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Crystallographic studies of RNA/protein complexes are primordial for the understanding of recognition determinants and catalytic mechanisms in the case of enzymes. However, due to the flexibility and propensity to conformational heterogeneity of RNAs, as well as the mostly electrostatic interactions of RNA/protein complexes, they are difficult to crystallize. We present here a method to trap the two interacting partners in a covalent complex, based on a modified reactive RNA allowing the use of the full range of common crystallogenesis tools.

We demonstrate the practicability of our approach with the production of a covalent complex of the Thermus thermophilus m 1 A58 tRNA modification enzyme, and a modified stem loop mimicking the natural substrate of the enzyme.

Introduction

Structural studies of tRNA modification enzymes are motivated by two main questions: what is the catalytic mechanism and what are the determinants of tRNA recognition? X-ray crystallography is the method of choice to address these points. However, crystal structures of modification enzymes in complex with tRNAs are difficult to obtain. Considering the mostly electrostatic interaction surface of protein/tRNA complexes, many high-salt crystallization conditions are inappropriate, since they drastically decrease protein/RNA affinity. Moreover, due to their flexibility and propensity to conformational heterogeneity, RNAs are difficult to crystallize. For these reasons, structural information is currently sparse for RNA modification enzymes. To overcome the difficulties of protein/RNA crystallization, covalent trapping strategies based on the catalytic mechanism of particular RNA modification enzymes have been developed [START_REF] Guelorget | Mechanism-based strategies for trapping and crystallizing complexes of RNA-modifying enzymes[END_REF]. However, natural enzyme-RNA covalent intermediates are rare and do not appear in many reactions, including the methylation of the N1-atom of adenosine (m 1 A) at position 58 of tRNAs [START_REF] Oerum | m1A Post-Transcriptional Modification in tRNAs[END_REF]. Inspired by the structure-based covalent trapping strategies that have been implemented for studying protein/DNA complexes [START_REF] Verdine | Covalent trapping of protein-DNA complexes[END_REF], we sought to determine whether similar strategies could be applied to RNA modification enzymes for which no natural covalent intermediate can be isolated. As a proof of principle, we chose the TrmI enzyme from Thermus thermophilus (TtTrmI), which constitutes a perfect model system. No TtTrmI/tRNA structure is indeed available, but fairly good models of the complex can be obtained from the crystal structure of its human homologue in complex with tRNA [START_REF] Finer-Moore | Crystal Structure of the Human tRNA m(1)A58 Methyltransferase-tRNA(3)(Lys) Complex: Refolding of Substrate tRNA Allows Access to the Methylation Target[END_REF]. Such modeling can indeed be used to drive the rationale design of the cross-linking sites. In detail, we investigated the possibility to covalently link TtTrmI to an RNA hairpin mimicking the Tarm of its substrate tRNA Asp , and determine whether covalently trapped enzyme-RNA complexes are amenable to crystallography.

Materials and methods

Samples

The genes encoding the different TtTrmI mutants were purchased from GeneCust in pET28a vectors. The TtTrmI mutants were expressed and purified as described for the wild-type [START_REF] Barraud | Crystal structure of Thermus thermophilus tRNA m1A58 methyltransferase and biophysical characterization of its interaction with tRNA[END_REF].

