Synthesis and sequencing of Informational Poly(amino phosphodiester)s

Ian Roszak, a Laurence Oswald, a Abdelaziz Al Ouahabi, a Annabelle Bertin, a, b, c Eline Laurent, a Olivier Felix, a Isaure Carvin-Sergent, d Laurence Charles Abstract. Sequenced-defined poly(amino phosphodiester)s containing mainchain tertiary amines were synthesized by automated solid-phase phosphoramidite chemistry. These polymers were prepared using four monomers with different substituents. The formed polymers were characterized by HPLC and mass spectrometry. These methods evidenced preparation of molecularly-defined polymers. Furthermore, the presence of tertiary amines in the polymer backbones facilitates sequencing by tandem mass spectrometry.

The stepwise synthesis of sequence-defined polymers has recently received increasing attention in fundamental polymer science. [1][2][3][4] Indeed, the precise control of comonomer sequences enables new macromolecular properties to be achieved. For instance, it allows preparation of synthetic informational polymers, in which comonomers are used as a molecular language.5 Such information containing polymers are used in various applications, 6 in which they are often decoded by a sequencing analytical method. 7 We 8-10 and others [11][12][13][14][15][16] have reported examples of such oligomers and polymers. These macromolecules have a uniform chain-length (i.e. apparent polydispersity close to 1.0) and a perfectly controlled comonomer sequence. Yet, they are not necessarily stereoregular. Since informational polymers are often decoded by analytical methods that are not sensitive to tacticity (e.g. tandem mass spectrometry, MS/MS), racemic synthons can be used to construct them. For instance, our group has reported the synthesis of digital poly(phosphodiester)s (d-PPDE), [17][18][19] in which a comonomer alphabet is used to write binary information. 20 These polymers are prepared by solid-phase phosphoramidite polymer chemistry (PPC); a versatile method that can be used for synthesis of biological (i.e. DNA and RNA), 21 abiological 19 , [22][23][24] and bio-hybrid macromolecules. [25][26][27][28] In all d-PPDE we have studied so far, the coded side-chains are attached to a main-chain carbon atom. 19 In order to avoid the formation of atactic polymers, symmetric carbons were used in our initial design. 17 Still, we have recently developed expanded alphabets, in which racemic building blocks were also used. 29,30 Although these polymers can be accurately deciphered by MS/MS, the formed backbones contain asymmetric carbon and are therefore atactic. This could be more problematic for other sequencing methods such as nanopore sensing. 31 A convenient design to avoid tacticity issues is to install coded substituents on a main-chain nitrogen atom. This strategy is used for preparing achiral sequence-defined polymers such as peptide nucleic acids, 31 peptoids 32 and poly(N-substituted urethanes). 33 Various amine-containing phosphoramidite monomers have been reported in the literature. Behr and coworkers have reported the synthesis of oligospermine by phosphoramidite chemistry. 34,35 More recently, Sleiman and coworkers have described the synthesis of poly(phosphodiester)s containing main-chain tertiary amines that were used as a platform for side-chain functionalization. 36 In the present work, a comparable design was applied for the first time to the synthesis of informational d-PPDE. Four phosphoramidite monomers containing main-chain nitrogen atom were synthesized and tested for the preparation of digitallyencoded poly(phosphodiester)s (Chart 1).

Chart 1. Molecular structure of the monomers prepared and used in this work.

All the digital polymers investigated herein were synthesized by automated PPC on porous pore glass solid supports. 18 In this multistep synthesis, a cycle of four successive reactions, namely dimethoxytrityl (DMT) deprotection, phosphoramidite coupling, capping and oxidation, is repeated a certain number of times until a desired chain-length is reached. In order to store digital information in the polymer chains, a set of four phosphoramidite monomers was developed in this work (Chart 1). They all contain a main-chain nitrogen atom and alkyl side-chain substituents of increasing size, namely methyl (M1), propyl (M2), pentyl (M3) and heptyl (M4). Following our laboratory convention, 19 monomers of increasing molar mass M1, M2, M3 and M4 represent binary dyads 00, 01, 10 and 11, respectively. Main-chain propyl spacers were intentionally placed between oxygen and nitrogen atoms in all these monomers. Attempts were also made with ethyl-based monomers that can be more easily derived from commercially-available products. However, as previously described, 36 low yields and contaminated oligomers were obtained in these syntheses (data not shown). Table 1 and Scheme S1 list all the polymers that were synthesized in this work. At first homopolymers H1-H4 were synthesized in order to verify that all monomers M1-M4 can be efficiently used in PPC. In all cases, HPLC, ESI-MS and MS/MS measurements (Figures S1-S4 and Table 1) indicated formation of uniform polymers with the expected chain-length and homopolymer sequence. Based on these promising results, different copolymers P1-P8 were synthesized and characterized (Table 1). Copolymers P1-P4 were synthesized using only comonomers M1 and M2, whereas P5-P8 were prepared using all four comonomers M1-M4. Overall, all copolymers appeared nearmonodisperse, as evidenced by HPLC and ESI-MS (Figure 1 and Figures S5-S11). Furthermore, all copolymers could be sequenced and decrypted by MS/MS (Figure 1 and Figures S5-S11). While d-PPDE are usually exclusively sequenced by negative-mode MS/MS, 37 the presence of a main-chain nitrogen atom in copolymers P1-P8 enables sequencing in both negative and positive mode. Moreover, it was found that dissociation of protonated species formed in the latter mode is highly beneficial to sequencing compared the former one. Indeed, as schematized in the inset of Figure 1c and detailed in Figure S12, phosphate repeat units usually lead to eight fragment ion series once deprotonated in the negative ion mode. 37 Yet, in positive mode MS/MS, four of them (noted in grey in the inset) are either weakly or not detected. As a consequence, signal dilution is minimized and the other four series are detected with an unusually high intensity, thus allowing a perfect sequence coverage. As compared to conventional negative mode, it permits to envisage accurate sequencing of poly(amino phosphodiester)s from data recorded at very low concentrations or with very short acquisition times.

Table 1. Sequence-defined poly(amino phosphodiester)s prepared in this work

In summary, digitally-encoded poly(amino phosphodiester)s were successfully synthesized and decoded by MS/MS. The presence of a main-chain nitrogen atom in these informational copolymers brings substantial advantages. First of all, it is a convenient site for side-chain functionalization. In m/z addition, it enables positive mode MS analysis, thus facilitating sequencing. Last but not least, such polymers, containing both main chain phosphates and tertiary amines, are potential polyampholytes and could therefore be useful for electrostatic self-assembly. 38 
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 1 Figure 1. Characterization of copolymer P5. (a) HPLC trace. (b) Positive mode ESI-MS. The grey asterisk indicates traces of DMT-protected polymer. All other unlabeled peaks are cation adducts. (c) MS/MS sequencing. This spectrum was obtained by collision-induced dissociation of [P5+3H] 3+ . Grey asterisks denote internal fragments. The full grey circles indicate internal fragments corresponding to the four different coded subunits. The inset schematize the fragmentation pattern of a phosphate repeat unit. Light grey arrows indicate fragmentation series that are weakly detectable in these measurements.
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