Dr William Shepard 
  
Dr Martin Savko 
  
Dr Pierre Barraud 
  
Dr Carine Tisné De M'avoir 
  
Dr Je Souhaite 
  
Mme Christophe Velours 
  
Dr Magali Aumont-Nicaise 
  
David Cornu 
  
Pierre Hardouin 
  
Giorgio Caserta 
  
Thibault Fogeron 
  
Cameron Fyfe 
  
Ornella Bimai 
  
Simon Arragain 
  
Lucie Gonzalez 
  
Jean-Philippe Porcher 
  
Alexandre Ismail 
  
Vincent Ching 
  
Yifan Deng 
  
Dilan Karapinar 
  
Grégoire Paille 
  
Ngoc Huan 
  
Cécilia Tran 
  
Carlotta Papini 
  
Chau-Duy-Tam Panzone 
  
Xia Vo 
  
Tanya K Wang 
  
Bruno Todorova 
  
Les Faivre 
  
Personnes 
  
Spécialement César 
  
Hafez El 
  
Djemel Hamdane Fontecave 
  
Manuela Lombard 
  
Magali Dezi 
  
Christophe Nicaise 
  
Marc Velours 
  
Ludovic Charles Bou-Nader 
  
David Pecqueur 
  
Murielle Cornu 
  
Charles Bou-Nader 
  
Ludovic Pecqueur 
  
Murielle Lombard 
  
Manuela Dezi 
  
Magali Nicaise 
  
Marc Fontecave 
email: marc.fontecave@college-de-france.fr
  
Djemel Hamdane 
email: djemel.hamdane@college-de-france.fr
  
Vincent Guerineau 
  
Damien Bregeon 
  
Amina Kamah 
  
Vincent Gu Érineau 
  
Béatrice Golinelli-Pimpaneau 
  
Beatriz G Guimar Ães 
  
  
  
  
  
in modulation of the Protein Energy Landscape Roughness Structural instability of a tRNA modifier: Role of Functional Assembly

Keywords: transfer RNA (tRNA) methyltransferase, RNA, protein stability, protein misfolding, flavin aggregation RNA methyltransferase, cofactors, protein stability, misfolding, aggregation, tRNA

Je tiens tout d'abord à remercier les membres du jury de m'avoir octroyé le droit de soutenir ma thèse ainsi que toutes les personnes ayant participé à l'élaboration de cette étape finale.

Un

grand merci au Pr. Marc Fontecave pour m'avoir accepté dans son laboratoire et pour l'intérêt constant qu'il a porté à mes travaux. Nos discussions ont été une source permanente d'inspiration et d'encouragement. Je le remercie aussi pour son soutien durant les difficultés et l'exemple du savant qu'il représente pour moi. Que dire à mon directeur de thèse Dr. Djemel Hamdane ? Tout d'abord un immense merci de m'avoir pris sous son aile malgré ma formation de chimiste bien loin de la biologie structurale. Merci pour sa confiance et sa patience. Je suis extrêmement reconnaissant pour toutes nos discussions formatrices qui ont changé ma vision de la science et de la dynamique ! Merci pour la liberté qu'il m'a donnée lors de mes recherches et la profusion d'idées constamment suggérées. Merci d'avoir étendu mes horizons de réflexion à la biochimie, biologie structurale et surtout la biophysique concernant le repliement des macromolécules. Il a été l'exemple du scientifique intègre, créatif, et acharné. Je lui serai éternellement reconnaissant d'avoir poussé mes limites pour devenir le scientifique que je suis aujourd'hui. Je souhaite aussi remercier Dr. Ludovic Pecqueur qui au cours de mes trois années de thèse m'a aidé et formé à la cristallographie tant expérimentalement que théoriquement. J'espère qu'un jour je serai aussi à l'aise que lui en ligne de commande ! Merci pour les nuits blanches passées au Synchrotron avec moi tentant d'avoir des jeux de bonnes qualités. Cela n'a pas toujours été simple pour le moral ! Un grand merci aux personnes sur les lignes Proxima 1, Proxima 2 et SWING au Synchrotron Soleil. Merci pour les discussions et les conseils. Leur travail est vital pour

INTRODUCTION

Living organisms on Earth forming the three kingdoms of life, namely Archaea, Prokaryotes and Eukaryotes, share a common organization:

i. Membrane separating the self from the extracellular/outside world ii. Deoxyribonucleic acid (DNA) containing the information that defines the identity of the organism iii. Ribonucleic acid (RNA) that exhibit a plethora of function being involved in both transcription and translation processes iv.

Proteins that are the final macromolecular product of translation

How life came to be on earth remains a changeling question. The problematic rises in understanding when and how the separation between chemistry and biology occurred. In that perspective, chemists have attempted to synthesis components crucial for living organisms such as amino acids or nucleotides by means of simple molecules present on the prebiotic earth among which methane, ammonia etc… Despite all the efforts, only a subset of molecules were successfully produced using these limited conditions 1,2 .

The RNA world hypothesis suggests that life started with RNA as a pre-cursor for our DNA/protein world 2,3 . This proposition rose from the observation that RNA molecules are able to carry all the functions required for life 4,5 . Indeed, messenger RNA contains and transports information specific to the identity of the organism. RNA can auto-assemble and induce replication. Similarly, ribozymes exhibit diverse chemical activities in a similar fashion to modern enzymes. Even now, proteins are produced via RNA (ribosomal factory).

Furthermore, synthesis of nucleosides was achieved in conditions found in prebiotic earth.

However, due to the limited stability of RNA, it is proposed that DNA was introduced to ensure maintenance of the information dictating one's self identity, namely the genetic code.

Similarly, proteins and enzymes were acquired during evolution at a later stage conferring higher stability and more possibilities with the combination of 20 amino acids instead of 4 nucleotides.

The following Introduction is divided into five main sections, starting with defining ribonucleic acids then exemplifying what are posttranscriptional modifications and their occurrence in biological systems. The third section will focus on transfer RNA (tRNA), detailing their structure and function. Roles of modified nucleotides will be extensively discussed in section four. Finally, we will introduce RNA modifying enzymes with an emphasis on flavoenzymes.

I. Ribonucleic acids

Ribonucleic acids are macromolecules classically composed of four canonical bases divided into two pyrimidines: cytosine (C) and uridine (U), and two purines: adenosine (A)

and guanosine (G) (Fig 1). . This nomenclature defines the carbon that is out of the sugar plane formed by the other four. In that respect, the base can have two conformations: an anti conformation where the base is positioned away from the sugar ring in contrast to a syn conformation where the base is on top the ribose.

Fig 2. Two main conformations of ribose in solution

The RNA polymer chain is formed by covalent bonding between carbon C3' and carbon C5' of the adjacent nucleotide via phosphodiester linkage (Fig 3). However, RNA molecules are sensitive to hydrolysis especially at alkaline conditions resulting from the hydroxyl function at carbon C2'. In contrast, DNA comprised of deoxyribose lacking this hydroxyl has higher stability. The increase number of high resolution structures containing RNA quickly identified other sets of hydrogen bonds involved in RNA folding 7,8 . Indeed, nucleotides use three possible edges for hydrogen bonding namely the Watson-Crick edge (W), the Hoogsteen edge (H) and the sugar edge (S) as shown in Fig 

II. Modified nucleotides

In addition to the four canonical bases constituting RNA, modified nucleotides have been detected as early as 1957 11 . To date, 114 post-transcriptional modifications have been observed 12,13 . Both pyrimidines and purines exhibit a diversity of derived modifications. In addition, the ribose moiety can also be targeted, most often at its 2' hydroxyl. modification is abbreviated with a letter code followed by the number in superscript of the position harboring the modification. If more than one identical modification at the same position is present then their number is reported in subscript after the position. When the modification occurs on the sugar then its letter code is reported after the nucleoside symbol.

However, some modifications are named with an individual letter instead (see below). pairing 21,22 . Furthermore, thiolated nucleotides have a unique UV absorption spectrum with a maximum at 330 nm thus conferring cross-linking properties upon near-UV light irradiation 23,24 .

II.1 Simple modifications

Methylation (m) consists in incorporation of a methyl group (-CH 3 ) either on the base or the ribose at its 2' hydroxyl 25 . Methylations deriving from the four canonical bases have been identified with the majority of nitrogen positions targeted as well as C5 of pyrimidine, C2 and C8 of adenosine 26 . Methylated nucleotides usually lead to higher stability of the RNA [27][28][29][30] .

Furthermore, depending on the methylation position disruption of hydrogen bonding can occur, restricting the pairing possibilities for the methylated nucleotide 31 .

Dihydrouridine (D) is the only non-aromatic nucleotide detected in vivo. It derives from the reduction of C5-C6 double bond in uridine. D favors the C2' endo conformation while disrupting base stacking 32,33 . In addition, D is less thermally stable and is prone to ring opening especially at alkaline pH 34 .

Inosine (I) is produced by hydrolytic deamination of adenosine 35 . An identical mechanism can occur on cytidine thus forming uridine. The conversion of A to I is referred to as editing since base pairing properties are changed 36,37 . Indeed, inosine shares similar hydrogen bond edges with guanosine despite deriving from adenosine.

II.2 Hypermodified bases

Fig 10 shows examples of hypermodified bases (also called complex modifications).

Their formation involves complex biochemical mechanisms, implicating several steps carried by different enzymes that function in a concerted fashion or in a specific order. In addition, nucleotides can harbor more than one modification at different positions as a result of orthogonal transformations. In this latter case, the order of occurrence of the modifications can be interchangeable.

Heterocycle exchange in the RNA chain can also lead to hypermodifications. In this instance, the modified nucleotide or a pre-cursor is synthesized prior to its incorporation into the RNA polymer. Archaeosine (G + ) and Queuosine (Q) are typically synthesized from guanosine triphosphate (GTP) or acquired from nutrients then introduced in RNA after rupture of a glycosidic bond thus replacing the initial nucleotide [58][START_REF] Helm | Posttranscriptional RNA Modifications: Playing Metabolic Games in a Cell s Che i al Legola d[END_REF][START_REF] El Yacoubi | Biosynthesis and Function of Posttranscriptional Modifications of Transfer RNAs[END_REF] .

Most hypermodified nucleotides show an increase in hydrophobic properties and often favor the C3' endo conformation. Furthermore, the bulky modifications generate steric hindrance thus impacting base pairing of adjacent neighbors in the RNA chain.

II.3 Widespread occurrence of modified nucleotides

Posttranscriptional modifications of nucleotides have been observed in all three kingdoms of life (Fig 12) 12,26,[START_REF] Alfo Zo | Tra sfer 'NA odifi atio s: ature s o i atorial hemistry playground[END_REF] . Some modifications are common to all organisms such as D, Ψ and most methylations. This suggests convergent evolution towards the same modifications or their presence in the last common universal ancestor (LUCA) [START_REF] Giménez | On the function of modified nucleosides in the RNA world[END_REF] , emphasizing their importance. In contrast, specific modifications can be species dependent. For instance, archaeosine is only found in archaea (after which it was named) though it shares an identical precursor to queuosine found in eukarya and bacteria, namely preQ 0 [START_REF] Iwata-Reuyl | Biosynthesis of the 7-deazaguanosine hypermodified nucleosides of transfer RNA[END_REF] . Similarly, tm 5 U is only found in mitochondria while wybutosine (yW), which requires up to 5 different enzymes for its synthesis [START_REF] Noma | Biosynthesis of wybutosine, a hyper-modified nucleoside in eukaryotic phenylalanine tRNA[END_REF][START_REF] De Crécy-Lagard | Biosynthesis of Wyosine Derivatives in tRNA: An Ancient and Highly Diverse Pathway in Archaea[END_REF][START_REF] Perche-Letuvée | Wybutosine biosynthesis: Structural and mechanistic overview[END_REF] , is specific to eukarya and shares common precursors in archaea. Inosine is present in both bacteria and eukarya. 

III. Transfer RNA

The biggest diversity of modified bases as well as most hypermodifications are found in transfer RNA. The next section will describe what is a tRNA and where it harbors modified nucleotides.

III.1 tRNA structure

tRNA polymeric chain typically comprises between 74 to 98 nucleotides and is organized into five regions as shown in Fig 14. The 5' and 3' extremities comprise the acceptor stem while four stem-loop structures are present namely the Dihydrouridine loop (Dloop), the anticodon loop, the variable loop and the ribothymidine-pseudouridine loop (TΨloop). Despite the diversity in tRNAs primary sequences (more than 3500 tRNAs have been sequenced [START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF] ), the acceptor stem is usually composed of seven base pairs while the D-stem comprises between three to four. Both the anticodon stem and the TΨ-stem are formed by five base pairs. This conserved secondary structure of tRNA is referred to as "cloverleaf" organization [START_REF] Kim | The general structure of transfer RNA molecules[END_REF] .

Fig 14 . tRNA secondary structure organized in a "cloverleaf" form with the universal numbering system.

(from Machnicka M. A., Olchowik A., Grosjean H., Bujnicki J. M., RNA Biology, 2014, 1619-1629)

The diversity in size of tRNAs results from the variability in nucleotide content of the variable loop after which it was named. tRNAs can be classified in two categories, class I tRNA with a short variable loop (usually 5 nucleotides) that are the most abundant and class However, primary sequences of mitochondrial tRNAs (mt tRNAs) often show clear distinction to cytosolic tRNAs described above 100 . Indeed, some lack the D-loop or the T-loop while others lack both giving rise to the name "armless mitochondrial tRNA". No high resolution information of these peculiar mitochondrial tRNA is available however extensive footprinting and secondary structure predictions suggest a maintained L-shape structure but less thermodynamically stable than their cytosolic counterparts [101][102][103] . In some instances this might be explained by the longer anticodon stem compensating for the loss or shorter D loop and/or TΨ loop. (from Florentz C., Sohm B., Tryoen-Toth P., Putz J., Sissler M., CMLS, 2003, 1356-1375) Lastly, in addition to the canonical L-shaped tertiary structure of tRNA an alternative conformation named λ form was trapped in the structure of tRNA Val in complex with archaeosine tRNA-guanine transglycosylase (ArcTGT) 104 . In this configuration, the D-loop contribution in tertiary structures is lost ( Fig 19). Therefore, mt tRNAs might also populate the λ form. Nevertheless, this example illustrates the flexibility of tRNA, able to adapt for efficient partner recognition.

Note that tRNA L-shape structure allows ribosome-bound tRNA to contact simultaneously the 30S ribosomal decoding subunit (where mRNA is recognized) via the anticodon loop and the 50S ribosomal peptidyltransferase subunit via the 3' termini CCA.

Recently, roles of tRNAs as regulatory molecules have emerged [115][116][117] . For instance, tRNAs levels modulate translation 118 . Indeed, different tRNAs can be expressed at different levels thus codons decoded by a low-abundant tRNA will induce a slow in translation rate.

This was shown to affect protein solubility as a result of better folding due to a slower growing polypeptide chain 119 . Importantly, cells modulate the pool of active tRNAs as a response to stimuli or upon differentiation into specialized cells [120][121][122] . In this instance, specific tRNAs can become limiting for translation or are over-expressed thus regulating the codon usage (regulating the genes that are expressed based on the codon content of their mRNAs).

tRNAs exert regulatory control of transcription. In bacteria, T box riboswitches are non-coding RNAs that regulate gene expression by dictating the faith of nascent mRNA transcript 123,124 . These riboswitches bind specific tRNAs and gauge their aminoacylation state.

Depending on the relative amount of uncharged vs charged tRNA, the T box riboswitch undergoes conformational change (Fig 22), regulating the expression of specific genes (usually genes coding for aaRS) by transcription attenuation. This links the intracellular amino acid availability with balanced levels of tRNAs and their cognate aaRS. In eukaryotes, a similar regulation involves the General Control Nonderepressible 2 (GCN2) Kinase. This 1659 amino acid long kinase is activated upon binding to uncharged tRNA and phosphorylates the initiation factor eIF2α thus stalling translation [125][126][127][128] . This regulatory function of tRNAs via the GCN2 kinase enable eukaryotic cells, in nutrient-poor environments, to limit their amino acids consumption while diverting energy into amino acid biosynthesis. In this instance, survival is prioritized over growth.

Recently, tRNAs were shown to be involved in regulation of apoptosis in eukaryotes 129 .

Briefly, one of the intrinsic activation pathways for apoptosis relays on release of mitochondrial cytochrome c (hemeprotein involved in electron transport) into the cytosol that binds to Apaf-1 inducing its oligomerization into the apoptosome complex [130][131][132] . The latter molecular assembly initiates apoptosis via activation of caspase-9. tRNAs bind to released cytochrome c, impairing their association with Apaf-1 hence preventing formation of the apoptosome complex and initiation of apoptosis. Little information is available as to the molecular mechanism by which cytochrome c recognizes tRNAs [133][134][135] .

Lastly, tRNA cleavage generating tRNA-derived fragments (tRFs) with interference properties emerged in eukaryotes during a variety of stress response [136][137][138][139] . Several ribonucleases (Dicer, Angiogenin and RNAseZ) are involved in tRFs production and a plethora of fragments have been sequenced with diverse cleavage sites on tRNAs as represented in Fig 23. Functions of tRFs are still poorly understood but their conservation across species indicates their implication in an ancient regulatory mechanism. tRFs could stall translation by competing with tRNA for binding onto ribosome or with other protein partners.

Recent proofs show that tRFs regulate mRNA translation by binding to the Argonaute or Piwi complexes (both complexes are involved in RNA interference) thus affecting the degradation and repression of specific mRNAs. Nevertheless, tRFs have been implicated in cancer (especially breast and prostate cancer), neurodegenerative disorders and viral infections.

Indeed, specific tRFs were found up-regulated in specific cell lines and are now under trial to be used as disease biomarkers for enhanced diagnostics. Interestingly, tRNA posttranscriptional modifications regulate tRFs production 139 .

IV. Function of post-transcriptional modifications

The diversity of modifications targeting ribonucleic acids enriches the physical and chemical properties of nucleotides making them indispensable in several functions that we will mainly describe in the context of tRNA.

IV.1 Folding and stability

Proper folding of the RNA polymer chain is crucial for its efficient function. In that regard, posttranscriptional modifications tune tRNA folding 144,145 . Indeed, in vitro transcribed tRNA (lacking modifications) is less thermally stable then its modified counterpart with a lower melting temperature (Tm) 146 . Similarly, modifications in hyperthermophile tRNAs are crucial for proper function in such harsh conditions 147 . Structures of tRNA Phe fully modified or lacking all modifications were obtained [START_REF] Kim | Three-dimensional tertiary structure of yeast phenylalanine transfer RNA[END_REF]148 . An identical fold in an L-shape structure was observed in both cases (Fig 25), however structural differences induce a widened angle between the acceptor stem and the anticodon. Most notably is the lack of pairing between A26 and U44 in unmodified tRNA, in contrast to the canonical tertiary interaction m 2 2 G26:A44 stabilizing the tRNA core. Nuclear Magnetic Resonance (NMR) experiments further corroborate that unmodified tRNAs share a similar secondary and tertiary structure with the native mature tRNA 149,150 .

However, deuterium exchange NMR experiments show that in the absence of modifications, a 20-fold increase in imino proton exchange occurs. This suggests that the dynamic and flexibility of tRNA is tightly regulated by posttranscriptional modifications avoiding alternative conformations. Another important observation based on those experiments was the crucial function of Mg 2+ binding for efficient folding (mentioned in the previous section).

Indeed, unmodified tRNA adopted the L-shape structure solely in the presence of Mg 2+ , requiring higher metal concentration in comparison to modified tRNA. This suggests a lower binding affinity of Mg 2+ by transcripts that was further validated experimentally and by computational studies [151][152][153][154] . The effect of metal on the stability of tRNA is explained by an electrostatic model in which the positive charges of the cation compensate for the highly negatively charged phosphate backbone of RNA thus neutralizing electrostatic repulsions.

In yeast tRNA Phe , m 5 C40 was shown to be crucial for proper Mg 2+ binding 155 . However, upon close inspection of the X-ray structure no direct contacts between a metal cation and this modified nucleotide (or indirect contacts via water molecules) are observed suggesting the possibility that modifications can impact folding through short or long range effects. Another possibility might be that such contact between m 5 C40 and the cation could occur in folding intermediates.

Initial work aiming at identifying which modifications restrict tRNA folding were relaying on nuclease assays 146,153 . Recurrently the D-loop and TΨ-loop were found to be more sensitive to degradation in the absence of modifications suggesting conformational changes.

Interestingly, several simple modifications are conserved in those regions namely, m 5 U54, Ψ55 and m 1 A58 as well as dihydrouridine. Those modified nucleotides enhance the stability of tertiary interactions between the D-loop and TΨ-loop forming the elbow region of tRNA.

Indeed, the energies involved upon base pairing of these modifications are highly stabilizing, with effects between 2 to 10 kcal.mol -1 differences relative to the unmodified nucleotides 156 .

Similarly, affinity of D-loop for the TΨ-loop is enhanced by modifications present in both domains 153 . Methylations and pseudouridinylation favor the 3'-endo conformation as well as base stacking due to increased hydrophobicity and polarizability 28 . As a result those modifications stabilize helical conformations. In addition, a coordinated water molecule by Ψ between its phosphate moiety and the extra hydrogen donor (N1) rising from the isomerization of U has been observed 19 (Fig 26). Such water coordination has not been reported for uridine. This was proposed to restrict the sugar pucker conformation for Ψ thus stabilizing RNA fold. In contrast, dihydrouridine is proposed to destabilize RNA structure thus introducing flexibility [157][158][159] . This was initially suggested since D impairs base stacking and favors the C2'-endo conformation leading to distortion of helices. However, a recent NMR study suggests that despite the increased flexibility introduced by D, this modification dictates proper folding of the D-stem loop into a hairpin 32 . The most striking example of modified nucleotides impacting proper folding of tRNA reported to date is misfolding of mitochondrial tRNAs upon loss of modification 169,170 . Instead of forming a cloverleaf structure, those tRNAs extend into a rod-like structure. Importantly, a single methylation identified as m 1 A9 is sufficient to restore their canonical fold by restricting base pairing.

Hypomodified tRNAs were also proven to be less stable in vivo. Indeed, loss of m 1 A58 in yeast tRNA i Met results in its degradation with a temperature-sensitive growth phenotype 171 .

Similarly, yeast tRNA Val and tRNA Ser are de-aminoacylated and degraded upon lacking m 7 G46 with at least one other modification such as D47, Ψ13 or m 5 C49 172,173 .These observations raise the question why a specific tRNA isoacceptor is degraded upon loss of modification while the rest of tRNA pool (also lacking those modifications) remains stable? 174

Note that mRNAs and sRNAs are less stable then tRNA or rRNA with shorter life times in the cell. Their sensitivity to ribonuclease degradation makes their handling difficult and their extraction in high quantities limited. Interestingly, the NAD-cap at 5' end, mentioned in the previous section, was exclusively found in mRNA and sRNA (in eukaroytes and recently in Escherichia coli). Another recently discovered modification with a similar role is the 3'desphospho-coenzyme A (dpCoA) 175 . These modified nucleotides protect transcripts in vitro from exoribonucleases such as RNase E and RppH 57,176 . Furthermore, the initial cofactors (NAD + , NADH or dpCoA) modifying the canonical nucleotides were recently shown to initiate de novo transcription 177 .

IV.2 Fidelity of translation

One of the main functions of tRNA is in decoding the information carried by mRNA. This is achieved by interaction of the mRNA codon triplet (numbered 1,2,3) with the tRNA anticodon (positions 36,35,34) (Fig 28). However, wobble interaction at position 34 (pairing with different nucleotides possible) can occur leading to a single tRNA decoding several codons. This non-standard pairing can introduce misreading of the codon hence incorporation of the wrong amino acid during translation. Similarly, +1 or -1 frameshifting in decoding can occur upon pairing of position 37 of tRNA with the nucleotide prior to the codon. To avoid such detrimental effects and maintain faithful protein synthesis, positions 34 and 37 are Note that high fidelity in tRNA aminoacylation is vital, however recent evidence suggest that cells benefit from tRNA misacylation under stress conditions [199][200][201] . The role of modifications in those circumstances is starting to appear.

IV.3 Adaptation to environmental change

An intricate link exists between RNA modifications present in an organism and the environmental conditions in which it prospers. For instance, tRNAs of psychrophilic organisms contain up to 70% more dihydrouridine then mesophilic organisms 202 . This increase might be crucial for maintaining conformational flexibility of RNA despite limited dynamics due to restrained thermal motion. In contrast, thermophiles harbor modifications that provide structural stability of RNA to avoid unfolding or misfolding as well as hydrolytic cleavage at high temperatures (such as induced by Mg 2+ ). Methylations and thiolations are spread and introduce structural rigidity 147,161,203,204 . For instance, 2'O-methylations inhibit hydrolytic damage by negating the nucleophilic properties of the 2'hydroxyl ribose.

Furthermore, tertiary interactions found in tRNAs are strengthened in thermophiles with the presence of m 5 s 2 U54 or m 1 Ψ54 (instead of the common m 5 U54) that increase the Tm by 3°C.

Organisms constantly face a plethora of stimuli and stresses from their surroundings to which they quickly must adapt in order to survive. In response, tight regulation of gene expression occurs for cellular protection. Recently, tRNAs have emerged as major actors in such events [START_REF] Chan | A Quantitative Systems Approach Reveals Dynamic Control of tRNA Modifications during Cellular Stress[END_REF][START_REF] Nawrot | tRNA structural and functional changes induced by oxidative stress[END_REF][START_REF] Gu | tRNA modifications regulate translation during cellular stress[END_REF][START_REF] Zhong | Transfer RNAs mediate the rapid adaptation of Escherichia coli to oxidative stress[END_REF]118,205 . Indeed, modifications profiles of tRNA quickly change upon stress, impacting their efficacy in decoding or rate of translocation thus regulating gene expression. This was observed for example in yeast under oxidative stress (H 2 O 2 ) where increased levels of Cm, m 5 C and m 22 G modifications were measured. This led to the notion of tRNA modification tunable transcripts (MoTTs) referring to transcripts (mRNAs) whose translation is regulated by tRNA modifications [START_REF] Gu | tRNA modifications regulate translation during cellular stress[END_REF] . Furthermore, some RNA modifications are not the product of enzymatic activity but the result of RNA damage. 8-hydroxyguanosine (8-oxo-G) is an oxidized form of guanosine that rises upon H 2 O 2 exposure 206 .

The best example of organism adaptability is the case of pathogen resistance to antibiotics. For instance, staphylococcal resistance to the antibiotic linezolid was attributed, in some cases, to the appearance of a novel methylation at A2503 in the 50S ribosomal subunit preventing antibiotic binding due to steric clash (Fig 30) 207 . In plants and fungi, discrimination between the initiator tRNA i Met and the elongator tRNA m Met occurs via the uridine 2'-phosphoribosyl modification solely present at position 64 of initiator tRNA 49,50 . This modified base acts as a negative discriminant for the translation elongation complex thus restricting the binding of tRNA i Met to the translation initiation complex at the ribosomal A-site 208 .

The human immunodeficiency virus (HIV), as all retroviruses, initiates DNA synthesis upon host invasion by RNA-dependent reverse transcription. tRNAs are used as specific primers especially human tRNA Some inflammatory disease myositis (autoimmune disease) rise from the presence of polyclonal autoantibodies in those patients that specifically bind tRNA Ala 221,222 . This recognition occurs at the anticodon loop solely in the presence of modifications I34 and N 1methylinosine (m 1 I37) that act as a unique signature for human tRNA Ala .

Lastly, activity of some RNA-modifying enzymes is dependent on the presence of other modifications. For instance, the yeast dihydrouridine synthase 2 was shown to be 600 fold less active on a transcript (lacking all modifications) then a matured tRNA 223 . Removal of m 7 G46 decreases the formation of Gm18 and m 1 G37 while removal of m 5 U54 impairs m 1 A58 but increases Gm18 in vivo in Thermus thermophilus 224,225 .This led to the notion of "modification network" that remains poorly characterized.

Note that in higher eukaryotes, mRNAs are capped with m 7 G. This modification was shown to be crucial for efficient binding of the cap-binding complex (CBC), dictating nuclear transport, splicing and translation initiation 226 .

V. Flavoenzymes among RNA modifying enzymes

As mentioned previously, posttranscriptional modifications are introduced by RNAmodifying enzymes. Remarkably, between 1 to 10% of the genome in a given organism encodes enzymes involved in RNA modification, highlighting their importance. Since pseudouridines and methylations are the most encountered modifications, enzymes responsible for their formation have been extensively studied 14,26 . For the latter, the classical methylation mechanisms relays on S-adenosyl methionine (SAM or AdoMet) via Michael addition (usually requiring a cysteine as nucleophile) or radical mechanism.

Interestingly, an identical modification targeting the same tRNA position can be introduced by different enzymes relying on divergent mechanisms between diverse organisms. Such convergent evolution is evidence for the importance of modifications. For instance, the conserved m 5 U54 in gram negative bacteria is introduced by the methyltransferase TrmA that uses SAM [227][228][229] while in gram positive bacteria it is carried by TrmFO that requires N 5 ,N 10 -methylenetetrahydrofolate (MTHF), adenine dinucleotide phosphate (NADPH) and flavin adenosine dinucleotide (FAD) [230][231][232] .

The diverse chemical nature of RNA modifications requires exquisite chemistry. As such, RNA modifying enzymes exhibit a plethora of cofactors and mechanisms [START_REF] Helm | Posttranscriptional RNA Modifications: Playing Metabolic Games in a Cell s Che i al Legola d[END_REF][START_REF] El Yacoubi | Biosynthesis and Function of Posttranscriptional Modifications of Transfer RNAs[END_REF]233 (note that some mechanisms are still poorly understood or that some modification/step have no identified enzyme yet). In contrast to the "boring" SAM-dependent methyltransferases, recently, a novel cofactor carboxy-S-adenosyl-L-methionine (Cx-SAM) was identified for formation of cmo dihydrouridine (by Dus enzymes) as well as more complex modifications such as cmnm 5 U/mnm 5 U (in mnmG or mnmC) or yW (in Tyw1). In the following sections we will describe the structure of flavin cofactors and define properties of flavoenzymes.

V.1 Flavin a versatile cofactor

Riboflavin commonly known as vitamin B 2 , is comprised of a tricyclic isoalloxazine ring harboring a ribityl chain at its N10. In vivo, riboflavin kinase phosphorylates riboflavin at (adapted from Sobrado P., Int. J. Mol. Sci. 2012, 25219-14242)

V.2 Flavoenzymes

Flavoenzymes are proteins that require FMN or FAD as prosthetic groups to carry their function. The cofactor can be covalently or non-covalently bound to the apoprotein 243,244 . In the latter, some systems recognize extensively the Flavin entity (discriminate between FMN or FAD) via electrostatic charges and hydrophobic interactions thus tightly binding the cofactor in the active site while others exhibit a low binding only loosely interacting with flavin. Note that FAD is the most spread flavin cofactor in nature (75%) 245 . Interestingly, the oxidation state of the coenzyme can also tune its affinity for a specific protein 246 .

Most flavoenzymes recognize and modify small molecules with their unique ability to catalyze a wide range of biochemical reactions such as dehydrogenation, reduction, halogenation, photocatalysis and activation of oxygen for oxidations or epoxidations or The main focus of my PhD was to characterize and deepen our understanding of two families of flavoenzymes carrying different functions and using different set of cofactors.

The next chapter of this manuscript (Chapter II) will focus on the flavin dependent methyltransferase TrmFO identified in gram positive bacteria and some mycoplasma which catalyzes a reductive methylation of C5-U54 in tRNAs using the flavin as methylene transfer agent. Current knowledge about this enzyme will be introduced followed by three papers presenting our recent discoveries related to the mechanism and stability/folding of Bacillus subtilis TrmFO. Perspectives based on latest results will also be given.

Chapter III of this manuscript is about the dihydrouridine synthase family that is present in all three domains of life. They reduce uridine at several positions in tRNAs into dihydrouridine via a redox mechanism using FMN and NAD(P)H. We will briefly introduce the current knowledge on the Dus family then we will focus mainly on our recent functional and structural studies of one eukaryotic member the Homo sapiens Dus2 enzyme. Following this section, I will describe our recent results on the structure-function relationship of E.coli dihydrouridine synthase with a specific emphasis on substrate specificity and structural evolutionary perspectives. Outlooks based on unpublished results will also be given.

This manuscript will end with general conclusions for the field of RNA posttranscriptional modifications.

The U54 base is flipped out of the loop to bind in the TrmA active site, and the T-arm structure is stabilized by entry of the A58 base into the space vacated by the extrusion of U54.

These RNA loop stabilization interactions promoted by TrmA in its catalytic complex are remarkably similar to those observed in the local rRNA loop motif that is methylated by RumA 18 . Comparison of these two complexes shows how homologous RNA methyltransferases, with identical catalytic mechanisms, promote highly similar local RNA folding despite recognizing different RNA structures.

However, as mentioned in the previous chapter, in most Gram positive and in several mycoplasmas, nature has engineered an alternative type of reaction for C5-uracil methylation (m 5 U) using a far more complex multistep process that involves two distinct cofactors:

N 5 ,N 10 -methylenetetrahydrofolate (CH 2 =THF or MTHF) and reduced flavin adenine dinucleotide (FADH 2 ) 19,20 . This alternative type of reaction, also called reductive methylation, has been recently demonstrated to rely on characteristic flavoenzymes designed as TrmFO and RlmFO that act respectively on tRNA or rRNA 21,22 .

II. Identification of folate/flavin-dependent and tRNA-specific methyltransferase

During the sixties, methyl groups found in m 5 U, m 1 G, m 2,2 G, m 7 G, m 2 A, m 6 A and m 5 C in E. coli tRNAs were shown to derive from methionine. This was proven by adding 14 C radioactive methionine during cell growth and following its incorporation into tRNAs 23,24 .

However, in some organisms (initially in B. subtilis, Streptococcus faecalis and M. lysodeikticus), tRNAs were not radiolabeled despite growing in [ 14 C]-SAM enriched medium, rather C3-radiolabeled formate or serine were required 25,26 . Interestingly, these compounds condense with tetrahydrofolate (THF) to form the methylene derivative of THF (MTHF) via a non-enzymatic reaction with formaldehyde or via a reaction catalyzed by serine hydroxymethyltransferase (SHMT) 27 . This hinted the possibility that MTHF might be the methyl donor for efficient methylation of tRNAs in those organisms. Indeed, upon inhibition of dihydrofolate reductase (required for THF synthesis) by trimethoprim in vivo, no m 5 U could be detected in tRNAs 28 thus linking tRNA methylation to tetrahydrofolate metabolism.

The native S. faecalis enzyme responsible for these observations was purified and used to demonstrate that 14 C11 radiolabeled MTHF is the methylene donor to the C5-atom of uracil by following its incorporation in m 5 U54 of tRNAs. This reaction required reduced flavin adenine dinucleotide (FADH 2 ) 19,20 . The native enzyme was found to be 115 kDa by native gel filtration while by denaturing SDS-PAGE a single subunit at 58 kDa was observed, proving that the functional protein is homodimeric.

The gene coding for this enzyme was identified 30 years later by a genomic approach 21 .

Only one cluster of orthologous genes (COG1206) emerged as potential flavoproteins since they contain the 'GXGXXG' motif characteristic of the Rossmann-fold found in a large number of FAD binding proteins 29 . Moreover, depending on the organism, the size of most genes corresponded to proteins with the expected molecular mass of 50-58 kDa. The genes of these proteins of yet unknown function were formerly annotated as gid or small gidA 30 .

