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C2'-F Stereoconfiguration as a puckering switch for base stacking at the dinucleotide level

ABSTRACT: Fluorine configuration at C2' of the bis(2'-fluorothymidine) dinucleotide is demonstrated to drive intramolecular base stacking. 2'-β Fconfiguration drastically reduces stacking compared to the 2'-α series. Hence, base stacking emerges as being tunable by the C2'-F stereoconfiguration through dramatic puckering variations scrutinized by NMR and natural bond orbital analysis. Accordingly, 2'-β F-isomer photoreactivity is significantly reduced compared to that of the 2'α-F-isomer.

C2'-F nucleosides are therapeutically important compounds used as anticancer (gemcitabine, clofarabine) or antiviral (clevudine, sofosbuvir) agents. 1 Several radiolabelled 18 F-C2' nucleosides are clinical candidates currently evaluated to be used in positron emission tomography as radiotracers to image cancer, autoimmune or inflammatory diseases. 2 DNA-or RNA-oligonucleotides (ONs) containing 2'-F nucleosides are also clinically investigated. [START_REF]F = 14 Hz, C1' Tβ F p-), 85.1 (d, J 4',F or J 4',P = 11 Hz, C4' Tβ F p-), 82.1 (C4' -pTβ F ), 77.6 (d, J 3',F = 26 Hz, C3' Tβ F p-), 75.1 (d, J 3',F = 27 Hz, C3' -pTβ F ), 66.5 (C5[END_REF] For the treatment of age-related macular degeneration, the aptamer pegaptanib is commercialized 4 whereas ARC1905 is in clinical trial. 3a RB006, an aptamerbased anticoagulant is in Phase II, 3a as is inclisiran, a siRNA presently evaluated as a cholesterol-lowering drug. 5 Actually, most of siRNAs in clinical trials today contain a F-atom at some of their C2'-position. [START_REF]F = 14 Hz, C1' Tβ F p-), 85.1 (d, J 4',F or J 4',P = 11 Hz, C4' Tβ F p-), 82.1 (C4' -pTβ F ), 77.6 (d, J 3',F = 26 Hz, C3' Tβ F p-), 75.1 (d, J 3',F = 27 Hz, C3' -pTβ F ), 66.5 (C5[END_REF]6 In parallel, damaged ONs incorporating a 2'-F sugar residue at their altered base site serve as bio-chemical tools to study the recognition and cleavage reaction mechanism of glycosylases involved in DNA repair. 7 Finally, 2'-F ONs are also used in structural biology to manipulate DNA i-motifs 8 and Gquadruplex folding. 9 Conveniently, secondary structure transitions can be monitored by 19 F NMR. 10 C2'-F nucleoside sugar conformation is overwhelmingly driven by its C2' configuration. In solution, 2'-α substitution leads to a predominant North (N, C3'-endo) conformation 11a,b whereas 2'-β substitution generally leads to a major South-East (SE, C1'-exo) conformation. 11c-e Such trend is also observed at the oligonucleotide (ON) level in a double strand context where the 2'-β sugar pucker oscillates between South and East (O4'-endo). 10b,12 Actually, 2'-α-F and 2'-β-F ONs are considered as RNA and DNA mimics, respectively. 13a Divergent observations have been reported regarding the influence of the C2' configuration of 2'-F ONs on duplex 12a,13 or G-quadruplex stability. 9b-d This may be due to the type and number of 2'-F nucleoside residues incorporated, as well as the length and sequence context. Consequently, it remains still difficult to anticipate the influence of the C2'-F stereoconfiguration on ON structure/stability. Probing the effect of the C2'-F stereochemistry on very simple models would certainly help to unravel the intrinsic basic and minimal conformational behavior of the sugar phosphate backbone scaffold, and nucleobase stacking.

Recently, we have demonstrated that the doubly 2'-α-labeled F analogue (1, Tα F pTα F ) of the dinucleo-tide of thymine (2, TpT) exhibits a major (>92%) N pucker at both ends. 14 Concomitantly, 1 was found much more sensitive to UV light than 2. 14 Such high photochemical reactivity was attributed to a high, and favorably driven by the N sugar pucker conformation, propensity to intramolecular base stack.

In order to evaluate the importance of the stereochemistry of the fluorinated atom on ON stacking at the dinucleotide level, we have synthesized Tβ F pTβ F (3), the C2' epimer of 1, and investigated the influence of its sugar conformation on its intramolecular stacking. For this purpose, analysis of 3 J (PSEUROT+J HF ) 15 and high-level ab initio DFT calculations have been performed. We have then studied the intramolecular base stacking behavior of 3 using CD and photochemistry.

