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Mitochondria contain their own DNA (mtDNA) and protein synthesis machinery. Human 

mtDNA encodes for two rRNAs, 22 tRNAs and 13 polypeptides. Those polypeptides are 

subunits of complexes involved in oxidative phosphorylation and their translation is driven by 

the mitoribosome. Translation consists of four phases - initiation, elongation, termination and 

mitoribosome recycling- with translation factors required at each step.  

My work focused on termination, which requires the action of release factors. In human 

mitochondria, there are four proteins in the release factor family: mRF1a, ICT1, mtRF1 and 

C12orf65. Termination occurs once a release factor recognises a stop codon (UAA or UAG) in 

the A site of the mitoribosome. This changes the mitoribosome conformation, inducing the 

polypeptide’s release. Only mtRF1a recognizes stop codons and terminates translation for all 

the 13 mtDNA-encoded polypeptides. However, all four members contain the GGQ motif 

involved in peptide release. ICT1 is a component of the mitoribosome large subunit. My 

research focused on the functions of mtRF1 and C12orf65 which are yet unknown, although it 

was observed that patients with C12orf65 pathogenic variants show impaired mitochondria 

translation.  

My research hypothesis was that C12orf65 and mtRF1 initiate termination in mitoribosomes 

that stall during translation. Stalling has multiple causes including mRNA pseudoknot 

structures, defective tRNA or insufficient amino acids. Release factors would recognise mRNA 

targets to the same effect as stop codons.   

To test this, I aimed to identify mRNA targets specific to mtRF1. I also aimed to detect proteins 

C12orf65 interacted with to confirm whether it was involved in termination. I used cross-linking 

and immunoprecipitation of the mitoribosome, BioID2 and CRISPR-Cas9 techniques. Thus, I 

obtained and characterized two BioID2 cell lines that helped locate C12orf65 interactors 

involved in translation. Moreover, I established a C12orf65 knockout cell line that presents a 

growth defect, further demonstrating C12orf65’s involvement in cell viability.   
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  Mitochondria-general aspects 

1.1.1 Origin and evolution of mitochondria 

The discovery of mitochondria is attributed to the German pathologist Richard Altman who, in 

1890, described ubiquitous structures vital for cellular function, that he considered ‘elementary 

organisms’ and named ‘bioblast’ (Altmann, 1890). The term ‘mitochondria’ was introduced in 

1898, by Carl Benda, and was based on their shape during spermatogenesis, from the Greek 

‘mithos’ (thread) and ‘chondros’ (granule) (Ernster and Schatz, 1981). Since 1898, numerous 

efforts were made to isolate them and understand their structure and function. Like other 

organelles, mitochondria research was strongly dependent on the development of scientific 

techniques and equipment. This research continued despite the Second World War and 

culminated with the discovery that mitochondria contain the enzymes of the citric acid cycle, 

fatty acid oxidation, and oxidative phosphorylation (1948-1951). Those reactions were deeply 

investigated during the 1950s, when the respiratory chain was reconstituted (Ernster and Schatz, 

1981).  

In the 1960s were made two remarkable discoveries: the existence of a mitochondrial DNA 

(mtDNA) as well as the independent translation system of the organelle (Nass and Nass, 1963). 

The presence of an extranuclear, functional DNA opened different avenues of research. The 

fact that mitochondria were not seen only as headquarters of biochemical reactions, but as 

genetic entities, raised the question of their origin. The 1970s were the scene of a fierce debate 

on this issue (Archibald, 2015, Sapp, 2007). 

The first hypothesis on the mitochondria origin was emitted in 1970, when Lynn Margulis 

proposed that mitochondria evolved from bacteria that were engulfed by an eukaryotic host cell 

and lived in symbiosis (Margulis, 1970). This was contradicted by Richard Klein and Arthur 

Cronquist (Richard M. Klein, 1967) and by Tom Cavalier Smith (Cavalier-Smith, 1975), who 

believed that mitochondria had evolved within a photosynthetic eukaryotic cell, which in its 

turn had evolved from a cyanobacterium-like prokaryote. Several other authors adopted 

different points of view, which stayed in contradiction with both Margulis theory and with each 

other’s theories (Bogorad, 1975, Raff and Mahler, 1972, Uzzell and Spolsky, 1974). What they 

had in common was the belief that the endosymbiosis was too radical and that mitochondria 

evolved through intracellular compartmentalization. For this reason, in 1974 their theory was 

defined as ‘autogenous’ (Taylor, 1974). 
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During the past five decades, several discoveries came in support of the endosymbiotic theory. 

Early sequencing studies showed that rRNA from the mitochondria small ribosomal subunit 

had a significant sequence homology with rRNA from the bacterial small subunit, but not with 

the rRNA from the cytosolic small subunit (Bonen et al., 1977). Further investigations revealed 

that the sequence of mitochondria rRNA from the small subunit was similar with the 

homologous rRNA sequence from Agrobacterium tumefaciens, a species belonging to the ɑ 

subdivision of the purple photosynthetic bacteria (Yang et al., 1985). The sequencing of the 

Rickettsia prowazekii genome, another member of the ɑ subdivision, identified no genes 

necessary for glycolysis, but many genes involved in the tricarboxylic acid cycle and the 

respiratory-chain, two key functions of mitochondria (Andersson et al., 1998). Ultimately, the 

scientific community rejected the autogenous hypothesis, considering Rickettsia, the aetiologic 

agent of typhus and obligatory intracellular bacteria, as the closest relative of mitochondria 

(Gray, 2014).  

Mitochondria evolution was characterised by adaptation of the ɑ-protobacterium to the host, 

via endosymbiotic gene transfer (Burger et al., 2003) and genome reduction. Most 

mitochondrial proteins are encoded by the nuclear DNA, a phenomenon explained by a major 

loss of genes in the original ɑ-proteobacteria and the transfer of those genes to the nucleus. The 

transfer possibly occurred through phagolysosomes or via RNA intermediates. When 

phagolysosomes degraded mitochondria, the DNA content was released and it integrated in the 

nuclear DNA (Thorsness and Fox, 1990). Studies on yeast revealed the possibility that gene 

transfer also functioned in the opposite direction: "a large number of novel mitochondrial genes 

were recruited from the nuclear genome to complement the remaining genes from the bacterial 

ancestor" (Karlberg et al., 2000). Elimination of redundant genes also played a role in evolution: 

either the genes were no longer needed because the host genome already contained similar 

genes, or they were not needed at all because the environment did not require them (Gray et al., 

2001). The earliest organisms in terms of mitochondria evolution are considered the jakobid 

flagellates, with the protist Reclinomonas americana having the largest mitochondrial genome 

(69,034 bp), containing the highest number of genes, and the most similar to bacteria (Lang et 

al., 1997) .  

1.1.2 Mitochondria structure  

The technical advances and development of electron microscopy lead to the publication of the 

official ‘mitochondria portrait’ by G.E. Palade, in 1952 (Palade, 1952). Palade studied 

mitochondria from various cell types and tissues of adult, new-born, or embryonic albino rats. 
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He was the first to show that mitochondria shape, structure and position within the cell 

depended on the tissue and cell type. On the high-resolution electron micrographs that he 

acquired, one can already distinguish the cristae, named ‘lamellae’ in the article (Figure 1-1). 

Mitochondria size and number are difficult to assess. Palade appreciated the mitochondria 

length between 7-12 µm and diameter between 0.2-12 µm, depending on cell type, but he noted 

that the dimensions varied with the pH 

during fixation (Palade, 1952). Also, the 

organelles are highly dynamic, they fuse 

and split depending on their functional 

status or the cellular demand (Scott and 

Youle, 2010) and they form networks in 

the cytoplasm. It is therefore difficult to 

set a size or a number of mitochondria per 

cell, with few exceptions: the red blood 

cells, the parasitic protists, and some 

anaerobic organisms. The red blood cells 

lack mitochondria, which are eliminated 

via autophagy during reticulocyte 

maturation (Schweers et al., 2007). 

Several parasitic protists, like 

Toxoplasma gondii, Plasmodium 

falciparum and Trypanosoma brucei, 

contain a single mitochondrion per cell 

(Voleman and Doležal, 2019). Two 

anaerobic organisms have recently been 

discovered to either completely lack 

mitochondria - microbial eukaryote Monocercomonoides sp. (Karnkowska et al., 2016) - or lack 

mtDNA and transcription/replication mechanisms - parasite Cnidaria Henneguya salminicola 

(Yahalomi et al., 2020). For all the other aerobic eukaryotes, mitochondrial content is referred 

to as mitochondria DNA copy number per cell or mitochondria mass (Robin and Wong, 1988). 

The electron microscopy studies performed from 1952 onwards made possible the elucidation 

of the mitochondria structure (Figure 1-2). The organelle is delimited by two membranes, the 

outer membrane (OMM) and the inner membrane (IMM) separated by the intermembrane space 

(IMS). The IMM is folded into parallel structures that protrude towards the interior of the 

 

Figure 1-1. Original electron micrographs of 

mitochondria from an acinar cell of rat 

pancreas 

Labels, as described by the author, are: m1- 

obliquely sectioned mitochondrion; m2 and m3- 

profiles of less well-preserved mitochondria; z-

sectioned zymogen granule. Magnification: X 

21,000, X 15,750. (taken with permission from 

(Palade, 1952), RightsLink license number 

4832540417223)                                                                                                                             
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organelle, perpendicular to the long axis, named cristae. The inner space enclosed by the cristae 

is the matrix (Palade, 1953, Sjöstrand, 1956).  

 

Figure 1-2. Structure of a mitochondrion  

A 2D cartoon drawing depicting the mitochondrial compartments  

OMM-outer mitochondrial membrane, IMM-inner mitochondrial membrane, IMS-

intermembrane space, IBM-inner boundary membrane, MICOS-mitochondrial contact site 

and cristae organizing system, SAM-sorting and assembly machinery, MIB-mitochondrial 

intermembrane space bridging complex, I-IV respiratory complexes, V-ATP synthase 

The unfolded part of IMM, which runs parallel to the OMM, is the inner boundary membrane 

(IBM). If cristae unfolded, the IMM surface would be four times bigger than the OMM surface. 

This is particularly important, because IMM contains all the respiratory complexes and the ATP 

synthase involved in oxidative phosphorylation (OXPHOS). Therefore, a higher IMM surface 

results in a higher ATP production (Ikon and Ryan, 2017).  

The regions where IBM becomes discontinuous and cristae begin invaginating are known as 

cristae junctions (Perkins et al., 1997, Perkins et al., 1998). Cristae junctions are narrow, tubular 

openings of approximately 12–40 nm diameter that delimitate the intracristal space (ICS) and 

might act as gates that regulate the flux of metabolites towards/from the cristae (Vogel et al., 

2006, Kondadi et al., 2019). For example, during apoptosis, release of cytochrome c from the 

ICS to the cytosol leads to caspase activation and cell death (Scorrano et al., 2002).  

The mitochondria sub-division allows each compartment to have its characteristic function. The 

biochemical composition and permeability of OMM and IMM differs. The OMM is relatively 

permeable; it contains the voltage-dependent anion channel (VDAC) that allows the passing of 
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cations (K+, Na+ and Ca2+) and anions (ATP, ADP, Pi) and of small metabolites to/from 

mitochondria. OMM does not have membrane potential but is voltage-dependent (Camara et 

al., 2017). In contrast, IMM contains transporter proteins specific for each ion or molecule that 

is necessary to cross to/from the matrix. It also contains all the respiratory complexes and the 

ATP synthase involved in OXPHOS. The respiratory complexes pump protons outside the IMM 

membrane and ATP synthase shuttles them back into the matrix, thus creating a membrane 

potential of 180 mV. A common feature that both OMM and IMM have is translocases, proteins 

involved in transport of nuclear encoded mitochondrial proteins from the cytosol to the correct 

mitochondrial compartment. The mitochondrial matrix is the compartment where two key 

metabolic processes take place: Krebs cycle and β-oxidation of fatty acids, both involved in 

ATP production. It also contains mtDNA and all the proteins necessary for mtDNA replication, 

transcription and subsequent translation (Kühlbrandt, 2015). The IMS contains proteins 

involved in apoptosis (apoptosis-inducing factor, Smac/DIABLO), scavenger of reactive 

oxygen species (Glutaredoxin 1, Sod1) and several types of cytochrome c molecules (Herrmann 

and Riemer, 2010). 

The existence of cristae is strongly dependent on the protein complexes that maintain the IMM 

folded: the MICOS (mitochondrial contact site and cristae organizing system)-SAM (sorting 

and assembly machinery) complex (Huynen et al., 2016), Opa1 (Cogliati et al., 2013) and ATP 

synthase (Paumard et al., 2002). The MICOS-SAM complex and Opa1 act at the cristae 

junctions, while the ATP synthase acts at the tip of the cristae. The ATP synthase dimerises in 

an angular association of monomers (Dudkina et al., 2005), which induces the strong curvature 

of the IMM. The dimers arrange in long rows (approx. 1 μm) at the apex of cristae (Strauss et 

al., 2008). They keep maintaining their function as part of the OXPHOS and their ATP 

production is not affected by their role in cristae structure, on the contrary: clustering of ATP 

synthase dimers and the IMM curvature generates a proton trap, which facilitates ATP 

production (Jonckheere et al., 2012).  

The MICOS complex (also known as MINOS or MitOS) is a large protein system anchored in 

the IMM that stretches through the intermembrane space to reach the OMM (Kozjak-Pavlovic, 

2017). In human, it has the size of 1,279 kDa (John et al., 2005) and consists of nine subunits, 

the largest ones being Mic60 and DnaJC11 (Figure 1-3). Mic60 (also known as mitofilin) 

resides in the intermembrane space, with only the N-terminus being embedded in the IMM, and 

localizes close to cristae junctions (Odgren et al., 1996, Jans et al., 2013). 
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Figure 1-3. Structure of the MICOS-SAM complex in human mitochondria 

Schematic representation of the interaction between MICOS and SAM complexes at the 

cristae junction; MICOS-mitochondrial contact site and cristae organizing system, SAM-

sorting and assembly machinery, MIB-mitochondrial intermembrane space bridging complex 

It is the central subunit of MICOS, strongly associated with mitochondria structure. Mic60 

depletion causes the complete loss of cristae and the change of IMM shape, which appears like 

concentric membrane stacks (John et al., 2005). Mic60 and DnaJC11 interact with the Sam50 

subunit of the sorting and assembly machinery (SAM), a protein complex embedded in the 

OMM that inserts β-barrel proteins in the OMM (Ott et al., 2012, Ott et al., 2015). It was shown 

that Mic60 knockdown also induces a decrease in the protein levels of the SAM complex 

subunits (Ott et al., 2015), as well as other MICOS subunits and Opa1 (Ding et al., 2015). 

Together, MICOS and SAM form the mitochondrial intermembrane space bridging complex 

(MIB) (Ott et al., 2012).   

Opa1 is a complex protein with eight human isoforms (Del Dotto et al., 2018). Pathogenic 

variants in the Opa1 gene cause autosomal dominant optic atrophy, a hereditary neuropathy 

resulting in progressive loss of sight. There are two types of Opa1 isoforms: long, which contain 

the N-terminal transmembrane domain and are inserted in the IMM, facing the IMS (Olichon 

et al., 2002); and short, which are soluble in the IMS (Cipolat et al., 2006). Although only 8% 

of Opa1 localizes near cristae junctions (Griparic et al., 2004), its role in cristae remodelling is 
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crucial. Knockdown of Opa1 causes an aberrant cristae morphology in mammals and yeast 

(Olichon et al., 2002), while overexpression of Opa1 increases cristae number and reduces 

cristae width (Varanita et al., 2015). In addition to cristae maintenance, Opa1 plays a role in  

mitochondria dynamics: the long isoforms regulate IMM fusion (Cipolat et al., 2004, Song et 

al., 2009), while the short isoforms are associated with mitochondria fission (Anand et al., 

2014).  

 Import of nuclear-encoded mitochondrial proteins 

Only 1% of the approximatively 1,200 mitochondrial proteins are encoded by mtDNA (Calvo 

et al., 2016). The rest are encoded by nuclear DNA and need to be imported in the organelle in 

order to fulfill their function. 

The SAM complex is only one of the five protein import pathways described in mitochondria. 

The classical import mechanism is the presequence pathway, specific to matrix and IMM 

proteins (Wiedemann and Pfanner, 2017). It is required by the majority of mitochondrial 

proteins (60%) and is based on the existence of a cleavable mitochondria targeting sequence at 

the N-terminus of the pre-protein (Vögtle et al., 2009). This cleavable sequence usually contains 

15-50 aa and adopts the structure of an amphipathic ɑ-helix, with one hydrophobic face and 

one positively charged face (Roise et al., 1986).  

The hydrophobic face of the presequence is recognized by the receptor Tom20, a subunit of the 

translocase of the outer membrane (TOM) complex (Abe et al., 2000). Then, the positively 

charged face is bound by the receptor Tom22, a subunit that crosses the OMM, starting from 

the cytosolic surface and protruding in the intermembrane space (Yamano et al., 2008). Tom22 

plays an important role in the TOM maturation by assembling the Tom40 subunits in the 

complex. Tom40 is the transmembrane channel of the complex formed by a single molecule, a 

β-barrel protein that is part of the VDAC/porin superfamily (Bayrhuber et al., 2008, Lackey et 

al., 2014). Tom22 subunits form a central cluster that links the Tom40 subunits (1-3 per 

complex) together to form a mature TOM (Shiota et al., 2015). Tom40 is the entry channel for 

the pre-proteins that contain an N-terminal amphipathic presequence. On the inside, the channel 

contains separate hydrophilic and hydrophobic regions which interact specifically with the 

hydrophilic (ex: matrix) and hydrophobic (ex: carriers) pre-proteins (Esaki et al., 2003, Melin 

et al., 2014). Once the pre-protein translocates through Tom40, the N-terminal presequence 

binds to the intermembrane space domain of Tom22 (Moczko et al., 1997), then to the receptor 

Tim50, a subunit of the translocase of the inner membrane (TIM) complex (Rahman et al., 

2014). Tim50 also interacts with the N-terminal domain of the Tim23 channel. If no 
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presequence is bound, Tim50 maintains Tim23 closed. Once the presequence is present, Tim23 

is activated and the pre-protein is translocated through the channel (Meinecke et al., 2006). 

What happens after this step depends on the destination of the pre-protein.  

Some of the proteins which upon maturation must be embedded in the IMM contain an 

additional sorting signal, a hydrophobic stop-transfer sequence (Glick et al., 1992). This 

sequence is bound by Mgr2, a small protein that interacts with the Tim23 channel (Ieva et al., 

2014) and facilitates the lateral sorting of the pre-protein from Tim23 to IMM (Botelho et al., 

2011). This is the case for cytochrome c1, for example (Glick et al., 1992). The translocation is 

driven by the membrane potential, which is negative on the matrix side and attracts the 

positively charged N-terminal presequence (Martin et al., 1991). It also activates Tim23 by 

inducing a conformational rearrangement (Truscott et al., 2001, Malhotra et al., 2013). The N-

terminal pre-sequence is cleaved during translocation through Tim23 by a heterodimeric 

peptidase located in the matrix, MPP (Hawlitschek et al., 1988). The hydrophobic stop-transfer 

sequence is cleaved by the inner-membrane peptidase (IMP) (Popov-Čeleketić et al., 2008, 

Gomes et al., 2017, Bharadwaj et al., 2014). The cleaved presequences are degraded in the 

matrix by the presequence protease (PreP) or Cym1 (Johnson et al., 2006, Mossmann et al., 

2014). 

If the pre-protein being translocated through Tim23 is destinated to the mitochondria matrix, 

the membrane potential is not sufficient. The process requires ATP, the nucleotide exchange 

factor Mge1 and an additional import machinery named PAM. The mitochondrial heat-shock 

protein 70 (mtHsp70) (Kang et al., 1990, Horst et al., 1997), a component of PAM, is a chaperon 

with an ATP hydrolysis domain and a peptide binding domain. The mtHsp70 is connected to 

the Tim23 channel via Tim44; the latter binds the pre-protein emerging at the matrix side of 

Tim23 and transfers it to the peptide binding domain of mtHsp70 (Banerjee et al., 2015). From 

this step, there are two models that try to explain how the import continues. In the trapping 

model (Horst et al., 1997), several molecules of mtHsp70 bind consecutively to the pre-protein, 

preventing it from returning in the Tim23. The pre-protein is imported step by step, with each 

mtHsp70 that binds to it. In the pulling model (De Los Rios et al., 2006), the pre-protein is 

actively pulled inside the matrix by mtHsp70, which suffers a conformational change while 

hydrolyzing ATP. Wiedemann and Pfanner consider that both mechanisms occur, and both 

ensure the translocation into the matrix (Wiedemann and Pfanner, 2017). Next, a soluble form 

of mtHsp70 prevents the misfolding and aggregation of the pre-protein (Kang et al., 1990), 

which is further retrieved and folded by the mtHsp60-Hsp10 complex in an ATP-dependent 

manner (Ostermann et al., 1989).  
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A particular case of N-terminal presequence protein sorting is the so-called conservative 

mechanisms, via Tim23-PAM and Oxa1. The pre-protein is transported to the matrix as 

described above, but it is re-imported into the IMM through Oxa1 (Hartl et al., 1986, Rojo et 

al., 1995). This is specific to multispanning IMM proteins, as opposed to single-spanning IMM 

proteins that are laterally sorted via Tim23-Mgr2 (Park et al., 2013). Several mitochondrial 

proteins are imported in the IMM using both conservative and lateral-sorting mechanisms: the 

ATP-binding cassette (ABC) transporter Mdl1, Tim18 and Sdh3 (Bohnert et al., 2010, Stiller 

et al., 2016). In yeast, Oxa1 and Mba1 are also responsible for the co-translational IMM 

insertion of the mtDNA-encoded proteins by binding to the large subunit of the mitochondria 

ribosome, (Pfeffer et al., 2015). In human as well, Oxa1L was reported to bind to the large 

subunit of the mitoribosome (Haque et al., 2010). Recently, it was shown that Oxa1L has three 

contact sites with the mitoribosome and this interaction allows the exit and co-translational 

insertion of the polypeptide chain (Itoh et al., 2021).  

There are four transport pathways that do not require the N-terminal sequence but are rather 

based on internal sorting signals. This is the case of metabolite carriers, hydrophobic proteins 

from the IMM formed by six ɑ-helix transmembrane sequences (Saraste and Walker, 1982, 

Nelson et al., 1998). The carrier pre-proteins are delivered to the Tom70 receptor by the 

cytosolic chaperons Hsp70 and Hsp90 (Young et al., 2003, Bhangoo et al., 2007). From Tom70, 

they are transferred to the Tom22 receptor and then inserted in the Tom40 channel (Wiedemann 

et al., 2001). To facilitate transport, the N-terminal segment of Tom40 moves from the cytosolic 

side through the channel to the intermembrane space (Qiu et al., 2013, Shiota et al., 2015), 

where it recruits the Tim9-Tim10 complex and the Tim12 chaperons (Gebert et al., 2008, 

Lionaki et al., 2008). These chaperons prevent the pre-proteins from aggregation in the 

intermembrane space and deliver them to the Tim54 receptor (Gebert et al., 2008, Wagner et 

al., 2008), from which they are transported through the Tim22 channel. The carrier is then 

inserted in the IMM via lateral sorting, using the membrane potential (Rehling et al., 2003).  

The intermembrane space proteins also lack the N-terminal presequence. Instead, they contain 

cysteine motifs that form intramolecular disulfide bonds. The pre-proteins are translocated in 

their reduced state (Durigon et al., 2012) from the cytosol to the intermembrane space through 

the Tom40 channel without the involvement of any TOM receptors (Naoé et al., 2004, Gornicka 

et al., 2014). When emerging from the channel, they are bound by Mia40 (Chacinska et al., 

2004), a protein that recognizes the signal formed by the hydrophobic residues and the cysteine 

residue (Peleh et al., 2016). Mia40 also has a disulfide isomerase activity, which promotes the 
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formation of the native intramolecular disulfide bonds and the correct folding of the protein in 

the intermembrane space (Koch and Schmid, 2014). 

The SAM complex is involved in the sorting of β-barrel proteins to the OMM (ex: Tom40, 

VDAC, Sam50) (Paschen et al., 2003). The β-barrel pre-proteins do not possess an N-targeting 

sequence, having a β-hairpin element instead (Jores et al., 2016). They are recognized by 

Tom20 (Jores et al., 2016) and translocated through the Tom40 channel (Jores et al., 2016) and 

bound by the small Tim chaperon proteins once they reach into the intermembrane space. The 

Tim chaperons protect the β-barrel pre-proteins from aggregation and deliver it to the SAM 

complex (Wiedemann et al., 2004, Hoppins and Nargang, 2004). The β strand from the C-

terminus of the precursor is recognized by the receptor Sam35 and by the channel Sam50 (Kutik 

et al., 2008). Subsequently, Wiedemann and Pfanner propose that the precursor is translocated 

through the channel and inserted into OMM via lateral sorting, by opening of the lateral gate of 

Sam50 (Wiedemann and Pfanner, 2017).   

The last mitochondria sorting pathway that does not involve an N-terminal presequence is the 

insertion of ɑ-helix proteins into the OMM. These proteins can be divided in signal-anchored 

(contain an ɑ-helical transmembrane segment at the N -terminus), tail-anchored (the ɑ-helical 

segment is at the C-terminus) and multispanning. The signal-anchored and multispanning 

proteins are inserted via the MIM complex (Dimmer et al., 2012), by a mechanism not yet fully 

understood. It is known however that the multispanning proteins are recognized by the Tom70 

receptor prior to being transferred to the MIM insertase (Becker et al., 2011b). The tail-

anchored proteins are directly inserted into MOM because it has a low-ergosterol content 

(Krumpe et al., 2012), no import complex being identified (Kemper et al., 2008).   

 Mitochondrial functions 

1.3.1 The oxidative phosphorylation process (OXPHOS) 

A key function of mitochondria is to convert simple nutrients in adenosine 5`-triphosphate 

(ATP), a high energy molecule which functions as a currency that fuels all the metabolic 

reactions in the cell. The entire process is called oxidative phosphorylation and was first 

proposed by Peter Mitchell in 1961 (Mitchell, 1961). Peter Mitchell realised that ATP is 

produced by phosphorylation of ADP, and that this phosphorylation is coupled to an electron 

transport system and a proton transfer across an ion-impermeable membrane (chemiosmotic 

coupling hypothesis).  
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The synthesis of ATP from ADP is based on the electron transport chain (four respiratory 

complexes) and the ATP synthase (F1Fo ATPase or complex V). The four respiratory complexes 

are complex I (NADH: ubiquinone oxidoreductase), complex II (succinate: ubiquinone 

oxidoreductase), complex III (ubiquinol: cytochrome c reductase) and complex IV (cytochrome 

c oxidase) (Nelson, 2017). The complexes I-IV and the ATP synthase are large enzymes 

localized in the IMM, organised into supercomplexes (also named respirasomes). The three 

respirasomes described so far are formed by complexes I, III and IV, by complexes I and III 

only, or by complexes III and IV (Schägger and Pfeiffer, 2000, Schägger and Pfeiffer, 2001) .  

There are two main metabolic pathways that provide the electron transport chain with the 

reduction equivalents necessary for electron generation: tricarboxylic acid (TCA) cycle (Krebs 

cycle) and β-oxidation. TCA cycle is involved in the catabolism of carbohydrates (glucose, 

fructose, galactose) and amino acids, while β-oxidation is required for the catabolism of fatty 

acids. Both processes take place in the mitochondrial matrix and lead to the production of 

NADH and FADH2 (Bartlett and Eaton, 2004, Fernie et al., 2004). NADH is oxidized by the 

respiratory complex I to NAD+ and FADH2 is oxidized by the respiratory complex II to FAD, 

which results in free electrons that are transferred between the respiratory complexes (Figure 

1-4). These electrons are transferred to ubiquinone (coenzyme Q), which is reduced to 

ubiquinol, then further transferred to complex III. From complex III, they are transferred to 

cytochrome c in the intermembrane space, and from there to complex IV. The final electron 

acceptor is oxygen, resulting in the production of water.  

The electron transport transduces the energy, which is used by the respiratory complexes I, III 

and IV to pump protons from the matrix to the intermembrane space. The protons that 

accumulate at this site tend to travel in the matrix in order to equilibrate the concentrations on 

both sides of the inner membrane (Berg JM, 2002). Since the inner membrane is very 

hydrophobic and does not permit diffusion, the only way protons can travel towards the matrix 

is through the ATP synthase (complex V). The electrochemical gradient resulted from proton 

shuttle fuels ATP synthase with energy, used to catalyze the addition of a phosphate group to 

ADP to form ATP. The process is very efficient: it produces 38 ATP molecules from one 

molecule of glucose. In comparison, glycolysis only produces 2 ATP molecules (Reece, 2011).  
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Figure 1-4. The mammalian oxidative phosphorylation system 

From left to right, this cartoon (not to scale) depicts the five OXPHOS complexes from IMM: 

four complexes of the respiratory chain and the ATP synthase. Complex I and II collect 

electrons that they further release to ubiquinone (Q) which delivers them to complex III. 

Complex III transfers them to the cytochrome c in the IMS, from where they are finally 

delivered to complex IV, where oxygen (O2) is the final acceptor, being reduced to water 

(H2O). Complexes I, III and IV pump protons in the IMS, which are shuttled in the matrix by 

the FO domain of ATP synthase. This generates an electrochemical gradient used by the Fi 

domain of ATP synthase for ATP production. IMS – intermembrane space, IMM – inner 

mitochondrial membrane, Fe-S cluster – red circle,  NAD – nicotinamide adenine 

dinucleotide, FAD – flavin adenine dinucleotide, FMN – flavin mononucleotide, heme – 

yellow circle, quinol binding sites – dark blue octagon, Cyt C – cytochrome c, oxi – oxidised, 

red – reduced, Cu centre – light brown circle, Q – ubiquinone, QH2 – ubiquinol, e- – electron, 

Pi – inorganic phosphate. Figure made using BioRender (www.biorender.com)  

Complex I: NADH: ubiquinone oxidoreductase is the first complex of the electron transport 

chain (ETC).  It is also the largest complex: it has a molecular weight of approx. 980 kDa and 

contains a total of 46 subunits in mammals, of which 7 are encoded by the mtDNA (ND1-ND6, 

ND4L). Cryo-electron microscopy (cryo-EM) studies performed starting from bovine heart 

showed that complex I has an L-shape and is composed of two domains: a hydrophilic arm that 

protrudes in the matrix and a hydrophobic arm that is inserted in the IMM  (Carroll et al., 2003). 

At the top of the hydrophilic arm is situated a flavin mononucleotide (FMN) which oxidises the 

NADH resulted from TCA cycle or β-oxidation. The two electrons released in the oxidation 

reaction are transferred through a chain of seven consecutive iron-sulphur (Fe-S) clusters until 

they reach ubiquinone, which is reduced to ubiquinol (Vinothkumar et al., 2014, Zickermann 

et al., 2015). An eight Fe-S is present close to FMN, but it does not contribute to electron 

transport and has a yet unknown function (Birrell et al., 2013). The hydrophobic arm is involved 

http://www.biorender.com/
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in pumping of protons towards the intermembrane space (four protons for each molecule of 

NADH) (Jones et al., 2017).  

Complex II: Succinate: ubiquinone oxidoreductase, also known as succinate dehydrogenase 

(SDH), is the only complex that does not pump protons across IMM and the only complex that 

is entirely encoded by nuclear DNA. It is composed of four subunits: SDHA, SDHB 

(hydrophilic, protrude in the matrix) and SDHC, SDHD (hydrophobic, embedded in the IMM) 

(Sun et al., 2005). SDHA is also a component of the TCA cycle: it oxidises succinate to 

fumarate, thus linking mitochondrial metabolic reactions with OXPHOS. SDHA contains the 

cofactor flavin (FAD), which accepts the two electrons resulted from succinate oxidation and 

transfers them to the three consecutive Fe-S clusters in SDHB. The electrons eventually reduce 

ubiquinone to ubiquinol. SDHA also contains a heme group in the hydrophobic domain, but its 

role is unclear, as it is not an element of the electron transport (Iverson, 2013).  

Complex III: ubiquinol: cytochrome c reductase (also known as cytochrome bc1 complex), is 

a symmetrical dimer that contains 11 subunits per monomer of which only cytochrome b 

subunit is encoded by mtDNA (Vázquez-Acevedo et al., 1993). Cytochrome b is involved in 

electron transfer and contains two heme groups, bL (lower potential heme) and bH (higher 

potential heme), as well as two binding sites for quinone (QO and Qi). The other subunits 

involved in electron transport are cytochrome c1 and the Rieske protein. Cytochrome c1 

contains a heme type c1, while Rieske protein contains a Fe-S cluster in the hydrophilic C-

terminus and interacts with the intermembrane space (Zhang et al., 1998). The ubiquinol 

resulted from complex I and complex II binds at the QO site and is oxidized to ubiquinone, 

releasing two electrons in the process. One electron is transferred to the Fe-S cluster, from 

where it reduces heme c1, then is finally transferred to the cytochrome c in the intermembrane 

space. The second electron is transferred to the Qi site via bL and bH. At the Qi site, ubiquinone 

is reduced to ubiquinol, thus completing the Q cycle. The process of transferring electrons from 

ubiquinol to cytochrome c results in pumping of four protons in the intermembrane space (Link 

and Iwata, 1996, Brandt, 1998).  

Complex IV: cytochrome c oxidase is the last enzyme of ETC. In mammals, it is composed of 

13 subunits (Tsukihara et al., 1996, Kadenbach and Hüttemann, 2015), out of which three are 

encoded by mtDNA: COX1, COX2 and COX3 (Anderson et al., 1981). The first two are 

involved in oxygen reduction: COX1 contains a molecule of heme a and a heme a3/CuB centre, 

while COX2 contains a CuA centre. CuA receives four electrons from cytochrome c, which are 

then transferred to heme a and further transferred to the heme a3/CuB centre. The heme a3/CuB 

centre also binds O2, which is reduced by the four electrons to two molecules of water, marking 
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the end of the ETC (Yoshikawa et al., 2006). The process is coupled with proton translocation 

(Wikstrom, 1977).  

 ATP synthase (Figure 1-5) is the last complex of OXPHOS and is responsible for 

phosphorylation of ADP to ATP. ATP synthases form dimers in the mammalian IMM. The 

dimers are V-shaped and assemble into rows at the tip of the cristae, maintaining the cristae 

structure (Dudkina et al., 2005, Strauss et al., 2008).  

 

 

Figure 1-5. Structure of mitochondrial ATP synthase 

A. Mitochondrial ATP synthase forms dimers that fold the IMM at the tip of cristae (figure 

taken from (Almendro-Vedia et al., 2021) under a Creative Commons license) 

B. The mitochondrial ATP synthase is composed of two regions: FO, situated inside the IMM, 

and F1, that protrudes in the matrix. The two regions are connected by the peripheral stalk. 

The subunits a and A6L (red font) from FO are encoded my mtDNA. Protons from the 

intermembrane space pass through FO into the matrix, which induces the rotation of central 

stalk (hexamer of c subunit) and subsequent production of ATP by F1 (figure adapted from 

(Wang et al., 2021) under a Creative Commons license). 

 

Each monomer is formed by an F1 domain, situated in the matrix, and an FO domain, immersed 

in the IMM. The two portions are connected by the central and peripheral stalk (Zhou et al., 
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2015). Each monomer of the mammalian ATP synthase is composed of 17 subunits, with two 

encoded by the mtDNA: subunit a (encoded by ATP6) and subunit A6L (encoded by 

ATP8)(Anderson et al., 1981), both situated in the FO domain (Zhou et al., 2015). FO forms a 

channel through which the protons pumped by complexes I, III and IV to the intermembrane 

space are reimported in the matrix. This proton gradient generates a proton-motive force that 

rotates the central stalk and triggers rotation of F1, providing energy for ATP synthesis (Watt 

et al., 2010).  

1.3.2 Other mitochondrial functions 

Although the ATP production is a key function of mitochondria, it is not the only one. Some 

artificially created cells (Rho0) can survive without mtDNA and therefore with no respiratory 

complexes and OXPHOS, because they rely on glycolysis for energy production (King and 

Attardi, 1989). Another essential function of mitochondria is the production of Fe-S clusters. 

Fe-S clusters are small inorganic cofactors that exist in all organisms and are involved in 

numerous cellular processes such as heme synthesis, anti-viral response, ribosome assembly, 

DNA repair and respiration (Lill and Mühlenhoff, 2008). No cell can survive without Fe-S 

clusters, and they are the only mitochondrial function that can be found in all species (Lill, 

2009). Fe-S synthesis (Figure 1-6A) takes place in the mitochondrial matrix, where iron is 

transported from the cytosol by mitoferrin proteins. As iron is toxic as free element, in the 

matrix it is bound by frataxin (FXN) (Tsai and Barondeau, 2010) then by the the scaffold protein 

ISCU (Mühlenhoff et al., 2003). The enzyme cysteine desulfurase (NFS1) in complex with 

ISD11 removes sulphur from L-cysteine and delivers it to ISCU (Van Vranken et al., 2016). 

The Fe-S cluster is undertaken by consecutive chaperons that deliver it to recipient apoproteins 

(ex. lipoic acid synthase, aconitase, subunits of respiratory complexes I-III) (Cardenas-

Rodriguez et al., 2018).     

Another synthetic pathway that involves iron metabolism in mitochondria is the production of 

heme (Figure 1-6B). Heme is a protein cofactor that plays the role of electron carrier in 

haemoglobin and myoglobin (involved in O2 transport), catalases and peroxidases (ROS 

scavengers) and cytochromes (Reedy et al., 2008). It is composed from a protoporphyrin IX 

macrocycle with a coordinated iron in the centre. Heme synthesis starts in the mitochondrial 

matrix, with the synthesis of 5-aminolevulinic acid from succinyl-CoA and glycine (catalysed 

by the enzyme 5-aminolevulinate). The 5-aminolevulinic acid is transported in the cytosol, 

where is used as starting molecule for the synthesis of coproporphyrinogen III, an intermediary 

that is transported back in the mitochondria. Here, this intermediary is maturated and in the  



17 
 

 

 

Figure 1-6. Iron metabolism in mitochondria 

A. Iron is imported from the cytosol and bound by frataxin (FXN) in the matrix, then 

transferred to ISCU. Sulphur is taken from cysteine by the NFS1-ISD11 complex and 

delivered to ISCU as well. ISCU assembles the Fe-S clusters, which are taken in charge by 

mitochondrial chaperons. Eventually, the Fe-S clusters are either exported in the cytosol, or 

used inside the matrix as enzyme cofactors; adapted from (Xu et al., 2013) with permission, 

RightsLink license number 5273980270144 

B. The first and last steps of heme synthesis are localized in mitochondria. The 5 (or δ)-

aminolevulinic acid is synthetized there, then exported in the cytosol, where it is used for the 

synthesis of coproporphyrinogen III. Coproporphyrinogen III is imported in the mitochondria, 

metabolized to protoporphyrin IX and eventually transformed into heme by coordination of 

iron in the centre of protoporphyrin IX; taken from (Xu et al., 2013) with permission, 

RightsLink license number 5274020714517  
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final step, iron is inserted by the enzyme ferrochelatase (Piel et al., 2019). 

The mitochondrial matrix is also the headquarters of essential metabolic pathways like the TCA 

cycle, β-oxidation and (partially) urea cycle. Catabolism of nutrients initially starts in the 

cytosol, but downstream metabolic intermediates are imported in the mitochondrial matrix 

(Figure 1-7).  

 

Figure 1-7. Nutrient catabolism in the mitochondrial matrix 

Glucose from cytosol enters glycolysis and is metabolised to pyruvate. Pyruvate is transported 

in the matrix, where it is converted into acetyl-CoA by the pyruvate dehydrogenase (PDH). 

Triacylglycerols are metabolized into fatty acids (FA) by the lysosomal acid lipase (LAL), 

which are activated by acyl-CoA synthetases (ACS) to acyl-CoA esters. These esters are 

transported inside the matrix by the carnitine palmitoyltransferase (CPT), where they are 

subjected to consecutive reactions that remove two carbons at each step, until they are entirely 

metabolized to acetyl-CoA. Acetyl-CoA enters the Krebs cycle. Krebs cycle produces NAD+ 

and FADH2 which are used in the electron transport chain. The Krebs cycle is supplied by 

glutamine metabolism, which produces the intermediary alpha-ketoglutarate (ɑ-KG). Figure 

adapted from (Liu et al., 2021) with permission under a Creative Commons Attribution 4.0 

(https://creativecommons.org/licenses/by/4.0/ ) 

During glycolysis, glucose is oxidized to pyruvate, which is transported into the matrix (Bricker 

et al., 2012). Here, the pyruvate dehydrogenase complex facilitates the reaction with coenzyme 

A (CoA) and converts pyruvate into acetyl-CoA (Patel et al., 2014), an important intermediary 

in the TCA cycle. Another TCA cycle intermediate is succinate, which is oxidized to fumarate 

https://creativecommons.org/licenses/by/4.0/
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by SDHA subunit of complex II (Vakifahmetoglu-Norberg et al., 2017). During fatty acid 

catabolism, the fatty acid molecules are activated to acyl-CoA esters by acyl-CoA synthetases 

from the cytosol. The acyl-CoA esters are transported through the mitochondrial membranes 

via carnitine binding, as acyl-carnitine intermediates. In the mitochondrial matrix, the long fatty 

acid chains are shortened during successive rounds in which two carbon atoms are cleaved each 

round (β-oxidation). The final metabolic product of β-oxidation is acetyl-CoA, which enters the 

TCA cycle (Bartlett and Eaton, 2004). During amino acid catabolism, the free ammonium ions 

that are produced are conjugated to bicarbonate in the liver mitochondria, resulting in 

carbamoyl phosphate (Figure 1-8). Carbamoyl phosphate is further conjugated to ornithine, 

resulting in L-citrulline, which is transported in the cytosol. L-citrulline undergoes a series of 

metabolic reactions in the cytosol, until it reaches the intermediary state of ornithine and is 

transported back in the mitochondria. The cycle results in the release of an urea molecule 

(Adeva et al., 2012).         

 

Figure 1-8. Mitochondrial involvement in urea cycle 

The first and last steps of urea formation take place in the matrix. In the first step, ammonia 

resulted from protein catabolism is conjugated to bicarbonate by the carbamoyl phosphate 

synthetase. The carbamoyl phosphate is transferred to ornitine, resulting in citrulline that is 

exported. In the cytosol, citrulline is metabolized to ornitine, which is re-imported in the 

mitochondria; taken from (Blair et al., 2015) with permission, RightsLink license number 

5274501044085  

Mitochondria are also involved in cell survival and apoptosis. Through a series of cytosolic 

reactions, apoptotic stimuli (DNA damage, oxidative stress or excess of calcium) induce the 
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permeabilization of OMM (Shimizu et al., 1999). This leads to the release of the mitochondrial 

proteins: cytochrome c, AIF (apoptosis-inducing factor), EndoG (endonuclease G), 

Smac/DIABLO and Omi/HtrA2 (Kilbride and Prehn, 2013). Cytochrome c binds apoptotic 

protease activating factor 1 (APAF1) in the cytosol, which oligomerizes and  activates caspase 

9, a cysteine protease involved in degradation of cell components, that further activates caspases 

3 and 7 (Goldstein et al., 2000, Zou et al., 1997). AIF and EndoG induce apoptosis via caspase-

independent mechanisms. After release from the intermembrane space, AIF translocates to the 

nucleus, where it binds DNA irrespective of nucleotide sequence, to induce DNA fragmentation 

and chromatin condensation (Ye et al., 2002). EndoG, a mitochondrial nuclease, acts in a 

similar manner with AIF: released from the intermembrane space, it translocates to the nucleus 

and induces DNA fragmentation (Li et al., 2001). In mammals, EndoG collaborates with DNase  

I to generate double-strand DNA breaks (Widlak et al., 2001).  Smac/DIABLO and Omi/ HtrA2 

both bind to X-linked inhibitor of apoptosis protein (XIAP) and prevent it from inhibiting 

caspases (Srinivasula et al., 2001, Yang et al., 2003, Du et al., 2000), thus promoting apoptosis 

(Eckelman et al., 2006).  

One cause for apoptosis is production of excessive reactive oxygen species (ROS), of which 

mitochondria are the main source (Redza-Dutordoir and Averill-Bates, 2016). Approximately 

1% of the total oxygen used in respiration is converted to superoxide radical anions (O2
-), 

hydrogen peroxide (H2O2) and hydroxyl radicals (-HO.) (Chen et al., 2003, Murphy, 2008). 

Those are highly reactive molecules derived from incomplete reduction of oxygen that can 

cause oxidative stress. They can damage DNA, proteins and lipids and trigger the opening of 

the mitochondrial permeability transition pore, initiating apoptosis (Petronilli et al., 1994). 

Complexes I and III are the main ROS generators: in total, they contain 11 ROS production 

sites, and generate 45% of total H2O2 (Wong et al., 2019, Brand, 2016). As an adaptive response, 

cells use scavenger enzymes to eliminate ROS: superoxide dismutase (SOD), glutathione 

peroxidase, catalase, and peroxiredoxin. SOD, present both in the cytosol and IMS, converts 

ROS in H2O2 (Okado-Matsumoto and Fridovich, 2001) then glutathione peroxidase converts 

H2O2 in water by using glutathione as reducing substrate (Deponte, 2013). Catalase uses two 

molecules of H2O2 to produce molecular oxygen and water (Kirkman et al., 1999), while 

peroxiredoxin reduces H2O2 or alkyl hydroperoxide to alcohol and water (Chae et al., 1994). As 

long as their levels remain in equilibrium with the capacity of the scavenger enzymes, ROS are 

part of the normal physiology of the cell (Clément and Pervaiz, 2001). They activate cell 

survival signaling pathways (UPR, Nrf2) and are involved in angiogenesis, autophagy and 

activation of immune cells (Valko et al., 2007, Fukai and Ushio-Fukai, 2020). However, due to 
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environmental factors (smoking, pollution, UV irradiation, heavy metals) and ageing, the ROS 

production can exceed the scavenger capacities of those enzymes, resulting in a large spectrum 

of disorders like cancer, diabetes, Parkinson’s disease and cardiovascular disease (Valko et al., 

2007, Al Shahrani et al., 2017).   

In addition to all the above-mentioned functions, mitochondria are also involved in calcium 

homeostasis (Rizzuto et al., 2012) and thermogenesis (Li et al., 2020b). All the enzymes 

responsible for non-OXPHOS functions are encoded by the nucleus and are imported into 

mitochondria via different pathways described at 1.2.  

 Mitochondrial genome 

One aspect that makes mitochondria unique among mammalian organelles is having their own 

mitochondrial DNA (mtDNA). Studies performed in rat estimate 2-10 mtDNA molecules per 

mitochondrion (Wiesner et al., 1992), but the number varies depending on cell type (Dickinson 

et al., 2013). Organization of mtDNA is similar to bacterial DNA: mtDNA is packed into 

protein aggregates named ‘nucleoids’ that lack histones. Mitochondrial nucleoids are ellipsoid 

structures, with a diameter of approx. 110 nm (Dlasková et al., 2018), that are tightly associated 

with IMM (Brown et al., 2011) and contain a single copy of mtDNA each (Kukat et al., 2015). 

MtDNA is very tightly packed in the nucleoids, more tightly than the bacterial or nuclear DNA, 

as the 110 nm nucleoid diameter would correspond to a 300 bp segment (Brown et al., 2011, 

Bogenhagen, 2012). The main factor responsible for mtDNA packaging is TFAM (transcription 

factor A, mitochondrial), a very abundant protein (1,000 TFAM molecules per 1 molecule of 

mtDNA) that covers the entire genome (Alam et al., 2003, Kukat et al., 2011).   

The complete sequence of human mtDNA was solved for the first time by Anderson and 

colleagues (Anderson et al., 1981), then revised by Andrews and colleagues (Andrews et al., 

1999). The molecule is circular, double-stranded and small (16,569 bp). It encodes for 37 genes: 

2 rRNAs (12S and 16S), 22 tRNAs and 13 polypeptides, the last being subunits of OXPHOS 

complexes I, III, IV and V (Figure 1-9). The two complementary strands were defined as heavy 

(H) and light (L), based on nucleotide composition: H is guanine rich, while L is cytosine rich. 

For this reason, after denaturation, the two strands could be separated by ultracentrifugation in 

cesium chloride (CsCl) density gradient (Borst et al., 1967). The genes are not equally 

distributed among the H and L strands: H strand encodes for 14 tRNAs, 12 polypeptides, and 2 

rRNAs, while the L strand encodes for 8 tRNAs and only one polypeptide.  
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Distribution of genes is very efficient. MtDNA lacks introns and contains overlapping genes: 

MT-ND4 and MT-ND4L (encoding for complex I subunits ND4 and ND4L), MT-ATP6 and 

MT-ATP8 (ATPase subunits 6 and 8) as well as mt-tRNATyr/mt-tRNACys. One non-coding region 

is the displacement loop (D-loop), with approx. 1.1 kb length, situated between the genes 

encoding for tRNAPhe and tRNAPro. The D-loop contains the origin of replication for the H 

strand (OH) and the transcription promoters for H and L strands (HSP1, HSP2 and LSP). A third 

DNA strand has been identified in the D-loop: a stably incorporated 7S DNA, which does not 

occur in every single mtDNA molecule and currently has an unknown function (Walberg and 

Clayton, 1981, Nicholls and Minczuk, 2014). Another non-coding region contains the origin of 

replication for the L strand (OL) and is sandwiched between five tRNA genes (Anderson et al., 

1981).  

 

Figure 1-9. The human mitochondrial genome 

The diagram illustrates the organisation of human mtDNA as a circular double stranded 

molecule. Heavy (H) and light (L) strands encode for a total of 37 genes, corresponding to 13 

polypeptides that become subunits of the respiratory complexes, 2 rRNAs (light green) and 22 

tRNAs (dark green). Non-coding DNA is in grey. The origins of replication (OH and OL) and 

transcription promoters (HSP1, HSP2, LSP) are indicated by bent black arrows. Figure made 

using BioRender (www.biorender.com) 

Mitochondrial genetic code deviates from the universal code. For example, AUA encodes for 

methionine instead of isoleucine and UGA, usually a stop codon, encodes for tryptophan. There 

 

http://www.biorender.com/
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are two codons that signal the start of translation: AUG (for 10 genes) and AUA (for 3 genes) 

and only two of the three universal stop codons are retained: UAA and UAG (Anderson et al., 

1981). Two genes terminate in codons that usually encode for arginine: MTCO1 terminates in 

AGA, while MTND6 in AGG. During translation of the MTCO1 and MTND6 transcripts, the 

mitochondrial ribosome performs a -1 frameshifting, to allow the presence of a universal stop 

codon in the A site (Temperley et al., 2010a). In addition, the number of tRNAs encoded by 

mtDNA is almost equal to the number of amino acids, and only leucine and serine can be 

recognized by two tRNAs each (Christian and Spremulli, 2012). In contrast, the universal 

genetic code uses 61 codons for amino acids, and less tRNAs (approx. 40-50, (Goodenbour and 

Pan, 2006)) to recognize them. According to “the Wobble hypothesis”, the anticodon of a single 

tRNA can pair with more than one codon (Crick, 1966).   

MtDNA is maternally inherited (Hutchison et al., 1974). Maturation of reproductive cells has 

different effects on the mtDNA copy number: during spermatogenesis, the number of mtDNA 

molecules decreases until approx. 100 copies in the mature sperm cell, localized mostly in the 

midpiece, while the mature oocyte has over 150, 000 copies (Larsson et al., 1997, Wai et al., 

2010). In addition, the paternal mtDNA that enters the oocyte after fertilisation is rapidly 

degraded by different mechanisms (Sato and Sato, 2013, Yu et al., 2017). 

MtDNA is more prone to defects than nuclear DNA. One possible cause resides in the high 

concentrations of guanine in the mitochondria, compared to other dNTPs, which decrease the 

accuracy of mtDNA polymerase gamma, causing mismatches (Song et al., 2005). Another 

cause is oxidative stress, exacerbated by the lack of protective histones; since mtDNA is 

associated with IMM, it becomes proximal to OXPHOS, and more prone to oxidative damage 

caused by ROS (Richter et al., 1988). Recent studies suggest that the first cause, rather than 

ROS, is the main cause of pathogenic variants (Szczepanowska and Trifunovic, 2017). Variants 

do not occur in every single mtDNA molecule from a cell; instead, the same cell contains 

different percentages of mutant and healthy mtDNA (heteroplasmy), which contributes to the 

heterogeneity of mitochondrial disorders (Stewart and Chinnery, 2015).  

 Replication of mtDNA 

Replication of mtDNA is distinct from nuclear DNA replication. Mitochondria have their own 

replication machinery, with proteins encoded by the nucleus, that must be imported in the 

organelle (Falkenberg, 2018). The minimum components necessary for this process, as 

identified by in vitro replication, are mtDNA polymerase γ (Polγ), Twinkle helicase, and 

mitochondrial single-stranded binding protein (mtSSB) (Korhonen et al., 2004). Polγ is the only 
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DNA polymerase specific for mitochondria (Ropp and Copeland, 1996). Because this enzyme 

cannot use double stranded DNA as a template, the mtDNA is first unwound by the Twinkle 

helicase and maintained unwound by mtSSB (Korhonen et al., 2004). Twinkle is a 5′ → 3′ DNA 

helicase efficient at unwinding short stretches of dsDNA (20 bp); its activity is strongly 

stimulated by mtSSB (Spelbrink et al., 2001, Korhonen et al., 2003).  

Additional proteins involved in mtDNA replication are mitochondrial RNA polymerase 

(POLRMT), exonuclease RNAse H1 and DNA ligase III (Falkenberg, 2018). POLRMT 

synthesizes the RNA primers required for initiation of replication (Fusté et al., 2010). Once 

Polγ starts the elongation of DNA chain, RNase H1 digests the RNA primers from the RNA-

DNA hybrids, as they are no longer necessary (Holmes et al., 2015) (Holt and Reyes, 2012). 

When replication finishes, the ends of the newly formed DNA strands are ligated by DNA ligase 

III (Lakshmipathy and Campbell, 1999, Puebla-Osorio et al., 2006).  

The exact mechanism of replication is still a matter of debate, and three models had been 

proposed (Gustafsson et al., 2016) (Figure 1-10).  

The first model is the strand displacement model, proposed in 1972 by (Robberson et al., 1972). 

According to it, replication of each strand is continuous, but not simultaneous. It if first initiated 

at OH and continues for two-thirds of genome length, passing OL. During this process, the H 

strand is covered by mtSSB (Miralles Fusté et al., 2014), which prevents POLRMT from 

binding it (Wanrooij et al., 2008). However, when the replication fork passes OL, the single H 

strand adopts a stem–loop structure that prevents mtSSB from binding (Martens and Clayton, 

1979). The single stranded DNA remains exposed, which allows POLRMT to bind to OL and 

synthetize a 25 b primer, at which point Polγ starts replication of the L strand in the opposite 

direction (Wong and Clayton, 1985, Falkenberg, 2018).  

The second model is known as RITOLS (Ribonucleotides Incorporated Through Out the 

Lagging Strand). It has common aspects with the strand displacement model, like predicting 

the two DNA strands are not synthetized at the same time, and that replication starts from OH 

(Holt and Reyes, 2012). By contrast, RITOLS predicts that segments of RNA are successively 

hybridized to the H-strand, only to be matured into DNA at a later stage (Yang et al., 2002) 

(Yasukawa et al., 2006). The RNA/DNA hybrids have been identified in mitochondria using 

specific antibodies (Pohjoismäki et al., 2010), but the putative enzymes involved in this process 

are unknown (Reyes et al., 2013).  

The last model is the strand-coupled replication, proposed by Holt et al. (Holt et al., 2000). The 

authors used ethidium bromide to induce mtDNA depletion in mammalian cells, then allowed 
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them to recover. In order to compensate for the mtDNA loss, cells increased replication. In 

those cells, they identified double-stranded DNA intermediates that indicate a synchronous 

bidirectional replication of the H and L strands. The start of replication was not OH , but rather 

a broad region spanning over genes Cytb, NAD5 and NAD6 (Bowmaker et al., 2003).  

 

Figure 1-10. Replication of mtDNA 

Currently there are three models that explain the mtDNA replication. The strand displacement 

model (left panel) states that replication of the two strands is asynchronous. First starts the 

replication of the H strand, from OH. Replication continues for two thirds of the genome, then 

initiates in the opposite direction for the L strand, from OL. In the strand-coupled model 

(middle panel), replication is synchronous and bidirectional; the origin is neither OH nor OL, 

but a broader initiation zone. According to the RITOLS model (right panel) replication is 

asynchronous and starts from the OH on the H strand, but the L strand is transcribed into RNA 

and re-converted into DNA at a later stage. Figure taken from (Kasiviswanathan et al., 2012) 

with permission, RightsLink license number 5275090476041 
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 Transcription and post-transcriptional modifications in human mitochondria  

Replication and transcription are mutually exclusive (Fontanesi et al., 2020). Transcription of 

mtDNA starts from both strands and results in long polycistronic transcripts that undergo 

processing and maturation. Transcription promoters are localized in the D-loop, and serve 

different genes from each strand (Chang and Clayton, 1984). Initial experiments performed in 

the ‘80s by Montoya et al. used radiolabeled mitochondrial transcripts that were mapped to 

mtDNA by DNA–RNA hybridization. Based on them it was established an initial model that 

included three promoters, as it follows: 

1. LSP- L strand, initiates a transcript that contains 8 tRNAs and MT-ND6 (Montoya et al., 

1982)  

2. HSP1- H strand, initiates a transcript that contains 2 tRNAs (tRNAPhe and tRNAVal) and 

the 12S and 16S rRNA (Montoya et al., 1982) 

3. HSP2- H strand, initiates a transcript that contains all the remaining genes (Montoya et 

al., 1983) 

However, later experiments questioned the existence of HSP2. In a recombinant in 

vitro transcription system, Litonin et al. used synthetic templates that contained the HSP1, 

HSP2 or LSP promoters, but only identified an RNA product for HSP1 and LSP (Litonin et al., 

2010). The authors repeated the experiments using a longer template that contained both HSP1 

and HSP2, but only HSP1 initiated transcription. No transcription activity was identified for 

HSP2, possibly because it was not recognized by the mitochondrial RNA polymerase 

(POLRMT) (Litonin et al., 2010). Subsequently, it is currently considered that transcription of 

the H strand starts from a single promoter (D'Souza and Minczuk, 2018, Rebelo-Guiomar et al., 

2019).  

The enzyme that drives transcription is POLRMT, a single subunit protein which has a similar 

structure with the RNA polymerase from T7 bacteriophage. However, the domains that in T7 

would melt DNA have a different position in human POLRMT, which makes it unable to melt 

DNA alone. Therefore, to fulfil its activity, POLRMT associates with TFAM and mitochondrial 

transcription factor B2 (TFB2M) and forms an initiation complex (Ringel et al., 2011) (Figure 

1-11).  

TFAM plays a role in both DNA packaging and transcription. As DNA packaging factor, it 

binds DNA irrespectively of the nucleoid sequence (Fisher and Clayton, 1988). As transcription 

factor, TFAM binds 10-35 bases upstream from the transcription start site (Fisher et al., 1987), 
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on both strands, and bends the promoter DNA in a U-shape (Ngo et al., 2011, Rubio-Cosials et 

al., 2011). This change in DNA structure facilitates binding of POLRMT to TFAM, via the N-

terminus of the polymerase, and forms a pre-initiation complex  (Gaspari et al., 2004, Morozov 

et al., 2014). TFB2M binds to this complex and separates the DNA strands, allowing 

transcription to initiate (Posse and Gustafsson, 2017). TFB2M binds to the dsDNA and to the 

POLRMT, inducing a conformational change of this enzyme and DNA opening. Via its 

positively charged N-terminus, TFB2M traps the non-template DNA strand and thus keeps the 

two strands apart (Hillen et al., 2017a).  

 

Figure 1-11. Transcription of mtDNA 

During transcription initiation, TFAM binds the mtDNA upstream from the start site and 

binds the promoter region (LSP or HSP), which allows the binding of POLRMT and TFB2M. 

TFB2M separates the DNA strands, which allows POLRMT to start the synthesis of RNA. 

During elongation, TEFM binds to POLRMT and enhances the enzyme processivity. 

Top1MT maintains the mtDNA in a supercoiled state. During termination, MTERF1 binds at 

the mt-tRNALeu(UUR) site on the L-strand and blocks the POLRMT, which leaves the mtDNA. 

Transcription termination for the H strand is unclear, but some reports have identified a 

termination-associated sequence (TAS) in the non-coding region of mtDNA (Freyer et al., 

2010). Figure taken from (Menger et al., 2021) with permission under the terms of the 

Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/)   

During transition from transcription initiation to elongation, TFAM and TFB2M leave the 

complex (Hillen et al., 2017a), which allows the binding of TEFM (transcription elongation 

factor of mitochondria) at the catalytic region of POLRMT (Minczuk et al., 2011). Two 

molecules of TEFM bind at the C-terminus to form a dimer that interacts with POLRMT at the 

DNA-RNA hybrid cavity. The point of interaction is the intercalating hairpin of POLRMT, a 

mobile element from N-terminus responsible for the separation of the nascent RNA from the 

http://creativecommons.org/licenses/by/4.0/
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DNA template. At the same time, TEFM interacts with the dsDNA upstream as well as 

downstream from elongation site and traps the non-template DNA strand (Hillen et al., 2017b).  

TEFM binding to POLRMT enhances the enzyme processivity (Minczuk et al., 2011). In vitro 

transcription reactions that use ssDNA templates show that POLRMT alone is only capable to 

synthetize short RNA fragments (25-75 nucleotides), while the length of polycistronic 

transcripts of mammalian mitochondria is in the order of kilobases (Wanrooij et al., 2008, 

Minczuk et al., 2011). When TEFM is added to the mixture, the amount of long RNA products 

(200-400 nucleotides) becomes double (Minczuk et al., 2011). Moreover, when using dsDNA 

templates of different lengths, the presence of TEFM in the reaction mixture accelerates the 

production of long transcripts by POLRMT. Concomitantly, silencing of TEFM using RNA 

interference in human cells leads to a decrease in steady-state levels for promoter-distal 

mitochondrial transcripts, for both H and L strands (Minczuk et al., 2011).  

Further in vitro studies show that transcription of long DNA templates is stimulated by 

increased concentrations of TEFM and that, in its absence, the long transcripts represent  a small 

fraction of the total transcript levels (Posse et al., 2015). In addition, it is observed that 

POLRMT pauses at various sites on the DNA template, and the presence of TEFM resumes 

transcription after the pause, including after oxidative lesions (Posse et al., 2015).  

Recent in vivo studies performed in mice also confirm that TEFM promotes POLRMT 

processivity: knockout of TEFM results in a drastic decrease of promoter-distal transcripts from 

both strands (16S rRNA, all mt-mRNAs and most mt-tRNAs) and an increase of short, 

prematurely terminated transcripts (Jiang et al., 2019).  

TEFM is an important factor in the switch between replication and transcription, as POLRMT 

is responsible for synthesis of RNA primers for replication. In the absence of TEFM, POLRMT 

terminates transcription approx. 120 bp downstream from the LSP promoter, at a G-rich region 

named conserved sequence block II (CSBII). This region is situated close to OH, and the short 

transcript is used to start replication of the H strand. In the presence of TEFM, POLRMT passes 

CSBII and synthetizes long transcripts (Agaronyan et al., 2015).  

At the end of transcription, POLRMT leaves the mtDNA template. The factor responsible for 

transcription termination is mitochondrial termination factor 1 (MTERF1), identified for the 

first time in 1989 by Attardi group (Kruse et al., 1989). Based on previous observations that 

mt-rRNA genes, situated close to HSP promoter, are transcribed at a rate 16-60 times higher 

than the protein coding genes, located distant from the promoter (Gelfand and Attardi, 1981), 

the authors hypothesized that transcription is attenuated somewhere between 16S rRNA and 
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tRNALeu genes (Kruse et al., 1989). Using an in vitro transcription termination system where 

mitochondria isolated from HeLa cells were programmed with a DNA template containing the 

HSP promoter and the termination site between 16S rRNA and tRNALeu, the authors identified 

MTERF1 by DNAse footprinting (Kruse et al., 1989). Further in vitro transcription assays that 

used recombinant human MTERF1 confirmed that the factor terminates transcription 

efficiently, and that it acts as a monomer (Asin-Cayuela et al., 2005). However, complete 

termination was not observed when MTERF1-binding site was in the same orientation as HSP, 

being detected only with the site in the reverse orientation (Asin-Cayuela et al., 2005). Studies 

of MTERF1 structure using X-ray crystallography provided a model for its mechanism of 

action. MTERF1 binds the dsDNA at a specific G-rich region in the tRNALeu(UUR) gene and 

causes the molecule to bend. It unwinds the DNA and induces the flipping of three bases, which 

in turn increases the binding stability. It was proposed that because of this strong DNA binding, 

MTREF1 acts as a barrier for the advancing POLRMT, which leaves the DNA (Yakubovskaya 

et al., 2010, Jiménez-Menéndez et al., 2010). 

The hypothesis that MTERF1 terminates transcription for the H strand was rejected by in vivo 

and in vitro studies. The mechanism of transcription termination for the H strand is still 

unknown. Based on assays that used randomized DNA sequences, it was shown that MTERF1 

recognizes the L strand in preference to the H strand (Nam and Kang, 2005). In addition, 

transcription termination was more efficient in LSP orientation that in HSP (Asin-Cayuela et 

al., 2005, Yakubovskaya et al., 2010). Studies performed in HEK cells in which MTERF1 was 

over-expressed or downregulated showed that the factor prevents the accumulation of antisense 

transcripts of the rRNA (Hyvärinen et al., 2010). Knockout of MTERF1 in mice did not affect 

mt-rRNA expression, as expected if the factor bound the H strand: the steady-state levels of 

12S rRNA, 16S rRNA, and various mt-mRNAs were normal. However, it was identified an 

increased level of antisense transcripts of the rRNA (Terzioglu et al., 2013). The current view 

regarding MTERF1 role is that the factor terminates transcription from the LSP by binding at 

the 3’ end of the mRNA sequence, which prevents the transcription of antisense rRNA. The 

initial observation from Attardi and colleagues (Gelfand and Attardi, 1981) regarding the high 

levels of rRNA transcripts in mitochondria is attributed to the increased stability of those 

transcripts (D'Souza and Minczuk, 2018).  

