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Introduction

Proteins govern the most essential and fundamental processes needed to maintain life. It is thus not surprising that a wide range of debilitating illnesses result from errors in their structures. The misfolding of proteins and subsequent aggregation thereof, are thought to be the unifying cause and pathological mechanism behind a variety of neurodegenerative diseases. 1 The mechanism of protein folding is very complex, and cannot be simply justified by a simple random search where the polypeptide chain samples all possible conformations before arriving at a thermodynamically stable state. This is highlighted clearly by the Levinthal's paradox, which points out the discrepancy between the actual time for protein folding (well below a second) compared with the estimated amount of time it would take if a protein with 100 residues had to fold by randomly accessing just two of the low energy regions in the Ramachandran plot (10 30 main-chain conformations ≈10 11 years). 2 Instead, it has been shown that the folding of proteins occurs by the rapid folding of local secondary structures stabilized through interactions with key amino-acid residues, which forms a scaffold around which the rest of the residues condenses. 2,3 The scaffold consists of the initial rapidly formed local secondary a-helix and b-sheet structures. 2,3,[START_REF] Fersht | Proc. Natl. Acad. Sci[END_REF] The successful folding of these secondary structures is a crucial component in determining that the protein adopts its correct native structure. Although the formation of these structures is of crucial importance, little is known about their mechanical stability. This is especially relevant if we consider that a combination of a-helices and b-sheets is found in nearly every native protein. [START_REF] Dobson | [END_REF] AFM-based single-molecule force spectroscopy is a powerful method to probe molecular-level processes and mechanical forces with sub-nanometer resolution in (bio)molecules. [6][7][8][9][10][START_REF] Duwez | Molecular Manipulation with Atomic Force Microscopy[END_REF][START_REF] Hughes | [END_REF] However, no systematic studies on a-helices or b-sheets have been conducted so far. A reason for this is that these structures are embedded in the protein and it is relatively difficult to isolate the mechanical signature of the unfolding of single ahelices or b-sheets structures. Here, we synthesized polymerpolypeptides for optimal interfacing with an AFM force spectroscopy set-up to investigate their stability under external stress. The use of synthetic polymer-polypeptides allows us to tune and isolate desirable structures and, as a result, gain insight into more complex biological systems by observing an isolated property in a controlled environment. Indeed, polymerpolypeptides have been successfully used previously as model systems to decipher natural protein secondary structure at a time when their chemical conformations were not fully understood. 13 We evidence here for the first time the key role of side chain interactions when the polypeptides are exposed to mechanical deformations, as constantly experienced in the turbulent environment of cells.

