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Experiment-Based Aβ1–42 Fibril Models Construction.Recently, based
on cryoEM measurements Zhang et al. (1) suggested that Aβ42
fibrils can have a tubular-like shape with a hollow core. They
further proposed that Aβ42 modeled based on the Aβ17–42 coor-
dinates [derived from hydrogen/deuterium-exchange NMR data,
side-chain packing constraints, ssNMR, and EM (PDB ID code
2BEG)] (2) can be arranged to fit the tubular density obtained
from the cryoEM density map. To fit the structure of Aβ42 into
the high resolution density map, two different structural models
of Aβ based on ssNMR may be used: First is the Lührs model (2)
for Aβ42 and the second is Tycko’s model (3) for Aβ40. When
attempting to fit each of these two models into the cryoEM den-
sity map, only the dimensions of the Lührs model presented a
good fit. Considering these cryoEM (1) density maps and using
these NMR-based coordinates of Aβ17–42 (2) we then constructed
ten 24-mer tubular polymorphic models (Fig. 1 and Figs. S1–S3):
two 12-mer oligomers in a parallel arrangement.

We used the third monomer conformation of the Aβ17–42
peptide from the Aβ pentamer in the PDB coordinate file and
generated two 12-mers oligomers in a parallel arrangement.
We then linked the L17 of each monomer to the N-terminal frag-
ment peptide (D1-K16), which is not included in the coordinate
file because it is disordered in the NMR study. The two 12-mers
were joined via the N termini of each peptide from one 12-mer to
the loop regions of the other 12-mer.

Overall, in the “classical” Aβ fibril, the orientation of F4 is
as constructed in model M1. In the other models, we flipped
the N-terminal segments in order to form hydrophobic,
charge-charge and side-chain interactions between the N-term-
inal and the loop region.

Populations and Relative Stabilities for Aβ42 Tubular Models Are
Affected by pH. Polymorphic behavior may also be seen by com-
paring the intermolecular interactions between the two 12-mers
in the fibril at different pH values. For example at pH ¼ 7, the
interactions between the C termini of M31 and M41 are similar,
whereas the N-termini-loop regions’ interactions differ, even
though M31 and M41 have similar populations and energy values.
Similarly, M32a and M32b at pH ¼ 5–6 and M93 and M103 at
pH ¼ 3–4 demonstrate similar populations and energy values. In-
terestingly, at pH ¼ 5–6, M22b and M52 have similar populations
and energy values; however, M22b has hydrophobic interactions
between the C termini that face inside the collapsed hollow core,
whereas M52 has hydrophobic interactions in the N-termini-loop
regions’ domains. Finally, at acidic pH, hydrophobic interactions
between the C termini that face inside the hollow core are formed
in models that derived from M2, M3, and M4 that do not fit the
EM density map. These interactions stabilize the fibril, as seen in
the energy values at pH ¼ 5–6 compared to pH ¼ 7. At more
acidic pH (pH ¼ 3–4), these models lose the N-termini-loop
regions’ interactions and therefore are relatively less stable than
the models at pH ¼ 5–6.

Molecular Dynamics Simulations Procedure. MD simulations of
solvated Aβ42 oligomers were performed in NPT (N, number
of particles; P, pressure; and T, temperature) ensemble using
the NAMD program (4) with the CHARMM27 force field (5,
6) for 60 ns. The oligomers were explicitly solvated with TIP3P
water molecules (7, 8). The Langevin piston method (4, 9, 10)
with a decay period of 100 fs and a damping time of 50 fs was
used to maintain a constant pressure of 1 atm. The temperature

(300 K) was controlled by Langevin thermostat with a damping
coefficient of 10 ps−1 (4). The short-range van der Waals inter-
actions were calculated using the switching function, with a twin
range cutoff of 10.0 and 12.0 Å. Long-range electrostatic inter-
actions were calculated using the particle mesh Ewald method
with a cutoff of 12.0 Å for all simulations (11, 12). The equations
of motion were integrated using the leapfrog integrator with a
step of 2 fs. All initial Aβ42 oligomers were energy minimized
and then solvated in a TIP3P water box with a minimum distance
of 15 Å from any edge of the box to any Aβ atom. Any water
molecule within 2.5 Å of the Aβ was removed. Counterions
(Naþ) were added at random locations to neutralize the Aβ42
charge.

