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Abstract

:

There is an increasing interest in designing fibrillogenesis modulators for treating amyloid β (Aβ)-peptide-associated diseases. The use of Aβ fragment peptides and their derivatives, as well as nonpeptidyl natural products, is one promising approach to prevent Aβ fibrillation. In this study, we demonstrate that tandem-homodimers (TDs) of a β-sheet-forming short peptide in which the amino acid sequence is duplicated in series and joined via an amino alkanoic acid linker of different chain lengths, preventing the random-to-β structural transition of the original monomer. Ape5-TD, containing 5-amino pentanoate, most potently prevented this transition for at least five days by generating disordered aggregates with reduced tryptic stability. The linkers in the TDs generated this inhibitory activity, probably due to their bent conformations and hydrophobicity, appropriate for accommodating and twisting the monomers, resulting in irregular arrangements of the peptides. The present study could allow the design of a new class of protein/peptide fibrillogenesis modulators.
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1. Introduction


Amyloid fibrils, generated by the progression of protein misfolding and aggregation, are closely associated with several severe amyloid diseases such as Alzheimer’s, Parkinson’s, and Creutzfeldt–Jakob [1]. Senile amyloid plaques are observed in brain tissue from Alzheimer’s disease (AD) patients and consist primarily of aggregated amyloid β (Aβ) peptides, 40 and 42 amino acid residues long. The aggregated amyloids contain characteristic cross-β-sheet fibrous structures with the β-strands orthogonal to the fibril axis [2]. Much effort has been devoted to uncovering the processes of Aβ peptide self-assembly and the progression of AD, resulting in the suggestion that the association of Aβ peptide monomers with neurotoxic oligomers triggers a pathologic cascade for AD development [3,4,5,6].



In general, protein fibrillation involves multiple self-assembling formations, including oligomers, protofibrils, and fibrils [7]. One of the most popular approaches to inhibiting toxic Aβ peptide self-assemblies, directing Aβ fibrils, has been the use of Aβ fragment peptides derived from the central hydrophobic cluster Aβ(17–21) and their related compounds, called β-sheet breakers [8,9,10]. Such Aβ fragment peptides may bind to the full-length Aβ peptide and inhibit subsequent elongation of Aβ fibrous arrangements. Additionally, nonpeptidyl small molecules [11,12,13,14] and polymeric macromolecules have been developed to modulate Aβ self-assembly, facilitating fibril formation and inhibiting Aβ peptide association processes [15,16].



Intermediate oligomeric aggregates produced during Aβ peptide fibrillation have recently gathered attention because their cytotoxicity is higher than that of fibrous aggregates observed in senile amyloid plaques [17,18,19,20,21,22]. This has led to an alternative approach, employing peptides derived from the C-terminal region of the Aβ peptide to disrupt Aβ oligomer formation. The rationale behind this approach is that the Aβ(29–42) cluster of hydrophobic amino acids likely forms the hydrophobic cores of the oligomers [23,24,25,26]. Furthermore, Aβ peptide self-assembly can be modulated using other approaches, including Aβ peptides, in which two amino acids forming the turn region are replaced with β-turn mimetic linkers [27], a tandem peptide consisting of two Aβ peptides in which the retro sequence of the original Aβ peptide (Aβ40–1)) is joined with the original Aβ(1–40) via an eight glycine linker [28] and a 12-mer all-D-enantiomeric peptide, obtained using a mirror image phage display technique, and the resulting head-to-tail tandem peptide [29].



Promising methodologies to reduce the risk of AD pathogenesis and progression would include the development of modulators to inhibit Aβ peptide fibrillation or (preferably “and”) eliminate highly toxic Aβ oligomers. These approaches would be beneficial if subsequent Aβ peptides, formed after modulation of Aβ-associating events, were proteolytically labile, allowing toxic species to be cleared from patients. This requires modulators that meet the following criteria: (i) binding to Aβ peptide at the early random coil structure stage [30], (ii) inhibiting the random-to-β structural transition of Aβ, and (iii) generating nonfibrous structures with reduced proteolytic stability for elimination [31].



