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Abstract

The dimer of the amyloid-β peptide Aβ of 42 residues is the smallest toxic species in Alzheimer’s 

disease, but its equilibrium structures are unknown. Here we determined the equilibrium 

ensembles generated by the four atomistic OPLS-AA, CHARMM22*, AMBER99sb-ildn, and 

AMBERsb14 force fields with the TIP3P water model. On the basis of 144 µs replica exchange 

molecular dynamics simulations (with 750 ns per replica), we find that the four force fields lead to 

random coil ensembles with calculated cross-collision sections, hydrodynamics properties, and 

small-angle X-ray scattering profiles independent of the force field. There are, however, marked 

differences in secondary structure, with the AMBERsb14 and CHARMM22* ensembles 

overestimating the CD-derived helix content, and the OPLS-AA and AMBER99sb-ildn secondary 

structure contents in agreement with CD data. Also the intramolecular beta-hairpin content 

spanning residues 17–21 and 30–36 varies between 1.5% and 13%. Overall, there are significant 

differences in tertiary and quaternary conformations among all force fields, and the key finding, 

irrespective of the force field, is that the dimer is stabilized by nonspecific interactions, explaining 

therefore its possible transient binding to multiple cellular partners and, in part, its toxicity.
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1. INTRODUCTION

The wild-type (WT) Aβ42 peptide, DAEFRHDSGYEVHHQKLVFFAEDVGSN 

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

hydrophobic (residues L17-A21 and A30-A42) regions, aggregates faster in vitro and is 

more toxic than the most abundant Aβ40 peptide.1 Toxicity arises from all Aβ42 aggregate 

sizes, though the Aβ42 monomer with the Artic mutation (E22G) has been reported to be 

toxic in contrast to the WT monomer.2 The WT Aβ dimers, which are the smallest toxic 

species leading to neuritic degeneration,3 are structurally heterogeneous in aqueous solution.
4 High-resolution structure determination of dimers is, however, of paramount importance to 

understand the primary nucleation process and how they interact with all partners in the 

extracellular milieu.5

Atomistic or coarse-grained (GC) molecular dynamics (MD) and replica exchange 

molecular dynamics (REMD) simulations are often used to generate the conformational 

ensemble of intrinsically disordered proteins (IDPs), but the results vary with the protein 

force field and the analysis tools used.6–17 On one hand, all-atom simulations of Aβ40 and 

Aβ42 monomers11,12,18 show transient antiparallel interactions between the residues L17-

A21 and A30-L34 in Aβ40 and Aβ42 and additional β-hairpin spanning residues 39–41 in 

Aβ42, but their probabilities vary between OPLS, AMBER99sb-ildn, and CHARMM22*. 

On the other hand, marked differences between simulations of the three force fields are 

observed for the N-terminus, where AMBER99sb-ildn predicts some β-sheet character, 

while OPLS and CHARMM22* predict more turn.11 Although there is difference in both 

compact maps and secondary structures between the force fields, all compare well to nuclear 

magnetic resonance (NMR) Aβ42 observables such as chemical shifts and J couplings.12 

Interestingly, on the basis of a complete set of chemical shifts and J couplings, the 34 N-

terminal residues behave identically in the two monomeric species at pH 7, and the Aβ40 

and Aβ42 ensembles resemble random coil, with the possibility of transient heterogeneous 

structured conformations of low probability.19

Our understanding on how the equilibrium ensemble of the Aβ42 dimer is impacted by the 

protein force field is even more limited and contradictory, despite numerous CG simulations,
7,8 all-atom MD simulations of 1 to 4 µs in explicit solvent using OPLS20,21 and 

AMBER99sb-ildn22 with TIP3P water model, and OPLS/TIP3P REMD simulations, with 

replicas varying between 200 ns23 and 400 ns.24 We recently reported the REMD results of 

Aβ42 dimer using AMBER99sb-ildn/TIP3P up to 530 ns per replica, with 48 replicas 

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



starting from different chain dimensions and secondary structure contents.25 We 

characterized hundreds of free energy minima, in contrast to previous simulations that 

identified a few dominant minima, with all predicted states differing from the U-shape or S-

shape conformations of the peptides observed in the fibrils. So a natural question is whether 

these free energy minima are preserved with other protein force fields.

