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Abstract

Oligomerization of amyloid beta (Aβ) peptides has been considered as the crucially causa-

tive agent in the development of Alzheimer’s disease. Etersalate, a nonsteroidal anti-inflam-

matory oral drug (United State Food and Drug Administration—Unique Ingredient Identifier:

653GN04T2G) was previously suggested to bind well to proto-fibrils of Aβ peptides in silico.

Here, the effect of etersalate on the oligomerization of soluble Aβ16–22 hexamer (6Aβ16–22)

were extensively investigated using temperature replica exchange molecular dynamics

(REMD) simulations over ~16.8 μs in total for 48 replicas (350 ns per replica). The results

reveal that etersalate can enter the inner space or bind on the surface of 6Aβ16–22 conforma-

tions, which destabilizes the hexamer. Etersalate was predicted to able to cross the blood

brain barrier using prediction of absorption, distribution, metabolism, and excretion—toxicity

(preADMET) tools. Overall, although the investigation was performed with the low concen-

tration of trial inhibitor, the obtained results indicate that etersalate is a potential drug candi-

date for AD through inhibiting formation of Aβ oligomers with the average binding free

energy of -11.7 kcal/mol.

Introduction

Fibrillation of amyloid beta peptides (Aβ) of 39–42 residues is found to be associated with Alz-

heimer’s disease (AD) [1–3]. Studies on Aβ fibrillation and its inhibition have drawn enor-

mous interests since 4 decades ago. Later investigations led to the amyloid hypothesis, the

widely accepted model for AD pathogenesis, in which Aβ oligomers also play various roles in

injuring neurons [3, 4]. According to this hypothesis, Aβ oligomers can bind to receptors on

the surface of cell membrane, activating microglia and astrocytes that causes progressive syn-

aptic and neurotic injuries. Aβ oligomers can also direct effect on brain neurons’ synapses and

neurocytes [5–9]. In addition, Aβ oligomers can insert themselves in the cell membrane, as

well as mitochondria membrane, disrupting brain cell membrane and cellular ion homeostasis

[10, 11]. Aβ oligomers are also found in the cytosol and within organelles, interfering with sig-

nalling pathways [12]. Moreover, Aβ oligomers can even spread between cells [13, 14]. Thus,
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inhibition of Aβ oligomerization has become an intriguing target for AD drug screening.

Potential inhibitors, such as naproxen and curcumin, have been shown to alter the structures

of Aβ dimers or interfere with oligomerization [15–17].

Aβ oligomers with higher numbers of monomers have been shown to be neurotoxic [4].

However, the structures of Aβ oligomers and the molecular details of their interactions with

potential inhibitors have not been well understood because Aβ oligomers are intrinsically het-

erogeneous. Experimental studies of the inhibition of Aβ peptides oligomeric formation have

been impeded [18] because Aβ oligomers exist transiently in a mixture consisting of different

order of oligomers and fibrils [18, 19]. Computational studies have thus been instrumental in

investigating Aβ oligomer systems [20–22]. The all-atom computational studies of full-length

higher order Aβ oligomers require extremely large amounts of time for the computer to pro-

cess because the folding time of Aβ peptides can last up to several hours [23]. Therefore, the

short fragments of Aβ peptides are often used as a good model to evaluate the representative

properties of the full-length one [24–27]. Accordingly, the hydrophobic core fragments of Aβ
oligomers, such as Aβ16–22, Aβ25–35, and Aβ30–36, have been mainly chosen to be investigated

[28–31]. Furthermore, Aβ16–22 fragment was often selected in designing the Aβ inhibitors [32–

34], because the fragment forms fibril in vitro identified from the Aβ [35]. Results showed that

these fragments well represented the self-assembly of Aβ oligomers and thus could be used to

gain some important insights into the interactions of Aβ oligomers with their inhibitors.

Etersalate (also known as eterilate) is a nonsteroidal anti-inflammatory oral drug (NSAID)

that was suggested to bind well to protofibrils of Aβ peptides in silico [36] due to having more

than 80% of chemical similarity to curcumin, a potential inhibitor candidate of AD [16].

Although recent studies suggested that curcumin is a pan-assay interference compound [37]

resulting in the failure of the clinical trial reported in 2012 [38], Transmission Electron

Microscopy analysis indicated that the curcumin inhibited the self-assembly of the Aβ40 pep-

tide [36]. Curcumin is currently tested in a long term AD therapy program [39], as well as in

the prevention of the cognitive impairments in elders since 2017 [40]. Moreover, some nonste-

roidal anti-inflammatory drugs were shown to be able to prevent Aβ oligomerization, such as

celecoxib, ibuprofen, indomethacin, naproxen, nimesulide, and rofecoxib [41–46]. Thus, eter-

salate is a potential inhibitor for Aβ peptide oligomerization. The pharmacokinetics and phar-

macology of etersalate are well-known except for its blood-brain barriers (BBB) crossing

ability. Absorption, distribution, metabolism, excretion, and toxicity of etersalate have been

well investigated previously (United State Food and Drug Administration—Unique Ingredient

Identifier: 653GN04T2G). In this work, we evaluated the response of soluble Aβ16–22 hexamer

system (6Aβ16–22) when etersalate was induced with low concentration of the inhibitor.

Observed results indicated that etersalate is likely able to prevent the oligomerization process

of 6Aβ16–22 in low concentration.

Materials and methods

Computational modeling

The starting structure of 6Aβ16–22 was randomly set up using the combination of PyMOL [47]

and Visual Molecular Dynamics (VMD) [48] protocols with the biased helical structure of

each Aβ fragment (was mentioned in previous study [49]). Etersalate was randomly inserted

into the soluble 6Aβ16–22 through VMD application (cf. Fig 1) [48]. Two systems were then sol-

vated using TIP3P water model with a dodecahedron periodic boundary conditions [50].

Contemporaneously, etersalate was parameterized through general Amber force field with

chemical quantum calculation at HF/6-31G(d,p) level [51]. The all-atoms force field

Etersalate effects on structure of 6Aβ16-22 oligomer

PLOS ONE | https://doi.org/10.1371/journal.pone.0204026 September 18, 2018 2 / 16

https://doi.org/10.1371/journal.pone.0204026


Amber99SB-ILDN was employed to present the Aβ16–22 peptides [52]. The TIP3P water model

[50] was served to solvate the system.

