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Aromatic foldamers [1] emerge as a new class of folded oligomers that may be decorated with proteinogenic side chains to interact with proteins [2,3] and nucleic acids, [4,5] and eventually serve as inhibitors of nucleic acid-protein and protein-protein interactions. Amphipathic structures have also been shown to interact with, or to insert themselves in, membranes. [6,7] Some possess antibiotic activity. [6] Both linear [2,5,6] and helical [3,4,7] fol-damers have been developed and varied targets have been identified, including hDM2 and B-cell lymphoma-2 (Bcl-2) regu-lator proteins, [2a,d,e] protein precursors of amyloids, [2c,3a-e] G-quadruplex DNA [4] and some DNA-binding enzymes. [3f] Advantages of aromatic foldamers include their ease of synthesis, for example through solid-phase methodologies, [8] and the predictability and stability of their folded conformations in both protic and aprotic solvents. [9] Because relatively large and welldefined folded objects can be produced using aromatic amide backbones, [10] it may be envisaged to cover large surface areas of proteins and nucleic acids. For example, we recently reported protein binding using a 9.2 kDa foldamer mimicking a 16 base-pair DNA duplex. [3f] Nevertheless, designing objects that can recognize large surface areas of proteins is difficult: which side chains are to be selected and where should they be located? Some of the published work concerned mimetics of a-helices, [2] B-DNA, [3f] or natural products. [5] Other approaches use screening through directed evolution methods. [11] It remains that no general approach exists for the ab initio design of large ligands for a protein surface. Structural information about aromatic foldamer-protein interactions would constitute a firm stepping-stone for further design, but it can hardly be obtained without having reasonable binding affinity in the first place.

To overcome this sort of deadlock, we endeavored to investigate foldamer-protein interfaces by confining foldamers at the surface of a protein. [12,13] For example, helical oligoamides based on 8-aminoquinoline carboxylic acid Q were maintained in close proximity to the surface of human carbonic anhydrase (HCA) as a model system by means of a nanomolar HCA ligand (Figure 1 a). Interactions were first detected through induction of foldamer helix handedness in response to contacts with chiral elements at the protein surface, and subjected to structural investigations both in the solid state and in solution. [13] Crystal structures proved their usefulness in that they revealed multiple features that could not have been designed in the first place, including unusual foldamer-protein complex stoichiometries, [13c] and now constitute starting points for iterative improvements. They also relate to crystal structures of complexes between proteins and other medium-sized aromatic ligands such as calixarenes, [14] suramine, [15] 1,3,6,8pyrenetetra-sulfonic acid, [16] or molecular tweezers. [17] However, these earlier studies only concerned short (tetrameric) foldamer segments and that could not cover very large protein surface areas. To extend this approach to longer sequences, we recently demonstrated that incorporating more flexible P units (Figure 1 b) into Qn sequences enhance helix dynamics and allow for protein-mediated handedness induction in helical foldamers such as nonamer 3 and tetradecamer 5. [18] Abstract: The development of large synthetic ligands could be useful to target the sizeable surface areas involved in protein-protein interactions. Herein, we present long helical aromatic oligoamide foldamers bearing proteinogenic side chains that cover up to 450 a 2 of the human carbonic anhydrase II (HCA) surface. The foldamers are composed of aminoquinolinecarboxylic acids bearing proteinogenic side chains and of more flexible aminomethyl-pyridinecarboxylic acids that enhance helix handedness dynamics. Crystal structures of HCA-foldamer complexes were obtained with a 9-and a 14-mer both showing extensive protein-foldamer hydrophobic contacts. In addition, foldamer-foldamer interactions seem to be prevalent in the crystal packing, leading to the peculiar formation of an HCA superhelix wound around a rod of stacked foldamers. Solution studies confirm the positioning of the foldamer at the protein surface as well as a dimerization of the complexes.

Figure 1. a) Formula of functionalized HCA ligands. b) Formula of amino acid units color coded according to their side chain: hydrophobic (black), polar neutral (green), cationic (blue), anionic (red). c) Foldamer sequences 1-5. Five-pointed star representations of amphipathic hybrid Q/P foldamers 1-3 (d) and 4-5 (e). Monomers are counted from the C-terminus. Numbers in red indicate the location of P units. f) CD spectra of HCA-foldamer complexes after an 8 day equilibration at two different pH conditions in phosphate buffer at 25 8C.

