Dr Léonie Cussol 
  
Dr Laura Mauran 
  
Dr Jérémie Buratto 
  
Dr Anna Y Belorusova 
  
Dr Maxime Neuville 
  
Dr Judit Osz 
  
Sébastien Fribourg 
  
Dr Juliette Fremaux 
  
Dr Christel Dolain 
  
Dr Sébastien R Goudreau 
  
Dr Natacha Rochel 
  
Gilles Guicharda 
  
G Guichard 
email: g.guichard@iecb.u-bordeaux.fr
  
E Valeur 
  
M Guéret Stéphanie 
  
H Adihou 
  
R Gopalakrishnan 
  
M Lemurell 
  
H Waldmann 
  
N Grossmann Tom 
  
Angew. Chem. Int T Plowright Ed Alleyn 
  
  
  
  
  
Structural basis for α-helix mimicry and inhibition of protein-protein interactions with oligourea foldamers
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Efficient optimization of a peptide lead into a drug candidate frequently needs further transformation to augment properties such as bioavailability. Among the different options, foldamers, sequence-based oligomers with precise folded conformation, have emerged as a promising technology. Here, we introduce oligourea foldamers to reduce the peptide character of inhibitors of protein-protein interactions (PPI). However, the precise design of such mimics is currently limited by the lack of structural information on how these foldamers adapt to protein surfaces. We now report a collection of X-ray structures of peptide-oligourea hybrids in complex with ubiquitin ligase MDM2 and vitamin D receptor and show how such hybrid oligomers can be designed to bind with high affinity to protein targets. This work should enable the generation of more effective foldamer-based disruptors of PPIs in the context of peptide lead optimization.

Introduction

Peptides have re-emerged as key molecules in modern drug discovery (new 'modalities' [1]) owing to some specific advantage such as their high molecular and structural diversity, effective synthesis methods, and ease of generating sequences with high affinity and selectivity for difficult biological targets.[2] However, there is commonly a need for further optimizing standard peptides consisting of proteinogenic amino acids as they generally possess poorly defined conformation, short in vivo halflife and poor membrane permeability. [2c, 3] This incited chemists to develop innovative approaches to address these challenges, among which constrained peptides have gained momentum with several drug candidates at different stages of clinical trials. [4] In particular, considerable effort has been devoted to the stabilization and mimicry of helical secondary and tertiary structure motifs as they are frequently involved at the interface of protein-protein interactions (PPIs), a prominent source of biological targets. [5] Multiple strategies were developed for that purpose, including amino acid replacement using non canonical residues, macrocyclization, and backbone modifications. [6] The foldamer strategy which consists in designing sequence-specific synthetic oligomers that fold into well-defined structures [7] is appealing as such backbone modifications might increase the resistance of the peptide, and improve its physicochemical characteristics while preserving affinity for the target.

Yet, examples of bioactive peptides modified using foldamer technologies remain scarce due to both (i) the difficulty to identify effective mimics that can retain essential features of peptide secondary structures including correct orientation of key side chains, and (ii) the need for high resolution structural information to guide structure-activity based studies. In few cases, well-designed foldamers led to significant improvements of the pharmaceutical properties of the cognate peptides. α/β-Peptides developed by Gellman as modulators of PPIs or receptor ligands are highly significant in that respect. [7d, 7f-h] Recently, we showed the first example of peptide-oligourea hybrids as analogues of class B GPCR peptide ligands with improved activity in vivo. [8] N,N'-linked oligoureas have distinctive properties: 1) they are sequence-defined and readily accessible; 2) they can form robust helical structures akin to the α-helix; [9]; 3) they show high resistance to proteolysis; [10] and 4) they can be interfaced with peptides to generate regular hybrid helices; [11] However, the main challenge when replacing a α-helical peptide by its ureido counterpart is to take into account the structural differences between the two helices, i.e. the smaller number of residues per turn, the smaller rise per turn and the larger diameter of the oligourea helix (Figure 1). In this context, the lack of high resolution structural information on oligoureas or peptide-oligoureas hybrids bound to a protein target represents a serious limitation to their utilization. The purpose of this study was to gain structural insights into the interaction of oligoureas with protein surfaces and delineate some principles that in turn could be used to accelerate the discovery of peptide/oligourea hybrids as modulators of PPIs.

Two representative PPIs involving short peptide helices were selected: 1) the p53-MDM2 interaction and 2) the SRC-vitamin D receptor (VDR) interaction.

