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Supplementary Methods

MD simulation setup.

The starting configurations for the spontaneous oligomerization simulations with initially monomeric
peptides were generated by placing 12 molecules randomly in position and orientation in a cubic box of
1000 nm3 (10x10x10 nm) and 10000 nm3 (21.5x21.5x21.5 nm). Simulations of pre-assembled β-oligomers
were initiated from dodecameric single and double β-sheet structure models modelled based on crystalline
structure coordinates. To construct these reference states, the atomic coordinates of the PDB entries 2Y3J
(AIIGLM) (1), 2ON9 (VQIVYK), 1YJO (NNQQNY) (2), the coordinates of a modelled Amyloid-β fibre
protofilament with steric zipper interfaces determined by X-ray crystallography were used (residues 16-22,
KLVFFAE)(1). In cases where no experimental crystal structure was available (VIQVVY, GSRSRT), we
used the structure model coordinates provided by the zipperDB database (VIQVVY, GSRSRT) (3), by
replicating the asymmetric unit along the appropriate lattice axes.

Force field and MD settings.

In all simulations the velocity-rescaling (4) algorithm was applied to couple the simulation system to an
external heat bath with a temperature of 300 K using a time constant of τ = 0.1 ps. Initial velocities
were taken according to a Maxwell-Boltzmann distribution at 300 K. All protein bonds were constrained
using P-LINCS (5). Water molecules were constrained using SETTLE (6). The long-ranged electrostatic
interactions were calculated by the Particle-Mesh-Ewald (PME) (7, 8) method at every step with a grid
spacing of 0.1 nm. The relative tolerance at the cut-off was set to 10−6. The following force field specific
settings were applied:

AMBER99SB⋆-ILDN and AMBER03. Hydrogen atoms were converted to virtual sites (9) and
the integration time-step was set to 4 fs. The neighbour lists for non-bonded interactions were updated
every 3 steps. The short-ranged van der Waals and electrostatic interactions were cut-off at 1.0 nm. For
pressure coupling the scheme of Parrinello-Rahman (10) was used to hold the system at a pressure of
1 bar (τ = 2.5 ps).
CHARMM36 and CHARMM22⋆. The integration time-step was set to 2 fs. The neighbour lists for
non-bonded interactions were updated every 10 steps. The van der Waals interactions were switched off
between 1.0 to 1.2 nm and short-ranged electrostatic interactions were cut-off at 1.2 nm. For pressure
coupling the scheme of Parrinello-Rahman (10) was used to hold the system at a pressure of 1 bar (τ =
2.5 ps).
Additional simulations with the AMBER99SB⋆-ILDN and CHARMM36 force fields were performed with
the native GPU accelerated version 4.6 of the GROMACS software package (11). A non-bonded Verlet
scheme with cut-off for the van der Waals and electrostatic interactions together with a buffered pair-list
was utilized, respectively. The integration time-step was set to 4 fs using virtual sites for hydrogen atoms.
GROMOS96 43A1 and GROMOS96 54A7. Virtual sites for hydrogen atoms were used to increase
the integration time-step to 4 fs. The neighbour lists for non-bonded interactions were updated every 5
steps. The van der Waals and short-ranged electrostatic interactions were cut-off at 0.9 nm and 1.4 nm,
respectively. The Berendsen coupling algorithm (12) was applied to keep the pressure constant by cou-
pling the system to a pressure bath of 1 bar (τ = 1 ps).
OPLS-AA/L. The integration time-step was set to 4 fs. The neighbour lists for non-bonded interaction
were updated every 5 steps. The van der Waals interactions and short-ranged electrostatic interactions
were cut-off at 0.9 and 1.4 nm, respectively. For pressure coupling the scheme of Parrinello-Rahman (10)
was used to hold the system at a pressure of 1 bar (τ = 2.5 ps). Virtual sites were used for hydrogen
atoms.
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PLS regression model building.

The following descriptors were used as independent regressors for the PLS model building:
1) Fractions of β-sheet content and 2) coil content; 3) the main-chain solvation free energy; 4) the side-
chain solvation free energy; hydrogen bond energies: 5) intra-chain, 6) inter-chain side-chain to side-chain,
7) inter-chain side-chain to main-chain, 8) inter-chain main-chain to main-chain; 9) radius of gyration.

