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High-Affinity Hybridization of Complementary Aromatic Oligoamide Strands in Water
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We prepared a series of water-soluble aromatic oligoamide sequences all composed of a segment prone to form a single helix and a segment prone to dimerize into a double helix. These sequences exclusively assemble as antiparallel duplexes. The modification of the duplex inner rim by varying the nature of the substituents borne by the aromatic monomers allowed us to identify sequences that can hybridize by combining two chemically different strands, with high affinity and complete selectivity in water. X-ray crystallography confirmed the expected antiparallel configuration of the duplexes whereas NMR spectroscopy and mass spectrometry allowed us to assess precisely the extent of the hybridization. The hybridization kinetics of the aromatic strands was shown to depend on both the nature of the substituents responsible for strand complementarity and the length of the aromatic strand. These results highlight the great potential of aromatic hetero-duplexes as a tool to construct non-symmetrical dynamic supramolecular assemblies.

Molecular self-sorting is a process through which molecules self-organize into distinct entities. [1] This molecular programming achieves high-fidelity recognition and potentially function within complex mixtures. Over the years, chemists have established molecular codes that allow synthetic molecules to preferentially engage in interactions with specific partners. In nature, selfsorting of oligomeric peptidic and nucleotidic strands into duplexes is both common and essential. [2] In particular, social selfsorting, that is, the selective recognition of different yet complementary entities is critical to information storage, replication and transfer in living systems. This has inspired chemists to design artificial oligomers that form sequenceselective duplexes mimicking their natural counterparts. For example, linear oligomers may assemble when they possess sequence-complementary arrangements of hydrogen bond donors and acceptors. [3] However, combining such sequence complementarity with shape control proved to be more challenging. Some self-assembled homomeric double helices have been reported eventually nucleated by anions or cations, [4] yet heteromeric double helices (i.e. folded duplexes composed of two different strands) are far less common and often not produced quantitatively. [5] In other words, establishing a reliable pairing mode between two different folded strands distinct from nucleotidic duplexes or peptidic assemblies has been a rarely met challenge, even more so in water. In this context, the heteroduplexes based on aminidium-carboxylate [6] (or phosphate [7] ) pairing in organic solvents developed by Yashima et al constitute a unique and significant example. We describe herein the selective and quantitative hybridization of two chemically inequivalent artificial molecular strands in water to form heteroduplexes. Our design is based on aromatic oligoamide double helices that rely on two sorts of intermolecular interactions, one perpendicular to the helix axis and dominated by steric effects, and the other parallel to the helix axis and associated with aromatic staking.

The association of aromatic helices into helical dimers in organic solvents is well documented. [5,8] We have also shown that water may enhance double helix formation. [9] This was assigned to the hydrophobic effect via a lesser exposure of the aromatic surfaces to water in the duplex than in two single helices. The present study focuses on oligoamide sequences combining 8amino-2-quinolinecarboxylic acid (Q), which codes for a narrow helix diameter and 7-amino-2-quinolinecarboxylic acid bearing a substituent X in position 8 (Q X ), which codes for a wider helix diameter (Figure 1b-e). Qn segments fold into single helices whereas Q X m segments have a strong propensity to form helical dimers in which all X groups converge towards the helix cavity. Q X mQn may thus self-associate as an anti-parallel double helix of two Q X m segments with a Qn single helix at each end (Figure 1a). [9] We devised that modifications of the double helix inner cavity, i.e. varying X on the edge of the aromatic core, may allow for the hybridization of two distinct strands with different X groups able to engage in attractive contacts or able to minimize repulsions.

