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Material and Methods

1. Constructed models

We applied models M1, M2, M5 and M6 from our previous study on amylin oligomers1 

and annotated here as models M1, M2, M3 and M4, respectively. In each model we 

removed the disulfide bond in the amylin oligomers and annotated models M1, M2, M3 

and M4 as models D1, D2, D3 and D4, respectively. We further constructed models in 

which we deleted in models M1-M4 the N-terminal residues Lys1-Cys7 by applying the 

Accelrys Discovery Studio software package (http://accelrys.com/products/discovery-

studio/), we then extended the sequence of amylin(8-37) of each monomer within the 

oligomer to Lys1-Cys7, forming β-strands. These models were annotated as E1, E2, E3 

and E4. In other words, the initial models E1-E4 the Lys1-Ala18 illustrates β-strand. 

  

2. Molecular dynamics (MD) simulations protocol

We constructed amylin fibril-like structural models by using the Accelrys Discovery 

Studio software package (http://accelrys.com/products/discovery-studio/). MD 

simulations of the solvated models were performed in the NPT ensemble using the 

NAMD 2 with the CHARMM22 force-field 3,4 with CMAP correction.5-9 MD simulations 

using force-field have demonstrated the sensitivity of the results to details of the 

backbone potential. The CMAP backbone potential allows some many-body affects to be 

included in the additive force-field.10 The grid-based correction CMAP for dihedral 

angles yields significant improvements in the residue-location specific distribution of the 

dihedral angle in proteins. The models were energy minimized and explicitly solvated in 

a TIP3P water box 11,12 with a minimum distance of 15 Å from each edge of the box. 

Each water molecule within 2.5 Å of the models was removed. Counter ions were added 

at random locations to neutralize the models’ charge. The Langevin piston method 2,13,14 

with a decay period of 100 fs and a damping time of 50 fs was used to maintain a 

constant pressure of 1 atm. A temperature of 330 K was controlled by a Langevin 

thermostat with a damping coefficient of 10 ps-12. The short-range van der Waals 

interactions were calculated using the switching function, with a twin range cut-off of 
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10.0 and 12.0 Å. Long-range electrostatic interactions were calculated using the particle 

mesh Ewald method with a cutoff of 12.0 Å 15,16. The equations of motion were 

integrated using the leapfrog integrator with a step of 1 fs. The solvated systems were 

energy minimized for 2000 conjugated gradient steps, where the hydrogen bonding 

distance between the β-sheets in each oligomer was fixed in the range 2.2-2.5 Å. The 

counter ions and water molecules were allowed to move. The hydrogen atoms were 

constrained to the equilibrium bond using the SHAKE algorithm 17. The minimized 

solvated systems were energy minimized for 5000 additional conjugate gradient steps and 

20,000 heating steps at 250 K, with all atoms being allowed to move. Then, the system 

was heated from 250 to 300 K for 300 ps and then equilibrated at 330 K for 300 ps. All 

simulations were run for 50 ns at 330 K. We ran simulations at a higher temperature than 

physiological temperature (310 K), in aim to investigate the stability of the constructed 

models. Obviously, structures that ate stable at 330 K will be also stable at lower 

temperatures. To examine whether the timescale of 50 ns of simulations is a reasonable 

timescale, we examined the root-mean square deviations (RMSDs) of all constructed 

models along the time of the simulations. Therefore, these conditions (50 ns and 330K) 

were applied to all of the examined structures. For the complex kinetics of amyloid 

formation, this group is likely to represent only a very small percentage of the ensemble. 

Nevertheless, the carefully selected models cover the most likely organizations.

3. Analysis details

We examined the structural stability of the studied models by following the changes in 

the number of the hydrogen bonds between β-strands, with the hydrogen bond cut-off 

being set to 2.5 Å. This examination was performed by following the root-mean square 

deviations (RMSDs), root-mean square fluctuations (RMSFs) and by monitoring the 

change in the inter-sheet distance (Cα backbone-backbone distance) in the core domain 

of all of the examined structures. In all the models that we constructed, the core domain 

of the fibril-like Amylin that were based on models M1, D1 and E1 and M2, D2 and E2 

was defined as the distance between residue L12 and residue T30, and that for fibril-like 

Amylin that are based on M3, D3 and E3 and M4, D4 and E4 as the distance between 

residue L12 and residue S29. We further investigated the average number of water 



molecules around each side-chain Cβ carbon within 4 Å for the Amylin models. The 

angles ψ and φ of each residue in the Amylin models had been computed for the last 5 ns 

to estimate the secondary structure of the self-assembled models. 

4. Generalized Born method with molecular volume (GBMV)

To obtain the relative conformational energies of the fibril-like structures of all models, 

the models’ trajectories of the last 5 ns were first extracted from the explicit MD 

simulation excluding the water molecules. The solvation energies of all systems were 

calculated using the GBMV.18,19 In the GBMV calculations, the dielectric constant of 

water was set to 80. The hydrophobic solvent-accessible surface area (SASA) term factor 

was set to 0.00592 kcal/ (mol Å2). Each conformer was minimized using 1000 cycles, 

and the conformational energy was evaluated by grid-based GBMV. 