After transcription, maturation of the long polycistronic transcripts takes place inside 

membrane-less foci called RNA granules (MRG) (Jourdain et al., 2016). Like mtDNA, MRGs 

are associated with IMM (Rey et al., 2020). They are fluid and dynamic, being capable to fusion 

and exchange components. As unveiled by immunofluorescence microscopy, MRGs are 
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punctate structures with ellipsoid shape, with RNA compacted inside, surrounded by proteins 

(Rey et al., 2020). MRG associated proteins are involved in RNA processing and maturation 

and ribosome biogenesis (Antonicka and Shoubridge, 2015).  

The polycistronic transcripts contain tRNA transcripts intercalated among the mRNA and 

rRNA. According to the ‘tRNA Punctuation Model’, the tRNA transcripts are excised from the 

transcripts and separated from mRNA and rRNA (Ojala et al., 1981). The endonucleases 

responsible for the excision are RNase P at the 5′ and RNase Z (ELAC2) at the 3′ (Holzmann 

et al., 2008, Brzezniak et al., 2011). The mitochondrial RNase P has no RNA component, like 

the cytoplasmic and bacterial RNase P, and is formed by three protein subunits:  TRMT10C 

(MRPP1), HSD17B10 (SDR5C1, MRPP2), and PRORP (MRPP3) (Holzmann et al., 2008). 

The PROP3 is the catalytic subunit, while TRMT10C is a tRNA methyltransferase that adds 

one methyl group to positions G9 and A9 (Vilardo et al., 2012, Fontanesi et al., 2020). RNase 

Z has dual localization, nuclear and mitochondrial, depending if its translation starts from the 

first AUG (and includes the MTS) or from the second AUG (nuclear form) (Rossmanith, 2011). 

Transcript processing starts first from the 5’ end, then continues from the 3’ end, as shown by 

in vitro (Manam and Van Tuyle, 1987) and in vivo (Rackham et al., 2016) experiments.  

There are four instances in which mRNAs are not flanked by tRNAs: the 3’ end of MTND6,  

the 5’ends of MTCO1 and MTCYB, and the junction between MTATP6/MTCO3 (Figure 1-9). 

Their mechanism of excision is currently unknown. Several Fas-activated serine/threonine 

kinase (FASTK) proteins, which localize to MRG, were suggested to be involved in the process, 

but a detailed mechanism is lacking (Jourdain et al., 2015, Boehm et al., 2017, Jourdain et al., 

2017).  

After separation, tRNAs, rRNAs and mRNAs undergo modifications independently. The 

enzyme tRNA nucleotidyl transferase 1 (TRNT1) adds the conserved CCA sequence 

responsible for binding the amino acids at the 3′-end of tRNAs (Nagaike et al., 2001). All the 

mRNAs -apart from MT-ND6- are polyadenylated in the 3’ end (Slomovic et al., 2005, Rebelo-

Guiomar et al., 2019) by the poly(A) polymerase MTPAP (Tomecki et al., 2004). Addition of 

a poly(A) tail completes the stop codon in the case of seven mRNAs. Apart from that, the effect 

of polyadenylation on stability is specific to each transcript: when MTPAP was affected by a 

missense variant, the steady-state levels of the transcripts identified in human fibroblasts were 

either decreased (MTCO, ATP6/ATP8), increased (MTND1) or unaffected (MTND3) (Wilson 

et al., 2014).  
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The mRNAs, rRNAs and tRNAs undergo base modifications as well. Those modifications have 

been identified for all four nucleotides, with preponderance for uridine, and they can occur at 

the nucleobase or at the ribose. Modifications consist of addition of a new chemical group (ex. 

methyl), as well as chemical modifications of the nucleotides, like substitution, oxidation, 

reduction or isomerisation (Rebelo-Guiomar et al., 2019). Isomerisation of uridine to 

pseudouridine, for example, reduces the flexibility of nucleobases and maintains RNA stability. 

It is the most abundant RNA modification, found in all organisms, and can form stable pairs 

with all the RNA nucleosides, not only adenine (Kierzek et al., 2013). Pseudouridylation of 

mitochondrial tRNAs was also described in S. cerevisiae (Behm-Ansmant et al., 2004) and 

plants (Fey et al., 2002).  

Different nucleotide modifications can be found in mRNA, tRNA and rRNA molecules, usually 

at sites important for translation. For example, the 16S rRNA is methylated and 

pseudouridinylated at sites that form the peptidyl transferase centre (PTC) or the peptide exit 

tunnel of the mitoribosome. Also, methylation of mRNA represses translation, by a yet 

unknown mechanism (Safra et al., 2017, Li et al., 2017). The molecules of tRNA are heavily 

modified, which is essential for their stability and folding, but also for the interaction with 

various proteins involved in translation. The modifications localized at the first nucleotide of 

the anticodon allow non-canonical base pairing and facilitate codon recognition. They are vital 

for translation, since mitochondria only has 22 tRNA molecules that must recognize 60 codons 

(Rebelo-Guiomar et al., 2019).  

 Translation in human mitochondria 

Following transcription and RNA maturation, 11 mRNA molecules enter translation: 9 

monocistronic and 2 bicistronic (ATP6/ATP8, ND4/ND4L), resulting in 13 proteins that are 

assembled into respiratory complexes (Anderson et al., 1981). The site of translation is separate 

from the nucleoid and MRGs. Using a combination of click chemistry with confocal 

microscopy and super resolution STED nanoscopy, Zorkau et al. (Zorkau et al., 2021) show 

that translation takes place at the cristae membrane.  

The process of protein synthesis is performed by the mitochondrial ribosome (55S) and consists 

of four steps: initiation, elongation, termination and recycling. Despite their ɑ-proteobacterial 

origin, mitochondria possess unique characteristics of protein synthesis, that distinguish them 

from bacteria.  
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1.7.1 Human mitochondrial ribosome  

The molecular machinery that performs the protein synthesis is the mitochondrial ribosome 

(mitoribosome). Like in all organisms, it is composed from a small subunit (mtSSU) and a large 

subunit (mtLSU), each having its own function: mtSSU to bind the mRNA and mtLSU to 

catalyse the peptidyl-transferase reaction (De Silva et al., 2015). However, despite its 

eubacterial origin, the mitoribosome is different from the bacterial and cytosolic ribosomes and 

has different characteristics for each species. The mitoribosome is unique because it is 

expressed from two genomes – nuclear and mitochondrial.  

Mitochondrial ribosomes are attached to the IMM by MRL45/Mba1, a protein from the mtLSU 

(Englmeier et al., 2017). The first structures of the mitoribosome were obtained at 13.5 Å 

resolution and used bovine ribosomes. These structures lead to the identification of important 

differences between the mitochondrial ribosomes and the bacterial and cytosolic counterparts. 

Mammalian mitoribosome has the lowest sedimentation coefficient (55S) compared to other 

ribosomes, despite having a higher mass than bacterial ribosome, due to its porous structure 

(Sharma et al., 2003). The bovine structures were followed by more detailed structures, 

obtained at a higher resolution, of human (3.5 Å,(Amunts et al., 2015)), porcine (3.8 Å, (Greber 

et al., 2015)) and yeast (3.3 Å, (Desai et al., 2017a)) mitoribosomes (Table 1-1).  

The human mitoribosome (55S) is composed of 83 proteins (MRPs), all encoded by the nuclear 

genome, and three RNA molecules, all encoded by the mitochondrial genome: 16S rRNA, 12S 

rRNA and tRNAVal. The small subunit (28S) contains a single rRNA molecule (12S) while the 

large subunit (39S) contains the 16S rRNA and the tRNAVal (Figure 1-12). The mtSSU and 

mtLSU are connected by 15 intersubunit bridges, formed between RNA-RNA, RNA-protein or 

protein-protein (Brown et al., 2014, Amunts et al., 2015). 

The most striking difference regarding human (and mammalian) mitoribosomes when 

compared to bacteria and cytosolic ribosomes is the inverted protein:RNA ratio. In bacteria, 

there is a 1:2 ratio for protein:RNA components, but in the mammalian mitoribosome, the RNA 

component was reduced and partially replaced with proteins during evolution, resulting in a 2:1 

protein:RNA ratio (Sharma et al., 2003, De Silva et al., 2015). The 12S and 16S rRNAs are 

both reduced by half when compared to their bacterial counterparts (Amunts et al., 2015, Brown 

et al., 2014). The mitoribosomes retained some bacterial protein homologues in their structure, 

but those homologues have extended N and C termini; in addition, some proteins are 

mitochondria specific. For example, in bacteria, mRNA contain a specific sequence (Shine-

Dalgarno) that base-pairs with the 3’ end of the 16S rRNA from the SSU at the start of 

translation (Yusupova et al., 2001). In mitochondria, mRNAs do not contain this sequence 
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(Montoya et al., 1981), and the corresponding rRNA region is deleted: the 3’ end of 12S rRNA 

from the mtSSU is stably bound by MRPS37 (mS37, alias CHCHD1) (Amunts et al., 2015).  

 



 
 

Table 1-1. Details of several complete ribosomal structures resolved up to current date 

  

Bacterial ribosome 

(T. thermophilus,  

PDB 4V5J) 

Human cytosolic 

ribosome 

(PDB 4V6X) 

Human mitochondrial 

ribosome 

 (PDB 3J9M, 3J7Y) 

Yeast mitochondrial 

ribosome 

(PDB 5MRC, 3J6B) 

Porcine mitochondrial 

ribosome 

(PDB 5AJ3, 4CE4) 

Sedimentation 

coefficient 70S 80S 55S 74S 55S 

Molecular 

weight (MDa) 2.3 4 2.8 3 2.7 

RNA:protein 2:1 2:1 1:2 1:1 1:2 

Small subunit  

30S 40S 28S 37S 28S 

16S rRNA 18S rRNA 12S rRNA 15S rRNA 16S rRNA 

21 proteins 32 proteins 30 proteins 34 proteins 30 proteins 

    

(14 proteins  

 mitochondria specific) 

(14 proteins  

mitochondria specific) 

(15 proteins 

mitochondria specific) 

Large subunit 

50S 60S 39S 54S 39S 

23S rRNA 28S rRNA 16S rRNA 21S rRNA 16S rRNA 

5S rRNA 5S rRNA tRNA (Val) N/A tRNA (Phe) 

34 proteins 5.8 S rRNA 53 proteins 39 proteins  52 proteins 

  47 proteins 

(21 proteins mitochondria 

specific) 

(13 proteins 

mitochondria specific) 

(22 proteins 

mitochondria specific) 

Reference (Jin et al., 2010)  

(Anger et al., 

2013)  

(Brown et al., 2014, 

Amunts et al., 2015)  

(Amunts et al., 2014, 

Desai et al., 2017a)  

(Greber et al., 2014b, 

Greber et al., 2015) 

3
4 
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Another example is the complete loss of 5S rRNA in the mammalian and yeast mitoribosomes. 

In bacteria and cytosolic ribosomes, the LSU contains one molecule of 5S rRNA in the central 

protuberance, responsible for coordination with SSU during translation (Dontsova and Dinman, 

2005). In yeast mitoribosomes, this is completely absent and is replaced by extended segments 

of the 21S rRNA (Amunts et al., 2014). In mammalian mitoribosomes, at the central 

protuberance is present a tRNA molecule that compensates for the loss of 5S: tRNAVal (human) 

or tRNAPhe (porcine) (Brown et al., 2014, Greber et al., 2014b) . Interestingly, Rorbach et al. 

showed that when the tRNAVal steady-state levels are scarce, the human mitoribosome 

integrates a tRNAPhe at the same site (Rorbach et al., 2016).  

 

Figure 1-12. Structure of the human mitochondrial ribosome 

The human mitochondrial ribosome is composed from a small (mtSSU) and a large (mtLSU) 

subunit. The structure PDB file 6zm5 (Itoh et al., 2021) was imported into PyMOL and 

coloured as it follows: sky blue – all the proteins of mtSSU; salmon pink- 12S rRNA 

(mtSSU), forest green- all the proteins of mtLSU; orange -16S rRNA (mtLSU); purple- 

tRNA(Val) (mtLSU) 

The mRNA channel in the mtSSU was also remodelled during evolution. The loss of bacterial 

uS4 and the deletion of the C-terminal domain of uS3 resulted in a wider entry (15 Å diameter 

compared to 9 Å in bacteria), but the average diameter of the channel is smaller than the 

bacterial one. The mRNA is forced to enter as a single strand, and is bound by MRPs rich in 
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positive amino acids, like MRPS5 (uS5m) and MRPS39 (mS39, alias  PTCD3) (Amunts et al., 

2015). 

In mtLSU, structural modifications affect the polypeptide exit tunnel and the tRNA binding 

sites. The polypeptide exit tunnel is paved with hydrophobic residues, since the polypeptides 

that pass through it are highly hydrophobic in order to integrate in the IMM as part of the 

OXPHOS complexes. Some proteins were lost from the A and P site when compared to   

bacteria, and some 16S rRNA segments were lost from the E site. This is in accord with the 

unique structure of mt-tRNAs, which lack the D- and/or T-loops that form the elbow, and results 

in a more loose binding of the tRNAs (Brown et al., 2014).  

The section that was neither deleted nor reduced is the peptidyl transferase centre (PTC), the 

catalytical core of all ribosomes. PTC is responsible for the formation of peptide bond during 

translation and is remarkably conserved among species (Petrov et al., 2018). In mammalian 

mitoribosomes, PTC is formed by the folding of 16S rRNA in the mtLSU and is stabilised by 

MRPL36 (bL36m) (Brown et al., 2017).  

Biogenesis of the human mitoribosome is a complicated process that starts at the nucleoids and 

continues in the RNA granules (Bogenhagen et al., 2014, Antonicka and Shoubridge, 2015). It 

is a lengthy process- it takes 2-3 h (Bogenhagen et al., 2018) compared to only 2 min in bacteria 

(Chen et al., 2012) - and is likely to take place in contact with the IMM (Kummer and Ban, 

2021). The core of each subunit is the mature rRNA, around which are assembled the MRPs, 

imported from the cytosol. Positioning the rRNA inside the mitoribosome, covered by proteins, 

is thought to protect the rRNA from mitochondrial ROS (Koc and Koc, 2012). MRPs are 

imported in excess and degraded if not used. They respect a certain hierarchy during assembly, 

with clusters of early binding proteins attaching to the rRNA molecules and facilitating the 

binding of the intermediary proteins, which in turn facilitate the binding of late assembly 

proteins. This hierarchy is abandoned in certain situations that are essential for translation. For 

example, MRPL45 (mL45) also binds early, despite not having a direct contact with the 16S 

rRNA, to anchor the mtLSU (and subsequent mitoribosome) to the IMM (Bogenhagen et al., 

2018). Also, folding of the 16S rRNA to form the PTC is a late-assembly step (Brown et al., 

2017).  

Ribosome biogenesis is a multi-step process that depends on numerous ribosome assembly 

factors, like guanosine triphosphate hydrolases (GTPases), RNA helicases, pseudouridine 

synthases, methyltransferases or endonucleases. They can be specific to one ribosomal subunit 

or they can act on both. Some of them reside in the RNA granules and regulate the folding of 
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12S and 16S rRNAs (Jourdain et al., 2016, Lopez Sanchez et al., 2021). The RNA binding 

assembly factors are not restricted to the initial steps of biogenesis. For example, 

methyltransferases MRM2 and MRM3, which methylate the ribose moieties of 16S rRNA 

(position U1369 and G1370, respectively) at the PTC, were found to be associated with mtLSU 

at late stages of assembly (Maiti et al., 2020, Rorbach et al., 2014). Also, two assembly factors 

can act at the same site, like TFB1M (analogous to transcription factor TFB2M) and RBFA. 

They both bind at the 3’ terminus of 12S rRNA and both are involved in methylation of A936 

and A937 towards the end of assembly (Liu et al., 2019b, Rozanska et al., 2017). RBFA also 

regulates the association with mtLSU (Rozanska et al., 2017). Importantly, the residues A936 

and A937 are protected by GTPase ERAL1 during mtSSU assembly, which dissociates at the 

end of the process to allow RBFA binding (Dennerlein et al., 2010, Rozanska et al., 2017).  

Other factors, like the RNA helicases DDX28 and DHX30, do not have a clear mechanism of 

action. DDX28 and DHX30 were found in the MRGs and appeared to be involved in mtLSU 

assembly (Antonicka and Shoubridge, 2015). DDX28 was found to bind 16S rRNA during the 

early steps of assembly (Tu and Barrientos, 2015), and depletion of DHX30 affected the 

formation of mtLSU and of the monosome (Antonicka and Shoubridge, 2015).  

1.7.2 Initiation 

Initiation of translation in human mitochondria is currently not fully understood. According to 

the model that best fits the current knowledge, mRNA is bound by mtSSU, and the start codon 

positioned in the P site is recognized by the initiator tRNA (Kummer and Ban, 2021). Based on 

the endosymbiotic origin of mitochondria, it was expected that mitochondrial and bacterial 

translation are similar. There are common characteristics- like the initiator tRNA, which is the 

formyl-methionyl-tRNAMet (fMet-tRNAMet) in both mitochondria and bacteria, in contrast to 

the cytosolic translation that uses Met-tRNAMet (Spencer and Spremulli, 2004). However, as 

described for the mitoribosomes, the process per ensemble is unique. Mitochondria translation 

has diverged from bacterial translation (Ayyub and Varshney, 2020).   

In bacteria there are three factors involved in translation initiation: IF1, IF2 and IF3. IF1 binds 

to the SSU and blocks the A site, ensuring that the initiator tRNA binds to the P site. IF2 recruits 

the fMet-tRNAMet to the P site using GTP hydrolysis. IF3 prevents the premature association of 

LSU and adjusts the start codon to the P site (Rodnina, 2018). Because they have homologues 

in both Archaea and the cytosol, IF1 and IF2 are considered universal (Roll-Mecak et al., 2001). 

Despite that, IF1 is absent from mitochondria. Instead, the mitochondria IF2 (mtIF2) contains 



 38 

a 37 aa insertion that interacts with the same region where IF1 would bind, and blocks the A 

site (Yassin et al., 2011).  

A challenging question of mitochondria translation initiation was how the mt-mRNA is 

recruited, how the start codon is positioned at the P site and how it is recognized as the initiation 

point of translation. Mitochondrial mRNAs do not possess a sequence to signal the position of 

the start codon, as in bacteria and cytosolic transcripts (Christian and Spremulli, 2012). In 

bacteria, the Shine–Dalgarno sequence, containing the conserved sequence AGGAG, is 

localized at the transcript 5’end, upstream from the start codon, and is recognized by the anti- 

Shine–Dalgarno sequence of the rRNA from the small subunit. In this manner, the start codon 

is correctly positioned in the P site of the bacterial ribosome (Rodnina, 2018). In cytosolic 

translation, transcripts possess a 5’cap 7-methylguanosine (m7G) and the start codon is 

contained in the Kozak sequence (Kozak, 1986). The 5’cap recruits the pre-initiation complex, 

which scans the transcript until it recognizes the Kozak sequence (Hinnebusch, 2014). 

Mitochondria transcripts do not have a 5’cap or anything similar to a Kozak sequence (Montoya 

et al., 1981).  

This question was initially solved in yeast: the mitochondrial transcripts are recognized by 

translation activators that bind to their 5’UTR regions, as well as to the mtSSU, and direct 

initiation of translation (Herrmann et al., 2013). However, mammalian transcripts do not have 

UTRs (Temperley et al., 2010b) and artificial addition of nucleotides upstream from the start 

codon inhibits translation (Christian and Spremulli, 2010). The only translation activator 

identified so far- TACO1- was shown to bind only the COX1 mRNA (Weraarpachai et al., 

2009). In addition, in a mouse model, TACO1 was shown to bind at multiple regions of the 

transcript, and not to be required for the transcript recruitment to the mitoribosome (Richman 

et al., 2016).  

The use of cryo-EM shed light on the translation initiation process. Kummer et al. (Kummer et 

al., 2018) applied this technique to study an initiation complex formed by porcine 

mitoribosomal subunits and human mtIF2, MT-COX3 mRNA and fMet-tRNAMet. Their results 

show that mtIF2 only interacts with the mitoribosome and not with the mRNA. MtIF2 binds 

the A site of the mtSSU and also interacts with the mtLSU- more exactly the PTC and MRPL12 

(bL12m)- and the 3′-CCA end of fMet–tRNAMet. They find that mRNA binds MRPS39 (mS39), 

a pentatricopeptide repeat (PPR) protein specific to mitochondrial ribosomes, situated close to 

the mRNA entry channel in the mtSSU. The authors note that the 11 mitochondrial transcripts 

contain U-rich sequences that start from the seventh codon and suggest that those sequences 

could bind the PPR motif in MRPS39. They also observe that MRPS5 (uS5m) forms the 
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opening of the mRNA channel and consider that the positively charged amino acids from 

MRPS5 attract the negatively charged mRNA, which MRPS5 guides towards the P site. 

Importantly, the authors show that the N-terminus of MRPL45 blocks the polypeptide exit 

tunnel during initiation of translation.   

In a later cryo-EM study, Aibara et al. (Aibara et al., 2020) identified the LRPPRC-SLIRP 

complex associated with the translating mitoribosome in human cells. This interaction was 

specific to mitoribosome particles that contained a mt-mRNA and a mt-tRNA in the P-site. 

LRPPRC is a protein with 33 predicted PPR motifs involved in RNA binding. It preferentially 

binds mt-mRNAs, relaxing the secondary structures and exposing certain sites for translation 

(Siira et al., 2017). Based on their observations, Aibara et al. (Aibara et al., 2020) conclude that 

LRPPRC-SLIRP delivers the mRNA to the mitoribosome, binding MRPS39 at the entrance 

channel, to ensure correct accommodation of the mRNA.  

Koripella et al. (Koripella et al., 2019) obtained the cryo-EM structure of the bovine mtSSU in 

complex with human mtIF3. The mtIF3 sequence is only 20-25% homologous to its bacterial 

counterpart (Koc and Spremulli, 2002). Both N and C termini contain mitochondria specific 

extensions. MtIF3 has the shape of two globular domains (corresponding to N and C terminus) 

connected by a flexible helical region (Bhargava and Spremulli, 2005). Koripella et al. 

(Koripella et al., 2019) mapped each domain on the mtSSU and found that the N-terminus 

strongly anchors the factor to the subunit, while the C-terminus prevents the binding of the 

mtLSU. The N-terminus forms multiple interactions with MRPS11 (uS11) as well as helix 23 

(h23) and h24 of the 12S rRNA. The C-terminus binds close to the P-site and forms most contact 

points with h24, but also contacts h44 and h45. From this position, it interferes with the 

formation of two conserved intersubunit bridges.  

Interestingly, the authors noticed that the mitochondrial specific extension of the C-terminus 

does not interact with the 28S subunit. When they superimposed their mtIF3-28S structure with 

the  structure of the initiating complex from Kummer et al. (Kummer et al., 2018), they observed 

that this mitochondrial specific extension would clash with both the tRNA acceptor arm and 

mtIF2. The Koripella (Koripella et al., 2019) structure does not contain a mRNA, and it was 

previously shown that mtIF3 destabilizes the fMet–tRNAMet  from the P site in the absence of 

a mRNA molecule (Bhargava and Spremulli, 2005).  

Reconstitution of pre-initiation complexes using human mtSSU also shows that mtIF3 and the 

fMet–tRNAMet  cannot be present at the same time on the same mtSSU particle (Khawaja et al., 

2020). Binding of mtIF3 is also incompatible with MRPS37 (mS37), a protein from the mRNA 
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exit site that controls rotation of the mtSSU. The authors suggest that mtIF3 binding restricts 

mtSSU rotation and induces a conformation that allows mtIF2 binding. As a result, the 

conformations of both mtIF2 and mtSSU (particularly h44) are rearranged, which allows 

binding of mtLSU and exchange of mtIF3 for fMet–tRNAMet and mRNA. The mt-mRNA 

molecules were not detected on the mtSSU and were only found in the monosome. In the new 

translation initiation model proposed (Khawaja et al., 2020), mt-mRNA binds to the monosome 

that contains attached an mtIF2 molecule, necessary for recruitment of fMet–tRNAMet  (Figure 

1-13). Binding to the monosome seems to be favoured by the lack of any 5’ signal sequence in 

mt-mRNA and has been previously shown to occur in bacterial ribosomes that translate 

leaderless mRNA (Udagawa et al., 2004, Moll et al., 2004).  

 

Figure 1-13. Translation initiation in mammalian mitochondria (taken from (Khawaja et 

al., 2020)  

Binding of mtIF3 to mtSSU causes MRPS37 (mS37) to restrain subunit rotation (first pre-

initiation complex, mtPIC-1) and to maintain a conformation that favours mtIF2 binding 

(second pre-initiation complex, mtPIC-2). Next, mtLSU binds and mtIF3 leaves the complex. 

Finally, mRNA binds to the monosome and the initiator tRNA (fMet–tRNAMet) is recruited by 

mtIF2; permission to use this figure was granted because the original article is licensed under 

a Creative Commons Attribution 4.0 International License 

http://creativecommons.org/licenses/by/4.0/ 

Mitochondria use the canonical start codon AUG but can start translation from AUA and AUU 

as well (Montoya et al., 1981). The three codons are recognized by the same tRNAMet molecule, 

which is modified at the first nucleotide in the anticodon (wobble base) with formylcytosinein 

(f5C34) (Bilbille et al., 2011). Currently, it is still unknown how they are recognized as start 

codons. One possibility could be that they are recognized based on proximity to the transcript 

5’end, which is maintained unwound by LRPPRC-SLIRP, as suggested by Siira et al. (Siira et 

al., 2017). However, there are two bicistronic transcripts in human mitochondria (ATP6/ATP8, 

ND4/ND4L) which contain an internal start codon, and how they are recognized is also a 

mystery (Kummer and Ban, 2021).  

http://creativecommons.org/licenses/by/4.0/
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1.7.3 Elongation 

Elongation is the most conserved step of mitochondria translation, as the factors involved have 

orthologs in bacteria and cytosol. During elongation, the polypeptide is formed by successive 

addition of amino acids while the mitoribosome moves on the mRNA codon by codon. The 

process can be divided in three steps: decoding, peptide bond formation and translocation 

(Kummer and Ban, 2021).  

During decoding step, the codon that arrives on the A site is recognized by the corresponding 

aminoacyl-tRNA. The aminoacyl-tRNAs are synthetized by aminoacyl-tRNA synthetases, 

which form an ester bond between the adenine from 3’ acceptor stem of the tRNA and the 

corresponding amino acid (Boczonadi et al., 2018a).  In mitochondria exists only one tRNAMet  

that is used both to initiate translation and to deliver methionine residues to the A site during 

elongation (Tucker et al., 2011). The MTFMT enzyme adds a formyl group to the Met-tRNAMet 

(Takeuchi et al., 1998), which is then recruited to the P site to initiate translation. The Met-

tRNAMet that remains non-formylated is recognized by the mitochondrial elongation factor EF-

Tu and used in elongation (Spencer and Spremulli, 2004).  

Mitochondrial EF-Tu GTP-activated binds an aminoacyl-tRNA and delivers it to the A site. If 

the codon: anticodon base-pairing occurs, GTP is hydrolysed and the EF-Tu-GDP is released 

from the mitoribosome. The guanine exchange factor mtEF-Ts then recycles EF-Tu-GDP to 

EF-Tu-GTP (Schwartzbach and Spremulli, 1989, Cai et al., 2000) (Figure 1-14). 

Peptide bond formation is catalyzed by the PTC in the large subunit. PTC is a ribozyme formed 

by interconnected sections of 16S rRNA, which interacts with the 3’CCA ends of tRNAs from 

the P and A site during elongation (Brown et al., 2017). In the first reaction, the nucleophilic 

amino group of the amino acid from the A site attacks the electrophilic carbonyl carbon of the 

ester bond that links the nascent polypeptide to the tRNA from the P site, breaking the ester 

bond. In the second reaction, the PTC catalyses the condensation between the amino group of 

the amino acid bound to the A site tRNA and the carboxyl terminus of the polypeptide chain, 

resulting in a new peptide bond. At the end of this reaction, the P site contains a deacylated 

tRNA, the A site contains the nascent polypeptide and the E site is empty (Rodnina, 2013). For 

translation to continue, the A site must become empty, to accommodate a new aminoacyl-

tRNA.  
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Figure 1-14. Translation elongation in mammalian mitochondria 

A new aminoacyl-tRNA is bound by mtEF-Tu GTP-activated and delivered to the A site. 

Once the recognition between codon and anticodon takes place, mtEF-Tu-GDP leaves the 

mitoribosome and is recycled by mtEF-Ts. The PTC in the mtLSU catalyses the formation of 

the peptide bond between the carboxyl terminus of the P site polypeptide and the amino group 

of the newly delivered amino acid from the A site, resulting in an intermediary state where the 

peptidyl-tRNA occupies the A site. Binding of mtEF-G1 GTP-activated induces the mRNA-

tRNA translocation with one codon, so that peptidyl-tRNA relocates to the P site, A site 

remains empty and the deacylated tRNA occupies the E site, from where it is ejected. Pale 

green subunit = mtLSU; pale blue subunit = mtSSU; dark magenta circle = N-formyl-

methionyl; red star = GTP; pale brown star = GDP; cartoon not on scale; made using 

BioRender, www.biorender.com  

During translocation, the mitoribosome advances by one codon and the mRNA and tRNA 

molecules are repositioned, so that the deacylated tRNA moves to the E site, the peptidyl-tRNA 

to the P site and the A site remains empty. The factor that catalyses the mRNA–tRNA 

translocation is the GTPase mtEF-G1 (Chung and Spremulli, 1990), a homologous of bacterial 

EF-G and cytosolic EF-2 (Hammarsund et al., 2001) (Figure 1-14). The movement is made 

possible by the rotation of the mtSSU head (Kummer and Ban, 2020, Koripella et al., 2020) and 

the risk of frameshifting is avoided thanks to specific contacts between mtEF-G1 and mRNA, 

tRNA and the mitoribosome. In the so called ‘classical’ state, the tRNAs are bound to the 

mtSSU with their anti-codon stem loops, and their acceptor stems protrude towards the mtLSU. 

In this manner, a tRNA occupies the same site (A or P) on both mtSSU and mtLSU. When 

mtSSU starts to rotate, the tRNAs are initially repositioned only in the mtLSU (from A site to 

http://www.biorender.com/
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P site and from P site to E site) and keep their original sites in the mtSSU, which results in a 

‘hybrid’ state (Kummer and Ban, 2020). Binding of mtEF-G1 stabilizes this hybrid state and 

prevents the tRNAs from slipping back, while the mtSSU head swivels around its own axis and 

repositions the tRNAs on mtSSU (from A to P site and from P site to E site) (‘chimeric’ state). 

Eventually, the tRNAs are repositioned on their new sites on both mtSSU and mtLSU, resulting 

in a ‘classical’ state in which both the anticodon stem loop and the acceptor stem of the same 

tRNA occupy the same site (P and E, respectively) (Kummer and Ban, 2020).  

The human mtEF-G1 is 45% identical with bacterial EF-G, but also contains some unique 

characteristics, like a mitochondrial targeting signal (36 aa) which is cleaved, and 

mitochondrial-specific extensions, like the 11 aa extension from the C-terminus (Bhargava et 

al., 2004). Cryo-EM studies helped identify the binding sites of mtEF-G1 and established that 

interaction with the mitoribosome stabilizes the factor in a catalytic conformation  (Kummer 

and Ban, 2020, Koripella et al., 2020). MtEF-G1 is likely to be recruited by the C-terminal 

domain of MRPL12 (uL12m) (Koripella et al., 2020). The mitochondria-specific extension of 

mtEF-G1 C-terminus is involved in translocation of the acceptor stem of the tRNA from the A 

site. The extension overlaps with the 3’CCA of the tRNA from the A site, pushing it to move 

towards the P site, and in the same time interacts with h71 of 16S rRNA, preventing the tRNA 

from translocating back to the A site (Koripella et al., 2020). After translocation, mtEF-G1 

interacts with the mRNA-tRNA codon–anticodon region at the P site and helps stabilizing it. 

Two conserved consecutive glycine residues of the factor (G544 and G545) form the tip of a 

loop that sterically fits in the minor groove of the mRNA-tRNA, while two conserved polar 

residues (Q542 and H617) contact the tRNA backbone to prevent it from slipping (Kummer 

and Ban, 2020). The deacylated tRNA which arrives on the E site is weakly bound to the 

mitoribosome, due to the loss of two bacterial rRNA helices from mt-rRNA. The mtSSU rotates 

back, MRPS7 (uS7m) dislocates the E-site tRNA from the mRNA, and the deacylated tRNA is 

eventually ejected from the mitoribosome (Kummer and Ban, 2020).   

During initiation, the polypeptide exit tunnel was blocked by the N-terminus of MRPL45 

(Kummer et al., 2018). During elongation, upon mtEF-G1 binding, Koripella et al. (Koripella 

et al., 2020) observed that a conserved adenine from a loop region of 16S rRNA (A2725) 

intercalates between the N terminus of the nascent polypeptide and the N-terminus of MRPL45. 

This induces a conformational change that results in retraction of MRPL45, allowing the 

polypeptide to accommodate in the exit tunnel.  

The nascent polypeptide is inserted in the IMM co-translationally, through the Oxa1L insertase, 

which has three contact sites with the mitoribosome (Itoh et al., 2021). The interaction 
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mitoribosome - IMM and the insertion of the polypeptide chain are facilitated by cardiolipin, a 

mitochondria specific phospholipid (Lee et al., 2020). The protein that orchestrates the insertion 

is MRPL45. The N-terminus of MRPL45 enters the exit channel, where it prevents the 

polypeptide from premature folding and directs it towards the channel opening. In addition, 

MRPL45 regulates the positioning of the channel opening with respect to the Oxa1L and 

maintains a gap between the two, to allow access for polypeptide modifications prior to 

insertion. First, the formyl group from the polypeptide N-terminus is removed by the 

mitochondrial peptidyl deformylase, then the starter methionine is removed by the methionine 

aminopeptidase (Serero et al., 2003, Leszczyniecka et al., 2006). Finally, the unfolded 

polypeptide chain enters the Oxa1L.  

Apart from mtEF-Tu, mtEF-Ts and mtEF-G1, another translation elongation factor has been 

identified: mtEF4 (named GUF1 in yeast), a homologous of bacterial LepA. Bauerschmitt et al. 

show that in yeast mitochondria, GUF1 is associated with the IMM and binds the mitoribosome 

using GTP hydrolysis (Bauerschmitt et al., 2008). The factor promotes protein synthesis in 

stress conditions, like starvation or a too low/too high growth temperature, but not under 

physiological conditions. A similar result was obtained in Caenorhabditis elegans: at cold 

temperature, mitochondria translation was reduced and complex IV assembly was disrupted in 

the absence of mtEF4 (Yang et al., 2014). Moreover, mtEF4 is essential for spermatogenesis in 

mice (Gao et al., 2016). MtEF4 localizes to mitochondria and interacts with mitoribosomes in 

human cells, where it regulates apoptosis (Zhu et al., 2018). They find that the factor is 

upregulated in several cancer cells, which dysregulates mitochondria translation and promotes 

tumour progression. Cryo-EM studies revealed that mtEF4 promotes the back-translocation of 

tRNAs on the E. coli ribosome, similarly to LepA, to allow the ribosome to translocate the 

tRNAs correctly (Connell et al., 2008).  

1.7.4 Termination 

Translation terminates when the ribosome reaches a stop codon (UAA, UAG and UGA in 

bacteria and cytosolic translation) at the A site. In this case, instead of a tRNA, the stop codon 

is recognized by translation release factors that induce the hydrolysis of the nascent polypeptide 

(Nakamura et al., 1996). Two classes of release factors have been described. Class I factors 

contain a codon recognition motif that enters the empty A site and a highly conserved GGQ 

motif that interacts with the PTC to induce peptide release. In bacteria, there are two class I 

factors: RF1, that recognises UAA and UAG codons, and RF2 that recognises UAA and UGA 

(Rodnina, 2018), while in eukaryotic translation there is only one factor (eRF1) that recognizes 
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all three stop codons (Konecki et al., 1977, Frolova et al., 1999). Class II factors (RF3 in 

bacteria, eRF3 in cytosolic translation) are GTPases that catalyze the dissociation of class I 

factors from the ribosome (Freistroffer et al., 1997, Alkalaeva et al., 2006).  

Release factors cannot exert peptide release activity independently, but only in the context of 

the ribosome (Jin et al., 2010, Weixlbaumer et al., 2008, Korostelev et al., 2008). They have a 

structural element that interacts with the nucleotides of the stop codon (recognition loop, 

sometimes called ‘anticodon’ loop); this element is formed by the 3D interaction between the 

N-terminal tip of helix ɑ5 and a conserved tripeptide (Figure 1-15, regions 1 and 2) (Ito et al., 

2000, Petry et al., 2005). The tip of the helix ɑ5 contacts the uracil from the first position of the 

stop codon (Petry et al., 2005), while the tripeptide motif recognizes the nucleotides from the 

second position. In bacteria, release factors have different tripeptides: RF1 has a conserved PXT 

to recognize the adenine in the second position of the stop codon, while RF2 has a SPF 

tripeptide that can recognize either A or G at the second position (Ito et al., 2000). The third 

nucleotide of the stop codon is unstacked from the first two and recognized by other conserved 

amino acid residues from the anticodon loop: Gln-181 and Thr-194 (RF1, (Laurberg et al., 

2008)) or Val-203 and Thr-216 (RF2, (Korostelev et al., 2008), aa numbering according to 

Thermus thermophilus).  

When a release factor recognizes the stop codon, it undergoes a structural rearrangement and 

adopts an open conformation that directs the GGQ domain into the PTC, which in turn induces 

the peptidyl-tRNA hydrolysis (Polacek and Mankin, 2005). The two glycine residues confer 

flexibility to the GGQ motif, while glutamine forms interactions with PTC. Glutamine interacts 

with the 3’ terminus of the tRNA from the P site as well as with key nucleotides from rRNA, 

forming a pocket that can accommodate a water molecule. The water molecule is necessary for 

the hydrolysis of the ester bond between the nascent peptide and peptidyl-tRNA. For glutamine 

to form the correct bonds, it requires N5-methylation (Zeng and Jin, 2018, Mora et al., 2007).   



  

 

Figure 1-15. Alignment between 

bacterial and human 

mitochondrial release factors 

Primary sequences of T. 

thermophilus RF1 (UniProt ID 

Q72HB8), RF2 (UniProt ID 

Q5SM01) and human mtRF1a 

(RF1ML, UniProt ID Q9UGC7), 

mtRF1 (RF1M, UniProt ID 

O75570), ICT1 (UniProt ID 

Q14197) and C12orf65 (MTRFR, 

UniProt ID Q9H3J6) were retrieved 

in FASTA format and aligned using 

Clustal Omega from EMBL-EBI 

(Goujon et al., 2010, Sievers et al., 

2011).The codon recognition 

domains are indicated by rectangles 

1 and 2. Rectangle 3 indicates the 

domain responsible for peptidyl-

tRNA hydrolysis containing the 

GGQ motif. The conserved aa are 

classified as: identical (*), conserved 

(:) and semi-conserved (.) The 

percent identity matrix shows the 

percentage of identity between any 

two proteins of the alignment. The 

identity between a protein and itself 

is 100.00. 
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Mammalian mitochondria only contain two stop codons: UAA (used by nine transcripts) and 

UAG (used by MTCO2 and MTATP8). For seven transcripts, the UAA stop codons are formed 

by polyadenylation, and two transcripts end in codons that usually encode for arginine (AGA, 

AGG) (Anderson et al., 1981). The search for the release factor that would recognize them 

started with the alignment between bacterial release factors and the human database. In 1998 it 

was identified a RF orthologue with a strong similar sequence to bacterial RF1, named mtRF1 

(Zhang and Spremulli, 1998). The factor presented an almost identical GGQ motif with the one 

from RF1, but the recognition loop was different (Figure 1-15, regions 1 and 2). MtRF1 was 

more similar to RF1 than to RF2, which was in agreement with the two stop codons from 

mitochondria. However, despite proven to be a mitochondrial protein, mtRF1 showed no 

peptidyl-tRNA hydrolase (PTH) activity neither in vitro, using E. coli ribosomes, nor in vivo, 

since it failed to rescue S. cerevisiae or S. pombe lacking mitochondrial RFs (Soleimanpour-

Lichaei et al., 2007).  

Further bioinformatic approaches identified three other proteins that showed a sequence similar 

to bacterial RF1: mtRF1a, C12orf65 and ICT1. They, together with mtRF1, were classified as 

the mitochondrial translation release factor family (Chrzanowska-Lightowlers et al., 2011). 

Only mtRF1a was proven to induce peptide release in mitochondria at the end of translation. 

Lightowlers’ group showed that mtRF1a was imported in the mitochondria and released 

tritiated formyl-Met only when UAA or UAG, but not UGA, were used in the assay 

(Soleimanpour-Lichaei et al., 2007). In addition, when used on yeast strains (S. cerevisiae and 

S. pombe) that lacked the mitochondrial homologue of RF1, mtRF1a restored the growth 

phenotype by promoting protein synthesis. Regarding the AGA and AGG codons, it was shown 

that the mitoribosome performs a -1 frameshift when encounters them, which results in the 

canonical UAG stop codon (Temperley et al., 2010a). Therefore, mtRF1a terminates translation 

for all the 13 mitochondrially encoded proteins (Chrzanowska-Lightowlers et al., 2011) (Figure 

1-16).  

Analysis of mtRF1a primary sequence reveals the presence of the conserved GGQ as well as a 

typical codon recognition motif. The codon recognition motif contains the PXT tripeptide, same 

as bacterial RF1, and has a very similar helix ɑ5 (Figure 1-15), like a classical release factor. 

Comparison with mtRF1, which is believed to have resulted from a gene duplication (Young et 

al., 2010), shows that the codon recognition motif is different: mtRF1 contains an extension of 

three peptides adjacent to the PXT motif, as well as two additional nucleotides in the ɑ5 region. 

The role of this factor is currently unknown. Based on the extended motif, on the presence of 

the GGQ and on 3D modelling studies, Huynen et al. (Huynen et al., 2012) hypothesised that 
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mtRF1 could be implicated in translation termination of a truncated mRNA, when the A site 

would be empty.  

 

Figure 1-16. Translation termination and recycling in mammalian mitochondria 

When a stop codon arrives at the A site of the mitoribosome, in the absence of a compatible 

aminoacyl-tRNA, it is recognized by mtRF1a. The anticodon loop of mtRF1a binds the 

nucleotides from the stop codon, while the GGQ motif interacts with the PTC (bright green 

morning star) in the mtLSU and induces the release of the nascent polypeptide from the P site. 

The mitoribosome is subsequently bound by recycling factors mtRRF and mtEF-G2 which 

split the large and the small subunit. GTP hydrolysis is required for mtEF-G2 to leave from 

the split subunits.  Pale green subunit = mtLSU; pale blue subunit = mtSSU; dark magenta 

circle = N-formyl-methionyl; red star = GTP; pale brown star = GDP; cartoon not on scale; 

made using BioRender, www.biorender.com 

The other two members of the mitochondria release family – C12orf65 and ICT1– contain the 

GGQ motif, but not the codon recognition motif. When comparing their primary structure with 

the primary structures of mtRF1/mtRF1a, one can notice that few amino acids are present in 

the N-terminus half. This suggests that their PTH activity, conferred by the GGQ motif, should 

be codon-independent, and raises questions regarding the achievement of an open conformation 

in the absence of a codon- ‘anticodon loop’ recognition.  

ICT1 (immature colon carcinoma transcript 1) was initially named DS-1 and was identified in 

human colon carcinoma, where it appeared upregulated in immature cells and downregulated 

during in vitro differentiation (Van Belzen et al., 1995). Later, Richter et al. (Richter et al., 

2010a) showed that ICT1 is a mitochondrial protein that is cleaved upon import and confirmed 

http://www.biorender.com/
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its involvement in translation. Loss of ICT1 reduced de novo synthesis of mitochondria-

encoded proteins and decreased the levels of complex I, complex IV and MRPL3. Importantly, 

the authors proved that ICT1 is a component of mtLSU in human cells and that free ICT1 

maintains the PTH activity. Purified ICT1, incubated with E. coli ribosomes, synthetic codons 

and tritiated f-Met-tRNAMet, induced the release of formyl-Met from the P-site tRNA, 

irrespective of the codons used, and only when the ribosome was added in the reaction. In 

addition, the release activity was lost when the GGQ was mutated, but the factor was still 

assembled in the mitoribosome. Further cryo-EM studies confirmed that ICT1 is integrated in 

the mtLSU and renamed it accordingly, first as MRPL58 (Koc et al., 2013), then as MRPL62 

(Greber et al., 2014a, Ban et al., 2014). However, the ICT1 position in the mitoribosome is 

incompatible with its release activity, since it resides away from the A site and cannot access 

the polypeptide chain at the P site (Greber et al., 2014b).  

ICT1 was found to be a homologous of bacterial YaeJ (also named ArfB), a rescue factor of 

stalled ribosomes (Kogure et al., 2013). The GGQ domains of the two factors are identical, but 

the N-termini differ. Human ICT1 can rescue bacterial ribosomes stalled on non-stop mRNAs 

by promoting the hydrolysis of the polypeptide from the P-site tRNA as efficiently as YaeJ 

(Kogure et al., 2013, Feaga et al., 2016). However, YaeJ targeted to mitochondria did not 

integrate in the mtLSU and only showed transient interactions with the mitoribosome, 

suggesting that ICT1 and YaeJ could be involved in ribosome rescue, but they act by different 

mechanisms (Wesolowska et al., 2014). Analysis of ICT1 solution structure confirmed the 

existence of a cluster formed by positively-charged amino acids, consistent with RNA binding, 

and indicated that ICT1 could enter the A site (Handa et al., 2010). It was therefore suggested 

that the factor might have different functions in the mitochondria: one -  to contribute at mtLSU 

structure, and two - to rescue stalled mitoribosomes as a ‘free’ protein in excess (Handa et al., 

2010).  

Interestingly, Antonicka et al. (Antonicka et al., 2010) overexpressed the members of the 

translation release factors family in a cell line derived from a patient with a C12orf65 

pathogenic variant (NM_152269: c.248delT p. (Leu84*)). Only ICT1 overexpression was 

capable of partially suppressing the variant effects, consistent with free ICT1 playing a role in 

peptidyl-tRNA hydrolysis. ICT1 increased COX activity with 50% and improved assembly of 

respiratory complexes.  

Like ICT1, C12orf65 lacks the codon recognition motif and retains the GGQ motif. However, 

in an in vitro assay that used bacterial ribosomes, C12orf65 was unable to release tritiated 

formyl-Met from tRNAMet regardless of the codons used. The absence of a codon had the same 

https://www.ncbi.nlm.nih.gov/nuccore/NM_152269
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effect (Antonicka et al., 2010). The authors concluded that C12orf65 might still have release 

activity but require 55S ribosomes instead of bacterial ones.  

At the start of my project, the data available on mtRF1, C12orf65 and ICT1 could not explain 

the exact functions of those factors, and their role in mitochondria translation remained unclear. 

Recently, research done in parallel by other groups shows that C12orf65 and ICT1 rescue 

stalled mitoribosomes. C12orf65 forms a dimer with MTRES1 to release the nascent 

polypeptide from mtLSU, after dissociation of mtSSU (Desai et al., 2020). The authors renamed 

C12orf65 as mtRF-R, but, for simplicity, the old name will be used in the current manuscript. 

ICT1 rescues mitoribosomes that have arrived at the 3’end of a truncated mRNA that lacks a 

stop codon; instead of an anticodon loop, ICT1 positions its C-terminus in the A site devoid of 

mRNA (Kummer et al., 2021).  

1.7.5 Recycling 

Once the nascent polypeptide is released, the mitoribosomal subunits are split by two factors:  

mitochondrial ribosome recycling factor (mtRRF) and mtEF-G2 (Figure 1-16).  

MtRRF was first identified by searching for human homologues of the bacterial RRF, using 

bioinformatic approaches (Zhang and Spremulli, 1998). In bacteria, RRF together with 

elongation factor EF-G were already known to split the ribosome at the end of translation 

(Janosi et al., 1996), but no eukaryotic homologues had been identified. The eukaryotic 

recycling factor was identified much later as the ATP-binding cassette protein ABCE1 (Pisarev 

et al., 2010). Human mtRRF appeared to have 25-30% identity with the bacterial  homologue 

and, although the subcellular localization prediction tool suggested it should be mitochondrial, 

the factor did not show a clear mitochondrial targeting sequence (Zhang and Spremulli, 1998). 

The proof that mtRRF is a mitochondrial protein responsible for 55S recycling came from 

Rorbach et al. (Rorbach et al., 2008). The authors showed that the factor is imported into 

mitochondria and that possesses an extended N-terminus presequence. In addition, mtRRF 

bound to E. coli ribosomes in vitro as well as to human 55S ribosomes in vivo. Depletion of 

mtRRF in HeLa cells caused monosomes to accumulate and to form aggregates and increased 

ROS production. Also, transfection of human mtRRF into S. pombe strains that lacked the 

endogenous homologue restored the yeast growth on non-fermentable carbon sources and the 

steady-state levels of mitochondria-encoded cytochromes and COX2 protein.  

Cryo-EM studies of human mtRRF bound to the human 55S ribosome (Koripella et al., 2019) 

revealed that the factor binds to the monosome when the mtSSU is rotated. The factor adopts 
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an L-shape that allows it to fit between the two subunits. The long arm of the ‘L’ (domain I) 

overlaps with the binding positions of the A- and P-site tRNA molecules and disrupts their 

binding in the ‘classical’ structure. The tip of domain I contains three well-conserved amino 

acids that intact with three nucleotides from the PTC.  The short arm of the ‘L’ (domain II) 

interacts with MRPS12. Interestingly, the mitochondrial targeting sequence is not cleaved upon 

matrix import; it becomes the apical region of domain I and establishes additional interactions 

with 16S rRNA helices and with N-terminus of MRPL27. Interaction with mtRRF induces a 

conformational change in MRPL27 that obstructs the binding of the acceptor arm of the 

peptidyl-tRNA to the mtLSU (Koripella et al., 2019). 

The other recycling factor, mtEF-G2, is a paralogue of mtEF-G1 (Hammarsund et al., 2001) 

that only acts during recycling and has no translocation activity (Tsuboi et al., 2009). It requires 

the presence of mtRRF to perform subunit dissociation. If both factors are present, they can 

replace the endogenous RRF and EF-G in E. coli during in vivo experiments.  MtEF-G2 is a 

GTPase but, counterintuitively, GTP hydrolysis is not required for splitting the two subunits, 

but for factor dissociation from the split subunits (Tsuboi et al., 2009).  

The structures of mtEF-G1 and mtEF-G2 explain the distinct functions of the two factors: 

mtEF-G1 contains some highly conserved amino acids that are not present in mtEF-G2, amino 

acids that recognize the codon–anticodon base-pairing during elongation (Kummer and Ban, 

2020). Also, mtEF-G2 lacks the C-terminal extension from mtEF-G1, which would clash with 

mtRRF. In addition, mtEF-G2 contains a surface that specifically interacts with mtRRF, while 

the same site in mtEF-G1 contains amino acids that would repulse mtRRF (Kummer et al., 

2021).  

Recently, an additional translation recycling factor has been identified: GTPBP6 (Lavdovskaia 

et al., 2020). GTPBP6 is a GTPase homologous to the bacterial GTPase HflX, a factor that 

dissociates 70S ribosomes under heat stress (Zhang et al., 2015b). GTPBP6 localizes to the 

mitochondria matrix and induces dissociation of the 55S ribosome but is also required for 

mtLSU biogenesis. On one hand, overexpression of GTPBP6 causes an accumulation of 

separated subunits and decreases mtDNA-protein synthesis. On the other hand, Gtpbp6−/− cells 

show an accumulation of 39S assembly intermediates blocked at later stages of maturation, 

after all MRPLs had been assembled. It is currently unclear how the factor can perform both 

functions and what relationship it has with mtRRF and mtEF-G2 (Lavdovskaia et al., 2020). 
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 Defects of translation in mitochondria 

Defects in mitochondrial translation are responsible for mitochondrial diseases characterised 

by decreased activities of OXPHOS complexes. The clinical presentation is very diverse, with 

multiple organs affected, mainly brain, liver, skeletal muscle and heart, and disease  progression 

is often fatal (Boczonadi and Horvath, 2014, Boczonadi et al., 2018b). There are currently no 

treatments available for mitochondrial translation defects, which is in part due to an incomplete 

understanding of the process. In some particular cases, the mitochondrial phenotype could be 

alleviated in vitro (Bartsakoulia et al., 2016). Attempts to increase the cellular level of NAD+, 

to induce mitochondrial turnover or to modulate ROS production were successful in mice, but 

the translation to human seems problematic due to substantial side effects. Several clinical trials 

using drugs already approved for other diseases are currently undergoing, but there is no 

mitochondria-specific drug (Russell et al., 2020).  

The causes of mitochondrial translation diseases are either mitochondrial (variants in mtDNA) 

or nuclear: variants in the genes encoding for mitochondrial tRNA synthetase, translation 

initiation, elongation and termination factors, or mitochondria ribosomal protein subunits and 

assembly factors. The pathogenic mtDNA variants that affect translation are transmitted 

maternally, while the nuclear variants are transmitted recessively and are often identified in 

patients from consanguineous families. The histology analysis presents ragged red fibres, COX 

negative fibres (Rötig, 2011).  

1.8.1 Defects of mtDNA 

MtDNA defects are responsible for a broad range of diseases characterized by accumulation of 

lactate in the blood. Patients present with various clinical manifestations and the disease 

severity depends on the heteroplasmy level. The most common are large-scale mtDNA 

deletions and pathogenic mtDNA variants (Greaves et al., 2012), although mtDNA duplications 

have been identified as well (Rygiel et al., 2016). Mitochondrial deletions have been reported 

in Pearson’s syndrome (Lee et al., 2007), Kearns–Sayre syndrome (Degoul et al., 1991) and 

chronic progressive external ophthalmoplegia (CPEO) (López-Gallardo et al., 2009). Pearson’s 

syndrome and Kearns–Sayre syndromes are both developed mainly in infancy; they affect 

multiple organs and are often fatal (Komulainen et al., 2015, Park, 2015, González-Halphen, 

2002). CPEO is developed in adulthood and is characterized by external ophthalmoplegia, 

ptosis and hearing loss (Heighton et al., 2017).  
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Pathogenic mtDNA variants are usually maternally inherited (Stewart and Chinnery, 2015), but 

they can also be acquired sporadically during healthy aging (Baines et al., 2014). Their 

accumulation is associated with diseases like cancer (Ju et al., 2014) and Parkinson’s (Coxhead 

et al., 2016) and contributes to muscle fibre loss (Herbst et al., 2007). The mechanisms 

responsible for the sporadic accumulation of pathogenic mtDNA variants are a matter of debate: 

initially, it was considered that mtDNA is damaged by ROS produced in the respiratory chain 

(Miquel et al., 1980), but more recent studies suggest that errors made by Polγ and spontaneous 

cytosine deamination to uracil (resulting in a G>A transition) are more likely to be involved 

(Zheng et al., 2006). 

One of the most common mtDNA pathogenic variants is m.3243A>G in the MT-TL1 (mt-

tRNALeu (UUR)) and a second common pathogenic variant is m.8344A>G in the MT-TK (mt-

tRNALys)) (Greaves et al., 2012). Studies performed in Finland indicated that m.3243 A>G MT-

TL1 affect 1 in 6,000 individuals (Majamaa et al., 1998), while birth prevalence studies in 

England recorded a frequency of 0.14% for the same variant (Elliott et al., 2008). A more recent 

study conducted at Newcastle University that involved adults with suspected mitochondrial 

disease also found m.3243A>G MT-TL1 to be the most common variant, followed by 

m.8344A>G MT-TK (Gorman et al., 2015). Variant m.3243A>G MT-TL1 is involved in 

maternally-inherited diabetes and deafness (MIDD) and mitochondrial encephalomyopathy 

with lactic acidosis and stroke-like episodes (MELAS). Variant m.8344A>G MT-TK is 

associated with myoclonic epilepsy with ragged-red fibres (MERRF) (Shoffner et al., 1990).  

1.8.2 Defective mt-tRNA modifying enzymes 

Posttranscriptional modifications of mt-tRNA were found as well to be associated with 

mitochondrial translational defects. For example, a missense variant in pseudouridine synthase 

1 (PUS1) was found to cause MLASA syndrome (mitochondrial myopathy and sideroblastic 

anaemia), a rare, autosomal recessive disorder characterized by defects in OXPHOS and iron 

metabolism  which primary affects skeletal muscle and bone marrow (Bykhovskaya et al., 

2004). Also, pathogenic variants in the 5-methylaminomethyl-2-thiouridylate 

methyltransferase (TRMU) are associated with reversible infantile respiratory chain deficiency 

and reversible infantile hepatopathy. TRMU catalyses the 2-thiouridylation of the mt-tRNAGlu, 

mt-tRNAGln and mt-tRNALys. In vitro supplementation of patient cells with L-cysteine, which 

TRMU can use as source of sulphur, can rescue complex I and IV activities with 20 and 30%, 

respectively (Boczonadi et al., 2013). Moreover, recessive pathogenic variants in MTO1 were 

proven to cause reduced respiratory activity in mitochondria in two paediatric siblings 
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presenting hypertrophic cardiomyopathy and lactic acidosis (Ghezzi et al., 2012). MTO1 and 

its partner GTPBP3 are responsible for the formation of 5-taurinomethyluridine at the wobble 

position (U34) of mt-tRNAGln, mt-tRNAGlu, mt-tRNALeu, mt-tRNATrp and mt-tRNALys (Asano 

et al., 2018).  

1.8.3 Defects of the mitochondrial ribosome 

Mitoribosomes are affected by pathogenic mtDNA variants of the rRNA and pathogenic nuclear 

variants of MRPs. Variants in the 12S rRNA are more common that variants in 16S rRNA and 

are associated with hearing loss (Mohamed et al., 2020, Xing et al., 2007). The most common 

variants in 12S rRNA, m1555A>G and m1494C>T, affect decoding at the A site, and cause 

hearing loss particularly after treatment with aminoglycoside antibiotic (Guan, 2011, Wei et al., 

2013). In one case, a patient suffering from CPEO had pathogenic variants in both rRNAs: a 

mC960del in 12S rRNA and a homozygous m2835C>T in 16S rRNA (Lv et al., 2017).  

Pathogenic variants in MRPs can occur in both the small and the large subunit. Pathogenic 

variants in the small subunit are more numerous than in the large subunit and are spread through 

the entire subunit, being identified in MRPS2 (Gardeitchik et al., 2018), MRPS7 (Menezes et 

al., 2015), PTCD3 (Borna et al., 2019), MRPS25 (Bugiardini et al., 2019), MRPS34 (Richman 

et al., 2015). In some cases, pathogenic variants in MRPS are so severe that the phenotype starts 

to manifest in utero. For example, a recessive variant – NM_014018.2:c.356A>G 

p.(Lys119Arg) – in MRPS28, encoding the protein bS1m that forms the mRNA exit channel 

(Amunts et al., 2015) led to the loss of exon 2; this affected mtSSU assembly, decreased 

translation and caused intrauterine growth retardation and craniofacial dysmorphism (Pulman 

et al., 2019). In another case, a homozygous recessive variant – c.509G>A p.(Arg170His), 

current variant ID 3-139069025-G-A (GRCh37) and current RefSeq ENSG00000175110.7–

caused the replacement of a conserved arginine residue by histidine in MRPS22, a mitochondria 

specific protein; the foetuses showed generalized oedema and died in the first month after birth 

(Saada et al., 2007). Interestingly, this MRPS22 variant caused a massive decrease of 12S rRNA 

content (10% of the control), even if the 12S rRNA gene was normal. A similar situation 

occurred for MRPS16, where a recessive substitution that introduced a premature stop codon –  

BC021106.1:c331C>T p.(Arg111*) reduced the steady-state level of 12S rRNA to 12% (Miller 

et al., 2004).  

Only three proteins from the 39S subunit are known to cause mitochondrial diseases: MRPL3, 

MRPL12 and MRPL44. A missense variant – GenBank X06323.1:c.950C>G p.( p.Pro317Arg) 

– and a large-scale deletion identified in MRPL3 were associated with hypertrophic 
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cardiomyopathy and psychomotor retardation (Galmiche et al., 2011). In MRPL12, a 

pathogenic variant –NM_002949.3:c.542C>T p.(Ala181Val) – led to the substitution of a 

conserved alanine residue by a valine, which most likely affected the interaction with mtEF-G1 

(Serre et al., 2013, Koripella et al., 2020). A decreased level of MRPL12 was observed, together 

with a defective integration in the mtLSU. The patient suffered from general hypotrophy, 

hypotonia, psychomotor retardation and cerebellar ataxia and died aged 2.  MRPL44 is involved 

in infantile cardiomyopathy. A pathogenic variant –NM_022915.3:c.467T>G p.( Leu156Arg) 

– causes the substitution of a conserved leucine residue by an arginine, leading to instability of 

MRPL44 and defects in the assembly of the large ribosomal subunit (Carroll et al., 2013).  

In both MRPL12 and MRPL44 cases, the patients’ conditions aggravated and became fatal 

following an acute infection. This can be due to the cross-reactivity of translation-targeted 

antibiotics (used against bacterial ribosomes) with mitochondrial ribosomes. Antibiotic 

treatment of fibroblasts obtained from patients with mitochondria translation defects inhibits 

cell growth (Jones et al., 2009). In particular, the use of gentamicin (an aminoglycoside that 

binds to the decoding site of the bacterial ribosome) reduced the growth of MRPS22 mutant 

cells (Miller et al., 2004) with 60% compared to wild-type cells and of MRPS16 mutated 

cells (Saada et al., 2007) with 70%. A similar effect was found for tetracycline and 

doxycycline, two largely-used antibiotics that bind to the 30S ribosomal subunit  (Jones 

et al., 2009).  

1.8.4 Defects of translation initiation 

Translation initiation is affected by pathogenic variants in the genes coding for MTFMT and 

TACO1. MTFMT variants cause Leigh syndrome, as found by two separate groups in unrelated 

patients (Tucker et al., 2011) or in two sisters (Neeve et al., 2013).  The variants, transmitted 

recessively, caused decreased levels of f-Met-tRNAMet as well as decreased complex I and 

complex IV. The levels were rescued after transduction with WT-MTFMT in patients’ 

fibroblast. Variants in TACO1were also associated with Leigh syndrome. A recessive insertion 

(NP_057444: c. 472_473insC p.(Arg165*)) caused complete loss of TACO1 in the fibroblasts 

from a paediatric patient with Leigh syndrome isolated COX deficiency. Like for MTFMT, 

overexpression of TACO1 rescued the COX I assembly, synthesis and activity (Weraarpachai 

et al., 2009).  
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1.8.5 Defects of translation elongation 

Translation elongation is mainly affected by pathogenic variants in mitochondrial tRNA 

synthetases, which cause disorders of the central nervous system, heart, muscle and kidney 

(Sissler et al., 2017). Variants in the mitochondrial aspartyl-tRNA synthetase 2 (DARS2) cause 

LBSL syndrome (leukoencephalopathy with brainstem and spinal cord involvement) (Scheper 

et al., 2007), variants in arginyl-tRNA synthetase 2 (RARS2) cause pontocerebellar hypoplasia 

(Edvardson et al., 2007) and variants in the glutamyl-tRNA synthetase (EARS2) cause LTBL 

(leukoencephalopathy involving the thalamus and brainstem with high lactate) (Steenweg et al., 

2012). Variants in AARS2 (encoding the alanyl-tRNA synthetase) affect the heart rather than 

the brain, being associated with fatal early onset cardiomyopathy (Götz et al., 2011). Some 

cases of kidney and ovarian dysfunction have been described as well: variants in the 

mitochondrial seryl-tRNA synthetase 2 (SARS2) cause HUPRA syndrome (HyperUricemia, 

Pulmonary hypertension, Renal failure and Alkalosis) (Belostotsky et al., 2011) while variants 

in the mitochondrial histidyl-tRNA synthetase 2 (HARS2) and leucyl-tRNA synthetase 2 

(LARS2) cause ovarian dysgenesis and sensorineural hearing loss (Perrault syndrome) (Pierce 

et al., 2013, Pierce et al., 2011). Also, variants in tyrosyl-tRNA synthetase 2 (YARS2) cause 

MLASA2 syndrome, characterized by myopathy, lactic acidosis, and sideroblastic anaemia 

(Riley et al., 2010).  

In addition to all the aspects described above, mitochondria translation deficiencies 

are associated with pathogenic variants in elongation and recycling factors (Rötig, 

2011). Elongation factors mtEF-Tu, mtEF-Ts and mtEF-G1, termination factor C12orf65 

and recycling factor mtEF-G2 have been associated with mitochondrial diseases (Pearce et al., 

2013, Glasgow et al., 2017, Perli et al., 2019).  

A recessive variant reported in TUFM gene – NM_003321:c.964G>A p. (Gly322Arg) – 

leads to the replacement of a glycine by an arginine, making mtEF-Tu be unable to 

bind aminoacyl-tRNAs. The Gly322 residue is highly conserved and is required for 

GTP binding to mtEF-Tu. The identified patient had high levels of TCA cycle 

intermediates in urine, persistent lactic acidosis, decreased complex I and complex IV 

in muscle and  decreased complex V in fibroblasts (Di Nottia et al., 2017). Similarly, 

a recessive TUFM variant –NM_003321:c.1016 G>A p.( Arg339Gln)– leads to the 

conversion of an arginine residue into a glutamine, which disrupts the tRNA binding 

domain of mtEF-Tu  (Valente et al., 2007). The patients identified by the two groups 

had similar symptoms; they were new-born, female, and presented microcephaly, poor 

motility and delayed development.  

https://www.ncbi.nlm.nih.gov/nuccore/NM_003321
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Variants in EFG1 cause different phenotypes and affect preferentially the liver. One 

study identifies tissue-specific variants, that affect only the liver and not the muscle 

and fibroblasts (Ravn et al., 2015). The variants are an insertion combined with a 

deletion (NM_024996.5: c.130_137delinsAAAAAAAA, 

p.E44_Ile46delinsLysLysLys) and two missense variants, NM_024996.5: c.964G>A 

p.(Glu322Lys) and NM_024996.5: c.1655T>G p.(Val552Gly) identified in three 

patients that showed lactic acidosis and signs of liver dysfunction. M tEF-G1 was absent 

from fibroblasts in all patients. In muscle and fibroblasts, the activities of complexes I-

IV were either normal or slightly decreased, but in liver they were severely decreased. 

