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Introduction

Nature makes use of a number of low-molecular weight sulfur-containing compounds, including such diverse molecular structures as lenthionine, biotin, lipoic acid, thiamine, and of course the proteinogenic amino acids methionine and cysteine. (1977; 1980) A closely related sulfur-containing amino acid is S-methyl-L-cysteine, Cys(Me), which is not genetically coded but is formed by post-translational methylation of cysteine. (Maw 1982;[START_REF] Thompson | Sulfur Metabolism In Plants[END_REF] Cys(Me) is found in beans and legumes, both in its free amino acid form and as the dipeptide γ-glutamyl-Smethylcysteine. It is also one of the sulfur-containing amino acid constituents found in garlic, and it has been suggested that such organosulfur compounds may contribute to the antioxidant properties and health benefits of garlic as a foodstuff. [START_REF] Liu | Profiling of organosulfur compounds and amino acids in garlic from different regions of China[END_REF][START_REF] Zawistowski | Garlic Grown from Air Bulbils and Its Potential Health Benefits[END_REF] It appears in some proteins, such as methylcoenzyme M reductase (MCR) which catalyzes the final step in the biological production methane by methanogenic archaea. [START_REF] Grabarse | Comparison of three methyl-coenzyme M reductases from phylogenetically distant organisms: Unusual amino acid modification, conservation and adaptation[END_REF] A dipeptidyl boronic acid containing Cys(Me) was recently reported to be a proteasome inhibitor with promising anti-tumor activity, [START_REF] Lei | Discovery of a novel dipeptidyl boronic acid proteasome inhibitor for the treatment of multiple myeloma and triple-negative breast cancer[END_REF] while in industry, copolymers incorporating Cys(Me) are known to be efficient inhibitors of metal corrosion. [START_REF] Mazumder | Synthesis, characterization and electrochemical analysis of cysteine modified polymers for corrosion inhibition of mild steel in aqueous 1 M HCl[END_REF][START_REF] Amin | A study of the inhibition of iron corrosion in HCl solutions by some amino acids[END_REF] During the pioneering studies on the role of hydrogen bonding in determining the preferred conformations of peptides, [START_REF] Toniolo | Intramolecularly Hydrogen-Bonded Peptide Conformations[END_REF] Toniolo's group examined the secondary structures of the N-and C-capped oligomers Boc-[Cys(Me)]n-OMe (n = 2-7). [START_REF] Bonora | Linear Oligopeptides. 24. Preparation of a Series of Monodisperse Homopeptides (to Heptamer) of S-Methyl-L-Cysteine[END_REF][START_REF] Palumbo | Linear Oligopeptides. 29. Infrared Conformational-Analysis of Homo-Oligopeptides in Solid-State and in Solution[END_REF][START_REF] Toniolo | Linear Oligopeptides. 25. Effect of a Sulfur Atom in -Position on Secondary Structures of Homo-Oligopeptides[END_REF] From a detailed analysis of solid state IR spectroscopic data, it was deduced that while the dimer was essentially disordered, a pleated β-sheet conformation stabilized by intermolecular H-bonds was present along with disordered forms for the trimer and the tetramer. The β-conformation was the preponderant structure for the pentamer to the heptamer [START_REF] Palumbo | Linear Oligopeptides. 29. Infrared Conformational-Analysis of Homo-Oligopeptides in Solid-State and in Solution[END_REF]. Solution state CD measurements in polar media suggested likewise that βsheet conformers prevailed for n = 5-7 while ordered structures were less in evidence for the shorter oligomers [START_REF] Toniolo | Linear Oligopeptides. 25. Effect of a Sulfur Atom in -Position on Secondary Structures of Homo-Oligopeptides[END_REF]). These data were in agreement with previous observations that polymers of Cys(Me), in contrast to polymers of methionine, are non-helical and adopt a β-structure. [START_REF] Bloom | Effect of Amino Acid Composition on Conformations of Synthetic Polypeptides, Polymers and Copolymers of L-Methionine S-Methyl-L-Cysteine and L-Valine[END_REF][START_REF] Fasman | Optical Rotatory Dispersion of 2 Structures[END_REF][START_REF] Komoto | Crystallization of Polypeptides in Course of Polymerization. 6. Effect of Heteroatom Attached to -Carbon on Crystal-Growth[END_REF][START_REF] Birdi | Monolayer Studies of Synthetic Poly(Alpha-Amino Acids)[END_REF] It was suggested that this may be the consequence of the presence of the sulfur atom in the γ-position of a Cys(Me) residue which might form a hydrogen bond with a backbone amide NH. Support for this hypothesis emerged from IR studies of dilute CDCl3 solutions of Boc-[Cys(Me)]3-OMe and Boc-[Cys(Me)]4-OMe. While it was recognized that several more-or-less ordered conformers might co-exist for these small peptides, the frequencies of the amide A vibrations were apparently red-shifted compared to those of the corresponding derivatives of aliphatic amino acids, which was commensurate with the presence of N-H⋯S interactions [START_REF] Palumbo | Linear Oligopeptides. 29. Infrared Conformational-Analysis of Homo-Oligopeptides in Solid-State and in Solution[END_REF]).