Two soluble systems were first minimized with steepest descent scheme. Then, the systems

were simulated in canonical ensemble with the positional restraint non-solvated molecules

condition. Finally, the temperature replica exchange molecular dynamics (T-REMD) simula-

tions were applied to evaluate the effects of inhibitor on the hexamer system. The computa-

tional scheme was referred to the previous study [53]. There are 48 replicas with different

temperatures ranging from 290 to 411 K (list of temperatures is described in S1 File). In accor-

dance to previous works, the data was tended every 100 ps.

Analysis and measurement

The system properties were estimated using the measurement of Cα root mean square devia-

tion (RMSD), radius of gyration (Rg), solvent accessible surface area (SASA), and free energy

surface (FES) using Groningen Machine for Chemical Simulations (GROMACS) tools [54].

The size of the soluble system was evaluated through the computation of collision cross section

(CCS) with Ion Mobility Projection Approximation Calculation Tool (IMPACT) [55]. The

secondary structure contents were determined with Define Secondary Structure of Proteins

(DSSP) application [56]. The popular conformations were examined utilizing the clustering

scheme of GROMACS [57]. In addition, the BBB crossing ability of the ligand was predicted

using PreADMET server [58]. A sidechain contact of two residues is counted when the dis-

tance between their sidechain is smaller than 0.45 nm.

The absolute binding affinity between etersalate and 6Aβ16–22 was determined using the

double-annihilation binding free energy method [59]. Detailed computational scheme was

described in previous study [60], in which ten values of coupling parameter λ were used to

eradicate the electrostatic interaction between an inhibitor and encompassing molecules

including 0.0, 0.10, 0.25, 0.40, 0.55, 0.65, 0.75, 0.85, 0.95, and 1.00. Ten values of coupling

parameter λ were assented to alter the van der Waals (vdW) interaction, including 0.0, 0.10,

Fig 1. The 3-dimensional structure of etersalate and initial conformation of soluble 6Aβ16–22+etersalate in

perspective view. The helical structure of Aβ16–22 peptide was randomly selected using the combination of PyMOL

and VMD applications. Carbon, hydrogen, oxygen, and nitrogen atoms are shown in cyan, white, red, and blue,

respectively.

https://doi.org/10.1371/journal.pone.0204026.g001
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0.20, 0.25, 0.30, 0.40, 0.55, 0.70, 0.85, and 1.00. The free energy difference between two states λi

and λi+1 was assessed using Bennet’s acceptance ratio protocol [61]. The free energy of binding

between a monomer to the others was also measured using the same scheme.

Results and discussion

Predicted blood-brain barrier crossing ability of etersalate

Etersalate is an approved anti-inflammatory drug and its pharmacokinetics and pharmacology

including absorption, distribution, metabolism, excretion, and toxicity have been well-known

[62]. BBB crossing ability, which is expressed as log(BBB) is an important factor of neurode-

generative drugs. If a highly efficient inhibitor of Aβ oligomerization could not cross BBB, it

could not be used as a drug for AD therapy. The PreADMET protocol has been used to suc-

cessfully predict log(BBB) of Aβ oligomerization inhibitor candidates [63]. This protocol was

applied to estimate the log(BBB) of etersalate. The predicted log(BBB) of etersalate is -1.36.

This value falls in the range of log (BBB) (-2 to +1) of compounds capable of crossing BBB

[58]. Etersalate is thus likely to be able to cross BBB and is an appropriate candidate for further

consideration of Aβ oligomerization inhibition.

REMD simulations of soluble 6Aβ16–22+etersalate

In order to get better sampling than conventional MD simulations, temperature REMD simu-

lations were executed for solvated 6Aβ16–22+etersalate system. The computation length was

350 ns per replica, and the total simulation time was 16,800 ns with mean exchange rate of

~29%. The simulations were converged after approximately 250 ns of REMD simulations. The

computed metrics were analysed over the simulation interval 250–350 ns at 299.2 K. The

superposition of the computed values in different time intervals of simulations suggest the

convergence of the simulations (S1 Fig). The differences of 6Aβ16–22+etersalate metrics to the

isolated 6Aβ16–22, which was reported in previous study [34], provide the physical insights into

the influence of ligand to the self-assembly of Aβ peptide.

The secondary structure of the soluble hexamer was analysed in the last 100 ns of REMD

simulations at 299.2 K utilizing the DSSP protocol [56]. In the presence of etersalate, the sec-

ondary structure terms of the hexamer system shift sizably (Fig 2). The β-content decreases by

4% from 36 ± 9% to 32 ± 10%. In contrast, coil content increases by 4% from 62 ± 8% to

66 ± 10%. Despite the large errors of the mean values, the shifts in β and coil contents are sig-

nificant as demonstrated by the shift of the distribution curves shown in Fig 2. Furthermore,

these significant differences (p< 0.05) are confirmed by statistical hypothesis testing results (z

score calculations). The helix content also slightly increases (~0.3%), while the turn content

remains unchanged. The tiny increase in the helix content is consistent with the increasing

amount of free monomers in the system [64–66].

In the average of all considered snapshots during the last 100 ns of REMD simulations at

299.2 K, etersalate increases the size and dynamics of 6Aβ16–22 (Fig 2). In particular, Cα RMSD

referred to the initial structure of 6Aβ16–22 (Fig 1A of [34]) is 1.46 ± 0.21 nm, which is signifi-

cantly smaller than that of 6Aβ16–22+etersalate (1.93 ± 0.60 nm). In Fig 2, the distribution of

RMSD in 6Aβ16–22 exhibits a narrow peak centred at 1.51 nm while in 6Aβ16–22+etersalate, this

peak still presents but at ~45% lower magnitude. The conformations of 6Aβ16–22+etersalate

with RMSD > 1.75 nm appears and accounts for ~48% of the total population.

