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Given the current context of the SARS-CoV-19 pandemic, among the interfering risky factors with the Ab
peptide aggregation in the brains of Alzheimer’s disease (AD) patients can be hyperpyrexia and increased
intracranial pressure (ICP). According to our hypothesis on the relationship between hyperpyrexia and
cognitive decline in AD, two models of Ab peptides were used in this study: the structure of AD amyloid
beta-peptide and near-atomic resolution fibril structures of the Ab peptide. Therefore, the binding tem-
plates were constructed for Ab peptide regions able to bind 9 different metal ions. The fragment transfor-
mation method was used for the structural comparison between Ab chains. Molecular dynamics
simulation (MDS) was applied using the Nose-Poincare-Anderson equation to generate a theoretically
correct NPT (isothermal–isobaric ensemble). The smallest dissimilarities were observed in the case of
Cu+ binding potential followed by Co2+, both with similar variation. Structural changes have also occurred
as a result of the dynamic simulation. All these changes suggest an aggravating factor in both hyper-
pyretic and AD conditions. Our findings suggest that elevated temperature and increased intracranial
pressure rise the effect of peptide aggregation, by converting a-helix motif to b-sheet and random coil
conformation, which are related to the formation of senile plaques in AD brains.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alzheimer’s disease (AD) is a frequent neurodegenerative dis-
ease in the elderly and the most common cause of dementia, char-
acterized by progressive cognitive deterioration. Incidence of AD
continues to rise worldwide, becoming a major health challenge
in the 21st century, expressed in both the medical and financial
fields (Fan et al., 2020).

The neuropathological hallmarks of AD include an increase in
amyloid plaques and cerebral amyloid formation, neurofibrillary
tangles and glial responses, as well as neuronal and synaptic loss
(Serrano-Pozo et al., 2011). According to the Chicago Health and
Aging Project study, about 700,000 people with age 65 and older
in the US will have AD when they die in 2020 (Weuve et al.,
2014). A similar report published by Alzheimer Europe shows that
the number of people with dementia in Europe is likely to double
by 2050, increasing from almost 9 million to more than 18 million
in the wider European region (Alzheimer Europe, 2020). Although
some older adults with AD die from causes unrelated to the dis-
ease, many of them die from Alzheimer’s disease or from condi-
tions where this neurodegeneration was a contributing cause of
death, such as pneumonia (Alzheimer’s Association, 2020). Among
the numerous hypotheses that describe progression and develop-
ment of AD, the amyloid one is related to the involvement of var-
ious forms of Ab peptides in damage to neuronal and cognitive
functionality (Vijayan and Chandra, 2020). The Ab peptides (Ab
1–40 and 1–42) are generated as a result of abnormal APP cleavage
assisted by b- and c-secretase (Tambini et al., 2020). These pep-
tides undergo to soluble oligomers that can exist in several confor-
mations, which can aggregate in toxic fibrils and plaques species
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(Guo et al., 2020). Furthermore, in the presence of small molecular
catalysts, some species of oligomers and end-products of Ab pep-
tides have been shown to convert to complete amyloid fibrils
(Bieschke et al., 2012).

Besides, the interaction of Ab peptides with metal ions such as
copper, zinc, iron, manganese or nickel has been shown to con-
tribute to neuronal damage (Sciacca et al., 2020). Moreover, copper
and zinc ions have been demonstrated to modulate amyloid-b
aggregation along different metabolic routes (Faller et al, 2013).
In addition, the amyloid-copper fibril seeds have also been shown
to initiate aggregation in non-copper solutions of Ab (Sarell et al.,
2010; Pedersen et al., 2011). Also, in the case of AD, copper supplies
the neurotoxicity of the related peptides, disturbing the normal
exchange of the metal ion involved in the binding (Huang et al.,
1999). The accumulation of intracellular toxic aggregates, with
the loss of soluble Tau protein responsible for the stabilization of
microtubules in neurons, can synergistically lead to compromised
brain survival, (Mocanu and Drochioiu, 2021). However, the home-
ostasis of metal ions, such as iron, copper and zinc in the brain is
crucial for maintaining normal physiological functions. Neverthe-
less, numerous studies have shown that the imbalance of these
metal ions in the brain is closely linked to the onset and progres-
sion of Alzheimer’s disease (Wang et al., 2020). In addition, metal
ion concentrations higher than physiological conditions were
reported in the brain parenchyma and separated from amyloid pla-
ques (Markesbury and Lovell, 2007). Therefore, it is important to
understand the phenomena underlying the interaction between
metal ions and Ab peptides and their correlation with the aggrega-
tion process to develop new treatment therapies.