To this end, we determine the Aβ42 dimer ensembles obtained using four force fields 

coupled to extensive REMD simulations (48 replicas with 750 ns per replica and force field), 

and compare them with available experimental circular dichroism (CD) and ion-mobility 

mass-spectrometry (IM-MS) data. The force fields include OPLS-AA,26 CHARMM22*,27 

AMBER99sb-ildn,28 and AMBERsb1429 coupled to TIP3P30 model. Note the three former 

protein force fields have already tested on the Aβ42 monomer, we use the modified TIP3P 

model for CHARMM22* simulation,31 and it is beyond the scope of this paper to explain 

the main differences between the four force fields. Then, we compare the generated 

equilibrium ensembles with experimental observables that could be measured, such as 

hydrodynamic properties from NMR diffusion experiments, small-angle X-ray scattering 

(SAXS), and six sets of NMR J couplings.

2. MATERIAL AND METHODS

The simulation protocol and analysis methods have been described elsewhere.25 In brief, the 

same ensemble of initial dimer structures for the 48 replicas was used and has a secondary 

structure content of 11.7% β-strand, 7% α-helix, and 82% coil-turn. Simulations were 

carried out at pH 7 in a cubic TIP3P box at peptide concentration of 14.8 mM, in which the 

peptides have NH3
+ and CO2

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

and neutral His with a protonated Nε atom, and are neutralized by Na+ ions resulting in 

21858 atoms.

GROMACS with SHAKE allows a time step of 2 fs.32 Electrostatic interactions used 

particle mesh Ewald method with a cutoff of 1.1 nm,33 van der Waals interactions used a 

cutoff of 1.2 nm, and the velocity-rescaling thermostat was employed.34 REMD was 

performed with 48 replicas from 300 to 400 K, exchanges between two replicas attempted 

every 2 ps, leading to a mean acceptance ratio of 25–30% and each replica ran for 750 ns.

The conformations were analyzed by their secondary structure contents using STRIDE 

program35 (with helix content including 3–10 helix, Pi helix and α-helix), their solvent 

accessible surface areas (SASA) and radii of gyration using GROMACS tools, their side-

chain–side-chain (SC–SC) contact maps (with a contact formed if the minimum distance 

between any carbon, oxygen and nitrogen side chain atoms is less than 4.5 Å), and their total 

numbers of SC–SC contacts calculated by Q values.36 A β-hairpin is considered formed if 

there are at least two backbone H-bonds between consecutive β-strands, with each strand 

consisting of three consecutive residues belonging to the Ramachandran β-region.36 A H-

bond is formed if the acceptor–donor distance is <3.5 Å and the acceptor–donor–H angle is 

less than 30°.37
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Rather than projecting the free energy surfaces on selected order parameters, we used our 

general method to identify accurately all the states of the dimer.38

First, the single-molecule states, i.e., states of the intramolecular conformation of one chain 

in the presence of another chain, are identified as the minima on the free energy landscape 

F(v1,v2) = −kBT[ln P(v1,v2) − ln Pmax]. Here, (v1,v2) are the first two principal components 

corresponding to the largest eigenvalues obtained from the dihedral principal component 

analysis (dPCA)37 of the backbone dihedral angles of two chains, and P(v1,v2) is the 

probability distribution obtained from a histogram of the four combined REMD trajectories 

(each per system) at 315 K. Pmax denotes the maximum of the distribution, which is 

subtracted to ensure that F(v1,v2) = 0 for the lowest free energy minimum. The single-

molecule states were also analyzed using the standard Cα root-mean square deviations 

(RMSD) using GROMACS tools.

Second, the double-molecule states, i.e., describing the intermolecular positions and 

orientations of two chains, are determined in the same way, except that the PCA was 

performed on the inverse distances between interchain Cα atoms.

Third, the overall states of the Aβ42 dimer are described as the product of the single- and 

double-molecule states.38 The population and the conformational center of each minimum 

on all free energy landscapes were determined by k-means clustering method as reported 

elsewhere.25,36,37

The collision cross sections (CCS) of Aβ42 dimer were calculated using MOBCAL39 and 

the trajectory method as reported in other simulations.36,37 Small-angle X-ray scattering 

(SAXS) curves of Aβ42 dimer were calculated using WAXSiS and these predicted SAXS 

profiles can be directly compared to experimental profiles.40 The translational diffusion and 

rotational diffusion constants of Aβ42 dimer were calculated using HYDROPRO.41 The six 

sets of J-coupling constants of Aβ42 dimer were calculated using the Karplus equations and 

the parameters of refs 42 and 43.