In the following, we introduce additional sequences 1, 2 and 4 and report the structure elucidation of complexes HCA-2 and HCA-4. The structures again reveal an ensemble of hard-to-predict features, including extended shape complementarity between the cylinder-like helices and a shallow groove at the protein surface as well as multiple hydrophobic contacts with the face of the foldamer that was initially not intended to interact with the protein. The extensiveness of foldamer-protein and foldamer-foldamer contacts is also obvious in the crystal packing. These results thus pave the way to the ab initio design of large foldamer-based ligands of protein surfaces.

Sequences 1, 2 and 4 were designed following the same principles as for 3 and 5: 1) each has a benzenesulfonamide HCA ligand at its N-terminus; 2) side chains of Q units were selected with no other prejudice than to generate some foldamer surface diversity, that is, with hydrophobic, polar neutral and charged groups; 3)P units aim at enhancing helix dynamics and were positioned on one face of the foldamer helix to allow for interactions between the other face and the protein (Figure 1 d,e); and 4) sequences contain no stereogenic center and initially fold as a racemic mixture of right-and left-handed helices, but this equilibrium may be biased by foldamer-protein interactions. Oligomer solid-phase synthesis [8] and characterization are reported in the Supporting Information. Crude products typically have 75-80 % purity. After reversed-phase HPLC purification, yields from initial Wang resin loadings range from 37 to 66 %.

We used CD in the absorption region of quinoline chromophores at 360 nm to detect helix handedness induction in presence of HCA (Figure 1f and Figure S4, Supporting Information). At equilibrium, all five foldamers showed a CD response [19] with slight variations depending on sequence. As previously observed with shorter sequences, [13c] one foldamer (3) showed an inversion of CD sign, and thus of preferred helix handedness, suggesting the involvement of charged residues in the interaction: depending on pH, foldamer-protein interactions vary which may result in favoring the P or the M helix handedness. Given these encouraging results, crystallization of HCA-foldamer complexes was attempted for all compounds but 5, which gives the weakest CD. The structures of HCA-2 and HCA-4 could be solved and refined at 2.7 and 2.9 a resolution, respectively (Figure 2 and Figure S5, Supporting Information).

Despite the different lengths and side chain composition of 2 and 4, their complexes with HCA share multiple features: the HCA ligands are well located in the HCA active site with the sulfonamide coordinated to Zn II ; canonical helical conformations are retained, even when two consecutive flexible P units are present as in the case of 4; the helices are right-handed, in agreement with their positive CD bands; [20] the helices lie down on the protein with the helix axis parallel to the protein surface and cover a sizeable area, fulfilling our main objective. Specifically, the foldamer-protein contact area (i.e. the interface per component, protein or foldamer) at the exclusion of the HCA ligand was measured with PDBePISA [21] to be 308 and 448 a 2 in HCA-2 and HCA-4, respectively. In both complexes, the foldamer helix is located in a wide and shallow groove of the protein exposing its P units to HCA and its side chains to the solvent. Side chains thus do not contribute to direct interactions with the protein to which the foldamer ligand is bound, consistent with the lack of effect of pH on helix handedness induction. This arrangement appears to be driven by shape complementarity-the groove surface is smooth and so is the face of the helix where P units are located-and by hydrophobic effects. Indeed, the groove is lined with hydrophobic residues: Phe20, Pro21, Ile22, Val134, Pro201 and Leu203 towards which the helices exclusively expose aryl CH groups of P and Q units. One may infer from these structures that the In the side and top views, the structures are overlaid. HCA is shown as an isosurface color labelled according to electrostatic potential (blue: cationic, red: anionic, white: neutral). Hydrophobic surface residues are indicated. The foldamers are shown in tube representation in yellow (Q units) and red (P units) for 4, and in blue (Q units) and orange (P units) for 2. The top and front views show the horizontal and angular shifts of the foldamer positions. b) Solid-state packing of HCA-22 showing the helical arrangement of HCA molecules around a columnar stack of foldamers along a 4-fold screw axis. Every other foldamer in the stack is not bound to an HCA molecule. c) Solid-state packing of HCA-4 showing stacked dimers of foldamers surrounded by four HCA molecules. In the top view, one protein structure has been removed for clarity. At side, a zoom of the foldamer-foldamer contact and of the surrounding protein residues are shown. In b and c), foldamers are shown as space-filling models and the proteins as a ribbon representation within a transparent iso-surface. In c each foldamer and the protein bound to it have the same color.

HCA-3 complex is different and involves some quinoline side chains responsible for its pH dependence.