Information on NH•••S H-bonding interactions of small peptides including a residue bearing a sulfur atom in the side-chain γ-position has been obtained from gas phase studies. [START_REF] Biswal | Strength of NH ... S Hydrogen Bonds in Methionine Residues Revealed by Gas-Phase IR/UV Spectroscopy[END_REF][START_REF] Yan | A Conformation-Selective IR-UV Study of the Dipeptides Ac-Phe-Ser-NH2 and Ac-Phe-Cys-NH2: Probing the SH•••O and OH•••O Hydrogen Bond Interactions[END_REF][START_REF] Alauddin | Intra-residue Interactions in Proteins: Interplay Between Serine or Cysteine Side Chains and Backbone Conformations, Revealed by Laser Spectroscopy of Isolated Model Peptides[END_REF]Goldsztejn et al. 2020a;Goldsztejn et al. 2020b) For example, the role of short-range C5 intra-residue N-H⋯S bonds in stabilizing sequential -turns in Cys-containing peptides has been demonstrated [START_REF] Yan | A Conformation-Selective IR-UV Study of the Dipeptides Ac-Phe-Ser-NH2 and Ac-Phe-Cys-NH2: Probing the SH•••O and OH•••O Hydrogen Bond Interactions[END_REF][START_REF] Alauddin | Intra-residue Interactions in Proteins: Interplay Between Serine or Cysteine Side Chains and Backbone Conformations, Revealed by Laser Spectroscopy of Isolated Model Peptides[END_REF]Goldsztejn et al. 2020a;Goldsztejn et al. 2020b) (Fig. 1). In a recent discovery from our consortium combining gas phase and solution phase studies, a thietane amino acid with a sulfur in the -position, Attc, was found to stabilize extended backbones at the expense of folded ones in short oligomers through the formation of short-range C6 inter-residue N-H⋯S interactions (Fig. 1) [START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF]. This significant observation raises the question of whether such interactions might also prevail in short Cys(Me) oligomers. The aims of the present study were therefore to examine in detail the conformational behavior of the N-and C-capped derivatives Cbz-Cys(Me)-NHMe and Cbz-[Cys(Me)]2-NHMe in the gas phase (where Cbz stands for the benzyloxycarbonyl group), aided by theoretical calculations, to correlate these findings with spectroscopic data obtained for the same derivatives in solution state, and to assess the extent to which Attc and Cys(Me) share their intrinsic folding proclivities (Fig. 2). In a context where competition between several H-bonding patterns can be anticipated for small peptides leading to conformational mixtures that are difficult to analyze in solution (such as the present study), gas phase conformational analysis appears as a valuable technique [START_REF] Gloaguen | Isolated Neutral Peptides[END_REF][START_REF] Gloaguen | Neutral Peptides in the Gas Phase : Conformation and Aggregation Issues[END_REF]. Molecules are brought into the gas phase from a solid sample using laser desorption and are entrained into a vacuum via supersonic expansion. After an early expansion stage, in which the stable backbone families at "high" temperature (typically room temperature, see (Gloaguen et al. 2010a) for example) are populated (Fig. 3), the vaporized molecules are rapidly cooled in the supersonic expansion through collisions with the carrier gas, with two outcomes: first, conformational relaxation occurs in each backbone family basin, eventually populating low energy conformers; second, an efficient rovibrational cooling, at a typical temperature of 10 K, allows vibrationally-resolved spectra to be recorded. Using laser techniques to combine IR and UV spectroscopies, conformer-selective vibrationally-resolved IR spectra can be obtained. The spectra can be assigned with the help of theoretical chemistry, including potential energy surface exploration at high temperatures and search for local minima, followed by quantum chemistry simulations of the IR spectra. This experimental technique requires an appropriate chromophore for UV detection, which is provided conveniently by the Cbz group of the derivatives studied in this work.

Fig. 3. Schematic representation of the conformational dynamics along the expansion. In the early expansion (typically room temperature) basins are populated according to the free energy of their components in this temperature range (red energetic region). During the expansion, the temperature goes down rapidly, freezing the conformational populations within the basins separated by high barriers, typically corresponding to different backbone and/or H-bonding arrangements (e.g. basins 1 and 2, assigned to different families). Within each basin, however, conformations are usually separated by lower barriers and interconversions are efficient enough for conformational relaxations to occur. The process takes place until the late expansion where the low temperature (blue region) eventually forbids interconversions, resulting in a final distribution, where only the lowest conformations are populated (e.g. basin 2, typically corresponding to Cbz-rotamers; see text). The low temperature eventually achieved in the expansion enables detection of resolved UV or IR spectroscopic features.

Materials & Methods

Synthesis

Compounds 1 and 2 were prepared from commercial S-methyl-L-cysteine using standard solution phase procedures. Full details of the syntheses and routine compound characterization are given in the Supplementary Material document (Section S1). Cbz-Attc-NHMe and Cbz-(Attc)2-NHMe were prepared as described previously [START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF].

Theoretical Chemistry

The strategy of conformational assignment from gas phase spectroscopy stems from a detailed comparison of conformation-and vibration-resolved experimental data obtained in a supersonic expansion, i.e. at a low temperature (T~ 10 K) with the theoretical spectral signatures of the individual conformations populated in the expansion. As described above, these populations widely result from the tempering of the initial "hot" conformational distribution of the gas phase experiment due to the laser desorption process (Fig. 3). Our analysis is thus based on an assessment of such a high temperature conformational distribution, from conformational landscapes at both 300 K and 0 K, to determine among the populated structures at ambient temperature, those that can be populated in the expansion. This is followed with a "spectroscopic grade" simulation of vibrational spectra at low temperature (0 K), for a spectral identification of the structures that may be populated at the end of the supersonic expansion.

