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1 Materials and methods

1.1 System setup

Structural Models The initial structure of the Af5;_45 dimer in complex with was con-
structed by homology modeling with distance restraints at the Cu?* coordination center,
one Cu?" coordinated by four His residues [1]. The template was created by putting two
ApB_4 monomers (PDB ID: 1Z0Q [2]) parallel at a distance of 5.5 A. The distance restraints
were based on the quantum mechanics (QM) optimized model of a Cu?* coordinated with
four imidazole rings at the B3LYP/def2-TZVP level of theory [3-6] with D3 dispersion cor-
rection. [7]. Modeller v9.11 [8] was used to do the homology modeling, 100 models were
generated, and the best one (Figure S1) was chosen based on the assessment by their respec-
tive DOPE [9] and GA341 [10,11] scores. Removing Cu®* from this AS;_4, dimer lead to the
A _45 dimer without Cu?", which was used as starting structure for the simulations of the
AB_4o dimer at different pH values and the oxidized state. At pH 5.3 the three His residues
at positions 6, 13 and 14 are positively charged, while they are not at pH 7.4. This choice of
protonation state is based on the pK, value of approximately 6.0 for a free histidine and is
confirmed by the PROPKA calculations for the AB; 4o dimer, yielding pK, values between

5.3 and 6.2 for the six His residues in the dimer.

Parameterization of Cu?"-Aj interactions In this study, a bonded model was used to
represent the binding of Cu?* to AB;_s. Bonded models define the bonds, angles and tor-
sions between the metal ion and its ligands, and van der Waals and electrostatic interactions
between the metal ion and the ligands are added to the force field. This model has been
widely used to study the interactions between metal ions and proteins [12-14]. Moreover,
bonded models more accurately define both the binding geometry and electrostatic repre-
sentation of metal coordination that were obtained by simply assigning a formal charge of
plus two to a divalent metal ion, as this would not sufficiently describe the electronic struc-
ture of a metal ion/ligand complex [15]. Following our earlier work for the A/ _4o monomer
bound to Cu®T [16], we derived OPLS-AA [17,18] force field parameters for the bonding and
electrostatics of the AB3;_4 dimer in complex with Cu** using QM calculations. The opti-
mized structure of the Cu?* binding site with partial charges obtained using the restrained

electrostatic potential (RESP) methodology [19] can be seen in Figure S2.

Parameterization of the C,-centered glycine radical (GLR) The GLR residue was
parameterized as described previously [20]. Briefly, QM calculations were used to optimize
the structure of the N-Ac-Gly-NHMe at the MP2/6-31+G(d,p) level of theory, followed by
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single-point calculations at the LMP2/cc-pVTZ(-f) level of theory using the Jaguar [21] and
Gaussian [22] program packages. The relevant degrees of freedom surrounding the C,, radical
center were changed systematically to obtain an expression of the QM energy as a function
of geometry. Using the generalized method of Lifson and Warshel [23], the expression of the
molecular mechanics (MM) energy as a function of geometry was obtained by minimizing the
sum of squares deviation between the QM and MM functions, in accordance with the OPLS-
AA force field. The point charges of the N-Ac-Gly-NHMe were fitted to the electrostatic
potential using the RESP methodology as implemented in the Amber8 package [24], whereas
vibrational analysis was performed with the Tinker program [25]. These parameters were
validated during the parameterization process and the resulting molecular mechanics energies
were shown to be in excellent agreement with the energies derived from quantum chemical
calculations [20]. The glycine radical is stabilized by the capto-dative effect [26,27], where
the single electron is stabilized by the m-electron donating NH group and the m-electron
accepting CO group of the adjacent peptide bond, and has also been captured in electron

spin resonance experiments [28].