Synthetic methods and protocols for new monomers and oligomers are described in detail in the supporting information (SI). We first designed a series of Q x 4Q3 sequences equipped with cationic water-solubilizing side chains in position 4 of the monomers. Thus, 1-4 differ only by the nature of the X group of Q X monomers. X can be more or less bulky (F < Cl < OMe < OEt) and can present an electron donating (OMe, OEt) or withdrawing (F, Cl) character. Typically, the sequences were synthesized either manually, or with an automated synthesizer, on low-loading ProTide® PEG-PS resin using conventional Fmoc-based chemistry under microwave irradiation or by controlled induction heating. [10] The acids were activated using either Ghosez reagent before the coupling or in situ using Appel coupling conditions. Fmoc deprotection with DBU was preferred over piperidine in DMF as some Q X monomers were poorly reactive to the latter. All sequences were obtained as their respective trifluoroacetate ammonium salts with excellent purity and very good amounts (82-94% with respect to theoretical loading, see SI) without HPLC purification. The propensity of sequences 1-4 to form double helices was assessed by 1 H NMR. In DMSO-d6, a solvent known to disfavor double helix formation, sequences 1, 3, and 4 revealed a unique set of resonances that were assigned to a single helix (Figures 2a,2c, S1-S4). In contrast, still in DMSO-d6, 2 weakly aggregates with a Kdim = 1.6x10 3 L.mol -1 . Upon adding water to the DMSO-d6 solutions of 1-4, a new set of well-resolved high-field-shifted resonances, characteristic of double helix formation, emerged (Figures 2b,2d,). The number of resonances indicated that the double helices have two equivalent strands. At 1 mM, the amount of water required for the onset of aggregation varied with X, from 0 %, less than 15 %, less than 35 %, and less than 55 % for 2, 1, 3 and 4, respectively, indicating different duplex stabilities. However, in pure water, the duplex was the only detectable species for all compounds. Upon diluting solutions of (1)2 or (3)2 in water down to 20 µM, no monomer could be observed providing a minimal estimate of Kdim > 10 8 L mol -1 (Figures S6-S9). This behavior was unchanged in the presence of a 50 mM ammonium acetate buffer. Native electrospray mass spectrometry (ESI-MS) using soft instrumental conditions confirmed the formation of (1)2 and (3)2 albeit mixed with monomers 1 and 3. We inferred that some duplex dissociation occurred during ionization. Additionally, ion mobility MS analysis confirmed collision cross-section profiles that matched well with the double and single helices (Figures S10-S11).

Structural information at the atomic scale on the homomeric double helix was obtained from the solid state structures [11] of sequences 5 and 6, two analogues of 3 bearing short neutral and anionic side chains more prone to crystallization than the flexible ornithine-like side chains of 3 (Figure 1e). The structures confirmed the anticipated anti-parallel arrangement of the strands as well as the single helical and double helical nature of the Q3 and Q OMe 4 segments, respectively (Figure 2e,2f). In both structures, the helix cavity is filled with a crowded arrangement of eight methoxy groups, which pack more tightly in (5)2 than in (6)2 (Figure S12). Next, we assessed the propensity of homodimers 1-4 to form heteromeric double helices. Hybridization was followed using 1 H NMR and also 19 F NMR for 1. Upon incubating (1)2 with (2)2 in water (H2O/D2O -95:5 vol/vol) for 12 hours at 298 K no change could be observed (Figure S13). Heating to 323 K led to the appearance of a new set of sharp signals with twice the number of resonances (12 amide NHs) as (1)2 or (2)2 (6 amide NHs each) suggesting the formation of heteroduplex 1•2 (Figures S13d,S14b). Thermodynamic equilibrium was reached after 12 hours and revealed that the proportion of 1•2 reached 78 %. Similarly, mixing (2)2 with (3)2 yielded 2•3 up to a proportion of 87 % (Figure S15). In both cases, the proportion of heteroduplex exceeded that of a statistical distribution (50 %), hinting at a better steric or electronic complementarity than in homomeric double helices. Remarkably, upon mixing (1)2 with (3)2, the 1 H and 19 F resonances of the homomeric double helices completely vanished within 5 minutes at 323 K, and were fully replaced by a unique set of signals corresponding to 1•3 (Figures 3a,b,d and S16, S17). Consistent with the high stability of (1)2 and (3)2, no dissociation of 1•3 was detected upon dilution down to 20 µM in water or buffered water (Figures S18,S19). The quantitative formation of 1•3 indicates that the equilibrium constant K' between (1)2 + (3)2 and 2 × 1•3 is larger than 2500 (see the SI). Accordingly, a minimum estimate for the stabilization of the heteroduplex 1•3 was determined as ΔG < -19.4 kJ/mol. Finally the self-sorting ability of the aromatic sequences bearing fluorine, methoxy or chlorine substituents was evaluated by 1 H NMR. Mixing (1)2, (2)2 and (3)2 in a 1:1:1 ratio in CDCl3 showed the progressive disappearance of (1)2 and (3)2 -the concentration of (2)2 remained unchangedtogether with the quantitative formation of the heteroduplex 1•3, without detection of 1.2 or 2.3 (Figure S31).