In what follows, the force fields will be referred to as FOP (OPLS-AA), F14 (AMBERsb14), 

F22 (CHARMM22*) and F99 (AMBER99sb-ildn). The Nter spans residues 1–15, the loop 

spans residues 23–30, and the Cter spans residues 31–42. Our central hydrophobic core, 

CHC, includes residues 16–22 and not only the five hydrophobic residues L17–A21 as in 

literature. This choice is motivated by our definition of Q36 to avoid too small values and the 

fact that K16 and E22 also contain a hydrophobic side chain component.

3. RESULTS

REMD convergence for each force field was controlled by the metrics used in ref25., namely 

the radius of gyration, Cα end-to-end distance, total Q number of intermolecular SC–SC 

contacts, SASA and turn propensity along the sequence. The results using the first-half 

(100–415 ns) and second-half (415– 750 ns) trajectories overlap (Figures S1 and S2 in the 

Supporting Information), confirming the convergence of each simulation. In what follows, 

and unless mentioned explicitly, all observables are ensemble-averaged data at 315 K and 

include all predicted conformations of each force field within the time 100–750 ns. This 
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temperature was selected because it is near to the physiological temperature and allows 

comparison with Aβ40 WT dimer simulation.37

Figure 1 compares the distributions of the radii of gyration, Rg, of both individual chains and 

the dimer, the end-to-end distance between the Cα atoms of the first and last residues (dee), 

and the total Q number of intermolecular SC–SC contacts obtained using the four force 

fields. The Rg distributions, averaged over both chains, with FOP and F14 are identical with 

a peak at 1.1 nm vs a peak at 1.2 nm with F99, and a plateau between 1.1 and 1.2 nm with 

F22 (Figure 1A). The Rg distributions of dimers are superposable with a peak at 1.3 nm 

(Figure 1B) and there is little difference between the four RMSD distributions using residues 

17–42 with respect to the U-shape (PDB entry 2BEG44) and S-shape (PDB entry 2NA045) 

Aβ42 fibril models (Figure 1, parts E and F). Differences are noted for (a) end-to-end 

distributions where FOP and F14 display a peak at 0.5 and 1.0 nm with probabilities (P) of 

6% and 7.5%, while F99 and F22 show maxima at 2.1 and 2.5 nm with P of 5.5% (Figure 

1C) and (b) Q intermolecular contact distributions where the values span 2–9 with F14 vs 2–

12 with the other three force fields (Figure 1D).

The mean and error bar of the secondary structures averaged over all residues are reported in 

Table 1 for each force field. In all cases, turn dominates varying between 38 ± 1.7% (F14) 

and 47 ± 1.4% (FOP), and coil remains at 27–29 ± 2%. In F14 and F22, a helix is preferred 

(20 ± 1.6%, 19 ± 2.2%) over β-strand (14% and 11%), while in F99 and FOP, the β-strand is 

preferred (24 ± 2.8%, 20 ± 1.5%) over helix (6% and 4%).

Figure 2 shows the secondary structure profile along the sequence. Error bars are not shown, 

but they are similar in magnitude for the four force fields to those reported in ref 25. The 

four coil profiles show differences of 10–20% in the region 9–40. All turn profiles show four 

peaks at residues: 6–9 with very similar probabilities (P = 75% for residue 7), 14–16 and 

23–29 (with differences up to 17% and 40% for residues 15 and 39), and 34–38 in F99, FOP, 

and F14 with P = 40% vs 36–39 in F22 with P = 65% for residue 38. Looking at the helix 

propensity per residue, FOP displays a signal of 14% in the region 13–18, F99 shows a 

signal of 8% in the region 13–37, and F22 and F14 display a signal of 22%–55% within 

residues 14–36. The maximum is, however, observed at CHC by F14 vs residues 32–33 by 

F22.

