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Abstract

We characterized the dimer of the amyloid-β wild-type (WT) peptide, Aβ, of 42 residues and its 

disulfide-bond-locked double mutant (S8C) by replica exchange molecular dynamics simulations. 

Aβ dimers are known to be the smallest toxic species in Alzheimer’s disease, and the S8C mutant 

has been shown experimentally to form an exclusive homogeneous and neurotoxic dimer. Our 50 

µs all-atom simulations reveal similar secondary structures and collision cross-sections but very 

different intramolecular and intermolecular conformations upon double S8C mutation. Both 

dimers are very dynamic with hundreds of free-energy minima that differ from the U-shape and S-

shape conformations of the peptides in the fibrils. The only common structural feature, shared by 

both species with a probability of 4% in WT and 12% in S8C–S8C, is a three-stranded β-sheet 

spanning the 17–23, 29–36, and 39–41 residues, which does not exist in the Aβ40 WT dimers.

Graphical abstract

1. INTRODUCTION

Alzheimer’s disease features extracellular amyloid plaques made of intrinsically disordered 

protein (IDP) amyloid-β (Aβ) of 39–43 amino acids and intracellular neurofibrillary tangles 
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resulting from the aggregation of the hyperphosphorylated tau protein of 440 amino acids.1 

The wild-type (WT) Aβ42 peptide, DAEFRHDSGYEVHHQKLVFFAEDVGSN 

KGAIIGLMVGGVVIA, has two hydrophilic (residues D1-K16 and E22-G29) and 

hydrophobic (residues L17-A21 or the central hydrophobic core, CHC and A30–A42) 

regions. Aβ42 aggregates faster and is more cytotoxic than the most abundant Aβ40 peptide.
2 Because toxicity within the amyloid cascade hypothesis is linked to Aβ misfolding, 

researchers have attempted to determine the structures of fibrils and all other transient 

aggregates.3,4 The Aβ dimers, known to be structurally heterogeneous among a pool of low-

order oligomers, are of high interest as they are the smallest species to lead to tau 

hyperphosphorylation and neuritic degeneration.5,6

The existence of multiple aggregation pathways producing assemblies with different 

molecular structures is well established by in vitro and in Alzheimer’s disease brain 

experimental studies.3,7 Using seeded fibril growth from Alzheimer’s disease brain tissue of 

two patients and solid-state NMR, Tycko proposed distinct models that differ from in vitro 

synthetic Aβ40 fibril with U-shape.8 Riek et al. went one step beyond and reduced Aβ42 

fibril polymorphism by successive seeding steps and optimal experimental growth 

conditions. On the basis of solid-state NMR and electron microscopy (EM), they obtained a 

stable fibrillar model with residues 2–6, 15–18, 26–28, 30–32, and 39–42 forming β-strands 

and residues 15–42 forming a double-horseshoelike cross-β or S-shape conformation, which 

is disease-relevant by recognition of monoclonal antibodies.9

Understanding how the dimer and higher aggregate conformations are used during the 

primary nucleation process and for the propagation of Alzheimer disease with different 

rates, phenotypes, and clinical declines is of paramount importance. In addition to varying 

growth conditions and photoinduced cross-linking of the two Y10 residues,10 the 

heterogeneity of Aβ oligomers can be reduced by engineering bonds at different locations.
11–13 By introducing an intermolecular disulphide-bond at positions 8 (S8C) or 35 (M35C) 

and using biochemical neurophysiological analysis, Sticht designed an exclusive, 

homogeneous and neurotoxic Aβ dimer for the S8C mutant, in contrast to the AβM35C 

mutant that assembles into large oligomers.13 On the basis of 100 ns molecular dynamics 

(MD) simulations of Aβ42 WT and Aβ42 S8C starting from the U-shape conformation of 

Aβ42 fibrils,14 they proposed that the mutant S8C dimer displays structural properties 

similar to those of the WT dimer.

