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Experiment-Based Aβ1-42 Model Construction: Linking Zn2þ Complexed
N-Terminal and a β–Sheet Forming C-Terminal. We used three high-
resolution solution NMR structures that are available for the N-
terminal segment complexed with Zn2þ: The first is Zn2þ-Aβ1-16,
based on the Zirah model (S1) where Zn2þ binds to H6, E11,
H13, and H14 [Protein Data Bank (PDB: 1ZE9)]; the second
Zn2þ-humanAβ1-28, based on the Gaggelli model (S2) where
Zn2þ binds to D1, H6, E11, H13, and H14; and the third
Zn2þ-ratAβ1-28, based on the Gaggelli model (S2) where Zn2þ
binds to D1, H6, E11, and H14 in humanAβ1-28. In addition,
we constructed a model suggested by Minicozzi et al. (S3) based
on X-ray absorption spectroscopy, in which Zn2þ interacts with
four histidines (H13 and H14 of each two peptides). However,
we extended the latter model by including Zn2þ binding to
E11 of two peptides. The number of possible combinations for
Zn2þ-Aβ complex is large, and the stability and the population
distribution of the possible conformers could change depending
on concentration, temperature, and pH. Here we selectively
constructed 12 polymorphic Zn2þ-Aβ models, considering both
parallel and antiparallel arrangements. Table 1 summarizes the
12 constructed models based on the experimental data.

Models M1–M5 were constructed directly from a combination
of the Zirah model (S1) (PDB: 1ZE9) and Lührs model (S4)
(PDB: 2BEG): M1 and M2 were arranged in a parallel organiza-
tion, whereas M3–M5 in antiparallel organization. In M1, eight
Zn2þ bind to eight Aβ1-42 monomers, and in M2, only four Zn2þ
bind to four monomers in the octamer (Fig. 1). This is the
only Aβ octamer model containing four Zn2þ. All others are
“saturated,” binding to eight Zn2þ. M3 (Fig. 1), M4, and M5
(Fig. S1) differ in the β-sheet registration: M3 is shifted by
two residues compared to M4, whereas M4 is shifted by two
residues compared to M5. M3 has a maximum overlap of the
hydrophobic region and therefore has strong β-sheet interactions
as compared to M4 and M5.

Considering further possible zinc coordination patterns, we
constructed six additional Zn2þ-Aβ octamers M6–M11 (Fig. 1
and Fig. S2), based on the Gaggelli model (S2). M6-M9 arranged
in a parallel organization, whereas M10 and M11 in antiparallel
organization. Model M6 was derived from the homology model
of the Zn2þ-ratAβ1-28 complex, using only the Zn2þ-Aβ1-16 where
each Zn2þ coordinates with D1, H6, E11, and H14. In the three
models M7, M8, andM9, the Zn2þ coordinates with D1, H6, E11,
H13, and H14 (S2), i.e., penta-coordinated with Zn2þ: M7 is a
“hybrid” model, which was initially constructed from the simu-
lated structure of M6. The additional Zn2þ-H13 coordination
(as observed experimentally in Zn2þ-humanAβ1-28 complex)
was constrained and minimized prior to the simulations. M8
was constructed directly from the experiment (S2). M9 is a hybrid
model, which was derived from the simulated structure M1. The
additional Zn2þ-D1 coordination was initially constrained and
minimized before the simulations. Finally, M10 and M11 were
constructed to test the penta-coordinated Zn2þ-Aβ complexes
in antiparallel β-sheet arrangements. M10 and M11 differ in
the β-sheets twisting angles in the initial conformation.

Finally, to consider not only intrapeptide zinc binding, but also
interpeptide zinc binding, model M12 was constructed, based on
the Minicozzi model (S3), in antiparallel arrangement where
4Zn2þ bind H13 and H14 and 4Zn2þ bind E11 of each two
peptides (Fig. 1). It should be noted that M12 was constructed
using the Lührs model (S4) for the 17–42 segment. However,
Tycko’s model (S5) may also be used to construct M12. The main

difference between the Tycko and Lührs models is the U-turn
shape. Future work will investigate whether the different in
the U-turn shape can lead to polymorphism as recently demon-
strated for Aβ17-42 (S6).