All β-strand profiles show five regions spanning residues 2–5, 11–13, 17–21, 30–36 (for 

F14, FOP and F99, but only 34–36 for F22) and 39–41. While the mean β-strand contents in 

F99 and FOP are rather similar (24% and 20%), there are differences in the β-character of 

the residues 2–5, 17–21, 36 and 39–40 with maxima in (F99, FOP) of (43%, 22%), (38%, 

22%), (67%, 45%) and (47%, 30%), respectively. The main feature of the F22 strand profile 

with respect to the other force fields is the very low β-strand content of the residues 30–34. 

The F14 strand profile follows that of FOP, except at positions 31–32 and 33–36, with a 

difference of −25%.

The SASA profiles of backbone and side-chain atoms do not show any significant 

differences between the force fields (data not shown). Similarly, the propensity of all 

intramolecular (separated by at least by four residues) and intermolecular salt bridges does 
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not show population differences exceeding ±7% (Figure S3). The D23–K28 salt bridge has a 

population of 4 ± 2% with all force fields.

Figure 3 compares the intrapeptide SC–SC contact maps. Noteworthy is the observation of 

high probability (P = 18%) off-diagonal contacts between residues 17–21 and residues 30– 

32 (in F99 and FOP) or 30–35 in F14, almost absent in F22 (P = 6%). The F22 force field 

therefore weakens substantially the CHC–Cter contacts. Contacts within the 12 N-terminal 

residues are observed with P = 70% by F99, FOP and F14 and P = 45% by F22.

Figure 4 reports the intermolecular SC–SC contact maps. Differences between the four maps 

are highlighted in Figure S4. With the exception of interactions between the 2 N-terminus 

residues in F14 with P = 16%, all contact maps show probabilities between 9 and 12%. 

There are, however, four main differences between the maps: (i) CHC–CHC interactions are 

observed in F99, F14 and F22, but not in FOP, (ii) the density of interactions between CHC 

and Cter is much higher in F14 and F22 than in F99 and FOP, (iii) the density of interactions 

between Cter and Cter is much higher in F22 and FOP than in F14 and F99, and (iv) FOP 

and F14 show interactions between Nter and Cter/CHC that are not generated by F22. 

Overall the four force fields display distinct maps and change substantially the involvement 

of the Cter region in dimer formation.

Table S1 characterizes the ten free energy minima of the single-molecule states, denoted as 

s1–s10, using the four force fields, and Figure S5 shows the conformation closest to the 

center of each minimum. There is not a single dominant state, the s1 population varying 

between 17.6% (FOP) and 12.5% (F22). The error bars of the populations are on the order of 

±2%. F14 and F22 single-molecule ensembles are dominated by disordered states with one 

to three α or 3–10 helices: 9 states in F14 and 7 states (e.g., s1 and s4) in F22. Also, F22 and 

F14 show one and three α–β conformations, respectively: s10 with a β-hairpin at the Cter in 

F22, s10 and s6 with β-hairpins at different locations in F14. FOP and F99 consist of five 

and six states, respectively with short β-hairpins spanning various CHC–Cter, Cter, or loop–

Cter mixed with very short helical fragments for F99 only.

Differences in the single-molecule states can be further revealed by the percentages of 

common structures shared by the four force fields. Clustering of the conformations 

generated by the combined four trajectories and based on a standard Cα RMSD cutoff of 0.3 

nm46 shows there is no similarity using the full sequences (Figure 5A). Using residues 9–42, 

only the first four clusters are recognized by at most three force fields (Figure 5B). The first 

cluster is recognized by FOP, F14, and F99 with probabilities of 8%, 5%, and 2.5%, so 

differences statistically significant. This cluster is associated with a β-hairpin spanning 

CHC–Cter. Using residues 17–42, we see that the second cluster, characterized by a 3-

stranded β-sheet spanning CHC– Cter–Cter, is shared by the four force fields (Figure 5C) 

with probabilities varying, however, from 7.5 to 0.4%. To have a more global picture, Figure 

6 reports the populations of intramolecular β-sheets at different positions with error bars 

varying at most by ±1%. It is observed that the population of β-hairpin varies from 11% 

(F99) to 6% (F22), 3% (F14) and 1% (FOP) in Nter, the population of β-hairpin increases 

from 1% (FOP and F99) to 3% (F14) and 8% (F22) in Cter–Cter, and the population of β-

hairpin decreases from 13% (F99) to 8% (FOP), 4.4% (F22), and 1.5% (F14) in CHC–Cter. 
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The force fields have marginal probabilities for β-hairpins spanning the Nter–CHC (except 

F22, 3.8%) and small probabilities for intramolecular 3-stranded β-sheets spanning either 

Nter– CHC–Cter (<1%) or CHC–Cter–Cter (1.5–2.5% with F99, F14 and FOP and 

negligible with F22). Overall, the differences in the intramolecular beta-hairpin populations 

at Nter, spanning Cter–Cter and CHC–Cter are statistically different between the force 

fields.