(because the Gid protein is paralogous to the family of a longer protein GidA of about 600 amino acids/~65-70 kDa (now designated as MnmG, belonging to COG0445) and involved in the enzymatic formation of 5-carboxymethylaminomethyluridine (cmnm 5 U) at the wobble position 34 of anticodon in tRNAs 31 ).

Confirmation that this gid gene corresponds to a methyltransferase came from the absence of m 5 U54 in bulk tRNAs from B. subtilis strain lacking the gid gene as well as the lack of in vitro formation of m (yellow) as well as the general base Cys51 residue and an inserted domain (blue) containing the nucleophilic residue Cys223. On the right panel, a zoom on the active site shows: (i) the pteridin ring of THF (red) sandwiched between the imidazole of H308 (green) and the re-face of FAD, (ii) Cys51 lying at 3.λ Ǻ from N5-FAD and (iii) the long distance between the two active cysteine Cys226 and Cys51, both required for catalysis.

TrmFO family is characterized by the conservation of two cysteine residues. In TrmFO enzyme of Bacillus subtilis (TrmFO BS ), Cys226 was shown to act as catalytic nucleophile required for activation of U54 34 . Indeed, a similar strategy to TrmA was used (RNA harboring a fluorine on C5 of substrate uridine) to trap a covalent complex between

TrmFO BS and tRNA with identification of Cys226 responsible for the covalent bond. In addition, Cys53 was shown to act as the general base removing the proton at C5 33,34 (similar function as Glu358 in TrmA). Mutation of any of these two cysteines inhibits TrmFO activity.

In TrmFO TT , the corresponding residues are Cys51 and Cys223. Note that a structure of TrmFO TT was obtained with glutathione (GSH) that showed the thiol group of GSH in a disulfide bond with Cys223 corroborating the high reactivity of this cysteine.

Interestingly, in the three crystal structures of TrmFO TT , the Sγ of Cys51 is located in the flexible active site loop (ASL) less than 4 Å away from the N5-FAD, while that of Cys221 is located much far away at ~22 Å distance from the N5-FAD ( Fig 36). Therefore, either important conformational changes of the enzyme occur upon tRNA binding thus bringing Cys221 at proximity of U54 or the functional complex is a dimer that might form transiently during catalysis for TrmFO TT and TrmFO BS in contrast to TrmFO SF that was purified as a stable dimer. This dimer hypothesis is consistent with the fact that TrmFO paralogue, previously mentioned, namely MnmG is a stable dimer 35,36 .Nevertheless, further proofs are needed to understand tRNA recognition mechanism by TrmFO.

III. 2. Insights from biochemical studies

The first in vitro activity test for TrmFO not requiring the use of cellular extracts was established only recently 33,37 Importantly, removal of NADPH from the mixture did not abolish activity of TrmFO (the overall yield of m 5 U54 is lower in the absence of NADPH). This suggests that either the enzyme preparation used by those authors contained partially reduced FAD or that MTHF/FAD are enough for efficient methylation (suggesting no extra-electron donors are required in the mechanism; see outlook in this chapter). In the meantime, Dr. Djemel Hamdane purified TrmFO BS and identified complex features in its UV-visible spectrum as a result of contribution from several distinct FAD-based species (including a semquinone) 38 . Interestingly, incubation of the freshly purified protein with a tRNA transcript was sufficient for formation of m 5 U54. This suggested that TrmFO BS is purified with an active methylating agent.

Assignment of the different FAD species in TrmFO BS was done via fluorescence and high field electron paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) [38][39][40] 

Unpublished result

Furthermore, it would be interesting to use our novel synthetic flavin to build artificial methyltransferase. One strategy would be to reconstitute flavin binding proteins with our CH 2 =N5(FAD) and test their activities on a plethora of substrates, especially small molecules 47 . Note that synthesis of CH 2 =N5(FMN) and CH 2 =N5(riboflavin) also works (data not shown).

Following ABSTRACT: Enzyme-catalyzed reactions often rely on a noncovalently bound cofactor whose reactivity is tuned by its immediate environment. Flavin cofactors, the most versatile catalyst encountered in biology, are often maintained within the protein throughout numbers of complex ionic and aromatic interactions. Here, we have investigated the role of π-π stacking and hydrogen bond interactions between a tyrosine and the isoalloxazine moiety of the flavin adenine dinucleotide (FAD) in an FAD-dependent RNA methyltransferase. Combining several static and time-resolved spectroscopies as well as biochemical approaches, we showed that aromatic stacking is assisted by a hydrogen bond between the phenol group and the amide of an adjacent active site loop. A mechanism of recognition and binding of the redox cofactor is proposed.

M any biological reactions are catalyzed by cofactor- dependent enzymes. For this purpose, these enzymes have to recognize their specific cofactor, bind it, and finally stabilize it within the catalytic site in a proper orientation for catalysis. Besides metal ions, a number of small organic biomolecules are used as cofactors. Flavins such as flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are the most versatile organic cofactors in living cells. The large chemical diversity of flavin-dependent reactions encompasses dehydrogenation, oxidation, monooxygenation, halogenation, reduction of disulfides and various types of double bond, and sensing processes (e.g., light and redox status). [1][2][3][4][5][6][7][8] Over the past several years, there have been exciting developments in the field of flavoenzymology, with the discovery of new flavoenzymes that are unexpectedly implicated in biological processes such as protein folding, apoptosis, axon guidance, chromatin remodeling, and nucleotide biosynthesis. 9,10 The wide range of processes catalyzed by flavoenzymes makes them promising leads for chemical synthetic catalysts. 11 In this context, it is crucial to better understand the molecular basis for such versatility and in particular the link between flavin reactivity and its binding mode. Flavin binds to the enzyme's active site mostly through noncovalent interactions. Among them, aromatic stacking interactions are particularly important because they provide an efficient method of molecular recognition and allow fine modulation of the redox reactivity of the flavin. [11][12][13][14][15][16][17][18] Crystal structures of several flavoenzymes have revealed that stacking often involves an aromatic residue of the protein (such as phenylalanine, tyrosine side chains) and the isoalloxazine ring of the flavin. [19][20][21][22] FMN-containing flavodoxins, for example, have been exquisite models for investigating the reversible association between the protein and FMN because they are small, abundant, stable proteins and the cofactor interacts noncovalently throughout ionic and aromatic interactions. [23][24][25][26] Furthermore, FMN is less complex than FAD, which has an additional 5′-adenosine monophosphate (5′-AMP) moiety (Figure 1A). Nevertheless, the mechanism of FMN recognition and binding by the apoprotein remains partly unclear. Indeed, the pathway(s) by which the FMN cofactor binds to the apoprotein has been the subject of several debates. Notably, there has been some disagreement regarding the location of the initial interaction between the FMN and the apoprotein as well as the degree of conformational change associated with this interaction. [27][28][29][30][31][32][33] The situation is even more unclear in the case of FAD, while it is the flavin cofactor most employed by flavoenzymes. We have recently characterized the complex chemical mechanism of an FAD-dependent RNA methyltransferase (TrmFO) that catalyzes the formation of 5-methyluridine at position 54 in tRNAs. [34][35][36][37] The enzyme transfers a methylene moiety from the initial carbon donor, the methylenetetrahydrofolate (CH 2 THF), to the nucleophilic N 5 atom of the fully reduced FADH -forming a highly reactive iminium intermediate. 36,37 The activated methylene is subsequently transferred to the tRNA, and the electrons stored in FADH -serve to reduce the exocyclic methylene into a methyl group. The ability of FAD to cycle between several redox and alkylated forms is unique in flavoenzymology, and this reactivity must be finely tuned by its protein environment. The crystal structure of TrmFO from Thermus thermophilus (TrmFO TT ) allowed the identification of several important amino acids in the immediate proximity of FAD. 38 The adenosine, pyrophosphate, and ribityl moieties of FAD make extensive interactions with the NH amide group of several amino acids within the consensus sequence (Figure 1B). The si face of the isoalloxazine ring is held by the side chains of extremely conserved cysteine 51 (C51) and tyrosine 343 (Y343) residues through van der Waals interactions, while the re face is accessible to the solvent for catalysis (Figure 1C). Y343 is engaged in a π-π stacking interaction with the pyrimidine moiety of the isoalloxazine, and its amide group establishes a hydrogen bond with the O2 atom of the flavin ring. Moreover, its hydroxyl group makes a hydrogen bond with the NH amide group of C51 located in a long flexible active site loop (ASL) lining along the isoalloxazine edge and covering the ADP moiety of FAD (Figure 1C). Under these circumstances, we thought that this particular residue deserved a more detailed characterization. For the study reported here, we choose TrmFO from Bacillus subtilis (TrmFO BS ) in which the cysteine and tyrosine residues corresponding to C51 and Y343 are located at positions 53 (C53) and 346 (Y346), respectively. Our results establish that the hydrogen bond between the hydroxyl of Y346 and the amide chain of the important C53 allows the productive π-π aromatic interaction. We also propose for the first time a mechanism of recognition and binding of the FAD redox cofactor by the apoprotein likely shared by most noncovalent FAD-containing proteins.

■ MATERIALS AND METHODS

Protein Preparations. Wild-type holo-TrmFO BS was expressed and purified as previously described. 39 Y346A and Y346F mutants were prepared by site-directed mutagenesis using the QuikChange site-directed mutagenesis kit (Stratagene). The mutants were expressed and purified as described for the wild-type enzyme. Briefly, the C-terminally His 6 -tagged Y346 mutants were expressed in Escherichia coli BL21(DE3) in LB medium. The cells were grown in the dark at 37 °C until the OD 600 was 0.6 and then induced with 0.5 mM isopropyl 1-thioβ-D-galactopyranoside (IPTG). After overnight incubation at 29 °C, the cells were harvested by centrifugation at 3000g for 15 min at 4 °C and the resulting pellets were resuspended in 50 mM sodium phosphate (pH 8), 300 mM NaCl, and 20 mM imidazole (buffer A) containing 20 μL of Protein Inhibitor Cocktail (PIC, Sigma) and 5 mM β-mercaptoethanol. The cells were lysed by sonication, and the lysate was centrifuged at 3000g for 40 min. The supernatants were subsequently loaded at 4 °C onto a 5 mL Ni 2+ -NTA agarose affinity column (Qiagen) pre-equilibrated with buffer A. After being washed with 5 column volumes of buffer A, the mutants were eluted with buffer A containing 250 mM imidazole. The proteins were further purified on a HighLoad 16/60 Superdex 200 column equilibrated in 50 mM sodium phosphate (pH 8) and 150 mM NaCl. The fractions containing the Y346 mutant were pooled, and their purity was judged by SDS-PAGE. The protein concentration was determined by the Bradford method. After purification, all the proteins were concentrated and stored in 50 mM sodium phosphate (pH 8), 150 mM NaCl, and 20% (v/v) glycerol and stored at -80 °C. If necessary, the buffer was exchanged on a PD10 column (GE healthcare). The amount of purified protein obtained from 1 L of LB was estimated to be ∼30 and 15 mg for Y346A and Y346F mutants, respectively. The quality of the protein mutants was checked by analytical gel filtration on a Superdex 200 10/300 GL instrument (GE healthcare) and by dynamic light scattering using a Zetasier Nano-ZSP (Malvern). Both techniques indicated that the samples were homogeneous and that both Y346A and Y346F variants were purified as stable monomers. For preparation of wild-type apoprotein, holo-TrmFO (30 mg/mL) in 3 mL was dialyzed for 9 days against six changes of 500 mL of 2 M KBr in 50 mM sodium phosphate (pH 9) containing 300 μM EDTA and 5 mM DTT. The protein aggregates were removed by centrifugation at 10000g and 4 °C for 15 min. The supernatant containing ∼1 mg of protein was recovered and exchanged with 50 mM sodium phosphate (pH 8), 150 mM NaCl, and 20% (v/ v) glycerol on a PD10 column. Because we noticed that freezing the apoprotein impeded FAD binding, the protein was always used just after its preparation.

Gel Shift Assay. Protein-tRNA complexes with holo-TrmFO, Y346A TrmFO, and Y346F TrmFO were reconstituted in vitro by mixing 10 μM bulk tRNA purified form Bacillus subtilis strain BFS2838 carrying inactivated the gidΩerm R gene with increasing amounts of protein (from 4 to 136 μM) in 50 mM N-(2-hydroxyethyl)piperazine-N-2ethanesulfonic acid-Na buffer (HEPES-Na, Sigma) (pH 7.5), 100 mM ammonium sulfate, 100 μM EDTA, 25 mM mercaptoethanol (Promega), and 20% glycerol (buffer A) to a final volume of 20 μL. Bulk tRNAs of B. subtilis BFS2838 were obtained essentially as described previously, 40 except that the tRNA deacylation step was omitted. The samples were incubated for 20 min at 25 °C, and then 1% bromophenol blue was added to the mixture. The samples were loaded on native gel acrylamide/Bis (37.5:1), and electrophoresis was conducted for 2 h at 4 °C and 100 V. RNAs were colored with a 0.1% toluidine solution.

Test of Methylation of tRNA. The kinetics of formation of m5U54 by TrmFO was determined as described previously using an E. coli [α-32 P]UTP-labeled tRNA Asp transcript. [34][35][36] The reaction was started by the addition of 0.2 μM holo-TrmFO or freshly purified Y346 mutants. The reaction was stopped at different incubation times by the addition of phenol. After extraction of the radioactive transcript, the tRNA was s u b j e c t e dt on u c l e a s eP 1( R o c h e ) ,w h i c hg e n e r a t e d5 ′nucleoside monophosphates. The various hydrolysates were then analyzed by two-dimensional thin-layer chromatography on cellulose plates (Machery Nagel). The amount of m 5 U formed per tRNA molecule was determined by measuring the radioactivity in the TLC spots using a PhosphorImager screen and quantification with ImageQuant.

Probing the Ability of TrmFO BS To Form a Covalent Complex with 5-FU MiniRNA. The 5-FU mini-RNA used was 5′P-GGUCCGGGCGGG(5-FU)UCGAGUCCCGUCC-GGACC-OH3′ (Thermo Fisher Scientific Dharmacon) and corresponds to nucleotides 1-7 and 50-72 of B. subtilis tRNA Asp . The same mini-RNA without the 5-F had been shown to be a substrate of TrmFO BS . 35 The lyophilized mini-RNA was dissolved in RNase free water to a final concentration of 1 mM. Prior to being mixed with the protein, the 5-FU-containing mini-RNA was refolded by being heated at 80 °C for 5 min and then cooled on ice for 2 min. To probe the formation of a covalent TrmFO BS -RNA complex, the holoprotein, Y346A mutant, or Y346F mutant at a final concentration of ∼30 μM was incubated at 37 °C for 40 min with a 2-fold molar excess of 5-FU mini-RNA in buffer A. The covalent RNA-enzyme complex was visualized on a 12% SDS-PAGE gel stained with Coomassie blue.

Fluorescence Assay. The emission fluorescence spectra of FAD alone and in complex with the proteins were recorded in a quartz cuvette at room temperature on a Cary eclipse fluorescence spectrophotometer (Varian). The excitation and emission slits were set at 5 and 10 nm, respectively. After excitation at 450 nm, the fluorescence emission was recorded every nanometer from 460 to 700 nm. The resulting spectra were corrected from the contribution of the buffer [50 mM sodium phosphate (pH 8.0)]. In all experiments, the concentration of FAD was 2 or 5 μM while that of proteins was varied. Before the spectra were recorded, protein and FAD were incubated for 5 min to reach the equilibrium. The dissociation constant (K d ) of the protein-FAD complex was determined by fitting the fluorescence emission at 525 nm to eq 1 as previously described:
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where F represents the fluorescence emission intensity at 530 nm after each addition, F end is the remaining emission intensity at the end of the titration, F δ is the difference in emission intensity between 1 μM free FAD and 1 μM flavodoxin, C A is the total protein concentration after each addition (apo + holo), K d is the dissociation constant of the apoprotein-FAD complex in micromolar, and C F is the starting concentration of flavin.

The kinetics of FAD replacement from the apoprotein-FAD complex by ADP were measured by the fluorescence emission of flavin at 520 nm. Briefly, FAD (2 μM) was incubated with wild-type apoprotein or mutants (∼10 μM) for 5 min. Then, the FAD replacement started after the addition of ADP (2 mM).

With notations of A (apoTrmFO), B (ADP), and C (FAD), and considering A and B in excess relative to C to treat the association as a pseudo-first-order reaction, the overall rate (λ) for the replacement reaction depends on both the individual association and dissociation rates:

λ =+ ≫ kk k k ( [B])/( [B] [C]) if [B] [C] off AC on
AB on AB on AC Therefore, the observed replacement rate is λ ∼ k off AC . Stopped-Flow Kinetics. The binding kinetics of FAD were performed on a TGK Scientific SF-61DX2 stopped-flow fluorescence spectrophotometer equipped with a temperaturecontrolled circulating water bath. FAD (1 μM) was rapidly mixed with various protein concentrations. All reactions were performed in reaction buffer [50 mM sodium phosphate (pH 8.0)] at 20 °C. FAD fluorescence was recorded by exciting at 450 nm and collected through a GG-455 nm cutofffilter. Up to three transients were collected and averaged for each condition. The background signal was determined against buffer to allow data scaling. The observed rates (k on ) were determined by fitting the averaged transients to a single-exponential equation (eq 2) using SigmaPlot 12.

Δ =- FA k t exp( ) on (2) 
Circular Dichroism and Thermal Stability. Circular dichroism spectra were recorded with a Chirascan-plus CD spectrometer (Applied Photophysics). The protein samples were in 5 mM phosphate buffer (pH 7.5). The far-ultraviolet spectra (190-260 nm) were measured in quartz cells with an optical path length of of 0.5 or 4 mm and represent an average of four accumulations. Spectra were acquired at a resolution of Biochemistry Article 1 nm, with time per points set to 1 s and a bandwidth of 1 nm. All spectra were corrected for the buffer baseline. The proteins were subjected to the thermal melting profile by monitoring the changes in circular dichroism spectra from 195 to 250 nm. For thermal unfolding curves from 25 to 70 °C, samples were continuously scanned at a rate of 0.5 °C min -1 . The bandwidth was set to 1 nm, and the time per points was set to 0.7 s. The protein samples were in 5 mM sodium phosphate buffer (pH 7.5) in a 4/10 mm quartz cuvette. The thermal denaturation curves were analyzed with a simple two-state model for folded (N) and unfolded (U) protein: curves for the circular dichroism signal (Y obs ) as a function of temperature (T) were fitted using a nonlinear least-squares analysis to the following equation (eq 3):
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where Y obs represents the observed circular dichroism signal, Y N and Y U are the spectral parameters of the native (with slope m N ) and denatured (with slope m U ) forms, respectively, T is the temperature, R is the gas constant (8.314 J K -1 mol -1 ), ΔH m is the apparent van'tH o ff enthalpy, and T m is the apparent temperature of transition (i.e., 50% of the protein is in the native state).

Fluorescence Measurements under High Pressure. High-pressure experiments were conducted using a 5 mm × 5 mm quartz cuvette contained within a high-pressure cell and surrounded by a copper jacket for temperature control. The sample compartments of the SLM 8000 spectrofluorometer were modified to accept the high-pressure system, which has four sapphire windows for both transmission and 90°fl uorescence studies. 41 The tryptophans of TrmFO BS protein at a final concentration of ∼35 μM were excited at 295 nm (8 nm slits), and the emission was monitored from 310 to 450 nm (4 nm slits). No photobleaching was observed under our experimental conditions. Following each pressure increment, the enzyme was allowed to equilibrate for at least 5 min before fluorescence emission was recorded. The standard volume change during unfolding, ΔV 0 , at temperature T was determined from the simulation of the equation ΔV 0 = [∂ΔG 0 (p)/∂p] T , where ΔG 0 (p) is the standard Gibbs free energy change at pressure p, determined from the equilibrium constant for a two-state transition model,

ΔG 0 (p)=-RT ln K eq = -RT ln[(F N -F p )/(F p -F D )],
where F p is the fluorescence intensity at pressure p and F N and F D are the asymptotic intensity values of the native and denatured states, respectively. The standard Gibbs free energy change at 0.1 MPa is obtained according to the equation ΔG 0 = lim ΔG 0 (p) when p → 0.1 MPa. The half-transition pressure (P 1/2 ) is given by the equation P 1/2 = -ΔG 0 /ΔV 0 .

Limited Proteolysis and Mass Spectrometry Analysis. The mild trypsinolysis was conducted with 3.5 μg of TrmFO BS (∼4 μM) with a 1/200 mass ratio of trypsin (pancreatic bovine; Sigma) for different times at room temperature in 20 μLo f5 0 mM HEPES (pH 7.5) containing 100 mM ammonium acetate, 200 μM EDTA, 1 mM mercaptoethanol, and 20% glycerol. The proteolysis reactions were stopped by the addition of the serine protease inhibitor 4-(2-aminoethyl)-benzenesulfonyl fluoride (Perfabloc SC, Euromedex) at a final concentration of 0.5 mM and heated in loading buffer for 2 min at 90 °C. For the experiments in the presence of FAD, the wild-type apoprotein or the Y346A or Y346F mutant (∼4 μM) was incubated with 40 μM FAD for 15 min prior to trypsin treatment. Digested protein (7.5 μg) was loaded on a 12% SDS-polyacrylamide gel and analyzed by Coomassie blue staining. Bands corresponding to TrmFO proteins were excised and subjected to enzymatic digestion. Briefly, protein bands were excised and extensively washed with CH 3 CN and 25 mM NH 4 HCO 3 . The excised bands were treated with 100 μL of 10 mM DTT at 57 °C for 30 min. The DTT was removed, and 100 μLo f5 5m M iodoacetamide was added for cysteine carbamidomethylation. The reaction was allowed to proceed at room temperature for 30 min. After removal of the supernatant, the gel slices were washed again with CH 3 CN and 25 mM NH 4 HCO 3 and dried. We added 20 μL of 10 ng/μL Asp-N (Roche) diluted in 25 mM NH 4 HCO 3 , and the mixture was incubated overnight at room temperature. Peptides were extracted in 60% acetonitrile and 0.1% (v/v) formic acid, and 0.5 μL was mixed with an equal volume of α-cyano-4-hydroxycinnamic acid [10 mg/mL, 50% CH 3 CN (Sigma-Aldrich)]. Crystals were obtained using the dried droplet method, and AspN-generated peptide mixtures were analyzed by MALDI-TOF-TOF 5800 (ABSciex). Survey scans were performed using delayed extraction (390 ns) in reflector mode for a total of 15000 shots. Peak lists were processed and analyzed with ProteinPilot software (ABSciex), using the MASCOT algorithm. The search parameters were as follows: TrmFO BS sequence, digest reagent Asp-N (cleavage at the N-terminus of D/E) or semitrypsin, cysteine carbamidomethylation, and oxidation (methionine and tryptophan) were considered a complete and variable modification, and the peptide mass tolerance was set at 10 ppm.

■ RESULTS AND DISCUSSION

A molecular model of TrmFO BS confirmed that Y346 is engaged in the same interactions as those observed in TrmFO TT (Figure S1 and discussion of the Supporting Information). Therefore, to evaluate the role of Y346 in the binding of FAD, two mutants, Y346F and Y346A, were generated. The Y346F mutant is expected to conserve the ability to stack against the isoalloxazine ring, while it should lose the ability to engage in a hydrogen bond with the NH amide group of C53. In contrast, the alanine variant is expected to abolish both interactions. Replacement of the tyrosine with either an alanine or a phenylalanine did not modify significantly the secondary structure of the wild-type protein as evidenced by the similar far-UV circular dichroism of Y346F, Y346A, and wild type holo-TrmFO (Figure S2 of the Supporting Information).

Characterization of the Optical Properties of the Tyrosine 346 Mutants. UV-visible spectroscopy was used to verify the presence of FAD in the mutants. As previously shown, wild-type holo-TrmFO exhibited a complex spectrum because of the presence of three enzyme populations 36,37 (Figure S3A of the Supporting Information). One contains a noncovalently bound oxidized FAD (FAD ox ), while the second contains a reduced FAD covalently attached via a methylene bridge between N5 and the sulfur atom of a C53. This latter species is endowed with a tRNA methylating activity from now termed a methylating species (MS). The third population contains a catalytically inactive radical derived from the former by a one-electron oxidation (Figure S3A of the Supporting Information). These spectral features disappeared upon C53 mutation, which generates a protein containing only FAD ox Biochemistry Article (Figure S3A of the Supporting Information). In contrast to wild-type holo-TrmFO and the C53A mutant, the visible spectrum of both Y346 variants did not contain FAD ox features while they displayed a broad band at ∼355 nm attributed exclusively to MS, present in only ∼7 and <4% of Y346A and Y346F proteins, respectively (Figure S3A of the Supporting Information). Y346 mutants were thus purified mainly as an apoprotein form. Obviously, FAD binding has been greatly affected by the deletion of the phenol group at position 346. A phenylalanine in this position could not replace the tyrosine, and it was slightly more deleterious than an alanine. Several changes in the absorbance spectra of free FAD ox were observed upon addition of either Y346 mutant, which is consistent with the binding of the flavin to the apoprotein (Figure S3B,C of the Supporting Information). Furthermore, in these reconstituted holoprotein Y346F and Y346A mutants, the maximal peak of their major flavin absorbance S0-S1 transition in the 450 nm region has been red-shifted by 2 and 7 nm relative to the C53A holo-TrmFO (∼445 nm) (Figure S3 of the Supporting Information), demonstrating that the polarity of the native environment of the isoalloxazine has been altered by the mutations.

Tyrosine 346 Is Not Required for tRNA Binding, Covalent Catalysis, or Methylation. To determine whether the mutants retained the ability of the protein to bind tRNAs, the freshly purified variants were subjected to a gel shift assay with bulk tRNAs isolated from a B. subtilis strain deleted from TrmFO and compared with that performed in the presence of wild-type holoprotein. Mutation of Y346 did not significantly impair the capacity of TrmFO to form a stable complex with the tRNA (Figure 2A), showing that FAD is not required for tRNA recognition or binding. It has been established that following the binding of tRNA, the wild-type holoenzyme has to flip out U54 into the active site and activate the C5 position of uridine by addition of C226 cysteinate of the protein to the C6 position of the uridine, thus generating a covalent intermediate complex between TrmFO and the tRNA substrate. 35,38 This complex is formed irreversibly when the RNA substrate contains a 5-fluorouridine at the target position. 35 Similarly, the formation of a covalent complex was scrutinized in the Y346 mutants by using a 31-mer B. subtilis mini-tRNA Asp containing 5-fluorouridine at the target position (5-FU mini-RNA). In the case of wild-type holo-TrmFO, the covalent complex appears on a SDS electrophoresis gel as a well-defined band corresponding to a species migrating more slowly than the free enzyme (Figure 2B). The same phenomenon was observed in the case of Y346 mutants (Figure 2B). Finally, as shown in Figure 2C, Y346 mutants were active for methylation of a tRNA transcript with formation of m 5 U54 at a rate comparable to that of the wild type (Figure 2C). Altogether, the results firmly establish that tyrosine 346 is not required for (i) binding the tRNA substrate properly, (ii) forming the FAD-based methylating agent, and (iii) the later being active during tRNA methylation. The function of this tyrosine is rather restricted to FAD binding and/or its stabilization very specifically.

Tyrosine 346 Controls the Affinity of the Enzyme for the Oxidized FAD. To estimate the relative importance of stacking and hydrogen bond properties of Y346, the affinity of both mutants for FAD ox was determined by fluorescence titration. The isoalloxazine moiety is a fluorescent species that is usually quenched when bound to proteins. This spectroscopic property is used advantageously to determine K d values for flavin. Surprisingly, titration of free FAD ox by the Y346A or Y346F mutant resulted in an increase in flavin fluorescence (Figure 3A,B). Free FAD ox in a water solution exhibits a relatively weak fluorescence quantum yield (ΦFAD ∼ 0.03 vs ΦFMN ∼ 0.3) as a consequence of its ADP moiety acting as an intrinsic quencher of isoalloxazine fluorescence. 42,43 On the basis of this quenching mechanism and molecular dynamic, the existence of three different FAD ox conformations were identified in water, stacked, unstacked, and a partially stacked conformation, with the dominant one being the stacked conformation having the lowest fluorescence yield. [44][45][46] The increase in FAD ox fluorescence in the presence of mutants is a clear indication that the protein has converted most of the stacked free FAD ox into a protein-bound open conformation, which is not quenched by its protein environment. This contrasts with our previous denaturation experiments of wildtype TrmFO showing that the fluorescence of FAD is quenched in the holoprotein. [34][35][36][37] To resolve this discrepancy and to determine if Y346 is involved in this quenching, the wild-type Note that the activity must be conducted with freshly purified protein; otherwise, no activity was detected. Addition of free FAD (10 μM) to the Y346 mutants did not affect their kinetics of tRNA methylation. Although the wild-type apoprotein was able to bind the tRNA properly, the protein was inactive most likely because of the loss of the MS during the KBr treatment.

aproprotein has been prepared from holo-TrmFO by KBr treatment and the resulting apo-TrmFO was subjected to the same fluorescence titration experiments. The KBr treatment did not disrupt the native fold of apo-TrmFO as evidenced by its far-UV circular dichroism spectrum closely resembling that of the holoprotein (Figure S2A of the Supporting Information). In contrast to both mutants, the experiments conducted with wildtype apo-TrmFO led to a decrease in FAD ox fluorescence down to a plateau for around the equivalence (Figure 3C), indicating an efficient fluorescence quenching of the FAD ox open conformation most likely caused by the stacking of tyrosine 346 against the isoalloxazine. Because in the mutants the isoalloxazine is not stacked, one can conclude that the hydrogen bond between the Y346 and the NH amide group of C53 is required for productive π-π stacking interaction between the phenol group and the isoalloxazine moiety. We cannot discard the fact that the dipole moment of Y346 might be equally important as it is known from model studies that the phenolic ring has an affinity for stacking with the flavin ring higher than that of the phenyl ring or phenylalanine. 11 Indeed, the absence of stacking results in a decrease in the affinity of the protein for FAD by factors of ∼3 and ∼6 for Y346A and Y346F mutants, respectively (Figure 3). A phenylalanine in this position could thus not replace the tyrosine but is even more destabilizing than an alanine.

Tyrosine 346 Mutants Accelerate the Rate of FAD Dissociation. The lower affinity of Y346 variants for FAD ox could originate from impairment of the rates of association or dissociation or both. To address this question, we first tried to identify the components of FAD ox that are critical for recognition and binding by the apoprotein. First, we observed that the fluorescence of riboflavin or FMN was not significantly altered by the apoprotein, indicating that the isoalloxazine and the ribityl phosphate are not the major contributors for FAD binding (Figure S4 of the Supporting Information). To test whether the 5′-AMP moiety is the crucial anchoring point of the cofactor into the protein, a competition test between AMP and FAD ox was performed. Addition of a large excess of 5′-AMP did not change the fluorescence of the reconstituted apoprotein-FAD complex, indicating that 5′-AMP could not displace the FAD. In contrast, a large excess of 5′-ADP led to a full dissociation of the bound FAD from the wild type and Y346 variants, confirming 5′-ADP as the major anchoring element (Figure S5 of the Supporting Information). Recently, it was shown that ADP competes with FAD in putrescine oxidase, and the enzyme was isolated with ADP bound at the ADP binding site of FAD. 47 If ADP is added at a sufficiently high concentration to the reconstituted apoprotein-FAD complex, the rate of ADP incorporation should be limited by the FAD dissociation rate. We used this approach to determine the FAD ox dissociation rate constants. FAD was thus shown to be released slowly with rate constants of ∼0.018 ± 0.002, 0.01 ± 0.002, and 0.002 ± 0.0005 s -1 for Y346F, Y346A, and wild-type apoprotein, respectively (Figure 4A). The highest dissociation rate constants observed with the mutants are likely the major contributing factors in their lower affinity for FAD ox . Finally, the kinetics of binding of FAD to Y346 variants were investigated by stopped-flow spectrofluorometry at various protein concentrations. After FAD had been rapidly mixed with the protein, the kinetics of the fluorescence increase were fitted to a monoexponential (Figure 4B). The rate constant varied linearly with the protein concentration, allowing us to calculate the bimolecular rate constant of FAD association. This rate constant for the three proteins is comparable, varying between 0.02 and ∼0.03 μM -1 s -1 . For the Y346F mutant, the linear plot intersects the observed rate constant axis at a value of ∼0.025 ± 0.003 s -1 , which is the k off value for FAD and is consistent with that obtained from the competition reaction (Figure 4A,B). MgCl 2 and inorganic phosphate had no significant effect on the association rates unless they are present at a high concentration (Figure S6 of the Supporting Information). Therefore, mutations of Y346 have specifically impaired the protein-FAD complex stability, and the presence of phenylalanine endowed with a stacking capability is not enough to decrease the dissociation rate constant of the redox cofactor.

Conformational Stability of the Tyrosine Mutants. The presence of a redox cofactor often stabilizes the native protein. 26 To investigate the effect of Y346 on the conformational stability of the protein, the structural changes induced by high pressure were monitored through tryptophan fluorescence spectroscopy. Conformational changes ultimately leading to unfolding can be induced by increased pressure. [48][49][50][51][52] Increasing the hydrostatic pressure provoked a sigmoidal augmentation of fluorescence for wild-type holoprotein and as-isolated TrmFO mutants (Figure S7 of the Supporting Information). The transition observed with wild-type holo-TrmFO was charac-terized by a volume change (ΔV 0 )of-75.8 ± 3cm 3 mol -1 and a half-transition pressure P 1/2 of ∼156 ± 9 MPa. Replacement of Y346 with either an alanine or a phenylalanine leads to lower P 1/2 values (108 ± 7 and 95 ± 4 MPa for Y346A and Y346F, respectively), reflecting decreased protein stability. The Y346F mutation is a more destabilizing mutation, which is also corroborated by thermal denaturation experiments (Figure S8 of the Supporting Information). Furthermore, apparent ΔV 0 values increased upon Y346 mutation (-83 ± 3 and -97 ± 5 cm 3 mol -1 for Y346A and Y346F, respectively). As previously suggested, this is an indication of a reduction in the size of internal cavities and of an increased penetration of water molecules into the protein core. 53 In the mutants, the absence of FAD may have exposed hydrophobic pockets forced to be filled by water under high pressure. To further substantiate this hypothesis, the ability of the holoprotein and the Y346 variants to bind ANS had been measured. ANS is a fluorescent probe of accessible hydrophobic patches, and its binding to solventaccessible clusters of nonpolar side chains leads to a marked increase in fluorescence emission accompanied by a blue shift. The binding of ANS to holo-TrmFO provoked a significant increase of the ANS fluorescence with a blue shift (Figure S9 of the Supporting Information). As for the Y346 mutants, the amplitude and the blue-shift of the maximal peak of ANS fluorescence were more pronounced, indicating that the absence of FAD exposes hydrophobic regions that are protected by the FAD in the holoenzyme (Figure S9 of the Supporting Information). Hence, FAD is important for the overall stability of the protein most likely by ordering the flexibility around the active site.

