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Abstract 

The evolutionary acquisition of mitochondria has given rise to the diversity of eukaryotic life. 

Mitochondria have retained their ancestral α-proteobacterial traits through the maintenance of 

double membranes and their own circular genome that varies in size, ranging from very large 

in plants to the smallest in animals and their parasites. The mitochondrial genome encodes 

essential genes for protein synthesis and has to coordinate its expression with the nuclear 

genome from which it sources most of the proteins required for mitochondrial biogenesis and 

function. The mitochondrial protein synthesis machinery is unique because it is encoded by 

both the nuclear and mitochondrial genome thereby requiring tight regulation to produce the 

respiratory complexes that drive oxidative phosphorylation for energy production. The 

fidelity and coordination of mitochondrial protein synthesis are essential for ATP production. 

Here we compare and contrast the mitochondrial translation mechanisms in mammals and 

fungi to bacteria and reveal that their diverse regulation can have unusual impacts on the 

health and disease of these organisms. We highlight that in mammals the rate of protein 

synthesis is more important than the fidelity of translation, enabling coordinated biogenesis 

of the mitochondrial respiratory chain with respiratory chain proteins synthesised by 

cytoplasmic ribosomes. Changes in mitochondrial protein fidelity can trigger the activation of 

the diverse cellular signalling networks in fungi and mammals to combat dysfunction in 

energy conservation. The physiological consequences of altered fidelity of protein synthesis 

can range from liver regeneration to the onset and development of cardiomyopathy.  
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Introduction   

Sustained and regulated energy conservation is essential for cell health and survival. 

Mitochondria supply ATP, the energy currency of cells, through oxidative phosphorylation 

(OXPHOS) by the electron transport chain (ETC) and the ATP synthase. Mitochondria also 

play essential roles in cell metabolism and signalling, cell death, reactive oxygen species 

(ROS) production, antioxidant and redox regulation, ion homeostasis and stress responses 

(Nunnari & Suomalainen, 2012). Mitochondria have retained a circular genome that is a 

remnant of the endosymbiotic union of an α-proteobacterium and an ancestor of the modern 

eukaryotic cell (Margulis, 1981; Martin et al., 2015). The mammalian mitochondrial genome 

is compact, encoding 13 protein subunits of the OXPHOS system, 22 tRNAs and 2 rRNAs 

(Rackham et al., 2012), produced by excision of the genome length polycistronic RNAs 

(Rackham et al., 2016; Siira et al., 2018). In yeast, despite considerable variation in genome 

size, all species have retained a core set of 7 genes, which encode proteins of the OXPHOS 

complexes and ribosomal proteins (Freel et al., 2015), in addition to ~26 tRNAs and 2 

rRNAs.    

Mitochondrial ATP production relies on the coordinated expression of genes from 

both the mitochondrial and nuclear genomes. Synthesis of proteins from both genomes must 

adapt synergistically to meet cellular energy demands (Lee et al., 2018). The stages of 

mitochondrial translation, from initiation through to elongation, termination, and ribosome 

recycling are all regulated by nuclear-encoded translation factors. By analogy to bacterial and 

cytoplasmic translation, elongation is considered to proceed at maximal rates, while initiation 

is the rate limiting and most highly regulated phase of protein synthesis (Hershey et al., 

2012).   

Species-specific selective pressures have resulted in altered regulation of translation 

initiation in mitochondria. Advances in cryo-EM reconstructions of mitoribosomes, the use of 

new genetic models and RNA sequencing technologies have promoted a renaissance of the 

mitochondrial translation field that has important implications in health and 

disease. Mutations in genes encoding components of the translation machinery are one of the 

most common causes of mitochondrial diseases (Boczonadi & Horvath, 2014). Furthermore, 

a large proportion of clinically useful antibiotics function by interfering with the bacterial 

translation machinery (McCoy et al., 2011), and off-target effects of these drugs can have 

negative side effects in mitochondria due to similarities between these systems (Singh et al., 



 

This article is protected by copyright. All rights reserved. 

2014). Disruptions in coordination of nuclear and mitochondrial translation have been 

implicated in aging and age-related disease (Finley & Haigis, 2009), while mistranslated 

proteins also result in OXPHOS defects and cardiovascular dysfunction (Suhm et al., 2018; 

Ferreira et al., 2019). Here we contrast and compare mitochondrial translation initiation 

across species, highlighting the importance of coordination and fidelity in mitochondrial 

protein synthesis. 