Geometrical Match and Interactions in the Zn2þ-Aβ1-16 Region. The
three different coordination intrapeptide zinc-binding NMR
structures affect the overall shapes of the Zn2þ-Aβ complex in
the 1–16 regions. At the Zn2þ-Aβ1-42 monomer level, variations
in both N-terminal and C-terminal regions provide large ensem-
bles. However, in the Zn2þ-Aβ1-42 oligomeric state, the
Zn2þ-Aβ1-16 shapes are constrained by the β-strands arrange-
ment. In mature fibrils, the distance between two adjacent
β-strands in two β-sheets is ∼5 Å (and ∼10 Å for two alternative
β-strands). Thus, the only possibility to construct the Zn2þ-
Aβ1-16 regions with the β-strands is with one plane of the
β-strands, separated by at least one uncoordinated β-strand.

While testing possible arrangements of the Zn2þ-Aβ1-16 with
the β-strands for the Zirah and Gaggelli models (S1, S2), we
found that the Zirah model (PDB: 1ZE9) (S1) has complemen-
tary shapes with tightly packed geometry between two nearby
Zn2þ-Aβ1-16 peptides. The optimal orientation between two
nearby Zn2þ-Aβ1-16 peptides (Fig. 2A) was obtained using the
docking program PatchDock (S7). PatchDock, a geometry-based
molecular docking algorithm was used to probe possible ways of
association of the Zn-Aβ1-16 complex of the NMR structure
(PDB: 1ZE9). Hydrogen atoms were not used in the docking.
In order to decrease the geometrical clashes, the maximal
allowed penetration between the molecular surfaces was set
to −1.5 Å.

Surprisingly, from thousands of possible poses, only only were
generated, with five obtaining additional intermolecular inter-
action of Asp7 with Zn2þ of neighboring Zn2þ-Aβ1-16 complexes
(Fig. S4). The two highest ranking docking poses are similar with
the backbone carbonyl of Asp7 directly pointing to Zn2þ, with a
distance of 3.81 Å.

The geometrical match of two Zn2þ-Aβ complexes does not
exist for the Gaggelli model (S2) where Zn2þ binds five intra-
molecular ligands (M8 and M9). However, in the Gaggelli
model M6, where Zn2þ binds four intramolecular ligands, inter-
molecular Asp7-COO−-Zn2þ interactions also exist. M7 is a
hybrid of M6, and thus three of the six Asp7-COO−-Zn2þ dis-
tances show strong intermolecular interactions.

Molecular Dynamics (MD) Simulations Procedure. Constant tempera-
ture (300 K) and constant pressure (1 atm) were controlled by the
Hoover method (S8), using the CHARMM package or by Lan-
gevin thermostat with a damping coefficient of 10 ps−1, using the
NAMD program. For simulations using the NAMD program
(S9), the Langevin piston method (S9–S11) 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 short-range van der Waals
(VDW) interactions were calculated using the switching function,
with a twin range cutoff of 10.0 and 12.0 Å. Long-range electro-
static interactions were calculated using the particle mesh Ewald
method with a cutoff of 12.0 Å for all simulations. The equations
of motion were integrated using the leapfrog integrator with a
step of 1 fs. All initial 8Zn2þ-8Aβ1-42 oligomers and the 4Zn2þ-
8Aβ1-42 oligomer were minimized and then solvated in a TIP3P
water box with a minimum distance of 10–15 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
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locations to neutralize the charge of 8Zn2þ-8Aβ1-42 and
4Zn2þ-8Aβ1-42.