Ordering the Active Site Loop by the FAD Cofactor. Proteases are known to cut at flexible and accessible polypeptide sites, and limited trypsinolysis can be used to assess the mobility of loops that are adjacent to redox cofactors. We have used this strategy to evaluate the impact of the mutations and FAD binding on the structure of the active site loop (ASL) lining along the isoalloxazine that is connected to Y346 by a hydrogen bond with C53 (Figure 1C). Wild-type apo-TrmFO and Y346 mutants were thus subjected to mild trypsinolysis treatments either in the absence or in the presence of an excess of FAD (Figure 5). The results showed that all trypsin-treated proteins were cleaved to different extents, generating a fragment that migrated on the gel at a position corresponding to a mass of ∼45 kDa. Cleavage was shown to occur at R59 by mass spectrometry and peptide mass fingerprinting analysis, generating a truncated form named Δ59-TrmFO (Figure S10 of the Supporting Information). Interestingly, we observed that FAD had a strong protecting effect on the wild-type protein (Figure 5A), as no Δ59-TrmFO was detected after reaction for more than 2 h. Hence, while in the wild-type apoprotein R59 seems to be accessible to trypsin, in the holoprotein this site becomes buried, which is consistent with the structural model of holo-TrmFO BS (Figure S6 of the Supporting Information). Likewise, the binding of FAD to wildtype apoprotein has efficiently ordered the conformational sampling of the ASL in the vicinity of the R59. In contrast, in the case of both mutants, FAD protected from proteolysis only partly, pointing to the critical function of Y346, and more specifically the H-bond between Y346 and C53, for controlling the structural flexibility of the loop and protecting R59 from trypsinolysis (Figure 5). As shown from the fluorescence studies (Figure S4 of the Supporting Information), ADP is primordial for the firm binding of FAD to the apoprotein. To test if the ADP binding to wild-type apoprotein could protect the protein from trypsin cleavage, the mild trypsinolysis was repeated in the presence of ADP. The ADP-bound TrmFO was as sensitive as the wild -type apoprotein to trypsin treatment (data not shown), indicating that the protecting effect of FAD is likely caused by the binding of isoalloxazine, which is located ∼7 Å from R59 (Figure 6).

■ CONCLUSION

Altogether, the results presented here establish that the hydrogen bond between the hydroxyl group of Y346 and the NH amide group of C53 favors a productive stacking between the tyrosine and the isoalloxazine ring of FAD. First, the purified Y346F mutant, in which the phenylalanine should conserve the ability to stack against the isoalloxazine, contains less FAD than the Y346A mutant. Second, the quenching of FAD fluorescence by the apoprotein is observed only with the wild type and not with Y346F mutant, indicating that in the latter, the phenylalanine does not stack properly against the isoalloxazine ring of FAD. Third, the Y346F mutant exhibits an affinity for FAD ∼2 and ∼6 times lower than that for Y346A and wild-type apoprotein, respectively. According to the kinetic data, this difference is mainly attributed to its higher FAD dissociation rate constant. Fourth, FAD plays a major role in the structure and conformational flexibility of the ASL, which is not the case for the Y346F mutant. For all these reasons, it appears that in Y346F mutant, the phenylalanine is not engaged in a productive π-π stacking interaction with the isoalloxazine.

On the basis of all our results, a mechanism of FAD recognition and binding can be postulated (Figure 7). First, reversible binding of FAD by TrmFO is an indication that the redox cofactor is incorporated into a folded state of the protein.

In aqueous medium, FAD coexists under several reversible conformations; nonetheless, the closed conformation in which the isoalloxazine stacked against the adenine moiety is the predominant form. [44][45][46] The apoprotein displaces the equilibrium toward the unstacked form of FAD by anchoring the 5′-ADP moiety throughout interaction with several amino acids of the consensus sequence located in the positively charged groove of the FAD binding site. The use of the ADP moiety as the major anchoring point to the apoprotein has been observed in several flavoenzymes, 47,54,55 and this phenomenon could be a general feature among the FAD binding proteins. Anchoring the ADP likely restricts the conformational sampling of the cofactor and may help the isoalloxazine to translocate into the active site. As soon as the isoalloxazine binds, the mobility of the ASL is diminished and the H-bond between the OH group of Y346 and the NH amide of C53 stabilizes the phenol side chain from free rotation. This reinforces the π-π overlap and consequently orders the FAD binding in the most compact and energetically favorable state for catalysis. The proposed bipartite binding mechanism of FAD is reminiscent of that of another dinucleotide redox cofactor, the NAD(P)H. 56,57 By anchoring the adenosine ribophosphate moiety to the enzyme, the nicotinamide moiety of NAD(P)H is free to explore the accessible conformational space until reaching the proper configuration for hydride transfer. This shared binding mechanism may be partly due to the presence of the same canonical dinucleotide binding motif carried by the Rossman fold. The conformational sampling mechanism is widespread in biological electron transfer systems 58 and could be at the origin of redox cofactor binding specificity. 
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■ ABBREVIATIONS ADP, adenosine diphosphate; AMP, adenosine monophosphate; ANS, 8-anilinonaphthalene-1-sulfonic acid; ASL, active site loop; CD, circular dichroism; CH2THF, methylenetetrahydrofolate; FAD, flavin adenine dinucleotide; Fem, fluorescence emission; FMN, flavin mononucleotide; FU, 5-fluorouridine; λ ex , excitation wavelength; m5U, 5-methyluridine; MS, methylating species; SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis; TrmFO, tRNA methyltransferase folate-dependent; tRNA, transfer ribonucleic acid. :+ Apo TrmFO on the fluorescence emission of riboflavin and FMN. The emission fluorescence spectra of riboflavin alone or FMN alone and in complex with the proteins were recorded in a quartz cuvette at room temperature.The excitation and emission slits were set at 2.5 and 5 nm, respectively. After exciting at 450 nm, the fluorescence emission was recorded every nm from 460 to 700 nm. The resulting spectra were corrected from the contribution of the buffer (50 mM sodium phosphate pH 8.0). The concentration of riboflavin and FMN were 8 and 5 CM, respectively. The concentration of the protein was varied from 2 to 32 M but we did not observe any spectral changes in the emission spectra of the either the riboflavin or FMN indicating that the wild type apo TrmFO did not bind these latter. The same results were observed with both Y346A and Y346F mutants. Proteins are inherently flexible entities, which is key for their proper function in the cells (1). The ability to fold, to stay under a stable native state or to alternate between active and inactive conformations is all dictated by the intrinsic properties of the polypeptide sequence and by the physical and chemical properties of the milieu. All of this is described by the so called protein's free energy landscape that schematically represents the accessible folding states of a specific protein (2,3). Some of these states can be highly reactive and functionally vital while others can be deleterious such as folding intermediates that act as kinetic traps or misfolded conformations (4-8). The latter are prone to oligomerization leading to the formation of cytotoxic species (9-13). Depending on the conformation of these precursors, proteins can undergo multiple ways of self-interaction leading to a large polymorphism of oligomers and aggregates (14).
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This is particularly the case for large proteins that can experience during the course of their conformational changes a higher probability to populate aberrant states that are precursors of oligomers (15). Therefore, it is important to (i) detect metastable intermediate states and (ii) to characterize them for a better understanding of the competing balance between physiological function and pathological disorders.

The inherent folding instability of the proteome has been constantly minimized to ensure functionality under physiological environments. Although most aggregates are seen as harmful, a recent study has demonstrated that aggregates of a non-glutamine/asparaginerich yeast protein, Mod5, play an important and benefic role for the cell (16). Mod5 is a tRNAmodifying enzyme that catalyzes the transfer of an isopentenyl group from dimethylallylpyrophosphate (DMAPP) to the N6 position of A37 within the anticodon loop of several tRNAs. Interestingly, aggregation of this enzyme confers to yeast a resistance against antifungal agents. The aggregates suppress tRNA modification activity thus allowing greater availability of DMAPP for the sterol biosynthesis pathway to overcome the inhibition of ergosterol biosynthesis by antifungals. Therefore, beyond their catalytic function, RNA-modifying enzymes can play a key role in the regulation of metabolic pathways and the adaptability of organisms.

TrmFO is another type of tRNA modifier that has recently been discovered in Gram+ bacteria and in certain mycoplasma (17). This enzyme catalyzes the methylation of uridine 54 to ribothymidine (m5U54), one of the most conserved modified bases in tRNAs. While in all other organisms the m5U54 is catalyzed by a classical S-adenosylmethionine-based methyltransferase (18), TrmFO employs an extremely challenging and unprecedented methylation mechanism that involves a set of several cofactors, including the flavin adenine dinucleotide (FAD), the methylene tetrahydrofolate and the NADPH (19-21). Moreover, the crystallographic structure shows that this enzyme adopts a complex topology with the presence of a domain inserted within the FAD binding domain splitting this latter into two subdomains (22) (Figure 1A). Such structural arrangement has been proposed to be selected during evolution to promote cooperative folding between domains and thus to avoid areas of the landscape that lead to kinetic trapping and misfolding (23,24). It is very intriguing and curious why such complex catalytic system has been selected during evolution, especially in organisms that have to deal with extreme conditions such as thermophiles (25) or firmicutes that are known for their ability to produce endospores. For a better understanding of this issue, it is important to evaluate whether the stability of TrmFO is adapted for such harsh conditions. Here we show that TrmFO from Bacillus subtilis is an unstable protein that can rapidly lose some of its secondary structure and then self-assembles into stable oligomers or large amorphous aggregates depending on the ionic strength of the milieu. These non-functional oligomers have the particularity of presenting various morphologies with the presence of amyloid-like assemblies and also irregular and compact spheroidal oligomers. Computational prediction as well as structural characterization by mild-proteolysis coupled with ESI-MS analysis allowed us to identify the N-terminal protein region as being a key structural element in determining the shape of the oligomers and in the oligomerization selectivity with respect to the aggregation pathway. Remarkably, stabilization of this region by tRNA reshapes drastically the conformational space of the enzyme towards a more secure energy landscape demonstrating the relevance of functional assemblies against misunfolding events.

Results

Structural instability is a peculiarity of both holo-and apoTrmFO proteins.

We previously showed that TrmFO is a unique flavoenzyme since it is isolated with different FAD species including the oxidized form and a two-and one-electron reduced alkylated flavins that are covalently bound to the polypeptide chain via the conserved cysteine 53 (26,27) (Figure 1B). In order to determine the contribution of FAD to the stability of TrmFO, the thermal stability of the wild type protein was analyzed along with that of C53A mutant, which has the particularity of carrying only noncovalently bound oxidized FAD (26), and two other mutants, Y346A and Y346F which are apoprotein forms of TrmFO (28). The stability of TrmFO was evaluated by measuring the circular dichroism signal at 222 nm, assigned to the alpha helix, as a function of temperature and under low ionic strength conditions (10 mM sodium phosphate pH 8). As shown in figure 1C, the temperature increase resulted in a cooperative loss of the dichroic signal characterized by a low value of the halftransition temperature (T 1/2 ). The latter value ranges from 36 ± 2 for least stable Y346F protein to 38.5 ± 2.5 °C for the most stable one, which is the C53A mutant (Figure 1D). Surprisingly, the signal variation observed with the holo-or apoproteins was too low to account for a full denaturation process suggesting that it was very likely that TrmFO had unfolded only partially. Moreover, the thermally-induced transition was irreversible since the starting signal was never recovered.

To further investigate this phenomenon, the thermal stability of the wild type protein and the three mutants were studied by differential scanning calorimetry (DSC). As shown in figure 2, the T 1/2 values obtained by DSC were dependent on the temperature ramping rate υ (Figure 2), which is known to be a typical peculiarity of thermal denaturation reaction controlled by a kinetic phenomenon (29,30). Accordingly, apparent activation energy (Ea) can be determined from the Arrhenius like-plot Ln (υ/T 1/2 2 ) versus 1/T 1/2 . The calculated Ea are 339 ± 15, 360 ± 20, 352 ± 10 and 300 ± 15 kJ/mol for the wild type, C53A, Y346A and Y346F proteins, respectively. Interestingly, the wild type TrmFO is less stable than the C53A mutant. In addition, the apoprotein Y346A is more stable than the wild type and the apoprotein Y346F by + 13 kJ/mol and + 52 kJ/mol, respectively. The apoprotein Y346A and the holoprotein C53A have comparable stability. These results indicates that (i) the covalent linkage between C53 and the alkylated FAD destabilizes the protein, (ii) the FAD cofactor is not important for the stability of TrmFO (illustrated by similar apparent Ea between C53A and Y346A) and (iii) introduction of a bulky and hydrophobic residue at position 346 such the phenylalanine in the FAD binding pocket can destabilize the protein. This statement is also supported by the fact that Y346W variant is not soluble at all (data not shown).

Taken together, TrmFO has a relatively fragile structure that can partially unfold at relatively mild temperatures and most importantly, the flavin coenzyme has no major contribution on such structural change.

Partially unfolded TrmFO with non-native structure induces an oligomerization process.

We further investigated the structural instability of TrmFO by recording the far-UV CD spectrum of the protein as a function of temperature in 10 mM sodium phosphate pH 8 (Figure 3A). To avoid spectral perturbation caused by the flavin cofactor, we decided to focus our characterization on the apoprotein using the Y346A variant as it is obviously more stable than both the wild type and Y346F proteins (Figure 1C and2). Interestingly, and as anticipated, the increase of temperature converted TrmFO to a thermally stable and partially unfolded species that still contained a substantial amount of secondary structure (Figure 3A). We then examined whether the partially unfolded TrmFO gave soluble oligomers which possibly protected it against further denaturation. To this end, the structural unfolding kinetic triggered by the addition of the folded protein into 10 mM sodium phosphate pH 8 at 50 ° C was measured by CD at 222 nm and was then compared to the light scattering kinetic recorded under similar conditions. As shown in figure 3B, while the variation of CD signal was too rapid to be detected by our experimental setting (dead time of the mixing within few seconds), in contrast, the light scattering kinetic of TrmFO appeared much slower and was characterized by a biphasic shape with a fast phase accounting for ~ 19 %, k 1 = 1.26 min -1 and a slow phase with a k 2 = 0.046 min -1 (Table 1). Obviously, our results demonstrate that the partial loss of TrmFO structure preceded the oligomerization process suggesting that the formation of at least one or more partially unfolded intermediates with non-native structure self-assembled to give stable oligomers.

Characterization of TrmFO soluble oligomers

To confirm and characterize the oligomerization process of TrmFO, thermalinduced partial unfolding reaction of wild type and Y346A TrmFO were followed by dynamic light scattering (DLS). As shown in figure 4A, the normalized scattered intensity I/I0 increased with temperature, which was indicative of an oligomerization process for both the holo-and apoproteins. The sigmoidal shape of the signal reached a stable plateau at T> 38°C with a midtemperature transition comparable to that determined by circular dichroism. Thus, partial unfolding of both holo-and apo-TrmFO led to oligomer formation. Quantitative information on the hydrodynamic molecular sizes of the oligomers was obtained from the size distribution diagram analysis. At 20°C, the folded wild type and Y346A proteins adopt a globular shape with a Rh value of 3.08 +/-0.1 nm similar to that calculated from the crystal structure of Thermus thermophilus TrmFO (PDB: 3G5Q, Rh = 3.0 nm) (Figure 4B) (22). As the thermal denaturation of the protein proceeded, the initial folded ensemble shifted towards larger species characterized by a stable Rh value of ~ 46 nm for the wild type and 23 nm for Y346A at a protein concentration of 0.2 mg/mL (Figure 4B). These oligomers were thermally stable and did not disassemble at high temperatures confirming that these species acted as a kinetic trap during the partial unfolding process.

The oligomerization of TrmFO was further analyzed by size exclusion column (SEC) and SEC-MALLS (Figure 5 andS1). The folded wild type TrmFO and mutants eluted at ~ 14.8 mL (Ve) on the SEC. Analysis on MALLS gave an Mw ~ 47.2 kDa and Rh ~ 2.7 nm consistent with the presence of monomers in solution (Figure S1). Following heat treatment, the wild type, C53A, Y346A and Y346F proteins were all converted to oligomers that eluted at Ve ~8.1 mL (Figure 5). In the case of Y346A mutant, we confirmed by MALLS the superstructure of the oligomers exhibiting an Rh ~ 22 nm (Figure S1) consistent with that determined by DLS. The SEC profiles recorded at 450 nm, a wavelength specific to FAD, demonstrated that the oligomers of wild type and C53A holoproteins did not contain the flavin coenzyme, which has most likely been released from TrmFO during the heat treatment.

The catalytic cysteine 226 was proposed to form a covalent complex with the tRNA substrate during catalysis (26). In order to eliminate the possibility that formation of a disulfide bond between the reactive cysteines may be at the origin of the oligomerization process, we tested whether C226A single mutant and C53A/C226A double mutant could form oligomers when they were heated in 10 mM sodium phosphate pH 8. As shown in figure 5, the cysteine mutants also formed soluble oligomers. Hence, TrmFO's ability to selfassemble into these aberrant superstructures is neither a property of the apoprotein nor caused by any mutation tested but it is indeed an intrinsic feature of the polypeptide.

Finally, we investigated whether these oligomers retained the capability of binding the tRNA. As illustrated by the gel shift assay (Figure S2), the oligomers did not bind the tRNA suggesting that TrmFO is inactive under such oligomeric state.

From now on, we will focus mainly on the study of Y346A protein, which we will hereafter call TrmFO.

Morphology of TrmFO oligomers.

Negative staining electron microscopy was performed to further characterize the shape of the oligomers. The soluble oligomers obtained by heat treatment of TrmFO at 0.1 mg/mL appeared as small amyloid-like aggregates with a beaded morphology (Figure 6A). In contrast, at 1 mg/mL, the soluble oligomers were instead irregular particles with a diameter ~ 50 nm (Figure 6B). To verify their amylogenic nature, we tested whether the soluble oligomers of TrmFO could alter the fluorescence signal of thioflavin and the absorbance spectrum of Congo red, both known to be specific probes for the detection of amyloid aggregates. Interestingly, thioflavin appeared to bind to TrmFO oligomers since the maximum fluorescence intensity increases by 18-fold as compared to the fluorescence intensity of the probe in the presence of folded TrmFO (Figure 6D) suggesting that these oligomers may potentially carry cross-β structure. Moreover, the same oligomers are able to bind the Congo red as evidenced by the red shift of its absorbance spectrum in their presence (Figure 6E). The physico-chemical nature of the oligomers was further characterized by the 8-Anilinonaphthalene-1sulfonic acid (ANS) fluorescence, a classical probe for hydrophobicity screening. As shown in figure 6F, a large increase in fluorescence associated with an important blue-shift was observed when the probe was incubated with TrmFO's oligomers. The maximum passed from 525 nm for the free probe to 475 nm in the oligomeric TrmFO. Thus, the surface of the oligomers carries hydrophobic pockets that are accessible to the solvent.

Role of ionic strength in TrmFO aggregation

The apparent instability of TrmFO was seemingly incompatible with its capacity to efficiently methylate tRNAs at 37°C (26,31). However, the activities were previously assayed with a buffer containing much higher ionic strength, which might have further stabilized the enzyme. Thus, we first examined the contribution of the activity buffer (50 mM HEPES, pH 7.5, 100 mM ammonium acetate) to the thermal stability of TrmFO wild type, C53A, Y346A and Y346F. The resulting thermal profiles of these proteins also showed a single cooperative transition during the course of thermal denaturation (Figure 1C). Nonetheless, three major distinctive features characterized them. Firstly, this buffer drastically stabilized the folded state of both TrmFO and its mutants as demonstrated by the large increase of the T 1/2 values (> 12 °C for the four proteins, Figure 1D). Secondly, a turbidity of the heated samples associated with the formation of aggregates was observed at the end of the denaturation reaction. Thirdly, the variation of the ellipticity signal between the native and the denatured states was much larger in the presence of the activity buffer (> 2-fold increase) when compared to that in 10 mM sodium phosphate. This thermal aggregation is attributed to the ionic strength since the same behavior was observed when the experiments were repeated in 10 mM sodium phosphate pH 8 supplemented with various NaCl concentrations (Figure S3A) or in the presence of other salts such as Na 2 SO 4 or KCl. Therefore, the thermal aggregation is not salt specific but it is rather promoted by the ionic strength. The far-UV CD spectrum of the TrmFO was also recorded as a function of temperature in 0.2 M NaCl (Figure S3B). Interestingly, although we cannot exclude that some of the signal loss can be caused by light diffusion during the formation of heavy aggregates, it is nevertheless clear that NaCl enabled TrmFO to be gradually converted to an unfolded state different from that observed at low ionic strength by the temperature.

To estimate the size of such aggregates, thermal denaturation of TrmFO was carried out in the presence of 0.2 M NaCl and followed by DLS. As expected, the reaction led to the formation of heavy aggregates with Rh in the order of a micrometer (Figure S4). The heavy aggregates obtained by thermal-induced denaturation in the presence of 0.2 M NaCl were also analyzed by EM (Figure 6C). Close inspection of the images revealed that the unfolded protein formed amorphous aggregates with various diameters that collapsed into large agglomerates of several microns.

We also verified whether the soluble oligomers obtained at low ionic strength could aggregate in the presence of NaCl. Interestingly, when the latter were heated in 0.2 M NaCl, no heavy precipitation was observed. Moreover, analysis of the resulting solution on gel filtration and DLS showed that the oligomers were converted into larger species of about 100 nm but remained much smaller than the heavy aggregates of TrmFO observed in the presence of salts. It can therefore be concluded that the salt-induced aggregates do not form from the soluble oligomers of partially unfolded TrmFO.

Structural characterization of the soluble oligomers of TrmFO

Mapping the structure of the partially unfolded TrmFO within soluble oligomers is crucial to understand the mechanism of protein oligomerization and aggregation. Mild proteolysis can be a powerful technique to evaluate the conformational flexibility of polypeptide and thus to identify unfolded regions of the protein. Eventually, identification of the cleavage site by mass spectrometry might allow an atomic structural resolution of these regions. Hence, oligomer mild trypsinolysis kinetics were monitored and compared to those of the folded TrmFO control (Figure S5). SDS-PAGE analysis of the solution revealed that TrmFO was quite resistant and underwent, among the forty four potential proteolytic sites, only one at R58, which is a residue located on the active site flexible loop close to the FAD binding site. In contrast, the partially unfolded protein was rapidly hydrolyzed. As the proteolysis proceeded, the protein was converted to several lower mass fragments (at least 8 fragments). Fragments 2 and 3 were those that appeared immediately suggesting a high degree of exposure and/or flexibility. In contrast, fragment 8 was generated slowly but remained quite stable over time. All bands were submitted to trypsin proteolysis and analyzed by MALDI peptide mass fingerprinting (Figure S6). The MS results identified K30, K111, R181, K237 and K409 as being new cleavage sites (see supplementary information) and these residues are reported on the structural model of TrmFO (Figure 7A). Thus these sites were initially buried in the folded structure and became solvent accessible in the partially unfolded state of TrmFO within the oligomers.

Role of the N-terminal subdomain in oligomerization and aggregation reactions
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To further analyze the aggregationprone properties of TrmFO, prediction of protein regions carrying a high propensity to aggregate were made using PASTA algorithm (32). As shown in figure 7B, the aggregation free energy profile incriminated several regions but two of them comprising residues 5-9 and 116-119 drew a particular attention because (i) they belong to the largest parallel beta sheet of the protein (Figure 7C), and these latter are known as driver structures in aggregation events, (ii) the Nterminal region of TrmFO was specifically identified as dynamic and solvent accessible in the partially unfolded state trapped under an oligomeric species (Figure 7A). To evaluate experimentally the respective contribution of these regions in the oligomerization and aggregation reactions, a truncated version of TrmFO deleted from the first 59 residues (∆1-59 TrmFO) was generated by mild trypsinolysis of the full length protein and then purified on a gel filtration. In this protein form, the 5-9 residues are expected to be removed while 116-119 remain. In the inset of Figure 8A, the SDS-PAGE of the resulting ∆1-59 TrmFO showed an acceptable level of purity for further characterization. The SEC elution profile revealed a Ve ~ 15.07 mL slightly larger than that observed with the full length enzyme and thus consistent with a shorten version. The circular dichroism of this freshly prepared protein was that of a folded state indicating that the truncation did not perturbed the rest of the protein (Figure 8B). However, we observed that when ∆1-59 TrmFO was left 48 hours at 4°C, its secondary structure was converted into a random coil while that of full length TrmFO remained unchanged. Thus this result demonstrates that the truncated protein is kinetically unstable and unfolds with time. Therefore, all the following experiments were performed on a freshly purified batch of protein.

The intrinsic aggregation propensity of ∆1-59 TrmFO protein was assessed by measuring the light scattering kinetics at 50°C in the absence or in the presence of 0.2 M NaCl (Figure 8C-D). While the signal increase was biphasic in the full length form with a fast phase at 1.26 min -1 and a slow phase at 0.046 min -1 , in the case of the truncated TrmFO, the increase of the light scattering was monophasic and occurred at ~ 0.7 min -1 (Figure 8A, Table 1). However, the latter is distinguished by the fact that after reaching a maximum at 10 min, its signal decreased with a k = 0.012 min -1 . This signal drop suggested formation of heavier oligomers. Consistently, electron microscopy showed that heated ∆1-59 TrmFO generated larger oligomers (~ 100 nm diameters) characterized by a remarkable new regular and spheroidal shape (Figure 8E). Furthermore, ∆1-59 TrmFO seemed to aggregate more slowly in the presence of NaCl (Figure 8D, Table 1), according to a biphasic kinetic (A1 = 27%, k 1 = 0.6 min -1 and A2 = 73%, k2 = 0.005 min -1 ) with no evidence for formation of heavy aggregate particles as those observed with the full length protein (Figure 8F). Altogether, these results are consistent with the fact that the 1-59 residues (i) contains key elements for heavy aggregation pathway and (ii) are responsible for the inhomogeneity of the oligomer morphologies.

Role of functional assembly in oligomerization and aggregation of TrmFO

In general ligand binding that stabilizes the native state can modify the free energy landscape of protein and as a consequence inhibit aggregation events (11,33). First, NADPH and CH 2 THF ligands were tested but they both did not inhibit enzyme oligomerization (Figure S7). Then, we examined the effect of tRNA. Remarkably, when TrmFO/tRNA complex was heated, SEC analysis showed the presence of exclusively the folded TrmFO and tRNA and confirmed the absence of oligomers (Figure S8). In addition, the absence of light scattering with the complex offered an even more compelling evidence of the protective role of tRNA against oligomerization (Figure 9A). This effect required a fully structured tRNA since oligomerization of TrmFO was not stopped by tRNA fragments obtained upon digestion by RNAse A. Moreover, this treatment allowed the recovery of an aggregation kinetic similar to that carried in the absence of tRNA (Figure 9A, Table 1).

We also tested whether the tRNA protected ∆1-59 TrmFO. While tRNA did not avoid oligomerization of TrmFO, it nonetheless reduced the size of the protein oligomers as demonstrated by the lack of the important sedimentation phase observed without tRNA (Figure 9A, Table 1). This was fully supported by electron microscopy pictures showing that large spheroidal oligomers of ∆1-59 TrmFO were absent (Figure 9B). This inhibition also required a fully structured tRNA since when tRNA was predigested by RNAse A, ∆1-59
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TrmFO behaved as in the absence of tRNA. We then asked if such impediment resulted from a specific mechanism of action. Therefore, the interaction between the truncated protein and the tRNA was measured. As shown by the gel shift assay and the resulting isotherms (Figure 9C-D), while TrmFO binds the tRNA, ∆1-59 TrmFO did not. Likewise, tRNA acted via a specific functional assembly in the case of full length TrmFO while for ∆1-59 TrmFO, a non-specific mechanism was implicated.

Discussion

Herein, we showed that TrmFO from B. subtilis carries a risky conformational energy landscape that can be converted into a safer formulation upon tRNA binding. Under low ionic strength, the folded state of the protein seemed to be easily perturbed at physiological temperatures (Figure 1). B. subtilis is able to sustain growth in a temperature range from approximately 11°C (37) to 52 °C (34). Under these conditions, the folded protein was irreversibly converted to at least one partially unfolded intermediate that retained substantial amount of native secondary structure of TrmFO (Figure 1B, 2 and 3A). Regardless whether this is an ON-or OFFpathway intermediate, it is a reactive species that self-assembled into nonfunctional oligomers (Figure 3B). This observed instability is neither a property of the apoprotein nor caused by the mutations tested since the wild type holoproteins formed oligomers when heated (Figure 1 and5). Instead, it is an intrinsic feature of the polypeptide.

The biphasic nature of the oligomerization kinetic demonstrates that following the formation of this aggregation prone intermediate, a fast polymerization event occurred prior to slow assemblage into larger oligomers (Figure 3B). The latter were stable and were characterized by a hydrodynamic radius varying between ~ 20-30 nm depending on the protein concentration (Figure 4). Interestingly, at 0.1 mg/mL of TrmFO, their morphology resembled that of curled protofibrils (Figure 6A). In contrast, at 1 mg/mL, the shape evolved and became more irregular and compact (Figures 6B). This may indicates the existence of multiple competing pathways of assembly. The effect of protein concentration on the heterogeneous morphology of aggregates was also observed with β2-Microglobulin. It was shown that worm-like fibrils of this protein, which form rapidly during assembly, are kinetically trapped species, formed via a nonnucleated pathway that is explicitly distinct from that leading to the formation of the relatively rigid long-straight fibrils classically associated with amyloid (35). The amyloidic nature of TrmFO aberrant assemblies was supported by the large increase of thioflavin fluorescence produced in their presence as well as the binding of the Congo red (Figure 5D and5E). In addition, these oligomers presents a low degree of hydrophobic packing that allows the binding of ANS (Figure 5F) as for the case of the toxic oligomers of HypF-N, a small domain of E. coli HypF known for its ability to be easily destabilized in vitro and to form spherical oligomers, protofibrils and amyloid-like fibrils (13).

An additional evidence for such risky conformational energy landscape was given by the thermal denaturation reaction in the presence of salts (Figure 1C). In contrast, salts promoted another thermal-induced unfolding pathway of TrmFO leading to large aggregates (Figure S5-6 and 6C). Indeed, the soluble oligomers obtained at low ionic strength cannot be converted into these large amorphous aggregates when heated in the presence of salts. Although the exact mechanism of NaCl-induced unfolding and subsequent formation of large aggregate is enigmatic at this stage, it is nonetheless known that salt ions enhance intermolecular interactions by weakening repulsive electrostatic interactions via (i) a Debye-Hückel screening effect, (ii) by direct ion binding, (iii) by perturbation of the protein hydration shell or by a combination of several of these effects.

Our results suggest that the mechanisms of oligomerization and aggregation are somehow different. This is supported by the fact that the truncation of the first 59 residues of the protein: (i) abolished the ability of TrmFO to generate NaCl-induced large aggregates (Figure 8D and 8F), (ii) promoted formation of new homogeneous oligomers characterized by larger diameter and with a regular spheroidal shape (Figure 8C and8E). In that respect, the 5-9 betastrand predicted as an aggregation-prone structure may be important to the aggregation pathway. On the other hand, removal of this structure had probably favored unmasking of oligomerization-promoting regions such as the 116-119 residues being part of the long Nterminal beta strand of the FAD binding domain and that could participate in non-native beta-beta strands intermolecular interaction. Indeed, the fact that these oligomers induce a large increase of thioflavin fluorescence is indicative of the presence of cross beta-structure characteristic of amyloid-type aggregates. Such a mechanism of oligomerization is not uncommon and has been postulated for several proteins. For instance, in the case of lysozyme, loosening of the C-helix favors exposure of the beta-strand of the beta-domain of the protein allowing formation of spherical aggregates (12). The same mechanism has also been observed for several pro-aggregating globular proteins involved in several human pathologies (12). Structure determination by NMR of a lowpopulated on-pathway folding intermediate showed that the mutation-induced disorder in the carboxyl terminus exposes the aggregationprone amino-terminal beta strand which by a non-native interactions can derail folding and initiate fibrillation (36).

Another important result of our study is the report of an unprecedented role played by the tRNA partner against oligomerization/aggregation of TrmFO. Likewise, the specific tRNA binding promoted a new stable conformation of TrmFO. Although, there is no structure of TrmFO/tRNA complex to judge the nature of such stabilizing conformational change, extensive mutagenesis and molecular modelling studies have delineated the RNA binding interface on the protein (21,22). We reproduced the identical TrmFO-miniRNA complex model obtained from the manually docking of a tRNA T-arm onto the TrmFO-THF structure of thermus thermophilus (Figure 9E). In this docking model, the T-arm analog could be accommodated by the positively-charged, concave surface of TrmFO without serious steric hindrances. Interestingly, the N-terminal subdomain that we showed here as being implicated in the oligomerization/aggregation reactions of TrmFO constitutes a part of its tRNA binding site. Accordingly, trypsin-induced mild proteolysis showed that the tRNA protects TrmFO from the single cleavage at position R59 (Figure 9F). It is therefore conceivable that within the functional complex, the thermal fluctuation of this region is drastically reduced thereby minimizing eventually from misunfolding events at physiological temperatures. Partial deletion of this subdomain disturbed the tRNA binding and abolished the specific RNA protecting activity (Figure 9C-D). However, by preventing the oligomerization of this truncated form to proceed toward the formation of larger oligomers (Figure 9A-B), tRNA was somehow acting as an unspecific protecting agent wherein its protective role had been decoupled from the function. Moreover, this role required a structured RNA as demonstrated by the aggregation kinetics performed by tRNA digested with RNAse. Our results are in full agreement with the major chaperone activity of RNAs acting against aggregation of proteins that are not related to RNA metabolism (37,38). For instance, RNA was found 300-fold more effective at preventing luciferase or citrate synthase aggregation than the well-established GroEL chaperone system. Recently, structured RNAs have been shown as potential suppressors of p53 aggregation, a protein that does not bind RNA and is involved in many human cancers (39). Although the precise mechanism for such unspecific protection is unclear, the fact that RNA species can bind to unfolded proteins, as for instance in the ribosome, and assist them during the folding reaction suggest that hydrophobic interactions between the nucleic bases and the polypeptide play an important role in this unspecific chaperone activity (40,41). Several RNA species carries various modified bases that modulate the nucleotides hydrophobicity. Thus, it would be an outstanding issue to uncover a potential role of these modifications on their chaperone activity. Since RNA modifications are tightly regulated by the cellular metabolism (42), a potential RNA chaperone activity controlled by these modifications could guarantee to the cell an ingenious alternative way to regulate the instability of the proteome to particular stress. This intertwined notion of specific cellular fitness is again supported by the recent study uncovering that in contrary tRNA-modifying enzymes can also behave as RNA chaperones (43).

Although we have no evidence for a physiological role of such oligomers, it can be speculated that like Mod5 (16), aggregation of TrmFO under stressing conditions could be benefic for the bacteria by accumulation of costly FAD, NADPH and CH 2 THF organic cofactors that serve different major anabolic cycles. Interestingly, a recent study reported that in Bacillus subtilis, these organic cofactors are remarkably stable in vivo and can be passed on over generations of cells (44). Thus aggregation of TrmFO could be also a way to adapt JBC coenzyme pools to changing environmental conditions.

Altogether, we herein demonstrated that large proteins carry a risky conformational energy landscape that can be modulated by the ionic strength and the physiological partners. Biophysical characterizations together with computational prediction allowed-us to propose the potential conformational events that control the oligomerization polymorphism and the aggregation pathways. In addition, our study revealed that the own tRNA substrate diverts conformational instability of the protein toward a safer energy landscape, which may affords an effective and economic cellular protection.