The dimensions of the solvated systems are described through Rg. The average Rg value

increases from 1.30 ± 0.38 nm in 6Aβ16–22 to 1.98 ± 0.89 in 6Aβ16–22+etersalate. Approximately

82% of 6Aβ16–22 is distributed around the Rg peak at ~1.11 nm, and the rest disperses from

~1.60–2.50 nm (Fig 2). In 6Aβ16–22+etersalate, these two features decreases by ~ 34%, while a
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new population appears in the Rg range of 1.5–4 nm and accounts for ~53% of the total popu-

lation. It is noted that in the conformations with Rg > 2 nm, at least one monomer has no con-

tact with the others. The shift in Rg indicates that etersalate can induce significant dissociation

of the hexamer. Consistent with changes in RMSD and Rg distributions, SASA and CCS also

increase in the presence of etersalate. SASA slightly increases from 43.88 ± 4.52 nm2 to

44.52 ± 4.18 nm2. Notably, CCS increases from 7.94 ± 0.89 nm2 to 11.73 ± 0.42 nm2. CSS dis-

tribution exhibits a remarkable shift from a widespread feature between 6.5–11 nm2 to a nar-

row peak at 11.73 nm2 (Fig 2).

Recent studies on the effect of graphene oxide nanosheets and fullerenes indicated that

larger compounds have stronger inhibitory effect on the self-aggregation of Aβ peptides [32,

67]. However, size does not appear to be the controlling factors in clinically relevant com-

pounds. Etersalate (357 g/mol) and propafenone (341 g/mol) are more than 80% chemically

similar. However, while etersalate reduces more than 12% of the total amount of β-structure of

6Aβ16–22 (from 36 to 32%) as shown in this work, propafenone was previously shown to have

no effect on 6Aβ16–22 [34]. In addition, although C60 is significantly larger than etersalate, the

effect of C60 on β-content of Aβ16–22 system [32] is significantly less than that of etersalate.

Overall, it is more likely that the chemical nature of etersalate, but not its size, contribute the

most to its inhibitory effect on the self-aggregation of Aβ16–22 peptides.

Effects of etersalate on the distribution of secondary structure of soluble

6Aβ16–22 per residue

The distributions of β, coil, turn, and α contents per residues averaged for all six chains in solu-

ble 6Aβ16–22+etersalate are shown in Fig 3. Overall, as mentioned above, the distributions of β-

content and coil structure of the 6Aβ16–22 are significantly different in present of the inhibitor.

The β, α and turn content are dominant in the middle of the peptide chains, while coil content

spreads throughout the chain with 100% at the two ends of peptide (residues K16 and E22).

Consequently, there is no β, α and turn content in these end-residues. The β-content of sol-

vated 6Aβ16–22 per residue reduces about 30% in the presence of etersalate (from 65% to 41%

at residue F19), while α-content dramatically increases two to four fold (from 0.47% to 1.86%

at residue F19). Especially, α-content in residue L17 jumps from zero to around 0.9% when

etersalate presents. Both coil and turn contents in 6Aβ16–22+etersalate increase compared to

that in 6Aβ16–22, especially 3 times higher in turn content at residues F19 (from 2% to 6%).

Inter-chain contacts

The intermolecular contacts between constituting monomer of 6Aβ16–22+etersalate were

examined to evaluate the physical effects of etersalate on the nature of binding between isolated

chains of 6Aβ16–22. The intermolecular contacts included the sidechain contacts that were

determined as described in the Materials & methods section. These values were probed every

100 ps over the last 100 ns of REMD simulation at 299.2 K.

The sidechain contacts between different heavy atoms of different chains were measured

and averaged over the considered snapshots. The sidechain contact maps were then created

based on the probability of these values (Fig 4). The difference between the metrics of 6Aβ16–22+

etersalate and isolated 6Aβ16–22 [34] are observed. In qualitative, chains in two systems contact to

each other in an anti-paralleled fashion with the dominant interactions reside in the middle

Fig 2. The distributions of measured values of the solvated 6Aβ16–22 (green lines) and 6Aβ16–22+etersalate (black lines) systems. The

results were analysed from the REMD simulations in time window 250–350 ns at 299.2 K. The data of 6Aβ16–22 was reproduced from in

our published results [34] with permission.

https://doi.org/10.1371/journal.pone.0204026.g002
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from residues L17 to F20. This is in consistent with the high β-content in the middle part of

chains in two cases. However, in quantitative, the overall sidechain contact strength significantly

reduces in 6Aβ16–22+etersalate, particularly at the middle-chain interaction which is correspond-

ing to the reduction of β-content and marked increase in α and turn contents in comparison to

that in isolated 6Aβ16–22 [34]. In addition, significant contacts between residues at N- and C-ter-

minal ends (K16 and E22) of anti-paralleled chains are also observed, indicating that the compu-

tational sampling was adequate. Overall, the mean sidechain contacts of 6Aβ16–22 (11.8%) [34]

are significantly decreased to 9.2% when etersalate is induced. The decrease is much larger than

the case when propafenone is induced (~11.5% in previous study [34]). The lower number of

sidechain contacts in 6Aβ16–22+etersalate is in good agreement with the observation that etersa-

late can reduce the integrity of 6Aβ16–22 structure.

Etersalate alters the popular structures of the hexamer

In order to better picture the effect of etersalate on the hexamer, we analyzed the popular struc-

tures of 6Aβ16–22+etersalate obtained using Cα RMSD clustering method with a cutoff of 0.3

nm. More than 660 clusters of the 6Aβ16–22+etersalate systems were counted in comparison

with 300 of the isolated 6Aβ16–22. The fewer number of clusters may imply the faster aggrega-

tion process. Five of the most populated conformations of 6Aβ16–22+etersalate (denoted as

B1-B5) are shown Fig 5. The total population of B1-B5 is 9.9% of all equilibrium snapshots,

which is approximately 3 times smaller than that of isolated 6Aβ16–22 (27.2%).

The secondary structure metrics of B1-B5 structures are shown in Table 1. In average,

6Aβ16–22+etersalate contains only 35% β-structure (versus with 41% of isolated 6Aβ16–22). B5

and B4 contain 48% and 14% β-structure, respectively, which are the most and the least

among the representatives of 6Aβ16–22+etersalate. The corresponding metrics of isolated

6Aβ16–22 were range from 36 to 52%. Etersalate thus appears to induce fluctuation in the sec-

ondary structure of the hexamer.

Fig 3. The secondary structure terms of 6Aβ16–22+etersalate.

https://doi.org/10.1371/journal.pone.0204026.g003

Fig 4. The sidechain contact maps between the constituting chains of 6Aβ16–22+etersalate.

https://doi.org/10.1371/journal.pone.0204026.g004
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Etersalate is observed in the center of B1 (Fig 5), the Aβ pattern is thus restricted. In B2-B5,

the inhibitor appends on the surface and destabilizes the oligomers. The population of repre-

sentative structures of 6Aβ16–22+etersalate is thus much decreased compared to 6Aβ16–22 as

mentioned above. The increase of CCS was observed from 8.60 nm (isolated 6Aβ16–22) to 9.04

nm (6Aβ16–22+etersalate) that is in good agreement with the whole trajectory analysis

described above.