In this study, our aim is not to understand why the S8C mutant prevents oligomerization but 

what makes the S8C dimer neurotoxic. To this end, we compare the equilibrium ensembles 

of the Aβ42 WT and S8C dimers by all-atom AMBER99sb-ildn replica exchange MD 

(REMD) simulations using 48 replicas, each for 530 ns. This force field has been shown to 

fold successfully diverse proteins by MD15,16 and simulated tempering17 in explicit solvent 

and has led to structural properties for the Aβ42 WT monomer consistent with circular 

dichroism (CD) and local NMR observables.18 The Aβ42 WT dimer has already been 

subject to various simulations with coarse-grained (CG) models in implicit solvent,19–21 

atomistic MD simulations of 1–4 µs in explicit solvent using OPLS22,23 or AMBER99sb-

ildn,24 the TIP3P water model, and OPLS/TIP3P REMD simulations, with replicas of 200 

ns25 and 400 ns.26 These simulations show common but different structural features because 

Man et al. Page 2

J Phys Chem B. Author manuscript; available in PMC 2018 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of variations in the force field, simulation, and analysis protocols; thus, we still have no 

definitive answer as to which Aβ42 WT dimer conformations are the most correct.

2. MATERIAL AND METHODS

2.1. Simulation Details

To minimize the impact of the choice of the starting structure on the results, the first seven 

Aβ42 monomer structures predicted by REMD with AMBER parm99sb and the generalized 

Born implicit solvent and representing 90% of the monomer ensemble were taken as input 

structures for both sequences (see Figure 8b in ref 27). Among the seven structures, four and 

three have some β-strand and α-helix contents, respectively. The 48 Aβ42 WT dimer 

structures were generated by combining randomly the seven monomeric structures and by 

randomly orienting them with a distance of 1.4–2.4 nm between the peptide centers of mass. 

Each system was centered in a truncated octahedron box of 225 nm3 with 6868 TIP3P water 

molecules,28 leading to a peptide concentration of 14.8 mM. The peptides at pH 7 have 

NH3
+ and CO2

− termini, deprotonated Glu and Asp, protonated Arg and Lys, and neutral 

His with a protonated Nε atom. The systems are neutralized by Na+ ions, resulting in 21 858 

atoms for WT. Each dimer was then refined by a 50 ns NPT MD simulation with 

amber99sb-ildn/TIP3P, and the last frame was used for REMD. The same procedure was 

used for S8C, except that an S8C–S8C intermolecular disulfide bond was enforced. Overall, 

the secondary structure averaged over the 48 initial REMD structures amounts to 11.7% β-

strand, 7% α-helix, and 82% coil-turn for WT and to 16.6% β-strand, 5.9% α-helix, and 

77.5% coil-turn for S8C.

The GROMACS program was employed with periodic boundary conditions and a time step 

of 2 fs using SHAKE and the velocity Verlet integrator.29 Electrostatic interactions were 

calculated using the particle mesh Ewald method with a cutoff of 1.1 nm30 and van der 

Waals interactions with a cutoff of 1.2 nm, and a velocity-rescaling thermostat was used.31 

REMD simulations were performed with 48 replicas from 300 to 400 K, using van der 

Spoel’s method.32 Exchanges between two replicas were attempted every 2 ps, leading to a 

mean acceptance ratio of 25%. Each replica ran for 530 ns.

2.2. Simulation Analysis

The Nter spans residues 1–15; CHC, residues 16–22; the loop, residues 23–30; and Cter, 

residues 31–42. The secondary structure was determined using the STRIDE program33 and 

the solvent accessible surface area (SASA) per amino acid using GROMACS. A side-chain–

side-chain (SC–SC) contact is formed when the minimum distance between their heavy 

atoms is less than 4.5 Å,34 and the total number of SC–SC contacts is calculated by the Q 
value (see Methods in ref 35). A H-bond is formed when the acceptor–donor H angle is less 

than 30° and the acceptor–donor distance is less than 3.5 Å.27 A salt-bridge between charged 

SCs is formed when the distance between two specific atoms is within 4.6 Å.35 A β-hairpin 

is formed when there are at least two backbone H-bonds formed between two β-strands, 

with each strand consisting of at least three consecutive residues belonging to the 