Experimental procedures

Protein preparation

Wild type TrmFO and mutants were prepared as previously described (26). Briefly, all the proteins were expressed in BL21(DE3) in LB medium. The cells were grown at 37°C until an OD at 600 nm of ~0.7 then induced with 0.5 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG). After overnight incubation at 29°C, cells were harvested by centrifugation and lysed by sonication in 50 mM sodium phosphate pH 8, 2 M NaCl, 10 % glycerol and 15 mM imidazole (buffer A) containing 10 mM β-mercaptoethanol and 2 mM phenylmethanesulfonyl fluoride (PMSF). The lysate was centrifuged and the supernatant was loaded on a 5 mL Ni2+-NTA agarose affinity column (Qiagen) preequilibrated with buffer A. The mutants were eluted with 250 mM imidazole followed by buffer exchange with a Pd10 column (GE healthcare) and stored in 50 mM sodium phosphate (pH 8), 200 mM NaCl and 15 % glycerol at -80°C. Preparation of Δ1-59 Y346A TrmFO Y346A was obtained by a mild proteolysis treatment of the full length Y346A protein. Briefly, this latter mutant was reconstituted to holoenzyme form by adding 2 eq of FAD. Then, the resulting holoenzyme was subjected to mild trypsinolysis for 2 hours at room temperature with a ratio of 1/200 trypsin in 50 mM sodium phosphate pH 8 and 200 mM NaCl. The reaction was quenched by adding 2 mM PMSF and the truncated protein was further purified by gel filtration on a S200 increase 10-300 GL (GE). The purity of shortened protein was further checked by SDS-PAGE showing a purity >95%.

Preparation of Bacillus subtilis bulk tRNAs

Bulk tRNA was extracted from Bacillus Subtilis strain BGS2838 with gidΩerm gene inactivated. Cells were grown in LB to an OD600 of 0.6.Pelleted cells were suspended in 10 mM Tris pH 8 with 10 mM MgCl2. 1 volume equivalent of acidic phenol (pH 4.5) was added and incubated for 4 hours at room temperature on a rotating wheel. After centrifugation, 3 volume equivalent of 100% ethanol was added to the aqueous phase with a final concentration of 80 mM ammonium acetate and placed overnight at -80°C to precipitate nucleic acids. The precipitate was further purified on a HiTrapQ (GE) with a gradient of 20 mM NaCl to 1 M NaCl. A Pd10 desalting column (GE) was used to change the buffer prior to incubation with TrmFO.

Circular dichroism

Circular dichroism spectra were recorded on a Chirascan™-plus CD Spectrometer (Applied Photophysics). The far ultraviolet spectra (200-260 nm) were measured at 20°C in quartz cells of 0.1 cm optical path length. The final concentration of Y346A TrmFO was 1 µM in 10 mM potassium phosphate pH 8 supplemented with 0 or 200 mM NaCl. Spectra were acquired at a resolution of 1 nm, with time per points set at 0.7 second and a bandwidth of 1 nm. All spectra were corrected from the contribution of the buffer and are an average of four accumulations. The thermal stability of the protein was monitored by following the changes of CD at 222 nm from 25 to 90 °C. Thermal unfolding curves were continuously scanned at various temperature ramping rates (0.25, 0.5, 1, 1.5 and 2 K.min -1 ). The bandwidth and the time per point were set at 1 nm and 0.7 second, respectively. Y346A TrmFO was at 4 µM in 10 mM potassium phosphate pH 8 buffer (with or without NaCl), in 0.1 cm quartz cuvette.

Differential scanning calorimetry

Thermal stability was studied by DSC by using a differential scanning calorimeter VP-DSC (Microcal). DSC measurements were made with TrmFO solution (14.8 µM) in phosphate buffer (10 mM, pH 8). The buffer from the dialysis bath was used as a reference. All solutions were degassed just before loading into the calorimeter. Scanning was performed at various rates (0.5, 0.75, 0.83, 1, 1.25 and 1.5 K min -1 ). The heat capacity of the solvent alone was subtracted from that of the protein sample.

These corrected data were analyzed by using a cubic spline as a baseline in the transition. The data were treated with ORIGIN software (Microcal).

Size exclusion chromatography & SEC-MALLS

Size exclusion chromatography (SEC) were carried either with a Superdex 200 increase 10/300 GL (GE healthcare) or a Superose 6 10/300 GL (GE healthcare) on an AKTApurifier (GE healthcare). Multi-angle laser light scattering (MALLS) was measured with a MiniDAWN TREOS (Wyatt Technology). Refractometry was monitored using an Optilab T-rEX (Wyatt Technology).

Light scattering measurements.

Thermal denaturation experiments were conducted on a Zetasizer ZSP (Malvern) in a micro-quartz cuvette ZEN 2112. A stock solution of TrmFO was diluted to 0.2 mg.ml-1 (4 µM) with 10 mM sodium phosphate pH 8 supplemented with 0 or 200 mM NaCl. All buffers were degassed and filtered through a 20 nm Anotop 10 syringe filter (Millipore). Samples were centrifuged at 20, 000 g for 15 minutes at 4°C prior to measurements. 50 µL of samples were loaded in the cuvette and covered by 20 µl of PCR oil to prevent evaporation. Denaturation ramp was conducted from 20 to 60°C by step of 1°C with an equilibration time of two minutes. Each temperature point corresponds to a 100 s effective measurement time. For the TrmFO-tRNA complex, 4 µM TrmFO was mixed with 20 µM tRNA in 10 mM sodium phosphate pH 8 and let on ice for 15 minutes before centrifugation at 20, 000g for 15 minutes at 4°C.

Gel Shift Assay

Protein-tRNA complexes were reconstituted in vitro by mixing 1 µM bulk tRNA purified from Bacillus subtilis strain BFS2838 carrying inactivated gidΩerm gene with increasing concentration of protein (from 0.2 µM to 120 µM) in 50 mM sodium phosphate (pH 8), 150 mM ammonium acetate, 1 mM DTT and 10 % glycerol to a final volume of 20 µL. The samples were incubated for 20 min at room temperature followed by addition of 1% bromophenol blue. The samples were loaded on a native gel acrylamide/Bis (19:1) and electrophoresis was conducted for 1 h at 4°C and 100 V. RNAs were colored with a 0.1 % toluidine solution.

Limited Proteolysis and Mass Spectrometry Analysis

The mild trypsinolysis was conducted with 20 µg of TrmFo Y346A mutant with a 1/400 ratio of trypsin (pancreatic bovine; Sigma) for different times at room temperature in 20 µL of 50 mM sodium phosphate (pH 8). The proteolysis reactions were stopped by addition of PMSF at a final concentration of 2 mM and heated in loading buffer for 1 min at 90 °C. For the experiments in the presence of tRNA, the complex was reconstituted with 3 eq of tRNA and incubated for 20 min at room temperature prior to trypsin treatment. Samples were loaded on a 12 % SDS-polyacrylamid gel and analyzed by coomassie blue staining.

Bands corresponding to TrmFO protein were excised and subjected to enzymatic digestion. Briefly, protein bands were excised and extensively washed with CH3CN and 25 mM NH4HCO3. The excised bands were treated with 100 µl 10 mM DTT at 57°C for 30 minutes. The DTT was removed and 100 µl of 55 mM iodoacetamide was added for cysteine carbamidomethylation. The reaction was allowed to proceed at room temperature for 30 minutes. The supernatant was removed, the washing procedure was repeated and the gel slices were dried. We added 20 µl of 10 ng/µl trypsin or Glu-C (Promega) diluted in 25 mM NH4HCO3, and the mixture was incubated overnight at room temperature. Peptides were extracted in 60% acetonitrile and 0.1% (v/v) formic acid and 0.5 µl were mixed with an equal volume of α-cyano-4-hydroxycinnamic acid (10 mg/ml, 50% CH3CN; Sigma-Aldrich). Crystals were obtained using the dried droplet method and Trypsin-and GluC-generated peptide mixtures were analyzed by MALDI-TOF-TOF 5800 (ABSciex). Survey scans were performed using delayed extraction (390 ns) in reflector mode for a total of 15000 shots. Peaks lists were processed and analyzed with ProteinPilot software (ABSciex), using the MASCOT algorithm. The search parameters were as follows: Y346A TrmFOBS sequence, digest reagent Glu-C (cleavage at the C-terminal of D/E) or trypsin and semi-trypsin, cysteine carbamidomethylation and oxidation (methionine and tryptophan) were considered respectively a complete and variable modification and peptide mass tolerance was set at 10 ppm.

Characterization of TrmFO oligomers by thioflavin, Congo red and ANS.

The thioflavin binding assay was performed by fluorescence using a Carry eclipse fluorimeter. The emission fluorescence spectra were recorded in a 4/10 mm quartz cuvette at room temperature. The thioflavin fluorescence was monitored after exciting at 440 nm using excitation and emission slits set at 5/5 nm. The final concentration of thioflavin and protein were 20 μM and 10 μM, respectively. For the test with oligomers, Y346A TrmFO was previously heated up to 80 ° C with a heating rate of 1.5 K.min -1 . Before the addition of thioflavin to the oligomer solution, the sample was cooled to room temperature. The fluorescence of free or oligomer bound ANS were measured at λex = 370 nm between 380-700 nm using a slit width of excitation and emission at 5/5 mm, respectively. The final concentrations of ANS and soluble oligomers of TrmFO in the assays were 100 and 2 µM, respectively in 10 mM potassium phosphate pH 8. Oligomers of TrmFO were obtained as described just above. Oligomers and ANS were incubated for 10 minutes before acquisition of a spectrum. The test with the Congo red was followed by absorbance spectroscopy on a carry 50. The final concentration of the Congo red and the oligomers of Y346A TrmFO were 5 and 20 µM, respectively.

Transmission electron microscopy

Purified proteins were analyzed using negative staining electron microscopy (NS). Samples were prepared using copper mashed grids covered with a thin film of carbon and made hydrophilic by glow discharge. A 4 µl drop of the specimen was deposited and left adsorb on the grid for about 1 min. The drop was then blotted and washed twice on ultrapure water to avoid artefacts related to buffer composition. Finally a drop of 2% uranyl acetate was left for 30 sec, blotted and left dries before observation at the microscope. Images were collected at 30k magnification (35 Å nominal pixel size), 1 sec exposure using a JEOL 2100 (200Kv LaB6) equipped with a camera Gatan US 1000 (2kx2k).

Aggregation kinetics

All measurements were done on a Jasco V-630 spectrophotometer. To follow the aggregation kinetic in the absence of salt, light scattering was followed at 260 nm for 1 hour at 50°C after quick addition of protein to the equilibrated cuvette. The absorption was measured every 10 seconds. The same was done in the presence of 200 mM NaCl by following at 800 nm. The digestion of tRNA was done by adding 1.6 µg/mL of RNaseA to the cuvette containing the tRNA and incubated at room temperature for 30 minutes prior to the experiment. Structural and functional characterization as well as industrial exploitation of enzymes often require efficient maturation when they depend on complex metallic or bioorganic coenzymes. To bypass costly maturation steps, it can be advantageous to produce an apoprotein version and to subsequently introduce the coenzyme, produced synthetically, for final activation. An exquisite example is the synthetic maturation of hydrogenases, which are key enzymes for the development of new energy storage technologies [1] . In that case not only the reaction led to full activation of the enzyme but also definitively established the structure of the natural cofactor, under controversy [2] .

Here, we develop further this concept in which the target apoenzyme is activated by reaction with a synthetic catalytically competent coenzyme intermediate, involved in the catalytic cycle. While challenging since intermediates are highly reactive in general, this approach is particularly appealing when addressing mechanistic issues. Few previous reports have shown the great potential of that approach [3] . We applied this concept on a new class of flavoenzymes that use a flavin as a coenzyme in nucleotide C5-uracil-methylation (Figure 1). Bacterial thymidylate synthase ThyX converts dUMP to dTMP, then incorporated into DNA [4] , while the transfer RNA and ribosomal RNA methyltransferases, TrmFO and RlmFO, catalyze the conversion of uridine to 5-methyl-uridine (m 5 U) within their RNA substrate [5] . They all use 5,10-methylenetetrahydrofolate (CH 2 THF) derivative as the methylene donor and a non-covalently bound flavin adenine dinucleotide hydroquinone (FADH -, compound 2) issued from the reduction of FAD (compound 1) by NAD(P)H. Recently, 2 has been proposed to mediate methylene transfer from the folate carrier to the nucleotide acceptor [6] . Via an addition-elimination reaction (Figure 2A), 2 is converted into a transient reactive flavin-methylene iminium (compound 4), which would act as an unprecedented nucleotide methylating agent (Figure S1), expanding further the chemical repertoire of this versatile coenzyme [6c, 7] . Although the existence of such an intermediate has never been proved directly, its involvement in the reaction has been supported by several consistent data. We herein synthesized 4 separately for the first time and used it to activate Bacillus subtilis TrmFO and Thermotoga maritima ThyX apoproteins for tRNA and dUMP methylation, respectively, thus unambiguously establishing this flavin iminium as the genuine methylating transfer agent in nucleotide metabolism.

To do so, we first reacted 2 with a 100-fold excess of chloro-dimethyl-sulfide (ClCH 2 SCH 3 ) under anaerobic conditions. We anticipated the methylenic carbon of ClCH 2 SCH 3 to be electrophilic enough for nucleophilic attack by N5 from 2 (Figure 2B) and the intermediate 3' to decompose into methylthiol and 4. Addition of dichloromethane to the reaction mixture led to separation of a yellowish aqueous phase (AQ) most likely containing the flavin species from the organic phase containing the unreacted ClCH 2 SCH 3 . Absence of the latter in AQ was confirmed by ESI-MS. The absorption spectrum of AQ recorded under anaerobic conditions exhibited an unresolved broad absorbance band with a maximum at around 350-354 nm (gray line), different from that of 1 (orange) and 2 (dark green) (Figure 3A) but reminiscent of N5-alkylated flavin species such as that found in TrmFO [6a] . This indicates full conversion of 2 into an alkylated flavin during reaction with ClCH 2 SCH 3 .

AQ was then analyzed by positive mode ESI-MS and the resulting MS and MS/MS spectra are reported in Figure 3C-F. Control 1 had a peak at m/z 786.25, which fragmented into m/z 348.1 and m/z 439.13 assigned to the adenosine monophosphate and the ribityl monophosphate isoalloxazine, respectively (Figure 3C & 3D). In contrast, AQ showed a m/z 800.27 corresponding to 4 ([FADH(N5)=CH 2 ]+), as well as Na+ adducts (m/z 822.276 and m/z 844.24) (Figure 3E). The presence of peaks of 1 in AQ suggested some degradation of 4 within the MS measurement chamber.

Fragmentation of 4 gave m/z 453 assigned to [FMNH(N5)=CH 2 ]+ species (Figure 3F), which could be further fragmented into isoalloxazine bearing an N5 methylene (m/z 257.14) (Figure S2). We could not detect a peak corresponding to ClCH 2 SCH 3 further confirming its absence in AQ. Thus, these data established 4 as the only product of the alkylation reaction while no evidence for the presence of compound 3' could be obtained. To determine whether 3' to 4 conversion occurred during mass measurement or in solution, AQ was incubated with NaBH 4 directly in the glove box and the resulting mixture was subsequently analyzed by MS. This procedure has been applied to trap an iminium flavin intermediate in UDP-galactopyranose mutase [8] . In addition to the peaks of 1 and its respective Na + adduct species, new peaks at m/z 802.3, 824.28 and 846.26 were observed and assigned to [FADH(N5)CH 3 ]H+ and the corresponding mono and di-sodium adducts (Figure S3A). MS/MS also confirmed that the -CH 3 group was carried by the isoalloxazine and not by the adenosine group of FAD (Figure S3B). The 3' to 4 reaction is likely favored by sulfur protonation of 3', as recently supported by DFT calculations [6b] . Interestingly, a precedent for an unstable alkylated flavin leading to the formation of free flavin iminium was reported in the literature. The N5 of reduced flavin was shown to nucleophilically attack carbonyl groups of small molecules to generate a carbinolamine, which was subsequently converted into an imine [9] .

A distinctive feature between 2 and its N5-alkyl adducts is their different intrinsic stability in the presence of air. It is known that 2 oxidizes within seconds upon reaction with oxygen [10] whereas alkylated flavins are generally quite resistant [6b, 11] . We thus investigated the kinetics of oxidation of the synthetically modified flavin by monitoring the absorbance at 446 nm. Upon exposure to air, the absorbance increased slowly consistent with a slow 4 to 1 conversion (Figure S4). The kinetics were fitted to a double exponential function with a fast phase representing only 4 % of the total variation of the signal and a slow phase (~ 96 %) proceeding with an observed rate constant of 0.003 ± 4.10 -4 min -1 and a half-life of ~ 3.75 hours. In contrast, oxidation of 2 occurred in less than 10 sec. The high stability of the synthetically modified flavin to air provides further support for N5-alkylation of 2 by ClCH 2 SCH 3 as anticipated. Altogether, the data show that 4 can be prepared quantitatively from reaction of 2 with ClCH 2 SCH 3 and it displays a remarkable stability in solution.

Next, we examined whether such a synthetic 4 could bind and activate the apoTrmFO and apoThyX proteins (Figure 2C). The latter was obtained according to the procedure described by Mishanina et al, which relies on a classical chemical-induced denaturation of the holoprotein followed by a renaturation process leading to an apoThyX as supported from its absorption spectrum (Figure 3B, blue and green for holo-and apoThyX, respectively). However, preparation of apoTrmFO form via classical methods such as dialysis under high concentration of potassium iodide or chaotropeinduced denaturation/renaturation was not possible due to protein instability [12] . To circumvent these difficulties, Y346A TrmFO variant was chosen as a receptor since it was previously purified without flavin and was easily reloaded with free FAD [12b] . Accordingly, the LC-MS and absorption spectrum of the mutant confirmed the absence of flavin (Figure S5 andS6). Incubation of apoY346A TrmFO (from now referred as TrmFO) or apoThyX with the synthetic 4 followed by a purification step on a gel filtration column was performed in the glove box. The resulting proteins exhibited a very light yellowish color suggesting that 4 was likely bound to the enzymes. UV-visible spectra of both preparations (Figure 3A, purple curve for TrmFO and Figure 3B, violet curve for ThyX) confirmed the presence of synthetic 4 retained within the respective enzymes.

To test whether TrmFO-4 complex was able to achieve methylation of tRNA, the protein was incubated with a 3-molar excess of a tRNA transcript (tRNA Phe ) at 37°C during 60 min. After the reaction, the tRNA was phenol-extracted and digested with RNAseT1 and the resulting nucleotidic fragments were analyzed on MALDI-MS and compared to those issued from a free tRNA Phe control (Figure S7). As shown in figure 4E, a new fragment at m/z 1295.22 appeared during the reaction, corresponding to the addition of a methyl group on the U 54 UCG 57 nucleotide sequence. This fragment was subjected to a MS fragmentation and the resulting MS/MS spectrum (Figure S8) showed that a1, a3 and c3 bore a + 14 Da mass increase, thus providing evidence that the methyl group was grafted on U 54 . When control activity assays were carried out with 4 alone, apoTrmFO alone or with apoTrmFO reconstituted with either 1 or 2, the m/z 1295.22 fragment could not be detected. We also performed tRNA methylation assays using apoTrmFO reconstituted with D-labelled 4 synthesized from ClCD 2 SCD 3 . As shown in figure 4B, a new fragment m/z 1297.13 appeared in the MS spectrum of the resulting tRNA fragments that we assigned to [7,7'-D]m 5 U 54 UCG 57 . Hence, the 7-methylenic group incorporated into m 5 U 54 tRNA Phe by TrmFO-4 derives from ClCH 2 SCH 3 exclusively. Moreover, an accurate LC-ESI-MS/MS analysis of the proteolytic peptide mixture issued from trypsinolysis of TrmFO-4 did not reveal the presence of additional CH 2 or CH 3 group on active site residues located in the immediate vicinity of FAD (Figure S9). Therefore, the tRNA methylation reaction can be assigned exclusively to the activity of the TrmFO-4 complex, which retains natural substrate specificity (i.e methylation of U 54 ).

We also tested whether the reconstituted ThyX-4 complex was able to synthesize dTMP from dUMP by itself. As shown in the LC profiles (Figure 4C), the thymidylate synthase activity was only observed in the sample wherein dUMP has been mixed with ThyX-4, likewise indicating that this latter complex is responsible for dTMP synthesis.

The first outcome of this study is the direct demonstration that a flavin-methylene iminium is a genuine methylating agent and the active species in enzymes of nucleotides metabolism, thus supporting the proposed mechanisms shown in Figure S1. Furthermore and more generally, we illustrate and validate experimentally the strategy that complex enzymes can be readily activated with a synthetic active cofactor intermediate. In the specific case reported here, the methodology is facilitated because the target intermediate, 4, proved synthetically accessible, stable alone in solution but in contrast very reactive within the apoenzyme to be activated. Such a situation is encountered in many enzymes [13] implying a much more general application of that approach.

Experimental Section

Methods are in Supporting Information. . R group on the isoalloxazine represents the adenosine-5'-pyrophosphate-ribityl. (B) Proposed chemical synthetic pathway leading to 4 from the reaction of free FADH -, obtained by the reduction of FAD with sodium dithionite, and chloromethyl-methylsulfide. (C) Biochemical reconstitution strategy for testing the methylating activity of synthetic 4 using the flavin-dependent tRNA m 5 U 54methyltransferase Bacillus subtilis Y346A apoTrmFO variant (colored in blue) and the wild type thymidylate synthase ThyX from Thermotoga maritima (colored in violet) as the protein carrier models. ThyX is a homotetrameric enzyme but, here, for the sake of clarity, we represented only one protomer. A zoom view on the crystal structure of holoTrmFO active site is shown in the blue box. FAD is in yellow, Y346 in red and C53 in purple. The Y346 phenol group stacks against the FAD isoalloxazine moiety whilst its side chain OH group hydrogen bonds with the NH amide of C53. Note that the residues are numbered according to the Bacillus subtilis TrmFO sequence.

II. Identification of dihydrouridine synthase

Dihydrouridine was observed in RNA since the sixties; however the enzymes responsible for this posttranscriptional modification were identified only later in 2002.

Dihydrouridine synthases were initially identified in two model organisms, Saccharomyces 

III. Current knowledge on dihydrouridine synthase

III. 1. Insights from biochemical studies

As mentioned previously, D is found at several positions on tRNA. The substrate specificities for the four Dus identified in S. cerevisiae has been well established 8 . This was In the case of E. coli specificity of Dus remains ambiguous. Indeed, quantification of D in purified tRNA fMet , that harbors a single dihydrouridine at position 20a, extracted from Dus knockout strains proved that DusA catalyzes D20a formation in vivo 7 . Recently, purification of DusC with bound FMN and its in vitro activity on a tRNA Phe transcript analyzed by reverse transcription showed formation of D16 11 . However, the enzyme(s) responsible for catalysis of D17 and D20 have not been identified so far. Similarly, the specificity of DusB is still missing.

Besides these two mesophilic organisms that contain more than one Dus, extremethermophilic organisms like some archaea carry a single Dus gene. In the case of T.

thermophilus, its single Dus (belonging to the DusA subfamily) was purified (Dus TT ) and showed to bind FMN 12 . In vitro activity on tRNA Phe transcript showed formation of D20 and D20a modifications which underline the multisite specificity of Dus TT 13 .

The mechanism of uridine reduction into dihydrouridine was studied in S. cerevisiae Dus2 (Dus2p) 14 . The enzyme was purified with bound FMN which is rapidly reduced into (from Kasprzak J. M., Czerwoniec A., Bujnicki J. M., BMC Bioinformatics, 2012)

III. 3. Insights from structural studies on prokaryotic Dus

Among the big family of Dus, crystal structures of only three prokaryotic Dus have been obtained namely, Dus TT (PDB 3B0P) 12,17 , Dus from Thermotoga maritima (PDB 1vhn) 18 (not characterized functionally) and E. coli DusC (PDB 4BFA) 11,19 (note that solely animal Dus2 have acquired this additional domain absent in Dus2 from plants or fungi). dsRBDs are commonly found in proteins interacting with mRNA or snRNA by recognizing A-form double-stranded RNA (dsRNA) [22][23][24] . It has never been detected in proteins interacting with tRNA or rRNA. In addition, dsRBDs are involved in protein-protein recognition 25 . Consistently, in NSCLC cells, hDus2 was immunoprecipitated with the bifunctional glutamyl-prolyl tRNA synthetase (EPRS) 21 . No molecular details of the nature for such an interaction is available however, it was proposed to enhance translation.

Importantly, suppression of hDus2 expression by siRNA in NSCLC cells hampered cell growth hence reduced the rate of tumor growth.

Furthermore, in HeLa cells, hDus2 was co-immunoprecipitated with the interferoninduced protein Kinase PKR 26 that regulates cell death and innate immunity. This interaction was lost upon removal of hDus2 C-terminus harboring the dsRBD or upon deletion of both dsRBDs present N-terminus of PKR. This suggests that hDus2 and PKR interact via their dsRBDs. Interestingly, hDus2 inhibits phosphorylation activity of PKR suggesting that its overexpression could allow cancer cells to escape apoptosis by inhibiting PKR activation.

Outlooks

Following article 3, attempts to solve the structure of DusB EC in complex with tRNA would shed light on how the three prokaryotic Dus subfamily specifically target uridines at different positions on the same tRNA. Wild type DusB EC curiously shows low affinity for tRNA (transcript or purified from a DusB knockout strain) and I have been unable to stabilize a complex in native conditions by gel filtration. The strategy used for DusC EC should be attempted in which the conserved cysteine is mutated to stabilize the in vitro reconstituted complex. Currently we have managed to purify DusB EC Cys100A mutant (5 fold less yields compared to the WT) and trials to stabilize its complex with tRNA are ongoing prior to crystallography screening.

Understanding how hDus2 interacts with PKR and EPRS is of fundamental importance.

In that respect I have expressed and purified the recombinant PKR construct 1-170 (region harboring the two dsRBDs) from E.coli and attempted to reconstitute in vitro its complex with hDus2 without success (gel filtration, ITC and NMR with different buffers). This suggests that the full length PKR, with its kinase domain, might be required for efficient binding to hDus2. Another possibility could be that the complex formation requires a specific phosphorylated state of PKR. Indeed, in vivo, up to 14 different phosphorylation sites have been identified among which half are located in the two dsRBDs region (core + linker) 27 , which are absent in the recombinant protein. In the case of EPRS, purification of this 1512 amino acid long bifunctional enzyme has never been reported. Interestingly, the two synthetases catalytic cores are linked by a WHEP domain that can be purified as an isolated construct and which drives EPRS interaction with its partner [28][29][30] . Therefore, I tested the in vitro reconstitution of hDus2 interaction with the purified WHEP linker of EPRS without success (gel filtration with different buffers). This suggests that the full length EPRS might be required for efficient interaction with hDus2. In addition, two phosphorylation sites in the WHEP linker have been identified as modulating EPRS conformation and partner recognition 31,32 , which might be required for hDus2 binding. Note that the interaction of hDus2 with PKR or EPRS were detected by using 35 S radiolabeled hDus2 for coimmunoprecipitation 21,26 . This might have been done for two reasons (i) low levels of hDus2 expression (ii) low affinity requiring high sensitivity to detect the respective complexes;

rendering their in vitro reconstitution difficult. Nevertheless, attempts could be tested with proteins purified from eukaryotic cells (such as insect cells) to account for the

INTRODUCTION

tRNA maturation requires extensive processing and a large number of chemical modiications (1). 5,6-dihydrouridine (D) is one of the most abundant modiied bases in tRNAs.

In tRNA, this non-aromatic base is found at unique or multiple site(s) predominantly in the so-called D-Loop (2). D results from the reduction of the 5,6-uridine double bond, which leads to a non-planar base moiety and thus the nucleoside does not participate in base stacking (3-6). It instead promotes tertiary interactions at the elbow region of tRNAs. A role of D in conformational lexibility is consistent with its high level in tRNAs from psychrophilic bacteria, in which it provides an obvious beneit under conditions where thermal motion, enzymatic reaction kinetics and intermolecular interactions are compromised (7). Recent studies have contributed to uncover the physiological role of D, notably by showing that this modiication may act as a tRNA quality control marker. Indeed, deiciency of D, as well as of other modiied bases, results in enhanced tRNA degradation, at rates approaching those seen for mRNA degradation (8).

The genes encoding dihydrouridine synthases (Dus) have been identiied in yeast Saccharomyces cerevisiae and Escherichia coli (9-12). These enzymes are homologous to dihydroorotate dehydrogenases and dihydropyrimidine dehydrogenases and they use a lavin mononucleotide (FMN) to catalyze hydride transfer from NAD(P)H to the uridine substrate (9). A recent biochemical study established an enzymatic mechanism for S. cerevisiae Dus2 (Dus2p), which is responsible for formation of the widely conserved D20 (13). Dus2p can bind the tRNA substrate and catalyze uridine reduction eficiently only if tRNA contains prior modiications. Three-dimensional structures have been obtained only in the case of bacterial Dus proteins (14-16). They share a similar scaffold composed of two subdomains, an N-terminal ␣/␤-barrel carrying the catalytic site and a Cterminal ␣-helical domain implicated in tRNA binding. Interestingly, Thermus thermophilus Dus (TthDus) has recently been crystallized in complex with tRNA (16). In this structure, the enzyme interacts extensively with the D-arm and recognizes the elbow region formed by the interaction between the T-and D-loops in tRNA. Consistently, it has been proposed that Dus catalyzes hydride transfer after the tertiary structure of the tRNA has been controlled, especially the elbow region, which could be seen as a 'hallmark' of the completion of the L shape formation (16). Recently, a crystal structure of E. coli DusC in complex with tRNA, targeting U16, has revealed a completely different tRNA binding mode (17).

Increase of D content has long been observed in tRNAs from malignant human tissues (18). This has been intriguing until a recent study showed a clear correlation between high expression levels of a human protein named HsDus2, homologous to Dus2p, and the potentiality to develop a non-small cell lung cancer (NSCLC) (19). Moreover, transfection of NSCLC cells with a speciic siRNA against Hs-Dus2 resulted in decreased HsDus2 levels and cell growth inhibition.

A direct interaction between HsDus2 and glutamylprolyl tRNA synthetase might activate translation processes and contribute to cell growth (19). HsDus2 has also been shown to interact with a double-stranded RNAactivated protein kinase (PKR) (20), an interferon-induced protein involved in regulation of antiviral innate immunity, stress signaling, cell proliferation and programmed cell death (21). PKR interacts with HsDus2 via its own doublestranded RNA binding domain (dsRBD) and the formation of the complex results in the inhibition of the kinase activity, thereby escaping apoptosis. An eficient activator of PKR, PACT, has also been shown to interact with HsDus2, offering an additional effective PKR inhibition pathway (20). It is thus clear that, upon up-regulation, HsDus2 plays a role in cell proliferation and apoptosis.

For a more substantial understanding of the molecular function of HsDus2, its chemical mechanism, the interaction with its various macromolecular partners and for the rational design of speciic inhibitors, a three-dimensional structure would be highly valuable. However, there is no such structure available so far as only the crystallization and preliminary X-ray characterization of the HsDus2 catalytic domain have been reported (22). HsDus2 and bacterial Dus share less than 25% sequence identity. In addition, several inserted and deleted regions are present along the HsDus2 sequence (see alignments in Supplementary Figure SI), suggesting that the human enzyme structure should have unique features.

In the following, the combination of these two subdomains (i.e TIM barrel and the helical domains) is referred as the Dus domain. Bioinformatics studies predicted an additional domain for HsDus2 (Figure 1A) (20,23). The human enzyme conserves the 'bona ide' Dus domain that spans the irst 330 amino acids, while a presumably unstructured linker (residues 331-367) connects the latter to an unprecedented double-stranded RNA binding domain (dsRBD) formed by residues 368 to 433. The C-terminal region (434-489) is predicted as a disordered extension.

In this work, we report for the irst time the crystal structure of all the domains of HsDus2 and their functional characterization.

MATERIALS AND METHODS

Preparation of the proteins and RNAs

All the recombinant proteins were cloned, expressed and puriied according the detailed procedure presented in SI Text. After Ni 2+ -NTA agarose afinity column (Qiagen), the proteins were further puriied on a Superdex S200 10/300 GL or S200 16/600 column (GE Healthcare Inc.) using 25 mM Tris pH 8, 150 mM NaCl buffer. The proteins were analyzed by SDS-PAGE gel and stored at -80 • C. The preparation of bulk and in vitro transcripts tRNAs are described in the SI Text. All the rationale and the procedure used to identify and delineate HsDus2 domains are described in the SI Text.

Yeast complementation and MS analysis of tRNAs containing D20

Sequences corresponding to HsDus2, HsDus2 dusD and HsDus2 dsRBD were cloned between BamHI and NotI in pCM190. The yeast Kozak sequence (AAAAAA) was also inserted 5 ′ of each ATG. Bulk tRNA was extracted from yeast strains BY4741 (MATa; his3 1; leu2 0; met15 0; ura3 0) and its derivative dus2 (MATa; his3 1; leu2 0; met15 0; ura3 0; YNR015w::kanMX4). Cells were grown in 500 ml of YPD (peptone 2%; yeast extract 1% and glucose 2%) to an OD600 of 0.8. Pelleted cells were washed twice in 20 ml of TMN (10 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 0.15 M NaCl). The inal pellet was resuspended in 20 ml of TMN, 20 ml of acidic phenol (pH 4.5) and incubated for 20 min at room temperature on a rotating wheel. After centrifugation, the aqueous phase was recovered, supplemented with LiCl to a inal concentration of 0.8 M and incubated overnight at 4 • C to precipitate high molecular mass molecules. The precipitate was eliminated by centrifugation and the supernatant was supplemented with two volumes of 100% ethanol and incubated at -20 • C for 2 h to precipitate tRNAs. After centrifugation, pelleted tRNAs were washed twice in 70% ethanol and resuspended in 1 ml of RNAse-free water. tRNAs were desalted and concentrated four times to 50 l in Centricon YM-3 devices (Millipore) using 100 mM ammonium acetate (pH 5.3) as a inal buffer. For mass spectrometry analysis, about 50 gof tRNAs were digested with 10 g of RNAse A (Euromedex), which cleaves after C and U and generates 3 ′ -phosphate nucleosides, in a inal volume of 10 la t3 7 • C for 4 h. One microliter of digest was mixed with 9 lH P A( 4 0m g /ml in water: acetonitrile 50:50) and 1 l of the mixture was spotted on the MALDI plate and air-dried ('dried droplet' method) as described previously (24). MALDI-TOF MS analyses were performed directly on the digestion products using an UltraleXtreme spectrometer (Bruker Daltonique, France). Acquisitions were performed in positive ion mode. 

MALDI-MS spectrum of RNAs fragments resulting from

RNAse A digestion of bulk tRNAs originated from wild-type BY4741 (MATa; his3 1; leu2 0; met15 0; ura3 0) strain transformed by empty pCM190 vector (A), from dus2 BY4741 dus2::kanMX4 strain transformed by empty pCM190 (B) HsDus2-pCM190 (C) HsDus2 dusD -pCM190 (D)or by HsDus2 dsRBD -pCM190 vector (E). Peaks are identiied by there m/z value and the corresponding trinucleotide obtained after RNAse A digest of bulk tRNA. T is ribothymidine, ' is 1-methyladenosine, L is 2-methylguanosine, K is 1-methylguanosine and # is 2 ′ -O-methylguanosine.