The hybridization of 1•3 was also confirmed by native electrospray mass spectrometry. The heteromeric double helix was unambiguously detected at m/z = 1858.6, 1239.4, 929.8 (2+, 3+ and 4+ species) (Figures 3f, 3g and S22). Single helices 1 and 3 were also detected as a consequence of dissociation during ionization and despite the smooth conditions.

Detailed structural information could not be gathered using crystallography. Nevertheless, hybridization was confirmed using 1 H-19 F Heteronuclear Overhauser Effect SpectroscopY (HOESY) which can assess the spatial proximity between 1 H and 19 F nuclei. For these experiments, we used dimer 1•7, an analogue of 1•3 bearing seventeen hydro-solubilizing ammonium side chains vs fourteen for 1•3. The better solubility of 1•7 allowed for a higher concentration in water and increase signal-to-noise ratio for HOESY experiments. The 1 H-19 F HOESY spectrum demonstrated dipolar couplings between fluorine atoms of the Q F units and the methyl groups of the Q OMe units, thus confirming the proximity of these functional groups in the cavity of the heteromeric double helix (Figures 3h,S20). A molecular model of 1•3 was built, revealing shape complementarity between the small fluorine atoms and the methoxy groups whose position may vary through rotation about Car-O bonds (Figure 3i). The crowding of methoxy groups in (3)2, (5)2, and (6)2 (Figures 2, S21, S30 and S43) is released in 1•3, suggesting that sterics contribute to hybridization (Figure S12). The absence of steric bulk within (2)2 would explain why it hybridizes less efficiently with (1)2. The weak hybridization between (2)2 and (3)2 could also reflect a weaker steric drive (crowding within (3)2 is less efficiently released with chlorine than fluorine), or that other effects than sterics favor for the formation of 1.3, for example electronic effects specific to fluorine.

The hybridization kinetics were examined further by increasing the length of the C-terminal single helical Qn segments, or by increasing the substituent size in position 8 of the Q X units. Sequences 4, 7, and 8 served that purpose (Figure 1e). Upon mixing (1)2 and ( 7)2, the elongated version of (3)2, the formation of 1•7 was followed by 1 H and 19 F NMR (Figures 4b,c and S23-25). We found that the heteroduplex formed quantitatively over 90 minutes at 323 K in H2O / D2O (95:5 vol/vol). By comparison, the formation of 1•3 took less than five minutes (Table S1). The slower kinetics with 7 suggest a remote effect of the single helical segments which may stabilize the central duplex. Such remote effects have been observed before. [12] Effects were also strong with Q OEt -containing sequences 4 and 8. Mixing (1)2 with (4)2 produced 1•4 at a rate too fast to be monitored, as observed with 1•3. When using longer oligomer (8)2, the formation of 1•8 was slower, yet it was complete after only 15 minutes, that is, six times quicker than for 1•7 (Figures 4, S26-S29). Molecular models of heteromeric 1•7 and 1•8 (Figure S30) showed a good shape-complementarity, and compact well-folded helices for both hetroduplexes. In contrast, steric crowding of the ethoxy groups within (8)2 was considerable, leading to distortions of the double helix and ethoxy groups protruding from the cavity (Figure S30). The faster kinetics with (8)2 may thus result from its lower stability with respect to (7)2, facilitating the exchange with complementary strands. Nevertheless, the prevalent exchange mechanism is yet to be established, namely, completely dissociative (between two single helices), through direct exchange (between two double helices), or hybrid (between a dissociated single and a double helix). Double helix formation is presumed to proceed with limited perturbation of the helical structure via the slipping of the two single helices into one another in an eddy-like process. [13] Whether this allows for a direct exchange of strands, as seen in other systems, [6c] is not known. In any case, helix length and the bulk in the cavity emerge as convenient parameters to fine-tune the kinetics of exchange. In summary, we established quantitative hybridization of aromatic helices in water using interacting groups within the duplex cavity. The heterodimers show high stability even for the short sequences studied and their kinetics of formation may be adjusted. We believe that this high level of self-sorting in water will be useful when combined with biomolecules for biomaterial engineering. The hybridization may give access to advanced biomaterials with low symmetry.

