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INTRODUCTION

To survive starvation [START_REF] Akanuma | Ribosome dimerization is essential for the efficient regrowth of Bacillus subtilis[END_REF][START_REF] Fazzino | Long-term survival of Borrelia burgdorferi lacking the hibernation promotion factor homolog in the unfed tick vector[END_REF], low oxygenation [START_REF] Trauner | The dormancy regulator DosR controls ribosome stability in hypoxic mycobacteria[END_REF], low pH [START_REF] Mckay | Ribosome hibernation facilitates tolerance of stationary-phase bacteria to aminoglycosides[END_REF], adaptation to darkness [START_REF] Hood | The stringent response regulates adaptation to darkness in the cyanobacterium Synechococcus elongatus[END_REF], heat-shock [START_REF] Matzov | The cryo-EM structure of hibernating 100S ribosome dimer from pathogenic Staphylococcus aureus[END_REF] different bacteria use a number of proteinaceous factors which inactivate ribosomes and keep them as separate subunits [START_REF] Hauser | RsfA (YbeB) proteins are conserved ribosomal silencing factors[END_REF][START_REF] Li | Structure of Ribosomal Silencing Factor Bound to Mycobacterium tuberculosis Ribosome[END_REF], silent 70S [START_REF] Mishra | Structures of Mycobacterium smegmatis 70S ribosomes in complex with HPF, tmRNA, and P-tRNA[END_REF][START_REF] Ueta | Ribosome binding proteins YhbH and YfiA have opposite functions during 100S formation in the stationary phase of Escherichia coli[END_REF] or 100S disomes [START_REF] Yoshida | The 100S ribosome: ribosomal hibernation induced by stress[END_REF]. This process is also known as ribosome silencing or hibernation which aims to sequester energy spent by the decreasing intensity of protein synthesis under unfavorable conditions [START_REF] Szaflarski | Question 7: optimized energy consumption for protein synthesis[END_REF]. Since niches supporting the continuous growth of bacterial cells are rare in nature, bacteria have to cope with stresses permanently, exploiting hibernation mechanisms regularly. This allows recognizing the hibernation as a separate stage of the ribosome functioning cycle [START_REF] Prossliner | Ribosome Hibernation[END_REF].

Ribosome dimerization has been observed in many eubacterial species and plant chloroplasts [START_REF] Perez Boerema | Structure of the chloroplast ribosome with chl-RRF and hibernationpromoting factor[END_REF] until now only two distinct mechanisms were described [START_REF] Prossliner | Ribosome Hibernation[END_REF]. In Gammaproteobacteria formation of 100S disomes is driven by two proteins which carry out dimerization in two stages: the 90S dimer is formed by RMF, which binds two 70S ribosome particles, further integration of two HPF molecules into ribosomes forms 100S complex [START_REF] Polikanov | How hibernation factors RMF, HPF, and YfiA turn off protein synthesis[END_REF][START_REF] Ueta | Ribosome binding proteins YhbH and YfiA have opposite functions during 100S formation in the stationary phase of Escherichia coli[END_REF]. In other types of bacteria long HPF (l-HPF) protein solely dimerizes ribosomes into 100S disomes [START_REF] Ueta | Formation of 100S ribosomes in Staphylococcus aureus by the hibernation promoting factor homolog SaHPF[END_REF]. Despite the differences in disome formation, these two mechanisms endow bacterial cells with the ability to survive under starvation stress conditions. It was shown that viability of HPF null mutants of Staphylococcus aureus decline rapidly during starvation [START_REF] Basu | Ribosome hibernation factor promotes Staphylococcal survival and differentially represses translation[END_REF], efficient resuscitation from dormancy requires hibernation factors in Lactococcus lactis [START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF] and Pseudomonas aeruginosa [START_REF] Akiyama | Resuscitation of Pseudomonas aeruginosa from dormancy requires hibernation promoting factor (PA4463) for ribosome preservation[END_REF]; lacking functional HPF Bacillus subtilis show less efficient re-growth from the stationary phase [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF]. The disome formation maintains a certain level of intact ribosomes preserved from degradation at a late stationary phase which is crucial for further re-growth [START_REF] Basu | Ribosome hibernation factor promotes Staphylococcal survival and differentially represses translation[END_REF]. Moreover, HPF proteins were shown to be important for biofilm formation in Ps. aeruginosa [START_REF] Williamson | Heterogeneity in Pseudomonas aeruginosa biofilms includes expression of ribosome hibernation factors in the antibiotic-tolerant subpopulation and hypoxia-induced stress response in the metabolically active population[END_REF], pathogenesis manifestation in Erwinia amylovora [START_REF] Ancona | Alternative sigma factor RpoN and its modulation protein YhbH are indispensable for Erwinia amylovora virulence[END_REF], resistance to gentamycin in Listeria monocytogenes [START_REF] Mckay | Ribosome hibernation facilitates tolerance of stationary-phase bacteria to aminoglycosides[END_REF].

