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The structurally unique "fleximer" nucleosides were originally designed to investigate how flexibility in the nucleobase could potentially affect receptor-ligand recognition and function.

Recently they have shown low to sub-micromolar levels of activity against a number of viruses including coronaviruses, filoviruses and flaviviruses. The synthesis of distal fleximers in particular, has thus far been quite tedious and low yielding. As a potential solution to this issue, a series of proximal fleximer bases (flex-bases) were successfully coupled to both ribose and 2'-deoxyribose sugars using the N-deoxyribosyltransferase II of Lactobacillus leichmannii (LlNDT) and E. coli purine nucleoside phosphorylase (PNP). To explore the range of this facile approach, transglycosylation experiments using a thieno-expanded tricyclic heterocyclic base, as well as several distal and proximal flex-bases were performed to determine whether the corresponding fleximer nucleosides could be obtained in this fashion, thus potentially significantly shortening the route to these biologically significant compounds. The results of those studies are reported herein.

The synthesis of nucleoside analogues has been classically achieved through various chemical methodologies and wellknown coupling reactions. [START_REF] Townsend | Nucleic acid chemistry: improved and new synthetic procedures, methods, and techniques[END_REF][START_REF] Merino | Chemical synthesis of nucleoside analogues[END_REF][START_REF] Vorbrüggen | Handbook of Nucleoside Synthesis[END_REF] However, chemical synthesis typically involves difficult and time-consuming multistep processes. Moreover, suitable protection of various functional groups is typically required on the nucleos(t)ide sugars and/or on the heterocyclic bases, and subsequent deprotection steps often result in low overall yields. Another significant problem often encountered is the stereospecific control of configuration at the anomeric center (α versus β). [START_REF] Merino | Chemical synthesis of nucleoside analogues[END_REF][START_REF] Vorbrüggen | Handbook of Nucleoside Synthesis[END_REF][START_REF] Downey | [END_REF] In contrast, enzymatic syntheses of nucleoside analogues do not typically require protecting groups and are highly stereospecific. [START_REF] Fernández-Lucas | Enzymatic and Chemical Synthesis of Nucleic Acid Derivatives[END_REF] Nucleoside phosphorylases (NPs) and N-deoxyribosyltransferases (NDTs) are the predominant classes of enzymes used in the synthesis of nucleosides by mediating the transglycosylation reaction of a nucleoside sugar to a free heterocyclic base. [START_REF] Mikhailopulo | [END_REF][7][START_REF] Condezo | Biocatalysis in the Pharmaceutical and Biotechnology Industries[END_REF][START_REF] Pérez | [END_REF][START_REF] Fresco-Taboada | [END_REF] NPs (EC 2.4.2.1) catalyse the reversible phosphorolysis of riboor 2′-deoxyribonucleosides to generate a free nucleobase and ribose-or 2-deoxyribose-1-phosphate in the presence of inorganic ortho-phosphate. Addition of a second nucleobase to the reaction mixture can promote the formation of a new nucleoside with the equilibrium in favor of nucleoside formation. [11- 12] NPs have been reported to accept modified bases as well as unnatural glycosyl donors. [START_REF] Mikhailopulo | [END_REF][7][START_REF] Condezo | Biocatalysis in the Pharmaceutical and Biotechnology Industries[END_REF][START_REF] Pérez | [END_REF][13][14][15] NDTs (EC 2.4.2.6) catalyse the transfer of 2-deoxyribose between purine and pyrimidine bases. [16] Two NDT-types have been defined based on their substrate specificity: NDT-I (also named PTD) specific for purines [17] and NDT-II that accepts either purine or pyrimidine, with a strong preference for 2′-deoxyribosylpyrimidine as the donor substrate. [18] Despite its relatively low acceptance for modified sugar moieties, NDT-II has served to synthesize some nucleoside analogues of biological interest. [19,20] Interestingly, NDTs tolerate a wide range of modified nucleobases from azole derivatives [21,22] to expanded-size purines [23][24][25] with an increased regioselectivity as compared to PNP (i.e. N9 versus N7 for purines). [START_REF] Mikhailopulo | [END_REF] The fleximers were originally designed to investigate how flexibility in the nucleobase could affect receptor-ligand recognition and function. [26][27][28][29][30][31] These interesting molecules have demonstrated several advantages over their analogous natural rigid purine nucleosides. For instance, the distal guanosine fleximer (Figure 1) was found to be an inhibitor of S-adenosyl-Lhomocysteine hydrolase (SAHase), an adenosine-metabolizing enzyme. [26] By rotation of the hemiaminal bond to place the heterocyclic moieties into a syn-like conformation rather than the thermodynamically favored anti-conformation, the flexguanosine's base was able to reposition the amino group to mimic the adenosine nucleobase. [26,32] Furthermore, the flex-guanosine triphosphate (Flex-GTP) was shown to be a superior substrate of human GDP-L-fucose pyrophosphorylase compared to the natural substrate guanosine triphosphate (GTP), [33] likely due to the fleximer's ability to interact with amino acids in the active site not accessible by the natural substrate. [34] This also allowed Flex-GTP to retain all activity when essential catalytic residues needed for GTP binding were mutated. [33,34] While the biological results for these compounds have been ground-breaking in some cases, their syntheses are nontrivial. To 