The relative positions of 2 and 4 in their HCA complexes also show some differences. They are shifted horizontally with respect to the protein surface and axially, that is, around the helix axis (Figure 2 a). This positioning appears to be influenced by some directional interactions, for example, a hydrogen bond between the primary amide of Gln135 and two main chain carbonyl groups of 4, either directly, or through a water bridge (Figure S7b, Supporting Information). It may also be slightly influenced by crystal packing (see below). Overall, the large protein-foldamer contacts, the presentation of the foldamer aromatic edges-which can be functionalized-to the protein, and the simple stoichiometry (one foldamer per pro-tein), make HCA-2 and HCA-4 much better starting points for structure-based design than earlier 2:2 and 2:3 complexes. [12,13] Packing in HCA-2 and HCA-4 crystals differ much from each other and also from over 400 reported HCA structures. Nevertheless, as with shorter foldamers, [13] foldamer-foldamer interactions appear to be a strong driving force in both cases, extending the concept of "molecular glue" proposed for proteincalixarene complexes. [14b] The structure of HCA-2 is actually a structure of HCA-22 in which a second foldamer is included with its HCA ligand not bound to a protein. [START_REF]The asymmetric unit in fact contains two essentially superimposable HCA-22 complexes[END_REF] This second foldamer has few contacts with surrounding proteins (Figure S6, Supporting Information) but it inserts itself in continuous foldamer columns in alternation with the foldamer bound to HCA (Figure 2 b). Extensive head-to-head and tail-to-tail contacts thus occur alternatively between the aromatic helix cross-sections. The P43 symmetry of the crystal then results in a unique left-handed helical arrangement of HCA molecules around foldamer columns through a 4-fold screw axis. The HCA-4 complexes also involve stacks of foldamers but these are limited to dimers which are all surrounded by four HCA molecules in the P21212 lattice (Figure 2 c). Some foldamer side chains and one foldamer cross-section are involved in contacts with HCA molecules other than the one to which the ligand is bound (Figure 2 c, right, Figures S6 and S7, Supporting Information). The differences between the packing of HCA-2 and HCA-4 together with their similar foldamer-protein contacts suggest that the foldamers indeed influence packing but packing itself does not cause major differences in the foldamer-protein interactions.

We then sought for information about the structures of HCA-2 and HCA-4 in solution by using surface plasmon resonance (SPR) and NMR spectroscopy taking HCA-Inh as a reference, as established for HCA-short foldamer complexes [13b,c] (Figure 3 and Figures S8-S10, Supporting Information). We opted for an investigation at physiological pH to allow for comparison with earlier studies, rather than at the lower pH of the crystallization drops. The 1 H, 15 N HSQC spectra of [ 15 N]HCA-Inh demonstrated that the protein is stable, wellfolded and fully bound by the HCA ligand (Figure 3 b). Compound Inh lacks a foldamer helix and chem-ical shift perturbations (CSPs) observed in the spectra of [ 15 N]HCA-2 or [ 15 N]HCA-4 can thus be attributed mainly to fol-damer-protein contacts. We distinguished weak and strong CSPs, and measured HSQC signal broadening. Quite remarka-bly, signal broadening beyond detection and strong CSPs were principally located at residues involved in protein-foldamer and protein-protein contacts of the HCA-22 and HCA-4 crystal structures (Figure 3 e,f), suggesting a positioning of the foldam-ers in solution comparable to that in the solid state. The broadening beyond detection of some signals, a phenomenon known for calixarenes [14e] but not previously observed with shorter foldamers, was attributed to some dynamic phenom-ena, perhaps related with the mobility of the foldamer in the protein groove, as suggested by the slightly different positioning observed in the two crystal structures.

Measurements of the 1 H N T2 delays allowed for an estimate of the correlation times (tc) of the complexes in solution and thus to assess their size and thereby their aggregation state. For HCA-Inh, a correlation time of 19.5 ns was measured indicating a mainly monomeric state in solution. In contrast, HCA-2 and HCA-4 at a 200 mM concentration had tc values of 36.2 and 35.1 ns, respectively (Table S2, Supporting Information), consistent with a dimeric state (two proteins and two foldamers). [13b,c] This aggregation might contribute to the CSPs observed at residues involved in some protein-protein contacts in the crystal lattice.