We previously designed and synthesized the β-sheet-forming nonapeptide RU003 (Ac-AIEKAXEIA-NH2, X = L-2-naphthylalanine, Nal) [32] and RU003 tandem-homodimers (TDs) in which the amino acid sequence of RU003 is duplicated and connected by amino alkanoic acid linkers with different chain lengths in a head-to-tail fashion and then characterized their self-assembled nanostructures [33]. We found that (i) the original RU003 sequence showed a random-to-β structural transition in water, (ii) RU003 tandem-homodimers, with a linker comprising 4-aminobutylic acid (Abu4), 5-amino pentanoic acid (Ape5), 6-amino hexanoic acid (Ahx6), 7-amino heptanoic acid (Ahp7), or 8-amino octanoic acid (Aoc8), formed β-sheet structures after five minutes’ incubation, and (iii) RU003 TDs, with linkers comprising Abu4, Ape5, Ahx6 or Ahp7, showed significant diffraction peaks, likely corresponding to the molecular length of the hairpin (bent) conformations [33]. We assumed that if simple tandem-homodimerization of a β-sheet-forming peptide inhibited the random-to-β structural transition of the original peptide, the findings will aid the rational design of potent protein/peptide fibrillation inhibitors. Recently, L-2-naphthylalanine was also employed to improve the self-association propensity of gadolinium-complex-conjugated phenylalaninyl–phenylalanine (Phe–Phe) by replacing the Phe–Phe sequence with the Nal–Nal sequence [34]. Therefore, the use of Nal-containing peptides could be helpful as an Ab model system. In this study, we report the results of (i) kinetic experiments on the inhibition of the RU003 structural transition by adding RU003 TDs with linkers comprising Abu4 (Abu4-TD), Ape5 (Ape5-TD), Ahx6 (Ahx6-TD), Ahp7(Ahp7-TD), or Aoc8 (Aoc8-TD) during self-assembly, and (ii) morphological characterization and (iii) proteolytic stability of the subsequent self-assembled peptide nanostructures (Figure 1).




2. Materials and Methods


2.1. General


Solvents and reagents were purchased from Wako Pure Chemical Industries (Osaka, Japan). Fmoc-amino acid derivatives and coupling reagents for peptide synthesis were purchased from Watanabe Chemical Industries (Hiroshima, Japan). Acetonitrile (high-perfoemance liquid chromatograpy (HPLC) grade) was purchased from Nacalai Tesque Inc. (Kyoto, Japan) and used for HPLC analysis and purification of peptides. All solvents and reagents were used as received.




2.2. Noncommercial Compounds


RU003, Abu4-TD, Ape5-TD, Ahx6-TD, Ahp7-TD, and Aoc8-TD were prepared according to the literature [32,33]. Characterization data (HPLC and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI–TOFMS)) are shown in Figures S1–S12).




2.3. Sample Preparation


Peptide stock solutions were prepared by dissolving each lyophilized powder in 1,1,1,3,3,3’-hexafluoro-2-propamol (HFIP) to prevent self-assembly during storage. The concentration of the RU003 stock solution was determined using an extinction coefficient of 5500 M−1 cm−1 for the Nal nonapeptide [35] in an aqueous solution containing 1% TFE (v/v) on a JASCO J-820 spectropolarimeter (JASCO, Tokyo Japan) using a quartz cuvette with a 1-mm pathlength. The concentrations of the stock solutions for RU003 tandem-homodimers were determined in the same manner as for RU003, using an extinction coefficient of 11,000 M−1 cm−1 for the two Nal residues in each sequence. The peptide stock solutions were transferred to a microtube, mixed well, dried with a N2 gas stream (Kyoto Teisan Inc., Kyoto, Japan), then dried in vacuo for 1 h. Ultrapure water (hereafter “water”; Wako Pure Chemical Industries, Osaka, Japan) was added to the microtube, and the mixture was stored at 40 °C for 15 min, then sonicated (Kaijo Sono Cleaner CA-44800, Tokyo, Japan) at 40 °C for 2 min to break up peptide aggregates. The obtained solution was incubated in a dry block heater (EB-303, As One, Osaka, Japan) at 40 °C for up to 5 days for maturation.




2.4. Circular Dichroism (CD) spectroscopy


CD spectra of the RU003 aqueous solutions ([RU003] = 100 µM) containing the RU003 tandem-homodimers ([RU003 TD] = 0, 5, 10, and 20 µM) at 0, 1, 2, 3, 4, and 5 day(s) after the start of incubation were acquired on a JASCO J-820 spectropolarimeter using a quartz cuvette with a 1-mm pathlength. An incubation period of “0 days” means “5 min after the reaction started”.