RNAs with site-specific disulfide crosslinker units were prepared following the convertible nucleoside strategy for RNA solid-phase synthesis as previously described [START_REF] Allerson | A chemical method for sitespecific modification of RNA: the convertible nucleoside approach[END_REF] Associates, Inc., Dexter, MI 48130 USA (order number BA 0263 and BA 0279). The synthesis of the oligoribonucleotides followed standard procedures. Their transformation and deprotection was based on the procedures described previously [START_REF] Allerson | A chemical method for sitespecific modification of RNA: the convertible nucleoside approach[END_REF] and further optimized for the RNA containing the inosine building block. In short, the beads were treated 1) with a 1.0 M solution of cystamine in dimethylsulfoxide overnight, 2) washed with acetonitrile, 3) treated with a 1.0 M solution of 1,8-diaazabicyclo[6.4.0]undec-7-ene (DBU) in acetonitrile for 2 hours, and 4) treated with a 1:1 mixture of methylamine in water (40%) and aqueous ammonia (30%) for 30 min at 65°C. The cleaved RNA was filtered into a round bottom flask and the solvents evaporated. The residue was treated with 1.0 M TBAF in THF containing 10 vol% H2O and stored for 12 hours at 37 °C. The reaction was quenched by adding 1.0 M triethylammonium acetate buffer and the mixture was applied to a Sephadex G25 size exclusion column (HiPrep TM 26/10 Desalting, 2.6x10 cm, GE Healthcare). The crude RNA was purified by anion exchange chromatography using Dionex DNAPac PA-100 columms as previously described in reference [START_REF] Riml | Synthesis, Thermodynamic Properties, and Crystal Structure of RNA Oligonucleotides Containing 5-Hydroxymethylcytosine[END_REF].

TtTrmI/RNA covalent complexes tests

The modified RNAs were dissolved at 500 μM in buffer A containing 50 mM Tris-HCl pH 

TtTrmI Q200C/RNA G57* covalent complex

The covalent complex between the TrmI Q200C mutant and the RNA G57* was formed in 400 µL with the protein and the RNA at 100 μM in buffer A for 1h at 35°C. Purification was conducted at 4°C on an AktaPurifier system with a 8 mL MonoQ column (GE Healthcare) with a 100-500 mM KCl gradient over 500 mL at 4 mL/min. Crystallization assays were set up using a Mosquito robot (TTPLabtech) as 200 nL sitting drops on 96-well plates.

CrystalScreen1&2 (HamptonResearch) and Nucleix (Qiagen) crystallization suite were tested.

Results and discussion

Rational design of modified RNAs and TtTrmI mutants

The most effective technique for maintaining RNA in the active site of the enzyme is to form a covalent complex between this RNA and the enzyme [START_REF] Castello | System-wide identification of RNA-binding proteins by interactome capture[END_REF][START_REF] Cusack | RNA-protein complexes[END_REF][START_REF] Graifer | Photoactivatable RNA derivatives as tools for studying the structural and functional organization of complex cellular ribonucleoprotein machineries[END_REF]. We adapted to RNA/protein complex a method previously described to crystallize the HIV-1 reverse transcriptase covalently linked to its primer DNA [START_REF] Huang | Structure of a covalently trapped catalytic complex of HIV-1 reverse transcriptase: implications for drug resistance[END_REF][START_REF] Huang | Trapping of a catalytic HIV reverse transcriptase*template:primer complex through a disulfide bond[END_REF][START_REF] Bec | Thermodynamics of HIV-1 reverse transcriptase in action elucidates the mechanism of action of non-nucleoside inhibitors[END_REF]. The formation of the covalent complex relies on disulfide-bond exchange between a cystamine group on the RNA and a spatially close free cysteine in the protein (Fig 1A). The sulfur of the cystamine group being already oxidized, any non-specific complex formation such as a RNA-S-S-RNA complex is unlikely.

As a proof of concept, we investigated the formation of covalent complex between TtTrmI, a m 1 A58 tRNA methyltranferase and a substrate hairpin (Fig. 1B, Table S1) mimicking the Tarm of T. thermophilus tRNA Asp . The nucleotide derivatives are available for guanosine and cytosine. Around the A58 target nucleoside, C56, G57 and G59 could be modified (Fig. 1B).

Three RNA were produced, each bearing one modification either on C56, G57 or G59 (see Table S1).