Activity assays

The ability of HsDus2 and its subdomains to oxidize NADH and/or NADPH under steady state conditions was determined in presence of menadione, as inal electron acceptor, in 50 mM K 2 HPO 4 pH 7.5, 150 mM NaCl and 20% glycerol. Assays were performed using 1 M protein, 200 M menadione and various concentrations of NAD(P)H ranging from 5 to 250 M. The amount of NAD(P)H oxidized was monitored by following the decrease of absorbance at 343 nm (⑀ 343 = 6.21 mM -1 cm -1 ). The initial rate versus NAD(P)H concentration was analyzed according to Michaelis-Menten formalism. Dihydrouridine formation was quantiied according to a previously established colorimetric method based on the quantiication of acyclic ureido group formed by alkaline cleavage of the dihydrouridine ring (25). See the SI Text for more details.

Gel shift assay

Protein-tRNA complexes were reconstituted in vitro by mixing 10 M tRNA with increasing amounts of protein (from 1 to 136 M) in buffer D to a inal volume of 20 l.

The samples were incubated for 20 min at 25 • Ca n dt h e n 1% of bromophenol blue was added to the mixture. The samples were loaded on native gel acrylamide/Bis (37.5:1) and the electrophoresis was carried out for 2 h at 4 • Cand 100 volts. RNAs were colored with 0.1% toluidine solution. Intensities of the RNA bands were quantiied on a Gel Doc TM EZ Image (Bio RAD) with ImageLab 5.0 software.

Crystallization, data collection and structure determination

Crystals of both HsDus2 domains were obtained at 292 K by hanging drop vapor diffusion method (see SI Text). Data collection and processing statistics are given in Supplementary Table S1.

RESULTS AND DISCUSSION

Human dihydrouridine synthase 2 is a modular enzyme

To examine and conirm the HsDus2 modularity experimentally, the recombinant enzyme (see puriication and characterization of HsDus2 in SI Text) was subjected to mild trypsinolysis. In the presence of low concentrations of trypsin, the full-length enzyme (∼ 55 kDa) was digested into two main fragments, as shown by two major distinct bands at 28 and 38 kDa as well as an additional barely visible band at ∼14 kDa, in electrophoresis gels (Figure 1B). We tentatively assigned the 38 kDa band to the catalytic Dus domain whereas the 14 kDa to the C-terminus dsRBD.

To conirm this assignment and to delineate the correct boundaries of each domain, both bands were excised and digested entirely with trypsin or endoproteinase AspN in the gel according a standardized protocol, and the resulting fragments subjected to MALDI peptide mass inger printing analysis (Supplementary Figure S2). The major band presents protein coverage of 53% with peptides spanning from Leu14-Arg333 of the Dus catalytic domain. Analysis of the lower molecular weight band gave protein coverage of 33% with the presence of peptides from the catalytic domain that are likely due to a contamination but it clearly showed the peptides region from Thr339 to Lys451, residues of the dsRBD. Interestingly, these latter boundaries are somewhat different from those predicted by bioinformatics tools notably with an extension of 8 and 18 amino acids at the N-and C-terminus, respectively, indicating that the dsRBD domain of HsDus2 is most likely bigger than expected (Figure 1A). To investigate whether the presence of HsDus2 substrates affects the proteolysis pattern, trypsinolysis was repeated in the presence of either NAD(P)H or bulk tRNA (Figure 1B). Increasing amounts of NADPH had clearly no effect, whereas tRNA addition enhanced the resistance of the dsRBD toward proteolysis. This protection of the dsRBD by the tRNA suggests that the dsRDB is implicated in tRNA binding. To examine the respective role of the two main HsDus2 domains, two constructions were made according to the boundaries established from the MALDI-TOF analysis (Supplementary Figure S2). The irst construct, named HsDus2 dusD , contains the Dus do-main, whereas the second, designated HsDus2 dsRBD , corresponds to the dsRBD. Both proteins were puriied and characterized (see SI text). The UV-visible absorption spectrum of HsDus dusD reporting the presence of lavin was not significantly different from that of full length wild type HsDus2, which indicates that the truncation has not altered the binding of the lavin cofactor (Supplementary Figure S3).

Redox selectivity toward the hydride donor

The enzymatic reaction catalyzed by Dus is supposed to involve reduction of FMN by a reduced pyridine nucleotide, NADPH or NADH, followed by hydride transfer from reduced FMN hydroquinone to the uridine target to generate dihydrouridine (13). Oxidation of NADPH and NADH by menadione catalyzed by HsDus2, as a model reaction, was monitored under steady-state conditions. Although Hs-Dus2 was able to catalyze both NADH and NADPH oxidation, the enzyme exhibited a clear preference for NADPH (Figure 1C). Indeed, a lower K M value and a higher catalytic oxidation rate constant with NADPH as the hydride donor indicates a better catalytic selectivity for NADPH (ratio of k cat /K M NADPH/NADH ∼ 6; Supplementary Table S1). HsDus2 dusD displayed the same preference for NADPH (Figure 1C and Supplementary Table S2). Addition of puriied recombinant HsDus2 dsRBD in the activity test had no effect on NAD(P)H oxidation kinetics. Therefore, lavin redox-chemistry proceeds independently from the dsRBD.

The Dus domain requires the dsRBD for dihydrouridine synthesis

The ability of HsDus2 to catalyze the formation of D was then assayed in vitro using, as the substrate, yeast bulk tR-NAs prepared from a strain in which the dus2p gene had The structure of HsDus2 dusD shows the typical (␣/␤) 8 TIM barrel fold (␣ helices in green, ␤ strands in yellow) but contains three additional ␤ strands (red). The FMN coenzyme (yellow) lies at the center of the barrel. This domain is directly connected to the ␣-helical sub-domain (blue). (B) Molecular interface between the TIM barrel and the helical sub-domain. The interface is mainly hydrophobic and stabilized by hydrogen bonds, -cation interactions (R21-Y283, R290-W247) and one salt-bridge (D33-K276). For clarity, residues belonging to ␣11, ␣12 and part of ␣13 are not displayed. (C) HsDus2 active site showing the molecular interaction between the FMN redox cofactor (yellow) and the residues in its immediate vicinity (green). For simplicity, only the major FMN conformation is displayed.

been knocked-out. This bulk tRNA contains ∼1.5 D, indicating the presence of D at positions other than position 20, as compared to ∼2.1 in bulk tRNA from the wild type strain (Figure 1D). Incubation of HsDus2 with this tRNA substrate restored full D content exclusively when NADPH was present in the reaction mixture (Figure 1D). In contrast, HsDus2 did not modify the D content of tRNA from the wild type strain. HsDus2 dusD could not catalyze D synthesis (Figure 1D). This result was puzzling since HsDus2 dusD contains both the catalytic and the putative tRNA-binding sites present in all Dus proteins. This clearly suggests that both domains are required for activity. No enzymatic activity was detected using an in vitro tRNA Asp transcript substrate, suggesting that the activity relies on the presence of other modiied bases in the tRNA substrate as reported in thecaseofyeastDus2 (13).

Full length HsDus2 but not its Dus domain complements a dus2 yeast strain by catalyzing formation of dihydrouridine 20

To conirm the in vitro assays and the importance of the dsRBD for activity we performed several yeast complementation tests with a BY4741 (MATa; his3 Δ 1; leu2 Δ 0; met15 Δ 0; ura3 Δ 0) dus2::kanMX4 strain. Bulk tRNA from the wild type strain was treated with RNase A and fragments of tRNAs containing the position 20 were analyzed by MALDI-MS. Among the 42 types of tRNAs expressed in yeast, 36 carry the D20. The fragments expected to contain D20 unambiguously are: GGD20 (m/z 1017.15) observed in 21 tRNAs and #GD20 (# = 2 ′ -Omethylguanosine, m/z 1031.16) observed in 12 tRNAs. As shown in Figure 2A, the GGD20 and the #GD20 fragments are observed in tRNAs from the wild type yeast strain transformed with the empty pCM190 vector. The dus2 yeast strain transformed with the pCM190 vector exhibited a complete loss of both fragments (Figure 2B). This loss is strictly correlated with the gain of the GGU and #GU fragments. Complementation of the dus2 yeast strain with the pCM190-HsDus2 vector restored the GGD20 and the #GD20 content of the wild-type strain (Figure 2C). In contrast, when the dus2 yeast strain was transformed with the pCM190-HsDus2 dusD or pCM190-HsDus2 dsRBD plasmids, D20 was not synthesized (Figure 2D andE). These data demonstrate that a full-length HsDus2 is required for complementation of the dus2 yeast strain. To conirm these in vivo results and to ensure that the GGD20 and the #GD20 fragments are originated exclusively from the activity of HsDus2, the bulk tRNA from dus2 yeast strain was incubated in the presence of NADPH with either fulllength HsDus2, HsDus2 dusD or HsDus2 dsRBD .A ss h o w n in Supplementary Figure S5, the formation of these trinucleotide fragments are observed only in the presence of full length HsDus2 conirming that (i) the wild type enzyme catalyzes the formation of D20 both in vivo and in vitro and (ii) HsDus2 dusD is not catalytically competent for the reduction of U20, which strictly requires the HsDus2 dsRBD .

The dsRBD is the primary tRNA binding module

We observed that HsDus2 dusD did not co-purify with RNAs, contrasting with Dus2p, full-length HsDus2 and HsDus2 dsRBD that were all isolated as stable protein-RNA complexes when puriied under low salt conditions (Supplementary Figure S4). This result was surprising since in Hs-Dus2 orthologs, the Dus domain binds tRNA. To identify the tRNA binding module in HsDus2, the ability of each domain to form a stable protein-tRNA complex was evaluated by a gel shift assay using bulk tRNAs puriied from a dus2 strain. Both HsDus2 and Dus2p formed a stable complex with tRNAs and exhibited similar apparent afinities (Figure 3A andB). Remarkably, HsDus2 dsRBD was also able to bind tRNA with an afinity in the same range of that of wild-type HsDus2 being ∼5-6 M(Figure3C and Supplementary Figure S6). In contrast, HsDus2 dusD was able to form a complex only at very high protein concentration revealing a much weaker afinity (∼15-fold) for the tRNA as compared to those of HsDus2 and HsDus2 dsRBD (Figure 3D and Supplementary Figure S6). HsDus2 dusD form a weak protein-tRNA complex but it is not catalytically competent. This failure of HsDus2 dusD to catalyze the formation of D20 might be due to a lack of productive tRNA orientation required for catalysis. This could be achieved by a cooperative action with the dsRBD that seems to play the central role in tRNA binding by HsDus2, a function that is normally assumed by the ␣-helical domain in Dus2p and in all bacterial Dus characterized so far. Although no activity was detected with a transcript, we observed that the fulllength enzyme and its dsRBD were able to bind the in vitro tRNA Asp transcript (Supplementary Figure S7). This suggests that prior post-transcriptional modiications are not required for tRNA binding but necessary for catalysis.

Structure of HsDus2 catalytic domain

HsDus2 dusD crystallized in the space group I222 with one molecule in the asymmetric unit.The structure conirmed the monomeric state of the domain observed by gel iltration (Supplementary Figure S4). The structure of HsDus2 dusD is organized into two distinct sub-domains (Figure 4A). The N-terminal region consists of a ␣8/␤11 TIM barrel fold, in which a central barrel composed of eight parallel beta strands is surrounded by 8 alpha helices (Figure 4A and Supplementary Figure S8A). This structural arrangement is reminiscent of that found for lavoproteins of the glycolate oxidase family, as well as for dihydroorotate dehydrogenase and domain IV of dihydropyrimidine dehydrogenase, enzymes catalyzing comparable reactions (26). As expected for lavoenzymes with ␣/␤ barrels, a welldeined electron density, assigned to the redox FMN cofactor, lies at the center of the ␤ barrel structure (Supplementary Figure S9A) close to the C-terminal end of barrelforming strands with the re-face of the isoalloxazine ring oriented towards the barrel. An open groove running from the outer edge of the barrel to the si-face of the lavin facilitates the approach of the substrates (Figure 4A). Remarkably, the TIM barrel core diverges from the classical ␣8/␤8 fold because three additional ␤ strands inserted between Lys53 and Thr76 form a new antiparallel ␤ sheet (␤3-␤5), a feature not observed in the other Dus structures (Supplementary Figure S10). This distinctive additional ␤ sheet has not been predicted in the recent homology model (23). The TIM barrel is connected to the helical domain by a short 7-residue linker. The length of this linker varies among the Dus family. The helical sub-domain is formed by a 5-helix bundle that caps the top of the FMN binding site, while it is composed of four helices in the other known Dus structures (14-16). A consequence of this additional helix is that the C-terminus borne by helix ␣13 points toward the opposite direction compared to the other Dus, thereby orienting the dsRDB domain. Besides these structural divergences, both the TIM barrel and helical sub-domains are present among Dus enzymes and constitute the bona-ide 'Dus catalytic domain' (Supplementary Figure S10). These two sub-domains share an interaction surface of ∼ 1168 Å2 (27), which is mainly hydrophobic but stabilized by additional electrostatic contacts, notably hydrogen bonds and -cation interactions (Figure 4B). The aromatic residues present in the interface participate in the orientation of the helical sub-domain. The relative orientation of the two subdomains is known to differ among Dus (15). A structural alignment of human, E. coli and T. thermophilus Dus domains conirmed this distinctive feature among the Dus protein (Supplementary Figure S11). In HsDus2, the interaction area between these sub-domains is slightly larger than that of the bacterial Dus (varying between 868 and 1017 Å2 ) due to the presence of the inserted (␤3-␤5) sheet which accounts for ∼15% of the surface. This ␤-sheet ills a large gap between the TIM barrel and the C-terminal end of the helical sub-domain and interacts with the additional helix of the helical sub-domain (Figure 4A). Remarkably, this domain displays a less positively charged surface of the helical sub-domain of HsDus2 compared to its known Dus counterparts (Figure 5), which could explain why HsDus2 dusD exhibit a weak tRNA binding.

Structure of the FMN-binding site

The structure of the FMN binding site is shown in Fig- ure 4C (and Supplementary Figure S9). The FMN cofactor lies inside a deep positively charged crevice, stabilizing the negative charge of the phosphate moiety of the cofactor (Figure 4C). All the constituting parts of the FMN, i.e the isoalloxazine ring and the ribityl phosphate chain make extensive interactions with surrounding amino acids residues, ensuring a tight binding and a proper orientation of the entire coenzyme. The dimethyl benzene ring of FMN is bound to the protein by hydrophobic stacking interactions with the side chains of the widely conserved Met19 (Figure 4C and Supplementary Figure S9). The S␦ of Met19 is in van der Waals contact (∼4.5 ) with the C8 methyl group of the isoalloxazine ring. The side chains of three extremely conserved residues, Gln87, Asn113 and Lys155 interact with the pyrimidine ring of FMN, thereby stabilizing the negative density delocalized over the N1-C2 and the C2-O2 bonds. The N⑀ atom of Lys155 assumes a double function: located at 3.5 from the N1 atom of FMN, it neutralizes the building negative charge on the isoalloxazine ring but it also interacts with the C3 ′ hydroxyl group of the ribityl moiety. Gln87 interacts with both O2 and N3 of FMNH -, while O4 is hydrogen bonded with the NH amide bond of the nonconserved residues Glu43 and Val20. The ribityl moiety of FMN interacts with the protein essentially throughout its C3 ′ -OH group. ) and from a putative lavin oxidoreductase from T.maritima (D, pdb 1vhn). The electrostatic potentials displayed are within ± 5 kTe -1 and were calculated with APBS. The electrostatic surface of the helical domain of HsDus2 is less positively charged with respect to the bacterial dihydrouridine synthases and may explain the weak interaction of HsDus2 dusD with tRNA. The FMN is shown in yellow spheres.

HsDus2 dusD binds the FMN cofactor non-covalently at the carboxy-terminal end of the ␤-barrel, above ␤-strands 1 and 8 (Figure 4A and Supplementary Figure S9). The isoalloxazine ring occupies a similar orientation as in TthDus, TmDus and DusC with the redox reactive N5 atom oriented towards the solvent, ready to receive the hydride from NADPH (Figure 4C). In contrast to other structurally characterized Dus proteins, in which the isoalloxazine ring is planar (14-16), the electron density of the FMN cofactor in HsDus2 dusD revealed a 'butterly' bending at the N(5)-N(10) hinge, with the concave side corresponding to the re-face of the ring. Since the oxidized lavin ring system is widely described to be planar (28,29), while bending along the N(5)-N(10) axis occurs only upon reduction of the isoalloxazine ring, the FMN cofactor of HsDus2 dusD was likely reduced by the X-ray beam during data collection (30). The positive charge carried by the side chain of Lys155 points toward the N1 of the isoalloxazine, consistent with FMN carrying a negative charge on N1 and therefore being in the FMNH -state. Interestingly, the ribityl-phosphate chain adopts two slightly different conformations compatible with the electron density map that are stabilized by similar interactions (Supplementary Figure S9).

Like in most Dus structures, a 13-amino-acid loop spanning residues 116 to 128 and located near the active site and inserted in the TIM barrel between ␤6 and the small ␣5helix was disordered. This loop contains the highly conserved Cys110, which has been proposed to function as a proton exchange site (13,16). The corresponding loop gets ordered in the presence of tRNA (16,17). (in gray) with X. leavis RBPA dsRBD (pdb 1DI2) in complex with a dsRNA fragment (in green). The conserved residues known to be implicated in the dsRNA binding in classical dsRBDs are shown in HsDus2 dsRBD . Both dsRBDs align with the exception of the ␤3 strand and the ␤1-␤2 loop, which are oriented in the opposite direction from dsRNA. In this superposition, several conserved regions of HsDus2 dsRBD usually involved in RNA binding in dsRBDs are in contact with the dsRNA without provoking clashes. Therefore, this model could relect the way HsDus2 dsRBD binds a double stranded region of its tRNA substrate. Helix ␣1 snugly ills the minor groove of the dsRNA, while the N-terminal tip of helix ␣2 caps the major groove. The basic residues Lys371, Lys419 and Lys420, located in conserved motifs, are oriented towards the phosphodiester backbone of nucleotides from the major groove as in the functional conformations observed in RNAse III (34). Moreover, Arg397 located in the N-terminal region of the ␤2 strand contacts the minor groove of the dsRNA by interacting with a nucleotide ribose moiety, contrasting with the interaction made by the ␤1-␤2 loop in the RNA binding protein A complex. Although the N-terminal extension carries several basic residues, these do not interact with the dsRNA.

Figure 7.

Proposed mechanism for tRNA binding. The primarily binding of the dsRBD at the anticodon arm considered as a 'reference point' enables to measure the distance to the modiication site. Then, the recruitment of the other modules via a lexible linker between the dsRBD and the helical domain operating as a molecular ruler enables the ine-tuned positioning of the catalytic domain around the tRNA elbow. Finally, the catalytic domain lips out U20 from its initial position to the FMN binding pocket for catalysis.

Structure of the dsRBD: a domain with potential binding for both tRNA and protein partners

Overall, the dsRBD structure contains an N-terminal extension (from Ser350 to residue 368) and the canonical ␣␤␤␤␣ topology (from Thr369 to Gly435) (Figure 6Aand Supplementary Figure S12A). The N-terminal extension wraps the entire dsRBD (Figure 6A and Supplementary Figure S12B), thus leading to a globular shape of the domain. This extension is made of a short ␤ strand (␤1) that interacts with the ␤␤␤ fold, thereby forming an extended ␤-sheet followed by a long unstructured linker and a short ␣-helical turn (1) (Figure 6A). A few other dsRBDs have been shown to bear an extension at either the N-or Cterminus (Supplementary Figure S12B). These extensions are often implicated in protein-protein interaction (31,32). In HsDus2, this extension may serve the same purpose.

The helices of the ␣␤␤␤␣ canonical fold pack against three antiparallel ␤ strands as generally observed in class i c a ld s R B D ss u c ha si nX r p a ( 33). However, some variations are observed, notably a shorter ␤3 sheet and ␤1-␤2 loop (Figure 6). Besides interacting with dsRNA, this loop in dsRBDs has also been proposed to bind proteins (34-38). Several hydrophobic interactions lying at the interface between the ␣ helices and ␤ sheet stabilize the canonical fold (Figure 6A). In particular, these interactions involve the conserved residues Tyr388 and Phe399 (Supplementary Figure S12A) which are known to participate in dsRNA binding by maintaining optimal orientation of key posi-tively charged residues (34,38). Lys371, Lys419 and Lys420, located in conserved motifs as well as Arg397 are conserved basic residues among the dsRBDs and they are known to participate in the interaction with the dsRNA (Figure 6 and Supplementary Figure S12).

To illustrate how the dsRBD of HsDus2 might bind its tRNA substrate which contains some dsRNA regions, a structural alignment of HsDus2 dsRBD with the dsRBD of Xenopus leavis RNA binding protein A in complex with dsRNA was achieved. The low r.m.s.d.value (3.29 on 61 C␣ of the canonical fold) validates the relative orientation of the dsRNA with respect to the protein. In the resulting model (Figure 6B) the dsRNA interacts with the protein via a ∼14 nucleotides-fragment, which can also be seen as the double-stranded region of the tRNA substrate corresponding to the acceptor and T-psi arm. The model also shows that the N-terminal extension does not interact with RNA suggesting its availability for protein-protein interaction.

CONCLUSION

Using biochemical analysis and structural characterization, we here show that HsDus2 uses a unique strategy for binding and modifying its tRNA substrate. In contrast to other Dus proteins, HsDus2 has a dsRBD, which is the primary tRNA binding site. This interaction is essential for bringing the Dus domain in close vicinity of the D-loop of tRNA, allowing the FMN cofactor to transfer a hydride to uridine (Figure 7). HsDus2 thus employs a new tRNA recognition mode among tRNA-modifying enzymes that target loops within the tRNA. The reason why HsDus2 evolved to contain a dsRBD for a cooperative binding of tRNA is unclear. However, it might be related to the dual role of Hs-Dus2 in tRNA metabolism and translational factor regulation mediated via protein/protein contacts. By interacting with both the substrate and regulatory proteins, the dsRBD would be the key effector of HsDus2. This working hypothesis is under investigation.

Note that during the course of revision of our manuscript, a paper reporting the structure of HsDus2 dusD has been published (39).

ACCESSION NUMBERS

The atomic coordinates have been deposited in the Protein Data Bank (www.pdb.org) with the following PDB ID codes: 4WFS (catalytic domain) and 4WFT (dsRBD domain).

(Buffer A) containing 10 mM β-mercaptoethanol and 1 tablet of protein inhibitors cOmplete, EDTAfree (Roche). The cells were lysed by sonication and the lysate was clarified by centrifugation at 13000 rpm at 4°C for 70 min. The resulting supernatant was loaded onto a Ni 2+ -NTA agarose affinity column (Qiagen) pre-equilibrated with buffer A. After washing with 2 column volumes of buffer A, elution was carried out with 50 mM Na 2 HPO 4 pH 8, 300 mM NaCl, 250 mM imidazole and 10% glycerol (buffer B). Protein concentration was determined by the Bradford method and the samples were concentrated using a 20 mL Vivaspin centrifugal concentrator (10 000 MWCO PES membrane; Sartorius). The presence of RNA copurified with the protein was checked by recording the UV-visible absorption of the sample. To remove E. coli RNA contaminant bound to the proteins, purification by Ni 2+ -NTA agarose affinity chromatography was performed using a buffer containing 50 mM Na 2 HPO 4 pH 8, 2 M NaCl, 25 mM imidazole and 10% glycerol (buffer C). To further purify the samples, the proteins were loaded on a Superdex S200 10/300 GL or S200 16/600 column (GE healthcare Inc.) equilibrated with 25 mM Tris pH 8 and 150 mM NaCl and the elution was followed by recording simultaneously three wavelengths (260 nm for nucleic acids, 280 nm for proteins and 450 nm for the flavin cofactor). The fractions containing the desired protein were analyzed by SDS-PAGE and pooled before their storage at -80°C.

Preparation of bulk and in vitro tRNA transcripts

Bulk tRNA was extracted from yeast strains BY4741 (MATa; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0) and its derivative ∆dus2 derivative (MATa; his3Δ 1; leu2Δ 0; met15Δ 0; ura3Δ 0; YNR015w::kanMX4). Cells were grown in 500 ml YPD (peptone 2%; yeast extract 1% and glucose 2%) to an OD600 of 0.8. Pelleted cells were washed twice in 20 ml TMN (10 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 0.15 M NaCl). The final pellet was resuspended in 40 ml TMN: acidic phenol (pH 4.5) (1:1 ratio) and incubated for 20 minutes at room temperature on a rotating wheel. After centrifugation, the aqueous phase was supplemented with 0.8 M LiCl and incubated overnight at 4°C to precipitate high molecular mass molecules. The precipitate was eliminated by centrifugation and the supernatant was supplemented with two volumes of 100% ethanol and incubated at -20°C for 2 hours to precipitate tRNAs. After centrifugation, pelleted tRNAs were washed twice in 70% ethanol and resuspended in 1 ml of RNAse-free water. tRNAs were further purified using the NucleoBond RNA/DNA 400 kit (Macherey-Nagel) following manufacturer's instructions, except that the elution step was performed with 5 ml of 100 mM Tris-acetate (pH 6.3); 15% ethanol and 600 mM KCl. In vitro transcription of yeast tRNA Asp was performed using an oligonucleotide template containing ribose 2′-methoxy modifications at the last 2 5′ terminus nt (2) and purified by electrophoresis on a 12% polyacrylamide, 8 M urea gel. The band containing RNA was located by UV-shadowing and excised from the gel. RNA was extracted with 0.3 M sodium acetate pH 5.2 and loaded onto a HiTrap DEAE Sepharose column (GE Healthcare Inc.) pre-equilibrated in the same buffer. After elution with 3 M sodium acetate pH 5.2, the transcript was ethanol precipitated and desalted on a PD-10 column (Sephadex-G25 medium; GE Healthcare Inc).

Identification of HsDus2 domains

To identify HsDus2 domains, mild trypsinolysis was carried out at room temperature in 50 mM HEPES pH 7.5, 50 mM NaCl and 5% glycerol in a final volume of 20 µl containing 8.8 µM of recombinant HsDus2 and 338 nM of trypsin. Several conditions were tested with or without NADPH (100 µM, 500 µM and 1 mM) and bulk tRNA (2.97 µM). The trypsinolysis was stopped by adding 40 nM of Pefabloc® and the proteolysis patterns were analyzed on SDS-PAGE. To determine whether the domains were soluble the products of mild proteolysis were loaded on a Ni-NTA column. The Nterminal domain, retained on the affinity column, was eluted. The domain was soluble and contained the flavin cofactor, confirming the presence of an intact catalytic site.

To identify the boundaries of the domains obtained from the mild proteolysis experiment, MALDI mass spectrometry analysis was performed according to an established protocol (3) after total enzymatic digestion of the excised bands. Protease-generated peptide mixtures were analyzed by MALDI-TOF (Voyager-DE STR, Applied Biosystems). Mass spectrometry measurements were carried out at a maximum accelerating potential of 20 kV, in the positive reflectron mode. Peak lists were generated by the Data Explorer software (Applied Biosystems), and processed data were submitted to the FindPep software (available on the World Wide Web) using the following parameters: protein sequence, HsDus2; mass tolerance, 50 ppm; digest reagents, trypsin or AspN/Nterminal Glu or none; fixed modification, carbamidomethylation of cysteines; possible modification, oxidation of methionines.

Dihydrouridine assay

In vitro activity tests were performed by incubating for 2 hours at 30°C 60 µM tRNAs, 20 µM protein and 1 mM NADPH in 50 mM Tris pH 7.5, 100 mM ammonium acetate, 10 mM MgCl 2 , 2 mM DTT and 15% glycerol (buffer D). tRNAs were separated after phenol extraction with 50 µL of phenol/chloroform (1:1) and subsequent centrifugation at 13000 rpm at room temperature for 10 minutes. Then 10 µL of 3 M sodium acetate and 250 µL of 96% ethanol were added to the aqueous phase and this mixture was incubated for 1 hour at -80°C. The tRNAs were pelleted by centrifugation at 13000 rpm for 20 minutes at 4°C and the ethanol was removed from the sample. Then the tRNAs were washed with 200 µL of 70% ethanol and centrifuged again for 5 minutes at 4°C. After drying, tRNAs were suspended in 50 µL water and its concentration was assessed by monitoring its absorbance at 260 nm. The dihydrouridine content was determined according to a previously established colorimetric method based on the quantification of the acyclic ureido group formed by alkaline cleavage of the dihydrouridine ring. Briefly, 5 µL of 1 M KOH was added and the mixture was incubated for 30 minutes at 40°C. The solutions were neutralized by adding 25 µL of concentrated H 2 SO 4 followed by 25 µL of a 3% solution in 2,3-butanedione monoxime (Sigma Aldrich) and 25µL of a saturated solution in N-Phenyl-p-phenylenediamine (Sigma Aldrich). Samples were then heated at 95°C for 10 minutes and cooled to 55°C. Following addition of 50 µL of 1 mM FeCl 3 in concentrated H 2 SO 4 , a violet-red coloration appeared. The absorbance measured at 550 nm allowed the quantification of dihydrouridine according to a calibration curve based on concentrations of dihydrouracil ranging from 10 to 150 µM.

Crystallization, data collection and structure determination

Crystals of both HsDus2 domains were obtained at 292 K using the hanging drop vapor diffusion method. Crystals of HsDus2 dusD were obtained after mixing 1 µl of protein at 8 mg/ml in 25 mM Tris pH 8.0, 150 mM NaCl with 1 µL of reservoir solution (2.2 M ammonium sulfate, 2% v/v isopropanol).

HsDus2 dsRBD at 20 mg/mL crystallized after it was mixed with an equal volume of 100 mM HEPES pH 6.5, 100 mM sodium acetate and 30% PEG 2000 MME. Crystals were cryoprotected with a reservoir solution supplemented with 20% (v/v) of glycerol then flash frozen in liquid N 2 . X-ray diffraction data were collected on a single crystal at 100 K on beamline PROXIMA-I at the SOLEIL synchrotron (Saint-Aubin, France). Data were indexed, processed, and scaled with XDS (4). Data collection and processing statistics are given in Table S1.

Crystals of HsDus2 dusD (residues 14 to 330) diffracting up to 2.68 Å resolution were orthorhombic (space group I222) and contained an estimated solvent content of 60% (Vm=3.06), corresponding to one molecule per asymmetric unit. Initial structure solution of HsDus2 dusD was obtained using the MR-ROSETTA procedure (5) within PHENIX 1.8.4.1496 (ROSETTA 3.5 ( 6)), starting with a sequence alignment file obtained from HHpred (7). The molecular replacement solution was found using T. thermophilus DusC (PDB code 3B0P) as template (19% sequence identity). The whole procedure resulted in a model containing residues 25-57, 83-115, 132-185, 198-216, 236-320 with R work /R free of 0.32/0.36. Interpretable unfilled map for FMN and protein chain was subjected to automated building with Buccaneer 1.5.2 (8). This step gave a new model that was 91% complete with R work /R free of 0.27/0.30 and overall FOM of 0.81. Several steps of manual building in Coot (9) and refinement in Buster 2.10 (10) led to a final model with the following missing residues (sequence numbering according to wt: 116-128 and 331-333 as well as the first five residues of the histidine-tag).

Refinement statistics are given in Table S1.

The dsRBD domain crystallized at 1.7 Å in the P32 group space with three molecules in the asymmetric unit. All the copies are similar, as evidenced by low rmsd obtained from their structural alignment (mol A vs mol B ~ 0.12 Å for 72 C and mol A vs mol C ~ 0.18 Å for 78 C). The electron density corresponding to the N-(Thr339-Glu347) and C-(Glu443-Lys451) terminal regions was not visible, suggesting highly flexible regions (Table S1). Regarding the resolution of the HsDus2 dsRBD structure, the SAD-phasing method using sulfur atom anomalous dispersion at remote wavelengths, was used. The sulfur-SAD dataset was collected on beam line Proxima-1 (Soleil). The wavelength was set to 1.8 Å and 3 datasets were collected on a single cristal with a 3 circle axis -goniostat at κ angles 0,15,-20° with 0.2° oscillation range on the φ axis. A data set collected at 0.98 Å was used as reference for scaling and merging. Data were integrated, scaled and merged with XDS/XSCALE to obtain a highly redundant dataset (multiplicity of 21.3).

The substructures (15 sulfur atoms per asymmetric unit) were solved with SHELXD using 1000 trials and SHELXE was used to attest for successful phasing (11). A cut-off resolution of 2.9 Å was used for the heavy atom search. The substructures were refined and completed with PHASER (12) using all data. Phases for both enantiomorphs were generated and were subjected to automatic density modification as implemented in Parrot (13) to improve phases and break phase ambiguity. Buccaneer (8) was used for automated model building. The model was refined by alterning manual building in Coot (9) and refinement in REFMAC (14). This model was further refined using a dataset collected to 1.7 Å resolution on another cristal. The final model of HsDus2 dsRBD was obtained after several manual building and refinement cycles using PHENIX Refine (15) and Coot. Refinement statistics are summarized in Table S1.

SI Results and Discussion

Recombinants Dus2p, HsDus2 and HsDus2 dsRBD are isolated with RNAs from E. coli.-The recombinant human and yeast enzymes as well as the human dsRBD contained RNAs after the nickel affinity column. In the UV-visible absorption spectrum of HsDus2, HsDus2 dsRBD and Dus2p (Figure S3), the presence of a band of high intensity at 260 nm together with a broad band at ~340 nm attributed to 4-thiouridine (base modification found exclusively in tRNA of eubacteria) suggested that these proteins had been isolated with E. coli tRNAs. Similar results were observed when recombinant dihydrouridine synthases from Thermus thermophilus (TthDus) and from Saccharomyces cerevisiae (Dus2p) were expressed in E. coli (16, 17). The nature of the RNAs isolated with recombinant TthDus was confirmed to be tRNAs by mass spectrometry (17). To remove all traces of RNAs from the proteins, an extensive washing procedure with high ionic strength (2 M NaCl) of the protein/RNA complex was performed on the nickel affinity column. The UV-visible spectrum of the resulting RNAfree HsDus2 and Dus2p retained all the characteristic bands of the flavin but not those attributed to RNAs (figure S3). The same procedure was repeated with HsDus2 dsRBD and, as evidenced by the UV-visible spectrum, the RNAs were completely removed from the protein (figure S3). These results suggest that HsDus2, HsDus2 dsRBD and Dus2p were able to form non covalent RNA/protein complexes with E. coli RNAs, likely tRNAs. In contrast, HsDus2 dusD was isolated from E. coli without any traces of RNAs, even at low ionic strength (figure S3), suggesting its weak affinity or its inability to interact with tRNAs. HsDus2 dusD retained the ability to bind the flavin cofactor, as evidenced by absorbance bands at 365 and 455 nm attributed to the oxidized hydroquinone (figure S3C).

