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Abstract

The aggregation of Aβ42 peptides is considered as one of the main causes for the

development of Alzheimer's disease. In this context, Zn2+ and Cu2+ play a significant

role in regulating the aggregation mechanism, due to changes in the structural and

the solvation free energy of Aβ42. In practice, experimental studies are not able to

determine the latter properties, since the Aβ42–Zn2+ and Aβ42–Cu2+ peptide com-

plexes are intrinsically disordered, exhibiting rapid conformational changes in the

aqueous environment. Here, we investigate atomic structural variations and the sol-

vation thermodynamics of Aβ42, Aβ42–Cu2+, and Aβ42–Zn2+ systems in explicit sol-

vent (water) by using quantum chemical structures as templates for a metal binding

site and combining extensive all-atom molecular dynamics (MD) simulations with a

thorough solvation thermodynamic analysis. Our results show that the zinc and cop-

per coordination results in a significant decrease of the solvation free energy in the

C-terminal region (Met35-Val40), which in turn leads to a higher structural disorder.

In contrast, the β-sheet formation at the same C-terminal region indicates a higher

solvation free energy in the case of Aβ42. The solvation free energy of Aβ42

increases upon Zn2+ binding, due to the higher tendency of forming the β-sheet

structure at the Leu17-Ala42 residues, in contrast to the case of binding with Cu2+.

Finally, we find the hydrophobicity of Aβ42–Zn2+ in water is greater than in the case

of Aβ42–Cu2+.
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1 | INTRODUCTION

In 1901, a 50-year-old patient, who was later diagnosed with

Alzheimer's disease (AD), was hospitalized because she had untreatable

paranoid symptoms, such as sleep disorders, disturbances of memory,

aggressiveness, crying, and progressive confusion. Symptomology

worsened more and more until her death in 1906. In this regard, the

report of doctor Alois Alzheimer's noted distinctive plaques and neuro-

fibrillary tangles in the brain histology. However, it was only in 1998

that plaques were pointed as one of the main reasons for the develop-

ment of AD.1 AD is a common age-related neurodegenerative disorder,

affecting an estimated 48.6 million patients worldwide over the age of

60. It is projected that over the next 40 years this figure will reach more

than 130 million people.2 In general, AD is characterized by extracellu-

lar abnormal deposition of Amyloid-β (Aβ) peptides inside the brain tis-

sues. These deposits are known as amyloid plaques. In the case of a

healthy brain, the Aβ is soluble and exists in monomeric forms. How-

ever, in the case of a brain affected by AD, Aβ peptides tend to aggre-

gate into oligomers and then into fibrils, which assemble into senile

plaques.3,4 While Aβ is produced by cleaving the amyloid precursor pro-

tein by β- and γ-secretase, there are two forms of Aβ, namely Aβ40 and

Aβ42. It has been found both in vitro5,6 and in vivo7,8 that Aβ42 aggre-

gates faster9 and is more toxic than Aβ40.

In vivo studies showed that senile plaques were enriched by Zn2+,

Fe3+, and Cu2+. In the case of a postmortem AD brain,10,11 the con-

centration is 0.4 mM of Cu2+, 1 mM of Fe3+, and 1 mM of Zn2+. In

particular, the Zn2+ and Cu2+ is crucial, because it affects the structure

and behavior of peptide aggregation. In this respect, the details of the

coordination chemistry between Zn2+/Cu2+ and Aβ have been exten-

sively studied over the last two decades using a number of spectro-

scopic techniques, such as electron paramagnetic resonance, nuclear

magnetic resonance (NMR), solid state NMR, circular dichroism, X-ray

absorption spectroscopy, electrospray-ionization mass spectroscopy,

and Raman spectroscopy, and computer simulations.12-17 In general,

a high affinity between metals and a peptide was found in the

N-terminal region of 1-16 amino acids (Aβ1-16). At physiological pH,

the most acceptable binding mode for Zn2+ is 3N2O, which involves

three nitrogen atoms (3 N) from His6, His13, and His14 residues, and

two oxygen atoms (2O) from Glu11 residue.12,14 The most commonly

accepted coordination mode for Cu2+ is the 3N1O, which includes

three nitrogen atoms from Asp1, His6, and His13 residues, and one

oxygen atom from Asp1 residue.12,17,18 These coordination modes

have been used in our current work as a metal binding template, while

the exact coordination modes are still under debate.17

Recently, X-ray crystallography12 was unable to determine the

structure of metal-Aβ complex, while several spectroscopic studies can

provide only limited information.18-31 Hence, in silico experiments were

used to study the metal bound peptide in solution and were able to

describe the interactions between metal ions and monomeric/oligo-

meric parts of Aβ in solution at the electronic, atomic, and molecular

levels.12,16,32-35 However, conflicting results have been reported. Some

studies have suggested that the helical formation decrease in Aβ4236,37

upon Zn2+ binding, while an opposite effect have been noticed in other

studies.38 Moreover, Huy et al39 have recently found a lower beta

sheet and helix content but a higher random coil in Aβ42–Cu2+. In con-

trast, Liao et al40 noted the opposite trend, that is, Cu2+ binding could

lead to a higher beta-sheet and helix content in Aβ42, and a lower ran-

dom coil content. Few investigations have estimated the solvation free

energy for free and Zn2+ bound Aβ42 using implicit solvent model.12

Shi et al36 and Coskuner et al41 have shown that the solvation free

energy of Aβ42 increases upon Zn2+ binding, which indicates that Zn2+

can enhance the hydrophobicity of Aβ42. In the case of Cu2+ binding,

the solvation free energy decreases,39 which implies a reduced hydro-

phobicity of Aβ42. The opposite trend was observed by Coskuner,41

who found that the solvation free energy increases under the influence

of the same metal binding, which leads to an increase in hydrophobicity

in Aβ42. In summary, contradictory results have been reported in the

literature on the thermodynamic properties of Αβ peptide in the pres-

ence of metal ions, although the solvation free energy is a key thermo-

dynamic parameter that determines the peptide hydrophobicity

propensity by expressing the overall affinity of the peptide to water.42

To determine the hydrophobicity of Aβ42 peptide upon metal

binding and determine whether the metal-peptide complexes are prone

to aggregation or remain soluble in aqueous environments, we have cal-

culated the solvation free energy, which also expresses the hydropho-

bicity of the peptides. To the best of our knowledge, the residual

contribution of Aβ42 peptide upon metal coordination to the solvation

free energy has not been discussed in the literature, and the differences

in the hydrophobic propensity between the Aβ42–Cu2+ and Aβ42–Zn2+

structures have been poorly understood. In fact, the Zn2+ and Cu2+

binding with Aβ42 peptide can induce conformational changes, which

may manifest in the conformational free energy landscape and the sol-

vation free energy of Aβ42. This kind of information cannot be

obtained by experimental techniques, because the disordered character

of the Aβ42 in water leads to rapid conformational changes. To this

end, computer simulation is particularly suitable to complement experi-

ments. Here, we compute the residual solvation free energy of Aβ42,
Aβ42–Cu2+ and Aβ42–Zn2+ and make comparison by using the three-

dimensional reference interaction site model (3D-RISM) theory. In addi-

tion, we examine the structural and thermodynamic characteristics of

Zn2+ and Cu2+ bound Aβ42 by using extensive (7200 ns) molecular

dynamics (MD) simulation combined with the 3D-RISM theory in order

to elucidate the origin of the difference in the solvation free energy

between Aβ42–Cu2+ and Aβ42–Zn2+ structures. Our computer simula-

tions unveil the reasons that Aβ42–Zn2+ demonstrates a stronger

aggregation propensity than Aβ42–Cu2+ in an aqueous environment.

