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INTRODUCTION

Collagen is the most abundant structural protein in mammals. It represents the major component of the extracellular matrix and is widespread all over the body (bones, skin, tendons, cartilages).

Purified collagen can be engineered to serve as a valuable material for biomedical applications. [START_REF] Gu | Novel Biomedical Applications of Crosslinked Collagen[END_REF] Alternatively, Collagen Mimetic Peptides (CMP) are synthesized to mimic the structural properties of natural collagen [START_REF] Shoulders | Collagen Structure and Stability[END_REF][START_REF] Bella | Collagen Structure: New Tricks from a Very Old Dog[END_REF][START_REF] Kubyshkin | Stabilization of the Triple Helix in Collagen Mimicking Peptides[END_REF][START_REF] Tanrikulu | Templated Collagen "Double Helices" Maintain Their Structure[END_REF][START_REF] Hulgan | Recent Advances in Collagen Mimetic Peptide Structure and Design[END_REF] or to give it specific functions. [START_REF] Aronoff | γ-Azaproline Confers PH Responsiveness and Functionalizability on Collagen Triple Helices[END_REF][START_REF] Peterson | Covalent Capture of a Collagen Mimetic Peptide with an Integrin-Binding Motif[END_REF][START_REF] Ren | A Collagen Mimetic Peptide-Modified Hyaluronic Acid Hydrogel System with Enzymatically Mediated Degradation for Mesenchymal Stem Cell Differentiation[END_REF][START_REF] Chattopadhyay | Bifunctional Peptide That Anneals to Damaged Collagen and Clusters TGF-β Receptors Enhances Wound Healing[END_REF][START_REF] Aronoff | Imaging and Targeting LOX-Mediated Tissue Remodeling with a Reactive Collagen Peptide[END_REF] At a molecular level, its tertiary structure consists of three individual left-handed polyproline II helices (PPII) folded into a right-handed triple helix which is characterized by a single-residue offset between the three peptide chains and is stabilized by inter-strand hydrogen bonds. [START_REF] Fiala | Frame Shifts Affect the Stability of Collagen Triple Helices[END_REF] Each strand comprises the repeat of the (Xaa-Yaa-Gly) primary sequence where the (2S)-proline (Pro) and the (2S,4R)-4-hydroxyproline (Hyp) are the most prevalent residues at Xaa and Yaa positions, respectively. One of the reasons for this prevalence is that amino acid rings can adopt two conformational states, the C(4)-endo and C(4)exo ring puckers, which preorganize the suitable  and  dihedral angles for the triple helix formation. [START_REF] Vitagliano | Preferred Proline Puckerings in Cis and Trans Peptide Groups: Implications for Collagen Stability[END_REF] Crystal structures of short-length CMPs show a distinct preference for the conformation of the amino acid rings, depending on their position in the collagen chain. C(4)-endo and C(4)-exo puckering are preferred at the Xaa and Yaa positions, respectively. [START_REF] Bella | Crystal and Molecular Structure of a Collagen-like Peptide at 1.9 A Resolution[END_REF][START_REF] Berisio | Crystal Structure of the Collagen Triple Helix Model [(Pro-Pro-Gly)(10)](3)[END_REF][START_REF] Okuyama | Crystal Structure of (Gly-Pro-Hyp)(9) : Implications for the Collagen Molecular Model[END_REF] This leads to dissimilar couples of dihedral angles with ( = -73°  = 163°) on average for the Xaa site and ( = -58°  = 151°) for the Yaa. Such a puckering alternation has been proposed as a key feature to stabilize the triple helix and accounts for the high occurrence of the non-proteinogenic Hyp residue at the Yaa position in collagen sequences. [START_REF] Holmgren | Code for Collagen's Stability Deciphered[END_REF][START_REF] Vitagliano | Structural Bases of Collagen Stabilization Induced by Proline Hydroxylation[END_REF] While Pro residue is known to slightly favor the C(4)-endo conformation, Hyp residue exhibits a strong preference for the C(4)-exo ring pucker due to a gauche effect of the hydroxyl group. Therefore, replacing the Pro by a Hyp residue at the Yaa position allows a significant improvement of the triple helix thermal stability characterized by an increase of its melting temperature (Tm). [START_REF] Shoulders | Collagen Structure and Stability[END_REF][START_REF] Bella | Collagen Structure: New Tricks from a Very Old Dog[END_REF][START_REF] Kubyshkin | Stabilization of the Triple Helix in Collagen Mimicking Peptides[END_REF][START_REF] Tanrikulu | Templated Collagen "Double Helices" Maintain Their Structure[END_REF] Following this rationale, numerous CMPs have been engineered using proline derivatives bearing small substituents that stabilize a definite ring pucker through stereo-electronic and/or steric effects (Table 1). For electron-withdrawing substituents, the pseudoaxial orientation is preferred due to the gauche effect. Consequently, (4S) or (4R) configurations were respectively selected to stabilize the C(4)-endo at the Xaa position or the C(4)-exo at the Yaa position. [19][START_REF] Shoulders | 4-Chloroprolines: Synthesis, Conformational Analysis, and Effect on the Collagen Triple Helix[END_REF][START_REF] Kotch | Stabilization of the Collagen Triple Helix by O-Methylation of Hydroxyproline Residues[END_REF][START_REF] Sonntag | Azido Gauche Effect"-Implications for the Conformation of Azidoprolines[END_REF][START_REF] Doi | Characterization of Collagen Model Peptides Containing 4-Fluoroproline; (4(S)-Fluoroproline-Pro-Gly)10 Forms a Triple Helix, but (4(R)-Fluoroproline-Pro-Gly)10 Does Not[END_REF] For the non-electronwithdrawing groups, the pseudoequatorial orientation is preferred due to steric repulsions. [START_REF] Ganguly | Conformational Landscape of Substituted Prolines[END_REF] Accordingly, a CMP series has been designed with (4R)-or (4S)-methylproline at the Xaa and Yaa positions, respectively. Marked stabilizations of the triple helix were observed for CMP sequences incorporating exo inducer at the Yaa position. In contrast, stabilizing the endo pucker at the Xaa position only slightly improved the CMP thermal stability because this pucker also destabilized the trans conformation of the peptide bond which is mandatory in the triple helix assembly. [START_REF] Hinderaker | An Electronic Effect on Protein Structure[END_REF] Some works of Wennemers et al. demonstrated an additional requirement for the stability of the triple helix when bulky C4amidated prolines were engaged. [START_REF] Erdmann | Effect of Sterically Demanding Substituents on the Conformational Stability of the Collagen Triple Helix[END_REF][START_REF] Erdmann | Functionalizable Collagen Model Peptides[END_REF][START_REF] Erdmann | Importance of Ring Puckering versus Interstrand Hydrogen Bonds for the Conformational Stability of Collagen[END_REF][START_REF] Egli | Hydrophobic Moieties Bestow Fast-Folding and Hyperstability on Collagen Triple Helices[END_REF] They showed that these large electron-withdrawing C4-substituents strongly destabilized the triple helix when grafted on a C4-endo puckered ring at the Xaa position or on a C4-exo puckered ring at the Yaa position. In these examples, steric repulsions were thus able to counteract the benefit of the dihedral angle preorganization achieved by the pyrrolidine puckerings. 1. Puckering preferences of C(3)-, C(4)-and C(5)-substituted proline derivatives. X accounts for electron-withdrawing substituents as found in hydroxyproline, fluoroproline, chloroproline, methoxyproline, or azidoproline. R accounts for non-electron-withdrawing groups: alkyl, vinyl, or phenyl.