Figure 1. General principle for α-helix mimicry with oligourea foldamers. A) Comparison of the peptide α-helix (C atoms in light blue) and oligourea 2.5 helix (C atoms in yellow). B) Schematic representation showing how oligourea helices can be used to replace α-helical portions in target peptides to generate oligourea-peptide hybrids as PPI inhibitors. Ureido residues are denoted Xu and Xuα by analogy to the one letter code of α-amino acids. C) Peptides PMI, SRC1-2, and SRC2-3 used as starting points to design corresponding peptide/oligourea ligands. Bound conformation to their respective targets, namely MDM2 (PDB ID : 3EQS [12]) and VDR (PDB ID : 2HC4 [13] and 5H1E [14]).

Both p53 and VDR are transcription factors. The tumor suppressor p53 is a protein that regulates apoptosis in response to various stresses and which is negatively regulated by the ubiquitin ligase MDM2. Inhibiting or degrading MDM2 to restore wild-type p53 activity in tumors that overexpress MDM2 is a potential strategy for cancer treatment. [15] The VDR is a member of the nuclear hormone receptor (NHR) family which is implicated in the regulation of many biological functions including bone homeostasis, cell growth, and immunity. [16] Transcriptional activity of VDR upon binding to 1,25-dihydroxyvitamine D3 (1,25-(OH)2D3 or calcitriol) its natural ligand requires the molecular association of the ligand binding domain (LBD) with coactivators including steroid receptor coactivator (SRC) family members (SRC1, SRC2, SRC3). Inhibiting NHR-SRC interaction is a potential strategy to treat cancer associated with elevated expression of SRC. [17] Herein, we show that peptides with oligourea inserts may be designed to retain high affinity for their protein target and report six crystal structures of peptide/oligourea hybrids bound to their respective protein target. These high resolution structures are particularly revealing in showing that all hybrids adopt a regular helical conformation upon binding to the target protein and in suggesting how the protein may accommodate non canonical helical backbones.

Results and Discussion

General considerations on the design of peptide-oligourea hybrids

The selected targets MDM2 and VDR differ by their mode of helix recognition and by the length of the bound α-helix (7 and 9 residues for SRC-and p53-derived peptides) thus allowing different peptide  oligourea replacement strategies to be explored (Figure 1B). Previously, we scanned the GLP-1 sequence with triureas inserts as tetrapeptide mimics to identify replacements that would retain agonist activity while potentiating pharmacokinetics properties. [8] In this work, we thought to apply this strategy of partial replacement by incremental extension of the oligourea segment starting from the C-terminus to create p53 mimics with increased resistance to proteolytic degradation. In the case of VDR, the interaction of the LXXLL motif of coactivators with the LBD is mediated by both a hydrophobic cleft which accommodates the Leu side chains and a charge clamp formed by conserved charged residues in the LBD (e.g. E446 and K274 in zebrafish VDR (zVDR)) that contact terminal main chain amides of the helix. Here the challenge is thus to replace the central α-helix by an oligourea helix of precise length that would retain this general binding mode including electrostatic interactions with the charge clamp.

Short oligourea-peptide hybrids as potent disruptors of p53-MDM2 interaction

Starting from PMI, a dodecapeptide selected from phage display libraries, with affinity for MDM2 in the nM range (Figure 1C), [12,18] we set out to design analogues by gradually introducing ureido units to replace C-terminal region including L10 and W7 which make key contribution to MDM2 binding, and to create a capping box at the C-terminus of the helix. [12] The target oligomers were prepared by solid-phase synthesis (SPS) using Fmoc chemistry for the peptide fragments and azidoalkyl succinimidyl carbamate monomers for the incorporation of ureido residues. [8,19] Table 1. Sequences of oligourea-peptide hybrids 1-9 derived from PMI and binding to MDM2 as determined by TR-FRET assay

Compound

Sequence [a] IC50 [b] (nM) SE [c] (nM)

1 2 3 4 5 6 7 8 9 10 11 12 
Nutlin 3a 21 [d] 2.4 [e] PMI T [f] 2.2 [e] 2 [f] 1.8 [e] 5