We also assessed the strength of interactions using SPR. Titration data could all be fitted to a 1:1 binding model. A Kd value of 4.2 V 10 @9 M @1 was found for HCA-2, which is very simi- lar to the Kd of HCA-Inh (5 V 10 @9 M @1 ). [13a] However, association and dissociation were both about three times slower for HCA- 2 (kon = 4.9 V 10 5 M @1 s @1 , k off = 2.0 V 10 @3 s @1 ) than for HCA-Inh Kumar, M. Birol, A. D. Miranker, Chem. Commun. 2016, 52, 6391 -6394; c) S. Kumar, M. A. Brown, A. Nath, A. D. Miranker, Chem. Biol. 2014, 21, (kon = 1.5 V 10 6 M @1 s @1 , koff = 7.7 V 10 @3 s @1 ), illustrating the involvement of the foldamer in the interactions. HCA-4 was found to be slightly less stable (Kd = 30x10 @9 M @1 ), as a consequence of a slightly slower association (kon = 0.6x10 5 M @1 s @1 ) while dissociation remained as slow as for HCA-2 (koff = 1.9x10 @3 s @1 ). Interpretation of these values must take into account that helix handedness inversion takes place only partially in the course of the SPR titration, meaning that the values average the binding of the P helix and of the less favored M helix.

In summary, we showed that the tethering approach has allowed for the identification of structurally defined foldamer-HCA complexes with large contact surface areas. Good foldamer-protein shape complementarity and hydrophobic contacts seem to be prevailing parameters within these complexes. Structure elucidation provides an accurate description of the protein-foldamer contact and a starting point to further design the foldamer-protein interaction by the introduction of tailored foldamer side chains. The ultimate objective is to observe tight and selective binding in the absence of a tether. Efforts in this direction are currently in progress in our laboratories and will be reported in due course.
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 2 Figure 2. Structures in the solid state of HCA-4 (PDB# 6Q9T) and HCA-22 (PDB# 6HZX). a) Side view (left), top view (middle) and front view (right) of the two complexes. In the side and top views, the structures are overlaid. HCA is shown as an isosurface color labelled according to electrostatic potential (blue: cationic, red: anionic, white: neutral). Hydrophobic surface residues are indicated. The foldamers are shown in tube representation in yellow (Q units) and red (P units) for 4, and in blue (Q units) and orange (P units) for 2. The top and front views show the horizontal and angular shifts of the foldamer positions. b) Solid-state packing of HCA-22 showing the helical arrangement of HCA molecules around a columnar stack of foldamers along a 4-fold screw axis. Every other foldamer in the stack is not bound to an HCA molecule. c) Solid-state packing of HCA-4 showing stacked dimers of foldamers surrounded by four HCA molecules. In the top view, one protein structure has been removed for clarity. At side, a zoom of the foldamer-foldamer contact and of the surrounding protein residues are shown. In b and c), foldamers are shown as space-filling models and the proteins as a ribbon representation within a transparent iso-surface. In c each foldamer and the protein bound to it have the same color.

  a,b and Figure S8, Sup-porting Information). Intermolecular contacts were then identi-fied by comparing the 1 H, 15 N HSQC spectra of [ 15 N]HCA-2 (Fig-ure S9) or [ 15 N]HCA-4 (Figure S10) with that of [ 15 N]HCA-Inh (Figure 3 a,

Figure 3 .

 3 Figure 3. NMR chemical shift variations of [ 15 N]HCA (200 mM) in complex with Inh, 2 or 4 (1.3 equiv) in Tris buffer (10 mM, pH 8.0). Part of the superimposed 1 H, 15 N HSQC spectra of: (a) HCA-2 and HCA-Inh; (b) HCA-4 and HCA-Inh. (c,d) CSP that is, chemical shift perturbations (DdNH) calculated as a root-mean-square deviation (((DdH)/0.14) 2 + (DdN) 2 ) 0.5 and height ratio calculated as a ratio of peak intensities. (c) HCA-2 compared to HCA-Inh; (d) HCA-4 compared to HCA-Inh. Residues marked in orange exhibit significant linebroadening in their (HCA-2 or HCA-4) HSQC signal with height ratio < 0.15. e) Protein surface of the HCA2-24 crystal structure colored as in panel c. Residues for which NMR assignment is unclear are shown in gray. f) Protein surface of the HCA2-42 crystal structure colored as in panel d. Residues with signal overlap or ambiguous NMR assignment are shown in gray.
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 3 Helical arylamides: a) S. Kumar, M. Birol, D. E. Schlamadinger, S. P. Wojcik, E. Rhoades, A. D. Miranker, Nat. Commun. 2016, 7, 11412; b) S.
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