An extensive and detailed picture of the potential energy landscape of each compound in the gas phase was obtained for compounds 1 and 2, through a dual step procedure combining a force field exploration and quantum chemistry structure optimizations. The exploration was done with the OPLS-2005 force field using the Monte-Carlo Multiple Minima procedure in the MacroModel suite (Macromodel Schrödinger Release 2019-3). Subsequent geometry optimizations were done using the Density Functional Theory (DFT) at the RI-B97-D3(BJ)-abc/def2-TZVPPD level of theory [START_REF] Eichkorn | Auxiliary basis sets for main row atoms and transition metals and their use to approximate Coulomb potentials[END_REF][START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF][START_REF] Rappoport | Property-optimized Gaussian basis sets for molecular response calculations[END_REF] with the Turbomole 7.2 package (2017) using parameters (gridsize m3; SCF convergence threshold 10 -8 a.u.; gradient norm convergence threshold 10 -5 a.u.), which were successfully used previously.

The nomenclature used to describe the conformations is based on a sequential analysis of the H-bonding status of the NH groups along the peptide chain. When a hydrogen bond occurs, a number indicates the number of atoms involved in the ring formed by the H-bond between the NH being considered and its H-bond acceptor (carbonyl O or S atom). A subscript to the number of an N-H•••O=C H-bond (e.g. 7D) stands for the configurational stereochemistry type for a chiral L or D conformation. An NH group free from any hydrogen bonding is designated by the label "f".

For each backbone conformation, the Cbz group gives rise to three rotamers, a phenomenon that we refer to as Cbz-rotamerism. They are designated according to their Csp2-Csp3-O-C(=O) dihedral , namely gauche+ (g + ;  = +60), gauche-(g -;  = -60) and trans (t;  = ± 180).

Subsequently, for each structure resulting from an optimized geometry at the quantum chemistry level, a frequency calculation was performed at the same level of theory within the harmonic approximation. These calculations enabled us to check that the conformations obtained corresponded to "true" minima and the harmonic frequencies derived were then scaled in order to account for anharmonicity and potential deficiencies of the level of theory used, leading to theoretical data directly reconciled with experimental data. Previous work on peptides in which computationally calculated conformational landscapes were found to give a good match with the structures observed experimentally following a supersonic expansion [START_REF] Alauddin | Intra-residue Interactions in Proteins: Interplay Between Serine or Cysteine Side Chains and Backbone Conformations, Revealed by Laser Spectroscopy of Isolated Model Peptides[END_REF]Gloaguen et al. 2010a;[START_REF] Gloaguen | Neutral Peptides in the Gas Phase : Conformation and Aggregation Issues[END_REF] suggests that the accuracy of the Gibbs energies is of the order of a few (2-4) kJ/mol.

In the NH stretching (amide A) region, a fixed scaling factor of 0.978 was applied, based on a fit of frequency data on a set of capped peptides studies in the gas phase [START_REF] Gloaguen | Isolated Neutral Peptides[END_REF]. This strategy generally provides theoretical frequencies in good agreement with experimental frequencies (within 20 cm -1 for NH stretches in NH•••O bonds [START_REF] Gloaguen | Isolated Neutral Peptides[END_REF] and typically within ~30 cm -1 for NH•••S bonds [START_REF] Biswal | Strength of NH ... S Hydrogen Bonds in Methionine Residues Revealed by Gas-Phase IR/UV Spectroscopy[END_REF][START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF]). In the CO stretch (amide I) and NH bend (amide II) regions, the scaling factors used (1.004 and 1.008, respectively) were chosen to fit the corresponding spectra of Attc [START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF] or Cys derivatives (Goldsztejn et al. 2020a).

In addition, a Natural Bond Orbital (NBO) detailed analysis [START_REF] Reed | Intermolecular Interactions from a Natural Bond Orbital, Donor-Acceptor Viewpoint[END_REF][START_REF] Alabugin | Hyperconjugation[END_REF][START_REF] Weinhold | Natural Bond Orbital Analysis: A Critical Overview of Relationships to Alternative Bonding Perspectives[END_REF][START_REF] Alabugin | Hyperconjugation[END_REF]) was performed for each conformation, in order to quantify the stabilizing role of electron delocalization through hyperconjugation and H-bonding effects. The analyses were carried out on the RI-B97-D3(BJ)-abc/def2-TZVPPD structures using the NBO module (Weinhold et al.) of the Gaussian 09 software [START_REF] Frisch | Gaussian 16[END_REF]), first at the HF/TZVPP level followed by the MP2/TZVPP level, the latter having been shown to provide a good compromise between accuracy and computation times [START_REF] Gloaguen | Direct Spectroscopic Evidence of Hyperconjugation Unveils the Conformational Landscape of Hydrazides[END_REF]. The donor and acceptor NBO occupancies considered in the following are those obtained at the MP2/TZVPP level whereas the HF level was used to calculate, for each donor NBO(i) and acceptor NBO(j), the E(2) stabilization energy through the second order perturbation theory:

𝐸(2) = ∆𝐸 = 𝑞 𝐹(𝑖, 𝑗) |𝜀 -𝜀 |
where qi is the donor orbital occupancy, F(i, j) is the off-diagonal NBO Fock matrix element and 𝜀 (resp. 𝜀 ) is the diagonal element, i.e. the donor (acceptor) orbital energy; the threshold for considering the interactions as significant was 0.2 kJ mol -1 .