Synthesis of 3 started from 2'-β-fluorothymidine (Tβ F , 4) accessible through a Vorbrüggen coupling step, according to the procedure of Wilds & Damha. 11c Our synthetic route closely followed the strategy reported for the synthesis of 1 14 using known intermediates 5 and 7 [START_REF] Kois | [END_REF] (Scheme 1). The conformational population distribution of each sugar of 3 has been estimated using the temperature dependent analysis by PSEUROT+J HF 15 (Table 1, S17-S26). Sugar moieties in 3 adopt predominantly SE conformation at the 5′-end (66%) and a near-equal distribution of SE (51%) and N (49%) conformations at the 3′-end. The pseudorotational torsion angle (P) and puckering amplitude (Ψ m ) of SE and N conformers are P SE =~130°, Ψ m =35°; and P N =-11°, Ψ m =34°; respectively which are consistent with those obtained as the results of gas phase optimizations of 3 (Tables S1,S5) calculated at different levels of theory and sizes of the basis set. Correlation between HF/6-31G** total energy and endocyclic torsions from geometry optimizations along C1'-C2'-C3'-C4' (5'-end) rotation pathway is shown Figure S19. NMR data have shown surprisingly weak dependence of 3 J HH and 3 J HF on the temperature (Table S2), suggesting an entropy controlled process. Interestingly, the temperature insensitivity of the sugar of Tβ F (4) has been reported earlier. 11b The SE conformation calculated for each sugar residue of 3 is consistent with the preferred sugar conformation depicted for 4 in solution. 11d Therefore, it can be affirmed that 1 and 3 present a drastically different preferred sugar conformation. Additionally, puckering preference of 1 and 3 has been studied by high-level ab initio DFT methods (IEFPCM/M06-2X/6-31G(d,p)) using 2'-F-thymidine 3'-methylphosphates 9 and 10 as models (Tables S4,S5).

Table 1. Experimental and PSEUROT+HF calculated NMR data of the sugar moieties of 3.

3 J Jexp Jcalc PN ° ΨN ° PS ° ΨS ° XN% RMSHH RMSd ΔG 298,a ΔH a ΔS b
Tβ F p-J 1′2′ 3.9 3.9 a : in kJ.mol -1 ; b : in J.mol -1 .K -1 ; c : Estimated values.

-
Low-energy calculated conformations of 9 and 10 have been found to be in accordance with NMRderived sugar conformational preferences of 1 and 3, respectively (Table S4). Orbital interactions, which are important factors to drive the sugar puckering, 15b have been examined by natural bond orbital (NBO) analysis (Tables S6,S7).

For 9 and 10, the nO4'→σ*C1'-N1 anomeric effect involving one lone pair orbital of O4' has been calculated to be the major contributor to the stability of the N conformers. To a lesser extent, the S conformers have been found to be stabilized by two other anomeric effects; nO4'→σ*C1'-N1 involving the other O4' lone pair and nN1→σ*C1'-O4'. Sugar pucker has also been found driven by antiperiplanar effects (APEs). 15b Most prevalent APEs (E>12 kJ/mol) found for the N and S conformers of 9 and 10 (Table 2) are highly consistent with those reported for conformers of 2'-F nucleosides. 11d,17 Importantly, the dihedral angles formed between X and Y of the fragment XCCY found in major APEs correspond to a trans geometry domain (Table 2). Such stereochemical arrangement induces a maximal σ/σ* orbital overlap geometry, stabilizing the conformer concerned. The correlation observed between these trans dihedral angles and stabilizing energy contributions (Table 2) supports our calculations. Interestingly, concomitantly and independently to our study, APEs of several nucleosides including 2'-deoxy-2'fluorouridine and 4 have recently been reported, validating our study. 18 In a 2',2'-difluorinated nucleoside, the existence of hydrogen bonds between the 2'αF atom and H4' (N conformer) and 2'βF atom and H6 (S conformer) has been suggested as conformational stabilizing factor. 17a In our case, corresponding H … F distances: 2.66 Å (N conformer of 9), and 2.75 Å (S conformer of 10) satisfied H-bond requirements. However, the participation of such electrostatic attractions was discarded for lack of directionality 19 (∠C-H … F=78.8° and 97.9° for 9 and 10, respectively). CD melting spectra of 3 have been recorded to get an insight on its intramolecular stacking status (Figure S1). Absence of significant signal variation upon heating and similarity of these spectra with that of 4 provide definitive evidence that 3 is predominantly unstacked in aqueous solution at room temperature. It is in sharp contrast with the stacking ability of 1 14 calculated to be at least 50% stacked by two different curve fitting methods (Table S3). 20 Unfortunately, mathematical treatment of melting CD data of 3 could not be further exploited due to insufficient amplitude variation. However, assuming that 2 and 3 share a similar stacked geometry, the stacked population of 3 could be estimated to be a half lower (ca 10%) than that of 2 21 by comparing their CD diff spectrum 22 (Figure S2). Because CD studies clearly demonstrated that 3 is nearly 90% unstacked, in sharp contrast with 1, 14 and since stacked thymine dinucleotides are considered to be prone to afford photoproducts (PPs) upon 254 nm exposure, 14,[23][24][25] we have investigated the photoreactivity of 3 to correlate it with the 2'-F configuration.