Liver-specificity was also identified by Antonicka et al. who consider that the different relative 

ratios that elongation factors have in different tissues could determine translational efficiency 

(Antonicka et al., 2006). Different tissues possess different mechanisms of changing those 

rations in response to dysfunction of the mitochondrial translation machinery (Antonicka et al., 

2006). This is in agreement with Perli et al. who identified one frameshift variant, 

c.408_409delGT p.(Leu137Glyfs*24) and a missense variant, c.505C > T p.(Leu169Phe) in the 

TSFM gene (NM_001172697.1, encoding for mtEF-Ts) in an adult patient that had severe 

cardiomyopathy and underwent cardiac transplant (Perli et al., 2019). In the fibroblasts, the low 

level of mtEF-Ts was complemented by an upregulation of mtEF-Tu and the cells had normal 

oxygen consumption rate.  

Valente et al. identified a case of EFG1 defects that showed classical mitochondria 

phenotype: a new-born with microcephaly, generalized axial hypotonia, limb spasticity and 

nystagmus (Valente et al., 2007). Synthesis of mitochondrial-encoded proteins was severely 

reduced in muscle biopsies and fibroblasts, in contrast to later findings (Ravn et al., 2015). 

Two EFG1 (NM_024996) variants were identified: c. 139C>T p.(Arg47*) which caused the 

replacement of Arg47 with a stop codon, and c. 1478T>G p.(Met496Arg). Authors 

suspected that second variant causes a structural rearrangement that either destabilizes  

mtEF-G1 or hinders its binding to the mitoribosome (Valente et al., 2007).  

1.8.6 Defects of C12orf65 

Finally, an important factor found to be associated with mitochondria translation defects is 

C12orf65. The first cases described in literature involved two paediatric patients, non-related 

(Antonicka et al., 2010). The first patient (female) had a recessive deletion in the C12orf65 

gene - NM_152269: c.248delT p. (Leu84*), which led to a premature stop codon at position 84 

of the aa sequence. She presented decreased complex IV activity in fibroblasts, severe assembly 

https://www.ncbi.nlm.nih.gov/nuccore/NM_152269
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defects in complexes I, IV, and V and a general decrease synthesis of the mtDNA-encoded 

proteins. From a clinical point of view, she suffered from psychomotor retardation, ataxia, 

severe optic atrophy and was diagnosed with Leigh syndrome. The second patient (male) also 

had a recessive deletion -NM_152269:c.210delA p.(Leu84*)- in the C12orf65 gene, which led 

to a premature stop codon at the same position. He presented the same biochemical and clinical 

characteristics as the first patient.  

Since then, numerous variants of C12orf65 were associated with mitochondrial diseases all over 

the world. In two Japanese patients, a homozygous nonsense variant -NM_152269:c.394C>T 

p.(Arg132*)- was associated with autosomal recessive hereditary spastic paraplegia. This 

variant lead to a reduced protein synthesis in mitochondria and defects in respiratory complexes 

I and IV. A truncated form of the protein was detected (Shimazaki et al., 2012). In addition, 

another recessive variant -(NM_152269: c.346delG p.(Val116*)- was identified in two 

Indian patients. The patients were female monozygotic twins diagnosed with Leigh 

syndrome and presented optic atrophy, ophthalmoplegia, spastic paraparesis and intellectual 

disability (Imagawa et al., 2016).  

In China, a large clinical study of children with mitochondrial disease revealed C12orf65 as 

one of the causative nuclear genes (Fang, 2017). A compound heterozygous variant was 

identified in a Chinese girl with optic atrophy and distal motor neuropathy (Fang et al., 2017). 

It is the same variant - c.394C>T p.(Arg132*), current Ensemble Gene ID 

ENSG00000130921.3- identified by the Japanese group (Shimazaki et al., 2012) and has been 

inherited from the mother, while the c.6_7delCA p.(Thr3Argfs*4) variant (leading to a 

premature stop codon) is novel and has been inherited from the father.    

C12orf65 pathogenic variants were also reported in three Irish patients and one patient of 

Hungarian Roma ethnic origin. The variants caused childhood-onset Behr’s syndrome in all 

four patients, characterized by optic atrophy and ophthalmoparesis, spastic paraparesis, ataxia, 

peripheral neuropathy and intellectual disability. The three Irish patients all presented the same 

recessive truncating variant predicted to cause the complete loss of the protein: NM 152269: 

c.96_99dupATCC p.(Pro34Ilefs*25). The Hungarian Roma patient presented a homozygous 

NM 152269: c.282 G>A p.(Lys94Lys) variant that leads to the loss of a splice site and retention 

of an intron in the mature mRNA (Pyle et al., 2014). 

Pathogenic variants in C12orf65 were not reported only in children, but in adults as well. Three 

members of a consanguineous Indian family were all affected by a recessive C12orf65 deletion 

leading to a premature stop codon: NM_001143905: c.346delG p.(Val116*). All presented 

https://www.ncbi.nlm.nih.gov/nuccore/NM_152269
https://www.ncbi.nlm.nih.gov/nuccore/NM_152269
https://www.ncbi.nlm.nih.gov/nuccore/NM_152269
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symptoms since childhood but were reported to the clinic at 35. Clinical symptoms included 

cognition impairment, axonal neuropathy and optic atrophy and measurements performed in 

lymphocytes showed a reduced oxygen consumption rate and mitochondrial membrane 

potential (Tucci et al., 2014). In addition, a recessive deletion was identified in a male patient 

that developed Leigh syndrome at 45-years-old: NM_152269.4: c.210delA p.(Gly72Alafs *13). 

The deletion induced a truncated protein, with the loss of the highly conserved GGQ motif. The 

patient presented decreased levels of complex IV and complex I and defects in assembly of 

complexes I, IV and V (Wesolowska et al., 2015). 

 Systems of translation quality control 

1.9.1 Ribosome recycling and rescue mechanisms in bacteria 

As no system is perfect, not every single mRNA molecule is translated. Approx. 2-4% of all 

translation events in E. coli fail (Ito et al., 2011). To ensure a maximal efficiency of the 

translation process, organisms have developed systems of quality control. In bacteria, 

transcription and translation are coupled. This provides bacteria with a high adaptability to 

environmental changes, but in the same time prevents processing and proof-reading of the 

synthetized mRNA. Often, the transcripts are truncated (lack the stop codon at the 3ʹ end). 

Truncation has different causes:  lesions of the DNA template (due to UV, gamma irradiation 

or reactive oxygen species) (Merrikh et al., 2012), premature termination of transcription or 

excessive nuclease activity (Keiler and Feaga, 2014). To overcome this issue, bacteria have 

developed systems that regulate translation when it arrives at a standstill.  

The ribosome stalls when it encounters a truncated mRNA, because the translation termination 

(RF1 and RF2) and recycling (RFF and EF-G) factors can function only if the stop codon is 

present (Buskirk and Green, 2017). Stalling is problematic for the bacterium, because 

ribosomes are sequestered in a non-stop complex in which mRNA is present and the P site is 

occupied by peptidyl-tRNA, but the A site is empty. Therefore, the translation is unable to 

continue, the polypeptide synthetized so far is defective and the ribosomes are not available for 

the translation of other transcripts (Keiler and Feaga, 2014). If the peptide synthetized before 

stalling is shorter than five aa, the peptidyl-tRNA can exit through the E-site (de Valdivia and 

Isaksson, 2005). This is not possible for longer polypeptides and bacteria have developed other 

mechanisms to cope with stalling. 

The most common rescue mechanism is the trans-translation process, performed by transfer-

messenger RNA (tmRNA, encoded by the gene ssrA) and small protein B (SmpB) (Guyomar 
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and Gillet, 2019). TmRNA is a specialized RNA molecule that resembles both a tRNA and a 

mRNA. The structure of its 5’ and 3’ ends resembles the structure of alanyl-tRNA, while the 

middle is composed of four pseudoknot structures and an encoding sequence (messenger-like 

domain) that is decoded during trans-translation (Himeno et al., 2015) (Keiler and Feaga, 2014). 

The messenger-like domain contains a degradation target sequence and a stop codon, while the 

3’ end contains the conserved CCA (Komine et al., 1994). The small SsrA binding protein 

(SmpB) binds to the tRNA-like domain to form a complex that mimics a full-tRNA.  The 

enzyme alanyl-tRNA synthetase charges the 3’CCA end of the tmRNA – SmpB complex with 

alanine and the complex is then recognized by EF-Tu-GTP, which delivers it to the empty A 

site of the ribosome as if it was a regular alanyl-tRNA (Gutmann et al., 2003). Here, the C-

terminal tail of SmpB enters the empty mRNA channel and, because SmpB contains a globular 

domain that mimics a codon-anticodon pairing, the tRNA-like domain of tmRNA charged with 

alanine is accommodated in the A site. In the next step, the PTC catalyzes the formation of a 

peptide bond between the alanine brought by tmRNA – SmpB and the truncated peptide chain. 

Then, elongation factor EF-G translocates the tRNA-like domain of the tmRNA from the A site 

to the P site. The messenger-like domain of tmRNA is placed into the A site and, because it 

contains a stop codon, translation terminates as usually, by recruitment of RF1 and RF2 (Huter 

et al., 2017b). The  truncated peptide that is released contains a degradation tag at the C-

terminus and is degraded by the Clp protease system (Gottesman et al., 1998), while the non-

stop mRNA is degraded by RNase R (Venkataraman et al., 2014).  

To avoid translation impairment at maximum, bacteria developed back-up mechanisms for 

trans-translation. One is the ArfA protein, which rescues stalled ribosomes from non-stop 

codons by recruitment of RF2. It was discovered in E. coli, where is essential for bacterial 

viability (Garza-Sánchez et al., 2011). When trans-translation system is active, ArfA is 

degraded, but when the ssrA gene is deleted, ArfA is stable. Previous studies showed that ArfA 

can promote hydrolysis of peptidyl-tRNA and recycling of the ribosome with the help of RF2 

(Chadani et al., 2010). The binding site of ArfA on the small subunit is delimitated by three 

helices of 16S rRNA and the S12 protein, a position that allows ArfA C-terminus to extend 

inside the mRNA entry channel (Huter et al., 2017c). ArfA binding induces a specific 

conformation (flipped anti conformation) of G530 of the 16S rRNA in the small subunit, the 

same conformation that the nucleotide adopts when a stop codon is present at the A site. The 

N-terminus of ArfA interacts with RF2 and recruits it to the A site. The interaction is made with 

an alpha-helix structure (ɑ7) rather than the SPF motif of RF2. ArfA bound to RF2 induces a 

conformational change that directs the GGQ motif of RF2 in the PTC, resulting in hydrolysis 

of the nascent peptide (Demo et al., 2017). The exact mechanisms by which the empty A site is 
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recognized or RF2 is recruited are not completely understood (Keiler and Feaga, 2014, Huter 

et al., 2017b).  

If both trans-translation and ArfA are unavailable, a third back-up system comes to the rescue 

of stalled ribosomes: ArfB (or YaeJ), discovered in E. coli. This protein can function as rescue 

factor by itself, since it contains the GGQ motif that confers PTH activity. YaeJ was shown to 

bind to stalled ribosomes via its C-terminal domain and to induce the release of the aberrant 

polypeptide in vitro. The PTH activity was abolished when the GGQ residues were mutated 

(Chadani et al., 2011, Handa et al., 2011). The C-terminal tail of YaeJ is rich in basic residues 

which form a helical structure that is inserted into the mRNA channel downstream from the A-

site. In this manner, the factor identifies the empty A site of the stalled ribosome. The GGQ 

motif is situated in the globular N-terminus of YaeJ. Binding of the C-terminus to the mRNA 

channel induces a conformational change that positions the GGQ motif in the PTC, adjacent to 

the 3’CCA of the P-site tRNA. In addition, a particular arginine residue from the C-terminal 

tail (R118) interacts with nucleotide G530 of 16S rRNA and switches the nucleotide 

conformation from syn to anti, in the same way as the third nucleotide of the stop codon would 

do (Gagnon et al., 2012).    

Importantly, in contrast to RF1 and RF2, YaeJ has no codon specificity. It was shown to rescue 

ribosomes stalled on mRNAs without an in-frame stop codon as well as on mRNAs that 

extended downstream from the A site (Shimizu, 2012). This suggests that YaeJ could act in 

stalling situations that do not require a truncated mRNA. Stalling can also occur due to amino 

acid starvation, insufficient or immature tRNAs, or when the mRNA is mutated or forms stable 

pseudoknot structures. Trans-translation and ArfA would not function in those situations. 

However, YaeJ promiscuity towards mRNA raises the question whether it could interfere with 

normal translation (Ayyub and Varshney, 2020).  

A fourth translation rescue mechanism- ArfT- was discovered in Francisella tularensis, a 

species that does not encode ArfA or ArfB. Overexpression of ArfT rescued the growth 

phenotype in bacteria where trans-translation had been inhibited. This factor does not have 

peptidyl-tRNA hydrolysis activity, but is capable to recruit either RF1 or RF2 to induce peptide 

release (Goralski et al., 2018).  

In addition, proline was found to favour stalling, since polyproline sequences arrest translation 

by destabilizing the P-site tRNA (Huter et al., 2017a). A special protein, elongation factor P 

(EF-P), comes to rescue in this case. EF-P has an L-shape that mimics the structure of a tRNA. 

It binds between the A and P sites of the 70S ribosome. It has no GGQ motif, but interacts with 
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the PTC via a particular loop from the N-terminus, which contains two highly conserved 

residues (arginine and lysine) that bind the 23S rRNA and the tRNA from the P-site (Blaha et 

al., 2009). 

1.9.2 Ribosome recycling and rescue mechanisms in eukaryotes 

Ribosome stalling can occur in cytosolic translation as well, but the rescue mechanisms are 

different from the ones described in bacteria and no tmRNA homologous have been found. Like 

in bacteria, normal eukaryotic translation termination is followed by recycling. After peptide 

release, the 80S ribosome is still attached to mRNA, to eRF1 and to the now-deacylated tRNA 

in the P site. Unlike bacteria, eukaryotes do not possess a homolog of RRF. Instead, ribosome 

recycling is promoted by a series of proteins that also take part in the no-go and non-stop decay 

pathway, two mechanisms of translation quality control (Dever and Green, 2012).  

No-go (NGD) and non-stop decay (NSD) pathways are reactions that lead to degradation of the 

stalled ribosome-mRNA complexes in eukaryotes and are commonly known as “mRNA 

surveillance”. NGD occurs at sense codons. Ribosomes stalling at sense codons can be caused 

by damage of the RNA bases or subtle defects in mRNA secondary structure, like stable stem-

loops, pseudoknots or GC-rich sequences (Schuller and Green, 2018). NSD occurs at mRNAs 

that lack the stop codon, which implies two situations: either mRNA is truncated, in which case 

the ribosome arrives at the end of the template, or mRNA lacks the stop codon but maintains 

the poly(A) tail (Shoemaker and Green, 2012). In the latter case, translation of poly(A) 

sequences into poly-lysine causes stalling because the poly-lysine, which is positively charged, 

interacts with the exit channel of the ribosome which is negatively charged. It was shown that 

stalling occurs after translation of only 18 adenosine nucleotides (in comparison, yeast 

transcripts have 70 and human 200 adenosine nucleotides) (Ito-Harashima et al., 2007, 

Eckmann et al., 2011). 

The end goal of both NGD and NSD is the degradation of the aberrant mRNA and polypeptide 

product and the recycling of the ribosome. In yeast, mRNA is eliminated by two exonucleases: 

Xrn1 (specific to the 5′-3′ direction) and the Ski complex (specific to the 3′-5′ direction) 

(Anderson and Parker, 1998). In mammals, mRNA degradation results from a collaboration 

between different enzymes involved in decapping, deadenylating and exonucleolytic 

degradation. Decapping is performed by Dcp2 and the actual mRNA degradation takes place in 

both senses, via the exonucleases Rat1 or Xrn1 (5′→3′) and PM/Scl100 (3′→5′) (Lejeune et al., 

2003). The abberant polypeptide is degraded by polyubiquitylation, a process which involves 

two specific E3 ligases: Not4 and Ltn1 (Rkr1 in yeast) (Dimitrova et al., 2009). 
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There are two key proteins that interact to recycle the ribosome during NGD and NSD: Dom34 

(yeast)/Pelota (mammals) and Hbs1 (Buskirk and Green, 2017). Dom34/Pelota have a similar 

structure and sequence to eRF1, but lack the codon recognition domain and the GGQ motif 

(Graille et al., 2008). Hbs1 is homologous to the GTPase eRF3 (Carr-Schmid et al., 2002). 

Dom34-Hbs1 (yeast) and Pelota-Hbs1 (higher eukaryotes) resemble to the eRF1-eRF3 complex 

formed at the end of eukaryotic translation.  They bind to the A site of the 80S ribosome 

similarly to eRF1-eRF3, but the N-terminus of Hbs1 extends in the empty mRNA channel 

(Becker et al., 2011a). This interaction makes that Dom34-Hbs1/Pelota-Hbs1 induce subunit 

dissociation preferentially when a 3’ truncated mRNA is found in the A site (Pisareva et al., 

2011) (Shoemaker et al., 2010).  

Dom34-Hbs1/Pelota-Hbs1 complexes associate with ABCE1 (Rli1 in yeast), a member of the 

ATP-binding cassette (ABC) family of proteins, which is essential for dissociation of the 

ribosome and release of peptidyl-tRNA (Pisareva et al., 2011). Ril1/ABCE1 also binds to eRF1 

to promote its release and 80S recycling during normal translation termination. Dissociation of 

80S results in the free 60S subunit and the 40S subunit bound to the deacylated tRNA and to 

the mRNA (Shoemaker and Green, 2011, Pisarev et al., 2010). Ril1/ABCE1 is an ATPase that 

contains an N-terminal domain with two [4Fe-4S] clusters and two nucleotide-binding sites. 

Interactions between the Fe-S clusters and nucleotide-binding sites are involved in ATP-

binding, which induces a conformational change of the factor, as well as provides the energy 

necessary for 80S dissociation (Karcher et al., 2008). ABCE1-induced dissociation is also Mg2+ 

dependent; at low Mg2+ concentrations, dissociation is induced by initiator factors eIF3, eIF1 

and eIF1A (Shoemaker et al., 2010). 

In a yeast model of stalling, Dom34-Hbs1 interacts with the ribosome and promotes subunit 

dissociation followed by release of intact peptidyl-tRNA in a codon-independent manner 

(Shoemaker et al., 2010), since Dom34 has no codon recognition or GGQ motif (Lee et al.). 

Although not obligatory, association of Rli1 to the Dom34-Hbs1 complex increases subunit 

dissociation by 20-fold (Shoemaker and Green, 2011). After dissociation of 60S, the mRNA 

that remains attached to the 40S subunit can be released by initiator factors eIF3, eIF1 and 

eIF1A or by ligatin (Pisarev et al., 2007, Skabkin et al., 2010).  
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 Research hypothesis  

The aim of my PhD project was to understand the role that two members of the mitochondria 

release factor family- mtRF1 and C12orf65- play in protein synthesis. I believe that unveiling 

their functions is important not only from the fundamental scientific perspective, but also from 

the clinical perspective, as this could contribute to a better understanding of mitochondrial 

protein synthesis defects and eventually of mitochondrial diseases.  

The bona fide factor that terminates protein synthesis for all the 13 mtDNA-encoded proteins 

was proved to be mtRF1a (Soleimanpour-Lichaei et al., 2007). However, as seen in bacteria 

and eukaryotes, no translation is 100% efficient- and there is no evidence to suggest that 

mitochondria would make exception. My research hypothesis is that mtRF1 and C12orf65 are 

involved in translation quality control in mitochondria.  

Truncated mRNA and ribosome stalling have already been reported in mitochondria. Truncated 

mRNAs appear due to several processes: excessive activity of exonuclease enzymes, defects in 

transcription, incorrect processing of RNA transcripts or disturbances in polyadenylation 

(Borowski et al., 2010). For example, downregulation of hSuv3 helicase resulted in aberrant 

truncated transcripts (Szczesny et al., 2010). Also, a deletion in mtDNA from a patient with 

mitochondrial disease caused the loss of stop codon for the bicistronic RNA unit encoding 

ATPase 8 and 6 (Temperley et al., 2003). The lack of a stop codon results in an empty A site, 

a P site holding the peptidyl-tRNA and a stalled mitoribosome. This condition impairs 

translation because it reduces the availability of mitoribosomes and tRNA molecules. In 

addition, genetic defects in tRNATrp caused ribosome stalling at tryptophan codons (Rooijers et 

al., 2013) 

A mechanism for mitoribosome rescue is therefore necessary, but no such pathway has been 

described so far (Wesolowska et al., 2014). Following the endosymbiotic hypothesis (Gray, 

2014), one would expect that mitochondria follow bacterial pathways. However, there are no 

tmRNA, ArfA or EF-P homologues in mammalian mitochondria (Wesolowska et al., 2014, 

Ayyub et al., 2020). There is a homologue of  bacterial YaeJ (ArfB)- ICT1, another member of 

the mitochondria release factor family (Kogure et al., 2013)- but it had been recruited to the 

mtLSU, where it has no peptidyl-tRNA hydrolysis activity (Richter et al., 2010a).  

Like ICT1, mtRF1 and C12orf65 have the GGQ motif required for peptide release and are 

essential for cell viability. However, neither C12orf65 nor mtRF1 showed peptidyl-tRNA 

hydrolysis (Soleimanpour-Lichaei et al., 2007, Antonicka et al., 2010) and they are not 
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structural components of the mitoribosome. Why would the GGQ motif prevail in a protein that 

could not release the polypeptide during in vitro translation assays? The absence of peptidyl-

tRNA hydrolysis could be due to technical reasons (the use of bacterial ribosomes in the assays, 

for example) but it could also be due to scientific reasons: the two proteins might play a role in 

a particular situation during translation, not captured by the assay.  

I started my project from the hypothesis that mtRF1 and C12orf65 perform translation quality 

control, but function in different situations. The supposition was that C12orf65 interacts with 

the mitoribosome and rescues it when stalling occurs at a defective mRNA, while mtRF1 acts 

when stalling occurs at a truncated mRNA, with an empty A site.  

The sequence of mtRF1 is 39% identical with mtRF1a sequence, the main difference being the 

extended codon recognition motif of mtRF1 (Huynen et al., 2012). However, mtRF1 was not 

proved to recognize the stop codons, possibly because the tip of its helix α5 is too large and 

causes a steric hindrance at the A site. Still, mtRF1 could be a mitochondria release factor that 

does not act on stop codons. 3D structural modelling predicted that mtRF1 could bind to the 

large subunit of the mitoribosome if the A site were empty. An empty A site would occur only 

if a truncated mt-mRNA, without a stop codon, were blocked inside the mitoribosome (Huynen 

et al., 2012). As mtRF1 retains the GGQ motif and the 3D modelling suggested that the PTH 

activity is possible after binding the empty A site, Huynen et al. envisioned a new function for 

mtRF1 (Huynen et al., 2012). Their conclusion- which became the hypothesis of my research- 

was that mtRF1 binds to the mitoribosome when it is blocked on a truncated mt-mRNA and 

rescues it using the PTH activity, allowing translation to continue.  

C12orf65 has no codon recognition motif, similar to ICT1 (Richter et al., 2010a). In vitro 

experiments did not show any peptidyl-tRNA hydrolysis for C12orf65, but they were performed 

using bacterial ribosomes (Antonicka et al., 2010). It could be that the factor can only function 

on human mitoribosomes. The importance of C12orf65 cannot be denied, since defects in the 

coding gene were identified in patients of different ages, with different ethnicities, manifesting 

different symptoms (detailed at 1.8). What all those patients had in common was a decrease in 

mitochondrial protein synthesis (Buchert et al., 2013). Also, missense variants that led to the 

loss of the GGQ motif were associated with more severe phenotypes, further emphasizing the 

role of this domain for protein function. Considering that ICT1 partially rescued a mutant 

C12orf65 in patient fibroblasts, it is likely that the two proteins act in a similar manner 

(Antonicka et al., 2010), but different from mtRF1, since mtRF1 maintains the codon 

recognition motif.  
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The aim of my PhD project, therefore, was to uncover the role of C12orf65 and mtRF1 in 

translation termination in mitochondria, more exactly to demonstrate or refute the hypothesis 

that the two factors rescue stalled mitochondrial ribosomes. To this end, I had two objectives: 

1. Identify the truncated mRNA (if any) that remains protected inside the stalled 

mitoribosome that mtRF1 binds (the mRNA target).  

2. Identify proteins that interact with C12orf65 transiently, because they could provide 

clues about its function.   
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Materials and Methods 
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  Cell Culture 

2.1.1 mtRF1 cell line  

HEK 293T FLP-In T-Rex cells capable of inducibly expressing the FLAG-tagged version of 

wild-type mtRF1 protein were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma 

D6429) supplemented with 10% FBS, 50 μg/ml uridine and 1X non-essential amino acids 

(NEAA, Sigma-Aldrich, M7145). Cells were sub-cultured in 75 cm2 flasks at approximately 

90% confluence and were propagated in 15 ml supplemented DMEM, at 37oC, in 5% CO2, 

humidified atmosphere. BlasticidinS (final concentration of 10 μg/ml, Melford, B12150-0.020) 

was used every third feed. 

The expression of mtRF1-FLAG protein was induced by addition of doxycycline (final 

concentration 5 ng/ml) in 20 ml supplemented DMEM. For separation on isokinetic sucrose 

gradient, cells were induced for a period of 3.5 days, with media being changed after 2.5 days 

and doxycycline re-added. For immunoprecipitation experiments, cells were induced with 

doxycycline (final concentration 10 ng/ml) for 48 h. 

2.1.2 BioID2-HA cell lines 

HEK 293T FLP-In T-Rex capable of inducibly expressing C12orf65-BioID2-HA, C12orf65-

Linker-BioID2-HA or COX8-MTS (Mitochondrial Targeting Sequence)-BioID2-HA were 

grown in identical conditions as described in 2.1.1. The DNA construct pcDNA5/FRT/TO-

COX8-MTS-BioID2-HA was a gift (Professor Maria Falkenberg, Gothenburg University, 

Sweden) and was used to transfect HEK FLP-In T-Rex cells (performed by Yasmin Proctor-

Kent). The stock cultures were maintained in 75 cm2 flasks. For testing the HA expression, cells 

were grown in 6-well plates and induced with tetracycline (final concentration of 1 μg/ml) for 

16-18 h. 

2.1.3  Cell harvesting 

When cells reached approximately 80% confluence, the media was removed, and cells were 

harvested in PBS/1 mM EDTA. The quantity used depended on the dimensions of the flask: 1 

ml for a 6-well, 5 ml for 75 cm2, 20 ml for 300 cm2. Cell suspensions were centrifuged at 230 

g for 4 min at room temperature. The supernatant was removed, and the cell pellet was 

resuspended in pre-warmed fresh medium and reseeded in new flasks.  
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2.1.4  Cell storage and thawing 

For long term storage cells were frozen and kept in liquid nitrogen. Cells were harvested, the 

pellet was resuspended in 0.5 ml of FBS containing 10% (v/v) DMSO, transferred to a CryoPure 

tube (Sarstedt, Ref. 72.380.006) and stored for 24 h in a ‘temperature controlled’ cryo-box at  

-80oC prior to being transferred to liquid nitrogen. 

For defrosting, the cells were removed from liquid nitrogen storage and placed directly onto a 

37oC metallic heat block inside the tissue culture hood. Once defrosted, 5 ml pre-warmed media 

was gradually added to the cells: 100 µl, then 250 µl, then 500 µl, 1 ml and 2 ml, with 1 min 

waiting step in-between additions. The cell suspension was subsequently pelleted at 230 g for 

4 min, resuspended in fresh pre-warmed media and transferred to a new flask. 

2.1.5  Mycoplasma testing 

Mycoplasma testing was performed using a commercial Mycoplasma Detection Kit 

(MycoAlert® Lonza). The test was performed every three months. If found positive, cells were 

treated with Plasmocin (1:1000, Invivogen, code ant-mpt) for minimum 2 weeks then re-tested. 

2.1.6 DSP treatment  

A stock concentration of 100 mM DSP (Pierce/Thermo Scientific, ref 22585) was prepared by 

dissolving the DSP powder in DMSO (Sigma-Aldrich). The solution was then diluted in PBS 

to obtain a final concentration of 1 mM. After removing the old medium, the cells were treated 

with 10 ml/75 cm2 flask of 1 mM DSP solution (in pre-warmed PBS) and kept at 37oC in the 

incubator for 5 min. Then, the solution was removed, and the reaction quenched with 10 ml/75 

cm2 flask of 1X TBS (Table 2-9) for 10 min at room temperature. 

After treatment, the 1X TBS solution was removed and cells were harvested with PBS/1 mM 

EDTA solution and mechanically detached using a scraper. Cells were then centrifuged (4 min, 

230 g, room temperature), the supernatant was removed, and the pellet was washed with 1 ml 

cold PBS and the sample centrifuged again then kept on ice.  

Following DSP treatment, cells were either used for sucrose gradient (2.3.3) or 

immunoprecipitation (2.3.5). As starting material was used one 75 cm2 flask of approx. 90% 

confluence (DSP- sucrose gradient) or one 225 cm2 (DSP- immunoprecipitation) per sample.   
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2.1.7 Stable transfection of HEK293-Flp-In T-RExTM cells 

To generate a stable cell line with inducible expression of the C12orf65-Linker-BioID2-HA, 

HEK293-Flp-InT-REx cells were transfected with the pcDNA5/FRT/TO/C12orf65-Linker-

BioID2-HA and pOG44 plasmids. Untransfected cells were seeded in a 6-well plate the day 

before transfection, to reach a 30-60% confluence on the day of the experiment. A mix 

consisting of 2 µg total plasmid DNA (1.8 µg of pOG44 and 0.2 µg pcDNA5/FRT/TO/ 

C12orf65-Linker-BioID2-HA, ratio 9:1) was prepared in 100 µl DMEM lacking FBS, 

antibiotics, uridine and non-essential amino acids. The plasmid mix was then combined with 

SuperFect transfection reagent (Qiagen, ref. 301305, Germany) in two DNA:transfection 

reagent ratios: 1:5 (2 µg total plasmid DNA as 100 µl plasmid mix and 10 µl SuperFect) and 

1:7.5 ratio (2 µg total plasmid DNA as100 µl plasmid mix and 14 µl SuperFect). The 

transfection mixes were gently pipetted five times and incubated at room temperature for 10 

min. Each plasmid/SuperFect ratio was used for a different well of the 6-well plate. To prepare 

the cells for transfection, media was removed, and each well was washed once with PBS. A 

volume of 600 µl supplemented DMEM was added to the plasmid DNA/SuperFect mix by 

gently pipetting two times, then the entire transfection mix was added to the cells from each 

well. The cells were cultured for 3 h, then the transfection mix was removed. The cells were 

washed two times with 1 ml PBS/well, fed with 2 ml supplemented DMEM/well, then returned 

to the incubator. Two non-transfected controls were prepared for each plate: one well without 

antibiotic and another one with the same antibiotic treatment as the transfected cells.  

After 2-3 days post-transfection, the media was removed, and the cells were washed with 1 ml 

PBS/well and refed with 2 ml supplemented DMEM/well. The BlasticidinS treatment was 

maintained every third fed and the selection of transfected cells was performed by addition of 

HygromycinB (final concentration: 100 μg/ml, Formedium Ltd, ref. HYG1000, England, stock 

kept at 4oC). BlasticidinS resistance is conferred by the Tet repressor, which is expressed from 

the pcDNA6/TR vector that was already integrated in the HEK293-Flp-InT-REx cell line. 

HygromycinB resistance is conferred by the integration of the pcDNA5/FRT/TO/C12orf65-

Linker-BioID2-HA into the genome of HEK293-Flp-In-REx cell line.  

HygromycinB selection was maintained and cell growth was monitored for minimum a month. 

When cells started to die following antibiotic selection, media was changed, the remaining cells 

were gently washed with 1 ml PBS/well and then refed with 2 ml supplemented DMEM/well. 

The PBS wash was repeated each time the cells were refed.  

Transfection was considered successful when all the untransfected and selective antibiotic 

treated HEK293-Flp-In T-Rex cells were dead. At this time point, the small colonies of 
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transfected cells which were kept under selection were considered C12orf65-Linker-BioID2-

HA HEK clones. The colonies were identified under the microscope, then manually picked with 

a 1 ml pipette tip and moved to a well of a new 6-well plate, with 2 ml supplemented media.  

When grown to at least 50% confluency in the 6-well plate, the colonies were individually 

harvested with 1 ml PBS/1 mM EDTA and transferred to a 25 cm2 flask, then expanded. For 

expression tests, cells were grown in a 6-well plate and induced with tetracycline (final 

concentration 1 μg/ml) for 16 h, then harvested and lysed as described in 2.3.1. Cell lysates (50 

µg) were later used for SDS-PAGE followed by immunoblotting using anti-HA antibody, as 

described in 2.3.8.  

2.1.8 KO of C12orf65 in HEK293-Flp-In T-RExTM cells 

KO of C12orf65 was performed with the Amaxa Cell Line Nucleofector Kit V (Lonza) 

according to the manufacturer’s protocol. The gRNA was designed against exon1 and cloned 

in the pSpCas9(BB)-2A-GFP (PX458) plasmid (Appendix-B.4) by Mr. Reece Farren, MRes. 

The following transfection reactions were performed: 

• HEK 293T Flp-In T-Rex + empty vector 

• HEK 293T Flp-In T-Rex + PX458 

• C12orf65-FLAG HEK 293T Flp-In T-Rex non-induced + PX458 

• C12orf65-FLAG HEK 293T Flp-In T-Rex induced + PX458 

All cell types were grown in supplemented media with BlasticidinS (final concentration of 10 

μg/ml, Melford, B12150-0.020) added every third feed. A quantity of 2 µg plasmid DNA was 

used for each transfection reaction. At the time of transfection, the C12orf65-FLAG HEK cells 

were induced with tetracycline (final concentration 1 µg/ml). The tetracycline treatment was 

maintained up to the point when single cell colonies have covered an entire well of a 6-well 

plate, when tetracycline was replaced by doxycycline (10 ng/ml).  

After transfection, cells were grown in a 6-well plate for two days. In the second day, the cells 

were harvested and gently resuspended in 1 ml of 2% FCS solution prepared in PBS and filter 

sterilized. GFP-positive cells were identified by FACS and separated as single cell colonies in 

96-well plates, one cell/well. For each transfected cell type were used two 96-well plates with 

100 µL supplemented DMEM/well. The sorting was performed by technician Loredana Trevi 

at the Newcastle University Flow-Cytometry Facility.  
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Cells were maintained in culture until they formed colonies which could be visible with the 

naked eye. At this point, media was changed, and the colonies were kept under observation to 

determine the ideal time when to be moved to a 48-well plate. The arbitrary time chosen was 

the point when a single colony occupied as much as possible from the well surface without cells 

from its top starting to come off. The single colonies were moved one scale up each time they 

have occupied the current dish in which they were growing. 

 

 Bacterial culture 

2.2.1  Bacterial propagation and storage 

E. coli strains containing either the pcDNA5/FRT/TO/C12orf65-BioID2-HA or the 

pcDNA5/FRT/TO/C12orf65-Linker-BioID2-HA plasmid were grown in LB media (5 g NaCl, 

5 g bacto-tryptone, 2.5 g yeast extract prepared in 500 ml dH2O, pH adjusted to 7.4 and 

autoclaved). LB plates were prepared using 3% agar and 100 µg/ml final concentration of 

ampicillin (added to liquid media before solidification).  

2.2.2 Transformation of competent cells 

Alpha-Select Bronze Efficiency chemically competent bacterial cells (Bioline, BIO-85025) 

were transfected with either the pcDNA5/FRT/TO/C12orf65-BioID2-HA plasmid (made 

previously by Mr Reece Farren, MRes student in Lightowlers group) or with the 

pcDNA5/FRT/TO/C12orf65-Linker-BioID2-HA plasmid (made by myself). Cells (40 µl) were 

thawed on ice and then mixed with 4 µl of plasmid DNA. They were incubated on ice for 30 

min, then subjected to a heat-shock at 42°C for 45 sec (without shaking) and placed on ice again 

for 2 min. Next, a volume of 900 µl SOC media was added to the cells and they were incubated 

at 37°C for 60 min with shaking, then pelleted for 1 min at room temperature, 5,000 g. The 

supernatant was discarded, and the cell pellet was resuspended in 100 µl SOC media. From this, 

80 µl were plated onto a single ampicillin (100 µg/ml final concentration) agar plate and 20 µl 

were plated onto another. To prepare the SOC media, a solution of 0.05% NaCl, 2% bacto-

tryptone, 0.5% yeast extract, and 2.5 mM KCl (final concentrations) was sterilized by 

autoclaving, allowed to cool to less than 50°C, filtered and then completed by addition of 10 

mM MgCl2 and 20 mM glucose (final concentrations). 
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2.2.3 Detection of transformed bacterial clones 

The C12orf65-Linker-BioID2-HA bacterial stock colonies were grown on LB ampicillin plates. 

The C12orf65-Linker-BioID2-HA plasmid was isolated as described (2.4.1) and then digested 

with the restriction enzymes BamH1 and Xho1 (300 ng plasmid/ reaction). Products of 

digestion were subjected to DNA agarose electrophoresis on 1% agarose gels (described in 

2.4.3). Successful cloning was assessed by the detection of the C12orf65 fragment.  

2.2.4 Preparation of glycerol stocks 

For long term storage, each stock was prepared in duplicate. The bacterial clone was grown on 

two LB plates containing 100 µg/ml final concentration of ampicillin, at 37°C, for 18 h. The 

bacterial lawn from each plate was harvested in 1 ml of sterilised LB containing 18% glycerol, 

transferred to an Eppendorf tube and stored at -80oC. 

 Protein Manipulations 

2.3.1 Cell lysis 

Cells were harvested as described in 2.1.3, resuspended in 1 ml ice-cold PBS, transferred to a 

clean Eppendorf tube and centrifuged at 200 g, 4oC, 4 min. Lysis was performed using 50 µl 

per 10 mg pellet of lysis buffer (Table 2-1), prepared in 10 ml final volume, aliquoted (500 µl) 

and kept at -20oC. Samples were vortexed for 30 sec, then incubated on ice for 20 min and 

finally centrifuged at 500 g, 4oC for 2 min. The supernatant was collected for western blot 

analysis. If not used immediately, it was snap frozen in liquid nitrogen and kept at -80oC.  

Table 2-1. Lysis buffer  

Component Final concentration 

Tris-HCl pH 7.5 50 mM 

NaCl 130 mM 

MgCl2 2 mM 

NP-40  1% 

Protease Inhibitor Cocktail (Roche) 

EDTA-free 

1 tablet/10 ml 

PMSF (added immediately before use) 1 mM 

2.3.2 Measurement of protein concentration 

Protein concentration was measured using the Bradford assay. The BSA stock solution (1 

mg/ml) used for the standard curve was aliquoted and kept at -20oC. The volumes used to 
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determine the standard concentration points of the curve can be found in Table 2-2. The 

experimental samples were prepared of cell lysate (1 µl) and ddH2O (799 µl) and mixed with 

Bradford reagent (200 µl, BioRad, kept at 4oC). All samples were vortexed and incubated at 

room temperature for 5 min. A 200 µl aliquot of each sample was added into a 96-well plate. 

The OD reading was performed at 595 nm on a SpectraMax H3 microplate reader (Molecular 

Devices). All experimental samples and different BSA standard concentrations were prepared 

in duplicate. 

 Table 2-2. Bradford standard curve 

ddH2O (µl) BSA stock 

(µl) 

Final BSA 

concentration 

(µg/µl)  

Bradford 

reagent 

800 0 0 200 µl 

798 2 2 200 µl 

795 5 5 200 µl 

790 10 10 200 µl 

785 15 15 200 µl 

780 20 20 200 µl 

2.3.3  Isokinetic Sucrose Gradient Separation 

The 10% and 30% solutions of sucrose were prepared in 1X sucrose gradient buffer. The 

sucrose gradient buffer was prepared as a 10X stock (Table 2-3), divided in 1 ml aliquots, and 

kept at -20oC. To prepare the sucrose gradient, a volume of 500 µl 10% sucrose solution was 

added to a 1 ml ultracentrifuge tube (Open-top Thickwall Polycarbonate, Beckman Coulter, ref 

343778). Then, 500 µl of 30% sucrose solution was delivered under the 10% sucrose solution 

using a 1 ml syringe and needle. The tubes were then rotated on the Biocomp Gradient Maker 

107 using the programme TL55 (short sucrose, 10-30% S1/1, 0:55/85.0/22) and kept at 4oC for 

a minimum of 1 h.  

Table 2-3. Sucrose gradient buffer 

Component Final concentration for 10X 

Tris-HCl pH 7.2 0.5 M 

Mg(CH3COO)2 0.1 M 

NH4Cl 0.4 M 

KCl 1 M 

PMSF 1 mM (added to 1X immediately before use) 

Chloramphenicol 50 µg/ml (added to 1X immediately before 

use) 
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The cell pellet was lysed using 50 µl per 10 mg wet weight of lysis buffer for sucrose gradient 

(Table 2-4), with rotation at 4oC for 30 min. The lysate was centrifuged for 10 min at 4oC, 

12,000 g. The pellet containing the cell debris was discarded. The supernatant was recovered 

and used for protein concentration measurement with Bradford reagent. An aliquot (20-50 µg) 

was kept for western blotting. 

Table 2-4. Lysis buffer for sucrose gradient 

Component Final concentration 

Tris-HCl pH 7.4 50 mM 

NaCl 150 mM 

EDTA  1 mM 

Triton X-100 1% 

Protease Inhibitor Cocktail (Roche) 

 EDTA-free 

1 tablet/10 ml 

MgCl2 (added immediately before use) 10 mM 

PMSF (added immediately before use) 1 mM 

 

A quantity of 700 µg of cell lysate (maximum volume: 100 µl) was slowly loaded on the top of 

the sucrose gradient. The samples were centrifuged at 100,000 g for 2 h 15 min at 6oC and 11 

fractions (100 µl) were collected from each sample: fraction 1 was the first from the top. 

Aliquots of each fraction were kept for immunoblotting analysis (10 µl) or TCA precipitation 

(50 µl). The remainder of the fractions were snap frozen in liquid nitrogen and kept at -80oC.  

2.3.4  Precipitation of sucrose gradient fractions with TCA 

A 20% aqueous solution of trichloroacetic acid (VWR Chemicals) was prepared and kept at 

4oC. For each sucrose fraction an equal volume of TCA solution was added followed by 30 min 

incubation on ice and centrifugation at 15,800 g, 15 min, 4oC. The supernatants were discarded, 

and the pellets were washed three times with 100% ice-cold acetone. Each wash consisted of 

addition of 1 ml of 100% cold acetone, followed by centrifugation and removal of supernatant. 

After the first wash, the pellets were scattered inside the microcentrifuge tubes. To ensure their 

precipitation at the bottom of the tube, the pellets were scraped off with a 1 ml pipette tip after 

addition of the 1 ml 100% cold acetone. After the last wash, the pellets were left to air dry and 

then resuspended in 10-20 µl/pellet of 1X dissociation buffer (Table 2-5) for immunoblotting 

detection. When not used immediately, the samples were stored at -20oC. 
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Table 2-5. Dissociation buffer 

1X dissociation buffer 4X dissociation buffer 

10% glycerol 40% glycerol 

2% SDS 8% SDS 

0.125 M Tris pH 6.8 0.5 M Tris pH 6.8 

0.0025% bromophenol blue 0.01% bromophenol blue 

50 mM DTT  200 mM DTT 

2.3.5 Immunoprecipitation with anti-FLAG antibody 

All the solutions and buffers were prepared in 0.1% DEPC-treated water. The samples used 

were mtRF1-FLAG HEK293T cells, induced with doxycycline (final concentration 10 ng/ml, 

48 h) or non-induced, both treated with DSP (final concentration 1 mM) for 5 min. For this 

experiment, the cells were grown in 225 cm2 flasks for each condition. The 

immunoprecipitation was performed using the FLAG Immunoprecipitation Kit (FLAGIPT1, 

Sigma) which contains agarose beads coated with the monoclonal antibody anti-FLAG-M2. 

Since 10 µl of packed gel volume binds more than 1 µg FLAG fusion protein, a volume of 90 

µl was used per two immunoprecipitation reactions (non-induced and doxycycline-induced 

samples). The slurry was pulsed for a maximum of 3 sec, the supernatant was removed, and the 

remaining agarose beads were washed three times, at room temperature, with 1 ml of 1X 

washing buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 20 mM MgCl2). To minimize non-

specific binding, the agarose beads were blocked in 1 ml of blocking solution (20 mg/ml BSA, 

100 µg/ml heparin, 200 µg/ml E. coli tRNA prepared in 1 ml of 1X washing buffer) overnight 

at 4oC on the rotating wheel.  

The following day after blocking, the beads were pulsed down, the blocking buffer was 

removed and the beads were washed three times (1X washing buffer, room temperature). The 

aliquot of beads was divided in two and each half was incubated (3 h, at 4oC, with rotation) 

with cell lysate (3 mg) obtained from either induced or non-induced cells.  

Cells were harvested and resuspended in cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 

7.4, 20 mM MgCl2, 1 mM EDTA, 1% Triton X-100) to which were added right before use: 1 

mM PMSF, protease inhibitor cocktail EDTA-free (1 tablet /10 ml, Roche) and RNA guard (1 

µl for 10 ml). After lysis, samples were centrifuged at 564 g, 4 min, at 4oC. The supernatant 

(cell lysate) was kept and the protein concentration was determined using Bradford assay. An 

aliquot of lysate (20-50 µg) was retained as input sample for western blotting.  
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After incubation of the beads with the lysate (3 h, at 4oC, with rotation), the beads were pulsed 

down (maximum 3 sec) and the supernatant retained to be used for western blot. The beads 

were then washed three times in 1X washing buffer with 1 mM PMSF and RNA guard and 

were used later for RNA isolation. 

The 3X FLAG peptide (Sigma, F4799) was used to elute mtRF1-FLAG from the beads prior to 

RNA isolation. The beads were incubated (45 min, at 4oC, with rotation) with 20 µg of 3X 

FLAG peptide in a total volume of 100 µl washing buffer (with 1 mM PMSF and RNA guard) 

after which beads were pelleted, and the supernatant was transferred to a clean tube. An aliquot 

(10 µl) of supernatant was mixed with 4X dissociation buffer (Table 2-5) and the remainder 

was used for RNA isolation. The beads were washed three times and then mixed with 1X 

dissociation buffer (Table 2-5) for western blot analysis.  

2.3.6 Mitochondria isolation 

Mitochondria isolation was performed from C12orf65-BioID2-HA or C12orf65-Linker-

BioID2-HA FLP-In T-Rex HEK 293T cells grown in 75 cm2 flasks to 80% confluency. After 

harvesting, the cell pellet was washed with 1 ml ice-cold PBS and resuspended in 1 ml HB1 

complete (with PMSF and BSA, Table 2-6) using a cut tip.  

Table 2-6. Homogenisation buffer 1 (HB1) complete 

Component Final concentration 

Mannitol 0.6 M 

EGTA 1 mM 

Tris-HCl pH 7.4 10 mM 

BSA (powder)  0.1% 

PMSF 1 mM 

 

The pellet was transferred in a chilled glass homogenizer (Cole-Parmer instrument CO, 04368-

40) previously washed with 100% ethanol. To collect as much material as possible, the pellet 

tube was rinsed with 0.5 ml of HB1 complete which was also added to the homogenizer. Cell 

disruption was achieved by homogenization (15 strokes), performed on ice, by turning the 

homogenizer manually. After the last stroke, the solution was moved to a new 1.5 ml tube using 

a 230 mm glass Pasteur pipette and centrifuged at 400 g, 10 min, 4°C. The supernatant was 

transferred to a pre-chilled tube labelled S1. The pellet was homogenized again and centrifuged 

as described above. The second supernatant was transferred to a pre-chilled tube labelled S2. 

Both S1 and S2 were centrifuged (400 g, 10 min, 4°C) and the supernatants containing 
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mitochondria were transferred each to a new cold tube. To pellet the mitochondria, the 

supernatants were centrifuged at 11,000 g, 10 min, 4°C. The new supernatants were collected 

in a single 15 ml tube and kept as control for cytosolic proteins (postmitochondrial supernatant, 

PMSN). The pellets containing mitochondria were combined by resuspension in 400 µl of HB1 

without PMSF and BSA. To increase the yield of mitochondria isolation, the tubes which had 

contained S1 and S2 were washed with an extra 400 µl HB1 (no PMSF, no BSA) which were 

added to the previous, resulting 800 µl of mitochondria in suspension. This suspension was 

centrifuged again (11,000 g, 10 min, 4°C) and the pelleted mitochondria were resuspended in 

40 µl of HB1 (no PMSF, no BSA) and used for Bradford assay.  

2.3.7 Mitochondrial subfractionation  

Mitochondrial subfractionation was performed on C12orf65-BioID2-HA or C12orf65-Linker-

BioID2-HA HEK FLP-In T-Rex HEK 293T grown in 300 cm2 flasks at 80% confluence and 

treated with tetracycline (final concentration: 1 µg/ml) overnight prior to harvesting. Harvesting 

and mitochondria isolation were performed as described (2.3.6). During the entire process of 

subfractionation, the HB1 was used without BSA and without PMSF.  

An amount of protein (360 µg) was resuspended in 90 µl HB1. From this, 15 µl (60 µg) were 

mixed with 5 µl 4X dissociation buffer (Table 2-5) and snap frozen in liquid nitrogen. This was 

labelled as “Sample A” – whole mitochondria - and retained for subsequent immunoblotting.  

The remaining mitochondria sample was treated with 1.5 µg of proteinase K (20 mg/ml stock, 

Invitrogen, ref.25530-049, diluted in HB1) and incubated on ice for 30 min. Next, PMSF (5 

mM final concentration) was added, the sample was centrifuged (11,000 g, 10 min, 4°C), and 

the pellet was resuspended in 75 µl of HB1; 15 µl (60 µg) were mixed with 5 µl 4X dissociation 

buffer and snap frozen in liquid nitrogen. This was labelled as “Sample B” – shaved 

mitochondria – and used later for immunoblotting. 

The remaining sample was centrifuged at 11,000 g, 10 min, 4°C and the supernatant was 

discarded. The following steps of subfractionation were performed on ice, in the cold room. 

The pellet was resuspended in 900 µl of 10 mM Tris-HCl pH 7.4 and divided into two 1.5 ml 

tubes, 450 µl/tube. The tubes were labelled as ‘Y’ and respectively ‘Z’ and 0.6 µg of proteinase 

K were added only to sample Z. Both samples were incubated on ice for 30 min then both were 

mixed with 5 mM PMSF and an equal volume of homogenisation buffer 2 (Table 2-7).  
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Table 2-7. Homogenisation buffer 2 

Component Final concentration 

Mannitol 1.2 M 

EGTA 2 mM 

Tris-HCl pH 7.4 10 mM 

 

Both Y and Z samples were centrifuged (12,000 g, 10 min, 4°C) and each pellet was 

resuspended in 30 µl of HB1. A volume of 15 µl (60 µg) of each sample was mixed with 5 µl 

4X dissociation buffer and snap frozen in liquid nitrogen. They were labelled as “Sample C”– 

mitoplasts – and “Sample D” – shaved mitoplasts – respectively and used later for 

immunoblotting.  

A volume of 435 µl of HB1 was added to the remaining sample Z (for a 450 µl final volume), 

the sample was centrifuged (12,000 g, 10 min, 4°C) and the pellet was dissolved in 600 µl of 

100 mM Na2CO3 and incubated on ice for 30 min. The sample was then centrifuged at 100,000 

g, 15 min, 4°C and the pellet was resuspended in 15 µl of HB1and mixed with 5 µl 4X 

dissociation buffer. This was labelled as “Sample E” – inner mitochondria membrane – snap 

frozen in liquid nitrogen and used later for immunoblotting. 

2.3.8 Precipitation of postmitochondrial supernatant with TCA 

The postmitochondrial supernatant (2.3.6) was concentrated by precipitation with TCA. The 

percentage of PMSN sample used for precipitation was equal to the percentage of mitochondria 

sample used for western blot. For example, if, for 50 µg of mitochondria sample was necessary 

25% of the total sample volume, then the percentage of PMSN subject to precipitation was also 

25% of its total volume.  

The protocol was performed in the chemical hood. For precipitation, an equal volume of 20% 

TCA was added over PMSN, followed by incubation on ice for 30 min. The sample was then 

centrifuged at 15,800 g, 5 min, at 4oC. The supernatant was removed, and the pellet was washed 

two times with 100% ice-cold acetone, scraping the tube after the first wash as described 

previously (2.3.4). 

The pellet was left to air dry very briefly, to avoid it becoming difficult to resuspend. Finally, 

it was resuspended in 20 µl of 1X dissociation buffer and boiled at 95oC for 10 min, under 

agitation, to improve resuspension. The sample was kept at -20oC and later used for western 

blotting. 
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2.3.9 SDS-PAGE, western blotting and detection 

SDS-PAGE was performed using the Hoefer Mighty Small™ (GE Healthcare) or Bio-Rad Mini 

Protean Tetra® Cell systems. Proteins were separated on polyacrylamide gels consisting of a 

12% or 10% resolving gel and a 3.75% stacking gel (Table 2-8). The percentage of resolving 

gel was chosen according to the molecular weight of the proteins to be separated. The 

components of the resolving gel were mixed at room temperature then poured in between the 

two glass plates. On top was added either dH2O or isopropanol to isolate the gel from air and 

prevent inhibition of polymerisation. When the resolving gel solidified, the dH2O or 

isopropanol was removed and the stacking gel was poured, followed by the immediate insertion 

of the comb. After polymerisation, the comb was removed, and the resulting wells were washed 

with dH2O.  

Table 2-8. SDS-PAGE gel components (1 gel with 0.75 mm spacers) 

 

Stock reagent 

12% Resolving 

Gel 

10% Resolving 

Gel 

3.75% Stacking 

Gel 

30% 29:1 acrylamide: 

bisacrylamide 

2 ml 1.667 ml 0.625 ml 

3.75 M Tris-HCl pH 8.5 0.5 ml 0.5 ml - 

dH2O 2.395 ml 2.726 ml 3.02 ml 

0.5 M Tris-HCl pH 6.8 - - 1.25 ml 

10% SDS 50 µl 50 µl 50 µl 

TEMED 5 µl 5 µl 5 µl 

10% APS  50 µl 50 µl 50 µl 

 

The samples were mixed with 4X dissociation buffer (Table 2-5) in ratio 3:1 and boiled at 95oC 

for 3 min prior to loading onto the gel. The broad-range molecular weight coloured protein 

ladder (CSL-BBL, Cleaver Scientific Ltd) was used as a marker. Separation was performed in 

1X running buffer (Table 2-9) at 20 mA through the stacking gel and 30 mA through the 

resolving gel. 

After separation, the proteins were transferred on a PVDF membrane (Immobilon-P, Millipore 

Corporation) by wet transfer in the Mini Trans-Blot module (BioRad). Prior to transfer, the 

membrane was activated in 100% methanol (20 sec, room temperature) then washed in dH2O 

and incubated in 1X transfer buffer (Table 2-9). The resolving gel, gauze pads, sponges, and 

double thickness 3 MM Whatman filter papers were also incubated in 1X transfer buffer. All 

the components were added to the transfer sandwich in this order: black gauze pad with sponges 

at the bottom, followed by two Whatman filter papers, then the gel, the PVDF membrane on 
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top of the gel, two other Whatman filter papers on top of the membrane, followed by the second 

sponge and the transparent gauze pad.  

Table 2-9. Solutions used for SDS-PAGE 

Immunoblotting buffer solutions Components (final concentrations) 

10X Running buffer 1.92 M Glycine 

250 mM Tris 

1% SDS 

1X Transfer buffer 25 mM Tris 

192 mM Glycine 

0.02% SDS 

15% Methanol 

1X TBS 20 mM Tris 

0.5 M NaCl 

Adjusted to pH7.6 with HCl 

CBB Staining solution 45% Methanol 

10% Acetic Acid 

0.2% Coomassie Blue R 

CBB Distaining Solution 45% Methanol 

10% Acetic Acid 

Ponceau S solution 5% Acetic Acid 

1 g/L Ponceau S powder 

 

The transfer was carried out at 4oC, 100 V (constant) for 1 h in transfer buffer mixed constantly. 

Subsequently, the membrane was stained with Ponceau S solution and the gel with Coomassie 

Brilliant Blue (CBB) staining solution (Table 2-9) at room temperature. The gel was incubated 

for 15 min in staining solution then washed three times in destaining solution (Table 2-9), 10 

min/wash. The membrane was incubated for 5 min in Ponceau solution, then quickly washed 

in TBS (Table 2-9) with 0.1% Tween 20 (TTBS). The gel and membrane were visualised with 

white light on the Chemi-Doc Imaging System (Bio-Rad) using ImageLab software. 

Following Ponceau staining, the membrane was blocked in 20 ml solution of 5% skimmed milk 

in TTBS for 1 h with agitation at room temperature. Next, the membrane was incubated with 

primary antibodies prepared in 5% milk-TTBS solution overnight at 4oC with agitation. For 

biotinylation experiments, a buffer containing 5% BSA in TTBS was used instead of 5% 

skimmed milk. The list of primary and secondary antibodies can be found in Appendix-A, 

Tables Apx 1-3. Exceptions from the overnight incubation were the primary antibodies: 

VDAC1 (3 h, room temperature), GAPDH, NDUFS3 and SDHA (1-2 h, room temperature). To 

remove the excess of primary antibody, the membrane was washed in TTBS three times, 5 

min/wash, prior to incubation with the secondary antibody for 1 h, with agitation. For protein 
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signal detection, the membrane was washed as previous and incubated with Amersham ECL 

Detection Reagent (GE Healthcare) as indicated by the manufacturer. The chemiluminescent 

signals were visualised on the Chemi-Doc Imaging System (Bio-Rad) using ImageLab 

software. 

 DNA Manipulations 

2.4.1 Extraction of plasmid DNA 

Single colonies were picked from the LB ampicillin plate and inoculated in 5 ml LB broth 

(described in 2.2.1) supplemented with 100 µg/ml final concentration of ampicillin. Inoculated 

broths were then incubated overnight in an orbital shaker at 37°C, 180 rpm. Plasmids were 

extracted using the Monarch® Plasmid Miniprep Kit (New England Biolabs, T1010S) 

according to manufacturer's protocol. The isolated plasmid was kept at -20oC. 

2.4.2  Measurement of DNA concentration 

DNA concentration was measured using Nanodrop Spectrophotometer ND-1000. The 

measurement was done for 1 µl of purified DNA, at 260 nm. Purity was estimated by 260 

nm/280 nm ratio and verified by electrophoresis of 1 µl of purified DNA on a 1% agarose gel.  

2.4.3 DNA agarose electrophoresis 

DNA samples were verified on 1% or 2% agarose gels depending on their size. The gels were 

prepared by dissolving agarose (NBS-Biologicals, NBS-AG500) in 1X Tris-Acetate-EDTA 

(TAE) buffer (40 mM Tris-base, 1 mM EDTA) prepared from 50X stock solution (12.1 g 

Trizma base, 2.86 ml glacial acetic acid, 5 ml EDTA 0.5 M). The solution was boiled in the 

microwave until the agarose was completely dissolved. It was then left to cool until the 

temperature reached 45oC and ethidium bromide was added (0.5 µg/ml final concentration). 

The cooled gel was poured into a mould and when solid moved to an agarose tank and covered 

with 1X TAE buffer. DNA samples were loaded using 1 µl of 6X loading dye (3% glycerol, 

0.025% bromophenol blue, 0.025% xylene cyanol). The ladder Gene Ruler 1 kb Plus (Thermo 

Fisher Scientific) was used as molecular weight reference. Samples were electrophoresed at 60-

80 V. 
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2.4.4 Digestion of the pcDNA5/FRT/TO/C12orf65-BioID2-HA vector  

The isolated pcDNA5/FRT/TO/C12orf65-BioID2-HA plasmid was digested with the enzymes 

Fast Digest BamH1 (FD0054) and Fast Digest Xho1 (FD0694) from Thermo Fisher Scientific, 

used with Fast Digestion Buffer 10X stock provided by the same company (suitable for all Fast 

Digest enzymes, working dilution 1:10). A short diagnostic digestion (1 h) was performed to 

test the efficacy of the enzymes and the presence of the C12orf65 DNA fragment. For the 

diagnostic digestion were used 200 ng/µl - 400 ng/µl plasmid in up to 20 µl total volume.  

A long preparative digestion (overnight, 37oC) was performed to isolate the C12orf65 DNA 

fragment. For this were used 10 µg of plasmid in up to 50 µl total volume. The total amount of 

enzymes did not exceed 10% of the total reaction volume. 

2.4.5  Gel extraction of C12orf65 DNA fragment 

After separation on agarose electrophoresis (described in 2.4.3), the C12orf65 DNA fragment 

was excised from the gel with a sharp blade under UV light, in the dark room, and placed in an 

Eppendorf tube. The slice was weighted and the extraction of the DNA from the gel was 

performed using the Monarch® DNA Gel Extraction Kit (New England Biolabs, T1020S) 

according to the manufacturer's protocol. The isolated fragment was kept at -20oC.  

2.4.6 Digestion of the pcDNA5/FRT/TO/Linker-BioID2-HA vector  

Two clones of the plasmid vector pcDNA5/FRT/TO/Linker-BioID2-HA have been previously 

generated in Lightowlers’ group by Mr. Reece Farren, MRes. Each clone was digested (3 h) at 

37oC using the Fast Digest BamH1 (FD0054) and Fast Digest Xho1 (FD0694) enzymes from 

Thermo Fisher Scientific, used with Fast Digestion Buffer 10X (working dilution 1:10). A 

quantity of 10 µg plasmid (clone 1) or 6 µg plasmid (clone 2) were used in up to 50 µl reaction 

volume. To check if the digestion was successful, a DNA agarose electrophoresis was 

performed using 1 µl reaction mix on a 1% agarose gel. 

2.4.7 Dephosphorylation of the pcDNA5/FRT/TO/Linker-BioID2-HA vector 

The reaction mixes resulted from double digestion were dephosphorylated in order to prevent 

re-ligation of the Linker plasmid. A volume of 2.5 µl 10% SDS (for a final concentration of 

0.005%), a volume of  9 µl of 1 M Tris pH 9 (for 0.175 M final concentration) and the 

appropriate volume of alkaline phosphatase were added to the entire reaction mixture. 1 U of 
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alkaline phosphatase (Roche, Ref. 10108146001, 1 U/µl stock) was used for each 1 µg of DNA. 

Afterwards, the samples were incubated first for 30 min at 37oC and then for 50 min at 50oC. 

2.4.8 Purification and precipitation of plasmid DNA  

After dephosphorylation, digested mixes were adjusted to 50 µl. An equal volume of phenol 

pH 7.4 was added, samples were vortexed and then centrifuged at 15,700 g, for 2 min, room 

temperature. The supernatant was collected, measured and mixed with an equal volume of 

25:24:1 phenol:chloroform:isoamylalcohol. After vortexing, samples were centrifuged again at 

15,700 g, for 2 min, room temperature. The new supernatant was collected, measured and mixed 

with an equal volume of 24:1 chloroform:isoamylalcohol. The samples were vortexed and 

centrifuged once more at 15,700 g, for 2 min, room temperature and the supernatants were 

collected. This final supernatant was measured and mixed with a tenth of the volume of 3 M 

sodium acetate pH 5.3, two times the volume of 100% ethanol and 1 μl of linear acrylamide. 

The samples were incubated at -80oC for 20 min, then centrifuged at 15,000 g, 4oC for 30 min 

to pellet the DNA. After this final centrifugation, the supernatant was discarded and the pellet 

was briefly air dried, then resuspended in 20 μl of sterile deionized water. The purified plasmids 

were kept at -20oC. 

2.4.9 Ligation of the Linker plasmid with the C12orf65 fragment 

The ligation of the dephosphorylated, purified Linker plasmids with the C12orf65 fragment 

extracted from the agarose gel (2.4.5) was performed using the Rapid DNA Ligation Kit from 

Thermo Fisher Scientific (Ref. K1422), according to the manufacturer’s protocol. For each 

Linker plasmid clone, a ligation reaction with no insert was used as a control for successful 

dephosphorylation. The reaction mixes prepared for ligation can be found in Table 2-10 
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Table 2-10. Ligation mixes for Linker plasmid and C12orf65 fragment 

Linker clone 1 Linker clone 1 Linker clone 2 Linker clone 2 

control insert control insert 

120 ng plasmid 120 ng plasmid 100 ng plasmid 100 ng plasmid 

- 25 ng insert (1 µl) - 25 ng insert (1 µl) 

4 µl ligation buffer 

5X 

4 µl ligation buffer 

5X 

4 µl ligation buffer 

5X 

4 µl ligation buffer 

5X 

1 µl T4 DNA 

ligase 
1 µl T4 DNA ligase 1 µl T4 DNA ligase 1 µl T4 DNA ligase 

ddH2O ddH2O ddH2O ddH2O 

up to 20 µl up to 20 µl up to 20 µl up to 20 µl 

 

Reaction mixes were incubated at room temperature for 5 min. Ligation was followed by 

bacterial transformation as described previously (2.2.2).  

2.4.10 Ligation of gRNA targeting C12orf65 into PX458 

All the steps that resulted in the pSpCas9(BB)-2A-GFP (PX458) plasmid containing the gRNA 

targeted to exon 1 of C12orf65 were performed by Mr. Reece Farren, MRes. The 

oligonucleotides used for single gRNA synthesis were designed using the OMICTOOLS 

website (www.omictools.com) (Henry et al., 2014) and commercially synthesized by 

Eurogentec (sequences in Appendix-B.4). The annealing reaction contained the complementary 

oligonucleotides (0.5 µM final concentration for each), 10X T4 DNA ligation buffer (Thermo 

Scientific) and nuclease free water covered by a small volume of mineral oil to prevent 

evaporation.  

The reaction mixture was first heated in a thermoblock (95⁰C, 5 min), then the thermoblock 

was turned off to allow a slow decrease to room temperature. Insertion of the gRNA into the 

PX458 plasmid (Figure Apx 4) was done using the BbsI restriction enzyme and the T4 DNA 

ligase in a combined digestion/ligation reaction optimised by Dr. Fei Gao in the host lab. The 

components of the combined digestion/ligation can be found in Table 2-11. The reaction 

mixture was incubated at 37⁰C for 2 h and transformed into bacteria as described in 2.2.2. 