Results and discussion

Polypeptide design and synthesis. Two stimuli-responsive bioinspired polymers, poly(L-lysine) (PLys) and poly(L-glutamic acid) (PGA) were designed and synthesized for use in single-molecule force spectroscopy experiments (Figure 1). Both molecules were prepared by the ring opening polymerization of amino-acid Ncarboxyanhydrides (NCA) and subsequent coupling with Nsuccinimidyl 3-(2-pyridyldithio)-propionate (see synthesis and characterization details in SI). The design of the molecules consists of a PEG tether by which one end of the molecule can physisorb onto the AFM tip for pulling, and a 2-dipyridyl disulfide moiety for grafting the other end onto a gold surface through Au-S bonding (Figure 1). We previously showed that this approach, based on the physisorption of caught PEG tethers onto the tip, provides a sufficiently strong and stable attachment of the molecule onto the tip to obtain reliable information on the system grafted on the surface. [14][15][16][17][18][19] As a result of the different side chains (Figure 1), the ahelices form under opposite pH conditions, pH > 11 for PLys and pH < 4 for PGA. Immediately prior to performing single-molecule force spectroscopy experiments, the gold substrates were dipped in a diluted solution of the molecules and a passivating agent PEG6-SH was added, to enable single molecules to be individually distributed and immobilized onto the cleaned surface (see Methods section). This approach, combined with the small size of the molecules, also prevents the unspecific adsorption of the polymer chains onto the surface and gives rise to very clean force curves without unspecific peaks. 14,16,[18][19][20][START_REF] Sluysmans | Proc. Natl. Acad. Sci[END_REF] Poly(L-lysine) mechanical unfolding. The typical forceextension profile for PLys in a-helix conformation at pH 12 shows a plateau at 34 ± 4 pN (Figure 2). The general shape of the curves can be interpreted as a sequence of four events. Due to the axial force that is applied by the cantilever displacement, the molecule aligns towards the direction of the displacement (I). A characteristic plateau is then observed and attributed to the unravelling of the a-helix. The appearance of a plateau is consistent with the sequential breaking of identical intramolecular interactions in series, i.e. both the hydrogen bonds in the main chain and the interactions between the side chains (II). As the cantilever displacement continues, the main peak is observed which resembles that of a random coil extension as the PEG tether and peptide segment are further extended (III). Finally, the molecule detaches from the AFM tip as the applied force exceeds the force of interaction between the molecule and tip (IV). The appearance of a constant force plateau supports the turn-by-turn unravelling of the helix predicted theoretically. [START_REF] Chakrabarti | [END_REF]23 The length of the obtained plateau, 27 ± 4 nm, is in good agreement with the theoretical length difference between the folded and the stretched a-helix of the molecule calculated from the degree of polymerization obtained by NMR (≈27 nm) (details in SI, Figure S13). Literature data report that polypeptides fold into a higher order structure with the a-helix segments separated by denatured residues in between. The most stable and thermodynamically favoured length of a single a-helix was shown to be below 20 amino acids. 16,24 While this suggests that we should detect the mechanical unfolding of several helices of 20 residues, only one plateau is observed in the force curves and not a series of consecutive plateaus. We have shown recently 16 that when the cantilever displacement begins to align the whole molecule backbone in the pulling direction, the higher order structure is lost as the separated a-helix segments align on top of each other. It allows the denatured residues between the helical segments to refold, resulting in a single, uniform a-helix strand. 16,[25][26][27][28][29] The presence of a second population of plateau length at 13 ± 3 nm (Figure 2c) is reminiscent of the fact that separated a-helical segments do not always fold back perfectly resulting in a single uniform helix. Consequently, sometimes only a shorter, isolated helical segment was extended resulting in a shorter plateau length. 16 As a control experiment, we measured the force-extension profile of PLys at pH 7, at which the amino groups are protonated, which prevents the formation of the helical structure. The profile (Figure S15) describes the behaviour of an ideal, random coil polymer without plateau. ed. The extension of this partially helical PGA is thus biased towards the extension of the denatured segments than that of the helical domains, 17 resulting in a forceion profile resembling that of a random coil (Figure 3). flection at 18 ± 4 pN indicates the unravelling of the d helical segments. This inflection and the plateau 2 pN), appear at a very similar force, providing further ce that the unravelling of the helical segments begins at rce. The lower force of unfolding and the lower occur-rence of plateau for PGA indicate that PGA forms less helices than PLys, in agreement with circular dichroism e iments (see SI), which show a small helix content of 30% for PGA, as compared to 70% for PLys. As a c experiment, we measured the force-extension profile of at pH 7, at which the carboxylic acid groups are deproto which prevents the formation of the helical structure profile (Figure S15) describes the behaviour of an idea dom coil polymer. extended. The extension of this partially helical PGA is thus highly biased towards the extension of the denatured segments more than that of the helical domains, 17 resulting in a forceextension profile resembling that of a random coil (Figure 3). The inflection at 18 ± 4 pN indicates the unravelling of the isolated helical segments. This inflection and the plateau (19 ± 2 pN), appear at a very similar force, providing further evidence that the unravelling of the helical segments begins at this force. The lower force of unfolding and the lower occur-rence of plateau for PGA indicate that PGA forms less stable helices than PLys, in agreement with circular dichroism experiments (see SI), which show a small helix content of about 30% for PGA, as compared to 70% for PLys. As a control experiment, we measured the force-extension profile of PGA at pH 7, at which the carboxylic acid groups are deprotonated, which prevents the formation of the helical structure. The profile (Figure S15) describes the behaviour of an ideal, random coil polymer. Poly(L-glutamic acid) mechanical unfolding. For PGA in a ahelical conformation at pH 3, a plateau is observed at 19 ± 2 pN (Figure S16), in only 20% of the cases. The vast majority of the observed profiles (80% of the cases) show a characteristic small peak or inflection at 18 ± 4 pN (indicated in Figure 3a by a red arrow, see 3b for histogram). The appearance of this small peak is in very good agreement with the simulated curves (see below Figure 5B). It means that in this case, only a partially helical molecule was extended. The extension of this partially helical PGA is thus highly biased towards the extension of the denatured segments [START_REF] Chakrabarti | [END_REF] resulting in a force-extension profile resembling that of a random coil (Figure 3). The inflection at 18 ± 4 pN indicates the unravelling of the isolated helical segments. This inflection and the plateau (19 ± 2 pN, Figure S16), appear at a very similar force, providing further evidence that the unravelling of the helical segments begins at this force. The lower force of unfolding and the lower occurrence of plateau for PGA indicate that PGA forms less stable helices than PLys, in agreement with circular dichroism experiments (see SI), which show a small helix content of about 30% for PGA, as compared to 70% for PLys. As a control experiment, we measured the force-extension profile of PGA at pH 7, at which the carboxylic acid groups are deprotonated, which prevents the formation of the helical structure. The profile (Figure S15) describes the behaviour of an ideal, random coil polymer.