Distal fleximer

Proximal fleximer date, the only approach to realize the adenosine, guanosine and inosine distal fleximer nucleosides requires the construction of a tricyclic expanded purine nucleoside, which involves more than 7 steps to realize the base itself, with an additional 5-7 steps after the coupling reaction to convert the tricyclic nucleoside to the fleximer. [28][29][START_REF] Ku | Enzymatic and Chemical Synthesis of Nucleic Acid Derivatives[END_REF][START_REF] Chen | [END_REF][37][38][39][40][41] Attempts to synthesize the tricyclic bases followed by coupling of the base to a ribose resulted only in the undesired N7 isomer, likely due to the sterics caused by the arched shape. [29,41] Previously, a series of imidazole nucleosides were successfully synthesized via transglycosylation methodologies. [42,43] Of those, four products resembled the Seley-Radtke proximal fleximers (I-IV, Scheme). The flex-bases were synthesized using microwaveassisted Suzuki-Miyaura cross-coupling of 4( 5)-iodoimidazole and the boronic acid pyrimidine partners. [44] Subsequent transglycosylation using E. coli PNP for ribonucleosides and LlNDT for 2'-deoxyribonucleosides produced the corresponding proximal fleximers as major products.

Scheme 1. Enzymatic transglycosylation of proximal fleximers. [42,43] As a few proximal fleximer nucleosides have been realized via enzymatic transglycosylation, the expectation was that the same methodology could produce the desired distal and tricyclic nucleosides from their respective bases. Thus, a series of tricyclic [41] and flex-bases [45] (shown in Figure 2) were synthesized as previously reported and their transglycosylation products were studied. 

Enzymatic glycosylation mediated by LlNDT

First, we tested the capability of NDT from LINDT to use these five unnatural nucleobases as substrate. Typically, the flex-base (1 µmol) and thymidine used as the 2'-deoxyribose donor (4 µmol) were incubated at 37°C in the presence of LlNDT (different amounts of enzyme) in a 10 mM citrate buffer (0.1 mL) at the optimum pH of 6.5. Due to the low water solubility of flex-bases, the transferase reactions were carried out in the presence of 5% v/v DMSO in the media. [42] The rate of glycosylation (% conversion) was monitored by analytical reverse phase HPLC as a function of time and enzyme concentration (Table 1). The incubation temperature (37°C in place of 50°C) was selected in an attempt to optimize the enzyme activity and further isolate all the possible glycosylated products. Indeed, we previously showed that it is achievable to manage the regioselectivity of the transferase reaction (N1 versus N3) of some 4-substituted imidazole derivatives. [43] All the glycosylation products were purified by reverse phase HPLC and their chemical structures, particularly the glycosylation site, were confirmed by NMR analysis.