All HPF proteins are evolutionarily related: N-terminal domains (NTD) of l-HPFs are homologous to short HPF and YfiA of Gammaproteobacteria [START_REF] Basu | Ribosome hibernation factor promotes Staphylococcal survival and differentially represses translation[END_REF][START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF]. Both NTD of l-HPF and EcHPF and YfiA occupy the area in ribosome decoding center overlapping with mRNA and tRNAs [START_REF] Beckert | Structure of a hibernating 100S ribosome reveals an inactive conformation of the ribosomal protein S1[END_REF][START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF][START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF][START_REF] Franken | A general mechanism of ribosome dimerization revealed by single-particle cryoelectron microscopy[END_REF][START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF][START_REF] Matzov | The cryo-EM structure of hibernating 100S ribosome dimer from pathogenic Staphylococcus aureus[END_REF][START_REF] Mishra | Structures of Mycobacterium smegmatis 70S ribosomes in complex with HPF, tmRNA, and P-tRNA[END_REF][START_REF] Polikanov | How hibernation factors RMF, HPF, and YfiA turn off protein synthesis[END_REF].

C-terminal domains (CTD) of l-HPFs from different bacteria have highly similar amino acid sequences that form almost the same quaternary structures (Fig. S1) [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF]. Recent studies demonstrated that truncation of last 42-90 amino acids of l-HPF or amino acid substitution F160E in BsHPF prevents formation of 100S in L.lactis [START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF], in S.aureus [START_REF] Matzov | The cryo-EM structure of hibernating 100S ribosome dimer from pathogenic Staphylococcus aureus[END_REF] and B.subtilis [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF] respectively. Being connected to NTD by an unstructured region of approx. 30 amino acid residues CTD protrudes outside of the ribosome where it forms a dimer with the C-terminal domain of counterpart SaHPF built in the second ribosome [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF][START_REF] Matzov | The cryo-EM structure of hibernating 100S ribosome dimer from pathogenic Staphylococcus aureus[END_REF]. The same mechanism for dimerization of two 70S particles was shown by cryo-EM for Lactococcus lactis [START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF], Bacillus subtilis [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF], Thermus thermophylus [START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF] and chloroplast ribosomes [START_REF] Perez Boerema | Structure of the chloroplast ribosome with chl-RRF and hibernationpromoting factor[END_REF]. Although Cryo-EM results supported the idea of the key role of SaHPF (CTD) in the formation of hibernating disomes in S. aureus -it was not possible to resolve the exact structure of CTD-CTD dimer due to the low resolution of the interacting interface. The first attempts to describe the interaction of amino acid residues in the interface of the SaHPF dimer was undertaken using NMR spectroscopy, suggesting interaction of Phe 160 , Ile 173 , and Tyr 175 [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF].

To elucidate the significance and the contribution of the individual amino acid residues for dimerization of the l-HPF from S. aureus we solved a SaHPF CTD crystal structure at 1.6 Å resolution and analyzed the effect of mutation of key residues forming hydrophobic core including the dimer interface on the formation of 100S ribosomes. A comparison of CTDs from different l-HPF proteins revealed a highly conserved structural organization of dimerization interface in a large number of eubacterial species. It is tempting to say that the dimerization mechanism of majority l-HPF seems to be of a similar organization.

