deacylated tRNA in the P-site (Step 3). In the next step, deacetylated 
tRNA is removed (Step 4) and peptidyl-tRNA at the A-site is translocated into 
the P-site (Step 5) by mitochondrial Elongation Factor G1 (EF-G1mt). In bac-
teria, the deacylated tRNA is progressively released from the E-site; however, a 
corresponding E-site tRNA-binding site was not found in the cryo-EM studies 
of the mitochondrial ribosome (Sharma et al. 2003). At the final stage of elonga-
tion, ribosome with peptidyl-tRNA at the P-site is ready for either a subsequent 
elongation cycle or for termination. Mammalian mitochondrial elongation factors, 
specifically EF-Tumt and EF-Tsmt, have been extensively studied, either using 
their native forms from bovine mitochondria or recombinant proteins from E. coli 
(Schwartzbach and Spremulli 1989; Woriax et al. 1995, 1996; Xin et al. 1995). 
Here, we will briefly discuss the properties of the mammalian mitochondrial elon-
gation factors. For more comprehensive information on mitochondrial elongation 
factors, readers are referred to previous reviews (Christian and Spremulli 2011; 
Spremulli et al. 2004).
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2.2.2.1 � Mitochondrial Elongation Factors Tu and Ts

EF-Tumt and EF-Tsmt were the first mitochondrial translation factors identi-
fied and characterized from bovine mitochondria (Schwartzbach and Spremulli 
1989). EF-Tumt is a 452 aa long protein in mammalian mitochondria. The 
mature form of the bovine protein is 409 residues long and is 55–60 % identical 
to bacterial EF-Tu. Crystal structures of the bacterial EF-Tu ternary complexes 
from several different species have been solved (Nissen et al. 1995, 1999). The 
crystal structure of bovine EF-Tumt has similarities to bacterial EF-Tu and is 
folded into three domains (Jeppesen et al. 2005) (Fig.  2.5). Domain I binds 
guanine nucleotides and forms the 3′-end of the aa-tRNA-binding site along 
with domain II. These domains also interact with the small subunit during the 
tRNA delivery to the peptidyl-transferase active center. The extended acceptor-
TΨC helix of the aa-tRNA interacts with domain III. A binding pocket for the 
5′-end and the acceptor stem of the aa-tRNA is provided by all three domains 
(Fig. 2.5).

Studies performed with chimeric bacterial EF-Tu and EF-Tumt proteins reveal 
that domains I and II of the mitochondrial factor are primarily responsible for 
aa-tRNA delivery to the ribosome (Bullard et al. 1999; Hunter and Spremulli 
2004a). It is also suggested that the formation of codon–anticodon interactions 
possibly causes conformational changes in the body of the tRNA and sends a 
signal to domain I, triggering GTP hydrolysis. This observation is extremely 

Fig. 2.5   Model of the bovine 
EF-Tumt:EF-Tsmt complex 
with tRNA. In this model 
of the bovine EF-Tumt:EF-
Tsmt complex (PDB# 1XB2) 
with E. coli Cys-tRNACys 
(PDB# IB23), EF-Tumt, 
EF-Tsmt, and tRNA are 
shown in violet, blue, 
and orange, respectively. 
Individual domains observed 
in the structure are indicated. 
The positions of two 
disease-causing mutations 
found in EF-Tumt (R336) 
and EF-Tsmt (R325) are 
labeled in red. EF-Tumt is 
phosphorylated at highly 
conserved Thr273 and Ser312 
residues (shown in cyan) near 
the tRNA-binding site and 
acetylated at Lys88 and Lys 
256 (shown in yellow)
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valuable in explaining mitochondrial myopathies caused by mutations in mito-
chondrial tRNAs, specifically those causing conformational changes, rendering 
them inefficient in triggering the GTPase activity of EF-Tu (Hunter and Spremulli 
2004b,  c,  d; Shi et al. 2012; Hao and Moraes 1997; Kelley et al. 2000; Ling et al. 
2007) (Fig. 2.5).

In mammals, the most common form of EF-Tsmt is 325 amino acid resi-
dues in length, and the mature protein is about 31  kDa (Xin et al. 1995). 
Although bacterial EF-Ts is found as a free protein, EF-Tsmt has been identi-
fied to be complexed with EF-Tumt (Schwartzbach and Spremulli 1989). EF-
Tsmt is only 25–30 % identical to its bacterial counterpart. In agreement with 
this low sequence homology, the structure of EF-Tsmt is also less conserved 
in comparison to the structural homology between mitochondrial and bacte-
rial EF-Tus. One of the most remarkable differences is the complete loss of the 
coiled-coil domain structure of the C-terminal domain, in contrast to the similar 
folds found in the N-terminal domain (Fig.  2.5). Likewise, the β-strand folds 
located in the central domain of EF-Tsmt are organized differently in the bac-
terial protein. The central domain of EF-Tsmt interacts with domains I and II 
in EF-Tumt, and this region undergoes substantial conformational changes dur-
ing the nucleotide exchange process between EF-Tumt and EF-Tsmt (Fig. 2.5) 
(Jeppesen et al. 2005).

The mechanistic and structural aspects of mammalian mitochondrial translation 
elongation factors described above have been extensively studied and reviewed by 
the Spremulli laboratory (Christian and Spremulli 2011; Spremulli et al. 2004). 
The in vitro studies performed by this laboratory have shed light on the role of 
these factors in metabolic diseases and cancers, as reported recently (Shi et al. 
2012; Smeitink et al. 2006; Skrtic et al. 2011; Akama et al. 2010). For a com-
prehensive representation of the roles of these factors in human diseases, readers 
should refer to the previous reviews (Rotig 2011; Akama et al. 2010).

2.2.2.2 � Mitochondrial Elongation Factor G1

There are two forms of EF-Gmt: EF-G1mt and EF-G2mt (Tsuboi et al. 2009; 
Hammarsund et al. 2001). EF-G1mt catalyzes the translocation of peptidyl-tRNA 
from the A-site to the P-site while dislocating P-site tRNA from the ribosome 
(Fig. 2.4). EF-G2mt is involved in termination. Full-length EF-G1mt is 751 aa res-
idues, and both native and recombinant forms of mammalian EF-G1mt are active 
in catalyzing translocation in both mitochondrial and bacterial translation elonga-
tion in vitro (Tsuboi et al. 2009; Chung and Spremulli 1990; Bhargava et al. 2004). 
On the other hand, bacterial EF-G does not support mitochondrial translocation 
(Chung and Spremulli 1990). Another unusual feature of mammalian EF-G1mt is 
the resistance of this factor to fusidic acid (Bhargava et al. 2004). The specific-
ity of EF-G1mt can be attributed to the structural differences between the EF-G 
sequence and the L7/L12 stalk region of mitochondrial and bacterial ribosomes 
(Bhargava et al. 2004; Terasaki et al. 2004).
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2.2.3 � Termination of Mitochondrial Translation 
and Ribosome Recycling

The final stage of protein synthesis is termination and the dissociation of the ribo-
some complex for recycling. In the proposed model, UAA and UAG serve as stop 
codons in mammalian mitochondria (Fig.  2.4a). In the first step of termination, 
these stop codons move into the A-site and are recognized by mtRF1a (referred to 
as F1a in Fig. 2.4). In humans, two arginine codons, AGA and AGG, also function 
as terminal codons; however, these codons promote -1 frameshifting and reposition 
the standard UAG codon at the A-site for termination (Temperley et al. 2010). The 
binding of mtRF1a to the ribosome triggers GTP hydrolysis and the release of the 
completed peptide during Step 2. In the following step, ribosomes are ready to be 
recycled and to release mtRF1a. This step requires RF3 in bacteria. However, no 
factor homologous to RF3 has been found in mitochondria; thus, the mechanism of 
mtRF1a dissociation is not known. In Step 3, mitochondrial ribosome recycling fac-
tor (RRF1mt, abbreviated as RRF in Fig. 2.4) and EFG2mt (also known as RRF2mt 
and abbreviated as G2 in Fig. 2.4) act together to release mRNA and P-site tRNA 
and to dissociate 55S ribosomes into the subunits. The release of these factors from 
the ribosomes, accompanied by GTP hydrolysis, prepares them for the next round 
of protein synthesis in Step 4 (Fig. 2.4) (Chrzanowska-Lightowlers et al. 2011).

2.2.3.1 � Mitochondrial Release Factors

There are three mitochondrial proteins with significant homology to bacterial RF1: 
mtRF1a, c12orf65, and ICT1. All of these factors contain the GGQ motif, which is 
critical for the termination of protein synthesis because they all hydrolyze the pepti-
dyl-tRNA bond (Chrzanowska-Lightowlers et al. 2011). Full-length human mtRF1a 
contains 445 amino acid residues and has been shown to participate in the termi-
nation of 11 human mitochondrial mRNAs at UAA and UAG codons (Zhang and 
Spremulli 1998; Soleimanpour-Lichaei et al. 2007). Therefore, it is described as the 
mitochondrial release factor used in the decoding process (Christian and Spremulli 
2011; Soleimanpour-Lichaei et al. 2007). Currently, the function of c12orf65 is not 
known; however, ICT1 functions as a ribosome-dependent peptidyl-tRNA hydrolase 
because it is tightly associated with the large subunit of the mitochondrial ribosome 
(Richter et al. 2010). It is also proposed to have a role in the recycling of stalled 
ribosomes on damaged mRNAs or mRNAs lacking stop codons (Chrzanowska-
Lightowlers et al. 2011). This is a possible replacement for the tmRNA mechanism 
found in bacteria (Christian and Spremulli 2011; Haque and Spremulli 2010).

2.2.3.2 � Ribosome Recycling in Mammalian Mitochondria

The coding region of the mitochondrial ribosome recycling factor (mtRRF) is a 262 aa 
residue-long protein in mammals and is 25–30 % identical to bacterial RRF. In human 
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cell lines, mtRRF has been shown to be essential (Rorbach et al. 2008). There are sev-
eral alternatively spliced isoforms of mtRRF listed in protein databases such as NCBI 
and UniProt; however, it is not known whether these shorter isoforms function in the 
termination of protein synthesis. The bacterial form of mtRRF works with EF-G, the 
only translocation factor found in bacteria. In mammals, however, mtRRF and EF-
G2mt cooperate to disassemble the ribosome:mRNA:tRNA complex in the termination 
steps (Steps 3 and 4) of mitochondrial translation (Fig. 2.4).

As described above, two proteins homologous to bacterial EF-G (EF-G1mt and 
EF-G2mt) are present in mammalian mitochondria. While EF-G1mt is responsi-
ble for translocation during chain elongation, EF-G2mt, also known as RRF2mt, 
functions in combination with mtRRF at the termination step (Tsuboi et al. 2009). 
In many organisms, there is only a single EF-G involved in both elongation and 
termination, as occurs in bacteria. However, mammalian EF-G2mt only serves in 
the termination process, and GTP hydrolysis is required for its release, along with 
mtRRF, from the ribosome (Tsuboi et al. 2009). In bacterial termination, GTP 
hydrolysis is necessary for ribosome recycling.

2.3 � Regulation of Mitochondrial Protein Synthesis

Most of our knowledge of mammalian mitochondrial protein synthesis comes 
from either in vitro studies or from studies of disease-causing or lethal mutations 
in humans. Yet, the regulation of the mitochondrial translation machinery, which 
is essential for cellular homeostasis and survival, has not been explored in great 
detail. The regulation of mitochondrial protein synthesis requires coordinated 
expression of nuclear and mitochondrial genes at the transcriptional and transla-
tional levels. This retrograde signaling is proposed to be regulated by molecules 
derived from mitochondrial metabolism, such as reactive oxygen species (ROS), 
NAD+, Acetyl-coA, and ATP (Wallace 2012; Finley and Haigis 2009; Schieke 
and Finkel 2006). In addition, it has been suggested that organelle biogenesis in 
plants and animals is regulated by dual or multiple localizations of proteins and 
small RNA species, such as 5S rRNA and microRNAs, into the nucleus, cytosol, 
and mitochondria (Smirnov et al. 2011; Duchene and Giege 2012; Vedrenne et al. 
2012; Ernoult-Lange et al. 2012). Regulation of protein synthesis by these small 
RNAs in yeast and mammalian mitochondria will be discussed in Chap. 4.

Recent technological progress in system biological approaches has demon-
strated that these approaches have the potential to solve metabolite-regulated 
signaling processes in mammalian mitochondria. As indicated above, Acetyl-
coA, NAD+, and ATP are the most essential metabolites of oxidative energy 
metabolism and are used for a variety of cellular functions in health and disease 
(Fig.  2.1). More importantly, these metabolites are involved in post-translational 
modifications and the modulation of protein activities by reversible acetylation 
and phosphorylation in mammalian mitochondria (O’Rourke et al. 2011; Hebert 
et al. 2013; Zhao et al. 2010). High-throughput proteomic surveys of mitochon-
drial proteins employed by many different laboratories have confirmed that these 

http://dx.doi.org/10.1007/978-3-642-39426-3_4
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post-translational modifications are very common and are regulated by the activi-
ties of mitochondrially localized kinases and NAD+-dependent deacetylases (sir-
tuins), including SIRT3, SIRT4, and SIRT5 (Hebert et al. 2013; Zhao et al. 2010; 
Choudhary et al. 2009a; Kim et al. 2006; Michishita et al. 2005; Schwer et al. 
2006; Onyango et al. 2002; Bell and Guarente 2011).

Protein synthesis in eukaryotic cytoplasm by 80S ribosomes is predominantly 
regulated by the phosphorylation of translation factors, specifically eIF2a (Kimball 
et al. 1998; Hershey 1989). Phosphorylation of eIF2a at Ser 51 results in the dif-
ferential expression of mRNAs and directs many critical cellular events, such as 
cell growth and apoptosis. However, the regulatory role of phosphorylation on 
bacterial and mammalian mitochondrial translation systems has been overlooked 
until recently. Our recent studies have revealed that the regulation of mitochon-
drial translation by post-translational modifications, specifically by phosphoryla-
tion and acetylation, is far more widespread than originally thought (Miller et al. 
2008, 2009; Yang et al. 2010). Additionally, the phosphorylation and acetylation 
of mammalian mitochondrial ribosomal proteins and translation factors have 
been mapped in high-throughput proteomics approaches using tandem mass spec-
trometry (Zhao et al. 2010; Choudhary et al. 2009a; He et al. 2001; Zhang et al. 
2009; Sajid et al. 2011; Koc and Koc 2012). However, the regulation mechanism 
of mitochondrial translation factors by reversible acetylation and phosphoryla-
tion remains largely to be discovered. A comprehensive list of post-translationally 
modified bacterial and mammalian mitochondrial ribosomal proteins and transla-
tion factors can be found in a recent review by our group (Koc and Koc 2012).

Surprisingly, we observe that post-translationally modified aa residues are found 
in the functionally critical regions of translation factors and MRPs, supporting the 
hypothesis that these modifications play a role in the regulation of mitochondrial 
translation and, consequently, OXPHOS. For example, inhibition of bacterial pro-
tein synthesis by phosphorylation of EF-Tu has long been known; however, phos-
phorylation of Thr 118 has been recently demonstrated to inhibit tRNA binding in 
Mycoplasma tuberculosis EF-Tu (Sajid et al. 2011; Alexander et al. 1995). In two 
recent large-scale mouse phosphoproteome analyses, phosphorylation at Thr273 
and Ser312 residues was mapped by mass spectrometry, and, interestingly, these 
two residues are located in the tRNA-binding region (Fig. 2.5) (Choudhary et al. 
2009b; Huttlin et al. 2010). Moreover, most post-translationally modified regions 
of MRPs that are exposed to solvent are typically rich in Lys, Ser, Thr, and Tyr 
residues to support acetylation and phosphorylation. One of the unexpected obser-
vations included in our review is the conservation of modifications in both bacte-
rial and mitochondrial ribosomes (Miller et al. 2009; Yang et al. 2010; Koc and 
Koc 2012; Soung et al. 2009). It is clear that these reversible modifications in the 
exposed parts of ribosomal proteins are likely to be involved in the recruitment of 
translation factors, rRNA and mRNA interactions, and subunit association.

One of the most active regions of mitochondrial and bacterial ribosomes dur-
ing translation is the L7-L12 stalk. It is involved in the recruitment of translation 
factors IF2, EF-Tu, and EF-G in both bacteria and mammalian mitochondrial 
ribosomes (Uchiumi et al. 1999, 2002). This flexible region of the large subunit 
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is highly conserved and is composed of L11, L10, and multiple copies of L7/L12, 
the exact number depending on the species. There is ample evidence that phos-
phorylation and acetylation in this region are involved in regulatory roles in both 
mitochondrial and bacterial ribosomes (Ilag et al. 2005; Traugh and Traut 1972; 
Mikulik et al. 2011; Gordiyenko et al. 2008). We have demonstrated that MRPL10 
is the major acetylated protein in the mammalian mitochondrial ribosome and 
that an NAD+-dependent deacetylase, SIRT3, is involved in the deacetylation of 
MRPL10 (Yang et al. 2010). In SIRT3 knock-out mice mitochondria, we have 
shown that the acetylation of MRPL10 results in the enhancement of mitochon-
drial translation. MRPL12 was also found to be acetylated in unpublished stud-
ies from our laboratory and in a recent high-throughput mapping of acetylated 
proteins in SIRT3 knock-out mice mitochondria (Hebert et al. 2013; Yang et al. 
2010; Han et al. 2013). This observation suggests that the role of L12 acetylation 
in bacteria is also conserved in mammalian mitochondrial ribosomes (Gordiyenko 
et al. 2008; Ramagopal and Subramanian 1974). Due to the fact that the stalk itself 
is very flexible and that mitochondria contain free pools of MRPL12 copies, it is 
likely that the components of the stalk transiently associate with the ribosome to 
regulate protein synthesis in mitochondria. In fact, a free pool of MRPL12 has 
been reported to interact with mitochondrial RNA polymerase (Wang et al. 2007; 
Surovtseva et al. 2011).

In addition to the MRPs with bacterial homologs, we observed extensive modi-
fications of mitochondria-specific proteins found in the small subunit of the 55S 
ribosome (Miller et al. 2009). One of the most extensively studied pro-apoptotic 
proteins of the 28S subunit, MRPS29 (DAP3), is both acetylated and phosphoryl-
ated. Its phosphorylation near the GTP-binding domain has been shown to be cru-
cial to its pro-apoptotic function in various cell lines (Takeda et al. 2007; Miller 
et al. 2008; Miyazaki et al. 2004). Aberrant expression of DAP3 has been detected 
in thyroid oncocytic, brain, and breast cancer tissues (Mariani et al. 2001; Jacques 
et al. 2009; Wazir et al. 2012). Clearly, further studies need to be done with mito-
chondrial translation factors and ribosomal proteins to shed light on their roles and 
the mechanisms by which they are regulated, including and starting with PTMs, to 
support cellular homeostasis.

2.4 � Future Directions

Major milestones have been reached toward the complete characterization 
and identification of the components of mammalian mitochondrial translation. 
However, some mechanistic and structural aspects of mitochondrial translation 
have yet to be understood. One of the major unanswered questions that remains 
concerning the mechanism of mitochondrial protein synthesis is the recognition of 
leaderless mRNAs. The evidence so far points to a protein-dominated mechanism 
for mRNA recognition and binding to the mitochondrial ribosome. In addition, the 
components that facilitate co-translational insertion of mitochondrially encoded 
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subunits of OXPHOS complexes into the IM need to be discovered and studied 
in greater detail in mammals. Retrograde signaling pathway(s) providing commu-
nication links between the mitochondrial and cytoplasmic translation machiner-
ies remain to be uncovered. Finally, the modulation of the translation machinery 
by reversible acetylation and phosphorylation and the enzymes involved in these 
reversible modifications are urgently waiting to be investigated.
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Abstract  Transfer RNAs (tRNAs) and aminoacyl-tRNA synthetases (aaRSs) are 
key actors in all translation machineries. AaRSs aminoacylate cognate tRNAs 
with a specific amino acid that is transferred to the growing protein chain on the 
ribosome. Mammalian mitochondria possess their own translation machinery for 
the synthesis of 13 proteins only, all subunits of the respiratory chain complexes 
involved in the synthesis of ATP. While 22 tRNAs and two ribosomal RNAs are 
also coded by the mitochondrial genome, aaRSs are nuclear encoded and become 
imported. The fact that the two cellular genomes, nuclear and mitochondrial, 
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evolve at different rates raises numerous questions as to the co-evolution of part-
ner macromolecules. Herein we review the present state-of-the-art on structural, 
biophysical, and functional peculiarities of mammalian mitochondrial tRNAs and 
aaRSs, and of their partnership in their wild-type state. Then, we oppose this mito-
chondrial “order” to the “disorder” generated by the presence of a variety of muta-
tions occurring in the corresponding human genes that have been correlated to an 
increasing number of diseases. So far, more than 230 mutations in mitochondrial 
tRNA genes and a rapidly growing number of mutations in mitochondrial aaRS 
genes have been reported as causative of a large variety of pathologies. The molec-
ular incidence of mutations on structural, biophysical and functional properties 
of the related macromolecules will be summarized. Mutations in mitochondrial 
tRNA genes lead to complex mosaic effects with a major impact on tRNA struc-
ture. Some mutations affecting mitochondrial aaRS genes do not interfere with the 
housekeeping aminoacylation activity, suggesting that mitochondrial aaRSs, alike 
cytosolic aaRSs are involved in other processes than translation. This opens new 
research lines.

3.1 � Introduction

Mammalian mitochondria possess a small circular genome, coding for 13 polypep-
tide chains only. These are subunits of the respiratory chain complexes involved in 
the oxidative phosphorylation of ADP into ATP. The synthesis of these 13 subunits 
requires a complete mitochondrial translation machinery. Interestingly, the RNA 
components of this machinery are encoded by the mitochondrial genome. This is 
the case of 11 mRNAs (leading to the 13 proteins), 2 rRNA, and 22 tRNAs rep-
resenting the minimal and sufficient set to read all codons (Anderson et al. 1981). 
All protein components are coded by the nuclear genome, synthesized in the cyto-
sol, and imported into the organelle. They include the full sets of ribosomal pro-
teins, as well as tRNA maturation and modification enzymes, aminoacyl-tRNA 
synthetases (aaRSs), and also translation initiation, elongation, and termination 
factors. The dual genetic origin of the macromolecules constituting the transla-
tion machinery has raised numerous questions as to their properties, mechanism, 
and specificities of their partnerships, regulation of expression and mechanisms of 
co-evolution. Indeed, the mitochondrial genome evolves 15–20 times more rapidly 
than the nuclear genome (Brown et al. 1979; Castellana et al. 2011), generating 
highly variable sequences so that the RNAs coded by the mammalian mitochon-
drial genomes are peculiar. All have lost some information as compared to their 
bacterial homologs. For instance, mRNAs miss 3′ and 5′ untranslated regions, 
ribosomal RNAs are significantly shorter than bacterial counterparts and tRNAs 
present a range of peculiarities, from the absence of a few nucleotide signature 
motifs to the absence of full structural domains (Willkomm and Hartmann 2006).

Herein we first focus on human mitochondrial tRNAs (mt-tRNAs) and aaRSs 
(mt-aaRSs) and on their partnerships, to illustrate the present knowledge on 
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peculiar structural, biophysical, and functional properties of two partner macro-
molecules encoded by two different genomes. Peculiarities of human mt-tRNA 
genes as highlighted by recent powerful bioinformatics approaches will be sum-
marized and compared to mitochondrial tRNA genes in metazoan. Analysis of 
tRNAs will illustrate large sequence and structural variability, low thermodynamic 
stability, and high structural flexibility of this family of RNAs. Current knowledge 
on human mt-aaRSs will be summarized from genes to structural and functional 
properties of the corresponding proteins. The partnerships of aaRSs with their sub-
strates will be described not only in terms of aminoacylation properties but also 
in terms of thermodynamics of substrate binding, a parameter that allowed for 
clear distinction from bacterial aminoacylation systems. As will be highlighted, 
the enlarged plasticity of the mitochondrial enzymes as compared to that of aaRS 
from other origins might be the result of an evolutionary adaptation of the nuclear-
encoded protein to the rapidly evolving mitochondria-encoded RNAs. The human 
mitochondrial aspartylation system, studied in our laboratory, will serve as case 
study all along the review. After this first part, illustrating the status of wild-type 
macromolecules and thus referring to “order” in mitochondrial translation, “disor-
der” will be considered as well as a molecular perturbation as well as a mitochon-
drial pathology.

In the last two decades, mt-tRNA genes were recurrently reported as hosting 
point mutations linked to a variety of neuromuscular and neurodegenerative disor-
ders. More recently, nuclear genes coding for mt-aaRSs also became the center of 
attention, with mutations causative of further disorders. The present understanding 
of their impact on the molecular level of “disorder” induced within tRNAs and 
aaRSs molecules will be summarized. While many mutations do interfere with the 
housekeeping aminoacylation reaction, several others have no detectable effect on 
it. This is in favor of the existence of additional mt-tRNA and mt-aaRS functions 
or properties that are altered by these mutations. These supplementary functions 
and properties need still to be determined. New research lines in this direction will 
be suggested.

3.2 � Mammalian Mitochondrial tRNAs

3.2.1 � Structural Properties of Mammalian Mitochondrial tRNAs

The gene content of the human mitochondrial genome is similar to what found in 
other metazoan mitochondria. It encodes for 22 mt-tRNAs (Anderson et al. 1981), 
one for each of the 20 amino acid specificities, and two additional ones for leu-
cine and serine, respectively. This minimal set of tRNAs is sufficient for reading 
of all codons despite the genetic code is different in mitochondria from nuclear 
genomes. Already at the stage of bovine and human mitochondrial DNA sequenc-
ing (Anderson et al. 1981) peculiar structural properties of tRNAs were noticed, 
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marking significant differences with so-called canonical tRNAs present in bacteria 
or in the cytosol of eukaryotic cells. Most striking was the absence of a possible 
full cloverleaf structure for some of the expressed gene products, noticeably the 
absence of a complete structural domain for tRNASer1 (the D-arm of the clover-
leaf), and, despite the presence of a potential cloverleaf for the other tRNAs, the 
absence of typical signature motifs in many sequences, motifs so far known as 
being conserved in all tRNAs. Mammalian mt-tRNAs fall into two groups accord-
ing to the location of the corresponding gene on either of the mt-DNA coding 
strand. “Heavy” tRNAs (eight cases) are G-rich, while “Light” tRNAs (14 cases) 
are A, U, and C rich, leading to a series of typical structural characteristics such 
as biased base-pair content (Helm et al. 2000). Further, the full set of mammalian 
(and metazoan) mt-tRNAs do have a short variable region (Fig. 3.1) while canoni-
cal tRNAs also include structures with large variable regions (Giegé et al. 2012). 
Bioinformatic alignments to additional mammalian mt-tRNA genes confirmed 
and extended these properties and allowed for a fine-tuned description of detailed 
structural characteristics of each of the 22 tRNA families (Helm et al. 2000). As 
an outcome, mammalian mt-tRNAs structural properties range from canonical to 
highly degenerated types. Figure 3.1a indicates the most common degenerations 
of the classical cloverleaf structure in human mitochondrial sequences, particu-
larly the loss of D/T loop interactions. Mt-tRNAs are expressed in cells to very 
low levels as compared to their cytosolic counterparts (estimated as 1 mt-tRNA 
per 160 cytosolic tRNA), rendering access for biochemical investigation of these 
RNAs very limited (Enriquez and Attardi 1996). Detailed experimental second-
ary structures were however established on in vitro transcripts and revealed large 
structural flexibility, with alternative folds to the cloverleaf co-existing in equilib-
rium (Bonnefond et al. 2005b; Helm et al. 1998; Sohm et al. 2003). This is due to 
a severe bias in nucleotide content (A, U, and C-rich, and G-poor) especially for 
the 14 tRNAs coded by the light DNA strand, leading to very low numbers of sta-
ble G-C base-pairs, and at opposite, to high levels of weaker A-U and G-U pairs. 
To be noticed also that the thermodynamic stabilities calculated for the cloverleaf 
folds are twice as weak as compared to those of canonical tRNAs (Fender et al. 
2012). Post-transcriptional modifications (only characterized in a limited number 
of sequences; Suzuki et al. 2011) were found to be the triggers for stabilization 
of the cloverleaf fold as demonstrated with the case study highlighting the role of 
m1A9 modification in human mt-tRNALys (Helm and Attardi 2004; Helm et al. 
1998; Motorin and Helm 2010). This modification hinders base pairing of residue 
9 (and of neighboring nucleotides 8 and 10) in the 3′-end domain of the tRNA 
with residues 64 (and neighboring residues 65 and 63, respectively) in the T-stem. 
Post-transcriptional modifications in mammalian mt-tRNAs (only characterized 
in a limited number of sequences; Suzuki et al. 2011) remain however quantita-
tively far more limited as compared to other tRNAs (7 % of modified nucleotides 
as compared to 13 %) suggesting that they play crucial roles (Helm et al. 1999; 
Suzuki et al. 2011). Interestingly, a number of specific modifications, such as  
taurine-dependent modifications of anticodon nucleotides, were reported to be key 
actors in mitochondrial codon reading (Kirino et al. 2005).
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The question as to the 3D fold of mammalian mt-tRNAs has retained the atten-
tion of many investigators. Indeed, whatever the secondary structural properties of 
these RNAs, it is expected that their 3D structures allow for the recognition by partner 
macromolecules, in particular the cognate aaRS for aminoacylation and the ribosome 
for codon reading and protein synthesis. An L-shaped structure based on an accep-
tor branch (T-arm and acceptor arm) and an anticodon branch (D-arm and anticodon 

Fig.  3.1   Structural diversity and evolution of human mitochondrial tRNAs. a. Cloverleaf 
structures of three typical human mt-tRNA secondary structures as compared to the canoni-
cal cloverleaf reference structure (left). AAS amino acid acceptor stem, DSL D-stem and loop, 
ASL anticodon stem and loop, TSL T-stem and loop. The three examples presented, support the 
large range of structural profiles covered. tRNALeu(UUR) is of classical type, with the full clo-
verleaf domains as well as the full set of conserved nucleotides involved in tertiary folding (see, 
in particular, the presence of residues G18, G19 in the D-loop, and of residues T54T55C56 in 
the T-loop, allowing for interaction between the corresponding domains). tRNALys illustrates the 
family of mt-tRNAs still presenting the four domains of the cloverleaf, but with serious varia-
tions in the size of the D- and T-loops and their nucleotide content, missing the conserved ele-
ments, as well as the unusual nucleotides in the short connector between the acceptor and the 
D-stems. Finally, tRNASer(AGY) is the typical tRNA missing a full structural domain, namely 
the D-arm. b. Simplified view on the evolution of tRNA sets and tRNA secondary structures in 
Metazoa. Each panel highlights the most striking and representative structural deviation present 
within the considered evolutionay group. Accordingly, basal metazoan lost the full set of mt-
tRNA genes and mammals, lost the gene for tRNALys in methateria
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arm) is thus expected as for tRNAs of all kingdoms of life (Giegé et al. 2012). This 
is considered despite the general absence of signature nucleotides (the so-called con-
served and semi-conserved nucleotides) known to support such a fold in canonical 
tRNAs. Birefringence measurements, NMR, and chemical structure probing in solu-
tion were the leading approaches confirming the existence of L-shape-like folds for 
mt-tRNAs, bringing the two functional extremities, namely the acceptor 3′-end and 
the anticodon, at the expected distance from each other (reviewed in Giegé et al. 
2012). The 3D structure of canonical tRNAs is based on a set of tertiary interactions 
between nucleotides at distance in the secondary structure, in particular on a network 
of interactions defining and stabilizing the “central core” of the L-shaped structure. 
Fine-tuned chemical structural probing on two case studies, human mt-tRNAAsp and 
bovine mt-tRNAPhe confirmed the existence of these networks (Messmer et al. 2009; 
Wakita et al. 1994). It remains to be verified if such networks can take place in all 
mt-tRNAs, an hypothesis that could not be supported by nucleotide conservation, but 
that will need a more detailed consideration of nucleotide partnership rules as tack-
led by Leontis and Westhof (Leontis et al. 2002). Initial data are available suggesting 
that at least all mammalian mt-tRNAAsp would benefit from the set of tertiary net-
work interactions despite nonconservation of involved nucleotides (Messmer et al. 
2009). Extension of the analysis to the full set of mammalian mt-tRNAs is in pro-
gress. In regard of the elbow of the L, no hydrogen bonds could be detected between 
the D and T-loops, so that there may be no stabilization of the global L at this level. 
Accordingly, the angle formed by the two branches of the L may vary according to 
the tRNA, as also demonstrated by birefringence methods (Friederich and Hagerman 
1997), and likely may vary according to its functional state, allowing for various 
structural adaptations to partner macromolecules (reviewed in Giegé et al. 2012). The 
role of post-transcriptional modifications in the global flexibility of the tRNA remains 
to be determined.

In summary, mammalian mt-tRNAs present a large diversity of structural types, 
ranging from canonical stable type for a few tRNA families only, to highly “bizarre” 
versions, characterized by an unusually high flexibility and plasticity of the full mac-
romolecule, along an L-shaped-like global fold.

3.2.2 � Comparison with Mitochondrial tRNA Genes 
from Other Metazoan

Due to their peculiarities, metazoan mt-tRNA genes are difficult to detect with 
the available search programs such as tRNAscan-SE (Lowe and Eddy 1997) and 
ARWEN (Laslett and Canbäck 2008), so that an approach using INFERNAL and 
covariance models was developed and implemented (Nawroki et al. 2009). A first 
systematic overview on nearly 2,000 metazoan RefSeq genomes (Pruitt et al. 2007) 
and their tRNA gene content allowed for interesting insights on the evolution of mt-
tRNA genes (Jühling et al. 2012a). An overview on tRNA genes deprived of infor-
mation coding for a full structural domain of the expressed RNA (D- or T-arm), and 
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on loss of full mt-tRNA genes is illustrated in Fig. 3.1b. While mt-tRNA genes are 
encoded by mt-genomes over all metazoan clades, some organisms miss mt-tRNA 
genes and form exceptions. The loss of mt-tRNA genes was shown to be related 
with the loss of the corresponding aaRS genes in Cnidarians (e.g., jellyfish) (Haen 
et al. 2010). Members of Ceractinomorpha (sponges) (Wang and Lavrov 2008), 
Chaetognatha (arrow worms) (Miyamoto et al. 2010), and Rotifera (freshwater zoo-
plankton) (Suga et al. 2008) also lost mt-tRNA genes. To be mentioned is the spe-
cific loss of tRNALys genes in Metatheria (e.g., marsupials) where only a pseudo-gene 
remains (Dörner et al. 2001). It is assumed that in these organisms, by nuclear tRNAs 
(Alfonzo and Söll 2009; Duchêne et al. 2009).

Highly truncated tRNA gene sequences are known for Onychophora (velvet 
worms) (Braband et al. 2010), where unusual editing mechanisms are assumed to 
repair the tRNAs (Segovia et al. 2011) while other genes are completely missing. 
Other mt-tRNA genes lost only small sequence stretches so that the canonical clover-
leaf of the tRNA can form without the need of repairing mechanisms. However, more 
than 90 % of mt-tRNAs share a four-arm cloverleaf structure, and the 10 % remaining 
mostly lost either the T-or the D-stem and developed replacement loops. The corre-
sponding genes are found throughout all metazoan clades but are locally conserved. 
Hotspots of organisms where the full set of mt-tRNA genes have lost a complete 
domain are Ecdysozoa (arthropoda and nematoda) and Lophotrochozoa (molluscs and 
worms). In contrast, in Lepidosauria (turtles, snakes, and lizards) only the genes for 
mt-tRNACys seem to spontaneously have lost the D-stem coding region along several 
parallel events (Macey et al. 1997; Seutin et al. 1994). Another well-known example of 
truncated mt-tRNA genes concerns Nematoda, where all mt-tRNAs lost their T-stem, 
except those of both tRNASer, which instead lost their D-stem (Wolstenholme et al. 
1994). While these truncated secondary structures in C. elegans are conserved within 
all other members of its family (round worms), a recent study on their sister group 
Enoplea detected even genes for “armless” tRNAs, namely sequences without both D- 
and T-stems (Jühling et al. 2012b). These sequences are conserved and are thereby the 
shortest functional tRNA sequences known so far (Jühling et al. 2012b). Compared 
to other metazoan mt-tRNA genes, mammalian genes lead to nearly canonical clover-
leaf structures, and encode the full gene content with the exception of tRNALys, which 
is missing in marsupials. However, hotspots of gene losses and of genes of truncated 
structures are distributed in other parts of the metazoan tree. Only the tRNASer1 gene, 
coding for a tRNA deprived of a D-domain, shows equal distribution all along the 
metazoans (Arcari and Brownlee 1980; de Bruijn et al. 1980).

3.3 � Mitochondrial aaRSs

3.3.1 � Genes and Proteins

Present-day mitochondrial genomes do not code for aaRSs, so that the full set of 
enzymes is necessarily nuclear encoded and that the expressed proteins become 
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imported into mitochondria. A set of specific genes for mammalian mt-aaRSs has 
been recorded (Bonnefond et al. 2005a). This set distinguishes from the set of 
cytosolic synthetases for most enzymes, with the sole exceptions of LysRS and 
GlyRS, coded by a same gene but with distinguishing features allowing for dual 
location of the protein. The gene for LysRS undergoes alternative splicing so that 
the two final mature proteins distinguish by a few N-terminal amino acids only 
(Tolkunova et al. 2000). GlyRSs are generated from two translation initiation sites 
on the same gene, so that the two mature proteins are the same, but differ by the 
presence or the absence of a mitochondrial targeting sequence (MTS) (Mudge et 
al. 1998; Shiba et al. 1994). A further exception concerns mt-GlnRS for which no 
specific gene was found so far. As an alternative to the existence of a specific mt-
GlnRS, the possible import of the cytosolic enzyme was proposed (Rinehart et al. 
2005) as well as the existence of an indirect pathway based on misaminoacyla-
tion of mt-tRNAGln with mt-GluRS, followed by transamidation of the charged 
glutamic acid into glutamine. Such a pathway exists both in yeast (Frechin et al. 
2009a) and human mitochondria (Nagao et al. 2009). In yeast, the dual localiza-
tion of GluRS is controlled by binding to Arc1p, a tRNA nuclear export cofactor 
that behaves as a cytosolic anchoring platform. When the metabolism of the yeast 
cell switches from fermentation to respiration, the expression of Arc1p is down-
regulated and this increases the import of GluRS to satisfy a higher demand of mt 
glutaminyl-tRNAGln for mitochondrial protein synthesis (Frechin et al. 2009b).

Almost all mammalian mt-aaRSs have about the same size (once the MTS is 
removed upon import into mitochondria) and the same structural 2D organization 
as their homologs from the three kingdoms of life (Bonnefond et al. 2005a). The 
only exception is PheRS which is classically a tetramer (α2β2) but only a mono-
mer in mitochondria (Klipcan et al. 2008). Also, all mt-aaRSs contain the expected 
signature motifs for amino acid specificity and signature motifs of either class I 
or class II of aaRSs (Bonnefond et al. 2005a; Brindefalk et al. 2007; Sissler et 
al. 2005; Woese et al. 2000). The evolutionary origin of the different genes how-
ever remains intriguing. Sequence alignments have indeed not identified sequence 
stretches or signature motifs that could originate from alpha-proteobacterial ances-
tors, favoring various horizontal gene transfers events along evolution (Brindefalk 
et al. 2007).

During import into the mitochondria, the MTS is cleaved enzymatically. The 
detailed process is still under exploration for aaRSs but the trend for other pro-
teins follows a two-step process. Once the polypeptide chain has crossed the mito-
chondrial membranes and entered the mitochondrion, a first cleavage occurs. This 
cleavage might be definite. Alternatively, the partially matured protein then local-
izes either in the matrix or anchors into (or at the surface of) the inner mitochon-
drial membrane before another part of the MTS is cut off. Interestingly, ribosomes 
and elongation factors have been found close to the inner membrane suggesting 
that probably the entire machinery required for protein biosynthesis is located 
there, and accordingly aaRSs too. A particularity of MTSs is their nonconserved 
length, sequence and amino acid compositions (e.g., Chacinska et al. 2009). So 
far, no reliable consensus sequence was found that could be used to accurately 
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predict the positions of maturation. This was highlighted by a wrongly predicted 
cleavage site of human mt-LeuRS, which led to a poor expression of a tenta-
tive mature protein in E. coli while a variant, shortened by further 39 N-terminal 
amino acids overproduced well in E. coli and was purified as an active enzyme 
while the one deprived of only 21 amino acids was insoluble (Bullard et al. 
2000; Yao et al. 2003). Another well-documented example is human mt-AspRS. 
The predicted mature protein had a very low solubility when overexpressed in 
E. coli cells. Dynamic light scattering analyses revealed that aggregation pro-
ceeded during purification. A comparative analysis of a set of variants differing 
by their N-terminal sequences revealed that expression of the protein was actu-
ally enhanced when the N-terminus was extended by seven natural amino acids of 
the predicted mature N-terminus (Gaudry et al. 2012). The redesigned protein was 
highly soluble, monodisperse and functionally active in tRNA aminoacylation. It 
yielded crystals that were suitable for structure determination (Gaudry et al. 2012; 
Neuenfeldt et al. 2013). These results suggest that additional criteria should be 
taken into account for the prediction of the correct MTS cleavage sites and that 
the definition of the precise N-terminus of mature mt-aaRS should be determined 
experimentally.

3.3.2 � Crystallographic Structures

As already highlighted, despite various evolutionary origins of the genes cod-
ing for mammalian mt-aaRSs, several enzymes have a same modular organiza-
tion than their bacterial homologs. This is illustrated in Fig. 3.2 with three of the 
four crystal structures that have been determined so far for mt-aaRSs for exclu-
sive mitochondrial location (additional crystallographic structures are available 
for human GlyRS (Cader et al. 2007; Xie et al. 2006) and for LysRS (Guo et al. 
2008), aaRSs of dual cytosolic and mitochondrial location). Bovine mt-SerRS, 
human mt-TyrRS, and human mt-AspRS show an overall architecture close to that 
of their prokaryotic homologs (Bonnefond et al. 2007; Chimnaronk et al. 2005; 
Neuenfeldt et al. 2013). Mt-PheRS is again the exception. Instead of forming com-
plex heterodimeric assemblies as bacterial, archaeal, and cytosolic enzymes, it 
forms a two-domain monomer, which only maintains the catalytic domain charac-
teristic of class II. This human mitochondrial version is the smallest known aaRS 
(Yadavalli et al. 2009).

Along with the reduction of the tRNA pool (22 in human mitochondria) and 
the simplification of identity rules, several of these enzymes have adapted the 
way they recognize their tRNA substrate, especially when the latter display a non 
canonical 2D fold leading to higher flexibility. Positively charged patches at the 
surface of mt-SerRS were redistributed to bind tRNAs lacking an extended vari-
able region, the hallmark and major identity element of prokaryotic, eukaryotic, 
and archaeal tRNAsSer (Chimnaronk et al. 2005). The three other mt-aaRSs dis-
play a more electropositive tRNA-binding interface, which may favor interactions 
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with the sugar-phosphate backbone of the substrate to compensate for a reduction 
of specific contacts with identity elements (Neuenfeldt et al. 2013). The ability 
of mt-TyrRS, mt-PheRS, and mt-AspRS to aminoacylate heterologuous tRNAs 
(Bonnefond et al. 2005a; Klipcan et al. 2012; Neuenfeldt et al. 2013) indicates a 
much higher substrate tolerance, which may be linked to an increased structural 
plasticity. For instance, mt-PheRS undergoes a large movement of its anticodon-
binding domain upon tRNA binding, switching from a closed to an open confor-
mation (Klipcan et al. 2012). The higher thermal sensitivity of human mt-AspRS 
as compared E. coli AspRS, its more open catalytic groove in the absence of 
tRNA and the amplitude of thermodynamic terms associated with tRNA binding 
are also in favor of a more dynamic structure (Neuenfeldt et al. 2013). Altogether, 

Fig. 3.2   Cyrstal structures of mammalian mitochondrial aaRSs (bovine or human) and of their 
bacterial homologs (E. coli -Eco- or Thermus thermophiles -Tth-). On the left, bacterial com-
plexes (PDBids: 1C0A for EcoDRS/tRNA, 1SRS for TthSRS/tRNA, 2IY5 for TthFRS/tRNA 
and 1H3E for TthYRS/tRNA) are shown with monomers A in blue, monomers B in green and 
tRNAs in pink, indicating the binding site of the cognate substrate. In the case of tetrameric 
bacterial FRS, monomers C and D are depicted in cyan. On the right, free forms of bacterial 
aaRSs (1EQR for EcoDRS, 1SRY for TthSRS, 1B7Y for TthFRS, 1H3F for TthYRS without 
its C-terminal domain) and mitochondrial enzymes (4AH6 for HsaDRS2, 1WLE for BtaSRS2, 
3TUP for HsaFRS2, and 2PID for HsaYRS2) are represented in the same orientation and same 
color code. Except HsaFRS which exhibits a totally different structural organization (monomer 
instead of heterotetramer), mitochondrial aaRSs have retained the overall architecture of their 
bacterial relatives. Names of organisms are abbreviated in a three-letter code (e.g., Homo sapi-
ens: Hsa). Mitochondrial enzymes are referred to by the addition of the number 2
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it appears that mt-aaRS properties have evolved to accompany the sequence and 
structure drift of mt-tRNAs. Enlarged intrinsic plasticity within a conserved archi-
tectural framework is one striking feature along this line. The underlying mecha-
nisms enabling the crosstalk between nuclear and mitochondrial genomes remain 
to be explored.

3.4 � tRNA/aminoacyl-tRNA Synthetase Partnerships  
in Mammalian Mitochondria

3.4.1 � Aminoacylation of tRNAs, the Housekeeping Function  
of aaRSs

The partnership of tRNAs and aaRSs is a key event in translation. Each synthetase 
recognizes specifically its tRNA or family of isoaccepting tRNAs, and esterifies 
its 3′-CCA end with the specific amino acid. The charged tRNA enables delivery 
of the amino acid to the ribosome where translation takes place. The aminoacyla-
tion reaction involves a two-step process including first the activation of the spe-
cific amino acid into an adenylate in the presence of ATP, and second, the specific 
recognition of the cognate tRNA followed by transfer of the activated amino acid 
(Ibba et al. 2005). Deciphering the detailed mechanisms of these steps for bacte-
rial, archeal, and eukaryotic cytosolic aminoacylation has retained the attention of 
a large number of research groups over several decades (Ibba et al. 2005). Analysis 
of mammalian mitochondrial aminoacylation systems is only at initial stages. Due 
to the dual origin of the two partner macromolecules and to the diverging struc-
tural properties of mt-tRNAs, the mechanisms of reciprocal recognition and of co-
evolution of these macromolecules deserve much attention.

3.4.2 � Mammalian Mitochondrial Synthetases have Low 
Catalytic Activities

Only a limited number of recombinant mammalian aaRSs have been obtained so 
far, allowing for biochemical and enzymatic characterization in vitro. As already 
reviewed elsewhere (Florentz et al. 2003; Suzuki et al. 2011) these enzymes pre-
sent a 20- to 400- fold lower catalytic activity than their cytoplasmic and bacte-
rial homologs. In the specific case of human mt-AspRS as compared to E. coli 
AspRS, the affinity for the substrate tRNA is higher by an order of magnitude 
as measured by isothermal titration calorimetry (ITC) while the affinity for an 
analog of the activated amino acid is of same level. However, the catalytic rate 
kcat for aminoacylation is 40-fold lower for the mt-aaRS (Neuenfeldt et al. 2013). 
The molecular reasons explaining the lower rate remain however elusive. Indeed, 
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overimposition of the catalytic sites in the crystallographic structures of both 
enzymes, lead to an important overlap (less than 2 Å rmsd) not allowing to pin-
point intrinsic differences inline with a different catalytic activity (Fender et al. 
2006; Neuenfeldt et al. 2013).

