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ABSTRACT: Aβ1−40 peptide and Aβ1−42 peptide are the building units of beta-
amyloid plaques present in Alzheimer’s disease (AD)-affected brain. The binding affinity of
various divalent metal ions such as Cu and Zn present in AD-affected brain with different
amino acids available in Aβ-peptide became the focus to explore their role in soluble
neurotoxic oligomer formation. Cu2+ metal ions are known to enhance the neurotoxicity of
the Aβ1−42 peptide by catalyzing the formation of soluble neurotoxic oligomers. The
competitive preference of both Cu2+ and Zn2+ simultaneously to interact with the Aβ-
peptide is unknown. The divalent Cu and Zn ions were inserted in explicit aqueous Aβ1−
42 peptide configurations to get insights into the binding competence of these metal ions
with peptides using classical molecular dynamics (MD) simulations. The metal-ion
interactions reveal that competitive binding preferences of various peptide sites become
metal-ion-specific and differ significantly. For Cu2+, interactions are found to be more significant with respect to those of Asp-7, His-
6, Glu-11, and His-14. Asp-1, Glu-3, Asp-7, His-6, Glu-11, and His-13 amino acid residues show higher affinity toward Zn2+ ions.
MD simulations show notable variation in the solvent-accessible surface area in the hydrophobic region of the peptide. Infinitesimal
mobility was obtained for Zn2+ compared to Cu2+ in an aqueous solution and Cu2+ diffusivity deviated significantly at different time
scales, proving its labile features in aqueous Aβ1−42 peptides.
KEYWORDS: molecular dynamics, amyloid β-peptide, residue mean distance map, radial distribution function,
solvent accessible surface area

1. INTRODUCTION
Within the diagnostic capability of various neurodegenerative
diseases, enormous efforts have been made over the years to
inquest Alzheimer’s disease (AD) in the human brain.1−7 The
well-known fact of AD proposed pathologies is the deposition of
beta amyloid plaques which are the aggregates of 40 or 42 long
amino acid chains, i.e., Aβ1−40 peptide or Aβ1−42 peptides,
respectively (comparatively more involvement of Aβ1−42
peptide).4,8−10 In the past three decades, various aspects of
Alzheimer’s disease-affected brain have been put forward such as
the concentration of metal ions,10−14 formation of Aβ
aggregates,15−18 amyloid toxicity,1,19−21 impact of chela-
tors,7,8,15 hydrophobicity of amino-acid chain residues, etc.7,22

Moreover, the influence of factors such as pH,23 temperature,
and buffer have also been noticed in the deposition of Aβ
aggregates.21 In the past decade, theoretical investigations of
several structural features of aggregates have made significant
advancements in our understanding of Aβ-fibrils.5,10,23−47 Post-
mortem examination of the brain suggested that bioavailable
metals (i.e., copper, zinc, and iron) are found in high
concentrations in the amyloid plaques as compared to the
surrounding tissues.6 Naturally, immense interest in under-
standing the role of metal ions has emerged in the scientific
community. A detailed investigation has been carried out to
probe their coordination with different amino acids available in

Aβ peptides.5,15,16,22,48 Interestingly, it has been observed that
while all these metal ions in different oxidation states coordinate
with Aβ peptides, experimental studies have distinguished Cu2+

and Zn2+ ions in amyloid-β peptide aggregation and found that
the Cu2+ ions lead to the stabilizing of soluble neurotoxic
oligomers compared to larger Aβ1−42 peptide nontoxic
aggregates in the presence of Zn2+ ions.7,16,20,21,49 Among
transition metal ions, the coordination chemistry of Cu and Zn
with amyloid-β peptide has been widely explored in the last two
decades.2,16,20,21,49−56 There are several divergent reports on the
coordinating amino acid residues of the Aβ1−42 peptide that
form the coordination sphere of the metal ions. The binding of
different amino acids to metal ions seems to depend on various
experimental conditions such as pH, buffer medium, temper-
ature, etc.7,20,21,51 Drew et al.57−61 have explored in detail the
role of metal ions in redox activity with the amyloid-β peptide
and the binding affinity of Cu2+ ions with the peptide. Although
the binding pockets of the Aβ1−42 peptide have been identified
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for such metal ions, the important aspect of catalyzing such
specific aggregations in the presence of both Cu2+ and Zn2+ ions
simultaneously is still unknown. Prabhakar and co-workers62