1.2 Hamiltonian replica exchange molecular dynamics simulations

As the aggregation pathways and thus reaction coordinates are not known beforehand when
studying Aj aggregation, free-energy methods such as umbrella sampling and metadynam-
ics, which require a priori identification of suitable low-dimensional collective variables, are
not appropriate for enhanced sampling in this study. Instead, the replica exchange molecular
dynamics (REMD) [29] technique is applied, which has been proven to be an efficient ap-
proach to study peptide aggregation [30]. However, temperature replica exchange molecular
dynamics (T-REMD) simulations suffer from the fact that the number of replicas needed
to cover the desired temperature range is proportional to the square root of the number of
degrees of freedom of the system. This means that T-REMD simulations of biomolecules
in explicit solvent can be very computationally demanding. This problem can be partly
overcome by Hamiltonian replica exchange molecular dynamics (H-REMD) [31, 32] simula-
tions, which in addition were reported to be more efficient in the conformational sampling of
biomolecules than T-REMD [31]. Based on these considerations, H-REMD simulations were
performed to improve the conformational sampling of the A{;_4o dimers. As an enhanced
sampling algorithm, it is based on executing simultaneous simulations (replicas) with differ-

ent Hamiltonians (energies) of the same system and allowing exchanges at a given frequency
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between replicas 7 and j respectively at neighboring scales m and n with a probability of [31]
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where H is the Hamiltonian, X are the coordinates, T" is the temperature and
Hm(X) = )‘mep + ()‘m)l/QHps + HSS(X) (2)

Here, H,, is the Hamiltonian at scale m, and H,,, H,s, H,s are the protein-protein, protein-
solvent, solvent-solvent interaction energies, respectively, and J\,, is the scaling factor at
scale m (A, < 1.0). Previous H-REMD tests of the Trp-cage and a [-hairpin indicated
a significantly lower computational cost and better sampling than those obtained with the
temperature replica exchange algorithm [31].

The GROMACS 4.6.7 simulation package [33-35] in combination with the PLUMED
plugin (version 2.1) [36] were used to perform the H-REMD simulations [32] of the AfB;_4o
dimers at pH 7.4, pH 5.3, with bound Cu?", and with oxidized Gly25 residues. The dimers
were modeled with the OPLS-AA force field [17,18]. They were initially centered in a cuboid
box with a dimension of 8.0x6.0x6.0 nm?3, and periodic boundary conditions were employed
to represent the boundary of the system. The box was solvated with explicit TIP4P wa-
ter molecules [37]. A sufficient number of sodium and chloride ions were added to achieve
system charge neutrality and a NaCl concentration of 0.150 M, as part of the physiolog-
ical milieu. Energy minimization was performed using both the steepest descent and the
conjugate gradient methods. After minimization, 500 ps of each NVT and NPT position-
restrained dynamics were performed with a restraining force of 1000 kJ/mol-nm? on the
non-hydrogen atoms of the peptide. This allowed the water molecules to equilibrate around
the peptide, thereby removing bad contacts and bringing the system closer to equilibrium.

The final coordinates of the NPT equilibration were used as the initial coordinates for the
unrestrained production runs. 24 scaling factors ranging from A,, = 1.0 to 0.4 were generated
by a geometric distribution, which were used in the H-REMD simulation of each dimer
system. Each replica of each system was subjected to 500 ns sampling in an NPT ensemble,
amounting to 12 us of cumulative simulation timer per dimer. A canonical thermostat with
stochastic velocity reassignment [38] with a coupling constant of 0.5 ps was used to keep
each system at their requisite temperatures. For the NPT simulations, a Parrinello-Rahman

barostat [39] with 1.0 bar pressure and 1.0 ps coupling constant was employed. Both van der
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Waals and short-range Coulombic interactions were truncated at 1.2 nm, and the long-range
electrostatic interactions were calculated using the particle mesh Ewald method [40]. The
neighbor list was updated every 10 steps with a cut-off of 1.2 nm. The LINCS algorithm [41]
was used to constrain all bond lengths during the H-REMD simulations. The employment
of virtual sites for hydrogen atoms allowed the use of a 4-fs time-step. An exchange between
neighboring replicas was attempted every 2 ps, and the coordinates were also saved every 2
ps. The H-REMD were tested for convergence, leading to the decision to use the last 400
ns (200,000 frames) of the replica at \,,=1.0 from each of the four H-REMD simulation for

further analysis.

