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[ 32 Mitochondria are semiautonomous organelles of eukaryotic cells. They have their own genome and protein synthesis machineries, including ribosomes. Ribosomes are large ribonucleoprotein complexes that are responsible for protein synthesis in all living cells. They are composed of two unequal subunits, large and small. The small ribosomal subunit binds mRNAs and translates the encoded message by selecting cognate aminoacyl-tRNA molecules. The large subunit contains the ribosomal catalytic site termed the peptidyl transferase center (PTC), which catalyzes the formation of peptide bonds, thereby polymerizing the amino acids delivered by tRNAs into a polypeptide chain. The nascent polypeptides leave the ribosome through a tunnel in the large ribosomal subunit and interact with protein factors that function in enzymatic processing, targeting, and the membrane insertion of nascent chains at the exit of the ribosomal tunnel.

The human mitochondrial genome encodes 13 essential proteins of the oxidative phosphorylation (OXPHOS) complexes of the inner mitochondrial membrane. These proteins are translated by a dedicated set of ribosomes (mitoribosomes). The mitoribosome has a sedimentation coefficient of 55S and consists of a large (LSU, 39S) and small (SSU, 28S) subunit. These subunits contain a 16S rRNA and 12S rRNA respectively and tRNA Val as additional component. [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF].

Peculiarities of mitochondrial ribosome.

Mammalian mitochondrial ribosomes resemble bacterial ribosomes more closely than eukaryotic cytoplasmic ribosomes. Even though mitochondrial ribosomes are evolutionary derived from ancestor bacterial ribosomes, they are strikingly different in terms of composition and structure (Figure 1).

The high-resolution structures, of the mammalian 55S mitoribosomes, obtained by cryo-EM demonstrate that their overall appearance is significantly different from the ancestral bacterial ribosome (Figure 2).The ratio of protein to rRNA mass in mitochondrial ribosomes (2:1) is inverted from the ratio found in Bacterial and Archaeal ribosomes (1:2). Therefore, a decrease in particle density is observed in sedimentation experiments, yielding a 55S value for the intact mammalian mitoribosome compared to 70S in Bacteria and Archaea. Despite its greater molecular mass (2.71 MDa), the mitoribosome has a lower sedimentation coefficient (55S) than the bacterial 70S ribosome (2.3 Mda), which suggests that the mitoribosome has a larger physical size, but a more porous structure than its bacterial counterpart [START_REF] Mears | A structural model for the large subunit of the mammalian mitochondrial ribosome[END_REF]. Despite the increased porosity, the rRNA accessible to solvent has reduced by 52% compared to bacterial ribosomes. This decrease can be accounted not only for reduced rRNA content, but also for new protein elements covering significant rRNA surface (32,500 Å 2 ). This is in agreement with the hypothesis that mitochondria-specific protein elements shield the rRNA from reactive oxygen species, that are elevated in mitochondria as by-products of OXPHOS and may be an important source of RNA damage [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]. [START_REF] Greber | Structure and Function of the Mitochondrial Ribosome[END_REF]. Color code: SSU proteins (yellow), SSU RNA (green), LSU proteins (blue), LSU RNA (red). These profound changes in RNA and protein content, compared to bacteria, do little to alter the spatial organization of structural and functional domains common to mammalian mitoribosomes and prokaryotic ribosome. Thus, all three characteristic morphological domains of a SSU, the body, head and platform, can still be distinguished in mammalian 28S subunit. Their intactness suggests that the basic architecture of SSU is important for its function. However, the overall shape of the 28S subunit is dramatically altered compared to bacterial ribosomes. Diameter of the mito-SSU body is reduced and its shoulder region is significantly diminished due to the absence of the bacterial rRNA helices h16 and h17, forming its structural basis. The mito-specific MRPs significantly contribute to the unique architecture of the mito-SSU by primarily occupying its head, lower body and solvent side. Addition of significantly large mass of mito-specific MRPs to the lower body is primarily responsible for an overall elongate shape and an unusually large dimension of the mito-SSU along its long axis [START_REF] Sharma | Chapter 1. Insights into Structural Basis of Mammalian Mitochondrial Translation[END_REF].

Although 16S RNA of 39S large subunit had also undergone significant reduction in size, comparing to bacterial 23S RNA (almost 50%), its overall shape is not altered so dramatically as that of the 28S subunit. All three characteristic features of a bacterial LSU, such as the L1 protuberance, the central protuberance and the L7/L12 stalk, are identified within the cryo-EM structure of the mito-LSU, suggesting that the basic architectures of both ribosomal subunits are important for their protein synthesis function. Like in mito-SSU, rRNA deletions have not affected the structure of the central functional core (the peptidyltransferase center region) of the mito-LSU, but they have significantly altered the composition of its tRNA exit site (E site), nascent polypeptide exit site, and several other peripheral regions of LSU [START_REF] Sharma | Chapter 1. Insights into Structural Basis of Mammalian Mitochondrial Translation[END_REF].

Mitochondrial ribosomal RNAs.

The mitoribosomal rRNAs are significantly shortened through the loss of specific secondary structural elements. As a result, mitochondrial 16S RNA is almost twice smaller than bacterial 23S RNA. A comparison of the secondary structures of the 16S rRNA of the mitoribosomal LSU and the 23S rRNA of the bacterial LSU reveals a number of bacterial rRNA segments that are absent in the mitoribosome (Figure 3,B). Among the six recognized secondary structure domains of the bacterial 23S RNA, domain I is almost completely absent in the mitoribosome. A significant portion of domain III is also absent [START_REF] Sharma | Structure of the mammalian mitochondrial ribosome reveals an expanded functional role for its component proteins[END_REF]. Although several peripheral bacterial rRNA helices are either truncated or completely lost in the mitochondrial 12S RNA, the secondary and tertiary structures of the core of the 12S rRNA and the overall positions of all homologous MRPs are preserved. Thus, classical head, body, platform and shoulder domains can be distinguished along with long h44 helix of the 3' minor domain (Figure 3,A) [START_REF] Kaushal | Cryo-EM structure of the small subunit of the mammalian mitochondrial ribosome[END_REF].

Bacterial RNA-protein bridges are replaced by protein-protein bridges in the analogous regions of the mitoribosome. Ribosomal RNA helices 77 and 78 (domain V), which form the major portion of the L1 stalk in the bacterial ribosome are absent in the mitoribosome. Structurally, they are almost completely replaced by proteins [START_REF] Sharma | Structure of the mammalian mitochondrial ribosome reveals an expanded functional role for its component proteins[END_REF]. [START_REF] Sharma | Structure of the mammalian mitochondrial ribosome reveals an expanded functional role for its component proteins[END_REF].

Ribosomal RNAs of the mitoribosome are reduced to an innermost core, which is covered by a tightly interacting coat of mitoribosomal proteins that leaves very little rRNA exposed and projects far away from the ribosomal core. The interconnectivity of the protein-protein network has increased dramatically from bacterial to mammalian mitoribosomes. Whereas bacterial ribosomal proteins have, in average, only 1.5 neighbors, mitoribosomal proteins form contacts with an average of 4.9 neighbors in the mammalian 39S large subunit (Greber and Ban, 2016).

Mitochondrial ribosomal proteins.

The combination of shorter rRNAs and a greater quantity of proteins allows the description of mammalian mitochondrial ribosomes as "protein-rich". About half of the mitochondrial ribosomal proteins (MRPs) have homologs in bacterial ribosomes, while the remaining proteins represent a new class of ribosomal proteins that is specific to mitochondria (Figure 4). Conversely, bacterial ribosomes contain certain proteins not preserved in mitochondrial ribosomes (Koc and Koc, 2013). Thus, mitochondrial ribosomal proteins are generally both larger (about 60%) and greater in number comparing to bacterial ones. Mitochondria-specific proteins are peripherally distributed over the solvent accessible surface of the ribosome with clusters at the central protuberance, the L7/L12 stalk and adjacent to the polypeptide exit site [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF].

Moreover, MRPs tend to acquire additional N-and C-terminal extensions comparing to their prokaryotic homologs. Some extensions protrude into solvent, but predominantly they interact with mitochondria-specific proteins. These additional protein elements were believed to structurally replace the missing bacterial rRNA segments. Although some of the extensions indeed fill voids left by rRNA structural elements deletions, the amount of rRNA replacement by protein extensions is small. So, this hypothesis could be only partially valid, since about 80% of the missing bacterial rRNA A B mass were not found to be replaced by proteins, suggesting that they serve to mediate an expanded functional role rather than act as structural replacements [START_REF] Sharma | Chapter 1. Insights into Structural Basis of Mammalian Mitochondrial Translation[END_REF]. The structural data reveal that the majority of mito-specific extensions in homologous MRPs are involved either in inter-MRP contacts or in contacts with mitospecific MRPs. This observation suggests a stepwise evolution of the current architecture of the mitoribosome, in which mito-specific extensions first help stabilizing the homologous MRPs, some of which have lost binding partners in the absence of bacterial proteins and rRNA segments, and then create a new binding surface for mito-specific MRPs [START_REF] Kaushal | The 55S mammalian mitochondrial ribosome and its tRNA-exit region[END_REF].

According to the most recent studies, human 55S mitochondrial ribosome contains 82 proteins, 36 of which are specific to mitochondria [START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF]. Small 28S subunit contains 30 proteins (14 mito-specific) (Figure 4,A). The large subunit consists of 52 proteins with 22 mito-specific ones [START_REF] Greber | Ribosome. The complete structure of the 55S mammalian mitochondrial ribosome[END_REF] (Figure 4,B).

Besides ribosomes, other components of mitochondrial translation system have acquired unique traits. Mitochondrial mRNAs lack 5'-UTR. Bacterial 5'-untranslated regions harbor the Shine-Dalgarno sequence, which aids mRNA binding and selection of the start codon by base-pairing with the anti-Shine-Dalgarno sequence in bacterial small subunit rRNA. In mammalian mitochondria, this interaction cannot occur, and the selection of the start codon needs to be guided by other features of the mammalian mitoribosomal small subunit or by mitochondrial translation initiation factors [START_REF] Greber | Structure and Function of the Mitochondrial Ribosome[END_REF]. Due to these changes, the human mitoribosome has substantial differences in both the entry and exit sites of mRNA channel compared to other ribosomes.

In bacterial ribosomes, incoming mRNA passes through a ring-shaped entrance formed by uS3, uS4 and uS5 that is located between the head and shoulder of the SSU (Figure 5,A). Basic residues from uS3 and uS4 confer helicase-like activity on the ribosome that unwinds secondary structure present in the mRNA. In the human mitoribosome, the entry site has been remodeled due to the absence of uS4 and deletion of the C-terminal domain of uS3. The new entry site is dominated by an extension to uS5m that partially compensates for the lack of uS4 and interacts with uS3m (Figure 5,B). The interior of the channel is lined with basic (Arg189, Lys239, Arg264) and aromatic (Phe229) residues from uS5m, which might be involved in direct interactions with mRNA. The exit from the channel between the head and platform is important for bacterial translation initiation. In bacteria, the Shine-Dalgarno sequence base pairs with the otherwise flexible 3′ end of SSU rRNA to specify the position of the start codon. Human mt-mRNAs lack a Shine-Delgarno sequence and are mostly leaderless; therefore, the 3′ end of rRNA is not expected to be involved in initiation. Indeed, in the mitoribosome, this region is deleted and the 3′ end of rRNA is stably associated with mS37 [START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF].

The structure of mRNA entrance and exit channels demonstrates the biological significance of mito-specific MRPs and mito-specific protein extensions. They play a major role in structural reorganization in these regions of the mito-SSU, perhaps to facilitate the recruitment of mito-specific mRNAs, most of which do not possess 5' leader sequences [START_REF] Kaushal | The 55S mammalian mitochondrial ribosome and its tRNA-exit region[END_REF]. This may reflect the structural adaptation of mammalian mitochondrial ribosomes to mitochondrial translation system. Figure 4. Proteins of the 28S small subunit (A) [START_REF] Greber | Ribosome. The complete structure of the 55S mammalian mitochondrial ribosome[END_REF] and 39S large subunit (B) (Greber et al., 2014a). Conserved bacterial ribosomal proteins are shown in cyan, their mitochondrial-specific extensions in green. Mitochondria-specific ribosomal proteins are purple; mitochondrial ribosomal proteins specific to mammals (not present in fungal mitoribosomes) are shown in yellow. 

Membrane association.

Mammalian mitoribosomes synthesize 13 proteins, all of them highly hydrophobic membrane protein components of the mitochondrial respiratory chain. Early experiments with mammalian mitoribosomes indicated that a significant fraction of them is stably associated with membranes independent of the presence of a nascent peptide chain [START_REF] Liu | Interaction of mammalian mitochondrial ribosomes with the inner membrane[END_REF]. This suggested the existence of special ribosome anchoring proteins/domains. Chronologically, yeast model was studied earlier than the mammalian one. Genetic and biochemical experiments carried out on yeast identified Mba1 protein as a plausible candidate for this function [START_REF] Preuss | Mba1, a novel component of the mitochondrial protein export machinery of the yeast Saccharomyces cerevisiae[END_REF]. Mba1 is the inner membrane protein that binds to the large subunit of mitochondrial ribosomes. It serves as a membrane receptor for mitochondrial ribosomes that positions the particle to the protein insertion site at the inner membrane. Mba1 functions in a concerted action with another yeast protein, Oxa1, which is the mitochondrial inner membrane "insertase" that mediates the insertion of both mitochondrion-encoded precursors and nuclear-encoded proteins from the matrix into the inner membrane [START_REF] Ott | Mba1, a membrane-associated ribosome receptor in mitochondria[END_REF]. Subsequent in situ cryoelectron tomography study of yeast isolated mitochondria have proved this concept. This study revealed two distinct membrane contact sites, formed by the 21S rRNA expansion segment and the inner membrane protein Mba1 (Figure 6, B) [START_REF] Pfeffer | Organization of the mitochondrial translation machinery studied in situ by cryoelectron tomography[END_REF].

First ideas concerning mammalian mitochondrial ribosome tethering protein came from homology modelling data. Database searches for related proteins in animals revealed sequences of the mitochondrial ribosomal L45 protein (Mrpl45) as those of highest similarity to the Mba1 family [START_REF] Ott | Mba1, a membrane-associated ribosome receptor in mitochondria[END_REF]. Interestingly, both yeast Mba1 and mammalian Mrpl45 share homology with C-terminal domain of TIM44, which is known to be tightly associated with inner mitochondrial membrane as an essential component of TIM23 translocase [START_REF] Josyula | Crystal structure of yeast mitochondrial peripheral membrane protein Tim44p C-terminal domain[END_REF]. These speculations were confirmed by structural data, revealing that mL45, the mammalian homolog of Mba1, is located next to the tunnel exit of the mammalian mitoribosome, suggesting that it is one of the membrane anchor proteins that helps to attach the mitoribosome to the inner membrane (Figure 6, A) (Greber et al., 2014b). The CP in bacterial, archaeal, and eukaryotic cytosolic ribosomes is assembled around the 5S rRNA, which acts as a structural scaffold, to which binds a number of ribosomal proteins (Figure 7,D). The CP is a functional landmark of the large subunit because it mediates intersubunit contacts to the small subunit, as well as contacts to the tRNAs bound in the intersubunit space [START_REF] Greber | Structure and Function of the Mitochondrial Ribosome[END_REF].

According to the first mammalian mitoribosome cryo-EM structure ever obtained [START_REF] Sharma | Structure of the mammalian mitochondrial ribosome reveals an expanded functional role for its component proteins[END_REF], its central protuberance was almost twice larger comparing to bacterial. 5S rRNA, which is one of the main structural components of the CP in the bacterial LSU, was absent in the mitoribosome. It was proposed to be evolutionary replaced by proteins, which was in agreement with the general paradigm explaining mitochondrial ribosome structure. This was also completely in-line with the loss of 5S-RNA binding domain in domain V of 16S RNA, observed in the same study [START_REF] Mears | A structural model for the large subunit of the mammalian mitochondrial ribosome[END_REF].

The next cryo-EM structure of mammalian mitoribosome (Greber et al., 2014b) refined the previous data and assigned the rod-like structures observed in the central protuberance as α-helices of MRPL38 and MRPL52 proteins. MRPL52 contained a long α-helix that was supposed to interact with both MRPL38 and the body of 39S subunit, stabilizing the overall structure of the CP and possibly compensating the loss of 5S RNA. Additional RNA density, that could not be accounted for by the 16S rRNA, was observed A B at the central protuberance for the first time in the same paper (Greber et al., 2014b). This rRNA density was located in the immediate vicinity of MRPL18 and resembled the structural features of β-domain of the bacterial 5S rRNA (Figure 7, A). However, the observed RNA density was insufficient to account for the entire 5S rRNA, and it did not form contacts to the main body of the 39S subunit, as is the case for the 5S rRNA in bacterial and eukaryotic cytosolic ribosomes. Since the resolution was not sufficient to identify clearly this second RNA component of 39S subunit, the authors discussed two possibilities. It could be a fragment of 5S RNA imported from the cytoplasm. Alternatively, a different RNA species could act as a functional replacement for domain β of the 5S rRNA (Greber et al., 2014b). Recent improvement of cryo-EM techniques allowed to thoroughly increase their resolution. Two studies identifying the RNA in the CP were published almost simultaneously. One of them characterized the structure of the large subunit of human mitochondrial ribosome [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]. The map of human mt-LSU revealed a C A B D density corresponding to an L-shaped RNA molecule located at the top of the central protuberance in a position similar to that occupied by 5S rRNA in cytoplasmic ribosomes (Figure 7,B). Biochemical extraction with subsequent deep RNA-sequencing identified it as mt-tRNA Val . Incorporation of mt-tRNA Val was proposed to be a result of its location in the mt-DNA. Indeed, mt-tRNA Val is flanked by 16S and 12S RNA genes, and the whole sequence is transcribed as a single polycistronic transcript. Such an organization is almost invariant amongst vertebrates. It mirrors the situation in bacteria, where 5S rRNA gene is located adjacent to the rRNA genes and is co-transcribed with them as part of a polycistronic message [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF].

Because of the absence of 5S rRNA and its associated proteins (uL5, bL25 and bL31), coupled with the incorporation of mt-tRNA Val and mitochondria-specific proteins, the CP was substantially remodeled. It is entirely composed by mitochondria-specific protein cluster (mL40, mL46, mL48) bound to the base of the central protuberance (uL18, bL27, mL38, mL52 and ICT1). Mt-tRNA Val is located at the top of central protuberance with the acceptor stem exposed to solvent and the anticodon arm bound with uL18, mL38, mL40 and mL48 (Figure 7,B). Protein mL40 binds through a 70 Å long helix that stretches from the tip of the acceptor arm to the anticodon stem where it makes base-specific interactions in the major groove. uL18, mL38 and mL40 primarily interact with the phosphate backbone. The core architecture of the central protuberance is maintained by mL38, which intertwines with the proteins of the base of the central protuberance and anchors the central protuberance to the rRNA core of the LSU body, thereby performing a similar role to 5S rRNA in cytoplasmic ribosomes [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF].

Another study identified the additional RNA component in the large subunit of porcine (Sus scrofa) mitoribosome (Greber et al., 2014a). This RNA adopted the characteristic L-shape of tRNA (Figure 7,C). The resolution of the structure allowed building the sequence of purines and pyrimidines in the anticodon stem of this molecule. Alignment of this pattern to the porcine mitochondrial genome as well as the sequences of all cytosolic tRNAs and rRNAs identified mitochondrial tRNA Phe as the most likely candidate. Similar conclusions were made concerning the structure of the CP. The CP tRNA Phe was found to act as an organizing scaffold for the CP by forming extensive contacts to the surrounding proteins uL18m, mL38, mL40 and mL48 (Figure 7,C). Proteins mL38, mL40 and mL46 were also identified there-in (Greber et al., 2014a). The discrepancy upon CP tRNA identity remains to be explained in future. Interestingly, both mitochondrial tRNA Phe and mitochondrial tRNA Val are encoded in the immediate vicinity of the mitochondrial 12S and 16S rRNA genes in the mitochondrial genome, and they are expressed in the same operon as the rRNAs (Greber and Ban, 2016).

Ribosome assembly.

Introduction.

With the high-resolution mitoribosome structures resolved, the question remains of how these macromolecular structures are assembled and what elements of this process are conserved across evolution. The assembly of bacterial ribosomes was studied first, followed by the one of eukaryotic cytosolic ribosomes. Some progress in studying mitochondrial ribosome maturation was achieved only very recently.

Bacterial ribosome assembly has been reconstituted in vitro and studied in vivo.

Although a large piece of information on ribosome assembly pathway in bacterial cells is available, many questions still remain to be answered. At least, several major assembly intermediates have been characterized. According to the most recent published data, four distinct assembly intermediates are known for 30S subunit and six stages are recognized for 50S subunit [START_REF] Chen | Characterization of the ribosome biogenesis landscape in E. coli using quantitative mass spectrometry[END_REF]. Each of these precursors contains a unique set of ribosomal proteins. Twenty-one bacterial ribosome assembly factors have been described for the moment. These proteins possess different activities: nucleases, RNA helicases, RNA modifying enzymes, GTPases and chaperons [START_REF] Chen | Characterization of the ribosome biogenesis landscape in E. coli using quantitative mass spectrometry[END_REF]. Biogenesis of ribosomes in eukaryotic cells is more complex, than in bacteria. It starts in the nucleolus, where "preribosomes" are assembled. This process requires more than 350 conserved assembly factors, which transiently associate with the "preribosome" at specific maturation stages. The knowledge about assembly factors is emerging fast. In 2007 their total quantity was estimated as "more than 150" [START_REF] Zemp | Nuclear export and cytoplasmic maturation of ribosomal subunits[END_REF], in 2011 it was already "more than 200" [START_REF] Panse | Getting ready to translate: cytoplasmic maturation of eukaryotic ribosomes[END_REF], and finally more than 350 non-ribosomal factors with multiple activities were identified in 2015 [START_REF] Nerurkar | Eukaryotic Ribosome Assembly and Nuclear Export[END_REF]. After accomplishing their specific tasks, early-acting assembly factors are released, preparing "preribosomes" for nuclear export. Export-competent "preribosomal" subunits are transported through nuclear pore complexes into the cytoplasm, where they undergo final maturation steps [START_REF] Nerurkar | Eukaryotic Ribosome Assembly and Nuclear Export[END_REF].

Ribosome assembly involves the coordinated processing and modification of rRNAs with the temporal association of ribosomal proteins. The entire process is regulated by several classes of ribosome biogenetic factors, including nucleases, rRNA modifying enzymes, DEAD-box helicases, GTPases and chaperones.

Nucleases.

The rRNA genes are often organized in operons that are transcribed into a single polycistronic transcript requiring further processing to liberate the individual large and small rRNAs. Subsequently, rRNAs are then processed at both 5′ and 3′ end to yield mature rRNAs. The processing activities are performed by exo-and endonucleases [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. Human mitochondria are not the exception from this rule. Transcription of human mitochondrial genome is initiated from two regulatory sites in the control region of mtDNA, the heavy-and light-strand promoters (HSP1 and LSP). These promoters direct transcription in opposite directions and generate two polycistronic, near full genome-sized transcripts [START_REF] Posse | TEFM is a potent stimulator of mitochondrial transcription elongation in vitro[END_REF]. The third transcript is smaller and contains, in consecutive order, tRNA Phe , 12S rRNA, tRNA Val and 16S rRNA, the last 3 being components of the mitoribosome. The two long transcripts are processed by the mitochondrial RNA-processing machinery in order to release the individual tRNAs, rRNAs, and mRNAs. According to the generally accepted tRNA punctuation model, the processing is initiated on the tRNA sequences in order to release the mRNAs and rRNAs [START_REF] Hällberg | Making proteins in the powerhouse[END_REF]. Polycistronic transcripts are subsequently matured by Rnase P at the 5′ and Rnase Z at the 3′ ends of the tRNAs, that punctuate most of the open reading frames [START_REF] Antonicka | Mitochondrial RNA Granules Are Centers for Posttranscriptional RNA Processing and Ribosome Biogenesis[END_REF]. The mitochondrial 5′-processing machinery in mammals comprise the mitochondrial protein-only version of Rnase P, consisting of three subunits (MRPP1-3). Rnase Z activity in mammalian mitochondria is accomplished by zinc phosphodiesterase ELAC2, possibly in complex with mitochondrial pentatricopeptide repeat containing protein 1 (PTCD1) (Figure 8) (Hällberg and Larsson, 2014). 

Ribosomal RNA modifying enzymes.

Compared to the prokaryotic and the eukaryotic cytoplasmic ribosomes, which contain more than 30 and more than 200 modifications, respectively, the mitochondrial rRNA is scarcely modified. Mammalian mitochondrial rRNAs contain in total nine reported modifications (Table 1) [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. The two adenines (A937 and A938) at the stem loop structure of the 3′ end of the 12S rRNA are conserved in all living systems [START_REF] Seidel-Rogol | Human mitochondrial transcription factor B1 methylates ribosomal RNA at a conserved stem-loop[END_REF]. In mammalian mitochondria they are dimethylated by mitochondrial transcription factor B (TFB1M). This protein is a functional homolog of bacterial methyl-transferase KsgA, performing analogous function in bacteria. [START_REF] Metodiev | Methylation of 12S rRNA is necessary for in vivo stability of the small subunit of the mammalian mitochondrial ribosome[END_REF]. Studies in mice indicated that knocking out TFB1M produces embryonic lethality. A conditional TFB1M knock out in the heart led to mitochondrial cardiomyopathy owing to complete loss of adenine dimethylation of the SSU rRNA, which led to impaired mitoribosome assembly and abolished mitochondrial translation [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. C911 (using mouse 12S numbering) in 12S rRNA is methylated by mammalian mitochondrial 5-methylcytosine RNA methyltransferase NSUN4. This protein is homologous to E. coli YebU, known to methylate the cytosine at position 1407 of the SSU 16S rRNA. [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. Similar to TFB1M, inactivation of the Nsun4 gene, encoding a mitochondrial m 5 C-methyltransferase, causes embryonic lethality, whereas tissue-specific disruption of Nsun4 in the heart causes cardiomyopathy with mitochondrial dysfunction [START_REF] Metodiev | NSUN4 is a dual function mitochondrial protein required for both methylation of 12S rRNA and coordination of mitoribosomal assembly[END_REF]. Surprisingly, NSUN4 forms a stoichiometric complex with the MTERF4, a member of the mitochondrial transcription termination factor family. MTERF4 is required for targeting of the NSUN4 RNA methyltransferase to the mitochondrial ribosome (figure 9). In the absence of MTERF4, both subunits of the ribosome are present at increased levels, but they do not interact to form a functional assembled ribosome [START_REF] Cámara | MTERF4 regulates translation by targeting the methyltransferase NSUN4 to the mammalian mitochondrial ribosome[END_REF]. MTERF4 is composed of structurally repeated MTERF-motifs that form a nucleic acid binding domain (figure 9). NSUN4 lacks an N-or C-terminal extension that is commonly used for RNA recognition by related RNA methyltransferases. Instead, NSUN4 binds to the C-terminus of MTERF4, which is likely to provide the sequence-specific RNA binding domain necessary for specific rRNA methylation by NSUN4 [START_REF] Spåhr | Structure of the human MTERF4-NSUN4 protein complex that regulates mitochondrial ribosome biogenesis[END_REF]. Three rRNA methyltransferases of 16S RNA, namely RNMTL1, MRM1, and MRM2, have been identified in human mitochondria. Among them MRM1 and MRM2 have bacterial and yeast homologs, whereas RNMTL1 appears to have evolved later in higher eukaryotes. Consistent with that, Gm1370 modification, introduced by RNMTL1, is exclusive to the mammalian 16S rRNA and is not present in bacterial cells or yeast mitochondria (Figure 10,B). All these three proteins reside in the vicinity of mtDNA nucleoids and are responsible for human 16S mitochondrial ribosomal RNA 2′-O-ribose methylation at residues G1145 (MRM1), U1369 (MRM2), and G1370 (RNMTL1 or MRM3), respectively [START_REF] Lee | Assignment of 2'-O-methyltransferases to modification sites on the mammalian mitochondrial large subunit 16 S ribosomal RNA (rRNA)[END_REF]. U1369 and G1370 are situated in 16S rRNA A-loop, an essential component of the peptidyl transferase center (Figure 10,A). This structure is well conserved through evolution between bacterial, cytosolic, and organellar ribosomes. Inactivation of MRM2 or MRM3 in human cells by RNA interference results in respiratory incompetence, as a consequence of diminished mitochondrial translation. Ineffective translation in MRM2and MRM3-depleted cells results from aberrant assembly of the large subunit of the mitochondrial ribosome, suggesting the role of both enzymes in mitoribosome maintenance or mitochondrial translation [START_REF] Rorbach | MRM2 and MRM3 are involved in biogenesis of the large subunit of the mitochondrial ribosome[END_REF].

Regarding uracil methylations in mtSSU rRNA, a single methylation at nucleotide 426 was identified in the hamster 13S mtSSU rRNA. However, its presence has not been confirmed in other rodent or human mtSSU [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. Even though no pseudouridylated nucleotides were identified in the hamster mitochondrial LSU rRNA, the human 16S rRNA could have one pseudouridylated base at U1397 (according to human 16 rRNA numbering). However, the enzyme responsible and the precise role of this modification are yet to be identified (De Silva et al., 2015).

GTPases.

Members of the G-protein super family are key regulators of many cellular processes found in all domains of life. These proteins are composed of a characteristic G-domain and additional N-and C-terminal domains. G-proteins play important roles in ribosome assembly. So far, 3 conserved G-proteins have been identified in mitoribosome assembly in yeast and humans, namely Mtg1, Mtg2 and Mtg3 (mitochondrial GTPases 1, 2 and 3). In addition, the mammalian-specific GTPase ERAL1 (Era-like 1) is also involved in mitoribosome biogenesis [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF].

MTG1 or GTP-binding protein 7 (GTPBP7) is a conserved YiqF/YawG family protein. Prokaryotes have one MTG1 homolog, the RbgA protein, also termed YiqF [START_REF] Goto | GTPases involved in bacterial ribosome maturation[END_REF]. RbgA homologs are widely present in gram-positive bacteria such as Bacillus subtilis, archaea, and in a few gram-negative bacteria (but not E. coli). RbgA proteins have a highly conserved GTP-binding domain and belong to a family of circularly permuted GTPases (cpGTPases) (figure 11,A), in which the highly conserved 5 GTPase motifs are aligned in an unusual order (G5-G4-G1-G2-G3) (figure 11,B) [START_REF] Kim | Crystal structure of YlqF, a circularly permuted GTPase: implications for its GTPase activation in 50 S ribosomal subunit assembly[END_REF]. In B. subtilis, deletion of the highly conserved Nterminal region inhibits cell growth even in the presence of wild-type RbgA, thus acting as a dominant-negative variant. RbgA in B. subtilis is essential for cellular growth and participates in the late steps of 50S LSU ribosome assembly and maturation. It interacts with the 50S subunit in a GTP-dependent manner and its GTPase activity induces its dissociation from the ribosome. According to in vitro studies, the GTPase activity is stimulated more than 60-fold in the presence of the 50S subunit. In RbgA depleted cells, the mature 50S subunits are not formed. Instead, a 45S complex, lacking ribosomal proteins L16 and L36 and having reduced amounts of L27, L33, and L35, is accumulated. In vitro maturation assays have suggested that RbgA is In eukaryotes, MTG1 was first identified in mitochondria in S. cerevisiae. In yeast, an mtg1 null mutation induced a decrease in 21S rRNA and a severe defect in mitochondrial protein synthesis. This phenotype was partially suppressed by spontaneous mutations in the 21S rRNA, thus linking the role of Mtg1 to mtLSU biogenesis [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. Human Mtg1 was found to be localized in mitochondria in association with the inner membrane, and exposed on the matrix side. This protein specifically associates with the large subunit of the mitochondrial ribosome in GTP-dependent manner. The GTPase activity of human Mtg1 was stimulated by large ribosomal subunit. The knockdown of Mtg1 decreased the overall mitochondrial translation activity, and caused defects in the formation of respiratory complexes. These data suggested the role of Mtg1 in the fine coordination of ribosome assembly, translation and subsequent respiratory complex formation processes [START_REF] Kotani | Human G-proteins, ObgH1 and Mtg1, associate with the large mitochondrial ribosome subunit and are involved in translation and assembly of respiratory complexes[END_REF].

Mtg2, also known as ObgH1 (in humans) or GTP-binding protein 5 (GTPBP5), belongs to the Obg protein family. The Obg family proteins are P-loop GTPases found both in bacteria and eukaryotes. The E. coli Obg protein (ObgE) binds to the large ribosomal subunit. Deletion of ObgE leads to a decrease in the 70S ribosome levels an increase of the 30S and 50S subunits, and accumulation of 50S subunit assembly intermediates. The levels of ribosomal proteins L16, L33 and L34 are reduced in these intermediates. As L16, L33 and L34 are known as late assembly proteins, ObgE was suggested to be involved in the later stages of 50S subunit assembly in bacteria [START_REF] Kotani | Human G-proteins, ObgH1 and Mtg1, associate with the large mitochondrial ribosome subunit and are involved in translation and assembly of respiratory complexes[END_REF]. Yeast Mtg2 protein was proposed to play analogous role in yeast cells. Consistent with this role, Mtg2p is peripherally localized to the mitochondrial inner membrane and associates with the 54S large ribosomal subunit in a saltdependent manner [START_REF] Datta | The yeast GTPase Mtg2p is required for mitochondrial translation and partially suppresses an rRNA methyltransferase mutant[END_REF]. Human Mtg2/ObgH1 expression rescued the effects of ObgE depletion in E. coli, suggesting that Mtg2/ObgH1 is able to function in ribosome maturation. [START_REF] Kotani | Human G-proteins, ObgH1 and Mtg1, associate with the large mitochondrial ribosome subunit and are involved in translation and assembly of respiratory complexes[END_REF]. Human Mtg2 protein shares some common features with its yeast homolog: it is also localized in the inner mitochondrial membrane facing the matrix side and demonstrates the ability to bind to large 39S ribosomal subunit. However, unlike the mammalian Mtg1, only an intrinsic GTPase activity was detected in Mtg2/ObgH1. Moreover, the depletion and knockdown of Mtg2/ObgH1 did not show clear evidence that this protein indeed functions as ribosome biogenesis factor in human mitochondria. Mutations in ObgE, bacterial homolog of Mtg2, are known to cause processing defects and the accumulation of 16S and 23S rRNA precursors in bacteria. Conversely, knockdown of Mtg2/ObgH1 did not affect neither the levels of 12S and 16S rRNAs, nor the levels of mitochondrial ribosomal proteins. Precursors of 12S and 16S RNA were neither observed. Instead, knockdown of Mtg2/ObgH1 caused the defects in mitochondrial translation and respiratory chain complex assembly [START_REF] Kotani | Human G-proteins, ObgH1 and Mtg1, associate with the large mitochondrial ribosome subunit and are involved in translation and assembly of respiratory complexes[END_REF]. So far, the participation of Mtg2 in mitochondrial ribosome biogenesis can only be speculated due to the lack of experimental evidence.

Mtg3 belongs to the YqeH protein family. In Bacillus subtilis, the YqeH protein contains a circularly permutated GTP-binding domain (G4-G5-G1-G2-G3) (see the figure 11). YqeH binds to the 30S small ribosome subunit in a GTP-dependent manner and is required for the efficient assembly of the 30S small subunit and 70S ribosomes. B. subtilis cells depleted of YqeH are greatly reduced in functional 70S ribosomes and 30S subunits [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. In yeast, Mtg3 functions in the assembly of the mtSSU. A null mutation in mtg3 prevents the maturation of 15S rRNA with the consequent accumulation of a 15S precursor transcript, containing 80-nucleotide 5' extension [START_REF] Paul | The putative GTPase encoded by MTG3 functions in a novel pathway for regulating assembly of the small subunit of yeast mitochondrial ribosomes[END_REF]. The human homolog of Mtg3 is C4orf14 (or NOA1). It is linked to mitochondrial nucleoids and to the apparatus of mitochondrial translation, specifically the small mitochondrial ribosomal 28S subunit. It was first identified in the preparations of TFAM (mitochondrial transcription factor A) affinity-purified nucleoids. Existing data suggest that C4orf14 (NOA1) is required for normal mitochondrial translation and respiratory functions. It contains both a functional and highly conserved circularly permuted GTPase domain of YqeH protein family and the RNA binding TRAP domain, suggesting that it could bind to RNA. C4orf14 specifically interacts with mitochondrial ribosome small 28S subunit in GTP-dependent manner, showing no affinity to 39S large subunit. On the other hand, this protein is a component of mitochondrial DNA nucleoids, so it potentially links the processes of protein synthesis and DNA maintenance in human mitochondria [START_REF] He | Human C4orf14 interacts with the mitochondrial nucleoid and is involved in the biogenesis of the small mitochondrial ribosomal subunit[END_REF].

ERAL1 is another mitochondrial GTPase with RNA-binding activity, present only in higher eukaryotes. It is a homolog of E. coli Ras-like protein Era, which binds near the 3′ terminus of the 16S rRNA within the 30S small ribosomal subunit and plays a crucial role in ribosome assembly. Its depletion leads to accumulation of an unprocessed precursor of the 16S rRNA in E. coli cells [START_REF] De Silva | Mitochondrial ribosome assembly in health and disease[END_REF]. Bacterial Era associates with a 3′ unstructured sequence immediately downstream of the terminal stem-loop (helix 45) of 16S rRNA (Figure 12,B). This site contains a highly conserved AUCA sequence directly upstream of the anti-Shine-Dalgarno sequence, which is conserved in bacteria. In human mitochondria, the entire Era-binding region is absent from 12S rRNA and instead ERAL1 binds to a 33-nucleotide section on the 3′ terminal stem-loop region of 12S rRNA (Figure 12, A) [START_REF] Dennerlein | Human ERAL1 is a mitochondrial RNA chaperone involved in the assembly of the 28S small mitochondrial ribosomal subunit[END_REF]. ERAL1 was localized in mitochondrial matrix and associated with mitoribosomal proteins and 12S rRNA. Knockdown of ERAL1 decreased mitochondrial translation, caused redistribution of ribosomal small subunits and reduced 12S rRNA levels. This knockdown had also several more consequences, like inhibition of cell growth with an accumulation of apoptotic cells, elevated mitochondrial superoxide production and slightly decreased mitochondrial membrane potential [START_REF] Uchiumi | ERAL1 is associated with mitochondrial ribosome and elimination of ERAL1 leads to mitochondrial dysfunction and growth retardation[END_REF]. Taken together, these results suggest that ERAL1 is a small 28S subunit biogenesis factor, which is also involved in cell viability. 

RNA helicases

RNA helicases bind and remodel RNA and RNP complexes in an ATP-(or NTP) dependent manner. These proteins have a structurally conserved helicase core domain with characteristic sequence elements and structural motifs. While the conserved helicase core interacts with RNA in a sequence-independent manner, additional domains are required to confer specificity of helicase recruitment. One critical family of RNA helicases is the DEAD-box proteins, which received the name from the unique amino acid sequence Asp-Glu-Ala-Asp in one of their concerved motifs (motif II). DEAD-box proteins are part of a larger group of DexD/H-box helicases, which participate in virtually all aspects of cellular RNA metabolism, including pre-mRNA splicing, mRNA export, translation initiation, RNA turnover and ribosome biogenesis [START_REF] Pan | Roles of DEAD-box proteins in RNA and RNP Folding[END_REF].

With regard to mitoribosome assembly, participating DEAD-box helicases have been identified only recently. In silico screening permitted to identify Mrh4 in S. cerevisiae (4 th putative Mitochondrial DEAD-Box RNA Helicase). Mrh4 is localized in yeast mitochondria and is essential for mtLSU biogenesis. Mrh4 interacts with the 21S rRNA, mitoribosome subassemblies and fully assembled mitoribosomes. In the
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absence of Mrh4, the 21S rRNA is still matured, but instead of forming functional ribosomes, assembly intermediates missing proteins bL9, uL16 and bL33 are accumulated. Yeast Mrh4 was therefore proposed to play essential role during the late stages of mitoribosome assembly by promoting remodeling of the 21S rRNA-protein interactions [START_REF] De Silva | The DEAD box protein Mrh4 functions in the assembly of the mitochondrial large ribosomal subunit[END_REF].

Searching for homologous proteins in human cells identified DDX28 as a putative mammalian homolog of yeast Mrh4. DDX28 displays RNA-sensitive Mg 2+dependent ATPase activity in vitro. DDX28 interacts with the 16S rRNA and the mt-LSU. RNAi-mediated DDX28 silencing in HEK293T cells does not affect mitochondrial mRNA stability or 16S rRNA processing and modification. However, it leads to reduced levels of 16S rRNA and mt-LSU proteins, impaired mt-LSU assembly, deeply attenuated mitochondrial protein synthesis, and consequent failure to assemble oxidative phosphorylation complexes. DDX28 is essential during the early stages of mitoribosome mt-LSU biogenesis, a process that was proposed to take place mainly near the mitochondrial nucleoids, in the compartment defined by the RNA granules [START_REF] Tu | The Human Mitochondrial DEAD-Box Protein DDX28 Resides in RNA Granules and Functions in Mitoribosome Assembly[END_REF].

The DHX30 is another mammalian ATP-dependent RNA helicase, which also participates in mtLSU assembly, although its precise role still remains to be investigated. This protein localizes in the vicinity of nucleoids in mitochondrial RNA granules [START_REF] Antonicka | Mitochondrial RNA Granules Are Centers for Posttranscriptional RNA Processing and Ribosome Biogenesis[END_REF]. Silencing of DHX30 in human cells produces a very severe translation defect that correlates with a profound loss of monosomes. DHX30 seems to interact with the mtLSU, mtSSU and the monosome, suggesting that it remains closely associated with the ribosome at all stages of assembly (De Silva et al., 2015).

Other factors.

MTERF3

Mitochondrial transcription termination factor 3 (MTERF3) was previously studied as a key regulator that represses mtDNA transcription in mammals [START_REF] Park | MTERF3 is a negative regulator of mammalian mtDNA transcription[END_REF]. Surprisingly, the analysis of Mterf3 knockout and knockdown in D. melanogaster demonstrated that decreased expression of MTERF3 not only leads to activation of mtDNA transcription, but also impairs assembly of the large mitochondrial ribosomal subunit. This novel function of MTERF3 in mitochondrial ribosomal biogenesis is conserved in mice [START_REF] Wredenberg | MTERF3 regulates mitochondrial ribosome biogenesis in invertebrates and mammals[END_REF].