3.4.3 � Identity Elements in Mitochondrial tRNAs are Limited

Specific recognition of tRNAs by aaRSs is driven by identity elements present in 
the tRNA (Giegé 2008; Giegé et al. 1998). These elements have been searched 
by mutagenic approaches on in vitro transcripts for a few mammalian mt-tRNAs 
(Florentz et al. 2003; Suzuki et al. 2011). Interestingly, while these sets are gen-
erally conserved along different organisms and even along kingdoms for a given 
amino acid specificity, they were found distinct in mt-tRNAs. A striking example 
concerns identity elements for aspartylation, one or the rare systems so far investi-
gated. Major identity elements (elements for which strongest effects are observed 
upon mutation) are conserved all along evolution, as residues G73 (the so-called 
discriminator residue near the 3′- acceptor end), residue G10 in the D-stem, 
and residues G34, U35, and C36 forming the anticodon triplet. Transfer of this 
set of residues into host tRNAs of different specificities, converts these tRNAs 
into aspartic acid accepting species (Giegé et al. 1996). A mutagenic analysis 
performed on human mt-tRNAAsp revealed that only residues U35 and G36 are 
important elements for specific recognition and aspartylation by mt-AspRS while 
the other elements can be replaced by any other nucleotide without influencing the 
efficiency of tRNA recognition and aspartylation (Fender et al. 2006). Figure 3.3 
illustrates this point. The striking non-importance of residue 73, otherwise highly 
conserved as G in tRNAAsp over all kingdoms of life, is a signature of mt-tRNA 
degeneration, and at the same time, of evolutionary adaptation of the synthetase. 
Deep insight into the structural environment of residue 73 in the catalytic site 
of human mt-AspRS reveals an enlarged space as compared to E. coli AspRS 
and other AspRS, allowing the fit of any of the four nucleotides, rather than the 
exclusive fit of a G residue at this position. A mutagenic analysis of the enzyme 
has confirmed this view (Fender et al. 2006). Another example of the peculiar-
ity of identity elements in a mitochondrial system concerns human mt-tRNATyr 
(Bonnefond et al. 2005b). Base-pair G1-C72, forms an important identity element 
in archaeal and eukaryal tRNATyr (Bonnefond et al. 2005b). The mitochondrial 
tyrosine identity disobeys this rule, since mt-TyrRS is able to aminoacylate as well 
a tRNA with the G1-C72 pair as the opposite pair C1-G72. Other examples have 
been reviewed previously (Florentz et al. 2003) and will not be further discussed 
herein. They indicate that sequence analysis of mammalian mt-tRNAs lead to the 
conclusion that only a limited number of identity elements known for non mito-
chondrial aminoacylation systems are present (Florentz et al. 2003).

Despite the limited number of aminoacylation identity elements in mt-tRNAs, 
translation in mitochondria needs to be accurate so that the 13 synthesized proteins 
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(all subunits of respiratory chain complexes that are partners of more than 80 
nuclear encoded subunits) are prepared without mistakes. It is hypothesized that 
the small competition created by 22 tRNAs only toward about the same number of 
aaRSs in the mitochondrial environment, as compared to more complex translation 
machineries in bacteria or eukaryotic cytosol with several hundreds of tRNAs for 
20 aaRSs, can deal with a restricted number of identity elements. Further, selec-
tion by the elongation factor EF-Tu of properly charged tRNAs only may represent 
an additional process toward accurate protein synthesis (Nagao et al. 2007), as is 
the case in bacteria (LaRiviere et al. 2001).

3.4.4 � Unprecedented Plasticity of Mitochondrial aaRSs 
and tRNAs

The discovery of mt-tRNAs that have lost critical structural information raised the 
question about how the nuclear-encoded mt-aaRSs have adapted to be able to deal 
with their partners? As already discussed, first insights were provided by resolution 
of crystal structures of mt-aaRSs (Bonnefond et al. 2007; Chimnaronk et al. 2005; 
Klipcan et al. 2008; Klipcan et al. 2012; Neuenfeldt et al. 2013). In the specific case 
of human mt-AspRS, a typical homodimeric bacterial-type AspRS, the 3D architec-
ture is very close to that of the E. coli enzyme of same specificity, with the exception 
that it has a wider catalytic groove, a more electropositive surface potential, and an 
alternate interaction network at the subunits interface, a set of properties in line with 

Fig.  3.3   Evolution of tRNAAsp structure and identity elements. From the left to the right: 
tRNAAsp from the yeast Saccharomyces cerevisiae (conformation in the complex with AspRS, 
PDBid: 1ASY), from E. coli (conformation in the complex with AspRS, PDBid: 1C0A), from 
human mitochondria (homology model—(Messmer et al. 2009)). The three molecules are shown 
in the same orientation with the acceptor stem in green, the D stem loop in light green, the anti-
codon stem loop in dark blue, the variable loop and the T stem loop in light blue, respectively. 
Nucleotides defining the aspartate identity (Fender et al. 2012; Giegé et al. 1996) in each system 
are depicted in pink with a dotted surface. The human mitochondrial tRNAAsp is characterized by 
a shortening of D and T loops, leading to an absence of bases interactions at the corner of the L 
scaffold, and by a reduced set of identity elements
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support to facilitated tRNA partnership. An additional biophysical property, namely 
thermostability, illustrates further the originality of the protein. Comparative differ-
ential scanning fluorimetry analyses indicated that the mitochondrial protein is far 
less stable with regard to temperature than its bacterial homolog. It has a 12 °C lower 
melting point (Neuenfeldt et al. 2013). These properties are summarized in Table 3.1.

The partnership of a mt-aaRS (human mt-AspRS) with its substrates was inves-
tigated by ITC, an approach allowing for direct measurement of affinity (Kd) and of 
the thermodynamic parameters ΔH (variation in enthalpy), ΔS (variation in entropy), 
and ΔG (variation in free energy) (Neuenfeldt et al. 2013). Comparative analyses 
between human mt-AspRS and E. coli AspRS revealed a one order of magnitude 
higher affinity of the mitochondrial enzyme for cognate and noncognate tRNAs 
(cross binding studies of mt-AspRS with E. coli tRNA, and of E. coli AspRS with mt-
tRNAAsp), but with highly different entropy and enthalpy contributions (Table 3.1). 
Binding parameters of the cognate mitochondrial partners requires far larger enthalpic 
and entropic contributions than binding of the cognate bacterial partners, underlining 
reciprocal reorganization along complex formation. Such an adaptation is still pos-
sible when the mt aaRS meets the bacterial tRNA but is not possible in the oppo-
site situation, namely when the bacterial enzyme and the mt-tRNA face each other. 
Thermodynamics thus contribute to explain the well-known unilateral aminoacylation 
of bacterial synthetases for bacterial tRNAs (Kumazawa et al. 1991). Interestingly, 
ITC measurements of small substrate binding, revealed that both enzymes bind a syn-
thetic analog of the aspartyl-adenylate by a cooperative allosteric mechanism between 
the two subunits of the dimeric enzymes, but again with different thermodynamic 
contributions (Neuenfeldt et al. 2013) (Table 3.1).

Altogether, presently available structural, biophysical, and thermodynamic data sup-
port the view of so far unsuspected greater flexibility of mt-aaRS with respect to its 
bacterial homolog albeit a common architecture. This gain in plasticity may represent 
an evolutionary process that allows the nuclear-encoded proteins to adapt to the struc-
turally degenerated RNAs from organelles. Evolutionary induced changes in intrinsic 
properties of proteins, may thus represent an alternative to other strategies, such as those 
reported for the mitochondrial ribosome, where the strong restriction in RNA sizes 
is compensated by extension of the number and size of the nuclear encoded proteins 
(Willkomm and Hartmann 2006). If mt-aaRS do have partner proteins that might also 
contribute to improved recognition of degenerated tRNAs remains an open question.

3.5 � Human Mitochondrial tRNA and Synthetases 
in Pathologies

3.5.1 � Mitochondrial tRNAs and Human Pathologies

In the last two decades, a large number of human neuromuscular and neurode-
generative disorders have been reported as correlated to point mutations in the 
mt-DNA encoded genes, with a large prevalence of mutations in tRNA genes 
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(reviewed for example in Florentz and Sissler 2003; Suzuki et al. 2011; Yarham 
et al. 2010; Ylikallio and Suomalainen 2012). Among the mutations leading to 
“mitochondrial disorders”, 232 are distributed all over the 22 tRNAs (Fig.  3.4; 
data from MITOMAP, a human mitochondrial genome database http://www.m
itomap.org/MITOMAP). Most striking cases concern tRNALys, tRNALeu(UUR), 
and tRNAIle, which form “hot spots” for mutations. Mutations in these tRNAs 
are most frequently correlated with Myoclonus Epilepsy with Ragged Red Fibers 
(MERRF) (Shoffner et al. 1990) and Mitochondrial Encephalomyopathy with 
Lactic Acidosis and Stroke-like episodes (MELAS) (Goto et al. 1990), respec-
tively. However, this does not indicate a peculiar mutational susceptibility of the 
three mitochondrial genes, but is more likely due to systematic and intensive 

Table  3.1   Major structural and functional differences between dimeric mt and bacterial 
aspartyl-tRNA synthetases in favor of a greater plasticity of the organelle enzyme

Aspartyl tRNA synthetase

Dimer surface 20 additional basic residues (18 Lys + 2 Arg)
Electrostatic potential more positive

Dimer interface 70 versus 60 H bonds and 28 versus 20 salt bridges
About 25 % less specific interactions per Å2

Thermal stability (Tm) Alone 37 °C versus 50 °C
Bound to cognate tRNA 40 °C versus 50 °C
Bound to AspAMS 45 °C versus 55 °C

Thermodynamic parameters
Cognate tRNAAsp Kd 0.26 versus 3.1 μM

ΔH −20.3 versus −13.0 kcal/mol
ΔT + 11.2 versus + 5.5 kcal/mol
ΔG −9.1 versus −7.5 kcal/mol

Noncognate tRNAAsp Kd 0.24 versus 22 μM
ΔH −14.0 versus −30.8 kcal/mol
ΔT + 5.0 versus +24.4 kcal/mol
ΔG −9.0 versus −6.4 kcal/mol

AspAMS (monomer 1) Kd 129 versus 29 nM
ΔH −13.2 versus −5.5 kcal/mol
ΔT + 3.9 versus −4.8 kcal/mol
ΔG −9.4 versus −10.2 kcal/mol

AspAMS (monomer 2) Kd 17 versus 3 nM
ΔH −21.8 versus −8.2 kcal/mol
ΔT + 10.6 versus −3.5 kcal/mol
ΔG −10.6 versus −11.6 kcal/mol

tRNAAsp

Nucleotide content 90 versus 66 % A, U, and C
16 versus 7 out of 21 A–U and G–U base pairs
D and T loops are not classical

Structural stability ΔG −22 versus −42 kcal/mol

Both polypeptide chains share 43 % identity between their amino acid sequences
Data compiled from (Fender et al. 2012) and (Neuenfeldt et al. 2013)

http://www.mitomap.org/MITOMAP
http://www.mitomap.org/MITOMAP
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investigations of theses firstly reported examples of mt-tRNA genes correlated 
with human mitochondrial disorders.

The exponential rate of discovery of mutations in tRNA genes (3 mutations 
reported in 1990 and 232 mutations in 2012), together with the key role of tRNA 
in mitochondrial protein synthesis (linked to its global biology including gene 
expression, tRNA maturation, specific amino acid transfer, and regulation of these 
different functions), called for clarification of the molecular mechanisms for their 
pathogenicity. However, the relationships between genotypes and phenotypes 
appear very complicated since a given mutation can lead to a large variety of dis-
orders of different severities (ranging from, e.g., limb weakness and exercise intol-
erance, to diabetes, leukoencephalopathy, encephalomyopathy, or fatal infantile 
cardiomyopathy, etc.). At the opposite, a given disorder can be linked to a vari-
ety of single point mutations in different tRNA genes. Also, each cell may con-
tain hundreds to thousands copies of the mitochondrial genome, in a mixture of 
wild-type and mutated versions (heteroplasmic status). The variable distribution of 
affected tissues and the variable heteroplasmy levels lead to remarkable erratic and 
heterogenous clinical manifestations. Therefore, establishment of a mitochondrial 
disorder diagnosis can be difficult. It requires an evaluation of the family pedigree, 
in conjunction with a thorough assessment of clinical, imaging, and muscle biopsy 
analyses (McFarland et al. 2004). Also, a theoretical comparison of polymorphic 

Fig. 3.4   Pathology-related mutations in the 22 mt- tRNA genes. tRNA genes are indicated by 
the three-letter code of the corresponding amino acid and are sorted according to their location 
on mt-DNA. Each column corresponds to the number of different mutations reported so far. To 
be noticed, three additional mutations are reported in the precursor of tRNASer(UCN) and one 
additional mutation at the junction between tRNAGln and tRNAMet. Data are from MITOMAP,  
a database for mitochondrial genome mutations (http://www.mitomap.org/MITOMAP)

http://www.mitomap.org/MITOMAP
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(neutral mutations with no pathogenic manifestations) versus pathogenic muta-
tions remains unsuccessful to identify simple basic features (at the levels of pri-
mary and secondary tRNA structures) that would make possible the prediction of 
pathogenicity of new mutations (Florentz and Sissler 2001; Yarham et al. 2011).

Numerous studies have attempted to unravel the molecular impacts of the muta-
tions on the various properties of the affected tRNAs and lead so far to a mosaïcity 
of impacts. It is now clear that mutations can affect any step of the tRNA life 
cycle, either along tRNA biogenesis (maturation of 3′- or 5′- ends within the ini-
tial primary transcript, synthesis of the non coded CCA end, post-transcriptional 
modifications, folding and structure, stability), or tRNA function (aminoacyla-
tion, interaction with translation factors). Several reviews summarize the present 
view (Florentz and Sissler 2003; Rötig 2011; Ylikallio and Suomalainen 2012). In 
most cases, the effects of mutations are mild and affect either a single step of the 
tRNA life cycle or a combination of several of them. However, an initial impact is 
frequently observed on structural properties of affected tRNAs, followed by sub-
sequent cascade effects on downstream functions (Florentz et al. 2003; Levinger 
et al. 2004; Wittenhagen and Kelley 2003). Therefore, any insight on the precise 
rules governing secondary and tertiary folding of the full set of human mt-tRNAs 
remains of high importance in order to comprehend the high sensitivity of these 
tRNAs to mutations perturbing their structure. Along these lines, pioneered experi-
ments (Helm et al. 1998; Messmer et al. 2009), combined with the implementation 
of dedicated database (Pütz et al. 2007), and the development of bioinformatics 
tools (Bernt et al. 2012; Jühling et al. 2012a) are opening the path toward a solid 
knowledge on mt-tRNA 3D structures.

Finally, the housekeeping function of tRNAs, namely their capacity to become 
esterified by an amino acid, is not systematically affected in mutated variants, so that 
alternative functions of mt-tRNAs (Hou and Yang 2013; Mei et al. 2010) or alterna-
tive partnerships have to be considered (Jacobs and Holt 2000; Giegé et al. 2012).

3.5.2 � Mitochondrial aaRSs and Pathologies

Lately, case-by-case reports linking mutations in nuclear genes coding for mitochon-
drial translation machinery proteins to pathologies (such as mutations in genes for 
elongation factor, tRNA modification enzymes, and ribosomal proteins), opened the 
way to “mitochondrial translation disorders” (Jacobs 2003). A new breakthrough 
took place in 2007 with the discovery in patients with cerebral white matter abnor-
malities of unknown origin of a first set of mutations present in DARS2, the nuclear 
gene coding for mt-AspRS (Scheper et al. 2007). These abnormalities were part of 
childhood-onset disorder called Leukoencephalopathy with Brain stem and Spinal 
cord involvement and Lactate elevation (LBSL; van der Knaap et al. 2003). Since 
this first discovery, mutations in eight additional mt-aaRS-encoding genes have 
been reported. They hit mt-ArgRS (Edvardson et al. 2007), mt-TyrRS (Riley et al. 
2010), mt-SerRS (Belostotsky et al. 2011), mt-HisRS (Pierce et al. 2011), mt-AlaRS 
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(Götz et al. 2011), mt-MetRS (Bayat et al. 2012), mt-GluRS (Steenweg et al. 2012) 
and mt-PheRS (Elo et al. 2012) (Table 3.2). These recent correlations with human 
pathologies and the exponential description of reported cases, suggest as evidence 
that all mt-aaRS genes are likely affected by pathology-related mutations (that 
remain yet unveil), leading to a new family of disorders named according to the 
incriminated proteins namely “mt-aaRS disorders”.

A detailed description and analysis of the full set of mutations in human mt-
aaRS genes and their molecular and phenotypic implications has been reviewed 
(Konovalova and Tyynismaa 2013; Schwenzer et al. 2013). Here, the general out-
comes are summarized. Table  3.2 recalls the main features characterizing the 65 
nowadays-reported mutations in mt-aaRS genes. These include the type of patho-
genic manifestation, familial pedigree, and affected tissues, as well as the num-
ber and types of mutations in each gene, their heterozygous versus homozygous, 
as well as the molecular impact on the synthetase and the final molecular impact 
on respiratory chain complexes. As a major outcome, it appears that whatever the 
mutation, no common combination of molecular steps correlates the mutations with 
the phenotypic expressions. Interestingly, the molecular impact of the mutations is 
not necessarily at the level of the housekeeping function of the synthetase, namely 
aminoacylation. Pathology-related mutations may have either a direct effect on the 
mitochondrial translation machinery by impacting one or several steps of mt-aaRS 
biogenesis and/or functioning. They may alternatively have an indirect effect by 
impacting ensuing steps and/or subsequent products activities [translation of the 13 
mt-DNA-encoded subunits of respiratory chain complexes, respiratory chain com-
plexes activities, and ATP synthesis]. Also, despite a dominant effect on brain and 
neuronal system is observed, sporadic manifestations are as well occurring in skel-
etal muscle, kidney, lung and/or heart. Along these lines, the selective vulnerability 
of tracts within the nervous system in case of mutations leading to splicing defects, 
for instance, is explained by tissue-specific differences in the concentration of the 
splicing factors (reduced in neural cell) (Edvardson et al. 2007; van Berge et al. 
2012). However, the tissue-specificity of disorders remains an intriguing question. 
It is worth to establish the steady-state levels of various components of the mito-
chondrial translation machinery in different tissues, and correlate these levels with 
mitochondrial activity. This approach has been initiated by the evaluation of mRNA 
levels of the full set of human mt-aaRSs in 20 different human tissues (Fig. 3.5). 
A striking landscape of mRNA levels is observed highlighting tissue-specific dif-
ferences by several orders of magnitude. There is no correlation between the vari-
ous levels of mRNA and the amino acid content of the 13 mt-encoded proteins: 
leucine content is highest (14.4  %) followed by isoleucine, serine, and threonine 
(7  %), while arginine, aspartate, cysteine, glutamine, glutamate, and lysine con-
tents is below 3 % (Schwenzer et al. 2013). We suggest that the low levels of aaRS 
mRNAs in brain, muscle and heart, lead to limiting mt translation activity in these 
tissues. Even a subtle change in mitochondrial translation efficiency may be det-
rimental in these tissues of high-energy demand. These data also suggest that mt-
aaRS expressed to high levels may be involved in other functions than exclusively 
translation as is the case for cytosolic synthetases (Park et al. 2008).
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To conclude, links between the activity of a given mt-aaRS along mitochondrial 
translation on one hand and ATP production on the other hand, involved a number 
of issues that need to be further explored. Those issues should take also into account 
the possibility that aminoacylation may turn out to be not the sole function of mt-
aaRSs in a living cell and that these enzymes may also participate in other processes 
and/or be implicated in various fine-tuning mechanisms as is the case for cytosolic 
aaRSs. Indeed, various bacterial and eukaryal aaRSs were found to have many addi-
tional functions (e.g., Guo and Schimmel 2013). It becomes thus necessary to deter-
mine all potential interacting components of mt-aaRSs and to study their dynamic 
location within the organelle. In other works, the functional network of mt-aaRSs 
and its regulation needs to be tackled. New routes toward understanding of the 
molecular impacts of point mutations in nuclear mt-aaRS genes outside the frame of 
mitochondrial translation should become opened along these lines.

Fig.  3.5   Dosage of mt-aaRS-encoding mRNAs in different human tissues. The amount of 
mRNAs coding for 18 mt-aaRSs is determined by quantitative PCR on cDNAs prepared from 
total mRNA extracted from 20 human tissues. The mRNA for LysRS codes both for the cytosolic 
and mt enzyme. Results obtained for GlyRS, highly expressed, are missing from the graph (cyto-
solic and mt GlyRSs are both encoded by a single nuclear gene). No gene for mt-GlnRS has been 
reported so far. Values are normalized against the standard expression of GAPDH. They are mean 
values out of at least three independent experiments, from which the standard deviation is close 
to 50 %
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3.6 � Conclusion and Perspectives

Mammalian mt-tRNAs and mt-aaRSs are known as key actors of mitochondrial 
translation, leading to the synthesis of 13 essential mitochondrial inner membrane 
proteins and subunits of respiratory chain complexes. The fact that these two fami-
lies of partner macromolecules are coded by either of the two cellular genomes, the 
nuclear genome coding for the mt-aaRSs, and the mitochondrial genome coding for 
the mt-tRNAs, highlights different, but however connected, evolutionary pathways 
between RNAs and partner proteins allowing for tRNA aminoacylation. Despite 
important structural degeneration of mt-tRNAs linked to the high mutation rate of the 
mitochondrial genome, the conservation of “canonical” structural properties of mt-
aaRSs include subtle but strong molecular adaptation so that the partnership between 
both macromolecules is maintained for accurate mitochondrial translation (Fig. 3.6). 
Detailed analysis of mammalian mt-tRNAs revealed new structural rules for RNAs, 
and bioinformatics compilations confirmed and enlarged the structural diversity of 
mt-tRNAs to the shortest versions ever discovered, calling for additional structural 
adaptation of functional RNAs. Investigation of mammalian mt-tRNAs and aaRSs are 
however still in an initial stage. Only a few systems have been characterized along a 
limited number of aspects. Open questions include for example, the common struc-
tural properties of mt-tRNAs and of synthetases all along metazoan mitochondria. 
Which are the identity elements in mt-tRNAs for specific aminoacylation by cognate 
mt-aaRS? Are these conserved or idiosynchratic? How far can a given set be degen-
erated and still allow for specificity? Post-transcriptional modification patterns of 
tRNAs and possible post-translational modifications of synthetases remain to become 
determined on full scale. The importance of these modifications is of crucial interest 
not only in structural stabilization and in the housekeeping codon reading function of 
mt-tRNAs, but also in alternative functions of mt-aaRSs. Post-translational modifica-
tions are indeed triggers to alternative functions of cytosolic aaRSs (e.g., Kim et al. 

Fig.  3.6   Mammalian mitochondrial tRNAs and aminoacyl-tRNA synthetases are key macro-
molecules in mitochondrial translation. They are also hot spots for a growing number of human 
pathologies, some of which being related to defects in the housekeeping functions, some not. 
Numerous questions both on fundamental knowledge (“order”) and toward understanding of the 
molecular events underlying pathologies (“disorder”) remain open. Both stimulate the develop-
ment of new research lines outside the strict frame of mitochondrial translation
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2012; Ofir-Birin et al. 2013). The related question of alternate function of mt-aaRSs 
is of key importance, especially in regard of understanding the molecular mechanisms 
of related disorders. Such functions, unrelated to aminoacylation, correspond to an 
emerging field of discoveries for cytosolic aaRSs. Examples include TyrRS involved 
in receptor-mediated signaling pathways associated with angiogenesis (Wakasugi 
et al. 2002a), TrpRS activated as an angiostatic factor (Wakasugi et al. 2002b), Glu-
ProRS involved in the inflammatory response (Jia et al. 2008), LysRS plays a role in 
HIV-I packaging (Kleiman and Cen 2004) of GlyRS as anti-tumorigenic agent (Park 
et al. 2012).

The existence of an always growing panel of human disorders correlated to point 
mutations in either mt-tRNA genes or mt-aaRS genes, leads to investigations as to 
the molecular impacts of the mutations (Fig. 3.6). While a number of approaches pin-
pointed a mosaicity of impacts on human mt-tRNA structure and function, and more 
recently on biophysical and functional properties of a small set of mt-aaRS, all linked 
to the housekeeping activity of both macromolecules in mitochondrial translation, 
a new field of investigation is emerging. Several of the pathology-related mutations 
are not located in the catalytic site of the protein, do not affect protein synthesis, and 
are thus indicative of new properties of mt-tRNAs and mt-aaRSs outside translation. 
Some hints on alternative functions have already been reported. Any route along this 
new topic deserves interest and should now be considered, as is currently the case for 
cytosolic tRNAs and synthetases (Guo and Schimmel 2013; Guo et al. 2010a, 2010b). 
Importantly, many other actors of the mammalian mitochondrial translation machin-
ery also remain to be explored more systematically, not only for fundamental and 
evolutionary understanding but also because of their growing implication in human 
pathologies (e.g., Rötig 2011; Taylor and Turnbull 2005; Watanabe 2010).
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Abstract  Mitochondrial translation depends on the macromolecular components 
imported from the cytosol, which include translation factors, ribosomal proteins, 
aminoacyl-tRNA synthetases, and a variable number of small noncoding RNAs. 
The lasts are essentially tRNAs, but other small RNAs, like mammalian 5S rRNA, 
are also concerned by the RNA mitochondrial targeting pathway. If their impor-
tance in mitochondrial translation was demonstrated in each case where it was 
addressed, the precise function of these molecules differs from one system to 
another: in many cases they complement lacking mtDNA encoded counterparts, 
in others can fulfill conditional functions, finally they can complement the lack of 
needed mitochondrial enzymatic activities. In any case, it appears that the innated 
capacity of mitochondria to import small RNA molecules is supplied by specific 
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additional protein, often performing their “second job” to deliver the needed RNA 
in the organelle. This mechanism, still not understood in details, remains the 
unique natural pathway of nucleic acids delivery in mitochondria, and is therefore 
of a significant interest as a tool permitting to target this organelle with potentially 
therapeutic molecules and thus addressing a very important bulk of human pathol-
ogies linked with dysfunctions of mitochondrial translation machinery.

4.1 � Introduction

This chapter focuses the role of mitochondrially targeted cytosolic RNA molecules 
in the organellar translation. Mitochondria import the majority of macromolecules 
from the cytosol, including almost a thousand of proteins and a various number 
of small noncoding RNAs. Mitochondrial targeting of RNAs is nowadays to be 
considered as a quasi-ubiquitous process, found in almost all studied biological 
systems (for review, see Entelis et al. 2001c; Rubio and Hopper 2011; Salinas 
et al. 2008). In all studied cases, naturally imported RNAs are small and noncod-
ing: they are essentially tRNAs, but larger RNAs (like 5S rRNA, MRP, or RNase P 
RNA components) or smaller ones (like microRNAs) were described as mitochon-
drially targeted. A major part of these molecules clearly refer to protein synthesis 
machinery (tRNAs, 5S rRNA, RNase P). So far, different cases of RNA import 
of even similar types of molecules may have different functional implications—
sometimes they are clearly essential, sometimes only conditionally important, in 
some cases their implication in mitochondrial translation is still not evident. The 
first part of the chapter tries to review these different cases with the emphasis on 
still unclear functional issues or contradictory data.

Mitochondrial DNA mutations are the recognized source of neuromuscular 
pathologies (Ruiz-Pesini et al. 2007). This large group of “mitochondrial dis-
eases” includes mutations in virtually all mtDNA encoded genes and often have a 
strong impact on mitochondrial translation (Smits et al. 2010). One of their main 
features is the phenomenon of heteroplasmy, meaning the simultaneous pres-
ence of mutant and wild-type genomes in the same cell, the level of heteroplasmy 
determining the pathogenic effect of the mutation. All these pathologies have no 
efficient classical therapy and many attempts are currently done to develop alter-
native gene therapy strategies. Two main approaches were proposed—the “allo-
topic” one was to express in the nucleus the lacking or therapeutically active 
molecule and to address into mitochondria; and the “antigenomic” one, which 
aims to decrease the heteroplasmy below the threshold pathogenic level by 
addressing into the organelle specific recombinant molecules (Smith et al. 2004). 
If both strategies may use imported protein, nucleic acids delivery into mitochon-
dria appears as more attractive. Therefore, in the second part of the chapter, we 
shall focus here RNA targeting into mitochondria, since many recent studies were 
aimed to exploit this pathway as a tool to correct dysfunctions of the mitochon-
drial translation machinery.
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4.2 � Imported tRNAs and Mitochondrial Translation

4.2.1 � Plants

The situation in higher plants appears as the most evident—up to now, in all cases 
mitochondrially imported RNA species were limited to tRNAs and, also in all 
cases, imported tRNA species strictly corresponded to those whose genes were 
absent in mtDNA (Dietrich et al. 1992; Kumar et al. 1996; Salinas et al. 2008; 
Schneider and Marechal-Drouard 2000). The mechanism of this pathway is 
actively studied. Aminoacyl-tRNA synthetases, another component of the trans-
lation machinery, were formerly implicated in tRNA mitochondrial targeting 
(Dietrich et al. 1996; Small et al. 1992), while at the mitochondria level, Voltage 
Dependent Anion Channel (VDAC) and/or TOM complex were involved in tRNA 
translocation across mitochondrial membranes (Salinas et al. 2006, 2008).

There still is no evident evolutionary explanation why a given tRNA gene was 
conserved in mtDNA and the other—not, as well why there is a so significant vari-
ation in the imported tRNAs among different plant species, ranging from few to 
more than a half of the mitochondrial set. One could assume therefore that the 
emergency of tRNA import was polyphyletic and occurred many times during evo-
lution, maybe in a sporadic way (Kumar et al. 1996). The similarity of mitochon-
drial and nuclear genetic code in plants may, at some extent, explain this situation: 
indeed nuclear-encoded and mitochondrially addressed tRNAs not only can func-
tion both in cytosolic and organellar translation, but also cannot become poten-
tially toxic nonsense/missense suppressor tRNAs in the cytosol.

The question arises if there exist any regulatory mechanism which would per-
mit to optimize mitochondrial translation by differential tRNA import efficiency. 
A priori there is no limitation for that, taking into account that mitochondrial sub-
set of tRNA is a minor one comparing to the cytosolic pool. Indeed, in the case 
of a lower plant cells, in C. reinhardtii, mitochondrial abundance of nuclear DNA 
encoded tRNA was found to be in correlation with mtDNA genes codon usage 
(Vinogradova et al. 2009), which may reflect the existence of a kind of retrograde 
control of RNA import or, alternatively, a controlled system of RNA degradation 
in the organelle.

4.2.2 � Trypanosomes

The group of Trypanosomatidae represents an extreme case, where all or almost 
all tRNAs are nuclearly encoded (Hauser and Schneider 1995; Rubio et al. 2000; 
Schneider 1994; Schneider and Marechal-Drouard 2000; Simpson et al. 1989). 
The need of these molecules for mitochondrial translation appears as evident, 
since no mtDNA-coded tRNA genes were ever identified while mitochondrial 
translation of the kinetoplast DNA (trypanosomal equivalent of mtDNA) is rather 
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standard. The situation on these protozoans was recently exhaustively described in 
(Schneider 2011), therefore, we focus here only few translation-related issues.

In such trypanosomatids as Trypanosoma brucei or Leishmania tarentolae, cyto-
solic and mitochondrial pools of tRNAs are not identical, the exception concerning 
the initiator tRNAMet and the tRNASec, both found only in the cytosolic compart-
ment of the cell (Geslain et al. 2006; Tan et al. 2002b). This fact refers directly to the 
absence of functional need of these tRNA species in the mitochondrial compartment. 
Mitochondrial initiation of translation does not require special eukaryotic initiator 
tRNA since a portion of mitochondrially imported cytosolic elongator tRNAMet is 
formylated by specific tRNAMet-formyltransferase (Charriere et al. 2005; Tan et al. 
2002a). This formylated elongator tRNA is then recognized by the mitochondrial 
bacterial type initiation factor. This is just an example of the higher extent of mito-
chondrial translation flexibility, which is observed also in other species, as described 
below. Also, as in many other cases, it is difficult to explain how such mechanism 
was retained in evolution. It clearly demonstrates that many features of mitochon-
drial translation may have sporadic origins, and therefore being species/genera-specific. 
On the other hand, it also illustrate strictly classical functional explanation of RNA 
import in terms of translation processes, without involving “alternative functions” 
of imported RNA molecules, as for tRNASec, whose presence in trypanosomatid 
mitochondria would be obsolete, in the absence of selenoproteins.

4.2.3 � Yeast

In ascomycetes yeast Saccharomyces cerevisiae the situation with imported tRNAs 
is all but simple, taking into account that mtDNA appeared to encode all the set 
of tRNAs, in theory able to fulfill translational activity (Foury et al. 1998). So 
far two cases of tRNA import were independently described. The first concerns 
one out of two cytosolic tRNALys, tRNALys

1

(

tRNALys
CUU, or tRK1

)

. This cyto-
solic tRNA was partially found in the mitochondrial compartment of the cell in 
1979 (Martin et al. 1979), while the second tRNALys

(

RNALys
UUU, tRK2

)

 resided 
only in the cytosol. The mechanism of tRK1 delivery into yeast mitochondria was 
studied in details and involved several targeting factors (Enolase-2 as an RNA 
chaperone and the cytosolic precursor of mitochondrial lysyl-tRNA synthetase 
pre-Msk1p) and the TOM/TIM translocators (Entelis et al. 2006; Kamenski et al. 
2007b; Kolesnikova et al. 2010; Tarassov et al. 1995), issues recently reviewed 
elsewhere (Rubio and Hopper 2011; Salinas et al. 2008; Schneider 2011). Up to 
more recent studies its function in the mitochondria was not clear. Indeed, mtDNA 
codes for another tRNALys (tRK3), which, due to its modification of the wobble 
position (cmnm5S2 U) was predicted to decode both AAA and AAG lysine codons 
in the organelle. Several alternative functions (like participating in splicing or 
mtDNA replication priming) were proposed for mitochondrial tRK1 (reviewed in 
Entelis et al. 2001c), so far these hypotheses never found experimental evidence. 
Finally, a peculiar mechanism was uncovered. It was shown that mitochondri-
ally encoded tRK3 anticodon wobble base was undermodified (underthiolated) at 
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higher temperatures, and, as a consequence loses the ability to efficiently decode 
the very rare mitochondrial AAG codons, while the imported CUU anticodon 
bearing tRK1 complements this deficiency (Kamenski et al. 2007a; Tarassov et al. 
2007) (Fig. 4.1). This mechanism was the first case of mitochondrial translational 

Fig. 4.1   tRNA import into yeast mitochondria is a mechanism of translational adaptation to stress 
conditions. At the left side of the scheme, normal conditions of growth (30 °C), when both lysine 
codons can be read by mtDNA encoded tRK3. At the right side—at higher temperature tRK3 wob-
ble position of the anticodon in undermodified (underthiolated) which prevents efficient decoding 
of the AAG lysine codon, while imported tRK1 becomes essential for mitochondrial translation
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adaptation to stress conditions. So far many questions remains to be solved. tRK1 
is imported in mitochondria in a constitutional manner, and not only at higher tem-
perature, while its function in mito-translation becomes detectable only at elevated 
one. So it is not clear if it participates in translation in a permanent way and if it is 
more or equally efficient to decode AAG codons in normal conditions. In this con-
text it is worth to stress that tRK1 is aminoacylated by the cytosolic lysyl-tRNA 
synthetase (KARS), imported into mitochondria in aminoacylated form and can-
not then be reacylated in the organelle by the mature mitochondrial synthetase 
(MSK1), the last one able to charge only tRK3 (Tarassov et al. 1995). This obvi-
ously limits the efficiency of tRK1 use in mitochondrial translation. It is still not 
evident if there exist any regulatory mechanisms governing this targeting. Indeed, 
it was demonstrated that differential deregulation of the proteasomal degradation 
of proteins (ubiquitin/26S proteasome system, UPS) may have various effects on 
tRK1 import (either increasing of decreasing it) (Brandina et al. 2007), which may 
reflect existence of such a regulation. So, once more, the function of the imported 
tRNA species was strictly classical while no evidence of any other “alternative” 
function was ever found.

The second described case of tRNA import in yeasts concerns tRNAGln species. 
Formation of Glutaminyl-tRNAs can, in principle, proceed either by a specific 
glutaminyl-tRNA synthetase (QRS), as in eukaryotic cells and many bacteria, or 
by misaminoacylation of the corresponding tRNAGln by the nondiscriminating 
glutamyl-tRNA synthetase (ERS) with subsequent transamidation of the aminoacyl 
residue in Glu-tRNAGln to generate Gln-tRNAGln, as it is found in the majority of 
bacteria and all the archea (Feng et al. 2005; Ibba and Soll 2004). The last pathway 
is also used in mitochondria, so far in yeast amidotransferase activity has not been 
characterized for long time and, to explain how the glutamine decoding system 
could function, a new mechanism involving tRNA import was proposed (Rinehart 
et al. 2005) (Fig. 4.2a). Following this scheme, mtDNA encoded tRNAGln

UUG, due 
to a specific wobble base modification (mcm5S2U or cmnm5S2U, cited differently 
in different reports), can decode only CAA glutamine codons (hypothesis based on 
earlier studies, reviewed in Yokoyama and Nishimura 1995). The two isoacceptor 
tRNAsGln (anticodons CUG and UUG) would be imported from the cytosol, along 
with the cytosolic QRS, which proceeds the aminoacylation in the “eukaryotic” 
fashion permitting decoding of the other two glutamine codons (CAG and CAA). 
This hypothesis responds to the question how glutamination may occur when no 
amidotransferase is present. It is also in agreement with the idea that mitochondrial 
enzyme, mERS, cannot generate Glu-tRNAGln, the required intermediate for the 
transamidation pathway (Rinehart et al. 2005). However, more recently, a new het-
erotrimeric complex with amidotransferase activity (GatA/GatF/GatB) was charac-
terized, which, once assembled in mitochondria, can modify the mtDNA encoded 
tRNAGlu misacylated by nondiscriminating cytosolyc ERS, partially imported into 
the organelle (Fig.  4.2b) (Frechin et al. 2009). Such a mechanism eliminates the 
functional need of tRNAGln import, and indeed, the latter study failed to detect any 
considerable amount of cytosolic tRNAsGln in yeast mitochondria. Furthermore, 
the incapacity of the modified U in the wobble position of the mitochondrial 
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tRNAGln
UUG, to pair with both A and G in the codon’s first position is not sup-

ported by many reports (for example, Kurata et al. 2008; Umeda et al. 2005). Still 
remains the possibility that both mechanisms may coexist, but the former one 
being minor in terms of efficiency.

4.2.4 � Mammalians

For a number of years it was assumed that mammalian mitochondria do not 
import any tRNA (Enriquez and Attardi 1996a, b; Enriquez et al. 1996), since 
no significant amounts of cytosolic tRNAs were detected in these organelles by 
classical hybridization methods. So far, a more recent study suggested that such 
pathway may, however, exist. It was proposed that a system which resembles to 
that proposed for yeast (see above) to import tRNAsGln into mitochondria would 
also exist in human cells (Rubio and Hopper 2011; Rubio et al. 2008) basing on 
the same reasoning as for the yeast system, the authors suggested that the modi-
fied wobble U34 of the mtDNA encoded tRNAsGln would affect decoding CAG 
codon, according to commonly agreed codon-anticodon recognition rules (Agris 
et al. 2007; Sprinzl and Vassilenko 2005). So, to fulfil complete set of decoding, 

Fig. 4.2   tRNAGln in yeast mitochondria. a The model proposing simultaneous import of both 
two cytosolic tRNAGln and the cytosolic QRS. b The model proposing the generation of mito-
chondrial tRNAGln by the nondiscriminating cytosolic ERS and tripartite amidotransferase (Gat 
FAB AdT), both imported into mitochondria
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mitochondria must import corresponding nuclear-encoded tRNAGln isoacceptors 
(CUG and UUG anticodons) from the cytosol (see the scheme corresponding to 
the yeast system, Fig. 4.2a). Indeed, these two cytosolic tRNAs were detected in 
purified rat and human mitochondria by a more sensitive RT-PCR approach (Rubio 
et al. 2008). These data are in agreement with the fact that mammalian mitochon-
dria were already described as able to import tRNAs in artificial way (Entelis 
et al. 2001b; Kolesnikova et al. 2002), and also import other RNA molecules in 
vivo (Magalhaes et al. 1998; Smirnov et al. 2008a; Yoshionari et al. 1994), so 
their innate capacity to internalize RNA is out of doubt. So far, the fact that these 
tRNAs are detectable only by RT-PCR indicates on tiny amounts of them in mito-
chondria. Furthermore, the transamidation pathway, allowing to complement the 
absence of mitochondrial QRS, was described (Nagao et al. 2009). This last study 
permitted to demonstrate that human mitochondrial ERS can misaminoacylate 
the mtDNA encoded tRNAGln by a glutamate, which is modified by a heterotrim-
eric transamidase hGatCAB imported into mitochondria. This mechanism makes 
the functional issue of the cytosolic tRNAsGln import not evident. The possibil-
ity remains open that both pathways are coexisting but the tRNA-based having a 
minor functional input.

In the context of this chapter, one can also cite the results of a systematic analy-
sis of human mitochondrial transcriptome, where not only cytosolic tRNAGln was 
also detected, but also tRNALys and tRNALeu ones (Mercer et al. 2011). However, 
there is no hint for the moment if this was due to contamination problems or cor-
responds to the in vivo situation, since no plausible function for cytosolic tRNALys 
and tRNALeu in human mitochondrial compartment was ever assigned.

4.3 � Import of 5S rRNA in Mammalians and Mitochondrial 
Translation

Found for the first time in beef liver mitochondria, nuclear DNA encoded 5S 
rRNA appeared to be nearly the most abundant ribonucleic acid species inside the 
organelles (Yoshionari et al. 1994; Magalhaes et al. 1998; Entelis et al. 2001a). Its 
presence in mitochondrial matrix was somewhat unexpected, since 5S rRNA genes 
have disappeared from mitochondrial genomes of animal cells, and this compo-
nent was believed to be replaced by new proteins, so typical for mitochondrial 
ribosomes (Smits et al. 2007). Furthermore, no 5S rRNA was detected in large-
scale purified mammalian mitoribosomes (Sharma et al. 2003). On the other hand, 
a recent series of works, focused on function of this small but important molecule, 
showed clearly that 5S rRNA, being an extremely conservative ribosomal com-
ponent, administers the clockwork-like mechanism of all main functional sites of 
ribosomal machine (Smith et al. 2001; Kiparisov et al. 2005; Kouvela et al. 2007). 
This fact suggests that the total loss of 5S rRNA cannot possibly occur, if only 
the mitoribosome has not suffered some substantial structural reorganization of its 
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protein component before (what is probable only in very dynamic systems, exem-
plified by some protists). How did eukaryotic cells solve the problem of 5S rRNA 
loss from mitochondrial genomes? One of possible ways, as mentioned above, 
consists in direct substitution of this RNA with new ribosomal proteins forming 
the central protuberance (yeast, trypanosomatids) (Sharma et al. 2009; Smirnov 
et al. 2008a). Still, the obvious existence of cytosolic 5S rRNA import pathway in 
mammalian cells, as well as recent data discussed below, suggest that in the latter 
case, the role of the lost component may be performed by its cytosolic ortholog.

5S rRNA targeting into mammalian mitochondria mechanisms were recently 
described. This pathway includes RNA protein interaction involving at least 
two cytosolic precursor of mitochondrial proteins, preMRP-L18, and rhodanese 
and involves, as in the case of yeast tRNA mitochondrial import, structural rear-
rangements of the imported RNA molecule (Smirnov et al. 2008b, 2010, 2011) 
(Fig.  4.3). In the context of this chapter, it is worth to note that preMRP-L18 
protein belongs to the L5-family of proteins which are direct interactants with 
5S rRNAs in all known ribosomes. As a matter of fact, no MRP-L18 homologue 
was ever found in yeast mitochondria where no 5S rRNA is imported. This fact 
is to be considered as an indirect evidence on the involvement of the imported 

Fig. 4.3   5S rRNA import 
and cellular translation 
in mammalians. The 
intracellular distribution of 
5S is ruled by a succession 
of RNA–protein interaction 
and chaperone events, which 
withdraw a minor portion of 
the cytosolic pool of the RNA 
from the RPL5 dependent 
nuclear re-export and 
further cytosolic translation 
to address it toward 
mitochondrial matrix where 
it is hypothesized to become 
a part of mitochondrial 
translation machinery
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RNA molecule in mitochondrial ribosome, and is not in direct contradiction with 
the previously described “5S rRNA-less mitoribosome” lacking also many ribo-
somal proteins described thereafter (Dennerlein et al. 2010; Kolanczyk et al. 
2010; Richter et al. 2010; Rorbach et al. 2008; Soleimanpour-Lichaei et al. 2007; 
Wanschers et al. 2012). Further analysis revealed that, indeed, a sub-population 
of mitochondrially localized 5S rRNA co-purified with mitochondrial ribosomes, 
being essentially associated with monosomal fraction, but not with the fraction 
of the large ribosomal subunit. This result may mean that the association of 5S 
rRNA with the mitochondrial ribosomes is leaky and the RNA molecule is easily 
lost upon subunits dissociation, which would explain why it was not previously 
detected. This idea was also in a good agreement with the fact that inhibition of 
5S rRNA import by siRNA-downregulation of targeting factors (either rhodanese 
or MRP-L18) strongly affected mitochondrial translation (Smirnov et al. 2011). It 
is clear that additional functional and structural studies are needed to validate the 
“ribosomal” function of the imported rRNA, but all currently available data are 
in favor of it. Once more, as in the case of tRNA import in yeast mitochondria, 
the primary function of the imported RNA seems to be exploited in the organelle, 
while no evidence for any other alternative function was found.

