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ABSTRACT: This work reveals how two natural multi-target compounds (Carnosine and Homocarnosine) can prevent
the oligomerization of beta-amyloid peptides (Af). Properly combining molecular dynamics, docking and electronic
structure calculations it was possible to investigate how Carnosine/Homocarnosine strongly interact with the amino
acids of the Af3(1-42) peptide responsible for the complexation with metallic ions (metallic hypothesis). This discovery
may prevent the formation of harmful protein deposits, thereby preventing the progression of, for example, Alzheimer’s
disease (AD). These important results suggest that Carnosine/Homocarnosine can interact with, at least, two of the
amino acids responsible for the complexation of the Af(1-42) peptide with the metallic ion copper(II). These findings
open a new perspective on the inhibitory potential of these molecules in the treatment of AD and other neurodegenera-

tive diseases.
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1. INTRODUCTION

Alzheimer’s Disease (AD) is considered the most common
cause of dementia among people over 60 years of age.' The
number of people diagnosed with AD has been alarmingly
increasing, according to a survey conducted in 2015, which
accounted for 46.8 million people affected worldwide. This
number is foreseen to double in the next 20 years.>* Such a
perspective is worrying, and several efforts have been
made to treat the symptoms of AD or find a cure.

Aging is considered a risk factor for its onset.** The
main signs of this disease are short- and long-term
memory loss, cognitive delusions, disorientation,
aggressive behavior and motor coordination impair-
ment, which gradually worsen and can cause death.®”
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Several hypotheses seek to explain the origin of
AD, and, to date, its cause is unknown. Among them
are the cholinergic,® amyloid cascade,” Tau protein,"
type 3 diabetes," and metallic’> hypotheses. Several
biochemical and physical descriptors are found in AD
patients, such as extracellular senile plaques formed by
fibrillar aggre- gates of amyloid-beta (Af) peptides in
brain regions and neurofibrillary tangles formed by the
Tau protein.” Another common descriptor is the high
concentrations of iron, zinc and copper metal ions.”*""*
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Some studies'®"* suggest that the oligomerization of
peptides from Ap(1-42) is accelerated through the
interaction of the copper(II) metal ion with the aspar-
tate 1, alanine 2 and histidines 6 or 13/14 amino acids.
The interaction with this metal, according to the
metallic hypothesis, is indicated as responsible for the
accelerated process of oligomerization of AB(1-42) pep-
tides and the consequent formation of amyloid plaques.
Based on the metallic hypothesis, we conducted a study
to investigate the stability of Carnosine complexes with
copper and zinc metallic ions, using proposed confor-
mations from the previousliterature.'”'$2**! Additionally,
we investigated the potential of the Carnosine and one
of the derivates, Homocarnosine, in preventing the pro-
gression of Alzheimer’s disease (AD). To accomplish
this, we considered the tautomeric forms of the com-
pounds and performed calculations to determine their
ability to prevent interactions between the Af(1-42)
peptide and copper(II) metal ions. Our computational
protocol involved a multi-target interaction study of
these compounds with metallic ions and A(1-42) pep-
tides, utilizing ab initio calculations to prevent peptide
aggregation.

1.1. Carnosine and homocarnosine natural
molecules

Carnosine (CA) in Fig. 1, is a naturally occurring
dipeptide consisting of $-alanine and L-histidine. Its
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Fig. 1. (Color Online) Representation of the structure-activity

relationship of Carnosine: The imidazole ring is required for antiox-
idant, metal ion chelating and buffering activity. The p-alanine
structure regulates the metabolic destination of the L-histidine res-
idue and the synthesis of Carnosine. Both f3-alanine and L-histidine
act synergistically to inhibit the formation of AGEs and ALEs.
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functions are calcium regulator, antioxidant, metal ion
toxicity reduction, an inhibitor of Advanced
Glycoxidation End-products (AGEs) and Advanced
Lipoxidation End-products (ALEs), among others.”” It
has been proposed as a therapeutic agent for many
diseases, including cancers, neurodegenerative dis-
eases, diabetes, and schizophrenia.”?* However, due to
its low concentration in some body regions, its action
may be limited.>

The majority of Carnosine (in the range of one
millimolar) is produced in the muscular tissues of the
bones and in the olfactory bulb. They concentrate
about 99% of the bioavailability in the organism, with
a minor concentration found in the brain region and
other tissues of the body (from ten to thousand times
smaller than in muscles). It has a lifespan of fewer than
five minutes in the human body, rapidly cleaving into
p-alanine and L-histidine by hydrolytic Carnosinase
enzymes. With advancing age, more hydrolytic car-
nosinases are produced by the human body, conse-
quently decreasing the amount of Carnosine in the
body. Therefore, there is a need to synthesize and ana-
lyze new substances.”>?’