Mitochondrial ribosomes are molecular machines that recognize unique mRNAs 

Mitochondria have diverged significantly from bacteria, which is reflected in mitoribosomes 

with variable RNA content and additional mitochondria-specific proteins (Suzuki et al., 

2001) (Figure 1). The mammalian and yeast mitoribosomes have lost the 5S rRNA found in 

bacterial ribosomes; instead in mammalian mitochondria this is replaced with a tRNA, for 

example in humans this is mt-tRNA
Val

 and mt-tRNA
Phe

  in pigs (Brown et al., 2014; Greber et 

al., 2014). Interestingly, if the levels of  mt-tRNA
Val

 are reduced, the large ribosomal subunit 

can accommodate mt-tRNA
Phe

 as a replacement structural element (Rorbach et al., 

2016). Mammalian mitoribosomes have reduced rRNA content but have acquired additional 

proteins (Suzuki et al., 2001; Amunts et al., 2015; Greber et al., 2015). It is not clear if these 

mitochondria-specific ribosomal proteins replace structural rRNAs that were lost during 

evolution since the yeast mitoribosome also has gained numerous mitochondria-specific 

proteins without reducing its rRNA content (Amunts et al., 2014; De Silva et al., 2015). It is 

possible that mitochondria-specific ribosomal proteins have been acquired in response to 

changes in the mitochondrial genome and the unique requirements for its expression in 

different organisms (Hill, 2020).  

Mitochondrial mRNAs lack untranslated regions and significant secondary structures 

required by bacterial or cytosolic ribosomes for ribosome binding and start codon scanning 

(Jones et al., 2008; Liu et al., 2013). Consequently, mitoribosome recognition of the three 

different start codons of the leaderless mammalian mRNAs is significantly different to that of 

yeast mRNAs that have 5′ sequence elements for translational activator binding of each 

specific mRNA (Herrmann et al., 2013). While yeast have dedicated translational activators 

that assist in mRNA docking and interaction with the mitoribosome (Jones et al., 2019; 

Salvatori et al., 2020), mammalian mitochondria only possess one known translational 

activator. The translational activator of cytochrome c oxidase subunit 1 (TACO1) binds the 

mt-Co1 mRNA to facilitate its translation (Richman et al., 2016), and mutations in the 
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TACO1 gene cause late onset Leigh Syndrome (Weraarpachai et al., 2009; Seeger et al., 

2010). The paucity of translational activators in mammalian mitochondria indicates that 

mitoribosomes may require additional proteins to fulfil this regulatory capacity. Interestingly 

evolutionarily new mitochondria-specific ribosomal proteins, such as PTCD3 (mS39 or 

MRPS39), decorate the periphery of the ribosomal subunits, specifically around the 

ribosomal mRNA entrance site and can associate with mRNAs and facilitate mRNA 

recognition and docking (Davies et al., 2009; Kummer et al., 2018). Understanding the roles 

of the unique proteins that make up the mitoribosome in addition to the factors that interact 

with the initiation complex will be important in understanding how individual mRNAs are 

translated in both mammals and yeast. 

Evolutionary differences in translation initiation factors between bacteria and 

eukaryotic mitochondria 

Translation initiation is composed of a series of reactions that position the start codons of 

mRNAs in the peptidyl decoding site of the ribosome, paired to the anticodon of 

the aminoacylated and formylated initiation methionyl transfer RNA (tRNA
fMet

) (Figure 2).  

Coordination of initiation factor binding is likely essential for initiation complex formation, 

and the timing of this binding is key in bacteria (Milón et al., 2012). In bacteria, initiation is 

tightly controlled by three factors, IF1, IF2, and IF3 (Iwasaki et al., 1968), while only two 

homologous initiation factors have been identified in mitochondria, MTIF2 and MTIF3 (Liao 

& Spremulli, 1990; Koc & Spremulli, 2002).  Bacterial IF1 is the smallest initiation factor 

and binds to the A-site of the 30S subunit, enhancing the function of IF2 and IF3 by 

providing key anchoring points for binding (Carter et al., 2001; Hussain et al., 2016). IF1 

blocks premature binding of elongator tRNAs during initiation of translation by occupying 

the same place on the 16S rRNA that could be bound by an elongator tRNA (Moazed et al., 