elucidated the mechanism of dimerization of the Aβ1−42
peptide usingMD simulations and found the effective role of the
hydrophobic region within the two monomers involved in the
dimerization process. Khatua et al.63 determined conformational
changes in the Aβ1−42 peptide and the response of the
surrounding solvent with respect to the aggregation process. The
authors provided key insights from their atomistic simulations of
entropy variation along with conformational transitions in the
Aβ1−42 peptide. Recently, Man et al.64 examined the effect of
various force fields using replica exchange MD on the secondary
structure of the Aβ1−42 peptide dimer. The authors concluded
that dimer stabilization occurs due to nonspecific interactions
irrespective of conformational differences arising in secondary
structure from a specific force field.

Boopathi and Kolandaivel48 performed MD simulations to
probe the role of metal ions in Aβ1−40 peptide and Aβ1−42
peptide aggregation by comparing with their Cu2+ configuration
and Zn2+ configurations, respectively. The authors predicted
significant changes in the secondary structures of the Aβ1−40
peptide and the Aβ1−42 peptide in the presence of either Cu2+

or Zn2+ ions. Coskuner and Perry’s group25,27,42,47,65 demon-
strated the use of computational methods to unveil several
structural characteristics and thermodynamic aspects of metal-
bound Aβ-peptides. In the present study, we have considered the
Aβ1−42 peptide as an AD amyloid precursor and inserted both
Cu and Zn divalent ions in the same configuration with the same
concentration (4 Cu2+: 4 Zn2+) to analyze the competitive
preference of these metals ions in the explicit aqueous phase of
the Aβ1−42 peptide using classical molecular dynamics (MD)
simulations. The binding sites for both Zn2+ and Cu2+ ions
reported in experiment studies22 at various pH include N-atom

and O-atom of Asp-1, Glu-3, His-6, Asp-7, Glu-11, His-13, and
His-14, as depicted in Figure 1. This study focuses on
characterizing binding affinities of metal ions to these peptide
sites in the concurrent presence of Cu2+ and Zn2+ ions through
MD simulations and analyzing the relative strengths. The setup
of the system configuration and computational details of MD
simulations are provided in the next section.

2. COMPUTATIONAL METHODS
Classical all-atom simulations were carried out on the hydrated Aβ1−
42 peptide using the molecular dynamics package GROMACS 4.5.4.66

The initial structure of the Aβ1−42 peptide was obtained from a
previous study67 (PDB: 1IYT) on the 42 long-amino-acid Aβ1−42
peptide. An energy-minimized monomer configuration (Figure 1) from
the steepest descent method was used to generate 16 chain
configurations of the Aβ1−42 peptide for better statistical averages. It
was further solvated with 10,000 spc/e68 water molecules (as per the
cubic simulation box size, i.e., 72.9 Å) to generate an explicit water
environment around the peptides, and Na+/Cl− ions were added. We
have used the spc/e water model instead of Tip4p to get better
dynamics of metal ions in the aqueous phase, which may be affected by
water dynamics significantly. As the diffusion coefficient of water in the
spc/e water model is in close agreement with the experimental value, we
opted for the spc/e water model. The NPT ensemble was used initially
for avoiding any free volume around peptides or ions and 1 ns canonical
ensemble (NVT) pre-equilibration was carried out at 310 K using the
velocity-rescale thermostat.69 The particle-mesh Ewald method70,71

was used tomodel long-range interactions, and nonbonded interactions
were truncated at 11 Å. All bonded or nonbonded potential parameters
for the Aβ1−42 peptide and metal ion interactions were taken from the
GROMOS force field 53A6.72 In order to assess the impact of Cu and
Zn divalent ions, four Zn/Cu ions each were added in pre-equilibrated
configuration by maintaining charge neutrality (by adding Cl− ions) in
1:4 ratio with respect to the amyloid peptide (4 Cu2+: 4 Zn2+: 16 Aβ1−
42 chains) and to get optimum statistical averages of the peptide
structure and dynamics of ions. Further, 1 ns equilibration was carried