The independent variables were z-scored by pooling hydrogen bond energies, secondary structure ele-
ments, solvation free energies into separate groups and leaving radius of gyration in its own group.
The bulk of the analysis was carried out using GROMACS utility programs such as g sas, g gyrate and
do dssp. The solvation free energy as defined by Eisenberg and McLachlan (13) was computed using a
solvent probe radius of 1.4 nm. The hydrogen bond energy was calculated according to Espinosa et al.

(14) and decomposed into the contributions listed above.
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Supplementary Tables

Table 1. Summary of additional simulations.

Sequence Size of system Force Field Length of simulations [µs]

Amyloidβ16−22 100 Å× 100 Å× 100 Å; AMBER99SB⋆-ILDN 0.13†

KLVFFAE 12 peptide molecules; CHARMM36 2 × 0.1†

(20 mM) ∼ 32.400 water molecules; GROMOS96 43A1 0.1†

∼ 100.000 total atoms

Amyloidβ30−35 100 Å× 100 Å× 100 Å; AMBER03 2 × 0.7
AIIGLM 12 peptide molecules; AMBER99SB⋆-ILDN 0.47†, 2 × 0.3‡

(20 mM) ∼ 32.600 water molecules; CHARMM36 3 × 0.1†, 2 × 0.05†, 0.3‡, 0.26‡

∼ 100.000 total atoms GROMOS96 43A1 0.1†

OPLS-AA/L 2 × 0.5
GROMOS96 54A7 0.3
CHARMM22⋆ 2 × 0.5

Amyloidβ30−35 100 Å× 100 Å× 100 Å; AMBER99SB⋆-ILDN 2 × 0.5
Nme-AIIGLM-Ace 12 peptide molecules;

(20 mM) ∼ 32.600 water molecules;
∼ 100.000 total atoms

Amyloidβ30−35,mut 100 Å× 100 Å× 100 Å; AMBER99SB⋆-ILDN 0.5
AIIALM 12 peptide molecules;
(20 mM) ∼ 32.600 water molecules;

∼ 100.000 total atoms

Sup35p8−13,wt 100 Å× 100 Å× 100 Å; AMBER03 1.39, 1.16
NNQQNY 12 peptide molecules; AMBER99SB⋆-ILDN 0.12†

(20 mM) ∼ 32.600 water molecules; CHARMM36 0.16†, 0.12†

∼ 100.000 total atoms GROMOS96 43A1 0.1†

Sup35p8−13,mut 100 Å× 100 Å× 100 Å; AMBER03 1.35, 1.1
VIQVVY 12 peptide molecules; AMBER99SB⋆-ILDN 0.13†

(20 mM) ∼ 32.600 water molecules; CHARMM36 2 × 0.1†

∼ 100.000 total atoms GROMOS96 43A1 0.9†

hTau40306−311 100 Å× 100 Å× 100 Å; AMBER99SB⋆-ILDN 0.09†

VQIVYK 12 peptide molecules; CHARMM36 0.21†, 2 × 0.12†

(20 mM) ∼ 32.500 water molecules; GROMOS96 43A1 0.09†

∼ 100.000 total atoms

hTau40307−212 100 Å× 100 Å× 100 Å; AMBER03 1.01, 0.98
GSRSRT 12 peptide molecules;
(20 mM) ∼ 32.600 water molecules;

∼ 100.000 total atoms

Symbols denote simulations of pre-assembled β-oligomers modeled from reference crystal structure
conformations (†) or snapshots of GROMOS96 43A1 trajectories (‡).
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Table 3. Reference structure motifs from crystallographic and NMR data used for RMSD
and PCA analysis.

Sequence PDB ID Type of motif / No. of conformers
KLVFFA 2Y29, 3OW9 (1) intra-sheet (1); inter-sheet (2)

2LMN (15) intra-sheet (1)
3Q9H (16) intra-sheet (1); inter-sheet (2)
4IVH (17) inter-sheet (1)

AIIGLM 2Y3J (1) intra-sheet (1); inter-sheet (1)
2LNQ (18) intra-sheet (1)
3Q9J (16) inter-sheet (2)
3T4G (19) intra-sheet (1); inter-sheet (1)

NNQQNY 1YJO (20) intra-sheet (1); inter-sheet (1)
2OMM (2) inter-sheet (1)

VQIVYK 2ON9 (2) intra-sheet (1); inter-sheet (1)
3Q9G (16) intra-sheet (1); inter-sheet (1)
4E0M (21) intra-sheet (1); inter-sheet (2)