S F A E Y W N L L S P 9.5 0.5 PMI(1-10) T S F A E Y W N L L - - 14 1.6 1 T S F A E Y W A u A u L u - - 39
T S F A E Y W A u A u A u - - 232 19 
3 T S F A E Y W A u A u Nle u - - 67 4.6 4 T S F A E Y W A u A u V u - - 24
T S F A E Y W u A u V uα A u - - 529 42 6 T S F A E Y W u A u L uα A u - - 60 10 
7 T S F A E Y W u A u L u A u - - 1443 141 8 T S F A E Y W u A u A uα A u - - 1806 308 
9 T S F A E Y W u A u L uα - - - 77 
4.9

[a] Oligourea inserts are shown in bold. [b] p53/MDM2 inhibition (IC50). [20] [c] Standard error (SE) on the IC50. [d] Mean value of 10 experiments. [e] Standard error of the mean (SEM) on the EC50. [f] Mean value of 6 experiments. Unless otherwise stated, the data are IC50 values ± SE obtained by non-linear regression on 9 points concentration-response curves performed in duplicates (n=2). IC50: half inhibition effective concentration.

Yields after purification varied between 10-30 % (Supporting Information (SI)). The interaction between PMI analogues and MDM2 was quantified using a time resolved fluorescence energy transfer (TR-FRET) assay [20] by measuring the suppression of the interaction between recombinant p53 and MDM2 upon addition of increasing concentrations of the peptide mimics (Table 1; Figures S1-S12). (-)-Nutlin 3a, PMI and PMI(1-10) were used as controls. The first hybrids were prepared by replacing the five amino acids from position 8 to 12 (NLLSP) with a simple triurea motif AuAuXu. The residue Xu which was intended to mimic L10 was varied from Lu to Au, Nleu and Vu (compounds 1-4) in order to investigate the impact of the side chain on the binding. Interestingly, the first compound in this series (1) was found to be only 4 times less potent than PMI with an IC50 of 39 nM. The importance of the Xu residue was further confirmed by the significant drop in affinity observed for hybrid 2 bearing a smaller Me side chain. Remarkably, compound 4 (Vu, IC50 = 24 nM) was the tightest binder in the series and shows a binding profile similar to (-)-nutlin-3a, indicating that an iPr side chain is a better mimic of L10 when introducing an oligourea backbone at the C-terminus of PMI.

A crystal structure of 4 in complex with MDM2 was obtained (vide infra) which allowed us to rationalize this finding, validate our models and design a new series of analogues with further replacement of the key amino acid W7. The idea was to replace W7 in 4 by a Wu residue to gain additional protection towards enzymatic degradation as cleavage after W7 has been reported. [21] However, an overlay of a model hybrid with the crystal structure of bound PMI suggested that introducing a WuAuAuVu sequence would not fit well in the p53-binding cavity as the Vu side chain would be located too far from the leucine binding site and would clash with the protein surface (Figure S13). Instead, the model was supporting a design with Wu and Vu in a (i, i+2) relationship.

Closer inspection of the model also suggested that the regular substitution pattern (on the βC) in Vu was not optimal and that moving the iPr moiety to the second carbon (αC) of the ureido residue would provide a better mimic. We have shown previously that combining a shift of the substitution position (C  αC) with an inversion of the configuration retains the helical conformation of the oligomer and allows fine tuning of the side-chain distribution at the surface of the helix. [9] The resulting hybrid 5 incorporating this modification was found to retain a submicromolar affinity for MDM2 (529 nM) despite the replacement of two key side chains of PMI. Remarkably, further modification of the side chain from iPr (Vuα, 5) to iBu (Luα, 6) gave a tighter binder with an IC50 of 60 nM. The corresponding analogue with the iBu side chain shifted to the β-carbon gave a much lower affinity (7, 1443 nM), thus supporting our binding mode hypothesis. Modifying the iBu side chain in 6 to a smaller Me group (8) led to a drop of affinity of about 30-fold confirming the critical contribution of the Luα side chain to the binding. Interestingly the last Au ureido residue is not essential and can be removed without much loss in binding affinity (see 9) allowing significant downsizing. Overall, the finding that the last 6 residues of PMI can be replaced by a short oligourea triad (9) with less than 8-fold loss of binding affinity highlights the effectiveness of oligoureas as αhelix mimics. 