Finally, the simultaneous incorporation of C(4)-substituted prolines at the Xaa and at the Yaa positions was almost always detrimental for the triple-helix formation. Steric clashes between the Xaa and Yaa substituents, or adverse dipolar interactions of small electron-withdrawing groups were responsible for the triple helix disruption. [START_REF] Hodges | Stereoelectronic and Steric Effects in the Collagen Triple Helix: Toward a Code for Strand Association[END_REF] The methylproline is one of the rare examples in which a double incorporation ((4R) and (4S) configurations at Xaa and Yaa positions, respectively) led to an increased Tm. [START_REF] Shoulders | Reciprocity of Steric and Stereoelectronic Effects in the Collagen Triple Helix[END_REF] It is therefore a real challenge to engineer collagen triple helix models in which sequential substituted prolines are present. Raines and coworkers have introduced 3S-fluoroproline (3S-flp) at the Xaa position in CMP to allow a tight control of the ring pucker without creating repulsive contacts between neighboring fluoro groups. [START_REF] Hodges | Stereoelectronic and Steric Effects in the Collagen Triple Helix: Toward a Code for Strand Association[END_REF] The (3S-flp-4R-Flp-Gly)7 CMP was then able to undergo triple helix formation whereas (4S-Flp-4R-Flp-Gly)7 failed because of F-F interactions.