FGAILS 2KIB (22) intra-sheet (1); inter-sheet (1)
NFGAIL 5E5V (23) intra-sheet (1); inter-sheet (1)
IAALLS 2M5K (24) inter-sheet (1)
VMVGVV 2OKZ (2) inter-sheet (1)
SNQNNF 2OL9 (2) inter-sheet (1)
VEALYL 2OMQ (2) inter-sheet (1)
GGVVIA 2ONV (2) inter-sheet (1)
SSTSAA 2ONW (2) inter-sheet (1)
NFGAIL 3DGJ (25) inter-sheet (1)
GYVLGS 3NHD (26) inter-sheet (1)
KVLGDV 3SGO (27) intra-sheet (2)
KDWSFY 4E0K (21) inter-sheet (2)
FYLLYY 4E0L (21) inter-sheet (2)
HDCVNI 4E1H (28) intra-sheet (1)
Total no. of conformers/motifs 44
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Supplementary Figures

Figure 1. Simulations of single and double layer β-sheet model structures. The RMSD of
main-chain and Cβ atoms from the starting structure are shown as function of simulation time. To
improve clarity a running average over 5 ns is shown. White outline of the curves denotes simulations of
double layer, gray outline simulations of single layer β-sheet oligomers. Red, orange and blue colours
denote simulations with AMBER99SB⋆-ILDN, CHARMM36 and GROMOS96 force fields, respectively.
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Figure 2. Comparison of AIIGLM peptide association propensity. Association state (Q) for a
set of aggregated AIIGLM peptide conformations sampled from GROMOS96 trajectories and simulated
in AMBER99SB⋆-ILDN (red traces) and CHARMM36 force fields (orange traces). A running average
over 5 ns is shown to improve clarity.
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Figure 3. Comparison of oligomerization propensity in various force fields. (A)
Oligomerization progress is shown for a set of peptide sequences with the AMBER03, OPLS-AA/L,
CHARMM22⋆ and GROMOS96 54A7 force field in addition to simulations in AMBER99SB⋆-ILDN with
blocked termini at 20 mM peptide concentration. Average populations of individual oligomerization
states are shown as a function of simulation time averaged over all trajectories. Dark-gray and gray
colours indicate a high abundance of oligomer order N . Respective block averages over 10 ns are shown
to improve clarity. (B) Bar histograms in each multi panel depict the normalized oligomer size
distributions determined over all trajectories of a particular sequence and force field combination.
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Figure 4. β-sheet subunit size per aggregate size. Histograms of β-sheet subunit size within each
oligomeric state of order N for simulations carried out with AMBER99SB⋆-ILDN, CHARMM36 and
GROMOS96 force fields. The cumulative probability of all β-sheet subunit sizes present for a particular
oligomer size N are always summed starting from the largest to the smallest subunit with a non-zero
probability. β-sheet subunit sizes that were not sampled are coloured in white.
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Figure 5. Example of Partial Least Square (PLS) model building for the prediction of
collision cross sections (CCSs). (A) Change of the correlation coefficients between the calculated
and predicted CCS values to determine the optimal number of PLS components. (B) PLS models were
built on one half of the available CCSs calculated by the Trajectory method, the other half of the CCS
data was used for testing and cross-validation.

10



Figure 6. Inter-peptide contact analysis. Top panels show the averaged inter-peptide heavy atom
contacts to illustrate the packing density for the oligomeric aggregates of each state. Red, orange and
blue coloured lines denote the distribution medians obtained from AMBER99SB⋆-ILDN, CHARMM36
and GROMOS96 simulations. The gray area shows the interquartile range over the distributions of all
simulations. Selected structure representatives are shown in spheres for main-chain atoms and as sticks
for side-chain atoms. The side-chains atoms are coloured according to their polarity (blue - positively
charged, red - negatively charged, green - hydrophilic, white - hydrophobic).
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Figure 7. Reference structure motifs from crystallographic and NMR data.
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Figure 8. Representative structures of oligomer substructures obtained by conformational
clustering. PCA projection of canonical dimeric substructure conformations is shown as density plots
(data pooled over all simulations oligomer sizes, sequences and force fields). Black filled circles denote
location of cluster centers obtained by k-means clustering. Structure representatives for conformational
clusters are shown as ribbons with main-chain atoms shown as sticks. The N-terminal nitrogen atoms of
each chain are highlighted by orange spheres.
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Figure 9. Fraction of disordered local substructures. Fraction of disordered local substructures
in the ensemble of sampled substructure conformations that could not be assigned to any of the seven
reference motifs using three different RMSD cut-offs.
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