Figure 1. Energy-minimized structure of the Aβ1−42 peptide with various metal binding amino acids/sites. Color scheme for the secondary structure:
coil�white, turn�cyan, α-helix�purple, 3-helix�blue. The metal binding sites are shown with a dashed bond (magenta color) for Cu2+ and Zn2+

along with coordinating N atoms (blue) and the O atom (red) of amino acids.
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out using the NVT ensemble, and the cubic simulation box size is 73.70
Å. A 100 ns production run was performed at 310 K using an
isothermal−isobaric ensemble (NPT) with a time step of 1 fs,
thermostat coupling of 0.3 ps, reference pressure of 1 bar with pressure
coupling of 1 ps, and compressibility of 4.5 × 10−5 bar−1. The pressure
was maintained using a Parrinello−Rahman barostat and temperature
was regulated using a Nose−́Hoover73,74 thermostat. The secondary
structure of all the 16 Aβ1−42 peptide chains was analyzed using the
DSSP protocol.75

3. RESULTS AND DISCUSSION

3.1. Secondary Structure of Peptides

A microscopic view is essential to understand the conforma-
tional signatures of the Aβ1−42 peptide in the presence of
transition metal ions and an explicit aqueous environment. The

secondary structure formation and its suppression at different
peptide regions are important for amyloid aggregation.

We have calculated secondary structure variation in each
Aβ1−42 peptide chain (A-P) as a function of simulation time.
Figure 2 shows the secondary structure behavior of various
Aβ1−42 peptide chains obtained from a 100 ns simulation
trajectory. In most of the Aβ1−42 peptide chains, the peptide
regions 3−10 show a turn, and 9−21 show an α-helix structure.
The peptide regions 21 to 31 largely fluctuate between turn and
helical conformation.

For different chains, the peptide regions 3−5 and 31−40 show
interchange in bend or turn conformations. Our results predict
38−42% helical structure in Aβ1−42 peptide chains in the
presence of metal ions, which is 10% higher than the simulation
results obtained by Boopathi and Kolandaivel.48 The observa-
tions in the present study closely resemble the finding of

Figure 2. Secondary structure variation in Aβ1−42 peptide chains [A-P] for 1 to 42 (on the y-axis) amino-acid segments as a function of simulation
time (1 to 100 ns on the x-axis). Color scheme for coil�white, bend�green, turn�yellow, α-helix�blue, 5-helix�brown, 3-helix�gray (for more
clarity of each figure, please see Figure S1a−d in the Supporting Information).
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Coskuner42 toward more abundant helical and turn structure
conformation. Among 16 peptide chain configurations, the first
10 amino acid residues show coil followed by a turn helical
pattern for the peptide chains B, D, J, L, N, and P. However,
there is an interchange between the bend or turn structure for
the peptide chains A, C, G, I, K, and O, specifically for the 3−5
peptide residue sequence. Except for the peptide chains F andH,
there is a consistent pattern of the α-helix structure for the 11−
21 peptide chain region.

The structural changes in peptide chains are characterized by
calculating the average solvent accessible surface area of the
Aβ1−42 peptide as a function of peptide chain residues 1 to 42.
Figure 3 shows that the average solvent accessible surface area
(SASA) for the first 1−20 chain residues of all the 16 chains “A”
to “P” almost overlap and have the same signatures. A key
fluctuation in the average SASA value is observed among various
Aβ1−42 peptide chains for the chain residues 21 to 42. It shows
that a significant variation takes place on their surface sites and in
interchain peptide interactions for the chain residue 21 to 42
(out of that 30−42 is largely known as hydrophobic65). Apart
from metal ions, It reflects that the hydrophobic peptide part

equally participates in the preaggregation of Aβ1−42 peptide
chains.