Figure 1 .

 1 Figure 1. a) Schematic representation of: (left) the self-assembly of a single helix into an antiparallel homomeric double helix followed by (right) its hybridization with a chemically different strand forming a heteromeric double helix. b) Color coded formulae and associated abbreviations of aromatic amino acid monomers. Representation of the helical curvature of: c) a Q2 dimer (2.5 units/turn); and d) a Q X 2 dimer (X = F, Cl, OMe or OEt, 4 units/turns). e) Oligoamide sequences 1-8.

Figure 2 .

 2 Figure 2. Excerpts of 1 H NMR spectra (700 MHz, 323 K) of a) 1 (1 mM, DMSO-d6); b) (1)2 (0.5 mM, H2O/D2O -95:5 vol/vol); c) 3 (1 mM, DMSO-d6); d) (3)2 (0.5 mM, H2O/D2O -95:5 vol/vol). X-ray structures of the antiparallel homomeric double helices: e) (5)2 and f) (6)2. Methoxy groups are shown in space filling representation. In the side views, Q and Q OMe are colored in grey and orange, respectively. In the top view (slice), each strand is shown with a distinct color

Figure 3 .

 3 Figure 3. Excerpts of 1 H NMR spectra (H2O/D2O -95:5 vol/vol, 700 MHz, 323 K) of: a) (1)2 (0.5 mM); b) (3)2 (0.5 mM); c) (4)2 (0.5 mM); d) 1•3 (1 mM); e) 1•4 (1 mM). Amide resonances of (1)2, (3)2, (4)2, 1•3 and 1•4 are marked with blue, orange, green, blue/orange and blue/green circles, respectively. f,g) High resolution ElectroSpray Ionization Mass Spectrum (ESI-MS) of 1•3. h) Zoom of 1 H-19 F HOESY NMR spectra (H2O/D2O -95:5 vol/vol, 400 MHz, 323 K) of 1•7. Resonances corresponding to fluorine atoms are denoted in blue whereas those of methoxy groups (OCH3) are shown in orange, respectively. i) Energy minimized molecular models (MMFFs) of 1•3. Fluorine atoms and methoxy groups are shown in representation. Q, Q F and Q OMe are colored in grey, blue, and orange, respectively. Side chains have been removed for clarity.

Figure 4 .

 4 Figure 4. a) Schematic representation of the hybridization between two strands of different lengths. Excerpts of 1 H NMR spectra (H2O/D2O -95:5 vol/vol, 700 MHz, 323 K) of an equimolar mixture of (1)2 (0.5 mM) and (7)2 (0.5 mM) after: b) 3 min;(c) 90 min (thermodynamic equilibrium). Same experiment with (1)2 (0.5 mM) and (8)2 (0.5 mM) after: d) 3 min; e) 15 min (thermodynamic equilibrium). Amide signals of (1)2, (8)2, 1•7 and 1•8 are marked with blue, green, blue/orange and blue/green circles, respectively. f) Time traces of the hybridization process in water of 1•7 (orange circles) and 1•8 (green circles).
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