2.5. Transmission Electron Microscopy (TEM)


Droplets of a solution containing the peptide were applied to a TEM grid (Cu 200 mesh covered with a collodion membrane; Nisshin EM, Tokyo, Japan) for 1 min and dried with filter paper. The sample was negatively stained with 2% phosphotungstic acid for 1 min, washed with water, and dried with filter paper. All TEM samples were dried in vacuo before conducting TEM measurements at an accelerating voltage of 200 kV (JEOL JEM-2100, Tokyo, Japan).




2.6. Atomic Force Microscopy (AFM)


A silicon wafer (p-Si(100), Mitsubishi Materials Co., Tokyo, Japan) was cut into 1 × 1 cm pieces and subjected to ultrasonic cleaning in acetone for 5 min (twice), followed by photocleaning with an ultraviolet ozonizer (Kenix KUV-100, Kenix, Himeji, Japan) at room temperature for 10 min. Droplets of the peptide solution were applied to the silicon substrates for 1 min, washed with water, and dried with filter paper. All AFM samples were dried in vacuo before conducting AFM measurements (MFP-3D-SA-J, Asylum Technology, Oxford Instruments, Tokyo, Japan) with a cantilever (Olympus OMCL-AC240TS-C3, Olympus, Tokyo, Japan).




2.7. Proteolytic Degradation


Tryptic Digestion: The peptide solutions ([RU003] = 100 µM and [Ape5-TD] = 0 or 10 µM in water, 50 µL), matured at 40 °C for 5 days, were mixed with 0.50 M NaHCO3 (5.0 µL) and trypsin solution ([trypsin] = 0 or 1.0 x 10−2 g L−1 in water, 1.1 µL; trypsin from bovine pancreas; Sigma-Aldrich, Tokyo, Japan); then, the obtained solutions (RU003/trypsin = 490/1, w/w) were incubated at 40 °C for 1 h. The reaction mixtures were analyzed on a Hitachi LaChrom Elite HPLC system (Tokyo, Japan) using Cosmosil 5C18-AR-II packed columns (4.6 × 150 mm, Nacalai Tesque, Kyoto, Japan) with a linear gradient of acetonitrile/0.1% TFA from 25% to 60% for 30 min at a flow rate of 1.0 mL min−1.



α-Chymotryptic Digestion: As described in Tryptic Digestion, the peptide solutions (50 µL) were mixed with NaHCO3 (5.0 µL) and the chymotrypsin solution ([α -chymotrypsin] = 0 or 1.0 g L−1 in water, 5.4 µL; α-chymotrypsin from bovine pancreas; Sigma-Aldrich, Tokyo, Japan) was added to prepare the reaction mixtures (RU003/ α -chymotrypsin = 1/1, w/w), followed by HPLC analysis.





3. Results and Discussion


3.1. Design, Synthesis, and Characterization of the Peptides


The designs of the β-sheet-forming nonapeptide RU003 and RU003 tandem-homodimers have been described previously [32,33]. Briefly, RU003 comprises two L-isoleucines (Ile) at the 2nd and 8th positions and an aromatic L-2-naphthylalanine (Nal) at the 6th position. These hydrophobic amino acids provide the driving force for self-assembly into a β-sheet conformation via hydrophobic interactions and/or π–π stacking (Figure 1A). Two L-glutamic acids (Glu) are present at the 3rd and 7th positions to make the peptide water-soluble and amphiphilic (binary pattern) in a β-sheet conformation. An L-lysine (Lys) is located at the 4th position on the hydrophobic side and neighboring the Nal residue to stabilize the β-sheet conformation via possible cation–π interaction between the aminium cation and the naphthalene side chain. The RU003 tandem-homodimers were designed by copying the RU003 sequence and joining two sequences together with an amino alkanoic acid linker of different chain lengths in a head-to-tail fashion (Figure. 1B). Peptides were prepared by standard solid-phase peptide synthesis using Fmoc chemistry [36], purified by reverse-phase HPLC, and characterized by MALDI–TOFMS (Figures S1–S12).