Plasmid DNA was extracted from bacterial clones (2.4.1) and screened by double digestion 

with BbsI and ApaI enzymes.  
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Table 2-11. Combined digestion/ligation reaction mix 

Component Volume (µl) 

PX458 1 (100 ng) 

Annealed oligos 1 (0.5 µM) 

BbsI (Thermo Scientific) 1 

Fast Digest Buffer 10 X 2 

T4 DNA ligase (Thermo Scientific)  1 

ATP 1 mM 2 

Nuclease free H2O 12 

Total  20 

   

2.4.11 Plasmid sequencing 

Plasmids were sequenced by Sanger sequencing, which was kindly performed by genetic 

technologist Sarah Smith from the Newcastle Mitochondrial Highly Specialised Service 

laboratory. For each reaction were used: 450 ng of plasmid DNA resuspended in 6 µl of sterile 

deionized water, 1 µl of forward primer (10 µM), 1 µl of reverse primer (10 µM). The primers 

used for sequencing can be found in Table 2-12. 

Table 2-12. Primers used for pcDNA5 plasmid sequencing 

Primer Sequence from 5’ to 3’ Tm 

CMV Forward Seq CGC AAA TGG GCG GTA GGC GTG 65oC 

BIOID SEQ reverse GTT CAG CAG GAA GCT GAA GTA CAG GCC G 66oC 

 

2.4.12 DNA extraction from HEK cells 

Cells from a 25 cm2 flask were harvested and pelleted as described in 2.1.3. On top of the pellet 

were added: 400 µl TE buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA pH 8.0), 50 µl 10% SDS, 

50 µl proteinase K (20 mg/ml stock, Invitrogen, ref 100005393). The mix was incubated at 

37oC, overnight, with mild shaking.  
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The following day samples were briefly centrifuged, then mixed with 500 µl/sample of phenol 

pH 7.3 in the chemical hood. Samples were vortexed for about 30 sec at room temperature, then 

centrifuged for other 15 min at 15,800 g. The upper aqueous phase was carefully transferred to 

a new tube and then mixed with 150 µl phenol and 150 µl chloroform:isoamylalcohol 24:1. 

Samples were rotated and centrifuged as previously, the supernatant was recovered and mixed 

as described. The samples were centrifuged again, the supernatant was recovered, measured, 

and mixed with an equal volume of chloroform only. The samples were centrifuged as 

previously; the upper phase containing DNA was recovered and mixed with 3 M sodium acetate 

pH 5.3 (a tenth of its volume) and 100% ethanol (two times the volume). The samples were 

kept at -80oC for at least one hour, then centrifuged at 20,000 g, 4oC, for 30 min. The pellet 

containing DNA was washed with ice-cold 75% ethanol, centrifuged again (20,000 g, 4oC, 30 

min) and resuspended in 20-40 µl ddH2O. DNA concentration was measured at NanoDrop 

(2.4.2).  

2.4.13 Real-time PCR (qPCR) 

The reactions were performed using the Fast start Essential DNA Green Master SYBR Green I 

- kit (Roche, reference 06402712001). All reactions were made up in 20 μl volume with the 

following components: 2 µl of template (1:10 dilution cDNA), 10 µl of SYBR green mix, 

forward and reverse primers (0.5 μM final concentration for each, Table 2-13) and ddH2O. I 

used 2 µl of ddH2O as negative control and 10 ng total genomic DNA as positive control for 

each experiment. The LightCycler® Nano (Roche) instrument and the affiliated computer 

program were used for the reaction conditions described in Table 2-14. The parameters 

‘Analysis: automatic quantification, Tm calling’ were selected in the software.  

 Table 2-13. Sequences of primers used in Real Time PCR 

Primer Sequence from 5’ to 3’ Tm Ta 

COX 2 forward CCT AGA ACA GGC GAC 52oC 45oC 

COX 2 reverse GTC GTG TAG CGG TGA A 48oC 

12S forward ACA CTA CGA GCC ACA G 50oC 47oC 

12S reverse  ACC TTG ACC TAA CGT C 50oC 

16S forward CCA ATT AAG AAA GCG TTC AAG 58oC 57oC 

16S reverse CAT GCC TGT GTT GGG TTG ACA 64oC 
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Table 2-14.  Profile and analysis condition for LightCycler® Nano software  

Stage Temperature Ramp (˚C/sec) Time 

Hold        95˚C 5 600 sec 

45 cycles 95˚C   5 10 sec 

60˚C   4 10 sec 

72˚C   5 15 sec * 

Melting: initiation 65˚C 4 50 sec 

Melting: final 95˚C 0.1 1 

Hold  4˚C - - 

              * data collected after this step 

2.4.14 Sequencing of potential C12orf65 KO HEK cells 

To determine if the KO was successful, single colonies were sequenced by Sanger sequencing. 

First, DNA was isolated from a 25 cm2 flask using phenol-chloroform extraction (2.4.12), then 

the target region was amplified by PCR, performed using the Phusion High-Fidelity PCR 

Master mix (Thermo Fisher Scientific) according to the manufacturer’s instructions. The 

primers can be found in Table 2-15 and the primer binding sites on C12orf65 (NCBI Reference 

Sequence NG_027517.1) are in Figure 2-1. 

Table 2-15. Sequences of primers used for sequencing of KO clones  

Primer Sequence from 5’ to 3’ Tm Ta 

C12orf65 ex1 forward GGG CAG ATG CCT CTT ACT G 62.4oC 63oC 

C12orf65 ex1 reverse CAG CAC CAC GCA GTT GC 66oC 
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Figure 2-1. Binding sites for the primers used for C12orf65  sequencing after KO 

The primers used to sequence C12orf65 (NCBI Reference Sequence NG_027517.1) bind to the 

exon 1 region: forward primer binds 74 bp upstream from the start of the exon and the reverse 

primer binds towards the end. Figure made using the software SnapGene version 5.1.6.  

A volume of 5 µl from the product of amplification (326 bp) was sent to be sequenced to the 

Newcastle Mitochondrial Highly Specialised Service laboratory. Due to Covid-19 outbreak and 

shortage of equipment and staff, the sequencing was done only with the forward primer. The 

sequencer used was ABI 3130 (Applied Biosystems) and sequencing was performed by genetic 

technologist Sarah Smith. The software SnapGene was used to visualize the samples 

chromatograms and retrieve the base calling. The sequences were analysed and compared using 

the Mutation Surveyor Software v5.1.2 from SoftGenetics. 

 

 RNA Manipulations 

2.5.1 RNA isolation from the FLAG-immunoprecipitate 

The RNA bound to the agarose beads after immunoprecipitation was isolated using TRIzol (100 

µl, Thermo Fisher Scientific) following manufacturer’s instructions. Because the starting 

sample was small, GlycoBLUE Pellet Paint NF Co-Precipitant (1 µl; Novagen, Cat.No. 70748-

3) was added to the final aqueous phase together with 50 µl of isopropanol/sample. The final 

RNA pellet was resuspended by adding 10 µl of sterile DEPC-treated water over the pellet, 
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without pipetting up and down in order to avoid losing the RNA in the pipette tip. The samples 

were vortexed for 30 sec, then kept on ice for 5 min. This step was repeated three times. After 

optimization, prior to RNA resuspension, the RNA pellet was washed three times with 50 µl 

cold 75% ethanol (in DEPC water). 

Measurements of RNA concentration were performed at Nanodrop Spectrophotometer ND-

1000, using a millimolar extinction coefficient of 40. The RNA was stored at -80°C.  

2.5.2 RNA isolation from the eluate after FLAG-immunoprecipitation 

Extraction of RNA from the eluate was performed with TRIzol LS (Thermo Fisher Scientific), 

according to the manufacturer’s procedure. Briefly, the sample was dissociated using TRIzol 

LS, then RNA was extracted with chloroform. RNA was precipitated with isopropanol, washed 

with 75% ethanol, and finally resuspended in 10 µl sterile water.  

2.5.3 Reverse-transcription 

The reverse transcription reaction was used to synthesise a cDNA from isolated RNA. 

Following the random primer protocol, RNA (5 ng-300 ng RNA/reaction) was first mixed with 

50 ng of random hexamers and 1 μl of 10 μM dNTP (of each dNTP) to a final volume of 14.5 

μl. The mix was then incubated at 65oC for 5 min and on ice for 1 min. Next, 4 µl of 5X buffer 

(Fermentas), 0.5 µl of RiboLock RNase Inhibitor and 1 µl reverse transcriptase enzyme 

Maxima H Minus (Thermo Fisher Scientific, ref Epo752) were added followed by incubation 

for 10 min at 25oC, then 30 min at 50oC and finally 5 min at 85oC. The resulting cDNA was 

kept at -20oC. 

 

 Sample preparation for mass-spectrometry 

2.6.1 Isolation of crude mitochondria for mass-spectrometry analysis 

Isolation of crude mitochondria was performed from C12orf65-BioID2-HA clone 3, C12orf65-

Linker-BioID2-HA clone 9 and COX8-MTS (Mitochondrial Targeting Sequence)-BioID2-HA 

HEK cells. COX8-MTS-BioID2-HA HEK cells were kindly provided by my colleague Yasmin 

Proctor-Kent. Initially, for each sample, the starting material was 3* 300 cm2 flasks of 

approximatively 80% confluence. To increase yield, during the last experiments, 2* cell 

factories of 500 cm2 each (Nunc TripleFlask, Thermo Fisher, catalogue number 132913) were 
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used per sample.  For each cell type, two samples were prepared: one induced with tetracycline 

for 16 h (final concentration 1 μg/ml) and another both induced and fed with biotin (Sigma, 

B4501-1G, final concentration 50 μM).  

To isolate crude mitochondria, the cells for each sample (treated as described above) were 

harvested into a 50 ml tube. The pellet was washed in cold PBS and centrifuged (4oC, 230 g, 5 

min), then weighted and resuspended in 9 volumes of hypotonic buffer (0.8 ml hypotonic 

buffer, Table 2-16, used per 1 g of cells).  

Table 2-16. Hypotonic buffer 

Component Final concentration 

1 M HEPES pH 8.0 20 mM 

1 M KCl 5 mM 

1 M MgCl2 1.5 mM 

1 M DTT 2 mM, added immediately before use 

100 mg/ml BSA 1 mg/ml, added immediately before use 

Protease Inhibitor Cocktail 

(Roche) EDTA-free 
1 tablet for 10 ml, added immediately before use 

 

Following 10 min of incubation on ice, the cells were manually homogenized with 10 strokes, 

using a glass homogenizer (Cole-Parmer instrument CO, 04368-40). The homogenate was 

transferred to a 50 ml tube and 2.5X MSH buffer (Table 2-17) was added to it (2 ml of 2.5X 

MSH buffer to every 3 ml of hypotonic buffer used). 

The sample was centrifuged at 1,600 g for 10 min, at 4oC. The pellet consisting of nuclei and 

cell debris was discarded and the supernatant was centrifuged again in the same conditions. The 

new supernatant was centrifuged at 10,000 g, 4oC for 10 min. The PMSN (cytosol) was stored 

at -20oC and the pellet (mitochondria) was washed in 5 ml of 1X MSH buffer (Table 2-18) and 

centrifuged (10,000 g, 10 min, 4oC). The pellet was resuspended in 1 ml of 1X MSH buffer, 

transferred to a 1.5 Eppendorf tube and centrifuged in the same conditions. After discarding the 

supernatant, the pellet was snap-frozen in liquid nitrogen and stored at -80oC. 
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Table 2-17. 2.5X MSH buffer 

Component Final concentration 

Mannitol 525 mM 

Sucrose 175 mM 

1 M HEPES pH 8.0 20 mM 

0.5 M EDTA 10 mM 

1 M DTT 2 mM, added immediately before use 

Protease Inhibitor Cocktail 

(Roche) EDTA-free 
1 tablet for 10 ml, added immediately before use 

 

Table 2-18. 1X MSH buffer 

Component Final concentration 

Mannitol 210 mM 

Sucrose 70 mM 

1 M HEPES pH 8.0 20 mM 

0.5 M EDTA 2 mM 

1 M DTT 2 mM, added immediately before use 

Protease Inhibitor Cocktail 

(Roche) EDTA-free 
1 tablet for 10 ml, added immediately before use 

 

2.6.2 Mitochondria lysis and streptavidin-affinity purification performed at Newcastle 

University 

Mitochondria pellet was carefully resuspended in 1 ml of lysis buffer (Table 2-19) and left to 

rotate for 10 min at room temperature in 2 ml low-binding tubes (Eppendorf). Those tubes were 

used during the entire procedure of streptavidin-affinity purification. 

After rotation were added 100 μl of 20% NP-40 and 900 μl of pre-chilled 50 mM Tris-Cl pH 

7.4, the mixture was centrifuged (16,500 g, 10 min, 4°C) and the supernatant was collected. An 

aliquot (10-30 µg) of this was used for western blot detection (input) while the rest was 

incubated with streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin C1, 

Invitrogen, Thermo Fisher Scientific, catalogue number 65001). 
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Table 2-19. Mitochondria lysis buffer 

Component Final concentration 

0.5 M Tris pH 7.5 50 mM 

5 M NaCl 500 mM 

10% SDS 0.2% 

1 M DTT 1 mM, added immediately before use 

Protease Inhibitor Cocktail 

(Roche) EDTA-free 
1 tablet for 10 ml, added immediately before use 

 

The beads were first equilibrated in binding buffer (1:1 mixture of room temperature lysis buffer 

and room temperature 50 mM Tris-HCl pH 7.4). They were vortexed and allowed to incubate 

for 5 min, then put on a magnetic separation rack (New England Biolabs, S1506S) and the 

buffer was removed once the beads had accumulated on the magnetic side. This step was 

performed twice, then the beads were resuspended in binding buffer and distributed equally 

among the samples (50-100 µl beads suspension/sample).  

The incubation between samples and beads was performed in the cold room, with rotation, 

overnight. Next, the beads were put in the magnetic stand for 5 min and the supernatant 

(unbound) was collected and stored at -20oC. A volume of unbound equal to the input volume 

was used for western blot detection. The beads were subjected to several consecutive washes, 

each wash consisting of resuspension in 1.5 ml buffer, vortex, rotation for 8 min, separation by 

standing in the magnetic rack for 5 min. The first two washes were done with 2% SDS, the next 

two with wash buffer 2 (Table 2-20) and the next seven with 50 mM Tris pH 7.5. The last three 

washes were removed with gel-loading tips. 

Table 2-20. Wash Buffer 2 

Component Final concentration 

5% Deoxycholic acid 0.10% 

0.5 M EDTA pH 8.0 1 mM 

20% Triton-X 100 1% 

1 M HEPES pH 7.5 50 mM 
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A final wash with 1 ml of 50 mM ammonium bicarbonate/sample was done before the beads 

were resuspended in 100 µl of 50 mM ammonium bicarbonate.  

Proteins were reduced by addition of 1 mM TCEP (final concentration) to the beads, followed 

by 30 min incubation at room temperature. Next, samples were alkylated with 5 mM (final 

concentration) chloroacetamide and incubated at room temperature for 30 min in the dark. On-

beads digestion was done by the addition of 5 ng/µl final concentration trypsin (Trypsin Gold, 

Mass-Spectrometry Grade, Promega V5280) and incubation overnight at 37oC in the 

thermomixer. The following day the samples were quickly pulsed down, then left in the 

magnetic stand for 5 min at room temperature. The supernatant containing digested peptides 

was collected and mixed with 2 µl of 10% formic acid. The samples were kept at -80oC before 

being handed-in to Dr. Frédérique Lamoliatte or Dr. Akshada Gajbhiye, my colleagues from 

Newcastle University Mass-spectrometry facility (Prof. Matthias Trost’s group). They worked 

with my samples from this step onwards. Peptides were analysed by nanoflow-LC-MS/MS 

using a Fusion Lumos Tribrid Orbitrap mass spectrometer or Orbitrap Q-Exactive HF Mass 

Spectrometer (Thermo Scientific) (Thermo Fisher Scientific) coupled to a Dionex Ultimate 

3000.  

2.6.3 Mitochondria lysis and streptavidin-affinity purification performed at Radboud 

University, Nijmegen, The Netherlands 

During the secondment at Radboud University, the process of streptavidin-affinity purification 

was undertaken slightly different. The mitochondria were lysed and left to rotate as previously 

described, but instead of 100 μl 20% NP-40 were used 100 μl 20% Triton X-100. Following 

the incubation with mitochondria lysate overnight, the beads (50 µl) were washed six times: 

two washes with 2% SDS, the next two with wash buffer 2 (Table 2-20) and two with 50 mM 

Tris pH 7.5. After the last wash was removed, the beads were further resuspended in 50 

µl/sample of 8 M urea prepared in 50 mM ammonium bicarbonate. Both solutions were 

prepared fresh every time, using HPLC water. Next, samples were reduced with 10 mM DTT 

(final concentration) for 30 min on the Eppendorf thermomixer (1,000 RPM, room 

temperature). Reduction was followed by alkylation with 50 mM chloroacetamide (20 min at 

room temperature in the dark, 1,000 RPM). A predigestion step was performed by addition of 

1 μg of lysyl endopeptidase C (LysC, WAKO Chemicals, 125-02543) and incubation on the 

thermomixer for at least 3 h at room temperature. Samples were diluted 8X with 50 mM 

ammonium bicarbonate. On-beads digestion was done by the addition of 1 μg sequencing grade 
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modified trypsin (Promega, Madison, U.S., reference V511C), overnight, at 37°C on the 

thermomixer. Samples were acidified using trifluoracetic acid (2% final concentration). 

The resulting peptide samples were concentrated and desalted by ‘Stop And Go Extraction 

(STAGE) tips’ technique (Rappsilber et al., 2003) and the peptide sample was further purified 

by Pierce Detergent Removal Spin Columns (Thermo Fisher Scientific, reference 87777) 

according to the manufacturer’s protocol. Up to this stage, the experiment was performed by 

me. The preparation of the C18 separation column and sample injection was done by my 

colleague Alisa Potter under the supervision of Dr. Alfredo Cabrera Orefice.  

Mass spectrometry measurements were performed by Dr. Alfredo Cabrera Orefice from 

Radboud University Mass-spectrometry facility using a nanoLC 1000 (Thermo Fisher 

Scientific) chromatography coupled online to a Q Exactive hybrid quadrupole-Orbitrap mass 

spectrometer (Thermo Fisher Scientific). Measurements and data analysis were done as  

previously described (Hensen et al., 2019). 
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Investigation of mtRF1 function 
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 Introduction 

The protein mtRF1, one of the four members of the mitochondria translation release factor 

family in human, was first identified in silico by Zhang and Spremulli (Zhang and Spremulli, 

1998). The authors used the primary sequence of E. coli RF1 to search for similar protein 

sequences in human and identified mtRF1, observing that it contains the conserved GGQ motif 

specific to translation release factors (Figure 3-1). They measured the length (445 aa) and 

molecular weight (52 kDa) of the protein and identified potential sites of N-terminal cleavage. 

A clear mtRF1 presequence however could not be identified.  

 

Figure 3-1. Alignment between RF1 from E. coli and release factors from different 

organisms (taken from (Zhang and Spremulli, 1998)) 

The authors used the primary sequence of E. coli RF1 (third from the top) and aligned it with 

corresponding sequences from other organisms including human (second from the bottom). 

The GGQ motif is indicated by a red star. As described in the original article, the alignment 

was made using the Genetics Computer Group (GCG) software program PILEUP and the 

alignment was displayed using BoxShade. Figure reproduced with permission, RightsLink 

license number 5255660712788 

 



 98 

The subsequent biochemical studies which aimed to demonstrate that mtRF1 functions as 

translation release factor generated a surprising result: despite being imported in the human 

mitochondria, mtRF1 showed no release activity in vitro with E. coli ribosomes (Soleimanpour-

Lichaei et al., 2007, Nozaki et al., 2008). Both studies used different variants of N-terminal 

cleaved mtRF1 to mimic the mature protein, but no release factor activity was detected. In 

addition to Nozaki et al. (Nozaki et al., 2008), Soleimanpour-Lichaei et al. (Soleimanpour-

Lichaei et al., 2007) performed in vivo studies on two yeast strains (S. cerevisiae and 

Schizosaccharomyces pombe) that lacked the endogenous mitochondrial RF1(Δmrf1). They 

expressed the human mtRF1 cDNA in both strains, but the expression could not compensate 

for the loss of the yeast homologue. The S. cerevisiae Δmrf1 strains were still unable to grow 

on glycerol substrate (to prevent fermentation) and S. pombe Δmrf1 strains stopped growing on 

galactose (used to force OXPHOS), despite both expressing the human mtRF1.  

The bona fide release factor identified in human mitochondria was mtRF1a (also named 

mtRF1L), which has a primary sequence 42% identical with mtRF1 and is imported in the 

organelle (Soleimanpour-Lichaei et al., 2007) (Nozaki et al., 2008). The protein mtRF1a 

showed release activity for both mitochondrial stop codons UAA and UAG in in vitro assays 

that used E. coli ribosomes (Soleimanpour-Lichaei et al., 2007, Nozaki et al., 2008). No release 

activity was registered with the UGA codon, which in mitochondria encodes for tryptophan 

(Barrell et al., 1979). In addition to the universally conserved GGQ motif, mtRF1a contains a 

stop codon recognition motif (PXT) that is more similar to the one from bacterial RF1 (PKT) 

compared to mtRF1 (Soleimanpour-Lichaei et al., 2007). In vivo studies performed in Δmrf1 

yeast showed that expression of mtRF1a restored growth for S. cerevisiae as well as S. pombe. 

Moreover, mtRF1a was identified only in mitochondria, in different human cell lines, including 

skeletal muscle (Soleimanpour-Lichaei et al., 2007). 

The natural question following those studies is: if mtRF1a specifically recognizes both UAA 

and UAG in human cells, then what is the role of mtRF1? This question is more ardent as the 

two proteins are 42% identical and have primary sequences more similar to eubacterial RF1 

than to RF2 sequences. Bioinformatic analysis of vertebrate mtRF1 and mtRF1a suggest that 

mtRF1 emerged from a gene duplication in the early evolution of vertebrates (Young et al., 

2010), pointing towards a similar function.  

Initially, it was hypothesised that mtRF1 acts in addition to mtRF1a by recognizing two specific 

mitochondrial stop codons: AGG and AGA (Soleimanpour-Lichaei et al., 2007), codons that 

usually encode for  arginine (Barrell et al., 1979) and were not recognized by mtRF1a. AGG is 

a stop codon for MTND6 transcript and AGA for MTCOI. The majority of human mitochondria 
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ORFs are terminated by UAA and UAG is used only by MTCO2 and MTATP8 (Anderson et 

al., 1981). 

However, subsequent studies from Temperley et al. proved that AGG and AGA are in fact not 

used as stop codons (Temperley et al., 2010a). When the human 55S ribosome arrives at either 

AGG or AGA, it employs a –1 frameshift which, as both codons are preceded by a ‘U’, results 

in a standard UAG stop codon that takes place in the A site. Therefore, mtFR1a terminates the 

translation for MTND6 and MTCOI as it does for the other 11 ORFs from human mitochondria 

(Lightowlers and Chrzanowska-Lightowlers, 2010).  

The study of mtRF1 was the subject of Dr. Aleksandra Pajak’s thesis, prior to my arrival in the 

lab. To gain insight into its role, she used siRNA to deplete mtRF1 in HeLa and HEK cells and 

noticed a significantly lower growth rate in siRNA-mtRF1 samples compared to siRNA non-

targeting negative control (NT). Also, mitochondria morphology was affected in both cell lines: 

mitochondria network was disrupted and appeared fragmented in comparison to the NT control 

(Pajak, 2013). To rescue the phenotype, Dr. Pajak used the siRNA treated cells to express an 

inducible mtRF1-FLAG with either a WT GGQ motif or a modified one (GSQ or AGQ). Only 

the expression of mtRF1-GGQ-WT-FLAG rescued the growth phenotype and re-established 

the healthy morphology. The mtRF1-GSQ-FLAG and mtRF1-AGQ-FLAG mutants did not 

have any effect on cell growth or morphology. On the contrary, they caused a more decreased 

growth rate which eventually lead to cell death.  

Her results showed that mtRF1 is important for cell growth and that the GGQ motif is essential 

for its function. This information is crucial, especially because no mtRF1 patients have been 

identified so far, so there is no other proof that mtRF1 is responsible for cell viability.  However, 

no conclusions could be drawn with respect to the actual function of mtRF1. Depletion of 

mtRF1 did not change the level of mitochondrial encoded protein COX II or the nuclear 

encoded proteins mtRF1a, POLRMT or NDUFB8. There was no change in the MRPs levels 

either, and the migration of mitoribosomes on sucrose gradients was not altered. The level of 

mitochondrial encoded transcripts was also not affected (Pajak, 2013). Regarding a possible 

interaction with the 55S ribosome, immunoprecipitation of mtRF1-FLAG did not show any 

MRP in the eluate (Pajak, 2013). Similarly, immunoprecipitation of the 55S ribosome via ICT1-

FLAG did not identify mtRF1 (Richter et al., 2010b).  

The in silico study from Huynen et al. provided a new hypothesis for mtRF1 function (Huynen 

et al., 2012). The authors used multiple sequence alignment to separate the mtRF1 subfamily 

from the mtRF1a subfamily. Then, they compared the two subfamilies and identified the amino 
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acids that are conserved within each subfamily but are different between mtRF1 and mtRF1a. 

Moreover, they built a 3D model of mtRF1 and mtRF1a bound to the A-site of T. thermophilus 

ribosome. They compared the 3D model with the already known structure of RF1 bound to the 

70S ribosome.  

The results of this comparison showed that there are 24 critical aa residues that differ between 

mtRF1 and mtRF1a, with 20 of them being located in the codon recognition motif (Huynen et 

al., 2012). In particular, there are two insertions conserved in mtRF1 factors of vertebrate 

species studied in the article: RT and GLS (Figure 3-2), both located in the codon recognition 

motif.  

In the 3D modelling of mtRF1 bound to the A-site of T. thermophilus ribosome, the RT insertion 

from mtRF1, localized in the tip of helix ɑ5, is oriented outwards from the codon recognition 

site. In T. thermophilus RF1, the two amino acids that flank the RT insertion of mtRF1 interact 

with the universally conserved A-1493 of rRNA. This interaction occurs only if a stop codon is 

present in the A site and stabilizes the catalytic conformation of RF1 (Korostelev et al., 2010). 

The RT insertion of mtRF1 would clash with A-1493 if a stop codon were present. The second 

insertion, GLS, is located immediately after the PXT motif. In the 3D modelling, GLS is also 

oriented outwards from the codon recognition site. It forms a surface loop that extends towards 

the rRNA.  

In addition to the above, the authors make two important observations, that lead to a new 

hypothesis regarding the mtRF1 role (Huynen et al., 2012). First, in mtRF1, the polar amino 

acids involved in  
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Figure 3-2. Alignment of bacterial RF with human mtRF1 and mtRF1a 

Primary sequences of T. thermophilus RF2 (UniProt ID Q5SM01), RF1 (UniProt ID 

Q72HB8), and human mtRF1 (RF1M, UniProt ID O75570) and mtRF1a (RF1ML, UniProt 

ID Q9UGC7) were retrieved in FASTA format and aligned using Clustal Omega from 

EMBL-EBI (Sievers et al., 2011, Goujon et al., 2010). The codon recognition domains are 

indicated by rectangles 1 and 2. Rectangle 3 indicates the domain responsible for peptidyl-

tRNA hydrolysis containing the GGQ motif. The conserved aa are classified as: identical (*), 

conserved (:) and semi-conserved (.). The percent identity matrix shows the percentage of 

identity between any two proteins of the alignment. The identity between a protein and itself 

is 100.00. 

  



 102 

binding the nucleotides of the stop codon at the A site were replaced by hydrophobic amino 

acids. Second, the 3D modelling shows that mtRF1 is capable of self-stabilization in the 

catalytical conformation. Therefore, the authors advance the hypothesis that mtRF1 is a 

mitochondria translation release factor that binds to the A site of the 55S ribosome when no 

stop codon is present, rescuing it from stalling.  

The lack of a stop codon is possible in several scenarios: a truncated mRNA (Huynen et al., 

2012), pathogenic variants in the mitochondrial genome (Temperley et al., 2003) or aberrant 

mRNA processing (Szczesny et al., 2010). Temperley et al. describe a pathogenic 2 bp deletion 

in the mtDNA, located at the junction between MTATP6 and MTCO3, that is predicted to 

remove the stop codon of MTATP6 (Temperley et al., 2003). Despite that, MTATP6 could still 

be translated, and the generated protein was stable and correctly integrated into FOF1-ATP 

synthase. The ATP synthesis was not affected, suggesting the presence of a mechanism to 

ensure that translation occurred even if the stop codon was absent (Chrzanowska-Lightowlers 

et al., 2004). In addition, Szczesny et al. reported 3’truncated transcripts in a study of ATP-

dependent helicase hSuv3p, a protein involved in RNA degradation (Szczesny et al., 2010). The 

expression of a mutant hSuv3p lead to an increased accumulation of aberrant transcripts, but 

they were also detected in the control cells, although at a low level. The study shows that 

truncated mRNA exists in mitochondria, which can cause the mitoribosome to stall. As 

prolonged stalling decreases the availability of mitoribosomes for new translation cycles, which 

can eventually lead to cell death (Ayyub et al., 2020), a quality control mechanism is necessary 

for mitochondria translation.  

The aim of my project was to identify the role of mtRF1. Since mtRF1 is imported in 

mitochondria and contains the universally conserved GGQ motif which is necessary for cell 

survival, and based on the 3D modelling studies (Huynen et al., 2012), I considered mtRF1 as 

the best candidate to rescue mitochondrial ribosomes stalled on empty A sites. 

To test this hypothesis, I had to answer two research questions: 

1. Does mtRF1 interact with the 55S ribosome? 

2. Which, if any, is the mRNA target of mtRF1?  

Previous studies from my host lab do not exclude the possibility of a transient interaction, that 

could not be identified by immunoprecipitation. To determine whether such interaction is 

possible, I used a cross-linker to ensure mtRF1 and the mitoribosome remain attached. I used 

cells expressing mtRF1-FLAG and, after cross-linking, I separated cellular components by 

sucrose gradient and identified the mitoribosome and mtRF1-FLAG with specific antibodies. 
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To determine whether truncated mRNA species are present in the mitoribosomes where mtRF1 

is bound, I isolated the mtRF1-FLAG cross-linked to the mitoribosome by FLAG-

immunoprecipitation. I isolated RNA from the immunoprecipitate and attempted to identify the 

transcripts by reverse-transcription and qPCR.  

 Results 

3.2.1 mtRF1 transiently interacts with the mitoribosome 

 To assess whether mtRF1 rescues stalled mitochondrial ribosomes, it was first necessary to 

verify if mtRF1 interacts with the mitoribosome. For this, I used an approach that involved a 

cross-linker: dithiobis (succinimidyl propionate), on short called DSP. The chemical structure 

of DSP comprises a disulphuric bond and two N-hydroxysuccinimide (NHS) esters (Figure 

3-3). The two NHS esters are separated by eight atoms, which span over a 12Å range 

(Hermanson, 2013). Each ester reacts with a primary amine group of a lysine residue, forming 

stable amide bonds. In this manner, DSP crosslinks proteins that are in close proximity (Finel, 

1987, Mattson et al., 1993).  If one ester reacts with a primary amine from mtRF1-FLAG and 

the second ester reacts with a primary amine from the mitoribosome proteins, then mtRF1 and 

the mitoribosomal protein will be bound by the disulphuric bond.  

 

Figure 3-3. Chemical structure of DSP 

Dithiobis (succinimidyl propionate), also known as Lomant’s reagent, has a 12 Å spacer arm 

and two N-hydroxysuccinimide (NHS) esters, indicated by the red square. 
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I used HEK 293T cells and induced mtRF1-FLAG expression with doxycycline (5 ng/µL for 

3.5 d), then treated them with DSP (1 mM, 5 min) prior to harvesting. The concentration of  

compounds and duration of treatment had been previously established in the lab. Duration of 

DSP treatment was optimized to ensure stabilization of transient interactions while avoiding 

protein aggregation in the cells. After harvesting, cells were lysed and the total cell lysate was 

loaded on a 10-30% sucrose gradient. The lysate was separated by ultracentrifugation due to 

the different density of the sucrose solutions and 11 fractions were collected. To concentrate 

the total protein amount, each fraction was precipitated with TCA. Fractions were denatured 

and loaded on SDS-PAGE. The addition of 50 mM DTT in the dissociation buffer ensured that 

the disulphuric bonds were reduced, including the ones created between proteins by the DSP 

cross-linking. Hence, if mtRF1 interacts with the mitoribosome, the two remain cross-linked 

when fractions are collected, but they are separated inside the fractions prior to SDS-PAGE, so 

they can migrate individually. The proteins of interest were visualized by immunoblotting using 

the anti-FLAG antibody (for mtRF1-FLAG) and antibodies specific for the mtSSU (DAP3, 

MRPS26) and for the mtLSU (MRPL3, MRPL45).  

Without cross-linking, it was expected that mtRF1-FLAG and the mitoribosome subunits would 

appear in separate fractions. Indeed, for the sucrose samples not treated with DSP, mtRF1 

accumulates in the higher fractions (1-3), while the mitoribosome subunits accumulate in the 

middle fractions: MRPS26 (small subunit) in fractions 4-6 and MRPL3 (large subunit) in 

fractions 6-8 (Figure 3-4).  
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Figure 3-4. Separation of mtRF1-FLAG HEK cell lysate on sucrose gradient 

Cells induced for mtRF1-FLAG expression and control cells were lysed and the components 

were separated on a 10-30% sucrose density gradient in 11 fractions. The fractions were TCA 

precipitated, then analysed by western blot (12% gel) using antibodies against the FLAG tag, 

the small subunit (MRPS26) and the large subunit (MRPL3) of the mitoribosome. The green 

rectangle highlights the position of free mtRF1-FLAG. CL-cell lysate; MWM-molecular 

weight marker (kDa); representative figure of 3 independent experiments 
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With cross-linking, I expected to observe a shift in the positions of mtRF1 and MRPs on the 

sucrose gradients. MRPs become denser when they are cross-linked with each other, with 

mtRF1-FLAG or with other proteins in their proximity. They shift towards the bottom of the 

tube during ultracentrifugation, therefore appearing in different fractions compared to the 

control without DSP. As can be seen in (Figure 3-5), the signal of DAP3, (mtSSU marker) 

shifts towards the bottom (fractions 4-9). The same is true for MRPL45 (upper panel) and 

MRPL3 (lower panel), two mtLSU marker proteins that migrate to fractions 6-10. Importantly, 

the FLAG signal migrates towards the lower fractions as well, which shows that DSP treatment 

was efficient and mtRF1 was cross-linked to the mitoribosome. MtRF1-FLAG appears together 

with the small mitoribosomal subunit in fractions 4-5 and with the monosome in fractions 7-9. 

The DSP treatment allows the cross-linking of the small and large subunit and maintains the 

monosome (fractions 7,8,9). 

 

Figure 3-5. Separation of cross-linked mtRF1-FLAG HEK cell lysate on sucrose gradient 

Cells induced for mtRF1-FLAG expression and control cells were treated with DSP (1 mM, 5 

min). Cells were then lysed and separated on a 10-30% sucrose density gradient in 11 

fractions. The fractions were TCA precipitated, then analysed by western blot (12% gel) 

using antibodies against the FLAG tag, the small subunit (DAP3) and the large subunit 

(MRPL45, MRPL3) of the mitoribosome. The green rectangle highlights the position of the 

monosome. CL-cell lysate; MWM-molecular weight marker (kDa); representative figure of 3 

independent experiments 
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3.2.2 Mitochondrial mRNA can be isolated by mtRF1-FLAG immunoprecipitation 

My results show that mtRF1 can be cross-linked to the mitoribosome, suggesting a transient 

interaction between the two. This agrees with mtRF1 being a translation rescue factor. In order 

to further investigate my work hypothesis, I aimed to identify the mRNA targets of mtRF1. 

This would help clarify whether truncated mRNA species are indeed associated with mtRF1, 

and if they are, whether there is any transcript that appears truncated more prevalently than 

other transcripts.  

The putative mRNA target would be protected by the mitoribosome. To separate it from the 

other transcripts being translated, I cross-linked mtRF1-FLAG to the mitoribosome, then 

immunoprecipitated the mitoribosome via the FLAG-tag. This would ensure that the 

mitoribosomes are isolated only if mtRF1 was already bound (or was about to bind) to them. 

Also, it would maintain the monosome by cross-linking the small and the large subunit. The 

immunoprecipitated mitoribosome could then be used for RNA isolation followed by reverse-

transcription, to identify the RNA species protected by it.  

DSP treatment caused a severe decrease in total protein concentration. This was a recurrent 

problem during the sucrose gradient experiments, when I would constantly observe a lower 

protein concentration in the cell lysates of DSP treated samples than in the control, despite 

starting from the same amount of cells. For this reason, I increased the starting material of the 

immunoprecipitation experiments from a 75 cm2 to a 225 cm2 flask per sample. I induced 

mtRF1-FLAG expression and treated both non-induced and induced cells with 1 mM DSP for 

5 min prior to harvesting. I lysed the cells and performed immunoprecipitation using anti-

FLAG coated agarose beads. A small amount of the cell lysate was used to test FLAG 

expression by western blot, while the rest was incubated with the beads. I expected mtRF1-

FLAG to bind the beads and carry over the mitoribosome and the mRNA inside it.  

Another difficulty was that the cells had the tendency to either lose the FLAG expression after 

3-4 months, or to become ‘leaky’ (express the FLAG in the absence of the inducer). To prevent 

this, I tested the FLAG expression and froze down several vials of cells with strong FLAG 

expression, at an early passage. I used those cells if the ones in culture would become 

problematic. Also, I doubled the concentration of inducer (from 5 ng/µL to 10 ng/µL) and 

reduced the duration of induction (from 3.5 d to 48 h) to prevent the cells from becoming 

antibiotic resistant.  
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In a first attempt, I isolated RNA from the agarose beads immediately after 

immunoprecipitation. I reverse-transcribed the RNA and used the cDNA obtained for relative 

qPCR, using as primers 12S (marker for the small subunit), 16S (marker for the large subunit) 

and COX2 (as a possible mRNA protected inside the mitoribosome). I was expecting to obtain 

low Ct values, corresponding to a high quantity of RNA isolated, in the induced samples and 

hight Ct values in the non-induced samples, where no mtRF1-FLAG was expressed to facilitate 

the immunoprecipitation.  

However, the Ct values of all the three genes tested were low in the non-induced samples and 

the difference between induced and non-induced was small, if existent (Figure 3-6).  

 

Figure 3-6. Mean Ct values obtained after RNA isolation from immunoprecipitate 

RNA isolated from immunoprecipitation (Ip) was reverse-transcribed and the cDNA 

amplified by qPCR. The graph depicts the mean Ct values obtained in each experiment (N=3) 

for 12S (blue), 16S (orange) and COX2 (green). Each dot represents one Ct value measured 

for one experiment. A higher Ct value corresponds to a lower amount of RNA. 

 

In addition, the levels of 12S and 16S did not correlate and were not consistent among the three 

independent experiments. As the two molecules are in 1:1 ratio in the monosome, I was 

expecting to obtain similar Ct values for 12S and 16S of the same sample, and similar 
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differences between induced and non-induced samples. More importantly, I was not expecting 

to obtain RNA from the non-induced samples.  

The rationale behind using 12S and 16S rRNA was to have a positive control for RNA isolation 

from the immunoprecipitate. Their identification, as well as the identification of COX2 mRNA, 

proves that technically the experiment was successful. The surprising result however was the 

isolation of RNA from non-induced samples. To find the reason behind it, I tested the FLAG 

expression by western blot for each triplicate, but the results failed to provide an explanation. 

For two experiments, the western blot confirmed mtRF1-FLAG expression only in induced 

samples (Figure 3-7). No FLAG signal was detected in the second immunoprecipitation, 

suggesting a failed induction, but the qPCR showed a two-fold increase in 16S expression. The 

western blot and the qPCR results could not be correlated, which suggested a very high 

background level.  

 

Figure 3-7. Test of FLAG expression in the samples used for immunoprecipitation 

MtRF1-FLAG HEK 293T cells were induced (10 ng/ml doxycycline, 48 h) and treated with 

DSP prior to harvesting. 25 µg of input (CL, cell lysate incubated with anti-FLAG coated 

beads) and supernatant (SN, unbound) were loaded per lane. VDAC1 (porin) was used as 

loading control. MWM-molecular weight marker (kDa); 10% gel  
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Assuming that the high level of RNA expression in non-induced samples was given by the non-

specificity of the beads, I optimized the experiment by introducing an elution step. I used the 

3X FLAG peptide to elute the mtRF1-FLAG (cross-linked to the mitoribosome) attached to 

beads and isolate RNA from the eluate. This approach was designed to eliminate any non-

specific binding to the beads. As the 3X FLAG peptide has a higher affinity for the anti-FLAG 

coated beads than mtRF1-FLAG, it should compete with the latter and remove it from the 

beads. Therefore, in the eluate of induced samples, I would expect to obtain only mtRF1-FLAG 

attached to the mitoribosome. Ct values reflecting the isolated RNA should be much lower for 

induced sample comparing to non-induced. 

Before attempting the optimized protocol, I tested that mtRF1-FLAG is eluted from the beads 

after immunoprecipitation, using samples without DSP. I checked the presence of mtRF1-

FLAG in the eluate by western blot, using anti-mtRF1 and anti-FLAG antibodies. The anti-

mtRF1 antibody identified the protein in both input samples (Figure 3-8, lines 4 and 10) but 

weakly in the eluate. The FLAG signal from eluate was identified by the anti-FLAG antibody, 

only in the induced sample (line 15). No signal was identified in the three washes that followed 

beads incubation, showing mtRF1-FLAG is not lost.   
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Figure 3-8. Proof of principle: elution of mtRF1-FLAG  

MtRF1-FLAG HEK 293T cells were induced with doxycycline (10 ng/ml, 48 h), lysed and 

incubated with anti-FLAG coated beads. 20 µg of input (In, cell lysate incubated with the 

beads) and supernatant (SN, unbound) were loaded per lane. The three washes post-

immunoprecipitation (W1-W3) and the eluate (El) were concentrated using TCA and loaded 

entirely.  VDAC1 (porin) was used as loading control. 300 µg total input; 10% gel; MWM-

molecular weight marker (kDa); N=1 

 

After the successful elution of mtRF1-FLAG from the beads, I used this step for the DSP 

treated samples. I proceeded as before, but, instead of isolating RNA from the beads, I eluted 

the mtRF1-FLAG cross-linked to the mitoribosome and isolated RNA from the eluate. To test 

the efficiency of induction, as well as to determine if there was any mtRF1-FLAG in the eluate 

or if it has remained on the beads, I performed an SDS-PAGE and incubated the membrane 

with the anti-FLAG antibody. I used the cell lysate from induced and non-induced samples to 

check induction. The supernatant remained after beads incubation was used as an indicator that 

the beads bound mtRF1-FLAG from the cell lysate. To confirm that mtRF1-FLAG was eluted 

I used only 10 µl of the eluate (1/10 of the total volume), to ensure I have a sufficient quantity 

for RNA isolation. I also checked the beads after elution to confirm if mtRF1-FLAG was 
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detached from them. As a positive control for FLAG expression, I used a cell lysate from 

mtRF1-FLAG induced cells that I have tested previously. 

Although the FLAG signal appeared in the positive control (Figure 3-9, lane 1), as well as in 

the cell lysate (lane 4) and the supernatant (lane 6) of the induced samples, it did not appear in 

the eluate (lane 8) or on the beads (lane 10). The Ponceau staining also did not show any 

coloration in the eluate. The only signal that was visible on the beads, with anti-FLAG and 

Ponceau staining, corresponded to the heavy and light chains of the antibody that coats the 

beads. The two antibodies used as marker for the small (MRPS22, 41 kDa) and large subunit 

(MRPL11, 21 kDa) did not show any signal in the beads or in the eluate. 

Isolation of RNA from eluate did not improve the qPCR results. In two consecutive 

experiments, the background level remained high, despite elution (Figure 3-10). The only 

improvement consisted in similar levels of 12S and 16S rRNA, per experiment; in the first 

experiment, theoretically, there were twice more 12S and 16S molecules in the induced samples 

compared to non-induced, while in the second experiment there was no difference at all. 

However, a two-fold change in expression between induced and non-induced, that could not 

be reproduced, is not a trustable result. It may not reflect a real change in expression, and only 

shows that the background level is high.  
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Figure 3-9. Immunoprecipitation followed by elution of mtRF1-FLAG in DSP treated 

samples  

MtRF1-FLAG HEK 293T cells were induced with doxycycline and treated with DSP prior to 

harvesting. The input (CL, cell lysate incubated with anti-FLAG beads), supernatant (SN, 

unbound), eluate (EL) and beads, as well as a FLAG positive control (pos ctrl) were 

separated by SDS-PAGE (10% gel) and probed with anti-FLAG, anti-MRPS22 and anti-

MRPL11 antibodies. VDAC1 was used as loading control. The positive control was a sample 

previously tested as positive for induction. Loaded per lane: 50 µg (lanes 1, 3, 4, 5, 6) or 10 

µl (eluate). The strong bands that appear with Ponceau coloration (lanes 9-10) correspond to 

the heavy (upper band) and light (lower band) chains of the anti-FLAG antibody that coated 

the beads. MWM-molecular weight marker; N=2 
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Figure 3-10. Mean Ct values obtained after RNA isolation from eluate 

RNA was isolated from the eluate after immunoprecipitation (Ip), reverse-transcribed and the 

cDNA amplified by qPCR. During one experiment (Ip3) elution was performed only from 

induced cells with two different batches of FLAG peptide, to exclude the batch as a potential 

cause for the close Ct values. The graph depicts the mean Ct values obtained in each 

experiment (N=3) for 12S (blue), 16S (orange) and COX2 (green). For Ip3, the light colour 

shade corresponds to the old FLAG peptide and the dark shade corresponds to the new one. 

Each dot represents one Ct value measured for one experiment. A higher Ct value 

corresponds to a lower amount of RNA. 

In a final attempt to optimize the experiment, I performed one immunoprecipitation using a 

different batch of 3X FLAG peptide for elution. Knowing that immunoprecipitation 

experiments followed by elution had been previously done in the lab, I used an aliquot of 3X 

FLAG peptide previously tested. I compared the efficiency of the ‘old’ aliquot with the ‘new’ 

one that I have been using. I prepared only one sample of induced cells, that I treated with DSP, 

then lysed. The lysate was split in two and each half was incubated with anti-FLAG beads. 

Following immunoprecipitation, half of the sample was eluted with an old batch of FLAG 

peptide and the other half with the batch currently used. Western blot analysis confirmed the 

FLAG expression in the input, but could not detect it in the eluate, with either peptide batch 

(Figure 3-11).  The Ct values obtained using the old aliquot were higher than the ones obtained 

with the new one (Figure 3-10), suggesting that the RNA isolation was less efficient and that 

the new 3X FLAG peptide used so far had been the best option.   
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Figure 3-11. Elution of mtRF1-FLAG using different batches of FLAG peptides 

MtRF1-FLAG HEK 293T cells were doxycycline-induced and DSP-treated prior to 

harvesting and lysis. The input (CL, cell lysate incubated with anti-FLAG beads), 

supernatants (SN1 and SN2, unbound), eluates (EL) and a FLAG positive control (pos ctrl) 

were separated by SDS-PAGE (10% gel) and probed with anti-FLAG, anti-MRPS22 and 

anti-MRPL11 antibodies. VDAC1 was used as loading control. Loaded per lane: 25 µg (lanes 

1, 3) or 10 µl (eluates). MWM = molecular weight marker (kDa); N=1 

 Despite the efforts to optimize the RNA isolation, there was no difference between the induced 

and non-induced samples. The putative mRNA target of mtRF1 remained unidentified. 

However, my results showed that it is technically possible to isolate mitochondrial mRNA from 

immunoprecipitate and from eluate.  

 Discussion 

Contrary to what was expected, there was no difference in RNA levels between the induced 

and non-induced samples. Only induced samples expressed mtRF1-FLAG, which facilitated 

the immunoprecipitation. Because of the cross-linking, the mitoribosome would also become 

attached to the beads, providing the material for RNA extraction. The qPCR experiments 

showed that this step was possible, and RNA could be isolated by this method. However, it 
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should have not been possible for non-induced samples, because they do not express the FLAG-

tag, so the immunoprecipitation should not, in theory, be possible.   

However, the Ct value obtained for background (non-induced) was low. One possible cause, 

strictly technical, could be the non-specificity of the beads. It could happen that the agarose 

beads have a non-specific affinity for ribosomes. Replacing them with magnetic beads could 

solve the problem. Another issue is the cells susceptibility to use mtRF1-FLAG. The cell model 

used overexpresses mtRF1-FLAG when induced, but it is not more prone to stalling. According 

to working hypothesis, mtRF1 would go to mitochondria to rescue stalled mitoribosomes. If 

the level of stalled mitoribosomes is similar in induced comparing to non-induced cells, then, 

even if I have a higher quantity of mtRF1-FLAG produced by induction, the quantity required 

for rescue remains the same as without induction. In consequence, the amount of RNA obtained 

from immunoprecipitation would be the same. 

Regarding the western blot results, the FLAG signal was not visible after elution with the 3X 

FLAG peptide for both eluate and beads. However, this is not a proof that elution was not 

successful. Western blot is semiquantitative, and the Ct values obtained from qPCR, a more 

sensitive method, confirm that RNA was present in the eluate. In addition, the elution test 

experiment (Figure 3-8) detected mtRF1-FLAG in the eluate. 

The quantity of eluate used for immunoblotting was only 1/10 of the total volume, comparing 

to 9/10 used for RNA extraction. There is still the possibility that mtRF1-FLAG bound to the 

mitoribosome was present in the eluate, but in such a small amount that it could not be detected. 

The same explanation stands for the lack of signal for the small (MRPS22) and large (MRPL11) 

mitoribosome subunits on the western blot. It is reasonable to assume that stalling does not 

occur very often, so the number of cross-linked mitoribosomes should be very small comparing 

to the total. In E. coli, for example, approx. 0.4% of translation events require ribosome rescue 

(Moore and Sauer, 2005). I would therefore expect the amount of mtRF1-FLAG bound to the 

mitoribosome to be scarce even in the total volume of eluate.  

Unfortunately, the strong signal produced by the small and large chains of the antibody 

prevented me from observing if mtRF1-FLAG remained attached to the beads. As can be seen 

in Figure 3-9, the signal at 50 kDa, corresponding to the large chain, hides any possible FLAG 

signal on the beads, because mtRF1 has a similar molecular weight (52 kDa theoretical, 

including an unknown mitochondrial targeting sequence).  
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Another aspect that needs to be discussed is the fact that I was not able to test the efficiency of 

the DSP treatment, which cannot be determined from the immunoprecipitation. To do so, it 

would have been necessary to run the cell lysate on a sucrose gradient, but this was not possible 

due to insufficient material to accomplish both. Cross-linking caused the cells to adhere to the 

flask, which required manual scraping to harvest them. This could cause protein loss due to 

unintentional cell tearing. Although I have increased the starting material from a 75 cm2 to a 

225 cm2 flask for each sample, there was still not sufficient material to perform both sucrose 

gradients and immunoprecipitation from one sample. Although I cannot prove that DSP 

treatment was efficient in the RNA isolation experiments, the sucrose gradients show that a 1 

mM concentration and 5 min duration of treatment are enough for cross-linking mtRF1-FLAG 

to the monosome. Since I used the same conditions in the RNA experiments, it is unlikely that 

a failed DSP cross-linking causes the high background. The 12S, 16S and COX2 Ct values 

were low in the non-induced for all the experiments presented. If DSP failed in any of them, I 

would expect to see a high value for the Ct values (40-45), corresponding to no RNA isolated 

from the beads. Without cross-linking, only free mtRF1 would bind the beads.  

Although I do not consider that a failed cross-linking caused the high RNA background, the 

treatment can still be improved. Kotrys et al. used a different methodology for DSP cell 

treatment (Kotrys et al., 2019). Instead of coating the cells with the 1 mM DSP solution, like I 

did, they resuspended the cells in PBS and added DSP to the cell suspension, at a 0.5 mM final 

concentration. They allowed the cells to incubate with DSP for 30 min with rotation and 

quenched the reaction with 50 mM Tris–HCl pH 7.4 for 15 min, also with rotation. In addition, 

they performed the incubation at 4oC, while I performed mine in the incubator. On one hand, I 

consider that their method reduces protein loss, because the cells are not collected by scraping. 

Also, during rotation, all cellular surface comes into contact with the DSP solution, which could 

increase cross-linking efficiency. Elimination of the scraping step would allow to increase the 

number of cells at the start of the experiment, because they could be grown in 500 cm2 cell 

factories. A higher amount of starting material could lead to a better capture of mitochondrial 

RNA from induced cells, decreasing the background. On the other hand, keeping the cells at 

4oC for 30 min might induce artefacts due to cellular response to cold. It would be interesting 

to apply the Kotrys’ DSP methodology (Kotrys et al., 2019), then isolate RNA from the 

immunoprecipitate and compare those results with the current results obtained.  

Although it was not possible to identify the mRNA target of mtRF1, my results show that this 

factor is capable of interacting with the mitoribosome in a transient manner. As shown by the 
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migration pattern on the sucrose gradients, the protein is free in the mitochondrial matrix, but 

can be chemically cross-linked to the mitoribosome. This is in agreement with Dr. Pajak’s 

conclusions, who in addition showed that the GGQ motif of mtRF1 is essential for cell growth 

(Pajak, 2013). Recently, experiments performed in my host lab showed that knockout of mtRF1 

leads to upregulation of C12orf65, another member of the mitochondria release factor family. 

Also, the overexpression of C12orf65 in a mtRF1 knockdown model improved cell growth (Dr. 

Shreya Ayyub, unpublished data). As C12orf65 was recently shown to rescue stalled 

mitochondrial ribosomes (Desai et al., 2020), it is possible that mtRF1 has a similar function. 

Taken together, the results obtained by myself and my colleagues indicate that mtRF1 could 

be involved in mitochondria translation, albeit the true function of the factor remains unknown. 
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C12orf65-BioID2-HA, an initial cell model to investigate 

C12orf65 function using the BioID2 approach 
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 Introduction 

The function of C12orf65 remains elusive, despite the presence of the conserved GGQ motif 

that suggests peptidyl-hydrolase activity (Ayyub et al., 2020). The patients with C12orf65 

defects present with different symptoms and have different backgrounds, making the protein 

characterization even more difficult. Pathogenic C12orf65 gene variants have been associated 

with optic atrophy and Leigh syndrome (Heidary et al., 2014, Imagawa et al., 2016), reviewed 

by (Finsterer, 2020), spastic paraplegia type SPG55 (Shimazaki et al., 2012), reviewed by 

(Kumar et al., 2015), neuropathy (Fang et al., 2017, Tucci et al., 2014), Behr’s syndrome (Pyle 

et al., 2014) and intellectual disability (Antonicka et al., 2010). Patients have different 

ethnicities- from Japanese (Nishihara et al., 2017) and Chinese (Fang et al., 2017) to 

Irish/English (Pyle et al., 2014) and Indian (Tucci et al., 2014). The pathogenic variants are 

transmitted recessively and are identified as homozygous (Perrone et al., 2020) or compound 

heterozygous (Fang et al., 2017). Although the majority are pediatric, an adult-onset form of 

Leigh syndrome has been reported (Wesolowska et al., 2015). 

The common denominator of all those patients is the involvement of GGQ motif: in its absence, 

the symptoms are aggravated, and mitochondrial translation is severely impaired, leading to 

defects in OXPHOS assembly. In a study by Buchert et al. the authors compare the premature 

stop gain that they have found at position 139, caused by a homozygous c.415C>T 

p.(Gln139*),current Ensemble Gene ID ENSG00000130921.3, with two truncating variants 

reported previously which occur upstream, at positions 84 (caused by a homozygous 

NM_152269: c.248delT p.(Leu84*)) and 132 (caused by a homozygous c.394C>T 

p.(Arg132*), current Ensemble Gene ID ENSG00000130921.3) (Buchert et al., 2013). They 

confirm a genotype–phenotype correlation between the variant locus and the severity of the 

symptoms: the symptoms correlated with the truncation from position 84 were exacerbated 

(intellectual disability, encephalomyopathy, optic atrophy, and ophthalmoplegia) compared to 

the ones reported by the other authors (mild intellectual disability, spastic paraplegia, but no 

impairment of hearing and vision and no epilepsy). Their conclusion is later reiterated by 

Spiegel et al. (Spiegel et al., 2014) who in addition define three major symptoms characteristic 

for pathogenic C12orf65 variants: optic atrophy, axonal neuropathy and spastic paraparesis. 

The importance of the GGQ motif indicates a potential role of C12orf65 in the termination step 

of mitochondria translation. However, this protein showed no peptidyl-tRNA hydrolase 

activity in an in vitro assay with E. coli 70S ribosomes (Antonicka et al., 2010) and it lacks the 
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codon-recognition motif. Also, mtRF1a has already been assigned as the translation 

termination factor in human mitochondria (Soleimanpour-Lichaei et al., 2007). Therefore, the 

function of C12orf65 remains unknown. The aim of my project was to gain insight into this 

function by identifying possible C12orf65 interacting partners.  

Previous studies done in Lightowlers’ group by Dr. Aleksandra Pajak showed that C12orf65 is 

free, soluble in the mitochondria matrix, and does not stably associate with the mitochondria 

ribosome (Pajak, 2013). The immunoprecipitation experiment that she performed did not 

identify any C12orf65 binding partners, pointing towards a possible transient interaction with 

the mitoribosome ((Pajak, 2013), Figure 7.11 of the citation). In order to identify possible 

interacting partners, but not necessarily binding partners, I used a proximity-labelling method 

named BioID2.  

BioID2 is the improved version of the BioID method (Kim et al., 2016a). BioID was developed 

in 2012 by Brian Burke’s lab at the University of South Dakota and is based on a modified 

biotin-ligase from E. coli (Roux et al., 2012). Normally, in E. coli, the biotin-ligase (BirA) 

uniquely biotinylates the acetyl CoA carboxylase, an enzyme that catalyzes the rate-limiting 

step in the fatty acid biosynthesis pathway (Figure 4-1). ATP combines with biotin to form 

biotinoyl-5′-AMP (‘activated biotin’) (Lane et al., 1964) which is captured by BirA and 

released only to biotinylate the acetyl CoA carboxylase. The biotinylation reaction occurs at 

the primary amine of a lysine residue from a particular recognition sequence called Biotin 

Acceptor Tag (BAT), formed of at least 14 aa (Beckett et al., 1999). The reaction is very 

specific to this substrate and the process is tightly regulated at gene level as well: in addition 

to the biotin binding domain, BirA has a DNA binding domain and functions as a 

transcriptional repressor for the biotin biosynthetic operon (Chapman-Smith and Cronan, 1999, 

Satiaputra et al., 2016).  

In BioID, BirA was mutated (p.Arg118Gly), which cancelled both the DNA binding capacity 

and the specificity to acetyl CoA carboxylase (Kwon et al., 2000). This reduced the affinity for 

biotinoyl-5′-AMP (Kwon and Beckett, 2000), making the biotin-ligase release the ‘activated 

biotin’ instead of holding it. As a consequence the ‘activated biotin’ binds any primary amines 

from any proteins, including itself, regardless of their species origin (Choi-Rhee et al., 2004, 

Cronan, 2005). This promiscuous form of BirA is used to study protein-protein interactions: 

by attaching a protein of interest to BirA, the proteins that come in proximity to the protein of 

interest on an approx. 10 nm radius (Kim et al., 2014) are biotinylated. They can be therefore 
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immunoprecipitated with streptavidin and analyzed using mass-spectrometry. In Brian Burke’s 

lab, this method successfully detected multiple proteins that interact with lamin-A and 

identified a new protein associated with the nuclear lamina  (Roux et al., 2012).  

Figure 4-1. Principle of biotinylation and promiscuous biotin-ligases 

A. Molecular mechanism of biotinylation in bacteria. The biotin ligase (BirA) 

specifically biotinylates the acetyl-CoA carboxylase at a lysine residue of the biotin acceptor 

tag (BAT). The reaction requires activation of the biotin molecule by ATP. The biotinylated 

acetyl-CoA carboxylase catalyses the formation of malonyl-CoA, an intermediate in the fatty 

acid synthesis.  

B. Structures of the enzymes used in biotin proximity labelling. The biotin-ligase from E. 

coli (BioID) and from A. aeolicus (BioID2) were mutated to become promiscuous. The aa 

change is coloured in red and the mutation indicated by a red arrow. The activated biotin is 

coloured in yellow. The 3D structures were retrieved from PDB and visualized in Pymol. 

PDB codes: 2EWN (E. coli) and 3EFS (A. aeolicus) 

 

 

A. 

B. 
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Several variants have been developed based on BioID: BioID2, Split-BioID, and more recently 

TurboID and miniTurbo. Split-BioID is used to detect interactors of protein dimers and 

therefore is not suitable for my project, as C12orf65 is monomeric (De Munter et al., 2017). I 

decided to use BioID2 because it uses an improved mutant (p.Arg40Gly) biotin-ligase isolated 

from Aquifex aeolicus (Kim et al., 2016a). It was noticed that, in some cases, when using E. 

coli BirA, some fusion proteins were not efficiently targeted, and the authors considered the 

size of the biotin-ligase (321 aa, 35 kDa) as a possible cause. The A. aeolicus biotin-ligase is 

the smallest known (233 aa, 26 kDa) and lacks the DNA-binding domain, making it the best 

option to study C12orf65, also a small protein (166 aa, 19 kDa). Moreover, it provides a more 

accurate targeting of the fusion protein and requires less biotin.  

Both BioID and BioID2 require long biotinylation times (16-24h), which prevents the study of 

cellular dynamics. To circumvent this problem, Alice Y.Ting’s group developed two types of 

BirA mutants: TurboID (35 kDa) and miniTurbo (28 kDa) (Branon et al., 2018), which allow 

biotin labelling in 10 minutes. Both proteins have been heavily mutated: TurboID has 15 

mutations relative to wild-type BirA and miniTurbo has 13 mutations and lacks the N-terminal 

domain. Although the biotinylation is as efficient in 10 minutes as the one achieved by BioID 

in 16 hours, a later study raised concerns of cellular toxicity due to protein instability and 

persistent biotinylation in the absence of exogenous biotin (May et al., 2020). Also, TurboID 

was too big to fuse with C12orf65, and miniTurbo showed reduced biotinylation in the 

mitochondria matrix when comparing to BioID ((Branon et al., 2018), figure 2C of the 

reference). As my protein of interest is small and resides in the mitochondria matrix, I 

considered BioID2 a better approach to study it. The fact that the BioID expertise was already 

available in the lab (through Dr. Thomas Nicholls and Yasmin Proctor-Kent) also contributed 

to this decision.  

It is worth mentioning that the BioID approach (and its variants) is not the only proximity-

labelling method. APEX (Martell et al., 2012) was initially developed as genetic tag for 

electron microscopy. APEX is a modified ascorbate peroxidase of 28 kDa, original from plants, 

that requires H2O2 to catalyse the oxidation of biotin-phenol to the biotin-phenoxyl radical. 

Those radicals exist for a short time (<1 msec) and covalently react with electron-rich amino 

acids like tyrosine, tryptophan, histidine and cysteine encountered on a <20 nm radius (Rhee 

et al., 2013). Biotinylation using APEX only requires 1 min and has already been used to map 

the human mitochondria proteome (Rhee et al., 2013). However, there are several points of 

concern that make it unsuitable for the study of C12orf65. First, both H2O2 and biotin-phenol 
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are toxic for cells (Che and Khavari, 2017). Mitochondria are already a source of ROS and the 

expression of a fusion protein is a possible stressful event for the cell. Adding extra toxicity 

was unnecessary, when BioID2 could be used instead. Second, in the study that uses APEX to 

map the mitochondria matrix (Rhee et al., 2013), the ascorbate peroxidase was fused to a 

mitochondria targeting sequence, not to a mitochondria protein. The MTS is unaffected by 

H2O2, but a mitochondrial bait could possibly be modified by this treatment, and its function 

compromised. In the case of C12orf65, if I study its interactors in order to understand its 

function, it is essential that the protein remains as physiological as possible. There is no 

standard function of C12orf65 that I could use to compare to a ROS-modified variant.  

Finally, BioID2 and APEX use different amino acids as biotin acceptors. The amino acids used 

by BioID2 (lysine) is one of the most abundant amino acids in a protein structure (32%), while 

the ones used by APEX are among the rarest (5%) (Lodish H, 2000). Also, lysine is a positively 

charged amino acid, rendering it more solvent-exposed, while tyrosine is amphipathic (Cronan 

and Reed, 2000). Mitochondrially-targeted proteins are more positively charged comparing to 

proteins targeted to other cellular compartments, or dual targeted (Hartmann et al., 1991, Dinur-

Mills et al., 2008, Jaussi, 1995). As a proof of concept, C12orf65 itself is positively charged, 

with a net charge +13.306 (https://www.protpi.ch/Calculator/ProteinTool). By using BioID2 

instead of APEX, I increase the possibility of finding more relevant hits.  

The aim was to gain insight into the function of C12orf65 by identifying its possible interacting 

partners. I am aware that BioID2 only helps identifying those partners but does not provide an 

answer about their exact proximity with C12orf65, or the order in which they interact. 

However, judging from the lack of information available on this protein, I considered finding 

the possible interactors as the priority. BioID2 can help identify weak and transient interactions, 

which is useful to determine the C12orf65 function (Kim et al., 2016b).  My goal was to obtain 

a map of interactors that could be grouped according to different criteria (function, localization, 

molecular pathways) and, thus, draw a potential conclusion about the C12orf65 function. BioID 

does not give a definitive answer, but rather points towards a new direction of research, towards 

a new possible function that can be later investigated (Antonicka et al., 2020).  

  

https://www.protpi.ch/Calculator/ProteinTool
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 Results 

In order to detect any possible biotinylated interactors, the C12orf65 protein had to be linked 

to the promiscuous biotin-ligase from A. aeolicus (BioID2). This was achieved by transfection 

of the pcDNA5/FRT/TO plasmid containing C12orf65-BioID2-HA into the FlpIn TRex 

HEK293 cell line (performed by Mr. Reece Farren, MRes). This cell line contains two stable 

integrated plasmids: the pcDNA™6/TR plasmid, for the Tet repressor, and the pFRT/lacZeo 

plasmid, for a single Flp Recombination Target (FRT) site. When the C12orf65-BioID2-

HA/pcDNA5/FRT/TO is cotransfected with the pOG44 plasmid, the Flp recombinase 

expressed by the latter (O'Gorman et al., 1991) mediates the integration of the C12orf5-BioID2-

HA in the host genome, between the two FRT sites (Sauer, 1994). 

Successful integration was assessed by detection of the fusion protein in the host cells. The 

transfected cells were induced with 1 µg/ml tetracycline overnight and the fusion protein was 

identified by immunoblotting, via the HA tag. I was able to confirm that five clones showed 

HA expression (Figure 4-2, panels A and B).  