The solvated systems were energy minimized for 2,000 conju-
gated gradient steps, where the distance between the β-sheets in
Aβ42 is fixed in the range 2.2–2.5 Å. The counterions and water
molecules were allowed to move. The hydrogen atoms were con-
strained to the equilibrium bond using the SHAKE algorithm
(13). The minimized solvated systems were heated at 200 K,
where all atoms were allowed to move. Then, the systems were
heated from 200 K to 250 K for 300 ps and equilibrated at 300 K
for 300 ps. At the beginning of the simulations geometrical con-
straints were performed for each Aβ42 oligomer. Table S2 sum-
marizes the geometrical constraints for each Aβ42 model. All
simulations ran for 60 ns and structures were saved every
10 ps for analysis. These conditions (300 K and 60 ns of time
scales) are applied to test the stabilities of all Aβ42 oligomers.

The Protein Nanoscale Architecture by Symmetry (PNAS) Program.
PNAS is an integrated computational graphics tool written in
f90 with OpenGL and Qt GUI running on Linux platform. The
goal of PNAS is to create a representative atomic model for
any protein nanostructure that can be built from identical
repetitive units. Similar to a repetitious 3D unit cell that constitu-
tes a single crystal, a 1D line unit or a 2D unit cell (when repeti-
tively transformed by specified symmetry operations) can create a
nanostructure such as helical fibril (or tube), spherical cage, and
cylindrical tubule. In addition to the capability of creating a
structure from scratch via interactive graphic operations, the
PNAS also can perform real-time structural optimization, as well
asmolecular dynamics simulation on the constructed atomicmod-
el using molecular mechanics force field such as CHARMM22.
Furthermore, to validate an object constructed in silico, the PNAS
computes a variety of simulated properties that may be compared
with the experimental measurements such as cryoEM map,
powder diffraction, and fiber diffraction.

Simulated EM Map. Similar to experimental cryoEM density map,
the simulated electron density map is calculated in terms of a set
of grid points (voxels). The calculated electron density at each
grid point is a sum of electron density contributed from each
atom in the model structure. In the PNAS program, the atomic
electron density is represented by a Gaussian function. The simu-
lated electron density map, for a set of N atoms, is calculated
using the following equation:
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where (i, j, k) denotes a given grid point (xi, yj, zk) and Zn is the
atomic number of atom (xn, yn, zn), which represents the number
of electrons in the atom n. The cutoff distance from the grid point
is 3σ. The resolution of a simulated map is equal to 2σ (14).

The isosurface generation of a grid-point EM map is done by
the marching cubes algorithm (15). Either an experimental or
simulated EMmap, a value of 33% of the maximum positive vox-
el was set to draw the isosurface.

Generalized Born Method with Molecular Volume (GBMV). To obtain
the relative structural stability of the Aβ1–42 oligomers, the Aβ
trajectories of the last 5 ns were first extracted from the explicit
MD simulation excluding water molecules. The solvation energies
of all systems were calculated using the GBMV (16, 17). In the
GBMV calculations, the dielectric constant of water was set to
80.0. The hydrophobic solvent-accessible surface area (SASA)
term factor was set to 0.00592 kcal∕mol · Å2. Each conformer
is minimized 1,000 cycles, and the conformation energy is evalu-
ated by grid-based GBMV. The minimization does not change
the conformations of each conformer, but only relaxed the local
geometries due to thermal fluctuation that occurred during the
MD simulations.

A total of 10,000 conformations (500 conformations for each of
the 20 conformers examined) were used to construct the effective
energy landscape of the Aβ1–42 oligomer and to evaluate the con-
former probabilities by using Monte Carlo (MC) simulations. At
the first step one conformation of conformer i and one conforma-
tion of conformer j are randomly selected. Then, the Boltzmann
factor is computed as e−ðEj−EiÞ∕KT, where Ei and Ej are the confor-
mational energies evaluated using the GBMV calculations for the
conformation i and j, respectively, K is the Boltzmann constant,
and T is the absolute temperature (298 K used here). If the Boltz-
mann factor value is larger than the random number, the move

from conformation i to conformation j is allowed. After 1 million
steps, the conformations visited for each conformer were counted.
Finally, the relative probability of conformer n was evaluated as
Pn ¼ 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 the MC
simulations to estimate conformer probability rely on the facts
that the MC simulations have good numerical stability and allow
transition probabilities among several conformers to be controlled
(18). The populations of the conformers are only indicative.