However, the Tm value was deceptively low because 3S-flp weakens the hydrogen bond network within the triple helix, the electron-withdrawing fluoro group being close to the H-bond acceptor C=O. Thus, electronegative substituents at the 3-position are not good candidates to stabilize the triple helix. [START_REF] Hodges | Stereoelectronic and Steric Effects in the Collagen Triple Helix: Toward a Code for Strand Association[END_REF][START_REF] Jenkins | Effect of 3-Hydroxyproline Residues on Collagen Stability[END_REF] So far, no C5-substituted proline analogues have been incorporated in CMP sequences. We envisioned that they represent valuable tools for the design of triple helix models and could be placed sequentially in the CMP sequence. Our group has developed convenient methodologies for the synthesis of various trifluoromethylated pseudoprolines bearing a CF3 group at the C (5) position and their incorporation into peptides. [START_REF] Chaume | Synthesis of 2-Trifluoromethyl-1,3-Oxazolidines as Hydrolytically Stable Pseudoprolines[END_REF][START_REF] Chaume | Incorporation of CF3-Pseudoprolines into Peptides: A Methodological Study[END_REF] Their marked stereoelectronic properties have been demonstrated and are very relevant for the design of CMP. [START_REF] Chaume | Conformational Properties of Peptides Incorporating a Fluorinated Pseudoproline Residue[END_REF][START_REF] Chaume | Homochiral versus Heterochiral Trifluoromethylated Pseudoproline Containing Dipeptides: A Powerful Tool to Switch the Prolyl-Amide Bond Conformation[END_REF][START_REF] Feytens | Local Control of the Cis-Trans Isomerization and Backbone Dihedral Angles in Peptides Using Trifluoromethylated Pseudoprolines[END_REF][START_REF] Park | Which DFT Levels of Theory Are Appropriate in Predicting the Prolyl Cis-Trans Isomerization in Solution?[END_REF] Nuclear Magnetic Resonance (NMR) studies as well as theoretical calculations showed that both (5S)-CF3-Pro (tfmP) and (5R)-CF3-Pro (TfmP) stabilize the PPII backbone conformation in water and efficiently constrain the O(4)-endo and O(4)-exo ring puckers, respectively (Table 1). Moreover, TfmP substantially decreases the cis-trans rotational barrier which appears as a molecular switch for the CMP assembly. Therefore, we anticipated that tfmP and TfmP pseudoproline residues could be excellent mimics of proline and hydroxyproline, respectively. In this work, our Molecular Dynamics simulations (MD), Circular Dichroism (CD) and NMR studies showed that the trifluoromethylated pseudoprolines meet the structural requirements for the triple helix assembly, even in peptide sequences incorporating two adjacent proline derivatives.

MATERIAL AND METHODS

Synthetic procedures and characterizations. Peptides P1, P2 and P4 were obtained by solid phase peptide synthesis (SPPS) whereas the synthesis of peptides P3 and P5 was performed in solution since coupling reactions at the N-terminus of the trifluoromethylated pseudoproline TfmP requires the activation of the Fmoc-amino acids partners as acyl chlorides (see the Supporting Information for details). [START_REF] Chaume | Synthesis of 2-Trifluoromethyl-1,3-Oxazolidines as Hydrolytically Stable Pseudoprolines[END_REF][START_REF] Chaume | Incorporation of CF3-Pseudoprolines into Peptides: A Methodological Study[END_REF] The 21-mer peptide [(Pro-Hyp-Gly)3-Pro-TfmΨP-Gly-(Pro-Hyp-Gly)3] CMP(P3) was synthesized on a Biotage SyroWave automatic synthesizer from Fmoc-Gly Wang resin and using the Fmoc-Gly-Pro-TfmΨP-OH building block. The 21-mer peptide [(Pro-Hyp-Gly)3-tfmΨP-TfmΨP-Gly-(Pro-Hyp-Gly)3] CMP(P5) was synthesized on a LibertyBlue CEM automated peptide synthesizer starting from Fmoc-Gly Wang resin and using the Fmoc-Gly-tfmΨP-TfmΨP-OH building block. Detailed synthetic procedures are given in the Supporting Information. For characterization purposes, [START_REF] Gu | Novel Biomedical Applications of Crosslinked Collagen[END_REF] H NMR (400.00 MHz), [START_REF] Vitagliano | Preferred Proline Puckerings in Cis and Trans Peptide Groups: Implications for Collagen Stability[END_REF] C NMR (100.50 MHz) and 19 F NMR (376.20 MHz) spectra were measured on a BRUKER AVANCE NEO 400 MHz spectrometer in organic solvents. NMR experiments were processed and analyzed with TOPSPIN 4.0.7 program or MestReNova 6.0.2 program. 1 H and [START_REF] Vitagliano | Preferred Proline Puckerings in Cis and Trans Peptide Groups: Implications for Collagen Stability[END_REF] C resonances were readily assigned from the analysis of 2D homonuclear and heteronuclear experiments. NMR spectra and complete characterizations are provided in the Supporting Information. For structural analysis (quantification of the cis-trans populations, H-bond studies and analysis of the five membered ring puckerings), NMR experiments were recorded in water (100% D2O or H2O:D2O 9:1) at different temperatures on a spectrometer operating at a 1 H frequency of 500 MHz and equipped with a triple resonance, z-axis pulsed-field-gradient cryogenic probehead, optimized for 1 H detection.