 

 

Figure 4-2. Determination of HA expression in C12orf65-BioID2-HA HEK cells 

To induce expression of the C12orf65-BioID2-HA protein, HEK 293T cells were cultured 

overnight with tetracycline (1 µg/ml final concentration, Tet). Cell lysates (50 µg) were 

prepared from induced, non-induced clones (CL1, CL2, panel A and 3,6,7 panel B) and the 

positive control (pos ctrl ind) and separated by 10% SDS-PAGE. Western analysis 

determined the expression of the fusion protein using anti-HA antibodies. Beta-actin (42 kDa, 

panel A) and SDHA (70 kDa, panel B) were used as loading controls.  MWM = molecular 

weight marker 

 

A B 
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The molecular weight of the fusion protein (46.3 kDa) was calculated using the SnapGene 

software (from Insightful Science; available at snapgene.com) by summing up the individual 

molecular weights of each component: C12orf65 (18.8 kDa), BioID2 (26.4 kDa) and HA tag 

(1.1 kDa). In all the five clones, the HA signal appears at the calculated molecular weight. I 

hypothesized that the two bands identified by the anti-HA antibody correspond to the cytosolic 

form (upper band, more intense) and mitochondrial form (lower band) of the fusion protein, as 

suggested by the presence of a cleavable 35 aa mitochondria-targeting sequence in the N-

terminus of C12orf65 (according to UniProt database, code Q9H3J6). Apart from this cleavage 

event, there is no other fragment to suggest a proteolytic response of the host cell.  

After identifying the five HA-expressing clones, I proceeded to their characterisation. As the 

C12orf65 function is not known, I was not able to determine whether the expression of the 

fusion protein would alter its function. Therefore, to assess whether C12orf65-BioID2-HA is 

physiological, I determined whether its characteristics overlap with what is already known 

about C12orf65. For this, I was interested in three main aspects: 

1. Is C12orf65-BioID2-HA imported into mitochondria? 

2. Is C12orf65-BioID2-HA targeted to the mitochondrial matrix? 

3. Is C12orf65-BioID2-HA integrated in the mitochondrial ribosome? 

To answer the first research question, cells were induced, and mitochondria were isolated from 

each of the five clones, lysed and analysed by western blot, using the anti-HA antibody. As 

control for cytosolic proteins, I kept the postmitochondrial supernatant (PMSN) and 

precipitated it with TCA. The percentage of PMSN loaded on SDS-PAGE, as compared to the 

total PMSN obtained, was equal to the percentage of mitochondria loaded, as compared to the 

total mitochondria obtained. To determine the isolation efficiency, I kept the final wash of 

mitochondria as one sample and precipitated it with TCA. To identify the cytosol, I used anti-

GAPDH or anti-Beta-tubulin. For mitochondria identification, I used antibodies for different 

mitochondria compartments: anti-TOMM20, anti-VDAC1 (OMM), anti-SDHA (IMM) and 

anti-MRPS26, anti-MRPL28 (matrix). 

As it can be observed in Figure 4-3, the HA signal accumulates in mitochondria for each of the 

five clones. The two bands are both present in the mitochondria fractions, but the HA signal is 

stronger in the lower band, suggesting that this band corresponds indeed to the C12orf65-

BioID2-HA that lost its N-terminal sequence after mitochondria import. By contrast, in the 
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cytosolic fraction (panels A and B), the signal is stronger in the upper band, corresponding to 

the non-cleaved isoform.  

For clones 1 and 2 (panel C), I was not able to resuspend the protein pellet resulted after TCA 

precipitation of PMSN. Instead, I used total cell lysate induced overnight as control, as this 

would contain both mitochondrial and cytosolic proteins. TCA precipitation also induced a 

curve in the migration front, corresponding to the PMSN sample (panel A, anti-Beta-tubulin; 

panel B, anti-HA). This disturbed shape persisted in the upper half of the SDS-PAGE, affecting 

the high-molecular weight proteins, but was corrected with gel migration and regained its linear 

form towards the end. As this observation stands only for PMSN samples and not for washes, 

I consider it is due to the high amount of proteins present. The lack of HA signal in the washes 

(except for lane 4, panel C) suggests that mitochondria were not lost during the procedure. 
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Figure 4-3. Mitochondria isolation from C12orf65-BioID2-HA HEK cells 

To induce expression of the C12orf65-BioID2-HA protein, HEK 293T cells were cultured 

overnight with tetracycline (1 µg/ml final concentration). Mitochondria were isolated only 

from induced cells (clones 6 and 7, panel A; clone 3, panel B; clones 1 and 2, panel C) and 

separated by 10% SDS PAGE. Western analysis determined the expression of the fusion 

protein using anti-HA. The HA-positive, double band, indicated by two arrows, represents the 

two forms of the fusion protein: cytosolic (upper band) and mitochondrial (lower band). Beta-

tubulin (50 kDa, panel A) and GAPDH (37 kDa, panels B and C) were used as cytosolic 

controls. M = mitochondria (1/3 of total sample volume, panel A; 50 µg panels B and C); 

PMSN = postmitochondrial supernatant, TCA precipitated (the volume loaded/total volume 

obtained = the mitochondria volume loaded/ total mitochondria obtained); W = wash, TCA 

precipitated (panels A and C, all sample loaded); CL = cell lysate (50 µg, panels B and C); 

MWM = molecular weight marker 

After confirming the mitochondrial localization, the next step in C12orf65-BioID2-HA 

characterisation was to determine the mitochondrial compartment where it is targeted. The 

A B 

C
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isolated mitochondria were subfractioned by proteinase K treatment and consecutive 

centrifugations (Figure 4-4).  

 

Figure 4-4. Cartoon depicting the steps of mitochondria subfractionation 

Mitochondria were isolated (A) and subfractionated as described in 2.3.7. The resulting 

fractions (B-E) were identified by western blotting with the antibodies from the central table; 

geometric shapes of various colours - cytosolic proteins; dark green disks – intermembrane 

space proteins 

 

Isolated mitochondria (A) were subjected first to a proteinase K treatment to remove the 

cytosolic proteins attached to the OMM (B), then to an osmotic shock to remove the OMM. 

The resulting mitoplasts (C) were treated with proteinase K to remove the intermembrane space 

proteins still attached to the IMM (D) then underwent an alkaline treatment to obtain the inner 

mitochondria membrane (E). Each mitochondria subfraction was identified by western blotting 

with specific antibodies. The first experiment showed that the HA signal is present in fractions 

A-D (Figure 4-5) but not in the IMM fraction, identified with the anti-NDUFS3 antibody (lane 

8). The proteinase K treatment removes the upper band of the HA signal and only the lower 

one is present up to fraction E, suggesting again that the fusion protein is cleaved after 

mitochondrial import. The presence of MRPS26 signal in the IMM (line 8) can be explained 

by the fact that the translating mitoribosome is attached to IMM via MRPL45 (Englmeier et 
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al., 2017) (Koripella et al., 2020). The band above MRPS26 (line 4) is NDUFS3, as the 

membrane was incubated first with anti-NDUFS3 antibody and then with anti-MRPS26.   

 

Figure 4-5. Example of mitochondria subfractionation of a C12orf65-BioID2-HA clone 

To induce expression of the C12orf65-BioID2-HA protein in clone 1, HEK 293T cells were 

cultured overnight with tetracycline (1 µg/ml final concentration). Mitochondria were 

isolated and subfractioned, the samples were separated by 10% SDS-PAGE and each fraction 

was identified by western blot with its corresponding antibodies. 

CL = cell lysate (60 µg); PMSN = postmitochondrial supernatant (volume PMSN loaded/total 

PMSN volume = volume of sample A/total mitochondria volume); MWM = molecular 

weight marker (kDa); starting material: 360 µg of isolated mitochondria; N=1  

 

As all the five clones had the same growth rhythm and there were no morphological differences 

between them, I decided to subfractionate them all, to identify whether any of them has a better 

expression of the fusion protein in mitochondria. The distribution of the HA signal among 

mitochondria compartments is consistent among the other four clones, similar to clone 1: 

present in the matrix, not present in the IMM (Figure 4-6).   

Clone 2 (bottom panel, left) had the lowest overall expression of HA and clone 6 (upper panel, 

left) had a strong HA expression in the PMSN. The clone with the lowest amount of cytosolic 

HA expression was clone 3 (bottom panel, right). The HA signal is almost non-distinguishable 

in the PMSN, and the upper band is fader comparing to the lower band. This is not caused by 

a technical error: by this stage, I was able to optimize the TCA precipitation and resuspension 

of the PMSN, as proved by the GAPDH signal (line 2). A weak HA signal was present in the 
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PMSN of clone 7 as well (upper panel, right) but the upper and lower bands had similar 

intensities in the isolated mitochondria. As my plan was to use the C12orf65-BioID2-HA cell 

model for identifying the interactors of C12orf65 by mass-spectrometry, it was imperative to 

use a clone in which the fusion protein is delivered to the matrix and does not accumulate in 

the cytosol, because this would increase the number of non-specific hits identified. Clone 3 

was the closest to this ideal situation, so I continued my experiments with it.  

 

 

Figure 4-6. Comparison between mitochondria subfractionation of different C12orf65-

BioID2-HA clones  

For subfractionation, mitochondria were isolated from C12orf65-BioID2-HA HEK cells 

(clones 6,7,2,3) induced with tetracycline (1 µg/ml final concentration, overnight);  

CL = cell lysate (60 µg); PMSN = postmitochondrial supernatant (volume PMSN loaded/total 

PMSN volume = volume of sample A/total mitochondria volume); MWM = molecular 

weight marker (kDa); starting material: 360 µg of isolated mitochondria; N=1 for each clone   
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Having established that C12orf65-BioID2-HA is targeted to mitochondrial matrix, I studied 

the interaction between this protein and the mitoribosome. Previous experiments have shown 

that C12orf65 does not associate with the ribosome (Iria Jimenez, unpublished data; 

Aleksandra Pajak, PhD thesis (Pajak, 2013)). To determine whether this is the case for the 

fusion protein, I separated the cell lysate on a 10-30% sucrose gradient and collected 11 

fractions. As observed in Figure 4-7, the highest amount of proteins is identified in fractions 1-

3 (Ponceau staining), corresponding to the soluble proteins, and decreases towards the bottom 

of the gradient. The HA signal is present in fractions 1-3 only, suggesting that the fusion protein 

is soluble in the matrix. MRPS26 and DAP3, used as markers for the small ribosomal subunit, 

both appear in fractions 4,5 and 6, typical for the assembled small subunit. MRPS26 also 

appears as soluble protein, prior to assembly (fractions 1-2). The fractions specific for the 

assembled large subunit are 6,7 and 8, and they are identified by the markers MRPL45 and 

ICT1. As with MRPS26, MRPL45 also consists of a free non-assembled pool (fractions 1-3). 

The other member of the mitochondria translation termination family, ICT1, appears in 

fractions 6 and 7 only, in accord with previous data proving it is a constituent of the 

mitoribosome large subunit (Brown et al., 2014, Richter et al., 2010b). Fractions 6 and 7 

suggest isolation of the monosome, as the markers for the small and large subunit overlap.  

The fact that C12orf65-BioID2-HA was not identified in any of the mitoribosomal fractions 

shows that the fusion protein is soluble in the matrix, like the C12orf65. 
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Figure 4-7. Sucrose gradient of C12orf65-BioID2-HA clone 3  

To induce expression of the C12orf65-BioID2-HA protein, HEK 293T clone 3 cells were 

cultured overnight with tetracycline (1 µg/ml final concentration). Cell lysate (700 µg) was 

separated on a 10-30% sucrose gradient and the fractions were identified by 10% SDS-

PAGE, using the indicated antibodies; a non-induced lysate (No Ind, 50 µg) and an aliquot of 

the input loaded on top of the sucrose gradient (50 µg) were used as negative and positive HA 

controls, respectively; 1/5 of total fraction volume (100 µl) loaded for each fraction; MWM = 

molecular weight marker (kDa); N=1 
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 Discussion 

Characterization of the C12orf65-BioID2-HA HEK clones showed that the fusion protein 

resembles the wild-type C12orf65 in terms of localization and matrix solubility. These are 

encouraging results, because they indicate that the cell model is suitable to use in the mass-

spectrometry experiments. BioID2 has already been successfully used in identifying novel bait 

interactors in: calcium regulation (Zheng et al., 2019), MAP (mitogen-activated protein)-kinase 

signaling (Prikas et al., 2020), inner mitochondria membrane from Trypanosoma brucei (Pyrih 

et al., 2020) and the parasitophorous vacuole membrane from Plasmodium falciparum (Nessel 

et al., 2020). In all those studies, however, the bait protein was bigger than the A. aelicus biotin-

ligase (molecular weights provided by UniProt): 49 kDa - PAD2, (Zheng et al., 2019), 41 kDa 

- p38α MAP-kinase, (Prikas et al., 2020), 55 kDa - ZapE1,(Pyrih et al., 2020), and 33 kDa - 

EXP2 (Nessel et al., 2020).  

One point of concern was that, although it is the smallest isolated biotin ligase, A. aeolius 

BioID2 (26 kDa) is still bigger than C12orf65 (19 kDa); this could possibly prevent the fusion 

protein from being imported into the mitochondria, despite the N-terminal MTS present on 

C12orf65. The subfractionation experiments showed this is not the case.  

Still, there was one obstacle that caused delays in my experiments: all the five C12orf65-

BioID2-HA HEK clones showed a poor growth phenotype. The cells needed 2-3 weeks to 

recover and repopulate a flask after defrosting. They grew slowly when split, comparing to 

other FlpIn HEK cell lines, including the COX8-MTS-BioID2-HA HEK cell line which only 

expresses the BioID2 targeted to the mitochondria. Also, they would lose the C12orf65-

BioID2-HA expression relatively quickly (3-4 months). Once tested positive for HA 

expression, I invested time in preparing multiple frozen stocks (5-6/clone) prior to conducting 

any experiment, in order to ensure the loss of expression will not affect my future work.  

To stimulate cells growth, I added 10% extra FBS in the flask and I used conditioned media 

when refeeding them. The conditioned media was culture media that had already been used by 

other HEK cells and needed to be changed; instead of discarding it, I recovered it, filtered it 

and used to feed the poorly growing cells in a 1:1 ratio with fresh supplemented media. In this 

way, the cells would benefit from additional secreted metabolites, growth factors (epidermal 

growth factor, platelet-derived growth factor) and  cytokines (interleukins) (Wickramasinghe, 
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1996). Those measures helped the cells recover and grow and I obtained enough material for 

the subfractionation experiment. 

Another attempt to improve their growth was to reuse the flasks; after observing the growth 

rate after splitting, I noticed that the cells plated in a new flask grew slower comparing to the 

same cells plated in a reused flask. Reusing flasks, however, increased the risk of infections 

and caused the cells to grow on top of the others, forming clumps. I decided not to reuse a flask 

for more than three times. 

This poor growth phenotype would suggest that the fusion protein interfered with cell 

physiology. Interestingly however, this phenotype appeared regardless of tetracycline-

induction. If the fusion protein were the cause for poor growth, then I would have expected 

only the induced cells to be affected and to see products of protease cleavage identified with 

the HA antibody. The western blot results showed no such presence, neither in the cytoplasm 

nor in the mitochondria. A possible explanation could be that the structure of the fusion protein 

was not accessible to the proteases. However, cleavage of the N-terminus sequence suggests 

that at least the mitochondrial MPP is active and that the presequence is recognizable and 

accessible. It also suggests that delivery of the fusion protein to the matrix respects the 

canonical import pathway via Tom22/Tom40-Tim23 (Gakh et al., 2002). 

The C12orf65-BioID2-HA cell line was suitable for the biotinylation experiment and mass-

spectrometry analysis. The cells express HA when induced, the fusion protein is localized to 

the mitochondrial matrix, there is cleavage of the mitochondrial targeting sequence and there 

is no interference in the mitoribosome assembly. However, because of the poor growth 

phenotype, I decided to generate an additional cell line and introduce a linker between the 

C12orf65 bait and the biotin-ligase. The linker could improve cell growth by allowing the bait 

and the enzyme to be more dynamic. Also, by comparing the interactors identified using the 

clone described in this chapter with the ones identified using the clone containing the linker, 

the chances of identifying true interactors increase. The generation and characterization of the 

linker cell line are presented in the next chapter.   
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C12orf65-Linker-BioID2-HA, a second cell model to investigate 

C12orf65 function using the BioID2 approach 
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 Introduction 

Although a very useful method to detect nuclear envelope interactors when using lamin-A as a 

bait (Roux et al., 2012), Kyle J. Roux’s group (Kim et al., 2016a) still considered that BioID 

could interfere with the bait localization. For this reason, they developed BioID2, which uses 

a 10 kDa smaller biotin-ligase and thus reduces steric hindrance, leading to a more precise 

localization of the fusion protein. In order to improve BioID2, the authors designed a flexible 

linker composed of 13 repeats of GGGGS, with a length of 25 nm. By introducing it between 

the bait protein and the biotin-ligase, they increased the biotinylation range, which lead to the 

identification of additional protein-protein interactions comparing to BioID2 alone. Using 

Nup43 as a bait, a component of the Nup107-160 subcomplex of the nuclear pore, they 

managed to detect two proteins of the central channel of the nuclear pore (Nup205 and Nup62) 

only after addition of the linker. The linker also seemed to confer more freedom of movement 

to the biotin-ligase, because the authors detected karyopherins as Nup43 interactors. 

Karyopherins are soluble proteins responsible for transporting different cargoes into (ex: 

transcription factors and histone deacetylases) or out (ex: tRNA, microRNA, mature mRNA 

molecules) of the nucleus (Mosammaparast and Pemberton, 2004). They are not constituents 

of the nuclear pore, so the authors presume they were biotinylated while passing through the 

pore central channel due to the occasional interaction with the biotin-ligase ((Kim et al., 2016a), 

Supplemental Table S2 of the reference).  

After considering the above-mentioned article, I decided to use the linker for my BioID2 

experiment for the following reasons: 

1. To identify more possible C12orf65 interactors 

2. To ensure the identification of any interactors, should the C12orf65-BioID2-HA protein 

be impaired by steric hindrance 

The addition of the linker lead to the identification of soluble, transient, relatively distant 

interactors of the Nup43 protein. Those are the exact type of interactions that I am interested 

about in regard to C12orf65, as C12orf65 itself is a soluble protein, that only transiently 

interacts with the mitoribosome. However, Nup43 is a 42 kDa protein embedded in a nuclear 

envelope complex, while C12orf65 is less than half of this size and is soluble. The presence of 

an attached biotin ligase could at worst prevent Nup43 incorporation and destabilize the nuclear 

envelope complex, but it could not affect its function, because this protein does not have an 
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active function apart from the structural one. It is not the case, as the authors show correct 

Nup43-Linker-BioID2 localization. But, when applying this pessimistic scenario to C12orf65, 

I realized that, if C12orf65-BioID2-HA could not perform the mysterious function that 

C12orf65 normally performs, then I would virtually obtain no interacting partners. The 

presence of the linker would impose a spatial distance between my protein of interest and the 

biotin-ligase, allowing both to perform their functions unhindered.  

The results obtained for C12orf65-BioID2-HA show that the fusion protein behaves similarly 

to the C12orf65, so I am inclined to expect significant hits both with and without linker. The 

only risk that the linker presence could create is an increased accessibility of the fusion protein 

to the action of proteases, leading to protein loss. However, Kim et al. did not find any abnormal 

proteolytic processing (Kim et al., 2016a), so I decided to develop a cell line expressing the 

C12orf65-Linker-BioID2-HA fusion protein. For this, I cloned the C12orf65 DNA fragment 

into a pcDNA5 plasmid containing Linker-BioID2-HA and transfected HEK 293T cells. 

Following clonal expansion, I selected a positive HA clone to test localization of the fusion 

protein and assembly of the mitochondrial ribosome.  

 Results 

With the aim of increasing the biotinylation range, a sequence linker formed of 13xGGGGS 

repeats (Amet et al., 2009) needed to be introduced between C12orf65 and BioID2, in frame. 

This would provide an approx. 25 nm extension of the original 10 nm BioID2 range (Kim et 

al., 2016a). The linker had to be cloned in such a manner that it does not interfere with C12orf65 

or with BioID2, which was possible by virtue of the pcDNA multiple cloning site (MCS). MCS 

contains the target sites of the restriction enzymes BamH1 and Xho1, which drove the entire 

cloning process (Figure 5-1). 

The goal was to clone the human C12orf65 gene upstream from the linker sequence in the 

Linker-BioID2-HA/pcDNA5/FRT/TO/ plasmid (Appendix-B, Figure Apx 2). For this, I 

digested the C12orf5-BioID2-HA/pcDNA5/FRT/TO plasmid using BamH1 and Xho1, which 

have cloning sites that flank the C12orf65 fragment at 5’ and respectively 3’ end. The BamH1 

(G/GATCC) and Xho1 (C/TCGAG) target sequences both produce compatible cohesive 

(sticky) ends (Newman and Schildkraut, 1995, Gingeras et al., 1978). The digestion produced 

a 500bp fragment corresponding to C12orf65, which was extracted from the agarose gel and 

used as insert in the ligation reaction (Figure 5-2). In order to obtain sticky ends compatible to 
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the C12orf65 fragment, the Linker-BioID2-HA/pcDNA5/FRT/TO/ plasmid was also digested 

using BamH1 and Xho1 and was further dephosphorylated to prevent re-circularization (Figure 

5-3).  

Ligation of the C12orf65 fragment into the Linker-BioID2-HA/pcDNA5/FRT/TO/ plasmid 

was possible due to the 5’ phosphate contained by the insert. The experiment was performed 

as described in 2.4.9, using a vector and no insert as control reaction. Ligation was followed 

by transformation of competent cells (2.2.2) and the ampicillin-resistant clones were expanded 

and screened for the C12orf65-Linker-BioID2-HA/pcDNA5/FRT/TO/ plasmid. The new 

plasmid was isolated (2.4.1) and digested using BamH1 and Xho1 to determine the presence 

of the C12orf65 fragment. Only one of the two initial Linker-BioID2-HA/pcDNA5/FRT/TO/ 

plasmid clones used for ligation proved successful and resulted in two new C12orf65-Linker-

BioID2-HA/pcDNA5/FRT/TO/ plasmid clones, identified by the 500 bp fragment (Figure 5-4).  

 

Figure 5-1. Cartoon depicting the cloning of C12orf65-Linker-BioID2-HA plasmid 

The C12orf65-BioID2-HA pcDNA5 plasmid was digested to obtain the C12orf65 DNA 

fragment. The latter was inserted in frame in the Linker-BioID2-HA pcDNA5 plasmid, 

upstream from the linker and the biotin-ligase sequence. 
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  Once the C12orf65-Linker-BioID2-HA plasmid was obtained, each clone was used to 

transfect the FlpIn TRex HEK293 cell line (2.1.7). The Flp recombinase expressed by the 

cotransfected pOG44 plasmid determined the insertion of the C12orf65-Linker-BioID2-HA 

into the host genome, by recognizing the FRT site situated on each of them. 

 

 

Figure 5-2. Production of the C12orf65 DNA fragment 

C12orf65-BioID2-HA pcDNA5 plasmid (clones 1 and 2) was digested using BamH1 and 

Xho1 restriction enzymes. Electrophoresis gel from panel A (1% agarose) depicts the short 

digestion performed to test the efficiency of the restriction enzymes and the identification of 

the C12orf65 fragment (500 bp). The undigested plasmid was used as negative control. Gel 

from panel B (1% agarose) depicts the electrophoresis of the double digest performed 

overnight and excision of the C12orf65 fragment (panel C). Gel from panel D (1% agarose) 

depicts the electrophoresis of the C12orf65 fragment isolated from the gel cut, the fragment 

appearing at 500 bp. The red coloration represents saturated signal. N=1  

D. 
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Figure 5-3. Digestion and dephosphorylation of the Linker-BioID2-HA pcDNA5 plasmid 

A. Each clone of the Linker-BioID2-HA pcDNA5 plasmid was restriction digested using 

BamH1 and Xho1 (3 h). The undigested plasmid (Un) was used as negative control. The 

digestion products were identified on a 1% agarose gel. The red coloration represents 

saturated signal. 

B. The products of the double digestion were dephosphorylated and purified by precipitation 

with phenol-chloroform, then visualised on a 1% agarose gel.  
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Figure 5-4. Digestion of the C12orf65-Linker-BioID2-HA pcDNA5 plasmid 

Each clone of the C12orf65-Linker-BioID2-HA plasmid was restriction digested using 

BamH1 and Xho1 (10 min). The undigested plasmid (Un) was used as negative control. The 

digestion products were identified on a 1% agarose gel. The arrows indicate the presence of 

the C12orf65 fragment (500 bp). The red coloration represents saturated signal. 

 

The transfected cells were selected by addition of HygromycinB (final concentration 100 μg/ml) 

and the Tet repressor was maintained with 10 μg/ml BlasticidinS (final concentration). Once 

the non-transfected cells were killed by the antibiotic treatment (negative control), the small 

colonies of transfected cells were expanded and tested for the presence of the C12orf65-Linker-

BioID2-HA fusion protein. Cells were induced with 1 µg/ml tetracycline overnight and the 

fusion protein was identified by immunoblotting, via the HA tag. I was able to confirm the 

presence of the HA signal in nine clones, with two of them showing leaky expression (lanes 3 

and 5, right panel, Figure 5-5). The signal is composed of two bands, with the upper band being 

more pronounced, suggesting a cytosolic and a cleaved mitochondrial isoform, similar to what 

was observed for C12orf65-BioID2-HA. Both bands were present in the leaky clones, non-

induced samples.  

The molecular weight of the fusion protein (50.4 kDa) was calculated using the SnapGene 

software (from Insightful Science; available at snapgene.com) by summing up the individual 

molecular weight of C12orf65-BioID2-HA (46.3 kDa) and the molecular weight of the linker 

(4.1 kDa). 
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Figure 5-5. Determination of HA expression in C12orf65-Linker-BioID2-HA HEK cells 

To induce expression of the C12orf65-Linker-BioID2-HA, HEK 293T cells transfected with 

either clone 1 or clone 2 of the C12orf65-Linker plasmid were cultured overnight with 

tetracycline (1 µg/ml final concentration, Tet). Cell lysates (50 µg) were prepared from 

induced and non-induced clones and separated by 10% SDS-PAGE. A C12orf65-BioID2-HA 

HEK lysate induced and previously tested was used as positive control for HA (pos ctrl). 

Western blot analysis determined the expression of fusion proteins (anti-HA). SDHA (70 

kDa) was used as loading control. The bands marked (*) indicate leaky expression. The white 

discoidal zone present at the bottom of the upper panel is an artefact caused by a defect in the 

white light channel used to acquire the molecular weight. MWM = molecular weight marker. 

N=1 for each clone 

In all the nine clones, the HA signal appears above the 48 kDa marker and above the C12orf65-

BioID2-HA signal (positive control), which is consistent to the calculated molecular weight. 

Apart from this, probing with the HA antibody revealed two additional signals: one at approx. 

75 kDa and a second one at 35 kDa. The 75 kDa signal was considered non-specific since it 

appears irrespectively of induction and can be observed in the positive control (lane 1, left 

panel). I ruled out the possibility of overlap with a previous antibody, because the anti-HA was 

the first one that the membrane was incubated with after blocking in 5% milk. 

The 35 kDa signal was the one that caught my interest, since it suggested a cleavage event 

specific to the C12orf65-Linker-BioID2-HA HEK (referred as Linker) clones only. It was 

absent from the positive control (Figure 5-5, lane 1, both left and right panel) and has not been 

detected previously, for any of the C12orf65-BioID2-HA clones. Although much weaker than 

in the induced clones, this signal was present in the leaky Linker clones too. Being identified 

with the anti-HA antibody suggests that the possible cleaved product contains the HA tag and 

the biotin ligase part of the fusion protein. However, the molecular weight of this signal is 

higher than the size of BioID2 (approx. 26 kDa).  
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An important question was whether this 35 kDa product was transported to the mitochondria 

or remained in the cytosol. To address this, I selected the most robust Linker clone (clone 9) 

and used it for mitochondria isolation. The clone 9 cells were induced, mitochondria were 

isolated and lysed, then analysed by western blot, using the post mitochondrial supernatant as 

cytosolic control. The cytosol was identified using anti-GAPDH and mitochondria with anti-

VDAC1. Probing with the anti-HA antibody showed that the possible cleavage product remains 

in the cytosol (Figure 5-6, panel A). This result was encouraging, because it showed that the 

Linker clone could be used for the BioID experiment and subsequent mass-spectrometry 

analysis without the risk of possible false interactors given by the cleavage product.  

Figure 5-6. Isolation and subfractionation of mitochondria from C12orf65-Linker-

BioID2-HA HEK cells 

A. Mitochondria were isolated from C12orf65-Linker-BioID2-HA clone 9 HEK293T cells 

induced with tetracycline (1 µg/ml final concentration, overnight). Samples were separated 

by 10% SDS-PAGE and probed with antibodies for the fusion protein (HA), mitochondria 

(VDAC1) and cytosol (GAPDH). Volumes of PMSN (TCA precipitated) and mitochondria 

loaded per well were 1/6 of total volumes obtained; N=1 

B. Subfractionation of mitochondria isolated from C12orf65-BioID2-HA clone 9 HEK cells 

induced with tetracycline (1 µg/ml), overnight; samples were separated by 10% SDS-PAGE 

and probed with the corresponding antibodies; PMSN = postmitochondrial supernatant, TCA 

precipitated (volume PMSN loaded/total PMSN volume = volume of sample A/total 

mitochondria volume); starting material: 360 µg of isolated mitochondria; MWM = molecular 

weight marker (kDa); CL = cell lysate; N=1  

 

 

A. B. 
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Mitochondria isolation was also a first step in the Linker clone characterization. As for 

C12orf65-BioID2-HA, in order to use it for the identification of C12orf65 interactors, I had to 

determine whether the Linker clone is physiological, meaning that the Linker fusion protein 

behaves as what is known about C12orf65. As seen in Figure 5-6, panel A, the HA signal of 

the Linker clone is present in the mitochondria and the upper band corresponds to the cytosolic 

fraction of the protein. This result is reiterated by the subfractionation experiment (Figure 5-6, 

panel B) which shows that the Linker fusion protein is targeted to the mitochondria matrix. The 

lower band is the one present in the matrix, suggesting that the N-terminus is cleaved upon 

mitochondria import.  

In the last step of characterization, I studied the interaction between the Linker protein and the 

mitoribosome. I induced the cells, separated the cell lysate on a 10-30% sucrose gradient and 

collected 11 fractions. I analyzed them by western blot and probed the membrane first with the 

anti-HA antibody, then with antibodies corresponding to the small mitoribosomal subunit 

(MRPS26, DAP3) and the large mitoribosomal subunit (MRPL45, ICT1). As shown in Figure 

5-7, the HA signal appears predominantly in fractions 1-3, corresponding to the soluble 

proteins, and only a small amount appears in fraction 4. MRPS26 and DAP3 appear mostly in 

fractions 4 and 5, specific for the small subunit, while MRPL45 and ICT1 appear in fractions 

6 and 7, specific for the large subunit. In the case of MRPL45, a pool of non-assembled protein 

can be observed in fraction 1. Fraction 6 suggests the presence of the monosome. These results 

show that the fusion protein does not affect the pattern of migration of the mitoribosome 

subunits, suggesting it does not interfere with subunits assembly. 

The results obtained during the process of C12orf65-Linker-BioID2-HA characterization are 

consistent with the C12orf65-BioID2-HA results and with what is known so far about 

C12orf65: the fusion protein is targeted to the mitochondria matrix after cleavage of the N-

terminal signal and does not integrate in the mitoribosome.   
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Figure 5-7. Sucrose gradient of C12orf65-Linker-BioID2-HA clone 9 

C12orf65-Linker-BioID2-HA clone 9 HEK293T cells were induced (tetracycline 1 µg/ml, 

overnight), lysed and the lysate (700 µg) was separated on a 10-30% sucrose gradient. The 

fractions were analysed by 12% SDS-PAGE and identified using the indicated antibodies. A 

non-induced lysate (No Ind, 50 µg) and an aliquot of the input loaded on top of the sucrose 

gradient (50 µg) were used as negative and positive controls, respectively; 1/5 of total 

fraction volume (100 µl) loaded for each fraction; MWM = molecular weight marker (kDa); 

N=1 

 

 Discussion 

Characterization of C12orf65-Linker-BioID2-HA suggests, as in the case of C12orf65-BioID2-

HA, that the fusion protein reproduces the results available so far on C12orf65: it is soluble, 

has a cleavable mitochondrial targeting sequence (Kogure et al., 2012), localizes to 

mitochondrial matrix and does not interfere with mitoribosome assembly (Pajak, 2013, 

Wesolowska,  2015). On this basis, the clone was suitable to be used for the mass-spectrometry 

experiment that would lead to identification of C12orf65 interactors.  

Still, there are two differences between the C12orf65-Linker-BioID2-HA and the C12orf65-

BioID2-HA that need to be addressed.  
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First, the phenotype differs because the Linker clone has a higher viability and growth rate and 

forms less clumps in culture. As mentioned in Chapter 4, the C12orf65-BioID2-HA clones had 

a slow growth rate and a poor recovery rate after defrosting, which led to increased risk of 

infections. This was not the case with C12orf65-Linker-BioID2-HA clone 9 (‘Linker’ clone). 

After transfection, the resulting Linker clones had indeed different speeds of growth and 

different recovery rates when moved from one dish to another. This provided the possibility to 

visually assess them and decide that clone 9, the fastest clone to grow that did not present 

leakage of expression, would be the best to use for further experiments (Figure 5-8). The 

phenotypic difference between the Linker clones can be attributed to the cell recovery after 

transfection. 

Second, all the Linker clones show the presence of a cleavage product upon induction, which 

was not the case for C12orf65-BioID2-HA. This cleavage product, which appears in the non-

induced leaky clones as well, is retained in the cytosol and is identified via the HA antibody, 

suggesting that the cleavage occurs between the C12orf65 and BioID2-HA moieties of the 

fusion protein. It could also be the reason why the Linker clones grew better than the C12orf65-

BioID2-HA ones. Although BioID2 has been successfully used, the technique is ultimately 

based on the expression of a bacterial protein inside a HEK cell line. The bacterium (A. 

aeolicus) is different from any commensal or pathogenic bacteria that a human cell might 

encounter: it is thermophilic (best growth conditions: 95 °C), chemoautotrophic (grows on 

hydrogen, oxygen, carbon dioxide, and mineral salts) and not able to grow on organic substrates 

(sugars, amino acids, extracts from meat or yeast) (Deckert et al., 1998). Although only one 

protein from this bacterium is expressed in the cell, and it is in a mutant form, there is still a 

possibility for a cellular feedback, a recognition of BioID2 as ‘non-self’, followed by an 

attempt to degrade it. 

The linker provides a physical separation between C12orf65 and BioID2, which could allow 

the action of proteases, with partial degradation of the fusion protein becoming the 

physiological response of cells to artificial expression. In C12orf65-BioID2-HA case, steric 

hindrance possibly impedes the action of proteases, imprisoning the cell in a feedback loop that 

exhausts it of energy, causing a slower growth. Without a degradation product present, the cell 

might continue to synthetize proteases, or redirect the already active ones, in an attempt to 

degrade the fusion protein, which would require a high amount of ATP.  
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Figure 5-8. Examples of different phenotypes observed in Linker clones 

HEK293T Linker clone cells were grown in a 6 well plate and photographed at the same time 

using a bright-field microscope. N=1 per clone  

 

The size of the degradation product (35 kDa) in Linker clones is interesting. It was expected 

that the linker would be the main target of proteases, as it is flexible and easily accessible. 

Proteolytic cleavage would lead to the separation of C12orf65 and BioID2-HA, the latter being 

identified by the HA antibody. In this scenario, however, the BioID2-HA molecular weight 

would be approx. 27 kDa (the sum of 26 kDa - BioID2 and 1 kDa - HA,), which is far less than 

2 3 

8 11 

14 9 
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what is seen on the western blot results. If the proteases cut right between C12orf65 and linker, 

adding the linker molecular weight (4 kDa) to the BioID2 moiety, the resulting product of 

degradation would still be light comparing to what is observed. The only possibility was that 

the proteases acted somewhere inside the C12orf65 moiety.  

In order to see which is the most probable target site and which are the proteases responsible 

for cleavage, I used CleavPredict, an online tool developed by Cieplak and Strongin (Cieplak 

and Strongin, 2017). I preferred it to the typical cleavage sites predictor PeptideCutter from 

ExPASy (https://web.expasy.org/peptide_cutter/), frequently used in mass-spectrometry, 

because CleavPredict is specific to matrix metalloproteinases, while PeptideCutter uses 

bacterial and digestive enzymes. An extensive characterisation of the proteases expressed by 

HEK cells showed that matrix metalloproteinases are the typical proteases in this cell type, 

with MMP-2 being the most abundant, followed by MMP-1, -2, -3, -8, -9, -10 and -13 (Liu and 

Wu, 2006).  

CleavPredict predicts the cleavage sites of 11 matrix metalloproteinases (MMP-2, -3, -8, -9, -

10, -14, -15, -16, -24, -17, and -25) for a given primary protein sequence. For each MMP, the 

programme returns the predicted target sites, a prediction score for each site (the higher the 

score, the higher the probability that the target site is true) and the molecular weights for the 

N- and for the C-terminus cleavage products. Based on this, I imported the FASTA sequence 

of C12orf65 (UniProt ID Q9H3J6) and used it against each of the 11 MMPs on CleavPredict. 

For each predicted cleavage site, I summed the molecular weight of the C-terminus cleaved 

product to the molecular weight of BioID2-HA. To ensure that the molecular weights given by 

CleavPredict are correct, I checked the resulting aa sequences with ProtParam tool from 

ExPASy (https://web.expasy.org/protparam/).  

I concluded that the cleavage site most probable is 110, because it would give me a C-terminus 

peptide of 10.8 kDa, which added to BioID2-HA gives the closest molecular weight to the 35 

kDa. That would mean that approx. 30% of C12orf65 (166 aa length) before the linker sequence 

is cut (Figure 5-9). 

The next step was to sort the possible MMPs that cleave at site 110 based on scores, highest to 

smallest, and check the intracellular localization of each (Table 5-1).  

https://web.expasy.org/peptide_cutter/
https://web.expasy.org/protparam/
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Figure 5-9. C12orf65 primary sequence 

FASTA sequence of the C12orf65 isoform 1 (identifier: Q9H3J6-1), chosen as the canonical 

sequence. Red arrow indicates the position of the predicted cleavage site and the protease 

target sequence appears underlined. 

 

Table 5-1. Predicted MMPs for C12orf65 

Name Score Mass (kDa) Localization (UniProt) 

MMP-9 1.72 92 extracellular matrix 

MMP-14 1.46 66 cell membrane, cytoplasm 

MMP-8 1.05 53 stored in intracellular granules, extracellular matrix 

MMP-15 1.03 76 cell membrane 

MMP-2 0.88 72 

isoform 2 is mitochondrial; extracellular matrix, 

nucleus 

MMP-25 0.31 62.5 extracellular matrix; cell membrane 

 

 Based on this analysis, I considered that MMP-14 would be the best candidate to cleave at 

position 110, because it is cytoplasmic, has the second-highest prediction score and is the 

smallest after MMP-8. Based on its molecular weight, the MMP-14 has a radius of 2.5-3 nm 

(Erickson, 2009), which would fit in the 25 nm offered by the linker sequence, even if more 

than one molecule would attack the fusion protein at once. I eliminated MMP2 because there 

is no cleavage product observable in the mitochondria.  

The fact that the potential cleavage site is deep inside the C12orf65 protein can be explained 

by two possibilities: the specificity of the protease target sequence and the inaccessibility of 

the late C-terminus aa. In the absence of the protein structure, I cannot draw any conclusions 

about the C-terminus. The only available C12orf65 structure, incomplete, comes from Mus 

musculus (Kogure et al., 2012), and lacks the aa from position 110 onwards (total length being 

184 aa, UniProt ID Q80VP5)  
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Despite the cleavage product, C12orf65-Linker-BioID2-HA cell line proved to be a reliable 

model to use for the study of C12orf65 interactors. The robust growth rate meant it would 

provide a good amount of starting material and the biological characteristics of the fusion 

protein (matrix localization, MTS cleavage, canonical distribution of the 55S subunits on 

sucrose gradients) suggested it would help identify valid interactors. Therefore, the Linker 

clone was used for the BioID2 experiment, in which possible C12orf65 protein interactors were 

biotinylated and identified by mass-spectrometry, as detailed in the following chapter.  
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Identification of C12orf65 protein interactors by BioID2 
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 Introduction 

Following characterisation of the fusion protein, the C12orf65-BioID2-HA and C12orf65-

Linker-BioID2-HA HEK clones were used for biotinylation experiments and identification of 

C12orf65 protein interactors by mass-spectrometry. Using both BioID2 clones increases the 

chances to find valid interactions as opposed to random matrix proteins. Considering the 

successful application of the BioID2 technique to a wide variety of proteins in recent years, 

there was a high probability to identify C12orf65 interactors using the same technique, and 

understand its function starting from them. 

BioID2 was developed from BioID, a technique that brought benefits to the study of protein-

protein interactions (Roux et al., 2012). By fusing a protein of interest (bait) with a promiscuous 

mutant of E. coli biotin-ligase, researchers can identify interactors (preys or hits) that were 

previously obscure due to the limitations of traditional methods. Methods such as affinity 

purification and yeast-2-hybrid were not suitable for in vivo experiments and required a 

physical interaction between bait and prey (Kim and Roux, 2016). In contrast, BioID is applied 

in living cells and allows identification of both physical as well as transient interactions that 

occur under a 10 nm biotinylation range. The preys are captured via streptavidin interaction 

and analysed by mass-spectrometry (Roux et al., 2012). The technique circumvents the 

necessity of bait solubilization and has already been successfully used by several groups for 

interactors identification in different cell and organism models, last reviewed by Sears et al. 

(Sears et al., 2019).  

BioID2 came as an improvement of BioID (Kim et al., 2016a) and used a different bacterium 

for generation of the mutant biotin ligase (A. aeolicus). This biotin ligase is 10 kDa smaller 

than the one used in BioID, which decreased the risk of steric hindrance with the bait. The 

addition of a linker formed by a sequence of 13x GGGGS repeats increased bait flexibility as 

well as the biotinylation range. The use of BioID2 spread rapidly in the scientific community, 

and, recently, the technique was applied to study various aspects of human cell biology, from 

cancer (Zheng et al., 2019) and immunology (Anczurowski et al., 2019, Prikas et al., 2020) to 

axonal regeneration (Gong et al., 2020) and cytosolic translation (Smejda et al., 2021).  

The baits used in BioID2 are diverse, as they can be soluble or transmembrane proteins. Gong 

et al. used BioID2 to study the receptor protein tyrosine phosphatase PTPRσ, a transmembrane 

protein involved in axonal regeneration(Gong et al., 2020). PTPRσ substrates were not 
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completely characterized, but by fusing it with BioID2-HA, the authors were able to identify 

100 interactors, including some previously reported (cortactin) with traditional methods. The 

identification of both known and unknown interactors indicates that the technique is reliable. 

Moreover, by using a bait protein with a clear function (dephosphorylation of tyrosine), the 

authors show that function is not affected by the presence of biotin-ligase.  

The soluble proteins used as baits in BioID2 studies also had a known function, and few known 

interactors in human cells. BioID2 was employed to expand the level of knowledge currently 

available regarding them, rather than to indicate a function. For example, Zheng et al. 

succeeded in the identification of  novel binding partners for PAD2 (protein arginine deiminase 

2), a transcription factor involved in breast cancer, for which the mechanism of transport to the 

nucleus was unknow (Zheng et al., 2019). The two novel interactors (ANXA5 and Ran) helped 

uncover this mechanism and were further validated by immunoprecipitation. Moreover, 

BioID2 was efficiently utilized to study the MAP (Mitogen-activated protein) kinase p38α 

(Prikas et al., 2020) interactors, leading to the identification of both new (XPA and MTA1) and 

previous known interactors. In this particular case, the interactors revealed an additional 

unexpected role for p38α - transcription regulation (Prikas et al., 2020) as part of the DNA 

damage response caused by UV.  

The use of BioID2 is not restricted to human cells. The technique was adapted to very different 

organisms, including Drosophila sp. (Mazina et al., 2020), plants (Arora et al., 2020, Huang et 

al., 2020) and an in-vivo BioID2 mouse model to study the cardiac diad (Feng et al., 2020). 

The study of parasitic protists has also benefitted from this approach. Several BioID2 protocols 

were developed for Plasmodium falciparum (Nessel et al., 2020), Toxoplasma gondii (Bradley 

et al., 2020) and Trypanosoma brucei (Pyrih et al., 2020). Notably, in Plasmodium falciparum, 

the initial protocol that involved BioID failed due to the size of BirA (35 kDa). The bait (EXP2, 

part of the PTEX complex involved in transport between the parasite and the host erythrocyte) 

was small (33 kDa) and the BirA from A. aeolicus (26 kDa) proved to be more suitable (Nessel 

et al., 2020).  

In Trypanosoma brucei, BioID2 was used to study parasite’s mitochondria and involved the 

fusion of the biotin-ligase with several mitochondrial baits: an ATPase located in IMM, a 

chaperone involved in Fe-S cluster assembly or an mtDNA ligase associated with mtDNA 

replication in this parasite. The authors identified new mitochondrial proteins with previously 



155 
 

unknown localization and revealed an interaction between the ATPase ZapE and mitochondrial 

insertase Oxa1 that leads to the destabilization of the respiratory chain.  

Regarding the study of mitochondria, BioID2 lead to successful results not only in 

Trypanosoma brucei, but also in human cells. Two recent studies investigated protein 

interactions in the mitochondrial matrix of HEK cells using protein kinase A (Ould Amer and 

Hebert-Chatelain, 2020) and respectively C-Src kinase (Guedouari et al., 2021) as a bait. The 

publications report 21 mitochondrial interactors of protein kinase A and 51 for C-Src kinase, 

including both known and novel interactors for each case. TIMM44 was validated by 

coimmunoprecipitation as a physical interactor of protein kinase A (Ould Amer and Hebert-

Chatelain, 2020), while ATP5β and SLP2 were found to directly bind C-Src kinase (Guedouari 

et al., 2021). The two studies provide new insights into matrix phosphorylation and suggest 

new functions of mitochondrial kinases in altering cristae structure (via ATP5β and SLP2). 

Importantly, in both cases, fusion with BioID2 did not affect the enzymatic function: the bait 

was correctly localized to mitochondria, cell respiration was not affected, and the biotin-ligase 

was functional.  

When referring to mitochondria proximity mapping, the seminal work of Antonicka and 

colleagues (Antonicka et al., 2020) is the source of information for all mitochondria 

compartments. The authors used BioID (with the biotin-ligase from E. coli) to identify 

interactors for 100 mitochondrial baits that belong to OMM, IMM, IMS or matrix, as well as 

to characterize the mitochondrial environment by targeting the biotin-ligase to the matrix. All 

the bait-prey interactions described point towards a possible function for mitochondrial orphan 

proteins.   

The mitochondrial protein C12orf65 is an interesting bait to use for BioID2 experiments, 

different from all the baits mentioned before. C12orf65 is soluble in the mitochondria matrix, 

as opposed to the membrane proteins PTPRσ (Gong et al., 2020) and EXP2 (Nessel et al., 

2020). If it were part of a membrane complex, several physical interactors could have been 

identified so far, but this is not the case. C12orf65 is not an enzyme, like the protein kinase A 

and C-Src kinase (Ould Amer and Hebert-Chatelain, 2020, Guedouari et al., 2021), and has no 

dephosphorylation activity, like PTPRσ. Thus, there is no substrate that could be used to assess 

the physiology of C12orf65-BioID2 clones. For enzymes, the impact of BirA conjugation is 

determined by measuring the enzyme activity, but this is not possible for C12orf65. This 

protein does not belong to any well-described molecular cascade, like MAP kinase p38α 
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(Prikas et al., 2020) or PAD2 (Zheng et al., 2019), and has no interactors identified by 

immunoprecipitation.  

However, BioID2 can still be successfully applied to C12orf65. Although indirectly, the above-

mentioned articles bring arguments in favour of its use, because they all have in common two 

positive aspects: 

1. BioID2 correctly identifies protein-protein interactions  

2. Bait function is not affected by fusion with BirA 

When the bait had well-described interactors, they were also identified by BioID2 (Mazina et 

al., 2020, Gong et al., 2020, Pyrih et al., 2020, Huang et al., 2020). When BioID2 identified a 

novel interactor, it was further validated by coimmunoprecipitation (Zheng et al., 2019) (Ould 

Amer and Hebert-Chatelain, 2020, Guedouari et al., 2021) or immunofluorescence (Prikas et 

al., 2020). Although it is likely that C12orf65 interactors are transient and therefore not suitable 

to be validated by immunoprecipitation, they could still be ‘true’ interactors, that provide 

valuable insight into protein function. When Pyrih et al. identified a transient interaction 

between their bait and prey, they depleted the bait to show a functional interaction (Pyrih et al., 

2020).   

Regarding the conjugation with a bacterial biotin-ligase, there are no reports that BioID2 would 

affect the bait function (Gong et al., 2020, Ould Amer and Hebert-Chatelain, 2020, Guedouari 

et al., 2021). Although these results cannot be completely extrapolated to C12orf65, they 

provide a good indication that its function should not be affected. The addition of the 13x 

GGGGS repeats linker further decreases this possibility. The characterization of C12orf65-

BioID2 and C12orf65-Linker-BioID2 clones (described in Chapter 4 and Chapter 5) indicated 

a natural behaviour of the bait: the fusion protein was targeted to the mitochondrial matrix after 

cleavage of the N-terminal sequence and the mitoribosome presented a normal distribution of 

the large and small subunits on the sucrose gradients.   

Therefore, I proceeded to the investigation of C12orf65 specific interactors via mass-

spectrometry. For this, I treated the clones with biotin (50 µM, 17 h) prior to harvesting, 

isolated mitochondria, then pulled down the biotinylated proteins with magnetic beads coated 

with streptavidin. The prey proteins were digested off the beads and analysed by mass-

spectrometry. Based on the results obtained when the method was developed, which show the 

biotin-ligase is capable of self-biotinylation (Kim et al., 2016a), it is possible to obtain 



157 
 

C12orf65 among the hits, together with its interactors (Figure 6-1). The non-specific interactors 

would be identified in the control cells (COX8-MTS-BioID2-HA). 

As my research hypothesis is that C12orf65 rescues mitoribosomes that stall during translation, 

I would expect to find mitoribosomal proteins among the specific interactors. I could map those 

interactors on the mitoribosome structure and define the region where C12orf65 is most likely 

to bind. 

The plan was to split the experimental work between my host lab in Newcastle and Prof. Hans 

Spelbrink’s lab in Nijmegen, the Netherlands. My sponsor requested that all fellows have an 

exchange in another lab from the network (secondment). Because the mass-spectrometry 

facility in Nijmegen was performant and well-equipped, and Prof. Spelbrink’s group had 

experience with BioID2, I decided to perform the streptavidin pull-down and mass-

spectrometry there, thus fulfilling the request from my sponsor. Cell growth and mitochondria 

isolation were performed in Newcastle for all samples, and isolated mitochondria were sent to 

Nijmegen on carbonic ice.  

Prior to the Nijmegen secondment, I performed a single BioID2 experiment in Newcastle, using 

Prof. Mattias Trost’s mass-spectrometry facility, to check whether mitochondrial proteins 

(other than carboxylases) can be identified using this technique. After the Nijmegen 

secondment, because the results obtained there were not satisfactory, I repeated the BioID2 

experiment two times in Newcastle, hoping to identify more interactors. The manner the 

samples were prepared for mass-spectrometry was not very different between the two centres. 

It included small adjustments required by the mass-spectrometrists based on the protocols 

developed in each centre (as described 2.6.2 in and 2.6.3). The biotinylated proteins identified 

in Newcastle and Nijmegen are detailed in the Results section of this chapter.         
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Figure 6-1. Application of the BioID2 principle to study C12orf65 

C12orf65 (orange) was attached to the promiscuous biotin-ligase from A. aeolicus (green). 

The rationale was that, while C12orf65 performs its unknown function, the biotin ligase adds 

biotin to the proteins C12orf65 interacts with, proteins that can then be isolated and identified 

by mass-spectrometry.   

A: Upon biotin treatment (red), this enzyme biotinylates the proteins with which C12orf65 

transiently interacts along a 10 nm radius. Insertion of a linker (13xGGGGS repeats) 

increases the radius to 25 nm, allowing detection of additional proteins (light grey) 

B: Biotinylated proteins bind to streptavidin-coated magnetic beads and are digested with 

trypsin prior to mass-spectrometry analysis; figures made using www.biorender.com  

 

 

B 

A 

http://www.biorender.com/
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 Results 

6.2.1 Non-specific biotinylation versus endogenously biotinylated proteins 

After verifying that C12orf65-BioID2-HA and C12orf65-Linker-BioID2-HA are correctly 

distributed to the mitochondrial matrix and do not interfere with the mitoribosome, it was 

necessary to confirm that the biotin-ligase is functional. For this, I induced the cells with 

tetracycline (1 µg/ml, 24 h) and fed them biotin (50 µM, 16 h), then lysed them, and separated 

the lysate by western blot. I probed the membrane first with streptavidin coupled to horseradish 

peroxidase (HRP) to test for biotinylation, then with the anti-HA antibody to test for protein 

expression. I decided to use the streptavidin-HRP first to check for any potential self-

biotinylation.  

As shown in Figure 6-2, biotinylation occurred only upon biotin addition, identified by the 

smear signal resulted from the streptavidin-HRP incubation (lanes 4, 9 and 13). This smear 

contains distinct bands that appear at the same position with the bands resulted from HA 

incubation, indicating that the fusion proteins self-biotinylate.  

Interestingly, streptavidin-HRP identifies a strong band at 35 kDa, corresponding to the 

C12orf65-Linker-BioID2-HA specific band described in the previous chapter, which seems to 

be a cleavage product that remains in the cytosol. This band only appears in the biotin-treated 

and induced sample and is also identified with the HA antibody (lane 13), suggesting that the 

cleavage product contains an active biotin-ligase. The HA antibody also identifies the 35 kDa 

band in the induced sample not treated with biotin (lane 12), which implies that biotinylation 

is dependent of additional biotin.  



160 
 

 

Figure 6-2. Biotin induces non-specific biotinylation in BioID2 clones 

COX8-MTS, C12orf65 (C12) and C12orf65-Linker (C12-Linker) BioID2 clones were 

induced and fed with biotin prior to lysis and separation on SDS-PAGE. Full arrows indicate 

a possible self-biotinylation and dashed arrows indicate the possible cleavage product 

previously identified for C12orf65-Linker-BioID2-HA. Approx. 50 µg/well; 10% resolving 

gel; N=1 

 

The strong bands above 75 kDa, visible with streptavidin-HRP on all samples, correspond to 

endogenous biotinylated proteins, most likely carboxylases. Carboxylases are enzymes that use 

biotin as cofactor to introduce a new CO2 to organic compounds; in the presence of ATP and 

Mg2+, they transfer the CO2 from a bicarbonate ion to biotin, and from biotin to their substrate  

(Knowles, 1989). Five such enzymes have been discovered in mammalian cells (Table 6-1): 

acetyl-CoA carboxylase (ACC) 1 (alpha) and 2 (beta), pyruvate carboxylase (PC), propionyl-

CoA carboxylase (PCC), and 3-methylcrotonyl-CoA carboxylase (MCC).Apart from ACC1 

which is cytosolic, all are mitochondrial (Kirkeby et al., 1993, Waldrop et al., 2012). 

PCC and MCC are mitochondria catabolic enzymes: PCC degrades odd chain fatty acids and 

amino acids (isoleucine, threonine, methionine, and valine, (Kalousek et al., 1980)), while 

MCC is specific for leucine and isovaleric acid (Chu and Cheng, 2007). Each enzyme is formed 

by alpha and beta subunits, with only subunit alpha having biotin affinity; this explains why 

the non-specific streptavidin-HRP signal in Figure 6-2 does not appear between 48-63 kDa 
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(lines 1-3, 6-8, 10-12). The bands that appear at 75 kDa could correspond to the alpha subunit 

of PCC; although its absolute molecular weight is 80 kDa (according to the UniProt database), 

purification of the subunit from human cells showed that, in native state, it weighs less: 72 kDa 

(Kalousek et al., 1980). For MCC, the observed molecular weight is 80 kDa (Grünert et al., 

2012).  

Table 6-1. Mammalian biotin-dependent carboxylases 

Name Subunit 

E.C. 

number 

Cell 

compartment  

MW 

(kDa) Function 

 

Reference 

Acetyl-CoA 

carboxylase 1 - 6.4.1.2 

cytosol, 

mitochondria 265 

fatty acid 

biosynthesis 

(Abu-

Elheiga et 

al., 1995, 

Rath et al., 

2021) 

Acetyl-CoA 

carboxylase 2 - 6.4.1.2 

mitochondria 

outer 

membrane 280 

inhibits  

fatty acid                      

β-oxidation 

(Kim et al., 

2007, Abu-

Elheiga et 

al., 2000) 

Propionyl-

CoA 

carboxylase  alpha 6.4.1.3 

mitochondria 

matrix 80 

catabolism of 

odd, short chain 

fatty acids 

(Frenkel 

and 

Kitchens, 

1975) 

  beta 6.4.1.3 

mitochondria 

matrix 58 

catabolism of 

odd, short chain 

fatty acids 

(Kalousek 

et al., 1980) 

Methyl 

crotonyl-CoA 

carboxylase  alpha 6.4.1.4 

mitochondria 

matrix 80 

L-leucine 

degradation 

(Murín et 

al., 2006) 

  beta 6.4.1.4 

mitochondria 

matrix 61 

L-leucine 

degradation 

(Stadler et 

al., 2005) 

Pyruvate 

carboxylase - 6.4.1.1 

mitochondria 

matrix 130 gluconeogenesis 

(Böttger et 

al., 1969) 

 

The strong streptavidin-HRP signal that accumulates at the top of the membrane, above 135 

kDa, could represent acetyl-CoA carboxylases 1 and 2, with 265 and respectively 280 kDa 

(Witters et al., 1994). As they have big molecular weights, of close values, it is likely that the 

10% resolving gel did not allow their separation, which resulted in the saturated blobs at the 

top of the membrane. ACC is a rate-limiting step enzyme for fatty acids synthesis: it converts 

acetyl-CoA to malonyl-CoA, which provides a two-carbon unit necessary for the synthesis. It 

was considered cytosol specific, but is currently listed as mitochondrial matrix protein in 

human Mitocarta 3.0 (Rath et al., 2021). ACC2 is anchored to the OMM and inhibits β-
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oxidation by producing malonyl-CoA, which inhibits the carnitine palmitoyl transferase I 

involved in the transport of long-chain fatty acids to the mitochondria (Murthy and Pande, 

1987).  

Apart from carboxylases, there are several other proteins that can temporarily bind biotin:  

biotin transporters, biotinidase, and histones. As mammalian cells do not synthesize biotin, 

they have developed specific transporters that import it from the environment, like the sodium-

dependent multivitamin transporter (SLC5A6 gene, 68.6 kDa (Vadlapudi et al., 2012), 

(Schwantje et al., 2019)) or monocarboxylate transporter 1 (SLC16A1 gene, 54 kDa, 

(Daberkow et al., 2003)). Biotinidase (EC 3.5.1.12, 61 kDa) is a biotin recycling factor and 

carrier, responsible for biotinylation of histones (Hymes and Wolf, 1999). As part of gene 

regulation, there are multiple lysine sites where biotin is attached via an amide bond (Stanley 

et al., 2001) to histones H2A (14.3 kDa, (Chew et al., 2006)), H3 (15 kDa, (Kobza et al., 2005)) 

and H4 (11.4 kDa, (Camporeale et al., 2004)). None of those temporarily biotinylated proteins 

was detected on the western blot from Figure 6-2, regardless of biotin addition. This could be 

explained by several possibilities: a low steady-state expression, the proteins had not bound 

biotin at the time when cells were lysed and harvested, or they contained biotin, but the amount 

was too low to be detected with the streptavidin-HRP.  

6.2.2 Interactors identified in Newcastle 

Once established that the biotin-ligase was capable of non-specific biotinylation, I proceeded 

to the first mass-spectrometry attempt (from here onwards, named NCL1). This first 

experiment was planned as an indicator of possible hits and as an occasion to identify points 

of optimization should that be necessary. It was performed only once (N=1) and included the 

three HEK clones: COX8-MTS-BioID2-HA (control, COX8), C12orf65-BioID2-HA (C12-

BioID2) and C12orf65-Linker-BioID2-HA (C12-Linker-BioID2). For each clone, I had one 

sample induced only and another sample induced, and biotin treated.  

As described in 2.6.1, the starting material for one sample came from 3*300 cm2 flasks. Each 

clone was harvested at a different day and mitochondria isolation was performed at the same 

time for the induced and the corresponding induced and biotin treated sample. Isolated 

mitochondria were kept at -80oC until the start of the streptavidin pull-down (with 50 µl of 

Dynabeads MyOne Streptavidin C1). This step, as well as the following washes and 

preparations for mass-spectrometry analysis, was done for all the six samples at once.  
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In order to test HA expression, I separated the input, unbound and the first two washes by SDS-

PAGE and probed the membrane with anti-HA antibody and with streptavidin-HRP. All clones 

showed HA expression (Figure 6-3), although weak, especially for C12-Linker-BioID2. This 

could be due to the low amount of sample loaded, as the total mitochondria lysate volume was 

high (2 ml) resulting in a diluted sample.  

Streptavidin-HRP identified what most likely are mitochondrial endogenous carboxylases (top 

of the membrane, lanes 1-2 and 6-7 Figure 6-3 of A and B).  Biotinylation smears were present 

in input and unbound for: COX8 control, C12-BioID2 and, although weak, C12-Linker-

BioID2. The strong signal given by the streptavidin-HRP incubation in the ladder (line 5) is a 

technical artifact because the 75 and 20 sizes were particularly reactive. There was no signal at 

all in the first and second wash, proving that no biotinylated sample is lost.  

After washes, the samples were treated with 1 mM TCEP to reduce the disulphide bonds, then 

alkylated with 5 mM (final concentration) chloroacetamide and the proteins attached to the 

beads were digested with trypsin (5 ng/µl). The resulting peptides were recovered by 

centrifugation and handed to the mass-spectrometry facility at Newcastle University. Dr. 

Frédérique Lamoliatte (Prof. Matthias Trost group) kindly performed the mass-spectrometry 

as well as data analysis for my samples. Peptides were analysed by nanoflow-LC-MS/MS using 

a Fusion Lumos Tribrid Orbitrap mass spectrometer (Thermo Scientific). Peptides were 

searched against the human Uniprot Swisprot Database containing isoforms and quantified 

using MaxQuant 1.6.5.0 (Cox and Mann, 2008).  
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Figure 6-3. Western blot results for NCL1 affinity purification 

COX8-MTS, C12orf65 (C12) and C12orf65-Linker (C12-Linker)- BioID2-HA clones were 

induced with 1 µg/ml tetracycline and fed with 50 µM biotin for 16 h prior to mitochondria 

isolation. Mitochondria were lysed (Input, In) and incubated with streptavidin beads. The 

unbound material (Un) was removed and the beads were washed extensively. Input unbound 

and the first two washes (W1, W2) were analysed by SDS-PAGE, using streptavidin-HRP to 

detect biotinylation and anti-HA to detect protein expression.  

Approx. 20 µg/well; 10% resolving gel, N=1 

  

A.   

B.   
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The identified proteins were filtered using the software Perseus, version 1.6.5.0, and the results 

were exported in Microsoft Excel. Five levels of filtering were used (Figure 6-4) in order to 

ensure that the identified hit is not a false-positive (Tyanova et al., 2016): 

1. Only identified by site, to eliminate the proteins identified only by a post-

translational modification 

2. Reverse, to eliminate false positives (peptides randomly matched with a protein); 

During peptide identification, a decoy (reverse) database is created in MaxQuant. 

This decoy is composed from the reverse amino acid sequences of the protein 

sequence database used for search (target). True positives must align only with the 

target database. (Wang et al., 2009, Moore et al., 2002). 

3. Potential contaminant (including keratins, streptavidin and trypsin) 

4. Number of peptides/proteins ≥ 2 

5. At least one of the six samples must have intensity ˃ 0 

The values used for subsequent data analysis were protein intensities, expressed as log2. An 

intensity of zero, to which log2 cannot be applied, means that the identified protein did not 

appear in that particular sample.  

The total number of proteins identified for the six samples was 248, with 33 hits (13%) assigned 

as mitochondrial (Appendix-E, Table Apx 10) after comparison with Mitocarta 3.0 (Rath et al., 

2021), 43 hits (17%) part of the cytosolic ribosome, 5 hits (2%)  cytosolic translation factors  

and 9 hits (4%) in the endoplasmic reticulum (ER) (Figure 6 4A) (Appendix-E, Table Apx 11). 

Contamination with cytosolic ribosomes and translation factors is not surprising, since 

translation of proteins that must be imported into mitochondria is localized close to the OMM 

(Vardi-Oknin and Arava, 2019). Also, mitochondria form contacts with ER, which explains 

the presence of ER hits (Lewis et al., 2016). The majority of hits (63%, ‘other’) are partially 

related to mitochondria (such as cytoskeleton subunits, glycolytic enzymes or peroxisomal 

proteins) or are not related at all (e.g. nucleus proteins including histones). 

Most mitochondrial hits identified were matrix proteins (20, 61% of total mitochondrial 

proteins) followed by IMM proteins (6, 18% of total mitochondrial proteins), which is what 

was expected, considering that the BioID2 fusion proteins are targeted to the matrix (Figure 

6-5B). Two hits belong to the IMS (catalase and peroxiredoxin 4) and three hits to the OMM 
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(VDAC1, VDAC2 and acetyl-CoA carboxylase 2). Two hits did not have an assigned 

mitochondrial compartment: peroxiredoxin 2 and thioredoxin.  

 

Figure 6-4. Filtering steps performed in Perseus version 1.6.5.0 

Biotinylated proteins were analyzed by MS/MS based on their Intensity (NCL1) or LFQ 

(NCL2 and Nijmegen). Intensity was used in NCL1 because it was only one BioID2 

experiment with 6 different samples. In Nijmegen (N=3 BioID2 experiments) and NCL2 

(N=2) was used LFQ, which applies to two or more biological samples.   