The solvated systems were minimized for 2,000 conjugated gra-
dient steps, with the distance between the β-sheets fixed in the
range 2.2–2.5 Å. The VDW parameters of Zn2þ ion are taken
from CHARMM27 force field, and all Zn2þ-ligands distances
were constrained to their NMR evaluated distances, both along
the minimization process and during all dynamics simulation
timescales. Counterions, peptides, and water molecules were
all allowed to move. The hydrogen atoms were constrained to
the equilibrium bond using the SHAKE algorithm (S12). The
minimized solvated systems were minimized for additional 5,000
conjugate gradient steps at 250 K, where all atoms were allowed
to move. Then, the systems were heated from 250 to 300 K for
300 ps and equilibrated at 300 K for 300 ps. Simulations ran for
20 ns and structures were saved every 10 ps for analysis.

Generalized Born Method with Molecular Volume (GBMV). In the
GBMV calculations, the dielectric constant of water was set to
80.0 and no distance cutoff was used. The hydrophobic solvent-
accessible surface area term factor was set to 0.00592 kcal∕
mol · Å2. Each conformer is minimized for 1,000 cycles and
the conformation energy is evaluated by grid-based GBMV.
The minimization does not change the conformations of each
conformer, but only relaxed the local geometries due to thermal
fluctuation which occurred during the MD simulations.

A total of 11,000 conformations (1,000 conformations for each
of the 11 examined conformers) were used to construct the free-
energy landscape of the 8Zn2þ-8Aβ1-42 oligomer and to evaluate
the conformer probabilities by using Monte Carlo (MC) simula-
tions. In the first step, one conformation of conformer i and one
conformation of conformer j are randomly selected. Then, the
Boltzmann factor is computed as e−ðEj−EiÞ∕KT , where Ei and Ej
are the conformational 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 Boltzmann factor value is larger than the ran-
dom 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 con-
formations 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.

Using all 11 conformers (not including M2) and 11,000 confor-
mations (1,000 for each conformer) generated from the MD
simulations, we estimate the overall stability and populations
for each conformer based on MC simulations with the energy
landscape computed withGBMV for all conformers. For the com-
plex 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.

Conformational Stability of Constructed 4Zn2þ-8Aβ1-42 and 8Zn2þ-
8Aβ1-42 Oligomers. The relative conformational stabilities of the
oligomers were measured by rmsd of the C-terminal region (re-
sidues Leu17–), the N-terminal region (residues Ala2–Gln15),
and for the U-turn region (residues Glu22–Gly29) with respect
to the initial minimized structure throughout the simulations.
We also followed the change in the Asp7-Zn2þ distance, i.e.,
the averaged distance of the two C ¼ O bonds of Asp7 to the
Zn2þ in the adjacent peptide.

Our simulations indicated that the tested oligomers are struc-
turally stable, suggesting that they could exist under appropriate
conditions. Among the 12 constructed models, six were arranged
in a parallel organization (M1,M2,M6, M7, M8, andM9). Fig. S6
demonstrates the rmsds of these models. M1 and M2 have rela-
tively smaller rmsds for the C-terminal regions, indicating that the
large contact surface in the N termini also affects the overall
oligomer structural stability. Overall, for all parallel models both
the N termini and the U-turn rmsds indicate the stability of these
regions. Six constructed models were arranged in an antiparallel
organization (M3, M4, M5, M10, M11, and M12). Among these,
we compared only the four most stable models M3, M4, M11, and
M12. Both the C termini and the U-turn rmsds are small, indi-
cating their structural stability (Figs. S7 and S8).
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Fig. S1. Illustrates the experimental, solution NMR-based conformers of the Zn2þ complexed with residues 1–16 (the N-terminal region) fit well with the
experiment-based structure for the remainder of the Aβ (residues 17–42), and consequently can be linked to create models of the full-length Aβ1-42 complexed
with Zn2þ. The Zn2þ-coordinated N-terminal coordinates are taken from Zirah (S1). The coordinates of residues 17–42 are taken from the Lührs oligomers (S4).
In M1 (A) and M2 (B) the Aβ monomers are arranged in parallel; in M1 with 8Zn2þ ions; in M2 with 4Zn2þ ions; in M3 (C), M4 (D), and M5 (E) the monomers are
antiparallel with 8Zn2þ ions. The difference between M3, M4, and M5 is in the β-sheet registration: M3 is shifted by two residues compared to M4, whereas M4
is shifted by two residues compared to M5. M3 has a maximum overlap of the hydrophobic region and therefore has the strongest β-sheet interactions
compared to M4 and M5.