1995). IF1 can have cooperative functions with the other initiation factors, for example, IF1 

and IF2  stabilise the 30S initiation complex, and IF1 is also involved in the proof-reading of 

initiation complexes with IF3 (Yassin et al., 2011). There is no protein equivalent of IF1 in 

mitochondria and it is widely accepted that mammalian MTIF2 has compensated for the loss 

of IF1 via a 37 amino acid insertion (Gaur et al., 2008), which forms an -helix and blocks 

the ribosomal A site during initiation, functionally replacing IF1 (Yassin et al., 2011; 

Kummer et al., 2018). As IF1 is an essential protein in bacteria (Cummings & Hershey, 
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1994), its loss in mitochondria indicated that the interactions of the remaining initiation 

factors with ribosomes would have divergent roles in translation initiation.   

In bacteria IF2 functions as a GTPase involved in the recruitment of tRNA
fMet to the P 

site of the 30S subunit, and in regulating the formation of the 70S initiation complex 

(Gualerzi & Pon, 1990). Bacteria possess two forms of tRNA
Met

, one for initiation, which is 

accepted directly into the P site, and one for elongation, which as accepted into the A site and 

translocated into the P site. IF2 mediates the selection of the initiator tRNA
fMet

 recognising its 

3′ single stranded acceptor stem and formylated methionine (Hartz et al., 1989; Guenneugues 

et al., 2000; Milón et al., 2010). Mitochondrial MTIF2 is the only factor that is universal 

throughout mitochondria in eukaryotes (Liao & Spremulli, 1990). The function of the factor 

in mammalian mitochondria is unique as they only encode one form of tRNA
Met

, and 

therefore rely exclusively on the formylation of the methionine by the mitochondrial 

methionyl-tRNA formyltransferase (MTFMT) (Takeuchi et al., 1998) to allow the 

mitoribosome to distinguish the initiator tRNA
fMet

 from the elongator tRNA
Met

. 

MTIF2 has maintained its native bacterial function in enhancing binding of tRNA
fMet

 

to the 28S subunit in the presence of a canonical start codon (Ma & Spremulli, 1996; Spencer 

& Spremulli, 2005), because it has a 50-fold preference for this tRNA (Spencer & Spremulli, 

2004). Interestingly, this is not the case for yeast, which have retained similarities to bacteria, 

such as separate initiator and elongator tRNA
Met

 species and in Saccharomyces cerevisiae 

mIF2 has a greater affinity for tRNA
fMet 

(Martin et al., 1977; Garofalo et al., 2003). In 

bacteria IF2 promotes the association of the 50S subunit with the 30S initiation complex, in a 

GTP dependent reaction, to form the elongation competent 70S initiation complex (Antoun et 

al., 2003; Grigoriadou et al., 2007a). It is unclear whether mammalian and yeast MTIF2 have 

retained this function. The structure of the interaction between MTIF2 and the mitoribosome, 

identified that the five major domains of MTIF2 can interact with the decoding centre of the 

ribosome in the A-site, the sarcin-ricin loop, and the 3′ CCA end of the tRNA
fMet

 (Kummer et 

al., 2018). Recently the in vivo association of MTIF2 with the mitoribosome was shown to be 

stable, and loss of MTIF3 reduced the stability of MTIF2, indicating a cooperative role for 

these two proteins during translation initiation (Rudler et al., 2019).    

Bacterial IF3 binds to dissociated small ribosomal subunits to prevent reassembly of 

the monosome, thereby increasing the availability of free 30S subunits to proceed with 

translation initiation (Dottavio-Martin et al., 1979). The ability of IF3 to enhance subunit 
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dissociation is attributed to the specific sites this factor occupies on the 16S rRNA, which are 

essential binding sites for the 50S subunit (Moazed et al., 1995). IF3 is also essential in 

proofreading the codon-anticodon interaction between the mRNA and initiator tRNA at the P 

site (Meinnel et al., 1999). In this way IF3 plays an important role in the fidelity of initiation 

by promoting the conversion of the 30S initiation complex to the 70S initiation complex only 

in complexes containing the canonical initiation codons, and by enhancing the dissociation of 

initiator tRNAs from 30S initiation complexes containing non-canonical initiation codons 

(Grigoriadou et al., 2007b; Milón et al., 2008). 