The first ten clusters of Aβ42 dimer, denoted as to S1–S10, are displayed in Figure 7 for 

each force field. They are analyzed in Table S2 by their populations, two single-molecule 

states, secondary structure compositions, Q values of interpeptide SC–SC contacts between 

various regions, and their CCS values. The error bar of each population is on the order of 

±1.5%. Because of the heterogeneous structural character of each ensemble, e.g. the total 

population of the first 200 clusters representing 98% (F14), 87% (F22), 92% (F99) and 97% 

(FOP) of all conformations, we limit the detailed comparison to the first three states or 

clusters shown on Figure 8 and described by their contact maps. We also define that the two 

chains have parallel, antiparallel or perpendicular orientations if the two turn regions 

(residues 23–30) point in the same, opposite or perpendicular directions

The first three F14 dimer states, S1–S3, with populations of 8.3, 4.8 and 4.1% and 

characterized by (21, 12%), (22, 5%) and (7, 31%) of (β-strand, helix), are stabilized by 

different interfaces involving Nter–Nter and Nter–Cter, and Cter– Cter interactions in all 

cases (but with a much higher density of Cter–Cter contacts in S3), and CHC–CHC contacts 

only in S1 and S2. While the two chains are random coil in S1, one chain has either strong 

beta-character in S2 or high helical content in S3 from residues 17–42. The two chains are 

side-by side in S1, and face-to-face parallel in S2 and antiparallel in S3. The three states 

have CCS values of 1246, 1210, and 1158 Å2.

The first three F22 dimer states, with the lowest populations among all force fields (6.9% vs 

17%. with F14), are characterized by (6, 24%), (18, 32%) and (8, 28%) of (β-strand, helix). 

The contact maps of S1–S3 are more delocalized than for those in F14, with S1 and S3 free 

of Cter–Nter interactions, and S2 free of CHC–CHC contacts. The three states with F22 

have CCS values of 1228, 1176, and 1301 Å2. The S1–S3 states in F99 and FOP with a total 

population of 9% and 11%, respectively have no well-defined structures and interfaces, and 

display various topologies ranging from a 5-stranded β-sheet with an intermolecular parallel 

β-sheet in the Cter spanning residues 37–40 and 31–33 in S2 of F99 to two mainly 

disordered chains in S2 of FOP. The two chains in S1 and S3 are side-by side (parallel) with 

F99 while they are side-by-side (antiparallel) with FOP. The S1, S2, and S3 states have CCS 

values of (1272, 1212, and 1248 Å2) for F99 and (1266, 1173, and 1274 Å2) for FOP.

4. DISCUSSION

We compare the secondary structure content generated by each force field to CD 

experiments and previous simulations. On the basis of one stringent sample preparation 

using many rounds of filtration, CD on Aβ42 WT peptide at pH 7.5 at time zero, and thus 

consisting of monomers and small oligomers, led to α-helix of 3% and β-strand of 13%,47 

consistent with an earlier study.48 A more recent study using PICUP and SDS-PAGE shows 
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an increase to 10% of α-helix and 39% of β-strand for pure Aβ40 WT dimer and no data 

were provided for Aβ42 WT dimer.49 It should be stressed that SDS-PAGE has been 

recently questioned to characterize small Aβ oligomers,50 and cross-linking can change the 

secondary structure content in a way that is still not well understood. Indeed, it has been 

shown that cross-linking can in fact stabilize oligomers by inhibiting their conversion into 

fibrils.51 So in this context, and even if differences of ±3% in absolute levels of helix are 

observed with different convolution protocols,47 the F14 and F22 force fields with 20 

± 1.6% and 18.8 ± 2.2% of helix content clearly overestimate the experimental CD helix 

content, and only the F99 and FOP calculated values with (6% and 24%) and (4% and 20%) 

of (helix and β-strand) are in agreement with CD (3% and 13%).