1.3 Analysis

Transition networks were calculated by defining dimer states based on the number of
residues in a-helical and in g-strand conformation. Thus, each dimer state is a combination
of two numbers, a3, which were obtained from the analysis of the secondary structure of
A 4o (see below). To calculate the transition matrix that includes all pairwise transitions
between dimer states we first identified all the dimer states and the number of transitions
between them. Here, we removed all transitions that contained exchanges with the target
replica, i.e., we only considered the continuous trajectory stretches of the replica at \,,=1.0.
We built a N x N matrix, where N is the number of states encountered for each of the four
dimer systems, with the state populations and transitions between any two identified states.
This original transition matrix was converted into a diagonal matrix with the average number
of transitions between any two nodes, thus a matrix that corresponds to an undirected
network. In the transition network (TN) plots, the nodes represent dimer states a|3. The
area of each node is proportional to the population of the state, while the thickness of network
edges corresponds to the average number of transitions between two states. The TNs were
visualized with the program Gephi [42] and the distribution of nodes was optimized using the
clustering/layout Atlas2, which applies linear repulsion between nodes based on their size
and quadratic repulsion between edges based on their weight (average number of transitions)

The root mean square fluctuation (RMSF) of the Ca atom of each residue was
calculated using GROAMCS to describe the flexibility of the peptides. The formation of
secondary structure such as a-helix and [-sheet are crucial in the study of IDPs like
Af_4o and its aggregation into amyloid structures. A widely used program, DSSP [43]
(dictionary of protein secondary structure), was applied to determine the secondary structure
of the peptides in each system. For the calculation of intra- and inter-peptide contact

maps, a contact between two residues was defined based on the distance between the two
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Ca atoms with a cut-off of 8 A. The strength of each contact was judged by the frequency
of the contact (as percentage), which was determined as the number of contacts divided by
total number of frames. A special kind of contact is given by a salt bridge, which was
considered to be formed if the distance between the carboxylic carbon (Asp, Glu) and the
amide nitrogen (Arg, Lys) was less than 4.5 A. For ABi_4 at pH5.3, all the His residues
are positively charged, which therefore could also be involved in the formation salt bridges.
Here, both the N¢ and the Ne atom were taken into account. The frequency of each salt
bridge was calculated as percentage. For the RMSF, secondary structure, and the contacts
including salt bridges, results are presented as averages over both chains composing each of
the four dimers. In case of infinite sampling, the averages for the individual chains would
be identical. In reality, we are faced with finite sampling, causing some differences in the
averages of the two chains per dimer. However, thanks to the enhanced sampling used
in the current work, these differences are minor. And in order to keep the messages of this
work clear, we decided to show chain-averaged results only for the mentioned quantities. The
hydrophobic solvent accessible surface area (hSASA) was calculated using GROMACS
and by only considering the solvent exposed hydrophobic amino acids. The Visual Molecular

Dynamics (VMD) software [44] was used to visualize the peptide structures.

2 Force field parameters for Cu’"-A/ interactions

In this study, a bonded model was used to represent the binding of Cu?* to AB;_4. Bonded
models define the bonds, angles and torsions between the metal ion and its ligands, and van
der Waals and electrostatic interactions between the metal ion and the ligands are added to
the force field. This model has been widely used to study the interactions between metal
ions and proteins [12-14]. Moreover, bonded models more accurately define both the binding
geometry and electrostatic representation of metal coordination that obtained by simply
assigning a formal charge of plus two to a divalent metal ion, as this would not sufficiently
describe the electronic structure of a metal ion/ligand complex [15]. The OPLS-AA [17,18]
force field parameters for the bonding and electrostatics of the 2A3;_45/Cu®* complex were
derived by QM calculations. It has been shown that the OPLS-AA force field reproduces the
helical and g-strand content of A as determined by NMR J-coupling constants and chemical
shifts, and radii of gyration data that agrees well with other experimental data [45,46]. The
functional form of the OPLS/AA force field is given by [18]:
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where K, and K¢ are the stretching and bending force constants, while r., and O, are the
equilibrium bond lengths and angles, respectively. V,, is the energy barrier for changing the
out-of-plane dihedral angle, ¢, with periodicity n. ¢; and g; are the partial charges of the
interacting atoms with 1;; being the distance between them. ¢;; and o;; are the geometric
mean values (e;; = /€;€j; and o4 = ,/040;;) of the van der Waals parameters of atoms i
and 7. Non-bonded interactions are counted only for atoms that are separated by three or
more bonds (f;; = 1.0), whereas 1,4 interactions are considered but scaled down by a factor
fi; = 0.5.