Structural analyses in solution.

For NMR structural analysis on P1-P5 (quantification of the cistrans populations, H-bond studies and analysis of the five membered ring puckerings), NMR experiments were recorded in water (100% D2O or H2O:D2O 9:1) at different temperatures on a spectrometer operating at a 1 H frequency of 500 MHz and equipped with a TCI triple resonance, z-axis pulsed-field-gradient cryogenic probehead, optimized for 1 H detection. CD and NMR experiments were carried out on CMP(P3) and CMP(P5) solubilized at 10 mM in 50 mM phosphate buffer at pH 7.0. CD spectra were acquired using a Jasco J-815 CD spectropolarimeter equipped with a Peltier temperature-controlled cell holder. Data fitting was performed using the kaleidagraph software. 2D 19 F- [START_REF] Vitagliano | Preferred Proline Puckerings in Cis and Trans Peptide Groups: Implications for Collagen Stability[END_REF] C HSQC (heteronuclear single quantum experiment) and 19 F DOSY (diffusion ordered spectroscopy) were recorded at 40°C on a spectrometer operating at a 1 H frequency of 700 MHz and equipped with a TCI-F cryogenic probehead, optimized for 1 H and 19 F detection.

MD procedures.

The MD simulations were performed using the GROMACS 2016.4 simulation package [START_REF] Abraham | High Performance Molecular Simulations through Multi-Level Parallelism from Laptops to Supercomputers[END_REF] and the amberff99-idnl all-atom force field, taking into account the correction introduced by A. Aliev et al. to describe the proline conformational dynamics. [START_REF] Aliev | Motional Timescale Predictions by Molecular Dynamics Simulations: Case Study Using Proline and Hydroxyproline Sidechain Dynamics[END_REF][START_REF] Lindorff-Larsen | Improved Side-Chain Torsion Potentials for the Amber Ff99SB Protein Force Field[END_REF] The hydroxyproline (Hyp) and fluorinated pseudoproline (tfmP and TfmP) topologies and parameters were generated using the ambertool package and the RED server. [START_REF] Salomon-Ferrer | An Overview of the Amber Biomolecular Simulation Package[END_REF][START_REF] Dupradeau | Tools: Advances in RESP and ESP Charge Derivation and Force Field Library Building[END_REF] When unavailable in the initial protein force field, GAFF non-bonded parameters have been used. [START_REF] Wang | Development and Testing of a General Amber Force Field[END_REF] The charges were fitted by the standard RESP procedure of the amber force field, fitting the electrostatic potential of the capped amino-acid with constraints on the charges of capping atoms.

As in the original force field procedure, the charges of the backbone atoms of the fluorinated pseudoprolines were not constrained. To take into account the specificity of the prolines and the collagen conformation, the charges were fitted on an ensemble of conformations of the capped amino-acids, which was generated by B3LYP/6-31G geometry optimization with Ramachandran angles fixed, to mimic successively alpha helices (Φ ≈ -60°, ψ ≈ -35°), the Pseudo-Proline-II helices (Φ ≈ -75°, ψ ≈ 145°) and collagen helices (Φ ≈ -65°, ψ ≈ 170°) conformations. For each of these Ramachandran settings, trans peptide bonds (dihedral angle ω=180°) were imposed, and various puckering conformations were included. The specific procedures for the simulations performed on peptides P1 to P5 and on the triple helices are detailed in the Supporting Information.