2 | MATERIALS AND METHODS

2.1 | Construction of the initial structure

Atomic-level details of free and metal bound Aβ peptides in aqueous

media are poorly understood. Furthermore, the experimental details

of coordination chemistry between transition metal ions and Aβ are

still under debate. Thus far, there is no experimental structure of the
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full length Aβ42–Cu2+ and Aβ42–Zn2+ peptides in the protein data

bank. Hence, we carefully prepared the initial peptide structure in

accordance to the following procedure: Aβ42–Cu2+ was constructed

by combining the Aβ1-16-Cu2+ model proposed by Ali-Torres et al43

and the structure of Aβ17-42 fragment extracted from the NMR struc-

ture (PDB id: 1IYT).44 In this way, we obtained a full length Aβ42–Cu2+

model peptide, where Cu2+ is coordinated with the nitrogen and oxy-

gen atoms of Asp1, Nδ of His6, and Nδ of His13.45,46 Their binding

distances are around 2.0 Å, which is very similar to previous experi-

mental and theoretical results12,43,47,48 (Table 1). This coordination

mode was close to the physiological pH 6.9 and it was confirmed as

the most stable conformation based on QM/MM studies.43 Liao

et al40 have reported force-field parameters between Cu2+ and the

coordination atoms used in our present simulation of Aβ42–Cu2+.

The Aβ42–Zn2+ initial structure was constructed by combining

the structure of Aβ1-16–Zn2+ (PDB. id: 1ZE9)49 with C-terminal region

of Aβ17-42 (1IYT)44 extracted from full length Aβ42. In the metal coor-

dination mode of this model, Nδ (His6), Oε1 and Oε2 (Glu11), Nε

(His13), and Nδ (His14) atoms are tetrahedrally coordinated with Zn2+

(Table 1).36 The van der Waals radius σ = 1.10 Å and the Lennard-

Jones potential well ε = 0.0125 Kcal/mol were fixed for Zn2+,50 as

well as for Cu2+, σ = 1.20 Å and ε = 0.005 Kcal/mol.51 Since the pep-

tide models are generated by connecting different conformations,

they are not compatible at this stage. This issue was overcome with

the help of the heating-annealing simulation procedure, which we will

discuss in the following section.

2.2 | MD simulation

Three different approaches have been employed to simulate metal-

protein complexes: the bonded, the non-bonded, and the cationic

dummy atomic models. Previous attempts with short MD simulations

based on the non-bonded approach of metal interacting with peptide

has been performed with limited conformational sampling.32,33 Recently,

Coskuner et al12,41 have found that some structural features are missing

at the C-terminal region of the peptides32,33 and, in addition, various

thermodynamic properties are also not provided. Hence, the role of

metal ion binding in the monomeric Aβ42 structure and dynamics is still

inconclusive. We have addressed this issue by performing extensive

MD simulations and thermodynamic property calculations based on the

bonded approach by using the AMBER16 package.52 The Aβ42 and

Aβ42–Cu2+ (Aβ42–Zn2+) were solvated in an explicit 7100 and 7100

(9100) TIP3P53 water separately in a cubic box and neutralized by

adding Na + ions. Lindorff-Larsen et al54 have introduced a new force

field (ff99SB-ILDN), which has been used in microsecond-timescale MD

simulations with explicit solvent to validate their force field against a

large set of experimental NMR data that directly probe the side-chain

conformations. This force field exhibits significantly better agreement

with the NMR data. In addition, Man et al55 investigated the effects of

17 widely used atomistic molecular-mechanics force-fields on the struc-

tures and kinetics of amyloid peptide assembly using 0.34 microsecond

MD simulations in explicit water on the dimer of the Aβ16-22. They have

strongly recommended five force fields, namely AMBER99SB-ILDN,

AMBER14SB, CHARMM22*, CHARMM36, and CHARMM36m, which

are the best candidates for studying amyloid peptide assembly.

Somavarapu et al demonstrated that the Aβ peptide ensembles of

ff99SBildn force field are in agreement with NMR and circular dichroism

data among 21 methods.56 Therefore, we have adopted the ff99SBildn

force field in the present study. The energy of each system was initially

minimized by using 500 steps of the steepest descent minimization

method, which were subsequently followed by 500 steps of the conju-

gate gradient method with the peptide being constrained by using a

500 kcal/mol-Å2 harmonic potential. The system was further minimized

by using 1000 steps of the steepest descent followed by 1500 steps of

the conjugate gradient minimization method without restraints. After

the energy minimization, the system was equilibrated as follows: Firstly,

a simulation in the NVT (constant volume) ensemble for 20 ps using the

Berendsen's thermostat to gradually raise the temperature from 0 to

300 K was employed. Secondly, a 200 ps NPT (constant pressure)

ensemble simulation was performed to achieve the correct water den-

sity at pressure of 1 atm. Given that peptides naturally denature after

being synthesized in an animal brain, the system was heated to 600 K

to bring the peptide in its denatured state. Then, the system was addi-

tionally simulated for 20 ns in the canonical (NVT) ensemble at this high

temperature, and then gradually annealed from 600 to 300 K by using a

temperature step of 50 K. At each temperature, an NVT simulation of

1 ns was carried out. Finally, a 5 ns NPT simulation for equilibration was

TABLE 1 Force constants for the Aβ42-Cu2+ and Aβ42-Zn2+ metal complexes

Aβ42–Cu2+ Aβ42–Zn2+

Bond Bond length (Å) Force constant (Kcal/mol�Å2) Bond Bond length (Å) Force constant (Kcal/mol�Å2)

Cu–O(Asp1) 1.973 109.400 Zn–OE1(Glu11) 2.206 42.30

Cu–N(Asp1) 2.067 98.500 Zn–OE2(Glu11) 2.206 42.30

Cu–ND1(His6) 2.023 98.300 Zn–ND1(His6) 2.047 64.03

Cu–ND1(His13) 2.011 87.100 Zn–NE2(His13) 2.030 70.96

Zn–ND1(His14) 2.047 64.03

Lennard-Jones Rmin/2 (Å) ε (Kcal/mol) Lennard-Jones Rmin/2 (Å) ε (Kcal/mol)

Cu 1.20 0.05 Zn 1.10 0.012
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performed at 300 K at pressure 1 atm. The last equilibrium snapshot of

the simulation was then used as the initial structure (Figure 1) for pro-

duction runs. The SHAKE algorithm was used to constrain the bond

lengths related to hydrogen atoms.57 The Particle Mesh Ewald (PME)

method was employed for calculating the long-range electrostatic

interactions,58 while a fixed cutoff of 10 Å was used for the electrostatic

and LJ potential interactions. The Langevin thermostat was used to con-

trol the temperature. The leapfrog algorithm was used to integrate the

equations of motion with a time step of 2 fs.59 Our analysis was based

on 15 independent trajectories of 500 ns for all system. Hence, a total

of 7500 ns (15trajectories × 500 ns) simulation of Aβ42, Aβ42–Cu2+

and Aβ42–Zn2+ was used, and the total length was 22 500 ns (22.5 μs).

These independent trajectories were sufficient to investigate the struc-

tural and thermodynamic properties of the peptides.60

2.3 | Analysis

We analyzed the structural and thermodynamic properties of the free

and metal bound Αβ peptide. Structural analysis included the calcula-

tion of the free energy landscape for at least 300 ns for each system.

Thermodynamic analysis included properties, such as the total solva-

tion free energy and the residual solvation free energy of the peptide,

which was carried out by using the top 50 cluster peptide ensembles.