Co-crystal structure of 4 bound to MDM2 and comparison with cognate peptide ligand

To gain further insight into α-helix mimicry with oligoureas and MDM2 recognition by oligourea/peptide hybrids reported, we determined the co-crystal structure of 4 bound to human MDM2 (residues 17-111) at 1.79 Å resolution (see Table S1 for data collection and refinement statistics). The crystal structure was found to contain two similar copies of the complex in the asymmetric unit (ASU) (Figure S14) which only differ by the orientation of few side chains in MDM2 (the root mean square deviation (r.m.s.d.) on 84 αC is 0.587 Å). The electron density map of 4 contoured at 1σ level was well-defined and allowed for unambiguous positioning of all side chains (Figure 2A). The structure shows that bound 4 adopts a helical conformation spanning both the peptide and oligourea segments from Phe3 to Vu10 and an overall binding mode to MDM2 similar to PMI (Figure 2B and 2C) with almost no difference in the structure of MDM2 (Figure S15). The bound peptide chain in 4 (T1 to W7) is largely identical to the corresponding part in bound PMI with projection of key hydrophobic side chains F3 and W7 unchanged (Figure 2D). Additional features such as the capping box at the N-terminus of the sequence and specific Van der Waals and cation-π interactions between Y6 and the surface of MDM2 are well preserved. The α-helix is prolonged at its C-terminus by the 2.5 oligourea helix and the two helices are interconnected by an intramolecular Hbonding network involving amide carbonyls of residues E5-W7 and urea NHs of residues Au8-Vu10 (Figure 2E).

The difference in diameter between the oligourea and peptide helices at the C-terminus of bound PMI and 4 is striking (Figure 2F). The enlarged diameter (about 1.8 Å) of the oligourea helix in 4 compared to the α-helix in PMI accounts for a significant shift of the side chains. For example, the Me side chain of Au9 overlaps with the δMe of L9 of PMI. Remarkably, the difference in helix geometry also explains why the iPr side chain of Vu10 is the best topological mimic of L10 as indicated by the buried surface percentage (BS%) of the two side chains (100% and 99% Å2, respectively). Additional contribution to the binding provided by the oligourea helix also comes from the H-bond between the terminal urea carbonyl and Y100 which parallels the interaction between C=O of L10 with Y100 in the PMI-MDM2 complex (Figure 2C). It should also be mentioned that for one of the two complexes in the ASU, the imidazole side chain of H96 in MDM2 flipped towards Y100 and is within a H-bond distance of the terminal urea carbonyl, suggesting a possible contribution to binding (Figure S16).

Design and synthesis of coactivator-derived-peptide-oligourea hybrids and binding to VDR

The crystal structures of liganded VDR LBD in complex with coregulatory peptides SRC1-2 (PDB ID: 2HC4, [13] 4G1Z [22]) and SRC2-3 (PDB ID: 5H1E [14]) provided a structural basis for the rational design of chimeric foldamers (~8-11 residue long). SRC1-2 and SRC2-3 are tridecapeptides that comprise a central consensus LXXLL motif and differ by their flanking residues. Both sequences contain a hydrophobic residue (L/I) N-terminal to the LXXLL motif and bind VDR with relatively high affinity compared to other coactivators such as SRC1-1 and SRC2-1 which contain a polar residue at that position. This is explained in part by the additional hydrophobic contact at the surface of the VDR.

[23] Additional polar contact may also contribute to the stronger affinity of SRC2-3 for VDR. [14] In the first replacement strategy, we aimed at scanning the helical LXXLL motif of SRC1-2 by replacing 4 consecutive α-residues by a triurea segment. Two analogues 10 and 11 were synthesized in which two of the four key hydrophobic residues have been replaced by ureido counterparts. In an attempt to more closely mimic the native peptide side chains and improve interaction with VDR, we synthetized 12, an analogue of 11 with one sequence modification in the triurea segment (Ku  Ru). Superimposition of the oligourea backbone on the structure of the bound coactivator peptide (Figure S17) suggests that the charge clamp of VDR LBD could also accommodate a full oligourea helix of appropriate length (i.e. 5-residues). To test this hypothesis, we designed compounds 13-18 which contain a pentaurea segment of sequence XuαLuYuVuNleu to replace the whole α-helical portion (LLRYLLD) of SRC2-3. The linear Nleu side chain was preferred to a branched side chain at the last position to avoid possible clashes within the hydrophobic pocket. To better mimic the orientation of the first L side chain which makes van der Waals contacts with the protein surface and optimize side chain spacing in the oligourea segment, we decided to introduce a Xuα residue at the first position. All compounds (Table 2) were obtained using SPS (Supporting Information). We first used nano differential scanning fluorimetry to compare the thermal stability of the purified zVDR LBD upon binding to 1,25-(OH)2D3 and the hybrids (Table S2). [START_REF]The zVDR LBD exhibits 79% similarity (69% identity) in its sequence with the hVDR LBD, while the ligand binding pocket is conserved both in sequence and structure (see also ref[END_REF] The complexes with the natural peptides containing SRC1-2 and SRC2-3 motifs exhibit a stabilization of the melting temperature ΔTm of ~7 °C. The ΔTm observed upon binding of the modified peptides to zVDR LBD vary from 1 to 6.5 °C. The smaller ΔTm was obtained with hybrid 10 in which the central helix is partially replaced (tetrapeptide  triurea). Interestingly, three SRC2-3 analogues with a central pentaurea helix were shown to exhibit a ΔTm above 5 °C indicating that the total replacement of the canonical LXXLL motif can be achieved with minimal consequence for the stability of the complex.