Analysis Details. We also examined the structural stability of the
Aβ42 oligomeric tubularM11, M12, and M13 variants by following
the backbone-backbone distance of Cα of G27 to the two C atoms
of F4. These distances were calculated and then averaged. We
further examined the stability of the oligomers M11, M12, and
M13by following changes in the number of hydrogen bonds
between the β-sheets with the hydrogen bond cutoff set to
2.5 Å. Finally, the E11-E11 and E22-E22 distances between
two opposite peptides in the each tubular model were averaged.
Three layers at each end of the fibril-like of models M11, M12,
and M13 were excluded in the analysis.

β-Sheet Structure Along the N-Terminal. The role of the N-terminal
in the stability of the structures studied here is crucial. We
computed the percentage of the β-sheet structure along the
N-terminal of all peptides for model M1 (the model that fits
the experimental cryoEM) at the various pH values. Fig. S10B
illustrates that at pH ¼ 5–6, residues R5-Y10 in the N-terminal
form β-sheet; and at physiological pH and at very acidic pH
(pH ¼ 3–4) residues F4-Y10 in the N-terminal form β-sheet.
The results indicate that β-sheet structures along the N-terminal
assist in stabilizing the fibril.
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Fig. S1. The initial constructed models M1, M2, M3, and M4 based on Lührs model (PDB ID code 2BEG) (ref. 4) are illustrated. All models demonstrate
intermolecular hydrophobic interactions between the N-termini of one oligomer and the loop region of the second oligomer: Phe, yellow; Gly, green;
Ala, blue; and Ile, orange. The C-termini of these models face the internal surface of the fibril.
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Fig. S2. The initial constructed models M5, M6, and M7 based on Lührs model (PDB ID code 2BEG) (ref. 4) are illustrated. Models M5 and M6 demonstrate
intermolecular hydrophobic interactions between the N-termini of one oligomer and the loop region of the second oligomer, whereas model M7 demonstrates
charge-charge interactions: Phe, yellow; Ala, blue; Ile, orange; Asp, purple; and Asn, pink. The C-termini of models M5 and M6 face the internal surface of the
fibril, whereas in model M7 they face the external surface of the fibril.

M8 M9

M10

C

C

C

C

C

C

N

N

N

N

N

N

Fig. S3. The initial constructed models M8, M9, and M10 based on Lührs model (PDB ID code 2BEG) (ref. 4) are illustrated. Model M8 demonstrates
intermolecular hydrophobic interactions between the N-termini of one oligomer and the loop region of the second oligomer, whereas models M9 and
M10 show side-chain interactions: Gly, green; Ile, orange; Asp, purple; and Asn, pink. In all models the monomers were initially rotated by 10° along the
fibril axis. The C-termini of models M8 and M10 face the internal surface of the fibril, whereas in model M9 they face the internal surface of the fibril.
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Fig. S4. Final snapshot from simulations of 60 ns for models M11, M21, M31, and M41 at pH ¼ 7: M11 exhibits N-term-loop interactions between F4 (yellow)
and G29 (green); only six interior layers of each oligomer are presented here. M21 exhibits N-term-loop interactions between F4 (yellow) and A30 (blue). M31
shows both N-term-loop interactions between F4 (yellow) and A30 (blue) and hydrophobic core interaction between V39 (brown) and A42 (blue). M41 presents
similar interactions as M31, but includes also F4 (yellow)-I31 (orange) interactions in the N-term-loop domain.
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Fig. S5. Final snapshot from simulations of 60 ns for models M12, M22a, M22b, M32a, andM32b at pH ¼ 5–6: M12 exhibits N-term-loop interactions between F4
(yellow) and G29 (green); only six interior layers of each oligomer are presented here. M22a exhibits N-term-loop interactions between F4 (yellow) and A30
(blue). M22b shows hydrophobic core interaction between G29 (green) and I41 (orange). M32a presents hydrophobic core interaction between V39 (brown) and
A42 (blue) and N-term-loop interactions between F4 (yellow) and I41 (orange). M32b demonstrates N-term-loop interactions between F4 (yellow) and A30
(blue) and hydrophobic core interaction between V39 (brown) and A42 (blue).
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Fig. S6. Final snapshot from simulations of 60 ns for models M42a, M42b, M52, and M62 at pH ¼ 5–6: M42a demonstrates N-term-loop interactions between F4
(yellow) and I41 (orange) and hydrophobic core interaction between V39 (brown) and A42 (blue). M42b shows hydrophobic core interaction between V39
(brown) and A42 (blue). M52 presents N-term-loop interactions between F4 (yellow) and I41 (orange). M62 shows N-term-loop interactions between A2 (blue)
and I41 (orange).
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Fig. S7. Final snapshot from simulations of 60 ns for models M13, M23, M63, and M73 at pH ¼ 3–4: M13 exhibits N-term-loop interactions between F4 (yellow)
and G29 (green); only six interior layers of each oligomer are presented here. M12 exhibits N-term-loop interactions between F4 (yellow) and A30 (blue)
and hydrophobic core interaction between V39 (brown) and G29 (green). M63 does not exhibit any interaction between the two oligomers. M73 demonstrates
N-term-loop interactions only in one side between D1 (purple) and N27 (pink).
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Fig. S8. Final snapshot from simulations of 60 ns for models M83, M93, and M103 at pH ¼ 3–4: M83 does not exhibit any interaction between the two
oligomers. M93 demonstrates N-term-loop interactions between F4 (yellow) and I41 (orange). M103 shows N-term-loop interactions only on one side between
D1 (purple) and G29 (green).
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Fig. S9. Structural similarity of models derived from model M1 at different pH values is demonstrated. Three different F4-G29 distances are illustrated for (A)
model M11 at pH ¼ 7, (B) model M12 at pH ¼ 5–6, and (C) model M13 at pH ¼ 3–4, along the simulations: First distance is between N-termini and loop regions at
the same plane of the initial structural model (blue line). Second distance is between N-termini of one plane and loop regions, in a cross-first sequential plane
(red line). Third distance is between N-termini of one plane and loop regions, in a cross-second layer plane (green line). Three layers at each end of the fibril-like
of models M11, M12, and M13 were excluded for analysis.