As reported previously, [42] the NDT-catalyzed transfer reaction between 1 and thymidine led to the simultaneous formation of N1 and N3 glycosylated products (1a and 1b, Scheme 2) in a 1:1 ratio after 3 h at 37°C using NDT at 1.25 µL/µmol acceptor (Table 1, entry 1). Nucleoside 1b (i.e. C5 arylimidazole derivative) was progressively converted into the thermodynamically more stable N1 isomer 1a (i.e. C4 aryl-imidazole nucleoside) (see Supporting Information, Figure S1A). By increasing enzyme concentration (from 1.25 to 10.0 µL/µmol acceptor), the conversion was nearly complete, reaching a plateau at 90%, and nucleoside 1a was formed as the sole product (Table 1, entries 7 & 8). A catalytic mechanism for LlNDT-catalyzed glycosylation involving the formation of an oxocarbonium intermediate has recently been proposed. [46] Scheme 2. NDT-catalyzed transglycosylation of flex-bases 1-4.

A similar trend was observed in the case of flex-base 2 with the formation of both N1 and N3 glycosylated products (2a and 2b, respectively) in a ratio depending on incubation time or enzyme concentration (Figure S1B). Compared to flex-base 1, flex-base 2 appeared to be a better substrate since lower enzyme concentration was needed to achieve complete conversion (Table 1, entries 11-14). These results confirmed the easy accessibility of proximal 2'-deoxy-fleximers using trans-glycosylation reactions.

In the case of the flex-bases 3 and 4, HPLC monitoring showed that the glycosylation reactions were more effective than in the case of 1 (Figure S2 and Table 1, entries 15-21). Only one isomer, the N-1 glycosylated product 3a or 4a was formed, even if the enzyme concentration was reduced 10-fold (entries 19-21). However, the target distal 2'-deoxynucleosides (glycosylation at the N3 position of the imidazole ring) were not detected under the conditions tested. Finally, we tested the tricyclic nucleobase 5 (Scheme 3) which contains, in addition to the imidazole ring N1 and N3, a nitrogen on the pyrimidine ring susceptible to be glycosylated, as previously observed in the transglycosylation of 5-(imidazol-4yl)pyrimidine-2,4-(1H,3H)-dione. [42] Heterocycle 5 was rapidly converted into glycosylated products under the conditions used (Table 1, entries 22-25), confirming that hindered nucleobases can serve as acceptors for NDT. HPLC monitoring of the reaction showed the formation of two main products 5a and 5b, and a third minor one 5c (Figure 3). Structures of 5a (glycosylation at imidazole N1, noted N1'-Im in Scheme 3), 5b (glycosylation at both imidazole N1 and pyrimidine N1, noted N3' Im and N1'), and 5c (glycosylation at imidazole N3, noted N3' Im) were assigned based on NMR spectra (Figure 4). By reducing incubation time and enzyme concentration, it was possible to control further conversion of 5a into 5b, and thus isolate 5a as the main product (Table 1, entry 24). Interestingly, this enzymatic procedure is an attractive route to 5a over the previously published ones, [29,37] based on the coupling of 4,5diiodoimidazole to protected 2-deoxysugar chloride, followed by the formation of the tricyclic inosine derivative and sugar deprotection. [a] Reaction conditions: 1 μmol acceptor in 5% v/v DMSO, 4 μmol thymidine in 10 mM citrate buffer pH 6.5 (0.1 mL) in the presence of LlNDT (μL as indicated) at 37 °C. [b] Percent Conversion was determined by reverse-phase HPLC analysis of an aliquot of the incubation mixture monitored at 254 nm. [c] Product from glycosylation at both imidazole and pyrimidine nitrogens of 5. 