We next measured the interaction between human VDR LBD and the oligourea-peptide hybrids by microscale thermophoresis in the presence of 1,25-(OH)2D3 (Table 2 andFigure S18). Weak affinities were calculated for both hybrids 10 and 11, i.e. KD of 360 µM and 215 µM respectively compared to 2.3 µM for the reference peptide (SRC1-2). This result suggests that either the distribution of the hydrophobic side chains is not optimal or the electrostatic interactions with the charge clamp is affected, or both. Replacement of Ku by Ru (11  12) led to a modest 3-fold increase in binding (KD = 64 µM).

A clear improvement in binding affinity was observed in the pentaurea series (13)(14)(15)(16)(17)(18)(19). Compound 13 was found to be equipotent to SRC2-3. Analogues 14 and 15 deleted from the flanking residues at either end of the sequence bound to VDR LBD with affinities 16-and 2.5-fold weaker than 13, respectively, supporting a substantial contribution of the C-terminal residues to the binding. The moderate improvement in binding affinity of 16 and its fluorescently labelled (FITC) analogue ( 17) compared to that of 15 is consistent with a minor contribution of the side chain of the ureido residue at the N-terminus. It is also noteworthy that extension of the urea backbone of 15 by one additional Au unit towards the N-terminus to give 9-mer 18 restores optimal binding to VDR with a KD of 1.4 µM.

Structural basis for α-helix mimicry and VDR recognition by oligoureas

With the aim to analyze the consequences of peptide  oligourea replacements on folding and protein surface recognition, we determined the structures of the ternary complexes between zVDR LBD, 1,25-(OH)2D3 and five different hybrids, namely 10-12, 13 and 18. Table 2. Sequences of oligourea-peptide hybrids 10-19 derived from SRC peptides and binding to hVDR LBD as determined by microscale thermophoresis

Compound

Sequence [a] KD [b] (µM) SD [c] (µM)

1 2 3 4 5 6 7 8 9 10 11 12 13 
SRC1-2 R H K I L H R L L Q E G S 2.3 0.4 SRC2-3 E N A L L R Y L L D K D D 1.5 0.4 10 R H K I L u - K u L u L Q E G S 360 47 11 R H K I L - K u L uα L u Q E G S 215 70 12 R H K I L - R u L uα L u Q E G S 64 13 
13 E N A A uα L u - Y u V u Nle u - K D D 1.6 0.4 14 E N A A uα L u - Y u V u Nle u 26 12 15 A uα L u - Y u V u Nle u - K D D 4.1 0.8 16 L uα L u - Y u V u Nle u - K D D 2.8 0.8 17 L uα L u - Y u V u Nle u - K D D TK(*) 1.3 0.3 18 A u A uα L u - Y u V u Nle u - K D D 1.4 0.7 19 A u A uα L u - R u L u Nle u - K D D 0.12 0.04
[a] Oligourea inserts are shown in bold. [b] Dissociation constants (KD) and [c] standard deviation value for the interaction of the peptides and hybrids with hVDR LBD. Unlabelled peptides and hybrids were titrated into a fixed concentration of a fluorescently labelled hVDR LBD in the presence of saturating concentrations of calcitriol. * Indicates FITC labelling. For fluorescently labelled hybrid 17, the unlabelled hVDR LBD was titrated into a fixed concentration of the hybrid. Isotherms averaged over three measurements and fitted according to the law of mass action to yield the apparent KD. The structures of bound 10-12 (Figures 3 andS19) are helpful to rationalize the decreased binding interaction with these hybrids. Despite the low affinity to zVDR, it occurs that in all three structures, the central part containing the oligourea replacement is helically folded and contacts the protein surface in the expected orientation relative to the two poles of the charge clamp (E446 and K274).