The AfS)_4-Cu®*" binding site (Figure S2) was parameterized by optimization at the
B3LYP/def2-TZVP level [3-6] with D3 dispersion correction [7] using the Turbomole V6.3
program [47]. The force constants for bonds (K,) and angles (Kg) related to Cu®* were
based on the fully optimized copper coordination model, while the equilibrium values of
those bonds (r.,) and angles (O.,) were taken from the fully optimized geometry directly.
Since the geometry of the Cu?* binding site is symmetric, we computed the potential energy
as a function of the energy of one bond (Cu?*-NE4) and three angles (NE1-Cu*"-NE2, NE1-
Cu*"-NE3 and Cu?*"-NE1-CD2) to characterize the dependence of energy on the geometry of
the bonds and angles surrounding the Cu®** ion. The torsional parameters V,, were neglected
as is commonly done for parameterizaton of the bonded plus electrostatics model, [15,48,49]
since the Cu?* coordination site is quite rigid and usually devoid of significant torsional
freedom. The restrained electrostatic potential (RESP) [19] was utilized to derive the atomic
partial charges [48,50]. The electrostatic potential was calculated at BSLYP/6-31G* level of
theory with Gaussian 09 [51], and the charge fitting was done with the antechamber program
package [52] of AmberTools14. Finally, we performed molecular mechanics (MM) scanning
as implemented in GROMACS [33-35] using the derived parameters to reproduce the QM
curves [53,54].

After geometry optimization, a square planar geometry for Cu?* coordination sphere
was observed, and the equilibrium values of Cu?"~N bonds obtained from the QM optimized

structure are around 2.0 A, which are very close to previously determined experimental and
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theoretical results [55-57]. The force field parameters for bonds and angles were obtained
by fitting the MM potential energy curve to that obtained from the QM calculations using
the sum of least-squares method. The resulting parameters are summarized in Table S1,
whereas the atomic partial charges of the Cu®* binding sites derived with the RESP method
are shown in Figure S2. As shown in Figure S3, the QM potential energy curves of the
bond are reproduced by the MM curves within reasonable deviations close to the respective
equilibrium values. The equilibrium Cu?*-NE4 bond length of the MM curve is about
0.02 A longer than that of the QM curve, which is only 1% of the equilibrium length, and
the deviations between relative MM and QM energies become larger when the bond is far
from its equilibrium values. The reasons for this deviation is likely due to the use of the
harmonic potential approximation, but given the rigidity of the bond, this deviation should
be negligible [15,48,49]. Moreover, the MM potential energy curves of the bond angles
were nearly identical to those of the corresponding QM potential energy curves. For further
validation, we performed a 10 ns MD simulation of the coordinated copper complex with the
newly derived parameters. The geometry of the complex was well-preserved during the 10 ns
simulation: the bond lengths and angles involving Cu?* remained near their corresponding
equilibrium values and the potential energy of the system was conserved (data not shown).
We concluded that these parameters can be used to model interactions between Cu?* and

the Af;_49 dimer in large-scale MD simulations.