The homogeneity of the proteins and RNA/protein complexes isolated from E. coli was analyzed by size exclusion chromatography. In absence of RNAs, full length HsDus2, HsDus2 dusD HsDus2 dsRBD and Dus2p eluted at volumes expected for monomeric proteins. The elution profiles indicated homogenous proteins and the absorbance at 280 nm higher than that at 260 nm confirmed the absence of RNA (figure S4, high salt). In contrast, the elution volumes corresponding to the proteins co-purified with E coli RNAs were smaller than those observed with RNA-free proteins, which indicated stable complexes (figure S4, low salt). According to the mean size of tRNAs (~ 24 kDa) and the elution volumes of the RNA/protein complexes, we can propose that one molecule of HsDus2 dsRBD binds to one tRNA molecule (figure S4), while this is less clear for HsDus2 and Dus2p, probably due to a less globular shape influencing the elution profile. Figure S2. MALDI analysis of polypeptides originated from mild trypsinolysis. The first data set was obtained by fully digesting the intense band at 38 kDa, while the second data set was obtained from the full digestion of the weak band at 14 kDa (Fig. 1B). Matching peptides are shown in red. Sequence coverage of 53% (for the Dus domain) and 32% (for the dsRBD) were obtained respectively for the first and the second data set when compared with the sequence of wild type HsDus2. Note that below the numbering of the residues starts at the first histidine of the Nt-His tag while in the main text of the manuscript it starts at the Nt-Methionine. Maturation events such as splicing, nucleotides addition/deletion and posttranscriptional chemical modifications are key steps in the biogenesis of functional RNA molecules. Proteins involved in these maturation steps have evolved specific domains able to recognize and discriminate their substrate from the large pool of ribonucleic acids in the cell 1,2 . Many RNA binding domains such as the RRM, KH, and zinc fingers domains primarly recognize single-stranded RNAs. Conversely, the doublestranded RNA-binding domain (dsRBD) is the most prominent domain, recognizing doublestranded RNA (dsRNA) or highly structured RNAs [3][4][5] . This widespread domain is commonly ~65-80 amino acids and adopts a conserved α1-β1-β2-β3-α2 fold. This canonical topology adopts a typical overall y-shaped 3Dstructure in which the α1-α2 helices pack against the antiparallel β1-β2-β3 sheet. To date, ~ eight NMR and/or X-ray crystallographic structures of dsRBDs bound to dsRNA are known 4 . These structures support a conserved general mode of action, with the first helix and the β1-β2 loop involved in the recognition of bases and ribose moieties located within the minor grooves while the Nterminal top of the second helix interacts with the phosphate backbone across the dsRNA major groove. This mode of recognition allows dsRBDs to recognize the RNA shape, such as for instance the shape of a regular A-form RNA helix or the shape of an RNA hairpin, even though some dsRBDs can bind to dsRNA in a sequence-specific manner. Thus, these domains are not secondary domains, but seem to have evolved to achieve cooperative and specific recognition of the substrate.

This notion of functional specificity of dsRBD is remarkably illustrated by few examples of extended dsRBDs which have widened their repertoire of recognition via structural variations of the canonical fold [6][7][8][9][10][11] . Some of these variations correspond to extensions of the canonical dsRBD fold at the C-terminus. For example, the RNAse III of yeast Rnt1p possesses a third Ct helix which is placed close to the helix 1 in order to correctly position the latter and to enhance the recognition of the substrate. In the same register, another extension forming a CHCC zinc-coordination site was reported in the dsRBD domain of the fission yeast dicer (Dcr1) 12 . This C-terminal extension plays a critical role in the regulation of the sub-cellular localization of Dcr1and might act as a thermoswithc for activating chronic heatshock.

Although most dsRBDs are observed in proteins and enzymes acting on mRNA and regulatory RNAs, we have recently shown the existence of a unique dsRBD in a human tRNA-modifying flavoenzyme 13 . This enzyme is a type 2 dihydrouridine synthase (hDus2) and catalyzes the posttranscriptional formation of dihydrouridine at position 20 (D20) of the tRNA 14 . hDus2 has a modular organization with (i) an N-terminal domain (1 to 257) adopting a TIM barrel fold and which contains the coenzyme flavin and the active site, (ii) an helical domain (258 to 333), (iii) a dsRBD (352 to 441) and (iv) a C-terminal end of 52 amino acids predicted as intrinsically disordered. An 18 amino acid long linker (residue 334 to 351) connecting the helical domain to the dsRBD is predicted to be flexible 15 .

Unlike its bacterial or yeast homologs that bind the tRNA via the catalytic domain and the helical domain, in hDus2 we have shown that this function is essentially carried by the dsRBD. 16,17 The structures of the isolated domains of hDus2 revealed a peculiar dsRBD carrying an extension of 20 amino acids, the role of which has not yet been established.

In the present study, we have identified the tRNA binding mechanism of this modification enzyme. By combining NMR, Xray structures and SAXS, we propose a novel molecular mechanism of tRNA recognition by hDus2 validated by extensive mutagenesis.We bring the structural and functional evidence demonstrating that this unique dsRBD and specifically its N-terminal extension is involved in an unprecedented recognition mode of the tRNA tertiary structure. Our hDus2/tRNA model suggests that the dsRBD cooperates with the catalytic domain to properly position the uridine target in proximity to the flavin cofactor for its modification. Our work therefore constitutes the first report of a dsRBD that has evolved to extend its specificity for recognizing more complex RNA structures via the acquisition of an extension and the cooperation with other domains within a multidomain protein.

RESULTS

Characterization of the spatial organization of hDus2 domains

As evidenced by the SEC-MALLS characterization, the full length hDus2 is under a monomeric state in solution and forms a stable complex with human tRNA lysine 3 (tRNA Lys3 ) in a one to one molar ratio (Fig 1ab-c). Although, the structures of the isolated domains of hDus2 are known, their spatial orientation with respect to each other is lacking. Moreover, the presence of a flexible linker between the helical domain and the dsRBD could promote relative movements of the domains. To investigate these issues, we performed small angle X-ray scattering experiments coupled to size exclusion chromatography (SEC-SAXS) on the full length hDus2. The resulting X-ray scattering curve is shown in figure 1d. The enzyme shows an Rg of 31 Å and the calculated Kratky plot demonstrates that hDus2 is globular with limited flexibility (Fig S1a). Based on X-ray crystallographic structure of the catalytic and helical domains (from now on the two domain will be called DusD) and that of hDus2 dsRBD, we generated models of full length hDus2 comprising the unknown flexible extremities not seen in the structures as well as the flexible catalytic loop. These models were further refined against the experimental curve using DADIMODO (Fig 1d-e andS1c). Superposition of models from 10 independent runs (Fig S1c ) shows that DusD and the dsRBD orientations are conserved with limited degree of freedom. However, the C-ter 442 to 493 residues populate different conformation in each model. To further test the dynamic of hDus2 in solution we generated 10 000 models and selected the minimal ensemble of conformation best fitting the curve via EOM (Fig S1d). Both DusD and dsRBD show the same orientation in the ensemble further supporting the notion that hDus2 domains are not mobile most likely due to inter-domain interactions. In contrast, hDus2 C-terminus in the ensemble shows different conformation proving the high flexibility of this region, in agreement with previous observation that this region is highly sensitive to protease.

Recognition of tRNA structure by the dsRBD

As shown in figure 1f, DusD has a low affinity for the tRNA while the dsRBD has a similar affinity to that of the full length protein. Therefore, the dsRBD is the main domain involved in RNA recognition. Moreover, the unstructured C-terminal residues are not required for tRNA binding.

In solution, the dsRBD seems to bind 2 molecules of tRNA. (Fig S2). Because hDus2 binds only one tRNA, the second dsRBD molecule on the RNA may likely be the result of an unspecific binding.

Next, we used solution NMR spectroscopy to identify the functional binding interface on tRNA. First, we monitored the footprint of the dsRBD domain onto tRNA Lys 3 with ( 1 H, 15 N) 2D correlation spectra (Fig 2a). Resonances of the imino groups of this tRNA were previously assigned 18 . The perturbation observed on the signals of the 15 N-labeled tRNA Lys 3 induced by the addition of unlabeled dsRBD (residues 338-440) are the signature of the dsRBD binding site on tRNA Lys 3 . Based on these shifts we were able to identify two distinct clusters of nucleosides impacted by the dsRBD (Fig 2b). The first region concerns the acceptor stem and the T/Ψ stem-loop of the tRNA. Namely, U67, G69 and G71 located in the acceptor stem are highly shifted while G5 and G70 in that same region are moderately impacted similarly to G53 and U64 in the T/Ψ loop. The second cluster seems to impact region around the core of the tRNA. U12 and G22 in the D stem as well as Ψ39 in the anticodon are moderately shifted similarly to m 7 G46 in the variable loop. The first cluster is likely delimiting the functional interface since its signals are more perturbed upon addition of the dsRBD, which is the signature of a stronger binding. In addition, a binding of dsRBD in that region would satisfy the geometric constrains for positioning the catalytic domain (see further below). We then localized the functional tRNA binding site on the dsRBD by titrating unlabeled tRNA Lys 3 into a 15 N-labeled dsRBD sample (Fig 2c andS3). The complex is in the intermediate exchange regime at the NMR chemical shift time scale yielding disappearance and re-appearance of the signals at a 1:1 ratio. The formation of this high molecular weight complex (~52 kDa) induces the overall broadening of the peaks as well as chemical shift displacement that allows the mapping of the binding interface (Fig 2c-d).

Residues of helix 1 are involved in RNA recognition since K371, T369 and L374 are respectively shifted by 0.35; 0.16 and 0.13 ppm while R379 signature is lost due to fast relaxation upon tRNA binding. R397 is shifted by 0.14 ppm confirming the involvement of the β1-β2 loop in the recognition. In addition, K417, S418, L421 and E423 are shifted respectively by 0.11; 0.12; 0.13 and 0.18 ppm while no signal could be attributed to K419 and K420 showing a strong implication of helix 2 in RNA binding. T3λ0 located in β1 exhibits an offset of 0.42 ppm most probably due to a change in magnetic environment probably due to readjustments of loop 2 upon tRNA binding. Additionally, some residues located at the C-terminus of the canonical domain, namely E438, G439, G442 and L448 are shifted upon tRNA addition. These changes are most probably due to indirect effects rather than direct RNA contacts since this extremity interacts with helix 1 and is far from the RNA binding interface. Importantly, we observe that residues in the Nterminal extension, namely K358, F359, R362 and A366 are highly perturbed upon tRNA addition. This suggests that in addition to the canonical dsRNA binding interface, the Nterminal extension present in hDus2 dsRBD is also involved in tRNA recognition.

Canonical dsRBD binding interface is insufficient for specific tRNA recognition

To confirm the tRNA binding site identified by NMR, we generated several alanine mutants and investigated their ability to bind tRNA by gel shift assay (Fig 3a , S4-5). We first focused on the residues of the canonical fold. The mutation of the two conserved residues K371A and R379A reduced the binding by a factor of 8.2 and 2 respectively, showing the importance of helix 1 for tRNA recognition. The β1-β2 loop is also involved but to a lesser extent since the R397A showed only a mild effect on affinity with a reduction of ~2 fold. The two strictly conserved K419 and K420 located in the beginning of the helix 2 are also important. The effect of these residues is additive since the double mutant led to a 17 fold decrease in the apparent affinity for tRNA. We then investigated the role of the conserved R361 residue within the animal's dus2 and located within the N-terminal extension of the dsRBD. Consistent with the NMR results, mutation of this residue induced a loss of tRNA binding affinity by less than 2 fold. Surprisingly, the double mutant R361A-R362A showed a 6 fold lower binding capacity for tRNA while the single R362A mutation had little impact.

To assess whether the reduced binding in both double mutants K419A-K420A and R361A-R362A is a direct effect of the missing polar residues or a consequence of structural change, we solved both X-ray structures. As shown in Fig S6, no major changes could be observed with RMSD of 0.6 and 0.18 Å over 82 Cα respectively for K41λA-K420A and R361A-R362A HsDus2 dsRBD mutants. Hence, the results clearly suggest a synergic effect of both R361 and R362 likely activated by tRNA.

To visualize at the atomic level the binding interface, we crystallized the dsRBD with a 22 nucleotide dsRNA palindromic sequence (Fig 3b). The designed RNA harbors 2 overhangs at its 3'-end leading to its selfassembly in one dimension thus favoring crystal contacts (Fig 3b ,S7A). The structure was solved at 3.2 Å with one molecule of dsRBD bound to the dsRNA in the asymmetric unit (Fig 3c andS7b). No major structural changes between the unbound and bound state of the dsRBD is observed with an RMSD of 0.44 Å over 74 Cα. The binding interface is comprised of 690 Å 2 . Residues K371 and R379 in helix 1 are involved in phosphate backbone interactions with the minor groove while M372 is engaged in specific interaction with C1 (Fig 3d). Accordingly, mutation of this residue impacts the tRNA binding (Fig 3a). K419 and K420, located in helix 2, recognize the major groove of the A-form dsRNA (Fig 3e). However, R397 in the β1-β2 loop is at proximity of the ribonucleic acid but implicated in crystal contacts with the symmetric protein (Fig S8a). Interestingly, R361 and R362 in our structure are not involved in RNA contacts suggesting that the N-terminal extension recognizes a tertiary element present in tRNA but absent in our engineered dsRNA (Fig S8c).

To test this hypothesis, we compared the affinity of the dsRBD for tRNA or for the 22 nucleotide dsRNA. As shown in Fig S8, the dsRBD has a 2.8 fold higher apparent affinity for tRNA than for the RNA duplex. In contrast the R361A-R362A mutant has similar affinities for both tRNA and the dsRNA. Hence, the dsRBD of hDus2 specifically recognizes the tRNA tertiary structure via R361 and R362 of the N-terminal extension.

Domain cooperativity for higher specificity

To get a structural model of the dsRBD/tRNA complex, SAXS measurements were performed on the individual components and their reconstituted complex. The free dsRBD has an Rg of 18 Å while the human tRNA Lys3 has an Rg of 23 Å (Fig S10). The reconstituted dsRBD/ tRNA Lys3 presents a higher Rg ~ 29.6 Å while being more globular than the individual macromolecules (Fig S11 ).

In order to resolve the individual components in this protein-RNA complex, we used the ab initio multiphase volumetric approach using MONSA. The experimental SAXS curves of tRNA and dsRBD were used to fit the data of the macromolecule assembly with 3 components. This led to an initial model fitting the data with a χ 2 of 3.78 suggesting small conformational differences between the bound and unbound forms (Fig 4a-b). In this model, one site for dsRBD binding seems at the top of the tRNA while the second site near its bottom. This agrees with the NMR data suggesting that one dsRBD molecule binds at the acceptor stem and T/Ψ loop while the other at the vicinity of the variable loop and anticodon. Since the three components used show a small difference in their respective electron-electron pair distance P(r) distribution (Fig S11 ), imprecision arising from the algorithm used by MONSA can occur. Therefore, a model for the first binding site on the acceptor stem and T/ Ψ loop was done by docking the dsRBD using as constraints the identified residues implicated in RNA recognition. The theoretical SAXS curve of this binary model with the experimental curve of the dsRBD were used to fit the data of the ternary complex using MONSA. This led to a higher precision with χ 2 of 1.26 while the second binding site of dsRBD was mapped similarly at the proximity of the anticodon and variable loop (Fig 4c-d).

Rigid docking of the dsRBD was performed in both sites identified by the multiphase volumetric approach. The best fitting model was further refined using DADIMODO to optimize the conformation of the proteins extremities. The final model is shown in Fig 4e . Since hDus2 behaves as a rigid protein we superimposed our SAXS model of the full enzyme on the X-ray structure of DusA from Thermus Thermophilus in complex with tRNA Phe that catalyzes the same modification in prokaryotes (PDB 3B0V) (Fig 4f). Surprisingly, the dsRBD is perfectly positioned to interact with the acceptor stem and T/Ψ loop in an identical manner to site 1 in the dsRBD_tRNA complex (Fig 4e). To validate the proposed binding mode we carried RNase protection assay on a transcribed tRNA and a shorter variant lacking the anticodon stem (tRNA ΔACS ) (Fig S12a-b). As seen in Fig S12, hDus2 has the same affinity for both ribonucleic acids suggesting that the anticodon stem is not involved in recognition. Furthermore, the tRNA in the molecular complex is more accessible as seen by its cleavage kinetic (Fig S12f -g) compared to tRNA ΔACS ; corroborating that hDus2 binds tRNA via its acceptor stem and T/Ψ loop rather than its anticodon for proper targeting of the D-loop.

DISCUSSION

Double-stranded

RNA-binding domains interact with A-form dsRNA and are found in proteins and enzymes interacting on different RNA molecules such as mRNA or miRNA or siRNA with various lengths and sequences 4,5,19 . How this motif is able to specifically recognize its substrate from a plethora of ribonucleic acid has been a major focus. Specific recognition of the RNA sequence has been proposed in some cases, discrimination based on the hybridization pattern and presence of bulges or imperfect loops has also been reported. Furthermore, substrate specificity might rise from cooperative effects between several dsRBMs or catalytic domains thus measuring the length of the targeted ribonucleic acid. hDus2 is the first reported case of an enzyme using a dsRBD to recognize tRNA for its efficient posttranscriptional modification. tRNA fold differ from classical dsRNA with a more complex L-shape tertiary structure. Indeed, the tRNA elbow, comprised of its D and T/Ψ loop, induces a ~λ0° bend between its anticodon and its termini, while the latter is organized as dsRNA. As a result, dsRBDs from Dus2 enzymes have acquired an Nterminal extension widening the canonical α-ββ-β-α fold and allowing recognition of tRNA structure. This is achieved via two arginine (R361 and R362) crucial for higher affinity towards tRNA then dsRNA. The synergic effect between both charged residues observed upon their mutation suggest a productive orientation mediated by tRNA binding. Furthermore, two binding sites for dsRBD on the tRNA have been mapped while hDus2 binds a single tRNA molecule for functional assembly. The difference in stoichiometry rises from the catalytic domain DusD excluding the second non-specific binding site for dsRBD. This illustrates the cooperativity between both domains fine tuning the specificity of dsRBD. In that regard, DusD and dsRBD have a rigid orientation in solution. This allows hDus2 to bind tRNA without major conformational changes. The cooperativity between domains restricts conformational sampling thus dictating positioning of tRNA D-loop at the vicinity of the redox Flavin cofactor (Fig 4g).

In this configuration, DusD restricts binding of dsRBD to the acceptor stem and T/Ψ loop resulting in the intertie of the tRNA structure bound to the enzyme except for its anticodon. Hence, hDus2 uses a molecular ruler mechanism to recognize tRNA in which the rigidity between the "sensor domain" dsRBD and the "effector domain" DusD gauge the overall tRNA tertiary structure by measuring the length of the top L-shape. Such extended recognition mechanism has been observed in aminoacyl tRNA synthetases (aaRS) that recognize the anticodon while introducing a specific amino acid at the 3'-end bound in the active site, among which the bacterial GlnRS, HisRS, ArgRS and eukaryotic GlyRS 20,21 . Similarly, enzymes modifying nucleotides in the anticodon such as Trm5 responsible for m 1 G37 and TilS converting C34 into lysidine (L34) probe the tRNA elbow or the acceptor stem respectively 22,23 . Perhaps most striking is the similarity of hDus2 tRNA recognition with that of CCA-adding enzyme as well as A-adding enzyme that typically target the termini of tRNA by measuring the distance between the elbow and the 3'-end 24 .

To our knowledge, no other enzymes involved in simple posttranscriptional modification of RNA, especially targeting the D-loop, probe the full tertiary tRNA structure via domain cooperativity; rather they are active in vitro on stem loop constructs or bind part of the tRNA while not probing its integrity.

METHODS

Protein purification

Full length hDus2 was cloned in a pET11d vector between BamHI and NcoI and expressed in BL21(DE3)pLysS (Novagen) in LB medium. Induction with 0.5 mM isopropyl-1-thio-β-Dgalactopyranoside (IPTG) was done at O.D. 600 1.5 and left overnight at 29 °C. Pelleted cells were suspended in buffer A (50 mM sodium phosphate pH 8, 2 M NaCl, 25 mM imidazole and 10 % glycerol) and lysed by sonication followed by centrifugation for 40 minutes at 35000 rpm. The supernatant was loaded on a NiNTA column (GE healthcare) washed several times with buffer A and eluted with buffer A supplemented with 250 mM imidazole. The protein was further purified by a size exclusion chromatography step on a Superdex HiLoad S200 16-600 (GE healthcare). Purity was assessed by SDS-PAGE. The dsRBD of hDus2 and the several mutants were also cloned in a pET11d and purified exactly as the full-length enzyme. Point mutations were carried with the Q5 ® Site-directed mutagenesis kit (New England BioLabs) following the recommended procedure. For NMR experiments, samples were purified as previously described but from cells grown in M9 minimal medium supplemented with 1g/L of 15 NH 4 Cl for 15 N-labeling or 1g/L 15 NH 4 Cl and 2g/L 13 Cglucose for 13 C/ 15 N-labeling.

RNA preparation

Homo sapiens tRNA Lys3 for NMR and SAXS experiments was purified as previously reported 25,26 . Bulk tRNA lacking D20 for binding assays was prepared from a yeast strain with the Dus2 gene knocked out as previously reported 13 . The palindromic RNA used for crystallization was transcribed in vitro using T7 polymerase and 0.6 µM of complementary DNA 5'-CGCGAAGTTCGTATAGTGAGTCGTATTA-3'while the tRNA used for RNase protection derived from 5'-TGGTGCGAATTCTGTGGATCGAACACAGGACCTCCAGATCTTCAGTCTGGCGCT CTCCCAACTGAGCTAAATCCGCTATAGTGAGTCGTATTA-3' and its truncated version tRNA ΔACS from 5'-TGGTGCGAATTCTGTGGATCGAACACAGGACCTCCCTTCGGCGCTCTC CCAACTGAGCTAAATCCGCTATAGTGAGTCGTATTA-3'. In all case 0.6 µM of 5'-TAATACGACTCACTATA-3' was added to allow polymerase binding. The reaction was carried for 4 hours at 37 °C in 40 mM Tris pH 8, 5 mM DTT, 1 mM spermidine, 0.01 % triton; 10 % PEG 8000, 30 mM MgCl 2 and 4 mM XTP (X = A; U; G or C).The transcription was quenched by addition of 2.64 g of urea and the mixture was separated on a 8 M urea 15 % (19:1) PAGE. The extracted band was further purified via a HiTrapQ (qiagen) with a gradient of 300 mM sodium acetate to 3 M sodium acetate. Buffer was exchanged with a desalting Pd10 column (GE healthcare) and the RNA was annealed prior to use.

Crystallization, data collection, structure determination and refinement

Crystals of dsRBD-RNA complex were obtained by mixing an equivalent ratio of protein:RNA in 50 mM Tris pH 8, 150 mM NaCl and 1 mM MgCl 2 and left on ice for 1 hour. 1 µL of freshly prepared complex was mixed with 1 µL of reservoir comprised of 15 % isopropanol, 20 mM MgCl 2 and 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 6 and were left to equilibrate by the vapor diffusion method. Crystals grew after 1 month and were transferred in a solution identical to the reservoir condition with the addition of 30 % PEG 400 prior to flash freezing with liquid nitrogen. 7 datasets of 75°-sweep were collected on different locations of the same crystal to collect 360° data with partial overlap. The final dataset was obtained by merging the 4 best datasets with xscale. The structure was first phased by molecular replacement using phaser and as template 1 molecule of dsRBD (from PDB 4wft) with 1 molecule of ideal A form 11 nucleotide RNA generated in Coot. Three solutions (TFZ>13) were found showing a missing second RNA strand in the a.s.u.. A second round of molecular replacement was performed using a 9-nucleotide A-form dsRNA (5'-CGAACUUCG-3') generated in Coot. From the 3 solutions found (TFZ>14), only one was consistent with the expected 2 base-pair inter-dsRNA hydridization. Reciprocal space refinement was carried with autoBUSTER using target restraints from the pdb 4wft for the dsRBD. After the first refinement cycle, phenix.erraser was used to optimize the dsRNA hybridization pattern 27 . Model improvement was achieved by manual building into the density with Coot. TLS were applied in the last refinement run.

Given the low resolution of the data and the small number of reflections in the free set, the refinement was checked by k-fold cross validation using 12 datasets with non-overlapping free sets with 300 free reflections each. Using a starting model perturbed with phenix.dynamics (500 steps) and resetting the Bfactors, we obtained the following statistics: Rwork=0.223 ± 0.002 and Rfree=0.257 ± 0.013.

R361A-R362A dsRBD mutant was crystallized by vapor diffusion against 22 % PEG 8000 and 100 mM sodium cacodylate pH 6 while K419A-K420A dsRBD mutant required 35 % PEG 4000, 1 M lithium chloride and 100 mM Tris pH 8.5. In both cases, crystals were obtained after 3 days and were cryoprotected using 15 % glycerol before flash freezing. Both structures were phased by molecular replacement using phaser and further refined with Phenix. All diffraction data collections were carried on single crystals at the micro focused PROXIMA-2 beamline at the SOLEIL synchrotron (Saint-Aubin, France) at 100 K using an ADSC Quantum 315r detector for the protein-RNA structure and an Eiger X-9M for both mutants with a wavelength of 0.9801 Å. Data were indexed, processed, merged and scaled using XDS or autoPROC with STARANISO (http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi) 28,29 .

Binding assay

Electrophoretic mobility shift assays were carried for wild type dsRBD and the different mutants using a 6 % native (19:1) PAGE at 4 °C with 100 V. Increased concentrations of proteins were added to a fix concentration of bulk tRNA lacking D20 (1µM) and incubated at room temperature for 20 minutes in 50 mM Tris pH 8, 10 % glycerol, 5 mM DTT and 150 mM ammonium acetate prior to migration. RNA was visualized by toluidine coloration and quantified using ImageJ (https://imagej.nih.gov/ij/index.html).

SEC-MALLS

Analysis were done by size-exclusion chromatography (SEC) on a Superdex 200 10/300 GL (GE Healthcare) using a Shimadzu Prominence HPLC. Multi-angle laser light scattering (MALLS) was measured with a MiniDAWN TREOS equipped with a quasi-elastic light scattering module and a refractometer Optilab T-rEX (Wyatt Technology). Protein concentration was determined using a specific refractive index (dn/dc) of 0.183 at 658 nm while for RNA the value was 0.17. Stoichiometry of the complexes was determined using the method protein conjugate.

NMR experiments

All NMR spectra were measured at 303 K on Bruker AVIII HD 600 MHz equipped with a cryoprobe in 25 mM sodium phosphate pH 6.5, 20 mM sodium chloride, 1 mM dithiothreitol (DTT) and 10 % D 2 O. The data were processed using TOPSPIN 3.5 (Bruker) and analyzed with Sparky (www.cgl.ucsf.edu/home/sparky/). The backbone resonances of the dsRBD (338-440) were assigned using 2D ( 1 H, 15 N)-HSQC, 3D HNCA, 3D HNCACB, 3D CBCA(CO)NH, 3D HNCO and 3D NOESY-( 1 H, 15 N)-HSQC. For titration experiments, 0.35 mM of 15 N-labeled dsRBD were mixed with increasing amount of unlabeled tRNA Lys 3 up to 1 molar equivalent and 2D ( 1 H, 15 N)-HSQC were recorded at each step. Similarly the titration of 0.3 mM 15 N-labeled tRNA Lys 3 was performed by adding increasing amount of unlabeled dsRBD up to 1 molar equivalent, and 2D ( 1 H, 15 N)-TROSY experiments were recorded at each step.

SAXS data collection, analysis and model generation

SAXS experiments were performed at the SWING beamline at the SOLEIL synchrotron (Saint-Aubin, France) using an online high-performance liquid chromatography (HPLC). All scattering intensities were collected on the elution peaks after injection on a BioSEC-3 column (Agilent) equilibrated in 25 mM Tris pH 8, 100 mM NaCl, 1 mM MgCl 2 and 5 % glycerol to reduce radiation damage. Data were processed using FOXTROT. The radius of gyration (R g ) was calculated by the Guinier approximation and all data were monodispersed. Ab initio shape reconstructions were performed by 20 independent Dammif runs averaged using Damaver and further refined by Dammin. In the case of full length hDus2 or dsRBD, the X-ray structures (PDB 4wft and 4wfs) were used and missing parts (N and C terminal extensions not observed in the crystals as well as the catalytic loop in 4wfs) were generated using MODELLER. Refinement of these built extensions against SAXS data was carried using 20 independent DADIMODO runs and comparison of the theoretical scattering curves of the protein models against the experimental curves was done using Crysol. A similar procedure was followed to generate ensembles of hDus2 using EOM. For the complex dsRBD-htRNA Lys3 ab initio calculation with MONSA was used to simultaneously fit the three SAXS curves of the individual proteins and tRNA in the 2:1 complex. 10 independent runs were averaged and this led to an initial positioning of both dsRBDs relative to the tRNA. To further refine this model we then generated a model by rigid docking of htRNA Lys3 with the first dsRBD site as mapped by NMR being in close contact with the acceptor stem and T/Ψ loop. The theoretical SAXS curve of this binary complex was used to resolve the second site of dsRBD in the complex with higher accuracy by simulated annealing with MONSA. Once both dsRBDs binding sites were mapped rigid docking using sasref was carried. The best model was further refined using DADIMODO to optimize the flexible protein extremities.

RNase protection assay

20 µM of hDus2 was incubated on ice for 20 minutes with 10 µM of RNA in the same buffer as the binding assays, followed by the addition of 2.5 µL RNase A at 1 µg/mL. The reaction was quenched by adding 2 % sodium dodecyl sulfate (SDS) and heated at 100 °C for 2 minutes. Degradation pattern was analyzed on a denaturing 8% PAGE (19:1 acrylamide:Bis solution) with 8 M urea colored by toluidine. 

Introduction

Transfer RNAs (tRNAs) are key actors of the translation machinery. Transcribed into an inactive form, these molecules gain their functional state only after having undergone numerous complex stages of biotransformation, including chemical modifications of the canonical bases. To date, more than a hundred different chemically altered bases have been identified making the biology of tRNA the most impressive biochemical process 1 . These modifications stabilize the L-shaped structure of tRNA and promote efficient and specific interactions with its cellular partners such as aminoacyl-tRNA-synthetases, translation factors, mRNA [2][3][4][5] . Beyond these classical functions, recent evidences show their implications in regulating genetic expression and adapting cells to environmental changes [5][6][7] . Dihydrouridine (D) is a highly conserved base of tRNA which is generated from uridine by a simple reduction of the pyrimidine C5= C6 double bond. Unique in its non-aromatic character, this base is therefore refractory to stacking interactions [8][9][10][11] . As a result, the dihydrouridine-containing nucleoside is more flexible, which is a physical characteristic required to promote tertiary tRNA interactions. Although the role of dihydrouridine is still unknown, the flexibility introduced by such a base appears to be important for the adaptability of organisms to their environment, as suggested by the case of psychrophilic organisms that contain on average more dihydrouridine per tRNA than thermophilic organisms 12 . Similarly, cancer cells have a higher D-level than healthy cells probably to adapt to fast metabolism, which explains why this base has attracted particular interest 13,14 . The distribution map of dihydrouridine varies according to the organism and tRNA species. Commonly observed in the so-called D-Loop at positions 16, 17, 20, 20a and 20b, it can also be found occasionally in the V-loop at position 47 15 .

Dihydrouridines are synthesized by a broad family of flavoenzymes called tRNAdihydrouridine synthases and encoded by the orthologous gene family COG0042. Phylogenetic analysis classified these enzymes into 8 sub-families. Dus A, B and C are prokaryotic enzymes while Dus 1, 2, 3 and 4 are eukaryotic and the last subgroup is represented by the archaeal Dus 16 . The structure-function relationship of these enzymes is still poorly understood. Although, the substrate specificity of eukaryotic enzymes has been determined, this enzymatic property is not completely resolved in the case of prokaryotes 15,17,18 .

Considered as the oldest member, DusB is present in the majority of bacteria whereas DusA and DusC are observed mainly in proteobacteria and are the products of a duplication event of dusB gene. Escherichia coli carries the three Dus members in which DusA and DusC would be a respective U20 and U16 modifying enzymes [17][18][19] . On the other hand, the specificity of DusB remains to be determined as well as the enzymes responsible for the formation of dihydrouridines at positions D17 and D20a. In contrast, Thermus thermophilus has a single Dus belonging to the A-type and is a bi-site specific enzyme catalyzing D20 and 20a synthesis 20 . Recent crystallographic structures of T. therm DusA and E.coli DusC in complex with a tRNA transcript have considerably improved our understanding on tRNA recognition mechanism offering a major breakthrough regarding the origin of the exquisite substrate specificity among RNA-modifying enzymes 17,21 . Remarkably, Nature has judiciously preserved the overall Dus structure comprising an N-terminal TIM-Barrel catalytic domain followed by a C-terminal helical domain and has radically altered the orientation of tRNA on the surface of the protein according to the enzyme specificity that differs by a 160 degree rotation angle.

However, the absence of a DusB structure as well as the ambiguity concerning the substrate specificity prevent us from fully understanding the mechanisms of the functional and structural evolution of these flavoenzymes. Here, we definitively establish E. Coli Dus specificities and solve the first three-dimensional structure of a prokaryotic DusB member. Our structural analysis provides evidences supporting a novel mechanism of tRNA recognition in this large family of flavoenzymes.

Results

Unraveling substrate specificities of bacterial Dus

The incomplete determination of Dus specificities is mainly due to the absence of a reliable test for detecting and quantifying the dihydrouridine. Although the classical methodology based on reverse transcriptase stop at hydrolyzed dihydrouridine site provided some information, it does not detect consecutive D. To circumvent this issue, we decided to apply a new methodology combining (i) isolation and purification of specific tRNAs harboring various dihydrouridines by hybridization with a complementary biotinylated oligonucleotide from single E. coli dus knockout mutants, (ii) determination of dihydrouridine positions by MALDI-MS via analysis of the RNA fragments resulting from RNAses (A or T1) digestion of the corresponding tRNA. Three tRNAs were specifically chosen for allowing us to screen all the dihydrouridine sites (Figure 1A andS1).

As shown in figure S2, RNAse A digest of Arg tRNA ICG generated the GGAD 20a fragment (m/z 1346.2), while treatment with RNAse T1 produced CD 17 G and AD 20a AG (m/z of 977.14 and 1330.2, respectively). Absence of D should induce a -2 Da shift in m/z value. RNAse A digest of Arg tRNA ICG from ΔdusA strain led to a peak at m/z 1344 rising from both GGAU 70 and GGAU 20a . With RNAse T1 two peaks were observed at m/z 977 and 1328 attributed to CD 17 G and AU 20a AG, respectively (Figure S2). In contrast, in ΔdusB, only the fragment m/z 977.14 underwent a -2 Da due to the loss of D17 (Figure S2C) while in ΔdusC, the three wild type fragments were conserved (Figure S2). Hence, the results suggest that dusA and dusB are responsible for D20a and D17 formation, respectively.

Ile tRNA GAU treated with RNAse A generated AGGD 17 (m/z 1346) and GGD 20 (m/z 1017) whereas RNAse T1 generated a single fragment, D 20 D 20a AG (m/z 1309) (Figure S3). In ΔdusA, the m/z 1346 remained unaffected while the two others peaks were converted to a -2 and -4 Da species attributed to GGU 20 and U 20 U 20a AG. In ΔdusB, the peak at m/z 1346 disappeared and gave rise to m/z 1344 confirming the presence of AGGU 17 fragment (Figure S3C). Consistently, the three wild type fragments were unaffected in ΔdusC (Figure S3). These results suggest that dusA is also responsible for D20 formation.

