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1 Methods

1.1 MD simulations details

We have studied the conformational flexibility of the Aβ42 monomer in water by performing H-REMD1 simulations using

the Charmm36m force field2 and the Charmm TIP3P water model designed for folded proteins and IDPs. The TIP3P water

model was modified such that it leads to an increased protein - water interaction2. In Charmm36mW, the Lennard Jones

well depth parameter ε of the hydrogen atoms have been modified from -0.046 kcal/mol to -0.10 kcal/mol as suggested by

Huang et al.2. The Charmm36m force field together with the modified TIP3P water model are labeled as Charmm36mW.

The simulations were performed with the Gromacs 2016.04 parallel software package3. Short range electrostatics and

van der Waals interactions were cut at 0.1 nm, while long range electrostatic interactions were treated with the Particle

Mesh Ewald method. The temperature was kept at 300 K via velocity rescaling with a stochastic term algorithm4 and a

time constant for coupling of 0.1 ps. The pressure coupling was controlled with the Parrinello-Rahman barostat5,6 with

a time constant of 1 ps. The hydrogen atoms were treated as virtual interaction sites, allowing an integration time step

of 4 fs while maintaining energy conservation7. To simulate physiological conditions we also included 150 mM NaCl

concentration.

The solution structure of Aβ42 protein monomer with PDB ID 1IYT was used as starting conformation8. The conformation

was placed in a dodecahedral box with 1.6 nm between the protein and the box, solvated with water molecules, 43 Na and

40 Cl ions. The final systems had 47,054 atoms. This simulation box was large enough to allow free translation and rota-

tion of the Aβ42 monomer without interacting with its periodic images that would otherwise result in simulation artifacts.

After energy minimization, position restrained equilibration (with the Berendsen barostat) and a short free equilibration

(with the Parrinello-Rahman barostat), the Hamiltonian replica exchange1 simulation was performed, consisting of 12

simulations run in parallel, each simulation having a different interaction Hamiltonian where non-bonded interactions

and dihedral angles are scaled with a factor λ or
√

λ . The biasing coefficients λ can be expressed as an inverse temper-

ature (1/temperature) correspond to temperatures between 300 and 500 K and assigned to the replicas according to a

geometric distribution. The average replica exchange probability was 24%. We thus performed one H-REMD simulations

of 3.4 µs/replica, with 12 replicas in total, amounting to a total simulation time of 40.8 µs on the the supercomputer

JURECA9 at the Jülich Supercomputing Centre (JSC).

1.2 Analysis

Since all simulations started from the Aβ42 structure with the PDB code ID 1IYT8, the initial state has large number

of amino acids in helical conformation, see Figure S9. The highly helical conformation drops to small values below 10

residues within 1,500 ns as can be seen in Figure S9. The drop in helical conformation is accompanied by an increase in

the β -sheet content. Given the random coil character of the Aβ42 monomer observed in experiments10, we have decided

to analyze only the equilibrated part the simulation, where fluctuations in the secondary structure are similar to those of

random coil, i.e. without many amino acids in helical conformation. Thus, the time interval used for the analysis consist

of the last 1,000 ns of the unbiased trajectory, highlighted in Figure S9.
3JHNHα NMR scalar couplings
3JHNHα NMR scalar couplings were calculated with the Karplus equation for each amino acid:

⟨3JHNHα⟩= ⟨Acos
2 φ +Bcosφ +C⟩ (1)
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with coefficients A = 7.97 Hz, B = - 1.26 Hz and C = 0.63 Hz11. The comparison with experimental data was done using

the reduced χ2:

χ2 =
1

N

N

∑
i=1

Ji,exp −⟨Ji⟩sum

(∆Ji)
2

(2)

where (∆Ji)
2 = (∆block)

2 +(∆Karplus)
2, ∆block being the simulation error calculated with block averaging and ∆Karplus = 0.42

Hz, the experimental error.

Secondary structure, contact maps and clustering

For snapshots of the protein structure we used the program Visual Molecular Dynamics (VMD)12 where the secondary

structure is calculated with STRIDE13. Contact maps were calculated using the Contact Map Explorer module implemented

in Python and considering a contact between two amino acids when any two atoms from the two residues were found at

a distance below a cutoff of 0.5 nm. Clustering of structures was performed with the Daura algorithm14 implemented in

Gromacs using the backbone atoms and an RMSD cutoff of 0.4 nm. In order to assess the sensitivity of the most populated

cluster to the cutoff used for the RMSD, we have re-calculated the cluster distributions using additional cutoff values.

Thus, we have performed in total three clustering calculations with cutoffs of 0.35 nm, 0.4 nm and 0.45 nm. The total

number of clusters increases with increasing the cutoff as follows: 2435 clusters for a cutoff of 0.35 nm; 3205 clusters for

a cutoff of 0.4 nm; and 4198 clusters for a cutoff of 0.45 nm. Despite the changes in the number of clusters, the population

of the first cluster remained consistently at 14% of the total number of structures for each cutoff value.