Only one cysteine per enzyme should be present to produce a homogeneous covalent complex. No cysteine residues are present in the wild-type TtTrmI. A model of the enzyme/substrate interaction (Fig. 1C) was generated by alignment of the catalytic cores of TtTrmI [START_REF] Barraud | Crystal structure of Thermus thermophilus tRNA m1A58 methyltransferase and biophysical characterization of its interaction with tRNA[END_REF] and human Trm61 in complex with tRNA [START_REF] Finer-Moore | Crystal Structure of the Human tRNA m(1)A58 Methyltransferase-tRNA(3)(Lys) Complex: Refolding of Substrate tRNA Allows Access to the Methylation Target[END_REF] (Fig. S1). This model reveals that the substrate can be accommodated similarly in the homotetrameric bacterial protein, therefore helping to design appropriate cross-linking sites. Ten cysteine mutants of TtTrmI, namely K71C, R72C, S73C, A74C, R127C, H130C, M172C, E173C, Q200C and P231C, were produced based on their proximity to the modified nucleosides and their position in the TtTrmI structure in order to avoid structure alteration as much as possible.

M172C and R127C could not be expressed in E. coli, and R72C and E173C do not adopt the tetrameric form of TtTrmI essential for its enzymatic activity [START_REF] Barraud | Crystal structure of Thermus thermophilus tRNA m1A58 methyltransferase and biophysical characterization of its interaction with tRNA[END_REF][START_REF] Guelorget | Structural comparison of tRNA m(1)A58 methyltransferases revealed different molecular strategies to maintain their oligomeric architecture under extreme conditions[END_REF][START_REF] Dégut | The m1A(58) modification in eubacterial tRNA: An overview of tRNA recognition and mechanism of catalysis by TrmI[END_REF] (Table S2 and Fig. S2). As a result, these four mutants were discarded from further analysis. Unwanted intermolecular disulfide bridge between TtTrmIs have been checked on non-reducing SDS-PAGE, and no significant amount of intermolecular adducts has been observed except for P231C (Fig. S3). 

Testing covalent complex formation in microvolume

The TtTrmI mutants K71C, S73C, A74C, H130C, Q200C and P231C were next tested for their capacity to produce covalent complex with one of the three modified RNA hairpin. In order to not waste modified RNAs (Table S1), the test reactions were performed in small scale (5 µL). Two salt concentrations were tested in the aim of increasing the specificity of the interaction when increasing salt concentration. Although less contaminant species are visible on the gel at 500 mM NaCl, it is detrimental to the overall yield of reaction (Fig. 1D).

Protein-RNA adducts were disrupted in presence of β-mercaptoethanol, confirming that covalent complexes are formed via disulfide bonds (Fig. S5). Three major trends can be drawn from these tests (Fig. 1D). The RNA C56* reacts with very good yields with all tested mutants. While this RNA could seem promising, the very low specificity of the interaction led us to discard it. The RNA G59* has a good cross-linking capacity with K71C and S73C. The RNA G57* has good cross-linking capacity with K71C, S73C, A74C, Q200C and P231C.

However, only for the Q200C mutant, intermolecular protein disulfide bonds are rarely formed either in the protein in solution or in the presence of RNA (Fig. 1D, Fig. S3).

Considering the specificity of all cross-links, their compatibility with our modeling (e.g. the proximity of the modified nucleoside with the mutated residue, Fig. 1C), and the overall quality of the different mutants (Table S1, Fig. S2 andS3), the cross-linking of the RNA G57* with TtTrmI Q200C was selected for further crystallization assays.

Purification and crystallogenesis assays for a selected covalent complex

First, we performed a large-scale production of the covalent complex formed between the RNA G57* and TtTrmI Q200C, and purified it on a MonoQ anion exchange column (Fig. 2A). An isolated peak corresponds to the complex, and analysis by UV spectra, and SDS-PAGE allowed us to evaluate the RNA:TtTrmI tetramer stoichiometry (Fig. 2B,C). Taking into account their respective extinction coefficient, one can evaluate that one RNA for 4

TtTrmI monomers, i.e. one RNA per TtTrmI tetramer, is present in the fraction of the covalent complex. Then, commercials crystallization screening kits were used to find crystallization conditions.

Small crystals appeared within few days (Fig. 1D), but their small size did not allow to record datasets. 

