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Computational Methods 

Molecular dynamics simulations were performed with the Amber suite, using the ff14SB 
force field.1 To generate all possible parallel fibrillar architectures of HY8d and H8Ye, 
we used an in-house code that computes the Cartesian coordinates of steric zippers of any 
length applying rigid rotations and translations to the coordinates of an individual strand. 
The length of each β-sheet was set to 20 strands, so that each fibril model is composed of 
40 strands. For HY8d and H8Ye, we ran molecular dynamics simulations on the six non-
equivalent parallel fibrillar architectures (Figure S13) and computed their relative 
energies on 100 frames sampled with a constant stride. A slow equilibration protocol was 
set up to relax the initial fibrillar architecture to a temperature of 300 K. Since the initial 
inter-sheet distance is set to a large value to avoid steric clashes, equilibration involves 
short low temperature unrestrained dynamics bursts to allow the fibril model to pack side 
chains at the steric zipper. The geometry of all fibril models after 100 ns of molecular 
dynamics are shown in Figures S14 and S15. 

 

We employed the following equilibration scheme: 

- Initial minimization 2000 points; 1000 with steepest descent method, then 
conjugated gradient;  

- 200 ps of NVT dynamics rising the temperature from 0 to 100 K in the first half; 
there is a 2.0 (kcal/mol· ̊A2) constraint on backbone atoms;  

- 1 ns NPT dynamics rising the temperature from 100 to 150 K in the first quarter 
of the simulation and keeping it fixed to 150 in the rest; 1.0 (kcal/mol A2) 
constraint on backbone atoms;  

- 1 ns NPT dynamics at 150 K with no restraints;  

- 1 ns NPT dynamics rising the temperature from 150 to 200 K in the first quarter 
of the simulation and keeping it fixed to 200 in the rest; 1.0 (kcal/mol A2) 
constraint on backbone atoms;  

- 1 ns NPT dynamics at 200 K with no restraints;  

- 1 ns NPT dynamics rising the temperature from 200 to 250 K in the first quarter 
of the simulation and keeping it fixed to 250 in the rest; 1.0 (kcal/mol A2) 
constraint on backbone atoms;  

- 1 ns NPT dynamics at 250 K with no restraints;  

- 1 ns NPT dynamics rising the temperature from 250 to 300 K in the first quarter 
of the simulation and keeping it fixed to 150 in the rest; 1.0 (kcal/mol A2) 
constraint on backbone atoms;  
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- 1 ns NPT dynamics at 300 K with no restraints.  

Production was run as 100 ns NPT dynamics, at a constant temperature of 300 K and 
removing all restraints, with the Langevin thermostat and Monte Carlo barostat.2,3 A 
rectangular solvent box was built around each fibril model with TIP3P waters4 with a 
minimum 12 Å buffer between solvent and simulation box. As all fibril models are 
neutral, no ion was added. Calculation of the relative energy of fibril architectures was 
performed extracting 100 snapshots from the 100 ns production trajectory, stripping water 
molecules and running a 500 step geometry relaxation on each frame using the 
Generalized Born implicit solvent model to attenuate steric clashes.5,6 Results are shown 
in Table S4. Relative energy cannot be compared across different histidine protonation 
states (HY8d and HY8e) due to different force field parameters for ε- and δ- 
monoprotonated histidine. 

We computed the non-covalent interaction integrals NCIIs of all fibril models to assess 
the strength of inter-sheet interactions. This method is based on the analysis of the 
promolecular electron density and provides semiquantitative information on the relative 
strength of non-covalent interactions.7 According to the integration cutoffs set for the 
electron density, non-covalent interaction contributions can be classified as either strong 
attractive (a) or weakly attractive (vdw) in Table S5. The NCII integrals thus calculated 
give a measure of the strength of inter-sheet interactions only, while intra-sheet stabilizing 
non-covalent interactions are not taken into account. As such, they are not expected to 
provide a ranking of steric zipper stability, which is given by the relative energies, but 
rather to provide insight into the extent of residue packing at the steric zipper.  