Stable structures obtained from combination of the FES and clustering

methods

The representative structures of 6Aβ16–22+etersalate were determined using the combination

of FES and clustering methods referring previous study [68]. This combination has been

proven to be markedly suitable in studying the stable structures of β-amyloid systems [69, 70].

FES was constructed with Cα RMSD and Rg coordinates using the GROMACS tool “gmx

sham” [71]. The result is shown in Fig 6. RMSD and Rg are in range of 1.15–1.65 nm.

The minimum of soluble system was found to be M1 (1.35, 1.13) (Fig 6) compared to (1.06,

1.60) of 6Aβ16–22 as described in our previous study [34]. M1 conformation matches B1

Fig 5. Popular conformations obtained by clustering method of the solvated 6Aβ16–22+etersalate system (B1-B5).

Etersalate is shown in red.

https://doi.org/10.1371/journal.pone.0204026.g005

Table 1. The secondary structure terms and CCS of the popular structures of 6Aβ16–22+etersalate (B1-B5), which were predicted using the DSSP and IMPACT

tools.

Conformation Beta content

(%)

Coil content

(%)

Turn content

(%)

Helix content

(%)

Population (%) CCS

(nm2)

B1 36 64 0 0 3.5 9.14

B2 45 55 0 0 2.0 9.35

B3 31 64 5 0 1.7 8.85

B4 14 81 5 0 1.5 8.58

B5 48 52 0 0 1.2 9.26

Average 35 63 2 0 2.0 9.04

https://doi.org/10.1371/journal.pone.0204026.t001
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structure in clustering study (Fig 5). The representative structure of 6Aβ16–22+etersalate (B1) is

significantly different from that of the 6Aβ16–22 (noted as A1’ in Fig 4 of reference [34]).

As described in Table 1, M1 (B1) population appears around 3.5% (with Cα RMSD cutoff of

0.3 nm) with reduced β-structure (36%) and increased coil-structure (64%) compared to A1’

of 6Aβ16–22 (7.8%) with 52% of β-structure and 48% of coil-structure [34]. Etersalate is found

in the middle of 6Aβ16–22 bundle (Fig 5). These results indicate that etersalate can get into the

core of 6Aβ16–22 which loosens the structure of hexamer, and reduce beta content and lower

number of sidechain contacts.

Binding free energy between the constituting monomers to others

The determination of binding free energy also provides the information on the nature of the

oligomeric formation [20]. The free energy perturbation method is known one of the most

accurate methods until now. The double-annihilation binding free energy scheme was thus

applied to investigate the nature of binding between the constituting monomers of soluble

6Aβ16–22 and 6Aβ16–22+etersalate systems. The calculations were applied on the conformation

B1 (Fig 5) and A1’ (Fig 5 of ref. [34]). In this scheme, the free energy difference of binding

between isolated chains to the others was evaluated. The results were averaged over the six

monomers in each system.

The free electrostatic energy ΔGelec of 6Aβ16–22 is -42.01 kcal/mol which is much larger than

that in 6Aβ16–22+etersalate (-29.09 kcal/mol). Meanwhile, the free vdW interaction energy

ΔGvdW in 6Aβ16–22+etersalate is significantly increased (-20.10 kcal/mol) in comparison to that

in 6Aβ16–22 (-7.50 kcal/mol). Overall, a constituting chain formed approximately -49.18 ± 3.00

kcal/mol of binding free energy to the other monomers in 6Aβ16–22+etersalate which is similar

to that in 6Aβ16–22 (-49.51 +/- 2.95 kcal/mol). These results indicate that the monomers in

6Aβ16–22 bind to each other mainly due to the electrostatic interactions which are considered

as a “near” binding force. The observation is different to the intermolecular contacts analysis

above because the sidechain contacts were measured entire simulation space. However, the

Fig 6. The free energy landscape of 6Aβ16–22+etersalate. The global minima of soluble system was found to be (1.35,

1.13) in comparison with (1.06, 1.60) of 6Aβ16–22, which was mentioned in previous results [34].

https://doi.org/10.1371/journal.pone.0204026.g006
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binding free energy calculation was carried out only for optimized structure of the hexamer

systems. It may argue that all equilibrium snapshot should be considered in the computer-

aided drug design problem instead of the optimized structure only.

Absolute binding affinity of etersalate to Aβ hexamer

The absolute binding affinity is a major metric of computer-aided drug design due to its asso-

ciation to experimental inhibition constant. In this work, the binding free energy (ΔGFEP) of

the etersalate to 6Aβ16–22 peptides was evaluated using representative structures of the soluble

complex obtaining above as initial conformations. Twenty values of coupling parameter λ
were used to annihilate the etersalate from both soluble complex and isolated ligand systems.

The different work of these processes provides the difference in Gibbs free energy of binding

between 6Aβ16–22 and etersalate. ΔGFEP is the sum of coulomb (ΔGcou) and vdW (ΔGvdW) inter-

actions. The length of each estimation is 1 ns, in which the free energy is obtained from 500–

1000 ps to evade the initial variation caused by modification of the Hamiltonian interaction.

Observed results are shown in Table 2. In particular, the etersalate adopts a slightly smaller the

binding free energy (-19.7 kcal/mol) to 6Aβ16–22 compared with EGCG (-25.4 kcal/mol) [49]

when the optimized structures (shape M1 or B1) were considered only. However, as men-

tioned above, the interacted picture of ligand to peptide may not be cleared when the opti-

mized structures were examined only. The free energy estimation was also carried out for five

representative conformations, which was produced from clustering method. In which, etersa-

late forms the strongest non-bonded contact to the B1 and B2 conformations with ΔGFEP of

-19.7 and -19.8 kcal/mol, respectively. The worst affinity (-3.7 kcal/mol) is observed with B4

conformation. Results in Table 2 also show that vdW interactions are the major components

of the binding between etersalate and 6Aβ16–22. The population-averaged ΔGFEP for all five rep-

resentative structures is -13.8 kcal/mol. This metric is quite larger than the values of naproxen

and ibuprofen (other NSAIDs) using MM-PBSA method (-9.45 and -8.31 kcal/mol, respec-

tively) [16].