Conclusions

In this work we show that covalent trapping of RNA-protein complexes can be applied to RNA modification enzymes. As a proof of principle, we could obtain covalent complexes between several cysteine mutants of TtTrmI and functionalized RNAs. One of these crosslinked RNA-protein complexes was selected and purified in sufficient quantity to carry out first tests of crystallogenesis. Although crystal hits were obtained, they were too small to enable dataset measurements. Nevertheless, these promising trials validate the fact that covalently trapped RNAs to RNA modification enzymes by disulfide bond chemistry are amenable to crystallographic studies. This approach allows for testing a wide range of conditions with very small amounts of reactants enabling the rapid identification of the best pairs of partners and their cross-linking conditions. This practicability study was focused on a RNA-protein complex for which an interaction model could be easily constructed. This approach is nonetheless applicable in the absence of such a model. Some previous knowledge of the interaction and/or the location of the active site are in such case essential. The disulfide unit is linked to the RNA amino-group by a CH2CH2 tether, which provides a high flexibility and a relatively long reach. The acceptor cysteine residue can be as far as 4 Å from the aminogroup of Gs or Cs, which leaves some leeway in the selection of cross-linking sites, and estimations regarding potential positions are sufficient to select good candidates. Our tests also show that the reaction can be performed in a wide range of temperature and salt concentration, yet low salt concentration is favorable as for any RNA/protein interaction study. Similarly to what we observed here, purification of such complex should be relatively straightforward on anion exchange column, regarding the great difference in overall charge between a free protein and a protein-RNA complex. Finally, we note that chemical synthesis of the required pre-functionalized RNA has a typical size limitation of about 30 to 40 nucleotides. Nevertheless, a large variety of chemical and enzymatic ligation techniques exist [START_REF] Lang | The preparation of site-specifically modified riboswitch domains as an example for enzymatic ligation of chemically synthesized RNA fragments[END_REF][17][18] that allow the integration of the modification into large RNA, and hence, covalent RNA-protein complexes with larger RNA are addressable as well.

  O-(tert-Butyldimethylsilyl)-O 4 -(4-chlorophenyl)-3'-O-[(diisopropylamino)(2-cyanoethoxy)phosphino]-5'-O-(4,4'-dimethoxytrityl)uridine and 3'-O-[(diisopropylamino)(2-cyanoethoxy)phosphino]-5'-O-(4,4'-dimethoxytrityl)-2-fluoro-6-O-(4nitrophenylethyl)-2'-O-(tert-butyldimethylsilyl)inosine were purchased from Berry &

8. 0

 0 and 250 mM KCl. Proteins were prepared at 300 μM in the same buffer. The reactions were carried out in 5 μL at 100 μM of TrmI mutants and 200 μM of modified RNA. The reactions were incubated for 1 hour at 40 °C. The results were analyzed by 10% SDS-PAGE without reducing agent.
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 1 Fig. 1. Design and analysis of cross-linked complexes between TtTrmI and modified RNAs. (A) Principle of the reaction between modified RNAs and cysteine residue. (B) Sequences of modified RNAs, the adenine in red is the TtTrmI target base for methylation, modifications were introduced at position 56, 57 or 59. (C) Model placing tRNA Lys 3 from the Trm6/Trm61-tRNA Lys 3 structure (PDB 5CCB) in the structure of TtTrmI (PDB 2PWY). In tRNA Lys 3, nucleoside 57 is an adenine, whereas it is a guanine in tRNA Asp . (D) Non-reducing SDS-PAGE of the microvolume reactions. TrmI/RNA covalent complex are indicated by arrows. S-S crossed lane: control unmodified RNA, Ø lane: protein alone.

Fig. 2 .

 2 Fig. 2. Purification of the covalent complex between TrmI Q200C and the RNA G57*. (A) Chromatogram of the TrmI Q200C/RNA G57* purification on a MonoQ column, free TrmI is in peak A, the covalent complex in B. (B) UV spectra of peaks obtained in A. (C) non-reducing SDS-PAGE, TrmI was loaded in lane P, the mixture before purification in lane I. The arrows show the TrmI/RNA covalent complex. (D) Crystals of 8 µm obtained in the Nucleix screen (Qiagen, condition 29: 0.05M Na.HEPES pH7.0, 4M LiCl2, 0.01M MgCl2).
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