A similar observation has been illustrated by Khatua et al.63 by
examining conformational disorderedness and solvent hetero-
geneity around the peptide segments. Figure 4 shows the protein
contact map calculated as the mean smallest distance of amino
acid residue pairs of the Aβ1−42 peptide within the cutoff
distance of 1.5 nm. The similarities in the contact mapmatrix for
all 16 chains (Figure 4a) can be seen above and below the
diagonal. The contact map observed in one chain is depicted for
a randomly chosen peptide, as shown in Figure 4b).
3.2. Influence of Cu2+ and Zn2+ Metal Ions

3.2.1. Metal−Residue Interactions. In order to evaluate
the binding site affinity of both the Cu2+ and Zn2+ metal ions, the
radial distribution functions (RDFs) are calculated for different
peptide chain residues with respect to their center of mass
around the metal ions. Figure 5a shows an RDF profile for
interactions of Zn2+ ions with the center of mass of Asp-1, Glu-
3, His-6, Asp-7, Glu-11, and His-13/His-14 chain residues. The
high peak intensity at 3.9 Å for Asp-1 peptide chain residue
interactions with Zn2+ shows a strong metal binding affinity with

Figure 3. Variation in the average SASA of the Aβ1−42 peptide as a function of peptide chain residues 1−42.

Figure 4. Mean smallest distance calculated from 100 ns NPT simulation run (left) for all residues (16 chains) and (right) for a randomly chosen single
chain of the Aβ1−42 peptide.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00041
ACS Phys. Chem Au 2024, 4, 57−66

60

https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00041?fig=fig4&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Asp-1. A comparatively low and bifurcated intense peak (4.1 and
5 Å distance) is obtained for Glu-3. The equal distribution of
intensity for both arms of the bifurcated peak indicates the
possible binding of Zn2+ ions with two different chains which
leads to the assembling of two chains in the form of dimer.
However, the peak intensity of RDFs for Zn2+ toward the His-6
and His-13/His-14 peptide chain residues are comparatively
insignificant in the measured time scale due to the competitive
affinity of Cu2+ ions simultaneously.

Similar to the Zn2+ ions RDF profile, the interactions of Cu2+

ions with peptide chain residues are shown in Figure 5b. Unlike
Zn2+ ions, the interactions of His-6/His-14 are found to be more
prominent with Cu2+ ions rather than for Asp-1 and Glu-3
peptide chain residues. These observations are in agreement
with earlier MD simulations of Jiao and Yang76 where histidine
N atoms act as the anchor coordinating sites for Cu2+ binding.
However, peptide Cu2+ ion interactions with Asp-1 are well
reported in earlier ab initio studies where metal ions are placed

around the preferential coordinating sites of the oligomer.65,77,78

In the case of Cu2+ ions, most significant interactions are seen for
Asp-7 and Glu-11 peptide chain residues at 4.1 Å. The peak
intensity is much higher for Asp-7 compared to Glu-11. The
inset of Figure 5b differentiates Cu2+ interactions with His-6 and
His-14 peptide chain residues. Santis et al.79 demonstrated
through the X-ray study that the simultaneous addition of both
Cu2+ and Zn2+ ions resulted in partial binding of both metal ions
with peptide and differed in binding to various histidine residues.
These metal interactions with the center of mass of peptide
residues are further examined through specific atomic sites.

3.2.2. Metal-Binding Atomic Site Interactions with
Peptide Chain Residues. As depicted in Figure 1, RDFs are
calculated from the 100 ns trajectory to evaluate binding
affinities toward the preferential atomic binding sites of metal
ions22 with Asp-1/Asp-7, His-6/His-13/His-14, andGlu-3/Glu-
11 using N atoms and O atoms. Figure 6a−c shows RDFs for
Cu2+ metal ions with an N atom of His-6/His-13/His-14/Asp-1
and an O atom of Asp-1/Asp-7/Glu-3/Glu-11 amino acid
residues. The RDF of the Cu−N atom of the His-14 residue
shows much stronger interactions at a shorter distance (∼5 Å)
compared to the Cu−N atom of the His-6 residue (∼7 Å) (see
Figure 6a). These interactions with His-13 residue are found to
be insignificant. The interactions of Cu2+ ions are not observed
with Asp-1 amino acid residue either with theN atom or with the
O atom (see Figure 6b). The Cu−O atom RDFs for Asp-7, Glu-
3, and Glu-11 illustrate that the Cu2+ ion shows significant
interactions with the O atom of Asp-7 and Glu-11 peptide
residue at 3 Å. The coordination number (CN) contribution of
these atomic interactions is calculated around the Cu2+ ions in
the first solvation shell (Table 1). The CN is observed at 0.14 to
0.20 for the N atoms/O atoms of the Asp-7, His-6, Glu-11, and