Fig. S10. (A) The fraction of the number of hydrogen bonds (in percentage) between β-sheets for model M11 at pH ¼ 7 (blue line), model M12 at pH ¼ 5–6
(red line), and for M13 at pK ¼ 3–4 (green line). Three layers at each end of the fibril-like of models M11, M12, and M13 were excluded for analysis. (B) The
averaged percentage of the beta sheet structure of residues D1-Y10 in the N-terminal for model M11 at pH ¼ 7 (blue), model M12 at pH ¼ 5–6 (red), and for
M13 at pK ¼ 3–4 (green). (C) The backbone solvation (C═O solvation in the Y-axis) for residues D1-A42 for model M11 at pH ¼ 7 (blue), model M12 at pH ¼ 5–6
(red), and for M13 at pK ¼ 3–4 (green).
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Table S1. The 10 tubular constructed models M1–M10

Model C-termini face* N-termini-loop regions’ interactions† Rotated angle along its fibril growth axis Figure

M1 O F4, G29 5 1, S1
M2 I F4, A30 — S1
M3 I F4, A30 — S1
M4 I F4, A30, I31 — S1
M5 I F4, I31 — S2
M6 I A2, I31 — S2
M7 O D1, N27 — S2
M8 O D1, N27 10 S3
M9 I D1, I31 10 S3
M10 O D1, G29 10 S3

*For tubular models, two possibilities exist for the C-termini arrangement: one with the C termini of each Aβ monomer facing the
external surface of the fibril (O) and the second when it faces the internal of the fibril cavity (I).

†Models M1–M6 present hydrophobic interactions between the N termini and the loop regions, M7 and M8 demonstrate
charge–charge interactions, and M9 and M10 show side chain interactions.

Table S2. The 20 simulated models at different pH values, derived from the tubular constructed models M1–M10, and the geometrical
constraints

Model pH
value

Derived from
model

Total time of geometrical constraints,
ns

Geometrical constraints between hydrogen bonds of
residues

M11 7 M1 1 17–42
M21 7 M2 5 1–42
M31 7 M3 5 1–42
M41 7 M4 5 1–42
M12 5–6 M1 1 17–42
M22a 5–6 M2 1 1–42
M22b 5–6 M2 5 1–42
M32a 5–6 M3 1 1–42
M32b 5–6 M3 5 1–42
M42a 5–6 M4 1 1–42
M42b 5–6 M4 5 1–42
M52 5–6 M5 5 1–42
M62 5–6 M6 5 1–42
M13 3–4 M1 1 17–42
M23 3–4 M2 1 1–42
M63 3–4 M6 1 1–42
M73 3–4 M7 1 1–42
M83 3–4 M8 1 1–42
M93 3–4 M9 1 1–42
M103 3–4 M10 1 17–42
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