C7orf30

C7orf30 is a mammalian protein, which shares homology with the YbeB/iojap protein family, also known as DUF143. Members of this family have been suggested to be universally conserved ribosomal silencing factors, acting by sterically inhibiting the association of the small and large ribosomal subunits. Studies show that C7orf30 is a mitochondrial protein that specifically associates with the large 39S subunit of the mitochondrial ribosome. Inactivation of C7orf30 leads to instability of mt-LSU and a consequent loss of fully assembled ribosomes that is accompanied by reduced mitochondrial translation and respiratory deficiency [START_REF] Rorbach | C7orf30 is necessary for biogenesis of the large subunit of the mitochondrial ribosome[END_REF]. Immunoprecipitation and mass spectrometry analyses identified mitochondrial ribosomal protein MRPL14 as the specific interacting protein partner of C7orf30 in the mt-LSU. Reciprocal experiments in which MRPL14 was depleted by small interfering RNA (siRNA) phenocopied the C7orf30 knockdown [START_REF] Fung | The conserved interaction of C7orf30 with MRPL14 promotes biogenesis of the mitochondrial large ribosomal subunit and mitochondrial translation[END_REF]. C7orf30 thus appears to be an essential ribosome biogenesis factor in mammals.

Matrix AAA-protease system.

AAA proteases (ATPases Associated with diverse cellular Activities) comprise a conserved family of membrane bound ATP-dependent proteases that ensures the quality control of mitochondrial inner-membrane proteins. This system was found to process MRPL32 in yeast by cleaving the first 71 N-terminal amino acids. This allows MRPL32 association with pre-ribosomal particles in the late stages of mtLSU assembly (Figure 13) [START_REF] Nolden | The m-AAA protease defective in hereditary spastic paraplegia controls ribosome assembly in mitochondria[END_REF].

Figure 13. Matrix AAA-proteases process the precursor of MRPL32. Mature MRPL32 is incorporated into preassembled 54S LSU, which allows completing ribosome assembly [START_REF] Nolden | The m-AAA protease defective in hereditary spastic paraplegia controls ribosome assembly in mitochondria[END_REF].

GRSF1

GRSF1 belongs to the heterogeneous nuclear ribonucleoprotein F/H family of ubiquitously expressed proteins that have been implicated in splicing, polyadenylation, capping, export, and translation of cellular and viral mRNAs. It contains three RRM (RNA-binding) domains, and was reported to bind the 5′UTR of influenza virus nucleocapsid protein mRNA via an AGGGU motif, and recruit it to the polyribosome [START_REF] Antonicka | The mitochondrial RNAbinding protein GRSF1 localizes to RNA granules and is required for posttranscriptional mitochondrial gene expression[END_REF]. GRSF1 is predominantly a soluble mitochondrial protein that localizes to RNA granules and coordinates posttranscriptional storage and handling of mitochondrial mRNAs and long noncoding RNAs. It preferentially binds to light strand transcripts: ND6 mRNA and two long non-coding RNAs (lncND5 and lnc-cyt b). In addition, siRNA knockdown of GRSF1 shows decreased steady-state levels of the mt-LSU proteins and the 16S rRNA as well as decreased amounts of fully assembled mtLSU. A small portion of GRSF1 co-sediments with the mtSSU in the sucrose gradients. The sedimentation pattern of the SSU in GRSF1 knockdown cells was different comparing to control cells (sedimentation constant 22S instead of 28S), suggesting the inability to normally assemble ribosomal subunits in absence of GRSF1 [START_REF] Antonicka | The mitochondrial RNAbinding protein GRSF1 localizes to RNA granules and is required for posttranscriptional mitochondrial gene expression[END_REF].

FASTKD family.

The FASTKD (Fas-activated serine-threonine kinase domain) family represents an emerging family of RNA-binding proteins. Despite early evidence that FASTK family proteins localize to mitochondria and affect cellular respiration, mechanistic and functional information is only beginning to emerge. A recent high-throughput screen for factors involved in mitochondrial RNA processing implicated FASTKD4 in the regulation of the turnover of a selected spectrum of mitochondrial transcripts. A mutation within one of these newly assigned FASTK RBPs, FASTKD2, causes a rare form of Mendelian mitochondrial encephalomyopathy. Investigation of RNA targets of FASTKD2 defined a set of mitochondrial transcripts including 16S ribosomal RNA (RNR2) and NADH dehydrogenase subunit 6 (ND6) mRNA. CRISPR-mediated deletion of FASTKD2 leads to aberrant processing and expression of RNR2 and ND6 mRNA that encodes a subunit of the respiratory complex I. Metabolic phenotyping of FASTKD2-deficient cells reveals impaired cellular respiration with reduced activities of all respiratory complexes [START_REF] Popow | FASTKD2 is an RNAbinding protein required for mitochondrial RNA processing and translation[END_REF]. In addition, FASTKD2 and FASTKD5 were found to localize in mitochondrial RNA granules and was suggested to participate in mitoribosome biogenesis [START_REF] Antonicka | Mitochondrial RNA Granules Are Centers for Posttranscriptional RNA Processing and Ribosome Biogenesis[END_REF].

RNA granules.

Cytoplasmic RNA granules, a diverse range of ribonucleoparticles lacking membrane delineation, often visible in light microscope, play a central role in mRNA metabolism, but the importance of mitochondrial RNA granules remained relatively unexplored until recently. Characterization of the RNA granule proteome showed that they contained a large toolbox of proteins dedicated to RNA metabolism. RNA helicases DDX28 and DHX30 were found there-in, as well as members of FASTKD family (FASTKD2 and FASTKD5). These proteins are required for mitochondrial ribosome biogenesis and maturation of mitochondrial mRNAs (Figure 14). Consistent with these data, various mitochondrial ribosomal proteins and other RNA-binding proteins, associated with mitochondrial gene expression, were found in these granules. These data indicate that mitochondrial RNA granules may be centers for posttranscriptional RNA processing and the biogenesis of mitochondrial ribosomes [START_REF] Antonicka | Mitochondrial RNA Granules Are Centers for Posttranscriptional RNA Processing and Ribosome Biogenesis[END_REF]. Interestingly, mitochondrial RNA granules are localized in close proximity to mitochondrial nucleoids, suggesting that compartmentalization of mitochondrial RNAs might also be important for posttranscriptional regulation of mitochondrial gene expression (Figure 15). Other experimental data suggest that mitochondrial RNA processing enzymes involved in tRNA excision, ribonuclease P (Rnase P) and ELAC2, as well as a subset of nascent mitochondrial ribosomal proteins (MRPs) associate with nucleoids to initiate RNA processing and ribosome assembly. SILAC pulse-chase labeling experiments show that nascent MRPs recruited to the nucleoid fraction were highly labeled after the pulse in a transcription-dependent manner and decreased in labeling intensity during the chase [START_REF] Bogenhagen | Initial steps in RNA processing and ribosome assembly occur at mitochondrial DNA nucleoids[END_REF]. This result is completely in line with the hypothesis that compartmentalization of mitochondrial ribosome assembly pathways proceeds in the RNA granules, which are localized close to mitochondrial nucleoids.

Assembly pathways.

Although during the last decade information on mitoribosome assembly factors and the complement of MRPs was greatly enriched, a detailed map of the assembly pathway has yet to be determined. Current knowledge about mitochondrial assembly was summarized in the recent review of (De Silva et al., 2015). An important part of information concerning this problem was came from studying yeast model, using thermosensitive mutants and characterizing assembly intermediates. Three studies have demonstrated the existence of late-assembly intermediates, which are tethered to the inner mitochondrial membrane. First, the LSU r-protein bL32 is imported into the mitochondrial matrix as a precursor that needs to be proteolytically processed by m-AAA proteases Yta10/Yta12 prior to bL32 insertion into the mitoribosome. In the absence of the protease, LSU assembly is perturbed and membrane-bound large pre-54S assembly intermediate is accumulated [START_REF] Nolden | The m-AAA protease defective in hereditary spastic paraplegia controls ribosome assembly in mitochondria[END_REF]. Second, deletion of the C-terminal mitochondria-specific domain of uL23 results in accumulation of a membrane-bound pre-54S assembly intermediate of approximately 150kDa. This intermediate is composed of uL23, uL24, uL4, and mL41, all located at the LSU tunnel exit site [START_REF] Kaur | Truncation of the Mrp20 protein reveals new ribosome-assembly subcomplex in mitochondria[END_REF]. The third report characterized the accumulation of a membrane-bound pre-54S late-stage assembly intermediate, missing only three late assembly MRPs, namely bL33, uL16 and bL9 in the absence of the DEAD-box helicase Mrh4 [START_REF] De Silva | The DEAD box protein Mrh4 functions in the assembly of the mitochondrial large ribosomal subunit[END_REF]. Existing data suggest that different modules of the 54S ribosome could assemble independently before completion of the full ribosomal subunit. Currently, no assembly intermediates for the yeast 37S SSU have been identified (Figure 17). Putting together this data, the assembly map that can be drawn for the 54S LSU particle is clearly incomplete and requires further investigations (Figure 16). Concerning mammalian mitochondrial ribosome assembly, the only piece of existing information comes from the work of [START_REF] Bogenhagen | Initial steps in RNA processing and ribosome assembly occur at mitochondrial DNA nucleoids[END_REF]. Although the resolution of the used SILAC (Stable Isotope Labelling with Amino acids in Cell culture) approach, is not sufficient to resolve any assembly intermediates, it still allows to conclude that mitochondrial homologs of bacterial S17, S15, S7, S18, S9, L4, L13, L1, L3 proteins behave as primary binding proteins. Conversely, MRPL2, L9, and L20 were absent or underrepresented in the nucleoid fraction, but largely identified in ribosome-containing fraction, implying that they participate in later stages of assembly [START_REF] Bogenhagen | Initial steps in RNA processing and ribosome assembly occur at mitochondrial DNA nucleoids[END_REF]. Surprisingly, this SILAC study identified that SSU proteins tend to associate with nucleoids generally longer than LSU proteins. This may be explained from the point, that the 12S rRNA is transcribed by mtRNA polymerase before the 16S rRNA so that it is available to interact with nascent ribosomal proteins at an earlier stage. The detection of a long RNA, containing both 12S and 16S rRNA, indicates that this precursor has a relatively long half-life, providing time for the RNA to bind proteins [START_REF] Bogenhagen | Initial steps in RNA processing and ribosome assembly occur at mitochondrial DNA nucleoids[END_REF]. 

Project outline.

Nuclear-encoded 5S rRNA is known to be imported into human mitochondria from the cytoplasm. Although the import mechanism of 5S rRNA was studied, its function within the organelles remains a mystery. Existing experimental data suggests that it could be not only involved in mitochondrial protein synthesis, but also associate with mitochondrial ribosomes. On the other hand, structural studies of mitochondrial ribosomes did not detect 5S rRNA there-in. In my PhD thesis work, we applied biochemical techniques to investigate possible association of 5S rRNA with human mitoribosomes and figure out the protein partners, associated with this small RNA molecule in human mitochondria. Experiments done in our work allowed formulation of the hypothesis about possible involvement of 5S rRNA in mitochondrial ribosome assembly process.

Current PhD thesis is dedicated to development of experimental approaches to investigate the functions of 5S rRNA inside human mitochondria and its possible interactions with mitochondrial ribosomes. We formulated the following objectives to achieve this aim: Chapter 2. RESULTS.

Lipid extraction of mitochondrial membranes.

Objective: isolate mitochondrial membranes, containing mitochondrial ribosomes by lipid extraction method and check if 5S rRNA is associated with 12S and 16S mitochondrial rRNA in these preparations by RT-qPCR.

Comparing to traditional ribosomes isolation methods, lipid extraction approach, described below, has several advantages, which could possibly preserve the association of 5S rRNA with mitoribosomes. We planned to calculate the quantities of 5S, 12S and 16S rRNAs in the lipid and aqueous phases by RT-qPCR and see if these three rRNAs are extracted together in this experimental system.

Mammalian mitochondrial ribosomes isolation protocols were derived from the protocols commonly used for bacterial ribosomes preparation and purification [START_REF] Fechter | Ribosomal initiation complexes probed by toeprinting and effect of trans-acting translational regulators in bacteria[END_REF]. In brief, they include the following steps:

1. Isolation and purification of mitochondria. 2. Preparation of mitochondrial lysate. 3. Preparation of "crude ribosomes" fraction by centrifugation through sucrose cushion. 4. Separation of the "crude ribosomes" on the sucrose gradient. 5. Chromatographic purification of ribosomes from the appropriate fractions.

Lysis is made in the buffer with non-polar detergents, like Triton X-100, which dissolve mitochondrial membranes. This step is necessary to detach mitochondrial ribosomes from the membranes. The indicated essential points of mitochondrial ribosome preparation procedures remained unchanged in all up-to-date structural studies [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]Greber et al., 2014a).

We aimed to elaborate an approach of mitochondrial ribosomes preparation suitable for further structural and functional studies based on completely different principle. Our main aim was to avoid the use of detergents, which could damage the integrity of ribosomal particles. We also wanted to preserve the association of mitochondrial ribosomes with the inner mitochondrial membrane.

To achieve these aims we elaborated the lipid extraction approach. The idea was to extract mitochondrial inner membranes with all the molecular complexes associated with them. Such method does not suggest treatment of mitochondria with detergents, and, instead, using the unique properties of the lipid glyceryl-tridodecanoate. Glyceryltridodecanoate possesses several qualities, essential for the procedure:

• It is not polar and not charged, so it cannot form bilayers, vesicles and higher order structures. Phase separation in water-lipid system in case of glyceryltridodecanoate results in a single continuous surface. • It is close in structure to mitochondrial membrane lipids, suitable for the interaction with the fatty acid tails of mitochondrial inner membrane lipids. Therefore, the interaction of mitochondrial inner membrane with lipid monolayer results in its incorporation in the lipid phase due to hydrophobic interactions.

The melting temperature of glyceryl-tridodecanoate is 46,5 o C. It can be molten at this point and further temperature decrease leads to formation of the solid phase. All mitochondrial membrane components are expected to remain fixed on the lipid phase at this stage.

Schematically lipid extraction procedure is presented on figure 18: We isolated mitochondria from human cells and performed lipid extraction as described in section 3.1.1. We isolated RNA from mitoplasts, supernanants, washes and lipid drops and analysed by RT-qPCR with the probes to 5S, 12S, 16S RNAs and 28S RNA as cytoplasmic contamination control (section 3.1.2). Below, we provide detailed description of the experiments aimed to optimize the new methodology.

Is the mixing or agitation required for efficient lipid extraction?

Objective: check if vortexing affects the quantities of recovered 12S, 16S and 5S rRNAs in the samples and thir distribution between the aqueous and lipid phase by RT-qPCR.

We wanted to check if vortexing of the mitochondrial suspension with the lipid change the distribution of RNA species in the fractions, that is why we did in parallel two assays: one tube was vortexed during the incubation with the lipid, the other one was not.

RNAs were isolated from all fractions (lipid drops, washes and the supernatants) and resuspended in 30 μl of RNAse free water each one. Two microliters of each fraction were then used as a template for RT-qPCR.

First, 5S and 12S RNA were quantified in the fractions. For this, we have used calibration points containing from 10 8 to 10 4 molecules of the standarts in reaction. We used pUC19 plasmid, containing in insert of 5S cDNA or 12S cDNA, as calibration standart.

A.
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Plate setup for 5S and 12S rRNA RT-qPCR quantification is presented in table 2. We estimated the quantity of 16S rRNA in the samples by RT-qPCR relative to 12S rRNA. We used several dilutions of mitochondrial DNA to build the calibration line and find the priming efficiencies. Plate setup for RT-qPCR is presented in table 4. Vortexing did not significantly change the RNA distribution patterns. This result can be explained the following way: the incorporation of the membranes happens only at the surface of the lipid phase, and since this surface is saturated, no more extraction can occur. That is why simple incubation is sufficient to completely cover the water-lipid interphase with the extracts of mitochondrial membranes.

The other result of this experiment is that in the used conditions 5S rRNA mainly resides in the supernatant, whereas 12S and 16S rRNAs are extracted with the lipid.

Does ionic strength of the buffer change the RNA distribution patterns?

Objective: make lipid extraction of mitochondrial membranes in the buffers with various ionic strengths (corresponding to 50, 100 and 200 mM KCl) and analyze the RNA content (5S, 12S and 16S rRNAs) of the lipid and aqueous phases with RT-qPCR.

To further develop the lipid extraction approach we analyzed if the ionic strength of the buffer influences the distribution of 5S, 12S and 16S rRNAs between the fractions. For this, mitochondria of HepG2 cells were subjected to lipid extraction procedure in buffers with 50, 100 and 150 mM KCl. We have analyzed the RNA content of the supernantants and lipid droplets by RT-qPCR with the primers specific to 5S, 12S and 16S RNA.

As in experiment 2.1.1, 5S and 12S rRNAs in the fractions were analyzed by RT-qPCR and calculated by absolute quantification (described in section 3. The assays clearly showed that changing the ionic strength of the preparation buffer within the margins used did not alter the distribution profile of 5S, 12S and 16S rRNAs. As previously in experiment 2.1.1, 5S rRNA resided in the supernatant after lipid extraction while 12S and 16S rRNAs were mostly found fixed on lipid droplets.

To check if mitochondrial inner membrane components were extracted by our method, the proteins isolated from the lipid droplets were analyzed by LC-MS/MS in Proteomic Esplanade Platform (IBMC, University of Strasbourg) by the team of Philippe Hammann. To interpret the data, we normalized the peptide counts for each identified protein to the total number of peptides in the sample and compared the lipid drop and the supernatant samples. Proteins, enriched more than two-fold in either the lipid phase, or the supernatant, were divided into groups and summarized in table 21.

The data of LC-MS/MS showed that the samples (both, lipid and aqueous phase) were significantly contaminated with nuclear and cytosolic proteins. Nuclear matrix (e. g., lamins) and matrix-bound components (e. g., topoisomerases), were enriched in the lipid phase, whereas proteins of HMG group were found mostly in the aqueous phase. Histones were largely presented in all samples, without enrichment in any phase. Cytoplasmic cytoskeleton elements were significantly enriched in the lipid phase, whereas several glycolytic enzymes were found presumably in the supernatant (table 21). Contaminating cytosolic ribosomal proteins were largely presented in the samples, however most of them were presented equally in lipid and aqueous phases. Mitochondrial respiratory chain complexes were concentrated in lipid samples along with the components of mitochondrial outer membrane proteins (TOMs, VDACs). Several Krebs cycle enzymes were identified in the lipid samples and the supernatants. 

Lipid Lipid Aqueous

The following conclusions can be made from this experiment:

1. Lipid extraction approach allows isolation of mitochondrial membranes with associated protein complexes. 2. Due to the hydrophobic interactions, outer membrane is also extracted by this approach. In addition, various hydrophobic compounds are also presented in the membrane preparations due to lack of selectivity of the extraction method.

3. This method does not permit to detect 5S rRNA in lipid-bound complexes, while 12S and 16S mitochondrial rRNAs are lipid-associated.

To be further optimized, this approach requires more highly purified mitoplasts to obtain the preparations of inner mitochondrial membranes, which are not so significantly contaminated with cytosolic and outer membrane compounds.

Analysis of 5S rRNA association with mitochondrial ribosomes by density gradient sedimentation in various buffer conditions.

Objective: to check association of 5S rRNA with 12S and 16S mitochondrial rRNAs by density gradient sedimentation assay in various buffer conditions. Mitochondrial ribosomes are usually purified in the buffers containing magnesium ions (Greber et al., 2014b). Magnesium ions are important for ribosomal RNA folding, but on the other hand, they are co-factors of nucleases, that can degrade mitochondrial ribosomes during purification [START_REF] Kehrein | Organization of Mitochondrial Gene Expression in Two Distinct Ribosome-Containing Assemblies[END_REF]. Results of this study indicate that changing ionic strength of the preparation buffer can result in association of mitochondrial ribosomes in different complexes. At low ionic strength, it is possible to observe interactions with different components of mitochondrial transcription, translation and other RNA metabolism machineries [START_REF] Kehrein | Organization of Mitochondrial Gene Expression in Two Distinct Ribosome-Containing Assemblies[END_REF].

We suggested that changing conditions of mitochondrial ribosome isolation could help to find those when 5S rRNA remained associated with mitochondrial ribosome. Since isolation of mitochondrial ribosomes is time-consuming and we wanted to test many different conditions of their preparation, we elaborated a simple experimental procedure, which could allow monitoring the association of 5S rRNA with human mitochondrial ribosomes in each particular case. We prepared human cell lysates in various conditions and separated them in sucrose gradients. We collected the fractions, isolated RNA and analyzed it by Northern blot, comparing the positions of 5S RNA and mitochondrial ribosomal 12S and 16S RNAs in each case. Presence of 5S rRNA in the fractions, containing 12S and 16S mitochondrial rRNAs would evidence about possible association of 5S rRNA with mitochondrial ribosomes.

We have tested two physico-chemical parameters, which could possibly influence on 5S rRNA association with mitoribosomes: the presence or absence of magnesium ions and ionic strength of the preparation buffer (experiment 2.2.1). Gradient sedimentations were done in the same buffer conditions as sample preparation in each case. In addition, we investigated if 5S rRNA could be covalently linked with mitochondrial 12S and 16S rRNAs (experiment 2.2.2), which would also mean the possibility of association of all three rRNA species.

Influence of physico-chemical factors (ionic strength, presence of magnesium salts or EDTA) on 5S rRNA association with mitochondrial 12S and 16S rRNAs in gradient sedimentation assay.

Objective: check the possibility of 5S rRNA association with human mitochobdrial ribosomes by gradient sedimentation assay in the buffers with various concentrations of CH3COOK, MgCl2 and EDTA.

To find out the buffer conditions favoring to 5S rRNA association with 12S and 16S rRNAs we used gradient sedimentation assay with subsequent Northern blot analysis of RNA in the fractions and comparing 5S rRNA distribution in the following buffer conditions (Table 22): As follows from table 22, we tested two ionic strength values: "low" (10 mM CH3COOK) and "high" (300 mM CH3COOK) and "magnesium-containing" (5 mM MgCl2) or "EDTA-containing" (10 mM EDTA). Concentrations of all other components did not change in experiments. The combination of these parameters results in four different compositions of isolation buffers (table 23): Table 23. Physico-chemical conditions of preparation buffers in experiment 2.1.

Gradient number

Ionic strength Magnesium/EDTA 1 "Low" "Magnasium" 2 "Low" "EDTA" 3 "High" "Mg" 4 "High" "EDTA"

The results of RNA analyses by PAGE in denaturing conditions (ethidium bromide stained gel) and Northern blots are present on figures 21 (gradient 1) 22 (gradient 2), 23 (gradient 3) and 24 (gradient 4).

Figure 21 shows that only small part of 5S rRNA pool is present in the fractions, containing 12S (figure 21B, fractions 6-11) and 16S rRNAs (Figure 21B, fractions 8-13) in "Magnesium" conditions of gradient 1. However, the analogous experiment in "EDTAcontaining" conditions (gradient 2) showed strikingly different distribution pattern of 5S rRNA (figure 22).

Figure 22 demonstrates, that both 12S (figure 22B, fractions 6-8) and 16S (figure 22B, fractions 7-10) rRNAs form more precise peaks in "EDTA" conditions, than in "Magnasium" ones. This is consistent with our hypothesis of nuclease degradation of mitochondrial ribosomes in "Magnesium" conditions, based on the data of [START_REF] Kehrein | Organization of Mitochondrial Gene Expression in Two Distinct Ribosome-Containing Assemblies[END_REF], discussed above. Moreover, comparison of figures 21 and 22 shows that significantly bigger amounts of 5S rRNA accumulate in the fractions, containing12S and 16S rRNAs in "EDTA-containing" conditions of gradient 2 (figure 22B, fractions 6-10). 
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Comparison of figures 21 and 23 demonstrates that "high" ionic strength conditions do not alter 5S rRNA distribution significantly. However, both 12S (figure 23B, fractions 5-7) and 16S (figure 23B, fractions 6-8) mitochondrial rRNAs shift to higher fractions, than at low ionic strength conditions, meaning the loss of some associated components.

Figure 24B demonstrates the distribution profile of 5S rRNA, analogous to the one on figure 22B, where this rRNA shifts to the fractions, containing 12S and 16S rRNAs, which adds one more evidence to the observed phenomenon. This observation is reproduced at "high" ionic strength conditions, which follows from comparison of 5S rRNA profiles in figures 23B and 24B.

Based on the data of experiment 2.2.1, described above, we conclude that ionic strength of the preparation buffer does not significantly alter 5S rRNA distribution profile in gradient sedimentation assay. In "Magnesium" conditions only minor part of 5S rRNA pool is detected in 12S and 16S rRNA containing fractions. However, analogous experiments in "EDTA-containing" preparation buffer show increased quantities of 5S rRNA in these fractions.

For the first view, the data of experiment 2.2.1 mean that 5S rRNA could preserve its association with mitoribosomes in "EDTA-containing" buffers, due to the inhibition of nuclease action, in perfect agreement with our initial proposal. However, one more explanation is possible. This 5S rRNA, accumulating in ribosome-containing fractions could come from disassembled cytoplasmic 80S ribosomes. In this case, 5.8S rRNA should behave the same way, as 5S rRNA. Despite the fact that we did not observe 5.8S rRNA localization in these fractions in "EDTA-containing" conditions, which rejects such possibility, we decided to check it by mass-spectrometric analysis of the fractions. If the scenario of 80S ribosome disassembly takes place, 5S RNA, appearing in 12S and 16S rRNA containing fractions in "EDTA" conditions, should also bring cytosolic ribosomal proteins in these fractions. We analyzed the fractions, where 5S rRNA was enriched in "EDTA" conditions and compared with the same fractions in "Magnesium" conditions by LC-MS/MS. This analysis was performed by the team of Phillippe Hammann in Esplanade Proteomics Platforme (IBMC, Universuty of Strasbourg). We normalized the data to total number of peptides in the samples and compared the scores of cytosolic ribosomal protein in the samples, prepared in both conditions. We observed more than two-fold enrichment of multiple cytosolic ribosomal proteins in "EDTA" conditions, comparing to "Magnesium" ones, which means that disassembly of cytosolic 80S ribosomes could indeed take place in "EDTA" samples.

The data of mass-spectrometry could suggest that the enrichment of 5S rRNA in mitoribosome-containing fractions in "EDTA" conditions is not associated with mitochondrial ribosomes; instead it is extracted from disassembled cytosolic ribosomes. To make this situation clear, we made formaldehyde cross-linking of human cells and analyzed by gradient sedimentation assay thereafter. It allows distinguishing between these two possibilities. If 5S rRNA associates with mitochondrial ribosomes in living cells, this association should be preserved by formaldehyde cross-linking even in "Magnesium" conditions. If 5S rRNA is not associated with mitochondrial ribosomes, then cross-linking step should not significantly increase the quantity of 5S rRNA in mitoribosome-containing fractions in "Magnesium" conditions.

Analysis of 5S rRNA association with mitochondrial ribosomes by crosslinking assay.

Objective: using gradient sedimentation assay, check if 5S rRNA accumulates in the fractions, containing mitochondrial ribosomes upon formaldehyde cross-linking.

To figure out if 5S RNA accumulates in mitochondrial ribosomes containing fractions in EDTA conditions due to its biological association or it comes from disassembled mitochondrial ribosomes, we made cross-linking assays (3.2.2). If 5S RNA indeed interacts with mitochondrial ribosomes, cross-linking should preserve them associated even if cell lysis and gradient fractionation are made in magnesium-containing buffer with high ionic strength. If not, then most probably, we have the second situation (contamination by cytosolic ribosomal subunits).

We have tested two lysis and gradient sedimentation buffer systems. This time the ionic strength was "high" (300 mM CH3COOK) in both cases, only magnesium and EDTA concentrations changed (Table 24): HEK 293 were cross-linked with formaldehyde treatment, lysed and analyzed by density gradient sedimentation assay (as described in section 3.2.1) and Northern blot (3.5.6). Results are presented on figures 25 (gradient 5, "magnesium" conditions) and 26 (gradient 6, "EDTA" conditions).

Figures 25 and 26 show that long RNAs were significantly degraded upon formaldehyde treatment, as it can be observed in the hybridizations with 12S and 16S specific probes. 5S rRNA distribution pattern was not affected by formaldehyde treatment. There are several ways to explain this result. First, the efficiency of cross-linking is generally low, which does not cause significant changes in gradient sedimentation profiles. The second explanation is that 5S rRNA is not bound to mitochondrial ribosomes in "EDTA" conditions, but the signal comes from disassembled cytoplasmic ribosomes. The second explanation is consistent with LC-MS/MS data, identifying the enrichment of multiple cytosolic ribosomal proteins in "EDTA" samples. Therefore, it seems that 5S rRNA accumulation that we have observed in "EDTA" conditions was mainly due to the disassembly of cytosolic ribosomes. 

Biochemical validation of the data about mt-tRNA Val incorporation in human mitochondrial ribosomes, observed in structural studies.

According to high-resolution cryo-EM data [START_REF] Amunts | The structure of the human mitochondrial ribosome[END_REF][START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF], the large subunit of mitochondrial ribosome contains mt-tRNA Val molecule as a structural part of the central protuberance. We decided to validate these data using biochemical approaches of quantitative Northern blot (experiment 2.3.1) and gradient sedimentation assay (experiment 2.3.2).

Comparison of tRNA and rRNA quantities in human cells.

Objective: to check the principal possibility of mt-tRNA Val incorporation in human mt-LSU by comparison of the quantities of mt-tRNA Val , 12S and 16S rRNA in human cells by quantitative Northern blot.

As described in detail in section 1.1.6, several cryo-EM studies identified mitochondrial tRNA Val and tRNA Phe as structural components of mammalian mitochondrial ribosomes [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]Greber et al., 2014a). These studies proposed that the indicated tRNA species were incorporated in the ribosomes due to their localization in vicinity of 12S and 16S rRNA genes in mammalian mitochondria, analogous to 5S rRNA gene position in prokaryotes. In bacteria, the 5S rRNA gene is located adjacent to the rRNA genes and co-transcribed with them as part of a polycistronic message. As with 5S rRNA in bacteria, mt-tRNA Val was proposed to be present in stoichiometric amounts after processing, and spatially coincident for incorporation into the large subunit [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]. This model suggests the elevated quantity of mt-tRNA Val in human cells, comparing to other tRNA species, because it should be enough not only for decoding valyl codons, but also to be incorporated into the ribosomes. If the model discussed above is correct, the quantity of mt-tRNA Val should not correspond to valyl codon usage, but exceeding it. So far, this was never verified experimentally before. To check if that was the case, with the help of a member of our team, Alexandre Smirnov, we have analyzed several mitochondrial tRNA species by semi-quantitative Northern blot and compared the results with the usage of corresponding codons in human mitochondria.

To analyze the RNAs by semi-quantitative Northern blot, we amplified DNA fragments, corresponding to mt-tRNA Phe , mt-tRNA Val , mt-tRNA Leu (CUN), mt-tRNA Ser (AGY), mt-tRNA Ser (UCN), and fragments of 12S and 16S rRNAs (figure 27) and then prepared transcripts of these RNAs in vitro (figure 28). These molecules were used as standards to estimate the quantities of corresponding RNAs in human cells. We analyzed two human RNA isolates. Sample 1 was total RNA extracted from HEK293 T-Rex cells. Sample 2 was total RNA preparation from human fibroblasts, enriched with small RNAs (section 3.3.3). We separated both RNA samples on denaturing PAAG along with the RNA standards and analyzed by Northern blot (figure 29). RNA signals were calculated in ImageQuant software (GE Healthcare); mean values and standart deviations were calculated as described in section 3.3.3. Quantification results are in Table 25. Codon frequencies were found in NCBI Codon Usage database. Sample 2 lacked large RNAs, so calculations of 12S and 16S rRNAs were not available for it. Diagram at figure 30 represents the data of Table 25.

This experiment was mostly aimed to calculate the quantities of mt-tRNAs in human cells, that is why we used sample 2, which was enriched with small RNAs by twostep isopropanol precipitation procedure, described in materials and methods. Actually, this procedure is not highly reproducible, and it can easily change the ratios of different RNA species in the isolate. Sample 1 was prepared by TRIzol extraction, which is a gold standard of RNA isolation. Therefore, the data obtained for sample 1 are certainly more reliable. Samples 1 and 2 show similar tRNA quantities (figure 30) with the only difference in mt-tRNA Ser (UCN), which is enriched in sample 2. Figure 30 demonstrates that mt-tRNA Phe and mt-tRNA Val are considerably more abundant in human cells, than all other mt-tRNAs, which we analyzed. The quantities of mt-tRNA Phe and mt-tRNA Val even exceed those of 12S and 16S rRNAs, so in principle the quantity of mt-tRNA Val in human mitochondria is sufficient not only to be a structural part of the large subunit of mitochondrial ribosomes, but also to perform the classical mRNA decoding function. This increase in quantities of mt-tRNA Phe and mt-tRNA Val in human cells does not correlate with the codon frequency in human mitochondria, as demonstrated on figure 31. Both mt-tRNA Phe and mt-tRNA Val are present in sufficiently bigger amounts, than the frequencies of corresponding Phe-and Val-codons would suggest. 25.

Quantities of tRNAs in both RNA samples were plotted against codon frequencies in human mitochondria (figure 31): Figure 31. The plot of quantities of tRNAs in human cells (samples 1 and 2) against the corresponding codon frequencies in human mitochondria.

To summarize, the data of semi-quantitative Northern blot experiment do not contradict the presence of mt-tRNA Val in the large subunit of mitochondrial ribosomes. At least, its quantity is sufficient for that. The absence of correlation with codon frequency (figure 31) leaves the space for mt-tRNA Val to perform additional function besides the decoding of mRNA, completely in line with its structural role in the large subunits of mitoribosomes. The model of the large subunit of human mitochondrial ribosome, containing mt-tRNA Val as a structural part, also suggests that the distribution of this tRNA would be C.

Sedimentation analysis of mitochondrial tRNA
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different from any other mitochondrial tRNA in gradient sedimentation assay. If mt-tRNA Val is indeed a component of the large subunits, it should migrate in considerably heavier molecular weight fractions, than other tRNAs. To check if that is the case, we prepared the lysate of HEK293 cells and analyzed it by sucrose gradient sedimentation assay, as described in materials and methods. We isolated RNA from the fractions and analyzed by Northern blot with the probes to human mt-tRNA Val and mt-tRNA Lys , which is not a structural part of the ribosome (figure 32).

The results of Northern blot (figure 32) show that the most part of the tRNA pool migrates at the top of the gradient (fractions1-3). Unlike mt-tRNA Lys , which does not migrate in higher molecular weight fractions, significant part of mt-tRNA Val was detected in fractions 7-9, where 16S rRNA also migrates. We conclude therefore that the distribution of mt-tRNA Val in sucrose gradient sedimentation assay does not contradict with the structural data about the presence of this tRNA component in the large subunit of mammalian mitochondrial ribosome.

Identification of the proteins, interacting with 5S rRNA in human mitochondria.

Objective: Identify protein partners of imported 5S rRNA in human mitochondria by affinity chromatography.

We could show association of only tiny part of 5S rRNA pool with mitochondrial ribosomes, using biochemical methods, described above (sections 2.1 and 2.2). Structural studies, carried out in other labs [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]Greber et al., 2014a) suggested that this rRNA was evolutionary substituted with tRNAs. In this situation, we switched our focus from the attempts to find conditions, favoring 5S rRNA association with mitoribosomes, and addressed ourselves back to the initial question of this work: what are the functions of imported 5S rRNA in human mitochondria? One of the best ways to make conclusions about the functions of the RNA is to figure out its protein partners. We decided to identify protein partners of 5S rRNA in human mitochondria, using MS2 affinity chromatography approach. A handful of RNA affinity purification approaches are available using specific RNA tags. One of the most widely used tags, MS2, is a 19-nucleotide long viral (bacteriophage) RNA sequence present at the ribosomal binding site of the MS2 replicase mRNA, which folds into a hairpin loop structure. This hairpin loop is recognized with high specificity and affinity by the MS2 bacteriophage capsid RNA-binding protein MS2 (RBP MS2). Expression of the RBP MS2 as a chimeric protein, containing a peptide tag facilitates the isolation of the [MS2 RNA/MS2 protein] complex, together with other molecules present in the complex [START_REF] Yoon | MS2-TRAP (MS2-tagged RNA affinity purification): tagging RNA to identify associated miRNAs: Methods[END_REF]. The MS2 pulldown method consists of three basic steps:

Step 1 is preparation of three DNA constructs. The first one allows expression of chimeric RNAs containing the test RNA of interest followed by several MS2 RNA hairpins (two tandem hairpin loops were used in this study). It was attached to either 5' or 3' terminus. The second construct simply expresses the control MS2 hairpins without the test RNA of interest. The third construct expresses a chimeric protein comprising the MS2 capsid protein and an affinity tag. We used maltose binding protein tag (MBP) in this study, which allowed binding the protein on amylose beads. The three constructs are used to express MS2-tagged RNA and control RNA in vitro and purify recombinant MS2-MBP. Procedures of step 1 are schematically presented on figure 33.

Step 2 involves harvesting of the cell culture, followed by cell lysis in a buffer that preserves the integrity of native RNPs. The cell lysates are then mixed with in vitro transcribed RNAs, prepared in in step 1 and incubated to assemble RNPs. MS2-MBP protein is bound on the column with amylose beads. When the lysate of human cells, incubated with MS2 tagged RNAs passes through the column, the RNPs are retained by means of specific interactions of MS2 affinity tag with MS2-MBP protein. RNPs are eluted from the column in the buffer, containing amylose. Schematic sequence of RNP purification procedure is on figure 35.

Step 3 is identification of proteins, present in purified RNP complex. For this we used western blot and mass-spectrometry (LC-MS/MS). LC-MS/MS was done by the team of Phillippe Hammann in Esplanade Proteomics Platform (CNRS, Strasbourg University).

Figure 34. Secondary structures of MS2-tagged RNA molecules, used in affinity chromatography. "5S" -5S rRNA; "Val"mt-tRNA Val ; "U6" -U6 snRNA. AB designates that MS2 tag is at the 5' terminus of the molecule; CD designates that MS2 tag is at the 3' terminus of the molecule.

We applied this method to identify protein partners of 5S rRNA, mt-tRNA Val and U6 snRNA. 5S rRNA was the focus of interest. Mt-tRNA Val was analyzed because it is incorporated into mitochondrial ribosomes, so it was supposed to be our positive control, as a small RNA, associated with mitoribosomes. U6 snRNA was included in the analysis as a negative control, since this nuclear RNA is not supposed to have protein partners in human mitochondria. All RNA molecules, used in this experiment, al summarized on figure 34. Product MS2A is 76 bp long, and product D is 49 bp long. Taking into account the overlapping sequences, which are 20 bp long in case of AB products and 26 bp long in CD products, we should observe increase in size of overlapping products (AB and CD), comparing to initial fragments (B and C). That's why overlapping products AB should be longer than corresponding products B by 56 bp; and overlapping products CD should be longer than corresponding products D by 23 bp. The expected final lengths of all products (both rounds of PCR) are summarized in table 26.

Overlap extension products of second round PCR were resolved on 3% agarose gel in and stained with ethidium bromide (figure 37 A andB, lanes 1, 3 and 5). Initial templates of the second round PCR (figure 37 A and B, lanes 2, 4 and 6) were loaded on the gel next to overlapping PCR products. Slight increase in length, corresponding to the data of table 26 and strong increase in the band intensity of second round PCR products, comparing to initial templates (compare lanes 1 and 2; 3 and 4; 5 and 6 on figure 37 A and B) are clearly observed. Overlapping PCR products were purified from the gel with GeneJET Gel Extraction kit (Thermo Scientific) and used as templates for in vitro transcription reactions. In vitro transcribed RNAs were visualized on 6% polyacrylamide gel stained with ethidium bromide (figure 38). Figure 39 shows that we obtained control MS2 RNA, 5S rRNA, mtVal-tRNA and U6 snRNA bearing MS2 tag sequence either at 5'-or at 3'-terminus. These RNA molecules contain MS2 tag sequence and can be used for affinity chromatography.

Purification of MS2-MBP.

MS2-MBP protein is a fusion of two protein domains with different affinities. One domain is MS2 binding, another one is maltose-binding protein (MBP). Protein was expressed in bacterial system and purified by affinity chromatography on amylose beads, as decribed in section 3.4.2. Fractions were collected and analyzed by SDS-PAGE, followed by Coomassie staining (figure 40).

The MS2-MBP protein was successfully expressed and purified in native conditions. An additional band appearing in lanes 2-7 most probably comes from Fast Digest buffer that was used to wash pockets to make them visible, so it is not present in the protein preparation. 

Affinity purification of RNA-protein complexes from HEK 293 cells.

We have performed affinity chromatography with three RNA species, fused with MS2 aptamer: 5S rRNA, mt-tRNA Val and U6 snRNA, as described in section 3.4.3. To avoid long names, we designated these RNAs according to the table 27 and used these short names during description of this experiment. Schematic secondary structures of these RNAs are presented in figure 36. U6 snRNA, fused with MS2 tag at the 3'-end First, we did in parallel the experiments with 5'-tagged RNAs (5S_AB, Val_AB, U6_AB) and MS2 A control. HEK293 cells were lysed and the lysates were subjected to MS2 chromatography as described in materials and methods. Lysates, washes and elutions were collected and analyzed. RNA content was analyzed by PAGE in denaturing conditions, followed by Northern blotting. Proteins were analyzed by SDS-PAGE, followed by silver staining. Elution samples were analyzed by mass-spectrometry.

RNA isolated from lysates and elutions samples in experiment 2.4.3 were analyzed by gel-electrophoresis on polyacrylamide-Urea denaturing gel. Two pmoles of each in vitro transcribed RNA (IVT) were loaded on the gel to control the size and integrity of each MS2-labelled RNA. Gel was stained with ethidium bromide (figure 41). Proteins of lysates, washes and elutions, collected in experiment 2.4.3, were analyzed by SDS-PAGE, followed by silver staining (figures 43 and 44).

Protein gels show approximately equal amounts of MS2-MBP protein in all elution samples (figures 43 and 44, lanes 4, 7, 10 and 13). This bait protein did not degrade upon the interaction with human cell lysate and could be successfully recovered in all elution samples. Washes in 3'-MS2 experiment are clean, but it is not the case in 5'-experiment. The reason for this may be that in 3'-experiment last wash (№ 3) was loaded while in 5'experiment it was an intermediate wash (№ 2). Band pattern of elution samples looks similar for 5' and 3' experiments with several specific bands observed in experiments (figures 43 and 44, lines 7, 10 and 13) comparing to MS2 A control (figures 43 and 44, line 4). 

Analysis of elution samples of experiment 2.4.3 by mass-spectrometry.

Elutions obtained during MS2 chromatography procedure were analyzed by massspectrometry (LC-MS/MS). Analysis was performed by the team of Phillippe Hammann in Esplanade Proteomics Plateform (IBMC, University of Strasbourg).

Data were analyzed statistically with the help of the member of our team, Dr. Alexandre Smirnov. First, we normalized all spectral counts to total number of spectra. For this we have calculated the ratio of number of spectra for each detected protein to total amount of spectra observed in the sample. This gave us the score for each protein. 95% confidence intervals for each score were calculated according to Poisson distribution. Confidence intervals were also normalized to the total number of spectra.