Comparing NCII values across different models, larger integral values correspond to 
stronger non-covalent interactions. Results, shown in Table S4, indicate that the strongest 
non-covalent interactions are established at the steric zipper of fibril model HY8e-P-FF1-
UD, which is also the most favorable architecture according to the relative energies 
computed with Amber (Table S4), and can be interpreted as the most favorable side chain 
packing at the interface. We focused on inter-sheet interactions because as all considered 
fibril models are parallel, we expect intra-sheet interactions to be very similar in all cases.  

Additionally, we analyzed the twist angle of the steric zipper fibril models. For each β-
sheet, two vectors are defined considering strands 1 and 10 of each sheet. A vector is 
defined for each strand pointing from the N atom of the NHE amidated C-terminus to the 
carbonyl C atom of the acetylated N-terminus. The angle φ formed between the vectors 
of strands 1 and 10 of each β-sheet has been computed along the trajectory. The evolution 
of the twist angles along the MD trajectories of HY8d and H8Ye steric zipper models is 
presented in Figures S16 and S17. Song et al.8 have recently shown that a balance 
between rigidity and flexibility is key for the catalytic activity of short self-assembled 
peptides. Results for P-FF1-UD indicate an average twist of ~ 20 degrees for HY8e and 
of ~ 30 degrees for HY8d, with a more pronounced difference between the two β-sheet 
in HY8d than in HY8e. Both models display a certain flexibility, which would contribute 
to their catalytic activity in line with ref. 8 However, it has been shown in similar systems 
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that several twist states can be accessible by the same steric zipper architecture, and the 
preferred state is a complex function of environmental conditions, including sequence, 
growth conditions and number of protofilaments in the fibril.9  
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Supplementary figures 

 