Gas phase techniques

Compounds 1 and 2 were introduced into the gas phase using laser-desorption coupled to a supersonic expansion, as described in detail previously (Gloaguen et al. 2010b). Laser-desorption was carried out downstream from a pulsed nozzle by sending the frequency-doubled output of a pulsed Nd:YAG laser (Minilite Continuum, 10 Hz, 0.1-3 mJ/pulse) on the surface of a mixed graphite:sample (4:1 molar ratio) 6 mm-diameter pellet through an optical fiber. The vaporized molecules were cooled by interaction with the supersonic molecular beam generated from the expansion of a carrier gas (30:70 Ne:He mixture) at 18 bar pressure through a 1 mm diameter nozzle, before entering the source of a time-of-flight mass spectrometer (TOF-MS), by passing through a skimmer located 18 mm downstream the nozzle. The output of a frequency-doubled dye laser (NarrowScan, Radiant Dyes) (~0.4-0.7 mJ in the UV) pumped by a frequency tripled Nd:YAG (Powerlite, Continuum) was then used to excite and ionize the molecules during the same laser pulse (since the ionization energy of the chosen UV chromophore, the Cbz group, is smaller than twice the UV photon energy). Ions thus generated were accelerated and sent to the field-free region of the TOF-MS and eventually collected on a microchannel plate-based detector, after reflection on an electrostatic mirror, designed to lengthen the TOF and then enhance the mass resolution. The mass-selected ion signal was collected as a function of the UV frequency, yielding a resonant-two-photon ionization (R2PI) spectrum of each compound in the origin region of the * electronic transition of the aromatic ring of the Cbz group. The low temperature of the final expansion enables recording of the spectra of cold species, characterized by narrow lines due to the origin band of each conformer present in the expansion, possibly accompanied by (usually weak) vibronic bands, associated to the excitation of low frequency modes (usually in the 10-100 cm -1 range from the origin), if the molecular structure changes between ground and excited state (Franck-Condon activity).

The exquisite sensitivity of the chromophore excitation frequency to its environment, and hence to the backbone structure, causes the spectral UV signatures of the several conformer to appear at distinct frequencies and give rise to well-identified UV bands. This feature enabled us to probe selectively each cold conformer, and thus to provide conformer-selective IR spectra, using the so-called IR/UV double resonance spectroscopy. This technique relies on the fact that an IR laser tuned on an IR transition of a conformer will depopulate its vibrational ground state. Then, the ion signal generated by a UV laser tuned on a transition of this particular conformer will experience a depletion, which can be easily detected and recorded as a function of the IR laser frequency, yielding to a conformer-selective IR absorption spectrum. Gas phase conformer-specific IR spectra of compounds 1 and 2 were recorded using this technique [START_REF] Gloaguen | Isolated Neutral Peptides[END_REF]Gloaguen et al. 2010b).

The IR beam was generated either directly from the idler output of a Nd:YAG-pumped (Continuum Surelite, 740 mJ/pulse at 1064 nm) OPO/OPA (Laservision), yielding typically 10 mJ in the 3200-3600 cm -1 amide A range, or from the output of a Difference Frequency Generation (DFG) stage, downstream the OPO, where OPA idler and signal were converted to 1300-1800 cm -1 radiation (1 mJ output) in order to probe the amide I and II regions.

The conformers observed in the expansion are identified from the comparison between the IR experimental spectra thus obtained and the theoretical spectra obtained for the most stable structures at high temperature (300 K). It should be noted that the three rotamers of the Cbz group, which provides the UV chromophore required for the IR/UV double resonance spectroscopy, share essentially the same amide backbone. Depending on the final temperature achieved and the barrier between them, several rotamers can be observed: they give rise to close lying UV bands and to very similar IR spectra since these latter do not significantly depend on Cbz-rotamerism. The whole population should then be considered as representative of the population of their backbone at high temperature.

Solution phase techniques

Fourier transform IR spectra were recorded at ambient temperature (c 295 K) for solutions in CHCl3 (5 mM), held in a 1.0 mm path-length NaCl solution cell, with background solvent subtraction. No significant changes were observed upon sample dilution, indicating the intramolecular nature of any prevalent non-covalent interactions.

1 H NMR spectra were recorded at 273 K using standard pulse sequences on a 600 MHz spectrometer for solutions in CDCl 3 (20 mM). Titration experiments were carried out at 300 K on a 400 MHz spectrometer in CDCl 3 (5 mM) with solution volumes of 400 L. Aliquots of DMSO-d 6 (6  2 L, 2  4 L, 2  10 L) were added successively, each addition was followed by rapid agitation then re-recording of the spectra. The NOESY experiment was carried out at 273 K on a 600 MHz spectrometer using a solution of compound 2 in CDCl3 (20 mM). The pulse sequence was noesygpph, and the mixing time was 600 ms. The experiment was performed by collecting 1024 points in f2 and 512 points in f1.

Results & Discussion

Cbz-Cys(Me)-NHMe 1

Quantum chemistry investigation

The conformational landscape of 1 was obtained from a systematic exploration of the potential energy surface first at the force field level, further refined at the quantum chemistry level using a DFT-D method. At 300 K (Fig. 4), the most stable backbone family, composed of 4 sub-families (1-a to 1-d, in Fig. 4), had an extended backbone, featuring a C5 intra-residue interaction implicating NH(1), accompanied by a weaker interaction NH•••S, bridging the NH(2) group of the C-terminal protection to the sulfur in the side-chain γ-position, labelled C6. The several sub-families, each composed of the three Cbz rotamers, differed by the side chain and carbamate conformations (details given in Table S1); the 1-a sub-family being the most stable by more than 5 kJ/mol, was characterized by a specific [t, g+] arrangement of the side chain, which enabled the formation of a short H-bond, with a NH•••S distance of 245 pm.