Stabilization by side chains interactions. We suggest that the higher hydrophobicity of the lysine side chains helps to stabilize the PLys helix, which leads to a higher unfolding force (≈ 30 pN) and the occurrence of long plateaus characteristic of stable helices. The lysine is more hydrophobic due its longer aliphatic chain, and the presence of an amine group, as compared to a shorter aliphatic chain and a carboxyl moiety for the glutamic acid side chain. To test our hypothesis on the stabilizing hydrophobic interactions between the side chains, force spectroscopy experiments for PLys at pH 12 were conducted in a higher salt concentration (50 mM NaCl). It has been shown that even a small increase in the salt concentration from 10 mM to 50 mM screens the weak van der Waals interactions between the hydrophobic lysine side chains. 30 In addition, the increased concentration of sodium ions increases the solubility of the side chains by interacting with the amine groups. Despite this higher solubility effect, the helix forming ability is not affected by this salt concentration. Indeed, it has been demonstrated previously that micelles and vesicles of synthetic polypeptides were shown to be pH responsive up to 1 M NaCl due to conformational change. 31,32 From this, we infer that at 50 mM NaCl, only the hydrophobic interactions between the lysine side chains are affected and not the main hydrogen bonding of the a-helix. The obtained curves (Figure 4) resemble the force extension profiles obtained for PGA. The profiles were characterized by a reoccurring inflection at 17 ± 4 pN, which is similar to the observed for the helix of glutamic acid at 18 ± 4 pN. The results demonstrate that the hydrophobic interactions between the side chains play a major role in the helix formation and stabilization.

Unfolding simulations. In addition to the pulling experiments, we utilized a helix-coil transition model AGADIR 33 coupled with a random-coil polypeptide elastic model proposed by Torabi and Schatz (see SI). 34 For the simulations, the N-terminal was left protected to approximate our molecule which was grafted on to a gold surface by a 2-pyridyl disulfide group. The Cterminal was left unprotected approximating the high solubility of the PEG tether in water. An average value of the cantilever spring constant of 9.5 pN nm -1 was inserted, which was Stabilization by side chains interactions. We suggest that the higher hydrophobicity of the lysine side chains helps to stabilize the PLys helix, which leads to a higher unfolding force (≈ 30 pN) and the occurrence of long plateaus characteristic of stable helices. The lysine is more hydrophobic due its longer aliphatic chain, and the presence of an amine group, as compared to a shorter aliphatic chain and a carboxyl moiety for the glutamic acid side chain. To test our hypothesis on the stabilizing hydrophobic interactions between the side chains, force spectroscopy experiments for PLys at pH 12 were conducted in a higher salt concentration (50 mM NaCl). It has been shown that even a small increase in the salt concentration from 10 mM to 50 mM screens the weak van der Waals interactions between the hydrophobic lysine side chains. 25 In addition, the increased concentration of sodium ions increases the solubility of the side chains by interacting with the amin groups. Despite this higher solubility effect, the helix formin ability is not affected by this salt concentration. Indeed, it ha been demonstrated previously that micelles and vesicles o synthetic polypeptides were shown to be pH responsive up t 1 M NaCl due to conformational change. 26,27 From this, w infer that at 50 mM NaCl, only the hydrophobic interaction between the lysine side chains are affected and not the mai hydrogen bonding of the a-helix. The obtained curves (Fig ure 4) resemble the force extension profiles obtained for PGA The profiles were characterized by a reoccurring inflection a 17 ± 4 pN, which is similar to the inflection observed for th helix of glutamic acid at 18 ± 4 pN. The results demonstrat that the hydrophobic interactions between the side chains pla a major role in the helix formation and stabilization. Unfolding simulations. In addition to the pulling experiments, we utilized a helix-coil transition model AGADIR 28 coupled with a random-coil polypeptide elastic model proposed by Torabi and Schatz (see SI). 29 For the simulations, the N-terminal was left protected to approximate our molecule which was grafted on to a gold surface by a 2-pyridyl disulfide group. The C-terminal was left unprotected approximating the high solubility of the PEG tether in water. An average value of experiment. The model accurately predicts the shape of th force-extension curves obtained for the two different helice (Figure 5). For the PLys helix, it predicts the occurrence of constant force plateau. The force of the plateau obtained in th simulation is in the 30 pN range, which is in agreement wit the force plateau we were able to experimentally show a 34 ± 4 pN. For PGA, the model predicts the random coil na ture evidenced in the experimental force-extension profile obtained by the thermal noise method prior to each experiment. The model accurately predicts the shape of the force-extension curves obtained for the two different helices (Figure 5). For the PLys helix, it predicts the occurrence of a constant force plateau. The force of the plateau obtained in the simulation is in the 30 pN range, which is in agreement with the force plateau we were able to experimentally show at 34 ± 4 pN. For PGA, the model predicts the random coil nature evidenced in the experimental force-extension profiles. The inflection observed experimentally at 18 ± 4 pN is also evident in the simulated profile at approximately 15 pN.