RESULTS

X-ray and visualization of interacting amino acid residues

To improve existing structural data of CTD60 SaHPF dimer we solved its crystal structure by X-ray diffraction at 1.6 Å resolution (Table 1). The asymmetric unit contains two molecules of CTD (PDB ID: 6T7O). Each chain in the model contains 59 amino acid residues including first Met which was incorporated in the genetic construct for protein expression. Two residues, Glu 189 , and Gln 190 at the C-terminus were not resolved. In agreement with NMR data (PDB ID: 5NKO), CTD60 SaHPF displays a β1-α-β2-β3-β4 topology arranged in the following way: β1 (132-134), α-helix (146-156), β2 (159-164), β3 (169-176) and β4 (181-187) [START_REF] Usachev | NMR assignments of the N-terminal domain of Staphylococcus aureus hibernation promoting factor (SaHPF)[END_REF]. There is a hydrophobic core formed in each monomer by Met 144 , Ala 149 , Val 150 and Leu 151 of α-helix, Leu 155 and Leu 156 of unstructured region, His 158 , Phe 161 , Phe 163 of β2, Val 174 of β3, Tyr 182 and Leu 184 of β4 (Fig. 1). Two molecules within a dimer interact through a conserved hydrophobic patch located on the β2-β3-β4 strands of both β-sheets. Besides, the β1 strand of the other molecule present in the dimer completes the β-sheet of each molecule further stabilizing the dimer. The dimer interface can be stabilized by several pairwise interactions: Thr 171 -Thr 187 (2.7 Å) -H-bound, Ile 173 , Val 162 and Ile 185 (3.7 Å)hydrophobic interaction, Phe 160 -Tyr 175 (3.5 Å between A and B chains, 3.4 Å between B and A chains), Phe 160 -Phe 160π-stacking interaction. (Fig. 2A).

Thermostability of the dimers CTD60 and CTD50

Values of free energy of the assembly (ΔGint) and dissociation (ΔGdiss) were calculated using the PISA program. Calculations were made for the internal interface surface of the dimer with or without β1-strand corresponding to the situation in CTD60 SaHPF and CTD50 SaHPF dimers respectively. It was shown that the removal of β1-strands results in reducing the inner interaction surface, so CTD50 SaHPF dimer has a lower buried area in comparison to one of CTD60 SaHPF (Table S1). Although both CTD60 and CTD50 form the dimers in solution (Fig S2), fluorescence spectroscopy analysis indicates that midpoints of denaturation and refolding for CTD50 SaHPF occurred at 40°С and 37°С respectively are almost twice lower than midpoints of denaturation (72°С) and refolding (71°С) of CTD60 SaHPF (Fig. S3 A). Taken all together these data support the idea that the dimerization can occur without β1-strand(s) but its presence increase dimer stability.

To reveal amino acid residues of the β2-β3-β4 region which are most important for dimer formation solvation energy was calculated. The solvation energy value of pistacking interaction between Phe 160 is 1.42 kCal/M which is highest among all residues of CTD60. Several amino acid residues also have high solvation energy values Val 162 -0.71, Ile 173 -0.56, Thr 171 -0.21, Tyr 175 -0.08, Ile 185 -1.19, Thr 187 -0.16.

Mutagenesis and dimerization phenotype of mutant SaHPFs

To reveal the involvement of SaHPF domains in dimerization and interaction with 70S ribosome particles truncated mutants NTD100 SaHPF , CTD60 SaHPF and CTD50 SaHPF were generated. Purified proteins CTD60 SaHPF and CTD50 SaHPF formed dimers in solutions, while NTD100 SaHPF remained as a monomer (Fig S2).

The addition of full-length SaHPF protein to the 70S ribosome preparation resulted in the formation of 100S disomes (Fig. 3B). The addition of NTD100 SaHPF to a mixture of the SaHPF protein and the 70S ribosome prevented the formation of the disomes. This demonstrates that NTD100 SaHPF can bind to the 70S ribosome and compete with the full-length SaHPF. When CTD60 SaHPF or CTD90 SaHPF were added to the ribosome preparation no dimers were observed (Fig. 3D,F) demonstrating that neither interdomain loop nor CTD has contacts with 70S ribosomes sufficient for 100S disome formation. We did not observe ribosome dimer formation when a mixture of CTD60 SaHPF and NTD100 SaHPF were added to 70S ribosome particles (Fig. 3E).

To identify amino acid residues that can play a pivotal role in dimer formation of SaHPF protein seven different mutants with single amino acid substitution F160D, V162D, T171D, I173D, Y175D, I185D, and T187D were obtained and screened for the ability to form a 100S disome with isolated 70S ribosome particles. When F160D, V162D, I173D, Y175D and I185D mutants of SaHPF were mixed with ribosomes no dimers were detected (Fig. 3G,H,J,K,L). This shows that residues Phe 160 , Val 162 , Ile 173 , Tyr 175 and Ile 185 are important for dimerization. In contrast, the mutant carrying substitution T171D and T187D mediated 100S disome formation from 70S ribosome monomers as well as the wild type protein did (Fig. 3I,M), showing that Thr 171 and Thr 187 are dispensable for the dimer formation.