Figure 5. Radial distribution functions calculated from 100 ns NPT
simulation for the (a) Zn2+ metal ion and (b) Cu2+ metal ions,
respectively (metal ions and between the center of mass of peptide
chain residues such as Asp-1, Glu-3, Asp-7, His-6, Glu-11, His-13, and
His-14, respectively) (the inset depicts His-6/13/14 peptide residue
interactions with Cu2+ ions).

Figure 6. RDFs calculated from the 100 ns trajectory for the peptide chain interactions of N atoms and O atoms of Asp-1, Glu-3, Asp-7, His-6, Glu-11,
His-13, and His-14 amino acids with the (a−c) Cu2+ ion, (d−f) Zn2+ ion, and (g−I) oxygen atom of water molecules, respectively.
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His-14 peptide chain residues, which show comparatively
significant metal−peptide interactions.

Similar to Cu2+ ions, RDFs are calculated for Zn2+ ions with
the N atom of His-6/His-13/His-14/Asp-1 and the O atom of
Asp-1/Asp-7/Glu-3/Glu-11 amino acid residues (see Figure
6d−f). The Zn − N atom RDF profiles of His-6/His-13/His-14
in Figure 6d depict that interactions of the Zn2+ ion with the N
atom of the histidine residue occur at a much larger distance
(above 7 Å) compared to Cu2+ ions. Moreover, the Zn2+ ions
show stronger interactions with the Asp-1 peptide residue, as
seen in Figure 6e. For Asp-1, An intense peak is observed at ∼5.8
Å for the Zn−N atom RDF and at ∼4 Å for the Zn−O atom
RDF, respectively. These Zn−O atom interaction peaks are
obtained at a slightly higher distance at 4.7 Å for Asp-7. The
comparison of the Zn−O atom RDF peak for Glu-3 and Glu-11
peptide residue illustrates that interactions of Glu-3 residue are
more significant. The CN for Zn2+ metal ion is found to be in the
range of 0.21−0.29 for Asp-1, Asp-7, His-6, Glu-11, and His-13
(Table 1) except 0.5 for Glu-3 and 0.18 for His-14. The Zn2+

ions show relatively higher affinity for the N atom as well as O
atom sites of Asp-1, Glu-3, Asp-7, His-6, Glu-11, His-13, and
His-14 amino acid residues of peptides. In previous simulation
studies,42,48 the emphasis on Zn2+ ion−peptide residue
interaction is limited to Asp-7 and Glu-11 while the interactions
of Asp-1 and Glu-3 are equally significant.

3.2.3. Water−Peptide Residue Interactions. To dem-
onstrate the role of water in the metal ion−peptide structure, the
RDF of the Ow atom of water molecules is calculated from the
100 ns trajectories to differentiate the water solvation properties
around the preferential binding sites of Asp-1, Glu-3, Asp-7, His-
6, Glu-11, His-13, and His-14 amino acid residues of peptides.
Figure 6g−i depicts interactions of the Ow atom of water
molecules with the N atom of His-6/His-13/His-14/Asp-1 and
the O atoms of Asp-1/Asp-7/Glu-3/Glu-11 amino acid
residues. The RDF between Ow and N atom of His-6/His-13
shows a less intense peak at 2.9 Å and CN is also found to be
0.002−0.003. The interactions of water with Asp-1, Glu-3, Asp-
7, and Glu-11 show an intense RDF peak at 2.9 Å, as seen in
Figure 6h, i. The CNof water molecules around these residues at
the first solvation shell (3.6 Å) is found to be 0.006. This
suggests that the N atom environment of His-6 and His-13
residues relatively exhibits poor hydrogen bonding with water
molecules compared to that of Asp-1/Asp-7 and Glu-3 and Glu-
11 amino acid residues of the peptide. For metal ions, the
calculated CN of water molecules at the first solvation shell (3.6
Å) is 5 and 6 for Cu2+ and Zn2+ ions, respectively.