3.2. CD Measurements of RU003 Monomer and RU003 TDs alone


First, we analyzed the secondary structures of RU003 (100 µM) in the absence and presence of the five tandem-homodimers, with concentrations ranging from 5.0 to 20 µM by measuring CD spectra at incubation periods ranging from 0 (5 min after starting the reaction) to 5 days. Here, we show time-dependent CD spectra of RU003 (100 µM, Figure 2A) obtained at 1-day intervals. The CD spectra of RU003 exhibited a strong negative peak at 200 nm at both day-0 and day-1, corresponding to a random coil (disordered) structure [37,38]. A significant change was observed at day-2, with positive and negative peaks at 200 and 225 nm, respectively, corresponding to β-sheet structure, and these peaks were observed for the duration of the experiment (5 days). The CD spectrum of Ac-KEFFFFKE-NH2 was recently reported to show positive and negative peaks at 205 and 230 nm, respectively, similar to our peptide system, and the authors concluded that the peptide adopted a β-sheet structure with unique π–π interactions, based on the results of FT–IR measurements [39]. Thus, the present CD measurements suggest that RU003 transformed from a random coil to a β-sheet conformation after a lag period. We previously reported time-dependent CD spectra of RU003 TDs alone and found that RU003 TDs quickly adopted stable b-sheet structures, probably due to increased hydrophobicity and extended amide bonds for hydrogen bonds in the literature [33].




3.3. CD Measurements of the Mixtures of RU003 Monomer and Ape-TD


Figure 2B shows that the CD spectra of the mixture of RU003 (100 µM) and Ape5-TD (10 µM) remained essentially unchanged (random coil conformation) for 4 days, with a strong negative peak at 200 nm, followed by a weak structural transition (a CD spectrum corresponding to mixed random coil and β-sheet conformation) at day-5. These findings surprisingly indicated that Ape5-TD, a tandem-homodimer of RU003, inhibited the random-to-β structural transition of RU003, with a lag time of at least 4 days at a substoichiometric ratio.



We also preliminarily attempted to monitor the peptide self-assembling processes by thioflavin T (ThT) assay, which is the common technique for monitoring Ab fibrillation (Figure S13). However, the fluorescence intensity of ThT mixed with the RU003 sample solution taken from the reaction mixture ([RU003] = 100 mM) at day-3 was much smaller than that for Ape5-TD alone ([Ape5-TD] = 10 mM), even at lower peptide concentration than RU003, and ThT fluorescence intensity mixed with Ape5-TD showed a nonmonotonic change as a function of elapsed time (Figure S13B). We, therefore, focused on the changes in mean residue ellipticity at 225 nm in the CD spectra of mixtures of RU003 and RU003 TDs to assess the potency of RU003 TDs to inhibit the random-to-β structural transition of RU003.




3.4. CD Measurements of the Mixtures of RU003 Monomer and RU003 TDs


We obtained typical time-dependent CD spectra of mixtures of RU003 and the tandem-homodimers Abu4-TD (Figure S14), Ape5-TD (Figure S15), Ahx6-TD (Figure S16), Ahp7-TD (Figure S17), and Aoc8-TD (Figure S18), then summarized the changes in mean residue ellipticity at 225 nm as a function of time (Figure 3). Coincubation of RU003 (100 µM) and Abu4-TD (5.0 µM) significantly inhibited the random-to-β structural transition of RU003, and the lag time for the transition increased with increasing Abu4-TD concentration. In particular, 20 µM Abu4-TD prevented the random-to-β structural transition of RU003 until day-5 (Figure S14 and Figure 3A). Figure S15 and Figure 3B show that the addition of Ape5-TD (5.0 and 10 µM) completely prevented the random-to-β structural transition of RU003 until day-4, and only weak structural transition was observed at day-5. Increasing the Ape5-TD concentration to 20 µM also resulted in significant inhibition of the structural transition by day-4, followed by partial β-sheet structure formation at day-5. Figure S16 and Figure 3C show that the Ahx6-TD (5.0 µM) sample prevented the random-to-β structural transition of RU003 until day-2, then the amount of β-sheet conformation increased gradually until day-5. The Ahx6-TD (10 and 20 µM) samples showed a mixture of random coil and early β-sheet conformations at day-0, remained unchanged until day-2, then underwent a structural transition. Ahp7-TD (5.0, 10, and 20 µM) retained the random coil structure at day-2, with Ahp7-TD (10 µM) showing better inhibitory activity than 5.0 and 20 µM Ahp7-TD (Figure S17 and Figure 3D). The Aoc8-TD (5.0 and 20 µM) samples showed the same time-dependent profiles as RU003 alone, indicating an inability to inhibit the random-to-β structural transition of RU003 (Figure S18 and Figure 3E), although 10 µM Aoc8-TD slightly inhibited the structural transition of RU003 by day-2. In all cases, the day-0 CD spectra of samples containing 10 and 20 µM RU003-TD showed a slightly red-shifted negative peak (from 200 to 205 nm), together with a shoulder or weak negative peak around 220 nm, probably due to the early β-sheet structures of RU003 TDs [33].