4.4 � Import of RNase P RNA in Mammalians  
and Mitochondrial Translation

Another case of RNA import that might be indirectly related to mitochondrial 
translation concerns the RNA component of 5′-end tRNA processing enzyme, 
RNase P in mammalians. RNases P were long time considered as obligatory con-
taining a ribozyme (Joyce 1989). Since many species (but not all) do not possess 
corresponding genes in their mitochondrial genomes, it was suggested that they 
import this 200–300 bases long RNA from the cytosol. In the case of mamma-
lian cells, the first experimental evidence of the presence of RNase P RNA in the 
mitochondria was reported more than 20 years ago (Doersen et al. 1985), which 
corroborated with a further study (Puranam and Attardi 2001). So far, the amount 
of this RNA associated with mitochondria was extremely low, which raised a 
debate about the existence of the RNase P RNA import pathway, along with that 
of MRP RNA, a related RNA species [mitochondrial RNA processing (MRP) 
enzyme RNP complex, proposed to participate in the initiation of mtDNA replica-
tion] (Chang and Clayton 1989; Topper et al. 1992). Furthermore, more recently 
RNA-free (only proteinaceous) mitochondrial RNase P was characterized in sev-
eral species, including mammalians (Pavlova et al. 2012; Gutmann et al. 2012; 
Gobert et al. 2010; Holzmann et al. 2008; Rossmanith and Potuschak 2001). 
This discovery made unclear the role of the tiny amounts of RNase P RNA (H1 
RNA) in mammalian mitochondria. So far, another study suggested a new pos-
sible function of this RNA. Indeed, RNA import into mammalian mitochondria, 
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including three RNAs hypothesized to be targeted into the organelle, namely 5S 
rRNA, MRP RNA, and RNase P (RNA H1), was reported to depend on a pro-
tein associated with the inner mitochondrial membrane or intermembrane space, 
PNPT1 (PNPase, polynucleotide phosphorylase). Inhibition of PNPT1 resulted in 
a decrease of RNA import. tRNA processing was also analyzed and it was demon-
strated that in conditions of PNPT1 downregulation single tRNA genes produced 
correctly maturated tRNA, while processing of tandem ones was affected. It was 
then proposed that RNA-containing RNase P may be required only for maturation 
of the laters (Wang et al. 2010). This defect is expected to affect not only the very 
tRNA maturation (and therefore its functionality in translation), but also mRNA 
one, since tRNA secondary structures are thought to serve as signals of primary 
multicistronic transcript cleavage (Ojala et al. 1981). More recently, analysis of a 
case of pathological mutations in PNPT1 gene (causing a respiratory chain defi-
ciency), demonstrated that when PNPase was reduced, translation in mitochon-
dria was also affected, while overexpression of a wild-type gene fully restored the 
deficiency (Vedrenne et al. 2012). In the context of this chapter, it is noteworthy 
to mention that in PNPT1 mutants not only RNA H1 import appears as affected 
(von Ameln et al. 2012), but also 5S rRNA one (Vedrenne et al. 2012), which may 
be the main reason for translational deficiency. At this moment, the exact mean-
ing of the H1 RNA presence in mammalian mitochondria is still subject to debate, 
although coexistence of both RNA-containing and RNA-free RNases P remains a 
plausible possibility.

4.5 � Import of Micro RNAs and Mitochondrial Translation

Several recent studies, essentially systematic ones, have found microRNAs (miR-
NAs) in mitochondria of liver cells, myoblasts, HeLa cells etc. (Bandiera et al. 
2011; Barrey et al. 2011; Bian et al. 2010; Kren et al. 2009). If the question of their 
origin is still open, at least for some of them nuclear coding and mitochondrial 
import was hypothesized. The mechanisms of this targeting were still not studied. 
This type of small noncoding RNA molecules participate usually in regulation of 
mRNA translation and stability (Fabian et al. 2010). There is still very little infor-
mation on possible involvement of imported miRNAs in mitochondrial transla-
tional regulation. So far, it was already reported that miR-181c miRNA species 
would be nuclear-encoded, mitochondrially targeted, and regulating mitochondrial 
cytochrome oxidase (COX) subunit 1 mRNA translation (Das et al. 2012). One can 
expect that further examples of such regulation may appear in the future. In this 
context it is also crucial to determine with precision the real origin of these RNAs, 
since the mitochondrial targeting for molecules having homology with mtDNA is 
sometimes thorough to prove and requires specific model systems of in vitro and 
in vivo import, as it was done for tRNAs or 5S rRNAs for yeast, plant, or mam-
malian systems. Besides the mechanistic aspect of potential microRNA import into 
mitochondria, it will also be challenging to identify the exact functions of a given 
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imported microRNA in mitochondrial translation. Indeed, since in other biologi-
cal systems they were essentially implicated in cap-dependent translation regula-
tion (Fabian et al. 2010), which is not existing in mitochondria, one can reasonably 
expect the existence of other, still not discovered mechanisms.

4.6 � Import of RNA as a Tool to Correct Dysfunctions 
in Mitochondrial Translation

Mutations in the mtDNA are an important cause of human diseases, which affect 
essentially (but not exclusively) the nervous system and the muscles. Diseases 
associated with deleterious mutations of the mtDNA are often severe neuromuscu-
lar disorders, such as for example the syndromes MERRF, MELAS, CPEO, KSS, 
or LHON. Each of these diseases is to be considered as “rare” (<1:5,000–10,000), 
but their global socio-medical input is very important and often underestimated. 
Among the over 350 mtDNA pathogenic mutations characterized to-date in the rela-
tively small human mitochondrial genome (16,569 base pairs), more than 140 are 
located in tRNA genes, over 70 in protein-coding genes, and a few in the rRNA 
genes, the rest 120 being deletions of variable size (Ruiz-Pesini et al. 2007). Most 
of these mutations affect mitochondrial translation, either in specific (one mRNA) or 
nonspecific (nonfunctional tRNAs or rRNAs) manner. To-date, these diseases do not 
have efficient curative therapies. The gene therapy approach therefore represents an 
open possibility, which may be followed in two directions. The first one, commonly 
referred to as “allotopic expression” (Smith et al. 2004), is to express the gene of 
interest in the nucleus and to target its product into mitochondria where it would 
replace its mutant counterpart. The second direction, referred to as “anti- genomic” 
(Taylor et al. 2001), is to inhibit the replication of mutant mtDNA molecules, 
thus favoring the replication of wild-type genomes. This approach is based on the 
heteroplasmy of most deleterious mtDNA mutations, i.e., within each cell mutated 
mtDNA molecules coexist with wild-type ones. As clinical symptoms are detected 
only above a relatively high proportion of mutant mtDNA, even partial inhibition 
of the propagation of mutant versions of mtDNA is expected to permit a significant 
rescue of mitochondrial functions. Here below we describe how both strategies were 
experimentally tested by exploiting the RNA mitochondrial pathway, in each case 
observing improvement of mitochondrial translation affected by mtDNA mutations.

4.6.1 � Allotopic Strategy

The first description of successful allotopic strategy using RNA import refers to 
the yeast model, where a nonsense mutation in mtDNA encoded COX2 subu-
nit was functionally complemented by an engineered mitochondrially targeted 
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cytosolic tRNA (Kolesnikova et al. 2000). This study, validating the idea of 
exploiting the RNA import for correction of mtDNA mutations effects, demon-
strated that eukaryotic type tRNAs can be functional in mitochondrial transla-
tion. A similar approach was further applied to two different pathogenic mutations 
in human mitochondrial tRNAs genes. The first one concerned a point mutation 
A8344 > G localized in the tRNALys gene, often associated with the MERRF syn-
drome (Myoclonic Epilepsy with Red Ragged Fibers). In this study (Kolesnikova 
et al. 2004), we used the fact that human mitochondria are able to import the yeast 
tRNAsLys (tRK1, see above) or their mutant derivatives (Entelis et al. 2002, 2001b; 
Kolesnikova et al. 2002). Several versions of specifically designed importable 
tRNA versions were indeed shown to partially correct all mitochondrial functions 
affected by the MERRF mutation. In the context of this chapter, it is noteworthy 
that this mutation in the tRNALys affects modification of the anticodon, which 
leads to a recognition of AAA or AAG lysine codon with different efficiencies (the 
last one is less efficiently read) and consecutive abortive or inefficient translation 
(Kirino et al. 2004; Yasukawa et al. 2001). Mitochondrially targeted cytosolic tRN-
ALys was shown to reverse this defect of translation and, as the functional con-
sequence, to improve other mitochondrial functions, both in model immortalized 
cybrid cells or in patient derived primary fibroblasts (Kolesnikova et al. 2004).

The second, more recent successful attempt to apply allotopic strategy using 
RNA import concerns another point mutation in the mitochondrial tRNALeu gene, 
A3243 > G, causing the MELAS disease (Mitochondrial Encephalopathy, Lactic 
Acidosis, Stroke-like episodes). In this case no naturally imported tRNALeu was 
available neither in human nor in yeast cells, so a set of chimeric tRNAs with 
switched aminoacylation identity was created based on tRK importable versions. 
It was found that introduction of leucinylation identity elements [essentially 
localized in the anticodon (Giegé et al. 1998)] in the context of yeast cytosolic 
tRNAsLys did not affect their capacity to be mitochondrially targeted into yeast, 
but more important, also into human mitochondria. It was then demonstrated that 
the imported recombinant tRNA was able to be correctly aminoacylated by the 
Leucine (either in the cytosol or in the organelle) and to participate in mitochon-
drial translation. Transient or stable expression of the importable tRNA in model 
cybrid cells bearing the MELAS mutation lead to a significant rescue of mito-
chondrial translation, and consequently other mitochondrial functions (respiration, 
electron transfer complexes activity, etc.) (Karicheva et al. 2011).

Several alternative strategies, but which also can be termed as “allotopic”, were 
developed by another team, studying the RNA mitochondrial import mechanisms 
in a trypanosomatid Leishmania tropica. An important part of the results of this 
team (Goswami et al. 2006) were subject of controversy which is still not resolved 
(Schekman 2010), therefore we shall not discuss here the mechanistic aspects 
of this pathway, but in the context of the current chapter, is would be worthy to 
mention recent development of this study leading to propose a therapeutic use of 
RNA import. All these studies exploit the mitochondrial inner membrane anchored 
RIC (RNA Import Complex) to deliver RNAs with therapeutic capacities into 
mitochondria (Adhya 2008). If RIC was described as facilitating tRNA delivery 
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into Leishmania mitochondria, it was also proposed that it can be internalized by 
cultured human cells in a caveolin-1-dependent manner and to be then inserted 
in human mitochondrial membranes (Mahata et al. 2006). This insertion was 
described to promote import of cytosolic tRNAs into human mitochondria, which 
permitted to complement translation defects caused either point mtDNA mutation 
in either tRNALys (MERRF) or 2 kb deletion (KSS, Kearns-Seyre syndrome). A 
related method was more recently used to address any type of mtDNA mutation, 
comprising single and multiple deletions, or even more generally many types of 
mitochondrial dysfunction, as altered ROS production. To this end the RIC recon-
stituted from recombinant proteins was complexed with synthetic transcripts cov-
ering significant or all coding portions of mammalian mtDNA, by introducing into 
these transcripts a previously identified “import signature” (a short hairpin struc-
ture present in all imported Leishmania tRNAs), and addressing it into affected 
cells or tissues (Jash and Adhya 2011, 2012; Mahato et al. 2011; Jash et al. 2011).

A recent development of allotopic strategy described exploited the newly iden-
tified RNA import mitochondrial factor, PNPT1 (PNPase, polynucleotide phos-
phorylase). This inner membrane localized protein was formerly shown to be 
the part of RNA mitochondrial delivery machinery and its specificity relayed to 
recognition of a conserved hairpin structure in the imported H1 RNA molecule 
(Wang et al. 2010). This “import signature”, referred to as RP sequence, was 
fused to either tRNALys or tRNALeu expressed in nucleus, which promoted their 
import into human mitochondria and corrected in a significant manner translation 
defects due to MERRF or MELAS mutations, correspondingly (Wang et al. 2012) 
(Fig. 4.4). As a matter of fact, the same RP import signature permitted to address 
into mitochondria much larger RNA molecules in the PNPase-dependent manner, 
like COX2 mRNA expressed in the nuclueus (Wang et al. 2012).

Allotopic strategy can also be imagined by using the artificially induced pro-
tein-driven RNA import, which is not strictly corresponding to the natural RNA 
import pathway focused in the chapter, still being worth to be mentioned here. 
Indeed, covalent (Seibel et al. 1995; Vestweber and Schatz 1989) or noncovalent 
(Sieber et al. 2011b) complexing of nucleic acids with mitochondrially imported 
proteins or even peptides can promote their co-internalization into the organelles, 
and thus can be used for mitochondrial addressing functionally active molecules, 
as tRNAs, or even mRNAs, into mitochondria bearing pathogenic mutations.

4.6.2 � Antigenomic Strategy

Reducing the heteroplasmy level of mtDNA mutations below the pathogenic thresh-
old was attempted by many strategies, including addressing into mitochondria 
peptide nucleic acids (PNAs), specific restriction enzymes, using mitochondrial 
substrates and, on the level of the organism, specific diets (reviewed in Smith and 
Lightowlers 2010; Smith et al. 2004), all of these approaches are valuable but still 
have many technical limitations. The first validation of RNA import as a tool for 
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antigenomic strategy was recently described by our team (Comte et al. 2013), the 
model concerned a large 8 kb long deletion from base 8363 to 15438 and including 
several structural genes and 6 tRNA ones. This heteroplasmic deletion provokes the 
KSS disease and is characterized by a significant, though not very dramatic, changes 
in mitochondrial translation pattern, which may be explained by a 2–3 lower copy 
number of the genes localized within the deletion. The rationale of the approach was 
to target mitochondria with short oligoribonucleotides complementary to the new 
sequence generated by the mutation which could affect replication of only mutant 
mtDNA molecule. Two types of RNA molecules were used as vectors to address 
“therapeutic” oligoribonucleotides into mitochondria; the first one was based on 
5S rRNA, where the so-called β-domain, dispensable for mitochondrial targeting 
(Smirnov et al. 2008b), was replaced by the oligonucleotides corresponding to either 
the H- or L-strands of mtDNA region surrounding the deletion (Fig. 4.5). The second 
RNA-vector was based on mini-RNAs resulting form SELEX experiments held on 
importable tRNA sequences, which represent a simple two-hairpin structures where 
the linker can be replaced by oligonucleotides of interest (Kolesnikova et al. 2010). 
It was demonstrated that both types of chimeric RNA molecules were addressed 
into mitochondria of cultured human cells and that their import was accompanied 
by a reproducible decrease of the ratio between mutant and wild-type mtDNA. This 
shift of heteroplasmy (transient in the case of transient transfection and stable when 

Fig. 4.4   Two allotopic gene therapy models exploiting PNPase -promoted RNA import. At the 
left side is schematically presented the tRNA import into human mitochondria, which permits 
complementation of tRNA mutations in mtDNA (MERRF, MELAS). RP, RNA import signature 
of RNase P H1 RNA fused to the pre-tRNA, which targets the RNA into mitochondrial. At the 
right side—a similar approach but when RP sequence was fused to an mRNA (COX2 respiratory 
subunit)
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Fig. 4.5   Antigenomic gene therapy models exploiting RNA mitochondrial import. In both cases, 
a large deletion associated with the KSS disease was addressed. At the upper left side—the use 
of natural import of 5S rRNA, whose recombinant versions were stably expressed in cybrid cells. 
The antigenomic oligonucleotide replacing the 5S rRNA β-domain is in red. At the upper right 
side—FD short tRNA derivatives were used for transient transfection of cybrid cells. At the 
bottom, the schema illustrates the specificity of anti-replication effect of the recombinant mito-
chondrially targeted RNAs: no effect on wild-type mtDNA replication (left) and inhibition of 
KSS mutant mtDNA (right)
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recombinant RNAs were stably expressed) resulted in a restoration of a normal mito-
chondrial translation patters, thus producing a curative effect (Comte et al. 2013).

4.7 � Concluding Remarks

To summarize the main issues of this chapter, one can remark that RNA targeting 
into mitochondria is, in the majority of studied cases, intimately linked to mito-
chondrial translation, either in direct (tRNAs, rRNA) or nondirect (regulation of 
translation by miRNA) manner. As it was stressed many times (Sieber et al. 2011a; 
Schneider 2011; Rubio and Hopper 2011; Salinas et al. 2008), RNA import, even 
sharing a number of common features among species, still is considered as emerged 
many times upon evolution. One can suggest that innate capacity of mitochondria to 
import short RNAs was used to either complement or to optimize the organellar bio-
synthetic apparatus. It is interesting to note that if the proteins participating in this 
pathway vary enormously among species and often are “moonlighting” (performing 
their secondary jobs, i.e., enolase, aminoacyl-tRNA synthetases, rhodanese, riboso-
mal protein MRP-L18, PNPase, etc.), each time when the imported RNA function 
inside the organelle was investigated in details, it was rather a classical one in trans-
lation (tRNA, 5S rRNA) and not alternative. The functionality of these imported 
molecules and the flexibility of the overall process make the RNA import pathway 
an extremely promising tool for the future gene therapy of mitochondrial patholo-
gies, and the first model systems described here above are well illustrating this idea. 
Indeed, RNA mitochondrial import might be altered in order to either send in the 
organelles fully functional translation-related molecules to replace the mutant ones 
or to promote a reduction of mutant mtDNA to correct translation defects.
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Abstract  In the yeast Saccharomyces cerevisiae, eight proteins are encoded 
by the mitochondrial genome. Seven of them are core catalytic subunits of com-
plexes III and IV of the respiratory chain and the ATP synthase and thus essen-
tial for oxidative phosphorylation (OXPHOS), while one protein is soluble and 
a constituent of the small subunit of mitochondrial ribosomes. The expression 
of these proteins is mainly controlled posttranscriptionally by so-called transla-
tional activators. These nuclear-encoded factors act on the 5′-untranslated region 
(UTR) of their specific client mRNA and stimulate translation. In addition, trans-
lational activators play multiple roles in regulation and organization of mitochon-
drial protein synthesis. The mitochondrial OXPHOS complexes are assembled 
from subunits encoded by both the nuclear and the mitochondrial DNA. During 
the biogenesis of OXPHOS complexes, translational activators help to coordinate 
cytosolic and mitochondrial translation by adjusting mitochondrial protein synthe-
sis to levels that can successfully be assembled. This chapter summarizes the cur-
rent knowledge about how mitochondrial protein synthesis in the model organism 
Saccharomyces cerevisiae is coordinated with OXPHOS complex assembly.

5.1 � Mechanisms of Protein Synthesis in Yeast Mitochondria

5.1.1 � The Mitochondrial Genome in Yeast

Mitochondria are key organelles of eukaryotic cells that participate in impor-
tant metabolic processes like the TCA cycle, fatty acid oxidation, and amino acid 
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degradation; they also play important roles in a variety of biosynthetic pathways 
and contribute to regulation of cellular signaling and apoptosis. Mitochondria 
evolved 2  billion years ago when an archaeal cell established a symbiotic rela-
tionship with aerobic bacteria (Sagan 1967; Gray 1989). In the course of evolu-
tion, most of the former bacterial genes were transferred to the nuclear DNA. 
Concomitantly, the organellar genetic code developed away from the standard 
genetic code, so that the codon usages differ significantly between both systems. 
The most obvious alteration is that the universal stop codon TGA is translated 
into tryptophan (Barrell et al. 1979; Fox 1979). Today, mitochondrial genomes of 
fungi and higher eukaryotes typically code only for a small number of genes. These 
include genes for proteins of OXPHOS complexes as well as tRNAs and rRNAs 
of the mitochondrial translation machinery. In the yeast Saccharomyces cerevi-
siae, eight proteins are encoded in the mitochondrial DNA (mtDNA), 24 tRNAs 
as well as the rRNA of the small (15S) and large (21S) subunit of the mitochon-
drial ribosome (Borst and Grivell 1978). Of the eight mitochondrially encoded 
proteins, seven represents very hydrophobic core subunits of OXPHOS complexes 
(cytochrome b of the bc1 complex, Cox1, Cox2, and Cox3 of cytochrome oxidase 
and Atp6, Atp8, and Atp9 of the ATP synthase) located in the inner membrane of 
mitochondria, while one is a soluble protein and a component of the small mito-
chondrial ribosomal subunit (Fig. 5.1). These proteins are synthesized on mitochon-
drial ribosomes which are, unlike bacterial ribosomes, permanently associated to 
the inner membrane (Fiori et al. 2003; Ott et al. 2006; Prestele et al. 2009), thereby 
allowing co-translational membrane insertion of the hydrophobic OXPHOS subu-
nits (Hell et al. 2001; Jia et al. 2003; Szyrach et al. 2003; Ott and Herrmann 2010).

5.1.2 � The Mitochondrial Ribosome in Yeast and the Process 
of Translation

The central components of the translation machinery in mitochondria are mito-
chondrial ribosomes. Due to the endosymbiotic origin of the organelles, it has long 
been assumed that mitochondrial ribosomes closely resemble the bacterial par-
ticles. However, although this is true for certain aspects like catalytic properties 
or sensitivity against antibiotics, millions of years of evolution have rendered the 
organellar ribosomes strikingly different from their ancestors. This is especially 
evident from their structure, because mitochondrial ribosomes contain typically 
much more protein and less rRNA. Furthermore, mitochondrial ribosomes greatly 
differ between species. Whereas the protein–rRNA ratio of bacterial ribosomes 
is 1:2, mitochondrial ribosomes of S. cerevisiae and S. pombe denote a 1:1 ratio 
and the relative gain in protein mass is even more pronounced in mitochondrial 
ribosomes of mammals (2:1). The functional significance of this huge increase 
in protein content is not entirely clear, but a likely explanation is that these ribo-
somes require additional stabilization due to the greatly reduced ribosomal RNA 
sequences and losses in structurally important RNA folds (Mears et al. 2006).
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The general process of protein synthesis in mitochondria involves many con-
served translation factors and has mainly been analyzed by studying mammalian 
mitochondria, see also the Chap. 2. Whereas the elongation cycle of translation 
in mitochondria is assumed to closely resemble the bacterial process, termina-
tion of protein synthesis deviates from the ancestral system (Chrzanowska-
Lightowlers et al. 2011; Kehrein et al. 2013). The initiation step of mitochondrial 
translation is only poorly understood. Unlike bacterial mRNAs or transcripts in 
the cytosol of eukaryotes, mitochondrial mRNAs do not contain Shine–Dalgarno 
sequences or 5′-cap structures that promote initiation of translation in these sys-
tems. Although in yeast nucleotides in the 15S rRNA of the small ribosomal sub-
unit are complementary to sequences in mitochondrial mRNAs (Li et al. 1982), 
those regions do not fulfill a Shine–Dalgarno-like function as they are dispensa-
ble for translation (Costanzo and Fox 1988; Mittelmeier and Dieckmann 1995). 
Rather, sequences adjacent to the start AUG in the mRNA are implicated in this 
process. Accordingly, removal of the start AUG did not allow initiation of trans-
lation at alternative AUG codons within downstream sequences; changing the 

Fig.  5.1   Translational activators in yeast mitochondria. a General scheme of gene expression 
in yeast mitochondria. The mRNAs contain 5′- and 3′-untranslated regions (UTRs) flanking the 
respective open reading frame (ORF). Especially, the 5′-UTR is the target of specific transla-
tional activators (X), whose action is required to activate translation of their client mRNA.  
b Specific expression of genes encoded in the mitochondrial DNA with the help of translational 
activators. The mitochondrial genome (mtDNA) of S. cerevisiae encodes two ribosomal RNAs 
(15S and 21S rRNA), eight proteins and 24 tRNAs (not shown). So far, translational activators 
for six of the eight mRNAs have been identified. The topologies of the mitochondrially encoded 
proteins in the inner membrane are depicted. Var1 is a component of the small ribosomal subunit. 
IMM, inner mitochondrial membrane. IMS, intermembrane space
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start AUG to AUA in COX2 and COX3 mRNAs only modestly reduced synthe-
sis of Cox2 and Cox3 (Folley and Fox 1991; Mulero and Fox 1994; Bonnefoy 
and Fox 2000). Importantly, the 5′- and 3′-untranslated regions (UTRs) are, at 
least in yeast, the target of transcript-specific translational activators. These fac-
tors are mediating in a yet unknown manner the translation of their specific client 
mRNA.

5.1.3 � The Concept of Translational Activators and Their 
Possible Functions

Translational activators (TAs) in yeast mitochondria have been studied for more 
than four decades (Fig.  5.1). The cytochrome oxidase subunits Cox2 and Cox3 
were the first examples for which the concept of specific translational activation 
in yeast mitochondria was introduced. Early studies showed that deletion of the 
nuclear genes PET111 and PET494 specifically impairs the expression of the 
mitochondrial COX2 and COX3 gene, respectively (Cabral and Schatz 1978). 
In subsequent years, genetic screens revealed that mutants lacking one TA (and 
therefore one mitochondrially encoded protein) could regain respiratory growth by 
remodeling of sequences within the mitochondrial genome. Those rearrangements 
led to the generation of fusion genes or the exchange of regulatory regions with 
the result that affected transcripts acquired 5′-UTRs of other genes, making their 
expression independent from the authentic, missing TA but dependent on the fac-
tor controlling synthesis of the other gene (Muller et al. 1984). In yeast, expression 
of six of the eight mitochondrially encoded proteins depends on TAs; these factors 
are described below.

How exactly TAs exert their function in translation is not yet understood. 
Different molecular functions have been suggested, and because there is experi-
mental evidence for all of them, TAs might not share one universal function but 
rather exert their roles at different steps of the translation process and in some 
cases have more than one function. Some TAs like Cbp1, Pet309, Pet111, Aep2, 
and Atp25 are required for stabilizing the transcripts they act on (Poutre and Fox 
1987; Payne et al. 1991; Manthey and McEwen 1995; Ellis et al. 1999; Islas-
Osuna et al. 2002; Zeng et al. 2008).

Another possibility is that TAs work by supporting initiation of translation by, 
e.g., assisting to load the mRNA correctly onto the ribosome as Shine–Dalgarno-
like sequences are absent in mitochondrial messengers. Interactions of TAs with 
both the 5′-UTR and mitochondrial ribosomes would support such an idea and have 
been shown primarily by genetic study (McMullin et al. 1990; Haffter et al. 1991; 
Haffter and Fox 1992; Fox 1996). A direct binding of TAs to sequences within spe-
cific 5′-UTRs has been demonstrated in the cases of Pet111 and Pet122, where sub-
stitutions of amino acids in the TA could rescue adverse mutations in the 5′-UTR of 
COX2 and COX3, respectively (Costanzo and Fox 1993; Mulero and Fox 1993a).
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Translational activators participate in the organization of mitochondrial pro-
tein synthesis. Many TAs are peripheral or integral membrane proteins, and there-
fore localize the mRNAs to the matrix face of the inner membrane to facilitate 
interactions with the permanently membrane-associated translation machinery 
in mitochondria (McMullin and Fox 1993; Sanchirico et al. 1998). However, 
the organization of translation by TAs might be even more intricate than this. 
For example, Pet309 was found to be present in a complex of a molecular mass 
of about 900  kDa that also contained Cbp1, a protein required to stabilize the 
cytochrome b mRNA (Krause et al. 2004). Pet309 was independently shown to be 
in contact with the general mRNA metabolism factor Nam1 (Naithani et al. 2003). 
A third study revealed a Nam1 interaction with the yeast mitochondrial RNA poly-
merase (Rodeheffer et al. 2001). From all these findings, a model was suggested 
that links transcription, mRNA maturation, and protection as well as translation 
at the inner mitochondrial membrane (Krause et al. 2004). Furthermore, the spe-
cific TAs of Cox1, Cox2, and Cox3 interact with each other and thereby organize 
expression of the three cytochrome oxidase subunits in a way that allows efficient 
assembly of this respiratory chain complex (Naithani et al. 2003).

The last, and comparably well documented, function of TAs is the regulation of 
mitochondrial protein synthesis in response to the efficiency of respiratory chain 
assembly. Respiratory chain complexes and the ATP synthase are composed of subunits 
produced by two different genetic systems and the assembly of these complex machin-
eries is a highly intricate event. To allow efficient assembly of the respiratory chain, 
the expression of mitochondrially and nuclear encoded subunits has to be coordinated. 
Translational activators participate in these regulatory circuits in the case of the bc1 
complex, cytochrome oxidase, and the ATP synthase in yeast. In general, when assem-
bly of an OXPHOS complex is blocked due to missing nuclear-encoded structural sub-
units or the absence of specific assembly factors, sequestration of a TA in an assembly 
intermediate that contains a mitochondrially encoded subunit of the OXPHOS complex 
lowers the amounts of the TA available to stimulate translation (Fig. 5.2). By this, mito-
chondrial protein synthesis is adjusted to levels that can successfully be assembled into 
OXPHOS complexes. The coupling of synthesis and assembly is a conserved process 
as it had first been described for the biogenesis of chloroplast photosystems and there 
been termed “control of epistatic synthesis” (CES) (Wollman et al. 1999). The detailed 
mechanisms of how specific TAs act in such regulatory feedback loops in yeast mito-
chondria are outlined in the last section of this chapter.

5.1.4 � Synthesis of Cytochrome b

Cytochrome b is the only subunit of the bc1 complex which is encoded in the 
mitochondrial genome and translation of its mRNA (COB mRNA) is dependent 
on several factors (Rödel 1997). The COB gene is co-transcribed with an adja-
cent tRNA and the resulting bi-cistronic precursor has to be processed in a com-
plex way (Christianson et al. 1983; Hollingsworth and Martin 1986; Chen and 
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Martin 1988) The COB gene furthermore contains introns, some of which encode 
maturases that are required for the excision of introns within the same or other 
transcripts (Lazowska et al. 1980; Nobrega and Tzagoloff 1980; Dhawale et al. 
1981; De La Salle et al. 1982). Both the unprocessed and the mature COB tran-
scripts are shielded from exonucleolytic degradation by the factor Cbp1 (Weber 
and Dieckmann 1990; Mittelmeier and Dieckmann 1995; Islas-Osuna et al. 2002). 
This mRNA stabilization involves the interaction of Cbp1 with the 5′-UTR of 
cytochrome b; a single CCG triplet near the 5′-end is especially important (Chen 
and Dieckmann 1997). In addition to stabilization, Cbp1 is also directly necessary 
for translation of the COB mRNA (Islas-Osuna et al. 2002).

Fig. 5.2   The general principle of feedback loops regulating mitochondrial protein synthesis in 
response to the efficiency of OXPHOS complex assembly. Translation in mitochondria requires 
specific translational activators (TAs). Some TAs (TA2 in the scheme) have a dual role in activat-
ing translation of their client mRNA and in mediating assembly of the encoded protein into a res-
piratory chain complex. a Under normal circumstances when assembly is not disturbed, the TA2 
is only transiently present in an assembly intermediate and released upon further assembly. It 
can then stimulate further translation of the regulated subunit (dark orange) at the mitochondrial 
ribosome (+). b If complex assembly is perturbed due to the absence of structural OXPHOS 
subunits or assembly factors encoded in the nucleus, TA2 cannot be released efficiently and is 
sequestered in the assembly intermediate. The TA is therefore not available for activating trans-
lation, which reduces of synthesis of the mitochondrially encoded OXPHOS subunit. By this, 
mitochondrial translation is adjusted to level that can be incorporated into OXPHOS complexes. 
IMM, inner mitochondrial membrane. IMS, intermembrane space
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Four other TAs are specifically required for the synthesis of cytochrome b. 
Yeast cells lacking either the product of the CBS1 or the CBS2 gene cannot trans-
late COB mRNA and accumulate the unprocessed pre-COB transcript (Rödel et al. 
1985; Rödel 1986). Because Cbs1 and Cbs2 are needed for cytochrome b synthe-
sis also in a strain where the COB gene does not contain any introns, they do not 
function in processing of pre-COB (Muroff and Tzagoloff 1990). The accumula-
tion of the unprocessed transcript is presumably a secondary effect in Δcbs1 and 
Δcbs2 cells, because synthesis of the maturases encoded within introns requires 
translation of the pretranscript. Similar to the case of Cbp1, the COB 5′-UTR dic-
tates the dependence on Cbs1 and Cbs2 (Rödel et al. 1985; Rödel and Fox 1987). 
The region within the 5′-UTR recognized by the two TAs lies in the sequence 
−232 to −4 relative to the start AUG at +1 (Mittelmeier and Dieckmann 1995). 
However, a direct interaction between either Cbs1 or Cbs2 and the 5′-untranslated 
region of COB mRNA was not yet shown, so it is not clear whether the factors act 
directly or indirectly through yet unknown components.

Additional factors involved in cytochrome b translation are the proteins Cbp3 
and Cbp6, which form a functionally and structurally inseparable complex that 
binds to mitochondrial ribosomes in close proximity to the tunnel exit (Gruschke 
et al. 2011). In contrast to Δcbs1 and  Δcbs2 cells, the pre-COB transcript is 
processed and matured similar to the wild type in the absence of Cbp3 or Cbp6 
(Dieckmann and Tzagoloff 1985; Gruschke et al. 2011). Despite this, cytochrome 
b cannot accumulate in the mutants and the phenotype cannot be suppressed by 
a typical gene rearrangement within the mitochondrial genome (Tzagoloff et al. 
1988; Gruschke et al. 2012; Kühl et al. 2012). This can be attributed to the fact 
that the Cbp3–Cbp6 complex exerts a second function in cytochrome b biogenesis; 
it is required for the stabilization and assembly of the newly synthesized protein. 
As soon as cytochrome b is fully synthesized, Cbp3–Cbp6 binds to the protein, 
the complex is released from the ribosome and after recruitment of the assembly 
factor Cbp4 cytochrome b is fed into the bc1 complex assembly line (Gruschke et 
al. 2011; Gruschke et al. 2012). This dual role of Cbp3–Cbp6 in both translation 
of the COB mRNA and assembly of cytochrome b enables Cbp3–Cbp6 to act in a 
regulatory feedback circuit that adjusts the level of cytochrome b synthesis to the 
assembly efficiency of the bc1 complex (Gruschke et al. 2012). This regulation is 
explained in more detail in the last section of the chapter.

5.1.5 � Synthesis of Mitochondrially Encoded Cytochrome 
Oxidase Subunits

Three subunits of cytochrome oxidase (COX, complex IV) are encoded in the 
mitochondrial genome, namely Cox1, Cox2, and Cox3. The TA for COX2, Pet111, 
and one of the TAs for COX3, Pet494, served as the first examples for specific 
translational activation in mitochondria (Cabral and Schatz 1978). Due to the 
pioneering work of Tom Fox, Pet111 is the best-studied translational activator. 
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Like for other TAs, the phenotype of the PET111 deletion mutant was found to 
be suppressible by the exchange of COX2 regulatory regions to 5′-UTRs of other 
mitochondrial genes (Poutre and Fox 1987; Mulero and Fox 1993b). The 5′-UTR 
of the COX2 mRNA is relatively short (54 bases), making mutagenetic analyses 
spanning the complete sequence easier than in other cases. By this means, it was 
shown that the sequence between −16 and −47 (relative to the translation start 
at +1) is sufficient to confer Pet111-mediated translational activation; within this 
region lies a predicted stem–loop structure between position −20 and −35 that is 
especially important (Dunstan et al. 1997). Like in the case of Cbp1 and the COB 
5′-UTR, a direct interaction between this structural motif in the COX2 5′-UTR and 
Pet111 is very likely, because mutations in the protein can rescue base exchanges 
in the mRNA (Mulero and Fox 1993a). However, the functional role of Pet111 in 
translational activation of COX2 on the molecular level has, as for the other TAs, 
not been elucidated yet.

Translational activation of COX3 mRNA depends on three proteins, Pet54, 
Pet122, and Pet494 (Cabral and Schatz 1978; Muller et al. 1984; Costanzo and 
Fox 1986, 1988). All of these factors act on the 613 nucleotide long 5′-UTR of 
COX3 mRNA (Costanzo and Fox 1988). In the case of Pet122, this interaction 
presumably is directed as a mutation within the protein can restore translation 
of an mRNA lacking a functionally important part of the 5′-UTR (Costanzo and 
Fox 1993). Furthermore, Pet54, Pet122, and Pet494 interact with each other at the 
inner mitochondrial membrane and thereby presumably help localizing synthesis 
of this cytochrome oxidase subunit to the membrane (McMullin and Fox 1993; 
Brown et al. 1994). In addition to a function in Cox3 synthesis, Pet54 has been 
proposed to play a role in maturation of the COX1 mRNA (Valencik and McEwen 
1991).

The third cytochrome oxidase subunit encoded in the mitochondrial genome 
is Cox1. Its synthesis depends on two proteins that are involved in posttranscrip-
tional processes. Pet309 is required for translation of the COX1 transcript, because 
yeast strains harboring an intronless COX1 gene accumulate the mature mRNA, 
but fail to synthesize Cox1 (Manthey and McEwen 1995). Pet309 belongs to the 
class of PPR proteins that contain pentatricopeptide repeats, a motif involved in 
protein-RNA interactions (Lipinski et al. 2011). All of the seven PPRs of Pet309 
are required for supporting translation of the COX1 mRNA, suggesting direct 
interaction of the protein with the 5′-UTR of the messenger (Tavares-Carreon et 
al. 2008). Mss51 is the second protein involved in translation of the COX1 tran-
script. Although initially thought to be required for splicing of the COX1 precur-
sor mRNA, experiments with strains harboring an intronless COX1 gene showed 
that Mss51 rather functions as a translational activator (Faye and Simon 1983; 
Decoster et al. 1990). The COX1 5′-UTR again was shown to direct Mss51 
dependence; however, the exchange of this regulatory region for that of another 
mitochondrial gene did not bypass the requirement for Mss51 (Perez-Martinez 
et al. 2003; Zambrano et al. 2007). The reason for this is a second posttransla-
tional function of Mss51 in Cox1 biogenesis; it interacts with newly synthesized 
Cox1 and is part of cytochrome oxidase assembly intermediates (Perez-Martinez 
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et al. 2003; Barrientos et al. 2004). Recent studies have shown that the synthesis of 
Cox1 is regulated in a highly complex manner in response to cytochrome oxidase 
assembly. In this process, Mss51 plays a key role by mediating both translation 
of the COX1 mRNA and assembly of this respiratory chain complex (Fontanesi 
et al. 2008; Mick et al. 2011). It thus represents a second example of a TA medi-
ating feedback modulation of mitochondrial protein synthesis in the context of 
OXPHOS complex assembly (see below).

5.1.6 � Synthesis of Mitochondrially Encoded ATP Synthase 
Subunits

The mitochondrial genome of S. cerevisiae contributes three subunits to the forma-
tion of the ATP synthase, Atp6, Atp8 and Atp9, all of which are part of the mem-
brane-integrated Fo unit. The ATP6 and ATP8 genes are transcribed as one long 
precursor mRNA together with COX1 (Simon and Faye 1984). After endonucleo-
lytic cleavage of this pretranscript, maturation, and stabilization of the ATP8/ATP6 
bi-cistronic and/or the single mRNAs is accomplished by several nuclear encoded 
factors: Nca2, Nca3, and Nam1 (which is not only specific for Atp6 and Atp8) and 
Aep3 (Groudinsky et al. 1993; Camougrand et al. 1995; Pelissier et al. 1995; Ellis 
et al. 2004).

Translation of ATP6 depends on the factor Atp22 (Zeng et al. 2007). Similar to 
other TAs, the absence of Atp22 can be overcome by a mitochondrial gene rear-
rangement leading to the generation of a Cox1::ATP6 transcript. Translation of 
this mRNA is only dependent on Pet309 and Mss51, the TAs of COX1, but not on 
Atp22 (Zeng et al. 2007). In accordance, efficient synthesis of a mitochondrially 
encoded reporter gene was strictly dependent on the presence of Atp22 (Rak and 
Tzagoloff 2009). Although ATP6 and ATP8 are produced from a bi-cistronic tran-
script, ATP22 deletion mutants specifically lack Atp6 but show normal translation 
rates of ATP8 (Zeng et al. 2007). This suggests that a translational activator for 
ATP8 still awaits identification.

The core component of the Fo part of the ATP synthase is an oligomer of 
Atp9 subunits that forms the proton conducting channel. The ATP9 gene is tran-
scribed together with an adjacent tRNA and the VAR1 gene and the polycistronic 
transcript is matured by endonucleolytic cleavage (Zassenhaus et al. 1984). The 
importance of the 5′-UTR of ATP9 was recognized very early, as insertion of 
bases into this region impaired translation (Ooi et al. 1987). Three proteins influ-
ence translation of the ATP9 mRNA: Aep1, which acts as a TA, Aep2 that is either 
required for the stabilization of the ATP9 transcript or stimulating its translation 
and Atp25, which has a dual role in translation and assembly of ATP synthase 
(Payne et al. 1991, 1993; Ellis et al. 1999; Zeng et al. 2008). Atp25 is split into 
two halves and both portions function in mitochondria. The C-terminal half of 
the protein is conferring stability to the ATP9 mRNA and expression of this part 
of the protein is sufficient to allow Atp9 synthesis in the ATP25 deletion mutant 
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(Zeng et al. 2008). In the absence of the N-terminal half of Atp25; however, the 
translated Atp9 is not stably assembled into the Atp9-oligomer. This suggests that 
the N-terminal half of Atp25 is not dispensable for the biogenesis of Atp9 and 
might even mediate assembly of the Atp9 ring. Hence, Atp25 is a protein of dual 
function with a probability to modulate expression of ATP9 in a feedback loop. 
However, this hypothesis has not yet been analyzed experimentally. Importantly, 
it was recently demonstrated that the synthesis of Atp6 and Atp8 is regulated in 
response to the assembly process of the ATP synthase complex (Rak and Tzagoloff 
2009). This is described in detail below.

5.2 � Nuclear Control of Protein Synthesis in Yeast 
Mitochondria

Translational activators are encoded in the nucleus. Soon after the discovery of 
Pet111 and Pet494 and the establishment of the concept of specific translational 
activation, regulation/control of the expression of these nuclear genes was investi-
gated. Studies using a yeast strain with a chromosomal gene fusion consisting of 
the COX3-specific PET494 and the E. coli β-galactosidase gene lacZ revealed that 
Pet494 is expressed at very low levels (Marykwas and Fox 1989). The TAs Pet122 
and Pet111 are present in similarly low amounts (Fox 1996). The low abundance 
of translational activators implies that they are rate limiting for mitochondrial pro-
tein synthesis. This was confirmed for Pet494 by investigating diploid yeast strains 
homo- or heterozygous for the PET494 locus or haploids carrying a high copy plas-
mid to overexpress the gene. Additionally, these strains harbored a mitochondrial 
genome that encodes the reporter construct ARG8 m (Steele et al. 1996). ARG8 is 
a nuclear gene coding for a soluble enzyme, which is normally posttranslationally 
imported into mitochondria and involved in the biogenesis of arginine. The recoded 
version of the gene ARG8 m was integrated into the mtDNA of yeast deficient in the 
nuclear copy of ARG8. In the study of Steele et al., the open reading frame of COX3 
was substituted by the ARG8 m gene (cox3::ARG8 m mtDNA), making Arg8 syn-
thesis dependent on COX3-specific translational activation. The available amount 
of Pet494 clearly correlated with the Arg8 expression rate, while cox3::ARG8  m 
expression only moderately correlated with Pet122 level (Steele et al. 1996).

The expression of many genes involved in respiration in yeast is modulated 
over a wide range of growth conditions and TAs seem to be no exception to this. 
PET494 expression is subject to catabolite repression (Marykwas and Fox 1989). 
In the presence of glucose, the levels of the TA drop four to sixfold in compari-
son to cells grown on nonfermentable carbon sources. Furthermore, synthesis of 
Pet494 is regulated by oxygen, but in contrast to the transcriptional repression by 
glucose this is rather achieved on a translational level (Marykwas and Fox 1989). 
Interestingly, expression of PET494 is heme independent. This is opposed to 
other respiratory genes that are responding to oxygen levels, where transcriptional 
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upregulation under aerobic conditions is mediated by heme (Guarente and Mason 
1983; Keng and Guarente 1987). The regulation of the expression of other TAs 
was not analyzed similarly detailed. However, expression of many genes neces-
sary for respiration and especially subunits of the OXPHOS system is influenced 
by growth conditions (Guarente and Mason 1983; Lowry et al. 1983; Myers et al. 
1987; Forsburg and Guarente 1989). Taken into account the feedback regulatory 
circles that were revealed in the last years, this regulation of nuclear gene expres-
sion can be considered as an example of how mitochondrial gene expression is 
influenced by carbon source, oxygen levels, or presence of heme .

5.3 � Regulation of Mitochondrial Protein Synthesis in 
Response to Assembly of the Oxphos System

Both the nuclear as well as the mitochondrial protein synthesis machinery con-
tribute subunits to the OXPHOS complexes. To ensure efficient assembly, these 
expression systems have to be coordinated temporally and spatially in a precise 
manner. In recent years, different groups have revealed how regulation of mito-
chondrial protein synthesis is accomplished and how the levels of mitochondrially 
encoded subunits are adjusted to allow an efficient OXPHOS assembly process 
(Fig.  5.2). The general principle is that TAs with dual functions are sequestered 
in OXPHOS assembly intermediates. When assembly proceeds normally, the TA 
is released to stimulate synthesis of its client protein. In contrast, when further 
assembly fails, the TA is trapped in the assembly intermediate and not available to 
activate new rounds of translation.

5.3.1 � Regulation of Cytochrome b Synthesis

The yeast bc1 complex is composed of nine nuclear-encoded subunits that are 
assembled around the core component cytochrome b, which is produced by the 
mitochondrial genetic system. Catalytically active are only the three proteins, 
cytochrome b, cytochrome c1 (Cyt1), and the Fe/S protein Rip1, whereas the 
remaining seven subunits are accessory structural subunits. The step-wise assem-
bly process involves four intermediates and has mainly been analyzed by the 
use of yeast strains lacking individual structural subunits of the bc1 complex and 
their analysis by Blue Native polyacrylamide gel electrophoresis (BN PAGE) 
(Zara et al. 2007, 2009a, b; Gruschke et al. 2012; Smith et al. 2012). Assembly 
starts with synthesis and membrane insertion of cytochrome b, which is immedi-
ately bound by the Cbp3–Cbp6 complex (Fig. 5.3). Recruitment of the assembly 
factor Cbp4 results in assembly intermediate I that serves as a pool of unassem-
bled cytochrome b even at steady state. Addition of the first two nuclear-encoded 
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structural subunits Qcr7 and Qcr8 induces release of Cbp3–Cbp6, whereas Cbp4 
stays attached. The cytochrome b-Cbp4-Qcr7-Qcr8 complex represents the sec-
ond assembly intermediate and is further joined by the two core proteins Cor1 and 
Cor2. Addition of Cyt1 and the small acidic accessory subunit Qcr6 to interme-
diate III forms intermediate IV, which was previously described as the 500 kDa 
complex (Zara et al. 2009b). The incorporation of two accessory subunits (Qcr9 
and Qcr10) and the last catalytic subunit (Rip1) completes formation of the bc1 
complex. When assembly is disturbed before intermediate IV can be generated, 
the synthesis of cytochrome b is reduced (Gruschke et al. 2012) (Fig. 5.3). This is 
caused by sequestration of Cbp3–Cbp6 in assembly intermediate I, which accu-
mulates under these conditions and as a result the Cbp3–Cbp6 complex is not 

Fig.  5.3   Schematic representation of the regulatory feedback loop modulating cytochrome b 
synthesis in response to the assembly of the bc1 complex. The Cbp3–Cbp6 complex exerts a dual 
role in the biogenesis of cytochrome b: In its ribosome-bound form it acts as a translational acti-
vator and together with Cbs1 and Cbs2 stimulates translation of the COB mRNA. It is also pre-
sent as a nonribosome-bound form in association with cytochrome b and Cbp4, forming the first 
assembly intermediate of the bc1 complex assembly line. A: Cytochrome b assembles through 
four intermediates into a functional bc1 complex, three of which are depicted in the scheme. 
When assembly is undisturbed or can proceed at least until intermediate IV is formed, Cbp3–
Cbp6 is released from intermediate I upon further assembly, can again activate COB mRNA 
translation at the ribosome (+) and cytochrome b synthesis is not affected. B: If complex assem-
bly is disturbed before intermediate IV is formed, Cbp3–Cbp6 cannot be released efficiently and 
is sequestered in the accumulating intermediate I (thick black arrow). The complex is therefore 
not available for activating translation and consequently cytochrome b synthesis is reduced. 
IMM, inner mitochondrial membrane. IMS, intermembrane space
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available at the mitochondrial ribosome to fulfill its function as a TA for the COB 
mRNA (Gruschke et al. 2012). This negative feedback can be overcome by over-
expression of the Cbp3–Cbp6 complex, demonstrating its key role in this process. 
Formation of assembly intermediate IV seems to be a critical point in the pathway 
as disturbance of the last assembly step by either deletion of one of the structural 
subunits QCR9, QCR10, RIP1 or required assembly factors (MZM1, BCS1) does 
not lead to reduced cytochrome b translation.