Carnosine has some natural derivatives that per-
form similar bodily functions, such as Anserine,
Ophidine and Homocarnosine. Carnosine is the most
common form in humans, Anserine is typically found
in birds and rodents and Ophidine is most often found
in whales, dolphins and snakes. Among them, the most
common form is Homocarnosine (HCA), y-aminobu-
tyric-L-histidine, probably due to the greater availabil-
ity of the components that compose it, such as the
more significant presence of y-aminobutyric acid in
the central nervous system. Its concentration in the
brain is about one millimolar, comparable to the con-
centration of Carnosine found in muscle tissue.?>*%*

Carnosine and Homocarnosine are made up of an
L-histidine structure. The difference between them
concerns the rest of the structure, where the first is
composed of a p-alanine, and the second one of a
y-aminobutyric acid (GABA), as shown in Fig. 2.

Carnosine can activate brain function by overcom-
ing the blood-brain barrier (BBB), reaching the central
nervous system and activating glial cells. These cells
secrete neurotrophins, activating neuronal cells indi-
rectly in response to Carnosine. Carnosine-activated
glial cells can support the elimination of Af species
and trigger the repair of damaged neurons during AD.
This ability may be necessary for treating AD since
neurotoxic Af species that accumulate in the brain of
patients can result in dysregulation of proinflamma-
tory cytokine production. Furthermore, it is reported
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Fig. 2.
differences between Carnosine and Homocarnosine.
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Fig. 3. (Color Online) Tautomeric forms of the imidazole ring of
Carnosine.

that Carnosine has antioxidant and chelating proper-
ties of metal ions, such as copper(II), zinc(II) and nick-
el(IT), which are predicted to be responsible for the
oligomerization of Af peptides and, consequently,
damage to brain functions, according to the metallic
AD hypothesis. In this way, Carnosine and its deriva-
tives may contribute to avoiding or mitigating some of
the damages resulting from AD.*>*

The two tautomeric forms of the imidazole ring of
Carnosine in its neutral form are the protonated N
(tautomer I) at position 1 and the protonated N_ (tau-
tomer II) at position 3, shown in Fig. 3. Studies in
Raman spectroscopy indicate that both tautomers exist
at neutral pH, thus indicating an equilibrium between
the two tautomeric forms.

831

Furthermore, at pH 7-9, tautomer I is the most
predominant species (75%), with tautomer II being less
energetically stable than tautomer I. However, this tau-
tomeric balance can be affected by the chelation of
metals, prevailing in this situation, tautomer II.®

2. METHODS
2.1. Ab initio calculations

In the literature, there are several proposals for cop-
per’* and zinc* Carnosine complexes. To investigate
the interaction of Carnosine with metallic ions and the
stability of the proposed complexes, three complexes of
copper and four complexes with zinc, we perform
geometry optimization and frequency calculations for
each complex using Density Functional Theory (DFT)
at the (U)B3P86/6-311+G(d,p) level for C, N, O and H
atoms and with LANL2DZ ECP for copper and zinc.
To account for solvation effects, we also used the
Polarizable Continuum Model (PCM) with water as a
solvent to calculate the Gibbs free energy at 298.15 K.
The methods used in this study are based on the work
of Trouilhas et al.,** who determined that the (U)
B3P86/6-311+G(d,p) method is the most suitable for
calculating antioxidant properties of phenolic
compounds.