3 Convergence of the H-REMD simulations

One of the advantages of the H-REMD method is that good conformational sampling can
be obtained in reasonable wall-clock time compared to conventional MD simulations, and
it is computationally cheaper and more efficient than standard temperature REMD. For
our simulations, the exchange probabilities were around 25-30% for all four systems, which
guaranteed good sampling. In order to further confirm the convergence of the simulations,
the secondary structure contents as a function of the scaling factor A was calculated for
the four different time windows: 100-200 ns, 200-300 ns, 300-400 ns and 400-500 ns for the
ABi_4o dimer at pH 7.4, pH 5.3, with Cu?*, and after oxidation. As shown in Figure S4, the
superposition of the curves for the different time intervals suggests that the propensities of
coil content have converged in the four systems. Similar results were also obtained for the
turn content, as presented in Figure S5. Taken together, the results confirm the convergence
of the simulations. Thus, the analysis was based on the ensemble trajectory at A = 1.0 from

100 to 500 ns for all the four dimer systems.
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4 Intra- and inter-peptide interactions

Representative structures In Figure 3 two prepresentative structures are shown for each
of the four dimers. The conformation of the AB;_ 4o dimer at pH 7.4 with the highest (-
sheet content has an intra-peptide, anti-parallel S-sheet within chain B, spanning residues
Ala2-Ser8 and Ala30-Leu34. Met35 remained in a random coil, whereas residues Val36-Ile41
form an inter-peptide (-sheet with Lys16-Glu22 of Chain A. A p-bridge is present between
Asp7 of Chain A and Ala30 of Chain B, between Ala30 and Gly33 in Chain A, and between
Met35 of Chain A and Val39 of Chain B. In total, 33 residues adopt a [-conformation in
this structure, while no helical residue is present. The highest amount of S-sheet is observed
at pH 5.3, where more than 50% of all residues, namely 43 in total adopt a S-conformation.
This structure contains seven distinct S-strands in chain A and three such strands in chain B.
The strands between Aspl and Glu3, and Leu34 and Val36 in chain A form a triple-stranded
[-sheet by lying on either side of the strand bound by Gly38 and Ala42 of chain B. Incredibly,
segments of the strands bound by His6 and Glull, Glnl5 and Asp23, Lys28 and Ile32, and
Val40 and Ala42 of chain A and Gly29 and Val36 of chain B formed a pentuple-stranded
[-sheet at pH 5.3, the latter of which also forms a distinct intra-peptide, anti-parallel 5-sheet
with GIn15 to Leul? closer to its N-terminus. In the presence of Cu?*, like at pH 7.4, 33
residues adopt a [-conformation by forming a quadruple-stranded [-sheet between Leul7
to Glu22, and Ala30 to Gly37 of chain A and Glu3 to Argh and Ala30 to Gly33 of chain
B. An intra-peptide, anti-parallel -sheet is also found between Leu34 to Gly37 and Val39
to Ala42 in chain A. Oxidation of Gly25 to GLR25 in both peptide chains led to a slight
increase of the f-content with 37 residues being in this conformation, while three residues
also adopt a helical structure. The structure is formed by an intra-molecular, anti-parallel
[B-sheet within chain B, and two inter-peptide triple-stranded [-sheets, one involving two
strands from chain A and the other involving two strands from chain B. The inter-peptide
[-sheets involves Leul7 to Phe20 and Ala30 to Val36 of chain A and Argb to Tyr10 of chain
B, whereas the other triple-stranded [-sheet involves Lys16 to Phe20 and GLR25 to Met35
of chain B and Gly38 to Ile41 of chain A. The C-terminal segment of the strand of residues
from GLR25 to Met35 also forms an intra-peptide sheet with resides Gly38 to Ile41 closer to
its C-terminus. Given the general description of amyloid aggregation as the conversion from
an a-helical to [-sheet rich state, it is relevant to note that none of the most [§-sheet rich
conformations of the four systems contains any helical content (apart from three residues in
the oxidized system). The residues that were not involved in -sheet or S-bridge formation
remained either in a random coil or in turn conformations.