Figure S1. Conformational characterization of HY-peptides incubated at pH 4.0 and pH 
8.0. HY7 (red), HY8 (blue) and HY9 (green) peptides were incubated at 250 µM at pH 
8.0 (solid line) or pH 4.0 (dashed line). A) Synchronous light scattering. B) Far-UV 
circular dichroism spectra and C) FTIR absorbance spectra in the amide I region (solid 
line) of peptides incubated at pH 8.0. Dashed black lines indicate the different signals 
contributing to the spectrum. 
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Figure S2. Size characterization of the HY6, HY7, HY8, and HY9 assemblies at pH 8.0 
by DLS. Measurements displayed a single peak for each of the HY-peptides. 1 
corresponds to HY6 peptide with a size of 765.7 ± 120.5 nm, 2 corresponds to HY7 
peptide with a size of 1031.0 ± 453.8 nm, 3 corresponds to HY9 peptide with a size of 
2097.9 ± 940.2, and 4 corresponds to HY8 peptide with a size of 3161.4 ± 1004.2 nm. 
Values correspond to the mean of ten measurements and the standard deviation was 
calculated. 
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Figure S3. Characterization of the amyloid-like properties of HY6 peptide incubated at 
pH 4.0 and pH 8.0. The amyloid tinctorial properties of HY6 (orange) peptide were 
assayed using A) Th-T and B) CR. Spectra in the absence (grey line) and in the presence 
of HY6 peptides incubated at pH 4.0 (dashed line) and at pH 8.0 (solid line) are shown. 
C) FTIR absorbance spectrum in the amide I region of peptides incubated at pH 8. Dashed 
black lines indicate the different signals contributing to the spectrum. D) Representative 
micrographs of HY6 peptide samples incubated at pH 8.0. Scale bars correspond to 0.2 
or 1 µm, respectively.  
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Figure S4. Cell viability assay in the presence of HY7, HY8 and HY9 peptides. Cell 
viability assay was performed adding 10, 25 and 50 µM of the insoluble fraction of HY7 
(red), HY8 (blue) and HY9 (green) peptides incubated at pH 8.0 for 4 days at 250 µM. 
Data correspond to the average of two independent experiments performed in triplicates, 
and bars correspond to the standard deviation of the mean. Two-way ANOVA statistical 
test was performed comparing all samples with control. In all cases, P-value > 0.05. 
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Figure S5. TEM visualization of HY7, HY8 and HY9 peptides pH-dependent assembly, 
disassembly and reassembly. Representative TEM micrographs obtained from incubated 
samples in each of the tested conditions. Continuous colored lines correspond to 
micrographs of pH 8.0 initial samples, dashed black lines correspond to images of their 
acidification to pH 4.0 and dashed colored lines correspond to reversion of the former 
samples back to pH 8.0. Scale bars correspond to 1 µm. 
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Figure S6. HY8 assembly and disassembly cycles as a function of the pH. HY8 peptide 
was prepared at 250 µM. A total of 4 assembling-disassembling cycles were performed 
corresponding cycles 1, 3, 5 and 7 to samples incubated at pH 8.0 and cycles 2, 4 and 6 
to samples incubated at pH 4.0. A) The aggregated state of the samples was analyzed by 
synchronous light scattering. Amyloid tinctorial properties were assessed by B) Th-T and 
C) CR binding assays, performed in the absence (grey line) and in the presence (colored 
and black lines) of peptide. D) The secondary structure content of the peptides was 
assessed by far-UV CD. 
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Figure S7. QY7 assembly and disassembly as a function of the pH. QY7 peptide was 
prepared at 250 µM at pH 8.0 and incubated for 7 days. Then, assemblies where pelleted 
and resuspended at pH 4.0 (dashed line) and at pH 8.0 (continuous line) and incubated 
for 2 days. A) The aggregated state of the samples was analyzed by synchronous light 
scattering. Amyloid tinctorial properties were assessed by B) Th-T and C) CR binding 
assays, performed in the absence (grey line) and in the presence (black lines) of peptide. 
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Figure S8. Lineweaver-Burk plots of pNPA hydrolysis catalyzed by 100 μM of HY7, 
HY8 and HY9 fibrils at pH 8.0. HY7 (red), HY8 (blue), and HY9 (green) reactions. 
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Figure S9. Catalytic activity of HY7, HY8 and HY9 fibers at pH 7.4. Esterase activity 
assay with HY7 (red line), HY8 (blue line), and HY9 (green line) was detected by 
measuring the absorbance of the yellow-colored pNP product at 405 nm in 25 mM Tris 
HCl pH 7.4 (E0 concentration 100 µM). Data were fitted to the Michaelis-Menten 
equation with GraphPad PRISM 5.0 software.  
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Figure S10. Lineweaver-Burk plots of pNPA hydrolysis catalyzed by 100 μM of HY7, 
HY8 and HY9 fibrils at pH 7.4. HY7 (red), HY8 (blue), and HY9 (green) reactions. 
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Figure S11. Electro and chemical polymerization of pyrrole by 750 µM L-Tyr at pH 8.0. 
A) Chronoamperometry (CA) curves of the electropolymerization of polypyrrole (PPy) 
using 750 μM of L-Tyr at pH 8.0. HY8 peptide incubated at pH 8.0 is shown as positive 
control of the reaction. B) Image of the centrifuged tubes corresponding to the chemical 
polymerization of buffer alone and 750 μM L-Tyr at pH 8.0 after 16 hours exposition to 
distilled pyrrole vapor. 
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Figure S12. Electro and chemical polymerization of pyrrole by HY7, HY8 and HY9 
peptides at pH 4.0. A) Chronoamperometry curves of the electropolymerization of 
polypyrrole (PPy). HY8 peptide incubated at pH 8.0 is shown as positive control of the 
reaction. B) Chemical polymerization of pyrrole by HY7, HY8 and HY9 and 750 μM L-
Tyr at pH 4.0. 
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Figure S13. Residue organization at the steric zipper of the 6 analyzed parallel fibril 
models. Only one strand per sheet is represented. Tyrosines are represented in light blue, 
histidines in yellow, acetylated N-terminals in green and amidated C-terminals in blue. 
Fibrils nomenclature is based on the classic paper on steric zipper by Tycko;10 P indicates 
that the fibril has a parallel organization, FF stands for face-to-face, FB for face-to-back, 
UU for up-up and UD for up-down. 
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Figure S14. HY8 δ-nitrogen protonated (HY8d) fibril models after 100 ns of molecular 
dynamics. Tyrosines are represented in light blue, histidines in yellow, acetylated N-
terminals in green and amidated C-terminals in blue. Hydrogens are omitted for clarity. 
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Figure S15. HY8 ε-nitrogen protonated (HY8e) fibril models after 100 ns of molecular 
dynamics. Tyrosines are represented in light blue, histidines in yellow, acetylated N-
terminals in green and amidated C-terminals in blue. Hydrogens are omitted for clarity. 
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Figure S16. Evolution of the β-sheet twist angles of the six HY8d steric zipper models. 