At the simulation levels, earlier atomistic OPLS/TIP3P REMD18 based on replicas of 400 ns 

and implicit solvent CG OPEP-REMD8 which lead to (<3% of helix, 15–19% of β-strand) 

and (5% of helix, 20% of β-strand) are in agreement with our FOP contents (4% and 20%). 

These values run in contrast with (i) previous OPLS MD simulation starting from multiple 

conformations with 0.9% of helix and 6.6% of β-strand,20 (ii) recent standard and 

accelerated MD trajectories using AMBER99sb-ildn/TIP3P24 with 4% of helix and 5% of β-

strand,22 vs 6% and 24% with our F99 contents, and (iii) to a lesser extent to extensive DMD 

simulations of Aβ42 peptides coupled to an implicit solvent four-bead CG model with 0% of 

helix and 15.7% of β-strand.52

Experimentally, the cross collision section (CCS) of Aβ42 dimer was estimated by an IM-

MS study to be of 1252 (±20) Å2.53 The CCS values obtained using the solvated 

conformations of the first 200 clusters are 1255 Å2 for F14, 1286 Å2 for F22, 1282 Å2 for 

F99, and 1257 Å2 for FOP. All these calculated CCS values match experiment. Note we do 

not attempt to reproduce the ESI (electrospray ionization)-IM-MS CCS values, i.e., in gas 

phase with a charge state +5 (the most populated charge state).50

Second, we calculate other experimental properties, not determined yet, to assess whether 

they are dependent on the equilibrium ensembles. Using the conformational centers of the 

first 200 clusters and with each conformation subject to a MD trajectory of 160 ps by the 

WAXSiS server, the four SAXS profiles are nearly superposable to each other (Figure 9). 

Note that SAXS analysis has been reported for a sample of Aβ42 monomers and various 

oligomeric species at time 0.1 and 3 h,54 and Cu2+-induced Aβ42 oligomers with measured 

Rg values varying between 20 and 80 Å, respectively, making comparison with our predicted 

profiles impossible.55

Using the conformational centers of the first 200 clusters, the calculated rotational diffusion 

coefficient is 2.86, 2.80, 2.78, and 2.82 × 107s−1 for F14, F22, F99, and FOP, respectively, 

and the calculated translational diffusion coefficient is 12.6, 12.5, 12.5, and 12.6 × 10−7 cm2 

s−1 for F14, F22, F99, and FOP. All these diffusion coefficients are identical within the 

experimental uncertainties of ±0.1 units.56,57 Taken together, these predictions on SAXS and 

hydrodynamics, which are sensitive to global structural features, clearly indicate that these 

measurements will not contribute to our understanding of Aβ dimers.
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We also calculate six sets of NMR scalar couplings, which report on ensemble averaged 

backbone dihedral angles, as reported for the Aβ40/42 monomers.19 These scalar couplings 

include 3JHN–Ha, 3JHa–C′, 3JHN–C′, and 3JC′–C′, which report on the phi dihedral angle, and 
1JN–Cα and 2JN–Cα, which report on the ψ dihedral angle. As can be seen on Figure 10, and 

assuming an uncertainty of 5% in the experimental values,17 the F99 and FOP 3JHN-Ha 

constants along the sequence are very similar and clearly different from the F22 and F14 

corresponding J-profiles, with the largest deviation involving the amino acid region 16–39. 

This similarity between these scalar couplings obtained by F99 and FOP is reminiscent of 

their secondary structure profiles (Figure 2) and it is beyond the scope of this paper to 

discuss which aspects of the two force fields are similar.