Ramachandran β-region.35 The single-molecule states, which are the states of a single chain 

in the presence of another chain,36 were determined using dihedral principal component 
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analysis (dPCA).37 The double-molecule states were determined using the PCA of the 

inverse distances between Cα atoms, and the overall dimer states are the product of the 

single- and double-molecule states.36 In the calculations, each system is projected on the 

eigenvectors obtained from the two REMD trajectories. To identify geometric clusters in 

these two subspaces, we performed clustering analysis as described in refs 35 and 37. The 

collision cross-sections (CCSs) were calculated using MOBCAL38 and the trajectory 

method reported in other simulations.25,35,37

3. RESULTS

Figure 1 demonstrates the convergence of the REMD simulation at 315 K, near the 

physiological temperature, by comparing five metrics calculated over 100–315 and 315–530 

ns that remain essentially unchanged over both intervals. The same metrics calculated 

between 100–400 and 100–530 ns are nearly identical, suggesting a simulation time of 400 

ns for obtaining equilibrium structures (data not shown). The metrics include the radius of 

gyration, Rg, of individual chains, the intramolecular Cα end-to-end distance between the 

first and last residues (dee), the total number of intermolecular H-bonds, the SASA of each 

side-chain, and the percentage of each residue to be a turn. The very high profile similarity 

of Rg, dee, H-bond, and SASA distributions between WT and S8C seems to suggest that 

both dimers behave similarly, but this is not confirmed by the turn profile, where significant 

differences are observed in the 5–25 region (Figure 1), and the distributions of the root-

mean-square deviation (RMSD) using residues 1–42 with respect to four Aβ42 fibril models 

(PDB entries 2BEG,14 2MXU,39 2NA0,9 and 5KK340), where the values lie within 1–2 nm 

for WT and 1–3.5 nm for S8C (Figure 2). Note that 2BEG has a U-shape and 2NA0 and 

5KK3 have an S-shape, whereas 2MXU displays triple parallel β-sheet segments spanning 

residues 12–20, 27–32, and 36–41. In what follows, analysis was performed at 315 K within 

the time interval of 100–535 ns, and statistical deviations were determined by using block 

averages over different time intervals.

The percentage of the secondary structure averaged over all residues is identical between 

WT and S8C within statistical deviations: 23 ± 3.9% for β-strand, 6 ± 2% for α-helix, 41.6 

± 4% for turn, and 29 ± 4% for random coil. Figure 3 shows the secondary structure along 

each sequence. Whereas the coil profile is identical between WT and S8C, we note (a) for β-

strand content a decrease from 37 to 12% for residues 11–12 and an increase from 34 to 

60% for residues 17–18–19 upon S8C mutation, (b) for α-helix content a reduction for 

residues 15–35 of few percents compensated by an increase in the 7–10 region upon S8C 

mutation, and (c) for the turn region four distinct peaks centered at residues 8, 15, 24, and 35 

in WT versus a broad distribution in the 6–15 region and two peaks centered at 24 and 37 in 

S8C.

Although the populations of all intramolecular and intermolecular salt bridges formed in WT 

and S8C (in Figure 4) are very similar (with the exception of the long-range intramolecular 

E11-R5 contact varying from 19 to 12% and the intermolecular D7-R5 contact varying from 

2 to 10% upon S8C mutation), there are substantial differences in the interpeptide SC–SC 

contact maps shown in Figure 5. Both contact maps are rather sparse, indicating a small 

number of interactions with probabilities between 9 and 12%. Looking at the WT map, we 
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identify three dominant spots involving the two CHC regions (residues 17–20), the CHC 

region and the Cter (residues 32–40), and the two C-terminus regions (four maxima among 

residues 31–35, 32–36, 35–40, and 33–40). The S8C species reveals a completely different 

pattern with one clearly identified region involving residues 4–12, two spots involving Nter 

and Cter, and the two C-termini. As can be seen, the contacts are reduced between CHC and 

Cter and between the two N-termini upon S8C mutation.

As a first step to characterize the similarities and differences between the equilibrium 

ensembles of WT and S8C, we determined the single-molecule states using dPCA and the k-

means clustering leads to 10 free-energy minima denoted s1–s10 for WT and S8C. The 

conformations closest to the center of each minimum are shown in Figure 6. For each free-

energy minimum and using all conformations belonging to each state, we give in Table 1 the 

population, the (β-strand, α-helix) locations, and the averaged values of the Q number of 

intramolecular SC–SC contacts between Nter and CHC, CHC and Cter, and Nter and Cter. 