Finally, we plotted the scores for each protein in control along OX axis and in experimentalong OY axis. So, the proteins which were equally presented in the control and the experiment were on the median of coordinate system. All proteins which had higher representation in the experiment were above the median. Our first criterion of candidate protein selection was a two-fold enrichment above the median, which means that they were at least twice more represented in experiment than in control.

Our second criterion of protein partners selection was non-overlapping of 95% confidence intervals of the same protein in control and in experiment. This eliminates poorly represented proteins with low spectral counts. The points corresponding to these suspicious targets were prone to be close to zero point on the coordinate plane. The examples of resulting plots are illustrated on the figure 45. Enrichment ranks for all proteins, enriched in the experiments comparing to the control in both 5'-MS2 and 3'-MS2 experiments is presented in the table 28. Short information about the proteins, listed in table 28, can be found in Table 29. Color code of the table 28:

• Proteins, enriched only in mt-tRNA Val samples are in blue;

• Proteins, enriched only in U6 snRNA samples are in yellow;

• Proteins, enriched only in 5S rRNA samples are in red;

• Proteins, enriched both in mt-tRNA Val and U6 snRNA samples are in light-green;

• Proteins, enriched both in 5S rRNA and U6 snRNA samples are in dark-green.

Enrichment rank reflects the degree of enrichment. The higher is the rank, the more the enrichment is. Therefore, the rank "1" belongs to the most enriched proteins. The targets that were enriched over the median, but did not bypass our two selection criteria (2-fold enrichment upon median and non-overlapping 95% confidence intervals) are designated as "yes". Proteins with the rank "no" had negative rank of enrichment, so they are represented in control more than in experiment (enriched below the median).

Mass-spectrometry analysis of the elutions obtained during MS2 chromatography purification of RNPs from human cell lysates revealed several interesting points. First, this experimental setup allows us to identify many different RNA binding proteins, involved in RNA metabolism. Most of them are cytoplasmic and nuclear, but some of them have mitochondrial localization. Second, each MS2-tagged RNA target found its specific protein partners that were clearly enriched in corresponding samples. So far, for 5S RNA it was ribosomal protein L5 (RPL5), for mitochondrial mt-tRNA Val it was RNA binding subunit of RNase P (HSD17B10/HCD2/MRPP2), for U6 snRNA they were hnRNPs. In addition, a good agreement of results between 5'-and 3'-tagged versions of the same RNAs can be observed in terms of protein interactions for all three RNA species, which we analyzed. These facts allow us to conclude that all MS2-tagged RNAs are properly folded and the introduction of the MS2 tag does not disturb the RNA structure.

However, the abundance of cytoplasmic and nuclear RNA binding proteins could mask the identification of mitochondrial protein partners of 5S rRNA. This could compromise detection of specific mitochondrial partners of 5S rRNA, which would be rather expected, taking into the account the complexity of the sample, comprising the whole protein scape of the cell. The problem can be solved by isolation and purification of mitochondria. This step should reduce the complexity of the samples and enrich the samples with mitochondrial material, which can allow identifying mitochondrial partners of 5S rRNA.

Affinity purification of ribonucleoproteins from human mitochondria.

To improve our experimental setup we performed similar experiments on isolated human mitochondria. This was supposed to enrich the sample with mitochondrial proteins and allow identification of mitochondrial partners of 5S rRNA. Mitochondria were isolated from HEK293 cells, lysed and used for MS2 affinity chromatography. As previously, we used MS2A control RNA and MS2-tagged 5S RNA, mt-tRNA Val and U6 snRNA in either 5' or 3' position (table 27, figure 36).

As in experiment 2.4.3, RNA content of the fractions was analyzed by PAGE, followed by Northern blot. Elution samples were analyzed by LC-MS/MS. Experiment with 3'-MS2 RNA constructs (5S CD, Val CD, U6 CD) were made with one exception: the incubation with the lysate was carried out at room temperature instead of +4 o C. This was done to check for the possibility of increasing of the efficiency of complex formation and the specificity of RNA-protein interactions. However, it was risky due to possible RNA degradation.

RNA samples, collected in experiment 2.4.4, were analyzed by PAGE and Northern blot (figures 46 and 47).

Figure 46 show that in the experiment with 5'-MS2 labelled RNAs, which was carried out at +4 o C, the integrity of in vitro transcripts is completely preserved, as soon as full-size RNAs can be observed in lysates (figure 46, lanes 2, 5, 8, 11) and in elutions (3,6,9,12). However, elutions contain less of MS2 labelled RNAs than lysates, which is observed for all tested RNA species. Northern blot data show that MS2 tag is preserved during affinity chromatography procedure (figure 46,B).

Figure 47 shows that degradation of RNA takes place during the incubation at room temperature. MS2A control RNA did not degrade significantly and the full-size RNA can be observed in lysate and elution (figure 47, lanes 2 and 3). 5S rRNA and U6 snRNA were degraded more strongly, and only a shorter fragment can be observed for these two RNAs, both in lysate and elution (figure 47, lanes 5, 6 for 5S rRNA and 11, 12 for U6 snRNA). Mt-tRNA Val band cannot be observed in the elution at all, probably due to degradation (figure 47, lane 9). However, full-size mt-tRNA Val can be seen in the lysate (figure 47, lane 8), even though the intensity of the band is weaker than in the one corresponding to 2 pmoles of in vitro transcript (figure 47, lane 7).

Proteins samples, collected in experiment 2.4.4, were analyzed by SDS-PAGE, followed by silver staining (figures 48 and 49). Figures 48 and49 show approximately equal amounts of MS2-MBP protein in all elution samples (lanes 4, 7, 10 and 13). This bait protein did not degrade upon the interaction with human cell lysate and could be successfully recovered in all elution samples.

Washes in all experiments are clean (figures 48 and 49, lanes 3, 6, 9 and 12), with minor traces of proteins observed. Band pattern of elution samples looks differently for 5' and 3' experiments. The specificity of interaction seems to be higher in 3'-MS2 experiment, because the incubations of MS2 tagged RNAs with mitochondrial lysates, when the RNA-protein complexes are formed, were carried out at room temperature. That is why we see less number of bands and they are less intense in 3'-MS2 experiment comparing to 5'-MS2 case (compare lanes 4, 7, 10 and 13 of figures 48 and 49). The major protein in all elution samples is, as expected, MS2-MBP bait protein, but still some differential bands can be observed for all RNA species. Proteins of elution fractions were analyzed by LC-MS/MS and the results were statistically treated in the same way as for the experiments with total cell lysates (experiment 2.4.3).
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Enrichment ranks for all proteins were summarized in the Table 30. Mitochondrial proteins are shown in bold. 
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Color code of the table 30:

• Mitochondrial proteins, enriched only in mt-tRNA Val samples are in blue;

• Mitochondrial proteins, enriched only in 5S rRNA samples are in red;

• Mitochondrial proteins are typed in bold. Low quality spectral counts are designated with "U" or "L", "U" meaning enrichment above the median and "L" meaning enrichment below the median. Low quality spectra result from small quantity of peptides identified by mass-spectrometry.

Mitochondrial proteins

Analysis of mass-spectrometry data permitted to identify specific partners for mitochondrial mt-tRNA Val . They are two subunits of RNase P (MRPP1, MRPP2), which were not found in any other sample except mt-tRNA Val . U6 snRNA pull-downs contain RNA binding proteins, both cytoplasmic and mitochondrial. Cytoplasmic proteins reflect the contamination of mitochondria with nuclear and cytosolic proteins. No special measures were taken to prevent that, since our objective was not to obtain highly pure mitochondria, but just to enrich the samples with mitochondrial material. Therefore, we did not treat mitochondria with Rnases or proteinases. Since many mitochondrial proteins were identified in pull down samples, some level of contamination could be tolerated.

5S rRNA pull down analysis showed that several mitochondrial ribosomal proteins (MRPL9, MRPL22, MRPL1) and mitochondrial ribosome assembly factors (RNMTL1, DHX30) were specifically enriched upon MS2 chromatography procedure. In this particular case the data were of poor quality, so the proteins of these two groups could not bypass the statistical selection criteria. However, this experiment indicated on the possibility of such an interaction.

We next performed MS2 chromatography three more times with 5S-MS2 RNA as experiment and MS2A tag RNA as control. Each time we have observed mitochondrial ribosomal proteins accumulating in 5S rRNA samples, which was not the case for the control. Each time this affinity chromatography procedure followed by mass-spectrometry allowed us to identify different sets of mitochondrial ribosomal proteins, coming from different parts of the ribosome. Mitochondrial ribosome assembly factors were also identified reproducibly. If RNMTL1 was observed only in the first assay, DHX30, DDX28 and GRSF1 were identified several times.

To see if mitochondrial ribosomal proteins accumulation is specific for 5S-MS2 RNA samples we have made one more time the similar experiment with mt-tRNA Val , fused with MS2 in both 5' and 3' versions. As in the experiments 2.4.3 and 2.4.4, no enrichment of mitochondrial ribosomal proteins was observed. 

Analysis of the pull-down samples by Western blot.

To further confirm the results of mass-spectrometry by alternative approach, we analyzed the proteins, associated with 5S rRNA and mt-tRNA Val by Western blot. We made affinity chromatography with 5S rRNA, mt-tRNA Val and MS2 control RNA on isolated human mitochondria the same way as we did in section 2.4.4. We analyzed the A. The experiments with 5S rRNA and mt-tRNA Val were made separately, because each affinity chromatography procedure required large amounts of initial cell culture for isolation of mitochondria. However, each of this two tested RNAs had its own MS2_A control, which was treated in parallel. In theory, these two MS2_A controls should be identical, but practice shows that this was not the case, because the isolation of mitochondria is not very reproducible in terms of mass of resulting mitochondrial material. For this reason each of the two tested RNAs should be compared with its own control A.

B.

C.

(both are present on figure 50) to make conclusions about enrichments of proteins. Thus, lanes 1, 2, 3 represent the control for 5S rRNA; lanes 7, 8, 9 are control for mt-tRNA Val .

Figure 50 demonstrates, that RNMTL1, MRPL18 and MRPL38 are clearly enriched in the samples of 5S rRNA, comparing to the control (compare lanes 9 and 12, figure 50). This is not the case for mt-tRNA Val , where no enrichment of RNMTL1, MRPL18 or MRPL38 is observed (compare lanes 3 and 6 on figure 50) This experiment confirms the data of experiment 4.4 concerning the possible interactions of 5S rRNA with mitochondrial ribosomal proteins and assembly factors.

However, when the repeated the experiment with MS2 tagged 5S rRNA, mt-tRNA Val and control RNA, the data about the enrichment of MRPL18, MRPL38 and RNMTL1 could not be reproduced (figure 51). Western blot showed no difference in the signals of MRPL18, MRPL38 and RNMTL1 in the samples (compare lanes 3, 6 and 9 on figure 51).

Affinity chromatography approach, applied to identification of possible protein partners of 5S rRNA in human mitochondria, showed that this RNA molecule can be associated with mitochondrial ribosomal proteins and mitoribosome biogenesis factors. However, the data of mass-spectrometry and Western blot, described above, did not give us confidence to claim these facts as completely established, and we decided to check our data with alternative methods, described in the sections below.

Analysis of 5S rRNA interaction with mitochondrial ribosomal proteins and mitochondrial ribosome assembly factors by coimmunoprecipitation.

Objective: Check the association of 5S RNA with mitochondrial ribosome assembly factors by co-immunoprecipitation (co-IP).

Identification of proteins binding to 5S rRNA in human mitochondria by MS2-tag affinity chromatography assay showed that 5S rRNA could be associated with mitochondrial ribosomal proteins. Since 5S rRNA was not found in the structure of human mitochondrial ribosome, we hypothesized that this RNA could be involved in biogenesis of human mitochondrial ribosomes. Like numerous non-ribosomal mitoribosome assembly factors (reviewed in "Mitoribosome Assembly" chapter of the Introduction section), 5S rRNA could possibly associate with intermediate stages of mitoribosome assembly in transient way. This hypothesis could explain the data of our MS2chromatography experiments, as well as the existing data about involvement of 5S rRNA in mitochondrial protein synthesis, without contradiction with the structural data of 5S absence in the mature mitoribosome particle. To test the hypothesis about possible association of 5S rRNA with mitochondrial ribosomal proteins, we made coimmunoprecipitation (co-IP) experiments. As it is clear from the review, the knowledge concerning the biogenesis of human mitochondrial ribosomes emerged in recent years is incomplete, with only few papers available. No intermediate stages are currently known for human mitochondrial ribosomes assembly; only a group of protein factors involved in this process was established. Our initial idea was to make a wide screening across all these factors with co-IP and analyze RNA interactomes, following the following strategy:

1. Make plasmid constructs encoding mitochondrial ribosome assembly factors with affinity tag at C-terminus (FLAG, HA, Myc, etc.), suitable for transgene expression in human cells. 2. Transfect human cultured cells with these plasmids. 3. Make co-IP with total cell lysates and mitochondrial lysates with specific antibodies to the tag. In parallel, make analogous experiments with control cell line, transfected with the empty vector. Particular interest in frame of this study was focuses on 5S rRNA. MS2chromatography experiment demonstrated the phenomenon of 5S RNA interactions with mitochondrial ribosomal proteins. To approve this data and to be sure that it is not artificial outcome of our experimental setup, we wanted to demonstrate the same phenomenon with alternative co-IP approach.

Currently, we have collected reliable data only for two mitochondrial ribosome assembly factors: MTG1 and MALSU1. Both proteins participate in the biogenesis of the large subunit of human mitochondrial ribosome and interact with this particle, so we could expect to precipitate the intermediate assembly products of the mitoribosome and analyze them. Objective: create genetic constructs, encoding MTG1-3xFLAG and MALSU1-3xFLAG in pcDNA5/FRT/TO vector, suitable for ectopic gene expression in human cultured cells. Check the presence of corresponding proteins in the cell by Western blot.

Plasmid constructs, encoding MTG1-3xFLAG and MALSU1-3xFLAG in pcDNA5/FRT/TO vector, were made as described in section 3.5.1.

Expression of MTG1-3xFLAG and MALSU1-3xFLAG transgenes was checked in HepG2 cells by Western blot (figure 52).

Lanes:

1. Molecular weight ladder, kD indicated on the left) 2. Negative control 3. MTG1-3xFLAG expressing cells 4. MALSU1-FLAG expressing cells 5. Positive control for anti-FLAG antibodies.

Figure 52. Expression of MTG1-3xFLAG and MALSU1-3xFLAG in HepG2 cells.

Figure 52 shows, that both plasmids were expressed in human cells, producing 3xFLAG tagged proteins (lanes 2 and 3). Both MTG1 and MALSU1 produce double band, and there is no published data, explaining this phenomenon. These two bands may be the precursor (with MTS) and mature (without MTS) form of the proteins, which seems very unlikely, since in our experience, other mitochondrial proteins, bearing cleavable MTS, do not show this pattern of expression. Double band may be due to proteolysis or alternative translation initiation/termination events. Interestingly, only the upper band of MTG1 is present in purified human mitochondria, but for MALSU1 both bands are present inside the organelles (observed in co-IP experiments, discussed later in this chapter).

Analysis of MTG1-3xFLAG and MALSU1-3xFLAG localization in HepG2 cells by means of fluorescent microscopy.

Objective: check if tagged MTG1 and MALSU1 co-localize with human mitochondria by means of fluorescent microscopy.

Before starting co-IP experiment with these constructions we wanted to be sure that MTG1-3xFLAG and MALSU1-3xFLAG proteins are not only expressed in human cells (as demonstrated in the previous experiment), but also efficiently imported into mitochondria and do not aggregate in the cytoplasm. For this, with the help of Dr. Anna Smirnova, a member of our team, we have transfected HepG2 cells with the plasmids, encoding these factors, fixed the cells, stained with the antibodies against FLAG and TOMM20 (the marker of mitochondrial outer membrane). Stained cells were analyzed on Zeiss LSM 700 Confocal microscope; images were processed in ImageJ software (figure 53). Confocal microscopy data show that both MTG1-3xFLAG and MALSU1-3xFLAG localize in mitochondria of HepG2 cells and do not aggregate in the cytoplasm. Confocal microscopy does not distinguish between different compartments of mitochondria (outer, inner membrane and matrix), so these data do not allow concluding that both FLAGtagged factor indeed participate in mitochondrial ribosome assembly in transfected cells. To see if that is the case, we decided to check if MTG1-3xFLAG and MALSU1-3xFLAG are associated with mitochondrial ribosomes by glycerol gradient sedimentation assay.

Sedimentation analysis of MTG1-3xFLAG and MALSU1-3xFLAG in glycerol gradient.

Objective: check if tagged MTG1 and MALSU1 are associated with mitochondrial ribosomes by gradient sedimentation assay, followed by Western blot.

To check if MTG1-3xFLAG and MALSU1-3xFLAG are incorporated in mitochondrial ribosomes, we have analyzed the distribution of these factors in the glycerol gradients. For this, with the help of Dr. Alexandre Smirnov, a member of our team, we prepared the lysate from the cells, simultaneously expressing both tagged proteins, separated it on glycerol gradient and analyzed by Western blot with the antibodies against FLAG-tag. We have expected two situations. The first one, when the factors localize only A.
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1.

3.

in low molecular weight fractions, would indicate that they are not included in the ribosomes, and cannot be used for analysis of mitochondrial ribosomes and their assembly intermediates by co-IP. Alternatively, the localization of the tagged proteins in high molecular weight fractions would mean, that they are involved in formation of large complexes in human cells, probably mitochondrial ribosomes or their subassemblies. We tracked the positions of human mitochondrial ribosomes in the gradient by Western blot with the antibodies to MRPL38. Figure 54 (A) demonstrates the signals from two antibodies: anti-MRPL38 and anti-FLAG, revealed by Western blot. First, the membrane was blotted with anti-FLAG antibodies, and then with anti-MRPL38 antibodies without stripping of the blot. Molecular weights of MRPL38 and MTG1-3xFLAG are quite close: Mw (MRPL38) = 44,6 kDa; Mw (MTG1-3xFLAG) = 40 kDa. However, they can be separated on SDS-PAAG and subsequently distinguished by Western blot, as demonstrated on figure 54 (B). Anti-FLAG antibody reveals the signals of MTG1-3xFLAG and MALSU1-3xFLAG (correspondingly marked with black line and two asterisks). Both proteins mainly occupy low molecular weight fractions (2-7, figure 54,A; figure 54,B), but a minor part can be detected in high molecular weight fractions (8-20, figure 54,A). Interestingly, only the lower band of MALSU1-3xFLAG can be detected in high molecular weight fractions, while the upper one remains exclusively in the low molecular weight fractions. Anti-MRPL38 antibodies reveal positions of large subunits of human mitoribosomes in fractions 14-20 with ghost B.

A.

signals coming down to the very bottom of the gradient. This experiment demonstrates, that the minor parts of MALSU1-3xFLAG and MTG1-3X FLAG pools can be associated with the large subunits of mitochondrial ribosomes, which allows using these cell lines to analyze mitoribosomes or their subassemblies by co-IP. However, the major part of the protein pools does not interact with ribosomal particles, which can compromise the co-IP analysis, since this "light" protein pool does not bring high molecular weight complexes. Such distribution of transiently expressed assembly factors was expected, because these proteins are not supposed to be abundant in the cell in vivo. Our experimental setup could result in accumulation of excess of the protein, which is not involved in mitochondrial ribosome biogenesis. This is only a hypothesis, since we could not compare the contents of wild type and tagged MTG1 and MALSU1 in human cells due to the absence of veryspecific anti-MTG1 and anti-MALSU1 antibodies. Another factor, explaining the distribution of MTG1-3xFLAG and MALSU1-3xFLAG, is that wild type proteins can be preferred for interactions to the 3xFLAG-tagged ones.

Analysis of RNA and protein partners of MTG1 and MALSU1 by coimmunoprecipitation on total cell lysates.

Objective: identify RNA and protein partners of tagged MTG1 and MALSU1 in total cell lysate by co-IP. Check if they are associated with mitochondrial ribosomal proteins, rRNAs and 5S rRNA.

We transfected HepG2 cells with the following plasmids (as described in section 3.5.2):

1. 225 cm 2 of HepG2 cells were transfected with pcDNA5. 2. 225 cm 2 of HepG2 cells were transfected with pcDNA5-MTG1-3xFLAG. 3. 225 cm 2 of HepG2 cells were transfected with pcDNA5-MALSU1-3xFLAG.

These cell lines were analyzed by co-IP: lines 2 and 3 were "experiment", line 1 was negative control. Transfection procedures were done as described in section 3.5.4.

RNA fractions were analyzed by PAGE in denaturing conditions, followed by Northern blotting (figure 55). The data of Northern blot were quantified in Image Quant software (GE Healthcare). To estimate the degree of enrichment of all analyzed RNA species (5S, 12S, 16S rRNAs and mt-tRNA Val ) relative to control, we calculated the ratios of the signals in co-IPs to the corresponding signals in lysates for all each RNA. These data were normalized on the ratios, calculated in the control sample. Calculation data are presented in table 31 and figure 56. A.

Figure 56. Degrees of enrichment of 5S, 12S, 16S rRNAs and mt-tRNA Val relative to control, calculated for experiment 2.5.4. Numbers are provided in table 31.

The data of Northern blot shows, that 16S rRNA and mt-tRNA Val are obviously enriched in both co-IP samples (figure 56). 16S rRNA is enriched approximately 14 times in MALSU1 co-IP and 12 times in MTG1 co-IP, relative to control. Mt-tRNA Val is enriched approximately 4,3 times in MALSU1 co-IP and 3,2 times in MTG1 co-IP, relative to control. 12S rRNA is also enriched in both MTG1 and MALSU1 co-IP samples, comparing to control, although less significantly than the previous RNA species (approximately 2,4 and 2,5 times correspondingly) (figure 56). Our data are consistent with published studies, demonstrating association of both assembly factors with the large subunit of mitochondrial ribosome (discussed in the review). 5S rRNA has been slightly enriched in both samples, comparing to the control: by 41% in MALSU1 and 7% in MTG1.

Protein fractions were analyzed by Western blot (figure 57). Western blot results show that the bait proteins (MTG1-3xFLAG and MALSU1-3xFLAG) were precipitated with anti-FLAG antibodies (figure 57,A, lanes 4 and 9). Blot with the antibodies to MRPL38, demonstrate that this protein in precipitated by anti-FLAG antibodies in both experimental cell lines (figure 57,B, lanes 4 and 9). Analysis of co-IP samples by mass-spectrometry identified several mitochondrial ribosomal proteins in the co-IP samples, but never in control, although the number of peptides was small. For instance, MRPL10, MRPL15 and MRPL19 were found in both MTG1 and MALSU1 co-IPs. MRPL14, MRPS9 and MRPS27 were found only in MALSU1 sample; MRPL41only in MTG1 sample.

Taken together, the data of Northern blot and Western blot show that large subunits of mitochondrial ribosomes, or possibly, some assembly intermediates of these particles, containing 16S rRNA, mt-tRNA Val and mitochondrial ribosomal proteins, are precipitated by the anti-FLAG antibodies from both cell lines. Although 5S rRNA was slightly enriched in the precipitates of both MTG1 (by 7%) and MALSU1 (by 41%), comparing to the control, the degree of enrichment was not so high as it was for 16SrRNA and mt-tRNA Val . (table 31 and figure 56). We wanted to improve the specificity of co-IP method by introducing a step of mitochondria purification. It is established fact that only a minor part of 5S rRNA is imported into human mitochondria, while a major part resides in nucleus and cytoplasm. Using total cell lysates for co-IP brings great excess of extra-mitochondrial 5S rRNA complexes into the system, which can produce a background signal, masking the true difference in 5S rRNA content between the control and experimental co-IP.

A.

B.

2.5.5. Analysis of RNA and protein partners of MTG1 and MALSU1 in human mitochondria by co-immunoprecipitation.

Objective: identify mitochondrial RNA and protein components associated with tagged MTG1 and MALSU1 by co-IP, done with isolated mitochondria. Check if MTG1 and MALSU1 associated with mitochondrial ribosomal proteins, rRNAs and 5S rRNA.

To overcome the problem of non-specificity, described in section 2.5.4, we made analogous co-IP experiment with purified human mitochondria. For this, mitochondria were isolated from two experimental cell lines (MTG1-3xFLAG and MALSU1-3xFLAG) and one control cell line and subjected to co-IP procedure, as described in section 3.5.4. We then analyzed protein and RNA fractions the same way, as in previous experiment on total cells. Unfortunately, mass-spectrometry analysis of protein fractions, collected in this experiment, did not pertmit to identify mitochondrial ribosomal proteins, although the bait proteins (MTG1-3xFLAG and MALSU1-FLAG) were successfully detected in corresponding co-IP samples by Western blot (figure 58, lanes 4, 8). This could probably happen due to low amount of mitochondria, used for co-IP experiments.

RNA fractions were analyzed by PAGE in denaturing conditions, followed by Northern blotting (figure 59).The data of Northern blot were quantified in Image Quant software (GE Healthcare). To estimate the degree of enrichment of all analyzed RNA species (5S, 5.8S, 16S rRNAs and mt-tRNA Val ) relative to control, we calculated the ratios of the signals in co-IPs to the corresponding signals in lysates for each RNA. These data were normalized on the ratios, calculated in the control sample. Calculation data are presented in table 32 and figure 60. Identification of mitochondrial ribosomal proteins in co-IP samples of MTG1 and MALSU1 could become reliable validation of successful co-IP, as it was in experiment 2.5.4, done on total cells. This was not the case for experiment 2.5.5, done with isolated human mitochondria. However, even in experiment 2.5.4 mitochondrial ribosomal proteins were presented poorly, with low number of peptides identified. Therefore, the inability to detect any peptides, corresponding to mitochondrial ribosomal proteins in co-IP samples of experiment 2.5.5, could easily come from much lower total protein concentration in mitochondrial lysate, comparing to total cell lysate, used in experiment 2.5.4. Increasing of mitochondrial amounts, used for co-IP, could possibly solve this problem, bringing mitochondrial ribosomal proteins back into the scope of LC-MS/MS detection.

Northern blot analysis (figures 59, 60) showed differential association of MTG1 and MALSU1 with mt-tRNA Val and 5S rRNA. According to our data, MTG1 can be associated with 5S rRNA, whereas MALSU1with mt-tRNA Val . None of the factors precipitate negative control 5.8S rRNA in co-IP procedure, but both show modest and similar (2,2fold) enrichment of 16S rRNA, which fits the published data about association of these assembly factors with large subunit of mitochondrial ribosome. Differential interactions with 5S rRNA and mt-tRNA Val can result from different ribosome sub-assemblies, purified by co-IP. Possibly, 5S rRNA with MTG1 could be involved in the one mitoribosome biogenesis stage, and mt-tRNA Val with MALSU1in the other. Interaction of 5S rRNA with MTG1 in co-IP experiment proves our data about association of this RNA molecule with mitoribosome assembly factors, obtained by MS2 affinity chromatography approach (chapter 2.4). Objective: Check the interactions of 5S rRNA with mitochondrial ribosomal proteins MRPL38, MRPL40 and MRPL48 in vitro by electrophoretic mobility shift assay (EMSA).

Affinity chromatography experiments demonstrated that imported 5S rRNA could be associated with mitochondrial ribosomal proteins and ribosome biogenesis factors in human mitochondria, on contrary to mt-tRNA Val . However, according to the published cryo-electron microscopy data, the central protuberance of human mitochondrial ribosome is occupied by mt-tRNA Val [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF]. It has several contacts with proteins MRPL38, MRPL40 and MRPL48. In case of eukaryotic cytosolic ribosomes and prokaryotic ribosomes, 5S RNA occupies the central protuberance. Since mt-tRNA Val is a structural part of the central protuberance, it is expected to show the binding activity to MRPL38, MRPL40 and MRPL48, which form contacts with this RNA according to structural data. The role of 5S rRNA is not currently clear, but the existing data suggest that it might be involved in mitochondrial translation [START_REF] Smirnov | Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA import into human mitochondria[END_REF][START_REF] Smirnov | Biological significance of 5S rRNA import into human mitochondria: role of ribosomal protein MRP-L18[END_REF]. By analogy with prokaryotic and eukaryotic cytosolic ribosomes, one could reasonably suggest that it still preserves some role in the structure or assembly of the central protuberance of mitochondrial ribosomes. Even if 5S rRNA is not a part of completely assembled translating mitochondrial ribosomes, it can still assist the inclusion of mt-tRNA Val in the large subunit. Considering these reasonment, we studied in vitro interactions of 5S rRNA and mitochondrial mt-tRNA Val with MRPL38, MRPL40 and MRPL48.

Cloning of MRPL38, MRPL40 and MRPL48 open reading frames into pET32a vector.

Objective: create genetic constructs, encoding the mature forms of MRPL38, MRPL40 and MRPL48 with C-terminal enterokinase-cleavable 6-His affinity tag in pET32a vector, suitable for expression and purification of corresponding recombinant proteins.

We tried to purify MRPL38, MRPL40 and MRPL48 in IMPACT (Intein Mediated Purification with an Affinity Chitin-binding Tag) system (NEB). This system is designed to purify tagless recombinant proteins via intein-mediated cleavage. We never observed intein-mediated cleavage of the fusion proteins. That is why we switched our focus to the pET32a vector, which allows expression and purification of proteins with C-terminal thioredoxin and 6-His tag fusions. MRPL38, MRPL40 and MRPL48 DNA fragments were amplified via RT-qPCR, as described in section 3.6.1. This procedure successfully amplified the corresponding DNA fragments (Figure 61). The design of the primers allowed amplification of DNA fragments bearing Nco I and Xho I restriction sites, suitable for subsequent cloning into pET32a vector. Finally, all plasmids were verified by sequencing, which confirmed the presence of correct insertions.

Expression and purification of MRPL40.

Objective: optimize the conditions of expression and purification of MRPL40. Plasmid MRPL40-pET32a was transformed in BL21 expression strain. This strain was used for protein expression. MRPL40 fusion with thioredoxin and 6-His tag was purified in denaturing conditions, refolded through step-wise procedure and cleaved with enterokinase, as described in section 3.6.5.1. Protein samples were analyzed by SDS-PAGE and Coomassie staining (figure 64). Protein concentration, measured by Bradford assay (Roti ® -Nanoquant reagent, Carl Roth), was 200 ng/μl. Mass spectrometry identified that protein sample indeed contained MRPL40 protein with minor contaminations, which can be tolerated.

Purification MRPL38 and MRPL48 upon denaturing conditions.

Objective: optimize the conditions for expression and purification of mature MRPL38 and MRPL48. 

A B

Proteins MRPL38 and MRPL48, fused with thioredoxin and 6-His tag at the Cterminus, were produced in BL21 E. coli strain, transformed with corresponding plasmids. Both proteins were not soluble in native conditions, that is why we purified them in denaturing conditions, according to the protocol, described in section 3.6.5.2. We tried to renature and cleave MRPL38 and MRPL48, bound on the beads the same way as we did with MRPL40. The protocol, designed for purification of MRPL40, did not permit to purify MRPL38 and MRPL48 proteins, because the proteins aggregated on the beads (data not shown). We then tried to elute the proteins in denaturing conditions, dialyze it to exchange buffer, and cleave the proteins in solution by enterokinase. To remove His-tagged enterokinase and all His-tag containing moieties after cleavage, protein samples were incubated with a fresh portion of Ni NTA beads. Protein samples were analyzed by SDS-PAGE and Coomassie staining (figure 65).

As it can be seen from figure 65, MRPL38-Trx and MRPL48-Trx are soluble upon denaturing conditions (lane 2) and efficiently purified by Ni-NTA chromatography (lane 5). Both proteins withstand one-step dialysis without any visible precipitation observed in dialysis sacs, and remained soluble in buffer F (lane 7). Enterokinase cleavage in solution did not work efficiently and produced several products of unexpected size, probably due to non-optimal cleavage conditions (lane 8). The second step of Ni-NTA chromatography results in protein aggregation on the beads (lane 9) with almost no protein coming out in the supernatant (lane 10). Worth noting that the aggregation seems to happen upon the interaction with Ni-NTA beads, because protein samples were centrifuged for 10 minutes at 16000 g prior to second step Ni-NTA chromatography, and no precipitation could be observed.

MRPL38 and MRPL48 refolding in presence of various RNAs.

Objective: check if MRPL38 and MRPL48 purified in denaturing conditions, can efficiently refold in presence of E. coli rRNAs or small RNA molecules (5S rRNA, mt-tRNA Val and U6 snRNA).

As stressed above, we were unable to purify MRPL38 and MRPL48 by enterokinase cleavage. We therefore cloned MRPL38 and MRPL48 in pET21d vector for expression of proteins with C-terminal 6-His tag suitable for subsequent Ni-NTA chromatography. This allowed us to skip enterokinase cleavage step, which was problematic in experiment 2.6.3. However, the use of pET21d vector does not give the option of removing 6-His tag, as in case of pET32a system. MRPL38 and MRPL48 were expressed in BL21 cells, transformed with corresponding plasmids. Protein samples, collected during purification, were analyzed by SDS-PAGE and Coomassie staining (figure 66).

Figure 66 shows that MRPL38 and MRPL48 were soluble only in denaturing conditions. Proteins, dissolved in denaturing buffer C, were purified in denaturing conditions by Ni-NTA chromatography, eluted and dialysed against buffer F, as described in section 3.6.5.3. All protein precipitated during dialysis, with almost no protein coming out in soluble form (figure 67 To solve the aggregation issue, we hypothesized that RNA can be required for proper refolding of these ribosomal proteins. To test this hypothesis, we purified MRPL38 and MRPL48 proteins in denaturing conditions, as described in section 3.6.5.3, and dialyzed the proteins with or without E. coli ribosomal RNA. Quantities of proteins were estimated by Bradford assay and equal mass of E. coli rRNA (RNA, 16S-and 23Sribosomal from E. coli MRE600 (Sigma-Aldrich)) was added in dialysis sacs. Protein samples were analyzed by SDS-PAGE and Coomassie staining (figure 68). As a result, we observe significant increase of solubility in the samples, dialyzed in presence of E. coli rRNA: compare lanes 4 and 5 for MRPL38 and lanes 6 and 7 for MRPL48 (figure 68). We tested if these proteins could be refolded in presence of small RNAs, like 5S rRNA, mt-tRNA Val or U6 snRNA. For this, we purified MRPL38 and MRPL48 in denaturing conditions and dialyzed in presence of one of these RNAs, or without any RNA (control). Equal quantity of each RNA was added to the corresponding protein samples SDS-PAGE and Coomassie staining of protein samples are presented on figure 69.

Our data show that MRPL48 could be renatured in presence of short RNAs (lanes 9, 10, 11 on figure 69), but completely aggregated without RNA (figure 69, lane 8). MRPL48 shows no preference to any of the RNAs, which we used, resulting in almost the same intensity of protein bands in lanes 9, 10, 11 of figure 69. MRPL38 could not be refolded by dialysis in presence of short RNAs (figure 69, lanes 5, 6, 7).

In vitro synthesis and radioactive labelling of RNAs.

5S, mt-tRNA Val and U6 snRNA were synthesized in vitro, dephosphorylated and 5'-end [ 32 P]-labelled as described in section 3.6.8. Quality of resulting RNAs was checked by radio-autography (figure 70). Labelled RNAs were run on denaturing PAAG and stained with ethidium bromide. Full-size RNAs were excised from the gel under UV shadowing (corresponding to the red frames on figure 70) and purified as described in section 3.6.9.

Testing of in vitro interactions of MRPL38, MRPL40 and MRPL48 by electrophoretic mobility shift assays (EMSA).

The assays were made as described in materials and methods. At least in the conditions that we tested, we did not detected any RNA-protein complex with 5S rRNA, mt-tRNA Val or U6 snRNA (Figure 71). These experiments, unfortunately and for technical reasons, lacked a positive control, which could be MRPL18, known to be able to bind 5S rRNA in vitro [START_REF] Smirnov | Biological significance of 5S rRNA import into human mitochondria: role of ribosomal protein MRP-L18[END_REF]. Buffer conditions were also far from classical. Reaction buffer contained 1M urea, because the proteins were not soluble in the buffers without any urea. In addition, MRPL38 and MRPL48 were soluble only in presence of other RNAs, as it was described above. We used the preparations of MRPL38 and MRPL48 refolded in presence of E. coli ribosomal RNAs for our tests. The experiments, including positive control (MRPL18) and testing other buffer conditions are therefore required to conclude about the interactions of MRPL38, MRPL40 and MRPL48 with 5S RNA and mt-tRNA Val . 

Microscopy approaches of analysis of 5S rRNA interactions with mitochondrial ribosomes.

Objective: to check if the signals of fluorescently labelled 5S rRNA co-localizes with mitochondrial ribosomal proteins (MRPL18, MRPL21) and assembly factors by fluorescent and super-resolution microscopy.

In parallel with biochemical studies, we used fluorescent and super-resolution microscopy approaches to check 5S rRNA interaction with mitochondrial ribosomal proteins.

The recent development of super-resolution imaging techniques has revolutionized the study of cellular ultrastructure with light microscopy. Photoactivated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) are among the unique innovations that have allowed modest fluorescence microscopes to reach far beyond the traditional diffraction limit. Both techniques exploit fluorescent probes that photoswitch or photoconvert [START_REF] Mckinney | A bright and photostable photoconvertible fluorescent protein[END_REF]. Direct fusing of the target molecules of interest with fluorescent protein is then an optimal solution. This part of our work was done in frame of collaboration with the Laboratory of Biophotonics and Pharmacology (University of Strasbourg, Faculty of pharmacy), team of Biophotonics of Molecular and Cellular Interactions leaded by Yves Mély. This lab provided us the plasmid encoding fluorescent protein mEOS2. This protein was developed from the previous version (mEosFP) with several improvements: it folds efficiently at 37°C and it is less prone to oligomerization than mEosFP. At the same time, it preserves superior localization precision, photostability, and brightness, approaching that of organic fluorophores with the added advantage of excellent targeting arising from genetic encoding [START_REF] Mckinney | A bright and photostable photoconvertible fluorescent protein[END_REF].

Interaction of MRPL18 with 5S rRNA was previously demonstrated in vitro [START_REF] Smirnov | Biological significance of 5S rRNA import into human mitochondria: role of ribosomal protein MRP-L18[END_REF]. Our experimental plan was to visualize interaction of MRPL18 with 5S rRNA in human cells in vivo my means of super-resolution microscopy. MRPL21 was supposed to be a reference mitochondrial ribosomal protein, which should allow distinguishing between the ribosome-bound complex of 5S rRNA with MRPL18 from 5S-MRPL18 complexes in mitochondrial matrix and cytoplasm.

Molecular cloning.

To achieve these aims, we made constructions encoding MRPL18 fused with mEOS2 fluorescent protein and another construction encoding MRPL21-mEOS2 as described in section 3.7.1. Both constructs had mEOS2 fused at the C-terminus to preserve N-terminal mitochondrial targeting peptide for efficient import into mitochondria.

Fluorescent labelling of 5S rRNA.

5S RNA was labelled with Alexa Fluor ® 647, a bright and photostable far-red dye with excitation ideally suited to the 633 nm laser line. Labelling was done as described in 3.7.4. 5S rRNA cDNA sequence was amplified by PCR; reaction products were analyzed on agarose gel (figure 72), purified and used for transcription in vitro. 5S rRNA was labelled with Alexa Fluor 647 in a two-step reaction, as described in section 3.7.4. Labelling products were analyzed by polyacrylamide gel electrophoresis (figure 73). Ethidium bromide stained gel (2, A) shows all RNA molecules in the sample. Scan of the gel at the wavelength of 650 nm identifies the band of Alexa Fluor 647 labelled RNA in the sample (lane 2, figure 73B), but not in control (lane 1, figure 73B). These data demonstrated that the labelling was successful. Calculations based on spectroscopy data show that approximately 1,2 molecules of Alexa Fluor 647 was included per one molecule of 5S rRNA transcript 

Observations of fluorescent MRPL18-mEOS2 proteins in human cells by conventional fluorescent microscopy.

Objective: check if ectopically expressed MRPL18-mEOS2 localized in human mitochondria.

HepG2 cells were transfected with the plasmid, encoding MRPL18-mEOS2, as described in section 3. Microscopy data show that we can detect fluorescent MRPL18-mEOS2 in HepG2 cells (figure 74, panel 1). We used ImageJ software to calculate the localization of the protein relative to mitochondria, stained with Mitotracker Deep Red (figure 74, panel 2). For this we built the masks of each signal: red mask designates mitochondria and green mask designates MRPL18-mEOS2 (figure 74, panel 3). Yellow objects represent the superposition of two masks and show the protein signal, localized within mitochondria. Numbers of yellow and green objects were calculated and the ratio of yellow to (yellow+green) was the colocalization coefficient. In our experiments this coefficient was 0,6 -0,7, depending on the cell, meaning that 60 -70% of MRPL18-mEOS2 is localized within mitochondria.

Observations of fluorescent MRPL18-mEOS2 proteins in human cells by super-resolution microscopy (STORM).

Objective: to vizualise the signals of MRPL18-mEOS2 in fixed human cells by STORM.

Chapter 3.MATERIALS AND METHODS.

Lipid extraction of mitochondrial membranes.

Lipid extraction of mitochondrial membranes.

All manipulations were done according to the following protocol:

1. Grow 75 cm 2 of HepG2 cells per one experiment 2. Harvest the cells, wash with 1x PBS 3. Resuspend the cells in 1 ml of isolation buffer. 4. Disrupt the cells with 2 ml syringe with 23G needle by 20 strokes. 5. Centrifuge 5 minutes at 1500 g. 6. Collect the supernatant and centrifuge again for 5 minutes at 1500 g. 7. Collect the supernatant and centrifuge it for 10 minutes at 16000 g. 8. Discard supernatant, resuspend the pellet in 300 μl of isolation buffer. 9. Add 20 μl of 1 mg/ml digitonin solution. Mix and incubate 7 minutes at room temperature. 10. Add 700 μl of isolation buffer and centrifuge for 10 minutes at 16000 g. 11. Resuspend the pellet of mitochondria in 50 μl of extraction buffer and store on ice. 12. Heat glyceryl-tridodecanoate in the tube at 50 o C until it melts. 13. Put 10 μl of molten glyceryl-tridodecanoate on top of the mitochondrial suspension and incubate for 15 minutes at 50 o C. 14. Chill the sample in the fridge at +4 o C. The lipid becomes solid. 15. Pick the lipid drop and wash with extraction buffer. Keep the mitochondrial suspension on ice. 16. Collect washes and put 50 μl aliquot in Trizol for RNA isolation. 17. Resuspend the lipid drop in Trizol and proceed to RNA isolation according to the manufacturer's protocol. 18. Centrifuge the mitochondrial suspension at 16000 g for 10 minutes and collect supernatant. 19. Isolate RNA from the supernatant with Trizol according to manufacturer's instructions.

Reverse transcription and Quantitative PCR analysis of RNA (RT-qPCR).