Moreover, risky factors that can interfere with the Ab peptide
aggregation in AD brains could be caused by hyperpyrexia, an
elevation of body temperature above 41.0 �C. As already
reported, hyperpyrexia is a predominant symptom in severe
COVID-19 pathophysiology, bacterial infections, inflammatory
conditions or heat exhaustion (Czepiel et al., 2020; Singhal
et al., 2020; Noa et al., 2020). Body temperature affects cerebral
hemodynamics and also increases cerebral blood flow velocity
and intracranial pressure (Stretti et al., 2014). Amyloid-beta fib-
rils are generated as a result of b-sheets structures which are
stacking in a parallel or antiparallel form, perpendicular to the
fibril axis and held by hydrogen bonds parallel to the fibril axis
(Luhrs et al., 2005; Makin et al., 2005).Phenylalanine residues
and p-p stacking interactions seem to play an important role
in the aggregation or self-assembly of various peptides, such as
amyloid-beta Ab(1-42) (Liu et al., 2021; Mocanu et al., 2022). Res-
piratory failure is commonly expressed in these patients, due to
a decrease of oxygen level in the body. When oxygen levels drop
in the circulatory system, blood pressure automatically rises,
changing intracranial pressure and body temperature (Allahdadi
et al., 2005). Additionally, cerebral hypoxia can lead to a poorer
oxygenation of the neurons and hence, their physiological func-
tion becomes impaired. This can have a direct implication in the
development of senile plaques, due to a weaker cerebral regen-
eration (Mukandala et al., 2016).

Therefore, it is necessary to analyze how the aggregation pro-
cesses of Ab peptides are influenced by the action of extrinsic fac-
tors induced by hyperpyrexia to provide an overview of both,
thermal and osmotic impact on AD patients. In addition, experi-
mental investigations of transition metal ions linked to amyloid-
beta monomers and oligomers pose challenges due to the disor-
dered structure of Ab, its fast aggregation, as well as solvent and
paramagnetic effects (Strodel and Coskuner-Weber, 2019;
Lupaescu et al., 2021).

According to our hypothesis in which hyperpyrexia could affect
the process of metal- Ab(1-42) interaction, we resorted to a theoret-
ical comparative in silico analysis with the purpose to investigate
2

the structural changes in the shape of the monomer Ab(1-42) and
fibrils generated by Ab(1-42) in the presence of various metal ions,
such as Cu+, Cu2+, Fe2+. Fe3+, Mn2+, Mg2+, Ni2+ and Zn2+. The analysis
was based on the conformational differences between these
molecular species, under normal physiological conditions of
37.0 �C and 11 mmHg and specific to hyperpyrexia conditions
(up to 41.0 �C and 20 mmHg) (Ghajar, 2000).