The next conformational families [START_REF]A development of[END_REF](3)(4) in energetic ordering at 300 K were all higher in energy by at least 4 kJ/mol; most of them benefit from the presence of an intra-residue C5 NH Interestingly, the conformational landscape of 1 is comparable with Cbz-Attc-NHMe (Supplementary information of [START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF])), with the same families present but with a much narrower spread in energy between the several families. Such a landscape suggests that family 1-a should represent the main conformation populated, at least in the gas phase. Regarding the rotamer population, from the small energetic difference observed at 0 K (Fig. 4), the observation of several rotamers of family 1-a can be anticipated in the late expansion. 

Gas phase characterization

The near UV gas phase spectrum of the phenyl chromophore of 1, depicted in Fig. 5, exhibited a few narrow features (bandwidth of the order of a few cm -1 , limited by the rotational band contour at ~10 K), which illustrated the rotational and vibrational cooling achieved in the expansion. The IR/UV spectra recorded in the amide A region from the two intense UV bands A and B were similar but sufficiently different (Fig. 5 and Fig. S5) for us to assign them as originating from the electronic * transition of the phenyl group in two distinct conformers, labelled A and B. The A1 and B1 bands were found to yield amide A IR/UV spectra superimposable with those obtained from A and B respectively, and were thus assigned to vibronic bands associated to a Franck-Condon activity involving low frequency (18 cm -1 ) torsional mode of the Cbz cap (as previously observed in the case of the closely related Attc residue [START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF] ). The IR spectra of A and B (Fig. 5 and S5) were composed of a well resolved doublet in each of the regions recorded, amide I, II and A; the latter, observed in the 3400 cm -1 region, corresponding to medium range H-bonds [START_REF] Brenner | Rationalizing the Diversity of Amide-Amide H-Bonding in Peptides using the Natural Bond Orbital Method[END_REF][START_REF] Gloaguen | Neutral Peptides in the Gas Phase : Conformation and Aggregation Issues[END_REF]. The assignment of conformers A and B was carried out by comparing the experimental data with the IR theoretical spectra of each backbone family, in the three amide A, I and II regions recorded (Fig. S6 and Table S1). This comparison showed that backbone families 1-a, 1-c and 1-d (C5-C6 backbone) achieved a fair fit both in terms of frequency and intensity pattern, especially in the amide I and II stretch regions which are most sensitive to the backbone conformation, due to the structure-dependent coupling of the carbonyl groups. A more precise assignment on this basis alone was difficult due to significant deviations in the amide A region, which is most sensitive to the H-bonding, including the NH•••S interactions. However due to the sharp difference in terms of stability between families 1-a, 1-c and 1-d, conformers A and B were assigned to the most stable backbone family 1-a, with a [t,g+] side chain. The significant disagreement between the observed and theoretical frequencies in the amide A, a feature already noticed in the case of the rigid related compound Attc (see below), was assigned to a weakness of the level of theory used to properly account for the C6 NH•••S H-bonds. Regarding Cbz-rotamerism, Fig. S5 (and Table S1) illustrates the similarities in the theoretical spectra of the three Cbz rotamers of this 1-a family, which did not enable us to provide a more precise assignment of A and B.

A point-by-point comparison of these spectroscopic features for 1 and for Cbz-Attc-NHMe is provided in Figure 5. The clear similarity between the gas phase UV or IR spectra illustrates the shared C5-C6 backbone, characterized by a strong C6 H-bond (see E2 NBO energies in Table 1). The more flexible side chain of 1 leads to slightly weaker H-bonds (as indicated by the smaller red-shift of the NH•••S band in 1), which underlines the strong constraints exerted by the stiff thietane ring of Attc, in particular on the C6 H-bond. As expected, the theoretical H-bonding distances obtained (Fig. 5) vary accordingly between both compounds. 

Solution characterization

The amide A IR absorption spectrum of a CHCl3 solution of compound 1 displayed two amide NH stretch bands, centered at 3418 cm -1 and 3445 cm -1 (Fig. 5). The broad band at 3418 cm -1 was attributed largely to the C5-C6 conformer (family 1, Fig. 4). The band incorporates overlapping absorptions from NH(1) in a C5 intraresidue interaction and NH( 2) in a C6 NH•••S interaction. The analogous C5-C6 conformer was the only significant structure previously observed for Cbz-Attc-NHMe in solution (Fig. 5). The frequencies are blueshifted for 1 compared to those for Cbz-Attc-NHMe as a result of the longer H-bonding distances. The sharper band at 3445 cm -1 in the spectrum of 1 was attributed to the free NH( 2) vibration in a C5-am1 conformer (family 2, Fig. 4), although this conformer was not observed in the gas phase. It's NH( 1) is involved in a C5 intra-residue NH•••S interaction and contributes to the broad band centered at 3418 cm -1 . A contribution from a third conformer of 1 with a C5-C7 structure (family 3, Fig. 4) cannot be ruled out, as the C5 interaction of NH(1) would be expected to contribute to the broad band at 3418 cm -1 while the C7 interaction of NH( 2) might explain the slight shoulder observed at around 3345 cm -1 .

The absorption bands of 1 in the amide I and II region (Fig. S7) showed good general correlation with the gas phase data with a slight red-shift (c 20 cm -1 ) for the amide I (C=O stretching) bands. These latter were observed at 1719 cm -1 and 1679 cm -1 and correspond to a free carbamate and a C5 bonded amide, respectively. These data are in excellent agreement with those reported previously for CHCl3 solutions of Cbz-Aib-Xaa-OMe (Xaa = Aib or Ala) in which the N-terminal Aib adopted a C5 feature leaving the carbamate C=O free (bands at 1724 cm -1 and 1675 cm -1 , respectively). [START_REF] Rao | Infrared Studies on the Conformation of Synthetic Alamethicin Fragments and Model Peptides Containing Alpha-Aminoisobutyric-Acid[END_REF] As expected, the data for Cbz-Attc-NHMe in this region are very similar to those observed for 1 (Fig. S7).