In addition to cluster one, discussed in the main text, of particular interest are the clusters two and three, which contain

rather extended conformations with many similarities. As can be seen from the contact maps in Figure S2, these two

clusters have strong contacts with patterns that correspond to anti-parallel β -sheets between amino acids Y10-D23 and

A42-S26. In the representative structures can also be identified two anti-parallel β -sheets of different lengths in agreement

with the contact map. This type of structure might be relevant for the formation of the U-shape fibrils15, where anti-parallel

contacts are present between amino acids L17-G25 and V40-I32 for the side-chains.

β -sheet content, radius of gyration and hydrodynamic radius

The random coil behaviour of the Aβ42 monomer observed in NMR experiments was also confirmed by circular dichro-

ism (CD) spectroscopy experiments where the Aβ monomers adopt between 12–25% β -sheet and much lower helical

content16,17. Using the DSSP18 software together with the Gromacs tool "do_dssp" we calculated an average β -sheet

propensity of 19.6 ± 2.9%, in good agreement with experimental values. In order to characterize the conformational

diversity of the monomeric Aβ , we have calculated the radius of gyration of all conformations in the simulation. The

average radius of gyration has a value of 1.4 ± 0.3 nm, slightly smaller than values reported by other computational

studies, i.e. 1.6 nm19 and 1.59 nm20, but within error. Using an empirically parametrized equation which relates the

radius of gyration to the hydrodynamic radius for intrinsically disordered proteins21, we have determined an averaged

hydrodynamic radius of ∼1.7±0.1 nm, in good agreement with experimental values of both Aβ40, i.e. 1.6 nm22, and the

upper range of values for Aβ42, i.e. 0.9–1.8 nm23–27.

RMSD of compact monomer with peptides from fibril models

Here we continue the discussion from the main text regarding the comparison of the C-terminal loop from the compact

monomer with other fibril models. In the case of the double filament structure published by Colvin et al.28, the smallest

RMSD has a value of 0.19 nm. Figure S7b shows all hydrophobic amino acids pointing in the same direction, except for

M35. When compared with fibrils obtained at pH of 2 and in the presence of an organic co-solvent by Gremer et al.29,

Figure S7c, the RMSD has a value of 0.17 nm. Despite the very small backbone RMSD, only L34 and M35 from the

monomer point in the same direction as the residues in the fibrillar peptide. The mismatches are not surprising, given the

effect of the low pH on the protonation state of charged amino acids and eventually on the overall structure of the fibril,

possibly exacerbated by the organic co-solvent.

For completeness, we also compared the full length and the N-terminus loop of the monomer with the peptides from fibril

models and we report the values in Table ST1 from ESI. The RMSD for the full length peptide have values between 0.82

and 1.14 nm indicating a poor structural fit. When considering only the N-terminus loop, the RMSD varies between 0.27

and 1.12 nm, with the lowest value for the fibril model with PDB ID 2MXU. This case is also displayed in Figure S8 where

one can identify an extended peptide chain for both the monomer and the peptide from the fibril model.

Salt-bridge analysis

In addition to the salt-bridge discussion from the main text we include the following results regarding the salt-briges
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formed by K28. From Figure S3b it is clear that E22 and A42 are close to each other and form alternating or simultaneous

salt-bridges with K28. We have identified the conformations where K28 forms salt-bridges with both E22 and A41 and

calculated a propensity of 29.85%. This means that within cluster one, K28 was engaged in salt-bridges with either E22

or A42 in 76.47% of the conformations.

Salt-bridge analysis details. To quantify the occurrence of the salt-bridges that stabilize the compact monomer we have

calculated distances between the two oxygen atoms of the negatively charged amino acids (E22 and D23, A42) and the

three hydrogen atoms of the positively charged ones (D1 and K28) involved in the salt bridge.The results for the three

salt bridges obtained from all the conformations in cluster one of the simulation with Charmm36mW and NaCl are shown

in Figures S4 (D23-D1), S5 (E22-K28), and S6 (A42-K28). In the case of salt-bridge D23–D1, most of the conformations

have either the distance between oxygen O1 or oxygen O2 of residue D23 and the three hydrogens of residue D1 below

0.4 nm which is the threshold distance to qualify as a salt-bridge. This is also shown in the normalized distributions from

Figure S4 Bottom where the largest peaks below 0.4 nm belong to distances between O2 and H1 or H2. The dynamics of

this salt bridge is clear from the plots in Figure S4 Middle for both a) and b), where the three hydrogens alternate as the

closest atom to the oxygen O1 or O2, with oxygen O2 being preferred for shorter distances. A similar analysis is shown

in Figure S5 for salt-bridge E22–K28 and in Figure S6 for salt-bridge A42–K28. Salt-bridge E22–K28 appears in a large

number of structures from cluster one, but is not as stable as D23–D1.
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Fig. S1 3JHNHα NMR scalar couplings calculated for each amino acid for Charmm36mW force field with 150 mM NaCl.