For both sequences, the populations vary between 18% (s1) and 4% (s10). The 10 single-

molecule states of WT (S8C) have Q = 3–5 (2–5) Nter–CHC contacts, Q = 4–9 (3–10) 

CHC–Cter contacts, and Q = 2–6 (2–6) Nter–Cter contacts. The first five states (s1–s5) 

represent 67 and 53% of the ensemble in WT and S8C, respectively.

In both species, the equilibrium ensemble consists of highly disordered structures with short 

β-hairpins (six states in WT vs five states in S8C) spanning various locations (CHC–Cter, 

Nter, Cter, and loop–Cter) and amino acid positions. For instance, within the CHC–Cter 

region, there are β-hairpins spanning 20–22 and 37–39 (s1) or 18–20 and 33–35 (s8) in WT 

and spanning 18–22 and 29–33 (s2) in S8C. Within the Nter region, there is a β-hairpin 

spanning 3–6 and 10–13 (s7) in WT and spanning 3–6 and 9–13 (s3) or 4–5 and 11–12 (s9) 

in S8C. Within the Cter region, we find a β-hairpin at positions 30–31 and 35–36 (s1) in 

S8C and at positions 30–33 and 37–40 (s3) in WT. Of interest is the presence of a β-hairpin 

spanning the Cter (residues 30–36) and loop (23–37) regions in WT (s9), which is absent in 

S8C.

Then, the two ensembles contain transient three-stranded β-sheets: two states in WT 

spanning CHC–Cter–Cter: s6 (residues 19–22, 29–32, and 36–37) and s10 (residues 17–21, 

30–36, and 39–40) versus four states in S8C: s4 spanning Nter–CHC–Cter and the s6, s7, 

and s10 states (21%) spanning CHC–Cter–Cter. Finally, the equilibrium structures also 

contain transient four-stranded β-sheets in WT (s2) with two strands in Nter (residues 2–5 

and 11–13) and two strands in Cter (residues 31–33 and 38–40), which are absent in S8C, 

and more transient 3–10 and α-helical conformations in WT (s4, Figure 6) than in S8C. 

Overall, as seen in Figure 7, which reports the populations of all types of β-sheets, upon S8C 

mutation, the population of β-hairpin drops from 12.5 to 6% in the Nter region and increases 

from 11 to 26% in the CHC–Cter region and the population of intramolecular three-stranded 

β-sheets increases from 1 to 4% in the Nter–CHC–Cter region and from 3.8 to 14% in the 

CHC–Cter–Cter region.

The 10 dominant clusters of Aβ42 WT and S8C dimers denoted S1–S10 of populations 

between 3.6 and 1.8% for WT and between 2.3 and 1.6% for S8C, representing therefore 24 

and 18% of all conformations, are displayed in Figure 8 and analyzed in Table 2. In total, 
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there are 400 clusters in both WT and S8C. Each structure refers to the center of a cluster. 

Each cluster is described by its two single-molecule s states (Figure 8), α-helix, turn and β-

strand contents, and CCS values. Also, we give the Q number of interpeptide SC–SC 

contacts between the Nter and CHC region (N1), the Cter and CHC region (N2), Nters (N3), 

the CHC and CHC region (N4), and Cters (N5). All values are obtained using all 

conformations belonging to each cluster. The first 10 states of each species are highly 

disordered structures with various topologies, interfaces, and compositions of single-

molecule states. The 20 states have a β-strand, varying between 14 and 38%, but four states 

in WT (S1, S3, S6, and S9) have between 3 and 13% of α-helix, whereas seven states in S8C 

have between 3 and 15% of α-helix.

In the first WT state, S1, with a population of 3.6% and consisting of the s1 and s2 states, 

the dimer forms a five-stranded β-sheet with an intermolecular parallel β-sheet at the Cter 

spanning residues 37–40 and 31–33. This state, displaying one chain with an extended Nter 

and the second chain with a β-hairpin spanning Cter, is dominated by intermolecular Cter–

Cter contacts (N5 = 18) followed by intermolecular Cter–CHC (N2 = 7) and CHC–CHC (N4 

= 6) contacts. The S2 WT state, with a population of 2.6% and consisting of the s6 and s5 

states with two rather extended Nters, displays an intermolecular antiparallel β-sheet 

spanning residues 16–22 (CHC) and 38–40 (Cter), with a small number of intermolecular 

CHC–CHC (N4 = 1) contacts.

