Chapter 2
Mechanism and Regulation of Protein
Synthesis in Mammalian Mitochondria

Emine C. Koc and Hasan Koc

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.
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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), 111 (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 x 10 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, ). 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, ¢, 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, OxalL, Cox18, and
LetM, have been found to interact with mitochondrial ribosomes, which are homol-
ogous to yeast IM proteins Oxalp (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
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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 558 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,
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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)
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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 558 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 [F2mt
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 A 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/L.12
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 VICI1, 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.
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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# 312Y).
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 1F3 and the NMR structure of the murine IF3mt C-terminal domain (PDB# 1TIF
and 2CRQ)
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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 MitoProtIl (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 TF3 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
a-helix folded against four B-sheets (Fig. 2.3b). The C-terminal domain of IF3mt
is folded into a similar structure, except with two a-helices (Fig. 2.3b). Although
the linker region contains a helical segment in bacteria, the mitochondrial linker
is predicted to be a partial a-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 tRNAMe! 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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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-GImt: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 (Fla) 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. RRFImt (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

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,
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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-Glmt). 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-
TWC 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 . EF-Tsmt
with tRNA. In this model r vy

of the bovine EF-Tumt:EF- i N-Domain
Tsmt complex (PDB# 1XB2) B
with E. coli Cys-tRNACY
(PDB# 1B23), 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)

urLog-enua)
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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 B-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-G1lmt 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-GImt is
the resistance of this factor to fusidic acid (Bhargava et al. 2004). The specific-
ity of EF-Glmt 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 Fla 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, c120rf65, 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 c120rf65 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 tmnRNA 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 RRE. 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-G1lmt 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, NADT, 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
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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 SIRTS (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 elF2a (Kimball
et al. 1998; Hershey 1989). Phosphorylation of elF2a 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-LI2 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 NADT-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 MRPLI12 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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