2.3.1 | Structural properties

Root-mean-square deviation

We have performed 500 ns simulations for the free and the metal (Cu2

+ and Zn2+) bound peptides in explicit water environment, normal phys-

iological conditions, and room temperature. The root-mean-square

deviation (RMSD)61 of the Cα atoms as a function of time is presented

in Figure 2. The RMSD values become stable for all peptides after

about 200 ns of simulation, as indicated by the red colored line (equili-

bration time). After this time, the RMSD of all peptides fluctuates

around its equilibrium value. Our analysis was carried out for times

between 200 and 500 ns.

Contact map

Two residues were in contact when the distance between the center

of masses of any two residues was below 5.0 Å.

Secondary structure

The secondary structure of Aβ peptide was calculated by using the

DSSP (define secondary structure of protein method) program62 in

AmberTools. The average secondary structure per residue was calcu-

lated by averaging over all native and metal-bound peptide conforma-

tions acquired between 200 and 500 ns of each trajectory (Figure 3).

Solvent accessible surface area

We calculated the solvent accessible surface area (SASA) per residue

with the LCPO method64 using the CPPTRAJ program63 in

AmberTools, where the calculation was based on the spherical surface

around each residue atom, at a distance of 1.4 Å away from the atoms

of the van der Waals surface.

Hydrogen bonds

Hydrogen bonds were considered when the X-Y distance in X-H…Y is

smaller than 3.5 Å and the X-H…Y angle is larger than 1350.

Salt bridges

Salt bridges were identified between positively charged amino acids

Arg5, Lys16, and Lys28, and negatively charged amino acids Asp1,

F IGURE 1 Initial structures of Aβ42(left), Aβ42–Cu2+ (middle), and Aβ42–Zn2+ (right) used in production runs are shown in “new cartoon”
visual representation. Asp1, His6, Glu11, His13, and His14 residues are illustrated in Corey-Pauling-Koltun (CPK) colors, where copper and zinc
are represented by orange and gray spheres, respectively, and C, N, O, and H atoms are in cyan, blue, red, and white, respectively. The color code
for the peptide related to its secondary structure: red for helix, yellow for β-sheet and green for coil
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Glu3, Asp7, Glu11, Glu22, and Asp23. We considered the salt bridge

between two charged residues, when the distance between two spe-

cific atoms was below 4.5 Å.64 Salt bridges between positively and neg-

atively charged residues were determined by the following equation

SB=
X
i, j

Si, j

Si,j =1 if ri, j ≤0

F IGURE 2 The Cα RMSD plotted
against time. Red dotted line indicates to
the equilibrated time 200 ns when RMSD
saturates. All analyses were carried out at
200-500 ns

F IGURE 3 Per residue distribution of secondary structure of Aβ42, Aβ42–Cu2+, and Aβ42–Zn2+

BOOPATHI ET AL. 5



Si,j =0 if ri, j >0

ri,j = ri−r j
�� ��−d0 ð1Þ

where i and j are running over Nζ (Lys), Nη (Arg), Cγ (Asp), and Cδ (Glu).

d0 is the distance between atoms i and j. The value of d0 was 4.5 Å.

Cluster analysis

The main structural features of the peptide can be predicted from rep-

resentative structures, which are obtained by performing cluster anal-

ysis65 with a RMSD cutoff of 3.0 Å.

2.3.2 | Thermo dynamic properties

Free energy landscape

We calculated the free energy surface (FES) of the systems by using

two reaction coordinates, namely, V = (Rg, RMSD).66 Then, the free

energy can be expressed as

G Vð Þ= –KBT lnP Vð Þ– lnPmax½ � ð2Þ

where P(V) is the probability distribution obtained from MD simula-

tion results. Pmax is maximum of the distribution.

Solvation free energy

Several attempts have been made to calculate the solvation free energy

of Aβ peptides using implicit solvent approaches. For example, Coskuner

et al12,13,41,67,68 and Huy et al39 studied the thermodynamic properties

using the molecular mechanics/Poisson-Boltzmann surface area method

(MM/PBSA). Xu et al69 and Shi et al36 used the generalized Born/surface

area (GB/SA) model, and Miller et al70 used generalized born with molec-

ular volume (GBMV) method to estimate the same properties of Aβ pep-

tides. However, the implicit solvation models are quite different from

the explicit solvent models. The simple continuum solvation models

MM/PBSA, GB/SA, and GBMV have failed to account for nonpolar

hydrophobic effects that play a crucial role in biological processes in

water. Hence, we chose an alternative approach for the calculation of

the solvation free energy that is the three-dimensional reference interac-

tion site model (3D-RISM). Chong et al71 developed an exact and general

decomposition method of the solvation free energy that overcomes pre-

vious drawbacks. This method (see supporting information) is suitable

for elucidating the molecular origin of the solvation free-energy change

upon the conformational transitions of Aβ peptides in water.

Here, we have selected the top 50 peptide ensembles from the

cluster analysis, and applied the 3D-RISM theory72,73. The solvation

free energy was computed based on the Kirkwood charging equation.74

Δμ=
X
γ

ργ

ð1
0
dλ

ð
dr
∂uuvγ r;λð Þ

∂λ
guvγ r;λð Þ ð3Þ

where ργ denotes the average water density and λ is the charging

parameter, which gradually turns on the protein-water interaction

from no interaction (λ = 0, uγ(r; λ) = 0) to the full interaction (λ = 1,

uγ(r; λ) = uγ(r)). ðguvγ r;λð Þ ) is an equilibrium water distribution of water

around the peptide structure and the charging parameter λ can be

computed from the integral (eg, 3D-RISM theory) by using the uγ(r; λ).

Based on Chong et al,42 uγ(r) expresses the interaction potential

between the water site γ and peptide atoms, which consists of the

pairwise additive LJ and electrostatic (elec) terms, namely

uγ rð Þ=P
i

uLJγi r−rij jð Þ+ uelecγi r− rið Þ
h i

, where i is the peptide atom at posi-

tion ri. uγ(r) was substituted into the Kirkwood charging formula to

obtain an exact partition of the solvation free energy into the LJ and

electrostatic terms, which were further decomposed into the contri-

butions of each peptide atom i. The contribution of each residue to

the solvation free energy was derived from the following equation:

Gsolv =G
LJ
solv +G

elec
solv =

X
i

GLJ
i +Gelec

i ð4Þ

The result for Gsolv obtained by integration is independent of the

path. The most natural way is to turn on the LJ first and then the elec-

trostatic interaction.

3 | RESULTS

3.1 | Structural properties

3.1.1 | Secondary structure analysis

Extensive in silico experiments have been performed to study the

structural and thermodynamic characteristics of the Aβ peptide with

and without interactions of metal ions (ie, Zn2+ and Cu2+) in

solution,12,13,16,36,39,40,70,75 even though these characteristics remain

elusive. For example, Raffa et al75 have demonstrated that Cu2+ bind-

ing can promote an increase of coil formation and disruption of the

β-sheet in the Aβ42 peptide. Recently, Huy et al39 have found that

the β-structures and the population of the Asp23–Lys28 salt-bridge

decrease in the Aβ42–Cu2+ complex in comparison with the Aβ42

structure. However, the opposite trend has been observed by Liao

et al,40 who have found that Cu2+ binding can increase the propensity

of β-sheet and salt-bridge formation in the case of Aβ42 peptide.

Wise-Scira et al13 suggested that helix formation increases and

β-sheet formation decreases in the C-terminal region upon Zn2+ bind-

ing to Aβ42. This contrasts the results of Shi et al,36 who found that

the Zn2+ coordination to Aβ42 can reduce the helical structure and

increase the turn formation. Given these contradictory results, the

impact of metal ions (Cu2+ and Zn2+) on the secondary and tertiary

structural changes of Aβ42 peptide highlights possible problems in

understanding phenomena related to the structural and thermody-

namic properties of these peptide complexes. Secondary structures,

such as helices, β-sheet, and turns, are crucial in studying the aggrega-

tion propensity of intrinsically disordered peptides, involved in AD.