For the S8C dimer, S1, of population 2.3% and with one chain with three β-strands spanning 

Nter–CHC–Cter, displays the same number of intermolecular Nter–Nter (N3 = 7) and Cter–

Cter (N5 = 8) contacts and an interpeptide antiparallel β-sheet spanning residues 39–40. The 

S8C S2 state, of population 2.1%, with one chain displaying an α-helix at residues 15–19 

and a β-hairpin spanning the Cter and the second chain with a β-hairpin spanning residues 

18–22 and 29–33, is characterized by more intermolecular Nter–Nter (N3 = 11) contacts 

than Cter–Cter (N5 = 4) contacts.

The high dissimilarity between the first 10 states of WT and S8C is revealed by the values of 

the N1–N5 intermolecular contacts. As seen in Table 2, the WT states are characterized by a 

high number of Cter–CHC interactions (N2 on the order of 5.1 for WT vs 2.7 for S8C) and 

CHC–CHC interactions (N4 varying between 0 and 19 for WT). On the other hand, the S8C 

states are characterized by a higher number of Nter–Nter interactions (N3 varying between 1 

and 5 in WT vs 4 and 11 in S8C, as expected from the formation of the disulfide bridge) and 

a lower number of CHC–CHC interactions (N4 varying between 0 and 5 for S8C). 

Considering the first 100 states, which represent 79 and 72% of the full WT and SC 

equilibrium ensembles, does not change the previous pictures.

4. DISCUSSION

We have only low-resolution-structure information on the Aβ42 WT dimers. The Aβ42 

dimer size was investigated by an IM-MS study, leading to a mean CCS of 1252 Å2.41 The 

CCS values of the first 10 WT clusters range between 1229 and 1374 Å2. Using the first 200 

clusters, the calculated CCS is 1269 Å2, in perfect agreement with the experiment but very 

different from those reported by a recent OPLS/TIP3P REMD simulation, with CCS values 
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of the first four clusters ranging between 923 and 1053 Å2.26 This discrepancy may arise 

from the choice of the force fields but also from the method used to identify the most 

populated clusters. We estimate the clusters by a very complex procedure that considers the 

product basis of single-molecule and double-molecule states and identified a total of 400 

clusters, whereas the previous REMD simulations calculated the potential of mean force 

using the average number of intrachain CHC–Cter contacts and the total number of 

interchain contacts between CHC and Cter and identified four dominant clusters with a 

population of 74%.26

The secondary structure composition was investigated by two CD experiments on the Aβ42 

WT peptide at pH 7 and led to the α-helix content of 3% and β-strand content of 13% at 

time zero and thus consisting of monomers and small oligomers.2,42 Using the same sample 

preparation, identical results were obtained for the Aβ40 WT peptide, but another study 

based on another separation procedure for the Aβ40 WT dimer led to 9% of helix and 38.6% 

of β-sheet.43 Our AMBER99sb-ildn/TIP3P simulation gave 6 ± 2% of α-helix and 23 

± 3.9% of β-strand, in agreement with the first set of CD experiments and the recent REMD 

simulation using OPLS/TIP3P (<3%, 15–19%).26 For comparison, multiple short OPLS/

TIP3P MD simulations starting from CG predictions22 and a 4 µs MD trajectory followed by 

500 ns of accelerated MD simulations using AMBER99sb-ildn/TIP3P24 gave α-helix and β-

strand of 1 and 6% and 4 and 5%, respectively, suggesting limited sampling of the 

conformational space. In contrast, atomistic Monte Carlo simulations with an implicit 

solvent predicted a too high β-strand population.44

Looking at the β-strand and turn profiles along the WT sequence, we find five regions with 

high strand propensity (>20%): residues 2–6 and 11–13, the CHC region, and residues 30–

35 and 39–41, that are connected by turns at positions 7–8, 14–16, 24–29, and 34–37. 