In addition to the structures with highest S-sheet content, it is also instructive to inspect
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the most abundant structures. The structure under physiological conditions is characterized
by a low amounts of both S-sheet and helix. Only eight residues (4]4), i.e., less than 10%
of all residues of the dimer adopt either of these two conformations. Apart from a turn
between Phe4 and Asp7, the N-terminal region of chain A is a random coil up to Gly9,
which precedes a 31p-helix from Tyr10 to Vall2. The remainder of chain A is in turns except
for a random coil at Asn27, Gly38 and Val39. [-bridges rre present at Leu34 and Ile4l,
which interact with Ile31 and Leu34 of chain B. The rest of chain B is in a random coil
except for Ser8 to Vall8 and Val24 to Asn27. This dimer structure supports the view of
ABy_4o being an IDP, and the intrinsic disorder is interestingly still present at the dimer
stage. However, a reduction in the pH to 5.3, binding of Cu?* and oxidation of Gly25 all
reduce this structural disorder as the most abundant structures under these conditions show,
while, very surprisingly, the flexibility of the peptides is increased (Figure 2A). At pH 5.3,
nine residues form an anti-parallel S-sheet at the C-termini of both peptides, which involves
residues Ile31 to Gly33 and Val39 to Ile41 of both chains. Moreover, the strand from Ile31
to Gly33 in chain A formes an additional anti-parallel -sheet with the same residues in
chain B, resulting in quadruple-stranded [-sheet. All other residues ere either disordered
or in turns, where turn residues Lysl7 to Glu22 in chain B lead to short helix involving
four residues. Whilst bound to Cu?* the number of residues engaged in S3-sheets increased
significantly. Very interestingly, the most abundant structure with Cu?* is very similar to
the one with the highest -content. The main difference between them is that eight residues
less (i.e., 21 versus 33) are in a f-conformation which is mainly due to the presence of fewer
[-bridges in the most abundant structure. Most of the residues not involved in [-sheets
are in turns or in a random coil. The oxidized A(;_45 dimer contains 19 residues in total
in either 8-sheet or helical conformation (11]8). Inter-peptide, anti-parallel 5-sheets formed
between Ala30-Ile31 of chain A and Val40-Ile41 of chain B, and between Leu34-Met35 of
chain A and Ile31-Tle32 of Chain B. In addition, various S-bridges are present in chain B.
Unlike to the other three systems, oxidation also leads to an increase in helix formation.
Chain A contains an a-helix, whereas chain B contains a 3;¢-helix. The remaining regions

not described hitherto are either in turns or are disordered.

Contact maps In order to understand what drives the aggregation of A 3;_45 into oligomers,
one needs to analyze the inter-peptide interactions during that process and compare them
with the interactions formed within the peptide. To this end, we analyzed the intra- and
inter-peptide contacts and figure S7 depicts a normalized mapping of these contacts that oc-
curred during the simulation of each dimer. In the Af;_ 45 dimer at pH 7.4, the majority of

the intra-contacts largely occurred locally within the C-terminal hydrophobic region and the

S10



N-terminal region with moderate probability. Changing the conditions (decreasing pH, Cu?*
binding and oxidized Gly25) slightly increased the contacts within the full length of AS;_4s.
Thus, the increased flexibility in these peptides, as shown in Figure 2, leads to more inter-
actions between residues of the same chain. For Af;_4 at pH 5.3, the main intra-contacts
are for residues Ser26 to Met35 interacting frequently with residues Glull to Asp23, which
corresponds to f-strand formation. Similarly, there are some minor contacts within the N-
and C-terminals, respectively. With Cu?* binding, there are strong intra-contacts with a
similar pattern as present at pH 5.3 at the CHC and C-terminal regions. Moreover, stronger
contacts were formed at the C-terminal region while minor contacts are also observed with
the N-terminal region and between residues Glu3-His6 and Phel9-Ile31. The oxidation of
Gly25 to GLR25 yielded a intra-contact maps that is similar to that at pH 5.3. However
there were more interactions between the N-terminal and C-terminal regions.