b-sheet formation under mechanical load. In 60% of the PGA force-extension curves that displayed the first inflection at 18 ± 4 pN, a second inflection at a higher force of 60 ± 9 pN (cyan arrow in Figure 6) be identified. The second inflection is observed only in force-extension profiles where the first inflection is observed, indicating that the presence of the second inflection is dependent on the mechanical unfolding of a pre-existent a-helix secondary structure. It is well known that a transition from a a-helix to a b-sheet structure can occur in response to pH, temperature, solvent composition, DNA binding, but also mechanical deformation. 35 However, a-b transitions by mechanical deformation have only been reported for protein coiled-coil structures. [35][36][37] Nevertheless, a theoretical study by Ding et al. 38 has suggested the presence of a metastable b-hairpin intermediate state, and most importantly, they indicated that although the potential energy of the b-hairpin state is indeed higher than the a-helix state, the entropy of the b-hairpin intermediate is significantly higher due to less constraints imposed by the hydrogen bonding. We postulate that the formation of a metastable b-hairpin-like interaction occurs during the unfolding of the a-helix structure as a result of the b-hairpin structure possessing a higher entropy, and thus occupying an energy minimum in conditions where the entropic forces dominate. As the force applied to the partially helical PGA becomes increasingly larger, the helix structure starts to destabilize further as the residues within undergo increasing spontaneous fluctuations between their random coil and helix states. As enough force is applied to break the hydrogen bonding of the helix, the b-hairpin structure is expected to form starting from the available denatured segments. In literature, 38 the a-helix to b-hairpin transition was found to proceed via a random coil structure, so it would make sense if such a structure were to form in a transitional state when enough mechanical force has been applied to pull the helix out of its energy minimum, yet not enough force has been applied to pull the molecule completely taunt, allowing backbone entropic forces to dominate. When such an intermediate force is applied, it allows enough conformational freedom for a few hydrogen bonding sites to come into close enough contact to form the b-hairpin interaction.

We propose here that the formation of a metastable b-hairpinlike interaction is a property unique to poor helix formers, such as poly(L-glutamic acid), that do not possess side chains that can effectively form helix-stabilizing hydrophobic interactions. Simulations performed on a peptide with increasingly hydrophobic side chains have shown that the increasing hydrophobicity of side chains stabilize the helix structure, and prevent the formation of the metastable b-hairpin. 38 As a control experiment to confirm that the inflection at 60 pN is indeed due to a b-sheet structure, we probed PLys in its bsheet conformation. Poly(L-lysine) can be considered as an ideal model polypeptide to study conformational transitions between random coil, a-helix and b-sheet structures, as it is capable of exhibiting all three secondary structures by varying pH and temperature. 39,40 The a-b transition of the molecule was followed by circular dichroism where it is confirmed that the lysine segment of the molecule undergoes a a-b transition for pH ≥ 11 and temperatures of 50°C (see SI Figure S12). We performed pulling experiments after a heat treatment of the functionalized surface at pH 12 (Figure 7). While the forceextension curves for PLys in the a-helical conformation show a plateau (Figure 2), an inflection at an average force of 65 pN Unfolding simulations. In addition to the pulling experiments, we utilized a helix-coil transition model AGADIR 28 coupled with a random-coil polypeptide elastic model proposed by Torabi and Schatz (see SI). 29 For the simulations, the N-terminal was left protected to approximate our molecule which was grafted on to a gold surface by a 2-pyridyl disulfide group. The C-terminal was left unprotected approximating the high solubility of the PEG tether in water. An average value of the cantilever spring constant of 9.5 pN nm -1 was inserted, which was obtained by the thermal noise method prior to each experiment. The model accurately predicts the shape of the force-extension curves obtained for the two different helices (Figure 5). For the PLys helix, it predicts the occurrence of a constant force plateau. The force of the plateau obtained in the simulation is in the 30 pN range, which is in agreement with the force plateau we were able to experimentally show at 34 ± 4 pN. For PGA, the model predicts the random coil nature evidenced in the experimental force-extension profiles.