Similar profiles with different contents have been observed by OPLS/TIP3P REMD 

simulations for the Aβ42 dimer26 and AMBER99sb-ildn/TIP4P-Ew REMD simulations for 

the Aβ42 monomer.45 For instance, the former predicts turn propensity of 90% in the loop 

region versus 67% in this study and β-strand propensity of >20% for CHC and residues 31–

40 and 10–15% for residues 2–3 and 5–7.26

The WT simulations confirm some three-dimensional (3D) features that have already 

discussed by previous Aβ42 monomer45–48 and dimer21,26 simulations using various protein 

force fields (CG/atomistic) and solvent representations (implicit/explicit): the high 

propensity of CHC and the N-terminus of Cter (residues 30–36) for transient β-hairpins that 

also form in Aβ40 and the high probability of residues 17–21, 30–36, and 39–41 to adopt 

transient intramolecular three-stranded β-sheets, which are absent in Aβ40.37,46

However, our extensive simulations reveal new features. First, there are no well-defined 

interfaces in the dimer. Whereas previous MD and REMD simulations reported that the 

Aβ42 dimers are stabilized primarily by intermolecular hydrophobic interactions of the CHC 

regions,24 of the CHC and Cter regions,25,26 or between the Cter and Cter regions with some 

CHC–CHC contributions,21,26 we find a diverse ensemble of interfaces stabilized by 

intermolecular interactions between any pairs of segments, that is, Nter–Nter, Nter–CHC, 

CHC–CHC, CHC–Cter, Cter–Cter, and Nter–Cter, indicating that almost all orientations and 
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positions of the peptides are populated in the dimers. Second, the dimer cannot be described 

by a few free-energy minima24,26 but by a plethora of minima that can act as seeds for 

further polymerization. Although there is a high propensity for β-strands at the CHC and 

Cter regions compatible with the fibril of the Aβ42 synthetic peptide,4,14 some dimers 

contain β-strands in the loop region (residues 25–28) and the N-terminus (residues 2–6) 

compatible with the disease-relevant Aβ42 fibril model.9 It is of interest that two-

dimensional IR experiments on amylin suggested the initial stages of aggregation involving 

β-sheet formation in the loop region.49 Whether the formation of a short β-strand at 

positions 2–6, already discussed in the simulation of the Aβ42 monomer with AMBERs99-

ildn/TIP4P but not with OPLS,45 is an artifact of the force field remains to be determined.

We do not have any CD and IM-MS data on Aβ42 S8C dimers. Our simulations reveal that 

the CCS value (1276 Å2) and the secondary structures are rather invariant. Upon S8C–S8C 

mutation, the β-strand content varies however with a decrease of 75% for residues 11–12 

and an increase of 50% for residues 17–18–19, and this is accompanied by the presence of 

three peaks in the turn profile versus four in WT, with a change in the region 6–15 and an 

increase in the turn content of residues 36–37, the latter residues in turn are considered as 

the sine qua non of A42β WT with respect to Aβ40 WT.50 Upon mutation, the lifetime of β-

hairpins in CHC–Cter and that of a double β-hairpin spanning residues 17–21, 30–36, and 

39–41 increase by a factor of 2 and 3, respectively. A comparison of the single-molecule and 

overall states between the WT and S8C dimers reveals substantial differences in terms of 

intramolecular and intermolecular conformations. However, detailed analysis reveals one 

common structural feature shared by both species, that is, the double β-hairpin discussed 

above, in the single-molecule states (state s10 in WT and states s6 and S10 in S8C in Figure 

6) and in the overall dimer conformations (e.g., state S4 in WT and states S6 and S8 in S8C 

in Figure 8). Application of our clustering procedure and the standard RMSD clustering 

(using all main-chain and side-chain atoms of residues 17–42 or 9–42 and a cutoff of 3 Å) 

leads to the populations of 4 and 12% of double hairpin in WT and S8C, respectively. 