The secondary structure content for the three peptides has been

computed using the DSSP algorithm62 and results are displayed in
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Figure 3 and summarized in Table 2. Interestingly, we find about

16.2% of helical formation for His13-Asp23 residues in the case of

the Aβ42, whereas in the case of the Aβ42–Cu2+ and the Aβ42–Zn2+

complexes, the helical formation at the same residues decreased to

�11.1% and � 8.3%, respectively. This result suggests that the Zn2+

and Cu2+ binding reduce the helical content in His13-Asp23 residues

of Aβ42. A higher tendency of β-sheet content is observed for

Leu17-Ala42 residues in the case of Aβ42–Zn2+ (�18.6%) and Aβ42–

Cu2+ (�16.1%), and to a lesser extent in the case of Aβ42 (�15.5%). In

contrast, opposite trends were found that is, lower turn contents in

the case of Aβ42–Zn2+ (�19.2%) and Aβ42–Cu2+ (�20.8%), and

higher turn in the case of Aβ42 (�22.0%). Aβ42 has more β-sheet con-

tent (�27%), which appears in the C-terminal hydrophobic region of

Val39-Ile41 residues. For comparison, the β-sheet content is �16% in

the case of the Aβ42–Cu2+ and � 9% in the case of Aβ42–Zn2+. This

is a clear evidence that the C-terminus of Aβ42 is more rigid with

respect to the Aβ42–Cu2+ and the Aβ42–Zn2+ systems. Aβ42 pos-

sesses �23% of turn population at the Lys33-Gly37 residues, which is

stabilized by the formation of hydrogen bonds between the Gly33

and Gly37 residues. The turn facilitates two short β-sheet in the

Phe29-Ile32 (�30%) and Gly38-Ile41(�22%) residues, which are par-

allel to each other due to hydrophobic interactions between Ile31 and

Val39 residues. Two β-sheets (Phe29-Ile32 and Gly38-Ile41) are

capped by a turn (Lys33-Gly37) and the generated hairpin structure

(�25%) in the Phe29-Ile41 residues. This result agrees well with

recent high-resolution NMR results from Yan et al76 and Colvin

et al,77 as well as simulation results by Lin et al.78

For both the Aβ1-42–Zn2+ and Aβ42–Cu2+, residues Val24-Gly33

adopt a β-hairpin conformation characterized by a type II β-turn that

forms in Lys28-Gly29 residues and two short β-sheets at the loop

(Val24–Asn27) and SHC (Ala30–Gly33) regions. The hairpin structure

is stabilized by the backbone hydrogen-bond interactions between

Asp27 and Ala30 as well as between Gly25 and Phe32 residues.

These observations are consistent with the results of Wei and Shea,79

which suggest that the monomeric state of Aβ25-35 adopts the

β-hairpin conformation in water. Surprisingly, we found that the

β-hairpin population is greater (�54%) in Aβ1-42–Zn2+ compared to

Aβ1-42–Cu2+ (�38%) in the Val24-Gly33 residues. This may support

the fact that the former is more hydrophobic than the later.

We further observe that the interaction between CHC and SHC

regions become weaker or disappear in the Aβ1-42 structure upon Zn2+

binding with respect to Aβ1-42–Cu2+ (Figure S1). The same trend was

obtained for the interaction between the SHC and the C-terminal

region. The number of contacts between the N-terminal region with

the Loop and the SHC region is smaller in the Aβ1-42 case upon Cu2+

binding, which is consistent with the result of obtained by

Coskuner.41 Furthermore, the interaction of the C-terminal and the

loop region are stronger in the structure of Aβ1-42 upon Zn2+ binding

in comparison with the structure of Aβ1-42–Cu2+, implying that the

aggregate of Aβ1-42–Zn2+ is probably more amorphous than

Aβ1-42–Cu2+. As can be seen below, this assumption is in the line with

the results obtained for salt bridges. The interactions found between

the C-terminus and the CHC region in the Aβ1-42 structure are missing

in the case of the Aβ1-42–Cu2+ and the Aβ1-42–Zn2+ complexes.

Upon Zn2+ binding, the interaction between N- and C-termini is

much weaker compared to the Cu2+ binding. The Zn2+ interacts more

with Glu11 than Cu2+, with the latter being more confined to the

N-terminus by Asp1. Zn2+ does not prefer Asp1 to Glu11, due to the

more isotropic coordination achieved with Glu11. It may possible that

the binding of Zn2+ to Aβ1-42 can lead to the diversion of Glu11 by

interactions with the C-terminus, in this way weakening the interac-

tions between N- and C-termini (Figure S1). As for Zn/Cu competi-

tion, when Zn binds first, Cu does not bind easily, while in the case

Cu binding first, Zn can bind.80 This explanation fits with the confine-

ment of Cu to N-terminus, while Zn is more promiscuous with the

C-terminus.

3.1.2 | Salt-bridge formation

We carefully inspected the changes in the salt-bridge formation

between charged residues and SASA in the peptide upon metal bind-

ing during the simulation. The presence of salt bridges in Aβ42 is an

important component to maintain the fibril conformational struc-

ture.77,81,82 In agreement with previous investigations, Arg5 estab-

lishes a salt bridge with Asp1, Glu3, Asp7, Glu11, and Glu22

residues39-41,83 and we were able to identify all salt bridges in our sim-

ulation. In general, Aβ42 has three positively and six negatively

charged residues. As a result, the formation of 18 salt bridges is possi-

ble. The presence or absence of each salt bridge was calculated for all

trajectories. Figure 4 illustrates the salt bridge contact map for Aβ42,

Aβ42–Cu2+, and Aβ42–Zn2+. In the case of Aβ42, 12 possible salt brid-

ges were detected, hence four salt bridges, Glu3–Arg5, Glu3–Lys16,

Glu11–Arg5, and Glu11–Lys16, were found to be most prevalent with

15%-30% of the population. These salt bridges are missing (or present

with less probability) in the case of metal-bound peptides. This obser-

vation is consistent with the results obtained by Coskuner,67 who

found that the Glu3–Arg5 salt-bridge is highly stable in the Aβ42, and

it can be disrupted after the Cu2+ coordination to the Aβ42.

For Aβ42–Zn2+, there are four large populations (10%-30%) of

salt bridges: Asp1–Arg5, Asp7–Arg5, Glu22–Arg5, and Glu22–Lys16.

These populations are small in the other two structures. In particular,

TABLE 2 Average secondary-
structure content for the residues
Leu17–Ala42 (%) ± SD

System β-sheet α-helix Turn Coil

Aβ42 15.51 ± 9.61 6.63 ± 5.97 22.09 ± 7.39 55.77 ± 12.57

Aβ42–Cu2+ 16.15 ± 10.27 8.57 ± 5.76 20.84 ± 8.20 54.43 ± 10.16

Aβ42–Zn2+ 18.63 ± 11.78 6.06 ± 4.67 19.25 ± 5.73 56.06 ± 9.63
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the probability of Arg5 being involved in the salt-bridge with Asp7

increases by more than 10% and 20% upon Cu2+ and Zn2+ binding to

Aβ42, respectively. The same was observed by Liao et al in their

study.40 We observe that the Zn2+ binding causes significant struc-

tural changes in the Loop region. Glu22 forms salt bridges with Arg5

and Lys16 residues, which contributes to the cleavage of the salt

bridge between Asp23 and Lys28 residues in Aβ42 upon Zn2+ binding.