The inflection observed experimentally at 18 ± 4 pN is also evident in the simulated profile at approximately 15 pN. A B appears instead of this plateau when the molecules were exposed to elevated temperatures, confirming our interpretation that the appearance of the second inflection for PGA was due to the formation of a b-sheet conformation (Figure 8). 

Conclusion

In summary, our results indicate that the mechanical behaviour of a a-helix under tension is strongly governed by the interactions of the side chains. The higher hydrophobicity of the lysine side chains helps to stabilize the helix, which leads to a higher unfolding force and the occurrence of long plateaus characteristic of stable helices. Theoretical studies had suggested previously that a stronger hydrophobicity of the side chains support a longer a-helix with greater stability. 24 A a-helix behaves as a multistate system consisting of numerous helical and random coil segments that form at different locations along the chain and a typical helix fluctuates between these interchanging states at different locations along the entirety of its length. 34,[START_REF] Chakrabartty | Advances in Protein Chemistry[END_REF] The hydrophobicity of the lysine residue increases the free energy barrier between these two states. It therefore inhibits somewhat these fluctuations, allowing the denatured segments between the separated helical segments to reform more easily when a small axial force is applied. On the contrary, the glutamic acid side chains, which are not as hydrophobic, cannot inhibit the spontaneous helix-coil fluctuations as successfully, leading to a lower free energy barrier between these two states. Consequently, it is more difficult for the PGA helix to refold into a complete a-helix when a small force is applied. Even when a plateau is evident, it occurs less frequently (20% of the cases) and at a lower force (19 pN) than that of the PLys helix (100% of the cases and a force of 34 pN). As a result of the instability of its helix, PGA is also able to form metastable b-hairpin-like interactions during the unfolding event of the helix. 2), an inflection at an average force of 65 pN appears instead of this plateau when the molecules were exposed to elevated temperatures, confirming our interpretation that the appearance of the second inflection for PGA was due to the formation of a b-sheet conformation (Figure 8). Although the pivotal role that the side chain interactions play in stabilizing the a-helix has been appreciated for some time, [START_REF] Marqusee | [END_REF][43][44] it is to our knowledge the first time that their major role on the mechanical behaviour is demonstrated. It is also the first time that their role in preventing the formation of a metastable bsheet-like structure when the polypeptide is exposed to mechanical deformations is evidenced. This might have important implications in the mechanism behind polyQ diseases. Although speculative, due to the structural similarities between polyglutamic acid and polyglutamine, the mechanical properties and instability of our PGA system might mirror the mechanism behind polyglutamine (polyQ) neurodegenerative diseases where an elongation of a polyQ tract causes the misfolding of proteins and inevitably the presence of mutant protein aggregates. The nine different polyQ diseases share some common pathological features such as the longer polyglutamine tract. Perhaps this points to a more generic, structural mechanism, where the native secondary structure formed from long strands of polyglutamine are inherently structurally unstable and can easily form metastable b-sheet like interactions upon some mechanical extension, which forms the precursor to polyQ protein aggregates leading to the onset of the disease. 45 