RT-qPCR was made with iScript one-step RT-qPCR kit with SYBR® Green (BioRad) according to the manufacturer's protocol.

Reaction mix:

Component

Volume, μl Final concentration Taq universal SYBR Green reaction mix (2x) 5S and 12S RNA quantities were calculated by absolute quantification method. For this we used pUC19 plasmids containing cDNA insert sequences of human full-size 5S or 12S cDNAs as calibration standarts.

16S RNA quantity in the samples was calculated by relative quantification method, relative to 12S RNA. For this, we used purified mitochondrial DNA as a calibrator to build calibration line. It allowed us to find priming efficiencies for 12S and 16S priming pairs. Using the threshold equations we found the ratio between 12S and 16S RNAs in all samples: Xcurrent number of 12S molecules in the sample, Ycurrent number of 16S RNA molecules; X0initial number of 12S molecules in the sample, Y0initial number of 16S RNA molecules; C T xthreshold cycle for 12S RNA in the sample, C T ythreshold cycle for 16S RNA in the sample; Expriming efficiency of 12S primer pair, Ey -priming efficiency of 16S primer pair.

Then X = X0 (1 + Ex)^C T x, Y = Y0 (1 + Ey)^C T y. ! = " ! " × (1 + # $ ) % & ' (1 + # * ) % & ,
At the threshold line the numbers of molecules are equal, meaning that X=Y. Our equation transforms the following way:

1 = " ! " × (1 + # $ ) % & ' (1 + # * ) % & , " ! " =× (1 + # * ) % & , (1 + # $ ) % & '
This equation allows calculating the ratio between the initial numbers of molecules in the samples knowing the threshold cycles and amplification efficiencies.

Analysis of 5S rRNA association with mitochondrial ribosomes by density gradient sedimentation in various buffer conditions.

We used the following oligonucleotides as probes for Northern blot: 

Sedimentation analysis of macromolecular complexes in sucrose gradient.

It was done according to the protocol, provided for glycerol gradient sedimentation assay, described in section 3.5.5, with the following differences in buffer solution compositions and gradient preparation program:

Buffer solutions for sucrose gradients:

Buffer A (upper gradient buffer): 10 mM Tris-HCl, pH 7,5, 100 mM KCl, 10 mM MgCl2, 10% sucrose (w/v), 1 mM DTT, 1 mM PMSF (to be prepared afresh by addition of PMSF and DTT; the rest should be pre-treated with bentonite, centrifuged, filtered and stored at +4°C).

Buffer B (lower gradient buffer): 10 mM Tris-HCl, pH 7,5, 100 mM KCl, 10 mM MgCl2, 40% sucrose (w/v), 1 mM DTT, 1 mM PMSF (to be prepared afresh by addition of PMSF and DTT; the rest should be pre-treated with bentonite, centrifuged, filtered and stored at +4°C).

Buffer C (lysis buffer): 10 mM Tris-HCl, pH 7,5, 100 mM KCl, 10 mM MgCl2, 0,5% ndodecyl-β-D-maltoside, 1 mM DTT, 1 mM PMSF (to be prepared afresh by addition of PMSF and DTT; the rest should be pre-treated with bentonite, centrifuged, filtered and stored at +4°C).

Run parameters of gradient station were the following:

Rotor

Caps Solute Top% Bottom% Units Step# Time Angle Speed SW28. [START_REF] Riis | Eukaryotic protein elongation factors[END_REF] We tested several buffer conditions in this experiment, all of them are described in section 2.2. It is essential to preserve the concentrations of all components, except ndodecyl-β-D-maltoside and sucrose at the same level to make lysis and gradient sedimentation in unique buffer conditions.

Cross-linking of RNP complexes in human cells.

Cross-linking buffer: 1x PBS + 0,2% formaldehyde.

Protocol:

1. Collect 225-450 cm 2 of HEK293 cells with 1x PBS + 0,5 mM EDTA; wash with 1x PBS. 2. Resuspend the cells in 10 ml of cross-linking buffer (1x PBS + 0,2% formaldehyde). 3. Incubate for 10 minutes shaking at room temperature. 4. Stop the reaction by addition of glycine up to 0,25 M final concentration. 5. Pellet the cells at 800 g for 10 minutes. 6. Resuspend cell pellet in appropriate lysis buffer.

Comparison of tRNA and rRNA quantities in human cells.

PCR amplification of tRNA and rRNA encoding DNA fragments.

Nucleotide sequences corresponding to human mt-tRNA Phe , mt-tRNA Val , mt-tRNA Leu (CUN), mt-tRNA Ser (AGY), mt-tRNA Ser (UCN), 12S rRNA and 16S rRNA were found in GenBank (NCBI): PCR products were separated on 3% agarose gel, purified with GeneJET Gel Extraction kit (Thermo Scientific) and used as templates for in vitro RNA preparation by T7 transcription.

Preparation of RNA standards.

Transcription in vitro was done with RiboMax Express RNA synthesis kit (Promega), as described in Materials and Methods, section 5. Transcription products were treated with RQ1 DNAse and separated on denaturing polyacrylamide gel. The bands, corresponding to the correct products, were excised from the gel, eluted and precipitated with ethanol. RNA pellets were washed with 80% ethanol and resuspended in 50 μl of RNase free water.

The concentrations of RNAs were estimated on Nanodrop spectrophotometer. We prepared the stock solution of the RNA standards, containing 0,1 μM of each RNA (mt-tRNA Phe , mt-tRNA Val , mt-tRNA Leu (CUN), mt-tRNA Ser (AGY), mt-tRNA Ser (UCN), the fragments of 12S rRNA and 16S rRNA) and two dilutions of this stock: 1:5 and 1:25. We loaded 5 μl of undiluted 0,1 μM stock and the same volumes of both dilutions on denaturing PAAG. So, we had three calibration points in quantitative Northern blot experiment: 20 pmoles, 100 pmoles and 500 pmoles of each RNA standard.

The quantities of all analyzed RNA species in experiment 2.3.1 were calculated by proportional comparison of the signals in the samples with corresponding signals in all three calibration points. Mean values and standart deviations were calculated for each RNA signal from these three points.

Human total RNA preparations:

Sample 1. Total RNA, extracted from HEK293 T-Rex cells with TRIzol (Invitrogen). 876 ng of sample 1 was loaded on the gel. Sample 2 was enriched with small RNAs the following way:

1. Total RNA was extracted from human fibroblasts with standard phenol-chloroform procedure. 2. Large RNAs were precipitated by addition of isopropanol up to 40% final concentration. 3. Large RNAs were pelleted by centrifugation. The supernatant was taken. 4. Small RNAs were precipitated from the supernatant with 70% isopropanol and analyzed.

940 ng of sample 2 were loaded on the gel.

Two RNA experimental samples and three standard samples, described above, were loaded on 6% PAAG + 7M urea. The RNA from this gel was transferred on Hybond-N+ nitrocellulose filter and analyzed by Northern blot.

Identification of the proteins, interacting with 5S rRNA in human mitochondria.

Affinity labelling of RNA with MS2 tag.

Solutions & reagents:

Buffer A (RNA elution buffer): 0.3 M sodium acetate, pH5, 0.1% SDS Sodium acetate buffer: 3 M sodium acetate adjusted with acetic acid to pH5 Protocol:

Design your constructs and primers according to the following guidelines.

For the first round of 5'-MS2 aptamer tagging four primers are required:

Primer

Generic sequence 5' to 3'

Purpose Features

Primer 

Includes the 3'-end of the sequence of interest

The final PCR product, which will be used as template for in vitro transcription, should be organized the following way: 

5'-MS2 aptamer (3'-end)-full-size sequence of interest-3', or:

5'CACCATCAGGGTCTGGTCACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN-3'

First-round PCR amplification of DNA fragments encoding 5S rRNA, mtVal tRNA and U6 snRNA, suitable for generation of 5'-MS2 fused RNAs (products B), was done with the following primers: The final PCR product, which will be used as template for in vitro transcription, should be organized the following way: 5'-short overhang-T7 promoter -Sequence of interest-MS2 aptamer-3', or:

5'-MS2-5S-3' (5S product B):

Name

5'GttttttttaatacgactcactataggNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNTCGTACACCATCAGGGTACGTTTTTCA GACACCATCAGGGTCTGGTCAC-3'.
Primers 5 and 6 generate the fragment C, corresponding to T7-promoter with 5'overhang, fused to the full-size sequence of interest with 5'-end of MS2 aptamer:

5'overhang-T7 promoter -full-size sequence of interest-5'-end of MS2 aptamer-3', or

5'gttttttttaatacgactcactataggNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNGTCACCGGTACACCATCAGGGTAC-3'

First-round PCR amplification of DNA fragments encoding 5S rRNA, mtVal tRNA and U6 snRNA, suitable for generation of 3'-MS2 fused RNAs (products C), was done with the following primers: 1×TBE,and run at 10V/cm at no more than 30 mA. Remember that MS2 aptamer is only 49 nt-longrun the gel accordingly! 8. Stain the gel with ethidium bromide and make a photo. The bands of RNA of expected size should be well visible and look overloaded. Central parts of such bands may be negatively stained. Additional shorter bands are usually present but they should not be major. 9. Excise the band of the expected size (typically the highest) using a clean razor and place it in a clean 1.5 ml tube. Try to reduce the amount of the gel excised to the minimum and cut it in several smaller pieces to accelerate elution. 10. Add 500 µl of Buffer A and 50 µl of phenol and elute RNA overnight in the cold room on shaker at >1,000 rpm. 11. With a thin tip carefully collect the liquid in a clean 2 ml tube. Make sure that you did not carry over any gel pieces! 12. Precipitate RNA by adding 50 µl of sodium acetate buffer and 1.5 ml of 100% ethanol at -80°C for at least 30 min. Pellet RNA by centrifugation at 16,000g at 4°C for 20 min in the table-top centrifuge. Wash with 500 µl of 80% and then 100% ethanol by centrifugation at the same parameters for 10 min. Dry and dissolve the pellets in RNase-free water, as described in step 4. 13. Measure RNA concentration. If the UV spectrum shows an abnormal peak at ~270 nm, this likely means that the sample still contains some phenol. This can be ameliorated by repeating the precipitation procedure. 14. Prepare a 1 nmol/µl dilution of the RNA. Store it at -20°C. Check the integrity of the obtained RNA on a small denaturing polyacrylamide gel by running 2 nmol of RNA in the same way as in step 7. 15. Proceed with transfer and Northern blotting by following the protocol SAM010. Use the oligo 10 (5'-GTGTCTGAAAAACGTACCCTGAT) as probe. This probe recognises the MS2 aptamer. Unique bands of the expected size and uniform intensity prove that everything went well. If major additional bands are present, one may need to repeat the whole procedure starting with step 7. If the intensities of the signals (of course if they are not saturated) are too different, this may mean an error of concentration measurement. In this case, it may be helpful to repeat the procedure starting with step 12.

5'-5S-MS2-3' (5S

Purification of MS2-MBP

Buffers:

Buffer A: 20 mM Tris-HCl pH 7.5, 200 mM NaCl Buffer B: 20 mM Tris-HCl pH 7.5, 150 mM KCl, 1 mM MgCl2, 0.025% β-dodecyl maltoside, 1 mM DTT, 1 mM PMSF. To be prepared afresh (by adding PMSF; the rest can be stored for a week at 4°C).

Buffer C: 20 mM Tris-HCl, pH7.5, 150 mM KCl, 1 mM MgCl2, 0.025% β-dodecyl maltoside, 1 mM DTT, 12 mM maltose, 1 mM PMSF. To be prepared afresh (by adding maltose and PMSF; the rest can be stored for a week at 4°C).

Protocol:

1. Inoculate 10 ml overnight culture of the expression strain in LB supplemented with 100 µg/ml ampicillin; grow at 37°C standardly.

2.

Shake vigorously with a hand for 20 seconds to dissociate RNA-protein complexes.

3.

Incubate at room temperature for 5 minutes.

4.

Centrifuge 30 minutes at 15200 g at 15°C.

5.

Collect the aqueous phase in 2 ml tubes. Leave a drop of aqueous phase upon organic phase. It improves the protein extraction efficiency. 6.

Add 10-20 μg of glycogen to the aqueous phase. Precipitate with 3 volumes of 100% ethanol and 0,1 volumes of 3M sodium acetate pH 5. Store at -20°C. 7.

Add 3 volumes of ice-cold acetone to organic phase and mix. Store at -20°C.

RNA isolation.

1.

Centrifuge the tubes 15 minutes at 4°C at 16000 g. White pellet forms.

2.

Wash the pellet with 500 μL of 80% ethanol. Centrifuge for 5 minutes at 16000 g.

3.

Remove residual ethanol carefully with a pipette. Air-dry the pellet and dissolve in the appropriate volume of RNAse free water (usually from 20 to 100 μL).

Protein isolation.

1.

Centrifuge the tubes 30 minutes at 4°C at 16000 g. The pellet forms.

2.

Carefully remove the supernatant with a double tip pipette.

3.

Wash twice with 500 μL of cold acetone.

4.

Air-dry the protein pellets for several hours (at least, 2; preferentially overnight) 5.

Dissolve the dry pellets in appropriate volume of 1xSB (20-100 μL).

Silver staining of SDS protein gels

Solutions and reagents:

Buffer A: 50% methanol, 12% acetic acid, 500 µl/L formaldehyde (37%) (to be prepared afresh)

Buffer B: 2 g/L AgNO3, 750 µl/l formaldehyde (37%) (to be prepared afresh)

Buffer C: 60 g/L Na2CO3, 500 µl/L formaldehyde (37%), 4 mg/L Na2S2O3•5H2O (or 160 µl of Na2S2O3•5H2O stock solution per 1 L) (to be prepared afresh) 50% ethanol 30% ethanol 25 mg/ml Na2S2O3•5H2O (stock solution) (to be prepared afresh) 0,2 mg/ml Na2S2O3•5H2O (or 1.6 ml of Na2S2O3•5H2O stock solution per 200 ml of water) (to be prepared afresh)

1% glycine (to be prepared afresh)

Protocol

1.

All procedures are at room temperature. Put the SDS gel to be stained in a clean box of appropriate size. Do not fold the gel as it may compromise the uniformity of staining. The box should be clean and without streaks. It is particularly essential to remove all traces of previously applied silver.

2.

Fix the gel by slow stirring with 200 ml of Buffer A on a shaker for at least 1 h (or overnight).

3.

Wash the gel with 200 ml of 50% ethanol 2×20 min.

4.

Wash the gel with 200 ml of 30% ethanol for 20 min.

5.

Switch the shaker to a higher speed. Rapidly add 200 ml of 0,2 mg/ml Na2S2O3•5H2O and shake for 1 min. It is important to shake the gel vigorously to moist the whole surface of it, otherwise the staining may be non-uniform. This step can also be carried out in hands to ensure the complete covering of the gel with the solution all the time. But be careful not to tear the gel apart. 6.

Discard the solution, rinse the gel rapidly with MilliQ water 3×20 s.

7.

Add 200 ml of Buffer B and shake at the same higher speed for 20 min. 8.

Rinse the gel rapidly with MilliQ water 2×20 s. 9.

Develop with 250 ml of Buffer C by gentle stirring on shaker, making sure that the solution covers the whole gel. Try not to pour the solution directly on the gel. This step can also be started in hands because the first moments of the contact between the gel and the solution are important for the uniformity of staining. The staining usually develops rapidly and one should vigilantly observe the gel to stop the process at the desired moment. 10.

Discard the solution, add 200 ml of 1% glycine and shake gently for 2 min, making sure that the gel is completely covered. 11.

Discard the solution and keep the gel in 200 ml of 1% glycine in a lid-covered box at 4°C for up to several days. The gel typically becomes somewhat bigger in size and may be slightly more fragile. The stained bands usually vary in color from bright red to black. Particularly overloaded bands might be stained negatively.

Revealing the signals:

1.

Prepare the solution containing 1,8 ml of mQ, 200 μL Tris-HCl pH 8,0-8,5; 10 μL of 250 mM luminol (in DMSO) and 5 μL of 90 mM coumaric acid (in DMSO). Mix properly.

2.

Add 0,6 μL of 30% hydrogen peroxide and mix. Incubate for 2 minutes.

3.

Pour the solution on the membrane and incubate for 1-2 minutes. Distribute the solution uniformly across the membrane. Remove the excess of liquid and scan the membrane at the Typhoon-Trio (GE Healthcare), G-box (NE Biolabs) or ChemiDoc Touch (Bio-Rad) imaging systems.

List of the antibodies.

Primary Total RNA of HEK293 cells served as the template for all reactions. The protocol of reaction mix setup and temperature cycling was as described in Materials and Methods, part 3. Amplified DNA fragments were inserted into pcDNA5/FRT/TO plasmid (Invivogen) at Kpn I/Xho I sites for MTG1 and Afl II/Xho I sites for MALSU1. All molecular cloning manipulations were carried out as described in Materials and Methods, part 3.

The resulting plasmids contained MTG1 or MALSU1 ORFs with triple FLAG tag at the C-terminus. lysates and both flow-throughs with about the same intensity, but not in co-IPs. In all cases, washes should be clean.

Western blotting.

The assay was done as described in section 3.4.7.

Glycerol gradient analysis of macromolecular complexes.

Buffer solutions:

Buffer A: 50 mM Tris-HCl, pH 7,5, 100 mM KCl, 10 mM MgCl2, 0,025% n-dodecyl-β-Dmaltoside, 10% glycerol (w/v), 1 mM DTT, 1 mM PMSF (to be prepared afresh by addition of PMSF and DTT; the rest should be pre-treated with bentonite, centrifuged, filtered and stored at +4°C).

Buffer B: 50 mM Tris-HCl, pH 7,5, 100 mM KCl, 10 mM MgCl2, 0,025% n-dodecyl-β-Dmaltoside, 40% glycerol (w/v), 1 mM DTT, 1 mM PMSF (to be prepared afresh by addition of PMSF and DTT; the rest should be pre-treated with bentonite, centrifuged, filtered and stored at +4°C).

Buffer C: 50 mM Tris-HCl, pH 7,5, 100 mM KCl, 10 mM MgCl2, 0,5% n-dodecyl-β-Dmaltoside, 1 mM DTT, 1 mM PMSF (to be prepared afresh by addition of PMSF and DTT; the rest should be pre-treated with bentonite, centrifuged, filtered and stored at +4°C).

Other reagents:

TRIzol (Ambion), chloroform, glycogen solution (20 mg/ml), isopropanol, 80% ethanol, 100% ethanol, 5x Laemmli buffer, phenol-chloroform-isoamyl alcohol (PCI) mix 25:24:1, pH 4,5 (Roth), 0,1% SDS, 0,1 M NaOH, bentonite, denaturing RNA loading dye.

Instruments:

SW32.1Ti ultracentrifugation tubes (Ref. 337986, 16x96 mm, 16,5 ml). SW28.1/SW32.1 marker block (AH-629/17, Surespin 630/17, TST-28.17).

Metal needle for loading gradient solutions. All procedures should be carried out in the radioactive room with full personal protection! No radioactive substances can be carried out of the room without sufficient protection! 2.

Prepare a 20 µl labelling reaction by mixing 13 µl water, 1 µl of 10 µM solution of the DNA oligo to label, 2 µl of 10×PNK buffer, 3 µl of fresh [32P]-γ-ATP, and 1 µl of PNK. If the RNA to probe for is very abundant one may take 1 µl of [ 32 P]γ-ATP and 15 µl water instead (the rest of the mix will be the same). If the probe is very long (>30 nt) or highly structured, mix 13 µl water and 1 µl of 10 µM solution of the DNA oligo and denature it at 95°C for 1 min, then immediately put on ice for 1 min and quickly continue to assemble the labelling mix, as described above. This in general increases the labelling efficiency.

3.

Incubate at 37°C for 40 min to 1 h. Shield the heating block with a plexiglas screen.

4.

Briefly vortex a Micro Bio-spin Chromatography Column, shake the drops down, break the bottom plug and insert the column in the corresponding collecting tube. Open the upper lid, close it again to push air bubbles through and open again. Let the liquid in the column drop by gravity flow for 3-4 min on the bench. 5.

Centrifuge the column at ~1000g in a table-top centrifuge at room temperature for 2 min. Strictly observe these parameters or you risk to lose the probe thereafter! 6.

Discard the collecting tube. Carefully, without touching the resin, apply the labelling solution to the column and insert it in a clean 1.5 ml tube. Centrifuge at ~1000g in a table-top centrifuge at room temperature for 4 min. One should normally obtain ~20 µl probe. If [ 32 P]-γ-ATP had an added colorant, that should stay on the column. In the case when the eluate is still coloured, repeat the procedure with another column. Measure the probe solution with a portable counter: it should normally be over the scale and beep. 7.

Place the membrane to probe in a hybridisation glass tube, add 15-20 ml of buffer A and incubate in a slowly rotating hybridisation oven for 30-60 min at 65°C. Make sure that the membrane is uniformly expanded in the tube, does not collapse on itself (if this happens one can simply invert the tube) and that all areas subject to hybridisation are in maximally identical conditions and are uniformly covered with liquid. 8.

Replace buffer A with buffer B, add 3-5 µl of the purified labelled probe from step 6 and incubate for at least 2 h (can be done overnight) at 42°C in the hybridisation oven. If the RNA to probe for is of low abundance, the amount of the probe can be increased. If the probe is long or highly structured, it should be denatured and put on ice, as described in step 2, prior to addition to buffer B. If the probe is very long (>40 nt), it is recommended to increase the incubation temperature to 50-60°C to avoid nonspecific hybridisation. The optimal hybridisation temperature can be adjusted for each oligo individually, 42°C performing well for most probes. 9.

To wash the blot, discard the hybridisation mix to a dedicated radioactive waste container, add ~20 ml of buffer C and rotate the tube in the hybridisation oven for 15 min at the same temperature.

10.

Discard buffer C in a dedicated radioactive waste container. Remove the membrane from the glass tube. At this stage, one can briefly rinse the membrane with buffer C to further reduce the background. 11.

Dry the membrane on a piece of paper on the bench. It is sufficient to make all liquid evaporate. Do not overdry the membrane! Seal it in a plastic film immediately after disappearance of last traces of moist. 12.

Expose overnight (or longer, up to a week in extreme cases, if the signal is expected to be weak) with a Phosphorimager plate in an appropriate cassette. Shorter expositions are only needed if the signal is very strong (measurable with a portable counter) and becomes quickly saturated. 13.

Scan the Phosphorimager plate on Typhoon or a similar device. 14.

Erase the residual signal with a light eraser. 15.

To remove most of the previous probe, it is usually sufficient to rotate the membrane in a glass tube in the hybridisation oven in 20-30 ml of buffer D for 30 min at 63-65°C. Then wash with ~20 ml of buffer C for 30 min at 42°C and proceed with the next hybridisation from step 8. If the probe is very long and/or the signal is strong, it may be necessary to remove it at higher temperature (>80°C) in a solution with little-to-no salt (e.g. 0.01×SSC or water) and 0,1% SDS. This should not be done in the hybridisation oven, though, as the glass tubes may not tolerate the heat! Nucleotide probes: Total RNA was isolated from HEK293 cultured cells with TRIzol (Invitrogen). This RNA was used as a template for RT-PCR to amplify DNA fragments encoding MRPL38, MRPL40 and MRPL48. We used the following primers: RT-PCR products were separated on 1% agarose gel and purified from gel using QIAquick gel extraction kit (QIAGEN).

Restriction endonuclease digestion of the plasmid and PCR product.

Reaction mixture contained the following components:

Components

Volumes, concentrations DNA Variable 10x Fast Digest buffer 1/10 of reaction mix volume Nco I 0,5-1 μl Xho I 0,5-1 μl milliQ water Adjust up to final volume Reaction volume was 10-20μl. After mixing all components, the reaction is carried out for 30-60 minutes at 37°C. If the whole endonuclease digestion reaction is used for subsequent ligation and transformation, then 20 ng of plasmid DNA should be used. It is possible to use up to 1 μg of plasmid DNA for digestion, which should be sufficient for many ligations. More than 1 μg of DNA is not recommended, due to incomplete digestion. If the same restriction enzymes are used for both vector and insert digestion, they can be digested and then ligated simultaneously.

When the reaction is finished, restriction enzymes are inactivated by heating as specified by the manufacturers. For Nco I and Xho I 5 minutes at 65°C is sufficient. If heat inactivation is not available, PCI extraction with subsequent ethanol precipitation should be used. Optionally, restriction products can be separated in agarose gel and desired products can be purified with QIAquick gel extraction kit (QIAGEN) for subsequent applications.

Ligation and transformation of bacteria.

Ligation mixture contained the following components:

Component

Quantities, concentrations DNA vector 20 ng DNA insert 5:1 molar ratio to vector Fast Digest 10x buffer 1x ATP 0,5 mM final concentration DNA T4 ligase (Thermo Scientific) 0,3 μl milliQ water Adjust up to final volume Usually, reaction volume is 10-20 μl. Ligation reaction is carried out at 22-25°C for 10 minutes. All ligation mix is used for one transformation of E. coli.

Chemi-competent E. coli XL1 Blue strain was used for transformation. Transformation is done following the next protocol:

1. Slowly thaw bacterial cells on ice. 50-100 μl aliquots were used in this work. 2. Add ligation mix to bacterial cells, not exceeding 1/10 of suspension volume. Mix briefly. 3. Incubate suspension on ice for 10 minutes. Prepare 42°C water bath. 4. Heat bacterial suspension in the 42°C water bath for 25-30 seconds and put back on ice to chill. 5. Add 800-1000 μl of prewarmed LB medium to transformed bacteria and mix. 6. Incubate the tubes with transformed bacteria at 37°C for 30 minutes. 7. Plate bacteria on LB-ampicillin plate.

Screening of colonies.

Screening of colonies is done in two steps: PCR screening and restriction screening. To make PCR screening, pick 8-16 colonies from the plate and suspend each one in 15 μl of 1x PBS. These bacterial suspensions are used as templates for PCR. Mix PCR reactions according to the following protocol:

Components

Volumes, concentrations DNA template 3 μl of bacterial suspension Forward primer, 10 μM 1 μl Reverse primer, 10 μM 1 μl dNTP mix, 2 mM 1/10 of reaction volume 10x PCR buffer 1/10 of reaction volume rTaq DNA polymerase (GE Healthcare)

1-5 U per reaction milliQ water

Adjust volume up to 20-50 μl For pET32a universal T7 promoter and T7 terminator primers are used for screening. Their advantage is that they provide internal negative control is PCR reactions. Empty self-ligated vector, that can be propagated in bacteria, providing antibiotic resistance, gives short PCR product of 300 base pairs, that can be easily distinguished from the insert-containing vectors, giving longer products. If universal primers are not available, gene-specific primers, which were used for initial PCR amplification, can be used for PCR screening. PCR products are analysed by agarose gel electrophoresis, followed by ethidium bromide staining.

Name

Sequence 5'-3' T7 promoter primer TAATACGACTCACTATAGGG T7 reverse primer GCTAGTTATTGCTCAGCGG PCR screening program:

Step Several colonies, which pass the PCR screening, giving the product of correct size, are chosen for cultivation. These colonies are grown in 2 ml of LB supplemented with appropriate antibiotic (ampicillin in case of pET32A). Plasmid DNAs are isolated from these bacterial strains with Miniprep kit (QIAGEN) and subjected to restriction screening. For this, plasmid DNA is treated with two restriction enzymes, which were originally used for vector and insert digestion. Digestion products are analyzed by agarose gel electrophoresis, followed by ethidium bromide staining. If the digestion gives the product, corresponding to the insert size, the plasmid is finally checked by sequencing.

The design of the primers, that we used, caused frameshift, so we made a PCR mutagenesis by Quick Change kit (QIAGEN) to correct the plasmids with the following primers:

Name

Sequence Correct plasmids were isolated and sequenced. Sanger sequencing was done in "GATC Biotech" 3.6.5. Purification of proteins. Laemmli loading buffer (sample buffer) (store @-20°C).

Buffer solutions:

Protocol for MRPL 40 purification in denaturing conditions from 10 ml of cell culture.

BL21 bacterial strain, transformed with pET32a-MRPL40 plasmid, was used for protein expression and purification. MRPL40 was purified as a fusion with thioredoxin (Trx) tag and 6-His tag with subsequent removal of the tags by enterokinase.

1.

Inoculate the overnight culture of the expression strain of interest in LB supplemented with 100 µg/ml ampicillin at 37°C.

2.

Dilute the overnight culture 1:100 into fresh LB supplemented with 100 µg/ml ampicillin, grow at 37°C up to OD600=0,5-0,6.

3.

Prepare an uninduced control. For this, take 500 μl of the culture before addition of IPTG. Pellet the cells at 10000 g for 30 seconds resuspend the cells in 40 μl of 1x sample buffer. Load 5-10 μl on the gel.

4.

Add IPTG up to 0,5 mM and shift the culture to 25°C. Incubate the culture shaking for 4 hours.

5.

Take the total protein sample. For this take 100 μl of cell culture, centrifuge at 10000g for 30 seconds and resuspend it to 50 µl of 1x sample buffer. Store at -20°C. Load 10μl on the gel.

6.

Harvest the cells by centrifugation at 5000 g in a large microbiological centrifuge for 10 minutes at 4°C.

7.

Wash the pellet twice with 10 ml of ice-cold Buffer A. At this stage, cell pellet can be frozen at -80°C and stored. 8.

Resuspend the pellet in 0,5 ml of ice-cold Buffer B. 9.

Sonicate the cell suspension with a microtip probe sonicator (Vibra Cell 72408, Bioblock Scientific). For 10 ml of initial culture, use the amplitude of 37%, 2-3 bursts for 15 s, 1 min cooling down on ice between bursts. For bigger volumes of culture stronger sonication can be required. 10.

Clear the lysate by centrifugation at 16000g in a tabletop centrifuge for 10 minutes at 4°C. 11.

Discard the supernatant, it does not contain soluble MRPL40-Trx. 12.

Resuspend the pellet in 500 μl of buffer C. Sonicate the suspension 2-3 times for 15 seconds to dissolve agregates. Centrifuge the suspension for 10 minutes at 16000 g, this time keeping only supernatant. Now this supernatant is denaturing lysate, containing MRPL40-Trx fusion protein.

13.

Collect the sample of denaturing lysate. For this mix 5 μl of denaturing lysate with 5 μl of 2x sample buffer and store at -20°C. 14.

Wash 100 µl of Ni-NTA agarose beads twice with 1 ml of Buffer C at room temperature. 15.

Mix the denaturing lysate with Ni-NTA agarose beads in safe-lock tubes and rock at room temperature for 1 hour. It is possible (but not recommended) to leave it overnight. 16.

Centrifuge the bead suspension at 300 g for 1 min to gather the beads at the bottom of the tube. 17.

Collect the supernatant. This is flowthrough. Save it at 4°C to repeat the procedure in case if binding was not efficient.

18.

Collect the flowthrough sample. For this mix 5 μl of the flowthrough, collected at step 17, with 5 μl of 2x sample buffer and store at -20°C. 19.

Wash the beads twice with 1 ml of Buffer C at room temperature for 5 min on a rocking wheel. 20.

Collect wash samples. For this mix 10 μl of each wash with 10 μl of 2x sample buffer and store at -20°C. 21.

We used step-wise procedure to renature protein bound on the beads. For this prepare the following buffers by mixing buffers C and D in the proportions indicated in the table below: For example, to prepare 1 ml of each step buffer, one should mix the following volumes of buffers C and D together: Each wash is performed by addition of 1 ml of the wash buffer to beads in the tube, resuspension of the beads and 5 minutes incubation on the rotary shaker. After this the tubes are centrifuged at 300 g for 3 minutes, the supernatants are discarded and all procedures repeated for the next wash.

22.

Finally, wash the beads twice with 1 ml of Buffer D at 4°C for 5 min on a rotary shaker. Collect wash samples. For this mix 10 μl of each wash with 10 μl of 2x sample buffer and store at -20°C.

23.

Resuspend the beads in 250 μl of Buffer D and add ~1U 6×His-tagged enterokinase per 25 µg of fusion protein (25 U were successfully used for a 10 ml culture). Mix the suspension and incubate at 15°C overnight.

24.

Centrifuge the bead suspension 300 g for 1 min to gather the beads at the bottom of the tube. Collect the supernatant and keep it on ice 25.

Add glycerol up to 50% and store at -20°C; or sample in 10 μl aliquots and freeze at -20°C or -80°C. Take the elution sample for analysis. For this, mix 10 μl of elution with 10 μl of 2x sample buffer and store at -20°C.

26.

Resuspend the beads in 5 bed volumes of Buffer D. Take the bead sample, dilute it to with Laemmli buffer, and store at -20°C. 27.

Measure the protein by Bradford assay. 28.

To control the successfulness of purification, analyse the collected samples by SDS-PAGE, followed by Coomassie staining.

29.

Analyse the protein sample by mass spectrometry.

MRPL 38 and MRPL 48 purification from pET32a vector in denaturing conditions with enterokinase cleavage.

We used a construct encoding MRPL38-Trx in pET32a vector. BL21 strain was transformed with this plasmid and used for protein expression and purification.

1.

Inoculate the overnight culture of the expression strain of interest in LB supplemented with 100 µg/ml ampicillin at 37°C.

2.

Dilute the overnight culture 1:100 into fresh LB supplemented with 100 µg/ml ampicillin, grow at 37°C up to OD600=0,5-0,6.

3.

Prepare an uninduced control. For this, take 500 μl of the culture before addition of IPTG. Pellet the cells at 10000 g for 30 seconds resuspend the cells in 40 μl of 1x sample buffer. Load 5-10 μl on the gel.

4.

Add IPTG up to 0,5 mM and shift the culture to 25°C. Incubate the culture shaking for 4 hours.

5.

Take the total protein sample. For this take 100 μl of cell culture, centrifuge at 10000g for 30 seconds and resuspend it to 50 µl of 1x sample buffer. Store at -20°C. Load 10μl on the gel.

19.

Wash the beads twice with 1 ml of Buffer C at room temperature for 5 min on a rocking wheel. 20.

Collect wash samples. For this mix 10 μl of each wash with 10 μl of 2x sample buffer and store at -20°C. 21.

Elute proteins with 500 μl of buffer E. Collect elution samples. For this mix 5 μl of each wash with 5 μl of 2x sample buffer and store at -20°C.

22.

Place the protein solution in dialysis sac and dialyse overnight against 300 volumes of buffer F.

23.

Centrifuge dialysed protein solution, keep the supernatant. Take protein sample: mix 5 μl of protein solution with 5 μl of 2x sample buffer and store at -20°C.

24.

Analyse the fractions by SDS-PAGE, followed by Coomassie staining. PCR products were separated on 3% agarose gel and purified with GeneJET Gel Extraction Kit (Thermo Fisher Scientific). These purified PCR products were used as templates for in vitro RNA synthesis.

In vitro production of RNA.

It was done with RiboMAX Large Scale RNA production system (Promega) according to manufacturer's instructions. The following components were mixed on ice: Reaction mix was incubated at 37°C overnight (at least 4 hours), and then treated with RQ1 RNAse-free DNAse I. For this, 1 μl of DNAse I was added in the reaction mix and incubated for 15 minutes at 37°C. Transcription products were purified on Micro-Biospin SP-6 columns.

Components

RNA dephosphorylation.

Mix the following components on ice: 3 μg RNA, 2 μl 10x Fast Digest buffer, 1 μl of alkaline phosphatase (Fast AP, Thermo Scientific). Add milliQ water up to 20 μl.

Incubate one hour at 37°C. Inactivate phosphatase by heating 75°C for 5 minutes.

3.6.9. 32 P 5'-end RNA labelling.

Heat the dephosphorylated RNA for 1 minute at 95°C and keep on ice. Mix the following components on ice: 10 pmoles of RNA, 2 μl 10x PNK buffer, 3 μl γ- 32 P ATP (Perkin Elmer, 3000 Ci/mmol, 10mCi/ml), 0,5 μl polynucleotide kinase (Promega). Add milliQ water up to 20 μl. Incubate the reaction mixture for 45 minutes at 37°C.

Run the labelled RNA on 8% polyacrylamide denaturing gel in 1x TBE. Stain the gel with ethidium bromide. Excise the major band (under UV shadowing), corresponding to the full-size RNA and isolate it from the gel. For this place the excised band in 2 ml Eppendorf tube, add 500 μl of elution buffer (0,3 M sodium acetate, 0,1 % SDS solution in milliQ water) and 50 μl of phenol. Incubate on shaker at +4°C overnight (or at least 2 hours). Place the solution in a new 2 ml tube, avoid taking the gel band. Precipitate the RNA by isopropanol, wash with 80% ethanol and dissolve in small volume of milliQ (10-20 μl).

Electrophoretic mobility shift assay (EMSA).

Purified protein and 32 P-labelled RNA were mixed together in buffer A in 20 μl reactions. RNA quantity in each reaction was 0,2 pmole. Three protein concentrations were tested: 1 μM, 0,1 μM and 0,01 μM. Reactions were prepared on ice and then incubated for 30 minutes at 37°C. Reaction products were analysed by electrophoresis in 8% PAAG in 0,5x TBE buffer. Gel was run with chilling. The gel was dried and RNA visualized by radio-autography. Nucleotide sequences, encoding MRPL18 and MRPL21, were inserted in frame with mEOS2 sequence in the background of the vector, derived from pEGFP-N1 (Figure 1). These constructs were made using the following steps: We used the plasmid, containing mEOS2 complete ORF as a template to amplify mEOS2. Templates for MRPL18 and MRPL21 PCR amplification were ordered as cDNA clones in Origene: SC115152 (MRPL18) and SC107293 (MRPL21). All manipulations were carried out as described in sections 3.6.1 -3.6.4.

Microscopy approaches to analyze 5S rRNA interactions with mitochondrial ribosomes.

Cell culture.

HepG2 cells were grown in EMEM medium with 1 g/L of glucose, which is prepared according to the following recipe (for 1 L):

Components

Masses, volumes Fetal bovine serum (Invitrogen) 100 ml Sodium bicarbonate 1,5 g Sodium pyruvate 0,11 g MEM powder (Sigma) 13,5 g 100x Penicillin-Streptomycin (Gibco) 10 ml 100x Amphotericin B (Gibco) 10 ml

All components are mixed in 1 L glass with magnetic stirrer. When all components are dissolved, the medium is filtered through 1L filtration unit with 0,45 μm.

Transfection of HepG2 cells with plasmid DNA in 8-well microscopy plates.

1. Seed cells in 8-well microscopy plate. Each well has the surface of 0,5 cm 2 and requires 300 μL of medium to be completely covered. Seed 0,15 cm 2 of HepG2 cells per well. Leave the cells to grow overnight in MEM.

2. Next day prepare the mix of plasmid and Lipofectamine 2000 (Thermo Scientic) in OPTIMEM. For this, mix 150 ng of plasmid DNA with 50 μL of OPTIMEM. Then mix 0,5 μL of Lipofectamine 2000 with 50 μL of OPTIMEM. Incubate for 5 minutes and mix both solutions together. 3. This mixture is incubated for 20-30 minutes at room temperature to form the Lipofectamine-DNA complexes. 4. During the incubation, wash the cells. For this aspirate the medium and immediately put 300 μL of PBS in the well. Do not keep the cells dry. 5. Exchange PBS on OPTIMEM in the same manner as in step 4. Put 200 μL of OPTIMEM in each well. 6. Add 100 μL of DNA-Lipofectamine mix to the cells and incubate for 5-6 hours. 7. Aspirate the OPTIMEM from the wells and put 300 μL of MEM therein. 8. Wait about 24 hours to produce the protein in the cells.

Fluorescent labelling of RNA

To label 5S rRNA with fluorescent marker, we used the strategy presented on figure 77 (A). We amplified DNA fragments encoding 5S RNA with T7 promoter. These DNA fragments were used as templates for in vitro transcription reactions to obtain 5S rRNA. Aminoallyl-UTP was added in transcription reaction mix, and was supposed to be incorporated in synthesized 5S rRNA molecules during transcription. Aminoallyl-UTP is a modified nucleotide triphosphate (figure 77,B) that can be enzymatically incorporated into RNA with T7 RNA polymerase. The resulting amine-containing RNA can be subsequently labeled with any amine-reactive fluorescent dye. We used Alexa Fluor ® 647 in this experiment. Alexa Fluor® 647 is a bright and photostable far-red dye with excitation ideally suited to the 633 nm laser line. As a template, we used the plasmid pUC19, containing human wild type 5S rRNA sequence with T7 promoter sequence at 5'-end, suitable for in vitro transcription (available in the host lab). Reference sequence was found in GenBank (NCBI): 5S rRNA is unique in the living nature, since no parental or related molecules have been found in contemporary organisms [START_REF] Gongadze | 5S rRNA and ribosome[END_REF]. Present in all domains of life, it plays essential role in the structure and function of ribosomes. This small RNA molecule has been studied since 1960s in terms of structure, interactions and possible functions. Not surprisingly, nowadays, 5S rRNA is one of the best-studied RNA molecules in molecular biology.

For a long time, the functions of 5S rRNA had been thought to be dedicated exclusively to the ribosomes. The framework of 5S rRNA study was focused on deeper understanding of molecular interactions of this RNA with ribosomal compounds and figuring out the fine molecular movements and events in translating ribosomes, where 5S rRNA role could be revealed. It was surprising to find this rRNA in purified mammalian mitochondria, especially taking into account the absence of the corresponding gene in mitochondrial genome [START_REF] Yoshionari | Existence of nuclear-encoded 5S-rRNA in bovine mitochondria[END_REF]. This intriguing phenomenon attracted the attention of the scientists in our laboratory, where RNA import was previously studied in yeast. The research of 5S rRNA import in human mitochondria, carried out in our laboratory, has brought fruitful results. This study identified the import determinants of 5S rRNA and established the elegant molecular mechanism of 5S rRNA import into human mitochondria, exploiting two protein factors: MRPL18 and rhodanese [START_REF] Smirnov | Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA import into human mitochondria[END_REF][START_REF] Smirnov | Biological significance of 5S rRNA import into human mitochondria: role of ribosomal protein MRP-L18[END_REF]. Moreover, experimental data suggested that 5S rRNA could be not only involved in protein synthesis in human mitochondria, but also directly interact with mitochondrial ribosomes [START_REF] Smirnov | Biological significance of 5S rRNA import into human mitochondria: role of ribosomal protein MRP-L18[END_REF]. This project developed very dynamically, and seemed to come close to changing the existing paradigm about the absence of 5S rRNA in human mitochondrial ribosomes. This paradigm was based on the absence of 5S rRNA gene in human mitochondrial genome and the unique structural study available by that timecryo-EM structure of human mitochondrial ribosome [START_REF] Sharma | Structure of the mammalian mitochondrial ribosome reveals an expanded functional role for its component proteins[END_REF], which did not find 5S rRNA there-in. The resolution of the structure was low (13,5 Å), and experimental data about new ribosomal components, which were not identified previously, was emerging (Koc et al., 2013;[START_REF] Richter | A functional peptidyl-tRNA hydrolase, ICT1, has been recruited into the human mitochondrial ribosome[END_REF]. My PhD thesis work started in 2012 on this optimistic tune.