This finding agrees well with the results obtained by solid state

NMR,84 which suggest that Zn2+ binding can break the salt bridge

between the side chains of Asp23 and Lys28 and drive these residues

into nonsalt-bridge conformations, which might be the source of

increased toxicity of Aβ42 at high Zn2+ (1:1 ratio of Aβ42:Zn2+) con-

centrations.85,86 In the case of Aβ42–Cu2+, the Asp23-Lys28 salt-

bridge is stronger compared to Aβ42 leading to stabilization of the

turn conformation in the loop region. Furthermore, Cu2+ binding can

increase the probability of Lys28 forming a salt-bridge with Glu22 and

Asp23 residues in Aβ42.

Figure 5 shows the variation of the contact between Asp23 and

Lys28 residues with respect to the distance between atoms Cγ of

Asp23 and Nε of Lys28. A salt bridge was formed when the distance

between two represented atoms is less than 5 Å. The Cu2+ binding

to Aβ42 can induce a higher probability of the Asp23–Lys28 salt

bridge formation firstly at distances between 3.5 and 4.0 Å and sec-

ondly between 5.0 and 6.0 Å. In contrast, the probability of the same

salt bridge is negligible for Aβ42–Zn2+ at the same distances, which

clearly indicates that the salt bridge occurs more frequently in the

Aβ42–Cu2+ structure, less frequently in Aβ42, and no salt bridge

forms in the case of Aβ42–Zn2+. Thus, the stability of the Asp23–

Lys28 salt bridge of Aβ42 drastically decreased upon Zn2+ binding.

The higher population of Asp23–Lys28 salt bridge was noticed in

the structure of Aβ42–Cu2+. These findings are in good agreement

with the computational40 and the solid-state NMR study,84 which

suggest that the Cu2+ can lead to higher stability of the salt bridge in

the loop region, whereas Zn2+ does not. The breaking of Asp23–

Lys28 might be the source of increased toxicity of Aβ42 at high Zn2+

(1:1 ratio of Aβ42:Zn2+) concentrations.85,86 In addition, because the

Asp23-Lys28 salt bridge plays a key role in formation of cross beta

fibril structure, its poor population will increase the tendency to

amorphous aggregate. The Cu2+ binding can increase the probability

of Lys28 forming a salt-bridge with Glu22 and Asp23 residues in

Aβ42, suggesting that the structure of aggregate is more ordered

with Cu2+ than Zn2+.

F IGURE 4 Salt-bridge contacts between charged residues in the case of the Aβ42, Aβ42–Cu2+, and Aβ42–Zn2+ peptides

F IGURE 5 Distribution of the salt-bridge distance between atoms
Cγ23 (Asp23) and Nε28 (Lys28)
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3.1.3 | SASA analysis

In Figure S2A, Zn2+ coordinated residues His6, Glu11 and His13

(except His14), exhibit higher SASA values, while the same residues

receive lower SASA in Aβ42–Cu2+. On the other hand, Cu2+ coordi-

nated residues are compelled Glu3, Gly9, Tyr10, and His14 to expose

higher SASA. Interestingly, the 13 hydrophobic residues of Aβ42

(Leu17, Val18, Phe19, Phe20, Val24, Ala30, Ile31, Ile32, Leu34,

Met35, Val36, Val39, and Ile41) have an increased SASA value from

11.58 ± 0.24 to 11.89 ± 0.31 and 12.18 ± 0.25 nm2 upon Cu2+ and

Zn2+ binding, respectively (Figure S2A). In other words, these hydro-

phobic residues showed a higher relative percentage of SASA in the

case of Aβ42–Zn2+ than in the case of Aβ42–Cu2+ (Figure S2B).

Hence, the intra-hydrophobic residues contact might be enhanced the

SASA value in the zinc-bound peptide. Since the hydrophobicity of

protein plays a key role to formation oligomers from monomer

structure,42 our result supports the fact that the Zn2+ binding pro-

motes the oligomer formation propensity. This process is driven by

hydrophobic collapse when hydrophobic residues become effectively

shielded from water. Further details on the protein-water interaction,

which can explain the hydrophobicity properties of the peptide, will

be discussed in Section 3.2.2.

3.2 | Thermodynamic properties

3.2.1 | Free energy surfaces analysis

Using the cluster analysis, a total of 673, 960, and 323 clusters were

obtained for Aβ42, Aβ42–Cu2+, and Aβ42–Zn2+, respectively

(Figure 6). Among the top 200 clusters, Aβ42–Zn2+ has the highest

cluster population in the top 40 clusters compared to Aβ42 and

Aβ42–Cu2+. To simplify the analysis, we used Equation (2) to calculate

the FES for Aβ42, Aβ42–Cu2+, and Aβ42–Zn2+ as a function of the

radius of gyration and the Cα-RMSD (Figure 7). The FES of Aβ42 high-

lights four of the most populated conformations (total percentage

occupied �15%). The local minima structures of Aβ42 are called

S1-S4 and their corresponding coordinates (RMSD, Rg) are (9.7, 8.9),

(9.5, 9.6), (12.0, 9.4), and (10.3, 10.0) shown in Figure 7A. In all struc-

tures, RMSD fluctuated within 9.5 to12.0 Å. The FES of Aβ42–Cu2+

was also characterized by four representative structures (�17%) with

the local minima structures (S1-S4) located at (8.5, 9.4), (7.2, 9.0), (6.9,

9.6), and (6.5, 9.5) (Figure 7B). In this case, the RMSD varied between

6.5 and 8.5 Å. Based on the FES calculation (Figure 7C), six represen-

tative structures (�28%) were found for Aβ42–Zn2+ with the

corresponding local minima structures located at (8.2, 10.1), (8.2, 9.4),

(10.2, 9.7), (10.9, 9.5), (11.6, 9.11), and (9.6, 11.2), while RMSD

obtained values in the range 8.2-11.6 Å. Apparently, Aβ42 is much

more flexible than the metal bound Aβ42 exhibiting the largest varia-

tions in RMSD. A larger number of basins is present in the FES of

Aβ42–Zn2+ in comparison with Aβ42–Cu2+ and Aβ42. This suggests

that the conformational space of Aβ42–Zn2+ is more heterogeneous

and, in agreement with the salt bridge analysis, the Aβ42–Zn2+ aggre-

gate will be more amorphous compared to other cases.

In Aβ42, there is no helix in S3 in comparison with the other pep-

tides (Table 3). In Aβ42–Cu2+, S1, S3, and S4 are well-ordered struc-

tures having a high β-sheet content of �19%, �28%, and � 19%,

respectively, but S2 has a highly disordered structure due to a random

coil (turn + coil), which reaches �93%. S1 and S3 show a boost in

β-sheet content in the N-terminal region. The same trends were

observed by Coskuner et al41 in their study In the case of Aβ42–Zn2+,

S1, S2, and S4 have a higher β-sheet content (�19%, �14%,

and � 19%) than in other states. A higher or lower SASA value of pro-

teins is associated to less or more exposure to the solvent.87 Averag-

ing over the representative structures (Table 3) we obtained SASA are

3128 ± 169, 3242 ± 157, and 3299 ± 130 Å2 for Aβ42, Aβ42–Cu2+,

and Aβ42–Zn2+, respectively. Thus, within error bars these data show

that the Zn2+ and Cu2+ binding do not change the exposure of the

peptide to the water.