These characteristics can provide theoretical valuable informa-
tion regarding the underlying processes that occur in patients
infected with hyperpyrexia under AD. Moreover, this paper high-
lights the first in silico framework for the analysis of the effect of
thermal and osmotic impact on neurodegenerative processes.
2. Materials and methods

The Ab peptides were constructed using Protein Data Bank
(PDB) in Molecular Operating Environment software (MOE) with
appropriate residue protonation state at physiological pH
(Molecular Operating Environment (MOE), 2017). For this study,
two models of Ab peptides were used, the solution structure of
the amyloid-b peptide (1–42) (1IYT; denoted Ab(1-42)) and
near-atomic resolution fibril structures of the same peptide by
cryo-EM with 9 chains of Ab(1-42) (5OQV; denoted Ab(1-42)F)
(Crescenzi et al., 2002; Gremer et al., 2017). Binding templates
have been constructed for regions that could bind nine selected
metal ions (Cu+, Cu2+, Fe2+, Fe3+, Mn2+, Mg2+, Ni2+ and Zn2+). The
templates include residues at 3.5 Å from the metal ion according
to the fragment transformation method developed by Lin et al.
(Lin et al., 2016; Lu et al., 2012), which was used for structural
comparison between Ab chains. Each residue of the query peptide
was assigned a binding score, which is composed of the sequence
and structure conservation measures. The fragment transforma-
tion method was used to align query peptide chain and metal-
binding site. By this method, the query peptide was aligned with
the metal-binding templates and then each cluster was scored
according to its sequence and structure similarity. The BLOSUM62
substitution matrix was used to calculate the sequence similarity,
and the root-mean-square deviation of the Ca atoms of the align-
ments was applied to evaluate the structure similarity (Lin et al.,
2016).

The peptide-metal complex was exposed to a MMFF94x Hamil-
tonian force field potential energy in MOE to configure its param-
eters and to manage restraint forces applied to the atoms (Halgren,
1996). The energy minimizes application calculates atomic coordi-
nates that are at local minima of a molecular energy function. For
this purpose, the gradient was set at 0.05, when the gradient of
root mean square falls below that specified value. The root mean
square gradient was the norm of the gradient times the square root
of the number of unfixed atoms. Water-solvent molecules were
also added to the system, positioned in a rectangular arrangement
around the peptide-metal complex.

The simulation of molecular dynamics was applied using Nose-
Poincare-Anderson equation to generate a theoretically correct
NPT ensemble (Bond et al., 1999; Sturgeon and Laird, 2000). The
temperature response used to enforce constant temperature was
set at 0.2 picoseconds (ps), and the pressure response used to
enforce constant pressure at 5 ps. In the first molecular dynamics
ensemble, to analyze the conformational and structural changes
that occurred to the peptide-metal complex under physiological
conditions, a heat time of 200 ps at 310.15 K (37.0 �C) and
1.466 kPa (11 mmHg, the mean value for normal intracranial pres-
sure) was applied. For the second state, the temperature was set to
314.15 K (41.0 �C) and 2.666 kPa (20 mmHg, the mean value for
ICP) for 200 ps. The system was monitored at the time step of
0.0005 ps.
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3. Results

3.1. The binding potential

First, we studied the binding of the nine metal ions (Cu+, Cu2+,
Fe2+, Fe3+, Mn2+, Mg2+, Ni2+ and Zn2+) to Ab(1-42) peptide and 9 chain
Ab(1-42) fibrils (Ab(1-42)F). Both the Ab(1-42) monomer and the fibrils
were taken from the PDB database as validated structures and ana-
lyzed using the fragmentation method described in Section 2
(Fig. 1).

As can be seen from Fig. 1a, in the case of the Ab(1-42) monomer
peptide, the binding potential is predominantly expressed in
sequence 1–16, while this index tends to be much lower in the rest
of the Ab structure. This is most likely due to the amino acid resi-
dues such as His, Ser or Asp at Ab N-terminal, which contain nitro-
gen or oxygen atoms that play an electron donors role in the
ligand-receptor interactions.