3.5. Comparison of the Half-life Periods for the Random Peptide Structures


We quantitatively compared the inhibitory activities of RU003 TDs to the random-to-β structural transition of RU003 and revealed the effects of the linker chain length by calculating the half-life periods (t   1 2   ) for the random structures (elapsed time to acquire a mean residue ellipticity of −1.0 × 10−4 deg cm2 dmol−1) to transition to a β structure, using the data in Figure 3. The RU003 monomer showed a t   1 2    value of ca. one and a half days. The addition of Ape5-TD (5.0, 10, and 20 µM) to RU003 afforded the greatest delay effects (which were differences between the t   1 2    value in the absence and presence of RU003 TDs on the structural transition) of 3 days or longer, followed by Abu4-TD (20 µM) and Ahx6-TD (5.0 µM), with the delay effects of ca. 2 days. The other peptides gave delay effects of 1 day or less. These results suggest that (i) a tandem-homodimer connected with a short linker, such as Abu4, requires high TD concentration to exhibit significant inhibitory activity on the random-to-β structural transition of RU003; (ii) a tandem-homodimer connected with a long linker, such as Ahx6, needs a low TD concentration but shows moderate inhibitory activity; (iii) tandem-homodimers connected with longer linkers, such as Ahp7 and Aoc8, showed insignificant inhibitory activity even at elevated concentrations of RU003 TDs, probably due to preorganization of the TDs, resulting in reduced effective TD concentrations toward fibrillation inhibition. Consequently, a tandem-homodimer connected with a six-atom-length alkanoic acid (Ape5) is the best molecular design for preventing the random-to-β structural transition of RU003.




3.6. TEM and AFM Measurements of the Peptide Self-Assemblies


Given these time-dependent structural transitions of the peptides, we observed mixtures of RU003 (100 µM) and RU003 TDs (10 µM), matured for 5 days, using transmission electron microscopy (TEM) to understand the morphology of the stable self-assembled structures. The TEM images in Figure S19 show twisted ribbon-like fibrous structures ca. 10 nm in width for all samples. However, only the TEM image of the sample coincubated with Ape5-TD showed a significant number of disordered large aggregates, with diameters of 100 nm or larger, comprising many spherical peptide self-assemblies ca. 30 nm in width, together with regularly arranged, twisted nanoribbons (Figure S19C). We conducted atomic force microscopic (AFM) analyses of the same samples studied by CD and TEM (but on a silicon wafer) to investigate the disordered large aggregates (Figure 4). Figure 4A shows an AFM image of RU003 self-assemblies (100 µM) prepared by 5-day incubation. We observed many regular fibrous nanostructures ca. 4 nm in height, similar to the molecular length of an extended RU003, adopting a β-sheet conformation, and ca. 8 nm in height, double the molecular length of RU003 and likely corresponding to the thickness of overlapping twisted nanoribbons and/or flat nanoribbons. An AFM image of a mixture of RU003 (100 µM) and Ape5-TD (10 µM), matured for 5 days, revealed disordered, somewhat globular structures that were several tens of nanometers in height. The AFM and TEM results were in good agreement. We, therefore, concluded that the RU003 TD with an Ape5 linker inhibited the random-to-β structural transition, caused disordered large peptide aggregates, and formed aggregates that were stable for 5 days.