We also see that in all three complexes the four hydrophobic side chains superimpose relatively well with those in the natural peptide. However, a closer inspection of the VDR-10 structure reveals that the hybrid is loosely bound at its C-terminus. The iBu side chain of Lu at position 8 is not oriented in an appropriate direction to contact the protein surface (BS% of Lu8: 1% compared to 50% for L8 in SRC1-2) and there is no clear indication that the main chain C=O of the same residue establishes a Hbond interaction with K274 (Figure 3B). Interestingly, a tighter interaction with the protein is observed in the structures of 11 and 12 bound to VDR (see Figures 3C andS19). The iBu side chain of the Luα residue which is shifted by one carbon compared to 10 is now pointing towards the protein surface and contributes to the binding as suggested by calculation of its BS% (50%, see Figure 3D). Moreover, the C=O of Luα in 11 and 12 is H-bonded to K274 (2.7-2.8 Å), mimicking the charge clamp interaction of the native peptide (Figure 3C). The structure between VDR and 11 reveals that the lysine side chain Ku7 in 11 provides an additional polar interaction by forming a salt bridge with E285, an interaction which is not present in the structure of SRC1-2 bound to VDR due to the shorter side chain of H6. Notably, a similar salt bridge interaction is formed between R6 and D253 in the structure of SRC2-3 bound to rat VDR. [14] Taken together these results parallel the observations made with the 4-MDM2 structure and underline the importance of tuning the side chain substitution pattern (βC vs αC) for effective α-helix mimicry.

The VDR-13 structure reveals that the short pentaurea helix is topologically equivalent to the central α-helix of SRC2-3 in good agreement with the binding assays (Figure 4A). The oligourea helix is fully folded and correctly oriented in the charge clamp with iBu and nBu side chains of Lu5 and Nleu9 residues buried in the hydrophobic groove (BS%: 75% and 70%, respectively). The two NHs of the first urea bond are H-bonded (d(N,O) = 3.0 Å and 2.8 Å respectively) to E446 thus mimicking the role of amide NHs of residues L4 and L5 in SRC2-3. At the negative pole of the helix, the C=O of Vu is engaged in an H-bond interaction with K274 thus locking the urea helix in the clamp. Interestingly, the structure also reveals that the flanking ENA tripeptide at the N-terminus adopts a new conformation -different from that in bound SRC2-3 -that participates in a complex water-mediated network of H-bonds with the oligourea backbone (NHs of Auα4 and Yu7) and the protein surface (Figure 4A). The VDR-18 structure (Figure 4B, 4C and Figure S20) reveals a mode of binding very similar to that of 13 where the side chain of Yu7 actually overlaps reasonably well with R6 in the structure of SRC2-3. Thus, substituting Ru for Yu at position 7 in 18 could potentially add a salt bridge interaction with D253 and increase binding affinity. Furthermore, examination of the structure of 18 bound to VDR reveals little contact between the iPr group of Vu8 and VDR (BS% = 15% compared to 57% for L8 in SRC2-3, Figure 4D) suggesting that extension of the side chain at this position could be beneficial. We thus prepared 19 that combines Ru and Lu residues at positions 7 and 8, respectively. The 10-fold increase in binding affinity to VDR measured for 19 (KD = 0.14 µM) confirmed these elements of design and our ability to generate high affinity ligands of VDR by carefully optimizing the oligourea sequence.

Conclusion

We report a unique ensemble of X-ray structures of foldamer ligands mimicking p53 and SRC peptides bound to their respective target proteins MDM2 and VDR. The foldamers under scrutiny are N,N'-linked oligoureas, a class of foldamers which adopt stable helical secondary structures and have been proposed as possible α-helix mimics. [8,[START_REF] Lombardo | [END_REF] Interfacing oligoureas with peptides was used for the first time in this work to design peptide-oligourea hybrids that disrupt PPIs. High affinity binders were obtained within few rounds of optimization by carefully designing oligourea sequences.

The high resolution structures collected here confirm that a high degree of α-helix mimicry was achieved in the two series of ligands. The approach is complementary to α-helix mimicry using α/peptides.