Experimental values are shown as black circles and those obtained from the simulations as white circles. The error bars

were calculated using block averaging.
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Fig. S2 Contact maps and structures for top five clusters with the highest population.
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Fig. S3 Salt-bridges and β -sheets of the compact monomer. a) and b) show salt-bridges D1-D23 and K28-E22/A42,

respectively. c) and d) show the two parallel β -sheets located at E3-F4 with A30-I31 and V18-F20 with V39-I41, respec-

tively.
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Fig. S4 Salt-bridge distances for D23–D1. a) Top - Distance between the oxygen atom O1, see Bottom snapshot, of

group COO- of residue D23 and the hydrogen atoms of group NH3+ of residue D1 for all the conformations in cluster one

of the simulation with Charmm36mW and NaCl. Middle - Short interval from the plot in a) which highlights the swaping

of hydrogens for the shortest distance with the oxygen atom. Bottom - Normalized distributions for distances between

the oxygen atom O1 and the three hydrogens. Bottom snapshot - Licorice representation of the amino acids D23 and D1

and the atoms forming the salt-bridge. b) Same as a) but for distances between oxygen O2 of group COO- of residue

D23 and the hydrogen atoms of group NH3+ of residue D1.
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a b

Fig. S5 Salt-bridge distances for E22–K28. a) Top - Distance between the oxygen atom O1, see Bottom snapshot, of

group COO- of residue E22 and the hydrogen atoms of group NH3+ of residue K28 for all the conformations in cluster one

of the simulation with Charmm36mW and NaCl. Middle - Short interval from the plot in a) which highlights the swaping of

hydrogens for the shortest distance with the oxygen atom. Bottom - Normalized distributions for distances between the

oxygen atom O1 and the three hydrogens. Bottom snapshot - Licorice representation of the amino acids E22 and K28

and the atoms forming the salt-bridge. b) Same as a) but for distances between oxygen O2 of group COO- of residue

E22 and the hydrogen atoms of group NH3+ of residue K28.
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a b

Fig. S6 Salt-bridge distances for A42–K28. a) Top - Distance between the oxygen atom O1, see Bottom snapshot, of

group COO- of residue A42 and the hydrogen atoms of group NH3+ of residue K28 for all the conformations in cluster one

of the simulation with Charmm36mW and NaCl. Middle - Short interval from the plot in a) which highlights the swaping of

hydrogens for the shortest distance with the oxygen atom. Bottom - Normalized distributions for distances between the

oxygen atom O1 and the three hydrogens. Bottom snapshot - Licorice representation of the amino acids A42 and K28

and the atoms forming the salt-bridge. b) Same as a) but for distances between oxygen O2 of group COO- of residue

A42 and the hydrogen atoms of group NH3+ of residue K28.

9



A42

K28
I41

V39

M35

I31

L34

E11

b PDB: 5KK3 c PDB: 5OQVa PDB: 2MXU

 

A42

K28

I41

V39

M35

I31L34

E11

D1

A42

K28I41

V39

M35

I31L34

D1

D1

Fig. S7 Comparison of the compact monomer with S-shape fibril models. Only the C-terminus loop was used for the

structural alignment. All peptides are shown in cartoon representation and selected amino acids as licorice or balls

and sticks. The fibril-like monomer state is colored in green while the fibrillar peptide is colored based on its secondary

structure, its hydrophobic amino acids in white, and the charged residues K28 in blue and A42 in red. Three fibril models

were considered with PDB IDs: a) 2MXU30, b) 5KK328, and c) 5OQV29.
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Fig. S8 Structural alignment between the N-terminus loop of the compact Aβ42 monomer and the fibril model with PDB

ID 2MXU. Both proteins are shown in cartoon representation with the monomer colored in green and the fibril peptide

based on the secondary structure. Region E11-N27 is highlighted, while the rest of the proteins is transparent. The

backbone RMSD associated with this region is 0.27 nm.
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Fig. S9 Evolution of the number of residues adopting sheet (black) or helix (green) conformations during the H-REMD

simulation. The vertical red lines indicate the interval considered for detailed analysis.
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Table ST1 Backbone RMSD values between the compact monomer and three Aβ42 fibril models. We considered three

cases where the RMSD was calculated for the full length peptide, the N-terminus loop and the C-terminus loop. Two of

the fibril models (2MXU and 5KK3) lack structural information for the first 10 amino aicds, therefore the full length and the

N-terminus loops are truncated accordingly when calculating the RMSD.

Sequence RMSD [nm]

2MXU 5KK3 5OQV

D1(E11)-A42 0.82 0.92 1.14

D1(E11)-N27 0.27 0.42 1.12

K28-A42 0.16 0.21 0.18
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