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ABSTRACT: Staudinger ligation is an attractive bioorthogonal reaction which has been widely used to tag proteins, carbohydrates and nucleic acids. Here, we explore the traceless variant of the Staudinger ligation for 3'-end modification of oligoribonucleotides. An azido-containing dinucleotide was used to study the ligation. Nine phosphines containing reactive groups, affinity purification tags or photo-switch probes have been successfully obtained. The corresponding modified dinucleotides were synthesized and characterized by LC/MS. Mechanistic interpretations of the reaction are proposed, in particular, the unprecedented formation of an oxazaphospholane nucleotide derivative, which was favored by the vicinal position of 2'-N3 and 3'-OH functional groups on the terminal ribose has been observed. The post-functionalization of a 24-nt RNA with a photoactivable tag is also reported.

Bioconjugation reactions 1 developed in the last decade enabled the chemical labeling of biomolecules to enrich their functions and properties. Owing the complexity of the biomolecules, due to the presence of reactive groups and their sensitivity to non-physiological pH or temperature, the bioconjugation reactions have to be chemoand regio-selective, and compatible with nearly physiological conditions in aqueous media. One strategy to enhance the selectivity of a bioconjugation reaction is to first install a unique functional group onto the biomolecule, and then use site-selective type reactions to covalently link the desired tags. A number of site-selective reactions targeting non-native functional groups of biomolecules have been reported so far: i) the condensation between a carbonyl and hydrazines, hydrazides or alkoxyamines; 2 ii) metal-mediated reactions, such as Alkyne-Azide Cycloadditions (CuAAC or NiAAC), 3 Sydnone-Alkyne Cycloaddition (CuSAC), 4 or Palladium-Catalyzed Cross-Coupling Reactions; 5 iii) strained-promoted cycloadditions, such as dipolar cycloadditions with constrainted alkynes (SPAAC), 6 or Inverse Electron Demand Diels-Alder reactions (IEDDA); 7 iv) photoclick reactions, 8 and finally v) chemical ligation such as Native Chemical Ligation (NCL) 9 or Staudinger ligation. 10 The latter reaction is an attractive bioorthogonal conjugation reaction, especially for in vitro and in vivo applications, due to the absence of a metal catalyst and to its capacity to form native amide bond between the tag and the biomolecule. The traceless variant of the Staudinger ligation, independently developed by Raines 11 and Bertozzi, 12 is even more interesting, since it leads to the elimination of the phosphine oxide from the final product. These new phosphines developed by Bertozzi and coworkers, 12 contain an acyl component, which is attached through a cleavable linkage (an ester bond) at the ortho-position of the aryl group of the phenylphosphine. These reagents have been designed to avoid the oxidation of the phosphine under ambient conditions, to introduce conformational rigidity and to promote a six-membered transition state during the acyl transfer. To access a transition state with a smaller ring, Raines and co-workers replaced the O-phenyl group by a single methylene moiety and increased the yield of the traceless ligation to couple peptides and azides. 13 This methodology has been employed for the bioconjugation of polysaccharides, 14 peptides, 15 or proteins. 16 Application of the Staudinger-type ligation to nucleoside or nucleotide modification has been mostly restricted to the synthesis of puromycin analogues, 17 the functionalization with fluorescent probes 18 and the introduction of affinity purification tags. 19 The application of the traceless version of the Staudinger ligation has been even more restricted, and, to the best of our knowledge, only reported for the functionalization of a protected 5'-azido-2'-deoxyadenosine. 12 Since chemistry driven studies of the biological role of RNAs requires new synthetic methodologies to modify their structures, and because no example depicts the modification of RNA by traceless Staudinger ligation, we decided to explore this site-selective reaction as a post-synthetic methodology for the functionalization of RNAs with a variety of functional groups.

Our strategy to access to functionalized RNA relies on the enzymatic ligation of a 5'-phosphorylated dinucleotides (pdC-pA) to an oligoribonuleotide by the T4 RNA ligase. The presence of a 2'-deoxycytidine at the 5' position of the dinucleotide facilitates its synthesis and is compatible with the specificity of the T4 RNA ligase. The presence of a 2'-deoxynucleotide at the penultimate position of the ligation product was previously reported to have little impact on the biological function of the final RNA. 20 To study the bioconjugation of the 3'-terminal RNA position, we selected as a model, the dinucleotide 1 containing an azido group at the 2' position of the terminal adenosine. The second partner of the reaction was the tag-substituted phosphine. Among the modified phosphine reagents developed in the literature for the traceless Staudinger ligation, we choose phenolic ester 2a and alkyl thioester 3 since they were reported to provide highest ligation yields. 21 When dinucleotide 1 was treated in presence of 10 equivalent of methylester phenolic phosphine 2a (synthesized as shown in Scheme 2) and heated for 4 h at 70°C followed by the addition of water and 2 h of stirring at 70 °C, the full conversion of the starting dinucleotide was observed (Scheme 1, entry 1). These conditions lead to the formation of the ligated compound 4a in 22% yield in competition with the reduced derivative 6. In addition, a cyclic oxazaphospholane derivative 5a was obtained in 28% yield. Evidence for the formation of compound 5a was gathered by monitoring the reaction by 31 P NMR spectroscopy (See supporting information S70). After 55 min of reaction in DMF/D2O (9/1, v/v), a growing signal at + 40.6 ppm was observed compared to the characteristic peak of the phosphine 2a at -15.8 ppm and occurrence of oxidized species. The formation of such cyclic derivative could be explained by the 1,2-cis position 22 of the 2'-N3 function and the 3'-OH hydroxyl on the ribose. The modification of the reaction conditions with a longer reaction time or irradiation under micro-waves did not allow to increase the yield of the ligated compound 4a and dramatically increased the formation of the oxazaphospholane 5a (See supporting information S56).