5.3.2 � Regulation of Cox1 Synthesis

The cytochrome oxidase (COX, complex IV) is composed of 11 subunits in yeast, 
three of which are encoded in the mitochondrial genome. Two of these three 
subunits harbor redox-active heme and/or copper co-factors. Electrons flow from 
the CuA center of Cox2 to the heme a cofactor of Cox1, from where they are 
passed further to the active site of Cox1 composed of the CuB center and heme 
a3. Heme a3 binds molecular oxygen which serves as the final electron acceptor. 
The assembly of this OXPHOS complex is characterized very well and assisted 
by a considerable number of factors involved in co-factor acquisition, mediation 
of subunit interaction and feedback regulation (Fontanesi et al. 2006; Mick et al. 
2011). Assembly of cytochrome oxidase is initiated from the central subunit of the 
complex, Cox1. Unassembled Cox1 with its redox-active cofactors is potentially 
harmful for cells as it may give rise to reactive oxygen species (Khalimonchuk 
et al. 2007). To ensure integrity of the cell, Cox1 synthesis has to be monitored 
precisely and adjusted to levels that can successfully be incorporated into COX. 
In recent years, it was found that Cox1 translation in yeast is subject to a complex 
feedback regulatory circle that achieves this fine tuning (Mick et al. 2011). The 
key role in this feedback loop is played by the dually functioning protein Mss51, 
which acts as a TA for COX1 mRNA as well as a Cox1-assembly factor by bind-
ing the newly synthesized protein (Perez-Martinez et al. 2003). Like Cbp3–Cbp6 
in the case of the bc1 complex, Mss51 is sequestered in assembly intermediates 
that cannot be resolved when further assembly is blocked and thereby is precluded 
from activating new rounds of COX1 translation (Fig. 5.4). Very recently, it was 
demonstrated that Mss51 contains two heme binding motifs in its N-terminus, 
thereby allowing it to act as a heme sensor and coordinate COX assembly with 
heme availability (Soto et al. 2012).

Besides Mss51, several other factors participate in COX assembly and the feed-
back regulation mechanism (Fig. 5.4). The presence of Cox14 and Coa3/Cox25 is 
required to allow efficient interaction of Mss51 with newly synthesized Cox1, and 
thus they act as negative regulators of COX1 synthesis by ensuring efficient seques-
tration of Mss51 (Barrientos et al. 2004; Perez-Martinez et al. 2009; Mick et al. 
2010; Fontanesi et al. 2011). COX1 feedback regulation depends on the C-terminal 
region of Cox1 itself. Mutants lacking this part of the protein can synthesize and 
assemble Cox1 into a functional cytochrome oxidase, but do not exhibit assembly 
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responsive reduction of Cox1 synthesis. It has been speculated that the molecular 
reason for this lies in the weakened interaction between Mss51 and Cox14 (Shingu-
Vazquez et al. 2010). Coa1, Coa2, Shy1, and the mitochondrial Hsp70 chaperone 
Ssc1 are additional factors participating in COX assembly (Barrientos et al. 2002; 
Pierrel et al. 2007; Fontanesi et al. 2008; Pierrel et al. 2008; Fontanesi et al. 2010). 
The exact molecular composition of all COX assembly intermediates is, however, 
still under debate (McStay et al. 2012). A subcomplex consisting of Mss51, Cox14, 
Coa3/Cox25, and Coa1 bound to an oxidatively harmless, unhemylated form 
of Cox1 is stable in wild-type cells and presumably serves as a pool of assembly 

Fig. 5.4   Schematic representation of the regulatory feedback loop modulating Cox1 synthesis 
in response to the assembly of the COX complex. a Mss51 has two functions in the biogene-
sis of this OXPHOS complex; in concert with Pet309 it serves as a translational activator for 
COX1 mRNA and, in addition, Mss51 is part of assembly intermediates, acting as a Cox1 chap-
erone. Mss51 is a heme-binding protein, which additionally allows to regulate COX1 synthesis 
in response to the heme homeostasis of the cell. Hem15 (ferrochelatase) incorporates iron into 
the protophorphyrin IX ring (PPIX), thereby forming heme b from which subsequently heme a, 
one of the cofactors present in Cox1, is synthesized through the concerted action of Cox10 and 
Cox15. Together with hemylated Mss51, Cox14, Coa3/Cox25, and Coa1 are part of early Cox1 
assembly intermediates. Presumably, at the step where Cox1 is hemylated and Shy1 enters the 
pathway, Mss51 is released and can again activate COX1 mRNA translation (+). Incorporation 
of the remaining structural subunits releases the other assembly factors until formation of 
cytochrome oxidase is completed. b If heme biosynthesis or COX assembly is disturbed, Mss51 
cannot function properly or is sequestered in assembly intermediates and therefore not available 
for activating translation; Cox1 synthesis consequently is reduced. IMM, inner mitochondrial 
membrane. IMS, intermembrane space
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competent Cox1 (Khalimonchuk et al. 2010). In contrast, the Shy1-containing 
assembly intermediate comprises hemylated Cox1; however, Shy1 is most likely 
not required for hemylation per se, but rather stabilizes Cox1 in a conformation 
allowing the insertion of heme a3. Although it is not entirely resolved yet, Mss51 
presumably is released from Cox1 when Shy1 enters the assembly pathway. Mss51 
can then again act as a TA and induce further Cox1 synthesis.

5.3.3 � Regulation of Atp6/8 Synthesis

The ATP synthase is composed of three functionally and structurally distinct parts. 
The membrane-embedded Fo part comprises Atp9 subunits, which form a ring-like 
structure, and the two proteins Atp6 and Atp8. These three proteins are encoded 
in the mitochondrial genome. The hydrophilic F1 part is formed by a hexamer 
of alternating α and β subunits that mediate ATP synthesis and the central stalk, 
which is made up of subunits γ, δ, and ε. The stalk is in contact to the Atp9-ring as 
well as the α3β3 hexamer. The third part of the enzyme is the peripheral stator stalk 
made up of four subunits, which is attached to both the α3β3 oligomer and Atp6 in 
the membrane. By this, the α3β3 hexamer, Atp6, and the stator form the stationary 
part of the enzyme. Driven by the electrochemical gradient across the membrane, 
protons flow back from the intermembrane space into the matrix at the interface 
between the Atp9 ring and Atp6, thereby rotating the Atp9 part and the central 
stalk stepwise and inducing conformational changes at the catalytic sites of the 
α3β3 hexamer that drive ATP synthesis (Stock et al. 2000). The assembly process 
of the ATP synthase is not understood in every detail (Ackerman and Tzagoloff 
2005; Rak et al. 2009). Early experiments indicated that assembly of the F1 unit 
is independent from assembly of Fo (Schatz 1968). The current idea is that ATP 
synthase assembly involves to distinct, but coordinately formed modules which 
are joined at the end (Rak et al. 2011). The main Fo component, the Atp9 ring, is 
assembled from Atp9 monomers with the help of the N-terminal part of Atp25 and 
then interacts with the pre-assembled F1 unit (Zeng et al. 2008; Rak et al. 2011). 
In parallel, a complex of Atp6, Atp8, and at least two stator stalk subunits is gener-
ated. Together with Atp6, the Atp9 ring forms the proton translocating channel of 
the enzyme complex. The joining of Atp6 with the Atp9 ring seems to occur at a 
rather late step of assembly and involves the assembly factor Atp10 and the inner 
membrane protein Oxa1 (Tzagoloff et al. 2004; Jia et al. 2007).

In 2009, Rak and Tzagoloff reported that translation of the ATP8/ATP6 bi-cis-
tronic mRNA is dependent on F1 assembly (Fig. 5.5) (Rak and Tzagoloff 2009). 
Mutants lacking assembly factors required for the formation of the F1 unit, Atp11 
or Atp12, or the two main structural F1 subunits α and β display reduced synthe-
sis rates of Atp6 and Atp8. It was excluded that this was caused by an increased 
turnover of the newly translated proteins by analyzing expression of the ARG8 m 
reporter genes (atp6::ARG8 m or atp8::ARG8 m) that revealed impaired Arg8 syn-
thesis. Overexpression of Atp22, the translational activator of ATP6, was able to 
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suppress the phenotype (Rak and Tzagoloff 2009). Currently, it is not clear how 
exactly this feedback regulation is mediated. It could be achieved either by the 
sequestration of Atp22 in some form of assembly intermediate (similar to the cases 
of Cbp3–Cbp6 and Mss51) or it could involve yet uncharacterized components. 
This system is physiological important, as it prevents the dissipation of the mem-
brane potential in case the Fo part cannot efficiently be coupled to the F1 complex. 
Although the F1-dependent regulation of Fo biogenesis mechanistically differs 
from the feedback-regulated expression of COB or COX1, it provides another 
example of how mitochondrial translation is adjusted to the level of cytoplasmic 
protein synthesis.

Fig. 5.5   Schematic representation of the regulatory feedback loop modulating Atp6/Atp8 syn-
thesis in response to the assembly of the ATP synthase. A: The mitochondrially encoded ATP 
synthase subunits Atp6 and Atp8 are translated from a bi-cistronic mRNA with the help of the 
translational activator for ATP6, Atp22, and a yet unknown translational activator for ATP8. Atp6 
and Atp8 are after their synthesis assembled with the stator stalk. The monomeric forms of the 
F1 subunits α and β are prevented from aggregation and assembled into the α3β3 hexamer by 
the assembly factors Atp11 and Atp12. After addition of the central stalk subunits, the F1 part is 
joined to the Atp9 ring and the Atp6/8 module, forming the fully assembled ATP synthase. The 
successful assembly of the α3β3 hexamer is required for efficient translation of the ATP8/ATP6 
mRNA (+). B: If F1 formation is perturbed, synthesis of Atp6 and Atp8 is impaired (−). This 
regulation presumably involves Atp22, for details see text. IMM, inner mitochondrial membrane. 
IMS, intermembrane space
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5.4 � Outlook

Biogenesis of OXPHOS complexes of dual genetic origin requires cross-talk of 
the two genetic systems involved. This regulation occurs at the level of mito-
chondrial protein synthesis, which is modulated by TAs that sense efficiency of 
assembly to down-regulate expression of their client protein when assembly fails. 
Despite the fact that specific translational activation of mitochondrial protein syn-
thesis by nuclear genes is known since more than 40 years, we do not yet under-
stand which exact molecular functions TAs exert during protein synthesis in the 
organelle. In addition to a presumably direct role in translation, mitochondrial 
TAs appear to be implicated in the organization of translation. The organiza-
tion of cytochrome b biogenesis might serve as a good example to illustrate this: 
Cytochrome b is only efficiently synthesized when one of its TAs, the Cbp3–Cbp6 
complex is present at the ribosomal tunnel exit (Gruschke et al. 2011). Because 
Cbp3–Cbp6 is also an essential assembly factor for cytochrome b, it is ensured 
that the newly synthesized protein experiences an optimally tailored environment 
for further assembly. Indeed, when cytochrome b is synthesized from an mRNA 
containing the 5′-UTR of another transcript, the proteins fails to accumulate 
robustly, while rates of synthesis of this ectopically expressed protein are indis-
tinguishable from the authentic protein (Gruschke et al. 2012). Similar observa-
tions have also been reported previously for other ectopically expressed proteins 
(Sanchirico et al. 1998), suggesting that in mitochondria, each mRNA is translated 
by ribosomes that are specifically designed to optimally support biogenesis of the 
client protein (Gruschke and Ott 2010). It thus appears that mitochondrial protein 
synthesis is probably much more sophisticated organized than anticipated and that 
this system still harbors many exciting previously unidentified features.
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Abstract  The mitochondrial translation system in trypanosomatids is unique in many 
ways. There is extensive post-transcriptional editing of its mRNAs, and its ribosomes 
are among those that contain the smallest sized RNAs but the largest number of pro-
teins. Obvious questions in this field are: (i) how and if these ribosomes distinguish 
between the pre- and post-edited mRNAs?; (ii) do the mRNA editing machinery, also 
referred to as the editosome, and the ribosome interact during early stages of transla-
tion initiation to facilitate the mRNA recruitment to the ribosomal small subunit?; and 
(iii) how are these ribosomes structured and assembled? This review article touches 
each of the above questions, by providing some historical accounts, current under-
standing, and challenges associated with studying this system.

6.1 � Introduction: General Features of the Kinetoplast-
Mitochondrial Gene Expression System

Trypanosomatids represent a group of parasitic protists often found in the alimen-
tary tract of insects (e.g., Crithidia fasciculata isolated from mosquito) or various 
tissues of vertebrates (e.g., Leishmania tarentolae from gecko) in which they are 
inoculated by a bite of an infected insect vector (see the following references for 
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reviews: Maslov et al. 2013; Vickerman 1976). Some trypanosomatids are impor-
tant agents of human diseases including African Trypanosomiasis, also known as 
‘sleeping sickness’ (the case of tsetse fly-transmitted Trypanosoma brucei), South 
American Chagas disease (reduviid bug-transmitted Trypanosoma cruzi) or vari-
ous forms of leishmaniasis (several species of the genus Leishmania transmitted 
by sand flies). The group is distinguished from other taxa by a unique arrangement 
of mitochondrial DNA, which is found in a highly condensed disk-shape form in 
a particular area of a single reticulated mitochondrion of a cell (Simpson et al. 
2002; Vickerman and Preston 1976). This region is called a kinetoplast, a histori-
cal name reflecting the close proximity of this organelle to the basal body of the 
cell’s flagellum, an observation interpreted by early researchers as evidence for 
involvement of this structure in locomotion. A physical connection between the 
kinetoplast and the flagellar apparatus does exist, and it is related to a coordination 
of the flagellar and mitochondrial replication processes during the cell division 
(Liu et al. 2005). The diameter of the condensed kinetoplast DNA (kDNA) disk 
is usually less than 500 nm; however, in a purified form kDNA spreads out into 
a large (10–15 μm) round network-like structure composed of several thousand 
interlocked circular DNA molecules (minicircles) (Chen et al. 1995). The minicir-
cle size is constant within a network and usually varies from 1.0 to 2.5 kb among 
trypanosomatid species (Simpson 1986). Minicircle sequence analyses revealed 
that they are composed of a conserved region, shared by all minicircles of a net-
work and containing the origins of DNA replication, and a variable region, defin-
ing multiple sequence classes of the network’s minicircles (Ray 1989). However, 
no minicircle coding function was immediately apparent, and their role, if any, 
remained unclear. By contrast, the larger molecules (“maxicircles”) present in 
~50 copies per network were found to contain homologs of mitochondrial genes 
found in other systems (Borst and Hoeijmakers 1979). These included genes for 
two ribosomal RNAs (12S and 9S rRNAs), three subunits of cytochrome c oxidase 
(COI, COII, COIII), apocytochrome b (Cyb), a subunit (A6) of F1F0 ATPase, sev-
eral subunits of NADH dehydrogenase, as well as few unassigned reading frames, 
but no tRNA genes (de la Cruz et al. 1984; Simpson et al. 1987). Several of the 
maxicircle genes had encoded defects, such as frame-shifts (e.g. COII in several 
species), missing initiation codons (e.g. Cyb and COIII in L. tarentolae), or even 
larger regions or the entire genes being unrecognizable (e.g. A6 in L. tarentolae, 
the entire COIII in T. brucei). Some other genes, including COI, ND1, and ND5, 
appear to be normal. The universal genetic code is used with the exception of the 
UGA codon which is decoded as tryptophan. This is achieved by the cytoplas-
mic Trp-tRNA with anticodon CCA which is converted into anticodon UCA by 
enzymatic modification which takes place upon importation of this tRNA in the 
mitochondrion (Alfonzo et al. 1999). The remaining tRNAs operating in the mito-
chondrion represent imported cytoplasmic tRNA of the same specificity (Alfonzo 
and Soll 2009). The exception is the initiator tRNA which is derived from the 
cytoplasmic elongation Met-tRNAm (Tan et al. 2002). It is converted into the initi-
ator fMet-tRNAi in the mitochondrion by formylation. The fraction of the original 
imported tRNA which is left unformylated serves for elongation. The nature of the 
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tRNA importation machinery remains unclear (see Alfonzo and Soll 2009; Spears 
et al. 2012 for recent reviews).

6.2 � U-Insertion/Deletion RNA Editing

The kDNA mysteries began to unravel with the discovery of RNA editing in 1984 
when it was demonstrated that a −1 frameshift on the COII gene is corrected at 
the post-transcriptional level by insertion of four uridylate residues (Benne et 
al. 1986). This observation was followed by demonstration of additional editing 
events including extreme cases of pan-editing, which represents extensive editing 
occurring throughout the entire length of an mRNA and involves insertions of hun-
dreds of U-residues, as well as multiple deletions of encoded U’s (Bhat et al. 1990; 
Feagin et al. 1988a; Koslowsky et al. 1990). Thus, six G-rich regions earlier found 
in certain positions in maxicircles (G1 to G6) turned out to represent pan-edited 
cryptogenes encoding subunits of NADH dehydrogenase and ribosomal pro-
tein S12 (RPS12) (Corell et al. 1994; Maslov et al. 1992; Read et al. 1992). The 
minicircle function was unraveled when it was found that their variable regions 
encode small (~40 nt) transcripts, termed “guide RNAs” (or gRNAs), which medi-
ate interactions between the editing machinery and pre-edited mRNAs (Blum et 
al. 1990; Pollard et al. 1990; Sturm and Simpson 1990b). This process included 
multiple U-insertions and deletions until a perfect match would be achieved 
between the guide and the corresponding segment of the mRNA (Koslowsky et 
al. 1991; Yu and Koslowsky 2006). The specificity of a guide (finding the region 
to be edited, pre-edited region or PER) is defined by a small (~10 bp) sequence 
match between the 5′ end of a gRNA and a sequence immediately 3′ from PER 
(“anchor region duplex”) (Blum and Simpson 1990). While only one guide is 
required for small PERs covering only a few nucleotides, multiple guides would 
be needed for editing of cryptogene transcripts (Corell et al. 1993; Riley et al. 
1994). In such cases, the editing starts at the 3′ end of a pre-edited mRNA and 
extends in the 5′ direction (Decker and Sollner-Webb 1990). This orderly progres-
sion of editing is due to sequential creation of the anchor region for each subse-
quent gRNA by a preceding round of editing until the last gRNA performs the 
editing near the 5′ end of the message (Maslov and Simpson 1992). As discussed 
later (Sect. 6.3), the initiation codons are often (but not always) created during this 
concluding round of editing (Feagin et al. 1988b; Shaw et al. 1988). Although, as 
a rule, editing extends a few nucleotides upstream from the initiation codon, the 
5′ end untranslated region (UTR) sequence of about 20–40 nt in length remains 
unedited in all studied mRNA. Similarly, the termination codon on the 3′ end of 
pan-edited templates is often created during the first round of editing, while most 
of the 3′ end UTR sequence remains unedited. The fact that anchor sequences are 
relatively short may be responsible for ‘mis-editing by mis-guiding,’ a situation 
where annealing of a spurious gRNA to the pre-edited region would result in pro-
duction of an aberrant editing pattern (Decker and Sollner-Webb 1990; Sturm et 



136 D. A. Maslov and R. K. Agrawal

al. 1992). Such ‘mis-edited’ or incompletely edited sequences are often observed 
at the boundary between the downstream (fully edited) and upstream (pre-edited) 
sections of a pan-edited mRNA. These junction regions may also represent inter-
mediates of editing by a cognate gRNA (Maslov et al. 1994; Sturm et al. 1992; 
Sturm and Simpson 1990a). In any case, these aberrant sequences are eventually 
corrected. When numerous cDNA clones are aligned according to the 3′  →  5′ 
polarity of editing, the consensus edited sequence becomes apparent. This consen-
sus sequence is commonly regarded as ‘completely’ edited sequence, especially 
if it contains an ORF that generates an in silico protein product homologous to 
mitochondrial encoded proteins in other organisms. Such was the case for riboso-
mal protein S12 (RPS12) (Maslov et al. 1992; Maslov and Simpson 1994; Read 
et al. 1992), subunits 8 and 9 of NADH dehydrogenase (ND8, ND9), and several 
other cryptogenes (Corell et al. 1994; Read et al. 1994; Souza et al. 1992, 1993). 
However, with G3 and G4 cryptogenes the consensus edited sequences encoded 
polypeptides with no detectable homology outside of kinetoplastids (Thiemann et 
al. 1994). Moreover, in some cases more than one ORF can be found within the 
same edited consensus sequence (Corell et al. 1994; Maslov et al. 1999; Read et 
al. 1992). The conservation among trypanosomatids would then serve as a crite-
rion for the functionality of the deduced edited sequence. A few cases were also 
described with suggested existence of alternative editing patterns within the stretch 
of an edited mRNA sequence (Maslov 2010; Read et al. 1994). A partially edited 
COIII mRNA in T. brucei has been proposed to encode a functionally important 
protein (Ochsenreiter et al. 2008; Ochsenreiter and Hajduk 2006). The mRNAs, 
such as COI, that contain encoded translatable reading frames, remain unedited.

It was hypothesized early on that the editing is performed by the ‘enzyme cas-
cade’ mechanism (Blum et al. 1990). First, an endonuclease would cleave a pre-
edited mRNA at the site of a mismatch with a gRNA. This would be followed 
by U-insertions performed by a terminal uridylyl transferase and U-removals by 
an exonuclease. These sequence alterations at the editing site would result in a 
match between the mRNA and the gRNA. A ligase activity would then seal the 
edited mRNA. This model has been supported by direct analyses performed over 
the last 10–15 years (see Aphasizhev and Aphasizheva 2011a, b for comprehen-
sive reviews). The editing activities are assembled into two major RNA editing 
core complexes, RECC1 and RECC2, performing U-deletions and U-insertions, 
respectively. The RECCs, also known as 20S ‘editosomes,’ share the same struc-
tural scaffold made up of six proteins, but also contain different sets of enzymatic 
and auxiliary components. RECC1 includes REN1 endonuclease, REX1 and 
REX2 exonucleases, and REL1 ligase, while RECC2 contains REN2 endonucle-
ase, RET2 uridylyl transferase, and REL2 ligase. These editing complexes interact 
with several additional protein complexes, including the MRP1/2 complex, which 
may promote gRNA annealing to (at least some) mRNA and is also involved in 
regulation of mRNA stability; GRBC, also termed MRB1, which stabilizes 
gRNAs and mediates higher order interactions among various complexes; KPAP1, 
which performs the mRNA polyadenylation; and a score of additional components 
that promote various non-catalytic functions related to editing. These complexes 
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are engaged in highly dynamic interactions (Hashimi et al. 2013; Koslowsky 
2009), including their interactions with the translation machinery as discussed 
below.

6.3 � Problems for Translation Imposed by Existence of 
Editing

First discovered in trypanosomatids (Benne et al. 1986), the RNA editing was 
later found to be widespread among eukaryotes, including mitochondrial and 
chloroplast systems (Koslowsky 2004). Variable in type (insertional or substitu-
tional) and mechanism, the process of RNA editing apparently involves multiple 
independent origins, however, the trypanosomatid U-insertion/deletion type has 
been found only in kinetoplastids (Gray 2012a; Simpson et al. 2006; Simpson 
et al. 2000), where the extent of sequence rearrangements, such as those occur-
ring in the pan-edited mRNAs, is also unprecedented. Perhaps, because of that, 
as well as excessive complexity of the process itself, the trypanosomatid type of 
editing seems rather inefficient. For example, for most pan-edited mRNAs, the 
steady state includes an abundant population of the pre-edited transcripts and a 
variety of their partially edited and mis-edited forms (see e.g. Maslov et al. 1992; 
Neboháčová et al. 2009). In the absence of selection, these immature transcripts 
lacking a meaningful reading frame would produce nonfunctional translation 
products. The initiation of translation is therefore expected to involve specific rec-
ognition of translationally competent templates to exclude the immature forms.

An attractive hypothesis is that the extensive mRNA editing in trypanosoma-
tids not only poses a problem, but also contributes to the solution, for the edited 
mRNA recognition. It is conceivable that the necessary activator cis-elements are 
created during the final rounds of editing at the 5′-end. Since the editing starts 
at the 3′-end and ends at the 5′-end of mRNA, the completion of the last editing 
round would attest that the rest of mRNA has been edited. Such a signal could be 
analogous to the presence of bacterial Shine-Dalgarno (SD) sequence, which par-
ticipates in recruitment of the small ribosomal subunit (SSU) by interacting with 
the anti-SD sequence present at the 3′ end of the SSU rRNA. However, It should 
be noted that there is no single-stranded segment at the 5′ end of the 9S rRNA that 
could even be considered as a candidate to serve a function analogous to bacterial 
anti-SD sequence. Besides, no conserved sequence elements that would potentially 
interact with the SSU 9S rRNA, or with any other component of the SSU, have 
been found in the vicinity of the 5′ end in trypanosomatid mitochondrial mRNAs. 
It has been proposed that the translation is initiated at the 5′-most AuG created by 
editing (or AuA, as well as Auu, in some cases), as can be suggested by consider-
ing the pan-edited COIII mRNA in T. brucei, or 5′-edited COIII and Cyb mRNAs 
in L. tarentolae (Feagin et al. 1988b; Shaw et al. 1988). However, this is gener-
ally not the case, which is exemplified by the 5′-edited Cyb mRNA in T. brucei, 
with an out-of-frame AUG found in the 5′-untranslated (and unedited) region 
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(Fig. 6.1a). Obviously, the initiation at such codons should be avoided. Even when 
an upstream codon is in-frame, as in the pan-edited ND8 mRNA of L. tarento-
lae (Fig. 6.1b), it should not be used for initiation because the same codon is also 
present in the pre-edited and partially edited molecules that do not encode a func-
tional product.

Another difficulty is that, in some cases the proper initiation codon is not cre-
ated by editing but is encoded. An example is the COII mRNA, in which the edit-
ing is limited to small internal region (Benne et al. 1986; Shaw et al. 1989). Thus, 
the same encoded 5′ AUG codon should be used for initiation in the edited mRNA 
but avoided in the pre-edited mRNA. Thus, the problem of recognition of the fully 
edited mRNA seems inseparable from recognition of a proper initiation codon. 
However, both problems can be solved at once with the help of mRNA-specific 
translation activators, similar to those which operate in yeast mitochondria (Fox 
2012; Herrmann et al. 2013). In this system, protein Pet309 activates translation 
of cytochrome c oxidase subunit 1 (COX1), Pet 111-COX2 mRNA, and Cbp1-
apocytochrome b (COB) mRNA. These activators are assembled into a large (0.9 
MDa) complex interacting with the inner membrane-bound mitochondrial ribo-
somes (henceforth referred to as mitoribosomes) (Krause et al. 2004; Naithani et 
al. 2003). Evidence is accumulating that a somewhat similar system operates also 
in trypanosomatids.

6.4 � Mitochondrial Translation Products

Early attempts to detect translation in kinetoplast-mitochondria were based pri-
marily on the presumption that this system, as many other eukaryotic mitochon-
drial systems, would be sensitive to chloramphenicol; however, the experimental 
results obtained were controversial and inconclusive (see Maslov and Agrawal 
2012 for a recent review). On the hindsight, after the realization that the 

DNA GTTAAGAATAATGGTTATAAATTTTATATAAA A G   CG  G AGA     A  A   ...
RNA-ed GUUAAGAAUAAUGGUUAUAAAUUUUAUAUAAAuAuGuuuCGuuGuAGAuuuuuAuuAuuu...
Protein M  F  R  C  R  F  L  L  F  ...

DNA TAAACATATATAATGTATTAGATTAAAAGTAA G   G   A GA     G TTTTC   ...
RNA-ed UAAACAUAUAUAAUGUAUUAGAUUAAAAG*AAuGuuuGuuuAuGAuuuuuGuUUUUCuuu...
Protein M  F  V  Y  D  F  C  F  S  F ...

(a)

(b)

Fig.  6.1   The initiation codon selection problem. The 5′-terminal gene sequences (DNA) and 
edited RNA sequences (RNA-ed) and the deduced N-terminal amino acid (protein) sequences of 
T. brucei Cyb (a) and L. tarentolae ND8 (b) are shown. Encoded nucleotides are shown with 
upper case, uridylates inserted by the editing process with lower case U’s, the deleted U-residue 
with an asterisk. The inferred methionine initiation codon AuG is shown in bold. The upstream 
out-of frame AUG (a) and the in-frame AUG (b) are highlighted in yellow
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mitochondrial system of trypanosomatids is one of the most highly diverged from 
the mammalian or fungal systems (Gray 2012a; Gray 2012b), the presumptions 
made on chloramphenicol sensitivity were rather naïve. Moreover, as the maxicir-
cle DNA sequence data became available, resistance to this inhibitor was predicted 
by the analysis of the large ribosomal subunit (LSU) 12S rRNA region that par-
ticipates in formation of the peptidyl transferase center in the mitoribosome (de la 
Cruz et al. 1985b; Eperon et al. 1983).

The very existence of extensively edited mRNAs, encoding seemingly functional 
and evolutionarily conserved polypeptides, has usually been regarded as the strong 
circumstantial evidence for the translation of such templates. Yet, a direct proof in 
the form of identified mitochondrially encoded proteins had been missing. Although 
the purified respiratory complexes have been shown to be enzymatically active, 
all identifiable components were found to be nuclear encoded subunits (Priest and 
Hajduk 1992; Speijer et al. 1996, 1997). That was puzzling because mitochondrial 
translation products represent indispensible subunits of cytochrome c oxidase (COI–
COIII), cytochrome bc1 (Cyb) and ATP synthase (subunit 6 or A6). The unifying 
property of the kinetoplast-mitochondrially encoded polypeptides is their extreme 
hydrophobicity which severely impedes analysis of such products due to poor effi-
ciency of electrophoretic separation, staining, and proteolytic digestion procedures, 
as well as by losses due to aggregation (Breek et al. 1997). This hydrophobicity 
feature was utilized in a special 2D gel system to separate the mitochondrial com-
ponents of cytochrome c oxidase and cytochrome bc1 complexes from the nuclear 
encoded subunits. In this gel system, the hydrophobic mitochondrial polypeptides 
occupy a position off the main diagonal of the gel, while the polypeptides of the 
nuclear origin align on the main diagonal (Marres and Slater 1977) (Fig. 6.2).

14%
9%

Cyb
COI

coomassie

Fig. 6.2   The two-dimensional gel system employed to detect hydrophobic products of mitochon-
drial translation in trypanosomatids. The gel shown represents analysis of the 35S-labeled products 
of protein biosynthesis in T. brucei, when cytosolic translation was inhibited with cycloheximide. 
Each gel dimension represents separation in a standard Laemmli-type Tris–glycine-SDS with the  
polyacrylamide concentration as shown. The two major 35S-labeled spots represent COI and 
Cyb polypeptides. The identity of other labeled off-diagonal spots is only tentatively known: 
the faster migrating polypeptides likely represent COII and COIII, while A6 is expected to 
be found in an off-diagonal position closer to the start. The inset shows the corresponding 
Coomassie-stained gel
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In the analysis of purified cytochrome c oxidase from L. tarentolae, a series 
of poorly stainable diffused spots were observed off the main diagonal (Horváth 
et al. 2000b). Several of these spots contained material reactive with antibodies 
against COI, suggesting the presence of various aggregated forms of this hydro-
phobic polypeptide. A partial N-terminal sequence derived from two most abun-
dant spots confirmed that both represented the COI polypeptide. Short sequences 
matching the predicted COII and COIII amino acid sequences were derived from 
other spots. Since all three mitochondrially encoded subunits are supposed to be 
present in equimolar quantities within the intact cytochrome c oxidase complex, 
the higher abundance of the COI spots suggests that the other two polypeptides 
are prone to variable degrees of aggregation. By a similar analysis of cytochrome 
bc1 complex from the same organism, monomeric and dimeric forms of Cyb were 
identified (Horváth et al. 2000a). The N-terminal amino acid sequence of this pol-
ypeptide is translated from a 5′-edited region of the mRNA, representing the first 
direct evidence that an edited mRNA can produce a functionally translatable tem-
plate. The sequencing required an N-terminal deblocking, indicating the presence 
of formylmethionine at the N-terminus. However, mass spectrometry was largely 
proved to be inefficient for obtaining additional protein sequence data, as only a 
single peptide (FAFYCER) was detected by two independent mass spectrometry 
analyses of the off-diagonal Cyb material obtained from T. brucei (Neboháčová et 
al. 2004); (Aphasizhev, Škodová, Maslov, unpublished observations). It is conceiv-
able that the extreme hydrophobicity of these polypeptides interferes with tryptic 
digestion and peptide recovery.

In vivo synthesis of COI, COII, and Cyb in L. tarentolae was also studied, 
using 2D gels by incorporation of 35S-labeled amino acids in the presence of 
cycloheximide to inhibit cytosolic translation (Horváth et al. 2002). The synthesis 
was found to be insensitive to 100 ug/ml chloramphenicol, gentamycin, paromo-
mycin, lincomycin, hygromycin, and tetracycline, but was sensitive to puromycin, 
a mimic of the peptidyl tRNA’s CCA-end and a universal inhibitor of translation. 
The synthesis in isolated mitochondria was linear for almost 2 h and, surprisingly, 
did not depend on exogenous energy or amino acids. By using Blue Native (BN) 
gel electrophoresis it was shown that the synthesized products were concurrently 
incorporating into the respective respiratory complexes. A similar pattern of (in)
sensitivity to antibiotics has been observed for the in vivo COI and Cyb synthe-
sis in T. brucei (Neboháčová et al. 2004). RNAi-induced ablation of RET1 was 
concomitant with the inhibition of the COI and Cyb synthesis (Neboháčová et 
al. 2004). RET1 is the enzyme required for biogenesis of gRNAs and its down-
regulation entails a decrease in gRNA abundance, which in turn affects editing 
(Aphasizhev et al. 2002, 2004). The gRNA-mediated mechanism could not, how-
ever, explain the puzzling effect on the COI synthesis that utilizes an unedited 
mRNA template. Moreover, the steady-state abundance of COI mRNA is not 
affected by RET1 RNAi. More recently, it has been shown that effect of RET1 
down-regulation on the COI synthesis is largely caused by a collapse of the COI 
mRNA’s 3′-end poly(A/U) tail, which is required for translation in this system 
(Aphasizheva and Aphasizhev 2010) (see also below).
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The presence of a labeled material in the main diagonal of the 2D gels and its 
migration close to the running front in BN gels indicated the presence of a het-
erogeneous population of nascent non-hydrophobic polypeptides (Fig. 6.2). Other 
polypeptide synthesis properties, such as the time course, resistance to antibiotics, 
and in T. brucei sensitivity to RNAi, have paralleled that of COI and Cyb (Horváth 
et al. 2002; Neboháčová et al. 2004), suggesting that the diagonal material also 
represents products of mitochondrial translation. It still remains to be demon-
strated whether these polypeptides are derived from pre-edited or partially edited 
mRNAs and whether they represent any functional product(s). The potential impli-
cation of such a product would be the lack of precision during translation initia-
tion, involving initial selection of a functional translation template or an initiation 
codon, or frequent frame-shiftings during translation elongation.

The remaining polypeptides, including RPS12, A6, and subunits of NADH 
dehydrogenase complex, are yet to be found. Among these, A6 has recently been 
putatively identified by tracing the incorporation of a labeled mitochondrial trans-
lation product in the ATPase complex (Škodová, Maslov, unpublished results).
There is little doubt that all or most of the maxicircle genes are expressed, at least 
during some stages of the natural life cycle. Mitochondrial translation is indis-
pensible even in the bloodstream form of T. brucei, a stage without the electron 
transport chain (Cristodero et al. 2010). However, the lack of selective pressure in 
culture may entail the loss of functionality for certain genes. This is exemplified 
by the L. tarentolae UC and Phytomonas serpens 1G, the strains, which had lost 
the productive editing of at least few NADH dehydrogenase subunits (ND8, ND9 
and others), and by Leishmania donovani 1S LdBob, where insertional inactiva-
tion of the maxicircle genes for ND1 subunit has been found in addition to the 
loss of ND3, ND8, and ND9 editing (Maslov et al. 1999; Neboháčová et al. 2009; 
Thiemann et al. 1994). However, this scenario does not apply to RPS12 mRNA, 
which is productively edited in all species examined, and therefore must be indis-
pensably and consistently present in the mitoribosome (Maslov 2010; Maslov et 
al. 1992, 1999; Maslov and Simpson 1994; Nebohácová et al. 2009; Read et al. 
1992). Paradoxically, RPS12 has been notoriously missing among components 
of the mitoribosomes in the recent proteomics analyses (Aphasizheva et al. 2011; 
Maslov et al. 2007; Zíková et al. 2008). RPS12 is a relatively small (10  kDa), 
basic (pI = 9.0) and not particularly hydrophobic polypeptide, but seems to carry 
an unexpected feature that has eluded its detection by the standard mass spectrom-
etry procedures.

6.5 � Mitochondrial Ribosomes

The early attempts to isolate kinetoplast ribosomes by analysis of A260/A280 
absorbance profiles or by cosedimentation with nascent polypeptides, were not pro-
ductive, apparently due to higher abundance of other high molecular weight com-
plexes, including free minicircles (reviewed in Maslov and Agrawal 2012). Although 
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the 9S and 12S rRNAs could be found in the large (>30S) heterogeneous complexes 
and the ribosome-like particles were detected by transmission electron microscopy 
(Scheinman et al. 1993), the exact compositional and structural nature of the mitori-
bosome remained elusive. A subsequent analysis performed using isolated mito-
chondria from L. tarentolae suggested that one of the major obstacles in isolation 
of a pure population of the monosomes (a monomeric ribosome including both its 
subunits) was that it represented only a minor fraction that was obscured by much 
more abundant other ribosomal ribonucleoprotein (rRNP) complexes (Maslov et al. 
2006). One of them, termed SSU* complex with a sedimentation coefficient value 
of 45S, was among the most abundant rRNPs in the mitochondrial lysates (Maslov 
et al. 2007). This complex was found to be prone to dimerization, but was rather sta-
ble otherwise, withstanding mechanical impact by pelleting and resuspension in the 
presence of 0.5 M KCl. The SSU* complex contained only the 9S rRNA and a score 
of SSU ribosomal proteins, but none of the LSU rRNA or proteins. Several of the 
components represented pentatricopeptide repeat (PPR) proteins, which are known 
to participate in various aspects of RNA biogenesis in cellular organelles (Delannoy 
et al. 2007; Schmitz-Linneweber and Small 2008). There were also proteins with 
no discernible functions, including several unusually large proteins (~200 kDa) that 
have not been encountered in mitoribosomes from other organisms. The combined 
molecular weight of nearly 40 stably associated proteins was in excess of 2 MDa. 
Transmission electron microscopy (TEM) showed that the 45S SSU* complexes 
possess an unusual morphology showing two large lobes. The overall morphology 
of one of these lobes resembled that of a typical SSU. The current hypothesis is 
that these complexes represent a heterodimer composed of the 25–30S SSUs (also 
detectable as individual SSUs present in a low amount) and a large protein complex, 
which contained most of the unusual proteins identified with the 45S SSU* com-
plex. All components found in the L. tarentolae SSU* complex have also been found 
in the S17-tagged complexes in T. brucei, suggesting a strong similarity in the over-
all organization of the translational apparatus in these two species. Direct analyses 
confirmed that in T. brucei, most of the SSUs of the mitoribosomes are tied within 
the abundant SSU* complexes (Maslov, Ridlon, Škodová, unpublished). Free LSU 
are also abundant, while assembled ribosomes (SSU-LSU monosomes) represent a 
relatively minor population of particles. However, the presence of such an unusual 
complex has not been reported in other systems. A further structural and functional 
characterization of the SSU* complex will shed light on its role in the kinetoplast 
mitochondria.

Individual LSU was detected as a 40S complex, which was readily affected by 
the ionic conditions during mitochondrial lysis, yielding products that varied in 
their sedimentation coefficient values in the 35–40S range (or even larger). This 
property apparently reflected the existence of some loosely associated components 
within the LSU or its interactions with other proteins, but this aspect has not been 
investigated further. Overall, the L. tarentolae LSU complexes were less stable, as 
compared to the 45S SSU* complexes, and were also prone to dimerization.

The monosomes were initially identified as the 50S shoulder of the more abun-
dant 45S SSU* peak (Maslov et al. 2006). The resedimentation of this material 
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allowed for revealing a distinct class of particles containing both SSU and LSU 
rRNAs, as expected. The conventional TEM showed that most particles in this 
fraction display the morphology of a typical bacterial ribosome. However, a 
more definite proof that the discovered 50S rRNP represents a monosome of the 
Leishmania mitoribosome came from a three-dimensional cryo-electron micros-
copy (cryo-EM) analysis of these particles (Sharma et al. 2009).

6.6 � Three-Dimensional Cryo-EM Structure of the 
Leishmania mitoribosome

The rRNAs in Leishmania mitoribosomes are among the smallest. As described 
in the previous section, it has been a daunting task to purify these mitoribosomes 
from L. tarentolae, as there are several species of the mitoribosome complexes, 
in various combinations and stoichiometry of its two subunits. Furthermore, the 
50S monosomes, i.e., the minimal functional units made of one each of its two 
subunits (SSU and LSU), are present in relatively low abundance, and are unusu-
ally protein-rich as compared to their bacterial or cytoplasmic counterparts. The 
Leishmania  mitoribosomeSSU contains a 610 nucleotide-long 9S rRNA, while 
its LSU contains a 1,173 nucleotide-long 12S rRNA (de la Cruz et al. 1985a, 
b). When compared to bacterial rRNAs, these numbers account for ~60  % less 
rRNA content (Sharma et al. 2009). Because of the small size of rRNA and large 
number (>100) of ribosomal proteins (r-proteins), all r-proteins are less likely 
to interact directly with the rRNA-containing central core of the molecule. This 
compositional disproportionality suggests that there must be a great deal of qua-
ternary protein–protein interactions. This situation apparently makes the isolation 
of homogeneous 50S monosomes in sufficient quantities that could be suitable for 
structural studies very challenging. These mitoribosomes are expected to be pre-
sent in tight association with the mitochondrial membrane that makes them even 
more susceptible to isolating conditions, thereby further contributing to composi-
tional heterogeneity (Maslov et al. 2006, 2007).

The first and only cryo-EM structure determined for the Leishmania 50S 
monosome at ~14 Å resolution was obtained after applying extensive classifica-
tion schemes on a relatively heterogeneous single-particle dataset (Sharma et al. 
2009). The structure (Fig. 6.3) revealed that, like any other known ribosome, the 
Leishmania mitoribosome is composed of two unequally sized subunits, the ~28S 
SSU and a ~40S LSU (Maslov et al. 2006, 2007), with intact functionally impor-
tant and conserved regions of the rRNAs that are known to be involved in mRNA 
decoding on the SSU (Ogle et al. 2001) and peptide-bond formation on the LSU 
(Nissen et al. 2000) in the bacterial ribosome. The cryo-EM map also showed 
that the 50S monosome possesses most of the structural features that are typical 
for bacterial ribosomes, but the overall structure was found to be highly porous, 
with an overall diameter (~245  Å), slightly smaller than the bacterial 70S ribo-
some (~260 Å) and significantly smaller than the mammalian 55S mitoribosome 
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(~320 Å). Similar to the situation with mammalian mitoribosomes, the rRNAs of 
the Leishmania mitoribosome are largely shielded by proteins. The cryo-EM struc-
ture also allowed partial delineation of the secondary and tertiary structures of the 
Leishmania mito-rRNAs, which are subject to further refinement as the higher res-
olution structure becomes available (for recent reviews, see, Agrawal et al. 2011, 
Agrawal and Sharma 2012). In the next two paragraphs we briefly describe the 
unique features of the Leishmania mito-SSU and LSU, respectively.

Even with dramatically reduced size of the 9S rRNA, the SSU portion of the 
cryo-EM map displays all the typical features of an SSU structure, relating closely 
to its bacterial counterpart and highlighting the importance of the overall archi-
tecture of SSU in the ribosome function. Molecular analysis of the cryo-EM map 
revealed that some of the missing bacterial rRNA segments are replaced in part 
by the Leishmania mito-specific proteins (LMSP) in three-dimensional space. The 
level of compensation of missing bacterial rRNA segments by LMSPs is much 
more extensive in Leishmania mito-SSU compared to that in the mammalian 
mito-SSU (Sharma et al. 2003). Despite an extensive compensation by LMSPs 
the absence of several rRNA segments leads to formation of a large number of 
tunnel-like gaps, both in the head and main body regions of the SSU (Fig. 6.3b; 

Fig.  6.3   Cryo-EM structure of the Leishmania tarentolae 50S mitoribosome. a RNA–protein 
segmented map of the mitoribosome displayed in a side view, with the 28S SSU on the left and 
the 40S LSU on the right side. b Structure of the SSU shown from the SSU-LSU interface side. 
c Structure of the LSU 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 homologs present in the L. tarentolae 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, dc mRNA decoding site, h head, h44 SSU 
rRNA helix 44, pt platform, S12 protein S12. The area marked with asterisks (*) in a show the 
absence of density due to truncation of SSU rRNA helix 44 in the mitoribosome as compared to 
that in the bacterial SSU rRNA. Two asterisks in b point to the areas where tunnel-like features 
are formed due to absence of bacterial SSU rRNA segments (see Sharma et al. 2009; Sharma et 
al., this volume for comparison with structures of other ribosomes). The putative mRNA path is 
indicated in red. Landmarks of LSU: CP central protuberance, L1 protein L1 stalk, Sb Stalk base 
or L11 region, SRL α-sarcin-ricin stem loop (or helix 95 of the LSU rRNA, also see Fig. 6.4), 
H69 LSU rRNA helix 69. The red asterisk below and behind H69 in c indicates the general loca-
tion of the peptidyltransferase center
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Sharma et al. 2009). The critical nucleotides, known to be directly involved in the 
decoding process, are retained in SSU rRNA helix 44 (all rRNA helices are cited 
according bacterial rRNA numbering), despite a dramatic reduction in size of the 
helix 44 that creates a large gap in the lower inter-subunit bridge forming region 
(Fig.  6.3a; Sharma et al. 2009). The Leishmania mito-SSU possesses more than 
50 proteins. This estimate is based on an exhaustive mass spectrometric analy-
sis of mitoribosomes from both Leishmania and its close relative Trypanosoma 
(Aphasizheva et al. 2011; Zíková et al. 2008). Of these proteins only 10 have been 
found to be homologous to bacterial SSU proteins, including proteins S5, S6, 
S8, S9, S11, S12, and S15–S18. In addition to occupying the majority of solvent 
exposed side of the subunit, proteins occupy most of the interface side of the SSU 
head, thereby significantly altering the composition of mRNA and tRNA paths in 
the Leishmania mito-SSU (Sharma et al. 2009) as compared to those in bacterial 
and other organellar ribosome structures (Manuell et al. 2007; Sharma et al. 2003, 
2007) that have been studied so far (also see Agrawal et al. 2011).