3.7. Proteolytic Stability of the Peptide Self-Assemblies


Disordered large peptide aggregates were obtained by mixing RU003 and Ape5-TD in a ratio of 10/1 (mol/mol). These aggregates were different from fibrous structures with a regular β-sheet conformation. Interestingly, Nilsson et al. reported that hydrogel networks composed of different alignment modes of amphiphilic peptides showed various proteolytic stabilities and rheological strengths [31]. If the disordered structures observed in the current study were proteolytically labile relative to regularly arranged fibrous structures, the globular aggregates would be digested by intrinsic enzymes, preventing the accumulation of peptide self-assemblies. We, therefore, examined the proteolytic stabilities of the self-assembled fibrous structures comprising RU003 (100 µM) and the disordered aggregates coassembled by RU003 (100 µM) and Ape5-TD (10 µM) in the presence of trypsin and α-chymotrypsin. Figure 5A shows HPLC profiles of RU003-based fibrous structures in the absence (-) and presence (+) of trypsin. Proteolysis of the self-assembled fibrous structures of RU003 resulted in a decrease in the intensity of peak a (corresponding to RU003) and an increase in the intensity for peak c (corresponding to peptide fragments), indicating that ca. 14.5% of RU003 was digested by trypsin during the reaction period. The disordered aggregates of RU003 and Ape5-TD were more labile to proteolysis than the RU003 self-assembled fibrous structures, with ca. 27.6% of RU003 being digested by trypsin (Figure 5B). On the other hand, Figure 5C,D show HPLC profiles for the α-chymotryptic digestion of RU003 self-assembled fibrous structures and disordered aggregates of RU003 and Ape5-TD, respectively, and indicate that ca. 26.4% and 25.6% of RU003 were degraded by α-chymotrypsin, respectively. These proteolytic degradation results suggest that disordered aggregates comprising RU003 and Ape5-TD are more trypsin-labile than regularly arranged fibrous RU003 self-assemblies. However, both self-assembled structures showed similar proteolytic susceptibility to α-chymotrypsin, likely due to the positively charged Lys side chains being near the surface of disordered aggregates during coassembly but inside the regularly assembled RU003 fibrous structures stabilized by intermolecular interactions, including cation–π interactions.




3.8. Possible Inhibitory Process


In this study, we mixed RU003 and RU003 TDs at substoichiometric ratios and analyzed changes in the secondary structures of the mixtures with time by CD spectroscopic measurements. The CD spectra of the mixtures at day-0 showed slightly red-shifted negative peaks around 200 nm, together with a shoulder or weak negative peak around 220 nm, likely indicating the coexistence of an RU003 monomer forming a random coil structure and a small amount of RU003 TD oligomers forming β-sheet structures at the early stage of self-assembly (Figure 2 and Figure S14–S18. The RU003 TDs, especially Ape5-TD oligomers with strong hydrophobic site(s), could accommodate the hydrophobic Nal and Ile side chains of RU003 monomers, causing the RU003 monomers to adopt twisted conformations, potentially reducing regular intermolecular contacts, stabilizing and expanding the β-sheet structure, and inducing irregular accumulation of RU003 monomers, leading to disordered large aggregates composed of RU003 and RU003 tandem-homodimers (Figure 4and Figure S19). Tryptic digestion experiments showed that the disordered aggregates of RU003 and Ape5-TD were more labile to proteolysis than the fibrous structure composed of RU006 in a regular β-sheet conformation. In contrast, there was no significant difference in the susceptibility of the two structures to chymotryptic digestion (Figure 5), indicating that the twisted conformation of RU003 monomers flipped the Lys side chains outside the aggregate structure, preventing the stabilization of regular β-sheet structures via cation–π interactions and allowing easy access of trypsin. Hydrophobic Nal side chains remained embedded deep inside the aggregates. The CD and proteolytic digestion experiments were in good agreement with each other.