On the other hand, in the case of Ab(1-42)F, the binding potential
of the metal ions increases even in the region 17–42, which sug-
gests that, compared to the monomer Ab, metal ions tend to bind
to the entire structure of Ab peptides in fibrils. Hence, these ions
tend to bind much easier because Ab(1-42)F has a much larger bind-
ing surface and stability. An alternative explanation involves the
inhibition of the a-helix structure in Ab(1-42)F to the advantage of
the b-sheet and random coil pattern, the helix structure prevents
the formation of coordinative bonds. Von Bergen and coworkers
have demonstrated that the assembly of Tau protein into AD paired
helical filaments depends on a local sequence motif (Von Bergen
et al., 2000).

Furthermore, by comparing the potential binding plots between
Ab(1-42) and Ab(1-42)F significant differences regarding metal ions
interaction were noticed. These differences can be analyzed by
decreasing the binding potential of each metal in Ab(1-42) with
the binding potential of the same metal for each chain in Ab(1-42)F.

According to these results (Fig. 2), the smallest dissimilarities
can be noticed in the case of Cu+ binding potential followed by
Co2+, both with similar variation. On the other hand, major differ-
ences were observed between the binding of Mn2+, Ni2+, Mg2+ and
Fe2+. Cu2+ and Zn2+ ions showed the same deviation from the differ-
ence, whereas the most notable variation was observed in the 1–16
Ab fragment for Fe3+.

Therefore, by analyzing these findings, we selected Cu+ ion in
our investigation, because it provides the most constant binding
potential regarding the structure of Ab(1-42) or Ab(1-42)F.
3.2. Conformational and structural analysis

The Ab(1-42)-Cu+ complex was studied using the molecular
dynamics protocol in order to analyze the influence of the metal
ion under the imposed dynamic conditions. The conformations
resulted regarding the Ab(1-42)-Cu+ at 37 �C (11 mmHg) and 41 �C
(20 mmHg), as well as the Cu+ coordination pattern at the peptide
binding site can be observed in Fig. 3.

According to Fig. 3a, Fig. 3b and Fig. 3c, noteworthy modifica-
tions can be noticed regarding the structure of the Ab(1-42) peptide
under the influence of the copper ion, as well as under the influ-
ence of temperature and pressure. An improved breakdown of
these structures according to their conformation can be seen in
Fig. 4. Thus, the specific conditions of hyperpyrexia inhibit the a-
helix motif to the advantage of the b-sheet for the Glu11-Gln15

sequence in the case of normal physiological conditions (37 �C,
11 mmHg) and for the Glu11-Phe20 and Gly25-Ile31 sequence in
the case of high fever (up to 41 �C and 20 mmHg). This b-sheet
motif and consequently, the random coil structure, increases the
aggregation processes by promoting the formation of new inter-
3

molecular hydrogen bonds (Sturgeon and Laird, 2000). This sug-
gests that an elevated temperature and ICP intensify the peptides
aggregation processes at the cortical level, with direct conse-
quences on the AD pathophysiological morphology. In addition,
as can be seen from Fig. 3d (2f) and Fig. 3e (3 g), after applying
the dynamic conditions the coordination model of Cu+ at the bind-
ing site was changed.

According to these data (Table 1), the coordination bonds length
between the metal ion and the amino acid involved in the binding
process are modified. In the case of Cu+-Glu11 at 37 �C the bond
length was 1.74 Å while at 41 �C was 1.72 Å. For Cu+-Tyr10, the
length modifies from 2.18 Å to 2.22 Å. This suggests that even for
200 ps simulation, the bond between metal and Glu11 becomes
stronger (Fig. 3g), while the Cu+-Tyr10 bond turns out to be weaker.
However, the benzene ring of Tyr appears to interfere with its
backbone through p-cation interactions (Fig. 3f and Fig. 3g). The
distance between Cu+ and the benzene ring changes from 3.00 to
2.97, which indicates that the benzene ring acts as a stabilizer
for the Cu+-Glu11 complex.

Subsequently, the metal ion binding and its influence on the Ab
fibrils were analyzed. The resulting conformations in the case of
Ab(1-42)F-Cu+ at 37 �C (11 mmHg) and 41 �C (20 mmHg), as well
as the Cu+ ion coordination pattern at the peptide binding site
can be observed in Fig. 5.