As is the case with SSU, the LSU portion of the cryo-EM structure of the 
Leishmania 50S monosome carries structural features of a typical eubacterial 
LSU, i.e., including a central protuberance, with two stalk-like features on either 
side of the central protuberance (Fig. 6.3c). The greatly reduced rRNA content in 
the mito-LSU is primarily due to the absence of the segments that constitute the 
peripheral regions of the bacterial LSU (Schuwirth et al. 2005; Selmer et al. 2006) 
and segments that form the inner lining of the nascent polypeptide chain exit tun-
nel (Nissen et al. 2000), suggesting that the topology of the nascent polypeptide 
exit tunnel in the Leishmania mito-LSU is dramatically remodeled to facilitate 
perhaps the co-translational insertion of the mitochondrially encoded polypep-
tides into the mitochondrial inner membrane. Among the structurally most con-
served regions of the LSU rRNA are the peptidyl transferase center (PTC) and 
the α-sarcin/ricin stem-loop (SRL) regions. However, the SLR region shows a 
relative spatial shift toward the PTC, possibly due to the truncation of two LSU 
rRNA helices, helix 89 and helix 91, in the Leishmania 12S rRNA (Fig.  6.4). 

Fig. 6.4   Depiction of the spatial shift of LSU rRNA helix 95 (H95, SRL) in the L. tarentolae 
mitoribosome. Most of the bacterial 23S rRNA (gray) helix 91 (H91) and a major portion of 
helix 89 (H89) are absent in the 12S mito-rRNA (pink), which might have caused the spatial shift 
of the SRL closer to the peptidyl-transferase center (PTC) (see Fig. 6.3c for positions of SRL and 
PTC on the mito-LSU). Modified from Supplementary Information in Sharma et al. (2009)
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Thus, the SRL and the PTC regions in the Leishmania LSU are closer by ~25 Å, 
as compared to that in the bacterial ribosome. The rRNA helices 89 and 91 seem 
to provide direct communication between the PTC and SRL regions during the 
translation elongation cycle. Relative closeness of PTC and SRL in Leishmania 
mito-LSU suggests that there would be substantial alterations in size and structural 
organizations of Leishmania mitochondrial translation elongation factors. Like 
its SSU, the Leishmania mito-LSU is also estimated to possess a large number, 
~77, of ribosomal proteins (Aphasizheva et al. 2011; Zíková et al. 2008). Of these 
only 11 proteins are homologous to bacterial LSU proteins, including L2–L4, L9, 
L11–L17, L20–L24, L27–L30, and L33. Similar to its SSU, additional proteins in 
Leishmania mito-LSU occupy some of the functional regions on the interface side, 
including the tRNA corridor between the ribosomal aminoacyl (A site) and pep-
tidyl (P) sites (Sharma et al. 2009), suggesting that the dynamics of tRNA move-
ment on the Leishmania mitoribosome will be substantially different from that on 
the bacterial ribosome.

6.7 � Pentatricopeptide Repeat Proteins and Their Role in 
Translation

Pentatricopeptide repeat (PPR) proteins were originally discovered in plants where 
they are present in highest abundance among all living systems. So far, more than 
400 family members of PPR proteins have been discovered by genome analyses 
(Lurin et al. 2004; Schmitz-Linneweber and Small 2008). The PPR domain repre-
sents a rather diverse 35 amino acid sequence organized as a set of tandem repeats. 
PPR proteins have been ascribed multiple roles centered on various functions of 
RNAs in the cellular organelles (transcription, splicing, editing, translation of 
mRNA), involving some specific interactions with a stretch of the RNA sequence 
(Lightowlers and Chrzanowska-Lightowlers 2008; Rackham and Filipovska 
2012). Although found in many eukaryotes, these proteins are considerably less 
numerous outside of plants. For instance, only seven PPR proteins, including a 
component of the mitochondrial RNA polymerase and mitoribosomal protein 
MRPS27, have been found in mammals (Davies et al. 2009). Yet, this is probably 
an underestimation since some of these proteins might have escaped their detec-
tion due to the degeneracy of the PPR motifs.

By any measure, trypanosomatids stand out among other eukaryotes as they 
carry about 40 members of the PPR family, and represent the second largest 
group after plants (Aphasizheva et al. 2011; Mingler et al. 2006; Pusnik et al. 
2007; Pusnik and Schneider 2012). Functions of several of these PPR proteins 
have been investigated. Six PPR proteins are associated with the previously 
described (Sect. 6.5) SSU* complex in L. tarentolae (Table 6.1). Six different 
PPR proteins, labeled TbPPR2–TbPPR7, are required for stability of the mito-
chondrial rRNAs in T. brucei, while the other two PPR proteins in the same 
series (TbPPR1 and TbPP8) are yet to be assigned a function (Pusnik et al. 
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2007). Several PPR proteins (including TbPPR2, 3 and 5) were later identified 
as components of T. brucei mitoribosomes isolated by co-fractionation with 
affinity-tagged ribosomal proteins S17 and L3 (Zíková et al. 2008). A recent 
comprehensive proteomics analysis of mitoribosomes obtained by a similar 
approach resulted in expanding this list to more than 20 PPR proteins, termed 
KRIPPs for kinetoplast ribosomal PPR-containing proteins (Aphasizheva et al. 
2011).

Participation of PPR proteins in the formation and functioning of the mitori-
bosome are not the only roles demonstrated for these proteins. For example, 
KRIPP1 (a component of the SSU* complex, Table  6.1), was also discovered 
within multiprotein complexes implicated in gRNA binding (GRBC or MRB1 
complex), edited mRNA stability (MERS1) and polyadenylation (KPAP1) 
(Ammerman et al. 2012; Weng et al. 2008). Interestingly, two non-PPR mem-
bers of the 45S SSU* complexes, LmjF.27.0630 and LmjF.33.2510, have also 
been found in association with these three complexes (Weng et al. 2008). 
Additional PPR components of the T. brucei ribosomes with a putative locali-
zation in the SSU (KRIPP2, 5, 8, and 9) have also been found in the KPAP1 
poly-A polymerase complex and other complexes (Aphasizheva et al. 2011). 
This property of individual PPR proteins to serve as versatile building blocks in 
the formation of multiple macromolecular complexes may allow them to facili-
tate interactions among mRNA processing, editing, and translation machineries 
(Aphasizhev and Aphasizheva 2011a, b).

Among non-ribosomal PPR proteins, KPAF1 (TbPPR1, Tb927.2.3180) and 
KPAF2 (Tb927.11.14380) were found to induce formation of the long A/U het-
eropolymer tails by the KPAP1 poly-A polymerase and RET1 terminal uridylyl 
transferase which occurs upon completion of mRNA editing (Aphasizheva et al. 
2011; Etheridge et al. 2008). These and other observations, as well as the available 
information from other mitochondrial systems, led the authors (Aphasizhev and 
Aphasizheva 2011a) to hypothesize that the processing of primary polycistronic 
transcript is coupled with a binding of a specific PPR protein to the mRNA’s 3′ 
end. This would also serve to stabilize the mRNA 3′ end prior to polyadenyla-
tion. Indeed, TbPPR9 (Tb927.11.16250) was shown to stabilize the COI and COII 
mitochondrial mRNAs, but not the other mRNAs that were investigated (Pusnik 
and Schneider 2012). This 3′-end binding trans-factor may dissociate follow-
ing the first editing event. Another proposed role for PPR proteins was to medi-
ate the processes of editing and a long poly(A/U)-tail formation (Aphasizhev and 
Aphasizheva 2011a). Within the frame of this hypothesis, the 5′-end sequence cre-
ated after the completion of editing would be recognizable by a specific PPR pro-
tein, which would in turn facilitate the recruitment of the KPAF1/KPAF2/KPAP1/
RET1 complex to the 3′ end. The resulting acquisition of a long poly(A/U) tail 
by the mRNA is required for the recognition of the latter by the mitoribosome 
(Aphasizheva et al. 2011). While the putative 3′ and 5′ binding factors are yet 
to be identified, the aforementioned stabilization mechanism by TbPPR9 is also 
unknown. In any case, the translational activation of mRNA would involve a 3′ 
end ↔5′ end cross-talk mediated by PPR proteins.
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6.8 � Proposed Involvement of Various RNP Complexes in 
Translation

The available data indicate that translation in trypanosomatid mitochondria is 
a highly dynamic process. First of all, the assembled 50S monosomes constitute 
only a minor fraction of all ribosomal particles. The majority of the LSUs are 
found as individual particles, seemingly associated with the inner membrane of 
mitochondria. Most of the SSUs are sequestered within the 45S SSU* complexes 
which are localized in the mitochondrial matrix. Therefore, it is conceivable that 
the translating mitoribosomes assemble around the template and disassemble upon 
completion of translation. In-frame of this hypothesis, the SSU* complex might 
be involved in recognition of long polyA/U-tailed translation-competent mRNAs. 
This may be facilitated by the PPR proteins of the SSU* complex or/and by its 
other components in alliance with unknown factors/complexes. The mRNA rec-
ognition function probably resides within the non-SSU component of the SSU* 
complex, i.e., the large protein complex (described under Sect. 6.5), which would 
dissociate from the actual SSU portion of the complex and disassemble once its 
putative function to recruit the fully edited mRNA to the SSU has been accom-
plished. The outcome of these interactions would be the formation of an early-
stage initiation complex of the SSU with the long-tailed mRNA. Indeed, by 
application of a rapid cryogenic cell rupture combined with affinity pull-down 
of TAP-tagged ribosomal complexes, it was demonstrated that the long-tailed 
edited RPS12 mRNA preferentially associated with the S17-TAP tagged mate-
rial (Aphasizheva et al. 2011). Since the same fraction was also enriched with the 
SSU’s 9S rRNA as compared to the LSU’s 12S rRNA, it should mainly represent 
the SSU (as individual subunit or in the form of SSU*) as opposed to the whole 
mitoribosome. This result strongly implicates SSU in a specific interaction with 
the long-tailed mRNA species. However, a detailed analysis of the pull-down 
fraction, to determine the relative content of various SSU-containing complexes 
(individual SSU, SSU* and monosomes), is required to further elucidate this 
interaction, as well as involvement of any canonical translation factor(s) (see e.g., 
Sharma et al., this volume, for the list of mammalian mitochondrial translation 
factors), which are yet to be identified and characterized for the trypanosomatid 
mitochondrial systems.

As the next step of translation, the SSU initiation complex has been hypoth-
esized to be recruited to the membrane-bound LSU. The mitoribosome is thus 
assembled on the inner mitochondrial membrane, where the translation elon-
gation (see e.g., (Agrawal et al. 2000; Schmeing and Ramakrishnan 2009)) and 
the co-translational membrane insertion of the nascent polypeptide would occur 
(see e.g., Agrawal et al. 2011; Agrawal and Sharma 2012; Sharma et al., this vol-
ume). In this context, a candidate 80S elongation complex has been also identi-
fied, which included, in addition to rRNAs, the long-tailed edited RPS12 mRNA, 
and tRNACys with a repaired 3′-end CCA. Therefore, it is likely that the 80S com-
plex represents the fraction of actively translating mitoribosomes (Aphasizheva 
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et al. 2011). However, since only a relatively small fraction of the total mitoribo-
somal RNAs and the long-tailed mRNA were found in this complex, in conjunc-
tion with the fact that the individual 50S monosomes are present in relatively low 
abundance, it is conceivable that the detected 50S monosome particles represent a 
breakdown product of the translating 80S complex. As shown more recently, not 
only the RPS12 mRNAs but also the long-tailed COI and Cyb mRNAs are asso-
ciated with the 80S complex, as expected (Maslov, unpublished). Further analy-
ses are required to determine if the 80S complex also contains elongation factors, 
membrane tethering subunits (e.g. ortholog of Mdm38/LetM1), and protein-
folding machinery (e.g. orthologs of Oxa1 and Cox11), as expected for a mem-
brane-bound active translation complex. Indeed, interactions of Mdm38/LetM1 
(Tb927.3.4920) with the mitoribosome, as well as with the KPAF/KPAP1 com-
plex, have been detected by proteomics analyses of the affinity-tagged complexes 
(Aphasizheva et al. 2011).

In addition to the interaction between the mitoribosomes and polyadenylation 
complexes, most likely mediated by an SSU (either within SSU* or monosomes 
or both), a growing body of evidence suggests that mitoribosomes also inter-
act directly with the RNA editing machinery. While the rapid affinity pull-down 
experiments (as mentioned above) has shown the binding of SSU to the long-
tailed mRNA, the LSU has been also shown to associate directly with the edit-
ing substrates (pre-edited RNA, guide RNA) and enzymatic complexes (RET1, 
RECC, and GRBC) (Aphasizheva et al. 2011). Additional data in support of these 
interactions come from the immunofluorescence microscopy studies in which the 
RNA editing ligase (REL1, a marker for RECC) and gRNA displacement helicase 
(REH1) co-localized with ribosomal proteins S17 and L3 in the kinetoplast region 
of L. tarentolae (Li et al. 2011). Thus, a close physical proximity of RNA editing 
and translation machinery strongly supports the existence of functional interac-
tions between these highly complex cellular machineries.

6.9 � Concluding Remarks

The peculiarities of the mitochondrial translation described in this article can be 
only partially explained by the divergence of the trypanosomatid lineage. Probably 
the most important factor defining the idiosyncrasy of this system is the existence 
of the U-insertion/deletion RNA editing, which appears to have imposed a require-
ment for the selection of a properly edited mRNA for the translation initiation. 
The enormity of this task has probably prevented it from being resolved only with 
the help of mRNA-specific translational activators, similar to those identified in 
the yeast mitochondrial system. Instead, the trypanosomatid mitochondrial sys-
tem seems to have evolved through a tighter coordination during various stages 
of mRNA processing and dynamic interactions between the mRNA process-
ing and translational machineries. Although many details of these processes still 
need to be elucidated at the molecular level, the emerging view is that the gene 
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expression in trypanosomatid mitochondria is achieved through tightly regulated 
interactions of the mRNA processing, editing, and polyadenylation complexes 
with each other and with the mitoribosome. Interactions among these apparently 
tailor-made complexes seem to be mediated by their shared components includ-
ing the PPR proteins, which perform their functions via specific recognition of 
the mRNA sequences. The properties of the 45S SSU* complex suggest its role 
in the recognition and recruitment of fully edited mRNAs suitable for translation. 
However, further high-resolution structural analyses and additional functional 
characterizations of the 45S SSU* and the 50S mitoribosome, as well as related 
RNP complexes, will be needed to understand the intricacies of this highly unu-
sual translation system.
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Neboháčová M, Maslov DA, Falick AM, Simpson L (2004) The effect of RNA interference 
down-regulation of RNA editing 3′-terminal uridylyl transferase (TUTase) 1 on mitochon-
drial de novo protein synthesis and stability of respiratory complexes in Trypanosoma bru-
cei. J Biol Chem 279:7819–7825
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Abstract  Protozoan parasites of the phylum apicomplexa are the causal organ-
isms for several important infectious diseases. They contain three cellular 
compartments - the cytoplasm, mitochondrion, and the relic plastid called the 
apicoplast, where active translation takes place. Early investigations of the com-
ponents and activities of the translation machinery in parasite organelles have pro-
vided evidence for intriguing variations from other systems. Understanding these 
mechanisms also offers novel possibilities for drug intervention. In this article, 
we discuss the translation machinery in the apicoplast and mitochondrion of the 
apicomplexan cell, with emphasis on current knowledge from Plasmodium and 
Toxoplasma.

7.1 � Introduction

Apicomplexa is a large group of protists comprising parasites that are causative 
agents of many diseases. The most prominent of the apicomplexan parasites of 
humans are Plasmodium spp., the causal organism for malaria. This infection was 
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responsible for an estimated 0.65 million deaths in 2011 in 104 countries that are 
endemic for the disease (WHO 2012). Among the other major apicomplexan para-
sites are AIDS-associated opportunistic pathogens (Toxoplasma, Cryptosporidium) 
and economically important veterinary pathogens of livestock and poultry 
(Eimeria, Theileria, Babesia). Apicomplexans belong to the Infrakingdom 
Alveolata that includes two other divergent major eukaryotic groups: dinoflagel-
lates, and ciliates (Adl et al. 2005). Apicomplexa is closely related to the dinoflag-
ellate-ciliate clade (Wolters 1991) with the sister apicomplexa and dinoflagellate 
lineages having diverged about 800–900 million years ago (Baldauf et al. 2000).

In addition to the essential organelle—the mitochondrion, most apicomplexan 
parasites possess a relic plastid called the apicoplast (Wilson and Williamson 1997). 
It is believed that mitochondria originated from an alpha-proteobacterium by means 
of endosymbiosis approximately two billion years ago (Gray et al. 2001, 2004). 
Extant mitochondrial (mt) genomes exhibit significant variations in structure and 
size (Gray et al. 2004). The largest mt genome is found in land plants with a size 
range of 180–2,400  kb (Palmer et al. 1992; Ward et al. 1981) while the smallest 
is the 6 kb mt genome of the apicomplexan Plasmodium (Wilson and Williamson 
1997; Preiser et al. 1996). The mitochondrion of Cryptosporidium parvum is degen-
erate and has completely lost its mt genome (Abrahamsen et al. 2004). Within api-
complexa, Babesia and Theileria have monomeric linear 6.6–7.1  kb mt genomes 
with the gene order and direction of transcription completely distinct from the 
tandemly repeated linear 6  kb mt genome of Plasmodium (Hikosaka et al. 2010; 
Brayton et al. 2007; Kairo et al. 1994). The mt genome of apicomplexan para-
sites encodes only three proteins, cytochrome oxidase subunit I (CoxI), subunit III 
(CoxIII), and apocytochrome b (CytB) with highly fragmented large subunit (LSU) 
and small subunit (SSU) rRNA (Feagin et al. 1997). None of the tRNAs and essen-
tial translation factors are encoded by the apicomplexan mt genome and would have 
to be imported by the orgenelle (Rusconi and Cech 1996; Esseiva et al. 2004).

The apicoplast of apicomplexan parasites is a four-membrane bound orga-
nelle that evolved through secondary endosymbiosis in which one eukaryote 
engulfed and retained another eukaryote of red algal lineage that contained a plas-
tid resulted from primary endosymbiosis (Lim and McFadden 2010). However, 
unlike most apicomplexans, Cryptosporidium lacks an apicoplast (Zhu et al. 
2000; Abrahamsen et al. 2004). The apicoplast genome is homologous to plant 
and algal plastid genomes but is highly reduced and has completely lost the genes 
involved in photosynthesis (Wilson et al. 1996; Kohler et al. 1997; McFadden and 
Waller 1997; Wilson and Williamson 1997), similar to the plastid genome of a 
nonphotosynthetic parasitic flowering plant Epifagus virginiana (Wolfe et al. 
1992). Although apicoplasts are nonphotosynthetic, they have retained other plas-
tid functions such as fatty acid, isoprenoid, and heme biosynthesis with products 
of these pathways being required for important and often critical functions at dif-
ferent stages of the parasite infection cycle (Jomaa et al. 1999; Tarun et al. 2009; 
Waller et al. 2000; Sato et al. 2004). Many plastid genes have been transferred to 
the nuclear genome during evolution and their protein products are targeted back 
to the apicoplast (Martin et al. 1998; Waller et al. 1998).
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Nuclear-encoded apicoplast-targeted (NEAT) proteins possess a bipar-
tite N-terminal sequence which mediates their transfer from the cytosol into the 
apicoplast via the secretory pathway (Waller et al. 1998; Foth et al. 2003; Harb  
et al. 2004). The first 20–30 amino acids of these proteins is a classical secretory 
signal sequence (SS) which is cleaved by a signal peptidase within the ER. This 
exposes a 50- to 200-aa long transit peptide (TP) that is critical for targeting the 
protein to the apicoplast. TPs in P. falciparum contain no consensus sequences 
or conserved secondary structures but are rich in positively charged amino acids. 
Targeting prediction algorithms, PlamoAP (Foth et al. 2003), and PATS (Zuegge  
et al. 2001), have been developed to predict apicoplast import in Plasmodium 
and a Python-based program ApicoAP developed recently can be used to iden-
tify NEAT proteins in other apicomplexans (Cilingir et al. 2012). Translocation 
of NEAT proteins across the four apicoplast membranes is believed to involve an 
ERAD-like complex and homologs of the chloroplast translocons TOC and TIC 
(Tonkin et al. 2008; van Dooren et al. 2001).

7.2 � Components of the Apicoplast/Mitochondrial 
Translation Machinery are Encoded  
by Organellar or Nuclear Genomes

Apicomplexan parasites such as Plasmodium and Toxoplasma have an A + T-rich 
(86.9 % and 78.4 % A + T, respectively), 35 kb circular apicoplast genome that 
is actively translated (Chaubey et al. 2005). Although the universal genetic code 
is followed in the cytosol and mitochondrion, there is evidence that the stop 
codon UGA is recognized as tryptophan within specific ORFs in the apicoplast of 
Neospora, Toxoplasma and Plasmodium (Lang-Unnasch and Aiello 1999; Wilson 
2002). Suppression of termination at the UGA codon has been suggested to be a 
result of the sequence of the SSU rRNA gene that corresponds to helix 34 of its  
E. coli counterpart (Lang-Unnasch and Aiello 1999).

Most of the essential components for protein translation are encoded by 
the apicoplast itself; these include elongation factor Tu (EF-Tu), 18 ribosomal 
proteins, large and small subunit ribosomal RNAs (16S and 23S rRNA), and a 
minimal set of 26 tRNA isoacceptors encoded by 35 genes (Wilson et al. 1996; 
Wilson and Williamson 1997) (Fig.  7.1). While the tRNA genes are sufficient 
to support translation in the apicoplast, the remaining apicoplast ribosomal pro-
teins, aminoacyl tRNA synthetases (aaRS), and crucial translation factors are 
imported by the organelle (Biswas et al. 2011; Jackson et al. 2011; Johnson  
et al. 2011). Apart from components required for translation, the apicoplast 
genome also encodes RNA polymerase subunits, a ClpC-like protease and the 
SufB protein of the [Fe–S] complexation pathway (Wilson et al. 1996; Wilson 
and Williamson 1997).

The presence of mitochondria-targeted EF-Tu and cytb mRNA in the mitoplast 
fraction of T. gondii has indicated the presence of an active translation machinery 
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in the organelle (Pino et al. 2010). None of the tRNAs and essential transla-
tion factors are encoded by the apicomplexan mt genome and would have to be 
imported from the cytosol (Rusconi and Cech 1996; Esseiva et al. 2004). The first 
evidence of mitochondrial tRNA import was found in T. gondii, where a percent-
age of nuclear-encoded tRNAs- tRNAAla, tRNAIle, tRNASer, tRNATrp, tRNAGln, 
and tRNAMet−e—were localized in the mitochondrial fraction in addition to the 
cytosol (Esseiva et al. 2004). Although mitochondria lack any resident aaRS gene 
and there is no evidence for transport of these proteins from the cytosol (Bhatt  
et al. 2009), 80 % of tRNATrp and tRNAIle recovered from the mitochondrial frac-
tion were found to be aminoacylated (Pino et al. 2010), indicating that the T. gondii 
 mitochondria import charged tRNAs from the cytosol. Similar mitochondrial 
import of a charged tRNA has been reported for yeast tRNALys (Kamenski et al. 
2007). The lack of accumulation of uncharged tRNAs in T. gondii mitochondria is 
suggestive of either degradation after use or retrograde transport to the cytosol for 
recycling by cytosolic aaRSs (Pino et al. 2010).

Aminoacyl-tRNA synthetases (aaRS) that charge tRNAs with their cog-
nate amino acid by esterification have been completely lost from the genomes 
of both organellar compartments. There is a reduced set of 37 genes for aaRSs 
in Plasmodium, but these are sufficient to translate genomes of the nuclear, api-
coplast, and mitochondrial compartments. AaRSs are not targeted to the mito-
chondrion but those needed for charging tRNA in the apicoplast would have to 

Apicoplast genome (35 
kb) encodes:

35 tRNAs (full set)
SSU and LSU rRNA
(except 5S)
10 SSU and 7 LSU
ribosomal proteins
EF-Tu

Mitochondrial genome 
(6 kb repeat) encodes:

fragmented rRNA

Apicoplast-targeted 
components:

LSU and SSU ribosomal
proteins
Initiation factors, EF-G and
EF-Ts, release factors
Ribosome recycling factor
20 aaRSs (Ala, Gly and
ThrRS are dually targeted to
the apicoplast and
cytosol)

Mitochondrion-targeted 
components:

All ribosomal  proteins
All tRNA (amino-acylated) 
Initiation factors (?), EF- Tu
and EF-G, release factors
Ribosome recycling factor

Nucleus

RBC

Fig. 7.1   Translation components of Plasmodium organelles
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be imported from the cytosol. Targeting of IleRS encoded by two nuclear genes 
to the cytosol and apicoplast, respectively has been demonstrated (Istvan et al. 
2011). There is also evidence of sharing of some aaRSs between the cytosolic and 
apicoplast compartment by dual targeting in Plasmodium spp. AlaRS, GlyRS, 
and ThrRS encoded by single copy genes in the nucleus are dually targeted to 
the apicoplast and cytosol, possibly by using alternate start sites for initiation 
(Jackson et al. 2011).

7.3 � Apicoplast and Mitochondrial Ribosomes

Bioinformatic predictions suggest that the composition and size of apicomplexan 
organellar ribosomes is different from bacterial, or plastid and mitochondrial 
ribosomes. For instance, a total of only 16 SSU and 21 LSU ribosomal proteins 
(Brehelin et al. 2010) would constitute the Plasmodium falciparum apicoplast 
ribosome when both apicoplast-encoded as well as targeted proteins are taken 
into account; this is in contrast to E. coli, which has 22 SSU and 34 LSU pro-
teins (Arnold and Reilly 1999). All apicomplexan mitoribosome proteins must be 
imported from the cytoplasm but a complete identification of these has not been 
made thus far. A 5S rRNA gene is not identifiable on apicoplast DNA, raising the 
possibility of its import from the cytosol (Sato 2011). Moreover, rRNAs encoded 
by the mitochondrial genome are highly fragmented and range in size from 23 to 
190 nt, but potentially form secondary structures similar to those proposed for 
continuous rRNAs (Feagin et al. 1997; Feagin et al. 2012). A total of 27 rRNA 
sequences that would comprise fragmented SSU and LSU rRNA (12 SSU rRNAs 
and 15 LSU rRNAs) have been identified in Plasmodium mitochondria (Feagin  
et al. 1997; Hikosaka et al. 2011). Only six fragmented LSU rRNA sequences 
have been identified in Babesia and Theileria mt genomes and the pattern of frag-
mentation differs from that predicted in Plasmodium (Hikosaka et al. 2010).

Comparisons with corresponding E. coli and apicoplast sequences showed 
50–60  % conservation in core sequences of P. falciparum mitochondrial rRNA 
regions (Feagin et al. 1992). However, some core sequences and other regions 
including the sarcin/ricin loop of the LSU rRNA and portions of the 5′ end and 
the 790 loop of the SSU rRNA are missing in mitochondrial rRNA (Feagin et al. 
1997; Feagin et al. 2012). It might be possible that these missing regions are either 
nonfunctional or have not yet been identified due to very small size or lack of 
sequence conservation (Feagin et al. 1992). Interestingly, nonencoded short A-tails 
have been shown to be present at the 3′ end of most, but not all the small mito-
chondrial rRNAs of P. falciparum and Theileria parva (Nene et al. 1998; Gillespie 
et al. 1999). All mt rRNA are predicted to base pair with at least one other rRNA, 
possibly aiding in the correct location and orientation of these molecules on the 
ribosome (Feagin et al. 2012). Superimposition on the 3D ribosome structural 
model has shown that the fragmented rRNAs cluster on the interfaces of the two 
ribosomal subunits (Feagin et al. 2012).
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7.4 � Translation Initiation and the Involvement  
of fMet-tRNAfMet in Parasite Organelles

Translation initiation comprises the early steps involved in formation of the  
initiation complex which precedes the formation of the very first peptide bond 
in a polypeptide chain. In E. coli, initiation requires the ribosomes, mRNA, 
fMet-tRNAfMet, GTP and three protein initiation factors—IF1, IF2, and IF3 
(Gualerzi and Pon 1990) and takes place via sequential formation of intermediary  
complexes—the 30S pre-initiation complex (30S PIC), the 30S Initiation com-
plex (30S IC) and finally, the 70S initiation complex (70S IC), which marks the 
completion of the initiation phase of translation. Briefly, IF3 which is respon-
sible for keeping the ribosome in a split state, binds to the small 30S ribosomal 
subunit together with the mRNA and completes the formation of the 30S PIC. 
Subsequently, IF1 binds to the 30S subunit at the A-site and facilitates the bind-
ing of IF2. The fMet-tRNAfMet.IF2.GTP ternary complex recognizes and binds to 
the start codon to form the complete 30S-IC (Hartz et al. 1989; Gualerzi and Pon 
1990). Finally, IF2-mediated association of the 50S subunit results in the 70S-IC 
(Lockwood et al. 1971; Antoun et al. 2003, 2004) with the simultaneous release 
of IF-1 and IF-3. Upon subunit association, the GTPase activity of IF2 is also acti-
vated causing hydrolysis of GTP to release GDP and Pi and enabling escape of 
IF-2 from the complex.

The initiation machinery differs in cytosolic and organellar protein synthe-
sis in Plasmodium/Toxoplasma; being of prokaryotic descent, the latter bears 
resemblance to bacterial systems. Translation is initiated on the AUG codon in 
apicoplast-encoded mRNAs. On the other hand, AUG is used only for the cytb 
gene in Plasmodium mitochondrial translation while AUA and AUU are the 
initiation codons for coxI and coxIII genes (Kairo et al. 1994; Feagin 1992; 
Rehkopf et al. 2000). The assembly of the mRNA and 30S ribosomal subunit 
is not promoted through complementary base pairing of the purine-rich Shine-
Dalgarno (SD) sequence (Shine and Dalgarno 1975) with the 16S rRNA, as the 
SD sequence is not conserved in organellar mRNAs of apicomplexan parasites. 
Apicoplast genes are transcribed as mono- or polycistrons and have short inter-
genic spaces that are generally A/T rich. It is likely that these interact with the 
16S rRNA similar to a class of chloroplast mRNAs of the green alga Euglena 
gracilis that have an A/T-rich 5′ UTR instead of the SD sequence (Betts and 
Spremulli 1994). The pyrimidine-rich sequence in the bacterial 16S rRNA that 
pairs with the SD sequence is also replaced by an A/T rich sequence in the 
Plasmodium apicoplast-encoded 16S rRNA. As in mammalian mitochondria, the 
three mitochondrial mRNAs in Plasmodium possess short 5′ UTRs and may thus 
employ some other mechanism for precise pairing with the fragmented organel-
lar rRNA (Jackson et al. 2011).

None of the three initiation factors are encoded by the organellar genomes 
of apicomplexa (Fig.  7.1). Nuclear-encoded IF1 candidates with putative 
N-terminal bipartite apicoplast targeting sequence (Foth et al. 2003) are found 
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across apicomplexans except Eimeria (Table  7.1). Similar to mitochondria in 
other organisms, an IF-1 targeted to mitochondria of apicomplexans also cannot 
be identified (Koc and Spremulli 2002; Towpik 2005). It has been proposed that 
an insertion in the mitochondrial IF2 (mtIF2) sequence of Bos taurus compen-
sates for the functional absence of IF1 (Gaur et al. 2008). It is possible that the 
mtIF2 in Plasmodium may contain an insert similar to one found in Bos taurus  
mtIF2; alternatively, translation in these mitochondria may not require IF1. 
The latter hypothesis is supported by phylogenetic analyses of IF2 which dem-
onstrates poor conservation of the insertion amongst invertebrates (Atkinson  
et al. 2012). There is evidence in support of red algal descent of the apicoplast 
(Lim and McFadden 2010) and an IF2 is encoded by the plastid genomes of 
red alga Porphyra Purpurea (Reith and MunhoIland 1995), Guillardia theta 
(Douglas and Penny 1999), and Cyanidioschyzon merolae (Ohta et al. 2003). 
However, all apicomplexan apicoplast genomes have lost an IF2. Three puta-
tive IF2 encoding sequences are found on the nuclear genome in Plasmodium  
falciparum (Jackson et al. 2011) although targeting of their protein products 
to the apicoplast/mitochondria remains to be confirmed. Putative apicoplast-
targeted orthologs of IF3 are predicted but a mitochondria-targeted IF3 is not 
identified across apicomplexan genomes (Table 7.1). This is unlike most mito-
chondrial translation systems, which are known to involve an IF3 (Koc and 
Spremulli 2002; Atkinson et al. 2012).

The use of formyl-methionine (fMet) as the initiator amino acid and fMet-
tRNAfMet as the initiator tRNA for the recognition of the start codon is presumed 
for translation of all apicoplast genes as the plastid DNA encodes its own ini-
tiator tRNAfMet. In addition, methionyl formyltransferase (MFT) and peptide 
deformylase (PDF), needed for formylation and de-formylation of initiator Met-
tRNA, have N-terminal apicoplast targeting sequences. The apicoplast localiza-
tion of MFT and PDF has been confirmed in T. gondii, pointing to clear use of 
formylated initiator methionine in plastid translation (Pino et al. 2010). No such 
prediction can be made regarding apicomplexan mitochondria because they lack 
resident tRNAs as well as imported enzymatic machinery for aminoacylation and 
subsequent formylation or deformylation. It has been suggested that these mito-
chondria may sidestep the use of a prokaryotic initiator fMet-tRNAfMet or just 
use the eukaryotic elongator Met-tRNAMet imported from the cytosol (Pino et al. 
2010). The absence of genes encoding MFT and PDF in the genomes of Babesia 
and Theileria strengthens the view that organellar translation can proceed in the 
absence of tRNAMet formylation; the use of fMet-tRNAfMet in both apicoplasts 
and mitochondria might be completely bypassed in Babesia and Theileria. The 
possibility of transport of the fMet-tRNAfMet from the apicoplast to the mitochon-
drion for initiation from the only mitochondrial gene (cytb) containing an AUG 
start codon has been proposed (Howe and Purton 2007). This scenario is unlikely 
considering the four apicoplast and two mitochondrial membranes that the charged 
tRNA would have to traverse and yet maintain its charged status. Overall, it seems 
that apicomplexan mitochondria support translation without the requirement of 
formylated initiator methionine.
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7.5 � Elongation Factors and the Absence of Mitochondrial 
EF-Ts in Plasmodium spp.

The translation elongation phase involves addition of amino acids to the C-termini 
of growing nascent polypeptide chains (Mitra et al. 2005). The elongation cycle in 
prokaryotes requires the involvement of three factors; elongation factor Tu (EF-Tu), 
elongation factor Ts (EF-Ts), and elongation factor G (EF-G). Elongation initi-
ates with the entry of the initiator tRNA (fMet-tRNA) to the P-site that leads to a 
conformational change which opens the A-site for binding a new aminoacyl-tRNA 
(aa-tRNA). This binding is assisted by EF-Tu bound with GTP in a ternary com-
plex (aa-tRNA.EF-Tu.GTP). The codon-anticodon interaction at the P-site activates 
GTP hydrolysis by EF-Tu on the ribosome (Pape et al. 1998; Rodnina et al. 1995; 
Vorstenbosch et al. 1996) and the conformation of EF-Tu changes from the GTP- to 
the GDP-bound form (Abel et al. 1996; Polekhina et al. 1996). The GDP form has 
lower affinity for tRNA (Dell et al. 1990) and aa-tRNA is released from EF-Tu.GDP 
and accommodated at the A-site while EF-Tu.GDP is released from the ribosome. 
The release of the EF-Tu.GDP complex is facilitated by  the guanine nucleotide 
exchange factor, EF-Ts, through the formation of an intermediate EF-Tu.GDP.EF-
Ts complex; GDP is released from the complex followed by replacement of EF-
Ts by GTP and regeneration of the active GTP form of EF-Tu (Dahl et al. 2006b). 
EF-G binds the ribosome after EF-Tu release and activates translocation, the move-
ment of deacylated-tRNA from the ribosome P-site to the E-site and concurrent 
transfer of the peptidyl-tRNA from the A-site to the P-site. The A-site is thus made 
vacant for entry of another aa-tRNA.EF-Tu.GTP ternary complex (Yu et al. 2009).

The tufA gene encoding EF-Tu is found in the apicoplast of all apicomplexan 
parasites (Chaubey et al. 2005) while mitochondrial EF-Tu is nuclear-encoded 
(Pino et al. 2010). Nuclear-encoded nucleotide exchange factor EF-Ts has been 
shown to be targeted to the apicoplast in P. falciparum and its ability to medi-
ate GDP-GTP exchange on apicoplast EF-Tu has been demonstrated (Biswas  
et al. 2011). The picture in the mitochondrion seems to differ as an obvious 
mitochondrial EF-Ts is lacking in the parasite genome. The related apicomplex-
ans Toxoplasma and Eimeria each possess two bacterial EF-Ts genes that may 
function in both the apicoplast and mitochondrion. However, only a single EF-
Ts is apparent in Theileria and Plasmodium species. It seems that the extremely 
reduced mitochondrial translation in Plasmodium may proceed without an EF-Ts 
and that slow recycling of EF-Tu.GDP to EF-Tu.GTP may suffice for elongation 
in the organelle. The mitochondria of budding yeast Saccharomyces cerevisiae 
also lack EF-Ts (Chiron et al. 2005) and it has been proposed that mitochondrial 
EF-Tu might compensate for the absence of EF-Ts by acquiring the ability of 
self exchange through decreased affinity for GDP or increased affinity for GTP 
(Chiron et al. 2005). It remains to be established whether such a mechanism exists 
in the mitochondria of apicomplexan parasites.

The presence of two nuclear-encoded EF-Gs targeted separately to the apico-
plast and mitochondria has been shown in P. falciparum (Johnson et al. 2011). 
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Experiments from our laboratory have established that these organellar EF-Gs 
exhibit GTPase activity and participate in ribosome recycling in the presence of 
the corresponding organellar recycling factor (Gupta et al. 2013).

7.6 � Translation Termination and Putative Release  
Factors in Organelles of Apicomplexan Parasites

Termination of translation is brought about by three stop codons which, unlike 
amino-acid specifying sense codons, are not recognized by tRNA but by pro-
teins referred to as class I release factors (RF). Bacterial class I RFs mimic ami-
noacylated elongator-tRNAs in the ribosomal A-site and promote peptide chain 
release from the last elongator tRNA positioned at the P-site by hydrolysis of the 
ester bond (Capecchi 1967; Scolnick et al. 1968; Caskey et al. 1968). A GGQ 
motif which mediates hydrolysis is conserved throughout all ribosome-dependent 
RFs (Frolova 1999). Prokaryotic termination is supported by two class I release 
factors, RF1 and RF2, that recognize the stop codons UAA/UAG and UAA/UGA 
through their codon recognition motifs PxT and SPF, respectively (Scolnick et al. 
1968); in eukaryotes recognition of all termination codons is by a single release 
factor, eRF1 (Dontsova 2000; Ito 2002).

Despite the fact that RF1 and RF2 are sufficient for effective translation ter-
mination, there has been evolution of an expanded RF protein family in eukary-
otic organelles. It comprises of mtRF1a, mtRF2a, pRF1, and pRF2 that are 
mitochondrial and plastid versions of RF1 and RF2. Apart from these mtRF1, 
mtRF2b, mtRF2c, ICT1 (immature colon carcinoma transcript-1), and C12orf65 
are noncanonical RFs that form a part of this extended RF family in organel-
lar termination in mitochondria of some eukrayotes (Raczynska et al. 2006; 
Chrzanowska-Lightowlers et al. 2011). P. falciparum shows evidence of the exist-
ence of a putative noncanonical RF, mtRF1 that lacks the characteristic PxT motif 
and instead carries a PExGxS motif (Duarte et al. 2012). This mtRF1 may have 
evolved from an alpha-proteobacterial ancestor as inferred from phylogenetic 
analyses (Duarte et al. 2012). Apicomplexans P. falciparum, T. gondii and B. bovis 
are predicted to have a C12orf65 ortholog, which has been lost in green algae and 
land plants during evolution. P. falciparum and T. parva also contain a probable 
ICT1 which carries a GGQ motif but lacks a distinctive codon recognition motif. 
P. falciparum, B. bovis and T. parva nuclear genomes are predicted to encode 
putative pRF1 and pRF2 homologs for the apicoplast while T. gondii seems to lack 
a pRF2 (Duarte et al. 2012). During the course of evolution, both pRF2 and the 
TGA stop-codon seem to have been lost in T. gondii (Denny et al. 1998) as none 
of its 26 plastid ORFs are predicted to end with a TGA codon (Duarte et al. 2012). 
UAA is the predominant stop codon in the P. falciparum apicoplast with the 
remaining ORFs terminating with TGA. The targeting of both RF1 and RF2 to the 
P. falciparum apicoplast remains to be confirmed as does the possible redundancy 
in termination codon recognition by apicoplast-targeted RFs. The class II release 
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factor RF3 is a GTPase which essentially mediates the recycling of class I RFs and 
helps in their removal from the ribosomal A site after GTP-dependent hydrolysis 
of the peptidyl-tRNA bond (Freistroffer et al. 1997). However, like many bacteria 
(Margus et al. 2007), RF3 seems to be missing for both apicoplast and mitochon-
dria in apicomplexa (Jackson et al. 2011).

7.7 � Recycling of Organellar Ribosomes

After the termination of protein synthesis and release of the nascent polypeptide 
chain, the post-termination complex is dissembled by ribosome recycling fac-
tor (RRF) (Hirashima and Kaji 1972) with concerted action of EF-G to start the 
next round of translation (Hirashima and Kaji 1973). Eukaryotes usually carry a 
homolog of RRF only in their organelles but not in the cytoplasm. The recycling 
of the 80S ribosome in eukaryotic cytoplasmic translation was a mystery for a 
long time till it was shown that eukaryotic translocase eEF2 (eukaryotic elonga-
tion factor 2) exhibits a novel activity that splits 80S ribosome into subunits in the 
presence of ATP (Demeshkina et al. 2007). A few other reports showed that the 
ribosome recycling step is catalyzed by a ribosome-dependent ATPase, eukaryotic 
elongation factor 3 (eEF3) in the cytoplasm of yeast (Kurata et al. 2010) and rabbit 
reticulocyte system (Pisarev et al. 2007).

RRF is universally conserved in eubacteria and its inactivation is deleterious 
for bacterial growth (Janosi et al. 1994). Mycoplasma genitalium which has one 
of the smallest genomes reported till date retains RRF rather than RF2 and RF3, 
further supporting the key role of this protein in the prokaryotic translation (Janosi 
et al. 1996). RRF is also reported to play a key role in both plastid (Rolland et 
al. 1999) as well as mitochondrial translation (Rorbach et al. 2008). Deletion of 
mitochondrial RRF is lethal with gross mitochondrial dysfunction and dysmor-
phology (Rorbach et al. 2008), while plastid RRF is essential for embryogenesis 
and chloroplast biogenesis as shown in Arabidopsis thaliana (Rolland et al. 1999). 
Targeting of a nuclear-encoded RRF homolog each to the apicoplast and mito-
chondrion of P. falciparum has been shown by N-terminal coding sequence-GFP 
fusions and their ability to split 70S ribosomes has been confirmed in our labora-
tory (Gupta et al. 2013).

7.8 � Translation Components as Targets for Drug 
Intervention Against Apicomplexan Parasites

Since apicomplexan parasites are causative agents of several infectious diseases 
affecting humans and livestock there is need for the development of new effective 
drugs. This gains immense significance due to increasing drug resistance observed 
against drugs currently being used against parasites such as Plasmodium. Having 
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surveyed the participants and the mechanisms governing the translation process 
and also having identified potential candidates from the apicomplexan proteome 
that are expected to function as organellar translation factors, we now briefly 
examine the current status of research addressing the possibility of using organel-
lar translation components as targets for drug intervention against malaria.

The apicoplast was demonstrated to be essential for parasite survival in blood 
stages of P. falciparum by using antibiotics that inhibited apicoplast genome rep-
lication (Fichera and Roos 1997). Since a functional apicoplast is essential for a 
viable parasite cell, inhibition of housekeeping functions of the plastid leads to 
parasite death, although this often follows a ‘delayed-death’ phenotype wherein 
the blood-stage parasite dies in the cycle subsequent to the one in which it has 
been exposed to the drug. The apicoplast harbours biosynthetic pathways such 
as type II fatty acid synthesis (Waller et al. 2000; Surolia and Surolia 2001), 
the synthesis of heme (Sato et al. 2004; Dhanasekaran et al. 2004) as well as 
[Fe–S] complexation (Kumar et al. 2011). However, the production of isopente-
nyl pyrophosphate (IPP) via the nonmevalonate isoprenoid biosynthesis path-
way seems to be the only essential function of the apicoplast (Yeh and DeRisi 
2011). There is evidence that components of the apicoplast and/or mitochondrial 
translation apparatus are targets of antibiotics that exhibit anti-malarial effects. 
Translation inhibitory antibiotics that are detrimental to Plasmodium and/or 
Toxoplasma survival are listed in Table 7.2.

The ribosome is an important target for drug intervention as a variety of transla-
tion inhibitory antibiotics bind to ribosomes and block protein synthesis thereby 
inhibiting cell growth. One of the critical steps in developing new translation 
inhibitors is the characterization of ribosomal components and their interac-
tion with these molecules. However, there is limited understanding of organellar 
ribosome composition in apicomplexan parasites. Mutational studies with api-
complexan rRNAs confirm the mode of inhibition of several antibiotics such as 
clindamycin (Camps et al. 2002) and thiostrepton (Clough et al. 1997; Rogers 
et al. 1997) that inhibit parasite growth by interacting with apicoplast encoded 
rRNA. Another macrolide, azithromycin, inhibits not only human blood and liver 
stage parasites but also parasite development in the mosquito (Shimizu et al. 
2010). In vitro studies with blood stage P. falciparum culture reveal that azithro-
mycin occupies the 50S polypeptide exit tunnel by interacting with apicoplast-
encoded RPL4, nuclear encoded RPL22 and large subunit rRNA (Sidhu et al. 
2007; Poehlsgaard and Douthwaite 2005). A point mutation in the LSU rRNA 
gene of the T. gondii apicoplast has been shown to confer resistance to clinda-
mycin in vitro (Camps et al. 2002). Tetracycline inhibits translation by prevent-
ing the binding of peptidyl t-RNA to the acceptor site on ribosomal small subunit 
(Brodersen et al. 2000) and apicoplast-specific effects such as disruption of pro-
tein import into the organelle by clindamycin and tetracycline has been observed 
(Goodman et al. 2007). The translation inhibitor doxycycline is in clinical use as 
a malaria prophylactic agent for travelers to malaria-endemic areas. Doxycycline-
mediated block in expression of the apicoplast genome resulting in the distribution 
of nonfunctional apicoplasts during erythrocytic schizogony has been implicated 
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in the anti-malarial action of the drug (Dahl et al. 2006a). Live microscopy on  
P. berghei has shown that microbial translation inhibitors also block the develop-
ment of the apicoplast during liver stage schizogony and lead to impaired parasite 
maturation (Stanway et al. 2009).