Comparison of CTDs of l-HPF from different eubacteria

Since the conservation of amino acid residues among homologous proteins can be an indicator of their importance for the structure formation. To reveal conserved amino acid residues comparison of 60 C-terminal amino acids of l-HPFs from 134 eubacterial species (Table S2) was performed. Highly conservative amino acid residues were observed both in structured and non-structured regions (Fig 4A). The following positions were conserved in all sequences analyzed: Lys 137 , Leu 141 , Lys 142 , Met 144 , Glu 148 , Ala 149 , Leu 151 , Leu 156 , Gly 157 , His 158 , Phe 160 , Tyr 175 , Arg 177 (Fig. 4A; numbering is made according to a sequence of SaHPF). Another 30 positions were accepting only synonymous amino acid substitutions (Fig. 4C). This shows that 43 out of 60 amino acid residues of CTD are conserved among l-HPFs. Five hydrophobic amino acid residues in β2-β3-β4 strands which could take part in the formation of dimer interface Phe 160 , Val 162 , Ile 173 , Tyr 175 , Ile 185 demonstrate considerable conservation among analyzed l-HPFs, where Thr 171 and Thr 187 are less conserved and can be substituted with serine, valine or isoleucine. (Fig. 4B and4C).

DISCUSSION

Under unfavorable conditions, bacteria can decrease the intensity of protein synthesis using ribosome hibernation. This helps to save energy and preserve silent ribosomes from degradation for further fast renewal of protein synthesis [START_REF] Basu | Ribosome hibernation factor promotes Staphylococcal survival and differentially represses translation[END_REF]. Both HPF/RMF and l-HPF inactivate ribosomes mediating dimer formation [START_REF] Ueta | Conservation of two distinct types of 100S ribosome in bacteria[END_REF].

Representatives of l-HPF have two domain structure: NTD occupies decoding center of the ribosome while CTD is responsible for dimerization [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF][START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF][START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF]. Similarly to HPF/RMF of E.coli [START_REF] Ueta | Conservation of two distinct types of 100S ribosome in bacteria[END_REF] NTD and CTD domains of l-HPF seems to act independently since truncated NTD comprising of first 100 aa is able to bind to Lactococcus lactis ribosome [START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF][START_REF] Usachev | Solution structure of the N-terminal domain of the Staphylococcus aureus hibernation promoting factor[END_REF] and compete with the full length SaHPF for staphylococcal ribosome in our experiments (Fig. 3C), while isolated CTD60 BsHPF and CTD60 SaHPF form dimer in solutions [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF][START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF]. RMF forms 90S disomes in E.coli [START_REF] Ueta | Conservation of two distinct types of 100S ribosome in bacteria[END_REF]. In our experiments, neither CTD60 SaHPF nor CTD90 SaHPF could dimerize ribosomes of S. aureus (Fig. 3D). Although it was reported that isolated CTD LlHPF was able to dimerize ribosomes of L. lactis in presence of short EcHPF [START_REF] Puri | Lactococcus lactis YfiA is necessary and sufficient for ribosome dimerization[END_REF], we did not observe disome formation when CTD60 SaHPF were added to 70S ribosomes together with NTD100 SaHPF (Fig. 3E). The recent CryoEM study of T. thermophilus 100S disomes reveals that the linker region of ThHPF contains polyproline-II helix overlapping with mRNA binding position, which propose putative binding site of the linker and ribosome [START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF]. However, the linker region of SaHPF does not contain proline residues and our in vitro reconstruction experiments indicate that neither 60 amino acid residue of CTD nor 30 amino acid residue of the linker region of SaHPF have contacts able to hold two 70S ribosomes together. According to our data, NTD SaHPF and CTD SaHPF have to be connected to carry out the dimerization of the ribosomes of S.aureus.

Cryo-EM studies of 100S ribosome in S.aureus [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF][START_REF] Matzov | The cryo-EM structure of hibernating 100S ribosome dimer from pathogenic Staphylococcus aureus[END_REF], B. subtilis [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF], L. lactis [START_REF] Franken | A general mechanism of ribosome dimerization revealed by single-particle cryoelectron microscopy[END_REF] and T. thermophilus [START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF] have shown that the C-terminal domain of the fulllength HPF proteins provides the main contact between two 70S ribosomes in a hibernation state. Additional contact of two ribosomes in 100S disomes of S.aureus revealed also in L.lactis, B.subtilis 100S disomes may be considered as auxiliary since ribosomes do not form a dimer in absence of functional l-HPF neither in vitro (Fig. 3A) nor in vivo [START_REF] Basu | Ribosome hibernation factor promotes Staphylococcal survival and differentially represses translation[END_REF].