RESULTS AND DISCUSSION

Structural studies of tripeptide models. Preliminary structural studies were performed to evaluate the capabilities of trifluoromethylated pseudoprolines to fulfill the conformational features for CMP assemblies: trans amide bond, Xaa-endo/Yaa-exo puckering alternation, suitable  and  dihedral angles (Figure 1). We started our investigation with three tripeptides incorporating one or two trifluoromethylated pseudoprolines. This series was based on the Xaa-Yaa-Gly triads with acetyl and carboxamide end groups, where Xaa = Pro or tfmP and Yaa = Hyp or TfmP. In addition, Ac-Pro-Pro-Gly-NH2 (P1) and Ac-Pro-Hyp-Gly-NH2 (P2) have been studied as references. To determine the structural propensity of peptides P1-P5, we undertook a detailed study combining solution NMR and MD simulations. Peptide bond geometry. The cis or trans propensity of the two amide bonds of peptides P1-P5 can be readily deduced from NMR data, providing the populations of the four possible conformers (noted cc, tc, cc, tt, see Table 2). [START_REF] Chaume | Conformational Properties of Peptides Incorporating a Fluorinated Pseudoproline Residue[END_REF][START_REF] Chaume | Homochiral versus Heterochiral Trifluoromethylated Pseudoproline Containing Dipeptides: A Powerful Tool to Switch the Prolyl-Amide Bond Conformation[END_REF][START_REF] Feytens | Local Control of the Cis-Trans Isomerization and Backbone Dihedral Angles in Peptides Using Trifluoromethylated Pseudoprolines[END_REF][START_REF] Park | Which DFT Levels of Theory Are Appropriate in Predicting the Prolyl Cis-Trans Isomerization in Solution?[END_REF] For Yaa = Pro or Hyp (P1, P2 and P4), the Xaa-Yaa amide bond was almost entirely in the trans conformation whereas for Yaa = TfmP, the cis amide bond, unsuitable for triple helix assembly, represented as much as 45% for P3 or 25% for P5 (cc plus tc populations). These cis amide bond populations contrast with previous observations on small homochiral Fmoc-Pro-TfmP-OMe dipeptides which showed no cis conformation. [START_REF] Chaume | Homochiral versus Heterochiral Trifluoromethylated Pseudoproline Containing Dipeptides: A Powerful Tool to Switch the Prolyl-Amide Bond Conformation[END_REF] However, similar increased cis populations were found for longer peptides incorporating Xaa-TfmP moieties. [START_REF] Chaume | Conformational Properties of Peptides Incorporating a Fluorinated Pseudoproline Residue[END_REF] This was correlated with the presence of a COi…HNi+3 intramolecular H-bond, as observed in type VI -turns. Such secondary structure elements were also found in this work for the tc conformers in P3 and P5: the chemical shift dependence of their Gly amide proton towards the temperature confirmed the presence of hydrogen bonds (see the Supporting Information, Table S1). However, in CMP triple helix structures, these glycine amide protons act as H-donors for the formation of inter-strand H-bonds. Intramolecular type VI -turns and triple helix formation are then competing and are directly influenced by the relative stability of these two types of H-bonds. Finally, we observed that the ct population was significant in P4. This is not surprising since the presence of the CF3 group at the C5 position in tfmP was shown to slightly destabilize the trans geometry of Ac-tfmP peptide bond [START_REF] Feytens | Local Control of the Cis-Trans Isomerization and Backbone Dihedral Angles in Peptides Using Trifluoromethylated Pseudoprolines[END_REF] but the cis population was shown to progressively decrease with increasing size of the preceding amino acid. [START_REF] Chaume | Homochiral versus Heterochiral Trifluoromethylated Pseudoproline Containing Dipeptides: A Powerful Tool to Switch the Prolyl-Amide Bond Conformation[END_REF] Therefore, a higher trans population content is expected for the tfmP residue when it is centrally located in a CMP sequence. Ring puckering preferences. Measurements of the 3 JHH and 3 JHH scalar couplings have allowed the calculation of puckering preferences for the main trans-trans conformations (Tables 3 andS2-3). Based on a two-conformations X(4)-endo/X(4)-exo jump model (X = C or O), our NMR measurements were in good agreement with the MD simulations and confirmed that the Pro residue is highly flexible within the tripeptide models both at the Xaa and the Yaa positions. The stabilization of the X(4)-exo conformation was also demonstrated for the Hyp and TfmP residues at the Yaa positions, whereas the tfmP residue considerably enhanced the endo conformation at the Xaa position over the unsubstituted proline residue. Thus, based on the assumption that the triple helix is stabilized by the amino acids puckering alternation, [START_REF] Holmgren | Code for Collagen's Stability Deciphered[END_REF][START_REF] Vitagliano | Structural Bases of Collagen Stabilization Induced by Proline Hydroxylation[END_REF] P4 and P5 should be good candidates for the design of new CMP sequences. [b] % of C(4)-exo ring pucker for P1, P2, P4 or O(4)-endo ring pucker for P3 and P5.