The identification of additional targets in the organellar protein translation 
apparatus may offer new sites for drug intervention and contribute to enhancing 
the drug repertoire against resistant strains. Recent studies on tRNA synthetases 
in Plasmodium have identified mupirocin as a potent inhibitor of apicoplast Ile-RS 
(Istvan et al. 2011; Jackson et al. 2011). The drug exhibits a classic delayed-death 
effect typical of apicoplast-specific action. This is in contrast to the Thr-RS inhibi-
tor borrelidin, which kills parasites rapidly and whose target Thr-RS has now been 
demonstrated to be dually targeted to the cytoplasm and apicoplast of P. falciparum  
(Ishiyama et al. 2011; Jackson et al. 2011). EF-Tu is an important drug target as 

Table 7.2   Translation inhibitory antibiotics affecting growth of Plasmodium falciparum and/or 
Toxoplasma gondii

Drug target Drug IC50 Reference

Apicoplast 23S rRNA Clindamycin Pf 20nM Fichera et al. (1995), Fichera and 
Roos (1997), Pfefferkorn and 
Borotz (1994)

Azithromycin Pf 2 μM,
Tg 2 μM

Fichera et al. (1995), Pfefferkorn 
and Borotz (1994), Sidhu et al. 
(2007)

Thiostrepton Pf 2 μM Clough et al. (1997), McConkey et 
al. 1997); Rogers et al. (1997), 
Sullivan et al. 92000), Chaubey 
et al. (2005); Goodman et al. 
(2007)

Micrococcin Pf 35nM Rogers et al. (1997), Beckers et al. 
(1995), Budimulja et al. (1997), 
Fichera and Roos (1997)

Chloramphenicol Pf 10 μM,
Tg 5 μM

Goodman et al. (2007), Beckers 
et al. (1995), Budimulja et al. 
(1997), Fichera and Roos (1997)

Apicoplast 16S rRNA Doxycycline Pf 11.3 μM Budimulja et al. (1997), Pradines et 
al. (2000)

Tetracycline Pf 10 μM,
Tg 20 μM

Budimulja et al. (1997), Dahl et al. 
(2006a), Pradines et al. (2000)

Apicoplast elongation 
factor-Tu

Amythiamycin Pf 10nM Clough et al. (1999)
Kirromycin Pf 50 μM
GE2270A Pf 0.3 μM

Apicoplast elongation 
factor-G

Fusidic Acid Pf 60 μM Black et al. (1985)

Apicoplast Ile-RS Mupirocin Pf 50nM Istvan et al. (2011), Jackson et al. 
(2011)

Dual-targeted Thr-RS Borrelidin Pf 1.4nM Istvan et al. (2011), Jackson et al. 
(2011)

Cytosolic Lys-RS Cladosporin Pf 45.4 nM Hoepfner et al. (2012)
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many antibiotics interact directly with the factor. A member of the thiazolyl peptide 
family, GE2270A, and kirromycin show antimalarial activity by inhibiting apico-
plast translation in P. falciparum (Clough et al. 1999). GE2270A inhibits bacterial 
protein synthesis (Kettenring et al. 1991; Selva et al. 1991) by competing with aa-
tRNA for binding on EF-Tu and therefore blocks the GDP to GTP conformational 
change (Heffron and Jurnak 2000). Other antibiotics such as pulvomycin and kir-
romycin also act directly on EF-Tu and inhibit protein synthesis (Wolf et al. 1978; 
Wolf et al. 1974) by disturbing the allosteric changes required for the switch from 
EF-Tu.GTP to EF-Tu.GDP. Interaction of kirromycin and its effect on GDP release 
by P. falciparum apicoplast EF-Tu has been demonstrated (Biswas et al. 2011). 
Organellar EF-Gs are also candidate targets for drug intervention against apicompl-
exan parasites. The steroid antibiotic fusidic acid shows an anti-parasiticidal activ-
ity on P. falciparum blood stages (Johnson et al. 2011) as well as on veterinary 
parasites Babesia and Theileria (Salama et al. 2012). The drug acts by locking EF-
G.GDP onto the ribosome after translocation thus inhibiting the next round of elon-
gation (Willie et al. 1975; Ticu et al. 2009). Two nuclear-encoded EF-Gs targeted 
to the apicoplast and mitochondria have been identified in P. falciparum (Johnson 
et al. 2011). Experiments with recombinant apicoplast and mitochondrial EF-Gs in 
our laboratory suggest that FA has a more pronounced effect of apicoplast EF-G 
compared to the mitochondrial factor (unpublished data).

Recent interest in translation mechanisms of the apicoplast and mitochondrion 
of apicomplexan parasites might help identify potential targets for drug interven-
tion and help in management of diseases like malaria. It is important that studies 
be taken up to confirm the localization and function of these factors in parasite 
organelles. In this context, the evaluation of the precise target-specific activities 
of lead compounds is a challenge, and the possibility of off-targets at other loca-
tions in the parasite needs to be addressed. A recently developed procedure that 
will aid in confirming the apicoplast as the site of action of specific anti-malarials 
is the chemical rescue of apicoplast-minus P. falciparum parasites in asexual blood 
stages by IPP, the product of the essential nonmevalonate isoprenoid biosynthe-
sis pathway in the apicoplast (Yeh and DeRisi 2011). The evaluation of the effect 
of potential translation inhibitors on liver stages of the parasite cycle would also 
require intensive exploration of the translation process in these exo-erythrocytic 
stages.
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Abstract  This review focuses on the mitochondrial translation system of higher 
plants and algae. A few mitochondrial mRNAs have to be expressed in the mito-
chondrion, and a functional translational machinery is required. With the excep-
tion of some ribosomal proteins, ribosomal RNAs and part of the transfer RNA 
population, all the other components are nucleus-encoded and depend on numer-
ous macromolecular trafficking processes. The presence of a second endosymbiotic 
organelle within the plant cell, i.e., the chloroplast increases the complexity of the 
mitochondrial translation machinery by having several important repercussions on 
the origin as well as on the targeting of the mitochondrial translation components. 
As an illustration of this complexity, our present knowledge on the mitochondrial 
aminoacyl-tRNA synthetase (aaRS) population and the mitochondrial transfer 
RNA (tRNA) population in both higher plants and in green algae, are summarized. 
Concerning the translation process by itself little is known. The existence of cis- 
and trans-acting factors and the emergence of novel family proteins such as the 
PentatricoPeptide Repeat (PPR) proteins either as direct components of the ribo-
some or implicated in the regulation of mitochondrial translation is also tackled.

8.1 � Introduction

In 1997, the first sequence of a mitochondrial genome of a higher plant has been 
published, that of Arabidopsis thaliana. This genome still encodes a set of about 30 
proteins and similar numbers were found in mitochondrial genomes of higher plants 
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sequenced afterwards. The set of mitochondrial-encoded proteins slightly differs 
between different species but in all cases, these proteins correspond to components 
of the respiratory chain complexes, components involved in cytochrome c biogenesis 
or ribosomal proteins. Therefore, these proteins are essential elements for proper bio-
genesis and function of mitochondria and their synthesis necessitates an active trans-
lational machinery [i.e., ribosomes, translation factors, aminoacyl-tRNA synthetases 
(aaRSs), and transfer RNAs (tRNAs)]. Quite paradoxically, most components of this 
machinery are now expressed from nuclear genes, thus implying important macromo-
lecular trafficking and regulatory cross-talk between the different compartments of the 
plant cell. Due to the endosymbiotic origin of mitochondria, the translation apparatus 
is expected to be very similar to bacterial translation. Indeed many ribosomal proteins, 
translation factors or aaRSs are of prokaryotic origins. However, striking differences 
also exist. As a matter of fact, a number of eukaryotic proteins have been recruited 
during evolution as for instance the PentatricoPeptide Repeat (PPR) proteins found 
to be associated to mitoribosomes or involved in translation regulation. Moreover, the 
presence of a second endosymbiotic organelle, the chloroplast, leads to an intricate 
share of several components between the two organellar translation machineries. Of 
particular interest is the mitochondrial tRNA population, which is complex and con-
stituted by tRNAs of three different genetic origins (mitochondrial, plastidial, and 
nuclear). All these features present in higher plants and algae will be described. Our 
knowledge on the translation process and its regulation as well as the identification of 
cis- or trans-factors has been mainly prevented by technical limitations. Thereby only 
few data on this process are available and a brief overview is presented.

8.2 � Components of the Mitochondrial Translation 
Machinery

8.2.1 � Mitochondrial Ribosomes

Ribosomes are the central elements of the mitochondrial machinery. They com-
prise two subunits, the large subunit (LSU) and the small subunit (SSU) consti-
tuted of ribosomal RNAs (rRNA) and ribosomal proteins (MRP for Mitochondrial 
Ribosomal proteins). Mitoribosomes have a bacterial origin and contain many 
components that are conserved and found at structurally and functionally impor-
tant sites. However, they evolved differently from their bacterial ancestor and 
between the different eukaryotic lineages (Kehrein et al. 2012). Plant mitoribo-
somes appear to be more bacteria-like than the other eukaryotic mitoribosomes, 
and harbor specific features.

Mitoribosomes from higher plants sediment at 77–78S and thus are larger com-
pared to the bacterial ribosomes (Leaver and Harmey 1976) (Fig. 8.1). They are 
composed of three rRNAs molecules, the 26S and the 5S for the LSU and the 18S 
for the SSU. The protein composition of higher plant mitoribosomes has not been 
fully elucidated. Nevertheless, electrophoretic analysis of potato and broad bean 
mitoribosomes allowed determining that about 68–80 proteins constituted them 
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Fig.  8.1   Composition of bacterial and mitochondrial ribosomes from diverse eukaryotic line-
ages. The composition of mitochondrial ribosomes from Homo sapiens and Saccharomyces cer-
evisiae is according to (kehrein et al. 2012) and the one from Leishmania tarentolae is according 
to (Agrawal and Sharma 2012). (#) For the discussion concerning the presence or absence of the 
5S rRNA in the mitochondrial ribosomes of mammals see Chap. 4
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(Pinel et al. 1986; Maffey et al. 1997). What is important to point out here is that 
plant mitoribosomes contain more proteins than bacterial ribosomes. This is a 
feature shared with mammalian, yeast and protozoan mitoribosomes. In all these 
organisms, little is known about the role of the additional proteins acquired during 
eukaryotic evolution (Agrawal and Sharma 2012). Since a significant reduction 
in the size of rRNAs is observed in mitoribosomes from these organisms, it was 
thought that these extra proteins could compensate this reduction. However, the 
cryo-electron microscopy structures from mammalian mitoribosomes (Bos taurus) 
and from Leishmania tarentolae mitoribosomes have shown that missing rRNA 
fragments are only partially compensated by these extra proteins and that many of 
these proteins occupied new spatial positions in the ribosomal structure (Sharma et 
al. 2003, 2009). This probably reflects the introduction of novel functions in mitor-
ibosomes as an adaptation of the translation process in mitochondria.

Our knowledge on mitoribosomes from green algae is still scarce. Analysis on 
Chlamydomonas reinhardtii and Chlamydomonas eugametos mitoribosomes indi-
cates a sedimentation at approximately 60–66S (Denovan-Wright and Lee 1995), 
which is less than mitoribosomes from higher plants and even from bacteria ribo-
somes (70S) (Fig. 8.1). They are composed of rRNAs molecules for LSU and SSU 
that display particular features (see below) but nothing is known about their pro-
tein composition.

8.2.1.1 � Ribosomal RNAs

Mitochondrial genomes from higher plants contain the 3 rrn genes encoding the LSU 
rRNAs 26S and 5S and the SSU rRNA 18S. The genes copy numbers vary between 
plant species, but in all cases the 26S rRNA is transcribed alone whereas the 18S and 
the 5S rRNAs are co-transcribed from a different locus (Bonen and Gray 1980).

Mitochondrial genomes from green algae all contain LSU 23S-like rrn and 
SSU 16-like rrn genes. In contrast, Prototheca wickerhamii and Nephroselmis oli-
vacea mitochondrial genomes still code for a 5S rrn gene whereas the mitochon-
drial genomes from Pedinomonas minor and the chlorophyceae group lost their 5S 
rrn gene (Turmel et al. 1999). In addition, in the chlorophycean green-algal group, 
the two rrn genes are discontinuous and scrambled within the genome. For exam-
ple, in C. reinhardtii the LSU and SSU rRNAs split into eight and four modules 
respectively those are interspersed with one another, with protein-coding genes 
and tRNA genes (Fig. 8.2). These modules are thought to hold together by specific 
intermolecular pairing to form conventional rRNA molecules (Bonen and Gray 
1980; Nedelcu 1997; Fan et al. 2003).

8.2.1.2 � Mitochondrial Ribosomal Proteins

The MRP proteins can be divided into two groups: the proteins that derived from 
the ancestral α-proteobacterial endosymbiont and the proteins that have been 
recruited during the course of evolution.
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MRPs with bacterial origin

The particularity of plants with the exception of the chlorophyceae group 
is that a set of MRPs is still encoded by the mitochondrial genome (Table  8.1). 
The number of these mrp genes varies from one plant to the other. The mitochon-
drial genome of the bryophyte Marchantia polymorpha encodes 16 mrp genes, 
which is the highest number observed in plants till now (Takemura et al. 1992). In 
Angiosperms, the number of mitochondrial-encoded MRPs genes goes to a maxi-
mum of 14, namely the rpl2, rpl5, and rpl16 of the LSU and the rps1, rps2, rps3, 
rps4, rps7, rps9, rps10, rps11, rps12, rps13, and rps19 of the SSU (Adams and 
Palmer 2003). It is worth mentioning that the study of ribosomal protein gene con-
tent in plant mitochondrial genomes has provided insights into the tempo of gene 
transfer events. Angiosperms are particularly interesting because gene transfer to 
the nucleus is still ongoing (Adams et al. 2002b). Indeed, the identification of mrp 
pseudogenes in various plant mitochondrial genomes have been correlated with 
recently relocated functional nuclear copies (Adams et al. 2002a). Interestingly, 
there is a case listed in wheat in which the rpl5 gene is functionally present in both 
the mitochondrion and the nucleus (Sandoval et al. 2004). Furthermore, in some 
plant lineages as in Arabidopsis, the rpl2 gene is fractured into two segments, with 
one encoded in the nucleus and the other in the mitochondrion thus showing the 
complex evolutionary histories of these MRPs (Adams et al. 2001).

All the other identified bacterial type MRPs genes that are not mitochondrion-
encoded, are found in the nucleus. Only a few of these proteins have been charac-
terized, namely the RPS10, RPS11, RPS12, RPS14, RPS19, RPL11, and RPL12 
(Grohmann et al. 1992; Wischmann and Schuster 1995; Kadowaki et al. 1996; 

E. coli

SSU rRNArRNALSU

trnMcob nd4 nd5 trnW trnQ

S1S2 S3 S4L1 L2 L3 L5 L7L4 L8L6
C. reinhardtii

cox1 nd2 nd6 nd1 rtl

L6 L5 L7 L3 L8 L4 L1L2

S1 S2 S3 S4

(a)

(b)

Fig.  8.2   Fragmented and scrambled mitochondrial rRNAs of C. reinhardtii. In (a) are repre-
sented the LSU and SSU rRNAs from Escherichia coli and the corresponding mitochondrial 
LSU (L1–L8) and SSU (S1–S4) RNAs fragments of C. reinhardtii. (b) Genetic organization of 
the rRNA gene modules in the C. reinhardtii mitochondrial genome. The LSU and SSU rRNA 
modules (light gray and black boxes respectively) of C. reinhardtii are rearranged and inter-
spersed with one another, with protein-coding genes and tRNA genes. Dark gray boxes repre-
sent protein-coding genes: (cob) apocytochrome b of complex III; (nd1, 2, 4, 5, and 6) subunits 
of complex I; (cox1) subunit 1 of complex IV; (rtl) reverse transcriptase-like protein. The 3 trn 
genes are indicated with the one letter code (W, Q and M)
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Figueroa et al. 1999; Kubo et al. 2000; Handa et al. 2001; Delage et al. 2007). 
The in silico analysis of these MRPs showed that the proteins are significantly 
larger than their bacterial ancestral sequences. About 75  % of the MRPs have 

Table 8.1   SSU and SSL plant MRPs candidates homologous to the bacterial ribosomal proteins

A. thaliana O. sativa C. reinhardtii M. polymorpha 

SSU S1 mt mt 
S2 + mt + mt 
S3 mt mt mt 
S4 mt mt mt 
S5 + + + 
S6 + + +
S7 mt mt + mt 

S8   
a

cytosol-type + mt 

S9 + + + 

S10
b

+ +                   (MS/MS) mt 

S11 
c

+            + (

(

 mt) + mt 

S12 
d

mt mt                + (MS/MS) mt 

S13 
a

chloroplast-type mt + mt 

S14 
e

           + ( mt)            +  + mt 

S15 + + + 
 S16 + + + 

S17 + + + 
 S18 + + + 

S19 
f

           + ( mt) mt + mt 

 S20     
 S21 + +   
LSU L1 + + + 

L2 mt (5’) mt + mt 
L3 + + + 
L4 + + + 
L5 mt mt mt 
L6 + + + mt 
L7                + (MS/MS) + 

 L9 + + 
L10 + + 

L11 
g

+ + + 

L12 
h

               + (MS/MS) + + 

L13                + (MS/MS) + + 
L14 + + + 
L15 + + + 

 L16 mt mt + mt 
 L17 + + + 

L18 + +
 L19 + + + 
 L20 + + + 
 L21 + + + 

L22 + + + 
L23 + +                + (MS/MS)
L24 + +                + (MS/MS)

 L25                     (MS/MS) (MS/MS)
 L27 + +                + (MS/MS)
 L28 + + 

L29 + + + 
 L30 + + + 

L31
 L32 + + 
 L33 + + + 
 L34 
 L35 
 L36 + + + 

ψ

 mt)ψψ

ψ
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amino-terminal extensions and some are much longer than typical amino terminal 
targeting signals (Bonen and Calixte 2006). This raises the possibility that such 
domains (that are also found in internal and carboxy-terminal sequences) perform 
extra functions. Indeed in A. thaliana, a RNA recognition motif (RRM) was found 
in the amino-terminal region of the RPS19 (Sanchez et al. 1996). Studies on the 
four RPL12 paralogues found in potato mitochondria suggest that the plant mitor-
ibosomes are attached to the mitochondrial inner membrane, a situation already 
found in the case of yeast mitochondria (Delage et al. 2007).

Recruited MRPs

Most of the 54 proteins found on the present-day bacterial ribosomes have 
counterparts in plant mitoribosomes (Table  8.1). Indeed, bioinformatics analy-
sis allowed the identification of 46 bacterial-like mrp genes in A. thaliana (39 
nucleus-encoded and 7 mitochondria-encoded), 48 in Oryza sativa (37 nucleus-
encoded and 11 mitochondria-encoded) and 39 in C. reinhardtii (all nucleus-
encoded) (Bonen and Calixte 2006; Smits et al. 2007). Most of the bacterial 
ribosomal proteins have a homologous counterpart in plants and for this reason 
mitoribosomes from plants appear more bacterial-like than mammalian ones 
(O’Brien et al. 2005). For the few remaining missing bacterial-like MRPs, we can-
not exclude that they have not been identified because of sequence divergence or 
because they have been replaced by a new gene. For instance, for two MRPs it has 
been shown that the genuine mrp gene was lost and a new mrp gene was recruited 
to replace it. In A. thaliana, a nucleus gene replaces the rps8 mitochondrial-type 
gene and a duplicated copy of a nucleus-encoded chloroplastic gene replaces the 
rps13 mitochondrial-type gene (Adams et al. 2002a). In addition, as in mammals 
and yeast, mitoribosomes in higher plants have expanded their protein content by 
acquiring numerous extra “supernumerary” MRPs. Nothing is known about these 
supernumerary proteins and a complete identification remains to be established 
in plants. In a comparative genomic analysis of MRPs in 18 eukaryotic species, 
orthologous genes for the supernumerary MRPs reported in yeast and mammals 

The first column indicates the names of the ribosomal proteins according to bacterial nomencla-
ture. Ribosomal protein names on grey bottom are those who are universally present in eubacte-
ria, archea and eukaryotic cytosol ribosomes (Lecompte et al. 2002)
The letters a, b, c, d, e, f, g and h indicate the MRPs that have been studied in plants (a- Adams et 
al. 2002a, b-Grohmann et al. 1992, c-Kubo et al. 2000, d-Figueroa et al. 1999, e-Kadowaki et al. 
1996, f-Handa et al. 2001, g-Wischmann et al. 1995, h-Delage et al. 2007)
(mt) indicates genes that are encoded in the mitochondrial genome
(ψ mt) indicates pseudogenes found in the mitochondrial genome
In Arabidopsis, the rpl2 gene is split into two segments, with one encoded in the nucleus and the 
other in the mitochondrion. Thus (5’) indicates the half rpl2 gene present in Arabidopsis mito-
chondrial genome.  (Adams et al. 2001) 
(+) indicates the presence of nuclear candidate genes identified by bioinformatics analysis for 
plant MRPs derived from the ancestral bacteria (Bonen and Calixte 2006; Smits et al. 2007).
(MS/MS) indicates the proteins that have been found in the mitochondrial proteomic analysis of 
A. thaliana (Heazlewood and Millar 2005) and C. reinhardtii (Atteia et al. 2009).


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were identified in A. thaliana and C. reinhardtii (Smits et al. 2007). In Arabidopsis 
from the 16 genes identified almost all the proteins are predicted to be addressed 
to mitochondria and at least 3 have been found in proteomic analysis of mitochon-
dria (Ito et al. 2009; Klodmann et al. 2011). In Chlamydomonas from the eight 
genes identified, two have been found in frame of proteomic analysis (Atteia et al. 
2009).

8.2.1.3 � Proteins Associated with Mitoribosomes

In Arabidopsis, two proteins have been characterized to be associated to mitoribo-
somes, namely, PNM1 and PPR336 proteins. The two proteins belong to the PPR 
protein family. This family is a eukaryote-specific protein family that is particu-
larly large in higher plants. PPR proteins are composed of 35 amino acid motifs 
repeated in tandem and have been described as being able to bind RNA. Still, 
the precise nature of the association of these two proteins with mitoribosomes 
and their role in mitochondrial translation is unknown (Uyttewaal et al. 2008; 
Hammani et al. 2011).

8.2.2 � Elongation and Initiation Factors

All the mitochondrial translation factors in plants are encoded in the nucleus. So 
far, only few studies on these factors have been done. Elongation Factor Tu (EF-
Tu) has been characterized in maize and Arabidopsis (Kuhlman and Palmer 1995; 
Choi et al. 2000) and Elongation Factor Ts (EF-Ts) has been studied on tomato 
(Benichou et al. 2003). Mitochondrial proteomic studies in Arabidopsis have also 
identified an elongation factor EF-G (Heazlewood and Millar 2005). In addition, 
bioinformatic analysis on the nuclear genome of Arabidopsis, allowed the iden-
tification of putative mitochondrial translational initiation factors genes (Bonen 
2004). In eubacteria, three initiation factors are necessary for protein translation, 
namely IF-1, IF-2, and IF-3. But in the Arabidopsis nuclear genome no homo-
logue for a mitochondrial-type IF-1 gene was found and import experiments indi-
cated that the nucleus-encoded chloroplastic IF-1 protein is not dual targeted to the 
mitochondrion (Millen et al. 2001).

8.2.3 � AARSs

In higher plants, all mitochondrial aaRSs are nucleus-encoded (Figs. 8.3 and 8.4). 
This is also the case for the aaRSs present in the chloroplast, the second endo-
symbiotic compartment. Therefore, both mitochondrial and plastidial aaRSs 
are translated in the cytosol and are imported into the organelles. In a plant cell, 
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protein synthesis occurs in three subcellular compartments, the cytosol and the 
two organelles. Thus, to catalyze the formation of the 20 sets of aminoacylated 
transfer RNAs (tRNAs) in the three compartments, a minimum total number of 60 
nucleus-encoded aaRS genes is a priori required. This is unexpectedly not the case 
and only 45 aaRS expressed genes have been identified in the A. thaliana nuclear 
genome. This number is even less in green algae, since only 39 and 33 aaRS 

Glu, His,Ile,Lys,Met
Pro, Ser, Trp, Phe

Gly,Val

Ala Leu

Asn , Cys, Asp,Tyr Gln

(a) (b)

(c) (d)

(e) (f)

Fig. 8.3   Arabidopsis aaRS genes and localization of their products within the 3 cell compart-
ments where a translation machinery is present. In (f), the 3 small white boxes represent the 3 
genes encoding the subunits GatA, GatB, and GatC of the tRNA-dependent amidotransferase. 
The aaRSs belonging to each type (from a to f) are indicated by their amino acid specificity. 
Genes are depicted by rectangular boxes and proteins by circle or oval forms. Proteins addressed 
to organelles have an extension corresponding to the N-terminal targeting signals. In the case 
of ThrRS, a third gene coding for a cytosol specific enzyme exists (paralogous to the cyto-mito 
ThrRS). For ArgRS, the situation is unclear. Two genes potentially encode ArgRSs. One gene 
with a plastidial targeting sequence is essential for cell viability while the other one (without tar-
geting sequence) is not (Duchêne et al. 2009)
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genes have been identified in Ostreococcus tauri and in C. reinhardtii, respec-
tively (Cognat et al. 2013). This raised several intriguing questions and our present 
knowledge on the set, origin, and co-evolution with tRNAs is discussed below.

8.2.3.1 � Distribution of aaRSs in the Cell

The reduction of the aaRS gene number (45 instead of 60 in Arabidopsis) implies 
the sharing of enzymes. Indeed, for each amino acid, one two or three genes are 
found and a summary of the different possibilities is presented on Fig. 8.3.

Two aaRS genes for one amino acid is the most frequent situation. This is 
the case for 13 amino acids. For 8 of these 13 amino acids, one gene code for a 
cytosol-specific enzyme while the other encodes an aaRS localized to both mito-
chondria and chloroplasts, thanks to the presence of N-terminal dual targeting 
sequences. Two main approaches were used to determine the dual role of these tar-
geting sequences. The predicted targeting sequences were fused to a GFP reporter 
gene, and the localization of the fusion protein was determined in vivo in tobacco 
protoplasts and in vitro by import into isolated chloroplasts and mitochondria. For 

N
M

P

PheRS TrpRS LeuRS AlaRSGlyRS AsnRS HisRS

(a)

(b)

(c)

(d)

Fig. 8.4   Arabidopsis aaRSs have different origins and are localized in different compartments. 
The seven examples provided here (d) are representative of the complexity. In (a), the ances-
tral cell has received three sets of aaRS genes from the nucleus (blue rectangle (N)), the mito-
chondria (red rectangle (M)) and the chloroplast (green rectangle (P)). During evolution (b), the 
organellar genomes have lost their aaRS genes. In (c), some of them have been transferred to the 
nucleus. A few genes have been duplicated or triplicated. Horizontal transfer of archaeal genes 
may also occur (white rectangle). Proteins are represented by barrels with the same code color. 
For more details, see (Duchêne et al. 2009)
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two other amino acids, each of the two genes encodes a dual-localized aaRS, one 
in the cytosol and mitochondria and the second in mitochondria and chloroplasts. 
For alanine, dual targeting to mitochondria and chloroplasts was also observed 
for one gene product while the second gene encodes an enzyme localized in the 
three compartments. For leucine, one aaRS is present in the cytosol and mitochon-
dria while the second enzyme is targeted to the chloroplasts. Finally, for the 13th 
amino acid, arginine, the localization of the two gene products is still unclear.

A second situation found for six amino acids corresponds to the presence of 
three aaRS genes. In all cases, one gene product is targeted to both mitochondria 
and chloroplasts. In four cases, the two other genes encode cytosolic paralogues 
resulting from duplication events and in one case (threonine), one of the two par-
alogues is also addressed to the mitochondria. For phenylalanine, the two other 
genes encode the two subunits of the α2β2 heterotetrameric enzyme.

The last situation corresponds to GlnRS where only one gene has been identi-
fied. This gene encodes an enzyme without any potential targeting sequence and 
only localized in the cytosol. Thus, in the cytosol, the Gln-tRNAGln is synthesized 
by direct attachment of Gln to its cognate tRNA by the cytosolic GlnRS, this is 
the direct aminoacylation pathway. An indirect two-step transamidation pathway is 
used in plant organelles, as in archae and in the majority of bacteria. This second 
pathway doe not require a GlnRS. The mitochondrial tRNAGln is first mischarged 
with glutamate by a nondiscriminating dual-targeted GluRS, then, is converted 
into Gln-tRNAGln by a tRNA-dependent amidotransferase. This last enzyme is 
constituted by three subunits, called GatA, GatB and GatC, shared between mito-
chondria and chloroplasts (Pujol et al. 2008; Frechin et al. 2009) (Fig. 8.3).

As a whole, an extensive sharing of aaRSs between compartments is observed 
in A. thaliana. Similar observations exist in other higher plants such as rice or 
maize (Morgante et al. 2009; Rokov-Plavec et al. 2008). Rice paralogous pro-
teins were found for most dual-targeted Arabidopsis aaRSs. Dual localization of 
rice GluRS and TyrRS was experimentally proven but to validate the dual-locali-
zation of the other aaRSs, experimental data are required (Morgante et al. 2009). 
In algae, although no extensive experimental studies have been performed, in sil-
ico analyses strongly suggest that most aaRSs are at least dual localized (http://p
lantrna.ibmp.cnrs.fr/), (Cognat et al. 2013). For example, in Ostreococcus tauri, 
from the 39 aaRS genes identified, only 2 genes were found for 16 amino acids. 
In C. reinhardtii, from the 33 aaRS genes identified, 2 genes exist for 13 amino 
acids, and only 1 gene is found for 7 amino acids. We cannot exclude that some 
aaRS genes have escaped detection, but this strongly suggests an extensive shar-
ing of such enzymes in algae. Thus contrary to the situation found in human or 
yeast mitochondria where only few cases of dual-targeted aaRSs were reported, 
this is the rule in the plant kingdom. The dual-targeting of proteins is not restricted 
to aaRSs and one of the most important question to solve now is to understand 
how the cell can discriminate between a mitochondrial or plastidial-specific pro-
teins and a dual-targeted one. Several nonexclusive possibilities exist such as the 
presence of alternative translation or transcription sites, existence of “ambiguous” 
targeting sequences, environmental conditions or differential mRNA sorting at the 

http://plantrna.ibmp.cnrs.fr/
http://plantrna.ibmp.cnrs.fr/
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surface of the organelles (Duchêne et al. 2001; Pujol et al. 2007; Michaud et al. 
2010; Ye et al. 2012).

In opposition with the reduction of aaRS gene number and the sharing of 
enzymes between at least two compartments, it is worth to note that two aaRSs 
with the same amino acid specificity can be found in the same compartment. For 
example, in A. thaliana, there are two cytosolic enzymes for five amino acids, two 
mitochondrial aaRSs for four amino acids, and two plastidial AlaRS. Whatever 
the organism, this situation is rather rare and we can wonder about the biological 
significance of such apparent redundancy. The Arabidopsis organellar duplicated 
aaRSs have distinct genetic origins and for two of them (GlyRS and ValRS), dis-
tinct functions have been demonstrated. The reason why aaRSs with similar speci-
ficity are present in the cytosol remains to be elucidated.

8.2.3.2 � Origin of Mitochondrial aaRSs and Co-evolution Between 
Mitochondrial tRNAs and aaRSs

Decrypting the origin and evolution of mitochondrial aaRSs is of particular 
interest in the plant kingdom. First, as reported, tRNAs present in higher plant 
mitochondria have three different genetic origins. In addition to tRNAs com-
ing from the ancestral α-proteobacterium at the origin of mitochondria, chlo-
roplast-like tRNAs (deriving from the ancestral cyanobacterium at the origin of 
higher plant chloroplasts) are also found as well as eukaryotic nucleus-encoded 
tRNAs. Second, due to the two endosymbiotic events leading to mitochondria 
and chloroplasts, a plant cell has received three sets of aaRS genes. However, 
during evolution, all organellar genes encoding an aaRS have been either lost 
or transferred into the nucleus (Fig. 8.4). Third, to get an efficient and a faithful 
mitochondrial translation machinery, the disparate set of mitochondrial tRNAs 
has to been correctly recognized by their cognate aaRSs. Although exceptions 
exist, it is generally admitted that in most cases, a eukaryotic tRNA is a poor 
substrate for a prokaryotic aaRS and a prokaryotic tRNA is a poor substrate for 
a eukaryotic enzyme. Thus, the heterogeneous mix of tRNAs and the reduced 
number of shared aaRSs found in a present-day plant cell raises interesting 
questions on the origin of the aaRSs working in each compartment. Multiple 
alignments and distance trees analyses allowed the determination of the puta-
tive origin of Arabidopsis nucleus-encoded aaRSs (Duchêne et al. 2005). The 
most classical pattern is two nuclear aaRS genes of different origins for each 
amino acid but a few examples of duplication or triplication were also observed 
(Duchêne et al. 2009; Brandao and Silva-Filho 2011). For 17 amino acids, the 
genes coding for the cytosolic or for the cytosolic-mitochondrial aaRSs are very 
likely of eukaryotic origin. For three cytosolic aaRSs, the ancestral eukary-
otic gene has been lost and replaced by genes related to archaea or to bacte-
ria. For example, the present-day cytosolic AsnRS is of plastid origin (Peeters 
et al. 2000). In most cases, the plant mitochondrial-chloroplastic aaRSs or the 
plastidial enzymes have a bacterial origin. However, contrary to yeast or animal 
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mitochondrial aaRSs that are expressed from ancestral mitochondrial aaRS 
genes transferred to the nuclear genomes, the plant organellar enzymes (with 
two exceptions, the SerRS and PheRS) do not originate from mitochondrial 
genes. For one-third of the organellar aaRSs, the plastidial (i.e., cyanobacte-
rial) or mitochondrial (i.e., α-proteobacterial) origin cannot be determined. For 
the two other third, the organellar aaRSs are closely related to cyanobacterial 
enzymes (Duchêne et al. 2005). In the case of organellar aaRSs, accidents do 
also exist. Two mitochondrial-chloroplastic aaRSs are not of organellar/bacte-
rial origins: the HisRS is related to archaea enzymes (Akashi et al. 1998a) and 
the ProRS is related to eukaryotic cytosolic enzymes (Duchêne et al. 2005). 
Such in-depth phylogenetic analysis has never been performed in other plant 
species and is certainly worth to achieve in other photosynthetic organisms 
such as algae or mosses.

As already described for Arabidopsis and with the exception of a few 
aaRSs, there is a rather good correlation between the origin of tRNAs and the 
origin of their cognate aminoacyl-tRNA synthetases in the chloroplast and in 
the cytosol. Plastidial tRNAs are of prokaryotic origin and charged by bacte-
rial enzymes while nucleus-encoded cytosolic tRNAs are charged by eukaryotic 
aaRSs. In contrast, the situation appears more complex in plant mitochondria 
and the tRNA/aaRS co-evolution is less obvious. Most tRNAs encoded by 
mitochondrial genes (native and chloroplast-like) are recognized by bacterial-
like aaRSs but several nucleus-encoded tRNAs imported into mitochondria are 
aminoacylated by bacterial-type aaRSs (e.g., GlyRS, ValRS, TrpRS, PheRS, 
and IleRS). To this point, it is important to note that two GlyRS and two ValRS 
of different origins are imported into the organelle but only the prokaryotic 
enzymes have retained an aminoacylation activity while the eukaryotic enzymes 
(also present in the cytosol) are likely inactive within the mitochondrial matrix 
(Duchêne et al. 2001, 2009). Why do plant mitochondria import two aaRSs with 
the same amino acid specificity but of different origins and with one enzyme 
apparently not involved directly in translation is an open question. As these 
enzymes are linked to imported tRNAs, it is tempted to speculate that these 
aaRSs are involved in the tRNA mitochondrial import process. The connection 
between eukaryotic tRNA mitochondrial import and eukaryotic aaRS mitochon-
drial import can be envisaged at different levels. The first link is at the level of 
the aminoacylation process. As half of the imported tRNAs are still recognized 
by prokaryotic-type aaRS, this suggests that the emergence of tRNA mitochon-
drial import preceded the acquisition of eukaryotic aaRSs. This also implies 
that imported tRNAs had first the possibility to be recognized by prokaryotic 
enzymes, as previously proposed by (Schneider 2001). Second, as already men-
tioned and described, eukaryotic aaRSs may play a crucial role as carrier in 
tRNA mitochondrial import.

What seems, however, obvious is that both the origin of the population of mito-
chondrial aaRSs and the origin of the population of mitochondrial tRNAs vary 
from one plant species to the other and very likely continue to evolve among each 
plant species to maintain highly functional organelles.
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8.2.4 � tRNAs

8.2.4.1 � Mitochondrial tRNAs

The availability of several complete mitochondrial genomes of plants and their 
in silico analysis allowed the identification of mitochondrial trn genes (Rainaldi 
et al. 2003; O’Brien et al. 2009; Cognat et al. 2013). These analyses showed that 
mitochondrial genomes of plants encode for a variable set of tRNAs derived from 
the α-proteobacterial-type ancestor (called “native” tRNAs). In angiosperms, mito-
chondrial genomes have also acquired during evolution trn genes with a plastid-
ial origin. For example, the native genes for the tRNAHis and tRNAAsn are lost in 
all angiosperms studied so far and have been replaced by expressed choroplast-
like genes (Fey et al. 1997). A few native or chloroplast-like tRNAs have been 
sequenced. At the level of both the primary sequence and the potential second-
ary structure, they resemble eubacterial tRNAs rather than mitochondrial tRNAs 
from fungi or animals. These tRNAs also appear to contain a low number of post-
transcriptionally modified nucleotides, as in prokaryotes (Maréchal et al. 1985a, 
b, c, 1986). In addition, these analyses revealed that mitochondrial trn genes fre-
quently represent an incomplete set of the tRNAs necessary for translation, i.e., to 
read all the sense codons of the universal genetic code used by plant mitochondria. 
Indeed, in angiosperms the number of trn genes is insufficient as trn genes for 5--7 
amino acids are missing and in chlorophyceae (with the exception of Scenedesmus 
obliquus) only 1 to 3 trn genes are encoded in the mitochondrial genome. The 
experimental studies in a number of these organisms showed that this lack was 
compensated by the import of the corresponding cytosolic tRNAs (Salinas et al. 
2008; Duchêne et al. 2011; Sieber et al. 2011a) (Table  8.2). These studies also 
showed that when the mitochondrial trn genes are not anymore expressed, the 
cytosolic tRNAs are imported, as for the “chloroplast-like” trnW gene in A. thali-
ana (Duchêne and Maréchal-Drouard 2001). Only very few exceptions to this 
rule are reported. For example, in M. polymorpha there is an apparent redundancy 
between the nucleus-encoded tRNAVal(AAC) which is imported into mitochondria 
and the mitochondrion-encoded tRNAVal(UAC) (Akashi et al. 1998b). This could 
be explained by a differential codon recognition profile for the two tRNAs but this 
remains to be demonstrated. Finally, the number of imported tRNAs is rather dif-
ficult to predict and only experimental analyses provide the most accurate data. 
For example, if we consider a minimal genetic code, 22 and 10 cytosolic tRNAs 
are predicted to be imported into C. reinhardtii and T. aestivum respectively, while 
31 and 16 cytosolic tRNAs were demonstrated to be imported (Glover et al. 2001; 
Vinogradova et al. 2009). This is primarily due to the presence of hyper modified 
nucleotides at the first position of the anticodon of eukaryotic nucleus-encoded 
tRNAs that restrict the codon/anticodon recognition and thus increase the required 
number of tRNAs to be imported in order to read all sense codons. In contrast, in 
algae (with the exception of chlorophyceae) as well as in bryophytes the number 
of trn genes seems sufficient or nearly sufficient for mitochondrial translation.
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8.2.4.2 � Cytosolic tRNA Import Process

Mitochondrial tRNA import is not restricted to plants but is a widespread process 
(Rubio and Hopper 2011; Schneider 2011; Sieber et al. 2011a). In plants, the num-
ber and the identity of imported tRNAs vary from one species to another and is not 
always consistent with the assigned phylogenetic position. A particular feature in 
plants is that the import process is highly specific. Indeed as already mentioned, 
the mitochondrial population of nucleus-encoded tRNAs is primarily complemen-
tary to those encoded in the mitochondrial genome, meaning that only necessary 
cytosolic tRNAs are imported into mitochondria (Salinas et al. 2008; Duchêne et 
al. 2011; Sieber et al. 2011a). This implies that cell needs to discriminate between 
imported tRNAs and cytosol specific tRNAs. The question of tRNA import selec-
tivity has been studied in higher plants. In these studies, tRNA mutagenesis fol-
lowed by  in vitro and  in vivo approaches were used to find out determinants on 
the imported tRNAs that are necessary for mitochondrial localization. Altogether, 
the data obtained so far suggest that tRNA import signals are present on mature 
tRNAs and that they are different depending on the tRNA studied, showing the 
complexity of the selectivity of the import process (Small et al. 1992; Delage et 
al. 2003b; Laforest et al. 2005; Salinas et al. 2005). In vivo studies also demon-
strated the requirement of aaRSs but their precise role has not been uncovered 
yet (Dietrich et al. 1996). Moreover, an additional layer of regulation exists in 
the tRNA import process. In higher plants, different studies support the exist-
ence of a differential distribution of nucleus encoded tRNAs between the cytosol 
and mitochondria (Glover et al. 2001; Salinas et al. 2005; Duchêne et al. 2011). 
In Chlamydomonas an in-depth study of the mitochondrial tRNA population 
showed that out of the 49 cytosolic tRNAs issoacceptors, 31 were present within 
mitochondria and that the extent of their mitochondrial steady-state levels ranged 
from 0.2 % to 98 % (Cognat et al. 2008, Vinogradova et al. 2009). Remarkably, 
the observed steady-state level of an imported tRNA is linked to the frequency of 
occurrence of the cognate codon in both, the mitochondrial genes and the nuclear 
genes. However, this fine-tuning observed in Chlamydomonas mitochondria 
between tRNA import and the codon usage appears to originate from a co-evolu-
tion process rather than from a dynamic adaptation of cytosolic tRNA import into 
mitochondria (Salinas et al. 2012).

Concerning the translocation machinery of tRNAs through the mitochondrial 
membranes little is known. The development of an in vitro tRNA import system 
(Delage et al. 2003a) together with biochemical approaches on potato mitochon-
dria allowed the identification of some components of this translocation machin-
ery. These investigations indicated that the Voltage Dependent Anion Channel 
(VDAC), known to play a role in metabolite transport, is the major component 
of the tRNA transport through the outer mitochondrial membrane. It showed as 
well, that two major components of the Translocase of the Outer mitochondrial 
Membrane (TOM) complex, namely TOM20 and TOM40, are likely to be impor-
tant for tRNA binding at the surface of mitochondria (Salinas et al. 2006). With 
this in vitro system, tRNAs can enter in mitochondria without any added protein 
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factors albeit at low level. Recently, a protein shuttle system was set-up in order 
to internalize any kind of RNA into isolated plant mitochondria. In this system, a 
protein with the capacity to interact with nucleic acids and that is fused to a mito-
chondrial targeting sequence improves the import of cytosolic tRNAs and ena-
ble the import of foreign and larger RNAs (Sieber et al. 2011b). This raises the 
question of the possible participation of protein carriers in the tRNA import pro-
cess mitochondria and therefore aaRS would be good candidates. Understanding 
whether in vivo plant mitochondria use carrier proteins or not during the tRNA 
import or whether the two possibilities can coexist require further studies.

8.3 � The Translation Process

8.3.1 � Higher Plants

Our understanding of the mechanisms of plant mitochondrial translation is still 
poorly understood. Contrary to yeast or metazoan mitochondria where the genetic 
code is slightly modified, no variation of the genetic code has been observed in 
plant mitochondria. The initiation codon is prevalently the classical AUG codon. 
However, in a few cases, alternate initiation codons (GGG, AAU, GUG, or 
ACG) are likely used (for reviews see (Giegé and Brennicke 2001; Gagliardi and 
Binder 2007)), a feature often encountered in prokaryotes. If these alternate ini-
tiation codons are translated as Met, the formylated initiator tRNAfMet must be 
able to read these codons under certain sequence environment. It is to note that 
fractionation of potato mitochondrial tRNAs by two-dimensional polyacryla-
mide gel electrophoresis allowed to identify two spots corresponding to tRNAfMet 
(Maréchal-Drouard et al. 1990). This may be the result of differential post-tran-
scriptional modifications involved in codon-anticodon interaction, thus allowing 
the reading of alternate start codons.

To terminate mitochondrial protein synthesis in higher plants, the UAA, UAG, 
and UGA stop codons of the universal genetic code are used. Quite interestingly, 
few cases of mitochondrial mRNAs lacking stop codons have been reported in the 
sunflower (nad6) and in Arabidopsis (nad6 and ccmC) (Raczynska et al. 2006; 
Placido et al. 2009). The question of how the plant mitochondrial translation sys-
tem deals with nonstop mRNAs remains to be elucidated.

The Shine-Dalgarno sequence generally located eight nucleotides upstream of 
the AUG codon in prokaryotic mRNAs and used as a ribosomal binding site has 
never been found so far in mitochondrial mRNAs from higher plants (Hazle and 
Bonen 2007). Twenty years ago, conserved sequence blocks have been identified in 
a limited number of mRNAs (Pring et al. 1992) but no experimental data supporting 
their role in translation initiation have been reported. Factors involved in initiation 
and regulation of plant mitochondrial translation remain elusive. In 2012, Manavski 
et al. reported a specific interaction between a novel PPR protein and the 5′ UTR of 
the ribosomal protein rps3 mRNA in maize mitochondria (Manavski et al. 2012). 
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Many more UTR-specific PPR or other proteins are presumably involved in plant 
mitochondrial protein synthesis and wait for further studies.

Higher plant mitochondrial mRNAs are subjected to Cytidine (C) to Uridine (U) 
editing, a post-transcriptional process that modifies nucleotides identities within an 
RNA molecule. Most of the edited nucleotides are found in the first and second codon 
positions causing amino acid changes in the corresponding sequences. Analyses 
showed that for a given gene there are site-specific variations in editing frequencies, 
which result in a heterogeneously edited steady-state mRNA population. The fre-
quency of partial editing differs in precursor mRNAs, mature mRNAs and mRNAs 
associated with ribosomes. Mature mRNAs are more frequently edited and mRNAs 
associated with ribosomes are nearly all completely edited. Some examples showed 
that this incomplete editing results in the synthesis of polymorphic proteins within 
the organelle (e.g., (Lu and Hanson 1996)). Interestingly, in the case of the riboso-
mal protein rps12, the unedited mRNA was translated but the unedited rps12 protein 
failed to be incorporated and to function in the ribosome (Phreaner et al. 1996).

8.3.2 � Green Algae

The universal genetic code is used in all green algae mitochondria studied so far 
with very few exceptions as for P. minor and S. obliquus where the genetic code 
deviates slightly with one and two nonstandard codons found in their respective 
mitochondrial genome (Turmel et al. 1999; Kuck et al. 2000). The mitochondrial 
codon usage is biased and for instance nine and five codons are not used at all 
in mitochondrial genomes of C. reinhardtii and P. minor respectively (Michaelis 
et al. 1990; Turmel et al. 1999). Moreover, in contrast to higher plants, editing is 
absent from all investigated algal mitochondria.