Structures of the CTD60 SaHPF revealed both by X-ray crystallography and NMR [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF] demonstrate the same β1'-α-β2-β3-β4 topology (Fig. S4A). Two molecules interact through the hydrophobic interface between β2-β3-β4, which is augmented by β1 from counterpart chain. The major differences between crystal and solution structures were observed in the region of β1-strand and contiguous flexible loop between β1-strand and the α-helix. The CTD60 SaHPF dimer in solution showed a more compact conformation due to the proximity of the β1-strand of one chain to the β4strand of the other chain as shown by the comparison of buried area calculated by PISA program [START_REF] Krissinel | Inference of macromolecular assemblies from crystalline state[END_REF] (see Table S1). The compact form of NMR structure is provided by twisting of the β1-strand and presence of H-bond between Leu184 of the β4-strand and Ile134 of the β1-strand (Fig. S4B).

Joining of β1 to β2-β3-β4 from the counterpart chain increases the buried area 3 or 4 times according to data of NMR and X-ray respectively (Table S1). This also predicts higher stability of CTD60 SaHPF dimer with ΔGdis values 13.1/10.4 (X-ray/NMR). The calculations are in good agreement with results of thermodynamic tests which demonstrate that joining of β1-strand significantly strengthens the dimer which can be seen from increasing denaturation temperature from 40°C to 72°C for CTD50 SaHPF and CTD60 SaHPF respectively (Fig. S3 A andB). Although the thermostability of CTD50 SaHPF is lower it can form the dimer in solutions (Fig S2 ), which confirms that β1-strand is not essential for dimerization.

A hydrophobic core comprising of amino acid residues from unstructured regions (Met 144 , Leu 155 , Leu 156 , and His 158 ), α-helix (Ala 149 , Val 150 , and Leu 151 ) and beta-sheet β2 (Phe 161 and Phe 163 ) β3 (Val 174 ) β4 (Tyr 182 and Leu 184 ) is formed in each monomer of CTD SaHPF (Fig. 1) All these amino acid residues are highly conserved, among them Met 144 , Ala 149 , Leu 151 and Leu 156 are found in all l-HPFs used for comparison in this study (Fig. 4). We propose that the formation of this hydrophobic core exposes Phe 160 , Val 162 , Ile 173 , Thr 171 , Tyr 175 , Ile 185 , and Thr 187 residues to outside for hydrophobic interaction with counterpart CTD SaHPF (Fig. 2). These amino acid residues have high solvation energy (Table S2) and establish stacking (Phe 160 -Phe 160 ) and hydrophobic interaction: Ile 173 -Val 162 -Ile 185 , Phe 160 -Tyr 175, and Thr 171 -Thr 187 . Due to these interactions, two chains in the crystal structure of CTD SaHPF homodimer are highly superimposable (RMSD = 0.304 Å), whereas slightly less similarity of superimposed individual chains of the crystal structure and solution NMR structure are found (Fig S4A). RMSD between the A-chains was 1.249 Å and between the B-chains was 1.2 Å. Among amino acid residues interacting in dimer interface, Phe 160 and Tyr 175 are essentially conserved and were found in all sequences analyzed, while 162, 173 and 185 positions (according to the amino acid residue numbering in SaHPF) accept only synonymous substitutions of Val, Leu or Ile (Fig. 4C). Threonine residues both in 171 and 187 positions are less conserved and can be substituted with serine, valine or isoleucine (Fig. 4C).