Compound 1 was also examined in solution in CDCl3 (5 mM) by 1 H NMR spectroscopy, which provides an indication of the average behavior of each NH (Fig. S1). The principal signals for both the carbamate NH(1) (δ 5.82 ppm) and the amide NH(2) (δ 6.57 ppm) were accompanied by minor satellite signals, consistent with the presence of more than one conformer (or rotamer). The signals were moderately deshielded, suggesting that H-bonding was less strong and/or prevalent than in Cbz-Attc-NHMe, for which the corresponding signals appeared at 6.45 ppm and 7.98 ppm, respectively. Titration of the solution of 1 with DMSO-d6 (Section S3.1.) induced a moderate downfield shift for each signal (Δδ 0.52 ppm and 0.74 ppm, respectively, for 10% added DMSO). These values pointed to partial solvent exposure but indicated that the conformational landscape implicated H-bonding, at least to some extent, of both NHs. These data are in agreement with the proposal of the coexistence of two (and possibly three) conformers, C5-C6 and C5-am1 (and possibly C5-C7), for 1 in solution.

Cbz-[Cys(Me)]2-NHMe 2

Quantum chemistry investigation

The conformational landscape of 2 at 300 K (red levels in Fig. 6) revealed that the most stable backbone family, labelled 1, corresponded to type I -turns, featuring a C10 H-bond bridging the NH(3) group with the carbamate CO, and two intra-residue C5 H-bonds bridging the NH(1) and NH(2) groups to the side chain S atom of the same residue. The subfamilies 1-a to 1-j differed by the side chains' orientations, which gave rise to significant differences in C5 H-bond strengths (Table S2). In these -turn structures, the C10 bond remained modest, as shown by the NBO indicators (~10 kJ/mol ; Table 1), with elongated H-bonding distances (210-220 pm range), in line with their frustrated character due to the stiffness of the turn backbone [START_REF] Brenner | Rationalizing the Diversity of Amide-Amide H-Bonding in Peptides using the Natural Bond Orbital Method[END_REF]. Interestingly, the compactness of the turn structure also enabled weak ancillary amide interactions (~3 kJ/mol), which contributed marginally to the stability of the architecture. The turn structure is geometrically amenable to the formation of intra-residue C5 bonds. The flexibility of the side chains, however, enabled several orientations, which were influenced by minor interactions, such as S-Me•••Me-S or S-Me•••phenyl interactions. As a result the C5 interactions were quite diverse in strength (8-22 kJ/mol range, Table 1). They were much weaker and more elongated than the C6 bonds observed in conformers of compound 1 (NBO stabilization energy of ca. 30 kJ/mol; Table 1), which are forbidden here due to their incompatibility with a C10 folded backbone. As for the C10 bond, the relatively large distance and modest strength, compared to unconstrained H-bonds, such as those in an intermolecular complex (Goldsztejn et al. 2020b), clearly illustrated the frustration of these H-bonds within family 1, constrained by the stiffness and the shortness of the Cys(Me) side chain.

The other families (2-5) corresponded to sequential combinations of structures observed in compound 1, exhibiting either C5, C7 or amide H-bonds together with C5 or C6 NH•••S bonds. They were higher in energy, by at least 10 kJ/mol, precluding their observation as major conformations at room temperature. This landscape suggests that family 1 should be the most populated in the gas phase at high temperature. Regarding rotamer populations, the enhanced stability of the rotamers g+ observed at 0 K (Fig. 6), due to the occurrence, in this phenyl ring disposition, of dispersive interactions favoring a close contact between the side chain methyl and the phenyl ring, suggested that conformational relaxation should funnel the population to those rotamers. Within each family, side chain orientations can be found (see SI for structure details). For (sub)families 1 and 2 of high energy at 300 K, only the g+ Cbz rotamer having the Cbz side chain contact is shown. For the sake of clarity, the amide interactions of the turns have been omitted.

Gas phase characterization

The near UV gas phase spectrum of the phenyl chromophore of 2, depicted in Fig. 7, again exhibited two intense narrow features. IR/UV spectroscopy (Fig. 7, top) enabled us to assign them to different conformers, labelled A and B. Several much weaker UV bands were also observed: two of them, A1 and B1, were assigned to the same conformer as A and B respectively (again due to identical amide A IR spectra); a third band (C) was assigned to another conformer labelled C (Fig. 7). The remaining still-weaker bands, accounting for less than 15 % of the total population, were too weak to be probed using the present technique. The IR spectra were composed of a well-resolved triplet in each of the regions recorded, amide A (Fig. 7) and amide I, II (Fig. S8 and S9). The IR/UV spectra of A and B were found to be similar in the amide I and II regions but differed significantly in the NH stretch range (Fig. 7), suggesting similar backbones but different side chain H-bonding patterns; the 3400 cm -1 region pattern showed evidence for relatively weak H-bonds, compared for example to C7 H-bonds [START_REF] Gloaguen | Isolated Neutral Peptides[END_REF][START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF].