In a previous study, 14 we observed that UV exposure of 1 (Tα F pTα F ) leads to the cis-syn CPD and (6-4) PP with a quantum yield (Φ) calculated to be (2.7±0.3)x10 -2 and (0.13±0.02)x10 -2 , respectively. UV irradiation of 3 at 254 nm gave rise almost exclusively to 11, identified as the cis-syn CPD (Scheme 2), together with traces of 12 (not represented) tentatively assigned to a (6-4) PP from its UV absorption at 329 nm. However, this latter PP could not be isolated in preparative scale. Its Φ was estimated 24 to be (0.067±0.002)x10 -2 which is significantly lower than that of TpT (Φ (6-4) =(0.10±0.05)x10 -2 ) 26 and 1. 14 Scheme 2. Photochemical behavior of 3.

Photolysis and PP formation kinetics of 3 have been studied with respect to those of 2 (Figure 1). Results indicate that 2'-β-F substitution drastically lowers the rate of radiation-induced dinucleotide disappearance as well as the initial rate of CPD formation (Figure 1). Φ of 11 formation has been calculated to be (0.48 ± 0.08)x10 -2 . This formation efficiency is a half of that reported for TpT-derived CPD (Φ CPD =(1.1±0.05)x10 - 2 ), 26 in contrast to what had been observed for 1. 14 The low photoreactivity of 3 can be explained by its low stacking propensity, and consequently the limited formation of the conformation state necessary to allow PP formation. Interestingly, CD studies have shown that 3 was half stacked compared to 2. Table 2. Major APEs contributing to conformer stability in 9 and 10 from NBO analysis (corresponding dihedral angle in ° and energy in kJ/mol).* 18 (156, 17) σC2'-H2' → σ*C3'-O3' 18 (-167, 17) σC3'-C4' → σ*C2'-F 17a, 18 (-158, 18) σC2'-H2" → σ*C1'-N1 (-144, 12) σC1'-C2' → σ*C3'-O3' 17a,18 (154, 16) σC3'-C4' → σ*C2'-F 17a, 18 (155, 17) σC1'-H1' → σ*C2'-F 17,18 (164, 17) σC2'-H2" → σ*C1'-O4' 11d,17b (162, 12) * Bonds involved in APEs are colored and are highlighted in bold (donors) and dashed (acceptors). The origin of this quantitative stacking difference might come from the conformation of the sugar puckers as well as from steric hindrance introduced by the substituent. It is known that a 5'-end N sugar conformation favors intramolecular stacking and a 3'-end N sugar conformation strengthens this effect. 22,27 Assuming that 1-3 present a sufficiently similar stacking geometry, this might explain why the 2'-α-F diastereomer is much more stacked than the 2'-β-F diastereomer. That 3 is less stacked than 2, despite a higher N population, indicates that the 2'β-F substitution per se impedes the stacking phenomenom.