As anticipated, mitochondrial hits from all six samples included the endogenously biotinylated 

propionyl-CoA carboxylase, acetyl-CoA carboxylase, methylcrotonoyl-CoA carboxylase 1 

and pyruvate carboxylase, proving that the streptavidin-pull down was successful. Hits were 

involved in lipid and amino acid metabolism, transport, TCA and OXPHOS (Figure 6-5C), but 

included chaperones (catalase, peroxiredoxin) and ROS scavengers as well. Mitochondrial 

topoisomerase 1 alpha (Top1, involved in mtDNA replication and transcription (Zhang et al., 

2001)), and stress-70 protein (also known as Hspa9/mortalin, involved in Fe-S cluster 

biosynthesis (Shan and Cortopassi, 2016)) were grouped as ‘other’. Surprisingly, C12orf65 did 
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not figure among the hits, despite the known ability of the fusion protein to self-biotinylate. 

Proteins involved in translation were well represented (18% of mitochondrial hits), despite the 

low percentage of mitochondria proteins among the total hits. 
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A. 

  

B. 

  

C. 

  

Figure 6-5. Analysis of BioID2 interactors identified in NCL1 

Venn diagrams summarizing cellular (A) and mitochondrial (B) distribution of biotinylated 

proteins and their functions (C); N=1 biological repeat  
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There were three instances when a hit was assigned to multiple mitochondrial proteins by 

Mitocarta 3.0. This happened because the identified peptides could be attributed to different 

subunits or isoforms of one protein and were assigned different UniProt identification codes 

(Table 6-2). The issue is well-known for bottom-up proteomics due to its limited sequence 

coverage (Zhang et al., 2013, Aebersold and Mann, 2003). A low total number of peptides 

makes identification even harder. In my samples, in the first example, acetyl-CoA carboxylase 

isoforms 1 (alpha) and 2 (beta) have a 75% overall identity (Boone et al., 1999) and both of 

them appear in the current Mitocarta database, having been identified in different human 

tissues, so there is a reasonable explanation why the two could not be distinguished. In the 

second example, the electron transfer flavoprotein subunits alpha and beta belong to an enzyme 

that transfers electrons from mitochondrial primary flavoprotein dehydrogenases to the 

flavoprotein ubiquinone oxidoreductase (EC 1.5.5.1) from IMM, linking catabolism and 

respiratory chain (Henriques et al., 2021).  

The two subunits do not have a high sequence homology (Roberts et al., 1996) and in my 

samples they were identified based on only three total peptides (Table 6-2). The same 

observation applies to the solute carrier family 25 (also known as the mitochondrial transporter 

family SLC25). The four possible members identified are all ADP/ATP translocases (Palmieri, 

2013), they contain a similar signature motif of 20-30 aa (Palmieri, 2014), and were identified 

based on four total peptides.  

Although I am aware that there are only three unique ‘Protein ID’ entries in my dataset, I 

decided to use the numbers given by the Mitocarta 3.0 identification to count the mitochondrial 

proteins. The peptides did not offer enough information to be assigned an irrefutable UniProt 

ID, and the proteins to which they were attributed belong to different mitochondria 

compartments. There are different possible scenarios explaining what I truly have in my 

trypsinized sample: it could be only one of the Mitocarta 3.0 proteins (in which case, which 

one?), all of them, or any random combination of isoforms. If I assume that all the Mitocarta 

3.0 identified proteins are present in my sample, then, the numbers I have reported above are 

correct. If I assume that my sample contained less isoforms than the Mitocarta 3.0 search 

reported, then my total amount of mitochondrial proteins would decrease with an unknown 

number, but the numbers reported here would still be the maximum amount of mitochondrial 

proteins I could have in my data. Although it is unlikely that those hits are specific interactors 

  



170 
 

Table 6-2. NCL1 biotinylated proteins identified by multiple UniProt codes 

Dataset 

entry # 

UniProt 

ID Name Localization Function Peptides 

1 

Q13085 

acetyl-CoA 

carboxylase 1 Matrix 

Fatty acid 

synthesis 25 

O00763 

acetyl-CoA 

carboxylase 2 OMM 

Fatty acid 

oxidation 25 

2 

Q16134 

electron transfer 

flavoprotein 

dehydrogenase   

EC 1.5.5.1 IMM 

Glycine 

metabolism,          

Fatty acid 

oxidation 3 

P13804 

electron transfer 

flavoprotein subunit 

alpha Matrix 

Glycine 

metabolism,            

Fatty acid 

oxidation 3 

P38117 

electron transfer 

flavoprotein subunit 

beta Matrix 

Glycine 

metabolism,            

Fatty acid 

oxidation 3 

3 

P12235 

solute carrier family 25 

member 4 IMM 

Small molecule 

transport 4 

P05141 

solute carrier family 25 

member 5 IMM 

Small molecule 

transport 4 

Q9H0C2 

solute carrier family 25 

member 31 IMM 

Small molecule 

transport 4 

P12236 

solute carrier family 25 

member 6 IMM 

Small molecule 

transport 4 

 

of C12orf65, because at least one of them truly exists in my samples, I considered that removing 

them would interfere with my results.  

Regarding the mitochondrial hits involved in gene expression, I obtained five mitoribosomal 

proteins, the mtEF-Tu and the mtDNA Top1 (Table 6-3). The mitoribosomal proteins belonged 

to SSU as well as LSU and were bound to 12S and respectively 16S rRNA (Figure 6-6).  The 

two proteins of the mtSSU (MRPS5 and AURKAIP1) appeared in all samples, including the 

COX8 control. Two of the mtLSU proteins (MRPL2 and MRPL15) appeared only in the 

C12orf65 clones, while MRPL34 appeared in the control as well. The mtDNA Top1 appeared 

in all samples including control, but mtEF-Tu lacked from C12-Linker samples.  
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Table 6-3. Biotinylated proteins from NCL1 involved in mitochondrial gene expression 

COX8 

control 

C12-

BioID2 

CL12-Linker-

BioID2 Function 

Replication 

TOP1MT TOP1MT TOP1MT 

mtDNA 

topoisomerase 

Translation 

mtEF-TU mtEF-TU - 

elongation factor 

Tu 

MRPS5 MRPS5 MRPS5 28S protein 

AURKAIP1 AURKAIP1 AURKAIP1 28S protein 

- MRPL2 MRPL2 39S protein 

- MRPL15 MRPL15 39S protein 

MRPL34 MRPL34 MRPL34 39S protein 

 

Figure 6-6. Biotinylated MRPs identified in NCL1 

Structure of human mitochondrial ribosome (PDB entry 6zm5, (Itoh et al., 2021)) was 

imported in PyMOL Molecular Graphics System (Version 2.0 Schrödinger, LLC) and 

visualized as cartoon. The five MRPs identified by BioID2 were mapped on the structure by 

selecting their primary sequences and colouring it as: yellow (MRPS5), red (AURKAIP1), 

electric blue (MRPL2), white (MRPL34), magenta (MRPL15). mtSSU – sky blue (proteins), 

salmon (12S rRNA); mtLSU– forest green (proteins), orange (16S rRNA), dark purple 

(tRNAVal)  
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The studies from (Bogenhagen et al., 2018) show that MRPL15 is one of the earliest in the 

mtLSU assembly. It binds the 16S rRNA in the nucleoids, during rRNA processing 

(Bogenhagen et al., 2014) and, although appears at the surface of the mature mitoribosome, it 

maintains the extension inside the 16S rRNA. MRPL34, as an intermediary protein, binds to 

16S rRNA in the regions that remain available after the binding of the early proteins. MRPL2 

is a late assembly protein, despite the fact that it is deeply embedded in the 16S rRNA. 

(Bogenhagen et al., 2018) consider that the 16S rRNA is subjected to conformational changes 

caused by the early and late assembly proteins, changes that allow MRPL2 to bind. 

Like MRPL15, MRPS5 is an early binding protein, but it does not interact with the 12S rRNA 

available immediately after transcription. The very first binding proteins are MRPS16, 

MRPS22, and MRPS18-2 (also named mS40), who bind the 5′ domain of 12S rRNA, and 

MRPS34 and MRPS27, who bind the 3′ domain of 12S rRNA. MRPS5 binds immediately 

after, it strongly interacts with MRPS22 and MRPS18-2, and links those very first proteins 

with the second set of early binding proteins (Bogenhagen et al., 2018). Like other early binding 

proteins, MRPS5 is present in the mitochondrial nucleoid and binds towards the SSU surface 

(Bogenhagen et al., 2014). In contrast, AURKAIP1 (also known as MRPS38) is a late assembly 

protein, that binds close to the interface with LSU (Bogenhagen et al., 2018) (Figure 6-7A).  

Regarding the functions of the mitoribosomal hits, MRPL2 is part of the mitochondria-specific 

intersubunit bridges: it interacts with both 12S rRNA and with MRPS6. The positive residues 

Lys231 and Arg218 interact with the phosphate backbone of helices h24 and h23, respectively, 

while residues 171-174 interact with MRPS6 ((Amunts et al., 2015), Table S4 of the reference). 

MRPS5 forms the entry site of the mRNA channel (together with MRPS3), and provides 

positive (Arg189, Lys239, and Arg264) and aromatic (Phe229) residues that pave the channel 

(Amunts et al., 2015, Greber et al., 2015). Those residues are part of a specific mitochondrial 

extension of MRPS5 and are positioned between the entrance and the A site; they directly 

interact with the mRNA (Figure 6-7B), which they guide towards the A and P site (Kummer et 

al., 2018). MRPS5 has an important role in shaping the mRNA channel; the channel starts with 

a wide opening, but becomes narrower while the mRNA approaches the A site (Amunts et al., 

2015, Kummer et al., 2018). AURKAIP1, MRPL34 and MRPL15 have not yet been assigned 

a specific role, other than being structural components of the 55S ribosome.  
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A. 

B.  

Figure 6-7. Localization of NCL1 hits on mtSSU 

A. MRPS5 (yellow) and AURKAIP1 (red) both localize in proximity with P-site and A-site 

tRNA molecules, without interacting directly. MRPS5 is situated at the surface of mtLSU and 

interacts with other proteins (sky-blue), while AURKAIP1 is embedded in the 12S rRNA 

(salmon) and has reduced interaction with other proteins.  

B. MRPS5 (yellow) binds mRNA (bright green) and guides it towards the P site tRNA. 

AURKAIP1 has no interaction with either mRNA or P-site tRNA. For figure clarity, A-site 

tRNA is not represented. 

PDB entry 6zm5, (Itoh et al., 2021); figure made using the PyMOL software, visualized as 

cartoon 
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Although found in only one biological replicate, the hits involved in mitochondria gene 

expression, and, most importantly, the MRPs-constituted an encouraging result, that needed to 

be repeated. Finding mitoribosomal proteins among the hits aligns with the hypothesis that 

C12orf65 rescues stalled mitoribosomes. BioID2 studies transient or weak interactions that 

occur at various distances from C12orf65 (comprised in the biotinylation range), so I could not 

expect to obtain exactly the same translation hits in the same samples. But a repetition could 

clarify, for example, why mtEF-Tu is not present in the C12-Linker-BioID2 samples. It would 

be unlikely that a hit that appears in the C12-BioID2 samples does not appear in the Linker 

samples, because the biotinylation range increases in the Linker. A protein biotinylated by C12-

BioID2, in theory, should be biotinylated by C12-Linker-BioID2 as well. As biotinylation 

happens in live cells, which are dynamic, the absence of mtEF-Tu could be due to chance: it 

simply was not at the right spot at the right time. But it could also be due to a less efficient 

mitochondria isolation.  

6.2.3 Interactors identified in Nijmegen, the Netherlands 

To clarify those aspects, and to increase the confidence of my hits, I repeated the BioID2 

experiments in three biological replicates, of six samples each. For this, mitochondria isolation 

was performed in Newcastle, as described in 2.6.1, only from induced cells, with a pair of 

biotin-treated and non-treated samples obtained at the same time. Isolated mitochondria were 

sent on carbonic ice to Prof. Hans Spelbrink, collaborator from Radboud University in 

Nijmegen, the Netherlands. Here, as part of the secondment required by the Marie Curie ITN 

REMIX programme, I performed the streptavidin-pull down and mass-spectrometry analysis. 

His lab offered me the expertise in BioID experiments combined with an excellent mass-

spectrometry facility. As the proteomics approach was similar (bottom-up, Orbitrap mass-

spectrometer, the same software used for data acquisition and processing), I could compare the 

hits found in Nijmegen with the ones found in Newcastle. 

All samples were kept at -80oC until needed for lysis. The pull-down experiments were 

performed three times, once for each biological repeat (COX8-MTS-BioID2 induced +/- biotin, 

C12-BioID2 induced +/- biotin, C12-Linker-BioID2 induced +/- biotin). There were only 

minor differences between the pull-down effectuated in Newcastle and the one effectuated in 

Nijmegen. For example, in Nijmegen, I was allowed to use Triton X-100 and do less washes 

than in Newcastle (2.6.3). After the washes, the beads and the proteins attached to them were 

resuspended in 8 M urea prepared in 50 mM ammonium bicarbonate and kept at -80oC until 
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digestion. In order to ensure identical conditions, all the 18 samples were digested at the same 

time. For optimal digestion, in Nijmegen I performed an additional pre-digestion with Lysyl 

endopeptidase C prior to addition of trypsin. 

After digestion, I cleaned the samples from detergent and salts and concentrated them using 

the STAGE tips’ technique (Rappsilber et al., 2003), in parallel with my colleague Alisa Potter. 

The 96-well plate used to deliver the samples to the mass-spectrometer was prepared by Alisa 

Potter, who used her samples on the same plate, so that my samples and her samples play the 

role of additional control for each other. Alisa was also the one who prepared the blank, BSA 

standard and C18 resin column, under the supervision of Dr. Alfredo Cabrera Orefice, who 

also did the peptide analysis.  

Data analysis was performed in MaxQuant version 1.5.0.25, against the human reference 

proteome. First, I applied the filtering steps 1-4 described at 6.2.2. Because my samples were 

in triplicate, I worked with LFQ intensities and I applied a criterion of 70% minim valid values. 

The results obtained were disappointing: a total of 10 proteins, with only the carboxylases to 

represent mitochondrial proteins (Table 6-4).  

Table 6-4. Biotinylated proteins identified in Nijmegen 

№ UniProt ID Name Localization Peptides 

1 P05165 

Propionyl-CoA carboxylase alpha 

chain, mitochondrial 

mitochondrial 

matrix 51 

2 P10412 Histone H1.4 nucleus 10 

3 P11498 

Pyruvate carboxylase, 

mitochondrial 

mitochondrial 

matrix 57 

4 P62241 40S ribosomal protein S8 80S ribosome 5 

5 P62750 60S ribosomal protein L23a 80S ribosome 8 

6 P81605 Dermcidin secreted 3 

7 Q02878 60S ribosomal protein L6 80S ribosome 14 

8 Q86UE4 Protein LYRIC ER 16 

9 Q96RQ3 

Methyl-crotonyl-CoA carboxylase 

subunit alpha, mitochondrial 

mitochondrial 

matrix 34 

10 Q9NWB6 

Arginine and glutamate-rich 

protein 1 nucleus 6 

 

I therefore proceeded to identifying the cause of those negative results. The fact that I was able 

to pull down endogenously biotinylated proteins proves that technically the affinity purification 

worked: the streptavidin coated beads bound biotinylated proteins. I ruled out any technical 
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issue with the mass-spectrometer, because Alisa’s samples gave good results, and the BSA 

standard looked fine (Figure Apx 6). 

Loosing sample during detergent removal and STAGE tips was plausible, but not for all 18 

samples. The technique can be visually assessed by the presence of a white precipitate, which 

occurred in my samples. Western blot showed a low HA expression in the input, for all samples, 

which could suggest low biotinylation efficiency. However, this could not be correlated with 

the streptavidin-HRP signal: in some samples a smear is present even if the HA signal cannot 

be detected (Figure 6-8).  

 

Figure 6-8. Western blot results for the Nijmegen affinity purification 

COX8-MTS, C12 and C12-Linker- BioID2-HA cells were induced (1 µg/ml tetracycline) and 

treated with biotin (50 µM ,16 h). Mitochondria were isolated, then lysed and incubated with 

streptavidin beads. The input (In) and supernatant (SN) were analysed by SDS-PAGE, using 

streptavidin-HRP to detect biotinylation and anti HA to detect protein expression.  

Approx. 10 µg/well; 10% resolving gel; representative image of 3 biological replicates 

 

There was still the possibility that trypsinization was inefficient and the biotinylated proteins 

had remained on the beads. To test this, I resuspended 10% of the beads in 20 µl of Laemmeli 

buffer with 1% beta-mercaptoethanol, boiled at 95oC for 10 min, then used the supernatant for 
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SDS-PAGE. The results showed no streptavidin-HRP signal (Figure Apx 5). If proteins 

remained undigested on the beads, I should have seen a smear or at least some bands at the top 

of the membrane, corresponding to endogenous carboxylases. But the lack of streptavidin-HRP 

signal from the beads, together with the presence of mitochondrial carboxylases in the hits, 

suggest that trypsinization was not defective. 

There were two main issues which could be addressed:  

1. Increasing the starting material 

2. Increasing the volume of beads suspension used for pull-down 

After returning to Newcastle, I repeated the BioID2 experiments using more starting material 

and a double volume of streptavidin beads per sample (100 µl).   

6.2.4 Interactors identified in Newcastle using an improved methodology 

The final round of mass-spectrometry experiments that took place in Newcastle (from here 

onwards, named NCL2) comprised two biological replicates of six samples each: COX8-MTS-

BioID2 induced +/- biotin, C12-BioID2 induced +/- biotin, C12-Linker-BioID2 induced +/- 

biotin. To increase the amount of starting material, I used a different type of flask for culture 

(Nunc TripleFlask), with an increased surface (500 cm2) and a better cell adherence. Two such 

flasks were used for mitochondria isolation for one sample. Mitochondria isolation and 

streptavidin-pull down were performed as described in 2.6.1 and 2.6.2, with the exception that 

I used 100 µl beads/sample.  

The input and unbound were investigated by SDS-PAGE, and showed HA expression in all 

samples, as well as a biotinylation smear in the induced and biotinylated input samples (Figure 

6-9, lanes 3, 8 and 12). The smear disappears in the supernatant, suggesting that the biotinylated 

proteins bound the streptavidin beads. The two intense bands at the top of the membranes, 

identified with the streptavidin-HRP, are the endogenous carboxylases identified in the 

previous experiments.  

Dr. Akshada Gajbhiye (Prof. Matthias Trost group) was the specialist who performed the data 

acquisition and analysis for my samples. She helped optimize the experiment by using a lower 

Automatic Gain Control (AGC) target for MS (5E3 compared to 1E6) and a higher separation 

time on linear gradient during HPLC compared to the parameters used in Nijmegen (180 min 

at 300 nL/min instead of 30 min at 300 nL/min). This increased the peptide detection. 
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Identification of proteins and filtering of false positives was performed as described in 6.2.2. 

To investigate the self-biotinylation, the search included the amino acid sequence of A. aeolicus 

biotin ligase in addition to the human Uniprot Swisprot Database. Each sample group (control, 

C12-BioID2 or C12-Linker-BioID2) was analysed separately, using the log2 LFQ intensity 

values from the duplicate measurements, with minimum two valid values per group.  

 

Figure 6-9. Western blot results for NCL2 affinity purification 

Mitochondria isolated from COX8-MTS, C12 and C12-Linker- BioID2-HA clones were 

lysed and incubated with streptavidin beads. The input (In) and supernatant (SN) were 

analysed by SDS-PAGE, using streptavidin-HRP to detect biotinylation and anti-HA to detect 

protein expression. For induction was used 1 µg/ml tetracycline with or without 50 µM biotin 

(16 h). 

Approx. 30 µg/well; 10% resolving gel; representative image of 2 biological replicates 

For COX8-MTS I obtained 141 hits (including the bacterial biotin-ligase), the lowest number 

when compared to C12 and C12-Linker samples. Of the total number, 39% (56 hits) were 

mitochondrial proteins, as assigned after Mitocarta 3.0 filtering (Figure 6-10A, Table Apx 12 

from Appendix-E). One third of total hits were either involved in cytoplasmic translation or 

had ER-related functions (Table Apx 13), and less than a third (27%) were hits non-related to 

mitochondria (including the bacterial biotin-ligase, histones, cytoskeleton proteins and 
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glycolytic enzymes). As seen for NCL1, there were five instances where the two isoforms of 

the same protein could not be distinguished, so both isoforms appeared as hits in my dataset- 

(Appendix-C, Table Apx 7). The majority of mitochondrial hits belong to the matrix 

compartment (32 hits, 57%) and IMM (15 hits, 27%) (Figure 6-10B). Three hits (5%) are found 

in OMM (VDAC1, VDAC2 and acetyl-CoA carboxylase 2) and four hits (7%) in the IMS 

(peroxiredoxin 4, PNPT1 and Ca-binding protein carrier Aralar 1 and 2). Two hits (4%) did 

not have an assigned mitochondrial compartment: SND1 endonuclease and HSD17B4. Both 

have primarily non-mitochondrial functions-SND1 is involved in RNA silencing in cancer 

(Tsuchiya et al., 2007), while HSD17B4 is an enzyme mainly associated with fatty acids 

catabolism in the peroxisome (Ferdinandusse et al., 2004).  

In terms of functions, COX8-MTS hits were diverse: the majority were involved in lipid (20%), 

amino acid metabolism (12%) and TCA (9%) (Figure 6-10C). A percentage of 14% effectuate 

transport of small molecules, like calcium or ADP/ATP, and 11% are either OXPHOS subunits 

(RC III and V) or OXPHOS assembly factors. Four proteins (7%) were grouped as ‘other’ 

functions – peroxiredoxin 4, stress-70 protein, MIC60 and SND1. Peroxiredoxin 4 is 

responsible for ROS detoxification, (Tavender and Bulleid, 2010), while stress-70 protein (also 

known as mortalin, encoded by Hspa9 gene) is involved in Fe-S cluster biosynthesis (Shan and 

Cortopassi, 2016).  MIC60 is a MICOS complex subunit with a role in cristae maintenance (Ott 

et al., 2015).  

There were few proteins involved in mitochondrial gene expression comparing to the total 

number of hits: four proteins involved in translation (7%) and four proteins (7%) involved in 

replication and transcription. The proteins involved in translation were mtEF-Tu, serine-tRNA 

ligase, isoleucine-tRNA ligase and MRPL34 (Table 6-5). The pull-down of the first three 

proteins is not surprising; as they are all soluble in the mitochondria matrix, they could have 

been non-specifically biotinylated by the biotin-ligase targeted to this compartment. 

Identification of MRPL34 is surprising relative to the protein position in the mitoribosome- it 

is strongly associated with the 16S rRNA in the mtLSU, not exposed to the surface. The other 

hits involved in gene expression are the mitochondrial Top1, TFAM, PNPT1 (also known as 

PNPase1) and SHMT2.  PNPT1 is involved in 3’ processing and polyadenylation of mt- mRNA 

molecules (Piwowarski et al., 2003) (Slomovic and Schuster, 2008). SHMT2 is also involved 

in tRNA modification: by using the cofactor 10-formyl tetrahydrofolate (THF), it produces 

formyl methionyl-tRNA molecules required for translation initiation (Minton et al., 2018, 

Morscher et al., 2018).   
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Figure 6-10. Analysis of COX8-MTS-BioID2-HA interactors identified in NCL2 

Venn diagrams summarizing cellular (A) and mitochondrial (B) distribution of biotinylated 

proteins obtained for COX8-MTS control. (C) summarizes the proteins functions. N=2 

11

19

3

39

27

Percentage distribution of COX8-MTS-BioID2 preys among 

cellular compartments 

ER

80S

EK translation

Mitochondria

Other

5
7

27

57

4

Percentage distribution of COX8-MTS preys into 

mitochondrial compartments 

OMM

IMS

IMM

Matrix

Unknown

7
7

9

20

12

14

9

4

11

7

Percentage distribution of functions among COX8 control  

mitochondrial preys

Translation

Replication and transcription

TCA

Lipid metabolism

Amino acid metabolism

Transport

Chaperone

Proteases

OXPHOS

Other



181 
 

Table 6-5. Biotinylated proteins from NCL2 involved in mitochondrial gene expression 

COX8-MTS 

control C12-BioID2 

CL12-Linker-

BioID2 Function 

Replication 

TOP1MT TOP1MT TOP1MT mtDNA topoisomerase 

  POLDIP2 Associates with mtSSB and TFAM  

Transcription, RNA processing and modification 

PNPT1 PNPT1 PNPT1 mtRNA stability and decay 

SHMT2 SHMT2 SHMT2 Formyl methionyl-tRNA synthesis  

- HSD17B10 HSD17B10 

Cleaves tRNA at 5' end                               

part of ribonuclease P complex 

- LRPPRC LRPPRC 

3' polyadenylation of mRNA           

delivery of mRNA to 55S  

- - TRMT10C 

tRNA N1-methyltransferase    

methylation of MT-ND5 mRNA                       

part of ribonuclease P complex 

- - DHX30 

ATP-dependent RNA helicase            

(LSU assembly) 

TFAM - - Transcription factor A 

Translation 

mtEF-Tu mtEF-Tu mtEF-Tu Elongation factor Tu 

- - MRPS9 28S protein 

- - MRPS23 28S protein 

- - MRPS28  28S protein 

- MRPS31 MRPS31 28S protein 

- MRPL15 MRPL15 39S protein 

MRPL34 MRPL34 MRPL34 39S protein 

- 

ATAD3A/ 

ATAD3B 

ATAD3A/ 

ATAD3B 

Interactor of mtDNA, mRNA and 

39S 

SARS2 SARS2 SARS2 Serine-tRNA ligase 

IARS2 IARS2 IARS2 Isoleucine-tRNA ligase 

- - AARS2 Alanine-tRNA ligase 

- - TARS2 Threonine-tRNA ligase 
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For C12-BioID2 I obtained 162 hits (including the bacterial biotin-ligase) with 62 of them 

(38%) attributed to mitochondria by Mitocarta 3.0 (Figure 6-11A and Appendix-E, Table Apx 

14). C12orf65 was not identified. The amount of proteins likely associated with mitochondria 

(cytosolic ribosomes, cytosolic translation and ER) was similar to the one from the COX8 

control (one third of total hits, Table Apx 15). There was a small difference in the ratio between 

ER and 80S proteins: in C12-BioID2 there are slightly more ER proteins than 80S proteins 

(16% vs. 15%), while in the control is the other way around (19% 80S vs. 11% ER). The 

percentage of proteins non-associated with mitochondria is identical with the one from control 

(27%). This suggests the existence of a minimal background for the BioID2 experiments, 

present because the bacterial biotin- ligase was not affected by the fusion with C12orf65.  

Of the mitochondrial proteins, 35 (57%) were localized to the matrix, followed by 18 (29%) 

localized in the IMM (Figure 6-11B). Four hits localized to OMM (6%): three already 

identified in the control (VDAC1, VDAC2, acetyl-CoA carboxylase 2) and one clone-specific 

(NADH-cytochrome b5 reductase 3). IMS was represented by three hits (3%)- peroxiredoxin 

4, PNPT1 (also identified in the control) and adenylate kinase 2.  NADH-cytochrome b5 

reductase 3 (CYB5R3) is involved in synthesis of fatty acids and cholesterol (de Cabo et al., 

2009), while adenylate kinase 2 (AK2) catalyses the transfer of phosphate group between ATP 

and AMP and vice versa (Bruns and Regina, 1977). Two hits could not be categorized 

(‘Unknown’, 2%): SND1 and HSD17B4, the same hits present in the control. Like in the 

control, there were five hits which could not be uniquely identified, as they could belong to 

two different isoforms of the same enzyme (Appendix-E, Table Apx 8). Three of them 

appeared in the control (acetyl-CoA carboxylase, glutamate-dehydrogenase and ADP/ATP 

translocase) but two were specific for C12-BioID2: ATAD3A/ATAD3B and pyruvate-

dehydrogenase. ATAD3 (ATPase family AAA domain-containing protein 3) has three 

isoforms: ATAD3A, ATAD3B and ATAD3C (Desai et al., 2017b). Only isoforms A and B 

appeared in my C12-BioID2 and C12-Linker-BioID2 samples (Table Apx 14 and Table Apx 

16). ATAD3A is associated with IMM and mitochondrial nucleoids, where it binds the D-loop 

of mtDNA and possibly contributes to segregation of nucleoids (He et al., 2007). A later study 

showed that ATAD3A interacts with mt-mRNA and the mitoribosome, with preference for the 

39S subunit (He et al., 2012). I therefore counted it among the translation-involved hits. 

ATAD3B is a mitochondrial protein specific to human embryonic stem cells as well as cancer 

cells that suppresses ATAD3A function. By forming hetero-oligomers with ATAD3A, 

ATAD3B reduces ATAD3A interaction with the mitochondrial nucleoid (Merle et al., 2012). 
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There were twice more mitochondrial hits involved in translation for C12-BioID2 compared to 

the control (13% vs. 7%, Figure 6-11C), while the percentage of hits involved in replication 

and transcription remained the same (7%). The percentage of OXPHOS was also identical 

(11%), and it included subunits of complexes III, IV and V as well as AIF (apoptosis-inducing 

factor) who, apart from its role in apoptosis, participates in the assembly of complex I 

(Modjtahedi and Kroemer, 2016). One third of hits were involved in lipid metabolism, amino 

acid metabolism  
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Figure 6-11. Analysis of C12orf65-BioID2-HA interactors identified in NCL2 

Venn diagrams summarizing cellular (A) and mitochondrial (B) distribution of biotinylated 

proteins obtained for C12orf65-BioID2-HA samples. (C) summarizes the proteins functions. 
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and TCA cycle, similar to what was noticed in the control. Those included the endogenous 

mitochondrial carboxylases described at 6.2.1. There were less proteins involved in transport 

compared to the control (8% vs. 14%), and only one protease identified (PMPCB, 

mitochondrial processing peptidase subunit beta). This protease was grouped as ‘Other’, 

together with other singular hits which function could not be assigned to any of the other types. 

Three of the ‘Other’ hits appeared in the control (peroxiredoxin, stress-70 protein and MIC60) 

but two were specific to C12-BioID2: MTHFD1L and AK2. MTHFD1L (monofunctional C1-

tetrahydrofolatesynthase) is an enzyme of the one-carbon metabolism that synthetizes 10-

formyl-THF (Walkup and Appling, 2005), the cofactor required by SHMT2 to produce formyl 

methionyl-tRNA (Minton et al., 2018). AK2 (adenylate kinase 2) is the IMS enzyme 

responsible for ATP/AMP phosphorylation (Bruns and Regina, 1977).  

The hits involved in gene expression contained some C12-BioID2 specific proteins as well as 

proteins already encountered in the COX8 control. The common ones were the mitochondrial 

Top1, PNPT1 and SHMT2. The two specific hits were HSD17B10 and LRPPRC. TFAM, 

identified in the control, was not present in the C12orf65-BioID2 hits (Table 6-5).  

HSD17B10 (3-hydroxyacyl-CoA dehydrogenase type-2, also named SDR5C1) is a protein 

with dual function, catalytic and non-catalytic, involved in tRNA processing and maturation. 

As part of the RNase P complex, it cleaves the 5’ end of tRNA molecules (Holzmann et al., 

2008). As part of MRPP1-MRPP2, a subcomplex of RNase P, it catalyses the methylation of 

tRNA molecules (m1G9 and m1A9) (Vilardo et al., 2012, Vilardo et al., 2018). The MRPP1-

MRPP2 subcomplex was also found to serve as a platform for tRNA maturation: after the 5’end 

of tRNA is cleaved, the subcomplex remains attached to the tRNA, facilitating the removal of 

the 3’end by the RNase Z (ELAC2) and the subsequent addition of 3′-CCA by the nucleotidyl 

transferase TRNT1 (Reinhard et al., 2017).  

LRPPRC is a pentatricopeptide repeat (PPR) motif-containing protein that was initially known 

to bind nuclear mRNA, but (Mili and Piñol-Roma, 2003) showed that the majority binds 

mitochondrial mRNA molecules. (Sterky et al., 2010) identified a unique isoform, 

mitochondrial specific, with a targeting signal that is cleaved when it enters the organelle. 

Mitochondrial LRPPRC acts in complex with SLIRP (Sasarman et al., 2010, Spåhr et al., 2016) 

to inhibit the 3’ degradation of mRNA and promote the 3’ polyadenylation by the mtPAP 

enzyme (Chujo et al., 2012). LRPPRC/SLIRP is RNA-dependent (Ruzzenente et al., 2012), 

with specific binding sites in mRNA and 16S rRNA, but not in tRNA, possibly because it 
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disrupts mRNA secondary structures (Siira et al., 2017). Recently, cryo-EM experiments with 

translating human mitoribosomes showed that LRPPRC/SLIRP is associated with the mtSSU 

via an interaction with MRPS39 (PTCD3), a mitoribosomal protein that also contains a 

pentatricopeptide repeat (Aibara et al., 2020). For my results, I classified LRPPRC in the RNA 

processing group, because it is not strictly restricted to translation.  

The C12-BioID2 hits that I classified as ‘translation’ were all directly implicated in translation: 

mitoribosomal proteins, amino acyl-tRNA ligases or mtEF-Tu. There were four hits common 

with the control -EF-Tu, MRPL34, serine-tRNA ligase and isoleucine-tRNA ligase- and three 

specific to C12-BioID2: MRPS31, MRPL15 and ATAD3, a 39S interactor from IMM (He et 

al., 2007).  

MRPL15 and MRPL34 are both part of mtLSU, which they join at different time points during 

assembly. MRPL15 is an early protein, that binds directly to 16S rRNA (Bogenhagen et al., 

2018). It is a relatively large protein (33 kDa) that protrudes towards the edge of the LSU, 

opposite from the SSU interface (Figure 6-12). In contrast, MRPL34 is an intermediary binding 

protein, three times smaller than MRPL15 (10 kDa) (Bogenhagen et al., 2018). None of the 

two proteins had been assigned a particular function within the mitoribosome.  

 

Figure 6-12. Biotinylated MRPs identified in C12orf65-BioID2-HA (NCL2) samples 

The structure of human mitochondrial ribosome PDB entry 6zm5, (Itoh et al., 2021) was 

visualized in PyMOL. The three hits were coloured as it follows: MRPS31- bright blue 

purple; MRPL15- magenta; MRPL34-white; mtSSU – sky blue (protein) and salmon (12S 

rRNA); mtLSU – forest green (protein), orange (16S rRNA) and purple (tRNA(Val)) 
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MRPS31 was the only mtSSU hit identified for C12-BioID2. It binds early during the subunit 

assembly but lacks any interaction with 12S rRNA, its assembly being mediated by MRPS7, 

MRPS29 and MRPS9. It is a large protein (45 kDa), exposed to the surface of the subunit 

(Figure 6-12), with no function assigned so far, apart from participating in the mitoribosome 

structure.  

The C12-Linker-BioID2 samples delivered the highest amount of total hits (221, including the 

bacterial biotin-ligase) and the highest amount of mitochondrial proteins (93, 42%) identified 

by Mitocarta 3.0 filtering. Less than a third of total hits (29%) are part of the ER, 80S ribosome 

or cytosolic translation, lower than what was found for the control (33%) and for C12-BioID2 

(34%). The hits not related to mitochondria were slightly increased (29%, compared to 27% in 

the control and C12-BioID2) (Figure 6-13A). As described for the previous clones and for the 

NCL1 experiment, there were examples of proteins from C12-Linker-BioID2 dataset which 

were attributed two UniProt codes, because there was not enough information to distinguish 

between two isoforms of the same protein. The six such hits were already found in control and 

C12-BioID2 clones, with no duplicate specific for C12-Linker (Table Apx 9).  

Of the mitochondrial proteins, 55 (60%) were localized to the matrix, the highest number 

among all clones (Figure 6-13B). This is what was expected, because the increase of 

biotinylation range provided by the linker allows more proteins to be biotinylated. Surprisingly, 

C12orf65 was still not present among them, which suggests there is an issue with the bait itself 

rather than a defect of the biotin-ligase. The second largest group contained proteins localized 

to IMM (25 hits, 27%), followed by OMM (6 hits, 6%) and IMS (4 hits, 4%). Two hits were 

listed in Mitocarta 3.0, but not assigned a mitochondrial compartment: SND1 and HSD17B4, 

present both in the control and C12-BioID2. OMM hits contained the same hits found in control 

and C12-BioID2 (VDAC1, VDAC2, acetyl-CoA carboxylase 2, CYB5R3) with two C12-

Linker specific additions: TOM70 and AKAP1. AKAP1 (A-kinase anchoring protein 1) 

anchors the protein kinase A to OMM. The IMS hits have all been previously identified in both 

control and C12-BioID2 (peroxiredoxin 4, Ca-binding protein carrier Aralar 1 and 2) or in C12-

bioID2 only (AK2).  

The functions of C12-Linker-BioID2 mitochondrial hits were more diverse than those observed 

without the linker (Figure 6-13C). For example, it was the first time that translocases were 

identified: TOM70, TIM44 and TIM50. Also, the percentage of proteins with unique functions 

(‘other’) was the lowest (6%). They included proteins identified in the COX8 control 
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(peroxiredoxin 4, stress-70 protein and MIC60), proteins identified in C12-BioID2. 

(tetrahydrofolate synthase MTHFD1L, AK2) but also a linker specific hit: AKAP1.   



189 
 

A. 

  

B. 

  

C. 

  

Figure 6-13. Analysis of C12orf65-Linker-BioID2-HA interactors identified in NCL2 

Venn diagrams summarizing cellular (A) and mitochondrial (B) distribution of biotinylated 

proteins obtained for C12orf65-Linker-BioID2-HA samples. (C) summarizes the proteins 

functions. N=2  
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A positive aspect was the identification of the highest percentage of hits involved in translation 

(15%) more than double of what was noticed for the control (7%). There was also a small 

increase in the percentage of hits involved in replication and transcription (8% vs. 7% in the 

control), with some uniquely identified in the linker samples.   

Two hits were involved in mtDNA replication: Top1 (identified both in the control and C12-

BioID2) and POLDIP2 (polymerase delta-interacting protein 2) (Table 6-5). POLDIP2, unique 

for the linker samples, was initially known as binding partner of polymerase delta (nucleus), 

but was shown to reside in the mitochondrial matrix, where it associates with nucleoid 

components like mtSSB and TFAM (Cheng et al., 2005). 

The hits involved in transcription and RNA maturation included PNPT1, involved in mRNA 

stability, and SHMT2, responsible for synthesis of formyl methionyl-tRNA. As both appeared 

in control and C12-BioID2, it is not surprising to find them among the C12-Linker hits. 

LRPPRC and HSD17B10, present only in C12-BioID2, were also identified, but without 

LRPPRC binding partner SLIRP.  

Two hits appeared only in the C12-Linker dataset: TRMT10C and DHX30. TRMT10C is part 

of RNase P, like HSD17B10 identified in C12-BioID2. Rather than having nuclease activity, 

TRMT10C acts as N1-methyltransferase for mt-tRNA molecules (Holzmann et al., 2008, 

Metodiev et al., 2016) and for ND5 mRNA (Safra et al., 2017). Methylation of tRNA at position 

9 is required for the correct formation of tRNA tertiary structure (Helm et al., 1998), while 

methylation of ND5 mRNA inhibits its translation (Safra et al., 2017). Absence of TRMT10C 

and HSD17B10 from the control suggests a possible interaction between C12orf65 and RNase 

P complex. DHX30 is an RNA-dependent helicase initially identified in the nucleoid (Wang 

and Bogenhagen, 2006) and later attributed to the mitochondrial RNA granules, where they 

play a role in the mitoribosome assembly (Antonicka and Shoubridge, 2015).  

In terms of translation, C12-Linker hits were more abundant in MRPs compared to what was 

observed for control and C12 samples. The difference was not made by the mtLSU proteins, 

but by the mtSSU (Figure 6-14A). The mtLSU proteins identified were MRPL34 and MRPL15 

(Table 6-5) which have been found in the control and respectively C12-BioID2. The fact that 

MRPL15 did not appear in the control increases the possibility to be a C12orf65 interactor. The 

functionality of this interaction is unknown, as the cryo-EM structures of 55S available so far 

do not describe a specific role for MRPL15.  
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A.  

B.  

Figure 6-14. Biotinylated MRPs identified for C12orf65-Linker-BioID2-HA (NCL2) 

A. BioID2 experiments using C12orf65-Linker-BioID2-HA HEK cells identified four hits in 

mtSSU: MRPS31 (bright blue purple), MRPS9 (lemon), MRPS28 (electric green) and 

MRPS23 (wheat). Two hits were identified in mtLSU: MRPL15 (magenta) and MRPL34 

(white). mtSSU – sky blue (protein) and salmon (12S rRNA); mtLSU – forest green (protein), 

orange (16S rRNA) and purple (tRNAVal)  

B. In the mtSSU, MRPS9 (lemon) binds the anticodon stem loop of the P-site tRNA. 

MRPS28 forms the mRNA (electric pink) exit channel. MRPS23 is tightly bound to 

MRPS28.  

PDB entry 6zm5, (Itoh et al., 2021); figure made using the PyMOL software 
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The mtSSU hits identified were MRPS9, MRPS23, MRPS28 (also named bS1m) and MRPS31, 

the latter identified in C12-BioID2 as well. In terms of their role during 55S assembly, they are 

all early binding proteins. MRPS9 attaches to the major 3′ domain of 12S rRNA and facilitates 

the recruitment of MRPS31 which has no individual connection with 12S rRNA. MPRS23 and 

MRPS28 (bS1m) form a module that interacts with MRPS9 and MRPS5 (Bogenhagen et al., 

2018).  

MRPS28 (bS1m) is one of the proteins that form the mRNA exit channel, providing positive 

amino acids to interact with mRNA (Amunts et al., 2015). MRPS23 is tightly associated to it, 

which explains why both hits were biotinylated (Figure 6-14B). On its turn, MRPS9 is the only 

55S protein to interact with P-site tRNA: the C-terminal tail, positively charged (residues K396 

and R397) interacts with the phosphate backbone of the anticodon stem loop (Kummer et al., 

2018, Aibara et al., 2020).  

Other C12-Linker hits involved in translation were matrix soluble: mtEF-Tu, serine-tRNA 

ligase, isoleucine-tRNA ligase (common with the control and C12-BioID2), as well as alanine- 

and threonine-tRNA ligase (Table 6-5).  

The hits with the highest probability to be real interactors of C12orf65 are the ones that cannot 

be found in the control. The presence of such hits in C12-BioID2 and C12-Linker-BioID2 

samples is promising. The fact that C12-Linker-BioID2 experiments produced hits that are only 

specific to this clone, and cannot be found in C12-BioID2, suggests that addition of the linker 

is an advantage. As those hits are not found in the control, they cannot be considered 

background. Rather, they are C12orf65 interactors that require either an increased steric 

flexibility of the biotin-ligase, as part of the fusion protein, or they are simply more distant 

interactors.   

 Discussion  

6.1.1 Comparison between the mass-spectrometry experiments 

The goal of the BioID2 experiments was to identify interactors of C12orf65, which could help 

elucidate its function. As the method identifies transient or weak interactions, as opposed to 

immunoprecipitation that identifies physical interactions (Kim and Roux, 2016), it was 

necessary to perform numerous biological repeats to identify true interactors. Ideally, the more 

a hit appears in the different datasets, the more likely it is to be a true C12orf65 interactor. But, 
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as the method requires a certain biotinylation range (10 nm or 35 nm with the linker) and takes 

place in live cells (Kim et al., 2016a), which are dynamic, it can happen that certain hits appear 

only in some biological replicates and not in the others. The COX8 control serves as a guide 

for non-specific biotinylation, helping distinguish C12orf65 interactors from the background.  

To identify the proteins most likely to interact with C12orf65, I performed three rounds of 

BioID2 experiments: NCL1 (N=1), Nijmegen (N=3) and NCL2 (N=2). The Nijmegen results 

were disappointing in terms of hit identification, but they did provide a minimal background, 

indicating the hits that might be expected to appear in any of my BioID2 experiments (for 

example, endogenously biotinylated proteins).  

For NCL1, only 13% of total hits were mitochondrial. The reasons why so few mitochondrial 

hits have been detected could be both technical and biological. 

From a technical point of view, the method used for mitochondria isolation (differential 

centrifugation) is characterised by low purity. The methods that would offer a higher purity of 

mitochondria, like density gradient centrifugation or capture by affinity purification, are not 

suitable for a large quantity of starting material (Bury et al., 2020). They are applicable to brain 

tissue (Sims and Anderson, 2008, Hubbard et al., 2019) or to a small number of cultured cells 

(Hornig-Do et al., 2009). For mitochondria isolation from cell lines, differential centrifugation 

is the standard method (Liao et al., 2020) and the yield depends greatly on the homogenisation 

and amount of starting material. It is possible that during homogenisation, due to lack of 

experience, I accidentally broke the mitochondrial membranes, allowing the fusion protein to 

escape in the homogenate and biotinylate proteins there. With time, after becoming more 

confident with mitochondria isolation and after increasing the amount of cells used for the 

experiment, the mitochondrial yield increased up to 40% (NCL2).  

From a biological point of view, it could be that not all fusion protein is imported in the 

mitochondria. In theory, the fusion protein is translated by the cytosolic ribosomes located in 

close proximity with the mitochondria (Vardi-Oknin and Arava, 2019) then imported in linear 

form and, after cleavage of the N-terminus sequence, folded in its three-dimensional structure 

(Wiedemann and Pfanner, 2017). In practice, if the import is not efficient, the cytosolic form 

could be assembled and, if functional, it could randomly biotinylate proteins outside 

mitochondria, leading to more non-specific hits. In Figure 6-2, the streptavidin-HRP shows a 

band at 35 kDa in the Linker clone, corresponding to what could be a cleavage product that 

contains the biotin-ligase. Since the enzyme is capable to self-biotinylate, the 35 kDa fragment 
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could only be biotinylated and subsequently identified via streptavidin-HRP if the enzyme were 

folded, and active, in the cytosol, as the fragment is not imported in the mitochondria (Figure 

5-6).  

When comparing NCL1 and NCL2, it can be noticed that in general NCL2 has a better 

mitochondria yield (approximatively 40%) than NCL1 (13%) illustrated by more abundant 

matrix hits. This was achieved after optimization of the BioID2 technique by increasing the 

amount of starting material and changing the type of flask used for culture, partially based on 

lessons learned from the Nijmegen run. Apart from endogenous carboxylases and chaperone 

proteins, there are four interesting hits common between NCL1 and NCL2, all of them involved 

in mitochondria gene expression: mitochondrial Top1, mtEF-Tu, MRPL15 and MRPL34. The 

four hits are consistent between samples in both rounds: Top1, mtEF-Tu and MRPL34 appear 

in all samples including control, while MRPL15 is specific to C12-BioID2 and C12-Linker-

BioID2.  

As both Top1 and mtEF-Tu are matrix soluble proteins, it is understandable that they appear 

in both control and when using C12orf65 as a prey. They belong to distinct mitochondria foci: 

Top1 is in the nucleoid (Zhang et al., 2001, Lee and Han, 2017), while mtEF-Tu, as translation 

factor, is most likely to reside in the recently discovered translation foci (Zorkau et al., 2021). 

As the biotin-ligase is capable of non-specific biotinylation, it is possible that both were 

randomly biotinylated.  

Two particular proteins that are interesting are MRPL34 and MRPL15, from 39S. MRPL34 

(UniProt ID Q9BQ48) is a small protein (10 kDa), formed by two alpha-helices in shape of 

letter ‘V’(Figure 6-15), situated in the centre of mtLSU, embedded in the 16S rRNA (Figure 

6-6). Almost half of its primary structure is represented by the N-terminal transit peptide (46 

out of total 92 aa) and all lysine residues are concentrated in the C-terminal half. It is therefore 

surprising that it appears with such consistency in two BioID2 rounds and especially in the 

control: the protein is not exposed to the subunit surface, so the chances of being randomly 

biotinylated while being a component of a mature 55S are low. It is more probable that 

MRPL34 is biotinylated as a free protein, prior to assembly.  
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Figure 6-15. Structure of MRPL34 (close view) 

MRPL34 (white) is not exposed to the mtLSU surface. This protein is intertwined inside the 

16S rRNA (orange). The other proteins from mtLSU are coloured forest green. PDB entry 

6zm5, (Itoh et al., 2021); figure made using the PyMOL software 

 

Studies from Lightowlers’ group (Richter et al., 2010b, Rozanska et al., 2017) and others 

(Bogenhagen et al., 2018, Lavdovskaia et al., 2018) show that some MRPs exist as a free, non-

assembled pool, in the mitochondria matrix, in addition to being part of the 55S. This could be 

the case of MRPL34, especially as it is a late-assembly protein: it could remain in the matrix 

until the early-assembly proteins have finished binding the 16S rRNA. As mitoribosome 

assembly takes 2-3h (Bogenhagen et al., 2018) and biotinylation treatment lasted for 17h, 

MRPL34 could participate in 5-6 consecutive 55S assemblies while being randomly 

biotinylated. This comes under the assumption that biotinylation of MRPL34 would not 

interfere with 39S assembly. Recent publications that identified hits belonging to protein 

complexes did not report any damage of those complexes (Guedouari et al., 2021, Ould Amer 

and Hebert-Chatelain, 2020), so it is likely that biotinylated MRPL34 participates in the correct 

assembly of mtLSU.  

Bogenhagen et al.  found that MRPs are imported in excess in the matrix but are rapidly 

degraded if not used (Bogenhagen et al., 2018). If that was the case for MRPL34, I would not 

expect to find it among my hits. Therefore, I consider the consistent presence of this protein in 

NCL1 and NCL2 is caused by biotinylation in the non-assembled state. Separation of cellular 

components on sucrose gradient followed by SDS-PAGE could ascertain the amount of 

MRPL34 from free fractions as opposed to the one from mtLSU.  
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MRPL15, also consistent between NCL1 and NCL2, does not appear in the control, which 

suggests a specific C12orf65 interaction. MRPL15 (UniProt ID Q9P015) is larger (33 kDa) 

than MRPL34 and has a shorter mitochondrial targeting sequence (21 aa). It is an early-binding 

protein that extends towards the 16S rRNA, situated at the surface of the 39S subunit 

(Bogenhagen et al., 2018). So far there is no special function attributed to this protein during 

translation. If C12orf65 is involved in rescue of stalled mitochondrial ribosomes, as my 

hypothesis states, then I would expect to find MRPL hits involved in translation and recycling. 

The fact that I identified MRPL15 could be due to its size: the bigger a protein is, the more 

peptides it generates after trypsinization, which increases the chances of identification. Also, 

being situated at the surface of 39S provided exposed amino acids to biotinylation.  

There are no mtSSU hits shared between NCL1 and NCL2. NCL1 only identified MRPS5 and 

AURKAIP1, which appeared in the control, while NCL2 identified MRPS9, MRPS23, 

MRPS28 (bS1m) and MRPS31, all specific to C12 samples. However, the hits share common 

characteristics. With the exception of AURKAIP1, all the MRPSs identified are early assembly 

proteins (Bogenhagen et al., 2018). In terms of function, all are associated with the active sites 

of translation: MRPS5 forms the entry site of the mRNA channel, while MRPS28 forms the 

exit site (Amunts et al., 2015). Also, MRPS9 interacts with the anticodon stem loop of the 

tRNA from the P site, while MRPS23 is a strong interactor of MRPS28. The mtSSU hits from 

NCL1 and NCL2 complement each other: they contour a region where C12orf65 could bind, 

and that region corresponds to active sites of translation. During rescue, if C12orf65 occupied 

the A site of the mitoribosome, the biotin-ligase would non-specifically biotinylate firstly the 

closest proteins- the P-site and mRNA interactors. The fact that MRPS5 is encountered in 

NCL1 control can be explained by its localization towards the surface of mtSSU, which makes 

it more accessible to biotinylation (Figure 6-7A). AURKAIP1, as late binding protein, could 

be biotinylated prior to assembly, which could explain why it appears in the control.  

A striking difference between NCL1 and NCL2 is the absence of mtRNA-related hits from the 

former. There are no NCL1 hits involved in transcription, RNA processing or RNA 

modification. This can be explained by the increased mitochondria yield in NCL2, resulted 

from the increased amount of starting material as well as technical improvement of 

mitochondria isolation. Although it is difficult to make assumptions based on a single 

biological repeat, the absence of those hits from the database does not equal to their absence 

from the sample. Also, considering that BioID2 identifies protein-protein interactions, which 
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are dynamic, it could happen that no RNA-related hit occurred in the biotinylation range for 

NCL1. The hits from NCL2 cannot be dismissed because they failed to be identified in NCL1.  

The C12orf65 specific hits identified in NCL2 are involved in processing and maturation of 

transcripts or mtLSU assembly (DHX30). HSD17B10 and TRMT10C are both part of the 

RNase P complex, which explains why they were both biotinylated. But LRPPRC appeared 

alone, which was unexpected since it forms a dimer with SLIRP. The interaction between the 

two is strong: both SLIRP and LRPPRC contain amino acids specific to each other, which 

belong to structural motifs that were predicted to bind RNA (Spåhr et al., 2016). LRPPRC 

binds RNA strongly and non-specifically, while SLIRP uses its RNA recognition motif to 

stabilize LRPPRC (Spåhr et al., 2016).   

It was therefore expected to find both LRPPRC and SLIRP as BioID2 hits. However, the 

absence of SLIRP was reported by (Guedouari et al., 2021) and (Ould Amer and Hebert-

Chatelain, 2020) in BioID2 experiments performed in HEK293T cells, similar to mine. This 

suggests a logical cause for SLIRP absence, other than simply dismissing it as technical artifact. 

SLIRP (UniProt ID Q9GZT3) has a very small molecular weight (12 kDa) comparing to 

LRPPRC (UniProt ID P42704, 158 kDa). This could mean that LRPPRC shields SLIRP from 

biotinylation. Or, if both proteins are biotinylated and SLIRP is captured on the streptavidin 

beads, the SLIRP peptides resulted from trypsinization could be outside the mass window of 

this experiment. One of mass-spectrometry disadvantages is that proteins with high molecular 

weight can hide the signal of low molecular weight proteins, because only a small fraction of 

peptides are detected, and an even smaller fraction are fragmented (Aebersold and Mann, 

2003). Aibara et al. (Aibara et al., 2020) were able to identify SLIRP via mass-spectrometry 

with 46% sequence coverage, but they used highly purified mitoribosomes as starting material, 

which provides a limited range of protein masses, while I started from crude mitochondria. In 

addition, the SLIRP lysine residues from C-terminal half are involved in LRPPRC binding, 

which could rend them unavailable for biotinylation (Spåhr et al., 2016).  

Another important common aspect of NCL1 and NCL2 is the absence of C12orf65 from the 

hits. This was also a surprising result, because previous studies report identification of the bait 

protein among interactors, due to BirA capacity to self-biotinylate (Kim et al., 2016a). To 

understand this, I explored several scenarios.  

The absence of C12orf65 could be explained by a possible impairment of BirA function caused 

by the fusion with the bait. However, the identification of the bacterial biotin-ligase among the 
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NCL2 hits, as well as the western blot results that show a biotinylation smear (Figure 6-2), 

suggest this is not the case. In addition, the linker would provide the flexibility necessary to 

biotinylate C12orf65, so the protein should be identified at least in C12-Linker-BioID2 hits.  

In theory, C12orf65 tertiary structure could prevent biotinylation if the lysine residues are not 

exposed to the protein surface. However, recent determination of human C12orf65 structure 

shows that the protein has an open conformation where the C-terminus, most abundant in 

lysine, forms an ɑ-helix (Desai et al., 2020). C12orf65 is most likely biotinylated and bound to 

the streptavidin-coated beads, but the primary structure prevents it from being identified.  

C12orf65 is composed of 166 aa from which the first 35 form the mitochondria targeting signal 

(Figure 6-16). The sequence after the signal is rich in lysine (23 residues) from which only K94 

is listed as PTM site (ubiquitylation) by PhosphoSitePlus v6.5.9.3. 

 

Figure 6-16. Primary sequence of human C12orf65 

Amino acid sequence of human C12orf65 was retrieved from UniProt 

(https://www.uniprot.org/) and annotated accordingly. MTS is highlighted in yellow. Red 

font-lysine residue; green font-arginine residue 

 

This should provide an excellent biotinylation target. However, the inequal spread of residues 

through the sequence makes it difficult to obtain useful peptides after trypsinization. The lysine 

and arginine residues, both target sites for trypsin (Olsen et al., 2004), are abundant in the C-

terminal half of the protein and in many cases are situated next to each other. For this reason, 

trypsinization results in no -or short-peptides, which are difficult to detect. For example, short 

hydrophobic peptides can remain captured in the HPLC column (Schweizer et al., 2007), while 

very hydrophobic peptides cannot be captured on the column (Mitulović and Mechtler, 2006). 

Trypsin does not cleave at biotinylated lysine residues (Kuroishi et al., 2010), so it is possible 

https://www.uniprot.org/


199 
 

that some cleavage sites are missed. But even considering randomly missed cleavages, the 

resulting peptides can still be too short to be detected.  

 From the peptides that get eluted from HPLC, some do not have optimal ionization, or, if they 

are ionized, they cannot be fragmented due to their amino acid composition. Certain amino 

acid residues can favour fragmentation (e.g. aspartic acid) while others lead to poor 

fragmentation (e.g. arginine) (Kapp et al., 2003). Applying those possibilities to a short protein 

like C12orf65, that cannot result in a high number of peptides, offers a reasonable explanation 

as to why this protein is missing from my hits. There are not enough peptides that could be 

detected in the BioID2 experiments.  

6.1.2 Integration of C12orf65 BioID2 results in the context of current research  

At the beginning of my project, the function of C12orf65 was not understood, despite 

pathogenic variants that suggested it is involved in mitochondria translation (Wesolowska et 

al., 2015, Antonicka et al., 2010). This protein contained the universally conserved GGQ motif, 

specific to translation release factors, but no codon recognition motif (Richter et al., 2010b). In 

addition, another translation termination factor (mtRF1a) was already proved to terminate 

mitochondrial translation (Soleimanpour-Lichaei et al., 2007). On this basis, I started from the 

hypothesis that C12orf65 is involved in translation quality control, more specifically in the 

rescue of stalled 55S ribosomes. The method I chose to test the hypothesis was BioID2, which 

would allow me to identify weak and transient binding partners of C12orf65 (Roux et al., 2012, 

Kim et al., 2016a). I reasoned that those interactors would indicate C12orf65 function, or at 

least illuminate the molecular pathways that involve C12orf65. As anticipated, I identified 

several factors involved in RNA processing and modification, as well as MRPS proteins that 

localize to the P site and mRNA channel of the 55S ribosome.  

The interactors that I identified were also identified by Hana Antonicka (Antonicka et al., 

2020). In a massive effort to map the protein-protein interactions from all mitochondrial 

compartments, the authors applied the BioID method to 100 mitochondrial baits, including 

C12orf65. To characterize the biotinylation background in the matrix, they used MTS from 

three proteins, including COX8, the same that I used as control. For C12orf65-BioID they 

identified approximatively 1,000 proteins, 5-6 times more than what I identified. This 

discrepancy can be explained by the different manner of sample preparation. The affinity 

purification that I performed started from isolated mitochondria, while Antonicka et al. used 
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cell lysate (Antonicka et al., 2020). Also, I did more washes prior to trypsinization (10 vs.6), 

which could reduce the non-specific binding and therefore the total number of hits identified 

by mass-spectrometry.  

 All the MRPS that I have identified, apart from AURKAIP1, figured among the 1,000 proteins. 

The authors defined a BFDR score to represent high-confident interactions (BFDR≤ 0.01) as 

opposed to random interactions or endogenously biotinylated proteins. Importantly, when 

comparing COX8-MTS interactions with C12orf65 interactions, most of the MRPs that I have 

identified only in C12 samples were listed in both COX8-MTS and C12-BioID preys, in both 

cases as high confident interactors, with BDFR = 0 (MRPS5, MRPS9, MRPS23, MRPS28, 

MRPS31, MRPL15). MRPL34, which in my experiments appeared as a non-specific interactor, 

was identified with a higher confidence score in C12-BioID (BFDR=0) than in COX8-MTS 

(BFDR=0.27).  

The hits involved in RNA stability and maturation were also found by Antonicka et al. 

(Antonicka et al., 2020), all with high-confidence interacting score (BFDR=0). In addition, the 

authors did identify SLIRP as a high confident interactor of C12orf65, together with LRPPRC 

(BFDR=0). This could be possible because the authors used mass-spectrometers with a higher 

resolution (LTQ-Orbitrap Velos or Elite instrument) than the one used in Newcastle (Fusion 

Lumos Tribrid Orbitrap), which could also permit identification of more hits in COX8-MTS. 

Importantly, C12orf65 did not figure among their preys, neither when using C12orf65 as a bait, 

nor when using other mitochondrial proteins as baits. This strengthens the argument that the 

C12orf65 primary structure impedes identification via bottom-up proteomics.  

 During the writing of this thesis, Desai et al. published the cryo-EM structure of an elegant 

model of mitoribosome stalling in HEK29T cells, which allowed them to determinate the 

function of C12orf65 (renamed mtRF-R) (Desai et al., 2020). They identified an intermediate 

of the rescue process formed by mtLSU that contained the nascent polypeptide attached to the 

tRNA in the P site. The rescue factor was not C12orf65 alone, but a dimer of C12orf65 and 

MTRES1 (C6orf203), a protein previously known to bind double-stranded RNA 

(Gopalakrishna et al., 2019). To form this dimer, the ɑ-helix situated closest to the C-terminus 

in C12orf65 (ɑ2) interacts with the S4-like domain of MTRES1. C12orf65 binds to the A-site 

of the LSU, while MTRES1 binds the anticodon stem-loop of tRNA from the P site. In 

agreement to the previous bioinformatic predictions, the GGQ motif of C12orf65 extends into 

the PTC of the 55S ribosome and interacts with the 3′-CCA extremity of the P-site tRNA. Using 
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bacterial LSU, the authors showed that C12orf65 and MTRES1 induce the hydrolysis of the 

nascent polypeptide. 

MTRES1 was not identified in my BioID2 studies. One possible cause for this absence could 

be that I did not induce mitoribosome stalling in my HEK cells, and the C12orf65-MTRES1 

dimer might not be stable with normal translation. Using MTRES1-FLAG as bait, 

Gopalakrishna et al. were able to immunoprecipitate C12orf65 in HEK293T cells without 

stalling, and without crosslinking (Gopalakrishna et al., 2019). However, Desai et al. show that 

the dimer is stabilized by the interaction with 16S rRNA, in particular with helix 69 to which 

both C12orf65 and MTRES1 make contact (Desai et al., 2020). They identify specific amino 

acid residues in C12orf65 as well as MTRES1, residues involved in the contact with each other, 

and Gopalakrishna et al. show that the interaction exists without stalling (Gopalakrishna et al., 

2019). It is not known how stabile a steady-state interaction would be and whether the structure 

of the dimer in native state would be identical to the structure of the dimer during stalling. 

Interaction with the mtLSU could induce a conformational change of the dimer. 

The absence of MTRES1 could also be explained by the technical differences between the 

BioID2 technique and FLAG-immunoprecipitation followed by mass-spectrometry used by 

Gopalakrishna et al. (Gopalakrishna et al., 2019). BioID2 identification is based on 

biotinylation of prey at the lysine residues. Desai et al. show MTRES1 has a rather packed 

structure, which could hide the lysine residues from biotinylation (Desai et al., 2020). Also, a 

FLAG-immunoprecipitation is more specific than BioID2, because the hits must physically 

interact with the prey, which reduces the number of proteins and the mass-widow in mass-

spectrometry analysis, increasing the chances of identification.  

Last but not least, attaching the BirA to the C-terminus of C12orf65 could disrupt the 

interaction with MTRES1. Desai et al. (Desai et al., 2020) showed that the longest ɑ-helix, the 

one at the very end of C-terminus, is responsible for MTRES1 binding. MTRES1 molecular 

weight (28 kDa) is only slightly bigger than BirA (25 kDa), so BirA could cause a steric 

hindrance preventing it from binding. It might be that the binding site between C12orf65 and 

MTRES1 is affected even with the linker insertion. This would explain the presence of a 

cleavage product in the C12orf65-Linker-BioID2-HA clones and why the clones without linker 

had a poor growing phenotype. To test whether MTRES1 is capable of binding C12orf65 in 

the BioID2 clones, an immunoprecipitation similar to Gopalakrishna et al. (Gopalakrishna et 
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al., 2019) could be performed, using HA as tag. MTRES1 could be identified by mass-

spectrometry of the eluate.  

The results obtained by Desai et al. (Desai et al., 2020) concomitantly support and contradict 

my results. They support them because they show C12orf65 binding to the same region where 

my hits are situated. For example, MRPS9, identified in the linker clone,  interacts with the 

anticodon stem loop of the P-site tRNA (Aibara et al., 2020). MRPS28 (bS1m) and MRPS23, 

from the mRNA exit channel, and MRPS5 in the RNA entry channel (Amunts et al., 2015) are 

all situated close to the A site, where C12orf65 binds. The distance between the A and P sites 

(50 Å) (Aibara et al., 2020) permits their biotinylation even in the absence of the linker (within 

10nm biotinylation range). Clearly, the BioID2 cannot map the interactions with the same 

precision as cryo-EM, but taken together, both results point towards actives sites of 

mitochondria translation. The hits that I identified do not figure among the proteins involved 

in co-translational insertion, for example (Itoh et al., 2021). I did not identify MRPs that interact 

with Oxa1L to guide the co-translational insertion of mitochondria translated proteins in the 

IMM. I identified proteins that map to the region described by Desai et al., proteins that interact 

with P-site tRNA and mRNA (Desai et al., 2020),.  

In the same time, Desai et al. contradict my results because the hits that I identified are mostly 

from the mtSSU, when they demonstrate that the C12orf65-MTRES1 dimer binds to the 

mtLSU (Desai et al., 2020). They further explain that the ɑ1 and ɑ2 helices of C12orf65 would 

clash with mtSSU and conclude that C12orf65-MTRES1 bind to the stalled mtLSU after it had 

been separated from mtSSU. In addition, the few mtLSU that I identified (MRPL34, MRPL15, 

MRPL2) are not reported to have any special role in translation, and do not figure among the 

MRPLs mentioned in this article.  

This opened new research questions. Does C12orf65 or C12orf65/MTRES1 interact with an 

assembled, translating 55S ribosome, in the absence of stalling? Does it scan the translating 

mitoribosome to check for stalling and is removed by mtRF1a once a correct stop codon is 

found in the A site? This could be possible, since C12orf65 does not have a codon recognition 

domain, so mtRF1a would have a higher affinity for the stop codon. Where does C12orf65-or 

C12orf65/MTRES1- reside in the matrix? Is it ubiquitous, or does it reside in a specific matrix 

area and is only recruited when stalling happens?  