[c] For each amino acid ring, populations (%) have been calculated using a two-sites equilibrium model (C4)endo/(C4)-exo and the corresponding optimized geometries (see also the Supporting Information, Tables S2 andS3). [START_REF] Feytens | Local Control of the Cis-Trans Isomerization and Backbone Dihedral Angles in Peptides Using Trifluoromethylated Pseudoprolines[END_REF][START_REF] Park | Which DFT Levels of Theory Are Appropriate in Predicting the Prolyl Cis-Trans Isomerization in Solution?[END_REF] Concerning the Yaa residue, small angle shifts were observed for these Hyp→TfmP substitutions (-10° for  and +10° for , see Figure 2b). Overall, these small structural deviations compensate within each tripeptide units and could accommodate the triple helix structure. with overall yields of 18% and 20%, respectively (see the Supporting Information). To our knowledge, these are the first collagen related peptides incorporating C(5)-substituted proline analogues. CMP folding is usually characterized by circular dichroism (CD) spectroscopy. As shown in Figure 3a, both CMP(P3) and CMP(P5) displayed maxima at 225 nm and minima near 200 nm which correspond to the signature spectra of triple helical assemblies. [START_REF] Holmgren | Code for Collagen's Stability Deciphered[END_REF] To investigate their relative stabilities, thermal denaturation studies were performed by monitoring the molar ellipticity at 225 nm as a function of temperature. Tm values of 13°C and 22°C were obtained which are the temperature of the thermal transition curves for which the populations of triple helices and monomers are equal. The lower stability of CMP(P3) could be related to the lower propensity of P3 to adopt the all trans conformation (Table 2). In addition, it was found that the replacement of the Pro by the tfmP residue significantly increased the X(4)-endo ring pucker at the Xaa position (Table 3). Thus, CMPs better accommodate the insertion of the two successive trifluoromethylated pseudoprolines tfmP-TfmP rather than the single TfmP insertion at the Yaa position as found in CMP(P3). However, other studies have reported Tm values of 36°C for (Pro-Hyp-Gly)7, 2 indicating that the local distortions observed in P3 and P5 for the  and  dihedral angles may singularize the cores of the trifluorinated triple helices. In order to further characterize the presence of the CMP(P5) triple helix in solution, we undertook a liquid state NMR study. Since the peptide chain contains two adjacent trifluoromethylated pseudoprolines, 19 F NMR spectra were recorded to get a clear picture of its structural features.