 

 

Figure S17. Evolution of the β-sheet twist angles of the six HY8e steric zipper models. 
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Supplementary Tables: 

Table S1. FTIR secondary structure assignments. Assignment in % of the secondary 
structure components of HY6, HY7, HY8, and HY9 in the amide I region of FTIR spectra. 
The β-sheet contribution is indicated in bold. 

ASSIGNMENTS HY6 HY7 HY8 HY9 

Aromatic residues                 (1610 – 1615 cm-1) 28.0% 20.9% 23.1% 30.0% 
Intermolecular β-sheet         (1615 – 1636 cm-1) 69.6% 54.0% 63.4% 53.2% 
Disordered/Loops/Turns       (1658 – 1662 cm-1) - 11.9% 6.3% - 
β-sheet                                     (1675 – 1682 cm-1) 2.4% 13.2% 7.2% 16.8% 

 

 

Table S2. pH transition values from aggregation titration curves of HY7, HY8, and HY9 
peptides. In the table they are shown the pH1/2 values resulting from the fitting of the 
curves shown in Figure 2 to the Henderson-Hasselbalch equation, with a R2 > 0.95 in all 
cases. 

 HY7 HY8 HY9 

pH1/2 6.9 6.5 6.8 

R2 0.9627 0.9911 0.9924 
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Table S3. Kinetic parameters for HY7, HY8, and HY9 amyloid fibrils esterase activity 
at pH 8.0 and pH 7.4. Kinetic parameters were calculated from the Michaelis-Menten 
equation shown in Figure 5A and Figures S8, S9 and S10.  

 

 Peptide KM (mM) kcat (s-1) x 10-2 kcat/KM (M-1 s-1) 

pH 8.0 
HY7 3.91 ± 0.96 0.49 ± 0.09 1.26 ± 0.43 

HY8 3.95 ± 0.42 0.54 ± 0.05 1.36 ± 0.18 

HY9 2.13 ± 0.33 0.35 ± 0.04 1.64 ± 0.33 

pH 7.4 
HY7 8.77 ± 3.06 0.41 ± 0.14 0.47 ± 0.49 

HY8 4.26 ± 1.07 0.23 ± 0.05 0.54 ± 0.19 

HY9 4.76 ± 1.86 0.26± 0.09 0.55 ± 0.37 
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Table S4. Implicit solvent Amber energies (kcal/mol) and corresponding standard 
deviation of the twelve HY8 fibril models. Structure labels refer to Figure S13. 

 HY8d HY8e 
 E stdev E stdev 

P-FF1-UD -8050 20 -8782 46 
P-FF2-UD -7570 19 -8284 41 
P-FB-UD -7841 30 -8317 39 
P-FF1-UU -7943 22 -8438 28 
P-FF2-UU -7560 18 -8112 17 
P-FB-UU -7772 28 -8241 21 

 

Table S5. Inter-sheet NCIIs of the twelve HY8 fibril models. Structure labels refer to 
Figure S13. 

 HY8d HY8e 
a vdw a vdw 

P-FF1-UD 15.54 78.28 19.45 100.42 
P-FF2-UD 12.48 78.25 4.33 36.44 
P-FB-UD 13.25 86.68 9.50 64.33 
P-FF1-UU 8.46 79.08 12.34 76.01 
P-FF2-UU 13.61 90.51 13.95 89.99 
P-FB-UU 10.59 44.47 8.47 54.74 
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