Theoretical spectra (Figs. 7, S8 and S9) again illustrated the efficient diagnostics of the backbone structure provided by the amide I and II regions. Comparison with experimental spectra demonstrated that conformers A and B adopt a type I -turn structure, in contrast to C. A detailed examination of the triplet features (frequency and intensity pattern) of the most stable rotamers in each backbone sub-family (Table S2 and Fig. S8) indeed showed that the g+ rotamers of sub-families 1-b and 1-c best fit to conformers A and B respectively (Fig. 7). The absence of a representative of sub-family 1-a, despite its stability, was then ascribed to significant conformational relaxation within the -turn family basin (1) in the late expansion. The difference in pattern between the NH stretch triplets of A and B was ascribed to a different orientation of the first side chain (Tables 1 andS2), which caused the NH•••S bands to change accordingly to the H-bonding distances, whereas little variation was noted for the -turn C10 H-bond, found at 3410 cm -1 and 3415 cm -1 , respectively.

Regarding conformer C, the splitting of the amide I triplet (Fig. S9) pleaded in favor of the presence of a C7 H-bond. A careful examination of the theoretical spectra within family 2 provided several good candidates, with low energy conformations, leading us to assign this conformer to a C5-am1/C5-C7 backbone, the best fit being achieved for the 2-c (g+) conformer, although this latter was not the most stable of its family. It should be noted that such a backbone is topologically close to the C5-C5-C10 backbone of family 1, suggesting that the absence of the most stable structures of family 2 could arise from 21 interfamily isomerization during the early expansion; some family 2 structures eventually funneling into family 1 manifold.

The conformational gas phase preferences of 2 and of Cbz-(Attc)2-NHMe (Fig. 7) are remarkably different, in sharp contrast with the close comparison between 1 and Cbz-Attc-NHMe noted above. These differences in backbone preferences (folded C5-C5-C10 for 2 vs. extended C5-C6/C5-C6 for Cbz-(Attc)2-NHMe) illustrate the emergence of strikingly different backbone structures in the dimers, accompanied by a radical switch between the two types of NH•••S H-bonds facilitated by the flexible Cys(Me) side chain. 

Solution characterization

The amide A region of the IR absorption spectrum of a CHCl3 solution of compound 2 showed one broad NH stretch band, with a maximum at 3387 cm -1 with a shoulder at 3409 cm -1 (Fig. 7), which correlated well with the gas phase data and was fully consistent with the dominant presence of folded C5-C5-C10 conformers (family 1, Fig. 7). A minor contribution from a C5-am1/C5-C7 conformer (family 2, Fig. 7) cannot be ruled out and may explain the small shoulder around 3449 cm -1 and the tailing-off of the main absorption band towards lower frequencies.

In the amide I and II region, IR absorption bands of 2 (Fig. S10) were generally consistent with the gas phase data for the C5-C5-C10 conformer family, with a slight red-shift (c 20 cm -1 ) for the two amide I bands, observed at 1719 cm -1 and 1673 cm -1 . The frequency of the former band is in excellent agreement with the C10-bonded carbamate C=O absorption (1718 cm -1 ) for Cbz-(Aib)3-OMe in CHCl3 solution (Pulla Rao et al. 1980). Nonetheless, the close similarity of the spectral data for 2 and for Cbz-(Attc)2-NHMe in the amide I and II region, despite the difference in the conformational preferences of these two compounds, indicates that reliable differentiation between C5 and C10 conformers is not as straightforward here as in other cases. [START_REF] Peggion | Multiple, Consecutive, Fully-Extended 2.0(5)-Helix Peptide Conformation[END_REF] Examination of 2 by 1 H NMR spectroscopy in CDCl3 (5 mM) provided good support for the -turn folded C5-C5-C10 conformer (Fig. S3). All three NHs, carbamate NH(1) (δ 5.80 ppm), amide NH(2) (δ 7.14 ppm) and amide NH(3) (δ 6.91 ppm), were partially deshielded, while titration with DMSO-d6 induced moderate downfield shifts for each signal (Δδ 0.66 ppm, 0.65 ppm, and 0.36 ppm, respectively, for 10% added DMSO; see details in Section S3.2). These data are compatible with the presence of a C5-C5-C10 conformer (family 1 described above), whose C10 H-bonded NH(3) leads to a low DMSO-d6 titration coefficient.

Further evidence was obtained from a NOESY experiment, which revealed long-range correlations between the C-terminal amide CH3 protons and the aryl protons (and to a lesser extent the benzylic protons) of the Cbz group (Fig. 8). These interactions can only arise from a -turn conformer with a C10 feature. Similar correlations were observed between the side chain methyl groups of each Cys(Me) residue and the aryl protons and one of the benzylic protons of the Cbz group, which is consistent with a globally folded conformer which can accommodate NH•••S interactions. Indeed, a correlation was observed between NH(1) and the methyl group of the first Cys(Me) residue (not illustrated) although an analogous correlation for the second residue was not observed. Collectively these correlations support the presence of a C10 conformer which may also adopt C5 interactions. These data contrast significantly with the NOESY data obtained previously for Cbz-(Attc)2-NHMe, which showed only short-range correlations consistent with a fully extended conformation [START_REF] Imani | Conformation control through concurrent N-H ... S and N-H ... O-C hydrogen bonding and hyperconjugation effects[END_REF]. 