Mammalian MTIF3 has evolved from its bacterial ancestor, and has acquired 

extensions on both its N- and C-termini of approximately 30 amino acids (Koc & Spremulli, 

2002), which are important for its function (Haque et al., 2008; Koripella et al., 2019). In 

vitro studies suggested that these extensions assisted in actively disassociating the subunits at 

the end of translation, and prevented monosome reassembly (Koc & Spremulli, 2002; 

Derbikova et al., 2018). In vivo findings identified that MTIF3 is instead required for the 

correct positioning of the mRNA within the preinitiation complex, and the removal of 

prematurely bound initiator tRNA from the ribosome (Rudler et al., 2019). MTIF3, unlike 

MTIF2, is transiently bound to the ribosome (Haque et al., 2011; Koripella et al., 2019; 

Rudler et al., 2019). Further, MTIF3 was found to regulate the rate of translation, such that 

loss of MTIF3 caused increased translation at the expense of fidelity and ribosome stalling 

(Figure 3). Loss of MITF3 caused embryonic lethality indicating that its function is non-

redundant and essential for life (Rudler et al., 2019). The altered fidelity of translation caused 

by heart and skeletal muscle-specific loss of MTIF3 impaired coordination with cytosolic 

translation and consequently caused reduction in the de novo biogenesis of the OXPHOS 

system resulting in reduced ATP levels (Rudler et al., 2019).  

Unlike the bacterial system, which has been extensively investigated, the formation of 

the mammalian mitochondrial initiation complex has recently been revealed, while in yeast 

the initiation of translation is still poorly understood. There is a divergence in the requirement 

of initiation factors found in bacteria and mammals, instead an assortment of other factors 

may substitute for their functions. In some species of yeast, such as  S. cerevisiae, a homolog 

of IF3 was not identified and Aim23 was suggested as a potential candidate capable of 

fulfilling the function of the third initiation factor (Atkinson et al., 2012). Interestingly, while 

MTIF3 is an essential factor for mammalian mitochondria (Rudler et al., 2019), loss of 

Aim23 in S. cerevisiae did not completely arrest translation and instead only caused an 
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imbalance in protein production (Kuzmenko et al., 2016), supporting the idea that there are 

likely additional factors involved in translation initiation in yeast. 

Balancing efficiency and fidelity in mitochondrial translation 

Changes in developmental or environmental conditions, as well as diverse and fluctuating 

cellular signals impose different energy demands on cells. Efficiency of translation is 

important to ensure mitochondria can meet these demands, whereas fidelity of protein 

synthesis, stress signalling, and protein homeostasis need to be coordinated and can influence 

cellular lifespan (Suhm et al., 2018; Ferreira et al., 2019). Translational efficiency is a fine 

balance between fidelity and speed, where an increase in one is often at the expense of the 

other. A reduction in fidelity can lead to an accumulation of misfolded proteins, which are 

toxic for the cell, while a reduction in speed can reduce the biogenesis of the OXPHOS 

system thereby compromising energy requirements. The rate of translation also impacts the 

correct folding of de novo synthesized proteins (Cabrita et al. 2010). In general, the speed of 

translation is determined by the rates of the three main stages of translation: initiation, 

elongation, and termination. Correct initiation and elongation are key for maintaining 

translational fidelity, and disruptions to these processes can occur in several ways.   

Recognition of mitochondrial mRNA start codons is unique as they contain several 

non-standard sequences. The ability for mitochondrial systems to recognise alternative start 

codons suggests that there are already fidelity differences between mitoribosomes. For 

example, yeast Aim23 affects the stoichiometry of certain, but not all, mRNAs, a mechanism 

that is possibly involved in regulating mitochondrial subunit levels (Kuzmenko et al., 2016). 

Human MTIF3 expressed in Escherichia coli permits a third position mismatch on mRNAs, 

unlike bacterial IF3 that only allows mismatching at the first position (Ayyub et al., 2018). 

While the steady state levels of certain mitochondrial peptides are unaffected by loss of 

MTIF3, it does not discriminate between canonical and non-canonical start codons (Rudler et 

al., 2019). The loss of MTIF3’s proof-reading of correct initiation complex formation, where 

misregulated protein synthesis leads to increased translation at the expense of fidelity (Rudler 

et al., 2019), is a response that appears unique to mammalian mitochondria. Unhindered 

mitochondrial translation in the absence of MTIF3, produces a subset of proteins at an 

increased rate which disrupts the balance of nuclear and mitochondrial subunits (Figure 3). 