In addition, as we attained above and compared to previous study [49], the formations of

6Aβ16–22 is larger affected upon appearance of etersalate than EGCG, although the EGCG

forms a larger binding free energy. Though the binding free energy is a critical factor of com-

puter-aided drug design problem in general due to relation to experimental inhibition con-

stant, various metrics should be considered in designing drug for Aβ oligomer including

sidechain contacts, secondary structure, population of clusters, CCS, etc. The obtained picture

would thus generalize.

Conclusion

As mention above, the hydrophobic core fragment of Aβ oligomers Aβ16–22 was often selected

in designing inhibitors of the self-assembly of Aβ peptides because the fragment forms fibril in
vitro identified from the Aβ [35]. The formation of 6Aβ16–22+etersalate was monitored in

Table 2. The binding affinity of etersalate to 6Aβ16–22 peptides obtained with double-annihilation binding free energy method. All metrics are in kcal/mol unit.

Conformation ΔGcou ΔGvdW ΔGFEP

B1 2.26 -21.96 -19.70 ± 1.28

B2 -7.24 -12.60 -19.84 ± 1.88

B3 -5.28 -3.60 -8.88 ± 1.03

B4 2.33 -6.03 -3.70 ± 1.17

B5 -1.26 -5.19 -6.44 ± 1.29

https://doi.org/10.1371/journal.pone.0204026.t002
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comparison with isolated 6Aβ16–22 system [34] through intensive REMD simulations. The

short sequence forms the anti-parallel state of β-strands that is in good agreement with previ-

ous studies [34, 72].

Observed results indicate that etersalate, a current NSAID, is a highly potential inhibitor of

the Aβ oligomers as celecoxib, ibuprofen, indomethacin, naproxen, nimesulide, and rofecoxib

[41–46]. The presence of etersalate forces the beta content of the soluble hexamer to decrease,

concomitantly with the increase in the coil content. The inhibitor can enter the inner space

between the monomers of 6Aβ16–22 or bind to the surface of the hexamer conformations,

which destabilizes the hexamer structure. Rigorous analysis of RMSD, Rg, SASA, and CCS

indicate that etersalate binding leads to significant changes in the conformations and dynamics

of the hexamer. Notably, in the presence of etersalate at least one monomer of a significant

fraction of the hexamer dissociates and forms no contact with other monomers. Thus, etersa-

late is a potentially and highly efficient inhibitor of Aβ oligomerization, although the binding

free energy between etersalate and Aβ is moderate with an average value of -11.7 kcal/mol. In

addition, this compound is predicted to be able to permeate from blood vessel into the brain.

Thus, etersalate is a potential drug candidate for AD therapy. Further in vitro and/or in vivo
investigations are anticipated in evaluating etersalate as a drug for AD.

Supporting information

S1 Fig. The distributions of radius of gyration (Rg), RMSD, CCS, and SASA of the solvated

6Aβ16–22+etersalate system in different computational time intervals 250–320 ns (red dot-

ted lines), 280–350 ns (blue dotted lines), 270–340 ns (yellow dotted lines), and 250–350 ns

(black curves). Observed results indicate that the computations are converged. The results

were then analysed from the REMD simulations in time window 250–350 ns at 299.2 K.

(DOCX)

S2 Fig. The diffusion entire temperature space of the 1st replica monitoring over intervals

300–350 ns of REMD simulations.

(DOCX)

S1 File.

(DOCX)

Acknowledgments

We would like to thank Dr. Trang Phan for the valuable discussion.

Author Contributions

Conceptualization: Van Van Vu.

Data curation: Son Tung Ngo.

Formal analysis: Xuan-Cuong Luu, Nguyen Thanh Nguyen.

Funding acquisition: Son Tung Ngo, Van Van Vu.

Investigation: Son Tung Ngo.

Project administration: Son Tung Ngo.

Supervision: Van Van Vu.

Validation: Son Tung Ngo, Huong Thi Thu Phung.

Etersalate effects on structure of 6Aβ16-22 oligomer

PLOS ONE | https://doi.org/10.1371/journal.pone.0204026 September 18, 2018 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204026.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204026.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204026.s003
https://doi.org/10.1371/journal.pone.0204026


Writing – original draft: Son Tung Ngo.

Writing – review & editing: Huong Thi Thu Phung.

References
1. Querfurth HW, LaFerla FM. Alzheimer’s disease. N Engl J Med. 2010; 362(4):329–44. https://doi.org/

10.1056/NEJMra0909142 PMID: 20107219.

2. Hamley IW. The Amyloid beta peptide: a chemist’s perspective. Role in Alzheimer’s and Fibrillization.

Chem Rev. 2012; 112(10):5147–92. https://doi.org/10.1021/cr3000994 PMID: 22813427

3. Selkoe DJ, Hardy J. The Amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol Med. 2016;

8(6):595–608. https://doi.org/10.15252/emmm.201606210 PMID: 27025652

4. Lee SJC, Nam E, Lee HJ, Savelieff MG, Lim MH. Towards an understanding of amyloid-[small beta]

oligomers: characterization, toxicity mechanisms, and inhibitors. Chem Soc Rev. 2017; 46(2):310–23.

https://doi.org/10.1039/c6cs00731g PMID: 27878186

5. Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson NE, Smith I, et al. Amyloid-beta protein

dimers isolated directly from Alzheimer’s brains impair synaptic plasticity and memory. Nature medi-

cine. 2008; 14(8):837–42. https://doi.org/10.1038/nm1782 PMID: 18568035; PubMed Central PMCID:

PMC2772133.

6. Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science. 2002; 298(5594):789–91. https://doi.org/

10.1126/science.1074069 PMID: 12399581.

7. Ruo BY, Xu ZB, Chen Z, Chen F, Tang M. Investigation on apoptosis of neuronal cells induced by Amy-

loid beta-Protein. Journal of Zhejiang University Science. 2004; 5(8):989–94. PMID: 15236487.

8. Haass C, Selkoe DJ. Soluble protein oligomers in neurodegeneration: lessons from the Alzheimer’s

amyloid beta-peptide. Nature reviews Molecular cell biology. 2007; 8(2):101–12. https://doi.org/10.

1038/nrm2101 PMID: 17245412.