To confirm the involvement of Phe 160 , Val 162 , Thr 171 , Ile 173 , Tyr 175 , Ile 185 and Thr 187 in SaHPF dimerization aspartic acid residue was introduced in these positions since its long negatively charged side chain might repulse with opposite residue in the dimer interface or disrupt hydrophobic core. Out of 7 different SaHPF mutants F160D, V162D, I173D, Y175D, and I185D have lost ability to dimerize 70S ribosomes of S. aureus which can be seen from sucrose gradient profiles (Fig. 3F,3G,3H). SaHPF mutants T171D and T187D formed 100S disomes when mixed with 70S ribosomes of S. aureus (Fig. 3I). These data are in good agreement with the previous observation made on mutant BsHPF F160E which might lose dimeric form in vitro and did not increase 100S disomes formation in vivo [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF]. In HPF of T. thermophilus stacking interaction Phe 158 -Phe 158 , corresponding to Phe 160 -Phe 160 in S.aureus, and hydrophobic interaction Phe 158 -Tyr 173 (Phe 160 -Tyr 175 in S.aureus) were also observed [START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF]. The results show that Phe 160 , Val 162 , Ile 173 , Tyr 175 , and Ile 185 play a pivotal role in the dimerization of SaHPF forming a hydrophobic core. Interestingly in T. thermophilus position corresponding to Thr 171 in SaHPF occupied by Ile as well as Thr 187 is substituted by Pro residue which is also hydrophobic [START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF]. These differences can increase the stability of the CTD-CTD dimer which might be important for this extremophile bacteria. Dimerization forms hydrophobic area beginning from α-helix to β2-β3-β4 of one monomer joining through dimerization interface to β2-β3-β4 and α-helix of the counterpart monomer. β1 structures reinforce hydrophobic area by connection to β2-β3-β4 structures of counterpart monomers. This increases the stability of the dimer (Fig. S2, Tab. S2) and might increase the hydrophobic area by joining of highly conservative Ile 131 and Ile 133 . In fact structures of CTD from l-HPF of L. monocytogenes, Clostridium sp., S.aureus have the same β1'-α-β2-β3-β4/β1-α'-β2'-β3'-β4' pattern (Fig. S1). Dimerizing interface formed by hibernation promoting proteins from B. subtilis [START_REF] Beckert | Structure of the Bacillus subtilis hibernating 100S ribosome reveals the basis for 70S dimerization[END_REF], L. lactis [START_REF] Franken | A general mechanism of ribosome dimerization revealed by single-particle cryoelectron microscopy[END_REF], T. termophilus [START_REF] Flygaard | Cryo-EM structure of the hibernating Thermus thermophilus 100S ribosome reveals a protein-mediated dimerization mechanism[END_REF], S.aureus [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF] and even spinach chloroplast HPF [START_REF] Perez Boerema | Structure of the chloroplast ribosome with chl-RRF and hibernationpromoting factor[END_REF] show the same layout of hydrophobic amino acid residues. A large majority of l-HPF from eubacteria may have a similar arrangement of amino acids due to the high conservation of amino acid sequences in their C-terminal domains (Fig 4).

Although the importance of 100S disome formation for cell survival still needs further investigation, ribosome dimerization in hibernation mediated both HPF/RMF and l-HPF, as well as, high conservation of dimer structure formed by CTDs of l-HPFs throughout at least 1,2 billion years strongly support advantage of ability to store silent ribosomes as a dimers.

Revealed structure similarity between l-HPFs of different bacteria is an obstacle for the design of highly selective inhibitors targeting the dimerization mechanism of certain bacteria. Nevertheless, even non-species specific drugs, preventing ribosome dimerization, could be proper for the treatment of chronic infections caused by bacteria which fitness, drug resistance or pathogenicity manifestation depend on ribosome hibernation.

MATERIALS AND METHODS

Strains and cultivation condition

For cloning and plasmid amplification, E.coli strain DH5α was used. Protein expression was carried out in E.coli strain BL21 (DE3)pays (Novagene). Ribosomes were isolated from Staphylococcus aureus strain RN6390. E.coli strain and S. aureus strain RN6390 were grown in LB medium. When appropriate the medium was supplemented with ampicillin (100 mkg per ml) and chloramphenicol (25 mkg per ml).

DNA manipulations.

Construct pGS21a:Sahpf [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF] was used to generate all SaHPF mutants. Since original pGS21a:Sahpf construct carries six histidine codons followed by stop codon on 3'-end of cloned hpf gene, wild type SaHPF (SaHPF WT ) and its derivatives obtained in this work have six histidine residues on their C-terminus. Single amino acid substitutions and deletions were made using site-directed mutagenesis techniques with primers listed in S3 Table . Mutant variants with deletions of 120 and 130 N-terminal amino acid residues were designated CTD60 SaHPF and CTD50 SaHPF by the number of amino acids left in C-terminal domain (CTD). Methionine residue was to be added to all CTD to introduce start codon AUG for successful translation. Phusion Green High-Fidelity DNA Polymerase (Thermo Scientific, USA) was used for all PCR amplifications according to manufacturer recommendations. To confirm mutations sequencing of Sahpf in resulting plasmids was performed by the Evrogen company (Moscow, Russian Federation).