Fig. 5 shows significant differences between the interactions of
the Cu+ ion with each peptide chain within Ab(1-42)F. In the case of
Ab(1-42), the major modification occurred in the structure confor-
mation due to inhibition of the a-helix to the advantage of the b-
sheet motif, whereas in the case of Ab-amyloid fibrils, the modifi-
cations were linked to the lack of a-helix motif in the chains struc-
ture (Fig. 5a). The noteworthy changes can be analyzed in terms of
binding sites and interaction between the Cu+ and the correspond-
ing amino acid (Fig. 5b). The results regarding the bond lengths of
the Ab(1-42)F-Cu+ complex for each chain can be seen in Table 1.

According to Table 1, the amino acid most often engaged in Cu+-
binding processes was His(N), followed by Tyr, His(O) and Val.
From the analysis of these lengths, Tyr and Val tend to dissociate
from Cu+ at higher temperature and pressure, while His(N), His
(O), Glu and Gln strengthen the coordination bond. This suggests
that amyloid peptide fragments with multiple residues of His
(through the nitrogen atom), Glu and Gln are better ligand-
receptor for binding copper ions.

3.3. Ramachandran analysis

A better understanding of Ab peptides conformations can be
achieved by analyzing the Psi and Phi angles, using the Ramachan-
dran plot. (Fig. 6).

According to Fig. 6a, Ab(1-42) monomer displayed a right-handed
a-helix conformation with an extension in parallel b-sheet (left
quadrant), while the most of the angles values are in anti-
parallel b-sheet in the case of Ab(1-42)F (Fig. 6b), parallel b-sheet
and collagen helix area (upper left quadrant), with a few in left-
handed a-helix (upper right quadrant) and right-handed a-helix
(lower left quadrant). Following the application of dynamic condi-
tions, no significant structural differences were observed in the
case of Ab(1-42) in both physiological and hyperpyretic conditions.
However, a larger dispersion of the angle values to the upper left
quadrant specific to the parallel b-sheet (Fig. 6d and Fig. 6e) was
observed. These data are well correlated with those obtained by
conformational studies presented in Section 3.2.

In the case of Ab(1-42)F structure, the same buildup characteris-
tics were noticed in the b-sheet area in both circumstances (Fig. 6f
and Fig. 6g). However, the difference was observed in the lower left
quadrant (the right-handed a-helix area). Following molecular
dynamics condition, at higher temperature and pressure, the angle