Methods

Immobilization of the polymer-polypeptides onto Au/Si surfaces. 2 cm by 2 cm Au/Si surfaces (Sigma-Aldrich) were cleaned by using a TL1 cleaning solution (H2O: NH3: H2O2, 5:1:1, v/v/v) at 70°C for 15 minutes. The cleaned surfaces were carefully rinsed with ultra-pure water (milliQ) before drying under nitrogen flow. The functionalization solution was prepared by either dissolving 0.1 mg•ml -1 of PEG114-b-PGA85-(2pyridyl disulphide) or 0.1 mg•ml -1 of PEG114-b-PLys134-(2-pyridyl disulphide), with a short PEG6-SH oligomer (Polypure) with a molar ratio of (80:20, PEG-SH: copolymer) in 100 mM KH2PO4 (Sigma Aldrich) at pH 7.0 adjusted with NaOH or HCl (Sigma Aldrich), respectively. After functionalization, the surfaces were rinsed repeatedly with ultra-pure water (milliQ) and used immediately for single-molecule force spectroscopy experiments. Single-molecule force spectroscopy experiments. SMFS was performed on a PicoPlus 5500 (Agilent Technologies). A conventional fluid cell was used during experimentation. Forcedistance curves were obtained by using gold coated siliconnitride cantilevers (OBL series, Brucker) with a nominal spring constant of 0.06 N m -1 . The spring constant of the cantilevers were determined by the thermal noise method after every experiment. Two different types of salt solutions were used depending on the copolymer. All salt solutions, bases and acids, were prepared with ultra-pure water, filtered and prepared fresh prior to every experiment. The model is freely available. Access was obtained by registering an account at www.nanoHUB.org. For all the simulations, an ionic concentration of 10 mM was used. To mimic the architecture of our molecules as close as possible, the N terminal was assumed to be protected and the C terminal was left unprotected. A spring constant of 9.5 pN•nm -1 was used, which is the average value of spring constants of the OBL cantilevers obtained during the SMFS experiments by thermal noise. Simulations were done at pH 7 and 12 for poly(lysine)134, and at pH 2 and 7 for poly(glutamic acid)85.
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Figure 1 .

 1 Figure 1. Chemical structures and schematic representations of the synthetic helices and AFM pulling experiment. A. Chemical structure of poly(ethylene glycol)114-b-poly(L-lysine)134-(2-pyridyl disulfide) (left) and poly(ethylene glycol)114-b-poly(L-glutamic acid)85-(2-pyridyl disulphide) (right), as well as their schematic representation in a a-helix conformation. B. Detailed representation of side chains and hydrogen bonding within the poly-L-lysine (left) and poly(L-glutamic acid) (right) a-helices. C. Schematic representation of a molecule grafted onto a gold surface with the PEG chain caught by the AFM tip. The molecule is surrounded by PEG6-SH also grafted onto the surface as a passivating agent.

Figure 2 .

 2 Figure 2. Force-extension curve for poly(L-lysine) in a a-helix conformation (pH 12) and corresponding histograms of plateau force and length. A. A typical force-extension profile showing an unwinding plateau. Roman numerals and the corresponding diagrams represent an interpretation of the events during the force-extension cycle. B. Histogram, probability density function (dotted line), and Gaussian distribution (red line) of the plateau forces. The most probable force is 34 ± 4 pN (± s.d, n = 253). C. Histogram, probability density function (dotted line), and Gaussian distribution (red line) of plateau lengths. The most probable lengths appear at 27 ± 4 nm (84%) and 13 ± 3 nm (16%) (± s.d, n = 253).

Figure 3 .

 3 Figure 3. Force-extension curve for poly(L-glutamic acid) in a a-helix conformation (pH 3) and corresponding histogram of force. A. Typical force profile showing the inflection. Roman numerals and the corresponding diagrams represent an interpretation of the events during the forceextension cycle. B. Histogram, probability density function (dotted line), and Gaussian distribution (red line) of the inflection forces. Most probable force: 18 ± 4 pN (± s.d, n = 232).
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 3 Figure 3. Force-extension curve for poly(L-glutamic acid) in a a-helix conformation (pH 3) and corresponding histogram of force. A. Typical force profile showing the inflection. Roman numerals and the corresponding diagrams represent an interpretation of the events during the force-extension cycle. B. Histogram, probability density function (dotted line), and Gaussian distribution (red line) of the inflection forces. Most probable force: 18 ± 4 pN (± s.d, n = 232).

Figure 4 .