The majority of MRPs that I identified are early-binding proteins, binding directly to rRNA. In 

NCL2, I identified several interactors involved in RNA maturation and ribosome assembly. 
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The post-transcriptional processing of RNA as well as biogenesis of 55S take place in RNA 

granules (Antonicka and Shoubridge, 2015). RNA granules are defined as punctate sub-

compartments that associate with IMM and are very dynamic in composition (Rey et al., 2020). 

Recently, the RNA granules and mitochondria translation sites were shown to be spatially 

different (Zorkau et al., 2021). Under the experiments limitations, my BioID2 results raise the 

possibility that C12orf65 resides in the RNA granules, either alone or associated with 

MTRES1, from where it is recruited to the translation region. To test this hypothesis, a similar 

approach as used by Zorkau et al. (Zorkau et al., 2021) involving STED nanoscopy could be 

applied to C12orf65-FLAG expressing HEK cells in order to determine its exact localization.    

Two of the hits identified in the BioID2 experiments (DHX30 and TRMT10C) were also found 

by Gopalakrishna et al. in the MTRES1-FLAG eluate (Gopalakrishna et al., 2019). TRMT10C 

is part of the RNase P complex (Metodiev et al., 2016), while DHX30 is involved in 55S 

assembly (Antonicka and Shoubridge, 2015). Since Desai et al. (Desai et al., 2020) show 

mtLSU is rescued after dissociation of mtSSU, if DHX30 and TRMT10C interact with 

MTRES1, they could be involved in mtLSU disassembly, most likely acting after 

C12orf65/MTRES1 hydrolyse the nascent polypeptide. An immunoprecipitation using HA tag 

could clarify whether they are close C12orf65-BioID2 interactors when stalling is not induced. 

Also, using the 55S stalling model from Desai et al. (Desai et al., 2020), the DHX30 and 

TRMT10C levels could be tested and compared with the levels without stalling. If stalling 

increased their expression, then the two proteins are more likely to be responsible for 

disassembly of the stalled mtLSU.  

An important aspect remains the validation of the hits identified in this work and their 

physiological relevance. Previous studies in which the function of the bait protein was at least 

partially known validated the new BioID interactors using fluorescence microscopy or co-

immunoprecipitation (Youn et al., 2018, Ould Amer and Hebert-Chatelain, 2020). When the 

bait protein was known to be part of a complex, the other members of the same complex were 

used to validate the interactors obtained by BioID: if the previously known interactors appeared 

among the newly discovered ones, then the BioID2 method was reliable (Gong et al., 2020). 

The authors would then choose some of these new interactors and test their co-localization with 

the bait protein via immunofluorescence, or their interaction via co-immunoprecipitation 

followed by western blot (Gong et al., 2020). 
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These approaches are insufficient to shed light on the functional interplay between C12orf65 

and the hits. Even if they were validated by immunofluorescence or co-immunoprecipitation, 

the physiological relevance of the interaction would remain unknown. Since the function of 

C12orf65 was unknown at the beginning of the project, I decided to create a C12orf65 knockout 

(KO) cell model in which to observe the effect that the lack of C12orf65 has on the BioID2 

hits, more specifically to explore changes in their protein level by western blotting.  

Such a model would be of interest particularly for the hits involved in transcription and RNA 

processing. Previous attempts to downregulate C12orf65 in Lightowlers lab lead to an 

upregulation of mt-RNAs (Pajak, 2013), a result that could not be reproduced (Wesolowska, 

 2015). Using a KO model would clarify the molecular behaviour of mitochondrial 

transcripts and identify any change in the BioID2 hits regulating those transcripts. In addition, 

the model would provide a basis for the study of mitoribosome assembly in the absence of 

C12orf65 and the role of other BioID2 hits (DHX30, ATAD3A, ATAD3B) in this process. In 

the following chapter, I describe an attempt to generate a C12orf65 KO cell model.   
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Generation of a C12orf65 knockout cell line using  

CRISPR-Cas9 
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 Introduction 

Using more than one method increases the chance of success when studying the function of a 

protein, especially if the protein is associated with such heterogenous phenotypes as in 

mitochondrial diseases. Although BioID2 is a new and powerful technique (Kim et al., 2016a), 

which represents the improved version of the original BioID (Roux et al., 2012), it is not always 

straightforward. Traditionally, in order to find out which is the role of a protein, researchers 

removed it from a cell/organism by disrupting the expression of the protein-coding gene 

(Alberts B, 2002). 

This approach has already been tried in my host laboratory. Aleksandra Pajak treated 

HEK293T cells with siRNA-C12orf65 or siRNA-NT and noticed that, even after 6 days of 

treatment, the levels were not changed in COXII (mitochondria-encoded), NDUFB8 (nuclear-

encoded, marker of complex I assembly) and MRPs. However, the steady state levels of 

mitochondrial mRNA and rRNA were higher in the siRNA-C12orf65 samples than in the 

control (Pajak, 2013). When Maria Wesolowska repeated the experiment, she found that, apart 

from MT-ND1, there was no difference in mitochondria transcripts levels between treatment 

and control. When investigating this issue, she observed that the lowest C12orf65 transcript 

level was achieved after 3 days of treatment (40% of the control), but it increased for the 6 days 

treatment (90%) (Wesolowska,  2015).  

Both experiments are based on transient depletion of C12orf65, and the level achieved is not 

consistent. In Pajak’s thesis there is a lower transcript level after 6 days of treatment compared 

to 3 days, while in Wesolowska’s thesis is the other way around. Moreover, in both cases the 

depletion seems insufficient to recapitulate the phenotype seen in C12orf65 patients, which 

reported a drastic deficiency of complexes I, IV, and V (Antonicka et al., 2010).  

The creation of an improved cell model with C12orf65 deficiency was therefore necessary. 

Although patient cells are a good model for genetics studies, they are not immortal, they are 

difficult to obtain, their use requires ethical approval and, most importantly, they are 

heterogenous in terms of pathogenic variant and tissue. In order to obtain a cell model with an 

identical variant that does not become senescent and is likely to give consistent results, 

scientists can immortalize primary cells that carry a genetic defect (Robin et al., 2015) or they 

can knockout (KO) the gene of interest in a largely used cell model (Pearce et al., 2017). Since 
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immortalization of patient cells is time-consuming due to the slow growth of mutant cells and 

it requires a careful selection of an appropriate control, I opted for the KO method.  

I performed CRISPR-Cas9 against C12orf65 in HEK293T cells because they grow rapidly, are 

easy to transfect and allow the use of an identical control, since both KO and control have the 

same origin. This method is relatively straightforward and commonly used in research. It was 

used in Lightowlers lab to KO another member of the translation release factor family- mtRF1 

(Shreya Ayyub, unpublished data). The aim was to obtain a C12orf65 KO cell line to study the 

function of C12orf65 and its link with the interactors identified by BioID2. Should the 

experiment be successful, the KO clone would not require retransfection, as in the case of 

siRNA, and would provide a reliable model for future rescue or double knockout experiments.  

CRISPR (clustered regularly interspaced short palindromic repeats) and the CRISPR-

associated (Cas) systems are a basic type of adaptive immunity from bacteria and archaea, that 

allow the cell to detect and silence foreign nucleic acids (viruses, plasmids). In this process, 

bacteria that contain CRISPR loci integrate short fragments from the invader genome into their 

own genome, at the end of the CRISPR loci, and use them as a record for previous infections. 

After the CRISPR loci are transcribed, the transcripts are processed into numerous short 

CRISPR-derived RNAs (crRNAs), each one containing a sequence that is complementary to 

the sequence of the invader. The foreign nucleic acid is silenced by Cas endonucleases, which 

act in conjunction with crRNAs (Bhaya et al., 2011, Wiedenheft et al., 2012). 

 In 2012, a collaboration between Jennifer Doudna and Emmanuelle Charpentier revealed the 

mechanisms of action behind the Cas9 enzyme, which constitute the base of current genetic 

engineering research. They reported that Cas9 is an endonuclease capable to cut both strands 

of DNA and requires an additional small noncoding RNA- triggering pre-crRNA (tracrRNA)- 

for its function (Figure 7-1).  
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Figure 7-1. Mechanism of action for CRISPR-Cas9 

A. In the WT system, crRNA forms base-pairs with the protospacer sequence in the target 

DNA and with the tracrRNA. The RNA duplex directs Cas9 to the target DNA, which is 

cleaved on both strands once the PAM motif is recognized. 

B. In the genetically engineered system, Cas9 is activated by a chimera of crRNA linked to 

tracrRNA. The crRNA part of the chimera is designed to be complementary with the target 

DNA, which in addition must contain a PAM motif. (taken from (Jinek et al., 2012) with 

permission, RightsLink license number 4996690254172) 

 

The tracrRNA is necessary both for maturation of crRNA and for activation of Cas9. The 

double stranded breaks (DSB) occur at a specific site, defined by the base-pairing of crRNA 

with the foreign DNA (protospacer) and the protospacer adjacent motif (PAM). PAM motif is 

situated in the target DNA, next to the region recognized by crRNA (Jinek et al., 2012).  

Based on the tracrRNA:crRNA duplex, the authors designed a guide RNA (gRNA), a chimeric 

molecule that contains a target recognition sequence and a base-pairing sequence of  tracrRNA 

with crRNA. The gRNA was used to programme Cas9 and successfully cleave the green-

fluorescent protein coding sequence in vitro. With both plasmid and linear DNA, Cas9 

produced blunt ends, making reannealing difficult, which opened the  possibility of gene 

editing (Jinek et al., 2012). One year later, the group announced the successful use of CRISPR-
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Cas technology in human HEK293T cells to induce DSB in the human clathrin light chain 

(CLTA) gene, using a gRNA specifically designed for it (Jinek et al., 2013).  

In both eukaryotes, the formation of DSBs triggers two endogenous DNA repair mechanisms: 

non-homologous end joining (NHEJ) or homology-directed repair (HDR). NHEJ is highly 

conserved during evolution, from bacteria to mammals, but has the highest contribution in 

mammals (Hefferin and Tomkinson, 2005). The mechanism brings together the two DNA 

broken ends and joins them, ideally by direct ligation. However, as the DNA ends are usually 

non-ligatable, they are first processed by phosphoglycolate enzymes, then aligned against 

complementary sequences of 1-4 nucleotides. Those small sequences are compared, aligned 

and used as scaffold for bridging the gap, which can lead to mismatches, insertions or deletions. 

In mammalian cells, NHEJ is possible due to the Ku complex, a heterodimer of Ku70 and Ku80 

with toroid shape that can accommodate both DNA strands in the middle hole. The interior 

wall of the channel is formed by positively charged amino acids, which allow interactions with 

the ribose-phosphate backbone of DNA (Walker et al., 2001). The Ku complex prevents 

degradation of the broken DNA by nucleases and bridges the two ends by recruiting the DNA-

dependent kinase (Gottlieb and Jackson, 1993) and the DNA ligase IV/XRCC4 complex (Chen 

et al., 2000). The DNA ligase complex is capable to ligate the two ends even if they are 

incompatible (no potential of base-pairing) and to ligate over 1 nucleotide gaps, if the two ends 

have a 1-4 nucleotides complementary sequence (Gu et al., 2007). The DNA-polymerases Pol 

µ (Mahajan et al., 2002) and  Pol λ (Lee et al., 2004) from the Pol  X  family are also associated 

with the Ku complex (Mahajan et al., 2002) (Ma et al., 2004) and incorporate nucleotides to 

fill in any gaps formed during processing of DNA ends (Hefferin and Tomkinson, 2005). The 

NHEJ process is therefore error-prone, allowing random indels to occur.  

The other DNA repair mechanism, HDR, is based on homologous recombination. Homologous 

recombination involves the exchange of sequences between the DNA molecule that contains 

the DSB and another DNA molecule, identical and intact (homologous template). HDR is more 

precise, but also occurs at lower frequency comparing to NHEJ in mammals (Pardo et al., 

2009). If  NHEJ is specific to G0 and G1 phase of the cycle (non-dividing), HDR takes place 

only during the late S and G2 phases, when the cell is dividing, and the homologous DNA 

becomes available (Bolderson et al., 2009).  

In gene editing, the KO experiments exploit the NHEJ pathway, while the knock-in 

experiments (substitution of a DNA sequence or insertion of exogenous DNA at a particular 
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locus) exploit the HDR (Zhang et al., 2017). The CRISPR-Cas9 system favors NHEJ over 

HDR, making it ideal for KO experiments (Liu et al., 2019a). The indels introduced by NHEJ 

in a coding gene are likely to result in a premature stop codon, leading to the removal of the 

aberrant transcript via nonsense-mediated decay (NMD). 

NMD is a mRNA-surveillance mechanism well-conserved in eukaryotes, having been 

described in vertebrates (Maquat, 1995), nematodes (Caenorhabditis elegans), plants 

(Arabidopsis sp.) and yeast (S. cerevisiae) (Longman et al., 2013, Degtiar et al., 2015, Conti 

and Izaurralde, 2005). The mechanism is based on three universally conserved proteins: UPF1, 

UPF2 and UPF3. UPF2 and UPF3 interact with the exon junction complex (EJC), situated 20–

24 bases upstream of the exon-exon junction (Le Hir et al., 2001), while UPF1 is an RNA 

helicase that associates with UPF2 /UPF3 as well as the translation release factors eRF1 and 

eRF3 (Conti and Izaurralde, 2005). UPF3 is mostly nuclear but travels to the cytoplasm as part 

of the EJC. UPF2 is perinuclear and serves as ligand between UPF3 and UPF1, while UPF1 is 

mainly cytoplasmatic, but capable to shuttle to the nucleus (Chang et al., 2007). In mammals, 

the NMD model suggests that, when a stop codon occurs upstream from the EJC, the translation 

release factors recruit UPF1, which interacts with UPF2 and UPF3. Normally, the stop codon 

is situated downstream from EJC and the complex is removed by the translating ribosomes. 

During NMD, the protein-kinase SMG1 phosphorylates UPF1, resulting in the recruitment of 

SMG5, SMG6 and SMG7 factors (Nickless et al., 2017). The protein SMG6 is an endonuclease 

that cleaves the transcripts near the premature stop codon (Huntzinger et al., 2008). The dimer 

SMG5-SMG7 recruits factors that hydrolyze the N7-methylated guanosine from the 5’cap 

(DCP1a, DCP2 (Lejeune et al., 2003)) and factors that remove the 3’polyA tail (POP2, a 

catalytic subunit of the CCR4–NOT deadenylase complex (Loh et al., 2013)). Without the two 

structures that would ensure its stability, the mRNA is degraded by the 5′-3′ (Xrn1) and 3′-5′ 

(PM/Scl100) exonucleases (Lejeune et al., 2003, Chen and Shyu, 2003).  

Not all NHEJ errors lead to NMD. If the ORF is not changed, the mutant transcript can be 

translated into a defective protein. When studying the effect of indels on HAP1 cells, which 

contain only one copy of each chromosome, Tuladhar et al. observed that both events occur 

randomly: some KO proteins were completely lost, while others presented with novel forms 

that could still be detected by western blot (Tuladhar et al., 2019). In some instances, even if 

the ORF is affected, the aberrant transcripts escape NMD. NMD escape is done by reinitiating 

transcription at a downstream start codon (Neu-Yilik et al., 2011), by stop codon readthrough 

or with the help of RNA-binding proteins (Dyle et al., 2020). In melanoma and colon cancer 
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cells, for example, the indels transcripts that evade NMD result in neoantigen proteins that act 

as ‘danger signal’, triggering the anti-tumoral response and infiltration of cytotoxic T 

lymphocytes (Litchfield et al., 2020, Maby et al., 2016).  

The effect of indels cannot be accurately predicted. However, in mammals, mRNAs that 

contain a premature stop codon located 50-55 nucleotides upstream from the final exon–exon 

junction are generally degraded (Nagy and Maquat, 1998), because a normal stop codon would 

localize to the last exon (Popp and Maquat, 2016). In a FISH-experiment done on  human 

osteosarcoma (U2OS) cells, (Trcek et al., 2013) studied NMD by comparing degradation rates 

of β-globin mRNA containing premature stop codons at codon 39 with normal mRNA. They 

concluded that 40% of the mutant transcripts escape NMD, while the majority are degraded 

either proximal to the nuclear envelope, with a half-life of <1 min, or in the cytoplasm, with a 

half-life >12 h.  

It is therefore reasonable to use the CRISPR-Cas9 to induce DSBs in the C12orf65 gene, 

because the NHEJ mechanism triggered could produce a premature stop codon, that would 

likely result in transcript degradation and subsequent protein loss. The choice of CRISPR-Cas9 

over the other genome editing technologies (ZFNs, TALENs) was made because the system is 

efficient, target specific and in principle could be used to KO multiple genes at the same time. 

It only requires a different gRNA for each gene, without the need to redesign the Cas9 enzyme, 

allowing more scientists to use it concomitantly for different purposes. Also, CRISPR-Cas9 is 

easy to transfect and has been extensively used in HEK293T cells, the model that I am using 

(Ran et al., 2013). 

The aim of the work presented in this chapter, therefore, was to obtain a human cell model 

devoid of C12orf65 for the following reasons: 

1. Investigate changes in the levels of C12orf65 interactors identified by BioID2, in 

particular the ones involved in transcription and ribosome assembly and the MRPs 

2. Investigate the mitoribosome assembly, OXPHOS assembly and the levels of mtDNA-

encoded proteins and compare the results to what was described in patients (Antonicka 

et al., 2010, Wesolowska et al., 2015) 

3. Understand the effect that the absence of C12orf65 has on the level of mitochondrial 

transcripts, since previous investigations from the group provided different results 

4. Compare the C12orf65 KO phenotype with the mtRF1 KO phenotype described by 

Shreya Ayyub; similar results could indicate whether the two factors compensate for 
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each other, whether they are involved in the same molecular pathway or are involved 

in different pathways given the differences between their primary structures 

This chapter describes the sequencing analysis performed to identify a possible C12orf65 KO 

HEK clone. Due to the outbreak of Covid-19 pandemic and lab closing, it was not possible to 

characterize the cells experimentally.   

 Results 

When performing the KO experiment, I took into consideration two important aspects: gRNA 

target and gene essentiality. As my objective was a complete loss of the C12orf65 protein, I 

was interested to obtain homozygous mutants.  In a previous case report, only the individuals 

with homozygous pathogenic C12orf65 variants were affected; since those variants have a 

recessive inheritance pattern, the heterozygous parents were normal (Spiegel et al., 2014).  

If C12orf65 were essential, homozygous mutants would be lethal, and only the heterozygous 

would be selected. On the Online GEene Essentiality database (OGEE, 

http://ogee.medgenius.info ), based on eight large-scale CRISPR/Cas9 and RNAi screenings, 

C12orf65 is classified as ‘conditional’, not ‘essential’. In addition, patients with C12orf65 

homozygous or compound heterozygous variants present with onset of symptoms at different 

ages, some of them reaching maturity, as reviewed by Perrone et al. (Perrone et al., 2020). It is 

therefore unlikely that a homozygous KO is lethal for the HEK cells.  

To increase the probability of a premature stop codon, the DSB should occur early during 

translation. Cas9 induces DSBs approximatively 3bp upstream from the PAM motif (Ran et 

al., 2013), which is immediately adjacent to the gRNA target. The gRNA target and PAM motif 

were therefore assigned to the first coding exon of the C12orf65 gene, upstream from the GGQ 

motif (Figure 7-2), to ensure any possible peptidyl-tRNA hydrolysis activity is lost.  

  

http://ogee.medgenius.info/


213 
 

 

Figure 7-2. Localisation of the CRISPR-Cas9 target sequence on the reference C12orf65 

The gRNA target sequence is highlighted in yellow background and the adjacent PAM motif 

in green. The GGQ motif is shown in red.  

Grey background – 3’ and respectively 5’ UTR;  

Blue font-first coding exon; black font-second coding exon 

Sequence according to the Ensemble Genome Browser, release 102, transcript ID 

ENST00000253233.6 

 

To avoid potential cleavage activity of random genes, the gRNA should be highly specific, as 

Cas9 on its own has no off-target effects (Lino et al., 2018, Zhang et al., 2015a). The gRNA 

that I used in my experiments has low off-target sites. When checking the 20 nucleotide 

sequence on the Off-Spotter online tool (Pliatsika and Rigoutsos, 2015) 

https://cm.jefferson.edu/Off-Spotter/, the only gene returned, with a region 100% identical to 

the query, was the coding sequence of human C12orf65. The tool also allows mismatches of 

1-5 bp between the query sequence and a possible off-target. There were no off-targets 

https://cm.jefferson.edu/Off-Spotter/
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identified with 1-2 mismatches. The first off-target gene predicted, with 3 mismatches, was 

XKR6 – XK (Kell blood group complex subunit-related family, member 6), on the reverse 

strand of chromosome 8 (ENSG00000171044). XKR6 is not involved in mitochondria; it is a 

multi-pass protein from the plasma membrane involved in Hepatitis B virus infection, XKR6 

being one of the target genes for the genomic integration of the virus (Li et al., 2020a).  

As described in 2.1.8, the transfection with the PX458 plasmid was done in three cell lines: 

HEK 293T FLP-In, C12orf65-FLAG HEK 293T FLP-In non-induced and C12orf65-FLAG 

HEK 293T FLP-In T-Rex induced at the moment of transfection. As control were used HEK 

293T FLP-In transfected with the empty vector (no gRNA). For all cells, successful 

transfection was assessed by the expression of GFP, present in PX458 and the empty vector. 

Also, GFP was the criteria used during FACS sorting to obtain single cells. The induction of 

C12orf65-FLAG, maintained during cell sorting and clone growth, was thought as the 

equivalent of a rescue experiment: should both endogenous C12orf65 alleles be mutated, the 

deleterious phenotype could be restored by expression of C12orf65-FLAG.  

After selecting single-cell clones, I observed no difference in cell growth between induced cells 

and control: the initial single cells grew rapidly comparing to the non-induced and HEK 293T 

FLP-In transfected with the PX458 plasmid, and the difference was maintained as the clones 

were propagated. The induced and control single cell clones grew evenly at the bottom of the 

well/flask and were the first that needed to be moved in a bigger recipient. In contrast, single-

cell colonies resulted from non-induced and HEK 293T FLP-In cells had a poor rhythm of 

growth and formed clumps. 

When the cells from a 25 cm2 flask became confluent, I isolated total DNA for sequencing. I 

amplified the C12orf65 region approximatively 150 bp upstream and downstream from the 

PAM motif and used this PCR product for Sanger sequencing. Sequencing was performed only 

with the forward primer, which binds in the intronic region, 74 nucleotides upstream from the 

start of the first coding exon (Appendix-D, Figure Apx 7); this location was chosen to ensure 

that any sequencing artefacts that might raise during the process localize to the intronic and not 

to the coding region. I first analysed the results with Standard Nucleotide BLAST (blastn, 

NCBI) against Homo sapiens as organism (Boratyn et al., 2013), starting from approximatively 

80 bases after the beginning of the sequence. Blastn showed no mutations in the two controls 

transfected with empty vector (12E and 4E) and matched them to human C12orf65, as expected 

(Appendix-D, Figure Apx 8-9 and 10-11). Although only one control was obligatory for sample 
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comparison, I decided to sequence two control cell lines to pre-empt technical difficulties, like 

sequencing fail. I isolated DNA and sequenced both controls at the same time. The second 

control further illustrates the precision of the technique: the gRNA target and PAM motif are 

intact not only for one, but for two controls. Then, I compared all the sequences against the 

control 4E using the online deconvolution software Indigo (https://www.gear-

genomics.com/indigo/,(Rausch et al., 2020)). The software separates the alleles for each 

sample and compares each allele to a reference sequence. It identifies insertions, deletions and 

substitutions on each separate allele and provides the estimated allelic fraction (number of 

alleles with a particular change divided by total number of alleles). As indels are the main 

consequence of CRISPR-Cas9 experiments and the DSBs are not guaranteed to happen on 

every allele, I considered successful only the clones that harbour indels on both alleles 

(complete KO).  

The first sample identified as such was clone 5N (non-induced C12orf65-FLAG HEK FlipIn 

cell line). The two alleles are in identical proportion. The first allele of 5N contains a 14 b 

deletion that starts three bases upstream from the PAM motif (CGG), consistent with the Cas9 

cleavage site (Ran et al., 2013) (Figure 7-3). The protein product encoded by this mutated 

allele, as predicted by the online tool ExPasy available from the Swiss Institute of 

Bioinformatics (Gasteiger et al., 2003)(https://web.expasy.org/translate/), is truncated by a 

premature stop codon. The length of the aa chain is less than a third of the WT and the GGQ 

motif is lost (Figure 7-4A). The blastp analysis shows that only the first 22 aa are identical 

between this aa chain and the C12orf65 reference sequence (UniProt ID Q9H3J6)(Figure 

7-4B). Therefore, the deletion is likely to result in activation of NMD. If the transcript escapes 

this process, the predicted polypeptide is most likely degraded.  

The second allele of 5N also contains a 14 b deletion, which starts 5 b upstream from the 

PAM motif (Figure 7-5). In contrast to the first allele, the predicted protein product encoded 

by the second allele does not contain a stop codon and maintains the GGQ motif. However, 

when aligned to the reference C12orf65 sequence (UniProt ID Q9H3J6), this predicted 

polypeptide lacks five aa in the mitochondrial targeting signal (aa 1-35) (Figure 7-6). Even if 

it were synthetized, the predicted polypeptide may not enter mitochondria; more likely, it 

would accumulate in the cytosol and eventually be degraded. 

Since the two alleles appear in 1:1 ratio, and each of them is mutated in such a way that the 

encoded polypeptide is lost, I considered sample 5N a successful KO.  

https://web.expasy.org/translate/
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Figure 7-3. The results of DNA sequencing of mutant cells from sample 5N- allele 1 

After isolating total DNA from cells, the first exon of C12orf65 was amplified and the PCR 

product sent to Sanger sequencing using the forward primer. An online deconvolution tool 

(https://www.gear-genomics.com/indigo/) was used to align sample 5N against no gRNA 

control (4E). The start codon is underlined and indicated by a black arrow. The 14 

nucleotides deletion from 5N allele 1 is represented by a dotted line and emphasized by a red 

line. The gRNA target is highlighted in yellow, the PAM motif in green, and the sequence 

encoding for the GGQ motif – in red.  
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A. 

 

B. 

 

Figure 7-4. Predicted polypeptide encoded by 5N allele 1 

A. The predicted aa sequence encoded by sample 5N allele 1, obtained with the online 

translating tool Expasy available from the Swiss Institute of Bioinformatics. The dash 

represents a stop codon, the open reading frame is highlighted in red. The canonical start 

codon (ATG) is according to the C12orf65 reference sequence from the Ensemble Genome 

Browser release 102, transcript ID ENST00000253233.6.  

B. Alignment (blastp, NCBI) between the aa sequence predicted from allele 1 of sample 5N 

(Sbjct) and the reference aa sequence of C12orf65 (MTRFR, UniProt ID Q9H3J6) 

  



218 
 

 

Figure 7-5. The results of DNA sequencing of mutant cells from sample 5N- allele 2 

After isolating total DNA from cells, the first exon of C12orf65 was amplified and the PCR 

product sent to Sanger sequencing using the forward primer. An online deconvolution tool 

(https://www.gear-genomics.com/indigo/) was used to align sample 5N against no gRNA 

control (4E). The start codon is underlined and indicated by a black arrow. The 14 

nucleotides deletion from 5N allele 2 is represented by a dotted line and emphasized by a red 

line. The gRNA target is highlighted in yellow, the PAM motif in green, and the sequence 

encoding for the GGQ motif – in red. 
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A.

 

B.

 

Figure 7-6. Predicted polypeptide encoded by 5N allele 2 

A. The predicted amino acid sequence encoded by sample 5N allele 2, obtained with the 

online translating tool Expasy available from the Swiss Institute of Bioinformatics. The open 

reading frame is highlighted in red, the GGQ motif is indicated by a black square. The 

canonical start codon (ATG) is according to the C12orf65 reference sequence from the 

Ensemble Genome Browser release 102, transcript ID ENST00000253233.6.  

B. Alignment (blastp, NCBI) between the aa sequence predicted from allele 2 of sample 5N 

(Sbjct) and the reference aa sequence of C12orf65 (MTRFR, UniProt ID Q9H3J6); the red 

square indicates the GGQ motif and the ‘+’ indicates amino acids with similar chemical 

properties.   
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The second sample identified was 15N (non-induced C12orf65-FLAG HEK FlipIn cell line). 

It contains an identical deletion of one cytosine in both alleles, located downstream from the 

sequence encoding the GGQ motif. Despite that, the mutations identified, and their 

consequences, are different for each allele.  

The first allele of 15N contains intact canonical start codon, gRNA target and PAM sequence 

(Figure 7-7). Apart from the cytosine deletion, it contains two substitutions upstream from the 

gRNA target. This allele encodes a predicted polypeptide of 83 aa, with an intact mitochondrial 

targeting sequence and GGQ motif (Figure 7-8A). Apart from the last three aa, this polypeptide 

is identical to the C12orf65 reference sequence (UniProt ID Q9H3J6) (Figure 7-8B); therefore, 

there is a high probability that it is correctly synthetized, imported in the mitochondria and 

assembled.  
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Figure 7-7. The results of DNA sequencing of mutant cells from sample 15N – allele 1 

After isolating total DNA from cells, the first exon of C12orf65 was amplified and the PCR 

product sent to Sanger sequencing using the forward primer. An online deconvolution tool 

(https://www.gear-genomics.com/indigo/) was used to align sample 15N against no gRNA 

control (4E). The start codon is underlined and indicated by a black arrow. The red star 

indicates a single nucleotide deletion. The gRNA target is highlighted in yellow, the PAM 

motif in green, and the sequence encoding for the GGQ motif – in red.  
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A.

 

B.

 

Figure 7-8. Predicted polypeptide encoded by 15N allele 1 

A. The predicted amino acid sequence encoded by sample 15N allele 1, obtained with the 

online translating tool Expasy available from the Swiss Institute of Bioinformatics. The dash 

represents a stop codon, the open reading frame is highlighted in red, and the GGQ motif is 

shows in a black square. The canonical start codon (ATG) is according to the C12orf65 

reference sequence from the Ensemble Genome Browser release 102, transcript ID 

ENST00000253233.6.  

B. Alignment (blastp, NCBI) between the aa sequence predicted from allele 1 of sample 15N 

(Sbjct) and the reference aa sequence of C12orf65 (MTRFR, UniProt ID Q9H3J6); the GGQ 

motif is shown in a red square.   

 

The second allele of sample 15N contains a substitution in the first start codon and several 

substitutions in the gRNA target (Figure 7-9A). Because of the substitution, the canonical start 

codon is not recognized by the pre-initiation complex at the start of translation. If the transcript 

is not degraded, the translation of the polypeptide encoded by this allele would start from the 

second codon, which would lead to a complete loss of the mitochondrial targeting sequence. 

The predicted polypeptide has no stop codon (Figure 7-9B) and is so different from the 

C12orf65 reference sequence, that the blasp comparison between the two found no similarity 

and an alignment could not be performed. It is likely that this polypeptide, if synthetized, is 

degraded.  
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A.  

B.

 

Figure 7-9. DNA sequencing and polypeptide prediction of sample 15N – allele 2 

After isolating total DNA from cells, the first exon of C12orf65 was amplified and the PCR 

product sent to Sanger sequencing using the forward primer.  

A. An online deconvolution tool (https://www.gear-genomics.com/indigo/) was used to align 

sample 15N against no gRNA control (4E). The canonical start codon is mutated (underlined, 

indicated by a crossed arrow) and the next start codon is indicated by a black arrow and 

underlined. The red star indicates a single nucleotide deletion. The gRNA target is 

highlighted in yellow, the PAM motif in green, and the sequence encoding for the GGQ motif 

– in red. The yellow line indicates the gRNA target sequence affected by variants.  

B. The predicted aa sequence encoded by sample 15N allele 2, obtained with the online 

translating tool Expasy available from the Swiss Institute of Bioinformatics. The open 

reading frame is highlighted in red. Because the canonical start codon is mutated, the second 

ATG was used for this translation, according to the C12orf65 reference sequence from the 

Ensemble Genome Browser release 102, transcript ID ENST00000253233.6.  
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The single cytosine deletion present in both 15N alleles occurs towards the 3’end of the first 

coding exon, which raises the possibility of a defective exon/intron recognition, with alterations 

of the ORF should the intron be retained (Anna and Monika, 2018). This could lead to an 

aberrant protein product with a different C-terminal region, prone to being targeted by the 

ubiquitin–proteasome system (UPS) or lysosomal proteolysis (Vilchez et al., 2014). However, 

the predicted polypeptide encoded from allele 1 contains a stop codon. Also, this single base 

deletion appears close to the end of the sequence, so it could be a sequencing artifact. To further 

confirm the presence of this deletion, the sample 15N should be sequenced using the reverse 

primer.  

Based on current sequencing results, the first allele, which might lead to a correct protein 

product, is three times more abundant than the second allele, encoding for a defective 

polypeptide. This makes the clone 15N unlikely to be a real KO. 

Finally, another sample identified as a complete KO by the deconvolution software was 22F. 

In this case, the canonical start codon was intact for both alleles. The first allele contains a large 

insertion (64 b) that starts in the gRNA target sequence, 3 b upstream from the PAM motif, 

which is in agreement with the position where Cas9 cuts the DNA strands (Figure 7-10). The 

insertion is followed by five substitutions, which all occur upstream from the region that 

encodes the GGQ motif (Figure 7-11A). In the predicted polypeptide encoded by this allele, 

the GGQ motif is lost due to a premature stop codon. The alignment of this peptide with the 

C12orf65 reference (UniProt ID Q9H3J6) reveals a low similarity and a 5 b deletion in the 

mitochondrial targeting sequence (Figure 7-11B). If translated, this predicted polypeptide 

would probably not be functional and would be degraded. 

 The second allele of sample 22F contains a four nucleotides deletion in the gRNA target 

sequence and a one base substitution in the PAM motif (Figure 7-12). The deletion is localized 

3 b upstream from the PAM motif, consistent to the Cas9 cleavage site. The substitution from 

the PAM motif is followed by numerous other substitutions which precede a large insertion (69 

b). All these events occur upstream from the sequence that encodes the GGQ motif. The 

predicted aa sequence encoded by this allele is very short (36 residues) because it is truncated 

by a premature stop codon (Figure 7-13A). The polypeptide has the length of the mitochondrial 

targeting sequence of WT C12orf65 and has lost the GGQ motif. When compared to the 

C12orf65 reference, only the first 20 aa are identical, the rest cannot be aligned (Figure 7-13B). 
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Because it is so short, has an incomplete mitochondrial targeting sequence and lacks the GGQ 

motif, the polypeptide encoded by the second allele of 22F is likely to be degraded. 

Since both alleles of 22F are mutated, and each of them encodes for a truncated polypeptide 

with low similarity to the WT sequence, the C12orf65 is likely to be absent in this clone.  
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Figure 7-10. The results of DNA sequencing of mutant cells from sample 22F – allele 1 

After isolating total DNA from cells, the first exon of C12orf65 was amplified and the PCR 

product sent to Sanger sequencing using the forward primer. An online deconvolution tool 

(https://www.gear-genomics.com/indigo/) was used to align sample 22F against no gRNA 

control (4E). The start codon is underlined and indicated by a black arrow. The 64 

nucleotides insertion from 22F allele 1 is represented by a dotted line in the control and 

emphasized by a red line. The gRNA target is highlighted in yellow, the PAM motif in green, 

and the sequence encoding for the GGQ motif – in red. 
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A.

 

B.

 

Figure 7-11. Predicted polypeptide encoded by 22F allele 1 

A. The predicted aa sequence encoded by sample 22F allele 1, obtained with the online 

translating tool Expasy available from the Swiss Institute of Bioinformatics. The dash 

represents a stop codon, the open reading frame is highlighted in red. The canonical start 

codon (ATG) is according to the C12orf65 reference sequence from the Ensemble Genome 

Browser release 102, transcript ID ENST00000253233.6. 

B. Alignment (blastp, NCBI) between the aa sequence predicted from allele 1 of sample 22F 

(Sbjct) and the reference aa sequence of C12orf65 (MTRFR, UniProt ID Q9H3J6); the ‘+’ 

indicates amino acids with similar chemical properties.   
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Figure 7-12. The results of DNA sequencing of mutant cells from sample 22F- allele 2 

After isolating total DNA from cells, the first exon of C12orf65 was amplified and the PCR 

product sent to Sanger sequencing using the forward primer. An online deconvolution tool 

(https://www.gear-genomics.com/indigo/) was used to align sample 22F against no gRNA 

control (4E). The start codon is underlined and indicated by a black arrow. The 69 

nucleotides insertion from 22F allele 2 is represented by a dotted line in the control and 

emphasized by a red line. The gRNA target is highlighted in yellow, the PAM motif in green, 

and the sequence encoding for the GGQ motif – in red. The green line represents the mutated 

PAM motif.  
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A.

 

B.

 

Figure 7-13. Predicted polypeptide encoded by 22F allele 2 

A. The predicted aa sequence encoded by sample 22F allele 2, obtained with the online 

translating tool Expasy available from the Swiss Institute of Bioinformatics. The dash 

represents a stop codon, the open reading frame is highlighted in red. The canonical start 

codon (ATG) is according to the C12orf65 reference sequence from the Ensemble Genome 

Browser release 102, transcript ID ENST00000253233.6. 

B. Alignment (blastp, NCBI) between the aa sequence predicted from allele 2 of sample 22F 

(Sbjct) and the reference aa sequence of C12orf65 (MTRFR, UniProt ID Q9H3J6)   

 

 Discussion 

Based on sequencing only, two HEK clones appear as successful KO: 5N and 22F. A western 

blot analysis would be necessary to confirm the absence of the protein, but this was not possible 

because an anti-C12orf65 antibody was not available.  

The HEK293T cell line is prone to aneuploidy and chromosome instability. In theory, 

C12orf65-FLAG transfected but non-induced samples (5N and 15N) should have three alleles, 

and FlpIn non-transfected samples (22F) should have two. According to ATCC, HEK293 is a 

hypotriploid line, with a modal chromosome number of 64, occurring in 30% of cells. In 

practice, it was found that stable transfection of HEK293 cells leads to a decreased modal 

number of chromosomes and that, in particular, chromosome 12 (C12) had 3 copies/cell 
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(Stepanenko et al., 2015). When analysing the karyotype of four different HEK293 derivates, 

Lin et al. found that HEK293T lacked a copy of C12 in 6/19 metaphases that they have assessed 

(Lin et al., 2014). This might explain the differences in estimated allelic fraction between the 

three clones, and why the two alleles of sample 5N appear in a 1:1 ratio.  

Due to the outbreak of Covid-19, I could not perform any formal analysis of the two cell lines 

that I consider a successful KO. In this discussion, I will detail the experiments that I had 

planned for their characterization and use as biological models.  

To assess whether NMD was efficient, I would measure mRNA expression of C12orf65 by 

qPCR. Verification of protein levels by western blot could be challenging, as the current 

commercial antibodies only recognize the overexpressed C12orf65. A previous attempt to 

purify C12orf65 antibodies in the lab was not conclusive: it was not certain whether the 

antibodies recognized the protein; they were unstable and the results could not be reproduced 

(Pajak, 2013). The only endogenous C12orf65 western blot signals available in literature come 

from two Japanese groups (Kogure et al., 2012, Shimazaki et al., 2012). They both used Can 

Get Signal immunostain (Toyobo), which was not available.  

To characterize the cell lines, I would measure cell viability and proliferation in normal glucose 

media and in galactose media (to force cell respiration), because those are the first indicators 

of health status. As mentioned before, I have already seen a lower growth rate and a clumps 

phenotype in the KO clones comparing to the control. But for a formal characterization, I would 

measure cell growth with Incucyte and viability with trypan blue for 3-6 days. This would 

allow me to compare the KO results with the siRNA results previously obtained by Dr. Pajak. 

I would also measure the oxygen consumption rate using Seahorse in order to test mitochondria 

respiration.  

To investigate the BioID2 hits, I would first focus on the ones involved in transcription and 

RNA processing, like mtRNase P complex and LRPPRC-SLIRP, by checking the protein levels 

by western blot. I would expect these levels to be increased as a feedback mechanism to 

compensate for the impaired translation that the lack of C12orf65 would induce. Second, I 

would investigate MRPs from the small subunit that interact with mRNA: MRPS5, MRPS9, 

MRPS23, MRPS28, and MRPS31. I would check their protein levels by western blot and their 

migration pattern on sucrose gradients to see whether they change in the absence of C12orf65.  

To investigate mitochondria translation, I would first analyse the steady state levels of mt-

RNAs by Northern blot. Dr. Pajak and Dr. Wesolowska obtained different results with the 
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siRNA treatment and I consider that, as KO is stable, my clones would shift the balance towards 

an effect. Antonicka et al. reported a slight increase in mt-RNA in two patients with C12orf65 

variants that resulted in a premature stop codon (Antonicka et al., 2010). Later, Wesolowska et 

al. reported a similar modest increase of mt-RNAs in an adult patient with Leigh syndrome 

diagnosed in Newcastle (Wesolowska et al., 2015). KO and patients’ cells are stable models, 

which do not need siRNA re-transfection, but the HEK293T cells and patients’ fibroblasts are 

different as types of cell. For this reason, I cannot speculate on the outcome of mt-RNA 

measurement. Should I find a difference in 16S mt-LSU rRNA, 12S mt-SSU rRNA or mt-

tRNAVal levels, I would further explore the composition of the mitoribosome by separating the 

small and large subunits on sucrose gradients and probe them with specific antibodies on 

western blot.  

Next, I would investigate the protein levels and OXPHOS activity by western blot and BN-

PAGE. The literature available agrees that C12orf65 defects lead to a decrease in OXPHOS 

activity and protein levels of respiratory subunits, but the results are contradictory in terms of 

specific proteins/complexes. They depend on the type of pathogenic variant and tissue 

analysed. Also, there are more C12orf65 clinical reports than scientific articles, and some 

biochemical experiments are missing. Antonicka et al. reported decreased levels of mtDNA-

encoded polypeptides and decreased activity of cytochrome c oxidase (RC IV), with assembly 

defects in RC I, III (milder) IV, and V (Antonicka et al., 2010). Wesolowska et al. reported a 

similar pattern: global reduction of mitochondrial polypeptides, reduced levels of RC I and IV, 

defects of assembly in complexes I, IV and V with milder defects for complex III, and an 

isolated CIV deficiency in muscle and fibroblasts (Wesolowska et al., 2015). Shimazaki et al. 

also reported a reduced mtDNA-encoded protein level with disruption of supercomplexes 

formed by I, III and IV, but the enzymatic activity was reduced in both complex I and IV, not 

only in IV (Shimazaki et al., 2012). In contrast, Tucci et al. describe a decreased activity and 

impaired assembly only in complex V, without mentioning any other complex (Tucci et al., 

2014). Imagawa et al. (Imagawa et al., 2016) found an isolated complex IV deficiency, 

although they measured the activities of all respiratory complexes, and the pathogenic variant 

they present is identical with the one from Tucci et al. (Tucci et al., 2014).  

Considering this cumulative evidence, I would expect to see a global decreased level of 

mitochondria-encoded proteins, which would impair complex assembly and enzymatic 

function in my KO clones.  
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In light of the new results from Desai et al. (Desai et al., 2020), I would check MTRES1 

expression and protein levels to see whether they correlate with the C12orf65 levels. They have 

shown that the two proteins form a dimer in a HEK293T model with stalled mitoribosomes. It 

would be interesting to see what happens when mitochondria translation is not artificially 

stalled: would MTRES1 decrease with C12orf65? Would it increase, in an attempt to 

compensate for its partner loss? Or would it stay the same, assuming that the two do not interact 

unless the stalling happens?  

The gene KO triggers the genetic compensation response. Genetic compensation response is a 

feedback phenomenon based on upregulation of the genes related to the mutant, which can take 

over the mutant function (El-Brolosy and Stainier, 2017, Ma Zhipeng, 2019). Based on 

experiments done in mouse and zebrafish mutants with a premature stop codon, it is proposed 

that the genetic compensation response is triggered by NMD, which produces fragments of 

degraded mRNA that base-pair with the related genes (El-Brolosy et al., 2019). The mechanism 

involves Upf3, an NSD factor that binds to the EJC close to the premature stop codon and 

recruits the COMPASS complex. COMPASS is a transcription activator that methylates 

histone 3 at the promoter regions of the compensatory genes, increasing their expression (Ma 

et al., 2019). Considering these, the C12orf65 KO could trigger the upregulation of the other 

members of the mitochondria translation factor family: ICT1, mtRF1a and mtRF1. Current 

results from Lightowlers lab show that KO of mtRF1 leads to a significant increase in C12orf65 

transcripts, but not in ICT1 or mtRF1a (Dr. Shreya Ayyub, unpublished data). Comparing the 

results obtained for the C12orf65 KO with the mtRF1 KO could allow the identification of a 

possible compensatory mechanism between the mitochondrial release factors.  

On long term, once confirmed and characterized, the KO clones can be used for rescue 

experiments. Rescue of C12orf65 would serve as additional confirmation for the phenotype of 

the KO clones, while rescue of ICT1, mtRF1 or mtRF1a could shed light on their function. 
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Final conclusions 
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At the start of my PhD, one of the key unanswered questions of mitochondrial biology was 

about the termination step of translation. Based on sequence comparison with bacterial release 

factors, four proteins had been included in the mitochondria translation release factor family: 

mtRF1a, mtRF1, ICT1 and C12orf65 (Richter et al., 2010a). Only mtRF1a was proven to 

terminate translation for all the 13 mtDNA-encoded proteins (Soleimanpour-Lichaei et al., 

2007), despite the fact that all four members contain the GGQ motif necessary for peptide 

release (Richter et al., 2010b, Huynen et al., 2012). ICT1 was shown to be part of the mtLSU 

(Richter et al., 2010b) but the functions of mtRF1 and C12orf65 were not determined at the 

time.  

My work focused on investigating the role of mtRF1 and C12orf65 in mitochondria translation. 

I started from the hypothesis that both factors are involved in quality control by rescuing 

mitoribosome stalled during translation. The rescue would occur in different situations for each 

factor. This chapter will summarize the results I obtained and discuss how they relate to the 

original hypothesis.  

For mtRF1, it was already known that it is imported in the mitochondria (Soleimanpour-Lichaei 

et al., 2007). Previous studies from my host lab have proven that it is necessary for cell viability 

(Pajak, 2013). Based on its primary structure, that showed an extended codon recognition motif 

when compared to bacterial release factors, Huynen et al. performed 3D modelling that 

positioned the additional amino acids on the mitoribosome (Huynen et al., 2012). The 3D 

model predicted that the additional amino acids from the codon recognition motif would not fit 

in the A site if a codon was present there (Huynen et al., 2012), which led to the hypothesis 

that mtRF1 binds to mitoribosomes stalled on an empty A site.  Therefore, mtRF1 would rescue 

mitoribosomes that became stalled due to a truncated mRNA that lacked a stop codon.  

The technical approach chosen for mtRF1 study was aimed at isolation of the putative truncated 

mRNA target. First, I used DSP to cross-link mtRF1-FLAG to the mitoribosome. Second, I 

performed an immunoprecipitation with anti-FLAG agarose beads to isolate the cross-linked 

partners, together with the mRNA protected by the mitoribosome. I isolated RNA from the 

precipitate, reverse-transcribed it and identified it using qPCR. 

I successfully cross-linked mtRF1-FLAG to the mitoribosome and isolated RNA from the 

immunoprecipitate. This shows that mtRF1 transiently interacts with the mitoribosome, as 

expected. Since mtRF1 is not part of the mitoribosome structure, if it is involved in rescue, it 

would occur near the mitoribosome. This close proximity allows cross-linking, which results 
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in mtLSU, mtSSU and mtRF1 being locked together. If mtRF1 had no functional relation with 

the mitoribosome, cross-linking would not be possible.    

Isolation of RNA from the immunoprecipitate did not lead to conclusive results due to the high 

level of background. I was expecting to obtain RNA only from the induced cells, that expressed 

mtRF1-FLAG, because only in this case the binding to anti-FLAG coated beads should be 

possible. Unfortunately, I obtained a similar amount of RNA from non-induced and induced 

cells.  

During qPCR, I used primers for 12S and 16S rRNA, corresponding to the small and 

respectively large mitoribosome subunit, and for COX2 mRNA. They showed similar 

expression levels for induced and non-induced samples, and the optimization attempts (elution 

with 3X FLAG, using two different batches of 3X FLAG peptide) did not change this result. 

Therefore, I could not identify the mRNA targets of mtRF1.  

The focus of my project changed towards C12orf65. Similar to mtRF1, C12orf65 is localized 

to mitochondria and contains the GGQ motif (Antonicka et al., 2010). As distinct from mtRF1, 

it lacks the codon recognition motif, and pathogenic variants in C12orf65 were discovered in 

patients with mitochondrial diseases (Antonicka et al., 2010, Buchert et al., 2013, Shimazaki 

et al., 2012, Tucci et al., 2014, Wesolowska et al., 2015). The lack of a stop codon recognition 

motif suggests that, if C12orf65 is involved in mitoribosome rescue, this function is 

independent from the codon in the A site. Stalling of mitoribosomes could have different 

causes, each scenario allowing the presence of a codon in the A site. It could be caused by 

insufficient aminoacyl-tRNA molecules (Pearce et al., 2017), deficient maturation of tRNA 

(Morscher et al., 2018), insufficient amino acids or particularities of the mRNA (Ayyub et al., 

2020). For example, the mRNA secondary structure, loss of the stop codon causing translation 

to continue in the poly(A) tail (Ayyub et al., 2020), or codons encoding for successive proline 

residues (Lee et al., 2021) could all result in stalling. In my research hypothesis, C12orf65 is 

the factor that rescues stalled ribosomes in all those scenarios.  

To study C12orf65 I used two techniques: CRISPR-Cas9 and BioID2. Using CRISPR-Cas9 I 

obtained two possible C12orf65 knockout HEK clones that presented a defect in proliferation. 

They were identified by Sanger sequencing and require further characterization to be confirmed 

as KO. The BioID2 technique allowed me to identify protein interactors of C12orf65. The 

advantage of BioID2 is that it permits identification of proteins within a 10-35 nm range (Kim 

et al., 2016a) from C12orf65, proteins that do not physically interact with C12orf65 and 
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therefore could not be identified by immunoprecipitation. The interactors identified in the 

present work included proteins involved in mitochondria translation (MRPs, aminoacyl-tRNA 

ligases) and RNA processing and modification (LRPPRC, RNase P, DHX30). Interestingly, 

the majority of MRPs belonged to the small subunit: MRPS5, MRPS9, MRPS23, MRPS28 

(bS1m) and MRPS31. Mapping those proteins on the human 55S ribosome structure revealed 

that they are involved in formation of the mRNA channel (MRPS5, MRPS28) (Amunts et al., 

2015) and interaction with the tRNA from the P site (MRPS9) (Aibara et al., 2020). Those 

results are consistent with C12orf65 being involved in mitoribosome rescue, because they show 

that C12orf65 interacts with the translation active site of the mitoribosome. Moreover, those 

hits are most probably to be biotinylated if C12orf65-BioID2 (or -Linker-BioID2) bound to the 

A site. 

During the writing of the present thesis, the article published by Desai et al. (Desai et al., 2020) 

revealed the role of C12orf65. Using a model of mitoribosome stalling (Pearce et al., 2017), 

they showed that C12orf65 (renamed mtRF-R) forms a dimer with MTRES1 and both bind to 

the mtLSU after splitting from mtSSU: C12orf65 binds to the A site and MTRES1 to the P site. 

This is in agreement with my BioID2 results, since some of the hits are MRPs from the mRNA 

channel in the mtSSU, and one hit (MRPS9) interacts with the mt-tRNA from the P site.   

The use of an appropriate stalling model had a key contribution to unveiling the function of 

C12orf65 and raised the possibility that a similar approach could be applied to mtRF1. 

However, all the current mitochondrial stalling models require a codon in the A site. The model 

used by Pearce et al. (Pearce et al., 2017) was based on knockout of PDE12 deadenylase, which 

caused the mitoribosomes to stall on codons encoding lysine (AAA and AAG). Another model, 

established by knockout of SHMT2, induces stalling at lysine (AAG) and leucine (UUG) 

codons (Morscher et al., 2018). Similarly, treating human cells with the arginine analogue 

canavanine resulted in stalling downstream from the arginine encoding codons, possibly 

because canavanine incorporation caused misfolding of the nascent polypeptide (Konovalova 

et al., 2015).  

Obtaining a mitochondrial model of truncated mRNA is challenging, because alterations of 

RNA processing could affect tRNA and rRNA as well. For example, knockdown of human 

SUV3, a mitochondrial ATP‐dependent helicase (Minczuk et al., 2002, Shu et al., 2004), results 

in mRNA species truncated at their 3′-ends (Szczesny et al., 2010). But this induces apoptosis 

in HeLa cells (Szczesny et al., 2007). Also, in vivo knockdown of SUV3 leads to decrease in mt-
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tRNA and ultimately to pupal lethality in D. melanogaster (Clemente et al., 2015), while 

homozygous mSuv3-knockout leads to embryonic lethality in mice (Chen et al., 2013).  

Therefore, I would not consider a mRNA stalling model as a further approach to study mtRF1. 

Instead, if I continued the investigation, I would apply the BioID2 technique to mtRF1, similarly 

to the C12orf65-BioID2 approach. The cross-linking experiments already show that mtRF1 and the 

mitoribosome interact, and BioID2 could help identify the region where this factor is most likely 

to bind. Also, I would use the C12orf65 KO model that I have obtained as a platform to modulate 

mtRF1 expression, by overexpressing or downregulating it. Alternatively, an in vitro translation 

system similar to the one established by Lee et al. (Lee et al., 2021) and including mtRF1 could be 

adapted to human mitochondria. DNA templates containing or not a stop codon could be 

chemically synthesized and transcribed, and a relatively large quantity of human 

mitoribosomes could be isolated as described by Aibara et al. (Aibara et al., 2018). In the 

translation system that lacks the stop codon, if the working hypothesis is correct, the release of 

the nascent polypeptide should occur after addition of mtRF1 1.  

Concluding, the aims set for this thesis were only partially met. However, I am confident that 

the results obtained will contribute to a better understanding of mitochondria quality control. 

To the best of my knowledge, this is the first C12orf65 KO that was attempted and the first 

time mtRF1 was cross-linked to the mitoribosome, confirming a transient interaction. In 

addition, I optimized the BioID2 technique and identified C12orf65 interactors. The BioID2 

technique and the C12orf65 KO model could be used in the future to study mtRF1.   

  

 
1 Shortly before my submission deadline, (Kummer et al., 2021) published an experiment similar to the one 

proposed here, in which they used porcine 55S ribosomes, human mitochondria release factors (including mtRF1) 

and a short oligo lacking a stop codon (CUGAUG) to produce an empty A site at the end of translation . They 

found that ICT1, not mtRF1, bound to the mitoribosome with an empty A site.  
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Appendix-A Antibodies 

Table Apx 1. Primary antibodies used for western blotting in Newcastle University 

Antibody Working 

dilution 

Produced 

in 

Dilution buffer Manufacturer Product 

code 

Primary 

Anti-FLAG M2  1:1,000 mouse 5% milk TTBS Sigma Aldrich SLBT7654 

Anti-HA 1:1,000 mouse 5% milk TTBS Abcam ab49969  

Anti-HA 1:5,000 rabbit 5% BSA 

TTBS 

Abcam ab9110 

Anti-MRPL3 1:1,000  goat 5% milk TTBS Abcam ab39268 

Anti-MRPS22 1:1,000 rabbit 5% milk TTBS Proteintech 10984-1-AP 

Anti-DAP3 1:2,000 mouse 5% milk TTBS Invitrogen MA1.41279 

Anti-MRPL11 1:1,000 rabbit 5% milk TTBS Cell Signalling 

Technology 

D68F2 

Anti-MRPL45 1:1,000 rabbit 5% milk TTBS Proteintech 15682-1-AP 

Anti-MTRF1 1:1,000 rabbit 5% milk TTBS custom made 

and affinity 

purified 

 

Anti-MRPS26 1:1,000 rabbit 5% milk TTBS Proteintech 15989-1-AP 

Anti-SDHA 1:2,000 mouse 5% milk TTBS Abcam ab14715 

Anti-TOMM20 1:1,000 rabbit 5% milk TTBS Abcam ab78574 

Anti-GAPDH 1:5,000 mouse 5% milk TTBS Abcam ab14715 

Anti-MRPL28 1:1,000 rabbit 5% milk TTBS Sigma Aldrich HPA030594 

Anti-alpha-

tubulin 

1:2,000 mouse 5% milk TTBS Santa Cruz 

Biotechnology 

Sc5286 

Anti-VDAC1 

(porin) 

1:10,000 mouse 5% milk TTBS Abcam ab14734 

Anti-AIF 1:2,000 rabbit 5% milk TTBS Cell Signalling 

Technology 

4642S 

Anti-NDUFS3 1:2,000 mouse 5% milk TTBS Abcam ab110246 
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Table Apx 2. Secondary antibodies used for western blotting in Newcastle University 

Antibody Working 

dilution 

Produced 

in 

Dilution buffer Manufacturer Product 

code 

Secondary, HRP-conjugated 

Anti-mouse 1:2,000 rabbit 5% milk TTBS DAKO Cytomation P0260 

Anti-goat 1:2,000 rabbit 5% milk TTBS DAKO Cytomation P0217 

Anti-rabbit 1:3,000 swine 5% milk TTBS or 

5% BSA TTBS 

DAKO Cytomation P0449 

Streptavidin-

HRP  

1:1,000 S. 

avidinii 

5% BSA TTBS Abcam  ab7403 

 

Table Apx 3. Primary and secondary antibodies used for western blotting in Radboud 

University, Nijmegen, The Netherlands 

 Antibody Working 

dilution 

Produced 

in 

Dilution 

buffer 

Manufacturer Product 

code 

Primary Anti-HA 1:5,000 mouse 3% BSA 

TTBS 

Sigma 

Aldrich 

H3663 

Secondary, 

HRP-

conjugated  

Anti-mouse 1:5,000 horse 3% BSA 

TTBS 

Vector 

Laboratories 

PI-2000 

 Streptavidin

-HRP 

1:10,000 S. 

avidinii 

3% BSA 

TTBS 

Pierce 21126 
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Appendix-B Plasmid details 

Appendix-B.1 C12orf65-BioID2-HA in pcDNA5/FRT/TO (6,305bp) 

The restriction enzymes used for C12orf65 insertion into the BioID2-HA-pcDNA5/FRT/TO 

plasmid were BamH1, Xho1.  

The BioID2-HA-pcDNA5/FRT/TO was provided by Dr. Thomas Nicholls, at the time part of 

Prof. Maria Falkenberg’s group, University of Gothenburg, Sweden. Amplification of 

C12orf65 fragment and insertion into BioID2-HA-pcDNA5/FRT/TO plasmid was performed 

by Mr. Reece Farren, MRes, under the supervision of Miss Yasmin Proctor-Kent.  

Table Apx 4. Primers used for C12orf65 insert generation 

Primer Sequence from 5’ to 3’ Tm 

C12 Forward  gcg cat G↓GA TCC atg agc acc gtg ggt tta ttt cat 64oC 

C12 Reverse ggc cgc C↓TC GAG gtg gac ctt ttt act tga ctc cca ca 64oC 

The nucleotides written in capital letters represent the target sites for BamH1 (GGA TCC) or 

Xho1 (CTC GAG) respectively. The arrow indicates the site where BamH1 or Xho1 cuts.  

 

Table Apx 5. Primers used for sequencing of the C12orf65 region after ligation 

Primer Sequence from 5’ to 3’ Tm 

CMV Forward Seq CGC AAA TGG GCG GTA GGC GTG 65oC 

BIOID SEQ reverse GTT CAG CAG GAA GCT GAA GTA CAG GCC G 66oC 
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Figure Apx 1. Map of the C12orf65-BioID2-HA/pcDNA5/FRT/TO plasmid 
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Appendix-B.2 Linker-BioID2-HA in pcDNA5/FRT/TO (6,064bp) 

The restriction enzymes used for Linker-BioID2-HA insertion into the pcDNA5/FRT/TO 

plasmid (performed by Mr. Reece Farren, MRes) were Xho1, Apa1. Sequencing of the Linker 

region after ligation was performed with the CMV Forward and BIOID Seq Reverse primers 

(Table Apx 5). 

 

Table Apx 6. Primers used for generation of the Linker-BioID2 insert 

Primer Sequence from 5’ to 3’ Tm 

Linker Forward  ata tat C↓TCGAGg gtg gag gcg ggt ctg gag 69oC 

Linker Reverse gca tat GGGCC↓C cta tgc gta atc cgg tac atc gta agg 68oC 

The nucleotides written in capital letters represent the target sites for Xho1 (CTC GAG) or 

Apa1 (GGG CCC). The arrow indicates the site where BamH1 or Xho1 cuts.  

 

 

Figure Apx 2. Map of the Linker-BioID2-HA/pcDNA5/FRT/TO plasmid 
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Appendix-B.3 C12orf65-Linker-BioID2-HA in pcDNA5/FRT/TO (6,512bp) 

The restriction enzymes used for C12orf65 insertion into the Linker-BioID2-

HA/pcDNA5/FRT/TO plasmid were: BamH1, Xho1. C12orf65 fragment was obtained by 

digestion with the same enzymes. Fragment isolation and insertion into the plasmid was done 

by myself.  

Sequencing after ligation was performed with the CMV Forward and BIOID Seq Reverse 

primers (Table Apx 5).  

 

 

Figure Apx 3. Map of the C12orf65-Linker-BioID2-HA/pcDNA5/FRT/TO plasmid 
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Appendix-B.4 PX458 C12orf65 gRNA (9,290bp) 

The restriction enzyme used for C12orf65 gRNA insertion (performed by Mr. Reece Farren, 

MRes) was BbsI (both ends).  

Oligonucleotides used for construction of C12orf65 gRNA insert: 

Oligo 1 (24-mer): CAC CGC CCG GCG CCA TGG GGA CTC 

Oligo 2 (24-mer): AAA CGA GTC CCC ATG GCG CCG GGC 

 

Figure Apx 4. Map of the C12orf65 gRNA PX458 plasmid 
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Appendix-C Details of mass-spectrometry experiments 

Table Apx 7. Biotinylated proteins identified by multiple UniProt codes in COX8-MTS 

control (NCL2)   

Dataset 

entry # UniProt ID Name Localization Function Peptides 

1 

Q13085 

acetyl-CoA 

carboxylase 1 Matrix 

Fatty acid 

synthesis 58 

O00763 

acetyl-CoA 

carboxylase 2 OMM 

Fatty acid 

oxidation 58 

2 

P00367 

Glutamate-

dehydrogenase 

1 Matrix 

Glutamate 

metabolism 14 

P49448 

Glutamate-

dehydrogenase 

2 Matrix 

Glutamate 

metabolism 14 

3 

P12235 

ADP/ATP 

translocase 1 IMM 

Small 

molecule 

transport 7 

P12236 

ADP/ATP 

translocase 3 IMM 

Small 

molecule 

transport 7 

4 

Q96C36 

Pyrroline-5-

carboxylate 

reductase 2 matrix 

Proline 

metabolism 4 

P32322 

Pyrroline-5-

carboxylate 

reductase matrix 

Proline 

metabolism 4 

5 

O75746 

Calcium-

binding 

mitochondrial 

carrier protein 

Aralar1 IMM 

Small 

molecule 

transport 8 

Q9UJS0 

Calcium-

binding 

mitochondrial 

carrier protein 

Aralar2 IMM 

Small 

molecule 

transport 8 
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Table Apx 8. Biotinylated proteins identified by multiple UniProt codes in C12orf65-

BioID2 samples (NCL2)   

Dataset 

entry # UniProt ID Name Localization Function Peptides 

1 

Q13085 

acetyl-CoA 

carboxylase 1 Matrix 

Fatty acid 

synthesis 58 

O00763 

acetyl-CoA 

carboxylase 2 OMM 

Fatty acid 

oxidation 58 

2 

P00367 

Glutamate-

dehydrogenase 1 Matrix 

Glutamate 

metabolism 14 

P49448 

Glutamate-

dehydrogenase 2 Matrix 

Glutamate 

metabolism 14 

3 

P12235 

ADP/ATP 

translocase 1 IMM 

Small molecule 

transport 7 

P12236 

ADP/ATP 

translocase 3 IMM 

Small molecule 

transport 7 

4 

P08559 

Pyruvate 

dehydrogenase 

E1 component 

subunit alpha, 

somatic form Matrix 

Carbohydrate 

metabolism 4 

P29803 

Pyruvate 

dehydrogenase 

E1 component 

subunit alpha, 

testis-specific 

form Matrix 

Carbohydrate 

metabolism 4 

5 

Q9NVI7 

ATAD3A 

(ATPase family 

AAA domain-

containing 

protein 3A) IMM 

Mitochondria 

gene expression 8 

Q5T9A4 

ATAD3B 

(ATPase family 

AAA domain-

containing 

protein 3B) IMM 

Mitochondria 

gene expression 8 
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Table Apx 9. Biotinylated proteins identified by multiple UniProt codes in C12orf65-

Linker- BioID2 samples (NCL2) 

Dataset 

entry # UniProt ID Name Localization Function Peptides 

1 

Q13085 

acetyl-CoA 

carboxylase 1 Matrix 

Fatty acid 

synthesis 58 

O00763 

acetyl-CoA 

carboxylase 2 OMM 

Fatty acid 

oxidation 58 

2 

P00367 

Glutamate-

dehydrogenase 1 Matrix 

Glutamate 

metabolism 14 

P49448 

Glutamate-

dehydrogenase 2 Matrix 

Glutamate 

metabolism 14 

3 

P12235 

ADP/ATP 

translocase 1 IMM 

Small molecule 

transport 7 

P12236 

ADP/ATP 

translocase 3 IMM 

Small molecule 

transport 7 

4 

P08559 

Pyruvate 

dehydrogenase 

E1 component 

subunit alpha, 

somatic form Matrix 

Carbohydrate 

metabolism 4 

P29803 

Pyruvate 

dehydrogenase 

E1 component 

subunit alpha, 

testis-specific 

form Matrix 

Carbohydrate 

metabolism 4 

5 

Q9NVI7 

ATAD3A 

(ATPase family 

AAA domain-

containing 

protein 3A) IMM 

Mitochondria 

gene 

expression 8 

Q5T9A4 

ATAD3B 

(ATPase family 

AAA domain-

containing 

protein 3B) IMM 

Mitochondria 

gene 

expression 8 

6 

O75746 

Calcium-binding 

mitochondrial 

carrier protein 

Aralar1 IMM 

Small molecule 

transport 8 

Q9UJS0 

Calcium-binding 

mitochondrial 

carrier protein 

Aralar2 IMM 

Small molecule 

transport 8 
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Figure Apx 5. Test of trypsinization efficiency performed in Nijmegen 

After trypsinization, 10% of the magnetic beads were resuspended in 20 µl of Laemmeli 

buffer with 1% beta-mercaptoethanol and boiled at 95oC for 10 min, to denature the proteins 

that had possibly remained attached.  They were briefly centrifuged, and the supernatant was 

used for SDS-PAGE. Streptavidin –HRP was used to detect biotinylated proteins and anti-

HA to detect the BioID2 bait. 10% gel   
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Figure Apx 6. Total ion chromatogram of BSA positive control 

As standard for the mass-spectrometry calibration were used 5 µl of a BSA tryptic digest 

(Pierce™ BSA Protein Digest, MS grade, Thermo Fisher Scientific, catalogue number:  

88341)  prepared in 0.1% formic acid, final concentration 50 fmol/µl. BSA peptides were 

separated by a linear 30 min gradient of 5–35% acetonitrile containing 0.1% formic acid at a 

flow rate of 300 nl/min. The graph represents the relative abundance of peptides over 30 min. 
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Appendix-D Sequencing of KO control HEK clones 

 

Figure Apx 7. Binding sites of the C12orf65 primers used for sequencing 

After DNA extraction, a region of C12orf65 was amplified and the PCR product (326 bp) 

was sent for Sanger sequencing, performed with the forward primer. The two primers (plum) 

bind approximatively 150 bp upstream and respectively downstream from the PAM motif 

(green), in the first coding exon (blue). Forward primer binds in the intronic region, 74 bp 

upstream from the start codon (turquoise).  For visualization, human C12orf65 sequence was 

downloaded from NCBI (Gene ID: 91574, updated on February 3rd, 2021) and the regions 

were mapped using SnapGene version 5.1.6. Coding exon 1 and the start codon were 

retrieved from the Ensemble Genome Browser, release 102, transcript ID 

ENST00000253233.6 
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Figure Apx 8. Sequencing results of 4E, control sample for CRISPR-Cas9 

For CRISPR-Cas9, HEK cells were transfected with PX458 (GFP) plasmid containing the 

gRNA to target coding ex 1 of C12orf65. Controls were transfected with the plasmid lacking 

gRNA. C12orf65 was amplified and the PCR product was sequenced using the forward 

primer. Here, the chromatogram of control 4E shows consistent clear peaks, with minor 

artefacts at the beginning the sequence; visualised with SnapGene version 5.1.6 
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Figure Apx 9. Alignment of 4E control sequnce agains the human genome 

Results of nucleotide alignment (Blastn, NCBI) of 4E (query) against the H. sapiens (taxid 

9606) nucleotide collection. Top hit was C12orf65 (sbjct). The first 70 nucleotides of 4E 

were not included in the blastn. yellow- gRNA target; green- PAM motif 
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Figure Apx 10. Sequencing results of 12E, control sample for CRISPR-Cas9 

Chromatogram of control 12E (transfected with plasmid without gRNA) visualised with 

SnapGene software version 5.1.6. The peaks are clear, and the background is low, apart from 

the beginning of the sequence. 
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Figure Apx 11. Alignment of 12E control sequnce agains the human genome 

The Blastn search of 12E (query) against the H. sapiens (taxid 9606) nucleotide collection 

returned C12orf65 (sbjct). The first 80 nucleotides were excluded from the alignment. The 

gRNA target is highlighted in yellow and the PAM motif in green. 