We previously analyzed the hydrophobicities of self-assembled fibrous structures of RU003 and RU003 tandem-homodimers, matured for 7 days using the 1-anilinonaphthalene sulfonic acid (ANS) binding assay, and found that (i) Abu4-TD exhibited slightly greater ANS affinity than RU003, (ii) Ape5-TD, Ahx6-TD, and Ahp7-TD showed much stronger ANS affinity, and (iii) Aoc8-TD showed affinity equal to that of RU003 [33]. Therefore, we concluded that Ape5, Ahx6, and Ahp7 adopted a bent (hairpin) conformation with hydrophobic site(s) large enough to accommodate an ANS molecule but not large enough for the shortest RU003, and the longest Aoc8-TD forced an extended conformation [33]. From these results, Abu4-TD, which has relatively weak hydrophobic site(s), had to be present at high concentration to prevent the random-to-β structural transition of RU003. Aoc8-TD, which has the longest alkyl linker, did not significantly inhibit RU003 β-sheet formation due to difficulty in accessing the RU003 monomers in the hydrophobic interior of Aoc8-TD oligomer/protofilament structures. Furthermore, the longer linkers of Ahx6-TD and Ahp7-TD, compared with Ape5, increased the strain of the peptide bent conformation and reduced the binding affinity of the RU003 monomers. Consequently, the Ape5-TD linker had an excellent balance of length and hydrophobicity, suitable for accommodating RU003 monomers. It is noteworthy that the present tandem-homodimer system requires 5.0–10 mol% of the target peptide and forms proteolytically labile aggregates. Although this study used a model system to examine inhibitory activity towards the random-to-β structural transition of the target peptide, the present tandem-homodimerization system could be advantageous for the molecular design of modulators for amyloid fibrillogenesis.





4. Conclusions


The presented tandem-homodimerization method was effective in preventing the random-to-β structural transition of the original monomer at a substoichiometric ratio, and the subsequent disordered peptide aggregates were more readily proteolytically digested than fibrous structures composed of RU003 adopting a β-sheet conformation. Of the five RU003 TDs containing amino alkanoic acid linkers (i.e., Abu4, Ape5, Ahx6, Ahp7, and Aoc8), Ape5-TD most effectively prevented the random-to-β structural transition of RU003 for at least 5 days by generating disordered aggregates with reducing tryptic stability. The inhibitory effects of the linkers in the RU003 TDs on structural transitions probably resulted from their bent conformations and hydrophobicity, which were appropriate for accommodating and twisting RU003 monomers, causing irregular arrangements of the peptides. This series of RU003 and RU003 tandem-homodimers is a model system for Aβ-associated diseases, and the orientation of the peptides in the nanostructures is still unclear. Further investigations are required to, for example, optimize linkers for tandem-homodimers by using naturally occurring amino acid sequences or other functional groups and reveal the precise orientation of the peptides in the nanostructures, making the tandem-homodimerization method generally applicable to the rational design of a new class of fibrillogenesis modulators.
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Figure 1. Amino acid sequences of the β-sheet-forming peptides. (A) The original nonapeptide RU003, (B) RU003 tandem-homodimers connected by an alkanoic amino acid with different chain lengths, and (C) inhibition of the random-to-β structural transition and subsequent fibrillation of RU003 by the tandem-homodimers. 
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Figure 2. Typical circular dichroism (CD) spectra of RU003 in the (A) absence and (B) presence of Ape5-TD (conditions: [RU003] = 100 µM and [Ape5-TD] = 10 µM in water at 40 °C). The y-axis indicates the mean residue ellipticity. Incubation period “0 day” means “5 min after the reaction started”. 
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Figure 3. The mean residue ellipticity at 225 nm of the CD spectra of RU003 in the absence and presence of the RU003 tandem-homodimers (A) Abu4-TD, (B) Ape5-TD, (C) Ahx6-TD, (D) Ahp7-TD, and (E) Aoc8-TD as a function of incubation period (conditions: [RU003] = 100 µM and [TD] = 0, 5.0, 10, and 20 µM in water at 40 °C, mean ± SD, n = 3). These data were derived from Figures S1–S5. 
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Figure 4. Atomic force microscopy (AFM) images of RU003 in the (A) absence and (B) presence of Ape5-TD incubated in water at 40 °C for 5 days (conditions: [RU003] = 100 µM and [TD] = 10 µM). Top and bottom panels indicate tapping mode AFM images and section analysis of the samples, respectively. 
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Figure 5. HPLC profiles of the reaction mixtures of (A,C) RU003 (100 µM) and (B,D) RU003 (100 µM) and Ape5-TD (10 µM), matured for 5 days, followed by proteolytic degradation with (A,B) trypsin from bovine pancreas (RU003/trypsin = 490/1, w/w) and (C,D) chymotrypsin from bovine pancreas (RU003/chymotrypsin = 1/1, w/w). Samples were incubated at 40 °C for 1 h and analyzed by reversed-phase HPLC. The symbols “+” and “-“ in parentheses indicate HPLC profiles “with” and “without” proteases, respectively. “a” denotes the peaks for RU003. 
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