3.3. Metal Influence on Interchain Residue Interactions
The interaction of metal ions with different binding sites of the
Aβ1−42 peptide which spread over more than one chain residue
leads to significant variation in their sequential arrangement. In
the absence of metal ions, Figure 7a, b depicts an array of Aβ1−

42 peptide chains such as 2−4−4−4−2 obtained from NVT
equilibration. This array can be visualized as a top view (Figure
7a) and a side view (Figure 7b). It clearly shows that the initial
configuration is well separated in equal and remains super-
imposed (top-down or feed-forward manner).

After the insertion of metal ions, these peptide chain arrays
realigned themselves along with binding enforcement caused by
metal ions. Figure 7c shows a top view, and (d) Figure 7d shows
a side view obtained randomly after an 80 ns NPT production
simulation run. The important observation that can be seen from
these snapshots is that the top-down arrangements get
rearranged completely in a 4−8−4 sequential pattern (side
view) where the tail of two Aβ1−42 peptides interacts with the
head of four Aβ1−42 peptide chains, assisted by metal ions. It
can be visualized easily from the top-side view, as shown in
Figure 8. Such sequential patterns can be visualized in all
residue-contact maps (Figure 4).
3.4. Mobility of Metal Ions
To examine the dynamics in metal ions around the peptide
chains in explicit water, mean square displacement (MSD) is
plotted against simulation time using the Einstein relationship.80

The MSDs are calculated in each 25 ns time segment such as I,
II, III, and IV of a total 100 ns trajectory obtained from NPT
simulations. TheseMSD plots were found to be straight lines for
Cu2+, Na+, and Cl− ions and water molecules (see Figure S2 for
the Supporting Information). MSD plots were found to be
nonlinear with an increase in simulation time for Zn2+ ions (see
Figure S2 for the Supporting Information). It clearly indicates
that Zn2+ ions get immobilized around the peptide chains due to
their strong affinity toward amino acid residues of the peptides.
Compared to Zn2+ ions, the mean square displacement shows a

Table 1. Coordination Number (CN) Calculated from the
100 ns Trajectory for the Cu2+, Zn2+ Ion, and Oxygen Atom
(Ow) of Water Molecules with Respect to the N-Atom and the
O-Atom of Amino Acids, Respectively (the Distance Cutoff
for the Solvation Shell Is Shown in Parentheses)

amino
acid

residue

atom of
amino acid
residue

CN with
respect to
Cu2+ ions

CN with
respect to
Zn2+ ions

CN with respect to
Ow atoms of water

molecules

Asp-1 N 0.24 (6.2 Å) 0.006 (3.6 Å)
Asp-1 O 0.25 (4.5 Å) 0.006 (3.6 Å)
Asp-7 O 0.14 (3 Å) 0.24 (6.0 Å) 0.006 (3.6 Å)
His-6 N 0.15 (9 Å) 0.21 (9.9 Å) 0.003 (3.6 Å)
His-13 N 0.24 (8.5 Å) 0.002 (3.6 Å)
His-14 N 0.20 (8 Å) 0.18 (10 Å) 0.003 (3.6 Å)
Glu-3 O 0.01 (3 Å) 0.50 (5.0 Å) 0.007 (3.6 Å)
Glu-11 O 0.16 (3 Å) 0.29 (8.0 Å) 0.006 (3.6 Å)

Figure 7. Snapshot of Aβ1−42 peptide chains [A to P] (a and b)
without metal ions from NVT pre-equilibration; (c and d) entangled
Aβ1−42 peptide chains [A to P] in a sequential pattern at 80 ns NPT
production run assisted by metal ions, respectively. Color scheme for
the secondary structure (new cartoon): coil�white, turn�cyan, α-
helix�purple, 3-helix�blue, residues 1, 3, 6, 7, 11, 13, and 14 are
shown as surface, Cu2+ ions: green, and Zn2+ ions�orange.
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linear increase with the simulation time for all four segments.
Similar observations are seen for Na+ and Cl− ions. The slope of
theMSD plot, i.e., diffusion coefficient (D) is obtained from 2 to
22 ns linear regime and is provided in Table 2.