Other ways translational errors can occur is via incorrect aminoacylation of the 

tRNAs or errors in tRNA selection during mRNA decoding by the ribosome. One of the first 
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major steps in elongation that is crucial for translation fidelity is the aminoacylation of tRNAs 

by the correct aminoacyl-tRNA synthetases (aaRS). AaRSs can specifically differentiate 

between tRNA species via identity elements in the anticodon loop or amino acid accepting 

stem (Suzuki et al., 2011). In mitochondria, elongation factor EF-Tu performs an additional 

proof-reading step to reduce errors in the aminoacylation of tRNAs (Nagao et al., 2007). 

Defects in mitochondrial aaRSs have been observed to lead to diseases caused by 

mitochondrial dysfunction, indicating that proofreading by aaRSs is essential for 

mitochondrial function (Riley et al., 2010; Diodato et al., 2014; Dogan et al., 2014). Despite 

this, aminoacylation of tRNAs by aaRSs is very accurate, and it is generally accepted that 

errors in translation are most often caused by errors in ribosomal mRNA recognition.   

  The question of ribosome fidelity was raised over 60 years ago, following findings 

that codon-anticodon interactions in solution were weak and required ribosomes (Lipsett et 

al., 1960). Treatment of translating ribosomes with streptomycin identified that the ribosome 

and its structure play essential roles in translation and fidelity (Davies et al., 1964). 

Investigations into the interactions of antibiotics with the ribosome with streptomycin-

resistant E. coli mutants (displaying streptomycin-dependent phenotypes) identified mutations 

in the rpsL gene corresponding to the ribosomal subunit protein 12 (S12) that restricted the 

capacity for streptomycin to induce translation misreading (Nomura et al., 1969). Further 

studies identified mutations in S12 that conferred error-prone and error-restrictive (hyper-

accurate) activity (Agarwal et al., 2011). This meant that mutations in a single ribosomal 

protein could be used to investigate the role of the ribosome in fidelity. Analysis of the 

structure of the ribosome found that S12 was positioned in the A site of the bacterial 

ribosome (Yusupov et al., 2001), where it makes contact along the acceptor arm of tRNA 

(Valle et al., 2002). In the case of the error-prone systems, this positioning allows S12 to 

accelerate domain closure of the SSU, resulting in incorrect acceptance of near-cognate 

tRNAs (Gromadski & Rodnina, 2004). Further, this region was identified to be a conserved 

element of the decoding centre between species (Greber et al., 2015). Error-prone ribosomes 

result in increased ROS production and activate a general stress response in yeast (Suhm et 

al. 2018), a response similar to that in bacteria (Agarwal et al., 2011). In mammals, 

mitochondrial mistranslation reduced translation and respiratory function, which elicited a 

stress signalling response that enabled the recovery of mitochondrial translation via 

mitochondrial biogenesis, telomerase expression, and cell proliferation (Ferreira et al., 2019). 

In contrast, increased fidelity of mitochondrial translation reduced the rate of protein 



 

This article is protected by copyright. All rights reserved. 

synthesis without eliciting a mitochondrial stress response, where an inability to upregulate 

biogenesis and recover ATP levels resulted in cardiomyopathy. Error-prone mitochondrial 

translation showed more deleterious consequences in yeast (Suhm et al., 2018), while hyper-

accurate mitochondrial translation had a greater physiological impact in mice (Ferreira et al., 

2019). This suggests that in mammals there is a threshold of tolerance for mistranslation of 

proteins in mitochondria, where the rate of translation is more important than accuracy for 

mitochondrial function. The differences in responses between the error-prone and hyper-

accurate mutations in yeast and mammals highlight the mammalian-specific signalling 

pathways that respond to changes in the fidelity of mitochondrial protein synthesis. This is 

supported by studies investigating the relationship between translational speed and protein 

folding efficiency, where Siller et al. (2010) found that mutant bacteria expressing eukaryotic 

proteins could not effectively fold these proteins until the speed of translation was reduced, as 

eukaryotic cytosolic translation proceeds at a slower rate than that of bacteria. Mice carrying 

a V338Y mutation in MRPS5, which is another mitoribosomal protein required for 

translational fidelity, have increased mitochondrial mistranslation and these mice have 

enhanced anxiety and were more susceptible to noise-induced hearing loss (Akbergenov et 

al., 2018). The effects of altered translation fidelity differ between organisms and highlight 

the distinct responses and mechanisms that have developed to deal with changes in organelle 

translation between yeast and mammals. It would be interesting to investigate other key 

ribosomal proteins and their roles in fidelity to further elucidate the extent of control the 

ribosome has over the correct recognition of mRNA codons.    