Fig. 1. The binding potential of the metal ions involved in the Ab peptide complexation process, where: (a) – Ab(1-42); (b) – Ab(1-42)F Chain 1; (c) – Ab(1-42)F Chain 2; (d) – Ab(1-
42)F Chain 3; (e) – Ab(1-42)F Chain 4; (f) – Ab(1-42)F Chain 5; (g) – Ab(1-42)F Chain 6;(h) – Ab(1-42)F Chain 7; (i) – Ab(1-42)F Chain 8 and (j) – Ab(1-42)F Chain 9.
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Fig. 2. The binding potential differences o of each metal ion from Ab(1-42) with the binding potential of the same metal for each chain from Ab(1-42)F, where: P – the chain of
the Ab(1-42) and A, B, C, D, E, F, G, H and I represent the 9 fibrillar chains of Ab(1-42)F; (a) Cu+, (b) Cu2+, (c) Fe2+, (d) Fe3+, (e) Mg2+, (f) Mn2+, (g) Ni2+, (h) Co2+ and (i) Zn2+.
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Fig. 3. The Ab(1-42)-Cu+ complex conformation resulted following the application of molecular dynamics under the conditions imposed (temperature and pressure), where:
(a) Ab(1-42) peptide structure; (b) The structure of Ab(1-42)-Cu+ complex at 37 �C and 11 mmHg; (c) The structure of Ab(1-42)-Cu+ complex at 41 �C and 20 mmHg; (d) Ab(1-42)-
Cu+ binding site at 37 �C and 11 mmHg; (e) Ab(1-42)-Cu+ binding site at 41 �C and 20 mmHg; (f) Coordination pattern of the Cu+-amino acids at 37 �C (11 mmHg) and (g)
Coordination pattern of the Cu+-amino acids at 41 �C (20 mmHg). The proximity contour (gray dotted line) denotes the dotted outline that surrounds the ligand, representing
the distance to the active site. Ligand solvent exposure is exposed by the blue mark that is drawn behind of the ligand atoms. Solvent exposure of the receptor is evidenced by
the turquoise discs drawn behind the residues to indicate the difference in solvent exposure due to the presence of the ligand. The yellow circle with no ring color represents
polar amino acids, with red ring symbolize acidic amino acid and with blue ring, basic amino acids. The purple line represents metal contact and the cream-colored dotted
line, the solvent contact.
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Fig. 4. (a) The Ab(1-42) structure; (b) Ab(1-42)-Cu+ complex conditioned by the dynamic parameters (heat time of 200 ps at 310.15 K and 1.466 kPa); (c) Ab(1-42)-Cu+ complex
conditioned by the dynamic parameters (heat time of 200 ps at 314.15 K and 2.666 kPa). The systemwas monitored with a time step of 0.0005 ps, where red represents the a-
helix motif and blue, b-sheet.

Table 1
The bond lengths (in Å) between the Cu+ ion and the coordination atom from the amino acid involved in the binding process, where in bold are the increased lengths and in italics
the short distances according to the molecular dynamics.

Chain Figure Nr. Amino acid residue binding site 37 �C (11 mmHg) 41 �C (20 mmHg)

Ab(1-42) – Cu+ distance (Å)
1 2, F & G 1 Glu11(O) 1.74 1.72

2 Tyr10(O) 2.18 2.22
3 Arene p-Contacts 3.00 2,97

Ab(1-42)F – Cu+ distance (Å)
1 5, C1 & D1 1 Tyr10(O) 2.53 2.52

2 Tyr10(O) 2.24 2.40
2 5, E1 & F1 1 His14(N) 2.30 2.29

2 His14(N) 2.20 2.24
3 His13(O) 2.43 2.50
4 Val12(O) 2.17 2.19

3 5, G1 & H1 1 His14(N) 2.28 2.22
2 His14(N) 2.35 2.30
3 His13(O) 2.27 2.31
4 Val12(O) 2.20 2.28

4 5, I1 & J1 1 His13(N) 2.43 2.50
2 His13(O) 2.32 2.27
3 Gln15(O) 2.44 2.31

5 5, K1 & L1 1 His13(N) 2.54 2.45
2 Gln15(O) 2.28 2.26
3 His13(O) – 2.45

6 5, M1 & N1 1 Val12(O) 2.47 2.33
7 5, O1 & P1 1 His14(N) 2.48 2.50

2 Val12(O) 2.20 2.21
8 5, Q1 & R1 1 Tyr10(O) 2.42 2.32
9 5, S1 & T1 1 Tyr10(O) 2.65 2.67

2 Tyr10(O) 2.29 –

Cosmin Stefan Mocanu, L. Darie-Ion, Brindusa Alina Petre et al. Journal of King Saud University – Science 34 (2022) 102184
values become more disperse suggesting a random coil structure
potentiation of Ab fibers. This confirms the hypothesis that ele-
vated temperature and higher pressure inhibit the a-helix motif,
with direct consequences on the Ab peptide aggregation.

4. Discussion

Studies have shown that accumulation of metal ions in the
brain is closely related to the progression of AD (Wang et al.,
7

2020). Therefore, it is crucial to comprehend the processes under-
lying the interaction between metal ions and Ab peptides.

As other studies have shown, hyperpyrexia can negatively influ-
ence the neurodegeneration development (Czepiel et al., 2020;
Singhal et al., 2020).