Similar to the pattern of intra-peptide contacts of the A, 4o dimer at pH 7.4, the inter-
peptide contacts mainly happened between the C-terminal regions, the CHC regions and the
N-terminal regions of the two chains, respectively. Compared to the inter-contacts of the
ABy_4o dimer at pH 7.4, increased frictions, i.e., generally more contacts between the two
monomers were observed for the dimers at lower pH, with Cu?* binding, and with GLR25,
respectively. For the ApB;_ 4o dimer at pH 5.3, there are two sets of inter-contacts at the C-
terminal hydrophobic regions of the two chains. They are both perpendicular to the diagonal
line, accounting for the inter-chain S-sheets. A similar, yet weaker pattern of inter-contacts
was also observed for the AS;_4o dimer with oxidized GLR25, while it was not present in the
dimer with Cu?" binding. From solid-state NMR of A3, 4, hexamers [58] it is known that
Phel9 and Phe20 have a high propensity to be in inter-peptide contact with either Ile31 or
[le32. The inter-peptide contact maps show that these contacts are already present at the
dimer stage and that they get strengthened upon pH reduction, Cu?>* binding or oxidation.
Thus, these changes in condition can be considered to drive the dimer towards conformations

also found in larger oligomers.

Salt bridges A special kind of contacts is given by salt bridges formed between residues of
opposite charge. The presence of salt bridges has been suggested to be of great importance
in stabilizing the structure of the A5 _45 dimer [59,60]. At physiological pH 7.4, A 4o has
three positively charged residues: Argh, Lys16 and Lys28, which can form salt bridges with
each of the six negatively charged residues: Aspl, Glu3, Asp7, Glull, Glu22 and Asp23. At
pH 5.3, the three His residues, i.e., His6, His13 and His14 are positively charged and thus
can also form salt bridges. We calculated the propensities for all possible salt bridges in the

four different systems (Figure S8). The intra-peptide Glu3-Argh salt bridge is quite stable
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for the A3 _4 dimers at pH 7.4 ( 76%) and with Cu®** ( 83%), while it is moderately stable
at pH 5.3 and after Gly25 oxidation. A highly stable intra-peptide Glu3-Argb salt bridge
was also present in the study of monomeric Af;_4o by Coskuner et al. [61], but found to be
less stable (10%) in the A3 _4 dimer with a bridged Cu®*" by Huy et al [62]. No significant
inter-peptide Glu3-Argb salt bridge formation was observed for all the four systems, which
agrees with previous studies [59,62]. A turn structure centered at the residues Gly25-Ser26
enables the formation of the intra-peptide salt bridges Glu22-Lys28 and Asp23-Lys28. The
Asp23-Lys28 salt bridge is moderately stable in all four dimer systems, but with Cu?* the
Glu22-Lys28 salt bridge is more stable. The intra-peptide Asp23-Lys28 salt bridge was also
found in both Af;_4o pentamers [63] and hexamers [58] studied by solid-state NMR, while
it is of less to no importance for the contacts between the peptides in the dimers studied
here and the oligomers studied by NMR, [58,63] Other noteworthy salt bridges are formed
by Glull with either Lys16 (pH: 7.4 and Oxid.) or His13 (Cu®*") of the same peptide and
by Lys16 with Glu22 of the other peptide of the dimers at pH 7.4 and after oxidation.
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5 Supplementary Figures
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Figure S1: The initial structure of the AB;_4 dimer in complex with Cu?" is shown in
cartoon, and the Cu?* binding residues, i.e., His13 and Hisl4 of both Af;_4s chains are
shown in Corey-Pauling-Koltun (CPK) representation and colored by chemical element: cyan
for carbon, blue for nitrogen, red for oxygen, white for hydrogen, and orange for Cu?*. The
peptide color is based on secondary structure: blue for a-helix, yellow for turn, and white for
coil structures. The N- and C-termini are represented by blue and red beads, respectively.
A close-up of the Cu?* binding site optimized at the QM level can be seen in Figure S2.
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Figure S2: The fully optimized structure of the Cu?* binding sites with the RESP charges
derived at B3LYP/6-31G* level, blue and red are for positive and negative charges, respec-
tively. The atoms involved in the bonds and angles with Cu?* are also labeled. The figure
was generated with VMD [44].
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Figure S3: QM and MM potential energy curves for bond stretching (A) and angle bending
(B). The QM curves are shown as solid lines with circles, whereas the MM curves are shown