Enzymatic glycosylation mediated by PNP.

We also tested the ability of purine nucleoside phosphorylase (PNP) to use flex-bases 1, 3 and the thieno-expanded tricyclic base 5 for ribonucleoside synthesis (Scheme 4). Reaction mixtures (0.1 mL) contained the flex-base (10 mM), adenosine (20 mM) as a donor and bacterial PNP (0.2 U/μmol) in 10 mM phosphate buffer (pH 7.4). Incubation was initially performed at 50°C. Conversion of 3 into the corresponding ribonucleoside 3c is slow and reached a plateau at 75% after 16 h at 50°C, as previously observed for PNP-catalyzed ribosylation of 1. [42] In the case of flex-base 5, conversion is much more effective (80% after 2 h at 50°C) and two mono-glycosylated products (5d and 5e) were formed, the target compound 5d being the major one (Scheme 4). When incubation was performed at 37°C, the formation of 5e increased as compared to 50°C, allowing further characterization (Figure S3). The glycosylation sites of 5d and 5e at the N1' or N3' position of imidazole ring, respectively, were assigned based on NMR analysis (see Supporting Information). It should be noted that chemical glycosylation of 5 using classical procedures yielded nucleoside 5e (glycosylation at N3' position of imidazole ring) as the sole product. [29] Scheme 4. PNP mediated transglycosylation of flex bases 1, 3 and 5

In conclusion, the four flex-bases 1-4 and the tricyclic nucleobase 5 were found to be substrates for the nucleoside 2'deoxyribosyltransferase from L. leichmannii (LlNDT) and bacterial purine nucleoside phosphorylase (PNP). Experimental conditions were designed to manage the regioselectivity in the NDTcatalyzed transfer reaction (i.e. at N1 versus N3 position of the imidazole ring) and also the bis-glycosylation side reaction (at the pyrimidine nitrogen). Thus, proximal fleximers in both deoxy and ribose series are easily obtained from flex-bases 1 and 2 by transglycosylation reaction catalyzed by NDT and PNPase, respectively. On the other hand, distal fleximers are not accessible from the corresponding flex-bases 3 and 4, since glycosylation catalyzed by LlNDT or PNP occurs at the N1 position of the imidazole ring. Importantly, enzymatic glycosylation of the tricyclic base 5 into the deoxy-and ribonucleoside 5a and 5d should provide a simple and efficient chemoenzymatic access to the target distal deoxy-and riboinosine fleximers, thereby overcoming the tedious and lowyielding approach that has been used to date. The chemoenzymatic approach compares very well with the classical chemical routes to distal and proximal fleximer nucleosides, as only one anomer and one regioisomer were obtained. This strategy will now be useful for the preparation of other distal fleximers, i.e. A and G analogues. 
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Thieno-expanded tricyclic base and several distal and proximal flex-bases were converted into their corresponding fleximer nucleosides by enzymatic transglycosylation reactions catalyzed by N-deoxyribosyltransferase from L. leichmannii (LlNDT) or E. coli purine nucleoside phosphorylase (PNP). 
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 1 Figure 1. Seley-Radtke's guanosine fleximers.
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 2 Figure 2. Flex-and tricyclic bases used for transglycosylation.
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 3 Scheme 3. NDT-catalyzed transglycosylation of flex-base 5.
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 3 Figure 3. HPLC analysis of the transglycosylation reaction of 5 in the presence of thymidine (4 equiv) and NDT (0.63 µL/µmol acceptor) at t = 0, 3 h and 12 h at 37°C. HPLC conditions: 0-20% linear gradient of acetonitrile in 10 mM TEAA buffer pH 6.0 over 20 min at a flow rate of 1mL min -1 . Detection at 254 nm.

Figure 4 .

 4 Figure 4. Expansion of the 1 H-[ 13 C]HMBC NMR spectra of compounds 5a (panel A) and 5c (panel B).
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