 4 Figure 4. Force-extension curve for poly(L-lysine) in a a-helix conformation at 50 mM NaCl (pH 12) and corresponding histograms of force. A. Typical force profile showing the inflection (red arrow). Roman numerals and corresponding diagrams represent an interpretation of the events during the force-extension cycle. B. Histogram, probability density function (dotted line), and Gaussian distribution (red line) of the inflection forces. Most probable force: 17 ± 4 pN (± s.d, n = 167).
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Figure 5 .

 5 Figure 5. Force extension profiles obtained using the helix-coil transition model AGADIR proposed by Torabi and Schatz for poly(L-lysine) and poly(Lglutamic acid) in both random coil and a-helix conformations. A. Force extension profiles for poly(L-lysine) at pH 12 (blue line, a-helix) and pH 7 (red line, random coil). B. Force extension profiles for poly(L-glutamic acid) at pH 2 (blue line, a-helix) and pH 7 (red line, random coil).
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 5 Figure 5. Force extension profiles obtained using the helix-coil transition model AGADIR proposed by Torabi and Schatz for poly(Llysine) and poly(L-glutamic acid) in both random coil and a-helix conformations. A. Force extension profiles for poly(L-lysine) at pH 12 (blue line, a-helix) and pH 7 (red line, random coil). B. Force extension profiles for poly(L-glutamic acid) at pH 2 (blue line, a-helix) and pH 7 (red line, random coil).

Figure 6 .

 6 Figure 6. Force-extension curve for poly(L-glutamic acid) in a a-helix conformation (pH 3) where a second inflection at a higher force was observed and corresponding histogram of force. A. Typical force profile showing the first inflection (red arrow) and second inflection (cyan arrow). B. Histogram, probability density function (dotted line), and Gaussian distribution (red line) of the second inflection force. Most probable force: 60 ± 9 pN (± s.d, n = 177)

Figure 7 .

 7 Figure 7. Chemical structure of poly(L-lysine), as well as its schematic representation in a-helical and anti-parallel b-sheet conformation. B. Detailed representation of side chains and hydrogen bonding within poly(L-lysine). C. Schematic representation of the a-b transition that occurs after the surface functionalized with poly(L-lysine) is exposed to elevated temperatures needed to induce the transition.

Figure 8 .

 8 Figure 8. Example of a force-extension profile of poly(L-lysine) presumed to be in the b-form after being exposed to high temperatures (50° during 20 minutes, pH 12), with an observed inflection at an average force of 65 pN.
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 6 Figure 6. Force extension profiles obtained using the helix-coil transition model AGADIR proposed by Torabi and Schatz for poly(L-lysine) and poly(L-glutamic acid) in both random coil and a-helix conformations. A. Force extension profiles for poly(Llysine) at pH 12 (blue line, a-helix) and pH 7 (red line, random coil). B. Force extension profiles for poly(L-glutamic acid) at pH 2 (blue line, a-helix) and pH 7 (red line, random coil).
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 7 Figure 7. Chemical structure of poly(L-lysine), as well as its schematic representation in a-helical and anti-parallel b-sheet conformation. B. Detailed representation of side chains and hy-

Figure 8 .

 8 Figure 8. Example of a force-extension profile of poly(L-lysine) presumed to be in the b-form after being exposed to high temperatures (50° during 20 minutes, pH 12), with an observed inflection at an average force of 65 pN.CONCLUSIONIn summary, our results indicate that the mechanical behaviour of a a-helix under tension is strongly governed by the interactions of the side chains. The higher hydrophobicity of the lysine side chains helps to stabilize the helix, which leads to a higher unfolding force and the occurrence of long plateaus characteristic of stable helices. Theoretical studies had sug-

  For measurements done with PEG114-b-PGA85-(2-pyridyl disulphide), 10 mM NaCl with 5 mM KH2PO4 was used. The pH of the solution was adjusted to either pH 7 (random coil) or pH 3 (helix) with the addition of NaOH or HCl. The pH was monitored throughout the experiment. For measurements done with PEG114-b-P(Lys)134-(2-pyridyl disulphide), 10 mM and 50 mM NaCl was used. The pH of the solution was adjusted to either pH 7 (random coil) or pH 12 (helix) with the addition of NaOH or HCl. The pH was monitored throughout the experiment. For the experiments on PEG114-bpoly(L-lysine)134-(2-pyridyl disulphide) in the b-form, the Au/Si surfaces grafted with PLys were heated in 20 mM NaCl solution at pH 12 at 50°C for 60 minutes to induce the a-b transition before performing SMFS experiments. Statistical mechanical model developed by Schatz and Torabi.
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