In the first phase of our work, we used two biochemical approaches to check if 5S rRNA was associated with mitochondrial ribosomes: lipid extraction of mitochondrial membranes and gradient sedimentation analysis.

Lipid extraction of mitochondrial membranes.

We thought that the discrepancy upon biochemical data, suggesting 5S rRNA involvement in mitochondrial translation, and structural data, showing the absence of 5S rRNA in mitochondrial ribosomes, comes from the isolation method, which does not preserve the integrity of mitoribosomes. Lipid extraction approach was originally elaborated in our laboratory with my active participation and exploited the hydrophobic interactions of mitochondrial membranes with glyceryl-tridodecanoate. The results of our experiments show that in general, the system works exactly as we have predicted: mitochondrial membranes are indeed extracted and accumulate on the lipid phase. Thus, we have detected mitochondrial membrane proteins, extracted on the lipid phase by mass-spectrometry. 12S and 16S rRNAs, the compounds of mitochondrial ribosomes, were also presumably accumulated in the lipid phase. Unfortunately, this system lacked selectivity, due to the only one selection principlehydrophobicity of the compounds. That's why we identified multiple contaminants, coming from nuclei and cytoplasm. 5S rRNA remained mostly in the aqueous phase and was not extracted in the same way as 12S and 16S rRNAs, so we could not show 5S rRNA association with mitochondrial ribosomes using this new approach. Nevertheless, the lipid extraction approach could provide the preparations of mitochondrial membranes, which appears to be promising for various applications in mitochondrial biology, but for this it requires highly-purified mitoplasts. Mitochondrial membrane preparations can be used for in vitro tests or studied with atomic-force microscopy, providing information about the shape of multi-molecular complexes.

Sedimentation analysis.

We have analyzed sedimentation profiles of 5S rRNA in the lysates of human cells in various buffer conditions and compared it with analogous profiles of 12S and 16S rRNAs. Indeed, in buffers containing Mg 2+ salts, normally used for mitochondrial ribosomes preparations, only minor part of 5S rRNA pool migrates in the fractions, containing 12S and 16S rRNA, with supports the data about the absence of 5S rRNA in human mitochondrial ribosomes. However, in presence of EDTA the migration pattern of 5S rRNA significantly changed, with considerable increase of the quantity of this RNA in the fractions containing mitochondrial ribosomes. We had the following explanation of this phenomenon. Mitochondrial ribosomes could be damaged in the lysate by means of RNase action, as observed in yeast system [START_REF] Kehrein | Organization of Mitochondrial Gene Expression in Two Distinct Ribosome-Containing Assemblies[END_REF], which can result in the loss of some components, including 5S rRNA. EDTA is known to inhibit the RNases, thus preserving 5S rRNA association with mitochondrial ribosomes. If this explanation was correct, formaldehyde cross-linking would preserve the association of 5S rRNA with mitochondrial ribosomes even in Mg 2+ containing buffers. We prepared the lysate of human cells, treated with formaldehyde and analyzed the sedimentation profile of 5S rRNA. We observed no change in migration patterns of 5S rRNA upon cross-linking, so we could not demonstrate the interaction of 5S rRNA with mitochondrial ribosomes by this approach either. Therefore, the increase of 5S rRNA quantities in the fractions containing mitochondrial ribosomes, observed in presence of EDTA, was likely due to disassembly of cytosolic ribosomes, because cytosolic ribosomal proteins were enriched together with 5S rRNA in the corresponding fractions.

Verifications of the new model.

At this stage of our work the papers, reporting high-resolution cryo-EM structures of porcine (Greber et al., 2014a) and human mitochondrial ribosomes [START_REF] Brown | Structure of the large ribosomal subunit from human mitochondria[END_REF], were published. Both papers did not identify 5S rRNA in ribosomal particles, instead showing that tRNA occupied the position in the central protuberance of the large subunit, where 5S rRNA was supposed to be. This works raised several questions. The discrepancy upon the identities of these tRNA components (mt-tRNA Val in human, mt-tRNA Phe in porcine), observed in structural studies, has never been explained. It seems to be very unlikely that mitochondrial ribosomes are organized so differently in evolutionary closely related organisms, like pig and human. Both mt-tRNA Val and mt-tRNA Phe are encoded in close vicinity of 12S and 16S rRNAs in mitochondrial genome.

Transcription of mitochondrial DNA from heavy strand promoter (HSP) generates polycistronic RNA, containing all four RNA species together, facilitating the incorporation of tRNA components into the large ribosomal subunit during ribosome biogenesis, which is supposed to start on nascent rRNA chains. The positions of mt-tRNA Val and mt-tRNA Phe in mammalian mitochondrial genomes mirrored the rRNA gene organization in bacteria, where 5S rRNA is positioned in analogous way. In this case it is not clear how free nonribosomal tRNA Val , decoding valyl codons on mRNAs, is produced. We decided to check the possibility of mt-tRNA Val presence in human mitochondrial ribosomes by simple biochemical tests. We calculated the quantities of several tRNA species together with 12S and 16S rRNAs in human cells by quantitative Northern blot. If mt-tRNA Val was a structural part of the large ribosomal subunit, it should be present in higher quantities than ribosomal RNAs and other tRNA species, because the amounts of this tRNA should be not only sufficient to fulfill all ribosomal particles, but also to perform the canonical tRNA function of decoding valyl codons. The results of quantitative Northern blot showed that mt-tRNA Phe together with mt-tRNA Val were indeed the abundant in human cells, present in higher quantities than mitochondrial rRNAs and other tRNA species, which we have tested. These high quantities of mt-tRNA Val and mt-tRNA Phe did not correlate with the codon frequencies of corresponding codons, suggesting the free space to be involved in other processes. Our next experiment was based on the assumption, that mt-tRNA Val should have distinct distribution pattern in sucrose gradient sedimentation assays, than other tRNA species in case if it was indeed a structural component of mitochondrial ribosomes. We checked this idea by sucrose gradient sedimentation assay, followed by Northern blot analysis of the RNA in the fractions. Mt-tRNA Lys , which was not supposed to be in the ribosomes, occupied only the top fractions of the gradient together with small molecules. On contrary, considerable part of mt-tRNA Val pool was detected in significantly higher molecular weight fractions, supposing that it was indeed involved in formation of large complexes, like ribosomes. As a result, the biochemical tests found no contradiction with the model of mt-tRNA Val involvement in the structure of large mitoribosomal subunit.

MS2 chromatography.

The function of imported 5S rRNA in human mitochondria has never been completely investigated. The previous studies only showed that it might be somehow implicated in mitochondrial translation. This conclusion was based on the experiment with siRNA knock-down of rhodanese, which is one of 5S rRNA import factors. Silencing of rhodanese gene resulted in not only a proportional decrease of 5S rRNA import, but also a general inhibition of mitochondrial translation [START_REF] Smirnov | Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA import into human mitochondria[END_REF]. However, this experiment was indirect, because it influenced also the level of rhodanese itself in treated cells, and the enzymatic role of rhodanese in mitochondria are not clear enough to rule out its alternative influence on the organellar translation. In addition, the decrease of mitochondrial translation is very general phenotype, which can be observed upon various treatments, and it cannot precisely show the role of 5S RNA in the organelles, still demonstrating the significance of this compound. The best way to investigate the role of imported 5S rRNA in human mitochondria is to cleave it specifically inside the organelles, since no other options can be used. Unfortunately, experimental system, allowing that has still to be elaborated. Since 5S rRNA was not found in mitochondrial ribosomes, we decided to investigate the functions of 5S rRNA in mitochondria in straightforward way by identifying the protein partners of this RNA in human mitochondria. Three mitochondrial proteins have been previously shown to interact with 5S rRNA: MRPL18 [START_REF] Smirnov | Biological significance of 5S rRNA import into human mitochondria: role of ribosomal protein MRP-L18[END_REF], rhodanese [START_REF] Smirnov | Mitochondrial enzyme rhodanese is essential for 5 S ribosomal RNA import into human mitochondria[END_REF] and PNPase [START_REF] Wang | PNPASE and RNA trafficking into mitochondria[END_REF], all three being its import factors. We labeled 5S rRNA with MS2 affinity tag and used affinity chromatography techniques with subsequent mass-spectrometry analysis to identify other possible partners. This experimental system detected multiple mitochondrial ribosomal proteins, specifically enriched in the samples with 5S rRNA. These proteins of both large and small subunits, localized in different parts of mitochondrial ribosome, without concentration in any particular functional site, which possibly reflected the pulldown of the whole ribosomal particle. In addition, we detected several mitochondrial ribosome assembly factors and RNA granule components exclusively in 5S rRNA samples (RNMTL1, GRSF1 and DHX30); however, we could not demonstrate the enrichment of RNMTL1 in 5S rRNA samples by Western blot. The described phenomenon was not observed in analogous experiments with other RNA species, for instance with mt-tRNA Val . Since 5S rRNA is not present in the mature translating ribosome, we hypothesized that 5S rRNA could possibly play its role in mitochondrial ribosome biogenesis. Like numerous non-ribosomal mitoribosome assembly factors, 5S rRNA could associate with intermediate stages of mitoribosome assembly in transient way. This hypothesis could explain the data of our MS2-chromatography experiments, as well as the existing data about involvement of 5S RNA in mitochondrial protein synthesis, without contradiction with the structural data of 5S absence in the mature mitoribosome particle.

Co-immunoprecipitation.

We decided to check this hypothesis by co-immunoprecipitation approach. For this, we created plasmid constructs, encoding tagged versions of assembly factors, which could be expressed in human cells. We transfected the cells with these plasmids and analyzed by co-IP with specific antibodies against the tag. Precipitated RNAs were analyzed by Northern blot and proteins were analyzed by mass-spectrometry and Western blot. We compared the data with the control cell line, which did not express the tagged protein. If we succeeded to find mitochondrial ribosome assembly factor, which specifically enriched 5S rRNA in the sample upon co-IP procedure, this would prove the data of MS2 affinity chromatography experiment, previously described, and demonstrate the role of 5S rRNA in mitochondria by alternative approach. We planned this experiment as a wide screening of RNA and protein interactomes of all known mitochondrial ribosome assembly factors. Currently we obtained reliable data for two assembly factors: MTG1 and MALSU1. Both factors were labelled with triple FLAG tag at the C-termini. By means of immunostaining and fluorescent microscopy, we showed that these factors are colocalized with human mitochondria. Gradient sedimentation assay showed that a minor part of MTG1 and MALSU1 co-migrated with mitochondrial large ribosomal subunits. However, the major part of the protein pool migrated in the top fractions of the gradient, and did not seem to be involved in formation of large complexes, like ribosomes or their assembly intermediates. This could happen due to several reasons. On one hand, this distribution is expected, since our experimental setup could introduce big excess of tagged assembly factors in human cells, exceeding the quantities, required to perform the functions in ribosome assembly, resulting in accumulation of the spare protein, not bound to the ribosomes. On the other hand, mitochondrial ribosome assembly system could show preference to intrinsic wild-type assembly factors due to the affinity tag, which could compromise proper molecular interactions of tagged factors.

As expected, both factors specifically precipitated 16S rRNA, mt-tRNA Val and mitochondrial ribosomal proteins from total cell lysate in co-IP procedure, meaning that co-IP procedure worked in a correct way, although the number of identified peptides for MRPs was not high. However, we observed only slight enrichment of 5S rRNA (comparing to enrichment values of 16S rRNA and mt-tRNA Val ) in co-IP samples of MTG1 (by 7%) and MALSU1 (by 41%), done on total cell lysate. This could be due to the excess of unbound protein, which we observed in glycerol gradient sedimentation assays, discussed above. This pool of proteins is not involved in ribosome biogenesis, but it is efficiently recovered by co-IP procedure, bringing no interacting partners in the system. Another obstacle to detect specific interactions could be the background signal, coming out from using total cell lysates for the co-IP experiments. It is well known that the major part of 5S rRNA pool is localized outside mitochondria, in nucleus and cytoplasm. Using total cell lysate brings an excess of non-mitochondrial 5S rRNA complexes in the system, so increasing the background signals and masking the difference between the control and experimental co-IPs. Purification of mitochondria prior to co-IP could solve this problem, significantly reducing the background signals. Unfortunately, co-IP experiment with purified human mitochondria did not permit to detect any mitochondrial ribosomal proteins or 16S rRNA in MTG1 and MALSU1 co-IP samples, which could happen due to low amount of mitochondria, used in the experiment. Comparing to the total cell lysate, mitochondrial preparations were less concentrated and contained significantly less proteins and RNAs, which could bring mitochondrial ribosomal proteins beyond detection limits of LC-MS/MS. Northern blot analysis of RNA samples indicated that both MTG1 and MALSU1 were associated with 16S rRNA in good agreement with the published data about their interaction with the large subunit of human mitochondrial ribosomes. Most important, 5S rRNA was enriched only in MTG1 co-IP, whereas mt-tRNA Val was enriched only in MALSU1 co-IP sample. Both RNA species were enriched in the corresponding samples to approximately the same degree as 16S rRNA. These data not only prove the phenomenon of 5S interaction with mitochondrial ribosome assembly factors, discovered by MS2 affinity chromatography approach, but allow suggesting that 5S rRNA could be implicated in the same stage of mitoribosome assembly, as MTG1.

EMSA.

In parallel with co-IP, we used another alternative approach to investigate the interactions of 5S rRNA with mitochondrial ribosomal proteins, observed in MS2 affinity chromatography experiments, was electrophoretic mobility shift assay (EMSA). The structure of human mitochondrial ribosome LSU demonstrated that mt-tRNA Val has contacts with MRPL38, MRPL40 and MRPL48, forming together with other proteins the mito-specific cluster in the central protuberance. On the other hand, we did not observe any enrichment of MRPs in mt-tRNA Val sample in MS2 affinity chromatography experiments, although other known specific protein partners were identified for this tRNA. It is not clear how mt-tRNA Val , a structural part of the LSU, could show no affinity to the adjacent ribosomal proteins. At the same time, 5S rRNA, which was not found in mitochondrial ribosomes, not only had a known protein partner, localized in the central protuberance of the LSU (MRPL18), but also was associated with multiple MRPs, according to the data of MS2 affinity chromatography experiment. Obviously, this situation seems to be controversial, and to make it clear we decided to investigate in vitro the interactions of 5S RNA and mt-tRNA Val with MRPL38, MRPL40 and MRPL48. As a negative control, we made EMSA of these proteins with U6 snRNA.

Concluding remarks.

The question about the possible role of imported 5S RNA in human mitochondria raised ever since its import into the organelles has been discovered, but no experimental systems has been available up to date to solve this problem. First steps in this direction were previously made in our lab, where genetic and biochemical data suggesting the participation of this small RNA in mitochondrial translation, and possible association with mitochondrial ribosomes, were obtained. These observations were consistent with the structural role, played by 5S rRNA in bacterial and eukaryotic cytoplasmic ribosomes, suggesting that this small RNA could have analogous function in mitochondrial ribosomes. However, independent structural studies did not support these speculations, since 5S rRNA was not found in mammalian mitochondrial ribosomes. Moreover, it was supposed to be evolutionary replaced by tRNAs, which were found to be involved in the formation of the central protuberance of the large subunit. The discrepancy upon biochemical, genetic and structural data made the role of 5S rRNA in human mitochondria unclear, which required new approaches to dealing with this problem.

The current PhD thesis work is dedicated to development of experimental strategies of investigation of the function of imported 5S RNA in human mitochondria.

At the beginning of our work, we formulated hypothesis that 5S rRNA was in fact a structural component of mitochondrial ribosomes, analogous to prokaryotic systems, but it could not be detected there-in by structural approaches. Emerging progress in the study of 5S rRNA import in human mitochondria together with discovery of new mitoribosome-associated compounds, paired with relatively low resolution of the single structural study, available by that time, allowed us to propose that scenario. We developed and applied alternative biochemical methods of lipid extraction and gradient density sedimentation to check if 5S rRNA could interact with mitochondrial ribosomes. Both approaches demonstrated that only a minor part of 5S rRNA pool could be associated with human mitoribosomes. The quantities of mitoribosome-associated 5S rRNA molecules were essentially less than those of 16S and 12S rRNA, refusing the possibility of stoichiometric 1:1 complexes with rRNAs, observed in bacterial ribosomes. By this time, new high-resolution structures of mitochondrial ribosomes were published. They identified mt-tRNA Val as a structural part of the large subunit of the mitoribosome and found no 5S rRNA there-in. This made us stop investing efforts to development of the hypothesis about structural role of 5S rRNA in human mitoribosomes. We focused on validation of the novel structural data by biochemical methods. For instance, incorporation of mt-tRNA Val in the large subunit suggests that the quantity of this tRNA should be higher than those of mt-rRNAs and other tRNAs, because it should be sufficient not only for incorporation into mitoribosomes, but also for decoding of valyl codons of mRNAs. We checked if it was the case using quantitative Northern blot assay. Indeed, mt-tRNA Val appeared to be one of the most highly represented mt-tRNA in the cell, exceeding the quantities of 16S and 12S rRNAs. In addition, involvement of mt-tRNA Val in the structure of the large subunit of mitoribosome suggested that the sedimentation profile of this tRNA should be different from those of non-ribosomal mt-tRNAs. We checked this by density gradient sedimentation assay, which demonstrated that mt-tRNA Val was involved in complexes with significantly higher molecular weight, than non-ribosomal mt-tRNAs. Therefore, our biochemical data were consistent with involvement of mt-tRNA Val in the structure of mitoribosome.

Searching for new hypotheses about possible role of imported 5S rRNA in human mitochondria, we applied MS2 affinity chromatography approach to figure out possible protein partners of this small RNA inside the organelles. Surprisingly, this approach led us back to mitochondrial ribosomes, demonstrating that 5S rRNA could be associated with mitochondrial ribosomal proteins and mitochondrial ribosome assembly factors. We performed this analysis three times, each time identifying different set of MRPs from both large and small subunit, which could not be attributed to any particular functional site in 5S rRNA sample. Among mitoribosome biogenesis factors we identified GRSF1, RNMTL1 and DHX30, although we could not demonstrate association of RNMTL1 with 5S rRNA in our experiments by Western blot. Most likely, this situation could reflect the pull-down of the entire ribosomal particle, without preference of any particular MRP. On contrary, no MRPs or assembly factors could be identified in mt-tRNA Val sample by affinity chromatography approach. These data allowed us to build a new hypothesis, according to which 5S rRNA could be implicated in mitochondrial ribosome assembly. This explanation not only removes the discrepancy between biochemical and genetic data on one side, showing the possible role of 5S rRNA in mitochondrial translation and association with mitochondrial ribosome, and structural data on the other side, which did not identify 5S rRNA in human mitoribosome. Like other non-ribosomal biogenesis factors, 5S rRNA could associate transiently with mitoribosomes at some stage of assembly, with subsequent dissociation without inclusion into the mature particle. We decided to validate this hypothesis by alternative approaches.

We demonstrated that 5S rRNA could pull-down mitochondrial ribosome biogenesis factors in affinity chromatography procedure, indicating its possible role in mitoribosome assembly. Good validation of this hypothesis could come from co-IP experiments, if we managed to find any assembly factor, which could specifically pulldown 5S rRNA from total or mitochondrial lysate (reverse experiment). This would not only prove our hypothesis about the possible role of 5S rRNA in mitochondrial ribosome biogenesis, but also provide information about the stage, where these molecular events could have taken place. The knowledge about mitochondrial ribosome assembly is scares, that is why we planned wide screening of all up-to-date known mitoribosome biogenesis factors by co-IP, analyzing their RNA and protein interactomes, with particular focus on 5S rRNA. Currently we obtained reliable data for MTG1 and MALSU1 proteins. Both proteins were labelled with affinity peptide tags and ectopically expressed in human cells. MALSU1 and MTG1 were shown to localize in mitochondria by means of fluorescent microscopy. Gradient sedimentation assay in combination with Western blot demonstrated that a minor part of MTG1 and MALSU1 could be associated with mitochondrial ribosomes. Co-IP analysis showed that MTG1 specifically precipitated 5S rRNA from mitochondrial lysate, whereas MALSU1 precipitated mt-tRNA Val . The degree of enrichment of these small RNAs in both co-IP samples was close to the one of 16S rRNA (more than 2-fold), whereas 5.8S rRNA, which served as a negative control, was not detected in our co-IP preparations. These data confirm our results of affinity chromatography, indicating that 5S rRNA indeed could be involved in mitochondrial ribosome assembly, possibly at the same stage as factor MTG1. Moreover, the data of co-IP suggest that 5S rRNA and mt-tRNA Val associate with human mitoribosomes on different stages of mitoribosome assembly, since MTG1 co-IP enriched only 5S rRNA,

Perspectives.

The discovery of the phenomenon of 5S rRNA association with mitochondrial ribosomal proteins and mitoribosome assembly factors are a most promising result of our study. Indeed, based on these data, we propose the hypothesis that 5S rRNA could be involved in mitochondrial ribosome assembly. Although we have partially confirmed these data in our co-IP experiments, the observed phenomenon and our interpretation, both require strict verification with alternative approaches. Here I propose several experimental strategies that could validate our data.

The first strategy is screening of all known mitochondrial ribosome assembly factors by co-IP approach with subsequent analysis of their RNA and protein interactomes. This approach could not only check the correctness of our hypothesis about the role of 5S rRNA in mitoribosome biogenesis, but also give valuable new information about this process in human mitochondria. We collected reliable data of co-IP experiments only for two assembly factors, MTG1 and MALSU1, in the experiments, done on total cell lysates. We plan to optimize the co-IP procedure for application to isolated mitochondria and make analogous experiments with other assembly factors, and MRPs, MRPL18 being particularly interesting as the confirmed interactor of 5S rRNA.

The second strategy is to test the interactions of 5S rRNA with mitochondrial ribosomal proteins in vitro. Proteins MRPL38, MRPL40 and MRPL48 are particularly interesting due to their localization in the central protuberance of mitochondrial ribosome and interactions with structural mt-tRNA Val . Due to technical issues, we did not have positive control in the EMSA experiment, as described in the previous sections. These experiments could give valuable information about molecular events in mitochondrial ribosomes, since nothing is known about the way how mt-tRNA Val becomes a structural component of human mitochondrial ribosome. Why do porcine mitoribosomes contain mt-tRNA Phe instead of mt-tRNA Val , does it suppose different pathways of biogenesis for human and porcine LSU? How is free mt-tRNA Val produced in this case? Analysis of RNAprotein interactions between MRPs, mt-tRNA Val and 5S rRNA might shed light on these mysteries.

The third strategy is super-resolution microscopy. Currently we were not able to visualize fluorescently labelled small RNAs in human cells by microscopy. So far, a part of our team is currently working to fix this problem. As soon as this is done, we plan to analyze localization of 5S rRNA relative to localization of mitochondrial ribosomes and mitochondrial ribosome assembly factors.

These three strategies would provide data, which would prove or disapprove our hypothesis about 5S rRNA involvement in mitochondrial ribosome biogenesis.

There is one more direction of research, which can be carried out to elucidate the function of imported 5S RNA in human mitochondria. The idea is to block the import of 5S RNA in mitochondria with genetic manipulations and analyze the resulting phenotype. This can be done in several ways. One strategy is to knock-down the expression of one of 5S rRNA import factors (MRPL18, rhodanese or PNPase) by means of RNA interference. Another strategy is inhibition of 5S rRNA gene expression in the cells by knocking-down TFIIIA, one of RNA polymerase III transcription factors. However, this approach is risky to apply, since TFIIIA affects not only 5S rRNA, but also other Pol III transcripts, which can cause multiple consequences on cellular methabolism. 5S rRNA can also be targeted by siRNAs directly. This treatment does not affect the long-living large complexes of 5S rRNA, like cytosolic ribosomes, but reduces its quantity in small complexes, which could possibly reduce the amount of imported 5S rRNA in human mitochondria. Both strategies with siRNA knockdown of 5S rRNA and TFIIIA have been successfully applied in several published studies [START_REF] Donati | 5S ribosomal RNA is an essential component of a nascent ribosomal precursor complex that regulates the Hdm2-p53 checkpoint[END_REF][START_REF] Sloan | The 5S RNP couples p53 homeostasis to ribosome biogenesis and nucleolar stress[END_REF], but in our lab we did not observe any reduction of 5S rRNA in the cells treated with siRNA directed against it The problem is that all these treatments affect not only imported 5S rRNA levels, but also other targets, including additional unknown factors in the system, making it almost impossible to attribute resulting phenotype exclusively to 5S rRNA. Most accurate approach to decrease the level of 5S rRNA in human mitochondria without affecting other molecules is to cleave it specifically inside the organelles. Unfortunately, experimental system, allowing doing that, has not been elaborated. Promissing results, coming from development of CRIPR/Cas9 system and its application to mitochondria, developed in our lab, can help to achieve this aim. The second problem is that as it was observed in the analogous experiments with rhodanese, the phenotypical manifestations of these genetic manipulations could be very general, like decrease of translation efficiency, respiration and mitochondrial membrane potential, which demonstrated functional significance of the affected molecule, giving no information about plausible function or pathway. Although with a certain portion of luck, these experiments could also give information about 5S rRNA functions in human mitochondria. Background EF1A in eukaryotes (eEF1A) and archaea (aEF1A) is a highly expressed essential GTPase translation factor. Just like its bacterial ortholog, EF-Tu, EF1A delivers aminoacyl-tRNA (aa-tRNA) to the ribosome in complex with GTP during the elongation stage of translation. Accommodation of the aa-tRNA in the ribosomal A site induces GTP hydrolysis by EF1A, releasing the GDP-bound factor from the ribosome [START_REF] Riis | Eukaryotic protein elongation factors[END_REF]. GDP bound to eEF1A needs to be replaced with GTP for the next functional cycle to begin. Some translational GTPases such as the close relative of EF1A, SelB, dissociate GDP rapidly, which leads to spontaneous recharging [2]. However, dissociation of GDP from EF-Tu and EF1A is extremely slow [3,4] and therefore these GTPases require a dedicated guanine exchange factor (GEF) for recharging: EF-Ts in bacteria and EF1B in eukaryotes (eEF1B) and archaea (aEF1B) [5]. Unlike EF-Ts, eEF1B is a multi-subunit protein, with GEF activity residing in the alpha subunit (eEF1Bα) [3,6]. The crystal structure of the eEF1A:eEF1Bα carboxy terminus complex has shed light on the mechanisms of exchange at the molecular level, showing which parts of eEF1A and eEF1Bα interact and how this brings about GDP dissociation [7,8].

Besides its role in translation, eEF1A has a variety of additional, "moonlighting" functions. These include actin bundling, nuclear export of aa-tRNAs, proteolysis of misfolded proteins, modulating apoptosis, response to amino acid starvation and viral replication [9,10]. Being a universally essential protein in translation, and an accessory protein in a variety of other processes, the discovery of a lack of eEF1A in some eukaryotes was unexpected [11]. In these eEF1Alacking organisms, another related factor, EFL (for EF1Alike), is present. EFL carries the same domain structure as eEF1A and is presumably functionally equiva-lent. Most surprising is the broad but discontinuous distribution of EFL in eukaryotes and usually mutual exclusivity with eEF1A [11,12]. The pattern of presence and absence has been explained both by horizontal gene transfer (HGT) and comaintenance and long term co-maintenance followed by lineage sorting (some lineages losing eEF1A and some losing EFL) [12][13][14][15][16][17]. Given the absence of strong support for any specific instance of HGT of EFL, the possibility that the last common ancestor of eukaryotes carried both eEF1A and EFL can not be ruled out [12]. However, this would have required millions of years of functional redundancy in the co-maintenance of eEF1A and EFL without either being lost before the diver-gence of all eukaryotic groups that carry EFL. Regardless of the mode of descent of EFL, the ancestral state at the last common ancestor of eukaryotes and archaea is likely to be co-presence of eEF1A and eEF1Bα and absence of EFL, as aEF1A and aEF1B are found in all archaea, but EFL has never been identified in this domain of life. Due to a near complete absence of experimental investigations of EFL, the evolutionary mechanisms driving mutual exclusivity of eEF1A and EFL are poorly understood. We hypothesize that the key to this phenomenon lies in the differences in the functional cycle of the two proteins. It was briefly noted [15] that the GEF eEF1Bα has not been identified in the genomes of EFL-containing organisms Thalassiosira, Chlamydomonas and Ostreococcus, suggest-ing that EFL may self-recharge like some other translational GTPases, or that a non-homologous GEF may be involved. With the increasing number of genomes and large scale EST data available for many eukaryotes including those that carry EFL, we have conducted a largescale survey of EFL, eEF1A and eEF1Bα presence and absence across the eukaryotic tree of life. We show a striking association of EFL presence with loss of eEF1Bα and eEF1A. We hypothesise a ratchet-like evolutionary process of reduc-tion: if eEF1A or eEF1Bα diverges beyond functionality in the presence of EFL, the system is unable to return to the ancestral, eEF1A:eEFBα-driven state. Whether EFL loss is similarly irremediable depends on the rate of HGT of this factor. Motivated by our hypothesis, we set out to test whether EFL can substitute for a loss of eEF1Bα in an organism possessing eEF1A gene. Similarly to a previous study that found Diplomena EFL can not substitute for eEF1A in Trypanosoma [18], we find that Monosiga brevicolis EFL is unable to substitute for either double eEF1A and eEF1Bα or single eEF1Bα deletion in Saccharomyces cerevisiae, thus suggesting an existence of functional barriers to the spread of EFL across eukaryotes.

Results

Sequence searching of genomic and EST databases shows a striking pattern of presence and absence of EFL, eEF1A and eEF1Bα (Figure 1 and Additional file 1: Table S1). Both EFL and eEF1A are present in all major lineages of eukary-otes, and their presence is mostlybut not universallymutually exclusive, as previously reported [11]. Supporting the result of Szabova et al. [18] that experimentally showed eEF1A and EFL can be co-maintained without affecting growth, eEF1A and EFL can be co-maintained in a modest number of organisms (Thalassiosira pseudonana, Guil-lardia theta, Karenia brevis, Symbiodinium sp. and Ulva prolifera), although these organisms carry no detectable eEF1Bα. The gut fungus Basidiobolus ranarum has also been found to carry both eEF1A and EFL [19], however in the absence of a genome or EST project to search for eEF1Bα, it was not included in our survey. This co-maintenance may reflect incomplete lineage sorting, or may be because eEF1A is still required for one of its moonlighting functions in these organisms. Importantly, we find the loss of eEF1A is almost universally accom-panied by parallel loss of eEF1Bα, suggesting that EFL functioning does not require the assistance of this GEF (Figure 1 and Additional file 1: Table S1). In some rare cases where eEF1A or eEF1Bα are detectable along with EFL, degradation of eEF1A or eEF1Bα sequence is apparent, even in functionally important sites; eEF1A appears to be evolving with an apparent loss of selective constraint on the protein sequence in Allomyces macrogynus, Aspergillus niger, Pseudo-nitzschia multiseries, Fragilariopsis cylindrus, Bigelowiella natans, Chlamydomonas reinhardtii and Vol-vox carteri, while eEF1Bα is in the process of decay in Guillardia theta and Pythium ultimum. Thecamonas trahens on the other hand encodes a divergent EFL along with eEF1A and an apparent eEF1B-kinase protein fusion (Figure 1 and Additional file 1: Table S1). Thus, in our snapshot of eukaryotic history, we have captured multiple ongoing cases of gene degradation towards loss. Overall, the association of EFL presence with eEF1A and eEF1Bα loss is statistically significant whether the divergent sequences are considered as present or absent (p <0.00001 in both cases). Phylogenetic analysis of the EFL sequences detected in this study gives a tree that is overall similar to other published EFL phylogenies (for example [13,14,16,20]), al-though with fewer taxa as we only considered organisms with large scale EST and whole genome data available (Additional file 2: Figure S1A). Even with additional sequences from PCR amplification and sequencing of individual genes, phylogenetic analysis of EFL does not shed much light on the origin and deep evolutionary history of EFL; the deepest branches in the phylogenetic tree lack strong statistical support in ML and/or Bayesian analyses, and the EFL tree can not be rooted reliably due to long branch attraction of divergent sequences to the outgroup [20]. Therefore, the path to EFL replacement of eEF1A (HGT or co-maintenance with differential loss) is hard to determine, as also found with probabilistic models of EFL gain and loss [21]. However, we do see strong bootstrap and posterior probability support for some taxonomic assemblages within the EFL tree, for example Dinophyceae (89% MLBP (maximum likelihood bootstrap percentage) and 1.0 BIPP (Bayesian inference posterior probability)), Rhodophyta (99% MLBP, 1.0 BIPP), fungi, excluding Conidiobolus cornatus (99% MLBP, 1.0 BIPP), stramenopiles (Heterokontophyta + Oomycetes, 100% MLBP, 1.0 BIPP) and members of Choanoflagel-latea + Ichthyosporea (100% MLBP, 1.0 BIPP). Dinophyceae and Rhodophyta are all EFL encoding, suggesting that EFL was vertically inherited within these groups. Surprisingly, EST evidence suggests eEF1A has not been completely lost in Dinophyceae, with eEF1A ESTs being detected in Symbiodinium sp. and Karenina brevis (Figure 1 and Additional file 1: Table S1). In the case of Choanoflagel-latea, Ichthyosporea, stramenopiles and fungi, some species encode EFL while some encode eEF1A. It is unclear whether comaintenance and differential loss alone is responsible for this distribution, or whether HGT has been involved. Whatever the source of EFL in these taxa, lineage sorting appears incomplete, with eEF1A sequence relics being detected in some EFL-encoding stramenopiles and fungi. The backbone of the eEF1A tree is poorly resolved and multiple paralogs of eEF1A are appar-ent (Additional file 2: Figure S1B). Some of these are highly divergent, such as those from Tetrahymena thermophila and Paramecium tetraurelia, which are attracted to the degrading eEF1As in organisms encoding EFL (Additional file 2: Figure S1B). Comparison of patterns of evolution across sites using a consensus sequence alignment of eEF1A versus EFL (Figure 2) shows differentially conserved sites across all domains (G domain, domain II and domain III), with some such sites clustering together. To determine how the sequence changes affect the structural contacts of EFL, a homology model was made of Chlamydomonas incerta EFL using the X-ray crystal structure of S. cerevisiae eEF1A in complex with eEF1Bα as the template (PDB ID 1IJE) [8]. Many of the eEF1A residues that interact with eEF1Bα overlap with regions important for nucleotide or aa-tRNA binding (Figure 2). Therefore, it is unsurprising that these multifunctional regions are well conserved in EFL. However, regions of eEF1A that are apparently specialized for eEF1Bα binding are often very different in EFL. The GTPase (G) domain is overall well conserved, particularly in the nucleotide binding loops, with less conservation seen in the exposed loops in between. One of the most striking differences between eEF1A and EFL in this do-main is a six amino acid-long strongly differentially conserved patch, Figure 2 coordinates 74-79, (consensus sequences aCTTKA in EFL and DIALWK in eEF1A) that is located in a helix between the G2 and G3 nucleotide binding motifs. The DIALWK motif is part of a loop of eEF1A that directly interacts with eEF1Bα through hydro-gen bonds (Figure 3A and B) [7]. The conformation of this loop is also stabilized by another strongly differentially conserved site: alignment position 35 (D35 in eEF1A and P35 in EFL, Figure 2). This suggests that the striking se-quence differences in these residues are directly related to EFL's apparent lack of requirement for eEF1Bα. Another differentially conserved residue of this domain that in eEF1A may interact with eEF1Bα is in position 106 in Figure 2 (T106 in eEF1A and A106 in EFL, Figure 3A). Three of the five sequence insertions in EFL relative to eEF1A (Ins1-5, Figure 2) are found in the G domain. Structural alignment of EFL with the structure of eEF1A's bacterial ortholog EF-Tu on the ribosome [22] suggests Ins1 and Ins2 are exposed with no obvious ribosomal interaction partners, but Ins3 extends a helix-loop-helix structural element on the ribosome-binding face (Figure 3C). This insertion is also interesting as it overlaps with a 12 amino acid insertion in opisthokont eEF1A [23]. However, the sequence alignment of these two insertions relative to each other is ambiguous, and thus there is no evidence that the Ins3 insertion is homologous to the animal/fungal insertion. A single conserved amino acid deletion in EFL relative to eEF1A is also apparent, but is found in an exposed loop of eEF1A that is poorly conserved (position 120 in Figure 2). In domain II, very strong conservation between eEF1A and EFL is seen in the regions that in bacterial EF-Tu form the pocket for accommodating the aminoacyl moiety of aa-tRNA [22] (Figure 2). Differentially conserved sites in this domain are largely in exposed loops, however there are three residues that in eEF1A are positioned to poten-tially interact with eEF1Bα and are strongly conserved as chemically different amino acids in EFL: alignment coordi-nates 266-267 and 272, corresponding to Q249, D250 and G255 in eEF1A; respectively S264, G265, K270 in EFL (Figures 2 and3A). In domain III, differentially conserved sites are mostly dispersed and largely exposed. However, two differentially conserved regions are positioned to be involved in the eEF1A:eEF1Bα interaction (Figures 2 and3A): firstly DCHTAHI in eEF1A, which is FVR.GRs in EFL (starting at position 383 in Figure 2, 360 in S. cerevisiae eEF1A and 381 in C. incerta EFL), and secondly amino acids GN in EFL, conserved as MR in eEF1A starting at position 450 in Figure 2, 427 in S. cerevisiae eEF1A and 448 in C. incerta EFL). eEF1A is extended in sequence at the extreme C terminus by an average of 17 amino acids, relative to EFL (Figure 2). The amino acid contacts in this region are unknown as they are not present in the crystal structure.

Mutants of eEF1A in S. cerevisiae have previously been shown to confer independence from eEF1Bα: R164K, T22S, A112T, and A117V [24] (Figure 2). These are mostly located in the G domain and surprisingly, only two differ in conservation between eEF1A and EFL: A112 is unconserved in EFL, and A177 is differentially conserved as P117 in EFL. This suggests there are multiple routes to independence from eEF1Bα, although the single amino acid replacement routes may be highly species-specific in their effectiveness. There have been no cases of natural eEF1Bα-free eEF1As reported, and our distribution analysis suggests this would be rare.

Biochemical experimentation demonstrating rapid selfrecharging of EFL:GDP with GTP would be the unequivocal proof of our hypothesis that EFL can functionally substitute for eEF1A and eEF1Bα loss. However, all our attempts to overexpress EFL in E. coli have failed (data not shown). An alternative strategy is to perform in vivo complementation experiments by replacing either both eEF1A and eEF1Bα or just eEF1Bα with EFL. Using S. cerevisiae as a model organism, we generated strains with controlled expression of eEF1A, eEF1Bα and M. brevicollis EFL (see Additional file 3: Materials and methods). Removal of saver plasmids expressing either both eEF1Bα-or eEF1A or just eEF1Bα by addition of 5-Fluoroorotic acid (5-FoA) resulted in loss of viability that was not rescued by expression of M. brevi-collis EFL (Additional file 4: Figure S2), indicating that in S. cerevisiae, EFL does not seem to be able to complement the loss of either eEF1Bα alone or eEF1Bα and both genes encoding eEF1A in S. cerevisiae (TEF1 and TEF2 [25]).

Discussion

The pattern of presence and absence of EFL, eEF1A and eEF1Bα allows us to derive a ratchet-like model for the evolutionary dynamics of elongation factor gain and loss in terms of the viable and inviable fates of different combinations of elongation factors (Figure 4). It is likely is that EFL arose by gene duplication after the last common ancestor of eukaryotes and archaea, which encoded eEF1A and eEF1Bα. Degradation of eEF1A or eEF1Bα though random genetic drift in the presence of EFL is likely to be an almost irreversible step that acts as the pawl of the ratchet: a return to the ancestral state would require that the lost gene is quickly re-transferred before its binding partner diverges beyond preventing functional interaction: an unlikely scenario.

The ratchet may also work in the reverse direction, i.e. once EFL is lost from an EFL + eEF1A + eEF1Bα-encoding organism there is no going back. This depends on how frequently, if at all, EFL is transmitted by HGT, which is currently unclear [12][13][14][15][16][17]. In the absence of EFL HGT, the ratchet is nonprocessive and acts merely as a lineagesorting evolutionary mechanism, degrading EFL + eEF1A + eEF1Bα-encoding organisms into either EFL-or eEF1A + eEF1Bα-encoding. Repetitive re-introduction of EFL by HGT into an eEF1A + eEF1Bα background would make the ratchet processive, potentially leading to an enrichment of EFL-containing organisms. Given the uncertainty in EFL HGT rates, it is impossible to assess the processivity of the ratchet. In the most extreme case of nonprocessivity, EFL would not have been subject to HGT at all, would have been present in the eukaryotic ancestor, and then all three genes would have been maintained for millions of years before the divergence of all modern EFL-encoding groups of organisms. The relative rates of transitioning between states of factor composition is likely to be highly species specific; while EFL is clearly capable of replacing eEF1A in multiple lineages, it has been experimentally shown that Diplonema EFL can be co-maintained with, but can not replace eEF1A in Trypanosoma [18]. Our results suggest the same is true for replacement of either both eEF1A and eEF1Bα or just eEF1Bα with M. brevicollis EFL in S. cerevisiae (Additional file 4: Figure S2). EFL is not naturally found in any yeasts, which may reflect an irreplaceability of yeast eEF1A, or may be because successful HGT is rare in this group of organisms [26]. The stability of the intermediate states (EFL in combination with eEF1A and/or eEF1Bα) depends on organismspecific constraints such as multifunctionalisation (which may drive the system towards co-maintenance of both paralogs), and evolutionary selection for genome reduction (which could increase the rate of loss). The rare cases of dual maintenance may be driven by multifunctionality of eEF1A [12]. In fact it is surprising that eEF1A is not maintained in parallel to EFL more often given its plethora of "moonlighting functions". One explanation could be that eEF1A is not universally multifunctional, or its add-itional functions do not provide enough selective advan-tage for its maintenance. It is also possible that some of the moonlighting functions could be carried out by EFL, or by one of the other two closely related paralogs of eEF1A, eRF3 or Hbs1p. Indeed, eRF3 and Hbs1p have already taken over eEF1A's additional ancestral functions in translation termination and mRNA decay via eRF1 and Dom34p binding [27,28]. Our sequence conservation and homology modeling analyses indicate several sequence regions that may be responsible for EFL's lack of requirement for eEF1Bα. However, we can not rule out the possibility that EFL has hijacked another GEF for recharging. One candidate could be eIF2α, the GEF for an ancient paralog of eEF1A and EFL, eIF2χ. Although homology is not apparent at the sequence level, eIF2α is structurally similar to eEF1Bα [START_REF] Ito | Solution structure of human initiation factor eIF2alpha reveals homology to the elongation factor eEF1B[END_REF]. The ratchet mechanism of elongation factor replacement relies only on random genetic drift and can explain how eEF1A can be efficiently replaced by EFL without the need of the latter being a "better" elongation factor, i.e. providing a selective advantage in itself. The ability of EFL to recharge without a specialized accessory factor does not in itself make it an improved enzyme; the impact of this reduction on the functional cycle of the elongation factor is unknown.