Protein expression and purification

The full-length wild type and F160D, T171D, I173D, Y175D, I185 D and T187D (mutants of the SaHPF protein, C-terminal domain CTD60, and CTD50 were expressed in Escherichia coli strain BL21star(DE3)pLys. Cells were grown in 1 l of LB in the presence of ampicillin and chloramphenicol to a cell optical density (OD595) of 0.5. To induce protein production, 0.5 mM of IPTG was added to the cell culture. The cells were harvested after 4 hours of induction at 37ºC. Upon cell disruption by the ultrasound sonication in the cell resuspending buffer (20 mM Tris-HCl, 500 mM NH4Cl, pH 7.6) supplemented with protease inhibitors cocktail (Roche) and phenylmethylsulfonyl fluoride (PMSF), cell lysate was cleared by 30 min centrifugation at 25,000g followed by 45 min ultracentrifugation at 45,000g. SaHPF proteins were further purified by affinity chromatography on a nickel column (Ni-NTA) and eluted with a lysis buffer containing 300mM imidazole. The final step of purification consisted of a size-exclusion chromatography using Superdex 75 10/300 column equilibrated with the final buffer (PBS; Tris-HCl with various NH4Cl concentrations).

Crystallization

The protein was crystallized using the sitting drop vapor diffusion method. The drops were prepared by mixing 0.2 μL of protein solution with 0.2 μL reservoir solution (0.15 M citric acid pH 4.0, 24% PEG 6000) in MRC 2 well crystallization plates (Hampton Research) using Mosquito® Crystal robot (TTP Labtech). Drops were equilibrated against a 50 μL reservoir solution at 20°C. Crystals grew after 5-7 days and were cryoprotected by transferring into 3 μL drop containing reservoir solution supplemented with 15% PEG 400. Crystals were fished and immediately cryo-cooled by plunging into liquid nitrogen.

X-ray data Collection and Structure Determination

Preliminary X-ray data (at 2.9 Å resolution) at 100 K were collected using Cu-K radiation from a PhotonJet-S microfocus sealed tube X-ray generator (Rigaku XtaLAB Synergy-S, Kazan Federal University) equipped with μ-CMF optics (Rigaku Oxford Diffraction) and an HyPix-6000HE detector (detector distance 70 mm). The high-resolution diffraction data set was collected from a single crystal on the Proxima1 beamline at Soleil Synchrotron (France). Diffraction data were collected using the PILATUS 6M detector type at 1.0 Å wavelength, detector distance 0.23670 m. Oscillation range (0.1º), oscillation angle (ω = 270º) and exposure time (0.977 s) were chosen after experimental optimization using mosaicity as the criteria.

Data were processed with XDS program package [START_REF] Kabsch | Xds[END_REF]. The structure was solved by the molecular replacement method using a Phaser from the Phenix package [START_REF] Adams | PHENIX: a comprehensive Python-based system for macromolecular structure solution[END_REF][START_REF] Mccoy | Acknowledging Errors: Advanced Molecular Replacement with Phaser[END_REF]. Protein Lmo2511 from L. monocytogenes, 2.4 Å (PDB ID: 3K2T) was used as a starting model for molecular replacement. The initial model was refined using phenix.refine [START_REF] Adams | PHENIX: a comprehensive Python-based system for macromolecular structure solution[END_REF]. The model was then manually corrected COOT [START_REF] Emsley | Coot: model-building tools for molecular graphics[END_REF]. The solved structure has a final resolution of 1.6 Å.

Fluorescence spectroscopy

Fluorescence was measured by spectrofluorimeter Cary Eclipse. The thermostated cuvette had 0.3х0.3cm size and 100μL volume. The excitation wavelength was 275nm, registration wavelength was 300nm. The rate of heating and cooling was 0.5º С/min. The temperature range is from 20 to 85º С. The experiment was made three times, the resulting curves were normalized and defined the center of denaturation conversation.

Dynamic light scattering

Dynamic light scattering was measured by particle size analyzer "Malvern zetasizer nano ZSP" (Malvern Instruments Limited, Netherlands). The thermostated cuvette had 0.3х0.3cm size and 100μL volume. The rate of warming up and cooling was 0.5º С/min. The temperature range is from 20 to 85º С. The angle of dynamic light scattering registration was 173º. Data were analyzed with Malvern software, and dependency of scattering intensity was plotted as particle size vs temperature. The experiment was repeated three times.