Interestingly, a first set of six resonances was observed between -76.0 and -76.6 ppm, away from a large signal centered at -77.9 ppm. On the 19 F- [START_REF] Vitagliano | Preferred Proline Puckerings in Cis and Trans Peptide Groups: Implications for Collagen Stability[END_REF] C HSQC spectrum, the latter split into two [START_REF] Vitagliano | Preferred Proline Puckerings in Cis and Trans Peptide Groups: Implications for Collagen Stability[END_REF] C signals at 117.30 and 117.65 ppm (Figure 4b). To better understand these observations, a 19 F DOSY spectrum was recorded which indicated that the six downfield resonances shared a same diffusion coefficient (7.53 × 10 -11 m 2 .s -1 ), whereas the signal at -77.9 ppm corresponded to a significantly larger diffusion coefficient (1.14 × 10 -10 m 2 .s -1 ). Thus, the DOSY measurements allowed the calculation of a hydrodynamic radius ratio of 1.51 between these two species which was associated to a volume ratio of 3.4. These data strongly suggested that the six upfield resonances correspond to the triple helix whereas the two signals at -77.9 ppm accounts for the two CF3 groups of the tfmP-TfmP motif in the isolated CMP(P5) peptide strand. Within the triple helix, the one-residue offset between the three chains leads to different environments for each of the six trifluoromethyl groups and lifts the chemical shift degeneracies (Figure 4). Picture was generated using VMD and povray rendering. [START_REF] Humphrey | Visual Molecular Dynamics[END_REF] In the simulation, the six trifluoromethyl groups rotated around the C(5)-CF3 bond, indicating that they were not entangled in a bulky environment, and that the structure around them was relaxed. The analysis of the ring puckering confirmed that the tfmP residue at the Xaa position greatly stabilized the O(4)-endo conformation within the triple helix (1 = 18±6°), whereas the Pro residue displayed a high flexibility in the reference triple helix, the endo and exo pucker being almost equally populated (Figure 6a). At the Yaa position, the stabilization of the C(4)-exo by the Hyp residue was clearly demonstrated (1 = -30±8°) but we observed that the TfmP residue was even able to restrict further the dynamic of the 5-membered ring (1 = -24±4°, Figure 6b). and in the modelized homo-trimer helix of CMP(P5) (orange curves). For both triple helices, distributions are given for the three chains along 500-ns long trajectories.

Under close scrutiny, some other differences could be detected between the reference and the fluorinated triple-helix. The pseudoprolines presence shifted the average backbone dihedral angles relative to those of (Pro-Hyp-Gly)7 (see the Supporting Information, Table S5), as already noticed in model tripeptides (Figure 2). These modifications of the triple helix structure locally distorded the Gly-NH→Pro-CO hydrogen bond network between the three peptide chains. Indeed, the distance between the hydrogen-bond donating N of Gly and the accepting O of Pro or tfmP was maintained in the 3.0±0.2 Å range, but the hydrogen bond orientations were less favorable in the central region of the fluorinated triple helix (see the Supporting Information, Figure S12). Whereas such a local distortion may account for the decreased stability of CMP(P5) compared to the reference (Pro-Hyp-Gly)7 triple helix, the tfmP-TfmP motifs did not destabilize the overall PPII structure of the three peptide chains during the time course of the MD simulation (see the Supporting Information, Figure S13). In agreement with CD and NMR experimental data, our MD simulation established that a triple helix model could be obtained bearing six trifluoromethyl groups in its central part.

Conclusion

In this work, we have demonstrated that trifluoromethylated pseudoprolines, bearing a CF3 group at the C(5) position, represent valuable tools for the design of triple helix models. Our NMR and MD studies showed that peptides P3-P5, incorporating tfmP and/or TfmP residues, meet the structural requirements for the triple helix assembly. In particular, the incorporation of two adjacent tfmP and TfmP residues preserved a high population of the all-trans conformation (tt) which is required for triple helix assembly. Analysis of ring puckers for the tt conformers showed that tfmP and TfmP residues displayed the strongest propensities to stabilize the endo and exo conformation, respectively. This feature provides a strong rationale for selecting trifluoromethylated pseudoprolines as proline analogues in CMP sequences.

MD simulations showed that, in a host guest CMP sequence, tfmP and TfmP imposed small deviations relative to the canonical  and  angles found in collagen triple helices, which slightly affects the hydrogen bond network in the close neighborhood of the substitutions. Overall, these deviations compensate along the peptide chain and the triple helix remains stable in the MD simulations. Both CD and 19 F NMR spectroscopies were used to demonstrate the existence of the fluorinated triple helix in solution, which, according to the literature, was however less stable than its parent CMP. The analysis of diffusion coefficients was in good agreement with the formation of a trimer. In addition, NMR spectra showed distinct signals for the six trifluoromethyl groups embedded in the triple helix.

Our results pave the way for the development of new collagen mimetic peptides. First it is shown that C(5) substituted proline analogues can be incorporated in CMP sequence without breaking the triple helix structure, even for relatively large groups as trifluoromethyl groups. Using C5trifluoromethylated pseudoprolines, it was possible to cluster six trifluoromethyl groups, representing no less than 18 fluorine atoms, on a small, exposed and well-defined region of the host guest CMP. This opens new possibilities to control the interactions of the collagen triple helix model. A highly fluorinated surface may favor supramolecular assembly between triple helices or could promote biological interactions with collagen partners.
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We demonstrate the synthesis of a highly fluorinated collagen model peptide using for the first time a proline analogue substituted on the C(5) position. We show its triple helix assembly in solution, in agreement with an extensive MD analysis.