Conclusions

The genomic distribution of the guanine exchange fac-tor eEF1Bα considered alongside that of EFL and eEF1A gives a very strong indication that EFL is able to re-charge without this exchange factor. Thus, the presence of EFL has apparently allowed the decay and loss of both eEF1A and eEF1Bα in some lineages of eukaryotes, a ratchet-like process where return to the ancestral state is unlikely. Horizontal transmission of EFL has been proposed among eukaryotes, however current sequence data is inadequate for determining the rate of transfer, and indeed if it occurs at all. Additional sequencing efforts are required to more fully resolve the dynamics of EFL through the evolutionary history of eukaryotes. Further in vitro and in vivo experimentation is also required to answer the question of whether EFL self-recharges or whether exchange is promoted by another factor.

RÉSUMÉ développé en Français

Introduction et objectifs.

Importation de molécules d'ARN du cytoplasme dans les mitochondries est un phénomène répandu chez les eucaryotes. Les cellules humaines ne sont pas exception à cette règle, puisque plusieurs espèces d'ARN cytoplasmiques sont connus pour être importés dans les mitochondries humaines. Parmi les ARN importés décrits à ce jour, on trouve les composant ARN de la RNase P, MRP, l'ARN ribosomique 5S et certains micro-ARN. Notre attention dans ce travail a été axée exclusivement sur l'ARNr 5S.

L'importation de l'ARNr 5S dans les mitochondries humaines a été étudiée en détail. Les recherches menées dans mon laboratoire d'accueil ont démontré que l'importation de l'ARNr 5S est processus actif nécessitant l'approvisionnement en énergie de l'ATP, le potentiel trans-membranaire et les facteurs protéiques d'importation cytoplasmiques. Deux protéines facilitant l'importation de l'ARNr 5S dans les mitochondries ont été identifiées et étudiées. Il s'agit de la rhodanèse, une sulfurtransferase mitochondriale, et de précurseur cytosolique de la protéine ribosomique mitochondriale L18, preMRP-L18. Un mécanisme moléculaire élégant, basé sur l'interaction entre ces deux facteurs protéiques orchestrant l'adressage de l'ARNr 5S dans les mitochondries a été proposée.

Le point essentiel manquant dans la conception est la fonction de l'ARNr 5S importés à l'intérieur des mitochondries humaines. Le rôle de l'ARNr 5S dans le noyau et le cytoplasme de tous les eucaryotes est tout à fait clair et conservé : il fait une partie structurelle de la grande sous-unité ribosomique, formant la protubérance centrale conjointement avec plusieurs protéines ribosomiques. Il joue un rôle analogue dans les systèmes procaryotes. Par conséquent, la fonction la plus évidente de molécules ARNr 5S importés dans les mitochondries humaines pourrait être de devenir partie structurelle du ribosome mitochondrial. Cette proposition est supportée en outre par le fait que l'ARNr 5S interagit avec la protéine ribosomique L18 mitochondriale, qui occupe la protubérance centrale du ribosome mitochondrial humain.

Cette attente, néanmoins, a été contredite par des études structurales récentes des ribosomes mitochondriaux de mammifères, étant donné que l'ARNr 5S n'y a pas été détectée. De plus, les données de cryo-microscopie électronique à haute résolution associées à la modélisation homologique ont montré que d'autres espèces d'ARN, à savoir un ARNt mitochondrial, occupent la position normale d'ARNr 5S dans la protubérance centrale de ribosomes mitochondriaux de mammifères.

Jusqu'à ce jour, le rôle de l'ARNr 5S dans les mitochondries humaines n'est pas clair. Plusieurs données expérimentales indiquent qu'il peut être impliqué dans la synthèse protéique mitochondriale. Plus est, des expériences de co-immunoprécipitation ont montré que l'ARN 5S pourrait être associé à 12S et 16S ARN ribosomaux mitochondriaux.

Pour aborder le problème, nous avons formulé les objectifs suivants:

1. Vérifier si les ribosomes mitochondriaux de mammifères peuvent être isolé conjointement avec l'ARNr 5S en utilisant des approches d'extraction optimisées.

2. Trouver des conditions physico-chimiques dans lesquelles l'ARNr 5S peut être associée à des ribosomes mitochondriaux en utilisant les approches de sédimentation dans des gradients de densité ou viscosité.

3. Tester in vitro l'interaction de l'ARNr 5S avec des protéines ribosomiques mitochondriales en utilisant test de retard su gel (EMSA).

4. Vérifier si l'ARNr 5S est co-localisé avec les protéines ribosomiques mitochondriales en utilisant la microscopie à fluorescence super-résolutive.

5. Rechercher les protéines interagissant avec l'ARNr 5S dans les mitochondries humaines en utilisant l'approche de chromatographie d'affinité.

6. Vérifier si l'ARNr 5S peut être immunoprécipitée en complexe avec des protéines ribosomiques mitochondriales et/ou des facteurs d'assemblage du ribosome mitochondrial.

Résultats et discussion.

Extraction lipidique des membranes mitochondriales.

Les protocoles d'isolement des ribosomes mitochondriaux ont été élaborés dans les années 1990 et n'ont pas changé de manière significative depuis. Ils sont basés sur des méthodes d'isolement ribosomes bactériens. Nous avons raisonné que l'écart sur des données biochimiques, suggérant l'implication de l'ARNr 5S dans la traduction mitochondriale, et les données structurelles, montrant son absence dans les ribosomes mitochondriaux, pourrait provenir de la méthode d'isolement, qui ne préserve pas l'intégrité de mitoribosomes. D'un autre côté, les ribosomes mitochondriaux sont associés aux membranes internes. Nous avons fait la tentative d'élaborer de nouveaux protocoles d'extraction lipidique des membranes mitochondriales internes pour isoner avec tous les complexes associés, y compris les ribosomes. Pour cela, nous avons voulu isoler des mitoplastes à partir de cellules humaines et extraire les membranes avec un lipide glycéryltridodécanoate. Cette méthode ne nécessite pas le traitement des mitochondries avec des détergents, ce qui constitue qui un avantage de notre approche comparant à celle classique. Le glyceryl-tridodécanoate a plusieurs qualités essentielles pour la procédure:

• Il n'est pas polaire et est non chargé, de sorte qu'il ne peut pas former des membranes bicouches, des vésicules et des structures d'ordre supérieur. La séparation de phase dans le système lipide-eau devrait donc aboutir à une seule surface continue.

• Il a la structure proche aux lipides de la membrane mitochondriale, permettant une interaction avec les chaînes d'acides gras des lipides de la membrane mitochondriale interne. Par conséquent, l'interaction de la membrane mitochondriale interne avec des monocouches lipidiques mène à son incorporation dans la phase lipidique due à des interactions hydrophobes.

• Le point de fusion de glycéryl-tridodécanoate est 46.5°C. Il peut donc être fondu à cette température et diminution de la température conduit à la phase solide. Tous les composants de la membrane mitochondriale doivent alors être fixés sur la phase lipidique.

Nous avons effectué la procédure d'extraction des lipides et une analyse des ARN isolés à partir des gouttelettes lipidiques et des surnageants par RT-PCR quantitative. Nos données montrent que l'ARNr 5S vraisemblablement réside dans le surnageant tandis que les ARN ribosomaux mitochondriaux (12S et 16S) ont été fixés sur le lipide. Ainsi, cette méthode d'isolement de la membrane mitochondriale n'a pas permis de démontrer l'association de l'ARNr 5S avec ribosomes mitochondriaux.

Nous avons également analysé les protéines extraites par cette approche par spectrométrie de masse. Les résultats ont montré que, en effet, les composés mitochondriales membranaires internes pourraient être trouvés sur la phase lipidique. Malheureusement, nous avions également identifié de nombreuses protéiques nucléaire, cytoplasmique et de la membrane mitochondriale externe ce qui démontre que l'approche, bien qu'ayant un potentiel intéressant, n'est ni assez sélective, ni assez sensible pour analyser des composants mineurs.

2. Recherche de conditions dans laquelles l'ARNr 5S pourrait être associée aux ribosomes mitochondriaux.

L'un des arguments contre l'association de l'ARN 5S avec ribosomes mitochondriaux était fondé sur les données sédimentation en gradient de densité, qui ont démontré que les fractions contenant les ARN ribosomaux mitochondriaux 12S et 16S contenaient peu ou pas de l'ARNr 5S. D'autre part, les données publiées indiquent que les ribosomes mitochondriaux peuvent être endommagés lors de l'isolement par des nucléases. Cet effet pourrait devenir encore plus important en prenant en compte le fait que les ribosomes mitochondriaux sont toujours isolés en présence d'ions magnésium, qui sont connus pour augmenter l'activité nucléolytique. Pour résoudre ce problème, les ribosomes peuvent être isolés en présence de l'EDTA qui est un bon inhibiteur de RNases. Mais dans ce cas, les ribosomes sont prédits de dissocier en sous-unités. Nous avions séparé des lysats de cellules humaines par centrifugation à gradient de densité dans des conditions de différentes et analysé la distribution d'ARNr 5S, 12S et 16S.

Les résultats ont montré que l'ARNr 5S s'accumule en effet dans les fractions contenant ribosomique 12S mitochondrial et de l'ARN 16S en présence de l'EDTA. L'analyse par spectrométrie de masse de plusieurs fractions a montré que les protéines ribosomiques cytosoliques sont également enrichies dans les fractions contenant l'ARNr 5S lors du traitement par l'EDTA. Le pontage par formaldéhyde n'a pas changé la distribution de de l'ARNr 5S dans le gradient. Nous avons conclu que les molécules ARN 5S s'accumulent dans les fractions contenant les ribosomes mitochondriaux lors du traitement de l'EDTA en raison de dissociation des ribosomes cytosoliques qui contamineraient les isolats.

3. Analyse des interactions de l'ARNr 5S avec les protéines ribosomiques mitochondriales par EMSA.

L'interaction de l'ARNr 5S avec ribosomes mitochondriaux suggère inévitablement des interactions avec les protéines ribosomiques mitochondriales. Nous voulions le vérifier in vitro. Sachant que MRP-L18, la protéine de la protubérance centrale, devrait interagir avec l'ARNr 5S immporté, nous avons dosé in vitro les interactions entre l'ARNr 5S avec d'autres protéines de la protubérance centrale NMPR: 38, 40 et 48. Nous avons exprimé et purifié les protéines MRPL38, 40 et 48 recombinantes et analysé leurs interactions avec l'ARNr 5S, mitochondrial ARNt(Val) (décrite comme l'ARN remplaçant l'ARNr 5S dans le ribosome mitochondrial humain) et U6 snRNA par la méthode du retard sur gel (EMSA). Aucune interaction n'a pu être détectée dans tous les cas dans les conditions classiques.

Toutefois, il convient de noter que les conditions de l'essai étaient loin d'être classiques. Les protéines ribosomiques mitochondriales sont extrêmement difficiles à obtenir sous forme soluble pure. MRPL40 n'était stable que dans dénaturantes (1M urée). MRPL38 et MRPL48 requéraient la présence d'ARN supplémentaire pour maintenir une forme soluble. Une des possibilités serait donc d'optimiser les conditions expérimentales pour tester les interactions in vitro de l'ARNt(Val) et ARNr 5S avec des protéines ribosomiques mitochondriales. Ceci pourrait donner des informations précieuses sur le système, en particulier compte tenu des données de chromatographie d'affinité, décrites dans les sections précédentes.

4. Approches microscopiques pour analyser les interactions ARN 5S avec ribosomes mitochondriaux.

Outre les études biochimiques, nous avons également utilisé des approches de microscopie en fluorescence et de super-résolution pour tester l'interaction de l'ARNr avec les protéines ribosomiques mitochondriales. Pour cela, nous avons fait des constructions codant MRP-L18 et MRP-L18 fusionnées avec une protéine fluorescente mEOS2. En outre, nous avons fait des expériences distinctes d'immunocoloration des cellules humaines avec un anticorps hautement spécifique pour MRP-L38. Nous avons également exprimé une version de MRP-L18 étiquetée par un FLAG-tag, ce qui permet la visualisation de la protéine par immunocoloration. L'ARNr 5S a été marqué par Alexa-647. L'objectif étant de vérifier si les signaux des protéines et de l'ARN soient co-localisés. Nous avons pu observer des signaux de MRPL18-mEOS2, MRPL21-mEOS2, MRPL38 et MRPL18-FLAG. Toutes ces protéines ribosomiques mitochondriaux ont été bien localisées dans les mitochondries. Les signaux d'ARNr 5S avaient une faible intensité, l'efficacité de transfection dans le cas de cet ARN a été également faible et les signaux ne se localisaient par dans les mitochondries, ce qui ne nous permettent pas de tirer des conclusions concernant sa localisation. Il est possible que la présence de fluorophore dans la molécule d'ARN inhibe son importation dans les mitochondries. L'optimisation de cette approche est en cours, l'objectif étant de localiser l'ARNr interne des mitochondries. Actuellement, nous nous efforçons à établir des méthodes fiables de détection de petits ARN dans les mitochondries humaines. Nous prévoyons d'appliquer la microscopie à fluorescence et super-résolutive pour la colocalisation de l'ARNr 5S avec de multiples protéines ribosomiques mitochondriales et facteurs d'assemblage ribosome, ce qui peut donner des connaissances précieuses sur 5S rôle de cet ARN dans les mitochondries humaines. En outre, la microscopie est une bonne alternative pour valider nos données biochimiques sur l'implication éventuelle de l'ARN importé dans biogenèse du ribosome mitochondrial, discuté ci-dessous. 5. A la recherche de protéines interagissant avec l'ARNr 5S dans les mitochondries humaines.

Nous ne pouvions pas démontrer l'interaction de l'ARNr 5S avec ribosomes mitochondriaux par des approches biochimiques et microscopie. C'est pourquoi nous voulions aborder la question sous l'angle plus général et identifier les protéines peuvent se lier à l'ARNr 5S dans les mitochondries humaines. Cette connaissance pourrait nous permettre de tirer des conclusions sur la fonction de l'ARNr 5S importé dans les mitochondries humaines.

Nous avons utilisé l'approche de la chromatographie d'affinité. L'ARNr 5S, ARNt(Val) mitochondrial et U6 snARN ont été fusionnés avec l'ARN MS2, soit à 3 'ou 5' terminale. L'ARNr 5S a été le centre d'intérêt dans l'expérience. L'ARNt(Val) a été inclus parce qu'il est reporté comme faisant partie de la protubérance centrale du ribosome mitochondrial humain. L'ARN U6 a été inclus en tant que contrôle de la contamination cytosolique et comme contrôle pour les protéines de liaison d'ARN non spécifique. La présence de l'étiquette MS2 permettait isoler les complexes par chromatographie d'affinité. Les échantillons de protéines ont été analysées par spectrométrie de masse et d'ARN -par hybridation northern.

Nos données ont montré que dans notre système expérimental l'ARNr 5S se lie spécifiquement avec les protéines ribosomiques mitochondriaux de de la grande sous-unité et, également, avec les facteurs d'assemblage des ribosomes mitochondriaux. Ce ne fut pas le cas pour mitochondrial l'ARNt(Val) et l'ARNsn U6. Chaque fois que nous avons effectué l'expérience, nous avons acquis ensemble différent de protéines de grande sousunité ribosomique mitochondriale, ce qui peut refléter le « pull-down » de quelque grand complexe ARN-protéine contenant des protéines ribosomiques mitochondriales. Comme l'ARNr 5S ne se trouve pas dans ribosome mitochondrial mature analysé à ce jour, nous avons suggéré que le complexe détecté pourrait représenter un état intermédiaire de l'assemblage du ribosome mitochondrial. Cette hypothèse est supporté par le fait que plusieurs facteurs d'assemblage (RNMTL1, DHX30 et GRSF1) ont également été identifiés dans un complexe avec l'ARNr 5S -MS2. Par contre, la même expérience avec l'ARNt(Val)-MS2 n'a permis d'identifier aucune protéine ribosomique mitochondriale, ceci permettant spéculer que cet ARN ait besoin de facteurs d'assemblage supplémentaires pour être inclu dans la grande sous-unité du ribosome mitochondrial.

6. Analyse de l'ARNr 5S interagissant avec des protéines ribosomiques mitochondriales et facteurs d'assemblage des ribosomes mitochondriaux par coimmunoprécipitation.

Les résultats de l'expérience précédente a montré que l'ARNr 5S pourrait être associé à des protéines ribosomales mitochondriaux et certains facteurs d'assemblage du ribosome mitochondrial, ce qui peut refléter son implication dans l'assemblage des ribosomes. Pour valider ces données, nous avons utilisé approche alternative par co-immunoprécipitation pour analyser les ARN interagissant avec différentes protéines ribosomiques mitochondriales et facteurs d'assemblage étiquetés et vérifier si l'ARNr 5S importé en fait partie. Pour cela, nous avons transfecté des cellules humaines en culture avec des constructions codant pour MRPL18-Myc, GRSF1-Myc, MTG1-FLAG, MALSU1-FLAG, FASTKD2-HA et FASTKD5-HA. Les mitochondries ont été isolées à partir des transfectants et utilisées pour la co-immunoprécipitation avec des anticorps spécifique à l'étiquette. Des expériences préliminaires faites avec MTG1-FLAG et MALSU1-FLAG montrent que les protéines ribosomiques mitochondriales et l'ARN 16S sont récupérés dans les immunoprécipités de ces deux facteurs, ce qui indique que la grande sous-unité ribosomique peut être identifiée par cette approche. Ce travail, actuellement en cours de finalisationn pourrait permettre de valider l'hypothèse d'interaction entre l'ARNr 5S et des protéines participant à la maturation du ribosome mitochondrial humain.

Conclusions et perspectives.

1. L'ARNr 5S n'a pu être détectée dans les ribosomes mitochondriaux par des approches biochimiques.
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 1 Figure 1. Overview of the composition of bacterial, eukaryotic cytosolic, and mitochondrial ribosomes (Greber and Ban, 2016).

Figure 2 .

 2 Figure 2. Overview of the mammalian 55S mitoribosome structure (a) in comparison with bacterial 70S ribosome (b) (Greber and Ban, 2016). Color code: SSU proteins (yellow), SSU RNA (green), LSU proteins (blue), LSU RNA (red).

Figure 3 .

 3 Figure 3. (A) Secondary structure diagram of the mammalian mitochondrial 12S rRNA (orange) superimposed on bacterial 23S rRNA. (B) Secondary structure diagram of the mammalian mitochondrial 16S rRNA (purple) superimposed on bacterial 23S rRNA. RNA regions absent in the mitoribosome thus appear black (Sharma et al., 2003).

Figure 5 .

 5 Figure 5. Messenger RNA entrance channel in bacterial (A) and mitochondrial ribosomes (B) (Amunts et al., 2015).

Figure 6 .

 6 Figure 6. Membrane attachment of mammalian (A) and yeast (B) mitochondrial ribosomes. A. Mammalian mitoribosome-specific protein mL45 (dark blue) is located in the vicinity of the polypeptide tunnel exit and mediates the association of the mitoribosome. B. Cryo-EM tomographic reconstruction of the yeast mitoribosome superposed on mammalian 39S LSU structure (Greber and Ban, 2016).

Figure 7 .

 7 Figure 7. The structure of the central protuberance of mammalian mitochondrial ribosomes. A. Additional RNA molecule (blue) identified in (Greber et al., 2014b), superposed on 5S RNA (orange). B. Mitochondrial tRNA Val is a structural part of the central protuberance of human mitochondrial ribosome (Brown et al., 2014). C. Mitochondrial tRNA Phe (light-green) is structural part of the central protuberance of porcine mitochondrial ribosome (Greber et al., 2014a). D. For comparison, bacterial 5S RNA (yellow) in the central protuberance of 50S large subunit (Greber et al., 2014a).

Figure 8 .

 8 Figure 8. tRNA punctuation model and subsequent maturation of mtDNA encoded transcripts (Hällberg and Larsson, 2014).

Figure 9 .

 9 Figure 9. Overall structure of the MTERF4-NSUN4 complex. NSUN4 colored in dark salmon; The MTERF motifs of MTERF4 are colored. The additional motif of MTERF4 is in gray (Spåhr et al., 2012).

Figure 10 .

 10 Figure 10. Modification of the 16S rRNA A-loop in human mitochondria. A. Conserved secondary structure of A-loop. B. Modifications of A-loop in bacterial, cytosolic and mitochondrial rRNAs (Rorbach et al., 2014).

  positioning of L6 on the ribosome, prior to the incorporation of L16 and other late assembly proteins (De Silva et al., 2015).
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 11 Figure 11. Structure of circularly permuted GTPases on example of bacterial YlqF. A. Ribbon diagram of tertiary structure. B. Topology diagram, demonstrating G5-G4-G1-G2-G3 fold (Kim et al., 2008).
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 12 Figure 12. The highly conserved 3′ terminal stem-loop structure in the mitochondrial 12S (A) or bacterial 16S, helix 45, (B). The binding sites of mammalian ERAL1 and bacterial Era are highlighted aas a solid line (Dennerlein et al., 2010).
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 14 Figure 14. Mitochondrial RNA granules are hotspots of RNA metabolism and mitochondrial ribosome biogenesis (Antonicka and Shoubridge, 2015).
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 15 Figure 15. Model of the composition and function of MRGs and their interaction with the nucleoids (Jourdain et al., 2016).
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 16 Figure 16. Approximate scheme of assembly pathway of the mitochondrial large subunit (LSU). The assembly pathway for the bacterial LSU is presented as a reference. (De Silva et al., 2015).
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 17 Figure 17. Approximate scheme of assembly pathway of the mitochondrial small subunit (SSU). The assembly pathway for the bacterial SSU is presented as a reference. (De Silva et al., 2015).
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 18 Figure 18. A. Schematic presentation of lipid extraction procedure. B. Possible way of mitochondrial inner membranes (IMM) fixation on the lipid phase.

Figure 20 .

 20 Figure 20. RT-qPCR analysis of 5S, 12S and 16S rRNAs in the fractions, collected during lipid extraction of mitochondrial membranes, in experiment 2.1.2. 50, 100 and 200 mM are concentrations of KCl in the preparation buffers.

Figure 21 .

 21 Figure 21. Results of PAGE and Northern blot analysis of RNA, isolated from the fractions of gradient 1 (low ionic strength; contains magnesium ions). A. Ethidium bromide staining of the gel. B. Northern blot hybridizations. 1 -17 are gradient fractions, numbered from top to bottom.

Figure 22 .

 22 Figure 22. Results of PAGE and Northern blot analysis of RNA, isolated from the fractions of gradient 2 (low ionic strength, contains EDTA). A. Ethidium bromide staining of the gel. B. Northern blot hybridizations. 1 -17 are gradient fractions, numbered from top to bottom.

Figure 23 .

 23 Figure 23. Results of PAGE and Northern blot analysis of RNA, isolated from the fractions of gradient 3 (high ionic strength, contains magnesium ions). A. Ethidium bromide staining of the gel. B. Northern blot hybridizations. 1 -17 are gradient fractions, numbered from top to bottom.

Figure 24 .

 24 Figure 24. Results of PAGE and Northern blot analysis of RNA, isolated from the fractions of gradient 4 (high ionic strength, contains EDTA). A. Ethidium bromide staining of the gel. B. Northern blot hybridizations. 1 -17 are gradient fractions, numbered from top to bottom.

Figure 25 .

 25 Figure 25. Results of PAGE and Northern blot analysis of RNA, isolated from the fractions of gradient 5 (cross-linking, high ionic strength, magnesium). A. Ethidium bromide staining of the gel. B. Northern blot hybridizations. 1 -17 are gradient fractions, numbered from top to bottom.

Figure 26 .

 26 Figure 26. Results of PAGE and Northern blot analysis of RNA, isolated from the fractions of gradient 6 (cross-linking, high ionic strength, EDTA). A. Ethidium bromide staining of the gel. B. Northern blot hybridizations. 1 -17 are gradient fractions, numbered from top to bottom.EDTA 300.

Figure 27 .

 27 Figure 27. PCR amplification of tRNAs and rRNA encoding DNA fragments, separated on 3% agarose gel. Lanes:1 -mt-tRNA Leu (CUN); 2 -mt-tRNA Val ; 3 -mt-tRNA Phe ; 4 -5S rRNA; 5mt-tRNA Ser (UCN); 6 -mt-tRNA Ser (AGY); 7 -12S rRNA; 8 -16S rRNA; 9 -50 bp DNA ladder.

Figure 28 .

 28 Figure 28. In vitro transcription products, separated on 6% PAAG + 7M urea. Lanes: 1 -mt-tRNA Phe ; 2 -mt-tRNA Val ; 3 -mt-tRNA Leu (CUN); 4 -mt-tRNA Ser (AGY); 5mt-tRNA Ser (UCN); 6 -5S rRNA; 7 -12S rRNA; 8 -16S rRNA. Red frames indicate the gel bands, which were excised for gel-extraction.

Figure 29 .

 29 Figure 29. Semi-quantitative Northern blot. A. Ethidium bromide staining. B. Mt-tRNA Leu (CUN). C. Mt-tRNA Phe . D. Mt-tRNA Val . E. Mt-tRNA Ser (AGY). F. Mt-tRNA Ser (UCN). G. 16S rRNA. H. 12S rRNA. Lanes: 1, 2 -RNA samples (1sample 1, 876ng of RNA; 2sample 2, 940 ng of RNA); 3-5 calibration points (3 -20 fmoles point; 4 -100 fmoles point; 5 -500 fmoles point).

Figure 30 .

 30 Figure 30. Calculation of the quantities of tRNAs in human cells by quantitative Northern blot in experiment 2.3.1. Sample 1 RNA quantities are shown in blue; sample 2in red. Calculated mean values and error bars for this figure can be found in Table25.

  Val distribution in sucrose gradient.Objective: analyze density gradient sedimentation profiles of mt-tRNA Val in comparison with non-ribosomal mt-tRNA (mt-tRNA Lys ).

Figure 32 .

 32 Figure 32. Northern blot analysis of the fractions of the gradient in experiment 2.3.2. 1-17fractons from top to bottom; 18total lysate. A. Ethidium bromide staining. B. Hybridization with the probe against mt-tRNA Val . C. Hybridization with the probe against mt-tRNA Lys .

Figure 33 .

 33 Figure 33. Preparation of DNA templated for expression of MS2-tagged RNAs. A. Preparation of control RNA. B. Preparation of 5'-MS2 tagged RNA via overlap extension PCR. C. Preparation of 3'-MS2 tagged RNA via overlap extension PCR.
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 35241 Figure 35. Purification of RNP complexes from human cells by MS2 affinity chromatography. Experiments for the RNA of interest (right side of the figure) and control RNA (left side) are done in parallel.

Figure 36 .

 36 Figure 36. PCR products of 5S rRNA, mt-tRNA Val and U6 snRNA, separated on 3% agarose gel. 1 -Gene Ruler 50 bp DNA ladder; 2 -5S product B; 3mt-tRNA Val product B; 4 -U6 product B

1. 5 '

 5 -MS2-5S-3' (5S AB) 2. 5S product B 3. 5'-MS2-mtVal-3' (Val AB) 4. mtVal product B 5. 5'-MS2-U6-3' (U6 AB) 6. U6 product B 7. 100 bp DNA ladder (NEB) 1. 5'-5S-MS2-3' (5S CD) 2. 5S product C 3. 5'-mtVal-MS2-3' (Val CD) 4. mtVal product C 5. 5'-U6-MS2-3' (U6 CD) 6. U6 product C 7. 100 bp DNA ladder Figure 37. Overlap extension PCR products of 5S rRNA, mt-tRNA Val and U6 snRNA DNA fragments, containing MS2 aptamer. A -5'-MS2 fusions; B -3'-MS2 fusions.A.B.

Figure 38 .

 38 Figure 38. MS2-tagged RNAs, produced by in vitro transcription. 1 -5S AB; 2 -Val AB; 3 -U6 AB; 4 -5S CD; 5 -Val CD; 6 -U6 CD.

Figure 40 .

 40 Figure 40. Purification of MS2-MBP protein. 1 -PageRuler Prestained protein ladder; 2 -Cell lysate (-IPTG); 3 -Cell lysate (+IPTG); 4 -Native lysate; 5 -Flow-through; 6-9elutions. Black line shows the expected position of MS2-MBP protein on the gel.

Figure 41 .

 41 Figure 41. Ethidium bromide stained gel with RNA samples collected in MS2 pulldown experiment 2.4.3 with 5'-MS2 labelled RNAs. Lanes: 1 -MS2A IVT (2 pmoles); 2 -5S AB IVT (2 pmoles); 3 -Val AB IVT (2 pmoles); 4 -U6 AB IVT (2 pmoles); 5 -MS2A lysate; 6 -5S AB lysate; 7 -Val AB lysate; 8 -U6 AB lysate; 9 -MS2A eluate; 10 -5S AB eluate; 11 -Val AB eluate; 12 -U6 AB eluate. Positions of MS2-tagged transcripts are indicated.

Figure 42

 42 Figure 42 clearly shows that MS2-labelled RNAs do not degrade during the incubation in cell lysate and can successfully be recovered in elutions (figure 41, lanes 9-12; figure 42B, lanes 3, 6, 9 and 12). Comparable amounts of RNA can be observed in the lanes corresponding to the lysates (figure 41, lanes 5-8; figure 42A, lanes 2, 5, 8, 11), indicating that equal amount of cell lysate was used in each experiment. Northern blot results show that the integrity of MS2 tag is preserved in all transcripts used in the experiments (figure 42, B).

Figure 42 .

 42 Figure 42. Analysis of RNA samples collected in MS2 pull down experiment 2.4.3 with 3'-MS2 labelled RNAs. A. Ethidium bromide staining. B. Northern blot with anti-MS2 probe. Lanes: 1 -MS2A IVT (2 pmoles); 2 -MS2A lysate; 3 -MS2A eluate; 4 -5S CD IVT (2 pmoles); 5 -5S CD lysate; 6 -5S CD eluate; 7 -Val CD IVT (2 pmoles); 8 -Val CD lysate; 9 -Val CD eluate; 10 -U6 CD IVT (2 pmoles); 11 -U6 CD lysate; 12 -U6 CD eluate. Positions of MS2-tagged transcripts are indicated.

Figure 43 .

 43 Figure 43. Silver stained protein gel of fractions collected in MS2 pull down experiment 2.4.3 with 5'-MS2 RNAs. Lanes: 1, 14 -PageRuler Prestained protein ladder; 2 -MS2A lysate; 3 -MS2A wash 2; 4 -MS2A eluate; 5 -5S AB lysate; 6 -5S AB wash 2; 7 -5S AB eluate; 8 -Val AB lysate; 9 -Val AB wash 2; 10 -Val AB eluate; 11 -U6 AB lysate; 12 -U6 AB wash 2; 13 -U6 AB eluate. Black line indicates position of MS2-MBP.

Figure 44 .

 44 Figure 44. Silver stained protein gel of fractions collected in MS2 pull down experiment 2.4.3 with 3'-MS2 RNAs. Lanes: 1, 14 -PageRuler Prestained protein ladder; 2 -MS2A lysate; 3 -MS2A wash 3; 4 -MS2A eluate; 5 -5S CD lysate; 6 -5S CD wash 3; 7 -5S CD eluate; 8 -Val CD lysate; 9 -Val CD wash 3; 10 -Val CD eluate; 11 -U6 CD lysate; 12 -U6 CD wash 3; 13 -U6 CD eluate. Black line indicates position of MS2-MBP.

Figure 45 .

 45 Figure 45. Examples of graphical representation of LC-MS/MS data. A. Val_AB elution sample. B. U6_AB elution sample.

Figure 46 .

 46 Figure 46. Analysis of RNA samples collected in MS2 pull down experiment 2.4.4 with isolated human mitochondria and 5'-MS2 labelled RNAs. A. Ethidium bromide staining. B. Northern blot with anti-MS2 probe. Lanes: 1 -MS2A IVT (2 pmoles); 2 -MS2A lysate; 3 -MS2A eluate; 4 -5S AB IVT (2 pmoles); 5 -5S AB lysate; 6 -5S AB eluate; 7 -Val AB IVT (2 pmoles); 8 -Val AB lysate; 9 -Val AB eluate; 10 -U6 AB IVT (2 pmoles); 11 -U6 AB lysate; 12 -U6 AB eluate. Positions of MS2-tagged transcripts are indicated.

Figure 47 .

 47 Figure 47. Analysis of RNA samples collected in MS2 pulldown experiment 2.4.4 with isolated human mitochondria and 3'-MS2 labelled RNAs. Ethidium bromide stained gel. Lanes: 1 -MS2A IVT (2 pmoles); 2 -MS2A lysate; 3 -MS2A eluate; 4 -5S CD IVT (2 pmoles); 5 -5S CD lysate; 6 -5S CD eluate; 7 -Val CD IVT (2 pmoles); 8 -Val CD lysate; 9 -Val CD eluate; 10 -U6 CD IVT (2 pmoles); 11 -U6 CD lysate; 12 -U6 CD eluate. Positions of MS2-tagged transcripts are indicated.

Figure 48 .

 48 Figure 48. Silver stained protein gel of fractions collected in MS2 pulldown experiment 2.4.4 with human mitochondria and 5'-MS2 RNAs. Lanes: 1, 14 -PageRuler Prestained protein ladder; 2 -MS2A lysate; 3 -MS2A wash 3; 4 -MS2A eluate; 5 -5S AB lysate; 6 -5S AB wash 3; 7 -5S AB eluate; 8 -Val AB lysate; 9 -Val AB wash 3; 10 -Val AB eluate; 11 -U6 AB lysate; 12 -U6 AB wash 3; 13 -U6 AB eluate. Black line indicates position of MS2-MBP.

Figure 49 .

 49 Figure 49. Silver stained protein gel of fractions collected in MS2 pull down experiment 2.4.4 with human mitochondrial and 3'-MS2 RNAs. Lanes: 1, 14 -PageRuler Prestained protein ladder; 2 -MS2A lysate; 3 -MS2A wash 3; 4 -MS2A eluate; 5 -5S CD lysate; 6 -5S CD wash 3; 7 -5S CD eluate; 8 -Val CD lysate; 9 -Val CD wash 3; 10 -Val CD eluate; 11 -U6 CD lysate; 12 -U6 CD wash 3; 13 -U6 CD eluate. Black line indicates position of MS2-MBP.

  , identified in the samples: ACOT9acyl-coenzyme A thioesterase 9 ADT2/SLC25A5 -ADP/ATP translocase 2, RNA-binding ATAD3B -ATPase family AAA domain-containing protein 3B ATP5B -ATP synthase, subunit β ATP5C1 -ATP synthase subunit γ, RNA-binding C1QBP/p32complement component 1 Q subcomponent-binding protein, pleiotropic RNA-binding regulator, localised primarily in mitochondria, involved in biogenesis of 55S ribosomes CHCHD3/MINOS3 -MICOS complex subunit MIC19 CKMT1Bcreatine kinase U-type DHX30mitochondrial DEAD-box helicase 101ocalized in RNA granules and involved in mitoribosome biogenesis, prefers dsRNA, required for optimal function of ZC3HAV1 HADHB -trifunctional enzyme subunit β HSD17B10/HCD2/MRRP2 -3-hydroxyacyl-CoA dehydrogenase type-2, subunit of the mitochondrial Rnase P HSPA2heat shock-related 70 kDa protein 2 HSPE1 -10 kDa heat shock protein, RNA-binding IMMT -MICOS complex subunit MIC60, RNA-binding LRRC59leucine-rich repeat-containing protein 59, RNA-binding MDH2malate dehydrogenase, RNA-binding MRPL1mitochondrial ribosomal protein L1 MRPL9mitochondrial ribosomal protein L9 MRPL11mitochondrial ribosomal protein L11 MRPL22mitochondrial ribosomal protein L22 NDUFS6 -NADH dehydrogenase [ubiquinone] iron-sulfur protein 6 PHBprohibitin PHB2prohibitin-2 RNMTL1/MRM3 -rRNA methyltransferase 3, methylates Gm1370 of 16S rRNA RPS14ribosomal protein S14, found in mitochondria RPS15Aribosomal protein S15A, found in mitochondria TRMT10C/MRRP1subunit of the mitochondrial Rnase P TUFMelongation factor Tu VDAC1voltage-dependent anion channel 1

Figure 50 .

 50 Figure 50. Analysis of the fractions, collected in experiment 2.4.5, with the antibodies to RNMTL1 (A), MRPL18 (B) and MRPL38 (C). Lanes: 1 -MS2A lysate; 2 -MS2A wash 3; 3 -MS2A eluate; 4 -Val AB lysate; 5 -Val AB wash 3; 6 -Val AB eluate; 7 -MS2A lysate; 8 -MS2A wash 3; 9 -MS2A eluate; 10 -5S AB lysate; 11 -5S AB wash 3; 12 -5S AB eluate. Positions of the target signals are indicated.

  and elution samples by Western blot with the antibodies to RNMTL1, MRPL18 and MRPL38 to see if these targets are enriched if the samples of 5S rRNA, comparing to both mt-tRNA Val and MS2 control RNA. The results are shown in figure 50.

Figure 51 .

 51 Figure 51. Western blot data of MS2 affinity chromatography experiment with 5S rRNA and mt-tRNA Val samples. A. Anti-RNMTL1 antibody. B. Anti-MRPL38 antibody. C. Anti-MRPL18 antibody. Lanes: 1 -MS2A lysate; 2 -MS2A wash 3; 3 -MS2A eluate; 4 -Val AB lysate; 5 -Val AB wash 3; 6 -Val AB eluate; 7 -5S AB lysate; 8 -5S AB wash 3; 9 -5S AB eluate; 10 molecular weight ladder. Positions of the target signals are indicated.

4 .

 4 Figure out the RNA partners of the assembly factors by Northern blot, RT-qPCR or sequencing. Analyze protein interactome with mass-spectrometry and Western blot.

2. 5 . 1 .

 51 Molecular cloning of MTG1 and MALSU1. Expression of transgenes in HepG2 cells.

Figure 53 .

 53 Figure 53. Microscopic images of immunofluorescently stained cells, expressing MTG1-3xFLAG (A) or MALSU1-FLAG (B). 1 -TOMM20 signals (in red); 2 -FLAG signals (in green). 3superposition of TOMM20 and FLAG signals (yellow).

Figure 54 .

 54 Figure 54. Sedimentation of MTG1-3xFLAG and MALSU1-3xFLAG and MRPL38 in glycerol gradient. A. Total picture, including all fractions. 1 -Total lysate; 2-31fractions of the gradient from top to bottom; 32pellet. Red line marks the signal of MRPL38; black lineof MTG1-3xFLAG; two asterisks mark the double band signal of MALSU1-3xFLAG. B. Enlarged fragment of figure 54, A to demonstrate the minor difference in size between MRPL38 and MTG1-3xFLAG.

Figure 55 .

 55 Figure 55. Northern blot analysis of RNA fractions of co-IP experiment 2.5.4. A. Ethidium bromide staining of the gel. B-D: Northern blot hybridizations. B. Anti-5S rRNA probe. C. Anti-12S rRNA. D. Anti-16S rRNA. E. Anti-mt-tRNA Val . F. Anti-5.8S rRNA. Lanes: 1 -lysate (control); 2flow-through (control); 3 -wash 5 (control); 4 -co-IP (control); 5 -lysate (MALSU1); 6 -flowthrough (MALSU1); 7 -wash 5 (MALSU1); 8 -co-IP (MALSU1); 9 -lysate (MTG1); 10 -flowthrough (MTG1); 11 -wash 5 (MTG1); 12 -co-IP (MTG1).

Figure 57 .

 57 Figure 57. Western blot analysis of co-IP fractions in experiment 2.5.4. A. Anti-FLAG antibodies. Arrow shows MTG1 signal, two asterisks show double MALSU1 signal. B. Anti-MRPL38 antibodies. Arrow shows position of MRPL38. Lanes: 1 -molecular weight ladder; 2lysate (MTG1); 3flow-through (MTG1); 4 -wash 5 (MTG1); 5 -co-IP (MTG1); 6 -lysate (MALSU1); 7flow-through (MALSU1); 8 -wash 5 (MALSU1); 9 -co-IP (MALSU1); 10 -lysate (control); 11flow-through (control); 12 -wash 5 (control); 13 -co-IP (control).

Figure 58 .

 58 Figure 58. Western blot analysis of protein fractions, collected in co-IP experiment 2.5.5 with human mitochondria. The arrow shows the position of MTG1-3xFLAG; two asterisks mark the positions of MALSU1 double band products. Lanes: 1 -lysate (MTG1); 2 -flowthrough (MTG1); 3 -wash 5 (MTG1); 4 -co-IP (MTG1); 5 -lysate (MALSU1); 6 -flowthrough (MALSU1); 7wash 5 (MALSU1); 8 -co-IP (MALSU1); 9 -lysate (control); 10 -flowthrough (control); 11wash 5 (control); 12 -co-IP (control); 13 -molesular weight ladder.

Figure 59 .

 59 Figure 59. Northern blot analysis of the fractions, collected in co-IP experiment 2.5.5 with human mitochondrial lysate. A. Ethidium bromide staining of the gel. B. Anti-5S rRNA probe. C. Anti-16S rRNA probe. D. Anti-mt-tRNA Val probe. E. Anti-5.8S rRNA probe. Lanes: 1 -lysate (control); 2 -flowthrough (control); 3 -wash 5 (control); 4 -co-IP (control); 5 -lysate (MALSU1); 6 -flowthrough (MALSU1); 7 -wash 5 (MALSU1); 8 -co-IP (MALSU1); 9 -lysate (MTG1); 10flowthrough (MTG1); 11 -wash 5 (MTG1); 12 -co-IP (MTG1).

Figure 61 .

 61 Figure 61. RT-PCR amplification of MRPL38, MRPL40, MRPL48 DNA fragments, separated on 1% agarose gel and stained with ethidium bromide. Lanes: 1 -DNA molecular size ladder; 2 -MRPL38 PCR product; 3 -MRPL40 PCR product; 4 -MRPL48 PCR product.

Figure 62 .C

 62 Figure 62. PCR screening of MRPL38 (A), MRPL40 (B) and MRPL48 (C) clones. Amplification products, separated on 1% agarose gel stained with ethidium bromide. Arrows indicate the position of correct PCR products; asterisk marks positions of the PCR products of the empty self-ligated vector. Lanes: 1 -DNA molecular size ladder; 2-9different tested clones.

Figure 63 .

 63 Figure 63. Restriction screening of MRPL38, MRPL40 and MRPL48, cloned into pET32a vectors. 1% agarose gel stained with ethidium bromide. Lanes: 1 -DNA molecular size ladder; 2 -MRPL38-pET32A clone 1; 3 -MRPL38-pET32 clone 2; 4 -MRPL40-pET32A clone 1; 5 -MRPL40-pET32 clone 2; 6 -MRPL48-pET32A clone 1; 7 -MRPL48-pET32 clone 2.