Coordination of mitochondrial and nuclear translation in health and disease 

Translation is an energetically costly process, so tailoring protein expression to demand is 

critical. Protein production in bacteria is tightly coordinated, and the subunits of multi-protein 

complexes are produced according to their stoichiometries (Li et al., 2014). In mammalian 

mitochondria, the coordinated expression of proteins from both the nuclear and mitochondrial 

genomes is essential for OXPHOS function (Rudler et al., 2019). Controlled protein 

production is particularly important in mitochondria because subunits produced in excess 

have the potential to form toxic intermediates, leading to damaging ROS production 

(Khalimonchuk et al., 2007). In S. cerevisiae cytosolic and mitochondrial translation are 

synchronously regulated by the nuclear genome in response to mitochondrial biogenesis 

(Couvillion et al., 2016). When cells were shifted from a fermentable to a non-fermentable 

carbon source to induce respiratory metabolism, translation of cytosolic and mitochondrial 
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OXPHOS subunits increased simultaneously, in a response coordinated unidirectionally by 

the nuclear genome. While the pathways exerting this control are not fully understood, it is 

likely that in yeast translational activators play an essential part in this control. Translational 

activators operate within feedback loops, and some are present in rate limiting amounts, and 

therefore have the capacity to match mitochondrial protein expression to nuclear protein 

availability (Ott et al., 2016). In mammals, assembly factors are emerging as key players in 

the nuclear control of mitochondrial protein expression (Richter-Dennerlein et al., 2016). It is 

possible that during active mitoribosome translation these factors are sequestered to facilitate 

OXPHOS complex assembly in the inner membrane (Wang et al., 2020). 

Perturbations to the coordination of mitochondrial and cytoplasmic protein synthesis 

are managed by downstream pathways operating to restore the stoichiometric balance of 

OXPHOS subunits and function. Mitochondrial proteins are highly hydrophobic and must be 

co-translationally inserted into the inner membrane. Following insertion into the inner 

membrane, mitochondrial OXPHOS subunits must assemble with the nuclear encoded 

subunits to form functional OXPHOS complexes. In yeast, Oxa1 and Mba1 are both essential 

proteins required for the co-translational insertion of hydrophobic mitochondrial proteins 

(Preuss et al., 2001). In mammals, the MRPL45 protein anchors the translating ribosome to 

the mitochondrial inner membrane, facilitating the insertion of proteins likely via OXA1L 

(Greber et al., 2014; Kummer et al., 2018) using the unique mitochondrial membrane lipid 

cardiolipin as a platform (Lee et al. 2020). Loss of cardiolipin disrupts protein synthesis in 

mitochondria by destabilising the mitoribosome-OXA1L interaction, causing mitochondrial 

fragmentation that produces ROS and diminishes ATP production, which has also been 

observed in Barth Syndrome patients (Lee et al. 2020).  

The mitochondrial unfolded protein response (UPR
mt

) is another mechanism that has 

been shown to restore homeostasis during mitochondrial stress, including that induced by 

imbalanced mitochondrial and cytosolic protein levels. When an accumulation of unfolded 

proteins is detected in mitochondria, the UPR
mt

 activates the transcription of mitochondrial 

proteases and chaperones capable of restoring homeostatic conditions (Zhao et al., 2002). In 

Caenorhabditis elegans, inducing protein imbalance by blocking mitoribosome formation 

resulted in increased lifespan, despite the resulting decrease in mitochondrial respiration 

(Houtkooper et al., 2013). Interestingly, this increase in longevity was only observed if the 

disruption to translation coordination and the resulting UPR
mt

 was induced during 

development. It would be important to gain detailed mechanistic understanding of 
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evolutionary different responses to mitochondrial stress induced by altered translation to help 

guide treatments for diseases associated with aging.  

Despite previous evidence for unidirectional control of mitochondrial and cytosolic 

translation coordination, new evidence has suggested that bidirectional control is more likely. 