Scheme 1. Reaction of dinucleotide 1 with phenolic ester 2a and alkyl thioester 3 substituted with a methyl group.

We next performed the same ligation from the dinucleotide 1 with the alkyl thioester phosphine 3 (the commercially available (diphenylphosphino)methanethiol) described by Raines. 13 Treatment with DABCO was first applied to remove the borohydride group which prevented the oxidation of the phosphine. In this latter condition, the cyclic oxazaphospholane derivative 5a was not observed in the reaction mixture. The reduced compound 6 was obtained as the major product (77% yield), whereas the expected dinucleotide 4a was formed in 23% yield (Scheme 1, entry 2).

To expand the scope of the reaction, we selected the phosphine phenolic ester derivatives due to their stability and easy functionalization. A range of substituted phosphines was synthetized by coupling the commercially available 2-hydroxyphenyl diphenylphosphine with the corresponding carboxylic acid in presence of DCC and DMAP in DCM at room temperature for 16 h. Eight phosphines were obtained in 18 to 95% yield (Scheme 2). Scheme 2. Synthesis of phosphines 2a-h. Phosphine 2j containing a sydnone substituent, recently reported as a suitable partner for click and release experiments for bioconjugation, 4,23 was synthesized according to the synthetic route described in Scheme 3. Iminosydnone 7 was prepared following standard procedure 23 and activated by a 2-step strategy 24 to afford the corresponding carbonyl-imidazolium salt 8 in 75% yield. The sydnone compound 8 was then treated in the presence of DIPEA and unprotected phosphine 2i in DCM to lead to the phosphine 2j in 54% yield. Scheme 3. Synthesis of phosphine 2j. Phosphines 2a-j containing representative functionalities were submitted to ligation conditions (Scheme 4). When phosphine-containing phenyl or pyridine rings (2b, 2c) were used for bioconjugation reaction with dinucleotide 1, compounds 4b and 4c were obtained in 77% and 24% yield respectively. Photoactivable dinucleotides 4d and 4e have been prepared in 12% and 76% yield, respectively, using phosphine 2d 25 and 2e. A biotin moiety, used for analysis and purification of biomolecules, was introduced in the 2'-position of the terminal ribose, in 59% yield. A photoswitch tag has also been ligated and diazobenzene phosphine 2g led to the formation of the corresponding modified dinucleotide 4g in 47% yield. The ligation was then applied to access to the dinucleotide-sydnone conjugate 4j in 86% yield. These results show that the functionalization in 2'-position of the terminal ribose of an unprotected dinucleotide is compatible with ester phenolic phosphine containing a variety of tags. [START_REF]The use of a 2'-deoxynucleoside is recommended on the penultimate position to avoid the break of the phosphodiester bridge, probably triggered by the formation of the oxazaphospholane[END_REF] To go further, we applied this reaction to post-functionalize a 24-nt RNA containing an azido group at 2'-position of the terminal ribose. The 2'-azido-RNA 10 was obtained by enzymatic ligation of dinucleotide 9 (pdCpA-2'-N3 ) 27 to a 22-nt RNA using the T4 RNA ligase RNA molecule (See supporting information S14). The sequence of the RNA has been chosen to mimic the acceptor arm of Ala-tRNA Ala . The oligonucleotide 10 was then treated by an excess of phosphine 2e (100 equiv.) containing a benzophenone tag. After 4 h stirring at 70 °C in a 9/1 mixture of DMF and water, followed by the addition of water and 2 h stirring at 70 °C, the reaction lead to the formation of the functionalized RNA 11 in 7% yield (Scheme 5). This was confirmed by mass spectrometry (MALDI analysis, See supporting information S66-69). Scheme 5. Bioconjugation of 24nt-RNA.

A putative mechanism accounting for our experimental results is proposed in Scheme 6. After formation of the iminophosphorane intermediate I, Staudinger reduction could lead directly to the formation of 2'-NH2 dinucleotide II. This reaction occurred in competition with the acyl transfer from the phosphine to the nitrogen of the iminophosphorane (pathway A). This step is promoted by the sixmembered ring formed during the transition state. Intermediate III could then be hydrolyzed affording the expected ligation product IV. Moreover, the nitrogen of the iminophosphorane and the hydroxyl at the 3' position were in the cis configuration, which favored the ring-closing step (pathway B) and gave access to the oxazaphospholane intermediate V. This reactivity was reported by Bernardi and co-workers, who investigated the traceless ligation of glycofuranosyl azides. 22 Triaryliminophosphorane moiety 28 could promote the deprotonation of the alcohol at the 3'-position and favor the nucleophilic attack of the phosphorus. Then, the hydrolysis of V could provide reduced compound II and the oxidized phosphine. In conclusion, we have reported the first application of the traceless Staudinger ligation to the post-functionalization of RNA. We synthesized a series of ester phenylphosphines, which contained a variety of tags, such as a Biotin, photoswitch and photoactivable moieties, and a sydnone. We studied the traceless variant of the Staudinger ligation on a model dinucleotide and showed that the reaction provided moderate to good yields, depending on the nature of the ester-phenyl phosphine. We extended this methodology for the bioconjugation of a 24nt RNA strand with a photoactivable benzophenone probe.
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  Scheme 4. Substrate scope.
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  Product yield based on relative integration in HPLC at 254 nm.

  Scheme 6. Proposed mechanism. 
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