In Aβ42–Zn2+, the two most populated conformations have the

population of 6.7%, which is larger than the corresponding values of

Aβ42–Cu2+ and Aβ42, (Table 3), where higher β-sheet and SASA values

and a smaller exposure to water was observed.87 These populated con-

formations are close to each other, whereas in Aβ42 and Aβ42–Cu2+

they are well separated. The energy barrier between the two most pop-

ulated structures of Aβ42–Zn2+ is significantly lower than that of

Aβ42–Cu2+ and Aβ42. Conformational exchanges mostly occur

between the two most populated structures of the Aβ42–Zn2+ complex

as each populated structure covers a larger surface area. In contrast,

conformational exchanges might be difficult in the case of Aβ42 due to

the high-energy barrier. These findings are in line with the results

obtained from the cluster analysis where we have found that two clus-

ters dominate in Aβ42–Zn2+ (Figure 6). According to the experiment,

the low free energy barrier is associated with a faster aggregation pro-

pensity.88 Thus, our results suggest that Aβ42–Zn2+ possess a low free

energy barrier and less compactness, leading to an increased self-

assembly propensity with respect to Aβ42–Cu2+ and Aβ42.

F IGURE 6 Cluster populations of Aβ42, Aβ42–Cu2+, and Aβ42–
Zn2+. Inset shows the top 40 cluster populations of these three
systems
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We now would like to discuss the impact of the metal ions on the

structural changes of peptide at the Gly29–Ala42 and the Phe24–

Met35 residues, as this matter is well-connected with the aggregation

mechanism. Figure 8 illustrates the structures of the most populated

conformers for free and metal bound Aβ42 at Phe29–Ala42 residues.

The Aβ42 conformer is well compatible with Roychaudhuri et al89

study, who reported results of computational and experimental

studies revealing a C-terminal turn at Val36–Gly37 in Aβ42, which is

not present in Aβ40. Aβ42 has a more rigid Phe29–Ala42 residues

than the Aβ1-40 at the physiological temperature of 37�C. These pre-

ordered residues act as internal seeds for aggregation and toxicity of

Aβ42. A common feature between our simulation and the

Roychaudhuri et al study89 is that the β-hairpin conformation is

formed at the Phe29–Ala42 residues of the Aβ42 peptide. In addition,

F IGURE 7 Free energy landscapes for, A, Aβ42, B, Aβ42–Cu2+, and, C, Aβ42–Zn2+ peptides as a function of the RMSD and the gyration
radius. Results are based on the whole ensemble of trajectories. Representative structures in the free-energy-minimum-basins are displayed

TABLE 3 The structural details of the most representative structures as determined by the free energy surfaces

System State P (%) Rg (Å) RMSD (Å) HB SASA (Å2) Helix (%) β-sheet (%) Turn (%) Coil (%)

Aβ42 1 5.8 8.9 9.73 19 2854 16.66 16.66 16.66 50.00

2 5.1 9.67 9.53 20 3188 7.14 9.52 9.52 73.80

3 2.2 9.44 12.00 16 3152 0.00 9.52 21.42 69.04

4 2.0 10.38 10.02 20 3316 7.14 19.04 26.19 47.61

Aβ42–Cu2+ 1 5.4 9.08 7.27 9 3108 0.00 19.04 9.52 71.42

2 5.0 9.43 8.51 18 3067 7.14 0.00 26.19 66.66

3 4.0 9.5 6.53 17 3431 9.52 28.57 4.76 57.14

4 3.0 9.62 6.99 18 3361 7.14 19.04 23.80 50.00

Aβ42–Zn2+ 1 6.7 10.1 8.24 13 3390 0.00 19.04 16.66 64.28

2 6.7 9.48 8.23 9 3269 7.14 14.28 16.66 61.90

3 3.7 9.73 10.29 16 3229 7.14 4.76 26.19 61.90

4 3.7 9.54 10.95 6 3294 0.00 19.04 9.52 71.42

5 3.7 9.11 11.66 19 3098 0.00 9.52 19.04 71.42

6 2.7 11.29 9.67 14 3516 14.28 4.76 16.66 64.28
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we found that hairpin conformations are stabilized by seven hydrogen

bonds between β-sheets (Figure 8A). These hydrogen bonds (HBs)

sharply decrease to three for Aβ42–Cu2+ and one for Aβ42–Zn2+,

which results in the absence of a β-sheet at 37-41 residues of the

β-hairpin structure. In the C-terminal (Val36–Ala42) region, Aβ42 has

three times higher β-sheet content in comparison with Aβ42–Cu2+

and 1.5 times more β-sheet content than Aβ42–Zn2+. These observa-

tions indicate that the C-terminal of the Aβ42 is more rigid than

Aβ42–Zn2+ and Aβ42–Cu2+. Because the fibril formation of Aβ42 is

expected to initiate from the rigid C-terminal16 our result suggests

that the aggregation of Aβ42–Zn2+ and Aβ42–Cu2+ does not neces-

sarily begin from this end.

Figure 8B shows the most representative conformers at the

Val24–Met35 for the three sequences. The Aβ42–Zn2+ has a higher

β-hairpin population (83%) with a turn located at residues 28 and 29.

We received 50% of β-hairpin population for Aβ42 and Aβ42–Cu2+.

This is in agreement with the results of Wei and Shea79 who showed

that most populated conformer of Aβ25-35 is the β-hairpin. Further-

more, Aβ42 has one HB, Aβ42–Cu2+ seven HBs; and Aβ42–Zn2+ eight

HBs. We find that Cu2+ and Zn2+ binding to Aβ42 introduces less

mobility in residues 24-35, which may results in faster aggregation,

and higher flexibility at the C-terminus (Val36–Ala42).90-92

3.2.2 | Solvation free energy

The protein solubility in water is an important component of the mech-

anism of proteins self-assembly. In particular, the protein–water inter-

action can be investigated by calculating the solvation free energy,

which in turn can be used to identify the hydrophobicity propensity of

a protein.93-96 In particular, a larger solvation free energy is associated

with increased protein hydrophobicity.42 To this end, the hydrophobic

effect is the major driving force for protein self-assembly in water.

However, residual contributing hydrophobicity cannot be experimen-

tally determined, but recent computational approaches71,72,95,96 can

estimate the hydrophobicity of a protein. In our case, the solvation free

energy was computed by using the molecular theory of solva-

tion71-73,95,96 for the 50 most populated protein ensembles. The

F IGURE 8 A, Structures of the most populated conformers for each peptide at the C-terminus. The turn structure is involved in residues
34-36 for Aβ42, 33-38 for Aβ42–Cu2+, 34-37 for Aβ42–Zn2+. Seven hydrogen bonds appear in Aβ42, three in Aβ42–Cu2+ and only one in Aβ42–
Zn2+. B, The most populated conformers for each peptide at the Val24-Met35 residues. The β-turn involves residues Lys28-Gly29 for all peptides,

ribbon diagram of its own backbone to highlight the position of the backbone. Red dotted line indicates hydrogen bonds. C, N, O, H, and S atoms
are in cyan, blue, red, white, and yellow, respectively
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average solvation free energies are summarized in Table 4. In particular,

the solvation free energy of Aβ42 increases from 34.90 ± 0.98 to

59.05 ± 1.63 and 67.83 ± 1.45 kcal/mol upon Cu2+ and Zn2+ binding,

respectively. In other words, the solvation free energy of Aβ42–Zn2+

has increased more significantly in comparison with Aβ42–Cu2+. This

finding suggests that the binding of Zn2+ rather than Cu2+ contributes

to greater hydrophobicity of Aβ42. Furthermore, we investigated the

solvation free energy for each region (Table 4), where small changes

were observed in the CHC and SHC regions and significant changes in

the N-terminal, loop, and C-terminal regions after Cu2+ and Zn2+ bind-

ing to Aβ42. Zn2+ rather than Cu2+ can decrease the hydrophobicity of

CHC region residues Val18, Phe19, Phe20, and Ala21 and SHC region

residues Gly29, Ala30, and Met35 in the Aβ42 (Table 5). Interestingly,

we have overall noted that the total solvation free energies of CHC and

SHC regions were decreased in case of Aβ42–Zn2+ (Table 4).