In this study, a theoretical comparative analysis of the struc-
tural changes of Ab(1-42) peptide in complexation with different
metal ions was performed. We observed that the addition of trace
metals considerably accelerates the Ab aggregation, which may



Fig. 5. The effect of temperature and pressure on the Ab(1-42)F-Cu+ complex conformation, highlighted by the use of the molecular dynamics protocol, where: (a) Ab(1-42)F
structure and (b) Ab(1-42)F-Cu+ structure. Coordination pattern and binding site of Ab(1-42)F-Cu+ at (c) 37 �C (11 mmHg) and (d) 41 �C (20 mmHg) for Chain 1; (e) 37 �C
(11 mmHg) and (f) 41 �C (20 mmHg) for Chain 2; (g) 37 �C (11 mmHg) and (h) 41 �C (20 mmHg) for Chain 3; (i) 37 �C (11 mmHg) and (j) 41 �C (20 mmHg) for Chain 4; (k)
37 �C (11 mmHg) and (l) 41 �C (20 mmHg) for Chain 5; (m) 37 �C (11 mmHg) and (n) 41 �C (20 mmHg) for Chain 6; (o) 37 �C (11 mmHg) and (p) 41 �C (20 mmHg) for Chain 7;
(q) 37 �C (11 mmHg) and (r) 41 �C (20 mmHg) for Chain 8; (s) 37 �C (11 mmHg) and (t) 41 �C (20 mmHg) for Chain 9. The green circle represents the amino acids with no polar
or charged side chain.
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Fig. 5 (continued)
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contribute to neurotoxicity (Hane and Leonenko, 2014). Hence, the
in silico experiments were based on the Ab conformational differ-
ences, under normal physiological conditions compared to hyper-
pyretic pathophysiological effects.

Our data suggest that there are major differences in the struc-
ture of amyloid beta peptides under elevated temperature and
pressure. The interaction between metal ions and Ab peptides is
maximized at the beginning of the simulations and stabilizes when
the temperature becomes constant (Boopathi and Kolandaivel,
2014). Furthermore, the copper ion plays an important role in con-
formational changes of Ab peptides by increasing or decreasing the
intramolecular distances within the AD fibrils. Moreover, according
to the Madisen investigations, Cu is released as well yielding
micromolar concentrations in specific synaptic clefts (Madsen
9

and Gitlin, 2007). In addition, these ions have been shown to form
an intramolecular complex with amyloid-beta peptides due to sub-
stoichiometric levels used in kinetic investigations (Sarell et al.,
2010). All these factors lead to serious complications in both
hyperpyrexia and Alzheimer’s patients. It has been observed that
both elevated temperature and high intracranial pressure accentu-
ate the aggregation process, by transforming the a-helix into the b-
sheet conformation and random coil motif. These molecular simu-
lation data suggest that, for amyloid beta monomer, the 1–16
region has a higher binding potential In the case of amyloid beta
fibrils (Ab(1-42)F), the metal ions binding potential increases even
in the 17–42C-terminal region. These conformations (b-sheet and
random coil structure) increase the aggregation processes by pro-
moting the formation of new intermolecular hydrogen bonds



Fig. 6. The Ramachandran plot of (a) Ab(1-42) (PDB), (b) Ab(1-42)F (PDB), (c) Ab(1-42) at 37 �C and 11 mmHg, (d)Ab(1-42)F at 37 �C and 11 mmHg, (e)Ab(1-42) at 41 �C and 20 mmHg
and (f) Ab(1-42)F at 41 �C and 20 mmHg.
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between monomeric forms of Ab(1-42). Therefore, a higher temper-
ature and ICP can intensify the processes of peptide aggregation at
the cortical level, with direct consequences on the morphology of
the AD brain. In addition, these results could be explained by the
metal-binding kinetics parameters. According to the Pedersen
and Noy, the association of Cu ions seems to be very fast and likely
close to diffusion controlled (Pedersen et al, 2012; Noy et al, 2008).
Copper ion can rapidly exchange with others metal ions and hence,
due to the system dynamics and heat friction, the temperature may
rise by association and dissociation reactions (Faller et al, 2014).
Moreover, according to recent publications, copper ions alter Ab
kinetics, guiding its aggregation from a more stable fibrillar struc-
ture, to a pathway that leads to neurotoxic aggregates (Hane and
Leonenko, 2014).