Figure 1 .

 1 Figure 1. Chemical structures of peptide triads corresponding to established (P1-P2) or

Table 2 .

 2 Cis-trans populations (%) for each peptide P1-P5. Measurements have been performed by integration of 1 H signals (and 19 F when available) in water at 25°C. Four conformers (tt, tc, ct, cc) are considered for each Ac-Xaa-Yaa-Gly-NH2 peptide since two amide bonds are subject to cis-trans isomerism, as depicted on the right panel.

  [d] Populations have been determined from 1 s simulations in explicit water based on the amber99sb-inlp force field, completed by Generalized Amber Force Field (GAFF) for a few of missing parameters. The puckering propensities were calculated through the distributions of the dihedral angle 1 N-C(2)-C(3)-X(4) (X = C or O) using a sum of two gaussians, corresponding to the exo (1<-15°) or the endo (1>15°) puckerings.Backbone conformation. Next, we were interested in the distribution of the  and  dihedral angles for these five tripeptides in the time course of 1 s-long MD simulations. Ramachandran plots of Xaa and Yaa are presented in Figure2for P1-P5 and compared with the triple helix canonical geometry. For P2, the  and  dihedral angles were very close to those measured in the triple helix. This is not surprising since it is composed of the same amino acids as in the triple helix model. As shown on Figure2a, the replacement of the Pro residue at the Xaa position by the tfmP residue (P2→P4 and P3→P5) induced an increase of the -value by ca. 10° without affecting the -value. On the contrary, the replacement of the Hyp by the TfmP residue at the Yaa position (P2→P3 and P4→P5) decreased the Xaa -value by ca. 20°, Xaa -value being unchanged.

Figure 2 .

 2 Figure 2. Distribution of the  and  dihedral angles obtained by MD simulations for Xaa (a) and

Figure 3 .

 3 Figure 3. Circular Dichroism spectroscopy of CMP(P3) (blue squares) and CMP(P5) (red circles).

Figure 4 .

 4 Figure 4. a) 19 F DOSY spectrum of the CMP(P5) peptide. b) 2D 19 F-13 C HSQC spectrum together with a 19 F 1D projection. Peptide concentration 10mM, pH = 6.8, 40°C, H2O:D2O 90:10.

Figure 5 .

 5 Figure 5. Conformation of the homo-trimer helix of CMP(P5) after a 500 ns simulation in explicit solvent. Initial structure was derived from the 1K6F PDB structure.[START_REF] Berisio | Crystal Structure of the Collagen Triple Helix Model [(Pro-Pro-Gly)(10)](3)[END_REF] The three backbone chains

Figure 6 .

 6 Figure 6. Probability distribution of the dihedral angle 1 (N-C(2)-C(3)-C(4)) for the (a) Xaa and

  

  

Table

  

	C(4)-pucker	C(3)-substitutions ref: 2, 8, 11, 13	C(4)-substitutions ref: 2, 7, 8, 10, 12	C(5)-substitutions ref: 35, 36, 37
	C(4)-			
	endo			
	C(4)-			
	exo			

Table 3 .

 3 Analysis of ring puckers by NMR and MD simulations for the all trans conformation (tt)

		Peptide	% endo a of Xaa	% exo b of Yaa
		Ac-Xaa-Yaa-Gly	NMR c	MD d	NMR c	MD d
	P1	Ac-Pro-Pro-Gly	52	64	59	29
	P2	Ac-Pro-Hyp-Gly	55	63	100	86
	P3	Ac-Pro-TfmP-Gly	30	67	100	98
	P4	Ac-tfmP-Hyp-Gly	97	99	100	85
	P5	Ac-tfmP-TfmP-Gly	95	99	100	98

of peptides P1-P5. [a] % of C(4)-endo ring pucker for P1-P3 or O(4)-endo ring pucker for P4-P5.
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SUPPORTING INFORMATION.

Detailed synthetic procedures for P1 to P5, building block Fmoc-Gly-tfmΨP-TfmΨP-OH and fluorinated host-guest CMP(P3) and CMP(P5). NMR spectra and extracted NMR data in water.

Detailed procedures for CD, NMR and MD simulations.