Despite the four ensembles closely resemble random coil, and are highly heterogeneous, 

they have a few common structural features. First, at the intramolecular level, all force fields 

show a small β-strand signal at residues 2–5, 11–13, and CHC, and a high β-strand signal at 

34–36 and 39–41. They show a signal of 1.5–13% and 1–8% for a β-hairpin spanning CHC–

Cter and within Cter, respectively and a signal of 0–2.5% for a double β-hairpin spanning 

residues 17–23, 29–36, and 39–41. This overall β-strand profile and the observation of β-

hairpins spanning the Cter region and the CHC–Cter is similar to Aβ42 monomer 

simulations.11 The β-hairpin spanning CHC–Cter has been already discussed in many 

observed structures along the aggregation pathways58 or interacting with inhibitors.59,60 

Upon association to the homodimeric ZAβ3 protein of 58 residues, the Aβ1–40 monomer 

forms a β-hairpin spanning CHC and the residues 31–36.59 Upon association to a beta-

hairpin mimics containing a piperidine–pyrrolidine semi rigid β-turn inducer located 

between the Aβ residues CHC and 33–37 (GLMVG), Aβ42 peptide remains monomeric as 

can be seen by gel electrophoresis.60 This intramolecular antiparallel β-sheet has also been 

discussed by CG OPEP61,62 REMD simulations of dimers63 and trimers64 of Aβ variants, 

and there is a significant energy barrier for the formation of intermolecular parallel β-sheet.
63,65 The formation of a rather stable turn at the Cter, discussed by other studies,25,52 and the 

formation of a double β-hairpin in the dimers, albeit with a small probability, is consistent 

with the fact that the Aβ39–42 peptide can modulate Aβ oligomerization and toxicity.66,67

Second, at the quaternary level, none dimer state resembles the U- and S-shapes of the 

fibrils, and the four force fields share a heterogeneous ensemble of interfaces. They display 

with low probabilities either intermolecular parallel β-sheets (e.g., S2 of F99 with residues 

39–40 and 31–33 in Figure 8), intermolecular orthogonal (e.g., S9 of F99 and S4 of FOP in 

Figure 7) or antiparallel β-sheets (e.g., S2 of FOP with residues 30–31 and 35–36, S3 of 

FOP with residues 17–18 and 39–40 in Figure 8, S5 of F99 with residues 11–13 and 30–33 

and S9 of F22 with residues 34–40 and 17–20 in Figure 7). This mixture of intermolecular 

β-sheet organization is not specific to Aβ42 WT dimer in explicit solvent. It has been 

already discussed by atomistic simulations of the dimers of Aβ40 WT, A2 V, WT/A2 V, and 

WT/A2T in explicit solvent,36,37,68 and previous CG simulations with implicit solvent of 

Ab42 peptides,8,52 but with significant different probabilities. Similarly, while the two 

previous CG simulations point to the strong involvement of the C-terminal region in dimer 

formation, our simulations reveal that this implication varies substantially between all-atom 

force fields, and overall our simulations provide a different ensemble of equilibrium 

structures.
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In addition to variations in interfaces and propensities to form helical segments, the four 

ensembles are particularly different in the N-terminus region, as can be seen by the J-

coupling constants (Figure 10) and the different propensities to form β-hairpins within the 

Nter (varying from 1 to 11%) and in the Nter–CHC region (varying from 0.2 to 2.5%). This 

difference in the conformations of the N-terminus is problematic since familial mutations in 

the hydrophilic Nter makes Alzheimer’s disease either more aggressive (e.g., H6R, D7N, 

and D7H) or protective (A2 V in heterozygous form and A2T in both homo- and 

heterozygous forms).4,69–71

5. CONCLUSION

It is the first time that the high-resolution structures of Aβ1–42 dimers, which play an 

important role in Alzheimer’s disease, have been characterized and compared by using four 

atomistic force fields, extensive REMD simulations (48 replicas, each of 0.75 µs), and the 

same analysis tools. Knowledge of this structural ensemble is interesting not only to design 

inhibitors,72,73 but also to understand the interactions with many cellular partners in early 

stage Alzheimer’s disease.4,74–77

Overall, the four simulations lead to ensembles resembling random coil and ensemble-

average shows that the cross-collision sections, hydrodynamics properties and small-angle 

X-ray scattering profiles are independent of the force field. There are, however, marked 

differences in secondary (as can be seen by the calculated NMR J couplings) and tertiary 

structural properties among the four force fields.