In the case of Ab(1–42), a significant modification occurred in
structure conformation due to the decrease of a-helix population
to the advantage of b-sheet structure formation, while for b-
amyloid fibrils, lack of a-helix structure. These noteworthy
10
changes can be studied in terms of binding sites and interaction
between Cu+ ions and the corresponding Ab residues. Moreover,
according to these results, tyrosine plays an important role in coor-
dination stabilizations. This feature was also observed by, using
DFT calculations which provided a mechanism that included
Tyr10 as a key component in mutagenesis tests (Barnham et al.,
2004). Furthermore, the same implications were also noticed
which demonstrated that the presence of Tyr in the primary struc-
ture of amyloid-beta regulates the formation of toxic b-sheets
(Coskuner and Uversky, 2017). In addition, a study from 2019
showed that the structural models obtained with an extended sta-
tistical method displays Tys-Tys and Cu-carboxylate interactions
are enhanced in dimers (La Penna et al., 2019). Besides, tyrosine
oxidation could interfere in metal complexation with copper due
to the quinoline generation (Mocanu et al., 2020). Therefore, under
these circumstances, the copper ion may form chemical bonds
between different beta-amyloid oligomers that could enhance fib-
ril formation.
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Following the application of dynamic conditions, no significant
differences were observed regarding Ab(1-42) structure using phys-
iological AD and hyperpyretic conditions. Regarding Ab(1-42)F
structure, the same buildup predisposition is noticed in the b-
sheet area in both simulations. These findings support the hypoth-
esis that a higher temperature and elevated pressure impair the a-
helix structure, with direct consequences in peptide aggregation.
Furthermore, a recent study proved that that the high dynamics
of the metal-peptide interaction is incompatible with high control
of the metal ions reactivity (Faller et al, 2014). Hence, according to
this argument and to our results, the hyperpyretic conditions and
the amyloid-beta cascade could enhance the AD pathological
symptoms by promoting a extrinsic energy of Cu- Ab interactions.

Moreover, our results confirmed the molecular pathway in
which the copper was involved in amyloid-beta interactions.
According to Marino, the DFT computational study showed that
cooper ion possesses a predisposition to penta-coordination
(Marino et al., 2010). In addition, evidence for the involvement of
histidine residues of beta-amyloid peptides as N-ligands has been
supported by investigations on the complexes formed.

In this study, we demonstrated that the peptide aggregation
process may increase due to the promotion of b-sheet and random
coil secondary conformations. However, However, for full confir-
mation of the hypothesis advanced here, further studies should
be carried out to determine the structure, interaction and function
of the peptide under the action of metal ions.
5. Conclusions

Our findings support the hypothesis that a higher temperature
and elevated pressure impair the a-helix structure, with direct
consequences on peptide aggregation. Furthermore, the molecular
dynamics data show that these conditions may increase the pep-
tide aggregation process due to the formation of b-sheet and ran-
dom coil secondary conformations. Moreover, the presence of
metal ions in the cortical areas of AD brain caused by abnormal
metabolism can have a negative effect over the neurodegeneration
rate.

Considering both diseased conditions (AD and hyperpyrexia)
further experimental approaches, such as SDS-PAGE with a time
and temperature dependent incubation of amyloid-beta 1–42 pep-
tide, AFM, SEM, in vivo investigations of AD model of cells culture,
will be applied to extend our current findings to other studies with
relevance for developing new efficient treatment strategies.
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