For each set of models (M1-M4, D1-D4 and E1-E4) we estimated the conformational 

energies as follows. A total of 2000 conformations (500 conformations for each of the 4 

examined conformers) were used to construct the energy landscape of the Amylin models 

and to evaluate the conformer probabilities by using Monte Carlo (MC) simulations. In 

the first step, one conformation of conformer i and one conformation of conformer j were 

randomly selected. Then, the Boltzmann factor was computed as e-(Ej - Ei)/KT, where Ei and 

Ej are the conformational energies evaluated using the GBMV calculations for 

conformations i and j, respectively, K is the Boltzmann constant and T is the absolute 

temperature (298 K used here). If the value of the Boltzmann factor was larger than the 

random number, then the transition from conformation i to conformation j was allowed. 

After 1 million steps, the conformations that were ‘visited’ for each conformer were 

counted. Finally, the relative probability of conformer n was evaluated as Pn = Nn/Ntotal, 

where Pn is the population of conformer n, Nn is the total number of conformations 

visited for the conformer n, and Ntotal is the total steps. The advantages of using MC 

simulations to estimate conformer probability lie in their good numerical stability and the 

control that they allow of the transition probabilities among several conformers.

Using all 4 conformers and 2000 conformations (500 for each conformer) generated from 

the MD simulations, we estimated the overall stability and populations for each 

conformer based on the MD simulations, with the energy landscape being computed with 



GBMV for all conformers. It should be noted here, that we compared the relative 

conformational energies (and not free energies) between the models.  For the complex 

kinetics of amyloid formation, the group of the 4 conformers is likely to represent only a 

very small percentage of the ensemble. Nevertheless, the carefully selected models cover 

the most likely structures.



Figure S1: Initial constructed models D1-D4 of amylin oligomers, after removal of the 
disulfide bonds Cys2-Cys7 in models M1-M4 (models M1-M4 were taken from our 
previous study1). 



Figure S2: Initial constructed models E1-E4 of amylin oligomers, after removal of the 
disulfide bonds Cys2-Cys7 in models M1-M4 (models M1-M4 were taken from our 
previous study1). 



Figure S3: Simulated models D1-D4 of amylin oligomers, after removal of the disulfide 
bonds Cys2-Cys7 in models M1-M4 (models M1-M4 were taken from our previous 
study1). 



Figure S4: Populations of the simulated models D1-D4 and E1-E4 of amylin oligomers 
using Monte Carlo simulations.



Figure S5: Distributions of the conformational energy values of the simulated models 
M1-M4, D1-D4 and E1-E4 of amylin oligomers obtained from the GBMV 
calculations.20,21



Figure S6: The average number of water molecules around each side chain Cβ carbon 
(within 4 Å) for the simulated models D1-D4 and E1-E4.



Figure S7: The averaged inter-sheet (Cα backbone-backbone) distances for models D1-
D4 along the molecular dynamics (MD) simulations.



Figure S8: The averaged inter-sheet (Cα backbone-backbone) distances for models E1-
E4 along the molecular dynamics (MD) simulations.



Figure S9: The fraction of the number of hydrogen bonds (in percentage) between all β-
strands compare to the number in the initial constructed model, for models D1-D4.



Figure S10: The fraction of the number of hydrogen bonds (in percentage) between all β-
strands compare to the number in the initial constructed model, for models E1-E4.



Figure S11: The averaged inter-sheet (Cα backbone-backbone) distances for models M1-
M4 along the molecular dynamics (MD) simulations.



Figure S12: RMSDs of models D1-D4.



Figure S13: RMSDs of models E1-E4.



Table S1: The conformational energies (computed using the GBMV22,23 calculations) 

and the populations of the studied models. Standard deviations are in parenthesis.

Model Energy (kcal/mol) Populations (%)
M1 -6921(149) 34.97
M2 -6908(147) 34.10
M5 -6668(151) 15.44
M6 -6668(151) 15.47
D1 -6892(149) 27.13
D2 -6959(139) 36.52
D3 -6704(156) 21.53
D4 -6925(159) 14.80
E1 -6841(143) 27.13
E2 -6956(156) 36.52
E3 -6776(143) 21.54
E4 -6690(157) 14.79



Table S2: The helicity pitch values of all models of amylin oligomers of the studied 

models. The experimental helicity pitch value is 240Å.24

 

 Helicity pitch 
(Å)

M1 201   (18)

M2 274 (4.5)

M3 246 (5)

M4 166 (4.3)

D1 267 (27)

D2 684 (172)

D3 299 (19)

D4 408 (82)

E1 360 (4)

E2 359 (54)

E3 265 (30)

E4 231 (22)
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