Figure 64 .

 64 Figure 64. MRPL40 purification. Coomassie stained 12% SDS-PAAG. Blue arrow shows the expected position of MRPL40-Trx fusion, blue asteriskposition of mature MRPL40. Expected mass of mature protein -20 kDa. Lanes: 1molecular weight ladder; 2flowthrough; 3 -wash 8 M urea; 4 -wash 7 M urea; 5 -wash 6 M urea; 6 -wash 5 M urea; 7 -wash 4 M urea; 8wash 3 M urea; 9 -wash 2 M urea; 10 -wash 1 M urea; 11 -Ni-NTA beads in 1M urea buffer; 12 -Ni-NTA beads after enterokinase; 13 -supernantant after enterokinase, containing MRPL40 protein; 14molecular weight ladder.

Figure 65 .

 65 Figure 65. Purification of MRPL 38 (A) and MRPL 48 (B) by Ni-NTA chromatography. Coomassie stained 12% SDS-PAAG. Both proteins were expressed in BL21 strain as thioredoxin fusions, which were supposed to be cleaved by enterokinase. Expected masses of mature proteins: MRPL38 -40 kDa, MRPL48 -20 kDa. Lanes: 1 -molecular weight ladder; 2 -denaturing lysate; 3 -wash 1 with buffer D; 4 -wash 2 with buffer D; 5 -elution with buffer E; 6 -Ni-NTA beads after elution with buffer E; 7 -protein sample after dialysis against buffer F; 8 -protein sample after cleavage with enterokinase; 9 -second step Ni-NTA beads; 10supernatant after second step Ni-NTA chromatography; 11 -molecular weight ladder. Arrow marks the positions of Trx-fusions, asterisks indicates mature proteins (black -MRPL38; red -MRPL48).

  Figure66shows that MRPL38 and MRPL48 were soluble only in denaturing conditions. Proteins, dissolved in denaturing buffer C, were purified in denaturing conditions by Ni-NTA chromatography, eluted and dialysed against buffer F, as described in section 3.6.5.3. All protein precipitated during dialysis, with almost no protein coming out in soluble form (figure67, lanes 6 and 7). SDS-PAGE and Coomassie staining of protein samples are presented on figure 67.

Figure 66 .

 66 Figure 66. Expression of MRPL38-6-His and MRPL48-6-His in BL21 strain. Coomassie stained 12% SDS-PAAG. Black arrow indicate position of MRPL48, black one -MRPL38 Lanes: 1, 9molecular weight ladder; 2 -not induced cells; 3 -MRPL48 expressing cells; 4 -MRPL38 expressing cells; 5 -MRPL48 native lysate in buffer B; 6 -MRPL38 native lysate in buffer B; 7 -MRPL48 denaturing lysate in buffer C; 8 -MRPL38 denaturing lysate in buffer C.

Figure 67 .

 67 Figure 67. MRPL38 and MRPL48 aggregation during dialysis. Coomassie stained 12% SDS-PAAG. Black arrow indicate position of MRPL48, black one -MRPL38. Lanes: 1, 8molecular weight ladder; 2 -MRPL48 flowthrough; 3 -MRPL38 flowthrough; 4 -MRPL48 elution in buffer E; 5 -MRPL38 elution in buffer E; 6 -MRPL48 dialyzed in buffer F; 7 -MRPL38 dialyzed in buffer F.

Figure 68 .

 68 Figure 68. Refolding of MRPL38 and MRPL48 in presence of E. coli rRNAs. Coomassie stained 12% SDS-PAAG Black arrow indicate position of MRPL48, black one -MRPL38. Lanes: 1, 8molecular weight ladder; 2 -MRPL38 eluate in buffer E; 3 -MRPL48 eluate in buffer E; 4 -MRPL38 dialysis without RNA; 5 -MRPL38 dialysis with E.coli rRNA; 6 -MRPL48 dialysis without RNA; 7 -MRPL48 dialysis with E.coli rRNA.

Figure 69 .

 69 Figure 69. Dialysis of MRPL38 and MRPL48 in presence of small RNAs. Coomassie stained 12% SDS-PAAG. Red arrow indicates the expected position of MRPL48; black one -MRPL38. Lanes: 1, 12 -molecular weight ladder; 2 -MRPL38 elution in buffer C; 3 -MRPL48 elution in buffer C; 4 -MRPL38 dialysis without RNA; 5 -MRPL38 dialysis with 5S rRNA; 6 -MRPL38 dialysis with mt-tRNAVal; 7 -MRPL38 dialysis with U6 snRNA; 8 -MRPL38 dialysis without RNA; 9 -MRPL38 dialysis with 5S rRNA; 10 -MRPL38 dialysis with mt-tRNAVal; 11 -MRPL38 dialysis with U6 snRNA.

Figure 70 .

 70 Figure 70. Radio-autograph of [ 32 P]-labelled 5S rRNA (1), mt-tRNA Val (2) and U6 snRNA (3). Red frames indicate the positions of labelled full-size RNAs.

Figure 71 .

 71 Figure 71. Radio-autographs of electrophoretic mobility shift assay gels of MRPL38 (A), MRPL40 (B) and MRPL48 (C) with three RNA species: 5S rRNA, mt-tRNA Val or U6 snRNA. Positions of [ 32 P]-labelled free RNAs are indicated.

Figure 72 .

 72 Figure 72. PCR products of 5S cDNA, containing T7 promoter, separated on 3% agarose gel and stained with ethidium bromide. 1 -50 bp DNA ladder, 2, 3 -5S cDNA PCR product.

Figure 73

 73 Figure 73. (A) shows ethidium bromide staining of the gel; (B) is the scan of the same gel on Typhoon scanner at wavelength of 650 nm. Lane 1not labelled 5S RNA control; 2 -Alexa Fluor 647 labelled RNA. Blue arrow shows the band corresponding to the labelled 5S rRNA.

7 . 3 .

 73 Mitochondria were stained with Mitotracker Deep Red, a far red-fluorescent dye, (absorption -644 nm, emission -665 nm). Transfected cells were observed in the Zeiss LSM 700 Confocal microscope. Images were analyzed in ImageJ software (figure 74).

Figure 74 .

 74 Figure 74. Detection of MRPL18-mEOS2 in HepG2 cells, additionally stained with Mitotracker Deep Red. Two different cells are shown for each channel. Panel 1 shows green fluorescence of MRPL18-mEOS2 (λ (ex) = 506 nm; λ (em) = 519 nm). Panel 2 shows Mitotracker Deep Red signal (λ (ex) = 644 nm; λ (em) = 665 nm). Panel 3 shows the masks of mEOS2 and Mitotracker Deep Red signals, built in ImageJ software.

Name Sequence 5

 5 

3 '

 3 5'-Short overhang-T7 promoter-MS2 aptamer-Sequenceof interest-3', or 5'GttttttttaatacgactcactataggTCGTACACCATCAGGGTACGTTTTTCAGACACCATCAG GGTCTGGTCACNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNN-3'.Primers 1 and 2 generate the fragment MS2A, corresponding to GTTTTTTT 5'overhang with T7-promoter, fused with full-size MS2 aptamer:5'-overhang-T7 promoter-full-size MS2 aptamer-3', or5'GttttttttaatacgactcactataggTCGTACACCATCAGGGTACGTTTTTCAGACACCATCAGGGTCTGGTCAC-DNA fragments encoding MS2 tag sequence for 5'-MS2 tagging (MS2 product A) was amplified by PCR with the following primers: 4 generate the fragment B, corresponding to 3'-end of MS2 aptamer fused with full-size sequence of interest:

  10 ml syringe. Short rubber plugs (caps) for SW32.1Ti tubes. Gradient Master 108 (Biocomp) Ultracetrifuge (Optima XPN-100 or analogous). SW32.1Ti-compatible rotor and buckets. Small Dounce homogenizer.

  Buffer A: 50 mM Tris-HCl, 150 mM NaCl, pH 7,5 Buffer B: 50 mM Tris-HCl, 500 mM NaCl, pH 7,5 Buffer C: 50 mM Tris-HCl, 500 mM NaCl, 10 mM imidazole, 8M urea, pH 7,5 Buffer D: 50 mM Tris-HCl, 150 mM NaCl, 20 mM imidazole, 1M urea, pH 7,5. Buffer E: 50 mM Tris-HCl, 500 mM NaCl, 500 mM imidazole, 8M urea, pH 7,5 Buffer F: 50 mM Tris-HCl, 200 mM NaCl, 17 mM imidazole, 1M urea, pH 7,5 6×His-tagged enterokinase (GenScript)

3. 7 . 1 .

 71 Molecular cloning of MRPL18 and MRPL21 fused with mEOS2. Nucleotide sequences of MRPL18 and MRPL21 and mEOS2 were found in GenBank (NCBI): >gi|21265079:123-665 Homo sapiens mitochondrial ribosomal protein L18 (MRPL18), nuclear gene encoding mitochondrial protein, mRNA ATGGCGCTTCGGTCGCGGTTTTGGGGGTTGTTCTCGGTTTGCAGGAACCCTGGGTGCAGGTTCGCAGCCCTGTCAAC

3 .

 3 mEOS2 was inserted in pEGFP-N1 vector at Not I and Bam H I restriction sites instead of EGFP. 4. MRPL18 and MRPL21 were inserted at Xho I and Sal I sites. Molecular cloning procedures are schematically presented on figure 76.

Figure 76 .

 76 Figure 76. MRPL18-mEOS2 and MRPL21-mEOS2 cloning strategy.

Figure 77 .

 77 Figure 77. Strategy of 5S RNA labelling with Alexa Fluor 647 (A). Formula of aminoallyl-UTP (B).

3. 7 . 5 .

 75 PCR amplification of 5S RNA encoding DNA fragments.

Chapter 4 .

 4 Discussion.

Figure 1

 1 Figure 1 Cladogram showing presence and absence of elongation factors across eukaryotes. The tree summarizes current knowledge of the taxonomic grouping of the species considered here. Polytomies are present where branching order is unknown or contentious. Colored shading behind branches indicates major lineages, as per the color key in the top left. Circles show presence and absence of intact (opaque) or degraded (semi-transparent) elongation factors, with colors indicating factor identity according to the top left key.

Figure 2

 2 Figure 2 Consensus and example sequence alignment of eEF1A and EFL. Consensus sequences aligned with example sequences for eEF1A and EFL were calculated at the 70% level using the Python program Consensus Finder [34]. Ruler coloring indicates the boundaries of the three domains. Shading behind residues shows conservation patterns: turquoisestrongly differentially conserved sites; bluesites conserved in EFL but not eEF1A; greensites conserved in eEF1A and not in EFL. Red boxes indicate the location of the nucleotide binding motifs of the G domain. Colored lines beneath the alignment indicate structural features as follows: orange -eEF1Bα interacting sites; blueresidues lining the amino-acyl moiety binding pocket; greenthe extended loop of the helix-loop-helix on the ribosome binding surface.

35 (Figure 3

 353 Figure 3 Homology model of EFL in complex with eEF1Bα. The homology model on EFL based on the structure of eEF1A in complex with eEF1Bα (red ribbon) is shown A) in cartoon form, B) as a surface, showing the exposed face when in complex with the ribosome, and C) as a surface showing the ribosome binding face. In all panels, turquoise coloring shows strongly differentially conserved sites as per the alignment in

Figure 2 ,

 2 Figure 2, and blue parts of the structure show conserved insertions in EFL relative to eEF1A. Residues shown as turquoise sticks are those differentially conserved sites that in eEF1A interact with eEF1Bα.

Figure 4

 4 Figure 4 Evolutionary dynamics of elongation factors. The model shows the possible and impossible combinations of elongation factors EFL (turquoise) eEF1A (purple), eEF1Bα (red) following gene acquisition and loss. Impossible scenarios (those that would be fatal for the organism) are indicated with a skull and crossbones. Other notation is explained in the inset box.
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Table 1 .

 1 Modifications of mammalian mitochondrial rRNAs.

	rRNA	Position*	Modification
		A936 A937	Base dimethylation
	12S	U429	
		C839	Base methylation
		C841*	
		G1145	
	16S	U1369 G1370	2′-O-ribose methylation
		U1397	Pseudouridylation

*Positions are indicated using human 12S and 16S numbering. C841 in human 12S RNA corresponds to C911 in mouse 12S RNA, which was initially studied

[START_REF] Metodiev | NSUN4 is a dual function mitochondrial protein required for both methylation of 12S rRNA and coordination of mitoribosomal assembly[END_REF]

.

Table 2 .

 2 Plate setup for 5S and 12S rRNA RT-qPCR calculation in the fractions, collected in experiment 2.1.1.

	5S	5S	5S	5S	5S	5S	5S	5S	5S	5S	5S	5S
	10 8	10 8	10 7	10 7	10 6	10 6	10 5	10 5	10 4	10 4	mpl	mpl
	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S
	10 8	10 8	10 7	10 7	10 6	10 6	10 5	10 5	10 4	10 4	mpl	mpl
	5S	5S	5S	5S	5S	5S	12S	12S	12S	12S	12S	12S
	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v
	drop	drop	SN	SN	wash	wash	drop	drop	SN	SN	wash	wash
	5S	5S	5S	5S	5S	5S	12S	12S	12S	12S	12S	12S
	vort	vort	vort	vort	vort	vort	vort	vort	vort	vort	vort	vort
	drop	drop	SN	SN	wash	wash	drop	drop	SN	SN	wash	wash
	"Vort" -vortexed, "n/v" -not vortexed, SN -supernatant; drop -solid lipid phase.	
		Calculation data of 5S and 12S rRNAs in the fractions are presented in table 3:

Table 3 .

 3 Copy numbers of 5S and 12S rRNA in the fractions, collected in experiment 2.1.1:

	Mean	mitoplasts	SN, n/v	Wash,	Drop, n/v	SN, vort	Wash,	drop, vort
	ratios			n/v			vort	
	5s	11195500	5618500 58515	432500	5095000	94605	410200
	12s	19855000	588050	402800	9306000	649800	190680	9157000
	"Vort" -vortexed, "n/v" -not vortexed, SN -supernatant; drop -solid lipid phase.	

Table 4 . Plate setup for 12S and 16S rRNA RT-qPCR analysis in the fractions, collected in

 4 

	experiment 2.1.1:									
	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S
	10 0	10 0	10 -1	10 -1	10 -2	10 -2	10 -3	10 -3	10 -4	10 4	mpl	mpl
	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S
	10 0	10 0	10 -1	10 -1	10 -2	10 -2	10 -3	10 -3	10 -4	10 -4	mpl	mpl
	12S	12S	12S	12S	12S	12S	16S	16S	16S	16S	16S	16S
	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v	n/v
	drop	drop	SN	SN	wash	wash	drop	drop	SN	SN	wash	wash
	12S	12S	12S	12S	12S	12S	16S	16S	16S	16S	16S	16S
	vort	vort	vort	vort	vort	vort	vort	vort	vort	vort	vort	vort
	drop	drop	SN	SN	wash	wash	drop	drop	SN	SN	wash	wash
	"Vort" -vortexed, "n/v" -not vortexed, SN -supernatant; drop -solid lipid phase.	
		Priming efficiencies for 12S and 16S rRNA primer pairs were found from the
	calibration line:										
	E12S = 0,926; E16S = 0,908.								

Table 5 .

 5 12S and 16S rRNA threshold cycles in the fractions, collected in experiment 2.1.1:

	Fractions 12s	16s	12s	16s	12s/16s
				mean	mean	ratio
	mpl	10,89	11,09	10,97	10,84	0,83
	mpl	11,05	10,58			
	SN n/v	20,02	20,6	19,97	20,70	1,33
	SN n/v	19,91	20,8			
	wash n/v 20,26	20,51	20,30	20,52	0,95
	wash n/v 20,34	20,53			
	solid n/v 16,03	15,55	16,06	15,65	0,66
	solid n/v 16,08	15,74			
	SN vort	20,02	20,3	19,88	20,30	1,09
	SN vort	19,73	20,29			
	wash vort 20,86	20,77	20,85	20,79	0,79
	wash vort 20,83	20,81			
	solid vort 15,76	15,23	15,71	15,18	0,61
	solid vort 15,66	15,12			
	"Vort" -vortexed, "n/v" -not vortexed, SN -supernatant; drop -solid lipid phase.
	Using the ratio between 12S and 16S rRNAs, we calculated the number of 16S
	rRNA molecules in all samples. Quantification of 5S, 12S and 16S rRNA data are
	summarized in table 6:				

Table 6 .

 6 Calculation of 5S, 12S and 16S rRNAs in the samples, in experiment 2.1.1.

	Mean molecules number of	Mpl.	SN, n/v	n/v Wash,	Solid, n//v SN, vort	vort Wash,	Solid, vort.
	5s	11195500 5618500	58515	432500	5095000	94605	410200
	12s	19855000 588050	402800	9306000	649800	190680	9157000
	16s	24015004 441169	422809	14101687 597015	240293	14994316
	"Vort" -vortexed, "n/v" -not vortexed, SN -supernatant; drop -solid lipid phase.
	The experimental data of table 6 are presented in figure 19:	

number of molecules fractions RT-qPCR analysis of 5S, 12S and 16S rRNAs in the fractions, collected in experiment 2.1.1

  

	Table 7. Plate setup for 5S and 12S rRNAs RT-qPCR analysis in experiment 2.1.2.	
	5S	5S	5S	5S	5S	5S	5S	5S	5S	5S	5S	5S
	10 8 12S	10 8 30000000 12S	10 7 12S	10 7 12S	10 6 12S	10 6 12S	10 5 12S	10 5 12S	10 4 12S	10 4 12S	NTC 12S	NTC 12S
	10 8 5S	10 8 25000000 5S	10 7 5S	10 7 5S	10 6 5S	10 6 5S	10 5 5S	10 5 5S	10 4 5S	10 4 5S	NTC 5S	NTC 5S
	SN 200 12S SN	15000000 SN 20000000 200 12S SN	SN 100 12S SN	SN 100 12S SN	SN 50 12S SN	SN 50 12S SN	Drop 200 12S Drop	Drop 200 12S Drop	Drop 100 12S Drop	Drop 100 12S Drop	Drop 50 12S Drop	Drop 50 5s 12S 12s Drop
	16s "SN" -supernatant; "drop" -lipid phase. KCl mM concentrations in each sample are indicated. 200 200 100 100 50 50 200 200 100 100 50 50 10000000
		5000000										
	5S RNA calculations in the fractions, collected in in experiment 2.1.2, are 0 mpl SN nv wash nv solid nv SN v wash v solid v presented in table 8.
										1.2). Plate setup
	of this experiment is presented in table 7.						

Table 8 .

 8 RT-qPCR analysis of 5S rRNA in the fractions of experiment 2.1.2.

	Fraction	Threshold cycle (5S	Number	of	Mean number of
		rRNA)	molecules	(5S	molecules	(5S
			rRNA)		rRNA)
	sn200	14,81	2016000		1987000
	sn200	14,85	1958000		
	sn100	16,15	847700		806250
	sn100	16,31	764800		
	sn50	16,23	808400		779250
	sn50	16,34	750100		
	drop200	17,71	310900		292950
	drop200	17,9	275000		
	drop100	17,32	400200		378150
	drop100	17,5	356100		
	drop50	19,71	85990		92210
	drop50	19,5	98430		
	"SN" -supernatant; "drop" -lipid phase.			
	12S RNA calculations in the fractions, collected in in experiment 2.1.2, are
	presented in table 9.				
	As in experiment 2.1.1, 16S and 12S rRNAs in the samples were quantified by
	relative quantification method (3.1.2), using mitochondrial DNA as calibration standard.
	Plate setup is presented in table 10.			

Table 9 .

 9 RT-qPCR analysis of 12S rRNA in the fractions of experiment 2.1.2.

	Fraction		Threshold	cycle	Number	of	Mean number of
				(12S rRNA)		molecules	(12S	molecules	(12S
							rRNA)			rRNA)		
	sn200			18,97			519400		530350	
	sn200			18,91			541300				
	sn100			23,55			25520			27925		
	sn100			23,29			30330					
	sn50			23,03			35890			37030		
	sn50			22,94			38170					
	drop200		15,18			6327000		6432000	
	drop200		15,13			6537000				
	drop100		16,04			3594000		3758500	
	drop100		15,9			3923000				
	drop50			16,78			2185000		2185500	
	drop50			16,79			2186000				
	"SN" -supernatant; "drop" -lipid phase.							
	Table 10. Plate setup for 12S and 16S rRNAs RT-qPCR quantification in experiment 2.1.2.
	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S
	10 0	10 0	10 -1	10 -1	10 -2	10 -2	10 -3	10 -3	10 -4	10 4	NTC	NTC
	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S
	10 0	10 0	10 -1	10 -1	10 -2	10 -2	10 -3	10 -3	10 -4	10 -4	NTC	NTC
	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S	12S
	SN	SN	SN	SN	SN	SN	Drop	Drop	Drop	Drop	Drop	Drop
	200	200	100	100	50	50	200	200	100	100	50	50
	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S	16S
	SN	SN	SN	SN	SN	SN	Drop	Drop	Drop	Drop	Drop	Drop
	200	200	200	200	200	200	200	200	100	100	50	50
	"SN" -supernatant; "drop" -lipid phase.							
	Priming efficiencies for 12S and 16S rRNA primer pairs were found from the
	calibration line:										
	E12S = 0,926; E16S = 0,908.								
	Threshold cycles of 12S and 16S rRNAs and 12S/16S ratios in the samples are
	presents in table 11.									

Table 11 .

 11 Threshold cycles of 12S and 16S rRNAs and 12S/16S ratios in the samples in experiment 2.1.2.

	Fractions	12s,	16s,	12s, mean	16s, mean	12s/16s
		threshold	threshold	value	value	ratio
		cycle	cycles			
	sn200	19,14	19,23	19,11	19,20	0,89
	sn200	19,08	19,17			
	sn100	23,35	24,56	23,37	24,52	1,69
	sn100	23,38	24,48			
	sn50	23,09	23,73	23,14	23,68	1,14
	sn50	23,19	23,62			
	drop200	15,29	14,76	15,37	14,77	0,59
	drop200	15,44	14,78			
	drop100	16,12	15,65	16,15	15,60	0,60
	drop100	16,17	15,55			
	drop50	16,97	16,54	17,06	16,55	0,61
	drop50	17,14	16,55			
	"SN" -supernatant; "drop" -lipid phase.			
	Mean values of 5S, 12S and 16S rRNA quantities in the fractions of experiment
	2.1.2, are summarized in table 12.			

Table 12 .

 12 Calculation of 5S, 12S and 16S rRNAs in the samples, in experiment 2.1.2.

		sn200	sn100	sn50	drop200	drop100 drop50
	5s	1987000 806250	779250	292950	378150	92210
	12s	530350	55850	37030	6432000 3758500 2185500
	16s	598742	32979	32569	10913079 6219675 3566109
	"SN" -supernatant; "drop" -lipid phase.		
		Results of 5S, 12S and 16S rRNA RT-qPCR quantification in the fractions,
	collected in experiment 2.1.2, are summarized in figure 20.	

Table 21 .

 21 Proteins, enriched in the lipid phase or in supernatant samples, according to LC-MS/MS data.

	Group	Subgroup	Phase
	Nuclear	Lamins:	Lipid
	proteins	• Lamin B1;	
		• Lamin B2;	
		• Prelamin A/C.	
		High Mobility Group (HMG):	Aqueous
		• HMG-I/HMG-Y;	
		• HMG-B1;	
		• HMGI-C.	
		Histones:	No preference
		• H1; H1.4; H2B	
	Cytosolic	Cytoskeleton:	Lipid
	proteins	• Actin 1;	
		• Actin 2;	
		• Tubulin;	
		• Vimentin.	
		Glycolysis:	Aqueous
		• Glucose-6-phosphate isomerase;	
		• Fructose-bisphosphate aldolase;	
		• Triosephosphate isomerase;	
		• Phosphoglycerate kinase;	
		• Alpha-enolase	
		Cytosolic ribosomal proteins:	No preference
		• Large subunit;	
		• Small subunit.	
	Mitochondrial	Respiratory chain complexes:	Lipid
	proteins	• Complex I;	
		• Complex III;	
		• Complex IV;	
		• ATP-synthase subunits.	
		Outer membrane components:	Lipid
		• Voltage-dependent anion channel;	
		• Translocase of the outer membrane	
		Krebs cycle enzymes:	
		• Malate dehydrogenase;	
		• Isocitrate dehydrogenase;	
		• Citrate synthase.	

Table 22 .

 22 Preparation buffer composition in experiment 2.1.

	Component		Concentration, mM	
		Gradient 1	Gradient 2	Gradient 3	Gradient 4
	Tris-HCl, pH 7,5	10	10	10	10
	CH3COOK	10	10	300	300
	MgCl2	5	0	5	0
	EDTA	0	10	0	10
	PMSF	1	1	1	1
	DTT	5	5	5	5

Table 24

 24 Preparation buffer composition in experiment 2.2.2.

	Component	Concentration, mM	
		Gradient 5	Gradient 6
	Tris-HCl, pH 7,5	10	10
	CH3COOK	300	300
	MgCl2	5	0
	EDTA	0	10
	PMSF	1	1
	DTT	5	5

Table 25 .

 25 Semi-quantitative Northern blot data for two RNA samples.

	RNA	Mean	Mean	Measurement	Measurement	Codon
		quantities	quantities	errors for	errors for	frequency,
		in sample	in sample	sample 1	sample 2	per 1000
		1, fmoles	2, fmoles			
	12S rRNA	34,55	N/A	4,45	N/A	N/A
	16S rRNA	42,55	N/A	16,85	N/A	N/A
	Mt-tRNA Phe	56,55	53,00	8,55	8,00	55,00
	Mt-tRNA Val	53,50	78,55	7,30	10,75	50,90
	Mt-tRNA Leu (CUN)	5,00	14,90	0,10	0,30	138,50
	Mt-tRNA Ser (AGY)	11,90	14,20	0,70	0,80	13,20
	Mt-tRNA Ser (UCN)	23,75	50,10	1,05	2,30	54,40

Table 26 .

 26 Expected nucleotide lengths of PCR products in MS2-tagged construct preparations.

	PCR products	Length, bp
	MS2 A	76
	5S rRNA B	140
	Mt-tRNA Val B	92
	U6 sn RNA B	126
	5S rRNA C	170
	Mt-tRNA Val C	122
	U6 sn RNA C	156
	MS2 D	49
	5S rRNA AB	196
	Mt-tRNA Val AB	148
	U6 sn RNA AB	182
	5S rRNA CD	196
	Mt-tRNA Val CD	148
	U6 sn RNA CD	182

Table 27 .

 27 Short designations of the RNAs, used in experiment 4.

	Name	RNA
	MS2_A	Control MS2 aptamer RNA
	5S_AB	5S rRNA, fused with MS2 tag at the 5'-end
	Val_AB	Mt-tRNA Val , fused with MS2 tag at the 5'-end
	U6_AB	U6 snRNA, fused with MS2 tag at the 5'-end
	5S_CD	5S rRNA, fused with MS2 tag at the 3'-end
	Val_CD	Mt-tRNA Val , fused with MS2 tag at the 3'-end
	U6_CD	

Table 28 .

 28 Enrichment ranks of the proteins in experiment 2.4.3.

	Protein	mt-tRNA(Val) 5'	mt-tRNA(Val) 3'	U6 snRNA	U6 snRNA	5S rRNA 5'	5S rRNA 3'
				5'	3'		
	YBX1	1	2	3	5	1	1
	DBPA	2	5	5	9	2	4
	HNRNPQ	3	Yes	1	1	No	No
	HNRNPR	4	Yes	2	4	No	No
	HSD17B10	5	8	No	No	No	No
	HNRNPL	6	4	6	Yes	No	No
	ILF2	7	3	10	3	5	3
	SRSF3	8	Yes	No	(Yes)	No	Yes
	ILF3	9	10	12	(No)	9	Yes
	C1QBP	10	1	Yes	Yes	8	9
	DHX9	11	11	9	(No)	6	(No)
	HNRNPU	12	7	11	2	Yes	8
	HNRNPD	13	Yes	Yes	8	No	Yes
	HNRNPAB	14	Yes	Yes	6	No	10
	NCL	15	Yes	13	(No)	7	(No)
	IGF2BP1	16	12	14	(No)	Yes	(No)
	HNRNPA2B1	Yes	6				

Table 29 .

 29 Short information about the RNA-binding proteins, listed in table 28 (positioned from top to bottom, according to table 28):

	Name	Description				
	YBX1/YB-1	Found in mitochondria, participates in mismatch repair, nucleic
		acids binding and nuclease activity			
	DBPA/YBX3	Nucleic acids binding, consensus binding sequence is 5'-
		UCCAUCA-3' (nearly exact match in MS2)		
	HNRNPQ	prefers poly(A) and poly(U) sequences			
	HSD17B10/HCD2/	3-hydroxyacyl-CoA	dehydrogenase	type-2,	subunit	of
	MRPP2	proteinaceous RNAse P			
	HNRNPL	Prefers CA-rich elements			
	ILF2	Interleukin enhancer-binding factor 2, partner of ILF3, needed for
		re-shuttling ILF3 into the nucleus, prefers dsRNA		
	SRSF3	Serine/arginine-rich splicing factor 3, may be involved in RNA
		processing and mRNA export			
	ILF3	Interleukin enhancer-binding factor 3, found in mitochondria,
		translational inhibitor, prefers dsRNA			
	C1QBP/p32	Complement component 1 Q subcomponent-binding protein,
		pleiotropic RNA-binding regulator, 95ocalized primarily in
		mitochondria, involved in biogenesis of 55S ribosomes	
	HNRNPD	Prefers AU-rich sequences, consensus motif is 5'-UUAG-3' (all
		three RNA have it, with different accessibility)		
	HNRNPAB	Prefers G-rich and U-rich ssRNA sequences		
	NCL	Major nucleolar protein, binds RNA (e.g. UUAGGG repeats)	
	HS90A	Chaperone, has RNA-binding activity			
	METTL16	Methyltransferase-like protein 16, 23S rRNA (adenine(1618)-
		N(6))-methyltransferase activity			
	ZC3HAV1	Zinc finger CCCH-type antiviral protein 1, involved in degradation
		of viral RNA				
	ZFR	Zinc finger RNA-binding protein			
	DHX30	Mitochondrial DEAD-box helicase 95ocalized in RNA granules
		and involved in mitoribosome biogenesis, prefers dsRNA,
		required for optimal function of ZC3HAV1			
	HNRNPA0	Prefers AU-rich sequences			
	SRP14	Signal recognition particle 14 kDa protein			
	RPL5	Ribosomal protein L5, major 5S rRNA-binding protein	
	LA/SSB	binds 3'-poly(U) terminus of Pol III transcripts, has a general
		tRNA-binding activity				
	NSUN2/TRM4	tRNA (cytosine(34)-C(5))-methyltransferase, methylates other
		Pol III transcripts				

Table 30 .

 30 Ranks of enrichment of the proteins (relative to control sample), identified in elutions in experiment 2.4.4.

	Protein	mt-tRNA(Val)	mt-tRNA(Val)	U6 snRNA	U6 snRNA	5S rRNA 5' 5S rRNA 3'
		5'	3'	5'	3'		
	ILF3	(L7)	1		2	L10	3
	HORN		2				
	HNRNPA1		3	L5	16		L24
	NUCL	L8	4	L2	14	L9	14
	PHB		5	1			
	ATP5A1		6				
	TCP4				1		1
	DHX9			U1	3	L19	2
	HNRNPR				4		L1
	HNRNPQ				5		L2
	DHX30	U1	L2	L7	6	L5	U1
	ILF2	L2	U1		7	L22	5
	YBX1				8		4
	RPS3A				9		U6
	IF2B1				10		
	RPL26L1				11		U15
	HNRNPC				12		12
	HNRNPU				13		13
	HNRNPD			L8	15		
	EPB41				17	L21	15
	HNRNPAB	L5	U6		18		
	S10A9					1	
	IGHG1					2	
	ACOT9				U1	L3	6
	RPL27A						7
	RPS7				L1	(L31)	8
	HSPA2						9
	HIST1H1E						10

Table 31 .

 31 Degrees of enrichment of 5S, 12S, 16S rRNAs and mt-tRNA Val relative to control, calculated in experiment 2.5.4.

		5s rRNA 12S rRNA	16s rRNA mt-tRNA (Val)
	control	1,00	1,00	1,00	1,00
	MALSU1 1,41	2,49	14,06	4,29
	MTG1	1,07	2,37	11,90	3,23

  Calculations of the RNA signals (figure59) are presented on figure60and in table32. They allow making several conclusions: 1. 5.8S rRNA served as a negative control in experiment 5.5. This RNA should not be present in human mitochondria, and is not supposed to interact with MALSU1 or MTG1. Figure60shows that this is the case, because this RNA is not enriched in any sample relative to the control. 2. 5S rRNA is not enriched in MALSU1 co-IP sample, but 2,6 timed enriched in MTG1 sample. 3. Mt-tRNA Val is slightly enriched in MTG1 co-IP sample (by 7%), but significantly enriched in MALSU1 co-IP sample (2,65 times), comparing to the control co-IP. 4. 16S rRNA is 2,2 times enriched in both MTG1 and MALSU1 samples.

Table 32 .

 32 Enrichment degrees of 5S, 5.8S, 16S and mt-tRNAVal in experiment 2.5.5.

		5s rRNA 5.8S rRNA 16s rRNA mt-tRNA (Val)
	control	1,00	1,00	1,00	1,00
	MALSU1 0,97	0,99	2,21	2,65
	MTG1	2,60	0,08	2,20	1,07

. Testing of in vitro interactions of MRPL38, MRPL40 and MRPL48 with 5S RNA and mt-tRNA Val .

  Figure 60. Degrees of enrichment of 5S, 12S, 16S rRNAs and mt-tRNA Val relative to control, observed in experiment 2.5.5. Numbers are provided in table 32.

	2.6	Co-IP to lysate ratios in experiment 2.5.5.
	3,00			
	2,50			
	2,00			
	1,50			
	1,00			
	0,50			
	0,00			
		5s rRNA	5.8S rRNA		16s rRNA	mt-tRNA (Val)
			control	MALSU1	MTG1

For the first round of 3'-MS2 aptamer tagging four primers are required:

  

	Primer 8 ACAGACCCTGAT	Antisense to generate	Includes the 3'-end of the
	GGTGTCT	the MS2 aptamer	MS2 aptamer sequence,
			moiety			invariant
		Sequence			Description
	IC1	CACCATCAGGGTCTGGTCA	Sense oligo for 5'MS2 tagging of
		CGTCTACGGCCATACCACC	human 5S RNA via overlapping
		CTG			PCR (sense to MS2 and 5 nt linker
					and UTR).
	Hm5ST7_R	AAAGCCTACAGCACCCGGT	Antisense oligo for 5'MS2 tagging
		ATTCCC			of human 5S RNA via overlapping
					PCR.	
	5'-MS2-mt-tRNA Val -3' (Val product B):			
	Name	Sequence			Description
	IC2	CACCATCAGGGTCTGGTCA	Sense oligo for 5'MS2 tagging of
		CCAGAGTGTAGCTTAACACA	human mt-tRNA Val via overlapping
		AAGCACC			PCR (sense to MS2 and 5 nt linker
					and UTR).
	HmT7tRNA_Val	TGGTCAGAGCGGTCAAGTT	Antisense oligo for 5'MS2 tagging
	_R	AAGTTGAAATCTCC		of	human	mt-tRNA Val	via
					overlapping PCR.
	5'-MS2-U6-3' (U6 product B):				
	Name	Sequence			Description
	IC3	CACCATCAGGGTCTGGTCA	Sense oligo for 5'MS2 tagging of
		CGTGCTCGCTTCGGCAGCA	human U6 snRNA via overlapping
		C			PCR (sense to MS2 and 5nt linker
					and UTR).
	SAO 00074	AAAATATGGAACGCTTCACG	Antisense oligo for 5'MS2 tagging
		AATTTGC			of human U6 snRNA via
					overlapping PCR.
	Primer Generic sequence Purpose			Features
	Primer 5 gttttttttaatacgactcact	Sense to generate the	Includes the T7 promoter
	atagg		template	for	the	and the 5'-end of the
	NNNNNNNNNNNN	sequence of interest	sequence of interest
	NNNNN		under the T7 promoter	
	Primer 6 GTACCCTGATGG	Antisense to attach the	Includes 3'-end of the
	TGTACGGTGACN	MS2 aptamer moiety	sequence of interest and
	NNNNNNNNNNNN	to the end of the	the 5'-end of MS2 aptamer
	NN		sequence of interest	sequence
	Primer 7 GTCACCGTACAC	Sense to generate the	Includes the 5'-end of the
	CATCAGGGTAC	MS2 aptamer moiety	MS2 aptamer sequence,
						invariant

product C):

  It is recommended to precipitate the obtained PCR products by adding 1/10 volume of the sodium acetate buffer and 3 volumes of 100% ethanol and incubating for at least 30 min at -80°C. Then pellet DNA by centrifugation at 16,000g in the table-top centrifuge for 15 min at room temperature. A white pellet should be clearly visible. Discard the supernatant and wash the pellet with 500 µl of 80%, then 100% ethanol by centrifugation for 5 min at 16,000g. Discard the supernatant, dry the pellet. Do not overdry the pellet: this may compromise its solubility! It is sufficient to reach the point when no ethanol smell is detectable any more. Dissolve the pellet in 20 µl of RNasefree water and store at -20°C. 5. Prepare in vitro transcription reactions by following the manufacturer protocol.Templates and kits vary in efficiency and the final volume should be adjusted accordingly to enable yields in the range of dozens of µg of RNA (remember that 200-300 pmol MS2 aptamer-tagged RNA is needed for affinity chromatography). In general, larger reaction volumes and more template are needed for particularly long transcripts (>200 nt). For the RiboMax Express Large Scale RNA Production System (Promega), 20 µl reactions with 200-250 ng of template DNA are usually sufficient. It is recommended to leave the transcription to carry on overnight.MS2 tagged 5S rRNA, mt-tRNA Val and U6 snRNA were produced by in vitro transcription with RiboMAX kit (Promega).

	Name Hm5ST7_F IC4 IC6 Primers 7 and 8 generate the fragment D, corresponding to 5'-full-size MS2 Sequence Description GTTTTTTTTAATACGACTCA CTATAGTCTACGGCCATACC ACCCTGAAC Sense oligo for 3'MS2 tagging of human 5S RNA via overlapping PCR + T7 promoter. GTACCCTGATGGTGTACGG TGACAAAGCCTACAGCACC CGGTATTCC Antisense oligo for 3'MS2 tagging of human 5S RNA via overlapping PCR (antisense to MS2 and 5nt linker and UTR). GTACCCTGATGGTGTACGG TGACAAAATATGGAACGCTT CACG Antisense oligo for 3'MS2 tagging of human U6 snRNA via overlapping PCR (antisense to MS2 and 5nt linker and UTR). aptamer-3', or 5'-GTCACCGGTACACCATCAGGGTACGTTTTTCAGACACCATCAGGGTCTGGTCAC-3' DNA fragments encoding MS2 tag sequence for 3'-MS2 tagging (MS2 product D) was amplified by PCR with the following primers: Name Sequence Description JVO-4943 ACAGACCCTGATGGTGTCT MS2 antisense primer for 3' tagging JVO-4944 GTCACCGTACACCATCAGGGTAC MS2 sense primer for 3' tagging 2. Perform first step PCRs according to the following guidelines. PCR reaction Primers Expected PCR product (sequence in sense direction) PCR product A Primers 1 and 2 GttttttttaatacgactcactataggTCGTACACCATCAGGGTACGTT TTTCAGACACCATCAGGGTCTGGTCAC PCR product B Primers 3 and 4 PCR amplification program for products A, B, C and D: Temperature, °C Time, s Number of cycles 96 300 1 96 20 28 60* 10 72 10 72 300 1 10 300 1 *60°C priming temperature was used for amplification of products B and C; 56°C was used for products A and D. Run PCR products A, B, C and D on 3% agarose gel and purify with GeneJET Gel Extraction kit (Thermo Scientific). 3. Combine first step PCR products in equimolar amounts perform the second step overlapping PCRs, as described below: PCR reaction First step PCR products Primers Expected PCR product PCR AB PCR A and B Primers 1* and 4 GttttttttaatacgactcactataggTCGTAC ACCATCAGGGTACGTTTTTCAG ACACCATCAGGGTCTGGTCACN NNNNNNNNNNNNNNNNNNNNNN 4. Reaction mixture contained: CACCATCAGGGTCTGGTCACNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNNN PCR product C Primers 5 and 6 GttttttttaatacgactcactataggNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NNNNNNNNNTCGTACACCATCAGGGTAC PCR product D Primers 7 and 8 TCGTACACCATCAGGGTACGTTTTTCAGACACCATCAG GGTCTGGTCAC Reaction mixture for products A, B, C and D amplification contained: NNNNNNNNN PCR CD Component Volume, μl Stock PCR C and D Primers 5* and 8 GttttttttaatacgactcactataggNNNNNN Reaction buffer 4 5x NNNNNNNNNNNNNNNNNNNNNN ATP 3 50 mM NNNTCGTACACCATCAGGGTAC TTP 3 50 mM GTTTTTCAGACACCATCAGGGT CTP 3 50 mM CTGGTCAC GTP 3 50 mM *Although it is possible to use primers 1 and 5 for this PCR, it is recommended to replace DNA template 4 60 ng/μl them with the invariant primer 9 (5'-GTTTTTTTTAATACGACTCACTATAGG), which only Enzyme mix 2 10x covers the T7 promoter, to increase specificity of the overlapping PCRs. DTT 1 100 mM
	Name HmT7tRNA_Val _F Component Superase In RNAse inhibitor Sequence GTTTTTTTTAATACGACTCA CTATACAGAGTGTAGCTTAA Volume, μl 1 Template genomic DNA 1 Forward primer 1 (Thermo Scientific) For generation of 5'-MS2 fused DNA constructs equimolar amounts of products A Description Sense oligo for 3'MS2 tagging of human mtVal-tRNA via 20 U/μl Final concentration 6 ng per 50 μl 10 μM and B were added in reaction mixture: mQ water 1 Adjust to 25 μl
	CACAAAGCACCC 1 GTACCCTGATGGTGTACGG TGACTGGTCAGAGCGGTCA AGTTAAGTTG Plasmid pRR05, containing full-size MS2 aptamer sequence (provided by Reverse primer 10 μM overlapping PCR + T7 promoter. IC5 Antisense oligo for 3'MS2 tagging of human mtVal-tRNA via overlapping PCR (antisense to MS2 and 5nt linker and UTR). SAO 00074 5'-U6-MS2-3' (U6 product C): 2 mM dNTP mix 5 0,2 mM 10x buffer 5 DNA construct Product A, ng Product B, ng Primers 5'-MS2-5S-3' 80 120 Reaction mix was incubated overnight at 37 o C. JVO-4202 1x rTaq 1 Hm5ST7_R 6. To digest template DNA 1 μl of RQ1 DNAse was added in the reaction for 15 minutes. 5U per 50 μl mQ water 36 5'-MS2-mtVal-3' 80 72 JVO-4202 7. Add to each sample 1 volume of denaturing RNA loading dye, mix well and boil the Adjust to 50 μl HmT7tRNA_Val_R 80 106 JVO-4202* 5'-MS2-U6-3' samples at 95°C for 5 min. Then load on a 6% polyacrylamide gel with 7M urea and
	Name Alexandre Smirnov) was used as a template for MS2A and MS2D products amplification. Sequence *Oligonucleotide JVO-4202: Description IC7 GTTTTTTTTAATACGACTCA CTATAGGGTGCTCGCTTCG GCAGC Antisense oligo for 3'MS2 tagging of human U6 snRNA via overlapping PCR + T7 promoter Sequences of 5S rRNA, mt-tRNA Val and U6 snRNA were amplified from total DNA of Name Sequence Description HepG2 cells (products C and D). Recombinant Taq DNA polymerase kit (GE Healthcare) TATA was used. JVO-4202 GTTTTTTTTAATACGACTCAC T7 promoter primer

5'mt-tRNA Val -MS2-3' (Val product C):

Analysis of 5S rRNA interaction with mitochondrial ribosomal proteins and mitochondrial ribosome assembly factors by co- immunoprecipitation. 3.5.1. Molecular cloning of MTG1 and MALSU1.