Formation and purification of S. aureus 100S dimers

Isolation of 70S ribosomes from S. aureus was performed as described previously [START_REF] Khusainov | Structures and dynamics of hibernating ribosomes from Staphylococcus aureus mediated by intermolecular interactions of HPF[END_REF]. For the in vitro reconstitution of S. aureus 100S ribosomes, 64 pmol of purified 70S ribosomal particles were mixed with 64 pmoles of purified SaHPF, and the ionic conditions were adjusted to those of buffer G, to a final volume of 150 μl. After 30 min of incubation at 37°C, the complex was layered onto 12 ml of 5-30% sucrose gradient with the same ionic condition as the reaction (10 mM HEPES-KOH pH 7.5, 50 mM KCl, 10 mM NH4Cl, 10 mM Mg(OAc)2, 1 mM DTT). After 15.5 h of centrifugation at 15,000 rpm at 4°C using a Beckman SW41 rotor, the gradients were fractionated, while their profiles were recorded at 260 nm (A260).

Comparison of protein sequences

To reveal conservative amino acid residues sequences of C-terminal domains of l-HPF from 133 eubacterial species (Table S3) were compared. The pairwise alignment was performed using the BLOSUM protein weight matrix using MEGA7 Ver. 7.0.26 software. The results of the alignment were visualized using Skylign software (http://skylign.org).

The stack height of the letter represents the relative entropy of the column, while the height of the letter reflects the frequency of amino acid at the position (Fig. 3C).

Accession numbers

The structure of SaHPF-CTD has been deposited into the PDB with accession number 6T7O.

Abbreviations used:

HPF, hibernation promoting factor; l-HPF, BsHPF, Bacillus subtilis hibernation promoting factor; long hibernation promoting factor; SaHPF, Staphylococcus aureus hibernation promoting factor; CTD, C-terminal domain; NTD, N-terminal domain; RMF, ribosome maturation factor. 

FIGURE CAPTIONS

Fig. 1 .

 1 Fig. 1. Hydrophobic core formed in each monomer by Met144, Ala149, Val150 and Leu151 of α-helix, Leu155 and Leu156 of unstructured region, His 158, Phe161, Phe163 of β2, Val174 of β3, Tyr182 and Leu184 of β4.

Fig. 2 .

 2 Fig. 2. Arrangement of interacting amino acid residues in the dimer interface. (A) side view; (B) view from the top Fig. 3. Sucrose gradients of S.aureus ribosome mixed with SaHPF and its derivatives: (A) 70S; (B) 70S mixed with SaHPF wild type; (C) 70S mixed with SaHPF and NTD(1-100); (D) 70S mixed with CTD(130-190); (E) 70S mixed with NTD(1-100) and CTD(130-190); (F) 70S mixed with CTD(100-190); (G) mixed with SaHPF F160D mutant; (H) 70S mixed with SaHPF V162D mutant; (I) 70S mixed with SaHPF T171D mutant; (J) 70S mixed with SaHPF I173D mutant; (K) 70S mixed with SaHPF Y175D mutant; (L) 70S mixed with SaHPF I185D mutant; (M) 70S mixed with SaHPF T187D mutant.

Fig. 4 .

 4 Fig. 4. Amino acids sequence comparison of the C-terminal domain of l-HPF from S. aureus and different eubacterial species. (A) -amino acid sequence of CTD(130-190) from S. aureus, conservative amino acids found in all analyzed l-HPFs are highlighted by red color. (B) -secondary structure of CTD(130-190) from S. aureus. (C)conservation of amino acid residues in C-terminal domains of l-HPF.

  

  

  

  

  

Table 2 .

 2 Crystallographic Data Collection and Refinement Statistics CTD of SaHPF (6T7O)

	Data collection	
	Space group	P 41 21 2
	Cell dimensions	
	a,b,c(Å)	45.85 45.85 117.64
	α,β,γ(˚)	90 90 90
	Resolution(Å)	36.16 -1.6 (1.657 -1.6) a
	Rmerge (%)	4.47 (63.17)
	Rpim (%)	1.3 (17.77)
	I/σ(I)	28.12 (4.06)
	Completeness (%)	99.92 (99.70)
	Redundancy	13.1 (13.5)
	Refinement	
	Resolution(Å)	36.16 -1.6
	No. reflections	17 346 (1687)
	Rwork / Rfree (%)	16.12/18.19
	No. atoms	1062
	Protein	1003
	Water	59
	B factors (average)	35.86
	Protein	35.41
	Water	43.65
	R.m.s. deviations	
	Bond lengths (Å)	0.013
	Bond angles (°)	1.14
	Ramachandran favored (%)	100.00
	Rotamer outliers (%)	0.00
	Clashscore	1.50
	Data were collected at 100K.	

a Values in parentheses are for highest-resolution shell.
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