2.2. NCI analysis

NonCovalent Interactions (NCIs) are powerful meth-
ods that allow for the detection and visualization of
various NClIs such as hydrogen bonds, steric clashes
and van der Waals interactions.”’* The techniques use
the density and its derivatives to generate an index
called the Reduced Density Gradient (RDG). This
index is calculated using the density and its first
derivative:

sty=— el
2(377_2)1/3/01/3

When weak inter- or intramolecular interactions are
present, the reduced gradient between the interacting
atoms undergoes a significant change, which leads to
the appearance of density critical points between the
interacting fragments. Troughs are observed in s(p)
that are associated with each critical point. However,
the behavior of s at low densities is mostly governed by
p» so s tends to diverge except in the regions around a
density critical point, where Vp dominates and s
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approaches zero.”” From the NCI analysis, which uses
the electron density function to identify attractive and
repulsive interactions between atoms, we can produce
a RDG scatter plots, which are a graphical representa-
tion of the electron density and the strength of the
attractive or repulsive interactions between atoms in a
molecular system.* The axis RDG represents the elec-
tron density of the molecular system and the axis
sign(A,)p represents the stability of the molecular sys-
tem. It is a combination of the second smallest eigen-
value of the electron density Hessian matrix (1,) and
the electron density (p). The sign (,)p is used to iden-
tify regions of the molecular system where attractive
interactions are particularly stable, regions with high
values, more negative, indicate that the attractive inter-
actions are stable and contribute significantly to the
overall stability of the system.** This method can pro-
vide valuable insights into molecular interactions and
their mechanisms.

2.3. Molecular docking

To investigate the interaction between ligands and the
peptide Af, we first determined the regions with the
highest probability of interaction between a monomer
of AB(1-42) and Carnosine N_ (CA, ), Carnosine N_
(CA,), Homocarnosine N_ (HCA,) and
Homocarnosine N_(HCA, ). This mapping was neces-
sary to verify if these ligands can interact with the same
amino acids that interact with copper(II) in the compl-
exation with the AB(1-42) peptide. Based on that, the
molecular docking of Carnosine and Homocarnosine
was performed with 10 conformations selected from a
set of 1880 conformations obtained by Sette ef al.* from
molecular dynamics calculations with 211 ns of total
simulation, selecting for each docking calculation the
10 lowest energy complexes. This was done to take into
account the different conformations that the A(1-42)
protein can assume so that the 10 best poses of the lig-
ands, for each of the 10 conformations of the protein.
With this procedure, a total of 100 different poses were
obtained for each ligand. To obtain the binding sites
between the ligands (Carnosine and Homocarnosine)
and the AB(1-42) peptide, molecular docking was per-
formed considering the entire A3(1-42) protein.

We used the AutoDock 4.2* program to perform
molecular docking simulations.

The ligands and the macromolecule were prepared
by employing Gasteiger’s partial charge method* based
on empirical calculations of electronegativity equilib-
rium. The docking protocol considers a 60 x 60 x 60
grid with a spacing of 1.0 °A. The macromolecule was
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kept rigid, and the ligand was free to rotate the active
bonds. The docking procedure includes the Lamarckian
genetic algorithm.* This algorithm generates confor-
mations through a stochastic process with three ligand
degrees of freedom: Translational, rotational and con-
formational. The conformations vary randomly in each
run, using the following parameters: 100, 150 and
250,00,000 for the number of conformations (runs),
number of initial conformations (population) and
maximum long energy ratings, respectively.

Through LigPlot+,*” we automatically generate 2D
ligand-protein interaction diagrams from 3D coordi-
nates in PDB format. These diagrams help identify
patterns of hydrogen bonds and hydrophobic interac-
tions between ligand-protein complexes. Generally
speaking, a hydrogen bond is an attractive interaction
between two electronegative atoms, where one is the
donor and the other the acceptor of electrons. A hydro-
gen atom is aligned between them and covalently
bonded to the donor. The donor atom attracts the
hydrogen electron from its orbital towards the donor
atom itself, which causes a partial positive charge on
the hydrogen, which is electrostatically attracted to the
electronegative acceptor atom.

Qualitatively, the hydrophobic interaction causes
hydrophobic parts to aggregate or cluster in polar
media. This trend occurs due to the dynamic actions of
nonpolar compounds in the environment that interact
with each other and force the interaction of nonpolar
compounds. LigPlot+ identifies bonds and interactions
according to the criteria of distance and angle between
the ligand and receptor atoms.**

One of the parameters obtained by the AutoDock
4.2 program and used to perform the analysis is the
score function, which corresponds, in this case, to the
binding energy or Gibbs free energy (AG). It is a meas-
ure of the binding affinity of the ligand-receptor com-
plex, given by the difference between the energy of the
complex and the sum of the energies of the ligand and
the receptor separately.