Since C. reinhardtii is a model the organism in algae all the data available are 
essentially from this alga. The mitochondrial genome of C. reinhardtii encodes 
for eight protein-coding genes and all of them have an AUG initiation codon and a 
STOP codon (UAA or UAG). The sizes of the corresponding mRNAs detected by 
RNA gel blots are close to the lengths of the coding regions, indicating that mRNAs 
have short 5′ and 3′ noncoding sequences. This has been confirmed in some cases 
by using S1 nuclease protection and primer extension to map transcript termini. The 
cob, nd5 and cox1 mRNAs appear to begin at the AUG initiation codon while the 
nd4, nd1, and rtl mRNAs have short 5′ UTRs (equal or equivalent to 13 nt). The 
3′UTRs are longer and their size is comprised between 35 and 250 nt (Boer and 
Gray 1986, 1988a, b). The mode of initiation of translation is not known but the 
compilation of the genomic sequences of the eight protein-coding genes allowed 
the definition of a putative ribosome-binding site ATTTTATTA or ATAATTTA, 
upstream of the AUG codon (Colleaux et al. 1990). However, an additional mecha-
nism must be required for the ribosome binding for the mRNAs beginning at the 
AUG codon. Nothing is known about the factors involved in Chlamydomonas 
mitochondria translation regulation. However, extensive genetic studies on 
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Chlamydomonas chloroplast revealed various factors involved in the chloroplast 
translation regulation and some of these factors belong to the Octatricopeptide 
Repeat (OPR) family (Eberhard et al. 2011). This protein family is also present in 
other unicellular organisms and in bacteria but is rare in higher plants. Only four 
proteins of this family composed of 43 identified proteins have been characterized 
(Rahire et al. 2012). Among the remaining 39 OPR proteins of unknown function 
some seem to be addressed to mitochondria and thus could also be involved in 
mitochondrial translation but this is a hypothesis that remains to be confirmed.

8.4 � Why Do We Know So Little? (Concluding Remarks)

Over the last decade, our knowledge on the plant mitochondrial translation process 
has slightly increased. The molecular processes underlying the import of aaRSs 
and tRNAs are better understood, and novel plant-specific and essential protein 
factors (e.g., members of the PPR family) either involved in translation regula-
tion or as part of the mitoribosomes have been identified. Nevertheless, there is 
still a huge gap to fill before to consider that protein synthesis in plant mitochon-
dria revealed all its secrets. As compared to other systems (e.g., translation pro-
cess in yeast mitochondria or plant chloroplasts), our detailed understanding is 
still rudimentary. Why is this? Several problems need to be overcome. First, recent 
advances in proteomics improved identification but protocols to obtain highly 
purified soluble ribosomes are required to be able to obtain the precise composi-
tion of plant mitoribosomes Second, detailed molecular processes, identification of 
cis- and trans- factors wait for two major technical advances: the ability to trans-
form higher plant mitochondrial genomes and the development of in vitro or in 
organello translation systems. C. reinhardtii mitochondrial genome can be trans-
formed (Remacle et al. 2006) but transformation can be limited by the selection 
process. Although the in vitro protein synthesis is possible with chloroplast extract 
(Yukawa et al. 2007), can it be used as a model to set up a similar mitochondrial 
system? These are the major problems to overcome in the near future.
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Abstract  The chloroplast genome in flowering plants contains about 80 protein-
coding genes. The chloroplast translational machinery, which is similar to that of 
Escherichia coli, reads the corresponding mRNAs. Translation initiation is critical 
to produce a correct protein. There are multiple possible initiation codons, either 
AUG or GUG, around an initiation region. Generally, cis-elements residing in a 
5′-untranslated region and trans-acting factors are responsible for selection of gen-
uine initiation codons. Unlike eubacterial mRNAs, a limited number of chloroplast 
mRNAs use Shine-Dalgarno-like sequences as their cis-elements, and many chlo-
roplast mRNAs require specific trans-acting factors. As the chloroplast genome 
is compact, some genes (cistrons) partially overlap; namely, the start codon of a 
downstream cistron is located in front of the stop codon of its upstream cistron. 
In such a case, the downstream cistron is translated in a special manner called 
“translational coupling” and by an additional mechanism to produce the necessary 
amount of its product.

9.1 � Introduction

Chloroplasts are organelles unique to plant cells that contain the entire machinery 
necessary for the process of oxygenic photosynthesis. The organelles also perform 
the biosynthesis of starch, lipids, amino acids, nucleotides, and other metabolites. 
Chloroplasts possess their own genomes and gene expression systems. Chloroplast 
genomes can be represented genetically as circular double-stranded DNA mole-
cules. The genome in flowering plants is around 150 kilobase pairs (kbp) and con-
tains a large inverted repeat (IR) of 20–27 kbp (Wakasugi et al. 2001; Bock 2007; 
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Wicke et al. 2011). Some legumes are exceptions and lack the IR. The number 
of annotated genes is 110–115 including hypothetical chloroplast reading frames 
(ycfs), namely, conserved open reading frames (ORFs) among related species. The 
genes in the IR are duplicated while all the others are single-copy (e.g., 17 genes 
in the IR in tobacco).

A typical chloroplast genome in flowering plants contains around 80 protein-
coding genes and 34 stable RNA-coding genes. The encoded proteins include ribo-
somal proteins, photosystem I and II subunits, NADH dehydrogenase subunits, the 
Rubisco large subunit, and several others. The first non-coding RNA gene (sprA) 
was discovered in tobacco and encodes a stable RNA of 218 nucleotides (nt) (Vera 
and Sugiura 1994). Recently, many noncoding RNAs have been reported (Lung 
et al. 2006; Hotto et al. 2011). There are also long ORFs relatively unique to spe-
cies (e.g., 13 ORFs of over 70 codons in tobacco). Hence, new chloroplast genes 
could be added in the future.

Chloroplast gene expression consists of multiple steps including transcrip-
tion, RNA editing, RNA splicing, RNA cleavage and trimming, and translation. 
Expression is regulated in part at the transcription step but primarily during post-
transcriptional processes, especially during translation. Chloroplast translation has 
been studied by several methods: in planta and in organello studies using radio-
actively labeled amino acids and antibodies, and in vitro assays (see Sect. 3.1). 
Chloroplast transformation techniques have been applied to Chlamydomonas 
reinhardtii and tobacco chloroplasts. Genetic approaches are useful for identifica-
tion of nuclear genes involved in mRNA processing and translation.

In this chapter, we discuss mainly basic translation processes in flowering plant 
chloroplasts. Translation in Chlamydomonas chloroplasts, translational control by 
environmental conditions, and additional aspects of chloroplast translation have 
been reviewed elsewhere (Rochaix 2001; Choquet and Wollman 2002; Manuell 
et  al. 2004; Peled-Zehavi and Danon 2007; Marín-Navarro et al. 2007; Wobbe 
et al. 2008; Lyska et al. 2013).

9.2 � Chloroplast Ribosomes

Chloroplasts evolved from endosymbiosis of a photosynthetic prokaryote. Hence, 
the chloroplast translation machinery is thought to be similar to that of prokaryotes.

Chloroplast ribosomes are 70S-type and contain four rRNAs (Sugiura 1992). 
The genes for 16S rRNA, 23S rRNA, 4.5S rRNA, and 5S rRNA are clustered and 
located in the IR in most flowering plants. Hence, all rRNA genes are duplicated. 
The cluster is transcribed as a unit and the pre-rRNAs are processed into mature 
rRNAs. The small (30S-type) ribosomal subunit has 16S rRNA and the large 
(50S-type) ribosomal subunit has 23S, 4.5S, and 5S rRNAs. The 4.5S rRNA is 
about 100 nucleotides (nt) long and is found in land plants. Its sequence is highly 
homologous to the 3′ sequence of Escherichia coli (E. coli) 23S rRNA. A spacer 
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of around 100 nt, which is removed during rRNA maturation, separates the 23S 
and 4.5S rRNAs.

A comprehensive analysis of spinach chloroplast ribosomal proteins showed 
that the large subunit consists of 33 proteins, of which 31 are orthologues of E. 
coli ribosomal proteins and two are plastid-specific proteins (Yamaguchi and 
Subramanian 2000), and that the small subunit comprises 25 proteins, of which 21 
are orthologues of all E. coli 30S proteins, and four are plastid-specific ribosomal 
proteins (Yamaguchi et al. 2000). All the plastid-specific ribosomal proteins are 
encoded in the nuclear genome (Yamaguchi and Subramanian 2003). It was later 
shown that one (PSRP-1) of these six proteins is not a genuine ribosomal protein, 
but a ribosome-binding factor (Sharma et al. 2010). In the chloroplast genome 
of tobacco (a eudicot), rice (a monocot), and many other flowering plants, 20 
sequences were annotated to genes for ribosomal proteins based on similarities to 
E. coli counterparts, eight for large subunit proteins and 12 for small subunit pro-
teins (Shinozaki et al. 1986; Ohto et al. 1988; Hiratsuka et al. 1989). Occasionally, 
one to three genes are missing from the chloroplast genome; for example, spinach 
lacks the gene for L23 (Schmitz-Linneweber et al. 2001) and pea lacks genes for 
L22, L23, and S16 (Magee et al. 2010). An extreme case is that the parasitic flow-
ering plant Epifagus virginiana lacks six genes for ribosomal proteins (Wolfe et al. 
1992). These missing genes were transferred to the nuclear genome during chloro-
plast evolution.

The three-dimensional structure of spinach and Chlamydomonas chloroplast 
ribosomes has been studied using cryo-electron microscopes (Sharma et al. 2007; 
Manuell et al. 2007). The overall structure of the chloroplast ribosome is similar 
to bacterial ribosomes, but it is larger in size and exhibits a number of chloroplast-
specific features. These features are probably involved in chloroplast-specific regu-
lation of translation.

9.3 � The Genetic Code and tRNAs

Chloroplast protein-coding genes use the universal genetic code and contain all 
64 codons. At least 32 tRNA species are required to recognize all these codons 
according to the standard wobble rule. However, the chloroplast genome in flower-
ing plants lacks several tRNA genes and there is no evidence for tRNA import into 
the chloroplasts of photosynthetic plants (Sugiura 1992). For example, sequenc-
ing the entire tobacco chloroplastic genome has identified 30 different tRNA 
genes (Shinozaki et al. 1986). Seven of them are located in the IR, and therefore 
the total number of tRNA genes is 37. Hybridization analysis using total tobacco 
chloroplast tRNA preparations revealed that all tRNA genes are expressed. All the 
tRNA species predicted from genes can form cloverleaf structures (Sugiura 1987) 
and none have an abnormal form, as has been reported for some mitochondrial 
tRNAs. Four genes encoding tRNAs that recognize codons CUU/C (Leu), CCU/C 
(Pro), GCU/C (Ala), and CGC/A/G (Arg) could not be found in the genome. 
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If  the “two-out-of-three” mechanism can operate in the chloroplast, as has been 
shown in an in vitro protein synthesizing system from E. coli (Samuelsson et al. 
1980), the single tRNAs tRNAPro (UGG), tRNAAla (UGC), and tRNAArg (ACG) 
can, respectively, read all four Pro, Ala, and Arg codons, respectively (GC pairs 
in the first and second codon-anticodon interaction). There is a gene for tRNALeu 
(UAG), and if this tRNA has an unmodified U in the first position of the antico-
don, it can read all four Leu codons (CUN) by U: N wobble (Barrell et al. 1980). 
The bean, spinach, and soybean tRNAsLeu (UAG) have unmodified Us in their 
anticodons (UAm7G) (Pillay et al. 1984). Therefore, these 28 tRNAs have been 
suggested to be sufficient to read all codons in tobacco chloroplast mRNAs using 
the above mechanisms (Shinozaki et al. 1986). The A of tRNAArg (ACG) is gener-
ally modified to inosine (I), and the modified tRNA (ICG) reads two other codons 
(CGC and CGA). The tRNA adenosine deaminase (A to I change) was found in 
Arabidopsis (Delannoy et al. 2009; Karcher and Bock 2009). Recent tRNA gene 
knockout experiments indicated that the 25 tRNA species could read all codons in 
tobacco chloroplasts (Alkatib et al. 2012).

The genetic code is degenerate; that is, the common 20 amino acids, except for 
methionine and tryptophan, are coded for by two to six codons called synonymous 
codons. Synonymous codons are not used with equal frequency, and are used dif-
ferently by different organisms. Codon usage is generally calculated by simple 
summation of collected gene sequences. However, this method cannot be applied 
to chloroplasts and plant mitochondria because C to U RNA editing causes codon 
conversion at the mRNA level (Giege and Brennicke 1999; Sugiura 2008). In 
tobacco, RNA editing has been detected at 38 sites and 37 of them change codons 
(Sasaki et al. 2003). As discussed later, mRNAs often contain multiple possible 
initiation codons, and generally the longest ORFs are annotated as genes. Genuine 
initiation codons should be determined experimentally. Including these data, 
codon usage of the 79 tobacco chloroplast mRNAs was calculated (Nakamura 
and Sugiura 2007) and is shown in Table  9.1. Unlike E. coli and mammals, the 
so-called rare codons are not present in chloroplast mRNAs. Codons with cog-
nate tRNAs not present are still used at frequencies similar to others (see boxes 
in Table  9.1). Observations in E. coli, yeast, and Bacillus subtilis showed that 
codon usage is positively correlated with tRNA content and tRNA gene copy num-
ber, especially for highly expressed genes (Ikemura 1985; Kanaya et al. 2001). 
Experiments analyzing the translation efficiency of synonymous codons in E. coli 
indicated that different codons are translated at different rates and that there is 
generally a correlation between translation rate and codon usage or tRNA content 
(e.g., Robinson et al. 1984; Sørensen and Pedersen 1991). Using an in vitro trans-
lation system from tobacco chloroplasts (see below), it was shown that translation 
efficiencies of synonymous codons are not always correlated with codon usage 
in chloroplasts (Nakamura and Sugiura 2007). For example, the tyrosine codons 
UAU and UAC are read by the same tRNA, and the translation efficiency of UAC 
is more than twice higher than that of UAU though the codon usage of UAU is 
four times higher than that of UAC. This observation suggests that individual 
codons possess intrinsic efficiencies (Nakamura and Sugiura 2007, 2009, 2011).
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9.4 � Translation Initiation

9.4.1 � Initiation Sites

Initiation is critical for translation to produce a correct protein. This step is a major 
point for on-and-off regulation of translation and of the amount of a product nec-
essary for chloroplasts. In an mRNA, there are three possible reading frames and 
multiple possible initiation codons in the three frames. Hence, the essential step for 
translation is the selection of the correct initiation codons. In chloroplasts of flow-
ering plants, AUG and GUG codons are used, and no UUG has been reported. The 
Chlorella chloroplast gene (infA) encoding initiation factor-1 has a UUG initiation 
codon (Wakasugi et al. 1997). The synthesized infA mRNA was translated from the 
UUG codon in a tobacco chloroplast in vitro system (Hirose et al. 1999), suggest-
ing that UUG, if present, can be an initiation codon in flowering plant chloroplasts. 
Among the 79 protein-coding genes in tobacco, 75 coding regions (cistrons) have 
AUG initiation codons, two have created AUG codons from ACG by RNA editing 
(psbL and ndhD), and only two cistrons have GUG codons (rps19 and psbC).

Much of our knowledge about translation was gained by studying the process 
in extracts from broken cells (in vitro systems or cell-free systems), and the most 
often-used extracts are prepared from E. coli (Lengyel 1974). Chloroplast S30 
fractions are supernatant fractions obtained by centrifugation at 30,000 × g from 
lysates of isolated chloroplasts. Simple chloroplast extracts show either no trans-
lation activity or incorporate 35S-methionine randomly. It is necessary to find a 
suitable plant species, growth conditions, and leaf size. Then, procedures for chlo-
roplast isolation, chloroplast disruption, preparation of S30 fractions, and other 
conditions must be optimized. The buffers used are extremely important, and their 
composition and concentration should be optimized individually. Reaction condi-
tions (volume, temperature, buffer compositions, and their concentrations) need 
to be optimized too. Our chloroplast in vitro translation systems so prepared are 
highly active and support translation from exogenously added mRNA templates 
linearly up to 2 h at 28 °C (Yukawa et al. 2007). This system can estimate relative 
rate of translation under linear progression conditions and template-limiting condi-
tions (excess translation machinery relative to template).

Figure  9.1 shows a nucleotide sequence from the 5′ end (−85) through the 
first 40 codons (+120) of the tobacco chloroplast psbA mRNA encoding the D1 
protein (or 32 kDa protein) in photosystem II. Frame 1 has three possible initia-
tion codons, GUG at −58, AUG at +1, and AUG at +109. In addition, frames 
2 and 3 include three AUG codons and two GUG codons. Translation is known 
to start from the genuine initiation codon AUG (+1) to produce the precursor D1 
protein. The C-terminal nine amino acids are removed to form the mature D1 pro-
tein of 32 kDa (Marder et al. 1984; Takahashi et al. 1988). In the 1980s, E. coli in 
vitro transcription/translation systems were used to identify psbA genes. The E. 
coli system (a heterologous system) started translation from AUG (+109, the 37th 
codon) in frame 1, and hence this AUG was assigned as the initiation site (Cohen 
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et al. 1984). Translation was probably observed because of a Shine-Dalgarno 
(SD)-like sequence (GGA) located 15 nt upstream of the AUG. This initiation is 
an artifact since E. coli possesses no trans-acting factor for psbA translation (see 
the next section). However, translation from AUG (+1) but not from AUG (+109) 
was observed using a reticulocyte lysate system and the Solanum psbA mRNA 
(Eyal et al. 1987). This observation may be explained by the eukaryotic ribosome 
entering at the 5′ end of the mRNA, scanning the 5′ UTR, and starting translation 
from the first AUG (+1). Well-prepared chloroplast in vitro systems start transla-
tion specifically from AUG (+1) (Hirose and Sugiura 1996; Yukawa et al. 2007). 
Mutation of the AUG (+1) to ACG abolishes translation completely in the in vitro 
translation system, indicating that the chloroplast translation machinery selects 
only one AUG codon (AUG at +1) among the five AUGs and three GUGs in the 
three frames, because the coding frame is not predetermined.

The tobacco ndhD mRNA has two possible initiation codons, one AUG at −27 
and one GUG at −18 (Fig.  9.2). Initially, the AUG at −27 was assigned as the 

(SD)frame 1

-86 +1 +91 +109-58

frame 3
-86 -43 +39 +93

frame 2
-86

+101

(SD)

-36 -26

GUG AUG

AUG GUG

AUGGUG AUG

AUG

Fig.  9.1   Multiple possible initiation codons in the 5′ portion of tobacco psbA mRNA (Sugita 
and Sugiura 1984). Positions are relative to the genuine initiation codon AUG (with the A as +1). 
Schematic of the sequence from its transcription start site (−86) through the first 120 nt. “(SD)” 
indicates the SD-like sequence in the proper position. “frame 1” shows the coding frame; “frame 
2” and “frame 3” are out of frame. In frame 1, E. coli extracts start translation from AUG at 
+109 (the 37 codon) but not from the genuine AUG at +1. In frame 2, E. coli extracts recognize 
AUG at −26 but translation ends at the 4th inframe stop codon, UAA

Fig. 9.2   Possible initiation codons in the coding frame of tobacco ndhD mRNA. There are two 
possible start codons, AUG at −27 and GUG at −18. An SD-like sequence (GAG) is present in 
the proper position from AUG at −27. The real start codon is the AUG created from ACG at +1 
by RNA editing (Neckermann et al. 1994; Hirose and Sugiura 1997)
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initiation codon because an SD-like sequence (GAG) is present 12 nt upstream 
from the AUG. Later, it was found that RNA editing converts the ACG at +1 to 
AUG (Neckermann et al. 1994). In vitro assays have proved that the edited AUG 
at +1 is the real initiation codon (Hirose and Sugiura 1997). The ndhK mRNA 
has four possible AUG codons in its coding frame in many eudicot plants. In vitro 
assays have also defined that the third AUG is its start codon (Yukawa and Sugiura 
2008). The psbC mRNAs in tobacco and many other plants have two possible ini-
tiation codons, AUG and GUG, in the same frame. In vitro analysis has shown that 
the mRNA is translated from the GUG codon (Kuroda et al. 2007).

9.4.2 � 5′ Untranslated Regions and 5′ Processing

5′ Untranslated regions (5′UTRs) are known to be important for translation initia-
tion and translational control. Chloroplast transformation analysis using tobacco has 
elegantly proved the involvement of 5′UTRs for translation of psbA, rbcL, and sev-
eral other mRNAs (Staub and Maliga 1993, 1994; Eibl et al. 1999; Zou et al. 2003).

The length of 5′UTRs differs from mRNA to mRNA. In tobacco, the psbD 
mRNA has a 905 nt 5′UTR (Yao et al. 1989) and the rpl32 mRNA has multiple 
5′UTRs, the longest one up to 1,101 nt (Vera et al. 1992). Some chloroplast genes 
contain multiple transcription initiation sites, and hence one mRNA group consists 
of several mRNAs with 5′UTRs of different sizes. In addition, RNA processing 
occurs often in 5′UTRs. Processing of the 5′UTR is required for efficient transla-
tion of the barley rbcL mRNA (Reinbothe et al. 1993).

It is not easy to study effects of 5′ processing on translation using in vivo meth-
ods since a mixture of unprocessed and processed mRNA species are present in 
chloroplasts. In vitro analysis can evaluate each mRNA species and has found that 
processed atpB and psbB mRNAs are more efficiently translated than unprocessed 
mRNAs, while processed and unprocessed atpH and rbcL mRNAs are translated 
at similar rates (Yukawa et al. 2007). Processing of the 905 nt 5′UTR of tobacco 
psbD primary transcripts to 132 nt greatly enhances psbD translation (Adachi 
et al. 2012). Hence, effects of 5′ processing on translation depend on the mRNA 
species.

The translation mechanism in chloroplasts has been thought to be similar 
to that of eubacteria (Sugiura et al. 1998). Most E. coli mRNAs possess the SD 
sequence, typically GGAGG, which is located 5–7 nt upstream from the initiation 
codon, complementary to the 3′ terminus of 16S rRNA, and is required for selec-
tion of initiation codons together with formylmethionyl-tRNA (Chen et al. 1994). 
However, over half of tobacco chloroplast mRNAs lack SD-like sequences at the 
proper position (Sugiura et al. 1998; Hirose and Sugiura 2004a). In vitro analy-
sis has shown that SD-like sequences located between −18 and −6 with respect 
to the start codon are functional for translation initiation in chloroplasts (Hirose 
et al. 1998; Hirose and Sugiura 2004a), whereas those located further upstream 
(e.g., those of psbA mRNA) and those located too close to the start codon (e.g., 
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those of petB mRNA) are no more functional (Hirose and Sugiura 1996, 2004a). 
On the other hand, the SD-like sequence of rps2 mRNA, located from −8 to −5 
is not functional but is a negative regulatory element for translation (Plader and 
Sugiura 2003). Hence, SD-like sequences seem not to always be functional even in 
the proper position. Translation of psbC mRNA starts from GUG and requires an 
extended SD-like sequence, GAGGAGGU, located between −16 and −9 (Kuroda 
et al. 2007).

As shown in Fig.  9.3, there are several types of cis-elements in 5′UTRs. In 
tobacco, rbcL mRNA has a typical SD-like sequence (GGAGG), and mutation 
of its SD abolishes translation (Hirose and Sugiura 2004a). Tobacco atpE mRNA 
also has an SD-like sequence (GGAG) between −18 and −15, and its mutation 
inhibits translation. Furthermore, translation of atpE mRNA is inhibited by the 
addition of excess oligonucleotide (5′-AAAGGAGGTGAT•••) complementary 
to the 3′ sequence of chloroplast 16S rRNA (3′-UUUCCUCCACUA•••) (Hirose 
and Sugiura 2004a). This competition experiment showed that chloroplast SD-like 
sequences interact with the 30S ribosomal subunit via the 3′ end of chloroplast 
16S rRNA. Hence, the SD sequence is a cis-element, as in many E. coli mRNAs 
(A). psbA mRNA has two separate sequences [RBS2(UGAU) and RBS2 (AAG)] 
that are complementary to the 3′-terminus of chloroplast 16S rRNA, and these 
two sequences are required for psbA translation (B) (Hirose and Sugiura 1996). 
atpB mRNA contains no SD-like sequence and is U-rich in its 5′UTR (between 
−20 and −1). This unstructured sequence encompassing the AUG initiation codon 
is required for translation (C) (Hirose and Sugiura 2004b). Chloroplast transfor-
mation assays showed that translation of tobacco atpI mRNA requires sequence 
element(s) upstream of the SD-like sequence (Baecker et al. 2009). Therefore, 

Fig.  9.3   Three types of cis-elements in tobacco chloroplast mRNAs. a rbcL mRNA has an 
SD-like sequence (SD) as its cis-element (Hirose and Sugiura 2004a). b psbA mRNA possesses 
three elements. The ribosome-binding site (RBS)1 (AAG) and RBS2 (UGAU) are possible ribo-
some-binding sites complementary to portions of the chloroplast 3′-16S rRNA. “AU” represents 
UAAAUAAA, termed the AU box, to which its trans-factor binds (Hirose and Sugiura 1996). c 
atpB mRNA contains no SD-like sequence but has a U-rich region in the 5′UTR, where a 50-kDa 
protein binds (Hirose and Sugiura 2004b)
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SD-like sequences are not always the sole cis-elements involved in chloroplast 
translation.

9.4.3 � Trans-Acting Factors

Since over half of chloroplast mRNAs lack SD-like sequences in the proper posi-
tion, many chloroplast mRNA are likely to require specific trans-acting factors 
for translation (Marín-Navarro et al. 2007; Peled-Zehavi and Danon 2007; Wobbe 
et  al. 2008; Lyska et al. 2013). Genetic analysis has led to the proposal of such 
factors. For example, the maize nuclear gene crp1 is involved in translation of 
petA-D mRNAs (Barkan et al. 1994) and atp-1 is required for translation of atpB/E 
mRNAs (McCormac and Barkan 1999). The Arabidopsis HCF173 and HCF244 
proteins are involved in translation of psbA mRNAs (Schult et al. 2007; Link et 
al. 2012) and the TAB 2 product is essential for psaB translation (Barneche et al. 
2006). Many of these proteins belong to the pentatricopeptide repeat (PPR) protein 
family (Schmitz-Linneweber and Small 2008). PPR proteins are RNA-binding pro-
teins composed of tandem arrays of degenerated repeating units of about 35 amino 
acids. The protein family is outstanding in terrestrial plants because of the large 
number of its members (e.g., about 450 in Arabidopsis) and most PPR proteins are 
targeted to either chloroplasts or mitochondria. PPR domains themselves are not 
catalytically active but guide enzymes or ribonucleoprotein complexes to specific 
sequences. Hence, PPR proteins can be good candidates for specific trans-factors 
for translation of the mRNAs lacking SD-like sequences. In addition to genetic 
approaches, biochemical analyses (e.g., measurements of translation rates) would 
be powerful to elucidate the precise mechanism of translation initiation by specific 
factors.

For dicistronic and polycistronic mRNAs, intercistronic cleavage is often required 
for translation of downstream cistrons. The tobacco psaC and ndhD genes are tran-
scribed as a dicistronic pre-mRNA that is then cleaved into monocistronic psaC and 
ndhD mRNAs. In vitro assays showed that the dicistronic mRNA is not functional 
and that the intercistronic cleavage is a prerequisite for both psaC and ndhD transla-
tion (Hirose and Sugiura 1997). Cleavage is also important for translation of other 
polycistronic mRNAs, and PPR proteins participate in the process (Meierhoff et al. 
2003; Schmitz-Linneweber et al. 2005; Sane et al. 2005; Pfalz et al. 2009; Prikryl  
et al. 2011).

Biochemical approaches such as gel shift assays and UV cross-linking experi-
ments have suggested the presence of trans-acting factors. For example, a 43 kDa 
protein interacts with the 5′UTR of spinach psbA mRNA (Klaff and Gruissem 
1995). This protein may be ribosomal protein S1 (Alexander et al. 1998; 
Shteiman-Kotler and Schuster 2000). The 5′UTR of spinach atpI mRNAs has two 
regions for protein binding (Robida et al. 2002). An in vitro assay has suggested 
that to allow translation of tobacco psbA mRNA, one or more proteins bind an 
AU-rich sequence (the AU box) between two separate possible binding sequences 
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at the 3′ end of 16S rRNA (Hirose and Sugiura 1996) (see Fig. 9.3b). A 50 kDa 
protein binds to the U-rich 5′UTR of tobacco atpB mRNA (Hirose and Sugiura 
2004b) (see Fig. 9.3c).

9.5 � Translational Coupling

In the chloroplast genome of flowering plants, some protein-coding genes overlap 
each other to increase the number of proteins encoded by the genome. In tobacco, 
eight genes partially overlap. These are ndhC-ndhK, psbD-psbC, atpB-atpE, and 
rpl22-rps3 (Shinozaki et al. 1986). Gene overlapping implies that translation of 
a downstream gene (cistron) depends on that of its upstream gene (cistron), a 
situation known as translational coupling or termination-dependent translation, 
as reported for some genes from E. coli, its bacteriophages and some eukaryotic 
viruses (Jackson et al. 2007). A typical case of translational coupling is explained 
by the downstream cistron being translated exclusively by the ribosomes that com-
plete translation of the upstream cistron. As the majority of the ribosomes coming 
from upstream cistrons are released at the stop codon, translation of downstream 
cistrons is very low. When the distance between the stop codon of an upstream 
cistron and the start codon of the downstream cistron increases, for example, by 
insertion of a premature termination codon in the upstream cistron, it abolishes 
translation of the downstream cistron.

The ndhC and ndhK genes partially overlap and are cotranscribed in most 
flowering plants (Matsubayashi et al. 1987). As shown in Fig. 9.4a, the AUG start 
codon is located 4 nt upstream from the ndhC stop codon UAG. Mutation of the 
UAG stop codon arrests translation of the downstream ndhK cistron (Yukawa and 
Sugiura 2008), indicating that ndhK translation depends on termination of the 
preceding cistron, or in other words, translational coupling (pathway 1). Hence, 
the amount of ndhK product (NdhK) is expected to be low compared to NdhC. 
However, in vitro assays have shown that an ndhC/K mRNA produces NdhC and 
NdhK in similar amounts. Further in vitro studies have disclosed that free ribo-
somes enter, with formylmethionyl-tRNA, at an internal AUG that is located in 
frame in the middle of the upstream ndhC cistron, translate the 3′ half of the ndhC 
cistron, and reach the ndhK start codon. Then, some of the ribosomes resume 
ndhK translation (pathway 2). We proposed that the internal initiation site AUG 
is not designed for synthesizing a functional isoform but for delivering additional 
ribosomes (Yukawa and Sugiura 2013). NdhC is synthesized via pathway 1, and 
pathways 1 and 2 together produce NdhK in an amount similar to NdhC (1:1), the 
amount required for the assembly of the NADH dehydrogenase complex.

The psbD and psbC genes, encoding the D2 and CP43 proteins, are cotranscribed 
in flowering plants (Yao et al. 1989; Sexton et al. 1990; Kawaguchi et al. 1992). 
These cistrons overlap by 14 nt, and the downstream psbC cistron starts with the 
GUG start codon (Fig. 9.4b). Translation of the downstream psbC cistron depends 
largely on that of the upstream psbD cistron; however, a portion is independently 
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Fig.  9.4   Translation of overlapping cistrons. Schematic of three pairs of overlapping cistrons in 
tobacco chloroplasts. Positions are relative to the AUG start codon in an upstream cistron (with the 
A as +1). 5′-ends are either a transcription start site (TSS) or processing sites (P). Partial mRNA 
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translated (partial translational coupling) (Adachi et al. 2012). Further, an additional 
promoter is present within the upstream psbD cistron and produces the monocistronic 
psbC mRNA (Yao et al. 1989) and this mRNA is translatable (Kuroda et al. 2007). 
Hence, the psbD and psbC cistrons are translated by two mRNA species to produce 
the necessary amounts of D2 and CP34 for assembly of the photosystem II complex.

The atpB and atpE genes encode subunits β and ε of the ATP synthase complex, 
respectively. They are cotranscribed as dicistronic mRNAs in flowering plants. An 
unusual feature is an overlap (AUGA) of the atpB stop codon (UGA) with the atpE 
start codon (AUG). Hence, translation of these cistrons was assumed to be coupled 
(Zurawski et al. 1982; Krebbers et al. 1982; Shinozaki et al. 1983). Both cistrons 
from the tobacco dicistronic mRNA are translated in vitro, and the efficiency of atpB 
translation is higher than atpE (Suzuki et al. 2011). However, removal of the entire 
atpB 5′UTR arrested atpB translation, but atpE translation still proceeded. Hence, the 
majority of atpE translation does not depend on that of the upstream atpB cistron, 
and the atpE cistron is translated via its own cis-element(s) (Suzuki et al. 2011). That 
is, ribosomes that translate the upstream cistron are released at its stop codon and no 
more are available for translation of the downstream cistron. The tobacco atpB/E clus-
ter produces the monocistronic atpE mRNA from its own promoter located within the 
atpB cistron (Kapoor et al. 1994). As described, this mRNA has an SD-like sequence 
essential for its translation. The chloroplast ATP synthase complex contains three β 
subunits, one ε subunit, and several other subunits. To meet this stoichiometry, the 
necessary amount of the β subunit is synthesized from the dicistronic mRNA and the 
ε subunit is produced from both the dicistronic and the monocistronic mRNAs.

Besides the four pairs of overlapping genes in tobacco, several genes are 
located close to each other. The ndhH and the next ndhA cistrons are separated by 
only one nt (excluding stop codon). Similarly, rpoB and rpoC1 are separated by 5 
nt, psbE and psbF by 9 nt, and rpl23 and rpl2 by 18 nt. These pairs may be trans-
lationally coupled because generally 5′UTRs of 20 nt or more are necessary for 
efficient translation.

9.6  Problems

The basic processes of translation elongation and termination in chloroplasts 
are believed to be similar to those in E. coli. Chloroplast elongation factors and 
release factors as well as initiation factors have been detected based on similarity 

sequences around the overlapping regions are shown below. a In ndhC/K cistrons, ribosomes com-
ing from the 5′UTR read the ndhC cistron and reach its stop codon UAG. Then some of the ribo-
somes resume translation from the ndhK start codon AUG (pathway 1). Free ribosomes enter at the 
AUG in the middle of the upstream cistron and read to its end, and again some of the ribosomes start 
to translate from the ndhK start codon AUG (pathway 2). Translation of the ndhK cistron depends 
strictly on that of its upstream cistron (Yukawa and Sugiura 2008, 2013). b In psbD/C cistrons, the 
psbC cistron is translated in part by translational coupling (Adachi et al. 2012). c In atpB/E cistrons, 
atpE translation is independent of atpB translation (Suzuki et al. 2011). In both cases, monocistronic 
mRNAs are produced from an additional promoter present within the upstream cistrons

�
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to E. coli factors. Factors unique to chloroplasts may exist because translation 
of photosynthesis-related mRNAs is regulated by light, which does not occur in 
E. coli. Trans-acting factors and translation factors (except initiation factor-1) 
are nuclear encoded. Genetic approaches are promising to detect gene products 
involved in protein accumulation or translation. Biochemical studies, for example, 
the use of in vitro systems, are suitable to define target processes of these proteins 
and to measure the rate of translational initiation, elongation, or termination.

Many chloroplast genes encode subunits of large complexes such as ribosomes, 
photosystem II, and NADH dehydrogenase. To meet the proper stoichiometry of a 
complex, each subunit has to be synthesized in the needed amount. Translation is 
the last step of gene expression and hence this step should be precisely controlled. 
Therefore, quantitative analysis of translation, including the rates of translational 
initiation and elongation, is required. The precise mechanism of chloroplast gene 
translation will be a challenging field.
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Abstract  Chloroplasts are a useful platform for the expression of recombinant 
proteins in higher plants. Transgenes can be introduced into the plastid genome 
(plastome) either by PEG transformation of plant protoplasts, or, more commonly, 
by the biolistic method, using leaves or suspension cells. Transgenes are inte-
grated by double recombination events between flanking sequences in the vector 
and homologous sequences in the plastome. The genetic engineering of the plas-
tome allows high-level foreign protein expression, site-specific gene integration, 
expression of multiple genes as operons, marker gene excision, and transgene con-
tainment. Since the first example of stable plastid transformation in higher plants, 
methods for DNA introduction, marker genes and selection strategies, vector 
types, and methods for marker excision have been improved. Although the plastids 
of some species remain difficult to transform, positive results have been shown for 
about 20 species. In this chapter, we summarize the basic structural and expression 
features of the plastid genome of higher plants, and discuss the development of a 
number of innovative enabling technologies for plastome transformation, the most 
recent and significant biotechnological applications, and the future perspectives of 
this technology.
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List of Abbreviations

aadA	� aminoglycoside 3-adenylyltransferase
bar	� phosphinothricin acetyl transferase gene
ELISA	� Enzyme-linked immunosorbent assay
HPLC	� High-performance liquid chromatography
NEP	� Nucleus-encoded RNA polymerase
PEG	� PolyEthylene glycol
PEP	� Plastid-encoded RNA polymerase
PPR	� Pentatricopeptide repeat
PTMs	� Post-translation modifications
RPOTmp	� Nucleus-encoded RNA polymerase localized in mitochondria and 

plastids
RPOTp	� Nucleus-encoded RNA polymerase localized in plastids
UTRs	� Untranslated regions
ROS	� Reactive oxygen species
TSP	� Total soluble protein

10.1 � Introduction

Since the development of methods for the genetic transformation of higher plants 
in the early 1980s, a wide number of transgenes have been used in genetic engi-
neering approaches to study basic biological processes or modify agronomic and 
physiological traits. First generation of commercially available genetically engi-
neered crops is largely confined to insect and herbicide resistance (Jones 2011). 
Nevertheless, many other agronomic/physiological applications are in the pipeline 
(Collinge et al. 2010; Cominelli and Tonelli 2010; Ceasar and Ignacimuthu 2012; 
Reguera et al. 2012). Last generation transgenic plants have been also proposed 
as “green biofactories” for the accumulation of recombinant products (Rojas et al. 
2010; Egelkrout et al. 2012).

In most transgenic plants obtained so far, transgenes are introduced into the 
nuclear genome of plant cells by either the well-established Agrobacterium-
mediated transformation or direct delivery methods, as the biolistics or the PEG/
electroporation-mediated transformation approaches (Altpeter et al. 2005; Craig 
et al. 2005; Meyers et al. 2010). In many cases, however, some concerns have 
been raised, calling for the development of innovative technologies. Such con-
cerns include: the optimization of expression level and stability of transgenes and 
recombinant proteins (Singer et al. 2012), the containment of transgenes (Husken 
et al. 2010), the possibility to transfer or stack multiple genes in order to engi-
neer complex metabolic pathways (Naqvi et al. 2010; Que et al. 2010), the devel-
opment of methods for “clean” and precise integration of transgenes in the host 
genome (Husaini et al. 2011; Wang et al. 2011), the identification of alterna-
tive marker genes for the selection of transformed cells (Manimaran et al. 2011; 
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Rosellini 2012), the feasibility of correct posttranslation modifications (PTMs) in 
recombinant proteins (Webster and Thomas 2012), and the use of genes only from 
sexually compatible sources (Orzaez et al. 2010).

Alternatively to the transformation of the nuclear genome, transgenes can be 
introduced into the plastid genome (plastome). Following gene delivery by PEG 
transformation of plant protoplasts, or, more commonly, by the biolistic method, 
applied to leaf tissues or suspension cells, transgenes are integrated by double 
recombination events between flanking sequences in the vector and homologous 
sequences in the plastome (Meyers et al. 2010). After transgene integration into one 
plastid genome, repeated cycles of cell divisions and shoot regeneration are usually 
required to reach homoplasmy (Fig. 10.1). In comparison with the transformation of 
the nuclear genome, the genetic engineering of the plastome shows some attractive 
advantages, partly responding to concerns mentioned above and including high-level 
foreign protein expression, site-specific gene integration, the possibility to transfer 
and express multiple genes arranged in native or synthetic operons, and marker gene 
excision and transgene containment because of maternal inheritance of plastids in 
most crops (Cardi et al. 2010; Meyers et al. 2010; Maliga and Bock 2011). After 
the first demonstration in tobacco (Svab et al. 1990), the technology has now been 

Fig. 10.1   Schematic representation of chloroplast transformation in higher plants. From left to 
right, a wild-type cell with untransformed plastomes (empty circles); the primary transformation 
event with a cell containing only one transformed plastome (filled circle); a heteroplasmic cell 
containing both transformed and untransformed plastomes; a homoplasmic cell with uniformly 
transformed plastomes. The double recombination events between vector and ptDNA sequences 
leading to transformed ptDNA are also shown. The Southern blots below the cells report results 
of restriction-digested DNA (obtained from wild type or regenerated plants) hybridized with a 
probe homologous to the plastome regions flanking the inserted DNA fragment. Nu nucleus, 
Pl plastid, P promoter, T terminator, T ptDNA transformed ptDNA, goi, gene of interest, smg, 
selectable marker gene
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proved in a relatively large number of plant species belonging to several families, 
and for different purposes (Cardi et al. 2010; Maliga and Bock 2011; Maliga 2012). 
In this chapter, after reporting some basic structural and expression features of the 
plastid genome of higher plants, we discuss the development of a number of innova-
tive enabling technologies for plastome transformation, aiming to overcome some 
inherent limitations of the procedure, and the most recent applications.

10.2 � Genetic Transformation of the Plastome

The structural and expression features of higher plant plastid genomes have been 
recently reviewed (Bock 2007; Barkan 2011; Cardi et al. 2012; De Marchis et al. 
2012; Jansen and Ruhlman 2012). Hereafter, only the principal aspects relevant to 
recombinant protein expression by plastid transformation are summarized.

10.2.1 � Structural Features of the Plastome

The genetic system of the plant cell is organized as a network of compartments 
hosting the nuclear DNA (nucleus), the mitochondrial DNA or chondriome 
(mitochondria), and the plastid DNA or plastome (plastids). Intercompartmental 
exchange of genetic information among these organelles during plant evolu-
tion decisively contributed to the structure of the overall plant genome (Maier 
and Schmitz-Linneweber 2004). Plastids arose ~1.5 billion years ago by the 
endosymbiotic acquisition of a cyanobacterium and the process of transfer-
ring cyanobacterial genes to nucleus and mitochondria, which is still active both 
intracellularly and between species, originated the current plastomes (Jansen  
et al. 2011). Plastome displays structural plasticity because the genome molecules 
can be arranged in various circular or linear forms, either as monomers or mul-
timers, which are organized as DNA-protein aggregates similar to bacteria nucle-
oids (Bendich 2004; Day and Madesis 2007; Majeran et al. 2012). A plant cell 
can harbor tens of plastids, each with several nucleoids, and many identical copies 
of the plastome can be packed in one nucleoid. Therefore, plastids have a high 
degree of polyploidy and plastome copy number varies with plant development 
and tissue type (Bock 2007). Plastid polyploidy, together with a gene-conversion 
mechanism, seems to be responsible for the maintenance of the low rates of muta-
tion which characterizes the plastome. Plastid DNA (ptDNA) is largely inherited 
maternally, even though paternal and biparental inheritances have been observed 
in some cases (Bock 2007). However, even in species with strict maternal inher-
itance, a small percentage of paternal transmission has been described (Thyssen  
et al. 2012). Up to now, about 300 records exist for Eukaryota plastid genomes 
(http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=pla
stid), including many crop plant species.

http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=plastid
http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=2759&opt=plastid
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The plastid genome architecture of embryophytes appears to be highly con-
served (Wicke et al. 2011). The plastome of land plants typically is 120–160 kb 
and has a tetrapartite structure, with two copies of a large inverted repeat (IR) 
separating a large and a small single copy region, containing 100–120 unique 
genes (Bock 2007). Some plants, like legumes, contain no IRs (Shaver et al. 
2008; Magee et al. 2010). The plastid-encoded genes can be grouped into three 
main functional categories: genes encoding components of the genetic apparatus,  
photosynthesis-related genes, and other genes (Bock 2007). A detailed description 
of these genes in land plants is given in Wicke et al. (2011).

10.2.2 � Expression Features of the Plastome

Variable plastid types are specialized in different metabolic pathways, which 
are very important for the whole plant cell physiology. It is predicted that in 
Arabidopsis plastids are present from 2,000 to 3,500 proteins, but only for about 
1,200 there are clear evidences of plastid localization: less than 100 are plastid 
encoded, while the others are nucleus encoded (van Wijk and Baginsky 2011). 
Plastid gene expression is a very complex and unique system, regulated at many 
steps, mainly posttranscriptional ones, by both nuclear-encoded and plastid-
encoded factors combining eukaryotic and prokaryotic features (Fig. 10.2, Barkan 
2011; Cardi et al. 2012).

Plastid genes are organized as single genes or grouped in transcriptional units 
(operons), with common promoters and terminators, originating polycistronic 
transcripts. However, due to limited ability of 3′-UTR regions to terminate tran-
scription (Cardi et al. 2012), in transplastomic plants, polycistronic transcripts 
can originate also in case of independent genes arranged in the same orientation 
(Fig. 10.3). Two types of RNA polymerases are responsible for plastid gene tran-
scription: one is a bacterial type, multimeric plastid-encoded polymerase (PEP), 
the other is a phage type, monomeric nucleus-encoded polymerase (NEP), which 
in dicotyledonous plants is represented by two enzymes (RPOTmp and RPOTp). 
According to this classification, the promoters of plastid genes have been divided 
into NEP and PEP promoters, but there is not a clear distinction between NEP or 
PEP-transcribed genes, because many plastid genes have two or even more pro-
moters and can be transcribed by both RNA polymerases (Liere and Börner 2007). 
In addition, six nucleus-encoded sigma factors (SIG1-6) regulate, according to 
environmental and developmental cues, transcription initiation mediated by PEP 
(Lerbs-Mache 2011; Malik Ghulam et al. 2012).

Plastid primary transcripts can undergo a maturation process involving RNA 
editing, intron splicing, intercistronic and mRNA termini processing, and mRNA 
stabilization and decay. Mature mRNAs are then translated on 70S ribosomes. All 
these steps of plastid gene expression require the participation of nuclear-encoded 
RNA-binding factors (Stern et al. 2010; Barkan 2011), most of which are pen-
tatricopeptide repeat proteins (PPRs), characterized by a degenerate structural 
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motif of 35 amino acids (Schmitz-Linneweber and Small 2008). In plastids of 
angiosperms, mRNA editing occurs at approximately 40 sites as a conversion of a 
cytidine into a uridine nucleotide (Cardi et al. 2012). Editing events are generally 
important for gene function, because they modify the coding sequence in order 
to create start codons or functional polypeptides. The plastid intron repertoire of 
land plants comprises approximately 21 introns (with the exception of one group 
I, all are group II introns) in 18 genes (Tillich and Krause 2010). Intron removal 
by splicing represents an additional regulatory step of plastid gene expression and 

Fig.  10.2   Key control steps for the expression of recombinant proteins in transgenic plastids. 
The main control steps are reported on the left (thicker arrows suggest higher importance for 
the regulation of recombinant protein expression in plastids). The expression features reported 
in the figure are discussed in the text, paragraph 2.2. A dicistronic operon is represented in the 
figure and the first rectangle indicates the promoter region with NEP (N) and PEP (P) promoters 
recognized by nuclear-encoded monomeric and plastid-encoded multimeric RNA polymerases, 
respectively (number and type of promoters change in different genes). 5′-UTR and 3′-UTR are 
also indicated. The two genes are separated by an intercistronic expression element (IEE) which 
mediates intercistronic cleavage of dicistronic mRNA (Zhou et al. 2007). After the IEE, a Shine–
Dalgarno (SD) sequence has been inserted to mediate translation initiation at the second cistron. 
However, heterologous operons inserted in the plastome have been also engineered without 
IEEs, because recombinant polycistrons can be efficiently translated without further processing 
(Quesada-Vargas et al. 2005). After intercistronic cleavage by an endonuclease (black triangle), 
the two monocistronic transcripts are processed by 5′ and 3′ exonucleases (pacmans) together 
with RNA-binding proteins (RBPs) and 3′ stem-loop structures (not indicated). RNA editing and 
splicing are not represented in the figure because, at our knowledge, no biotechnological applica-
tions with transgene sequences requiring such transcript modifications have been reported so far
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a prerequisite for mRNA translation of these genes (Barkan 2011). Intercistronic 
processing is initiated by endonucleases, like for example RNase E (Walter et al. 
2010). Mono or dicistronic translatable transcripts are then generated and matu-
rated thanks to the concerted action of various 5′ and 3′ exonucleases with PPR-
like proteins and 3′ stem-loop structures, which contribute to delimitate processed 
RNA termini by blocking exoribonucleases (Pfalz et al. 2009). RNA stability and 
decay seems to be mediated by the same ribonucleases and RNA-binding proteins 
described for intercistronic RNA processing (Schuster and Stern 2009; Prikryl  
et al. 2011), even though additional endoribonucleases and RNA-binding proteins 
have been characterized (Marchfelder and Binder 2004; Tillich et al. 2009).