Fig. S2. Figure illustrates that the experimental, solution NMR-based conformers of the Zn2þ complexed with residues 1–16 (the N-terminal region) fit well
with the experiment-based structure for the remainder of the Aβ (residues 17–42), and consequently can be linked to create models of the full-length Aβ1-42
complexed with Zn2þ. The Zn2þ-coordinated N-terminal coordinates are taken from Gaggelli (S2). The coordinates of residues 17–42 are taken from the Lührs
oligomers (S4). M6 (A), M7 (B), M8 (C), and M9 (D) are obtained by joining the Gaggelli and Lührs coordinates with eight Zn2þ ions, in a parallel organization;
M6 was constructed with each Zn2þ coordinates with D1, H6, E11, and H14. M7, M8, and M9 were constructed with each Zn2þ coordinating with D1, H6, E11,
H13, and H14. M10 (E) and M11 (F) are obtained by joining the Gaggelli and Lührs coordinates with eight Zn2þ ions, in an antiparallel organization; M10 and
M11 were constructed with each Zn2þ coordinating with D1, H6, E11, H13, and H14. M10 and M11 differ in the β-sheets twisting angles in the starting
conformation.
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Fig. S3. Figure illustrates that the experimental, solution NMR-based conformers of the Zn2þ complexed with residues 1–16 (the N-terminal region) fit well
with the experiment-based structure for the remainder of the Aβ (residues 17–42), and consequently can be linked to create models of the full-length Aβ1-42
complexedwith Zn2þ. The Zn2þ-coordinated N-terminal coordinates are taken fromMiniccozzi (S3). The coordinates of residues 17–42 are taken from the Lührs
oligomers (S4). M12 is arranged in antiparallel organization in which four Zn2þ interact with H13 and H14 of each two peptides and four Zn2þ interact with E11
of each of the same two peptides.

Fig. S4. Eight possible poses generated from the PatchDock program (S7). Five poses (A–E) exhibit additional intermolecular interaction of Asp 7 with Zn in
nearby Zn2þ-Aβ1-16 complexes using dimers of Zirah model (S1) (PDB: 1ZE9).

Fig. S5. Six Asp7-COO−-Zn2þ distances for the antiparallel M3 model demonstrate strong interactions during all time of the simulations.
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Fig. S6. Figure shows that the models proposed in this work for Zn2þ binding to Aβ42 are stable as indicated by their rmsds. The rmsdd are computed
separately for the three parts of the oligomer: C-terminal (residues 17–40), N-terminal (residues 2–15), and U-turn (residues 22–29). All model presented here
are parallel organizations (for antiparallel, see Figs. S7 and S8).

Fig. S7. Figure shows that the models proposed in this work for Zn2þ binding to Aβ1-42 are stable as indicated by their rmsds. The rmsds are computed
separately for the three parts of the oligomer: C-terminal (residues 17–40), N-terminal (residues 2–15), and U-turn (residues 22–29). All model presented here
are antiparallel organization: (A) M3, (B) M4, and (C) M12.
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Fig. S8. Figure shows that the antiparallel model M11 proposed in this work for Zn2þ binding to Aβ1-42 is stable as indicated by its rmsds. The rmsds are
computed separately for the three parts of the oligomer: C-terminal (residues 17–40), N-terminal (residues 2–15), and U-turn (residues 22–29).

Fig. S9. Schematic illustration of the Zn2þ binding to different N-terminal conformations in Aβ amyloids via conformational selection. The monomers inter-
acting with Zn2þ are not consecutive in the oligomer organization. In between, noncoordinating monomers may be arranged in parallel or in antiparallel
organization. Figs. S1–S3 provide detailed organizations.
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