9 10 N conformer S conformer N conformer S conformer σC3'-H3' → σ*C2'-F 17a,18 (168, 18) σC1'-C2' → σ*C3'-O3' 17a,
In conclusion, we have evidenced the dramatic effect of the C2' F configuration on intramolecular base stacking. This different stacking behavior is likely driven by the specific puckering preference of each 2'-F diastereomers, consistent with the interplay of specific stereoelectronic effects. When embedded in a double stranded ON context, these 2'-F motifs have already been shown to have the ability to modify duplex stability. 12a More interestingly, incorporated in a ss ON context, where no base pairing and adjacent base stacking occur, 2'-F-dinucleotide residues might have the capacity to tune intramolecular stacking at their site of incorporation. Such behavior is of utmost importance and could be useful for manipulating the topology/folding of functional DNA-or RNA-containing loops such as ss DNA or RNA ONs, 28 or aptamers; loops being often an element of stabilization of the structure or a recognition element. 29 The latter is supported by the recent incorporation of 4 or 2'-F purine residues in loops of aptamers to provoke a preorganization of the loop for better ligand binding. 9f,30 EXPERIMENTAL SECTION General Remarks. Solvents and chemicals used for the reactions were purchased from commercial suppliers.

Dichloromethane, acetonitrile, N,Ndiisopropylethylamine (DIPEA), ethyl acetate and heptane were dried by distillation from calcium hydride. Pyridine and triethylamine (TEA) were dried by distillation from KOH and kept over KOH. TLC was performed on silica gel plates (Kieselgel 60, F 254 ) with detection by UV and visualization by spraying with a methanolic solution of sulfuric acid. Chromatography was performed on silica gel 60, particle size 35-70 µm, unless otherwise stated. Medium pressure reverse phase chromatography was performed on LiChroprep RP 18. 1 H NMR and 13 C NMR spectra were recorded on 300, 500 or 600 MHz spectrometers. Observed chemical shift (δ) values are given in ppm and coupling constants (J) in Hz. Following abbreviations are used: s (singlet), br s (broad singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublet), Tβ F p-and -pTβ F represent the 5'-end and the 3'-end nucleoside residues, respectively, of 3 and 11. 1 H NMR and 13 C NMR chemical shifts recorded in D 2 O were calibrated using residual solvent signal (δ H 4.80 ppm) and from dioxane (δ C 67.8 ppm), respectively. For CDCl 3 δ H and δ C are reported from internal TMS (δ 0.00). 31 P NMR and 19 F NMR chemical shifts were reported from an external capillary standard of 85 % phosphoric acid (δ P 0.00 ppm) and of TFA (δ F -77.00 ppm), respectively. Superscript a and b labels denote interchangeable assignments within a compound. High Resolution Mass Spectra (HRMS) were determined on a Liquid Chromatography Time-of-flight (LCT) spectrometer. Electron Spray Ionization Mass Spectra (ESI-MS) were measured on a LC/MS mass spectrometer. 5'-O-(dimethoxytrityl)-2'-β-fluorothymidine (5). This compound was prepared as previously reported [START_REF] Kois | [END_REF] in 85% yield from 4. 1 H NMR (300 MHz, CDCl 3 ): δ 9.23 (1H, br s), 7.50-7.15 (10H, m), 6.83 (4H, d, J = 3.3 Hz), 6.26 (1H, dd, J = 3.3, 19.5 Hz), 5.05 (1H, dd, J = 3.0, 52.2 Hz), 4.44 (1H, dd, J = 3.7,19.4 Hz), 4.02 (1H, m), 3.78 (6H, s), 3.42 (2H, m), 1.74 (3H, s). 13 C NMR (75 MHz, CDCl 3 ): δ 164. 0,158.9,150.6,144.8,137.2,136.0,135.9,130.3,128.3,128.2,127.3,113.5,110.6,95.5 (d,J = 192 Hz),86.8,84.0 (d,J = 16.5 Hz),83.4,75.9 (d,J = 25.5 Hz),62.9,55.5,12.6. 19 

Scheme 1 .

 1 Scheme 1. Synthesis of 3 a .

Figure 1 .

 1 Figure 1. Fractional amount of 3, 2 and of their respective PPs as a function of irradiation time.

  F (282 MHz, CDCl 3 ): δ -197.82. HRMS (ESI + mode) (M+Na) + : calc. for C 31 H 31 O 7 N 2 FNa 585.2013, found 585.2031. 3'-O-Acetyl-2'-β-fluorothymidine (6). This compound was obtained as a white foam in 75% yield from 5 following a similar acetylation/detritylation procedure TOC
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For convenience, the name 2'-β-fluorothymidine and those of its derivatives are preferred instead of 1-(2deoxy-2-fluoro-β-D-arabinofuranosyl)thymine. Similarly, the name 2'-α-fluorothymidine and those of its derivatives are preferred instead of 2'-deoxy-2'fluoro-5-methyluridine.