as solid lines with squares. Different colors correspond to different bonds or angles involving
Cu?t.
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Figure S4: The propensity of coil as a function of the scaling factor A for different time
intervals, 100-200 ns, 200-300 ns, 300-400 ns and 400-500 ns for the four Af;_4 dimer
systems.
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systems.
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Figure S6: The transition networks for the four A, 4o dimer systems: at pH 7.4, at pH 5.3,
with Cu?* bound, and with oxidized Gly25. The nodes correspond to different dimer states,
which are characterized by the numbers of residues in a-helix and (-sheet conformation
given as «|f. The area of a node is proportional to the population of the underlying state
and the color indicates the structural preference: red colors are used for states containing
no or only few residues in a [-sheet conformation, while blue colors indicate states with
high numbers of [-sheet residues. The location of the nodes with respect to each other is
based on the transition probability between the states, i.e., nodes that have a high transition
probability between them are close to each other. The thickness of the edges correlates with

the transition probability between the two nodes connected by the edge in question.
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Figure S7: The averaged intra- (top) and inter-peptide (bottom) contact maps for each of
the four dimer systems: at pH 7.4 (black), at pH 5.3 (red), with Cu®*" (green), and with
oxidation at Gly25 (blue). For clarity, the intra-contacts along the diagonal are set zero,
and a diagonal line was drawn for each contact map. A contact between two residues was
determined by the distance of the two Cov atoms with a cut-off of 8 A. The frequency of
the contacts between all possible pairs of residues was calculated as number of contacts
divided by the number of frames, and are given as percentage. The color scale (given in %)
is representatively shown for the oxidized system on the right.
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Figure S8: The averaged population of intra- (top) and inter-peptide salt bridges for each
of the four dimer systems: at pH 7.4 (black), at pH 5.3 (red), with Cu®*T (green), and
with oxidation at Gly25 (blue). The frequency of the possible salt bridges was calculated as
number of salt bridge contacts divided by the number of frames, and are given as percentage.
The color scale (given in %) is representatively shown for the oxidized system on the right.
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6 Supplementary Tables

Table S1: OPLS-AA parameters for bonds and angles of the Cu?" binding sites.®

Bonds Teq (A) K, (kcal/mol-A?) Bonds Teq (A) K, (kcal/mol-A?)
Cu’t-NE1 2.019 95.6 Cu’t-NE2 2.016 95.6
Cu?t-NE3 2.019 95.6 Cu?t-NE4 2.021 95.6

Angles Ocq (°) Ko (kcal/mol-rad?) Angles Ocq (°) Ko (kcal/mol-rad?)

NE1-Cu?’t-NE2 | 89.8 19.4 NE2-Cu?’t-NE3 | 89.9 19.4
NE3-Cu?t-NE4 | 90.2 19.4 NE1-Cu?*t-NE4 | 90.1 19.4
NE1-Cu?t-NE3 | 177.6 11.6 NE2-Cu?t-NE4 | 178.7 11.6
Cu?’*-NE1-CD2 | 126.6 14.1 Cu?’t-NE2-CD2 | 126.3 14.1
Cu?’t-NE1-CE1 | 1264 14.1 Cu?t-NE2-CE1 | 126.8 14.1
Cu?’*-NE3-CD2 | 125.6 14.1 Cu?t-NE4-CD2 | 126.5 14.1
Cu?t-NE3-CE1 | 127.5 14.1 Cu?t-NE4-CE1 | 126.7 14.1

a : For atom names, see Figure S2.

Table S2: Secondary structure propensities of the four Afj,_;,» dimer systems.

System | Helix (%) p-strand (%) Bend (%) Turn (%) Coil (%)
pH:7.4 7.245.3 14.6+8.9 24.245.3 12.144.2 41.949.9
pH:5.3 3.1£3.3 21.5+12.1 23.7+5.4 10.24+4.5 41.5£8.5
Cu?t 5.14+3.6 16.6+7.4 26.645.1 7.7£3.8 44.0+£4.5
Oxid. 8.5+4.4 15.447.8 24.9+4.4  9.7+4.6 41.5+4.3
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