 

  



256 
 

Appendix-E List of hits identified using BioID2 

This section contains the biotinylated hits identified by mass-spectrometry in Newcastle. For 

simplicity, I separated the mitochondrial proteins from the proteins that belong to the 

compartments adjacent to mitochondria (ER, cytosolic translation). Hits were assigned as 

‘mitochondrial’ according to Mitocarta 3.0 inventory. Contaminants (keratin, trypsin) and 

ubiquitous non-mitochondrial proteins (histones, cytoskeleton proteins, secreted or cell 

membranal proteins) are excluded. LC MS/MS was performed and analysed by Dr. Frédérique 

Lamoliatte (NCL1) and Dr. Akshada Gajbhiye (NCL2).  

NCL1 = first mass-spectrometry run in Newcastle (N=1) 

NCL2 = second mass-spectrometry run in Newcastle (N=2) 

n/a = hit Intensity/ LFQ was zero for that particular sample   

bright blue font = mtDNA associated hits 

orange font = hits involved in transcription, RNA processing and modification 

dark red font = translation associated hits 
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Table Apx 10. NCL1 mitochondria 

The table contains all the mitochondrial hits identified during the first mass-spectrometry run in Newcastle.  

  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

1 P00367 Glutamate 

dehydrogenase 1 

Matrix n/a 20.67 n/a 18.3915 n/a n/a 2 

2 P05165 Propionyl-CoA 

carboxylase subunit 

alpha 

Matrix 28.0152 30.9 24.681 28.6867 28.978 26.49 57 

3 P10809 Heat shock protein 

family D (Hsp60) 

member 1 

Matrix 18.1017 22.71 n/a 18.3397 19.362 n/a 5 

4 Q969P6 DNA 

topoisomerase I 

mitochondrial 

Matrix 24.72 25.77 15.3472 25.1495 23.727 n/a 28 

5 P11498 Pyruvate 

carboxylase 

Matrix 29.0687 31.44 24.8062 29.1712 29.323 27.29 67 

6 P38646 Heat shock protein 

family A (Hsp70) 

member 9 

Matrix 16.8588 22.72 n/a 18.0043 18.835 14.56 7 

7 P40926 Malate 

dehydrogenase 2 

Matrix 19.6203 22.11 n/a 18.7187 n/a n/a 2 

8 P49411 Tu translation 

elongation factor, 

mitochondrial 

Matrix 19.2537 22.13  n/a n/a 18.472 n/a 4 

2
5
7
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

9 P61604 Heat shock protein 

family E (Hsp10) 

member 1 

Matrix n/a 19.96 n/a n/a n/a 20.39 2 

10 P82675 Mitochondrial 

ribosomal protein 

S5 

Matrix 20.8867 21.46 n/a 21.8202 20.262 n/a 5 

11 Q12931 Heat shock protein 

75 kDa 

Matrix n/a 20.13 n/a n/a 16.657 n/a 4 

12 Q13085 Acetyl-CoA 

carboxylase alpha 

Matrix 22.4393 24.94 17.1149 24.177 21.451 n/a 25 

13 Q5T653 Mitochondrial 

ribosomal protein 

L2 

Matrix 18.5255 19 n/a 19.3097 n/a n/a 2 

14 P13804 Electron transfer 

flavoprotein subunit 

alpha 

Matrix 21.4464 22.12 n/a 20.6776 20.064 n/a 3 

15 P38117 Electron transfer 

flavoprotein subunit 

beta 

Matrix 21.4464 22.12 n/a 20.6776 20.064 n/a 3 

16 Q96RQ3 Methylcrotonoyl-

CoA carboxylase 1 

Matrix 26.3922 29.32 20.9744 26.1786 26.984 24.36 33 

17 Q9BQ48 Mitochondrial 

ribosomal protein 

L34 

Matrix 21.9775 23.94 19.4733 23.469 21.919 19.89 5 

2
5
8
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

18 Q9NWT8 Aurora kinase A 

interacting protein 1 

Matrix 23.8388 26.75 n/a 22.1766 24.371 n/a 2 

19 Q9P015 Mitochondrial 

ribosomal protein 

L15 

Matrix 21.1124 21.85 n/a 22.8245 n/a n/a 4 

20 Q96HJ9 Formation of 

mitochondrial 

complex V 

assembly factor 1 

homolog 

Matrix 23.8906 25.49 17.6542 24.486 22.478 14.82 14 

21 P12235 Solute carrier 

family 25 member 4 

IMM 18.8523 22.13 n/a 17.4167 19.106 4 4 

22 P05141 Solute carrier 

family 25 member 5 

IMM 18.8523 22.13 n/a 17.4167 19.106 4 4 

23 Q9H0C2 Solute carrier 

family 25 member 

31 

IMM 18.8523 22.13 n/a 17.4167 19.106 4 4 

24 P12236 Solute carrier 

family 25 member 6 

IMM 18.8523 22.13 n/a 17.4167 19.106 4 4 

25 P25705 ATP synthase F1 

subunit alpha 

IMM 20.2667 23.71  n/a 19.7002 20.433 11 11 

2
5
9
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

26 Q16134 Electron transfer 

flavoprotein 

dehydrogenase, EC 

1.5.5.1 

IMM 21.4464 22.12 n/a 20.6776 20.064 3 3 

27 P04040 Catalase IMS 21.0353 23.03 n/a 21.094 18.922 n/a 10 

28 Q13162 Peroxiredoxin 4 IMS 22.2843 23.58 15.4627 23.4376 20.011 18.79 6 

29 P21796 Voltage dependent 

anion channel 1 

OMM 18.1983 21.44 n/a 18.0194 15.87 n/a 3 

30 P45880 Voltage dependent 

anion channel 2 

OMM n/a 21.29 n/a 17.4922 n/a n/a 2 

31 O00763 Acetyl-CoA 

carboxylase beta 

OMM 22.4393 24.94 17.1149 24.177 21.451 n/a 25 

32 P10599 Thioredoxin Mitochondri

al-unknown 

23.0046 24.17 n/a 22.341 21.439 n/a 5 

33 P32119 Peroxiredoxin 2 Mitochondri

al-unknown 

19.5324 22.3 n/a 19.7924 17.265 n/a 5 

 

  

2
6
0
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Table Apx 11. NCL1 adjacent  

The table contains all the hits identified during the first mass-spectrometry run in Newcastle which belong to cytosolic ribosome, ER or 

are cytosolic translation factors.  

  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

1                     

2 

Q9P2E9 Ribosome-

binding protein 

1 

EK 

translation/ 

ER binding 

20.451 22.96 16.6184 22.59 n/a 21.02 12 

3 

Q8NE71 ATP-binding 

cassette sub-

family F 

member 1 

EK 

translation 

24.2355 26.57 17.0554 25.3972 23.298 20.31 33 

4 

Q5VTE0 Putative 

elongation 

factor 1-alpha-

like 3 

EK 

translation 

21.5008 23.15 n/a 22.4737 19.041 n/a 6 

5 

O60841 Eukaryotic 

translation 

initiation factor 

5B 

EK 

translation 

25.6347 27.72 18.0482 27.1885 24.648 24.34 51 

6 

Q96EY4 Translation 

machinery-

associated 

protein 16 

EK 

translation 

n/a 18.76 n/a 16.581 n/a n/a 2 

2
6
1
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

7 

P39023 60S ribosomal 

protein L3 

80S 

ribosome 

22.6296 22.33 17.4009 24.8979 19.089 23.99 14 

8 

P46777 60S ribosomal 

protein L5 

80S 

ribosome 

22.8535 23.62 18.4281 26.1033 21.409 15.03 17 

9 

P62913 60S ribosomal 

protein L11 

80S 

ribosome 

17.8392 20.48 n/a 19.324 17.441 n/a 2 

10 

P62987 Ubiquitin-60S 

ribosomal 

protein L40 

80S 

ribosome 

18.4392 20.02 n/a 20.2044 17.524 n/a 3 

11 

P62979 Ubiquitin-40S 

ribosomal 

protein S27a 

80S 

ribosome 

21.0192 23.82 n/a 22.8571 19.135 n/a 5 

12 

P26373 60S ribosomal 

protein L13 

80S 

ribosome 

25.4806 24.72 17.7828 25.9759 22.095 15.4 11 

13 

P62917 60S ribosomal 

protein L8 

80S 

ribosome 

26.2945 26.79 18.7188 26.3071 23.888 20.98 11 

14 

P83881 60S ribosomal 

protein L36a 

80S 

ribosome 

23.6923 26.16 17.8985 23.377 22.413 15.64 10 

15 

Q969Q0 60S ribosomal 

protein L36a-

like 

80S 

ribosome 

20.8661 23.29 15.1415 20.6761 19.758 n/a 8 

16 

Q9Y3U8 60S ribosomal 

protein L36 

80S 

ribosome 

25.8429 26.8 17.279 26.5689 22.798 20.53 6 

17 

P62241 40S ribosomal 

protein S8 

80S 

ribosome 

24.5278 25.62 16.6629 24.566 22.016 n/a 13 

2
6
2
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

18 

P46778 60S ribosomal 

protein L21 

80S 

ribosome 

24.3441 24.89 16.7958 25.8634 22.305 20.11 7 

19 

P49207 60S ribosomal 

protein L34 

80S 

ribosome 

22.7359 24.78 16.3038 22.5667 19.798 n/a 5 

20 

P61353 60S ribosomal 

protein L27 

80S 

ribosome 

24.0873 26.23 17.7556 25.6278 23.322 20.52 10 

21 

Q02878 60S ribosomal 

protein L6 

80S 

ribosome 

27.0152 28.59 22.6721 27.9187 25.395 26.12 22 

22 

Q07020 60S ribosomal 

protein L18 

80S 

ribosome 

22.9564 23.99 n/a 23.46 19.609 n/a 6 

23 

P62266 40S ribosomal 

protein S23 

80S 

ribosome 

25.734 27.24 20.2865 26.2245 23.257 20.56 7 

24 

P18621 60S ribosomal 

protein L17 

80S 

ribosome 

24.2869 24.13 n/a 26.1884 20.271 21.2 13 

25 

P27635 60S ribosomal 

protein L10 

80S 

ribosome 

20.6027 21.82 19.2284 22.0735 19.283 22.96 5 

26 

P35268 60S ribosomal 

protein L22 

80S 

ribosome 

21.763 22.85 n/a 22.7925 17.268 n/a 4 

27 

P36578 60S ribosomal 

protein L4 

80S 

ribosome 

26.0096 26.18 16.3263 27.156 23.262 22.25 27 

28 

P42766 60S ribosomal 

protein L35 

80S 

ribosome 

22.8883 25.79 17.3698 24.3857 20.091 23.92 9 
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

29 

P46776 60S ribosomal 

protein L27a 

80S 

ribosome 

23.1556 24.54 n/a 26423.7359 19.371 n/a 4 

30 

P46779 60S ribosomal 

protein L28 

80S 

ribosome 

24.2954 23.45 15.3324 25.8878 21.883 15.31 13 

31 

P47914 60S ribosomal 

protein L29 

80S 

ribosome 

27.2811 29.72 22.4847 27.1917 25.555 21.78 6 

32 

P50914 60S ribosomal 

protein L14 

80S 

ribosome 

21.6676 23.21 15.6179 24.0816 19.259 n/a 6 

33 

P61254 60S ribosomal 

protein L26 

80S 

ribosome 

28.4895 29.19 22.9607 28.9559 26.436 23.37 17 

34 

P61313 60S ribosomal 

protein L15 

80S 

ribosome 

21.2057 22.09 n/a 22.2859 19.709 n/a 2 

35 

P61513 60S ribosomal 

protein L37a 

80S 

ribosome 

24.2566 24.12 17.8328 24.9638 21.699 n/a 6 

36 

P61927 60S ribosomal 

protein L37 

80S 

ribosome 

19.0023 22.08 n/a 20.4839 n/a n/a 2 

37 

P62424 60S ribosomal 

protein L7a 

80S 

ribosome 

24.167 25.65 17.3858 26.2278 21.135 22.12 12 

38 

P62750 60S ribosomal 

protein L23a 

80S 

ribosome 

24.8725 26.83 19.8297 24.221 23.375 n/a 10 

39 

P62899 60S ribosomal 

protein L31 

80S 

ribosome 

21.698 27.01 16.9063 27.1291 20.865 n/a 4 
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

40 

P62910 60S ribosomal 

protein L32 

80S 

ribosome 

23.1848 25.97 n/a 23.3712 22.466 n/a 8 

41 

P83731 60S ribosomal 

protein L24 

80S 

ribosome 

24.0299 26.64 21.7971 25.7819 23.334 23.38 9 

42 

P84098 60S ribosomal 

protein L19 

80S 

ribosome 

24.2978 24.77 n/a 24.5995 21.554 n/a 5 

43 

Q02543 60S ribosomal 

protein L18a 

80S 

ribosome 

23.2331 22.75 16.9686 24.5568 21.465 n/a 6 

44 

Q9UNX3 60S ribosomal 

protein L26-like 

1 

80S 

ribosome 

22.4801 23.97 15.3919 23.4329 19.667 n/a 16 

45 

P42677 40S ribosomal 

protein S27 

80S 

ribosome 

n/a 20.83 n/a 21.5422 n/a n/a 2 

46 

P62753 40S ribosomal 

protein S6 

80S 

ribosome 

24.4753 25.18 21.0255 25.1644 23.144 19.05 12 

47 

P62847 40S ribosomal 

protein S24 

80S 

ribosome 

19.6259 20.43 n/a 21.869 n/a n/a 3 

48 

Q5JNZ5 Putative 40S 

ribosomal 

protein S26-like 

1 

80S 

ribosome 

23.1342 23.84 n/a 23.9562 21.811 n/a 3 

49 

P62861 40S ribosomal 

protein S30 

80S 

ribosome 

21.7133 25.17 n/a 22.6074 20.879 n/a 3 

50 P14625 Endoplasmin ER n/a 21.7 n/a n/a n/a n/a 2 
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  log2 (Intensity)   

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 

C12-

BioID2 

Tet + 

Biotin 

C12-

Linker-

BioID2 

Tet 

C12-

Linker- 

BioID2                   

Tet + 

Biotin 

COX8-

MTS 

Tet 

COX8-

MTS            

Tet + 

Biotin 

Peptides 

51 

P30101 Protein 

disulfide-

isomerase A3 

ER 16.8441 20.64 n/a n/a n/a n/a 2 

52 

Q14697 Neutral alpha-

glucosidase AB 

ER 19.2905 21.65 n/a 18.7526 17.988 n/a 4 

53 Q86UP2 Kinectin ER n/a 25.78 n/a 16.8429 n/a 16.22 35 

54 Q86UE4 Protein LYRIC ER 24.7085 28.61 21.1159 24.4321 n/a 16.04 32 

55 

O76094 Signal 

recognition 

particle subunit 

SRP72 

ER 20.7826 22.4 n/a 21.8972 19.941 n/a 7 

56 

P11021 Endoplasmic 

reticulum 

chaperone BiP 

ER 18.6878 21.33 n/a 19.6103 n/a n/a 3 

57 

Q15643 Thyroid 

receptor-

interacting 

protein 11 

ER 22.5818 21.98 n/a 20.7823 20.02 n/a 2 
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Table Apx 12. NCL2 COX8 mitochondria 

The table contains all the mitochondrial hits identified for COX8-MTS control during the second Newcastle mass-spectrometry run.  

    
log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

1 O75390 Citrate synthase Matrix 19.42 n/a n/a 19.7813 3 

2 O75439 Peptidase, mitochondrial processing 

subunit beta 

Matrix 20.51 n/a n/a 20.3267 6 

3 P00367 Glutamate dehydrogenase 1 Matrix 21.38 n/a n/a 22.6697 14 

4 P49448 Glutamate dehydrogenase 2 Matrix 21.38 n/a n/a 22.6697 14 

5 P05165 Propionyl-CoA carboxylase subunit 

alpha 

Matrix 32.12 25.56 25.9885 31.881 62 

6 P05166 Propionyl-CoA carboxylase subunit beta Matrix 20.95 n/a n/a 22.5331 16 

7 P10809 Heat shock protein family D (Hsp60) 

member 1 

Matrix 22.5 n/a n/a 25.3014 26 

8 P11177 Pyruvate dehydrogenase E1 subunit beta Matrix 19.56 n/a n/a 19.202 3 

9 Q969P6 DNA topoisomerase I mitochondrial Matrix 21.18 n/a 20.6747 21.8203 16 

10 P11498 Pyruvate carboxylase Matrix 32.33 26.47 27.0832 32.0158 73 

11 P23368 Malic enzyme 2 Matrix 19.45 n/a n/a 20.0258 6 

12 P24752 Acetyl-CoA acetyltransferase 1 Matrix 20.47 n/a n/a 20.2576 9 

13 P30084 Enoyl-CoA hydratase, short chain 1 Matrix 18.68 n/a n/a 19.0294 3 

14 P34897 Serine hydroxymethyltransferase 2 

(SHMT2) 

Matrix 20.72 n/a n/a 24.7554 15 

15 P38117 Electron transfer flavoprotein subunit 

beta 

Matrix 19.96 n/a n/a 20.5626 4 

16 P38646 Heat shock protein family A (Hsp70) 

member 9 

Matrix 22.62 n/a n/a 22.8708 15 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

17 P40926 Malate dehydrogenase 2 Matrix 21.25 n/a n/a 21.6501 8 

18 P49411 Tu translation elongation factor, 

mitochondrial 

Matrix 23.5 n/a n/a 23.7058 13 

19 P54886 Aldehyde dehydrogenase 18 family 

member A1 

Matrix 20.94 n/a n/a 21.6665 9 

20 P61604 Heat shock protein family E (Hsp10) 

member 1 

Matrix 18.27 n/a n/a 24.1608 5 

21 Q00059 Transcription factor A, mitochondrial Matrix 19.34 n/a n/a 20.4105 5 

22 Q12931 Heat shock protein 75 kDa Matrix 22.71 n/a n/a 23.2436 15 

23 Q13085 Acetyl-CoA carboxylase alpha Matrix 23.65 n/a 22.109 22.8715 58 

24 Q5JRX3 Pitrilysin metallopeptidase 1 Matrix 19.57 n/a n/a 19.7586 4 

25 Q96C36 Pyrroline-5-carboxylate reductase 2 Matrix 18.86 n/a n/a 19.8802 4 

26 P32322 Pyrroline-5-carboxylate reductase 1 Matrix 18.86 n/a n/a 19.8802 4 

27 Q96RQ3 Methylcrotonoyl-CoA carboxylase 1 Matrix 30.91 25.44 26.2017 30.6087 43 

28 Q99798 Aconitase 2 Matrix 20.84 n/a n/a 20.9274 6 

29 Q9BQ48 Mitochondrial ribosomal protein L34 Matrix 22.69 n/a 21.5704 23.5299 4 

30 Q9HCC0 Methylcrotonoyl-CoA carboxylase 2 Matrix 18.86 n/a n/a 19.1432 3 

31 Q9NP81 Seryl-tRNA synthetase 2, mitochondrial Matrix 19.46 n/a n/a 19.5841 5 

32 Q9NSE4 Isoleucyl-tRNA synthetase 2, 

mitochondrial 

Matrix 20.18 n/a n/a 21.1474 9 

33 O95831 Apoptosis inducing factor mitochondria 

associated 1 

IMM 19.72 n/a n/a 19.53 7 

34 P06576 ATP synthase F1 subunit beta IMM 22.18 n/a n/a 24.5746 15 

35 P12235 Solute carrier family 25 member 4 IMM 21.64 n/a n/a 21.7543 7 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

36 P12236 Solute carrier family 25 member 6 IMM 21.64 n/a n/a 21.7543 7 

37 P22695 Ubiquinol-cytochrome c reductase core 

protein 2 

IMM 21.36 n/a n/a 21.4089 8 

38 P25705 ATP synthase F1 subunit alpha IMM 24.3 21.58 n/a 25.273 25 

39 P31930 Ubiquinol-cytochrome c reductase core 

protein 1 

IMM 21.07 n/a n/a 21.3148 7 

40 P35232 Prohibitin IMM 20.84 n/a n/a 20.9962 5 

41 P40939 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex 

subunit alpha 

IMM 21.81 n/a n/a 22.6161 19 

42 P48047 ATP synthase peripheral stalk subunit 

OSCP 

IMM 20.28 n/a n/a 20.5457 5 

43 P55084 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex 

subunit beta 

IMM 20.17 n/a n/a 20.5469 8 

44 Q16891 MIC60 subunit IMM 19.62 n/a n/a 20.8973 5 

45 Q99623 Prohibitin 2 IMM 21.66 n/a n/a 22.1421 15 

46 O75746 Solute carrier family 25 member 12 IMM 20.19 n/a n/a 20.2071 8 

47 Q9UJS0 Solute carrier family 25 member 13 IMM 20.19 n/a n/a 20.2071 8 

48 Q13162 Peroxiredoxin 4 IMS 21.57 n/a n/a 20.105 10 

49 Q9NRP2 Calcium-binding mitochondrial carrier 

protein Aralar2 

IMS 20.19 n/a n/a 20.2071 8 

50 Q7Z7K0 Calcium-binding mitochondrial carrier 

protein Aralar1 

IMS 20.19 n/a n/a 20.2071 8 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

51 Q8TCS8 Polyribonucleotide 

nucleotidyltransferase 1 (PNPT1) 

IMS 19.57 n/a n/a 20.4062 5 

52 P21796 Voltage dependent anion channel 1 OMM 22.72 n/a n/a 21.471 11 

53 P45880 Voltage dependent anion channel 2 OMM 22.05 n/a n/a 21.0905 4 

54 O00763 Acetyl-CoA carboxylase beta OMM 23.65 n/a 22.109 22.8715 58 

55 P51659 Hydroxysteroid 17-beta dehydrogenase 

4 

Mitochondrial 

- unknown 

21.92 n/a n/a 22.3043 15 

56 Q7KZF4 Staphylococcal nuclease and tudor 

domain containing 1 

Mitochondrial 

- unknown 

20.62 n/a n/a 21.3895 11 
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Table Apx 13. NCL2 COX8 adjacent  

The table contains all the ER, 80S or cytosolic translation hits identified for COX8-MTS control during the second Newcastle mass-

spectrometry run. 

 
      log2 (LFQ)   

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

1 - A. aeolicus biotin-ligase Exogenous, 

induced 

19.994 n/a 23.2474 27.6279 18 

2 O60841 Eukaryotic translation initiation factor 

5B 

EK translation 26.629 23.02 24.2312 25.1835 33 

3 Q5VTE0 Putative elongation factor 1-alpha-like 3 EK translation 22.188 23.09 22.218 22.0706 8 

4 Q96GA3 Protein LTV1 homolog EK translation 21.871 n/a n/a 22.8165 7 

5 Q8NE71 ATP-binding cassette sub-family F 

member 1 

EK translation 23.692 n/a n/a 19.9396 13 

6 Q96EY4 Translation machinery-associated 

protein 16 

EK translation 20.06 n/a n/a 22.2508 4 

7 P61353 60S ribosomal protein L27 80S ribosome 23.762 22.57 24.2458 23.2676 9 

8 Q02878 60S ribosomal protein L6 80S ribosome 26.156 24.98 26.0261 24.5487 12 

9 P62854 40S ribosomal protein S26 80S ribosome 23.895 n/a n/a 23.2076 4 

10 P62266 40S ribosomal protein S23 80S ribosome 27.064 20.55 21.9457 24.3877 8 

11 P46777 60S ribosomal protein L5 80S ribosome 21.068 n/a n/a 22.0952 8 

12 P62979 Ubiquitin-40S ribosomal protein S27a 80S ribosome 22.988 n/a n/a 23.1151 4 

13 P30050 60S ribosomal protein L12 80S ribosome 20.388 n/a n/a 19.8331 3 

14 P50914 60S ribosomal protein L14 80S ribosome 21.777 n/a n/a 22.0126 3 

15 P62917 60S ribosomal protein L8 80S ribosome 21.004 n/a n/a 19.8209 4 

16 P35268 60S ribosomal protein L22 80S ribosome 20.398 n/a n/a 22.17 5 
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      log2 (LFQ)   

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

17 P46776 60S ribosomal protein L27a 80S ribosome 23.902 n/a n/a 23.144 5 

18 P62906 60S ribosomal protein L10a 80S ribosome 19.843 n/a n/a 19.8223 5 

19 P62910 60S ribosomal protein L32 80S ribosome 21.197 n/a n/a 21.7092 5 

20 P84098 60S ribosomal protein L19 80S ribosome 23.182 n/a n/a 22.4041 5 

21 Q9Y3U8 60S ribosomal protein L36 80S ribosome 23.678 n/a n/a 22.2101 5 

22 P26373 60S ribosomal protein L13 80S ribosome 21.429 n/a n/a 22.516 6 

23 P47914 60S ribosomal protein L29 80S ribosome 26.866 22.11 23.3434 24.5451 6 

24 P83731 60S ribosomal protein L24 80S ribosome 23.64 n/a 22.8931 21.6888 6 

25 P83881 60S ribosomal protein L36a 80S ribosome 25.359 n/a 18.9247 21.1773 6 

26 P18621 60S ribosomal protein L17 80S ribosome 21.672 n/a n/a 24.5671 7 

27 P42766 60S ribosomal protein L35 80S ribosome 27.452 21.33 22.3582 25.4473 7 

28 P61254 60S ribosomal protein L26 80S ribosome 25.426 n/a 20.0025 24.9994 10 

29 P62750 60S ribosomal protein L23a 80S ribosome 26.611 23.21 24.6243 26.4884 11 

30 P36578 60S ribosomal protein L4 80S ribosome 24.033 n/a n/a 24.3547 15 

31 P62861 40S ribosomal protein S30 80S ribosome 27.294 23.87 24.668 26.5125 5 

32 P62753 40S ribosomal protein S6 80S ribosome 22.035 n/a 21.5469 20.6426 7 

33 P62241 40S ribosomal protein S8 80S ribosome 24.559 n/a n/a 22.5112 10 

34 Q96AG4 Leucine-rich repeat-containing protein 

59 

ER 21.046 n/a n/a 22.8766 8 

35 P55072 Transitional endoplasmic reticulum 

ATPase 

ER 19.154 n/a n/a 20.2882 14 

36 Q86UE4 Protein LYRIC ER 26.156 21.17 24.4044 28.2718 34 

37 P13667 Protein disulfide-isomerase A4 ER 18.942 n/a n/a 19.6175 5 

38 P23284 Peptidyl-prolyl cis-trans isomerase B ER 20.371 n/a n/a 20.1806 5 
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      log2 (LFQ)   

№ UniProt 

ID 

Name Localization COX8-

MTS 

Tet 1 

COX8-

MTS 

Tet 2 

COX8-

MTS            

Tet + 

Biotin 1 

COX8-

MTS            

Tet + 

Biotin 2 

Peptides 

39 P27824 Calnexin ER 20.33 n/a n/a 20.5689 5 

40 P16615 Sarcoplasmic/endoplasmic reticulum 

calcium ATPase 2 

ER 21.591 n/a n/a 21.0086 6 

41 P13674 Prolyl 4-hydroxylase subunit alpha-1 ER 20.794 n/a n/a 21.3376 7 

42 Q9BSJ8 Extended synaptotagmin-1 ER 19.75 n/a n/a 21.4858 7 

43 Q9P2E9 Ribosome-binding protein 1 ER n/a n/a 21.2726 20.9362 8 

44 P04843 Dolichyl-diphosphooligosaccharide--

protein glycosyltransferase subunit 1 

ER 20.821 n/a n/a 20.891 9 

45 P30101 Protein disulfide-isomerase A3 ER 20.603 n/a n/a 21.2294 9 

46 Q14697 Neutral alpha-glucosidase AB ER 22.253 n/a n/a 22.1994 10 

47 O76094 Signal recognition particle subunit 

SRP72 

ER 20.84 n/a 21.3751 21.804 12 

48 P14625 Endoplasmin ER 21.992 n/a n/a 22.8002 17 

49 P11021 Endoplasmic reticulum chaperone BiP ER 21.505 n/a n/a 22.6537 18 

 

  

2
7
3
 



•  
 

Table Apx 14. NCL2 C12-BioID2 mitochondria  

The table contains all the mitochondrial hits identified for C12orf65-BioID2-HA during the second Newcastle mass-spectrometry run.  

    
log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2 

Tet + 

Biotin 2 

Peptides 

1 O75390 Citrate synthase Matrix n/a 20.442 20.628 19.8804 3 

2 O75439 Peptidase, mitochondrial processing 

subunit beta 

Matrix n/a 20.502 19.8011 20.2712 6 

3 P00367 Glutamate dehydrogenase 1 Matrix 22.55 21.942 22.3543 22.2456 14 

4 P49448 Glutamate dehydrogenase 2 Matrix 22.55 21.942 22.3543 22.2456 14 

5 P04181 Ornithine aminotransferase Matrix n/a 19.425 19.7635 20.0155 3 

6 P05165 Propionyl-CoA carboxylase subunit 

alpha 

Matrix 31.432 32.668 30.9044 32.1216 62 

7 P05166 Propionyl-CoA carboxylase subunit beta Matrix 22.554 23.407 21.4115 23.2987 16 

8 P08559 Pyruvate dehydrogenase E1 subunit 

alpha 1 

Matrix n/a 21.109 20.0417 20.7474 4 

9 P29803 Pyruvate dehydrogenase E1 subunit 

alpha 2 

Matrix n/a 21.109 20.0417 20.7474 4 

10 P10809 Heat shock protein family D (Hsp60) 

member 1 

Matrix 21.84 23.313 24.2591 24.0429 26 

11 P11177 Pyruvate dehydrogenase E1 subunit beta Matrix n/a 19.388 19.4728 19.6051 3 

12 Q969P6 DNA topoisomerase I mitochondrial Matrix 20.961 23.108 21.7273 23.6419 16 

13 P11498 Pyruvate carboxylase Matrix 32.391 32.991 31.7474 32.4023 73 

14 P24752 Acetyl-CoA acetyltransferase 1 Matrix 19.713 20.641 20.7829 20.1216 9 

15 P30084 Enoyl-CoA hydratase, short chain 1 Matrix n/a 18.889 n/a 18.5756 3 

16 P34897 Serine hydroxymethyltransferase 2 

(SHMT2) 

Matrix n/a 20.107 20.8212 21.7213 15 
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log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2 

Tet + 

Biotin 2 

Peptides 

17 P36957 Dihydrolipoamide S-succinyltransferase Matrix n/a 19.829 19.7187 20.9393 4 

18 P38117 Electron transfer flavoprotein subunit 

beta 

Matrix n/a 20.759 n/a 20.8932 4 

19 P38646 Heat shock protein family A (Hsp70) 

member 9 

Matrix 21.559 22.688 22.8389 23.8546 15 

20 P40926 Malate dehydrogenase 2 Matrix 20.267 21.884 21.1914 21.9872 8 

21 P42704 Leucine-rich PPR motif-containing 

protein (LRPPRC) 

Matrix n/a n/a 20.6866 21.6117 23 

22 P49411 Tu translation elongation factor, 

mitochondrial 

Matrix 23.549 23.64 23.2257 23.6829 13 

23 P54886 Aldehyde dehydrogenase 18 family 

member A1 

Matrix 21.138 20.712 20.8694 20.3686 9 

24 P61604 Heat shock protein family E (Hsp10) 

member 1 

Matrix n/a 19.224 20.46 18.8367 5 

25 Q12931 Heat shock protein 75 kDa Matrix 22.525 23.191 22.6226 23.0768 15 

26 Q13085 Acetyl-CoA carboxylase alpha Matrix 27.083 24.178 27.0087 23.7236 58 

27 Q6UB35 Methylenetetrahydrofolate 

dehydrogenase (NADP+ dependent) 1 

like 

Matrix 19.945 20.178 20.7182 21.452 9 

28 Q92665 Mitochondrial ribosomal protein S31 Matrix n/a 17.848 18.4163 18.5751 4 

29 Q96RQ3 Methylcrotonoyl-CoA carboxylase 1 Matrix 30.765 31.503 30.3018 30.7238 43 

30 Q99714 Hydroxysteroid 17-beta dehydrogenase 

10 (HSD17B10) 

Matrix n/a 20.641 n/a 21.3066 7 

31 Q99798 Aconitase 2 Matrix n/a 20.567 n/a 20.7333 6 

32 Q9BQ48 Mitochondrial ribosomal protein L34 Matrix 21.149 20.732 22.1772 23.684 4 
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log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2 

Tet + 

Biotin 2 

Peptides 

33 Q9NP81 Seryl-tRNA synthetase 2, mitochondrial Matrix n/a 19.576 19.9261 20.2061 5 

34 Q9NSE4 Isoleucyl-tRNA synthetase 2, 

mitochondrial 

Matrix n/a n/a 20.3205 19.9439 9 

35 Q9P015 Mitochondrial ribosomal protein L15 Matrix n/a n/a 20.0066 20.9837 4 

36 O95831 Apoptosis inducing factor mitochondria 

associated 1 

IMM 19.328 n/a 20.3164 21.1104 7 

37 P00505 Glutamic-oxaloacetic transaminase 2 IMM n/a n/a 20.1127 19.6654 4 

38 P06576 ATP synthase F1 subunit beta IMM n/a 22.069 23.7311 24.0946 15 

39 P12235 Solute carrier family 25 member 4 IMM 21.24 20.229 21.4682 20.7766 7 

40 P12236 Solute carrier family 25 member 6 IMM 21.24 20.229 21.4682 20.7766 7 

41 P13073 Cytochrome c oxidase subunit 4I1 IMM n/a 20.597 n/a 20.144 5 

42 P22695 Ubiquinol-cytochrome c reductase core 

protein 2 

IMM n/a 20.676 20.7785 22.1642 8 

43 P25705 ATP synthase F1 subunit alpha IMM 24.624 24.774 24.765 25.2608 25 

44 P35232 Prohibitin IMM n/a 21.418 21.8247 21.7111 5 

45 P36542 ATP synthase F1 subunit gamma IMM 21.384 20.841 n/a 20.8975 4 

46 P40939 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex 

subunit alpha 

IMM 22.428 22.585 21.472 22.5084 19 

47 P48047 ATP synthase peripheral stalk subunit 

OSCP 

IMM 21.612 20.969 20.4929 21.4752 5 

48 P55084 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex 

subunit beta 

IMM 20.261 20.541 20.7208 20.7633 8 

49 Q16891 MIC60 subunit IMM n/a n/a 20.4603 20.2541 5 
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log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2 

Tet + 

Biotin 2 

Peptides 

50 Q99623 Prohibitin 2 IMM 22.837 22.221 22.6654 22.9855 15 

51 Q9H9B4 Sideroflexin 1 IMM n/a 19.481 n/a 19.5176 3 

52 Q9NVI7 ATPase family AAA domain containing 

3A (ATAD3) 

IMM n/a n/a 19.2168 20.2248 8 

53 Q5T9A4 ATPase family AAA domain containing 

3B (ATAD3) 

IMM n/a n/a 19.2168 20.2248 8 

54 P54819 Adenylate kinase 2 IMS n/a n/a 18.546 18.6585 4 

55 Q13162 Peroxiredoxin 4 IMS n/a 19.54 21.5887 20.4051 10 

56 Q8TCS8 Polyribonucleotide 

nucleotidyltransferase 1 (PNPT1) 

IMS/matrix n/a 19.444 19.8109 n/a 5 

57 P00387 Cytochrome b5 reductase 3 OMM n/a 19.564 n/a 20.2251 3 

58 P21796 Voltage dependent anion channel 1 OMM 23.119 22.605 22.8376 22.1229 11 

59 P45880 Voltage dependent anion channel 2 OMM 22.186 21.854 21.7944 21.3142 4 

60 O00763 Acetyl-CoA carboxylase beta OMM 27.083 24.178 27.0087 23.7236 58 

61 P51659 Hydroxysteroid 17-beta dehydrogenase 

4 

Mitochondrial 

- unknown 

22.235 22.208 22.4365 22.5855 15 

62 Q7KZF4 Staphylococcal nuclease and tudor 

domain containing 1 

Mitochondrial 

- unknown 

21.992 21.174 21.0415 21.71 11 
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Table Apx 15. NCL2 C12-BioID2 adjacent  

The table contains all the ER, 80S ribosome or cytosolic translation hits identified for C12orf65-BioID2-HA during the second 

Newcastle mass-spectrometry run.  

    
log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2            

Tet + 

Biotin 2 

Peptides 

1 - A. aeolicus biotin-ligase Exogenous, 

induced 

n/a n/a 20.616 23.114 18 

2 Q8NE71 ATP-binding cassette sub-family F 

member 1 

EK translation 23.056 20.41 23.439 21.275 13 

3 Q5VTE0 Putative elongation factor 1-alpha-

like 3 

EK translation 22.776 22.8 22.612 22.949 8 

4 O60841 Eukaryotic translation initiation 

factor 5B 

EK translation 26.374 26.21 26.096 26.153 33 

5 O76021 Ribosomal L1 domain-containing 

protein 1 

EK translation 19.556 n/a 20.26 n/a 4 

6 Q96EY4 Translation machinery-associated 

protein 16 

EK translation n/a 20.13 n/a 22.115 4 

7 P61353 60S ribosomal protein L27 80S ribosome 25.021 24.85 25.318 24.554 9 

8 Q02878 60S ribosomal protein L6 80S ribosome 25.107 23.72 25.969 24.705 12 

9 P62854 40S ribosomal protein S26 80S ribosome 20.452 17.89 n/a 22.289 4 

10 P62266 40S ribosomal protein S23 80S ribosome 22.308 21.78 22.974 24.159 8 

11 P05388 60S acidic ribosomal protein P0 80S ribosome n/a n/a 19.085 19.943 4 

12 P46777 60S ribosomal protein L5 80S ribosome 20.758 20.16 21.162 22.719 8 

13 P62979 Ubiquitin-40S ribosomal protein 

S27a 

80S ribosome 23.641 22.5 24.383 22.577 4 
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log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2            

Tet + 

Biotin 2 

Peptides 

14 Q9Y3U8 60S ribosomal protein L36 80S ribosome 19.605 n/a 19.742 24.02 5 

15 P26373 60S ribosomal protein L13 80S ribosome 21.141 20.03 20.15 22.688 6 

16 P83881 60S ribosomal protein L36a 80S ribosome 26.562 22.71 25.875 22.177 6 

17 P62241 40S ribosomal protein S8 80S ribosome 23.762 21.99 23.546 23.256 10 

18 P27635 60S ribosomal protein L10 80S ribosome 20.179 19.16 n/a 20.351 4 

19 P62424 60S ribosomal protein L7a 80S ribosome 20.065 n/a 20.859 21.896 4 

20 P35268 60S ribosomal protein L22 80S ribosome 21.052 20.64 19.304 22.784 5 

21 P46776 60S ribosomal protein L27a 80S ribosome 19.534 19.48 21.168 22.009 5 

22 P62906 60S ribosomal protein L10a 80S ribosome 20.307 19.96 20.627 20.566 5 

23 P62910 60S ribosomal protein L32 80S ribosome n/a 20.1 n/a 21.888 5 

24 P47914 60S ribosomal protein L29 80S ribosome 29.096 26.25 28.55 25.105 6 

25 P83731 60S ribosomal protein L24 80S ribosome 21.934 n/a 22.786 22.088 6 

26 P18621 60S ribosomal protein L17 80S ribosome 21.583 19.26 n/a 24.063 7 

27 P42766 60S ribosomal protein L35 80S ribosome 21.932 24.7 24.483 26.748 7 

28 P61254 60S ribosomal protein L26 80S ribosome 20.661 21.27 20.721 25.247 10 

29 P62750 60S ribosomal protein L23a 80S ribosome 27.477 27.38 27.765 27.084 11 

30 P36578 60S ribosomal protein L4 80S ribosome 21.164 20.6 19.222 24.758 15 

31 P62861 40S ribosomal protein S30 80S ribosome 28.759 28.15 28.876 27.489 5 

32 O76094 Signal recognition particle subunit 

SRP72 

ER 21.773 22.6 22.188 23.123 12 

33 P11021 Endoplasmic reticulum chaperone 

BiP 

ER 22.249 22.47 23.269 23.213 18 

34 Q86UE4 Protein LYRIC ER 27.366 28.21 27.693 28.436 34 

35 P14625 Endoplasmin ER 22.463 22.76 23.575 23.712 17 
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log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2            

Tet + 

Biotin 2 

Peptides 

36 Q96AG4 Leucine-rich repeat-containing 

protein 59 

ER 20.63 20.41 n/a 22.823 8 

37 Q9P035 Very-long-chain (3R)-3-

hydroxyacyl-CoA dehydratase 3  

ER 20.104 20.03 20.228 19.935 3 

38 O95573 Long-chain-fatty-acid--CoA ligase 3 ER 19.441 n/a n/a 19.74 4 

39 P51571 Translocon-associated protein 

subunit delta 

ER n/a 20.37 20.569 20.463 4 

40 P13667 Protein disulfide-isomerase A4 ER n/a 19.78 21.247 19.956 5 

41 P23284 Peptidyl-prolyl cis-trans isomerase B ER 20.805 21.15 20.475 21.167 5 

42 P27824 Calnexin ER 20.39 21.07 21.191 20.851 5 

43 Q15084 Protein disulfide-isomerase A6 ER n/a 20.09 20.663 20.534 5 

44 Q9UGP8 Translocation protein SEC63 

homolog 

ER n/a 19.52 n/a 20.002 5 

45 P16615 Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 2 

ER 21.846 n/a 21.563 21.269 6 

46 P39656 Dolichyl-diphosphooligosaccharide-

-protein glycosyltransferase 48 kDa 

subunit 

ER 19.824 19.68 n/a 20.292 6 

47 P13674 Prolyl 4-hydroxylase subunit alpha-1 ER n/a n/a 20.406 21.456 7 

48 Q9BSJ8 Extended synaptotagmin-1 ER n/a 19.67 20.236 20.438 7 

49 Q9P2E9 Ribosome-binding protein 1 ER n/a 19.78 n/a 20.286 8 

50 P04843 Dolichyl-diphosphooligosaccharide-

-protein glycosyltransferase subunit 

1 

ER 22.003 21.79 21.967 21.62 9 

51 P30101 Protein disulfide-isomerase A3 ER 21.418 21.01 22.295 21.814 9 
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log2 (LFQ) 

 

 № UniProt 

ID 

Name Localization C12-

BioID2 

Tet 1 

C12-

BioID2            

Tet 2 

C12-

BioID2 

Tet + 

Biotin 1 

C12-

BioID2            

Tet + 

Biotin 2 

Peptides 

52 Q14697 Neutral alpha-glucosidase AB ER 22.124 22.15 22.81 22.18 10 

53 P05023 Sodium/potassium-transporting 

ATPase subunit alpha-1 

ER n/a 20.44 n/a 21.255 9 

54 Q07065 Cytoskeleton-associated protein 4 ER 22.367 22.82 22.805 24.44 20 

55 P14618 Pyruvate kinase PKM ER 19.969 20.95 20.306 19.96 5 

56 P0DMV8 Heat shock 70 kDa protein 1A ER 20.974 n/a 21.508 22.271 9 
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Table Apx 16. NCL2 C12-Linker-BioID2 mitochondria  

The table contains all the mitochondrial hits identified for C12orf65-Linker-BioID2-HA during the second Newcastle mass-spectrometry 

run.  

    
log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

1 P24752 Acetyl-CoA acetyltransferase 1 Matrix 21.4766 21.8428 22.4988 22.1655 9 

2 P30084 Enoyl-CoA hydratase, short chain 1 Matrix 18.9973 n/a 19.2913 19.4814 3 

3 P38117 Electron transfer flavoprotein subunit 

beta 

Matrix 20.2783 20.8497 n/a 20.7059 4 

4 Q99714 Hydroxysteroid 17-beta 

dehydrogenase 10 (HSD17B10) 

Matrix 21.3735 21.9124 21.4886 21.7537 7 

5 P05165 Propionyl-CoA carboxylase subunit 

alpha 

Matrix 32.2826 33.4313 31.549 32.4095 62 

6 P05166 Propionyl-CoA carboxylase subunit 

beta 

Matrix 21.8516 23.8362 21.3897 22.9508 16 

7 P11310 Acyl-CoA dehydrogenase medium 

chain 

Matrix n/a 20.3177 19.451 19.4438 4 

8 P22033 Methylmalonyl-CoA mutase Matrix n/a 19.2006 19.418 19.699 4 

9 Q13011 Enoyl-CoA hydratase 1 Matrix 20.1061 19.7667 21.6679 19.4778 5 

10 Q13085 Acetyl-CoA carboxylase alpha Matrix 25.7617 23.2175 25.4296 22.538 58 

11 P09622 Dihydrolipoamide dehydrogenase Matrix 21.1203 21.6765 n/a 21.3501 4 

12 P36957 Dihydrolipoamide S-

succinyltransferase 

Matrix 19.4658 20.1287 20.6344 20.0846 4 

13 P00367 Glutamate dehydrogenase 1 Matrix 23.1562 22.4721 23.3247 22.7396 14 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

14 P49448 Glutamate dehydrogenase 2 Matrix 23.1562 22.4721 23.3247 22.7396 14 

15 P04181 Ornithine aminotransferase Matrix n/a 20.4643 20.1706 19.9212 3 

16 P11182 Dihydrolipoamide branched chain 

transacylase E2 

Matrix n/a 19.0884 19.058 n/a 5 

17 P54886 Delta-1-pyrroline-5-carboxylate 

synthase 

Matrix 21.4637 21.3808 22.0626 21.7944 9 

18 Q96RQ3 Methylcrotonoyl-CoA carboxylase 1 Matrix 30.8288 30.9589 29.9925 30.4519 43 

19 MCCB Methylcrotonoyl-CoA carboxylase 2 Matrix 19.3539 19.2835 19.2703 19.3336 3 

20 P34897 Serine hydroxymethyltransferase 2 

(SHMT2) 

Matrix 19.6284 22.0722 21.2868 22.3828 15 

21 O75390 Citrate synthase Matrix 19.9495 21.5152 21.675 20.9013 3 

22 P07954 Fumarate hydratase Matrix n/a 19.4425 19.8024 19.6259 3 

23 P11498 Pyruvate carboxylase Matrix 32.3058 32.5607 31.2057 31.9794 73 

24 P23368 Malic enzyme 2 Matrix n/a 19.6974 19.9816 19.8711 6 

25 P40926 Malate dehydrogenase 2 Matrix 21.4233 22.6494 20.955 21.6621 8 

26 Q99798 Aconitase 2 Matrix 20.4368 21.1265 21.1557 20.8192 6 

27 Q9P2R7 Succinate-CoA ligase ADP-forming 

subunit beta 

Matrix 20.336 20.436 20.097 20.151 4 

28 O75439 Peptidase, mitochondrial processing 

subunit beta 

Matrix 20.5267 21.8029 21.2373 21.2423 6 

29 O76031 Caseinolytic mitochondrial matrix 

peptidase chaperone subunit X (ATP-

dependent Clp protease) 

Matrix n/a 20.5547 20.0538 20.4333 8 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

30 P08559 Pyruvate dehydrogenase E1 subunit 

alpha 1 

Matrix 20.4668 21.4269 n/a n/a 4 

31 P29803 Pyruvate dehydrogenase E1 subunit 

alpha 2 

Matrix 20.4668 21.4269 n/a n/a 4 

32 P10809 Heat shock protein family D (Hsp60) 

member 1 

Matrix 23.5681 25.1931 24.9701 24.7713 26 

33 P11177 Pyruvate dehydrogenase E1 subunit 

beta 

Matrix 19.5269 20.2411 20.1483 20.0618 3 

34 P36776 Lon peptidase 1, mitochondrial Matrix n/a 20.2449 20.1928 20.1195 5 

35 P38646 Heat shock protein family A (Hsp70) 

member 9 

Matrix 22.9935 24.5696 24.4212 24.4966 15 

36 P61604 Heat shock protein family E (Hsp10) 

member 1 

Matrix 19.6175 20.6719 20.9713 20.5678 5 

37 Q12931 Heat shock protein 75 kDa Matrix 23.3225 24.2107 23.7458 23.9348 15 

38 Q5JRX3 Pitrilysin metallopeptidase 1 Matrix 19.4238 19.4967 19.5552 20.1104 4 

39 Q6UB35 Monofunctional C1-tetrahydrofolate 

synthase 

Matrix 20.6192 21.1252 21.217 21.4407 9 

40 Q969P6 DNA topoisomerase I mitochondrial Matrix 19.786 24.4672 21.5607 24.2776 16 

41 P42704 Leucine-rich PPR motif-containing 

protein (LRPPRC) 

Matrix 19.825 22.4267 21.6486 23.2911 23 

42 P49411 Tu translation elongation factor, 

mitochondrial 

Matrix 24.3759 24.2148 24.4057 24.0031 13 

43 P82933 Mitochondrial ribosomal protein S9 Matrix n/a 19.8957 n/a 19.8248 7 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

44 Q5JTZ9 Alanyl-tRNA synthetase 2, 

mitochondrial 

Matrix n/a 18.5914 n/a 19.0091 5 

45 Q7L0Y3 TRNA methyltransferase 10C, 

mitochondrial RNase P subunit 

(TRMT10C) 

Matrix n/a 19.6235 19.1688 19.638 5 

46 Q7L2E3 DExH-box helicase 30 (DHX30) Matrix 19.4786 n/a 19.9884 18.5676 3 

47 Q92665 Mitochondrial ribosomal protein S31 Matrix n/a 20.5159 19.252 19.8225 4 

48 Q9BQ48 Mitochondrial ribosomal protein L34 Matrix 21.0234 21.1779 22.7464 24.1901 4 

49 Q9BW92 Threonyl-tRNA synthetase 2, 

mitochondrial 

Matrix n/a n/a 19.1554 19.128 3 

50 Q9NP81 Seryl-tRNA synthetase 2, 

mitochondrial 

Matrix 20.1683 20.4119 20.0006 20.7599 5 

51 Q9NSE4 Isoleucyl-tRNA synthetase 2, 

mitochondrial 

Matrix 20.3644 20.4236 20.2992 20.1719 9 

52 Q9P015 Mitochondrial ribosomal protein L15 Matrix 20.4424 19.1357 21.1454 20.5975 4 

53 Q9Y2Q9 Mitochondrial ribosomal protein S28 Matrix n/a 18.9851 n/a 18.911 3 

54 Q9Y2S7 DNA polymerase delta interacting 

protein 2 (POLDIP2) 

Matrix n/a n/a 18.9585 18.5498 3 

55 Q9Y3D9 Mitochondrial ribosomal protein S23 Matrix n/a 19.5996 19.3284 19.4884 5 

56 P40939 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex 

subunit alpha 

IMM 22.6932 22.7956 22.9144 22.6706 19 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

57 P55084 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex 

subunit beta 

IMM 20.6912 21.3402 21.1358 21.4962 8 

60 Q9H9B4 Sideroflexin 1 IMM 19.074 19.7701 20.4508 20.6972 3 

61 O75746 Solute carrier family 25 member 12 IMM 20.0141 20.5929 20.7195 20.9363 8 

62 Q9UJS0 Solute carrier family 25 member 13 IMM 20.0141 20.5929 20.7195 20.9363 8 

63 O94925 Glutaminase IMM n/a 18.4293 18.339 n/a 6 

64 P00505 Glutamic-oxaloacetic transaminase 2 IMM 19.6415 20.6554 19.3178 20.0989 4 

65 P12235 Solute carrier family 25 member 4 IMM 21.657 20.3286 22.4379 21.3619 7 

66 P12236 Solute carrier family 25 member 6 IMM 21.657 20.3286 22.4379 21.3619 7 

67 O95831 Apoptosis inducing factor 

mitochondria associated 1 

IMM 20.5346 21.1641 22.4057 22.0137 7 

68 P06576 ATP synthase F1 subunit beta IMM 22.5716 24.9245 24.9927 24.9781 15 

69 P09669 Cytochrome c oxidase subunit 6C IMM n/a 21.1415 19.4379 20.0449 3 

70 P13073 Cytochrome c oxidase subunit 4I1 IMM n/a 21.6018 21.6128 20.6872 5 

71 P22695 Ubiquinol-cytochrome c reductase 

core protein 2 

IMM 21.1414 22.4287 22.0446 22.7028 8 

72 P25705 ATP synthase F1 subunit alpha IMM 24.8114 26.1092 25.8943 26.0611 25 

73 P31930 Ubiquinol-cytochrome c reductase 

core protein 1 

IMM 21.2005 22.5342 21.8993 22.2309 7 

74 P36542 ATP synthase F1 subunit gamma IMM 20.9854 21.16 21.3112 21.514 4 

75 P48047 ATP synthase peripheral stalk subunit 

OSCP 

IMM 20.8153 22.2332 20.7891 21.7904 5 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

76 P35232 Prohibitin IMM 20.82 22.3847 22.7499 22.5726 5 

77 Q16891 MIC60 subunit IMM n/a 21.5741 22.1582 21.974 5 

78 Q99623 Prohibitin 2 IMM 22.8711 23.4453 23.4174 23.8999 15 

79 Q9NVI7 ATPase family AAA domain 

containing 3A (ATAD3) 

IMM n/a 20.6037 20.6157 21.028 8 

80 Q5T9A4 ATPase family AAA domain 

containing 3B (ATAD3) 

IMM n/a 20.6037 20.6157 21.028 8 

81 Q9UJS0 Calcium-binding mitochondrial 

carrier protein Aralar2 

IMS 20.0141 20.5929 20.7195 20.9363 8 

82 O75746 Calcium-binding mitochondrial 

carrier protein Aralar1 

IMS 20.0141 20.5929 20.7195 20.9363 8 

83 P54819 Adenylate kinase 2 IMS 18.9866 21.3118 20.821 20.6927 4 

84 Q13162 Peroxiredoxin 4 IMS 19.7094 20.1378 24.8463 20.4284 10 

85 Q8TCS8 Polyribonucleotide 

nucleotidyltransferase 1 (PNPT1) 

IMS/matrix n/a 19.3041 n/a 19.4197 5 

86 P00387 Cytochrome b5 reductase 3 OMM 19.7688 20.9521 n/a 20.1525 3 

87 O00763 Acetyl-CoA carboxylase beta OMM 25.7617 23.2175 25.4296 22.538 58 

88 O94826 Translocase of outer mitochondrial 

membrane 70 

OMM n/a 19.3961 19.2572 19.5846 3 

89 P21796 Voltage dependent anion channel 1 OMM 23.7377 24.3708 23.7966 23.4675 11 

90 P45880 Voltage dependent anion channel 2 OMM 22.9034 22.7093 22.3498 22.6143 4 

91 Q92667 A-kinase anchoring protein 1 OMM n/a 21.6118 22.8945 22.832 10 
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log2 (LFQ) 

 

№ UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2           

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

92 P51659 Hydroxysteroid 17-beta 

dehydrogenase 4 

Mitochondrial 

- unknown 

22.3643 22.385 22.3525 22.6383 15 

93 Q7KZF4 Staphylococcal nuclease and tudor 

domain containing 1 

Mitochondrial 

- unknown 

21.2807 21.2985 21.7941 21.3659 11 
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Table Apx 17. NCL2 C12-Linker-BioID2 adjacent  

The table contains all the ER, 80S ribosome or cytosolic translation hits identified for C12orf65-Linker-BioID2-HA during the second 

Newcastle mass-spectrometry run 

  log2 (LFQ)   

 № UniProt 

ID 

Name Localization C12-

Linker-

BioID2          

Tet 1 

C12- 

Linker-

BioID2            

Tet 2 

C12-

Linker-

BioID2            

Tet + 

Biotin 1 

C12-

Linker-

BioID2            

Tet + 

Biotin 2 

Peptides 

1 - A. aeolicus biotin-ligase Exogenous, 

induced 

19.7921 22.2883 22.8754 24.3698 18 

2 P26641 Elongation factor 1-gamma EK translation n/a 19.5397 19.2125 20.2894 3 

3 Q96EY4 Translation machinery-

associated protein 16 

EK translation 19.5245 20.7543 20.0714 21.2638 4 

4 Q5VTE0 Putative elongation factor 1-

alpha-like 3 

EK translation 22.3024 23.3003 22.8713 23.2967 8 

5 O60841 Eukaryotic translation 

initiation factor 5B 

EK translation 25.177 24.2707 25.5526 24.3752 33 

6 Q14684 Ribosomal RNA processing 

protein 1 homolog B 

EK translation 22.0429 21.3432 20.4844 21.7681 8 

7 Q8NE71 ATP-binding cassette sub-

family F member 1 

EK translation 22.5521 19.7116 23.6955 19.6433 13 

8 P61353 60S ribosomal protein L27 80S ribosome 23.8832 24.7387 25.032 24.3882 9 

9 Q02878 60S ribosomal protein L6 80S ribosome 24.3947 23.7948 26.4985 24.6122 12 

10 P62854 40S ribosomal protein S26 80S ribosome n/a 20.1211 19.9772 22.1079 4 

11 P62266 40S ribosomal protein S23 80S ribosome 20.984 22.0695 24.3243 24.5029 8 

12 P05388 60S acidic ribosomal protein 

P0 

80S ribosome n/a 20.5369 19.8841 20.7153 4 
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13 P46777 60S ribosomal protein L5 80S ribosome n/a 21.4381 21.1845 21.9734 8 

14 P62979 Ubiquitin-40S ribosomal 

protein S27a 

80S ribosome 22.9827 22.9464 23.8373 22.5613 4 

15 P50914 60S ribosomal protein L14 80S ribosome n/a 21.3258 20.8947 21.8381 3 

16 P27635 60S ribosomal protein L10 80S ribosome n/a n/a 20.0915 20.712 4 

17 P62424 60S ribosomal protein L7a 80S ribosome 20.5392 20.2343 20.9841 21.5349 4 

18 P35268 60S ribosomal protein L22 80S ribosome n/a 20.2393 22.0237 22.449 5 

19 P46776 60S ribosomal protein L27a 80S ribosome 19.4651 20.0895 21.1076 23.0019 5 

20 P62906 60S ribosomal protein L10a 80S ribosome 19.2531 20.9397 20.5477 20.8163 5 

21 P62910 60S ribosomal protein L32 80S ribosome n/a 19.0573 20.1093 n/a 5 

22 Q9Y3U8 60S ribosomal protein L36 80S ribosome n/a 19.9543 20.9308 23.9367 5 

23 P26373 60S ribosomal protein L13 80S ribosome 19.8704 19.7527 20.1614 21.9311 6 

24 P47914 60S ribosomal protein L29 80S ribosome 28.1061 25.1359 28.039 24.7348 6 

25 P83731 60S ribosomal protein L24 80S ribosome n/a 20.8383 24.1876 22.025 6 

26 P83881 60S ribosomal protein L36a 80S ribosome 26.4598 22.979 25.6684 22.9455 6 

27 P18621 60S ribosomal protein L17 80S ribosome 19.7066 20.4381 20.3831 24.5515 7 

28 P42766 60S ribosomal protein L35 80S ribosome 21.0605 26.0589 26.2129 26.3105 7 

29 P61254 60S ribosomal protein L26 80S ribosome 19.9886 21.116 22.2971 24.7076 10 

30 P62750 60S ribosomal protein L23a 80S ribosome 26.6091 25.9466 26.7817 26.6661 11 

31 P36578 60S ribosomal protein L4 80S ribosome 20.6089 21.4276 21.7248 24.245 15 

32 P62861 40S ribosomal protein S30 80S ribosome 27.963 27.3533 27.7704 26.6823 5 

33 P62753 40S ribosomal protein S6 80S ribosome n/a 19.7573 22.0416 20.992 7 

34 P62241 40S ribosomal protein S8 80S ribosome 22.7258 22.6182 24.4169 22.9064 10 
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35 P14625 Endoplasmin ER 22.0632 23.5203 23.5407 23.877 17 

36 P11021 Endoplasmic reticulum 

chaperone BiP 

ER 21.9918 23.5163 23.1081 23.8068 18 

37 P55072 Transitional endoplasmic 

reticulum ATPase 

ER 19.1699 21.8228 22.7609 24.0553 14 

38 Q86UE4 Protein LYRIC ER 27.3747 28.7998 27.8379 28.965 34 

39 Q96AG4 Leucine-rich repeat-

containing protein 59 

ER 21.332 23.6322 22.2362 23.3793 8 

40 P04439 HLA class I 

histocompatibility antigen, A 

alpha chain 

ER n/a 20.0243 n/a 19.802 3 

41 P08240 Signal recognition particle 

receptor subunit alpha 

ER n/a 18.2183 18.5751 18.602 3 

42 Q08379 Golgin subfamily A member 

2 

ER n/a 18.0199 n/a 18.3988 4 

43 Q9P035 Very-long-chain (3R)-3-

hydroxyacyl-CoA 

dehydratase 3 

ER n/a 20.1447 20.0804 19.9758 3 

44 P51571 Translocon-associated protein 

subunit delta 

ER 19.9927 20.8168 20.3511 20.3772 4 

45 P13667 Protein disulfide-isomerase 

A4 

ER 19.8865 20.7989 20.8928 20.3673 5 

46 P23284 Peptidyl-prolyl cis-trans 

isomerase B 

ER 21.2955 22.2572 21.0003 21.2805 5 

47 P27824 Calnexin ER 20.076 22.7352 21.5202 21.4236 5 
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48 Q15084 Protein disulfide-isomerase 

A6 

ER 19.3929 21.09 n/a 20.6757 5 

49 Q9UGP8 Translocation protein SEC63 

homolog 

ER n/a 19.5258 19.7724 20.076 5 

50 P16615 Sarcoplasmic/endoplasmic 

reticulum calcium ATPase 2 

ER 21.4174 20.9579 21.8203 20.689 6 

51 P39656 Dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 48 

kDa subunit 

ER 18.8982 19.895 19.9413 19.895 6 

52 Q9Y4L1 Hypoxia up-regulated protein 

1 

ER n/a 20.3828 20.3461 20.6457 6 

53 P13674 Prolyl 4-hydroxylase subunit 

alpha-1 

ER 20.1192 21.0713 20.3609 21.0282 7 

54 Q9BSJ8 Extended synaptotagmin-1 ER 19.97 20.1299 20.6067 20.2892 7 

55 P04843 Dolichyl-

diphosphooligosaccharide--

protein glycosyltransferase 

subunit 1 

ER 21.3672 22.1124 22.2607 22.2189 9 

56 P30101 Protein disulfide-isomerase 

A3 

ER 20.2268 22.7854 22.2448 22.2261 9 

57 Q14697 Neutral alpha-glucosidase AB ER 22.4684 22.1131 22.7428 22.4237 10 

58 O76094 Signal recognition particle 

subunit SRP72 

ER 20.4866 21.3136 21.7822 22.4225 12 

59 Q07065 Cytoskeleton-associated 

protein 4 

ER 20.8158 23.7402 22.8136 23.5328 20 
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60 P14618 Pyruvate kinase PKM ER 20.401 19.7927 19.8942 19.6909 5 

61 P0DMV8 Heat shock 70 kDa protein 1A ER n/a 21.6802 22.3328 22.2423 9 

62 P46459 Vesicle-fusing ATPase ER n/a 19.1182 19.4878 n/a 3 

63 P05023 Sodium/potassium-

transporting ATPase subunit 

alpha-1 

ER n/a 21.4611 20.3582 21.2829 9 

64 Q9P2E9 Ribosome-binding protein 1 ER n/a 21.0849 21.0985 21.3333 8 
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