Conclusions

In the light of the above results, the nature of NH•••S H-bonding in small oligomers of Cys(Me) can be rationalized. It had previously been observed that in polar solvents such compounds were largely disordered [START_REF] Toniolo | Linear Oligopeptides. 25. Effect of a Sulfur Atom in -Position on Secondary Structures of Homo-Oligopeptides[END_REF]). However, in gas phase and in low polarity solution, the model compound for one Cys In the Cys(Me) dimer model, 2, the dominant conformation is a regular type I -turn. This structure is incompatible with concomitant C6 interactions and in consequence they are no longer in evidence. Instead, C5 interactions which are fully compatible with the turn geometry, occur and additionally stabilize the structure. This behavior is in marked contrast with the corresponding model compound for Attc, Cbz-(Attc)2-NHMe which adopts an extended C5-C6/C5-C6conformation. The theoretical studies predicted that such a conformer for 2 would be around 20 kJ/mol higher in energy than the -turn (despite the modest H-bond strengths in the latter), presumably because of the missing covalent constraints provided by the thietane ring of Attc. The switch in behavior of the Cys(Me) dimer therefore signals the onset of the coexistence of N-H⋯S interactions (C5) with other backbone amide interactions (C10 in the present case) which are compatible with regular secondary structures, as was previously postulated for longer oligomers of this amino acid.

The present work emphasizes the role of the side chain flexibility onto the conformational preferences of oligomers of amino acids exhibiting an NH•••S H-bonding. This matter will be investigated further by our consortium, using the full panel of techniques presently showcased, by varying the size of the sulfur-containing ring of cyclic amino acids.

Fig. 1 .

 1 Fig. 1. (left and centre) Short range N-H⋯S interactions (in addition to other interactions) previously identified through gas phase studies of amino acids with a sulfur in the γ-position; (right) the corresponding interactions suggested for Cys(Me) which are probed in this work.

Fig. 2 .

 2 Fig. 2. Compounds examined and compared in this work.

  •••S bond. Some of them exhibited a folded backbone, either featuring a -turn (sub-families 3-a, 3-b and 4-a, 4-b) or an -type Ramachandran conformation, with nearly perpendicular peptide planes and stabilized by weak am1 H-bonds involving NH(2) and the  cloud of the first amide (sub-families 2-a and 2-b).

Fig. 4 .

 4 Fig. 4. Conformational landscape of 1 at RI-B97-D3(abc)/def2-TZVPPD level of theory, for two temperatures: 300 K (red lines) and 0 K (black). Intramolecular H-bonds and interactions stabilizing the structures are highlighted and labeled using short notations: 5, 7L or 7D, or am1 for intra-backbone interactions, and 5 and 6, for side chain -backbone H-bonds. The side chain orientation is indicated by the successive dihedrals (N-C-C-S and C-C-S-CMe) given between brackets. Carbamate groups are in a trans conformation, unless indicated by a cis label. Only one Cbz rotamer is displayed for each sub-family.

Fig. 5 .

 5 Fig. 5. Top panel. (left) Gas phase UV spectra of jet-cooled compound 1. (centre) Gas phase IR spectrum (black) obtained on UV band A, and solution phase spectrum (red) of compound 1, compared to the theoretical IR spectrum (stick) of the Cbz g-rotamer of the lowest energy conformation. (right) Corresponding calculated lowest energy conformation. Bottom panel. The same spectral data for the corresponding Attc derivative, with the structure of the g-Cbz rotamer of the lowest energy conformation.

Fig. 6 .

 6 Fig. 6. Conformational landscape of 2 at RI-B97-D3-BJ(abc)/def2-TZVPPD level of theory, organized according to backbone families.Within each family, side chain orientations can be found (see SI for structure details). For (sub)families 1 and 2 of high energy at 300 K, only the g+ Cbz rotamer having the Cbz side chain contact is shown. For the sake of clarity, the amide interactions of the turns have been omitted.

Figure 7 :

 7 Figure 7 : Top panel (left) Gas phase UV spectra of jet-cooled compound 2. (centre) Gas phase IR spectrum (black) obtained on UV bands A, B and C and solution phase spectrum (red) of compound 2, compared to the theoretical IR spectrum (stick) of the Cbz gauche+ rotamer of the lowest energy conformations of sub-family 1b, 1c and 2c (see Fig. 6). For the sake of clarity, the amide interactions of the -turns have been omitted. (right) Corresponding calculated conformations. Bottom panel Corresponding features for the related Attc compound.

Fig. 8 .

 8 Fig. 8. Significant long-distance NOESY correlations observed for compound 2. Shorter distance correlations have been omitted for clarity.

  (Me) residue, 1, adopts a preferred C5-C6 conformation which combines an intra-residue N-H•••O=C backbone interaction (C5) and an inter-residue N-H•••S interaction implicating the side-chain sulfur atom (C6). This structural feature is similar to that exhibited by the thietane amino acid Attc, in its model compound Cbz-Attc-NHMe, although the H-bonds formed by Cys(Me) are noticeably weaker due to the absence of strong constraints on the acyclic side chain. In addition, other low energy structures incorporating an alternative N-H•••S interaction, namely the intra-residue C5, may contribute to the conformational landscape of 1, in contrast with Attc, where the C5 interactions cannot form due to the strong covalent constrains of the thietane ring, which penalises these structures by c 5 kJ/mol. Interestingly, in the closely related compound Cbz-Cys-NH2, backbone structures with either C5or C6N-H•••S interactions were reported recently.(Goldsztejn et al. 2020a) 

Table 1 .

 1 Theoretical structural backbones and H-bonding features (type, distances, NH stretch frequencies, E(2) NBO strength indicator) of the conformations observed for compounds 1 and 2 and related Attc compounds obtained at the RI-B97-D3(BJ)-abc/def2-TZVPPD level of theory. Additional structural and energetic data and comparison with experiment are provided in the Supplementary Material document (Sections S2.1 & S2.4).
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