[7d] Whereas -amino acid replacements are periodic and follow a regular pattern along the sequence, our approach employs a full oligourea to replace a α-helical segment. In most cases the oligourea helix was correctly folded and the initial design hypotheses were validated. The structures show that key hydrophobic contacts are maintained and that the urea backbone is able to recreate polar contacts with the protein surface, closely mimicking those formed with the cognate peptide. The difficulty to select the most appropriate side chains in ureido units to mimic a given αhelical peptide segment comes in part from the larger diameter of the oligourea helix and from the different spacing of the side chains along the oligourea backbone compared to a canonical α-helix.

Replacing a peptide by an oligourea segment thus requires key side chains to be specifically adjusted and positioned along the oligourea backbone. Similar to -and γ-amino acid residues, [7h, 26] the increased diversity in terms of position of substituents in ureido units (e.g. either on one or the other backbone methylene or both) provides modularity and additional opportunities to improve α-helix mimicry. This strategy was employed successfully when designing hybrid 6, a p53 peptide mimic consisting of six α-amino acids and four ureido units. In this case, introducing a monomer with an alternative substitution pattern at one position (Luα) was critical for α-helix mimicry. Another critical element of design is the choice of the side chain to be introduced at a given position. A design principle frequently applied when designing α-helix mimics based on α/-peptide is to introduce a residue that retain the original side chain.

[7d] Conversely, this approach is not always valid for oligoureas and shorter side chains are sometimes more appropriate as they can compensate for the increased diameter of the oligourea helix (e.g. Vu to mimic L in 4, Figure 2F).

By interacting with N-and C-terminal backbone amides of a short α-helical segment, the charge clamp at the surface of VDR precisely selects coregulatory sequences of a given length and can be used as a ruler to compare peptide and foldamer helices. In this respect, X-ray structure analysis of 18 actually reveals that the helical pentaurea segment is a very close mimic of the seven-residue long α-helical region of peptide SRC2-3 (Figures 4B andS20).

The strategy reported here, whereby an α-helical segment is replaced by a foldamer insert, may thus yield peptide analogues with substantial resistance to proteolytic degradation, a feature which is often desirable when developing peptide therapeutics. [3,8] We expect this approach to be versatile enough to be combined with other known peptide stabilization methods (e.g. -amino acid replacement,[7d] macrocyclization, [4] lipidation [27]) to further increase helical content, potency, and resistance to proteases. The general principles that have been discussed here may thus facilitate lead peptide optimization and the design of more efficient and specific foldamer sequences as disruptors of PPIs or as receptor ligands.

Figure 2 .

 2 Figure 2. Crystal structure of hybrid 4 bound to MDM2. A) Electron density map of 4 contoured at 1σ level. B) Hybrid 4 on the molecular surface of MDM2. C) Details of the H-bond between the urea carbonyl of Vu10 and the hydroxyl group of Y100. D) Overlay of the peptide parts of 4 (light blue) and PMI (wheat) in the bound conformation. E) The H-bond network at the junction between the peptide and oligourea backbones. F) (left) Overlay along the helix axis of bound PMI and hybrid 4 (ribbon). As a result of its increased diameter the oligourea helix extends by 1.8 Å. (center and right) Correspondence between oligourea and peptide side chains at positions 9 and 10.

Figure 3 .

 3 Figure 3. Crystal structures of 10 and 12 in complex with zVDR LBD. A) Structure of bound SRC1-2 (PDB ID: 2HC4) with residues of the charge clamp E446 and K274 shown in red and blue colour, respectively. B) Hybrid 10 bound to zVDR. Hbond interactions with E446 are retained but not those with K274. C) Hybrid 12 bound to VDR and H-bond interactions with E446 and K274. D) Orientations of the iBu side chain at position 8 in SRC1-2 (L8), 10 (Lu8) and 12 (Luα8).

Figure 4 .

 4 Figure 4. Crystal structures of 13 and 18 in complex with zVDR LBD. A) Ribbon drawing of bound hybrid 13 and details of the water-mediated network of H-bonds. B) Overlay of the structures of SRC2-3 and hybrid 18 (oligourea segment in yellow and SRC2-3 in salmon) highlighting the close orientation of R6 in SRC2-3 and Yu7 in 18. C) Overlay along the helix axis of bound SRC2-3 and hybrid 18 showing key hydrophobic side chains. D) Overlay of L8 and Vu8 side chains in bound SRC2-3 and bound 18 highlighting the increased distance of Vu8 side chain from the surface.
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