Recently, it was shown that inhibiting mitochondrial translation by knocking out MRPS5 in 

C. elegans led to increased ATF4 and ATF5 levels and induced coordinated changes in 

cytosolic translation (Molenaars et al., 2020). The reduction in mitochondrial translation 

resulted in a balanced decrease in nuclear encoded mRNAs and proteins involved in cytosolic 

translation, which was independent of oxidative stress or the UPR
mt

. Interestingly, in other 

mouse models of impaired mitochondrial protein synthesis, a significant increase in Atf4 and 

Atf5 mRNAs has been observed following inhibition of mitochondrial translation, however, 

in these models mRNAs involved in cytosolic translation were increased (Rackham et al., 

2016; Perks et al., 2018; Siira et al., 2018). This is a different response to that observed by 

Molenaars et al. (2020) where the mRNA levels of the transcription factors Atf5 and Atf4 

were not changed, but their protein levels were increased. This highlights the complexity of 

responses to reduced mitochondrial protein synthesis, and that upregulation of Atf5 and Atf4 

does not always have the same effect on cytosolic translation. It is likely that there are many 

pathways relaying changes in mitochondrial translation to the cytosol to maintain coordinated 

protein synthesis, and further insight into these processes is necessary. Nonetheless, these 

findings indicate that coordinated mitochondrial and nuclear protein synthesis is controlled 

bidirectionally, as the status of the mitochondrial ribosomes has a direct impact on the status 

of cytosolic translation. 

The mechanisms operating to coordinate mitochondrial and cytosolic translation and 

subunit availability, as well as the systems involved in restoring proteostasis following 

perturbations to this balance are essential to mitochondrial and cellular fitness. Active 

research in this area will unravel the complex nature of these pathways, and how disruption to 

this coordination can result in disease and contribute to ageing.  
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Abstract Figure Legend 

 

The rate and fidelity of mitochondrial protein synthesis impacts the coordinated biogenesis of 

the oxidative phosphorylation system. Evolutionary divergence in mitochondrial genomes 

and translational machineries have given rise to different modes for protein synthesis 

regulation. Altered protein synthesis can elicit a variety of cellular responses to cope with 

compromised biogenesis and function of the oxidative phosphorylation system. 
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Figure Legends 

 

Figure 1. Evolutionary divergence of the mitochondrial ribosome from its ancestral 

bacterial ribosome. Mitoribosomes are evolutionally derived from the bacterial ribosome but 

exhibit vast structural and functional variation. The cryo-EM structures of the bacterial 

ribosome (Gabashvili et al., 2000), mammalian (Amunts et al., 2015; Greber et al., 2015) and 

yeast (Desai et al., 2017) mitoribosomes reveal variation between species. In bacteria, the 70S 

ribosome is composed of a 30S small subunit (blue) containing the 16S rRNA and a 50S 

large subunit (purple) containing the 23S and 5S rRNA. Bacteria have three translation 

initiation factors: IF1, IF2 and IF3, and each of them have specific roles shown in the 

schematic. S. cerevisiae yeast mitoribosomes have a sedimentation coefficient of 74S and are 

composed of a 37S small subunit with a 15S rRNA and 34 proteins (Desai et al., 2017) and a 

54S large subunit with a 21S rRNA and 39 proteins (Amunts et al., 2014). Initiation of 

translation in yeast mitochondria is poorly understood and the factors involved may differ 

between different species; the current players are shown in the schematic. 

Mammalian mitoribosomes sediment as 55S particles, with a 28S small subunit composed of 

the 12S rRNA and 30 proteins, while the 39S large subunit contains the 16S rRNA and 52 

proteins (Greber et al., 2014, 2015). There are two initiation factors in mammalian 
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mitochondria, MTIF2 and MTIF3, both essential for translation initiation and cell survival. 