Besides their role in RNA metabolism, PPR-like proteins also promote trans-
lation of plastid mRNAs, as recently demonstrated in maize for the ATP4 pro-
tein (Zoschke et al. 2012). To ensure efficient mRNA translation, ATP4 and other 
nucleus-encoded translational activators (Peled-Zehavi and Danon 2007) bind to 
5′-untranslated regions (5′-UTRs), but the exact mechanism for translational acti-
vation is not completely clear yet. Most plastid mRNAs have a ribosome binding 
site containing a Shine–Dalgarno (SD) element, which in prokaryotes mediates 
ribosome recruitment. However, many plastid genes lack SD sequences; therefore, 
other mechanisms for translation initiation have been suggested (Marín-Navarro 
et al. 2007; Scharff et al. 2011). In addition, together with bacterial-type proteins, 
plastid ribosomes also have unique ribosomal proteins which, if down regulated, 
can decrease plastid translation efficiency (Tiller et al. 2012).

Even if each step in plastid gene expression is responsive to developmental 
and environmental conditions and seems to give a significant contribution to the 
overall regulation of genes located in the plastome, expression of plastid genes is 
primarily regulated during translation of the corresponding mRNAs (Zerges 2004; 
Manuell et al. 2007). Moreover, several studies conducted with transgenes inserted 

T goi P 

goi *

P smg T 
T ptDNA 

 goi *

Wt (a) 

(b) 
goi/smg **

Wt 

 goi *
T ptDNA 

P T goi

goi /smg **

goi *

P smg T 

smg

smg

Fig. 10.3   Northern analysis showing the accumulation of mono (goi) and dicistronic (goi/smg) 
transcripts in plants transformed with the gene of interest (goi) and the selectable marker gene 
(smg) in the opposite (a) or same (b) orientation. Other boxes represent DNA flanking sequences 
involved in recombination-mediated transgene integration. P promoter, T terminator, T ptDNA, 
transformed ptDNA. The goi coding region was used as probe
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into the plastome suggest that posttranslational factors are extremely important for 
the expression of plastid genes as well (Oey et al. 2009a). Protein stability is a 
key determinant of protein accumulation in plastids and many aspects influencing 
protein stability, such as the identity of the N-terminal amino acids, protein co- or 
post-translational modifications and suborganelle localization, have been recently 
reviewed (De Marchis et al. 2012).

10.2.3 � Enabling Technologies and Limiting Factors

Despite that plastid genetic engineering is today a well-established technology, 
the plastome of only a relatively small number of plant species and the green 
alga Chlamydomonas can be routinely engineered. Tobacco has been the first 
species to be transformed, using a mutant 16S rRNA gene conferring resist-
ance to spectinomycin for selection (Svab et al. 1990). Although the use of 
mutated plastid genes conferring antibiotic resistance was successful in generat-
ing transplastomic plants (Dix and Kavanagh 1995; Craig et al. 2008), the real 
breakthrough in plastome transformation was the utilization of the selectable 
marker gene aadA (Day and Goldschmidt-Clermont 2011). Even low doses of 
the aadA enzyme detoxify spectinomycin and streptomycin; therefore, the few 
chloroplasts incorporating this marker gene after transformation can be selec-
tively enriched in tissue culture until the obtainment of homoplastomic plants. 
Nowadays, chloroplast transformation reproducible protocols for tobacco 
(Nicotiana tabacum) and dycotyledonous species like potato, tomato, lettuce, 
and several others are available (Fig. 10.4), but not for monocot plants (Maliga 
and Bock 2011; Maliga 2012). Indeed, the main problem with cereals is that 
the most common antibiotics used for selection of transplastomic plants are not 
effective with these species. Kanamicin and streptomycin are not able to inhibit 
callus growth in the dark, while spectinomycin is useless due to the endogenous 
resistance of many cereal species to it. Therefore, a protocol based on chloram-
phenicol selection was developed in tobacco using the chloramphenicol acetyl-
transferase gene cat as an alternative selectable marker gene (Li et al. 2011) that 
could be hopefully next applied to cereal plastome transformation. Other stud-
ies tried to increase the efficacy of the existing marker genes. A recent modified 
version of the aadA gene, being both a selectable marker in tissue culture and 
a visual marker in transplastomic plants, was described by Tungsuchat-Huang 
et al. (2011). An alternative selection system has been recently described in 
tobacco, with the gene encoding D-amino acid oxidase used as plastid marker 
gene for positive/negative secondary selection once resistant plants are obtained 
using aadA-based spectinomycin selection (Gisby et al. 2012). Moreover, the 
anthranilate synthase α subunit has been also successfully employed as selecta-
ble marker gene (Barone et al. 2009). Marker genes can be removed after selec-
tion by: the flanking-repeat-mediated excision based on the native homologous 
recombination machinery, the use of site-specific foreign recombinases, the 
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co-transformation and segregation of marker-free plastid genomes, the transient 
co-integration of the marker gene (reviewed in Day and Goldschmidt-Clermont 
2011).

Transgenes can be targeted to any region of the plastome by providing target-
ing/flanking regions, typically 1–2 kb long, to obtain efficient transgene integra-
tion by recombination between plastid and vector DNA sequences (Fig.  10.1). 
However, the choice of the integration site may have a great importance in 

(a)

(b)

(c)

(d)

(f)

(e)

Fig. 10.4   Plastid transformation in sugar beet (De Marchis et al. 2009). a Leaf petioles bom-
barded with gold particles coated with a plastid transformation vector expressing GFP and placed 
in a regeneration medium containing spectinomycin. b A regenerable callus (indicated with an 
arrow). c Selected calli placed in a medium without spectinomycin to regenerate. d Putative 
transformed regenerated shoots. e PCR analysis with a primer pair located outside the vec-
tor transgene sequence. From left to right: DNA molecular size marker, wild-type sugar beet 
DNA, DNA of three transformed plants. f Transplastomic sugar beet plants expressing GFP. 
Fluorescence (left) and bright-field (right) images from leaves of a transplastomic plant are 
shown
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terms of transgene expression. The integration into a transcriptionally active site 
increases the level of the transcribed mRNA and that of the corresponding protein 
(De Cosa et al. 2001; Quesada-Vargas et al. 2005; Krichevsky et al. 2010), as well 
as the insertion into the plastome inverted repeat (IR) regions doubles the number 
of transgene copies per genome. The most used insertion sites include the regions 
between the trnI-trnA, trnN-trnR, rccL-accD, and rrn16-rps7/12 genes.

Because of the high conservation of plastid genomes between most land 
plants, the first chloroplast transformation strategies utilized either homologous 
or heterologous flanking regions. However, the transformation efficiency using 
heterologous flanking regions was considerably lower in comparison to that with 
species-specific sequences. Indeed, even if the plastid genome is highly conserved 
between species with respect to protein coding regions and ribosomal RNAs, 
many differences can be present in the intergenic regions which are the com-
mon targets sites for homologous recombination (Saski et al. 2007). Therefore, 
a substantial increment in plastid transformation efficiency can be obtained with 
species-specific transformation vectors, as demonstrated by the decrease in the 
efficiency of tobacco chloroplast transformation when lettuce chloroplast target-
ing sequences were used to integrate transgenes into the trnI/trnA region of the 
tobacco plastome (Ruhlman et al. 2010). Similar results were obtained for potato 
and other species (Valkov et al. 2011, and references therein).

Several transgenes could be efficiently co-expressed in transgenic plastids 
arranging them in natural or synthetic operons (Quesada-Vargas et al. 2005; 
Krichevsky et al. 2010), and intercistronic elements facilitating the expression 
of monocistronic mRNAs from operons have been identified (Zhou et al. 2007). 
Many studies conducted with chimeric gene fusions have identified combinations 
of promoters, 5′-UTRs and 3′-UTRs, which can be used to achieve a high level 
of recombinant protein expression in chloroplasts, regulating transcript stabil-
ity and translatability. Excellent results can be obtained in leaves with the pro-
moter of the plastid rRNA operon (Prrn) or the psbA promoter, in combination 
with the 5′-UTR of gene 10 of the bacteriophage T7 (T7g10), or other 5′-UTRs 
from highly expressed chloroplast genes like rbcL, and the E. coli rrnB 3′  
sequence as terminator (Maliga 2002; Herz et al. 2005; Tangphatsornruang  
et al. 2011). However, there is the need to find additional nonplastid regulatory 
sequences to be used in vectors designed to express multiple recombinant genes, 
in order to avoid unintended recombination events. Yang et al. (2013) investigated 
the efficacy of two additional bacteriophage 5′-UTRs (T7g1.3 and T4g23) dem-
onstrating that they can regulate aadA expression in chloroplasts. Conversely, 
transgene expression in nongreen plastids is very low, mainly due to the absence 
of data about gene expression in such plastid types. Recently, studies on the 
regulation of plastome gene expression in nongreen tissues started to fill this 
gap, showing a general downregulation of expression (Kahlau and Bock 2008; 
Valkov et al. 2009). As a consequence, expression elements that could increase 
transgene expression in the amyloplasts of tobacco roots and potato tubers have 
been identified (Valkov et al. 2011; Zhang et al. 2012). The combination of a 
strong plastid promoter (psbA promoter) with a strong T7g10-derived 5′-UTR 
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that are not prone to severe developmental downregulation during fruit devel-
opment has been shown to reach high-level gene expression in tomato chromo-
plasts, triggering GFP accumulation up to 1  % of the total protein of the fruit 
(Caroca et al. 2013).

A high number of studies on heterologous gene expression in plant plastids 
demonstrated that codon optimization of transgene sequences is not essential for 
efficient translation rate (Maliga and Bock 2011). This, together with the possibil-
ity to efficiently express bacterial single genes or operons, theoretically allows an 
easy genetic manipulation of a plethora of genes belonging to different kingdoms 
for expression in plant plastids. However, there are cases in which codon opti-
mized genes of viral (Madesis et al. 2010), bacterial (Bohmert-Tatarev et al. 2011), 
or human (Gisby et al. 2011) origin significantly improved transgene expression in 
comparison with noncodon-optimized sequences.

The N-terminal sequence of recombinant proteins expressed in the chlo-
roplasts is a key factor for both mRNA stability/translatability (Kuroda and 
Maliga 2001) and protein stability (Ye et al. 2001). Elghabi et al. (2011) fused 
N-terminal segments of highly expressed proteins in plastids to the transgene 
coding region, stabilizing the cyanovirin-N mRNA. Unfortunately, there are no 
precise rules for the best performing sequences and empiric attempts have to be 
made (Scotti et al. 2009; Gray et al. 2011). However, the existence of an N-end 
rule-like pathway with stabilizing and destabilizing N-residues has been postu-
lated also for plastids, even though the identity of the penultimate amino acid is 
not the sole responsible for plastid protein stability (Apel et al. 2010). That the 
N-terminal part has a significant role for recombinant protein stability has been 
also demonstrated with the addition of extra amino acids at the 5′ end of the rota-
virus VP6 protein (Inka Borchers et al. 2012). Most PTMs in plastids occur on 
the N-terminal part of proteins, and there are an increasing number of evidences 
that PTMs play a strategic role in the regulation of protein turnover (Adam et al. 
2011; Bienvenut et al. 2011). In addition, many PTMs are involved in protein 
folding which is necessary to reach the polypeptide tertiary or quaternary sta-
ble structure. An important aspect for stability of recombinant proteins inserted 
into the plastome can be their subplastidial localization. Indeed, proteins can 
be accumulated in the stroma, the thylakoid lumen, the envelope, or the thyla-
koid membranes. For example, the thylakoid lumen seems to be a more adequate 
environment than the stroma for the accumulation of proteins that require for-
mation of disulfide bonds (Bally et al. 2008; Lentz et al. 2012). In some cases, 
PTMs can be also important for protein functionality. Besides multimerization, 
N-terminal methionine excision and disulfide bond formation, plastids allow pro-
tein lipidation (Glenz et al. 2006), but not glycosylation, preventing the produc-
tion of vaccine antigens that require glycosylation for their function and other 
glycoproteins.

Once accumulated in plastids, recombinant proteins must be extracted and puri-
fied for further uses but no many detailed purification methods from plastids have 
been published. Recently, glutathione-S-transferase and maltose-binding protein have 
been expressed in transplastomic plants and purified by affinity chromatography, 
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demonstrating that they can be used as affinity tags for the rapid purification of 
recombinant proteins localized in the chloroplast (Ahmad et al. 2012a).

The expression of native expression elements seems to originate mutant phe-
notypes in some transplastomic plants, suggesting as likely cause the already 
reported competition for gene-specific transcription and/or translation factors 
(Kuroda and Maliga 2002). In other studies, the occurrence of mutant phenotypes 
characterized by chlorotic phenotype and growth retardation seems to be due to 
interference of the recombinant proteins with the plastid metabolism instead 
of competition for expression factors (Rigano et al. 2012). Therefore, the use of 
systems for inducible gene expression is desirable in such transplastomic plants 
(Verhounig et al. 2010; Lössl and Waheed 2011). Temporary immersion bioreac-
tors have been also proposed as an alternative method for the production of pro-
teins toxic for plants (Michoux et al. 2013).

10.3 � Modification of Agronomic and Physiological  
Traits by Plastid Transformation

To date, numerous agronomic and physiological traits have been modified by 
plastid transformation as summarized in Table  10.1 and Fig.  10.5 and reported 
in recent reviews (Hasunuma et al. 2009, 2010; Rogalski and Carrer 2011; Scotti  
et al. 2011; Hanson et al. 2013). In this chapter, we focus on the most recent and/or  
significant examples.

12%

2%

5%

1%

11%

26%4%

23%

1%

1%

14%

Abiotic stress tolerance (10)

Biotic stress resistance (2)

Photosynthesis efficiency (4)

Phytoremediation (1)

Metabolic engineering (9)

Production of industrial proteins (21)

Production of bioplastics (3)

Production of antigens (19)

Production of antibodies (1)

Production of adiuvants (1)

Production of therapeutic proteins (12)

Fig.  10.5   Pie chart summarizing the transgenes engineered by plastid transformation from 
January 2010 to 2013
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10.3.1 � Stress Tolerance

Early experiments aiming to improve by plastid transformation salt/drought or cold 
tolerance relied on genes for the biosynthesis of the osmoprotectant glycine betaine 
or on Δ9 fatty acid desaturase genes, respectively (Kumar et al. 2004; Craig et al. 
2008; Zhang et al. 2008). The study of Craig et al. (2008) represents the first exam-
ple of transplastomic plants expressing an agronomically relevant gene produced 
with the ‘‘binding-type’’ vectors, in which chloroplast antibiotic insensitive point 
mutations are used to select transformants in place of heterologous marker genes.

More recently, different enzymes with anti-oxidant activities were expressed to 
enhance the tolerance of transplastomic tobacco plants to abiotic stresses. Genes 
encoding the dehydroascorbate reductase (DHAR) from rice, the glutathione-S- 
transferase (GST) and glutathione reductase (GR) from E. coli were expressed alone 
or as DHAR:GR or GST:GR combinations (Le Martret et al. 2011). In all transplas-
tomic lines, the expression of the inserted genes gave an increment of specific enzyme 
activity and an alteration of anti-oxidant metabolism. Progeny of transplastomic plants, 
subjected to environmental stresses, proved to be less sensitive to low temperatures 
and salt stress, whereas no advantages were observed for heavy metal stress. A higher 
increase in tolerance to cold stress were detected in transplastomic plants expressing 
DHAR:GR or GST:GR gene combinations. In another study (Poage et al. 2011), the 
prospect for enhancing ROS scavenging and stress tolerance was pursued expressing 
a mitochondrial manganese superoxide dismutase (MnSOD) from N. plumbaginifolia 
and glutathione reductase (GR) from E. coli in the inverted regions of tobacco chloro-
plast genome. An increase of specific enzyme activity (three- and sixfold for MnSOD 
and GR, respectively) was revealed in all transplastomic plants. MnSOD transplas-
tomic plants showed an enhanced tolerance to methyl-viologen and UV-B radiation, 
whilst GR plants an improved tolerance to the same radiation and heavy metal. No 
effect on photosynthetic capacity was observed in both transplastomic plants.

The expression level of proteins like ferredoxin decreases under environmental 
stresses in photosynthetic organisms. In cyanobacteria, this phenomenon is compen-
sated by induction of flavodoxin, a flavoprotein with the same function not present in 
higher plants. In order to investigate the effect of flavodoxin on photosynthesis and 
stress tolerance in higher plants, Ceccoli et al. (2012) expressed a flavodoxin (Fld) 
of Anabaena sp. in the plastid genome of tobacco and compared its protective effect 
to tobacco nuclear transgenic lines overexpressing the same gene in the chloroplasts. 
Transplastomic lines expressed the flavodoxin at about 11 μmol m−2 of leaf tissue, 
fourfold more than the transgenic lines showing the highest amounts of flavodoxin. 
Comparative analysis between transgenic and transplastomic plants displayed a fla-
vodoxin dose-dependent increase on photosynthetic performance and tolerance to 
the exposure to methyl viologen followed by a drop in high-expressing lines. The 
optimal photosynthetic performance and stress tolerance were observed at flavo-
doxin levels comparable to those of endogenous ferredoxin (about 3 μmol m−2). In 
this case, the high increase obtained by plastid transformation resulted detrimental to 
plant fitness. Similarly, Ortigosa et al. (2010a) demonstrated that the overexpression 
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of maize plastidial transglutaminase (chlTGZ) in the plastid genome of tobacco 
induced an oxidative stress in transplastomic plants. In particular, they evaluated sev-
eral aspects such as fluorescence parameters, chloroplast ultrastructure, and oxidative 
and antioxidative metabolism. These analyses revealed different alterations of chlo-
roplast ultrastructure and physiology that increased with leaf age.

As far as biotic stresses are concerned, one of the earliest biotechnologi-
cal applications of plastid transformation reported the expression of the Bacillus  
thuringiensis crylA(c) gene in tobacco (McBride et al. 1995). Subsequently, 
De Cosa et al. (2001) produced transplastomic tobacco plants expressing the  
B. thuringiensis toxin (cry2Aa2) operon, at the level of about 46 % of total soluble 
protein (TSP), engineering two small open reading frames encoding for a chaper-
onin that facilitated the correct folding of Cry2Aa2 in stable crystals. Insect bioas-
say carried out with cotton bollworm and beet armyworm demonstrated that both 
insects were killed after consuming transplastomic leaves. The B. thuringiensis 
toxin (cry1Ab) was also expressed in the chloroplast genomes of soybean and cab-
bage (Dufourmantel et al. 2005; Liu et al. 2008), resulting in high protein yield 
and complete insect mortality in both cases.

Recently, the β-glucosidase gene (Bgl-1) was expressed in tobacco transplas-
tomic plants (Jin et al. 2012). Bgl-1 transplastomic plants showed earlier flower-
ing and increased biomass, height and leaf area compared to untransformed plants; 
these effects were associated with an increase of different plant hormones. Further, 
in the same plants, an increase in sugar esters located within the globular tri-
chomes functioned as biopesticide against whiteflies and aphids.

10.3.2 � Herbicide Resistance

The first attempt to improve herbicide tolerance by plastid transformation was pur-
sued by Daniell et al. (1998) that introduced a mutated form of 5-enolpyruvylshi-
kimate-3-phosphate synthase (EPSPS) from petunia in tobacco chloroplasts. The 
transplastomic plants obtained were tolerant to low concentration of glyphosate 
(5 mM) corresponding to 8 oz acre−1 Roundup, not enough for weed control, for 
which about 64 oz acre−1 Roundup are normally required. Better results (about 10 % 
TSP, corresponding to 128 oz acre−1 Roundup) were obtained by Ye et al. (2001) 
with the Agrobacterium epsps gene fused to the first 14 amino acids of GFP protein.

Although all forms of bar genes, encoding the enzyme phosphinothricin acetyl 
transferase (PAT) inactivating the herbicide glufosinate (phosphinothricin), were 
expressed at high level in transplastomic plants and these were tolerant to field-
level of glufosinate, the gene did not work well as marker for direct selection of 
transplastomic clones (Lutz et al. 2001). Tobacco transplastomic plants express-
ing different mutated versions of the als gene from A. thaliana were able to grow 
in the presence of various herbicides (pyrimidinylcarboxylate, imidazolinone, and  
sulfonylurea/pyrimidinylcarboxylate), proving the possibility of using these plants 
on the rotation of three or more herbicide combinations (Shimizu et al. 2008).
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10.3.3 � Photosynthesis Efficiency

Improvement of photosynthesis efficiency would have a very high impact on agri-
culture, and thus many efforts are underway to engineer photosynthesis via nuclear 
or plastid transformation, as recently reviewed by Hanson et al. (2013).

Since the efficiency of photosynthesis is dependent on the performance of the 
ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco), attempts have been 
made to engineer this enzyme in order to enhance its catalytic turnover rate and 
increase its specificity for CO2 (Whitney et al. 2009; Zhang et al. 2011). The for-
mer authors tried to manipulate Rubisco via chloroplast engineering, linking the 
small (S, encoded by nuclear genome) and large (L, encoded by plastid genome) 
subunits of tobacco by a flexible 40-amino acid tether (S40L). This strategy 
allowed to replace native rbcL in tobacco plastids with the synthetic S40L fusion 
gene. They found that the fusion S40L protein was able to assemble into catalytic 
oligomers in tobacco plastids, with higher affinities for CO2 and O2. Zhang et al. 
(2011) engineered Rubisco creating two lines of transplastomic tobacco carrying 
a hybrid enzyme. LLS2 plants contained tobacco small subunits (SS) and mutated 
large subunit (LS) with one substitution, whereas LLS4 plants displayed a tobacco 
SS and a tomato mutated LS bearing four substitutions. Compared to wild-type 
and LLS2 plants, LLS4 plants showed lower chlorophyll and Rubisco content, 
lower photosynthesis rates and biomass during early stages of development, but 
were able to reach maturity. The enzyme assay detected a carboxylase activity in 
both plants similar to wild type, demonstrating that hybrid enzymes were able to 
assemble into functional Rubisco.

Plastid transformation was also used to identify the role of plastid open reading 
frames in the assembly and stability of photosystem I (Krech et al. 2012), or to 
study the functional significance of the ATP synthase adjustment in response to the 
metabolic demand (Rott et al. 2011). In particular, the latter authors demonstrated 
that the repression of ATP synthase complex, pursued by an antisense approach on 
essential nuclear atpC gene and by the introduction of different point mutations 
into the translation initiation codon of the plastid atpB gene via plastid transforma-
tion, led to a restriction of photosynthetic electron transport due to decreased rates 
of plastoquinol reoxidation at the cytochrome b6f complex, and a reduction of the 
quantum efficiency of CO2 fixation due to an increased steady-state proton motive 
force resulting in overacidification of the thylakoid lumen.

10.3.4 � Male Sterility

The cytoplasmic male sterility (CMS) phenotype is a maternally inherited trait, 
important to produce commercial F1 hybrids (Schnable and Wise 1998). To date, 
only a manuscript described the engineering of this trait through plastid trans-
formation by expression of the phaA gene encoding a β-ketothiolase (Ruiz and 
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Daniell 2005). Since a previous study (Lössl et al. 2003) reported that the expres-
sion of the entire polyhydroxybutyrate (PHB) operon (phaA, phaB, phaC) in 
the chloroplast genome of tobacco produced severe pleiotropic effects (stunted 
phenotype and male sterility) in transplastomic plants, Ruiz and Daniell (2005) 
investigated the specific role of phaA gene and evaluated its effect under a spe-
cific photoperiod or continuos illumination, using as regulatory sequences 
the psbA promoter and 5′-UTR. The transplastomic plants overexpressing 
β-ketothiolase, whose enzymatic activity was in the range of 14.08–14.71 units 
mg−1 plant protein during regular photoperiod, were normal except for the male 
sterile phenotype. In particular, electron microscopy analyses showed a collapsed 
morphology of pollen grains and an accelerated pattern of anther development 
resulting in aberrant tissue development. Further, they observed a reversibility of 
the male sterile phenotype (production of viable pollen and seeds) under continu-
ous light.

10.3.5 � Phytoremediation

Phytoremediation of mercury and organomercurial compounds via plastid trans-
formation was pursued using two approaches. The first one was based on the 
integration of bacterial native operon containing the merA and merB genes, cod-
ing for mercuric ion reductase and organomercurial lyase, respectively, into the 
tobacco chloroplast genome. When grown in soil containing up to 400 μM phe-
nylmercuric acetate (PMA), transplastomic plants showed a higher tolerance to 
PMA than wild-type plants (Ruiz et al. 2003). Further, they were used to inves-
tigate the uptake and translocation of different forms of mercury from roots to 
shoots, and their volatilization, demonstrating that they accumulated both organic 
and inorganic mercury forms to concentrations much higher than those usu-
ally found in the soil (Hussein et al. 2007). In transplastomic plants, the organic 
mercury was uptaken and translocated more efficiently than the inorganic form. 
The efficient translocation from roots to shoots seems to facilitate the reduction 
of toxic ionic mercury (Hg2+) into less toxic and volatile elemental mercury 
(Hg0) (Hussein et al. 2007). Although this approach demonstrated an improved 
phytoremediation capability in transplastomic plants, the volatile Hg0 form can 
be released back into the environment where it accumulates and potentially con-
verted again into highly toxic forms. For this reason, an alternative approach 
based on the expression of chelator molecules, such as metallothioneins, was 
developed (Ruiz et al. 2011). Transplastomic plants expressing the mouse met-
allothionein gene (mt1) were resistant up to 20  μM mercury without any phe-
notypic effect, and accumulated high concentrations of mercury in all tissues. In 
particular, the high concentration of mercury accumulated in leaves of transplas-
tomic plants (up to 106 ng) is indicative of an active phytoremediation and trans-
location of mercury.
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10.3.6 � Metabolic Engineering

Based on the fact that several biosynthetic pathways occur in plastids, some 
studies demonstrated the potential of plastome engineering for the nutritional 
enhancement of vegetables. Recently, Yabuta et al. (2013) improved the qual-
ity and quantity of vitamin E (tocopherol), an important anti-oxidant, through 
the expression of different genes involved in this pathway in the chloroplast 
genomes of tobacco and lettuce. In particular, they observed that the overexpres-
sion of tocopherol cyclase (TC) gene in both plant species induced an increase 
of total tocopherol level and vitamin E activity of about 2.2- and 1.3-fold in 
tobacco and lettuce, respectively, compared to wild-type plants. Carotenoid 
biosynthesis was manipulated in tomato in order to increase the content of pro-
vitamin A (β-carotene). In a first study (Wurbs et al. 2007), two microbial lyco-
pene β-cyclase and a β-cyclase/phytoene synthase fusion gene from the fungus 
Phycomyces blakesleeanus were integrated in the chloroplast genome of tomato. 
HPLC analyses demonstrated that transplastomic tomato fruits accumulated a 
4-fold higher provitamin A content compared to wild-type plants. A subsequent 
manuscript (Apel and Bock 2009) described the enhancement of provitamin 
A content in tomato fruits through the expression of lycopene β-cyclase from a 
higher plant (Narcissus pseudonarcissus, daffodil). In comparison with the previ-
ous study, a higher efficient conversion of lycopene to β-carotene was obtained, 
resulting in an accumulation of provitamin A of about 1 mg g−1 dry weight. In 
addition, the expression of lycopene β-cyclase from daffodil induced an increase 
of the total fruit carotenoid content and an alteration of carotenoid composition in 
leaves.

Another interesting example of the effectiveness of plastid transformation tech-
nology for the manipulation of metabolic pathways is the production of astaxan-
thin (Hasunuma et al. 2008), a carotenoid synthesized by some bacteria and fungi 
with wide industrial applications due to its various biological functions. This goal 
was pursued by the expression of plant codon optimized genes of marine bacte-
rium Brevundimonas sp. encoding the ß-carotene ketolase and ß-carotene hydrox-
ylase. Transplastomic plants expressing both genes accumulated astaxanthin at a 
level higher than 0.5 % (dry weight), corresponding to approximately at 70 % of 
total carotenoids, and synthesized also the novel carotenoid 4-ketoantheraxanthin. 
Further, they were characterized by a dramatic change of color in leaves and stems 
(reddish brown), and stigmas and corolla (pink), instead of their normal green 
color.

The possibility to manipulate by plastid transformation the lipid pathway has 
been recently discussed by Rogalski and Carrer (2011). However, besides the 
report of Craig et al. (2008) cited above, only another study investigated the feasi-
bility to alter the fatty acid content by overexpression of the accD gene in the plas-
tome (Madoka et al. 2002). Resultant transplastomic plants showed a significantly 
higher fatty acid content in leaves, extended leaf longevity and a 2-fold increase of 
seed yield over the controls.
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10.4 � Production of Recombinant Molecules in Plants  
by Plastid Transformation

The diffusion of the ‘Molecular Farming’ concept has given a significant boost to 
explore the suitability of chloroplast genetic engineering to produce recombinant 
molecules. Herein, we summarize the most successful and recent examples for 
each subgroup of recombinant molecules (Table 10.2 and Fig. 10.5).

10.4.1 � Industrial Proteins

Most recent examples of industrial proteins produced by plastid transformation 
belong to enzymes involved in the hydrolysis of lignocellulosic biomass to pro-
duce fermentable sugar. Verma et al. (2010a) expressed in tobacco chloroplasts 
an enzyme cocktail based on genes from bacteria and fungi, and compared their 
yields and enzyme activities with those obtained in E. coli. The chloroplast-
derived enzymes had higher temperature stability, wider pH range and higher 
enzyme activities compared to E. coli-derived enzymes. Further, the chloroplast-
derived crude extracts of enzyme cocktails were able to release a higher amounts 
of glucose from filter papers, pine wood, or citrus peel than commercial enzyme 
cocktails. Petersen and Bock (2011) focused on the production of four enzymes 
from the thermophilic bacterium Thermobifida fusca, demonstrating also in this 
case that such enzymes can be successfully expressed in the chloroplast genome. 
By contrast with Verma et al. (2010a), the high protein yields (between 5 and 
40 % of plant total soluble protein) produced by plastid transformation resulted in  
pigment-deficient phenotypes. Enzyme activity assay carried out on crude extracts 
of transplastomic plants demonstrated that all enzymes were highly active and 
hydrolyzed their synthetic substrates in a dose-dependent manner. On the con-
trary, enzyme assay carried out on natural substrates (wheat straw) showed that 
without a standard thermochemical treatment of plain straw it was not possible to 
observe a sugar release. The expression of a GH10 xylanase gene (Xyl10B) from 
Thermotoga maritima in the tobacco chloroplast genome gave an enzyme yield 
up to 15 % TSP without any phenotypic effects (Kim et al. 2011). The enzyme 
assay carried out with crude extracts of Xyl10B-transplastomic plants showed an 
exceptional catalytic activity and enabled the complete hydrolysis of natural sub-
strates to fermentable sugars with the help of α-glucuronidase accessory enzyme. 
Successful results were also obtained with the expression of β-mannase gene 
(man1) from Trichoderma reesei (Agrawal et al. 2011).

Other important industrial polypeptides recently produced via plastid trans-
formation include a laccase and a monellin variant. Davarpanah et al. (2012) 
produced transplastomic tobacco plants to develop commercial level of a fungal 
laccase, an enzyme with potential applications as waste detoxification and in tex-
tile industry. Although an accumulation up to 2  % of total protein was reached, 
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no laccase enzyme activity was detected. In addition, the transplastomic plants 
showed a retarded growth and a pale-green phenotype. The sweet protein monellin 
is a natural protein derived from berries of Dioscoreophyllum cumminsii (tropical 
rainforest vine) that has potential uses as noncarbohydrate sweetener for individu-
als that must control their sugar intake, but it is unstable at high temperatures and 
acidic pH. Hence, Lee et al. (2012) evaluated plastid transformation to produce 
more stable monellin variants. The ELISA assay detected a yield for each vari-
ant of about 50–60 μg/mg protein comparable to those obtained from the natural 
source.

10.4.2 � Bioplastics

Several attempts have been done to produce polyhydroxyalkanoates (PHAs), a 
family of biodegradable and renewable plastics, by plastid transformation. Some 
studies were performed with vectors including a minimal transgene expression 
cassettes that gave very low polymer accumulation levels (Nakashita et al. 2001; 
Arai et al. 2004).

The Ralstonia eutropha phb operon (three bacterial enzymes) was expressed 
in tobacco plastids using two different approaches. In a first study, Lössl et al. 
(2003) used the promoter and 5′-UTR of the plastid psbA gene. Transplastomic 
plants showed a PHB accumulation level very variable with the maximum yield 
(up to 1.7 % dry weight in leaves) at the early stages of in vitro culture. Because 
the highest yield achieved was associated with a growth reduction, an inducible 
system to regulate the transcription of the phb operon in tobacco plastids was sub-
sequently developed (Lössl et al. 2005). This approach was based on a nuclear 
located, ethanol-inducible T7 RNA polymerase which was targeted to plastids 
harboring the phb operon under the control of T7 regulatory sequences. Double 
transformed plants were sprayed with a 5  % ethanol solution and 4 weeks after 
induction, the PHB synthesis was evaluated by gas chromatography. After induc-
tion, the highest PHB content in transformed plants was 1,383 ppm in dry weight, 
whereas the background level in uninduced transformed plants was 171 ppm.

In order to optimize expression and reduce the chance of unwanted rearrange-
ments between sequences in the expression cassette and host genome, Bohmert-
Tatarev et al. (2011) selected PHB biosynthetic gene sequences (phaA, phaB, 
and phaC) from two bacteria (Acinetobacter sp. and Bacillus megaterium) with 
GC content and codon usage similar to that of tobacco plastome, regulatory ele-
ments with limited homology to the host plastome and short spacer elements 
of plastidial origin upstream of each transgene. The three genes of interest plus 
the marker gene were cloned downstream of the psbA coding sequence exploit-
ing promoter and UTRs of the same plastid gene (“operon extension strategy”). 
Transplastomic plants were capable of producing up to 18.8 % dry weight PHB in 
leaves. Furthermore, in contrast to previous results (Lössl et al. 2003), they were 
fertile and produced progeny with a high PHB content.
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10.4.3 � Antigens, Antibodies, and Adjuvants

During the past few years, exciting progress has been made with plastid-based 
production of pharmaceuticals and in particular with vaccine subunits, as recently 
summarized in several reviews (Cardi et al. 2010; Lössl and Waheed 2011; Maliga 
and Bock 2011; Scotti et al. 2012). Issues particularly important for this class of 
molecules are the achievement of high protein yields and stability, because the 
stimulation of the immune system, especially mucosal immunity, requires high 
doses of a stable antigen.

Recently, Inka Borchers et al. (2012) increased the accumulation and stabil-
ity of rotavirus VP6 protein altering its 5′-UTR and 5′ end of the coding region. 
Compared to previous results (Birch-Machin et al. 2004), the inclusion of 
the 5′-UTR from T7g10 and of 15 nucleotides at the 5′ end of the VP6 coding 
region increased its expression level up to 15 % of total leaf protein. Further, they 
observed that these sequences stabilized the protein accumulation in both young 
and old leaves, and that the plastid-based VP6 proteins assembled into trimeric 
forms similarly to rotavirus capsids (Inka Borchers et al. 2012). For other viral 
antigens, it has been observed that the use of a 5′-UTR plus additional nucleotides 
at the 5′ end of coding region (HPV-16 L1 or HIV-1 Pr55gag) or the production of 
a fusion protein by adding partial or complete protein sequences at the 3′ end of 
coding sequences (2L21 peptide from canine parvovirus or epitope of VP1 protein 
of the foot and mouth disease virus) can increase protein yields up to 51 % TSP 
(Lenzi et al. 2008; Scotti et al. 2009; Lentz et al. 2010; Ortigosa et al. 2010b). On 
the other hand, Rigano et al. (2009) demonstrated that the only use of the T7g10 
5′-UTR was sufficient to accumulate the envelope protein (A27L) of vaccinia 
virus up to 18 % TSP.

In order to confer dual immunity against cholera and malaria, Davoodi-
Semiromi et al. (2010) fused the cholera toxin-B subunit (CTB) to two malarial 
antigens, apical membrane antigen-1 (AMA1) and merozoite surface protein-1 
(MSP1), and expressed them in tobacco and lettuce chloroplasts. CTB-AMA1 
and CTB-MSP1 were accumulated up to 13.2  % and 10.1  % TSP in transplas-
tomic tobacco plants and up to 7.3  % and 6.1  % TSP in transplastomic lettuce 
plants, respectively. The tobacco plastid-based fusion proteins were used to immu-
nize subcutaneously or orally nine groups of mice. Significant levels of specific 
antibodies were detected for both diseases. In addition, the analysis of several 
immunological markers suggests that immunity was conferred via the Tr1 cellular 
and Th2 humoral immune responses. Another multicomponent vaccine that elic-
ited both systemic and mucosal immune responses was based on fusion protein 
containing epitopes against diphtheria, pertussis, and tetanus (DPT) expressed in 
tobacco plastome (Soria-Guerra et al. 2009).

Gorantala et al. (2011) developed a vaccine against anthrax based on domain 
IV of protective antigen [PA(dIV)] in tobacco chloroplasts, obtaining an expres-
sion level up to 5.3 % TSP with an AT rich sequence of the gene. Further, they 
compared the protective response of plant- and E. coli-derived [PA(dIV)] in 
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mice intraperitoneally or orally immunized with or without adjuvant. Although 
the highest antibody titers (>105) were detected in adjuvanted E. coli [PA(dIV)] 
groups, adjuvanted plastid-derived [PA(dIV)] also induced significant specific 
antibody titers (>104) in both intraperitoneal and oral immunizations. Challenge 
with Bacillus anthracis in mice intraperitoneally immunized with adjuvanted plas-
tid-derived [PA(dIV)] conferred a lower protection (60 % vs. 100 %) than in mice 
immunized with adjuvanted E. coli [PA(dIV)].

Recently, Lentz et al. (2012) produced in tobacco chloroplasts a fragment 
from camelid single-chain antibodies, also known as nanobody or VHH, directed 
against rotavirus VP6 protein and able to neutralize rotavirus infection. They pur-
sued three strategies: expression of the original VHH in the chloroplast stroma 
(VHH 3B2), a translational fusion between GUS protein and VHH (GUS-E-
VHH), and the targeting of VHH to thylakoid lumen by adding a N-terminal signal 
peptide of the pectate lyase B of Erwinia carotovora (pep-VHH). Transplastomic 
plants expressing the nanobodies VHH 3B2 and pep-VHH were characterized 
by transgene instability, heteroplasmic genotype and loss of the transgene in the 
seeds, whereas GUS-E-VHH plants had a normal development and accumulated 
the nanobody in the stroma at 3 % TSP. However, the few pep-VHH homoplasmic 
lines obtained confirmed protein translocation into the thylakoid lumen, where the 
pep-VHH polypeptide was stable and its expression levels reached 2–3 % of the 
total soluble proteins.

To date, there is only one example of a plastid-derived adjuvant correspond-
ing to the extra domain A (EDA) from fibronectin (Farran et al. 2010). Similarly 
to previous examples, the highest protein yield (2 % of total cellular protein) was 
obtained when the protein was translationally fused to the first 15 amino acids of 
the green fluorescent protein (GFP). The EDA protein was purified from tobacco 
leaves and used in biological assay in order to demonstrate that it retained its pro-
inflammatory properties and hence that could be used as adjuvant.

10.4.4 � Therapeutic Proteins

Recently, Khan and Nurjis (2012) expressed in tobacco a synthetic interferon 
alpha 5 gene, belonging to an important class of proteins used for the treatment 
of different malignancies and virologic diseases. ELISA assay carried out on 
total extracts of transplastomic plants demonstrated that this protein accumu-
lated to very low yield (up to 4.4 pg/g fresh weight). Similarly, a low yield was 
obtained for cyanovirin-N (CV-N), a small protein (11 kDa) difficult to express in 
chloroplasts, able to inactivate at nanomolar concentrations all variants of HIV-1 
(Elghabi et al. 2011). Various terminal fusions were tested to improve the produc-
tion of CV-N in such organelle, and the highest protein yield (0.3  % TSP) was 
obtained with either N- or N- and C-terminal GFP fusions.

A much higher yield (12 % of total leaf protein) was obtained with a synthetic 
gene containing 33  % GC encoding for human transforming growth factor-β3 
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(TGFβ3) that was accumulated in insoluble aggregates (Gisby et al. 2011). Its 
insolubility facilitated initial purification and refolding in homodimeric chains 
linked by disulfide bonds. A biologic assay based on the ability of TGFβ3 to 
inhibit the proliferation of mink lung epithelial cells was carried out on refolded 
plastid-based protein and standard protein, and showed a similar dose-response 
curve between the two proteins.

Recently, various therapeutic agents, such as retrocyclin-101 (RC101) and pro-
tegrin-1 (PG1), proinsulin, and coagulation factor IX, were produced in transgenic 
chloroplasts (Verma et al. 2010b; Boyhan and Daniell 2011; Lee et al. 2011). In 
order to confer protein stability, all genes were fused to GFP or CTB sequences. 
The protein yields of RC101 and PG1 antimicrobial peptides, promising therapeu-
tic agents against bacterial and/or viral infections, especially those caused by the 
HIV-1 or sexually transmitted bacteria, were estimated to be approximately 35 % 
and 25 % TSP, respectively. The antimicrobial activity of both proteins was con-
firmed by inoculation of potted plants with E. carotovora. Further, RC101 trans-
plastomic plants were resistent to tobacco mosaic virus infections confirming also 
the antiviral activity (Lee et al. 2011). Hence, such peptides could have also a role 
against plant pathogens.

Some lysine-type antibiotics were recently developed in tobacco chloroplasts 
using two strategies. The highest yield (more than 70 % TSP) was obtained with 
the synthetic plyGBS gene (Oey et al. 2009a). The other two antibiotics (Cpl-1 and 
Pal), that proved to be unclonable into standard plastid expression cassettes, were 
expressed using an innovative strategy (called toxin shuttle), based on preventing 
lethal transgene transcription in E. coli by inducing premature transcription termi-
nation upstream of the transgene coding region using bacterial transcription termi-
nators (Oey et al. 2009b). The bacterial terminators were flanked by loxP sites and 
could therefore be excised in planta by site-specific recombination after chloro-
plast transformation.

Since it is widely known that thioredoxins, small ubiquitous proteins, were able 
to enhance solubility and stability of recombinant proteins in microbial expression 
systems, Sanz-Barrio et al. (2011) evaluated the role of thioredoxins as modula-
tors of the expression of the human serum albumin (HSA), which has been pre-
viously shown to form inclusion bodies in plastids (Fernandez-San Millan et al. 
2003). For such a purpose, two strategies were assayed based on the fusion of 
thioredoxins m and f to HSA, or on co-expression with HSA on the same vec-
tor. Trx m-HSA and Trx f-HSA fusion lines accumulated, in inclusion bodies, the 
human serum albumin to 26 % TSP and 22 % TSP, respectively; whilst the HSA 
in co-expressed lines was mainly found as soluble protein with accumulation level 
of 1.5 and 3.1 % TSP for Trx m and Trx f, respectively. The differences observed 
in terms of protein accumulation were mainly due to higher HSA stability of the 
fused proteins.

The human proinsulin (A, B, and C peptides) was expressed in tobacco and 
lettuce chloroplasts and accumulated up to 47 % and 53 % of total leaf protein, 
respectively (Boyhan and Daniell 2011). Accumulation of this protein was stable 
also in senescent and dried lettuce leaves. Proinsulin was purified from tobacco 
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leaves up to 98 % of purity. Oral and injectable delivery of plastid-based proinsu-
lin into mice showed reduction of glucose level in blood similar to that obtained 
with commercial processed insulin.

Current treatment of the hemophilia disorders based on intravenous infu-
sion of recombinant or plasma-derived coagulation factors VIII or IX can induce 
anaphylactic reactions. In order to prevent these reactions, Verma et al. (2010b) 
tested a fusion protein CTB-coagulation factor IX (CTB-FFIX) produced by plas-
tid transformation in a murine hemophilia B model. Oral delivery of plastid-based 
CTB-FFIX blocked the formation of inhibitory antibodies and eliminated fatal 
anaphylactic reactions.

An interesting therapeutic target of Alzheimer disease, the β-site of the amyloid 
precursor protein cleaving enzyme (BACE), was produced at 2 % of TSP in trans-
genic tobacco chloroplasts (Youm et al. 2010). Mice gavaged with extracts from 
transplastomic plants expressing the BACE enzyme showed a specific immune 
response.

10.5 � Conclusions and Perspectives

The first example of stable plastid transformation in higher plants (tobacco) dates 
back to more than 20 years ago (Svab et al. 1990). Since then, the technology has 
been improved in many aspects, including the development of various methods for 
DNA introduction, marker genes and selection strategies, vector types, and meth-
ods for marker excision. Although the plastids of some species (e.g., the mono-
cots) remain difficult to transform, a reproducible protocol is now available for 
about 20 species, belonging to 8 families (Maliga 2012). Besides to biotechnol-
ogy, for which some applications have been discussed in the present chapter, the 
transformation of the plastome is also relevant to basic studies (Maliga 2004). In 
the last 3 years, more than 40 original articles showing a total production of about 
80 proteins for applications in different fields have been published. Important 
challenges for the future remain the improvement of transformation protocols in 
species other than tobacco and related Solanaceae, the development of inducible 
expression vectors, the increase of the expression level in nongreen plastids and/or 
for difficult-to-accumulate proteins, and the optimization of recombinant protein 
purification protocols. For all these aspects, however, significant improvements 
have been made lately, as reported in this chapter and other recent reviews (Maliga 
and Bock 2011; Maliga 2012). “Aspirational goals” for plastid biotechnology have 
been recently discussed (Clarke and Daniell 2011). In the next future, only a small 
number of proteins will likely remain not expressible in transgenic plastids, such 
as those requiring glycosylation for their functionality.

To our knowledge, no transplastomic plants have been grown so far in the field for 
commercialization. Field trials, however, have been conducted with transplastomic 
petunia, soybean and tobacco to test degree of gene containment (greenbiotech.
eu/?page_id = 501), herbicide tolerance (www.faqs.org/patents/app/20120023615), 

http://greenbiotech.eu/?page_id�=�501
http://greenbiotech.eu/?page_id�=�501
http://www.faqs.org/patents/app/20120023615
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and production of pharmaceuticals (Arlen et al. 2007), industrial enzymes (www
.icongenetics.com/html/5935.htm) or bioplastic (www.metabolix.com/Products/
Crop-based-Technologies/Research).
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