The water diffusion coefficients obtained for all four segments
are similar and are in good agreement with diffusion coefficients
of bulk spc/e water (i.e., 2.6 × 10−5 cm2 s−1).68 In the case of Cl−
ions, the diffusion coefficients show a deviation of 0.1 in each
segment from the average value of all four segments. A similar
trend is seen in the case of the Na+ ions. The diffusivity of Na+
ions is found to be reduced by a factor of 0.6 compared to that of
Cl− ions. The diffusivity of Cu2+ is found to be lowered by a
factor of 6.7 compared to the Na+ ions and lowered by a factor of
11 compared to the Cl− ions. The lower value of the diffusion
coefficient for Cu2+ ions thanNa+ ions could be due to the size of
the cation. Moreover, there is a large deviation of 0.1 in each
segment, which is quite significant for Cu2+ mobility. It is
important to note that the indifferent mobility of Cu2+ ions in
each segment compared to immobilized Zn2+ ions suggests that
Cu2+ ions have a labile nature and do not get trapped in local
binding sites of amino acids like Zn2+ ions within the observed
simulation time scale.

4. CONCLUSIONS
In summary, an attempt has beenmade usingMD simulations to
get molecular insights on competitive binding of divalent Cu and
Zn ion interactions with the Aβ1−42 peptide. The metal ion
interactions reveal that competitive binding preferences of
various peptide sites such as ASP-1, Glu-3, His-6, Asp-7, Glu-11,
and His13/14 become metal-ion-specific and differ significantly
for both metal ions. An unevenly low mobility of Cu2+ ions
compared to immobilized Zn2+ ions trapped in local binding
sites of amino acids suggests that Cu2+ ions have a highly labile
nature within the observed simulation time scale around the

Aβ1−42 peptide. It indicates a competitive preference for the
Zn2+ ions over the Cu2+ ions. Since metal ions are known to
coordinate with the Aβ1−42 peptide and it is expected to affect
their aggregation, the present work can be envisaged to provide
some insight into the observations in prior studies that Cu and
Zn affect the aggregation of the Aβ1−42 peptide differently, and
Cu especially leads to the stabilization of soluble neurotoxic
oligomers. Cu2+ ions show preferential binding affinity toward
the N atoms/O atoms of the Asp-7, His-6, Glu-11, and His-14
peptide chain residues. The binding affinity of Zn2+ ions is
comparatively more significant than that of Cu2+ ions and floats
over N atoms/O atoms of the Asp-1, Glu-3, Asp-7, His-6, Glu-
11, His-13, and His-14 amino acid residues of the peptide. The
comparison of dual metal ion affinity unveils that Cu2+ metal
ions toward His-13 is almost negligible, which has a limited view
through single ion model simulations or experiments. Moreover,
the previous studies placed more emphasis on the confirmation
variation of the β-sheet structure of the Aβ1−42 peptide. The
present simulations suggest that in addition to structural
variations in the presence of dual ions the metal-peptide and
peptide-water interactions of preferential atomic binding sites
play an equally crucial role.

To conclude, the response of metal ions with Aβ1−42 peptide
as competitive interactions of Zn2+ ions over the Cu2+ ions
requires due consideration for future QM/MM studies to
examine metal ion impact simultaneously where metal ions are
placed as per their preferential locations around the oligomers.
The labile nature of Cu2+ ions observed in the present work
compared to Zn2+ ions essentially needs due attention in the
presence of metal ions such as Fe, Al, etc., and simulations as a
function of pH81 for longer time-scale are under progress.
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