The bacterial and mitochondrial ribosomes have three main sites where factors involved in 

the translation cycle bind, the aminoacyl (A) site, peptidyl (P) site, and the exit (E) site. The 

A-site binds an aminoacyl-tRNA or termination release factors, the P-site binds a peptidyl-

tRNA (a tRNA bound to the poly-peptide chain) or initiator tRNAs; and the E-site (exit) 

binds a free tRNA. The small subunit (SSU) contains the decoding site where the codon-

anticodon interactions between the aminoacyl-tRNA and mRNA take place, while the LSU 

contains the active site where peptidyl transfer and hydrolysis reactions occur. 
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Figure 2. Initiation of mitochondrial protein synthesis in mammals and yeast compared 

to bacteria. Dissociation of the small and large ribosomal subunits gives prepares the 

ribosome for a new round of translation initiation. This process starts with the formation of a 

preinitiation complex. Following correct pre-initiation complex formation, the initiation 
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factors disassociate and the large subunit (LSU) binds to complete the monosome, allowing 

the elongation phase to begin.  

In bacteria the pre-initiation complex is composed of an mRNA bound by the SSU, initiator 

tRNA
fMet

, and all three initiation factors. Following ribosome dissociation and IF3 binding to 

the SSU, canonical mRNA start codons are positioned at the P-site of the SSU, often relying 

on cognate pairing of the Shine-Dalgarno sequences to the 16S rRNA, with the assistance of 

IF3. Subsequently, GTP-bound IF2 binds to the pre-initiation complex. The last initiation 

factor to bind is IF1, which stabilises the pre-initiation complex and enhances the function of 

IF2 and IF3. Once all the initiation factors are bound, IF2 recruits the initiator tRNA
fMet

. 

Dissociation of IF3 is required for the binding of the 50S subunit to the 30S preinitiation 

complex, to form the 70S initiation complex. The rate of IF3 dissociation and 50S docking is 

increased on canonically assembled pre-initiation complexes, indicating the importance of the 

coordinated assembly of all the initiation components (Antoun et al., 2006). A series of 

reactions, including GTP hydrolysis on IF2 and the conformational rotation of the subunits, 

completes the initiation and allows the elongation phase of translation to begin.     

Translation initiation in mammalian mitochondria requires mRNA bound SSU,  initiator 

tRNA
fMet

, MTIF2 and MTIF3. After disassociation of the ribosomal subunits, the SSU is free 

for preinitiation-complex formation. The SSU is bound by mRNA and MTIF3, where MTIF3 

destabilises the initiation complex if tRNA
fMet binds without an mRNA (Rudler et al., 2019). 

Subsequently, the MTIF2-GTP complex is recruited and MTIF2 recognises the correct 

initiator tRNA
fMet

 and facilitates its joining. MTIF3 then disassociates in a way that is 

currently not known but may involve the unique features of its terminal extensions (Haque et 

al., 2008). Once MTIF3 dissociates, the LSU can bind, completing the initiation complex. 

GTP hydrolysis to GDP releases MTIF2 and allows the complex to progress to the elongation 

phase.   

 Experimental insight into translation initiation complex formation in yeast mitochondria is 

still lacking, although it is possible that this system relies on a combination of mechanisms 

operating in the bacterial and mammalian mitochondrial translation systems. Although 

Aim23 is not essential in yeast, since its loss only causes imbalanced protein synthesis 

(Kuzmenko et al., 2016), it was found to bind to the SSU (Chicherin et al., 2019), although 

its mechanistic role is unknown. Subsequent to the recruitment of mRNA to the SSU, mIF2 

functions to recognise the correct tRNA (Kuzmenko et al., 2014), possibly with the help of 
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Rsm28p (Williams et al., 2007). Several other factors may then assist in delivery of mRNAs 

such as Rmd9p (Nouet et al., 2007), in addition to translational activators assisting in 

recruiting specific mRNAs to the ribosomes for translation to proceed. 
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Figure 3. Coordinated regulation of mitochondrial protein synthesis is required for the 

assembly of the energy producing molecular machines. (A) MTIF3 prevents the 

translation initiation complex formation if it is bound by a tRNA in the absence of mRNA. 

Only small ribosomal subunits that have bound mRNA before the recruitment of tRNA and 

MTIF2 are able to proceed from translation initiation to elongation. This proofreading by 

MTIF3 coordinates the fidelity of protein synthesis of OXPHOS assembly required for ATP 

production. (B) MTIF3 performs molecular proofreading and in its absence translation 

initiation proceeds at an accelerated rate but at the expense of fidelity. When fidelity of 

initiation is compromised initiation complexes can stall at the start of mRNAs, leaving the 

remainder of the mRNA prone to degradation. This results in reduced stability of 

mitochondrially encoded OXPHOS subunits and impaired assembly of the respiratory chain 

compromising ATP production. 
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