  

	TCATCGAGGTCCACGATGCCCGGATCCCACTTTCAGGCCGCAACCCTCTGTTTCAGGAAACCCTTGGGCTTAAGCCT
	CACTTGCTGGTCCTCAACAAGATGGACTTGGCGGATCTTACAGAGCAGCAGAAAATTATGCAACACTTAGAAGGAGA
	AGGCCTAAAAAATGTCATTTTTACCAACTGTGTAAAGGATGAAAATGTCAAGCAGATCATCCCGATGGTCACTGAAC
	TGATTGGGAGAAGCCACCGCTACCACCGAAAAGAGAACCTGGAGTACTGTATCATGGTCATTGGGGTCCCCAACGTG
	GGCAAGTCCTCCCTCATCAACTCCCTCCGGAGGCAGCACCTCAGGAAAGGGAAAGCCACCAGGGTGGGTGGCGAGCC
	TGGGATCACCAGAGCTGTGATGTCCAAAATTCAGGTCTCTGAGCGGCCCCTGATGTTCCTGTTGGACACTCCTGGCG
	TGCTGGCTCCTCGGATTGAAAGTGTGGAGACAGGCCTGAAGCTGGCCCTGTGTGGAACGGTGCTGGACCACCTGGTC
	GGGGAGGAGACCATGGCTGACTACCTGCTGTACACCCTCAACAAACACCAGCGCTTTGGGTACGTGCAGCACTACGG
	CCTGGGCAGTGCCTGTGACAACGTAGAGCGCGTGCTGAAGAGTGTGGCTGTGAAGCTGGGGAAGACGCAGAAGGTGA
	AGGTGCTCACGGGCACGGGTAACGTGAACATTATTCAGCCTAACTATCCTGCGGCAGCCCGTGACTTCCTGCAGACT
	TTCCGCCGTGGGCTGCTGGGTTCCGTGATGCTGGACCTCGACGTCCTGCGGGGCCACCCCCCGGCTGAGACTTTGCC
	CTGA
	>gi|19923976:33-737 Homo sapiens mitochondrial assembly of ribosomal large
	subunit 1 (MALSU1), mRNA (C7orf30)
	ATGGGGCCGGGCGGCCGTGTGGCGCGGCTGCTCGCCCCACTAATGTGGCGCAGGGCGGTTTCCTCGGTGGCGGGGTC
	CGCGGTTGGAGCCGAGCCCGGGCTTCGGCTGCTGGCCGTGCAGCGGCTTCCCGTAGGAGCAGCGTTCTGCCGGGCTT
	GCCAGACCCCAAACTTTGTCCGCGGCCTGCACAGCGAGCCTGGGCTGGAGGAGCGGGCGGAGGGGACGGTCAACGAG antibodies: GGACGCCCAGAATCGGACGCGGCAGATCATACTGGTCCCAAGTTTGACATCGATATGATGGTTTCACTTCTGAGGCA
	Antibody AGAAAATGCAAGAGACATTTGTGTGATCCAGGTTCCTCCAGAAATGAGATATACAGATTACTTTGTGATTGTTAGTG Manufacturer Produced in Dilution Monoclonal ANTI-Sigma (F1804) Mouse GAACTTCTACCCGACACTTACATGCCATGGCCTTCTACGTTGTGAAAATGTACAAACACCTGAAATGTAAACGTGAC 1:5000 (WB) CCTCATGTTAAGATAGAAGGGAAGGACACTGATGACTGGCTGTGCGTGGATTTTGGCAGCATGGTGATTCATTTGAT
	FLAG® M2 antibody GCTTCCAGAAACCAGAGAAATCTATGAATTAGAGAAATTATGGACCCTACGTTCTTATGATGACCAGTTAGCTCAGA
	Anti-MRPL38 TAGCACCTGAGACAGTACCTGAAGACTTCATTCTTGGAATAGAAGATGATACTTCATCTGTGACTCCAGTGGAGTTA Home-made Rabbit 1:2000 (WB) Anti-RNMTL1 Proteintech (14707-1-AP) Rabbit 1:1000 (WB) AAATGTGAATAA
	DNA fragments, encoding the ORFs of MTG1 and MALSU1, were amplified with Secondary antibodies: QIAGEN One-Step RT-PCR kit with the following primers:
	Antibody Anti-rabbit Name Sequence 5'-3' Conjugated to Manufacturer HRP GE Healthcare (NA934V) Description Produced in Dilution donkey 1:10000 IC15 ggtggtCTTAAGATGGGGCCGGGCG Sence primer to amplify human (WB) Anti-mouse HRP GE Healthcare (NXA931) sheep C7orf30 with AflII restriction site 1:10000 (underlined) (WB) Anti-rabbit Alexa Fluor 488 Molecular Probes (A-11008) goat IC16 ggtCTCGAGTTAATCATGATCCTTGT Antisence primer to amplify human 1:1000 AGTCGATGTCATGATCTTTATAATC C7orf30 with 3xFLAG tag and XhoI (PALM) Anti-rabbit Alexa Fluor 647 Molecular Probes (A-21246) goat ACCGTCATGGTCTTTGTAGTCTTCA restriction site 1:1000 CATTTTAACTCCACTGGAG (PALM) Anti-mouse Alexa Fluor 488 Molecular Probes (A-11001) goat IC11 ggtGGTACCATGAGATTGACCCCGC Sence primer to amplify human 1:1000 GCG MTG1 with KpnI restriction site (PALM) Anti-mouse Alexa Fluor 647 Molecular Probes (A-21237) goat IC12 ggtCTCGAGTTAATCATGATCCTTGT Antisence primer to amplify human 1:1000 AGTCGATGTCATGATCTTTATAATC MTG1 with 3xFLAG tag and XhoI (PALM) ACCGTCATGGTCTTTGTAGTCGGG restriction site
	CAAAGTCTCAGCCGGG
	3.5. Nucleotide sequences of MTG1 and MALSU1 were found in GenBank (NCBI):
	>gi|93277112:105-1109 Homo sapiens mitochondrial ribosome-associated GTPase 1
	(MTG1), mRNA (GTPBP7)
	ATGAGATTGACCCCGCGCGCGCTGTGCAGCGCCGCCCAGGCCGCCTGGCGGGAGAACTTCCCCCTGTGCGGTCGCGA
	CGTGGCGCGCTGGTTCCCGGGCCACATGGCCAAGGGGCTGAAGAAGATGCAGAGCAGCCTGAAGCTGGTGGACTGTA

Testing of in vitro interactions of MRPL38, MRPL40 and MRPL48 with 5S RNA and mt-tRNA Val .

  

	CTGGAACGGAAACAGGCCATCCAGGAGCTTCGGGCCAATGTGGAAGAGGAGCGGGCTGCCCGCCTCCGCACAGCCAG
	TGTCCCGCTGGATGCCGTGCGGGCCGAGTGGGAGAGGACCTGTGGCCCCTACCACAAGCAGCGTCTGGCTGAGTATT
	ACGGCCTCTACCGAGACCTGTTCCACGGTGCCACCTTTGTGCCCCGAGTCCCCCTGCACGTGGCCTACGCTGTGGGT
	GAGGATGACCTGATGCCTGTGTACTGTGGCAATGAGGTGACTCCAACCGAGGCTGCCCAAGCGCCAGAGGTGACCTA
	TGAGGCAGAAGAGGGCTCCTTGTGGACGTTGCTACTCACTAGCTTGGATGGGCACCTGCTGGAGCCAGATGCTGAGT
	ACCTCCACTGGCTGCTAACCAACATCCCGGGTAACCGGGTGGCTGAAGGACAGGTGACGTGTCCCTACCTCCCCCCC
	TTCCCTGCCCGAGGCTCCGGCATCCACCGTCTTGCCTTCCTGCTCTTCAAGCAGGACCAGCCGATTGACTTCTCTGA
	GGACGCACGCCCCTCACCCTGCTATCAGCTGGCCCAGCGGACCTTCCGCACTTTTGATTTCTACAAGAAACACCAAG
	AAACCATGACTCCAGCCGGCTTGTCCTTCTTCCAGTGCCGCTGGGATGACTCCGTCACCTACATCTTCCACCAGCTT
	CTGGACATGCGGGAGCCGGTGTTTGAGTTCGTGCGGCCGCCCCCTTACCACCCCAAGCAGAAGCGCTTCCCCCACCG
	GCAGCCCCTGCGCTACCTGGACCGGTACAGGGACAGTCATGAGCCCACCTATGGCATCTACTAA
	>gi|26638658:43-663 Homo sapiens mitochondrial ribosomal protein L40
	(MRPL40), mRNA without presequence	
	TCAGAACCTCTTCGAAAAAAGAAGAAGGTAGATCCTAAAAAAGACCAAGAAGCAAAGGAGCGCTTGAAAAGGAAGAT
	CCGAAAACTGGAAAAGGCTACTCAAGAGCTAATTCCTATTGAAGATTTTATTACCCCTCTAAAGTTCTTGGATAAAG
	CAAGAGAGCGGCCTCAGGTGGAGCTCACCTTTGAGGAGACTGAGAGGAGAGCTCTGCTTCTGAAGAAGTGGTCCTTG
	TACAAGCAGCAAGAGCGTAAGATGGAGAGGGACACCATCAGGGCTATGCTAGAAGCCCAGCAGGAAGCTCTGGAGGA
	ACTGCAACTGGAATCCCCGAAGCTCCATGCTGAGGCCATCAAGCGGGATCCTAACCTGTTCCCCTTTGAGAAGGAAG
	GGCCACATTACACACCACCGATCCCTAACTACCAACCCCCTGAAGGCAGGTACAATGACATCACCAAGGTGTACACA
	CAAGTGGAGTTTAAGAGATAG	
	>gi|169790916:101-739 Homo sapiens mitochondrial ribosomal protein L48
	(MRPL48), mRNA without presequence	
	TCAGGAGAGAAGCCCATCTATTCTGTAGGTGGAATTCTACTAAGTATCAGTCGGCCCTACAAGACAAAGCCCACCCA
	CGGCATTGGAAAGTACAAGCACTTAATTAAAGCAGAAGAGCCCAAGAAGAAGAAGGGAAAAGTGGAAGTGAGAGCCA
	TTAATTTGGGGACAGATTATGAATATGGGGTTTTAAATATTCATCTGACTGCATATGATATGACCCTGGCAGAGAGT
	TATGCCCAGTATGTTCACAACCTCTGCAACTCTCTCTCCATTAAAGTCGAGGAAAGTTATGCAATGCCAACCAAAAC
	CATAGAAGTGTTGCAGTTGCAGGACCAAGGCAGCAAAATGCTCCTGGACTCAGTGCTTACCACCCATGAGCGAGTGG
	Name TTCAGATCAGCGGTTTGAGTGCTACGTTTGCAGAAATTTTCTTGGAAATAATCCAAAGCAGTCTTCCTGAAGGAGTC Sequence 5'-3' Description HmT7tRNA_ Val_R TGGTCAGAGCGGTCAAGTTAAGTT GAAATCTCC AGACTGTCAGTGAAGGAGCACACTGAAGAAGACTTCAAGGGACGATTCAAAGCTCGACCAGAACTGGAAGAACTGTT Antisense oligonucleotide probe to mt-tRNA Val for Northern blot GGCCAAGTTGAAGTAG
	Hm5ST7_R	AAAGCCTACAGCACCCGGTATTCC	Antisense oligonucleotide probe to
		C	5S rRNA for Northern blot
	Hm12S_Nort GGGGTAGAAAATGTAGCCCATTTC	Antisense oligonucleotide probe to
		TTGC	12 rRNA for Northern blot
	Hm16S_Nort CTGGTGAAGTCTTAGCATGTACTG	Antisense oligonucleotide probe to
		CTC	16S rRNA for Northern blot
	Hm5.8ST7_R AAGCGACGCTCAGACAGGC	Antisense oligonucleotide probe to
			5.8S rRNA for Northern blot
	3.6. 3.6.1. Reverse transcription and PCR amplification (RT-PCR) of MRPL38, MRPL40
	and MRPL48 sequences.	
	Nucleotide sequences encoding mature MRPL38, MRPL40 and MRPL48 were
	found in GenBank (http://www.ncbi.nlm.nih.gov/genbank/):
	>gi|222080063:226-1368 Homo sapiens mitochondrial ribosomal protein L38
	(MRPL38), mRNA without transit peptide	
	CGCCGGACACCCCCGCTGGGGCCGATGCCCAACAGTGACATCGACTTGAGCAACCTGGAGCGGCTGGAGAAGTACCG
	GAGCTTCGACCGCTACCGGCGCCGAGCAGAGCAGGAGGCGCAGGCCCCGCACTGGTGGCGGACCTACCGAGAGTATT
	TCGGGGAGAAGACAGATCCCAAAGAGAAGATTGATATTGGGCTGCCTCCACCCAAAGTCTCCCGGACCCAACAGCTA

3.6.6. PCR amplification of 5S, mt-tRNA Val and U6 cDNAs.

  DNA fragments, encoding human 5S RNA, mt-tRNA Val and U6 sn RNA, were amplified by PCR with the following primers:

	Temperature, o C	Time, s	Number of cycles
	96		300	1
	96		20
	60		10	28
	72		10
	72		300	1
	10		300	1
	Primers:		
	Name	Sequence		Description
	Hm 5ST7_F	GTTTTTTTTAATACGACTCACTA	Sence primer to amplify human 5S RNA
		TAGTCTACGGCCATACCACCCT	with T7 promoter.
		GAAC	
	Hm 5ST7_R	AAAGCCTACAGCACCCGGTATT	Antisence primer to amplify human 5S
		CCC		RNA.
	Hm	GTTTTTTTTAATACGACTCACTA	Sence primer to amplify human mt-
	T7tRNA_Val_	TACAGAGTGTAGCTTAACACAA	tRNA Val with T7 promoter.
	F	AGCACCC	
	Hm	TGGTCAGAGCGGTCAAGTTAA	Antisence primer to amplify human mt-
	T7tRNA_Val_	GTTGAAATCTCC	tRNA Val .
	R		
	IC7	GTTTTTTTTAATACGACTCACTA	Sence primer to amplify human U6
		TAGGGTGCTCGCTTCGGCAGC	snRNA with T7 promoter.
	SAO 00074	AAAATATGGAACGCTTCACGAA	Antisense primer to amplify human U6
		TTTGC		snRNA.
	PCR mixture contained the following components:
	Component		Volume, μl	Final concentration
	Template genomic DNA	1	6 ng per 50 μl
	Forward primer		1	10 μM
	Reverse primer	1	10 μM
	2 mM dNTP mix	5	0,2 mM
	10x buffer		5	1x
	rTaq (GE Healthcare)	1	5U per 50 μl
	mQ water		36	Adjust to 50 μl
	GE Healthcare recombinant Taq DNA polymerase kit was used.
	PCR amplification program:	

3.7.6. Amine group labelling of 5S rRNA.

  Elute the RNA from the gel, shaking overnight at +4°C in 0,5 ml of elution buffer (0,5 M ammonium acetate, 0,1% SDS buffer in RNAse free water) 6. Precipitate the RNA with ethanol and sodium acetate. 7. Dissolve RNA pellet in 50 μl of RNase free water. Dilute the reaction mix to 200 μl with RNAse free water. 4. Add 400 μl of acid phenol, pH 5,0, and 100 μl of chloroform and mix by brief vortexing (3-4 pulses) to extract the RNA. 5. Centrifuge the tube at 16000 g for 10 minutes. Collect the aqueous phase and precipitate with 3 volumes of ethanol. 6. Add 200 μl of RNAse free water to organic phase and make second extraction. 7. Resuspend the RNA pellet in 20-50 of RNase free water. 8. Measure the RNA spectrum on Nanodrop spectrophotometer. Use 260 nm wavelength value to calculate the quantity of RNA in the sample. Measure dye incorporation at 650 nm wavelength. These data allow calculating the number of fluorescent dye molecules per 1 RNA molecule. 9. Check the quality of labelled RNA by PAGE on 8% denaturing gel.

	The following oligonucleotides served as primers in PCR: RNAse Inhibitor 2,5 μl
	Name Enzyme mix T7_pro milliQ	Sequence TAATACGACTCACTATAGGG Forward T7 promoter primer 5 μl Description Adjust volume to 50 μl
	5S_BR	AAGCCTACAACACCCGG	Reverse primer to amplify 5S
	cDNA sequence 2. Incubate reaction mixture at 37°C overnight (at least, 4 hours).
	3. Treat RNA preparation with RQ1 DNAse (Promega) for 15 minutes at 37°C. Use
	2 μl of the DNAse for 50 μl reaction. Illustra rTaq core kit (GE Healthcare) was used for PCR. Reaction mix contained 4. Load the reaction mixture on 8% denaturing PAAG in 1x TBE buffer. Run the gel the following components: and stain with ethidium bromide. Excise the band, corresponding to the correct
	Components product.		Volumes, concentrations
	Plasmid DNA template Forward primer, 10 μM Reverse primer, 10 μM 10x buffer dNTP, 2 mM rTaq DNA polymerase milliQ water 5. 3.7.7. Fluorescent dye conjugation	10 ng 1 μl 1 μl 5 μl 5 μl 0,5 μl Adjust the volume to 50 μl
	Amine labelled 5S rRNA can react with Alexa Fluor® 647 NHS Ester (Succinimidyl PCR program: Ester) (Thermo Scientific), producing fluorescently labelled RNA, following the next
	Step protocol:	Time	Temperature, °C	Cycles
	DNA melting Denaturation 1. Prepare labelling reaction mixture, containing the following components: 5 minutes 95 1 30 seconds 95
	Annealing Components	30 seconds	50 Volumes, concentrations	30
	Extention RNA solution	30 seconds	72 50 μl	
	Final extention HEPES-NaOH, pH 8,5, 0,1 M 5 minutes	72 36 μl		1
	Storage Alexa Fluor® 647 NHS Ester -	10 14 μl (75 μg)	-
		A.	B.	
	PCR products were separated on 3% agarose gel and the purified with GeneJET 2. Incubate reaction mixture at room temperature shaking overnight.
	Gel Extraction kit (Thermo Scientific). 5S rRNA labelling with amine groups was achieved by aminoallyl-UTP incorporation in RNA during in vitro transcription. It was done with T7 RNA Polymerase Core kit (Promega), following the next protocol: 1. Mix the following components in the tube: Components Volumes, concentrations Aminoallyl-UTP (Thermo Scientific), 5 mM 1,25 μl UTP, 10 mM 1,85 μl ATP, 10 mM 2,5 μl CTP, 10 mM 2,5 μl GTP, 10 mM 2,5 μl 3. 3.7
	>gi|189571632|ref|NR_023379.1| Homo sapiens RNA, 5S ribosomal 17 (RNA5S17), 5x reaction buffer 10 μl
	ribosomal RNA DTT, 100 mM			5 μl
	GTCTACGGCCATACCACCCTGAACGCGCCCGATCTCGTCTGATCTCGGAAGCTAAGCAGGGTCGGGCCTGGTTAGTA CTTGGATGGGAGACCGCCTGGGAATACCGGGTGCTGTAGGCTTT DNA template 200-250 ng

.8. Transfection of HepG2 cells with fluorescently labelled RNA. 1

  . Seed cells in 8-well microscopy plate. Each well has the surface of 0,5 cm 2 and requires 300 μL of medium to be completely covered. Seed 0,15 cm 2 of HepG2 cells per well. Leave the cells to grow overnight in MEM.2. Next day prepare the mix of RNA and Lipofectamine 2000 (Thermo Scientic) in OPTIMEM. For this, mix 150 ng of RNA with 50 μL of OPTIMEM. Then mix 0,5 μL of Lipofectamine 2000 with 50 μl of OPTIMEM. Incubate for 5 minutes and mix both solutions together. 3. This mixture is incubated for 20-30 minutes at room temperature to form the Lipofectamine-RNA complexes. 4. During the incubation, wash the cells. For this aspirate the medium and immediately put 300 μl of PBS in the well. Do not keep the cells dry. 5. Exchange PBS on OPTIMEM in the same manner as in step 4. Put 200 μL of OPTIMEM in each well. 6. Add 100 μl of RNA-Lipofectamine mix to the cells and incubate for 5-6 hours. 7. Aspirate the OPTIMEM from the wells and put 300 μL of MEM therein. 8. Presence and localization of RNA in the cells can be checked by microscopy in24 or 48 hours after transfection. Stock solutions of MitoTracker® Deep Red or Tetramethylrhodamine are prepared at the concentration of 0,5 mM in DMSO. 2. Before using, dilute the stock solution of the dye in water ten times to get the concentration of 50 μM. 3. Add 2 μl of 50 μM dye solution for 1 ml of MEM. When cells grow in 8-well microscopy plates with 0,5 cm 2 surface, use 1 μl of the dye to 500 μl of MEM. Dissolve the dye in the medium to obtain uniform solution with the concentration of 100 nM. 4. Aspirate the medium from the cells and add 100 nM dye solution, prepared in step 3. 5. Incubate the cells at 37°C for 30 minutes for Mitotracker Deep Red or for 15 minutes for Tetramethylrhodamine. 6. Replace the staining solution with fresh prewarmed media.

	3.7.9. Staining of mitochondria with MitoTracker® Deep Red and
	Tetramethylrhodamine.
	1.

Figure 3 (See legend on next page.)
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Cells, transfected with the plasmid, encoding MRPL18-mEOS2, were analyzed with STORM microscopy in collaboration with Laboratory of Biophotonics and Pharmacology (University of Strasbourg, Faculty of Pharmacy) (Figure 75). Unfortunately, for the moment we did not succeed to observe the signal of fluorescent 5S rRNA in human cells. Obviously, the procedure, described in materials and methods, allowed us to generate fluorescently labelled 5S rRNA, but it could not be detected in HepG2 cells after transfection. At the current stage, we did not find out the reason for that. They can be multiple: instability of molecules in the cells or in medium, inability to bypass the plasma membrane, not optimal transfection conditions etc. As soon as the problem will be solved, this serie of experiements will be continued Alternative in vivo microscopy localization approaches applicable to the imported 5S rRNA are also in progress by a member of our team (Dr. A. Smirnova).

A.

B.

For Resolve the PCR reactions on a 3% agarose gel. In parallel load the same amount of first step PCR products which has been taken into the second step PCR reaction. Strong bands of the expected size (i.e. the length of the sequence of interest + 49 nt of the MS2 aptamer sequence + 27 nt of the T7 promoter and the overhang) should appear in the second step PCRs. They should be much more intense and slightly larger than the first step PCR products. Excise the PCR products from the gel under UV with a clean razor and extract them using a gel extraction kit. Follow the manufacturer's recommendations for in vitro transcription template purification. We could not purify MRPL38 and MRPL48 with the protocol containing enterokinase cleavage step. To avoid it, we used a plasmid containing MRPL38 or MRPL48 ORFs in pET21d vector. These plamsmids were expressed in BL21 strain, which was used for protein purification according to the following protocol:

1.

Inoculate the overnight culture of the expression strain of interest in LB supplemented with 100 µg/ml ampicillin at 37°C.

2.

Dilute the overnight culture 1:100 into fresh LB supplemented with 100 µg/ml ampicillin, grow at 37°C up to OD600=0,5-0,6.

3.

Prepare an non-induced control. For this, take 500 μl of the culture before addition of IPTG. Pellet the cells at 10000 g for 30 seconds resuspend the cells in 40 μl of 1x sample buffer. Load 5-10 μl on the gel.

4.

Add IPTG up to 0,5 mM and shift the culture to 25°C. Incubate the culture shaking for 4 hours.

5.

Take the total protein sample. For this take 100 μl of cell culture, centrifuge at 10000g for 30 seconds and resuspend it to 50 µl of 1x sample buffer. Store at -20°C. Load 10μl on the gel.

6.

Harvest the cells by centrifugation at 5000 g in a large microbiological centrifuge for 10 minutes at 4°C.

7.

Wash the pellet twice with 10 ml of ice-cold Buffer A. At this stage, cell pellet can be frozen at -80°C and stored. 8.

Resuspend the pellet in 0,5 ml of ice-cold Buffer B. 9.

Sonicate the cell suspension with a microtip probe sonicator (Vibra Cell 72408, Bioblock Scientific). For 10 ml of initial culture, use the amplitude of 37%, 2-3 bursts for 15 s, 1 min cooling down on ice between bursts. For bigger volumes of culture stronger sonication can be required. 10.

Clear the lysate by centrifugation at 16000g in a tabletop centrifuge for 10 minutes at 4°C.

11.

Discard the supernatant; it does not contain soluble MRPL40-Trx. 12.

Resuspend the pellet in 500 μl of buffer C. Sonicate the suspension 2-3 times for 15 seconds to dissolve aggregates. Centrifuge the suspension for 10 minutes at 16000 g, this time keeping only supernatant. Now this supernatant is denaturing lysate, containing MRPL40-Trx fusion protein. 13.

Collect the sample of denaturing lysate. For this mix 5 μl of denaturing lysate with 5 μl of 2x sample buffer and store at -20°C. 14.

Wash 100 µl of Ni-NTA agarose beads twice with 1 ml of Buffer C at room temperature. 15.

Mix the denaturing lysate with Ni-NTA agarose beads in safe-lock tubes and rock at room temperature for 1 hour. It is possible (but not recommended) to leave it overnight. 16.

Centrifuge the bead suspension at 300 g for 1 min to gather the beads at the bottom of the tube. 17.

Collect the supernatant. This is flowthrough. Save it at 4°C to repeat the procedure in case if binding was not efficient. 18.

Collect the flowthrough sample. For this mix 5 μl of the flowthrough, collected at step 17, with 5 μl of 2x sample buffer and store at -20°C.

We expressed MRPL38, MRPL40 and MRPL48 in bacteria and purified in denaturing conditions by affinity chromatography approach and renatured thereafter. Interestingly, MRPL38 and MRPL48 remained soluble only in presence of bacterial ribosomal RNAs, completely loosing solubility in all other tested conditions, whereas MRPL40 efficiently refolded without any additional RNA. In case of MRPL48 using small RNAs (5S rRNA, mt-tRNA Val and U6 snRNA) instead of large rRNAs also helped to obtain this protein in soluble form, but that was not the case for MRPL38. From general considerations, it is not surprising that ribosomal RNA is required for efficient MRPs folding.

EMSA did not permit to demonstrate strong interactions of MRPL38, MRPL40 and MRPL48 with 5S rRNA, mt-tRNA Val and U6 snRNA. Unfortunately, due to technical problems, we did not have positive control in these tests, which could be MRPL18, known to be able to bind 5S rRNA in vitro. Adjustment of experimental conditions is required to further investigate if MRPL38, MRPL40 and MRPL48 show any affinity to 5S rRNA, mt-tRNA Val .

Microscopy.

To approach 5S rRNA functions in vivo, we investigated the interactions of 5S rRNA with mitochondrial ribosomes and MRPs by fluorescent and super-resolution microscopy approaches. We wanted to detect in human cells the interaction of MRPL18 with 5S rRNA, previously demonstrated in vitro. For this, we created plasmid construct, encoding MRPL18, fused with mEOS2 fluorescent protein at the C-terminus. Analogous genetic construct was made for MRPL21. We planned to transfect human cells with one of the plasmids, described above together with fluorescently labelled 5S rRNA and analyze localizations of fluorescent signals. Co-localization of the signals would prove the existence of the complex of 5S rRNA with MRPL18 in the cells. MRPL21-mEOS2 construct was required to distinguish between ribosome-bound and non-ribosomal 5S RNA. If 5S rRNA signals could be co-localized not only with MRPL18, but also with MRPL21, it would witness that 5S rRNA could be associated with mitochondrial ribosomes.

We transfected human cells with the plasmid, encoding MRPL18-mEOS2 and checked if the fluorescent signal localized in mitochondria, stained with Mitotraker Deep Red. Calculations showed that 60-70% of MRPL18-mEOS2 was in mitochondria. We optimized the conditions of super-resolution imaging of MRPL18-mEOS2 in human cells. Unfortunately, for the moment we could not detect the signal of fluorescently labelled 5S rRNA in the cells. As soon as this issue is solved, this direction of the study will be continued.

but not mt-tRNA Val ; and vice versa, only mt-tRNA Val , but not 5S rRNA was enriched in MALSU1 co-IP sample. Since mitoribosome assembly pathway is not studied in details, we can only speculate that 5S rRNA probably associates with mitoribosomes prior to mt-tRNA Val , possibly assisting the incorporation of mt-tRNA Val , knowing that the later one is included in final assembly.

We planned to confirm the data about possible role of 5S rRNA in human mitochondria as a ribosome biogenesis factor by several other approaches. Affinity chromatography data demonstrated that 5S rRNA could be associated with mitochondrial ribosomal proteins. We wanted to check this in vitro by electrophoretic mobility shift assays (EMSA). Particular interest in this case was focuses on proteins MRPL38, MRPL40 and MRPL48, which were shown to interact with mt-tRNA Val according to structural data. In view of our co-IP experiments, demonstrating 5S rRNA and mt-tRNA Val interactions with different ribosome biogenesis factors (MTG1 and MALSU1 correspondingly), EMSA could provide additional details concerning mt-tRNA Val incorporation in mitochondrial ribosomes and the plausible role of 5S rRNA in this process, which we have speculated about, based on our co-IP results. For the moment, we did not obtain reliable data about the possible interaction of MRPL38, MRPL40 and MRPL48 due to technical reasons, but we shall investigate this question as soon as they are solved.

Together with biochemical studies, we investigated the question about possible association of 5S rRNA with mitochondrial ribosomal proteins, ribosome biogenesis factors and mitoribosome assembly intermediates by fluorescent and super-resolution microscopy approaches. This method provides unique opportunity to check if the interactions of 5S rRNA with mitochondrial mitochondrial ribosomal proteins and ribosome assembly factors, discussed above, can be detected in living of fixed cells. We started with the validation of the interaction of 5S rRNA with the protein MRPL18, which has been previously demonstrated in vitro. For this we maintained the cell line, ectopically expressing MRPL18, fused with fluorescent protein mEOS2, suitable for super-resolution microscopy studies (STORM and PALM techniques). We also made a genetic construct, encoding another mitochondrial ribosomal protein, MRPL21, fused with mEOS2, allowing the possibility to distinguish ribosome-bound 5S rRNA from non-ribosomal pool. We planned to analyze localization of the signals of fluorescently labelled 5S rRNA and ribosomal proteins and check if they could co-localize. However, this project was not completed due to the technical problems of detection of fluorescently labelled 5S rRNA in human cells. As soon as we fix these issues, microsopy studies will be continued.

APPENDIX I.

Publication II Atkinson G.C., Anton Kuzmenko A., Chicherin I., Soosaar A., Tenson T., Carr M., Kamenski P. and Hauryliuk V. An evolutionary ratchet leading to loss of elongation factors in eukaryotes. BMC Evolutionary Biology 2014, 14:35.

Ivan Chicherin performed biochemical experiments of in vivo complementation by replacing either both eEF1A and eEF1Bα or just eEF1Bα with M. brevicollis EFL. Using S. cerevisiae as a model organism, we generated strains with controlled expression of eEF1A, eEF1Bα and M. brevicollis EFL (described in Supplementary 3: Materials and methods). Methods BLAST searches were carried out at the JGI (http://genome.jgi.doe.gov/), NCBI (http://ncbi.nlm.nih.gov/), Origin of Multicellularity [START_REF] Ruiz-Trillo | The origins of multicellularity: a multi-taxon genome initiative[END_REF], GeneDB [31] and Cyanidioschyzon merolae genome (http://merolae.biol.s.u-tokyo.ac.jp/) database webpages, using M. brevicolis EFL, Monosiga sp. (ATCC 50635) eEF1A and S. cerevisiae eEF1Bα as queries. The BLASTp method was used where protein models were available; otherwise tBLASTn was used to search protein against translated genomic and EST nucleotide sequences. Nucleotide hits were translated into protein using Transeq at the EBI (http://www.ebi.ac.uk/Tools/). The E value limit was set to 1e-5 and sequences found with eEF1Bα were checked with Pfam to confirm identity based on the presence of the EF1_GNE (EF1 guanine nu-cleotide exchange) domain [32]. eEF1Bα has been subject to gene duplication in some lineages resulting in paralogs such as eEF1Bδ in Metazoa and eEF1Bβ in plants. As we are interested in presence or absence of a detectable eEF1Bα homolog and not the complete family tree of this protein family, which has been addressed elsewhere [5], only the top hit was retained. In house translational GTPase datasets (GCA) were used for classification of EFL and eEF1A sequences.

Sequences were aligned using MAFFT v6.864b with the Lins-i strategy [START_REF] Katoh | MAFFT version 5: improvement in accuracy of multiple sequence alignment[END_REF]. Consensus sequences were generated with the Consensus Finder Python script [START_REF] Atkinson | Evolution of elongation factor G and the origins of mitochondrial and chloroplast forms[END_REF]. Only full length, non-degrading sequences or identical/nearly identi-cal duplicates from the same organism were included in the data set. The threshold conservation level was set to 70%. For phylogenetic analyses of eEF1A and EFL, gap-rich ambiguous alignment regions were identified by eye and removed. Extremely truncated sequences typical of ESTs were removed to minimize the amount of missing data. This resulted in dataset dimensions of 462 aligned amino acid positions from 72 sequences for EFL, and 446 posi-tions from 82 sequences for eEF1A. Phylogenetic analyses were carried out with RAxML [START_REF] Stamatakis | RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models[END_REF] and MrBayes [START_REF] Huelsenbeck | MRBAYES: Bayesian inference of phylogenetic trees[END_REF] on the CIPRES Science Gateway v3.2 [START_REF] Miller | Creating the CIPRES Science Gateway for inference of large phylogenetic trees[END_REF]. MrBayes was run with a mixed model plus the gamma rate distribution, with the program converging on the WAG model (1.0 posterior probability) in the case of EFL, and RTREV (0.99 posterior probability) in the case of eEF1A. Two independ-ent runs of 4 chains were run for 2 million generations, sampling every 1000 generations. A consensus tree was generated after a burn in of 200000 generations. At the end of the runs, the standard deviations of split frequencies (SDSF) were 0.01 in the case of EFL and 0.1 in the case of eEF1A. RAxML was run taking into account the MrBayes model selection, with the WAG + CAT model for EFL and RTREV + CAT model for eEF1A with 100 bootstrap replicates in each case.

A structural homology model of EFL was generated using Swiss-Model [START_REF] Arnold | The SWISS-MODEL workspace: a web-based environment for protein structure homology modelling[END_REF] with the crystal structure of the eEF1A:eEF1Bα complex (PDB ID 1IJE, [8]) as the structural template. Using MacPyMOL (www.pymol.org), the EFL model was structurally aligned with the crystal structure of EF-Tu on the ribosome (PDB IDs 2WRN and 2WRO) [22] in order to indicate likely ribosome and aa-tRNA binding surfaces.
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Abstract.

Among the biological macromolecules imported into the mitochondria of eukaryotic cells, there are proteins and ribonucleic acids. Protein import into mitochondria is a universal process, and its mechanisms are currently well described. RNA import into mitochondria, on the contrary, is known only for several eukaryotic species, and the mechanisms of this process are largely species specific. In this review, we summarize the existing data about the RNA import into mitochondria of human cells and discuss the possibilities of its implication for the gene therapy of mitochondrial diseases.
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Abstract.

Maintaining mitochondrial genome integrity is essential for the viability of the whole organism. Mitochondrial genome mutations lead to muscular dystrophies, neurodegenerative diseases, and are associated with aging. In this work a baker's yeast (Saccharomyces cerevisiae) mitochondria model was used to investigate DNA-binding abilities of different domains of a mitochondrial Abf2p protein which participates in homologous recombination and reparation. A weak non-specific HMG1 binding to linear DNA and a specific HMG1 binding to a branched DNA with a dissociation constant of 510 nM have been discovered. The HMG2 domain itself does not bind to any DNA and either has other functions or demonstrates its DNA-binding activity in a full-length protein only.

Vestnik RGMU, 2016, 1, p. 68-72. (Publication in Russian).
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Procedure for Purification of Recombinant preMsk1p from E. coli

Determines Its Properties as a Factor of tRNA Import into Yeast Mitochondria.

Smirnova E. V., Chicherin I. V., Baleva M. V., Entelis N., Tarassov I. A., and Kamenski P. A.

Abstract

Mitochondrial genomes of many eukaryotic organisms do not code for the full tRNA set necessary for organellar translation. Missing tRNA species are imported from the cytosol. In particular, one out of two cytosolic lysine tRNAs of the yeast Saccharomyces cerevisiae is partially internalized by mitochondria. The key protein factor of this process is the precursor of mitochondrial lysyl-tRNA synthetase, preMsk1p. In this work, we show that recombinant preMsk1p purified from E. coli in native conditions, when used in an in vitro tRNA import system, demonstrates some properties different from those showed by renatured protein purified from E. coli in the denatured state. We also discuss the possible mechanistic reasons for this phenomenon. 

ABSTRACT

5S rRNA is a small nuclear-encoded RNA molecule, which is partially imported into mitochondria from cytoplasm in human cells. Although the import mechanism was studied in details, the functional significance of this phenomenon is poorly understood. Published data suggest that imported 5S rRNA might participate in mitochondrial protein synthesis, possibly associating with mitoribosomes. However, structural studies do not support these observations, since 5S rRNA was not found in high-resolution cryo-EM map of human mitoribosome. Instead, it was supposed to be functionally replaced by mitochondrial tRNA Val and specific mitochondrial proteins. To figure out the functional role of 5S rRNA in human mitochondria we have exploited several approaches. Biochemical methods of lipid extraction and gradient sedimentation analysis showed that only a minor part of 5S rRNA pool could be associated with human mitoribosomes, insufficient to form stoichiometric 1:1 complex. Data of gradient sedimentation and semi-quantitative Northern blot proved the possibility of mt-tRNA Val involvement in human mitochondrial ribosome as a structural part, in agreement with structural studies. We have applied MS2 affinity chromatography approach to identify protein partners of 5S rRNA in human mitochondria. The results of this systematic strategy suggest that 5S rRNA could associate with mitochondrial ribosomal proteins and mitochondrial ribosome assembly factors. This allowed us to formulate a hypothesis about possible participation of 5S rRNA in mitoribosome biogenesis. These data were partially validated by co-immunoprecipitation experiments, although subsequent co-immunoprecipitation and microscopy studies along with in vitro tests are still required to validate 5S rRNA involvement in this pathway.

RESUME

L'ARNr 5S est une petite molécule d'ARN codée par le noyau, qui est partiellement adressée (importée) dans les mitochondries dans les cellules humaines. Bien que le mécanisme d'importation a été étudié en détail, la signification fonctionnelle de ce phénomène est mal comprise. Les données publiées suggèrent que l'ARNr 5S importé pourrait participer à la synthèse des protéines mitochondriales, éventuellement être associé aux mito-ribosomes. Cependant, les études structurelles ne supportent pas ces observations, puisque l'ARNr 5S n'a pas été trouvé dans les mito-ribosomes de mammifères par cryo-EM. Au lieu de cela, il était remplacé structurellement par l'ARNt-Val (ou Phe) mitochondrial et des protéines mitochondriales spécifiques. Pour comprendre le rôle fonctionnel de l'ARNr 5S dans les mitochondries humaines, nous avons exploité plusieurs approches. Les méthodes biochimiques de l'extraction des lipides et de l'analyse de sédimentation ont montré que seule une petite fraction de l'ARNr 5S pourrait être associé à mito-ribosomes humaines, insuffisante pour former un complexe stoechiométrique 1 :1. Les données de sédimentation et hybridation semi-quantitative « northern » ont démontré la possibilité d'une implication de mt-tRNA-Val dans ribosome mitochondrial humain en tant que partie de sa structure, en accord avec des études structurales. Nous avons appliqué l'approche de chromatographie d'affinité à l'ARN MS2 pour identifier les partenaires protéiques de l'ARNr 5S importé. Les résultats de cette stratégie systématique suggèrent que l'ARNr 5S pourrait être associé à des protéines ribosomales et des facteurs mitochondriaux d'assemblage du ribosome mitochondrial. Cela nous a permis de formuler une hypothèse sur la participation de l'ARNr 5S dans la biogenèse mitoribosomale. Ces données ont été partiellement validées par des expériences de coimmunoprécipitation, bien que ces expériences plus pointues, ainsi que des approches microscopiques et des tests in vitro sont encore nécessaires pour valider la participation ARNr 5S dans cette voie. Mots-clés: l'ARNr 5S, fonction, mitoribosome, biogenèse.

Résumé en anglais

5S rRNA is a small nuclear-encoded RNA molecule, which is partially imported into mitochondria from cytoplasm in human cells. Although the import mechanism was studied in details, the functional significance of this phenomenon is poorly understood. Published data suggest that imported 5S rRNA might participate in mitochondrial protein synthesis, possibly associating with mitoribosomes. However, structural studies do not support these observations. We have exploited several approaches to figure out the function of 5S rRNA in human mitochondria. Our studies showed that only a minor part of 5S rRNA pool could be associated with human mitoribosomes, insufficient to form stoichiometric 1:1 complex. We applied MS2 affinity chromatography approach to identify protein partners of 5S rRNA in human mitochondria. The results suggested that 5S rRNA could associate with mitochondrial ribosomal proteins and mitochondrial ribosome assembly factors. This allowed us to formulate a hypothesis about possible participation of 5S rRNA in mitoribosome biogenesis. The data were partially validated by co-immunoprecipitation experiments, although subsequent studies are required to validate 5S rRNA involvement in this pathway.

Keywords: 5S rRNA, function, mitoribosome, biogenesis.