Finally, Leu tRNA CAG treated with RNAse A generated GAAD 16 (m/z 1675) and GmGD 20 (m/z 1031) while RNAse T1 generated AAD 16 D 17 GmG (m/z 1997) and D 20 AG (m/z 1001) (Figure S4). All dus single mutants showed an altered pattern. As expected, ΔdusA mutant converted D20 into U20 containing fragments (Figure S4). In ΔdusB, only AAD 16 D 17 G m G lost a -2 Da and in ΔdusC, both m/z 1675 and 1997 lost -2 Da likely arising from the lack of D16 (Figure S4).

Altogether these results summarized in figure 1B show that DusC and DusB are mono-site specific flavoenzymes responsible for D16 and D17 synthesis, respectively. In contrast, DusA is a U20/U20a bi-site specific enzyme like the eukaryotic Dus1p (U16/U17) and Dus4p (20a/20b). In agreement with phylogenetic observation, the specificity toward one target uridine seems to be evolutionary older than the bi-site specificity.

Biochemical characterization of E. coli DusB

Until now, the absence of a DusB structure has prevented us from understanding how nature generates specificity to distinct position in tRNA. We thus expressed, purified to homogeneity (Figure S5A) and characterize E. coli DusB. Like its orthologues, the enzyme is a monomer with an experimental molecular weight of ~ 34.7 kDa measured by SEC-MALLS (Figure S5B). The absorption spectrum of DusB shows that the protein is isolated with a flavin derivative (Figure 2A). The spectrum presents peaks at 373 and 464 nm characteristic of an oxidized flavin specifically bound to the enzyme. Addition of 0.1% SDS to protein sample releases the flavin carrying an absorption spectrum typical of free FMN. Therefore, DusB is a flavoprotein that binds FMN non-covalently.

Crystal structure and conformational dynamic characterization of E. coli DusB

The crystal structure of E. coli DusB was solved by molecular replacement at 2.5 Å using E. coli DusC as search template (Table S1). The asymmetric unit contains two identical DusB molecules (Rmsd = 0.18 over 242 Ca) resulting from the crystal packing (Figure S6A). However, as mentioned above, the active DusB is likely under a monomeric state. DusB is organized into two domains (Figure 2B). The N-terminal domain comprising residues 1 to 243 adopts a classical (/) 8 -Tim barrel fold. A clear density attributed to the non-covalently FMN coenzyme lies in the center of the beta-barrel, which is consistent with the catalytic function of this domain (Figure S6B). The residues S43 to I61 located between 3-4 are disordered. A linker of eight amino acids directly connects the last helix of the catalytic domain to the helix 1 of the C-terminal helical domain. The latter is formed by four parallel helix bundle and is known to participate to tRNA binding. Spatial orientation of both domains is maintained throughout extensive buried interfaces of 685 Å 2 . This interface involves mainly hydrophobic interactions with residues located in helix 1 and 8-8 loop of the catalytic domain and helix 1 and 2 of helical domain (Figure S7A). Curiously, the relevance of such orientation in solution has never been investigated so far. We therefore performed small-angle X-ray scattering coupled to size exclusion chromatography (SEC-SAXS) experiments on E. coli DusB. The resulting scattering curve is shown in figure 2 C. Curve analysis using Guinier approximation leads to a gyration radius ~ 23.3 Å. The normalized Kratky plot indicates that DusB is a globular and carries a compact conformation (Figure 2D S7B). The crystal structure being incomplete, we generated the 19 missing amino acids between S43 to I61 using bunch or coral (both gave similar results). As shown in figure 2A, the theoretical SAXS curve of the resulting model fits well the experimental data with a χ 2 ~ 1.8. This indicates that the crystal structure of monomeric DusB is a relevant form in solution.

Structural similarities and divergences between the three bacterial Dus orthologues

We generated a structural alignment between E. coli DusB, E coli DusC and T. therm DusA (Figure 3A). The catalytic domains align globally well between the three enzymes (rmds A vs B = 1.15 for 162 Cα and rmsd B vs C = 0.88 for 153 Cα). Interestingly, DusA ( 174 TKANREI 180 ) and DusC ( 41 LPVKV 45 ) carry specific insertion involved in tRNA recognition but not present in DusB. A significant divergence between DusA on the one hand and DusB and DusC on the other hand appears at the end of the Tim barrel, impacting dramatically the respective linker orientations. The structural divergence is even more prominent between the helical domains of DusB and DusA (Figure 3B) (Rmsd 7.09 over 50 Cα). In contrast, this domain is structurally close between DusC and DusB (Rmsd 3.89 over 62 Cα). The orientation of the helical domain is related to the tRNA binding mode. Therefore, the tRNA binding mode of DusB may likely be closer to DusC than DusA (see below).

Most of the strictly conserved active site residues in Dus enzymes are in interaction with the FMN (Figure 4A). For instance, the OE1 and NE2 of Q70 in E. coli DusB (Q68 in E. coli DusC and Q63 in T. therm DusA) make hydrogen bond with the N3 and the O2' of the isoalloxazine ring, respectively. In a similar way, the NZ of the conserved K139 (K139 in E. coli DusC and K132 in T. therm DusA) interacts with the O2' of the isoalloxazine. This conserved network of hydrogen bonds around the pyrimidine moiety likely contributes to the stabilization of the anionic hydroquinone, FMNH -, formed during the catalytic cycle. Hydrophobic residues (P16 and M17 in DusB, P8 and M8 in DusC, P10 and M11 in DusA) and a portion of the amide bond chain interacts with the re face of the isoalloxazine. The ribityl-phosphate moiety is stabilized by several ionic and hydrophobic conserved interactions involving H169, residues N200 to D202, G224 and R225 in E. coli DusB. These interactions involving similar residues are also observed in DusA and C (Figure 4A). Interestingly the S of the catalytic cysteine is located above the si face of FMN at 6.4, 4.4 and 4 Å from the N5 of the isoalloxazine ring of DusA, B and C, respectively. Note that this cysteine is proposed to serve the role of a general acid residue that protonates the reduced nucleobase intermediate in the modification reaction.

Evidence for a new uridine binding mechanism in Dus family

Interestingly in the structure of the Dus/tRNA complexes, the target uridine is stabilized by particular conserved interactions which are important for positioning the C6-uracil in a competent orientation for receiving the hydride anion from the N5-FMNH -(Figure 4B). The first one involves an ionic interaction between a strictly conserved asparagine side chain and the uracil C=O4' (Nλ0, λ7 and 95 in DusA, B and C, respectively). The second one involves an ionic interaction between the side chain of a polar residue and the uracil C=O2' carbonyl group (R178 in DusA and Y176 in DusC). In addition to these two ionic interactions, we have noticed that in DusA and DusC, the C5=C6 edge of the pyrimidine is in hydrophobic interaction with M36 and F33, respectively. Remarkably, in DusB, the residue corresponding to R178 and Y176 is the hydrophobic F177 residue. In addition, a positively charge residue K103 occupies the space corresponding to M36 in DusA and F33 in DusC. Thus an inversion of the active site polarity is evident in E. coli DusB and appears to be a feature specific to this bacterial Dus subfamily (see alignments Figure S8-10). This prompted us to verify how a uridine could be placed within DusB active site. Interestingly, when we modeled a uridine adopting the same orientation as DusA and DusC, we observed that the phenyl group of F177 was in the vicinity of the C=O2' carbonyl group of uracil, which is energetically unfavorable. However, when we rotate the base of 180° around the N1-C1 glucosidic bond, the C=O2' becomes perfectly poised to make a hydrogen bond with the K103 side chain and the C5=C6 edge of the uracil is in hydrophobic interaction with F177 (Figure 4B). This orientation is more stable since it allows the recovery of three peculiar interactions stabilizing the nucleobase (namely, two ionic interactions, Nλ7μC=O4', K103μ C=O2', and one hydrophobic interaction, F177μC5=C6). Moreover, such orientation would not affect the hydride transfer between N5-FMN and C6-uracil because the distance between the reacting centers are similar to that of two other bacterial Dus.

tRNA binding mode in Dus family

As shown from electrophoretic mobility shift analysis, DusB is able to bind tRNA by itself (Figure S11A). However, DusB and DusC do not form a covalent complex with tRNA unlike DusA. Indeed, this property allowed to crystallize DusA with tRNA phe . The resulting structure showed a covalent linkage between the S-C93 and C5-U20.

As shown in figure S12B, DusC-oriented tRNA is well adapted to the positive surface of DusB which appears to be complementary to that of tRNA. Such an arrangement does not produce clashes between the protein and the tRNA, with the exception of residues K104 and R107. A closer look at the active site shows that uridine 17 is not far from the N5-FMN (at ~ 8 Å). In drastic contrast, DusA-oriented tRNA produces numerous clashes essentially with the helical domain (from Y286 to N301) (Figure S11C). In addition uridine 17 is now located outside the active site, with the N5-FMN being placed at more than 18 Å away from the C6-uracil. Thus, neither tRNA binding of type A nor type C is satisfactory, indicating that DusB likely carries a new type of tRNA binding. Nevertheless, with a slight change in conformation of the protein and/or tRNA to eliminate clashes, the overall orientation of tRNA on DusB should be close to that of DusC.

Discussion

Our structural and functional characterization of the bacterial dihydrouridine synthases allowed us to propose an evolutionary mechanism of these flavoenzymes. This was possible on the one hand because we finally succeeded in unveiling the ambiguity about substrate specificity and on the other hand, we obtained the first structure of a DusB.

In fact, we clearly established that DusB and DusC are structurally and functionally more related than DusA. First of all, DusB and DusC are mono-site specific catalyzing the formation of two adjacent dihydrouridines, D17 and D16, respectively while DusA is a U20/U20a bispecific enzyme (Figure 1). Secondly, they likely share a similar tRNA binding mechanism (similarity in their: (i) helical domain (Figure 3), (ii) positive electrostatic surface delimiting the RNA binding site (Figure S12)). However, DusB differs from the other two enzymes by an inversion of its active site polarity, which would lead to a different orientation of the uracil (Figure 4B). In most tRNA-modifying enzymes, the N + 1 base is often flipped from its initial position to facilitate the hosting of the target base within the active site. In all tRNA, position 17 is invariably followed by G18. A flipping of G18 would have major consequences on tRNA structure because this base participates in tertiary interactions between the D-and T-loops that are intended to maintain the L-shaped conformation. Indeed, G18 forms a base pair with Ψ55 participating in an interaction network comprising, G18-Ψ55, T54-A58 reverse-Hoogsteen and the G19-C56. In addition, G18 is also involved in the complex purine base intercalation comprising of A58-G18 / G57-G19. Therefore the 180 ° rotation of the uracil around the glycosidic bond of the nucleoside U17 could in fact be a judicious strategy for avoiding the flipping of G18 and thus minimizing too large structural changes of the tRNA by DusB. This leads us to propose a scenario of the molecular events that have occurred during the course of evolution to adapt various Dus functional specificities to a same protein structure (Figure 5). DusB being the oldest, its mechanism of tRNA binding and base accommodation may have appeared first. The transition to DusC did not require a major tRNA reorientation since the target base is adjacent to that of DusB. The N+1 being a U17 or C17, recognition of the base could be relaxed allowing a change of the reorientation of the base which was conducted with a reversal of active site polarity. Finally, the bi-specificity of DusA was generated by the reorientation not only of the base but also of the tRNA. Acquisition of the various enzymes allowed incorporation of dihydrouridines at several places on the tRNA.

MATERIALS AND METHODS

MS analysis of purified E.Coli tRNAs

Bulk tRNA was extracted from E. coli strains BW25113 (F -, ∆(araD-araB)567, ∆lacZ4787::rrnB-3, λ - , rph-1, ∆(rhaD-rhaB)568, hsdR514) and its derivative ΔdusA743::kan, ∆dusB778::kan and ∆dusC767::kan. Cells were grown in 500 ml of LB (tryptone 10%, yeast extract 5%, NaCl 10 gL -1 ) to an OD600 of 0.8 and treated as previously described (REF NAR 2015). Purification of Arg tRNA ICG , Ile tRNA GAU , Leu RNA CAG , and was made with 5'biotinylated complementary oligonucleotide (TGGTGCATCCGGGAGGATTCGAACCTCCGACCG, TGGTAGGCCTGAGTGGACTTGAACCACCG and GGACTTGAACCCCCACGTCCGTAAGGACACTAACACCTGAAGCTAGCG, respectively) coupled to Streptavidin Magnesphere Paramagnetic particles (Promega). Annealing of specific tRNA was made in 1xTMA buffer (Tris-HCl pH 7.5 10 mM, EDTA 0.1 mM, tetramethylammonium chloride 0.9 M) by heating the mixture at 95°C for 3 minutes and 60°C for 30 minutes. Paramagnetic particles were then washed three times with 1xTMA buffer and specific tRNA was recovered by heating the final suspension at 95°C for 3 minutes. Specific tRNAs were desalted and concentrated four times to 50 μl in Vivaspin 500 devices (Sartorius ; 3,000 MWCO) using 100 mM ammonium acetate (pH 5.3) as a final buffer. For mass spectrometry analysis, about 50 μg of tRNAs were digested with 10 μg of RNAse A (Euromedex), which cleaves after C and U and generates 3′-phosphate nucleosides, in a final volume of 10 μl at 37°C for 4 h. One microliter of digest was mixed with λ μl HPA (40 mg/ml in waterμ acetonitrile 50μ50) and 1 μl of the mixture was spotted on the MALDI plate and air-dried ('dried droplet' method) as described previously. MALDI-TOF MS analyses were performed directly on the digestion products using an UltrafleXtreme spectrometer (Bruker Daltonique, France). Acquisitions were performed in positive ion mode.

Expression and purification of DusB E. Coli DusB gene was cloned between BamHI and NcoI in a pET15b vector and transformed into BL21DE3. Cells were grown in LB medium with the addition of 200 µM riboflavin and induction was carried with 0.5 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) at OD 600 of 0.6 and left overnight at 29°C. Cells were centrifuged and lysis was carried by sonication in 50 mM sodium phosphate pH 8 (NaP8), 2 M sodium chloride, 25 mM imidazole and 10 % v/v glycerol with the addition of 10 mM βmercaptoethanol and 1 mM phenylmethylsulfonyl fluoride (PMSF). Lysate was centrifuged for 40 minutes at 35 000 rpm and loaded on a NiNTA column (Qiagen) previously equilibrated with 50 mM NaP8, 2 M NaCl, 25 mM imidazole and 10 % glycerol. Extensive washing with the same buffer was carried prior to elution in 50 mM NaP8, 200 mM NaCl, 10 % glycerol and 250 mM imidazole. Concentrated protein was further purified by size exclusion chromatography on a HiLoad 16/600 Superdex 200 (GE Healthcare) equilibrated in 50 mM tris(hydroxymethyl)aminomethane pH 8 and 150 mM NaCl. Purity of the protein was assessed by SDS-PAGE.

Crystallization and structure determination

Initial crystals of DusB were obtained by mixing 1 µl of protein at 10 mg/ml in buffer 50 mM Tris pH 8 and 150 mM NaCl with 1 µl of 1.6 M lithium sulfate and 100 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) pH 7.5 by vapor diffusion at 292 K. Due to poor diffraction quality, crystallization assays at 277 K were carried and led to higher diffraction properties. Crystals were cryoprotected with a solution consisting of the reservoir supplemented with 15 % v/v glycerol and flash frozen. X-ray diffraction data were collected at 100 K on a single crystal at PROXIMA-2a beamline at the SOLEIL synchrotron (Saint-Aubin, France) using an Eiger X-9M. Data were indexed and processed using XDS and corrected for anisotropy with the STARANISO server (staraniso.globalphasing.org). Structure solution was obtained by molecular replacement with Phaser using as search template 2 monomers of E. Coli DusC (PDB code : 4BFA) that shares 29.4% sequence identity with DusB. A clear solution was obtained (TFZ = 12.8; LLG = 154.723) Refinement was done with autoBUSTER using NCS and alternating with manual building in Coot. The entire α-helical domain was rebuilt manually into the density. One TLS group per chain was used at the end of the refinement.

Binding assay

Electrophoretic mobility shift assays were carried for DusB using a 6 % native (19:1) PAGE at 4 °C with 100 V. Increased concentrations of proteins were added to a fix concentration of bulk tRNA lacking D17 (1µM) and incubated at room temperature for 20 minutes in 50 mM Tris pH 8, 10 % glycerol, 5 mM DTT, 150 mM ammonium acetate and 1 mM EDTA prior to migration. RNA was visualized by toluidine coloration and quantified using ImageJ.

SEC-MALLS

Analysis were done by size-exclusion chromatography (SEC) on a Superdex 200 10/300 GL (GE Healthcare) using a Shimadzu Prominence HPLC. Multi-angle laser light scattering (MALLS) was measured with a MiniDAWN TREOS equipped with a quasi-elastic light scattering module and a refractometer Optilab T-rEX (Wyatt Technology). Protein concentration was determined using a specific refractive index (dn/dc) of 0.183 at 658 nm.

SAXS data collection, analysis and model generation

SAXS experiments were performed at the SWING beamline at the SOLEIL synchrotron (Saint-Aubin, France) using an online high-performance liquid chromatography (HPLC). All scattering intensities were collected on the elution peaks after injection on a BioSEC-3 column (Agilent) equilibrated in 25 mM HEPES pH 8, 500 mM NaCl and 5% glycerol. Data were processed using FOXTROT. The radius of gyration (R g ) was calculated by the Guinier approximation. Ab initio shape reconstructions were performed by 20 independent Dammif runs averaged using Damaver and further refined by Dammin. Coral and bunch were used to construct the 19 missing residues (44 to 62) not observed in the X-ray structure. 10 independent runs in each case were averaged and compared to the experimental curve with crysol. Both approach led to similar models. summarizing the MALDI-MS results. The three tRNAs were digested independently with RNAse A and T1 generating specific fragments that were tested for via MALDI-MS. The detection of those oligonucleotides deriving from tRNAs purified from different strains is summarized in the three last columns. Absent means the fragment was not detected therefore absent in the extracted tRNA in contrast to present. recognition mechanism for tRNA. This was achieved by an integrative structural biology approach combining X-ray crystallography, nuclear magnetic resonance and small-angle Xray scattering experiments. Interestingly, we and others have shown that hDus2 is inactive on a transcript and requires the presence of modifications on tRNA for efficient formation of dihydrouridine. Several laboratories are currently decoding the network between modifications. Indeed, a specific order of incorporation is required. For instance, loss of one modification might impact another. Some RNA-modifying enzyme have no or reduced activity on a substrate lacking modification(s). No structural insights, as far as we know, into this tight connectivity (hidden code) are available as of yet.

The RNA modification field jumps into a new golden area thanks to the tremendous advance is analytical methods such as development of highly sensitive mass spectrometry tools. In addition, mild procedures for sample preparation and techniques to enrich low abundant RNA species have reinvigorated the field of RNA modifications. Ancient modified nucleotides such as pseudouridine previously believed to be specific to tRNA or rRNA were recently detected in mRNA. This expands the range of occurrence for known modifications in the transcriptome. Discovery of old modifications in new classes of RNA, raises the question: which RNA-modifying enzymes for which RNA? To exemplify: are known pseudouridine synthases targeting tRNA and rRNA also responsible for pseudouridine formation in mRNA?

Evidence so far suggest that the answer is yes and no but mostly further proofs are required! Furthermore, novel modified nucleotides are being discovered with probably more to come.

In that perspective, no modifications targeting the phosphate moiety involved in glycosidic bonds comprising RNA has been observed yet. In contrast, modified nucleotides are also present in DNA but to a lesser extend with only a few possibilities (~10). Remarkably, phosphorothioation has been recently identified in DNA (Wang L., Nature Chemical Biology, 2007). The presence of such modification in RNA should be tested since most of the work has solely relayed on the analysis of the purine and pyrimidine bases or the ribose while discarding the phosphates.

Lastly, the function of modifications is still poorly understood. This is mainly attributed to the fact that removal of a single modification has, in most cases, little impact on the phenotype. Use of expression cell free systems with components exhibiting different sets of modifications (rRNA, tRNA or mRNA) could shed light onto functional effects on translation. Similarly, comparison of deep-sequencing data and proteome mapping between different strains could unravel regulatory functions for these modified nucleotides.
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Fig 1 .

 1 Fig 1. The four canonical bases constituting RNA

Fig 3 .

 3 Fig 3. Chemical structure comprising RNA polymeric chain

Fig 4 .

 4 Fig 4. Canonical Watson-Crick pairs. Hydrogen bonds are shown in dots.

Fig 7

 7 Fig 7 illustrates the nomenclature of modified nucleosides. The nature of the chemical

Fig 7 .

 7 Fig 7. Nomenclature rule of modified nucleosides. The case of N 6 ,N 6 ,2'-Otrimethyladenosine (m 6 2 Am) is taken as example. (from Carell T., et all Angewandte Reviews 2012, 51) Modified nucleotides are classified in two categories: simple modifications or hypermodified bases. This classification depends on the chemical nature of the modification.

Fig 8

 8 Fig 8 shows examples of simple post-transcriptional modifications. A single enzymatic step is usually involved in their synthesis, carried by a single enzyme. These simple modified nucleotides are the most abundant ones in vivo.

Fig 12 .

 12 Fig 12. Modifications sorted by their occurrence in the three domains of life. Enclosed by a box are the modifications found in organelles. (adapted from Jackman J. E. and Alfonzo J. D. WIREs RNA 2013, 4,35-8)

Fig 17 .

 17 Fig 17. Schematic representation of standard tRNA L-shape structure (A) yeast tRNA Phe (Class I tRNA) and (B) T. Thermophilus tRNA Tyr (Class II tRNA). Nucleotides involved in stems are shown in gray circles while those implicated in tertiary interactions in colored squares. Tertiary base pairing bonding interactions are in dashed lines. The anticodon triplet is highlighted. (adapted from Olivia R., Cavallo L., Tramontano A., Nucleic Acids Research 2006, 865-879 & Chawla M., Abdel-Azim S., Oliva R., Cavallo L., Nucleci Acids Research 2014, 714-726)

Fig 18 .

 18 Fig 18. Examples of predicted secondary structure for mt tRNAs.
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 22 Fig 22. T box riboswitch mechanism. (A) and (B) show the switch mechanism upon binding aminoacylated or uncharged tRNA respectively (from Green . J., Grundy F. J., Henkin T. M., FEBS Letters, 2010, 318-324)

Fig 25 .

 25 Fig 25. Conformational differences between unmodified E.Coli tRNA Phe (blue) and modified Yeast tRNA Phe (yellow and red) with 63% sequence identity. (from Byrne R. T., Konevega A. L., Rodnina M. V., Antson A. A., Nucleic Acids Research, 2010, 4154-4162)

Fig 26 .Fig 27 .

 2627 Fig 26. Ψ55 in tRNA Phe X-ray structure showing a coordinated water molecule between the phosphate moiety and N1. Impact of modifications on the anticodon stem loop (ASL) structure has been extensively studied via molecular dynamics and NMR due to its limited size (~12 nucleotides) 145,160,161 . The heavily and consistently modified positions 34 and 37 shape the architecture of the anticodon by constraining its dynamic and limiting alternative conformations (fig 27) 162,163 . As a result, modified bases at those positions reinforce the Uturn of the anticodon loop and restrict its size to seven bases. Indeed, ASL of E.coli tRNA Phe lacking modifications collapses into a 7 base pair stem and 3 base loop instead of the functional 5 base pair stem and 7 base loop 164,165 . The bulky chemical nature of modifications targeting those positions (such as cmo 5 U, t 6 A, mnm 5 s 2 U, yW…) increases their hydrophobic character and reduces water accessibility thus constraining structural motion. This tight regulation of anticodon loop into a U-turn probably reduces the entropic barrier during codonrecognition upon binding to the ribosomal A-site, thus regulating translation efficiency (this will be further discussed in the next section). However, a study on ASL construct of E. coli tRNA Arg1,2 failed to observe its organization into a U-turn (in contrast to the ASL in the structure of the full length tRNA Arg1,2 in complex with its ArgRS 166 or bound to the A-site 167 ) despite conformational and thermodynamic changes upon introduction of several posttranscriptional modifications168 . This implies that long range interactions in the tRNA chain can also modulate the anticodon structure or that loop flexibility is required for codon recognition.

Fig 30 .

 30 Fig 30. (A) Crystal structure of H. Marismortui 50S ribosome with bound linezolid. (B) Model describing the effect of methylation at A2503 on antibiotic binding. (adapted from Locke J. B., et al., Antimicrobial agents and chemotherapy, 2010, 5337-5343)
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 531232 Fig 31. Structure with atomic numbering of riboflavin, FMN and FAD. (from Mishanina T. V., Kohen A., J. Compounds and Radiopharmaceuticals, 2015)

Fig 33 .

 33 Fig 33. Biological function of flavoenzymes.(from Joosten V., Berkel W. J., Current Opinion in ChemicalBiology, 2007) 

Figure 37 .

 37 Figure 37. Methylation activity of TrmFO using an indirect in vitro methylation assay.

Fig 43 .

 43 Fig 43. Active site of one subunit of ThyX TM crystallized in anaerobic conditions with synthesized CH 2 =(N5)FAD. Unpublished result

Fig 44 .

 44 Fig 44. Oligomeric state of TrmFO BS assessed by gel filtration on S200 10 300 increase in (A) 10 mM sodium phosphate pH 8 + 0.4 M urea, (B) 10 mM sodium phosphate pH 8 + 1 M urea and (C) 10 mM sodium phosphate pH 8 + 1.5 M urea + 200 mM NaCl. In the inserts are shown the incubation time prior to injection. Unpublished result A major question that remains answered is how TrmFO binds tRNA? In the future, efforts should be focused on resolving the issue regarding the long distance uridine activation paradox involving the nucleophilic Cys226 (conformational changes vs dimerization). Cross-

Figure 1 .

 1 Figure 1. (A) Chemical structure of FAD and its constituting moieties. (B) Sequence alignment of the N-terminal regions of TrmFO TT and TrmFO BS . The flavoproteins are classified by a consensus sequence containing the amino acid side implicated in the binding of the ribose diphosphate of FAD. The consensus sequence of the TrmFO family is delimited by a blue box and is shared by the glutathione reductase. The sequence and the boundaries of TrmFO TT and TrmFO BS ASL are delimited by the red box. (C) Electrostatic surface (±5 kT/e, red for negative and blue for positive) of the TrmFO TT FAD binding site. The FAD molecule is represented as yellow sticks. The 5′-ADP of the FAD moiety is completely wrapped by the N-terminal region of the ASL, whereas the isoalloxazine is stacked against the phenol group of the conserved Y343 (green). The OH group of the side chain of Y346 is poised 3.2 Å from the NH amide of the conserved C51 (red).

Figure 2 .

 2 Figure 2. (A) Gel shift assays of wild-type holo-TrmFO and the aspurified Y346 mutants with bulk tRNAs. The first lane contains tRNA (10 μM) in the absence of protein, while the following lanes correspond to the tRNA (10 μM) mixed with increasing amounts of protein (2.12, 4.25, 8.5, 17, 34, 68, and 136 μM). (B) SDS-PAGE gel after Coomassie blue staining showing the formation of a covalent complex between either wild-type holoprotein or Y346 TrmFO mutants and the 5-FU-mini-RNA. (C) Time course for the tRNA m 5 U54 methylation activity of TrmFO BS . All the reactions were monitored as described in Materials and Methods. The [α-32 P]UTPlabeled tRNA Asp transcript was incubated at 37 °C under aerobic conditions with 0.2 μM freshly purified TrmFO and the reaction stopped at different times. The relative amount of m 5 U formed per tRNA molecule was determined by autoradiography.Note that the activity must be conducted with freshly purified protein; otherwise, no activity was detected. Addition of free FAD (10 μM) to the Y346 mutants did not affect their kinetics of tRNA methylation. Although the wild-type apoprotein was able to bind the tRNA properly, the protein was inactive most likely because of the loss of the MS during the KBr treatment.

Figure 3 .

 3 Figure 3. Fluorescence emission spectra of FAD in the presence of increasing concentrations of (A) Y346A, (B) Y346F, and (C) wildtype apoprotein in 50 mM sodium phosphate (pH 8). With the mutants, the fluorescence increased following addition of protein with a concomitant 525 to 520 nm blue shift. The insets are the variations of maximal fluorescence vs the concentration of added protein fitted to a one-binding site equation (eq 1). The dissociation constants of FAD for wild-type, Y346A, and Y346F TrmFO were 0.12 ± 0.02, 0.3 ± 0.06, and 0.6 ± 0.1, respectively.

Figure 4 .

 4 Figure 4. (A) Kinetics of dissociation of FAD from the reconstituted apoprotein-FAD complex. The kinetics corresponding to wild-type TrmFO is shown in the inset. In the Y346 mutants, the dissociation of FAD is reflected by the decrease in fluorescence at 520 nm, while for the wild type, it provokes an increase in fluorescence. The kinetics were fitted to a single exponential. (B) Kinetics of binding of FAD to Y346 mutants under pseudo-first-order conditions in 50 mM sodium phosphate (pH 8). The inset shows the observed rate constants for FAD binding as a function of protein concentration.

Figure 5 .

 5 Figure 5. Limited proteolytic profiles in the absence and presence of FAD for (A) wild-type apoprotein, (B) Y346F, and (C) Y346A TrmFO. The mild trypsinolysis kinetics were conducted with the incubation of ∼4 μM protein and a 1/200 mass ratio of trypsin for different times and stopped by the addition of the serine protease inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride (Perfabloc SC, Euromedex). For the experiments in the presence of FAD, the wildtype apoprotein or the Y346A or -F mutant (∼4 μM) was incubated with 40 μM FAD for 15 min prior to trypsin treatment. Digested protein (7.5 μg) was loaded on a 12% SDS-polyacrylamide gel and analyzed by Coomassie blue staining.

Figure 6 .

 6 Figure 6. Surface representation of a TrmFO BS homology model with a close-up on the FAD finding site. The ASL is colored red, and R59 determined to be the cleavage site of tryprin is represented as sticks.
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Figure 7 .

 7 Figure 7. Proposed mechanism of FAD recognition and binding by the apoprotein.

Figure

  Figure S2. Far UV circular dichroism spectra of the 9 :+ holo TrmFO and Apo TrmFO, Y346F and Y346A TrmFO mutants. The spectra were acquired in a quartz cell of 0.4 mm optical path length at 20˚C. The final concentration of the proteins was ~ 0.1 mg/ml (determined by the Bradford method) in 5 mM sodium phosphate buffer pH 7.5.

Figure

  Figure S3. (A) Absorption spectra of the freshly purified 9 :+ holo TrmFO and its mutants in 50 mM sodium phosphate pH 8, 300 mM NaCl, 20% glycerol. (B) Absorption spectra of the reconstituted holoprotein of Y346 TrmFO mutants. A solution of free FAD at 12 M (black) in 50 mM sodium phosphate pH 8, 300 M NaCl and 20 % glycerol was mixed with two molar equivalents of freshly purified Y346A (light blue) or Y346F (light pink). The wavelength at maximum absorbance peak of the S0 S1 transition region is also indicated.

Figure S4 .

 S4 Figure S4. Effect of the addition of 9:+ Apo TrmFO on the fluorescence emission of riboflavin and FMN. The emission fluorescence spectra of riboflavin alone or FMN alone and in complex with the proteins were recorded in a quartz cuvette at room temperature.The excitation and emission slits were set at 2.5 and 5 nm, respectively. After exciting at 450 nm, the fluorescence emission was recorded every nm from 460 to 700 nm. The resulting spectra were corrected from the contribution of the buffer (50 mM sodium phosphate pH 8.0). The concentration of riboflavin and FMN were 8 and 5 CM, respectively. The concentration of the protein was varied from 2 to 32 M but we did not observe any spectral changes in the emission spectra of the either the riboflavin or FMN indicating that the wild type apo TrmFO did not bind these latter. The same results were observed with both Y346A and Y346F mutants.

Figure S5 .

 S5 Figure S5. Effect of ADP on the fluorescence emission of the FAD reconstituted Y346A (A) and Y346F (B) mutants. The reconstituted FAD protein complex was generated by the incubation of 5µM of FAD with 10 µM of Y346A or Y346F mutant in 50 mM sodium phosphate pH 8. After 10 min of incubation time, the ADP was added to a final concentration of 1 mM (gray curves).

Figure S6 .

 S6 Figure S6. Effect of inorganic phosphate or MgCl2 on the FAD bimolecular association constant of Y346 mutants. FAD (1 CM) was rapidly mixed with 20 M of protein (Y346F (■) and Y346A (•)). The reactions were performed in reaction buffer 100 mM Tris HCl pH 8 + 150 mM NaCl containing various concentration of MgCl2 (0, 5, 10, 20, 40 and 80 mM) or in sodium phosphate buffer pH 8 at various phosphate concentration (1, 4, 31, 16, 7.8, 62.5, 125 and 250 mM). FAD fluorescence was recorded by exciting at 450 nm and collected through a GG 455 nm cut off filter. Up to three transients were collected and averaged for each condition. The observed rates (; obs ) were determined by fitting the averaged transients to single exponential equation (Eq. 2).

Figure S7 .!

 S7 Figure S7. Normalized fluorescence emission transition curves for the pressure induced unfolding of 9 :+ holo TrmFO and its Y346 mutants. The experiments were conducted in 50 mM Tris HCl pH 8, 300 mM NaCl with TrmFO protein at a final concentration of ∼35 CM. Nophotobleaching was observed under our experimental conditions. Following each pressure increment, the enzyme was allowed to equilibrate at least 5 min before fluorescence emission recording.

Figure S9 .

 S9 Figure S9. Fluorescence emission spectra of ANS alone (black), in the presence of 9 :+ holo TrmFO (green) or Y346F (blue) or Y346A (red) TrmFO mutants. In these experiments, the final concentration of ANS was 200 M while the proteins were at 3 M in 50 mM Tris HCl pH 8, 300 mM NaCl and at room temperature. The ANS fluorescence spectra were recorded at λex 370 nm.

Figure

  Figure S10. , / " . (A) coverage of full length wild type apoprotein (identical in full length Y346 variants) is shown in boldface after Asp N proteolysis. Underlined N terminal peptides are not detected in lower bands of truncated wild type apo TrmFO and Y346 mutants. (B) zoom of MALDI mass spectra of full length (upper panels) and truncated forms (lower panels) of wild type apo TrmFO and variants. Peptide 60 71 detected exclusively in truncated forms indicate a mild trypsinolysis site at R59.

Figure 1 .

 1 Figure 1. Thermal stability of the holo-and apoprotein forms of Bacillus subtilis TrmFO measured by circular dichroism spectroscopy. (A) Structural model of TrmFO from Bacillus subtilis.The FAD binding domain is subdivided into two subdomains (Nt-subdomain in pink and Ct-subdomain in purple) by an inserted domain (in dark green). The FAD cofactor is represented in yellow sticks. The two catalytic cysteines, C53 and C226 as well as the tyrosine Y346 stacked against FAD isoalloxazine ring are shown in ball sticks. (B) Chemical structure of the different FAD species observed in a fresh protein preparation of wild type TrmFO. The species 1 is oxidized FAD while 2 is a N5 alkylated twoelectron reduced FAD reduced covalently bound to the polypeptide of TrmFO via the conserved C53 residue. Form 3 is the one electron oxidized product of 2. The mutant C53A is a holoprotein form of TrmFO containing exclusively the species 1 while Y346A and Y346F are apoprotein forms of TrmFO. (C) Thermal denaturation curves of wild-type and mutant TrmFO recorded by circular dichroism at 222 nm. The blue curves are those followed at low ionic strength in 10 mM sodium phosphate pH 8 while curves in red are obtained at high ionic strengths in a 50 mM HEPES buffer, pH 7.5, 100 mM ammonium acetate. (D) Histograms representing T 1/2 values of wild type TrmFO and mutants in the presence of 10 mM sodium phosphate, pH 8 (black) or in the presence of 50 mM HEPES, pH 7.5, 100 mM ammonium acetate (gray) which is the activity buffer of the enzyme.