Therefore, it is reasonable to speculate that the toxicity in the WT and S8C species is at least 

mediated by this 3D structure. This result is consistent with recent experimental evidence 

that the Aβ39–42 peptide can modulate Aβ oligomerization and toxicity.51,52

5. CONCLUSIONS

We have characterized the structure of the Aβ1–42 dimer and its disulfide-bond-locked 

double mutant (S8C) using extensive REMD simulations at pH 7. Our goal was not to 

understand why the intermolecular disulfide bond prevents Aβ oligomerization upon S8C 

mutation. REMD simulations in explicit solvent are computationally demanding, and only 

CG simulations of the Aβ1–42 S8C tetramers could provide physical insights explaining this 

fact.53–55 Instead, in this study, we reveal that the intermolecular disulfide bond at position 8 

significantly impacts the equilibrium structures and propose one possible structural scenario 

for preserving the toxicity of the S8C mutant that cannot form large aggregates. This study, 

in concert with recent simulations and experiments on new variants,56–59 may help design 

new inhibitors for early-stage Alzheimer disease.60–62
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Figure 1. 
Convergence of REMD simulations at 315 K. Shown are the distributions of various 

quantities including the radius of gyration (Rg), the Ca end-to-end distance (dee), the total 

number of intermolecular hydrogen bonds (H-bond), the SASA (S), and the turn secondary 

propensity of each residue. The results are calculated for two time intervals 100–315 ns 

(black curves) and 315–530 ns (red curves). The panels on the left and right display the 

results of the WT and S8C, respectively.
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Figure 2. 
Distribution of the RMSD of the single chains at 315 K of WT (upper) and S8C (lower). 

Shown are the results calculated with respect to different PDB structures (2BEG, 2MXU, 

2NAO, 5KK3) using residues 1–42 in all calculations.
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Figure 3. 
Secondary structure propensities of each amino acid of Aβ42 WT (black) and S8C dimers at 

315 K with error bars obtained using three independent time windows.
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Figure 4. 
Population (in %) of intramolecular (upper) and intermolecular salt bridges formed in Aβ42 

WT and S8C dimers. The salt-bridge distances are calculated between atoms CG (in Asp1, 

Asp7, or Asp23) or CD (in Glu3, Glu11, or Glu22) and atoms NH2 (in Arg5) or NZ (in 

Lys16 or Lys28). The notation (ni − pj) or (pi − nj) (i,j = 1,2) stands for the salt bridges 

between negative charged residues (Asp1, Glu3, Asp7, Glu11, Glu22, and Asp23) and 

positive charged residues (Arg5, Lys16, and Lys28) or vice versa. The error bars are at most 

of 3% using three independent time windows.
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Figure 5. 
Interpeptide side-chain–side-chain contact probabilities at 315 K. The black box in the right 

panel indicates the 100% probability of the CYS8–CYS8 contact.
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Figure 6. 
Representative structures of the 10 single-molecule states of Aβ42 WT (upper panels) and 

S8C (lower panels) dimers. The ball indicates the first residue.
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Figure 7. 
Populations (in %) of Aβ42 WT and S8C dimers forming β-hairpins only at Nter 

(HPNter–Nter), between Nter and CHC (HPNter–CHC), at Cter (HPCter–CHC), and between 

CHC and Cter (HPCHC–Cter). The populations of intramolecular three-stranded β-sheets at 

Nter–CHC–Cter (βSNter–CH–Cter) and CHC–Cter–Cter (βSCHC–Cter–Cter) are also shown. 

Error bars based on three independent time windows.
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Figure 8. 
Representative structures of the first 10 overall states of the Aβ42 WT and S8C dimers. The 

overall state Si of the WT dimer is formed by two single-molecule states (sk, sl) with S1 = 

(s2, s1), S2 = (s6, s5), S3 = (s5, s4), S4 = (s6, s10), S5 = (s7, s1), S6 = (s8, s4), S7 = (s3, s2), 

S8 = (s7, s5), S9 = (s7, s2), and S10 = (s9, s6). The overall states of the S8C dimer consist of 

S1 = (s4, s1), S2 = (s2, s9), S3 = (s1, s9), S4 = (s2, s3), S5 = (s3, s2), S6 = (s10, s5), S7 = 

(s9, s2), S8 = (s8, s6), S9 = (s8, s5), and S10 = (s2, s8). The representative structures of the 

single-molecule states are shown in Figure 6. The ball indicates the first residue.
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