The solvation free energy can decrease at the Loop and the C-ter-

minus, whereas it can increase at the N-terminal region. The average

residual contributing solvation free energies are shown in Figure 9

and summarized in Table 5. In Aβ42 the contribution of Glu3, His6,

Asp7, and Glu11 residues to the solvation free energy increases upon

metal (Zn2+ and Cu2+) binding, which is in good agreement with the

result of Shi et al36 and Miller et al,70 suggesting that the Zn2+ coordi-

nated residues are less exposed to water. These residues are playing a

key role in enhancing the solvation free energy (hydrophobicity) in the

N-terminal region of both Aβ42–Cu2+ and Aβ42–Zn2+ complexes.

We also found significant changes in the solvation free energy of

positively charged residues, in particular the solvation free energy of

Arg5 and Lys16 was reduced and of Lys 28 increased upon Cu2+ and

Zn2+ binding. Overall, negatively (Glu3, Asp7, and Glu11) and posi-

tively (Arg5, Lys16, and Lys28) charged residues interact with water

less in the case of Aβ42–Zn2+ than Aβ42–Cu2+, which corresponds to

increased solvation free energy. When His6 binds to Zn2+ as com-

pared to Cu2+ binding, adjacent residue Asp7 is compelled to reduce

the interaction with water molecules. Comparing with Aβ42–Zn2+, the

average solvation free energy of Asp23/Glu22 and Lys28 is greater in

Aβ42–Cu2+ due to the higher tendency to the salt-bridge formation

between Asp23 and Lys28(Figure 5), which are less exposed to water.

The C-terminal residues Met35, Val36, Gly37, Gly38, Val39, and

Val40 have a larger exposure to water since this region is highly disor-

dered (high mobile) in both Aβ42–Cu2+ and Aβ42–Zn2+. In addition,

Ala42 exhibits greater solvation free energy and less exposure to

water upon Zn2+ binding, since the contact with the N-terminus

(Asp1) has a higher probability (Figure S3).

We observe three important differences for Aβ42–Zn2+ in com-

parison with Aβ42–Cu2+ and Aβ42. Firstly, there are three residues

(Lys28, Ile31, and Ile32) that exhibit a higher hydrophobicity and lead

to the stabilization of the hairpin conformation from Val24 to Met35.

Secondly, the C-terminal residues Met35, Val36, Gly37, Gly38, Val39,

and Val40 are highly flexible (lower solvation free energy), which

allows them to actively interact with water molecules. Thirdly, seven

residues Arg5, His6, Asp7, Tyr10, Glu11, His13, and His14 are actively

involved in enhancing the total hydrophobicity of the N-terminal

region, which leads to less exposure to water. These observations

constitute a strong evidence that Zn2+ binding can enhance the stabil-

ity of the hairpin conformation at Val24–Met35 residues while

increasing the flexibility in the C-terminal region of the peptides. In

other words, Aβ42–Zn2+ has an increased β-sheet content that occurs

due to an enhanced solvation free energy, which could potentially

lead to a higher hydrophobicity propensity compared to Aβ42–Cu2+.

4 | DISCUSSION

The structural and thermodynamic properties of the monomeric form

of the Aβ42 peptide in the presence of transition metal ions remain

challenging and highly controversial to date.12 Moreover, there have

been no studies on the residual solvation free energy of Aβ42 with

metal ions, despite their important role in AD. Therefore, the focus of

this study is on the structural changes and the residual solvation free

energy of Aβ42 in the presence of Cu2+ and Zn2+. Our studies are

based on 7200 ns of MD simulation followed by solvation free energy

calculations. Much evidence has been obtained that Zn2+ ions pro-

mote hydrophobicity of Aβ42 peptides to a greater extent than Cu2+.

We have found that Cu2+ and Zn2+ binding could lead to a higher

beta-sheet and lower turn content in Aβ42. Furthermore, a higher

helix and a lower random coil content were observed in Aβ42–Cu2+ in

comparison with Aβ42 and the Aβ42–Zn2+ (Table 2). Regarding struc-

tural changes in metal-peptide complexes, the helical formation at

His13-Asp23 residues decreases while the β-hairpin population

increases at Val24-Met35 residues when Zn2+ and Cu2+ bind to Aβ42.

In particular, the β-hairpin population was found to be greater in the

case of Aβ42–Zn2+ in comparison with the structure of Aβ42–Cu2+ at

TABLE 4 Solvation free energy
(kcal/mol) along with SD values of each
region of the three peptides as
determined by using the 3D-RISM
theory, and *SE

Region Aβ42 Aβ42–Cu2+ Aβ42–Zn2+

N-terminal (Asp1-Lys16) −44.53 ± 47.66 19.77 ± 24.89 32.07 ± 24.61

CHC(Leu17-Ala21) 100.92 ± 7.13 99.85 ± 7.23 98.97 ± 7.66

Loop (Glu22-Lys28) −122.98 ± 44.06 −139.54 ± 44.84 −143.40 ± 48.91

SHC(Phe29-Met35) 114.27 ± 9.58 114.03 ± 11.07 112.37 ± 10.83

C-terminal (Val36-Ala42) −12.74 ± 22.10 −19.30 ± 29.10 −17.45 ± 32.75

Total 34.90 ± 0.98* 59.05 ± 1.63* 67.83 ± 1.45*

Note: In case of metal complex, sum of all the region is not equal to the total solvation free energy which

included metal ion contribution.
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the Val24–Met35 residues, which is characterized by a type II β-turn

formed at Lys28–Gly29 residues and two short β-sheets at the loop

(Val24–Asn27) and SHC (Ala30–Gly33) regions. The hairpin is

stabilized by hydrogen bonds along the backbone between Asp27 and

Ala30, as well as between Gly25 and Phe32 residues. Furthermore,

Cu2+ and Zn2+ can drastically decrease the β-sheet formation in the C-

TABLE 5 Residue contributions to
solvation free energy ± SD. The red, blue,
and black color represented in negatively,
positively charged and neutral residues,
respectively