9. Sheng M, Sabatini BL, Sudhof TC. Synapses and Alzheimer’s disease. Cold Spring Harbor perspec-

tives in biology. 2012; 4(5). https://doi.org/10.1101/cshperspect.a005777 PMID: 22491782; PubMed

Central PMCID: PMC3331702.

10. Williams TL, Serpell LC. Membrane and surface interactions of Alzheimer’s Aβ peptide–insights into the

mechanism of cytotoxicity. FEBS Journal. 2011; 278(20):3905–17. https://doi.org/10.1111/j.1742-4658.

2011.08228.x PMID: 21722314

11. Jang H, Zheng J, Nussinov R. Models of β-amyloid ion channels in the membrane suggest that channel

formation in the bilayer is a dynamic process. Biophys J. 2007; 93(6):1938–49. https://doi.org/10.1529/

biophysj.107.110148 PMID: 17526580

12. Sakono M, Zako T. Amyloid oligomers: formation and toxicity of Abeta oligomers. FEBS J. 2010; 277

(6):1348–58. https://doi.org/10.1111/j.1742-4658.2010.07568.x PMID: 20148964.

13. Domert J, Rao SB, Agholme L, Brorsson AC, Marcusson J, Hallbeck M, et al. Spreading of amyloid-

beta peptides via neuritic cell-to-cell transfer is dependent on insufficient cellular clearance. Neurobiol-

ogy of disease. 2014; 65:82–92. https://doi.org/10.1016/j.nbd.2013.12.019 PMID: 24412310.

14. Guo JL, Lee VM. Cell-to-cell transmission of pathogenic proteins in neurodegenerative diseases.

Nature medicine. 2014; 20(2):130–8. https://doi.org/10.1038/nm.3457 PMID: 24504409; PubMed Cen-

tral PMCID: PMC4011661.

15. Kim S, Chang Wenling E, Kumar R, Klimov Dmitri K. Naproxen interferes with the assembly of Aβ oligo-

mers implicated in Alzheimer’s disease. Biophys J. 2011; 100(8):2024–32. https://doi.org/10.1016/j.bpj.

2011.02.044 PubMed PMID: PMC3077692. PMID: 21504739

16. Ngo ST, Li MS. Curcumin binds to Abeta1-40 peptides and fibrils stronger than ibuprofen and naproxen.

J Phys Chem B. 2012; 116(34):10165–75. https://doi.org/10.1021/jp302506a PMID: 22877239.

17. Zhao LN, Chiu S-W, Benoit J, Chew LY, Mu Y. The effect of curcumin on the stability of AβDimers. J

Phys Chem B. 2012; 116(25):7428–35. https://doi.org/10.1021/jp3034209 PMID: 22690789

18. Bitan G, Kirkitadze MD, Lomakin A, Vollers SS, Benedek GB, Teplow DB. Amyloid β-protein (Aβ)

assembly: Aβ40 and Aβ42 oligomerize through distinct pathways. Proc Natl Acad Sci USA. 2003; 100

(1):330–5. https://doi.org/10.1073/pnas.222681699 PMID: 12506200

19. Banerjee S, Sun Z, Hayden EY, Teplow DB, Lyubchenko YL. Nanoscale dynamics of amyloid β-42 olig-

omers as revealed by high-speed atomic force microscopy. ACS Nano. 2017; 11(12):12202–9. https://

doi.org/10.1021/acsnano.7b05434 PMID: 29165985

20. Ngo ST, Luu X-C, Nguyen MT, Le CN, Vu VV. In silico studies of solvated F19W amyloid β (11–40) tri-

mer. RSC Adv. 2017; 7(67):42379–86. https://doi.org/10.1039/C7RA07187F

Etersalate effects on structure of 6Aβ16-22 oligomer

PLOS ONE | https://doi.org/10.1371/journal.pone.0204026 September 18, 2018 13 / 16

https://doi.org/10.1056/NEJMra0909142
https://doi.org/10.1056/NEJMra0909142
http://www.ncbi.nlm.nih.gov/pubmed/20107219
https://doi.org/10.1021/cr3000994
http://www.ncbi.nlm.nih.gov/pubmed/22813427
https://doi.org/10.15252/emmm.201606210
http://www.ncbi.nlm.nih.gov/pubmed/27025652
https://doi.org/10.1039/c6cs00731g
http://www.ncbi.nlm.nih.gov/pubmed/27878186
https://doi.org/10.1038/nm1782
http://www.ncbi.nlm.nih.gov/pubmed/18568035
https://doi.org/10.1126/science.1074069
https://doi.org/10.1126/science.1074069
http://www.ncbi.nlm.nih.gov/pubmed/12399581
http://www.ncbi.nlm.nih.gov/pubmed/15236487
https://doi.org/10.1038/nrm2101
https://doi.org/10.1038/nrm2101
http://www.ncbi.nlm.nih.gov/pubmed/17245412
https://doi.org/10.1101/cshperspect.a005777
http://www.ncbi.nlm.nih.gov/pubmed/22491782
https://doi.org/10.1111/j.1742-4658.2011.08228.x
https://doi.org/10.1111/j.1742-4658.2011.08228.x
http://www.ncbi.nlm.nih.gov/pubmed/21722314
https://doi.org/10.1529/biophysj.107.110148
https://doi.org/10.1529/biophysj.107.110148
http://www.ncbi.nlm.nih.gov/pubmed/17526580
https://doi.org/10.1111/j.1742-4658.2010.07568.x
http://www.ncbi.nlm.nih.gov/pubmed/20148964
https://doi.org/10.1016/j.nbd.2013.12.019
http://www.ncbi.nlm.nih.gov/pubmed/24412310
https://doi.org/10.1038/nm.3457
http://www.ncbi.nlm.nih.gov/pubmed/24504409
https://doi.org/10.1016/j.bpj.2011.02.044
https://doi.org/10.1016/j.bpj.2011.02.044
http://www.ncbi.nlm.nih.gov/pubmed/21504739
https://doi.org/10.1021/jp302506a
http://www.ncbi.nlm.nih.gov/pubmed/22877239
https://doi.org/10.1021/jp3034209
http://www.ncbi.nlm.nih.gov/pubmed/22690789
https://doi.org/10.1073/pnas.222681699
http://www.ncbi.nlm.nih.gov/pubmed/12506200
https://doi.org/10.1021/acsnano.7b05434
https://doi.org/10.1021/acsnano.7b05434
http://www.ncbi.nlm.nih.gov/pubmed/29165985
https://doi.org/10.1039/C7RA07187F
https://doi.org/10.1371/journal.pone.0204026