Figure 2 .

 2 Figure 2. Arrhenius-like plots obtained by differential scanning calorimetry for the two-state reaction of thermal-induced denaturation of wild type TrmFO and its mutants.

Figure 3 .

 3 Figure 3. Partial denaturation of the secondary structure of TrmFO in 10 mM sodium phosphate, pH 8. (A) Far-UV spectrum of Y346A TrmFO recorded between 190-250 nm at different temperatures ranging from 20 C (bold blue) to 80 C (light bold blue). (B) Normalized kinetics of temperatureinduced partial loss of secondary structure of Y346A TrmFO recorded by CD at 222 nm and at 50 C (in Blue). Temperature-induced light scattering kinetic of Y346A TrmFO followed by absorbance at 260 nm and at 50 C.

Figure 4 .

 4 Figure 4. Characterization of TrmFO oligomerization by dynamic light scattering (DLS). (A) Normalized scattered intensity I/I0 measured by DLS for wild type and Y346A TrmFO (0.2 mg.ml -1 ) in black solid circles and open circles, respectively. (B) Intensity size distribution derived from the NNLS analysis of the sample at 20, 36 and 48°C for the wild type (bottom box) and Y346A (upper box) TrmFO.

Figure 5 .

 5 Figure 5. Size exclusion profile of folded and heated TrmFO. Analysis was carried on a Superdex 200 increase 10/300 GL in 10 mM sodium phosphate, pH 8, 100 mM NaCl (red curve) and after heating up to 70 °C in 10 mM sodium phosphate pH 8 (black curve). The units are reported in a.u x 10 -3 . The respective molecular weights and hydrodynamic radius (Rh) of TrmFO determined by SEC-MALLS are shown in Figure S1.

Figure 6 .

 6 Figure 6. Negative staining electron microscopy of temperature-induced Y346A TrmFO oligomers in 10 mM sodium phosphate pH 8 with a protein concentration of 0.1 mg/mL (A), 1 mg/mL (B) and in the presence of 200 mM NaCl (C). (D) Fluorescence emission spectra of thioflavin alone (purple), in the presence of folded Y346A TrmFO (blue) and in the presence of soluble oligomers of Y346A TrmFO (red). (E) Absorbance spectra of Congo red alone (red) and in the presence of Y346 TrmFO oligomers (blue). The inset is the delta spectrum between the oligomers bound and free Congo red. (F) Emission fluorescence spectra of free ANS (blue dotted line) and bound to the soluble oligomers of Y346A TrmFO (light purple).

Figure 7 .

 7 Figure 7. Identification of the regions of TrmFO that have undergone local unfolding during thermal denaturation. (A) Location of the residues accessible to the trypsin (shown as red spheres) are shown on the structural model of Bacillus subtilis TrmFO. (B) Predicted aggregation free energy profile of Y346A TrmFO showing the regions that are prone to aggregation. One energy unit is equivalent to 2 kBT at room temperature that is 1.192 kcal/mol. For highly confident region detection, the top energy

Figure 8 .

 8 Figure 8. Characterization of the oligomerization process of ∆1-59 TrmFO. (A) Gel filtration profile of ∆1-59 TrmFO generated from mild trypsinolysis of Y346A TrmFO. The gel filtration was done on a Superdex 200 increase 10/300 GL in 10 mM sodium phosphate, pH 8, 100 mM NaCl. The inset is a SDS-PAGE showing the bands corresponding to full length Y346A TrmFO and to ∆1-59 TrmFO. (B) Far-UV CD spectra of full length Y346A TrmFO (red), ∆1-59 TrmFO (blue) and ∆1-59 TrmFO incubated at 4 C for 48 hours (dark pink) (C) Kinetic of oligomerization of full length Y346A TrmFO (red) and ∆1-59 TrmFO (blue) in the absence of salt at 50°C followed at 260 nm with a protein concentration of 0.2 mg/mL. (D) Kinetic of oligomerization of full length Y346A TrmFO (red) and ∆1-59 TrmFO (blue) in the presence of 200 mM NaCl at 50°C followed at 800 nm with a protein concentration of 0.2 mg/mL. (E) and (F) are the negative staining electron microscopy of temperatureinduced ∆1-59 TrmFO oligomers in 10 mM sodium phosphate pH 8 without NaCl and supplemented with 200 mM NaCl, respectively.

Figure 9 .

 9 Figure 9. Protecting role of tRNA against TrmFO oligomerization. (A) Kinetic of TrmFO oligomerization in the absence and the presence of 1eq of bulk Bacillus subtilis tRNA or in the presence of pretreated tRNA with RNAse A. (B) Negative staining electron microscopy of ∆1-59 TrmFO heated with tRNA. (C) Electrophoretic mobility shift assay of tRNA in the presence of increasing concentration of Y346A TrmFO (upper box) or ∆1-59 TrmFO (lower box). (D) tRNA binding isotherm of Y346A TrmFO (red) and ∆1-59 TrmFO (blue). (E) Structural model of Bacillus subtilis TrmFO holoenzyme in complex with a miniRNA performed as described in ref 22. The Nt and Ct FAD binding subdomain are in pink and purple, respectively, whereas the inserted domain is in green. The 1-59 first residues within the Nt-subdomain are red colored. The FAD is in yellow sticks. The model shows the U54 in gray flipped-out from the T-loop of the miniRNA. (F) Effect of tRNA on the mild-trypsinolysis kinetic of Y346A TrmFO.

Figure 2 .Figure 4 .

 24 Figure 2.

Figure 1 .

 1 Figure 1. Flavin and folate-dependent C5-uracil methylation reaction catalyzed by ThyX, TrmFO and RlmFO. The methylene moiety being transferred from the folate carrier (5,10 methylenetetrahydrofolate, CH 2 =THF), to the substrate, is in red while the hydride from the reduced flavin (FADH -) used to reduce CH 2 into the final exocyclic CH 3 group is in blue.

Figure 2 .

 2 Figure 2. Strategy for the activation of the inactive tRNA methyltransferase and thymidylate synthase apoproteins by a synthetic catalytic intermediate (A) Postulated mechanism for formation of the flavin iminium methylating agent FAD(N5)=CH 2 (4) common to ThyX, TrmFO and RlmFO [6a, 6c, 6d]

cerevisiae 9

 9 and a few months later in Escherichia coli7 by two independent teams. In the first instance, a biochemical genomic approach was used were 6144 strains expressing different open reading frames (ORF) fused with a glutathione S-transferase gene (GST) were tested for dihydrouridine activity on 32 P-pretRNA Phe followed on two dimensional thin layer chromatography. A single GST-ORF product showed dihydrouridine activity, namely YML080w. The protein encoded by YML080w was named Dus1. Purification of Dus1 was carried and activity could be detected solely in the presence of NAD(P)H. Furthermore, a 25 fold increase in activity was measured upon addition of FAD to the purified protein showing that Dus1 is a flavoenzyme. Further bioinformatics study using Dus1 as search template enabled the identification of a second dihydrouridine gene (dus2) that was confirmed to have dihydrouridine activity. In the case of E. coli, comparison of cluster of orthologous groups (COG) was carried between P. furiosus that lacks D and three organisms containing D (E.coli, B. subtilis and M. thermoautotrophicum). This led to the identification of COG0042 as a potential candidate. In E. coli, three members DusA (previously yjbN), DusB (previously yhdG), and DusC (previously yohI) are comprised in COG0042. D content in E. coli tRNAs extracted from single knockouts strains of DusA, DusB and DusC was quantified by colorimetric assay. A lower D content in tRNAs was measured upon deletion of the respective genes thus identifying their implication in dihydrouridine formation. Two other Dus were identified two years later in S. cerevisiae, namely Dus3 and Dus4, upon quantifying D in cellular RNAs extracted from yeast knockouts strains via HPLC analysis of nucleosides 8 .

  achieved by purifying three distinct tRNAs harboring D at different positions, namely tRNA Phe (D16 &D7), tRNA Leu (D20 &D20b) and tRNA Tyr (D16, D17, D20, D20a, D20b & D47). Analysis of the D content by HPLC in those tRNAs extracted from different single or double yeast knockout strains lacking the respective Dus genes, corroborated with position mapping by primer extension, identified Dus1 as responsible for both D16 and D17, Dus2 catalyzing D20, Dus3 modifying D47 and Dus4 reducing both D20a and D20b. Importantly, in S. cerevisiae, dihydrouridine synthases exhibit non redundant (non-overlapping) activities in vivo meaning that each Dus is assigned a specific position(s). Therefore, Dus1p and Dus4p are bi-site specific enzymes that modify two different positions on the D-loop of the tRNA, U16/U17 and U20a/U20b, respectively. In contrast, the two others, Dus2p and Dus3p, catalyze the synthesis of D at unique position (mono-site specific), 20 and 47 located within the V-loop, respectively.

FMNH 2 Fig 48 .

 248 Fig 48. Speculative scenario of the evolutionary history of the Dus family. Three major branches correspond to the three Domains of Life. Bifurcations represent duplications (giving rise to paralogous families) and horizontal lines represent horizontal gene transfers.

  while no structural information on eukaryotic Dus was available prior to my PhD work. Upon structural comparison (fig 49), the general fold is conserved with a N-terminal catalytic domain organized into a TIM barrel with bound FMN in its center and a C-terminal α-helical domain; constituting the bona-fide "Dus domain". The orientation between both domains varies according to the Dus enzyme. How these enzymes carrying the same fold with a conserved active site are able to act on specific uridines at spatially distinct faces on the same tRNA is a perplexing question.

Figure 1 .

 1 Figure 1. Structural and functional modularity of HsDus2. (A) Domain architecture of HsDus2. The boundaries of each domain are based from our mild proteolysis coupled to MS-MALDI analysis as well as crystal structures. The numbering of the residues does not take into account the irst histidine of the His-Tag but it starts at the N-terminus methionine. While the TIM barrel (green) and the ␣-helical sub-domain (blue) are strictly conserved among the Dus family, the dsRBD is found only in Dus2 from animals. The combination of the TIM barrel and the ␣-helical sub-domain forms the so-called 'Dus domain' referred as HsDus2 dusD in the text. The C-terminal extension ranging from 451-493 is predicted as an unstructured region. (B) Mild trypsinolysis pattern of HsDus2 with and without its substrates. (C) Oxidation of NADH and NADPH by HsDus2 and HsDus2 dusD under steady state conditions. (D) In vitro quantiication of average dihydrouridine content per tRNA in (a) wild type yeast bulk tRNA, (b) bulk tRNA extracted from yeast deleted of dus2 (bulk dus2 tRNA), (c) bulk dus2 tRNA in the presence of HsDus2 and NADPH, (d) bulk dus2 tRNA in the presence of HsDus2 dusD and NADPH and (e) bulk dus2 tRNA in the presence of HsDus2 dsRBD and NADPH. The resulting errors are obtained from the average of 5 independent experiments.

Figure 2 .

 2 Figure 2. MALDI-MS analysis of digested tRNAs extracted from complemented dus2 yeast. MALDI-MS spectrum of RNAs fragments resulting fromRNAse A digestion of bulk tRNAs originated from wild-type BY4741 (MATa; his3 1; leu2 0; met15 0; ura3 0) strain transformed by empty pCM190 vector (A), from dus2 BY4741 dus2::kanMX4 strain transformed by empty pCM190 (B) HsDus2-pCM190 (C) HsDus2 dusD -pCM190 (D)or by HsDus2 dsRBD -pCM190 vector (E). Peaks are identiied by there m/z value and the corresponding trinucleotide obtained after RNAse A digest of bulk tRNA. T is ribothymidine, ' is 1-methyladenosine, L is 2-methylguanosine, K is 1-methylguanosine and # is 2 ′ -O-methylguanosine.

Figure 3 .

 3 Figure 3. Implication of HsDus2 domains in the binding of tRNA. The ability of HsDus2 (A), Saccharomyces cerevisiae Dus2p (B), HsDus2 dsRBD (C), and HsDus2 dusD (D) to form stable complexes with bulk tRNA was tested by gel shift assays. The irst line corresponds to the tRNA alone while the following lines correspond to the tRNA (10 M) mixed with increasing amounts of protein (1.06, 2.12, 4.25, 8.5, 17, 34, 68 and 136 M).

Figure 4 .

 4 Figure 4. Structural characterization of the human Dus2 domain. (A)The structure of HsDus2 dusD shows the typical (␣/␤) 8 TIM barrel fold (␣ helices in green, ␤ strands in yellow) but contains three additional ␤ strands (red). The FMN coenzyme (yellow) lies at the center of the barrel. This domain is directly connected to the ␣-helical sub-domain (blue). (B) Molecular interface between the TIM barrel and the helical sub-domain. The interface is mainly hydrophobic and stabilized by hydrogen bonds, -cation interactions (R21-Y283, R290-W247) and one salt-bridge (D33-K276).For clarity, residues belonging to ␣11, ␣12 and part of ␣13 are not displayed. (C) HsDus2 active site showing the molecular interaction between the FMN redox cofactor (yellow) and the residues in its immediate vicinity (green). For simplicity, only the major FMN conformation is displayed.

Figure 5 .

 5 Figure 5. Comparison of the electrostatic surface of the TIM-barrel and helical domains of HsDus2 (A), DUS from T.thermophilus (B, pdb 3b0p), from E.coli (C, pdb 4bfa) and from a putative lavin oxidoreductase from T.maritima (D, pdb 1vhn). The electrostatic potentials displayed are within ± 5 kTe -1 and were calculated with APBS. The electrostatic surface of the helical domain of HsDus2 is less positively charged with respect to the bacterial dihydrouridine synthases and may explain the weak interaction of HsDus2 dusD with tRNA. The FMN is shown in yellow spheres.

Figure 6 .

 6 Figure 6. Structure of the dsRBD and model of dsRNA binding mode. (A) Crystal structure of HsDus2 dsRBD (Glu347-Lys451) showing all the residues conserved among the dsRBDs family and the novel extension at the N-terminal region of the canonical ␣␤␤␤␣ fold. (B) Structural alignment of HsDus2 dsRBD(in gray) with X. leavis RBPA dsRBD (pdb 1DI2) in complex with a dsRNA fragment (in green). The conserved residues known to be implicated in the dsRNA binding in classical dsRBDs are shown in HsDus2 dsRBD . Both dsRBDs align with the exception of the ␤3 strand and the ␤1-␤2 loop, which are oriented in the opposite direction from dsRNA. In this superposition, several conserved regions of HsDus2 dsRBD usually involved in RNA binding in dsRBDs are in contact with the dsRNA without provoking clashes. Therefore, this model could relect the way HsDus2 dsRBD binds a double stranded region of its tRNA substrate. Helix ␣1 snugly ills the minor groove of the dsRNA, while the N-terminal tip of helix ␣2 caps the major groove. The basic residues Lys371, Lys419 and Lys420, located in conserved motifs, are oriented towards the phosphodiester backbone of nucleotides from the major groove as in the functional conformations observed in RNAse III(34). Moreover, Arg397 located in the N-terminal region of the ␤2 strand contacts the minor groove of the dsRNA by interacting with a nucleotide ribose moiety, contrasting with the interaction made by the ␤1-␤2 loop in the RNA binding protein A complex. Although the N-terminal extension carries several basic residues, these do not interact with the dsRNA.

Figure S1 .

 S1 Figure S1. Sequences alignment of HsDus2 dusD with several bacterial Dus proteins.

Figure S8 .

 S8 Figure S8. Representation of the topology of the individual domains of HsDus2. Secondary structure elements are labeled α for helices, β for strands and η for 3 10 helices. The first and last residues of each secondary structure element are indicated. A) Topology of HsDus2 dusD . The helices and strands of the TIM-barrel α8/β11 are in green and yellow, respectively. The 3 additional β strands inserted in the TIM-barrel are in red. The secondary structure elements belonging to the α-helical C-terminal domain of the TIM-barrel are in blue. B) Topology of HsDus2 dsRBD . The color code is as in figure 4. The Nterminal extension is in magenta. The figure was prepared with Pro-origami (18)

Figure S10 .

 S10 Figure S10. Comparison of the crystal structures of the TIM-barrel and the helical domains of the Dus proteins: (A) HsDus2 dusD (B) T. thermophilus (pdb 3b0p), (C) E. coli (pdb 4bfa) and (D) T. maritima (pdb 1vhn).

Figure

  Figure S11. (A) Stereo-view of structural alignment of the TIM-barrel domain of HsDus2 dusD (green) T. thermophilus (cyan), E. coli (magenta) and T. maritima (orange). (B) Plots representing the RMSD versus residue resulting from the structural alignment of HsDus2 dusD with TthDus (B) or with EcDusC (C) or TmDus (D).

Figure 1 .

 1 Figure 1. Identification of E. Coli Dus specificity from single knockouts strain. (A) Secondary cloverleaf structure of three tRNAs used in this study. The anticodon is shown in red while the positions of interest are labeled in blue. (B) Tablesummarizingthe MALDI-MS results. The three tRNAs were digested independently with RNAse A and T1 generating specific fragments that were tested for via MALDI-MS. The detection of those oligonucleotides deriving from tRNAs purified from different strains is summarized in the three last columns. Absent means the fragment was not detected therefore absent in the extracted tRNA in contrast to present.

Figure 2 .

 2 Figure 2. Functional and structural characterization of E. coli DusB. (A) UV-visible spectrum of folded and SDS-induced unfolded EcDusB showing the presence of FMN cofactor. (B) X-ray structure of DusB shows its organization into two domains, a typical (α/β) 8 Tim Barrel (in green cartoon) harboring the Flavin mononucleotide cofactor (FMN) at its center (yellow sticks) and an αhelical domain involved in RNA recognition (blue helix). (C) Superposition of the experimental (black) and theoretical scattering curves (red) computed by crysol using DusB X-ray structure with the addition of unobserved residues optimized using bunch or coral. (D) Kratky plot of E. coli DusB.

Figure 3 .

 3 Figure 3. (A) Structural alignment of TtDusA (3B0P), EcDusB (this study) and EcDusC (4BFA) showing a conserved fold. (B) Structural divergence of the helical domain of the bacterial Dus enzymes.

Figure 4 .

 4 Figure 4. Active site of bacterial Dus flavoenzymes and binding of the uridine target. (A) Molecular interaction between the FMN redox entity (yellow sticks) and the residues at its proximity involved in polar contacts. (B) Uridine binding mode in the active site as seen in the structures of TtDusA and EcDusC in complex with tRNA and EcDusB as proposed here.

Figure 5 .

 5 Figure 5. Structural and functional evolution strategy of bacterial Dus enzymes.
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Table 1 .

 1 12 family geometrical classification of RNA base pairing

	Group number	Glycosidic bond orientation	Edges implicated in base
			pairing
	1	Cis	Watson-Crick:Watson-Crick
	2	Trans	Watson-Crick:Watson-Crick
	3	Cis	Watson-Crick:Hoogsteen
	4	Trans	Watson-Crick:Hoogsteen
	5	Cis	Watson-Crick:Sugar edge
	6	Trans	Watson-Crick:Sugar edge
	7	Cis	Hoogsteen:Hoogstenn
	8	Trans	Hoogsteen:Hoogstenn
	9	Cis	Hoogsteen:Sugar Edge
		Trans	Hoogsteen:Sugar Edge
		Cis	Sugar Edge:Sugar Edge
		Trans	Sugar Edge:Sugar Edge

5. The sugar edge involves the 2' hydroxyl

  As mentioned previously, modifications in the anticodon are crucial for fidelity of protein synthesis by avoiding misreading of codons. Unmodified tRNAs are acylated (in most cases) by their respective aminoacyl tRNA synthetases in vitro, however modifications impact the rate of aminoacylation and act as determinants to avoid misacylation. For instance, yeast tRNA Asp is recognized by the non-cognate ArgRS leading to erroneous charging with arginine215,216 . This was attributed to the presence of cryptic arginine identity elements in the tRNA Asp that are negated by m 1 G37 modification acting as an anti-determinant for ArgRS.Similarly, k 2 C in tRNA 2Ile and t 6 A37 in tRNA 1 Ile in E.Coli act as anti-determinants for MetRS and PheRS respectively 217,218 . Loss of mnm 5 s 2 U34 in tRNA Glu and tRNA Lys of E. coli reduce by 500 and 140 fold respectively the rate of acylation by GluRS and LysRS 219,220 . However

	3	Lys 209,210 . Interestingly, modifications such as s 2 U34
	modulate the efficiency of HIV RNA genome annealing with tRNA 3	Lys 211 while unmodified
	tRNA is unable to initiate reverse transcription.
	In higher eukaryotes, the interferon inducible protein Kinase (PKR) is activated upon
	binding viral double-stranded RNA (dsRNA) leading to inhibition of translation by

phosphorylation of translation initiation factor (eIF2α) as innate immune response

212,213 

. PKR was shown to also activate upon binding of unmodified tRNAs. However, modifications in resistant strain tRNAs suppress PKR's activation thus allowing to distinguish self and non-self RNA, regulating innate immunity 214 . such effect could result from structural changes of the anticodon stem loop rather than direct discrimination by the modification.

  5 

tRNA methyltransferase folate dependent 21 .

  

5 

U54 from those mutant cell extracts. Furthermore, expression of the gid gene of B. subtilis and purification of the corresponding recombinant protein gave a yellow color characteristic of flavoproteins. In addition, this enzyme specifically introduced m 5 U54 in bulk tRNAs of gid-deleted B. subtilis strain extracts and in tRNA Asp transcript when cell extracts were supplemented with NAD(P)H and MTHF. The Gid enzyme was thus renamed TrmFO for

See article 1-Preparation and characterization of the TrmFO apoprotein carrier Y346A by biochemical engineering. See article 2-Characterization of the stability of TrmFO and the apoprotein carrier Y346A. See article 3-Chemical synthesis of free CH 2 =(N5)FAD and the activation of apo-TrmFO and apoThyx. Outlooks

  

	Although this putative flavin iminium CH 2 =(N5)FAD intermediate was suggested as being
	indeed the genuine nucleotide methylating agent, nevertheless it has never been proven
	experimentally. During my thesis we used synthetic chemistry to prepare for the first time this Following article 3, obtaining high resolution structural information about the
	flavin-based methylating agent bypassing the natural folate pathway. We show that this synthesized active species (CH 2 =(N5)FAD) on its own and bound to TrmFO or/and ThyX
	synthetic flavin derivative can be loaded onto an engineered apoenzyme variant (Y346A) of would bring insight into how this novel methylating agent is stabilized and interacts within
	the FAD/folate-dependent tRNA methyltransferase TrmFO from Bacillus subtilis. We also the active site and how it methylates the nucleotide. The difficulty rises in the stability of this
	demonstrated that the same compound can be loaded onto an apoprotein version of wild type compound especially in the presence of oxygen making crystallographic screening difficult.
	ThyX TM . Most importantly, the reconstituted enzymes are fully active and capable to transfer Recently, I have crystallized and solved by molecular replacement at 2.0 Å the structure of
	a methyl group to the C5-carbon of the uracil moiety within their respective tRNA and dUMP reconstituted ThyX TM with our synthesized flavin (CH 2 =(N5)FAD). This was achieved by
	substrate. These findings provide new mechanistic insights into flavin-dependent nucleotide crystallizing the freshly prepared enzyme in a glove box and flash freezing the crystals in
	methylation and may serve as a solid basis for future drug design targeting severe pathogens. propane as soon as they appeared (overnight growth). As shown in Fig 43, a clear electron
	density (green) is present at the N5 of FAD isoalloxazine ring. Note that ThyX TM is a
	homotetramer and all four molecules of FAD seen in the structure exhibit the same additional
	density (at the N5) not present in controlled crystals with oxidized FAD. Additional
	. Three species were identified as shown in Fig 38. Among them, compound 3
	is covalently attached to the polypeptide chain and was further characterized by electrospray-
	ionization mass spectrometry and MS/MS analysis. The structure corresponds to a modified
	FAD derivative containing a methylene group localized on the isoalloxazine ring and
	covalently attached to the protein through a bond between the methylene moiety and the
	conserved Cys53 39 . Consistently, purification of TrmBO BS C53A mutant led to a classical
	spectrum of oxidized FAD. In addition, g values measured for compound 2 (also covalently

refinement is required to generate the novel cofactor that fits best the density (creation of a new .cif file in progress). To strengthen these results, RAMAN or infrared IR spectroscopy should be carried on the crystals (before and after X-ray irradiation) as well as on the synthesized molecule in solution. A similar approach could be tested for TrmFO TT since TrmFO BS does not crystallize.

  Several

	Flavin protein Complexes: Aromatic Stacking
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residues lying within the active site of TrmFO TT are conserved in TrmFO family. Despite several attempts, we failed to obtain any crystals of

Table S1 .

 S1 Summary of data collection and refinement statistics

	Data collection	dsRBD S-SAD	dsRBD Native	TIM-BARREL
	Space group	P43	P43	I222
	Unit-cell parameters (Å)	a = 55.49; b = 55.49;	a = 55.13; b = 55.13;	a = 71.57; b = 85.26;
		c = 115.22	c = 114.66	c = 144.23
	Wavelength (Å)	1.771	1.000	0.9801
	Temperature (K)	100	100	100
	No. of crystals	1	1	1
	Resolution range (Å) (Highest resolution shell range)	49.99 -2.20 (2.279 -2.20)	39.74 -1.70 (1.75 -1.69)	43.64 -2.68 (2.77 -2. 68)
	Total no. of reflections	743592 (65450)	172181 (15833)	91491 (8905)
	No. of unique reflections	17688 (1748)	38156 (3699)	12686 (1250)
	Completeness (%)	100 (100)	99.69 (97.65)	99.09 (91.76)
	I/σ(I)	86.30 (18.76)	22.06 (4.16)	19.87 (2.69)
	Rmeas	0.044	0.049	0.092
	Refinement			
	Rwork/Rfree a	0.16 / 0.23	0.16 / 0.18	0.19/0.24
	Molecules per asymmetric unit	3	3	1
	No. of amino acid residues	277	281	306
	No. of ligands	-	-	3
	No. of water molecules	200	367	28
	r.m.s. deviations			
	Bond lengths (Å)	0.018	0.007	0.011
	Bond angles (°)	1.93	1.005	1.28
	Ramachandran plot (%)			
	Most favored	99	100	97
	Disallowed	0.74	0	0
	Molprobity clashscore			5.25
	Average B factors (Å 2 )			
	protein	30.20	29.70	54.10
	Water	33.00	39.20	57.50
	Ligands	-	-	47.70
	Overall	30.40	31.00	53.90
	Wilson B factor	26.59	21.38	54.90
	Coordinate error (Å)	0.13	0.15	0.34
	The highest resolution shells with 5% of the data are shown in parentheses. R meas defined as:
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Methods

Preparation of Chloromethyl methyl sulfide-d5

Chloromethyl methyl sulfide-d5 was prepared according to a slightly modified procedure from the literature 22,23 . A solution of thionyl chloride (5. 

Chemical reaction of ClCH 2 SCH 3 with reduced FAD

The reaction was carried in anaerobic condition in a glove box by reducing flavin adenine dinucleotide (FAD) with 2 molar eq of dithionite freshly prepared followed by the addition of 100 molar eq of chloro-methyl-methyl-sulfide (ClCH 2 SCH 3 ). The mixture was buffered at pH 8 with sodium phosphate and left in the glove box at ~20°C overnight. Excess of ClCH 2 SCH 3 was removed by adding 2 volume equivalent of dichloromethane twice.

Protein expression and purification

TrmFO Y346A mutant was prepared as previously reported 20 . Briefly, the mutant was expressed in BL21(DE3) in LB medium. The cells were grown at 37°C until an OD600 of ~0.7 then induced with 0.5 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG). After overnight incubation at 29°C, cells were harvested by centrifugation and lysed by sonication in 50 mM sodium phosphate pH 8, 2 M NaCl, 10 % glycerol and 15 mM imidazole (buffer A) containing 10 mM β-mercaptoethanol and 2 mM phenylmethanesulfonyl fluoride (PMSF). The lysate was centrifuged and the supernatant was loaded on a 5 mL Ni2+-NTA agarose affinity column (Qiagen) pre-equilibrated with buffer A. The mutant was eluted with 250 mM imidazole followed by buffer exchange with a Pd10 column (GE healthcare) and stored in 50 mM sodium phosphate (pH 8), 200 mM NaCl and 15 % glycerol at -80°C.

ThyX from T. maritima was expressed in a pET11d transformed in BL21(DE3) using LB medium following induction with 0.5 mM IPTG at OD600 of 0.6. Lysis and purification was identical to TrmFO Y346A mutant with the exception of a 10 min heat treatment at 65°C followed by centrifugation prior to loading on Ni2+-NTA agarose affinity column. To produce apo ThyX, the protein was unfolded by washing extensively with 8 M urea on the affinity column then eluted with 50 mM sodium phosphate pH 8 and 200 mM imidazole followed by overnight dialysis in 8M urea at 4°C, then refolded by dialysis against 50 mM sodium phosphate pH 8, 100 mM L-arginine and 1 mM Ethylenediaminetetraacetic acid (EDTA).

In vitro transcription of tRNA phe

tRNA Phe yeast transcript was transcribed in vitro using 0.04 mg/mL of T7 polymerase after incubating 

Optical Spectroscopy and kinetics

All UV-visible absorption spectra were recorded from 250 to 750 nm on a Cary 50 spectrophotometer (Varian) at room temperature. Samples were directly exposed after their preparation to ambient atmosphere and mixed several times in the cuvette prior to measurement.

LC-MS/MS analysis of reconstituted methylene-FAD/Y346A TrmFO

Enzymatic protein digestion was performed with Lys-C endoprotease (Promega) overnight at 37°C

after alkylation with iodoacetamide in 0.1 % Rapigest (Waters). The enzyme/substrate ratio was 1/20

(w/w). Finally, 0.5 µg Lys-C generated peptides were diluted in 0. 

TrmFO activity tests and MALDI-MS analysis

The transcript tRNA Phe (250 µg) was incubated for 1 h in anaerobic condition at 37°C with 1. 

A. B.

Although dsRBD function in hDus2 seems to involve protein-protein interactions, its role in RNA recognition was uncharacterized. At that time, no structural information was available for hDus2 or any eukaryotic Dus. During my thesis, we demonstrated that this dsRBD is responsible for tRNA recognition and crucial for hDus2 activity both in vivo and in vitro. We furthermore solved the structures of the isolated domains of hDus2 as well as its dsRBD in complex with a 22 nucleotide dsRNA and have identified the molecular basis by which this dsRBD is able to recognize tRNA from the pool of RNAs present in the cell.

Lastly, we solved the ambiguity of E.coli Dus specificities and have obtained the structure of DusB EC that was the remaining uncharacterized prokaryotic Dus (both structurally and functionally).

See article 4-Modular organization of hDus2 and the requirement of its dsRBD for tRNA binding

See article 5-Molecular basis for tRNA recognition by dsRBD

See article 6-Structural and functional characterization of DusB
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Supplementary Data are available at NAR Online.
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Cloning of Dus2p, HsDus2 and its subdomains

The plasmid pEFX-04 containing the ORF encoding for N-terminal histidine tagged Dus2p was a generous gift from Professor Eric M. Phizicky (University of Rochester). The HsDus2 full length ORF cloned between NotI and BamHI in pCDNA3.1 was a generous gift from Professor Rekha C. Patel (University of South Carolina ref). The Amplified HsDus2 gene was cloned into the expression vector pET11d between the BamHI and NC0I sites. The full length HsDus2 carries a (His) 6 -tag at the Nterminus. Three different constructions of HsDus2 domains have been designed according to the mild proteolysis pattern of the full length protein (figure 1A&B). These constructs have also been cloned in pET11d between the BamHI and NC0I sites. The first construct carries an (His) 6 -tag at the N-terminal region and encodes the HsDus2 sequence from Met1 to Arg333, including both the  barrel and helical domains. The second construct is identical to the first one except that the 12 first amino acids (Met1-Lys13) were truncated. Finally, the third construct encodes the region Thr338 to Lys450 which corresponds to the dsRBD with a (His) 6 -tag was placed at the C-terminus. A construct of the dsRBD containing the last 43 C-terminal residues of HsDus2 was not considered because this region was predicted as disordered by bioinformatics (1) and thus could be refractory to crystallization.

Expression and purification of Dus2p, HsDus2 and its subdomains

All the recombinant proteins were expressed and purified according the same procedure. The recombinant proteins were overexpressed in E. coli BL21 (DE3) Star Codon Plus. The proteins expressions were performed in LB medium supplemented with 220 µM riboflavin and 100 µg/mL ampicillin. Cell growth was carried out at 37°C until the absorbance at 600 nm reached ~ 2; then protein expression was induced with 0. 
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Significance

Chemical changes of the canonical bases are key biological processes in the structure-function relationship of transfer RNA. Some modifications are abundant, as for instance the isomerization or reduction of uridines leading to the respective pseudouridine or dihydrouridine. Curiously, in the case of dihydrouridine, nature has chosen to select several flavoenzymes, the dihydrouridine synthases, sharing the same overall structural fold to catalyze the modification at different places on the surface of the tRNA. We propose here the molecular mechanisms that allowed generation of such diverse functional specificity among this unique family of RNA-modifying enzymes.
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Conclusions & perspectives

A plethora of modified nucleotides have been identified in cellular RNAs spread among the three domains of life. These posttranscriptional modifications are introduced by RNA modifying enzymes that exhibit richness in chemical mechanisms, relying on a wide range of cofactors and substrates. One such coenzyme is the versatile and ancient flavin.

During my thesis we have proven by means of synthetic chemistry and reconstitution of a genetically engineered apoprotein, the complex methylation mechanism used by the tRNA flavin/folate dependent methyltransferase TrmFO. Unlike the widely known radical SAM dependent methyltransferase, TrmFO uses a reductive methylation mechanism via formation of a methylene iminium on N5 of flavin adenosine dinucleotide isoalloxazine ring. This complex mechanism is not without danger and requires a tight control of the different chemical steps. Indeed, this iminium is a reactive species that can degrade into formaldehyde and hydrogen peroxide. This might be the reason why such complex chemistry has been discarded by most living organisms which selected the simpler and widespread S N2 SAM dependent system.

Deciphering the underlying chemistry behind formation of modified nucleotides has enriched our knowledge of chemical processes with several unique cofactors and mechanisms identified solely in RNA-modifying enzyme. Nevertheless, many of these enzymes remain poorly understood or unidentified. One such example is the cmnm 5 U or mnm 5 U modifications that relay on MnmE, a G-protein, and MnmG, a flavoenzyme. Their substrates have been identified and it is proposed that both enzymes work in a concerted fashion however, the exact mechanism remains mysterious. Since MnmG is paralogous to TrmFO, it is tempting to speculate that covalent chemistry on the N5-FAD of MnmG might be involved.