Residue Aβ42 Aβ42–Cu2+ Aβ42–Zn2+

ASP 1 −44.69 ± 15.82 −32.02 ± 14.35 −44.28 ± 10.24

ALA 2 10.13 ± 3.71 11.53 ± 2.21 9.82 ± 1.41

GLU 3 −78.86 ± 18.32 −57.71 ± 11.28 −51.44 ± 10.54

PHE 4 26.04 ± 3.49 23.87 ± 2.95 24.17 ± 1.98

ARG 5 71.07 ± 18.57 11.91 ± 8.76 23.21 ± 7.32

HIE 6 16.93 ± 3.92 23.50 ± 3.90 19.18 ± 2.49

ASP 7 −94.62 ± 16.25 −59.60 ± 7.38 −45.38 ± 9.81

SER 8 3.44 ± 4.62 7.88 ± 1.02 5.60 ± 1.55

GLY 9 5.77 ± 3.52 4.02 ± 2.50 3.82 ± 1.56

TYR 10 23.08 ± 4.34 19.37 ± 2.89 20.48 ± 1.43

GLU 11 −87.63 ± 14.75 2.33 ± 18.92 3.06 ± 6.31

VAL 12 20.34 ± 3.10 18.79 ± 1.75 17.65 ± 1.62

HIE 13 17.90 ± 4.56 22.34 ± 2.46 18.04 ± 1.99

HIE 14 18.11 ± 6.40 15.67 ± 2.07 17.66 ± 2.98

GLN 15 12.13 ± 6.25 10.55 ± 2.30 10.39 ± 3.63

LYS 16 36.30 ± 19.67 −2.69 ± 7.31 0.04 ± 13.51

LEU 17 22.87 ± 3.25 22.52 ± 3.28 22.58 ± 3.51

VAL 18 17.90 ± 2.74 17.20 ± 2.45 17.00 ± 2.34

PHE 19 24.80 ± 3.92 24.72 ± 3.73 24.27 ± 3.94

PHE 20 25.03 ± 3.41 24.83 ± 3.46 24.44 ± 3.56

ALA 21 10.31 ± 2.78 10.56 ± 2.26 10.66 ± 2.35

GLU 22 −99.73 ± 17.48 −117.17 ± 23.66 −121.94 ± 23.94

ASP 23 −95.24 ± 17.52 −98.40 ± 17.02 −101.81 ± 18.91

VAL 24 18.15 ± 3.20 17.55 ± 2.88 17.33 ± 3.37

GLY 25 9.11 ± 4.04 7.47 ± 3.07 7.24 ± 2.65

SER 26 7.02 ± 4.67 5.42 ± 4.27 5.26 ± 4.33

ASN 27 8.16 ± 4.95 6.05 ± 4.41 6.68 ± 3.96

LYS 28 29.54 ± 20.17 39.52 ± 29.29 43.83 ± 30.78

GLY 29 5.05 ± 2.55 4.14 ± 2.73 3.98 ± 2.64

ALA 30 11.67 ± 2.88 11.66 ± 4.14 11.21 ± 3.55

ILE 31 23.11 ± 3.16 24.44 ± 3.57 24.07 ± 3.21

ILE 32 23.24 ± 2.74 24.22 ± 3.01 24.14 ± 3.16

GLY 33 5.78 ± 3.54 6.16 ± 3.35 6.14 ± 3.41

LEU 34 23.28 ± 3.8 23.34 ± 3.61 22.77 ± 3.52

MET 35 22.10 ± 3.64 20.04 ± 3.43 20.03 ± 3.36

VAL 36 18.61 ± 2.02 16.78 ± 2.80 16.58 ± 2.95

GLY 37 4.64 ± 2.80 3.16 ± 2.57 3.50 ± 2.73

GLY 38 5.26 ± 2.94 3.82 ± 3.10 3.58 ± 3.32

VAL 39 19.27 ± 3.50 17.31 ± 3.07 17.54 ± 2.87

VAL 40 19.29 ± 3.60 18.31 ± 2.65 18.12 ± 2.25

ILE 41 22.36 ± 3.14 23.16 ± 2.87 22.78 ± 2.7

ALA 42 −102.21 ± 16.20 −101.87 ± 28.55 −99.59 ± 31.21

Cu2+/Zn2+ - −15.63 ± 13.04 −14.58 ± 19.61
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terminal region at Val36–Ala42 residues in Aβ42. This results in higher

mobility in the C-terminal region. Finally, we studied the secondary

structural properties of Aβ42. We found that, except for the metal

binding region or the N-terminal region (Asp1–Lys16), the higher ten-

dency of β-sheet contents was found for Aβ42–Zn2+ and Aβ42–Cu2+,

while a smaller value was found in the case of Aβ42. We also observe

that the β-sheet formation at Leu17–Ala42 in Aβ42 is enhanced upon

Zn2+ and Cu2+ binding.

The total charge of Aβ42 was reduced due to the Cu2+ and Zn2+

binding, which results in significant conformational changes with

respect to free Aβ42. The most stable conformers of the peptides

were found from the free energy landscape. The β-hairpin conforma-

tion is formed in Gly29–Ala42 of the Aβ42 peptide with β-sheets at

Gly29–Ile32 and Gly38–Ile41 residues and a turn at Gly33–Val36 res-

idues. This hairpin was stabilized by seven hydrogen bonds between

β-sheets. These hydrogen bonds drastically decrease to three and one

in the Aβ42 peptide upon Cu2+ and Zn2+ binding, respectively, which

eventually destabilizes the β-hairpin structure. Hence, the C-terminal

region has a higher mobility in the free peptide upon metal binding. In

particular, Aβ42–Zn2+ acquires a relatively more ordered structure at

the C-terminal region in comparison with the structure of Aβ42–Cu2+.

The solvation free energy calculation can help us understand the

interactions between the peptide and water. The solvation free

energy of the Aβ42 peptide increases upon binding with Cu2+ or Zn2+

indicating that the metal binding can enhance the hydrophobicity of

Aβ42 to promote a faster self-assembly propensity. The residual sol-

vation free energy shows that significant changes are observed only

in the N-terminal, the Loop and the C-terminal regions, where the sol-

vation free energy can decrease in the loop and the C-terminal and

increase at the N-terminus upon metal binding.

In the case of Aβ42–Cu2+, the turn conformation in the loop

region is stabilized by the stronger salt bridge formation between the

Asp23 and Lys28 residues. In contrast to Aβ42–Zn2+, the Glu22 resi-

due involved contacts with Arg5 and Lys16 that lead to the break-up

of the salt bridge (nonsalt bridge forming) and causes the destabiliza-

tion of the turn structure in the loop region. The nonsalt bridge con-

formation may be the origin for the increased toxicity of Aβ42 with

high Zn2+ concentration.85,86 Overall, our findings indicate that Zn2+

binding during Aβ42 folding could lead to the formation of β-hairpin

conformations in Val24–Met35 residues with a higher probability and

a higher mobility of the C-terminal region (Val36–Val40) compared to

the Cu2+ binding to Aβ42. This hypothesis is supported by several

recent studies70,79,84 suggesting that Val24–Met35, which adopt a

hairpin structure, can induce toxicity, while Zn2+ binding disrupts the

Asp23–Lys28 salt bridge and leads to increased hydrophobicity of

oligomers.

F IGURE 9 Contribution of each residue to the solvation free energy difference between Aβ42–Cu2+ and Aβ42, A, and, Aβ42–Zn2+ and Aβ42,
B. Contributions from the positively charged residues are colored in blue, the negatively charged in red, and the non-charged in black. Magnified
representation of the noncharged residue (C and D) contributions to ΔGsolv. Residues showing a ΔGsolv of more than 0.9 kcal/mol (in purple) were
considered to be relatively less exposed to the solvent in the Cu2+ binding peptide than in the free peptide, whereas residues with a ΔGsolv of less
than −0.9Kcal/mol (in green) were considered to be more exposed (positively and negatively charged residues are in blue and red, respectively).
The above limits are represented as dashed lines
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5 | CONCLUSION

The key findings of our study are (a) Zn2+ binding induces a higher

tendency of β-hairpin formation in Phe24–Met35 residues. This for-

mation is stabilized by eight hydrogen bonds and the more hydropho-

bic nature of Ile31 and Ile32 residues, which have strong contact with

Gly25 residue. However, the hairpin was destabilized in the case of

Aβ42–Cu2+, where a reduced number of hydrogen bonds is observed.

(b) Aβ42–Zn2+ has a larger solvation free energy (more hydrophobic)

than Aβ42–Cu2+. In this case, the greater water-mediated attraction

propensity has been conjectured as a factor dictating the fastest self-

assembly propensity of Aβ42–Zn2+ than Aβ42–Cu2+; c) Residual sol-

vation free energy is suppressed in the C-terminal region (Val36,

Gly37, Gly38, Val39, and Val40) upon Zn2+ and Cu2+ binding, due to

the C-terminal region has a higher tendency to interact with the water

molecules. This results in highly disordered structures in the case of a

metal bound peptide, compared with the free peptide case.
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