21. Ngo ST, Nguyen MT, Nguyen NT, Vu VV. The effects of A21G mutation on transmembrane amyloid

beta (11–40) trimer: an in silico study. J Phys Chem B. 2017; 121(36):8467–74. https://doi.org/10.1021/

acs.jpcb.7b05906 PMID: 28817283

22. Zhang Y, Hashemi M, Lv Z, Lyubchenko YL. Self-assembly of the full-length amyloid A[small beta]42

protein in dimers. Nanoscale. 2016; 8(45):18928–37. https://doi.org/10.1039/c6nr06850b PMID:

27714140

23. Chen Y-R, Glabe CG. Distinct early folding and aggregation properties of Alzheimer amyloid-β peptides

Aβ40 and Aβ42: stable trimer or tetramer formation by Aβ42. J Biol Chem. 2006; 281(34):24414–22.

https://doi.org/10.1074/jbc.M602363200 PMID: 16809342

24. Wang JQ, Tao K, Zhou P, Pambou E, Li ZY, Xu H, et al. Tuning self-assembled morphology of the A

beta(16–22) peptide by substitution of phenylalanine residues. Colloids Surf B Biointerfaces. 2016;

147:116–23. https://doi.org/10.1016/j.colsurfb.2016.07.052 PubMed PMID: WOS:000384851400014.

PMID: 27497075

25. Lu Y, Shi X-F, Salsbury FR Jr, Derreumaux P. Influence of electric field on the amyloid-β(29–42) pep-

tides embedded in a membrane bilayer. J Chem Phys. 2018; 148(4):045105. https://doi.org/10.1063/1.

5018459 PMID: 29390813

26. Alves NA, Frigori RB. Structural interconversion in Alzheimer’s amyloid-beta(16–35) peptide in an aque-

ous solution. J Phys Chem B. 2018; 122(6):1869–75. https://doi.org/10.1021/acs.jpcb.7b12528

PubMed PMID: WOS:000425570700011. PMID: 29351720

27. Jang S, Shin S. Computational study on the structural diversity of amyloid beta peptide (Aβ10–35) oligo-

mers. J Phys Chem B. 2008; 112(11):3479–84. https://doi.org/10.1021/jp076450w PMID: 18303879

28. Klimov DK, Thirumalai D. Dissecting the assembly of A beta(16–22) amyloid peptides into antiparallel

beta sheets. Structure. 2003; 11:295–307. PMID: 12623017

29. Chiricotto M, Melchionna S, Derreumaux P, Sterpone F. Hydrodynamic effects on beta-amyloid (16–

22) peptide aggregation. J Chem Phys. 2016; 145(3):10. https://doi.org/10.1063/1.4958323 PubMed

PMID: WOS:000381384300045. PMID: 27448906

30. Qian Z, Zhang Q, Liu Y, Chen P. Assemblies of amyloid-β30–36 hexamer and its G33V/L34T mutants

by replica-exchange molecular dynamics simulation. PLOS ONE. 2017; 12(11):e0188794. https://doi.

org/10.1371/journal.pone.0188794 PMID: 29186195

31. Song YX, Li P, Liu L, Bortolini C, Dong MD. Nanostructural differentiation and toxicity of amyloid-beta

25–35 aggregates ensue from distinct secondary conformation. Sci Rep. 2018; 8:9. https://doi.org/10.

1038/s41598-017-18427-2 WOS:000422637200024.

32. Xie L, Luo Y, Lin D, Xi W, Yang X, Wei G. The molecular mechanism of fullerene-inhibited aggregation

of Alzheimer’s beta-amyloid peptide fragment. Nanoscale. 2014; 6(16):9752–62. https://doi.org/10.

1039/c4nr01005a PMID: 25004796

33. Sharma B, Paul S. Action of caffeine as an amyloid inhibitor in the aggregation of A beta(16–22) pep-

tides. J Phys Chem B. 2016; 120(34):9019–33. https://doi.org/10.1021/acs.jpcb.6b03892 PubMed

PMID: WOS:000382596700027. PMID: 27487451

34. Tran L, Ngo ST, Nguyen MT. Propafenone effects on the stable structures of Aβ16–22 system. Chem

Phys Lett. 2018; 696:55–60. https://doi.org/10.1016/j.cplett.2018.02.047

35. Balbach JJ, Ishii Y, Antzutkin ON, Leapman RD, Rizzo NW, Dyda F, et al. Amyloid fibril formation by

Aβ16–22, a seven-residue fragment of the Alzheimer’s β-amyloid peptide, and structural characteriza-

tion by solid state NMR. Biochem. 2000; 39(45):13748–59. https://doi.org/10.1021/bi0011330

36. Ngo ST, Fang S-T, Huang S-H, Chou C-L, Huy PDQ, Li MS, et al. Anti-arrhythmic medication propafe-

none a potential drug for Alzheimer’s disease inhibiting aggregation of Aβ: in silico and in vitro studies. J

Chem Inf Model. 2016; 56(7):1344–56. https://doi.org/10.1021/acs.jcim.6b00029 PMID: 27304669

37. Nelson KM, Dahlin JL, Bisson J, Graham J, Pauli GF, Walters MA. The Essential Medicinal Chemistry

of Curcumin. J Med Chem. 2017; 60(5):1620–37. https://doi.org/10.1021/acs.jmedchem.6b00975

PMID: 28074653

38. Ringman JM, Frautschy SA, Teng E, Begum AN, Bardens J, Beigi M, et al. Oral curcumin for Alzhei-

mer’s disease: tolerability and efficacy in a 24-week randomized, double blind, placebo-control study.

Alzhei Res & Ther 2012; 4:43. https://doi.org/10.1186/alzrt146 PMID: 23107780

39. Curcumin and yoga therapy for those at risk for Alzheimer’s disease In: ClinicalTrials.gov [Internet].

Bethesda (MD): National Library of Medicine (US). 2000-: Department of Veterans Affairs; [cited 2018

Aug 13]. NLM Identifier: NCT01811381:[Available from: https://clinicaltrials.gov/ct2/show/

NCT01811381.