The AMBERsb14 and CHARMM22* ensembles significantly overestimate the CD-derived 

helix content, while the OPLS-AA and AMBER99sb-ildn secondary structure contents are 

in agreement with CD data. The beta-hairpin content in the CHC–Cter region (residues 17–

21 and 30–36) varies between 8% (OPLS-AA) and 13% (AMBER99sb-ildn), while it is 

between 1.5 (AMBERsb14) and 5% (CHARMM22*). These significant differences in the 

beta-hairpin population spanning 17–36 among the force fields are particularly important, 

because this region can contain: (i) aggressive FAD mutations (A21G, E22Q, E22G, D23N),
4 (ii) chemical modifications either preventing (phosphorylation of S26)4 or accelerating 

(lactam bridge between D23 and K28)4 amyloid formation, or modulating toxicity 

(replacement of G25–S26– N27 by an azobenzene photoswitch),78 and (iii) mutations 

producing less toxic fibrils (L34T)79 or oligomers (L34T,80 and G33I81).

Overall, there are also statistical conformational differences in the N-terminus and C-

terminal and in the quaternary structures among the four force fields, and an important key 

finding of all simulations is that the dimer is stabilized by nonspecific interactions, 

explaining therefore its possible transient binding to multiple cellular partners and in part its 

toxicity.
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Figure 1. 
Distribution of various quantities including the radius of gyration of single chains (A) and 

dimer (B), the Cα end-to-end distance (C), the total Q number of intermolecular side-chain 

contacts (D), the Cα root-mean-square deviation (RMSD) with respect to two fibril 

structures (E, PDB: 2BEG) and (F, PDB: 2NAO) using residues 17–42. Shown are results at 

315 K obtained from the four force fields using 100–750 ns.
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Figure 2. 
Secondary structure propensities of each amino acid of Aβ42 dimer at 315 K obtained from 

the four force fields. F14 (black), F22 (red), F99 (green), and FOP (blue).
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Figure 3. 
Intrapeptide side-chain-side-chain contact probabilities of Aβ42 dimer at 315 K obtained 

from four force fields. For clarity, contacts with P < 10% are not shown.
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Figure 4. 
Interpeptide side-chain-side-chain contact probabilities of Aβ42 dimer at 315 K using the 

four force fields. For clarity, contacts with P < 3% are not shown.
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Figure 5. 
Population of the first 20 most populated clusters of the single-molecule states obtained 

from RMSD clustering of the combined four force fields trajectories. For each cluster, the 

contribution of each force field is shown: F14 (black), F22 (red), F99 (green), and FOP 

(blue). The RMSD is calculated using the residues 1–42 (A), 9–42 (B), and 17–42 (C). 

Structures of the first two clusters are shown with the ball indicating the first residue.
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Figure 6. 
Probability of Aβ42 dimer to form 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 formed at Nter–CHC–Cter 

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

calculated using two independent time windows (100–425 ns and 425–750 ns).
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Figure 7. 
Centers of the first 10 overall states (Si) of the Aβ dimer obtained from 4 different force 

fields. The ball indicates the first residue. The population of each state is shown.
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Figure 8. 
Representative structures of the first three most populated dimer states (Si) of Aβ42 dimer, 

with the ball indicating the first residue. The interpeptide side-chain–side-chain contact 

probability map of each state, S1 (red), S2 (green), and S3 (blue), is also shown.
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Figure 9. 
SAXS predicted curves of Aβ42 dimer using the four force fields with error bars.
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Figure 10. 
Backbone J-coupling constants along residues of Aβ42 dimer using the four force fields. 

The calculation is based on the Karplus relations of the type J(η) = A cos2(η + δ) + B cos2(η 
+ δ) + C, where η denotes either the ϕ (for 3J) or the ψ (for 1J and 2J) backbone dihedral 

angle. The A, B, and C parameters and δ, the phase shift, are taken from refs 42 and 43.
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Table 1

Mean and Standard Deviation of Secondary Structures of Aβ42 Dimer at 315 Ka

SS [%]

F14 F22 F99 FOP

β 13.8 ± 1.5 11.3 ± 1.4 24.3 ± 2.8 20.2 ± 1.5

α 20.0 ± 1.6 18.8 ± 2.2   5.5 ± 1.2   3.5 ± 0.7

turn 38.3 ± 1.7 43.3 ± 2.0 41.1 ± 2.6 47.5 ± 1.4

coil 27.9 ± 1.6 26.6 ± 2.1 29.1 ± 2.7 28.8 ± 1.6

a
The standard deviation is calculated using two independent time intervals (100–425 and 425–750 ns).
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