40. Curcumin and Function in Older Adults (SPICE) In: ClinicalTrials.gov [Internet]. Bethesda (MD):

National Library of Medicine (US). 2000-: University of Florida and National Institute on Aging (NIA);

Etersalate effects on structure of 6Aβ16-22 oligomer

PLOS ONE | https://doi.org/10.1371/journal.pone.0204026 September 18, 2018 14 / 16

https://doi.org/10.1021/acs.jpcb.7b05906
https://doi.org/10.1021/acs.jpcb.7b05906
http://www.ncbi.nlm.nih.gov/pubmed/28817283
https://doi.org/10.1039/c6nr06850b
http://www.ncbi.nlm.nih.gov/pubmed/27714140
https://doi.org/10.1074/jbc.M602363200
http://www.ncbi.nlm.nih.gov/pubmed/16809342
https://doi.org/10.1016/j.colsurfb.2016.07.052
http://www.ncbi.nlm.nih.gov/pubmed/27497075
https://doi.org/10.1063/1.5018459
https://doi.org/10.1063/1.5018459
http://www.ncbi.nlm.nih.gov/pubmed/29390813
https://doi.org/10.1021/acs.jpcb.7b12528
http://www.ncbi.nlm.nih.gov/pubmed/29351720
https://doi.org/10.1021/jp076450w
http://www.ncbi.nlm.nih.gov/pubmed/18303879
http://www.ncbi.nlm.nih.gov/pubmed/12623017
https://doi.org/10.1063/1.4958323
http://www.ncbi.nlm.nih.gov/pubmed/27448906
https://doi.org/10.1371/journal.pone.0188794
https://doi.org/10.1371/journal.pone.0188794
http://www.ncbi.nlm.nih.gov/pubmed/29186195
https://doi.org/10.1038/s41598-017-18427-2
https://doi.org/10.1038/s41598-017-18427-2
https://doi.org/10.1039/c4nr01005a
https://doi.org/10.1039/c4nr01005a
http://www.ncbi.nlm.nih.gov/pubmed/25004796
https://doi.org/10.1021/acs.jpcb.6b03892
http://www.ncbi.nlm.nih.gov/pubmed/27487451
https://doi.org/10.1016/j.cplett.2018.02.047
https://doi.org/10.1021/bi0011330
https://doi.org/10.1021/acs.jcim.6b00029
http://www.ncbi.nlm.nih.gov/pubmed/27304669
https://doi.org/10.1021/acs.jmedchem.6b00975
http://www.ncbi.nlm.nih.gov/pubmed/28074653
https://doi.org/10.1186/alzrt146
http://www.ncbi.nlm.nih.gov/pubmed/23107780
https://clinicaltrials.gov/ct2/show/NCT01811381
https://clinicaltrials.gov/ct2/show/NCT01811381
https://doi.org/10.1371/journal.pone.0204026


[cited 2018 Aug 13]. NLM Identifier: NCT03085680:[Available from: https://clinicaltrials.gov/ct2/show/

study/NCT03085680.

41. Vlad SC, Miller DR, Kowall NW, Felson DT. Protective effects of NSAIDs on the development of Alzhei-

mer disease. Neurology. 2008; 70:1672–7. https://doi.org/10.1212/01.wnl.0000311269.57716.63

PMID: 18458226

42. Imbimbo BP. An update on the efficacy of non-steroidal anti-inflammatory drugs in Alzheimer’s disease.

Expert Opin Investig Drug. 2009; 18:1147–68.

43. Moore AH, Bigbee MJ, Boynton GE, Wakeham CM, Rosenheim HM, Staral CJ, et al. Non-Steroidal

Anti-Inflammatory Drugs in Alzheimer’s Disease and Parkinson’s Disease: Reconsidering the Role of

Neuroinflammation. Pharmaceuticals 2010; 3(6):1812–41. https://doi.org/10.3390/ph3061812 PMID:

27713331

44. Cakała M, Malik AR, Strosznajder JB. Inhibitor of cyclooxygenase-2 protects against amyloid beta pep-

tide-evoked memory impairment in mice. Pharmacol Rep. 2007 59(2):164–72. PMID: 17556794

45. McGeer PL, Guo JP, Lee M, Kennedy K, McGeer EG. Alzheimer’s Disease Can Be Spared by Nonste-

roidal Anti-Inflammatory Drugs. J Alzheimers Dis. 2018; 62(3):1219–22. https://doi.org/10.3233/JAD-

170706 PMID: 29103042

46. Liang X, Wang Q, Hand T, Wu L, Breyer RM, Montine TJ, et al. Deletion of the Prostaglandin E2 EP2

Receptor Reduces Oxidative Damage and Amyloid Burden in a Model of Alzheimer’s Disease. J Neu-

rosci. 2005; 25(44):10180–7. https://doi.org/10.1523/JNEUROSCI.3591-05.2005 PMID: 16267225

47. Schrödinger LLC P. The PyMOL molecular graphics system, Versio1 1.3r1. 2010 August. Report No.

48. Humphrey W, Dalke A, Schulten K. VMD: Visual molecular dynamics. J Mol Graphics. 1996;14. https://

doi.org/10.1016/0263-7855(96)00018-5

49. Ngo ST, Truong DT, Tam NM, Nguyen MT. EGCG inhibits the oligomerization of amyloid beta (16–22)

hexamer: theoretical studies. J Mol Graph Model. 2017; 76:1–10. https://doi.org/10.1016/j.jmgm.2017.

06.018 PMID: 28658644

50. Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. Comparison of simple potential

functions for simulating liquid water. J Chem Phys. 1983; 79(2):926–35. https://doi.org/10.1063/1.

445869

51. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA. Development and testing of a general amber

force field. J Comput Chem. 2004;25. https://doi.org/10.1002/jcc.20035 PMID: 15116359

52. Aliev AE, Kulke M, Khaneja HS, Chudasama V, Sheppard TD, Lanigan RM. Motional timescale predic-

tions by molecular dynamics simulations: case study using proline and hydroxyproline sidechain

dynamics. Proteins: Struct, Funct, Bioinf. 2014; 82(2):195–215. https://doi.org/10.1002/prot.24350

PMID: 23818175

53. Ngo ST, Hung HM, Truong DT, Nguyen MT. Replica exchange molecular dynamics Study of the Trun-

cated Amyloid Beta (11–40) Trimer in Solution. Phys Chem Chem Phys. 2017; 19(3):1909–19. https://

doi.org/10.1039/c6cp05511g PMID: 28004051
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