3. RESULTS AND DISCUSSION

3.1. Evaluation of conformations of CA/Cu?*"
and CA/Zn* complexes

The systems selected for this study were three copper
complexes previously proposed in the literature by
Dobbie and Kermack,”® Martin and Edsall*? and Thnat
and Bersohn, respectively named CA/Cu*-1, CA/
Cu?*-II and CA/Cu*-III. For the zinc complexes, we
selected four complexes that were previously proposed
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by Matsukura et al.>' The zinc complexes were similarly
designed as the copper complexes, with a numbering
system of I-IV.

Figures S1 and S2 depict the optimized conforma-
tions of CA/Cu? and CA/Zn*" complexes, and Table S1
lists the distances between the metallic ions and the
atoms they interact with, along with the predicted
geometry from our calculations. The vibrational spec-
tra of the geometrically optimized molecules showed
no imaginary frequencies, indicating that they were at
the global minimum of their potential energy surfaces.
We found that the CA/Cu?*-1/II complexes were trigo-
nal pyramidal, while the CA/Zn*"-1/II complexes were
trigonal bipyramidal and the CA/Cu**-III and CA/
Zn**-1II/IV complexes were square planar. Our results
show that CA/Cu**-1II had the shortest distances from
the metallic ion among the copper complexes, whereas
CA/Zn*-1II/IV had the shortest distances among the
zinc complexes.

The calculated Gibbs free energy values for the
studied complexes, presented in Table 1, show signifi-
cant differences between the copper complexes, with
CA/Cu*-1III having the most negative value (-106.22
Kcal/mol) and CA/Cu*-I having the least negative
value (-67.95 Kcal/mol). This suggests that the stability
of these complexes increases as we move from CA/
Cu**-I to CA/Cu**-11I, indicating that the formation of
CA/Cu*-III complex is favored thermodynamically.
For the zinc complexes, the results indicate that there
are small differences in the thermodynamic stability of
these complexes. The CA/Zn*- II complex has the least
negative Gibbs free energy value (-96.67 Kcal/mol),
followed closely by CA/Zn*-1 (-97.68 Kcal/mol). In
contrast, the CA/Zn*-III and CA/Zn*-IV complexes
have the most negative Gibbs free energy values (-102.24
Kcal/mol and -102.96 Kcal/mol, respectively).

We conducted an NCI analysis to investigate the
interactions between the ligand and metallic ion, and
found that specific atom-atom interactions play a key
role. Our results suggest that the metallic ions Cu** and
Zn*" interact mainly through attractive and steric inter-
actions with the ligand. In Fig. 4, we can see that CA/
Cu?*-I and CA/Cu**-III have the strongest interactions
with copper, while CA/Cu?*-1I shows a minor repulsive
and attraction interaction. The results also show that
CA/Cu*-1III presents a minor re pulsive interaction in
the vicinity of the metallic ion that the CA/Cu*-I. In
Fig. 5, we observe from the spikes that CA/Zn*"-1 has
weaker steric interactions but stronger attractive inter-
actions with the metallic ion, while CA/Zn*-1I, CA/
Zn**-1II and CA/Zn**-1IV show stronger steric interac-
tions. We can also observe from the spikes that the CA/
Zn**-I presented van der Waals interactions more pro-
nounced than the other complexes.

Combining the results of the study shows that the
most stable copper complex is CA/Cu**-1II which was
proposed by Ihnat and Bersohn.** This complex exhib-
its a smaller distance between the copper ion and the
atom donors of the Carnosine, as well as a smaller
Gibbs free energy value. Additionally, this complex has
a lower steric interaction and a higher attractive inter-
action compared to the other copper complexes stud-
ied. The observed trend in the Gibbs free energy values
can be attributed to the differences in the structure and
coordination of the copper ion within each complex,
which can affect the energy required to form the com-
plex. For complexes of copper with Carnosine, the
geometry square planar must be preferred without the
participation of the Carnosine ring in the interaction
with the copper ion. Regarding the zinc complexes,
CA/Zn**-1 is predicted to be the most stable, with
Gibbs free energy values comparable to CA/Zn**-II,

Table 1.

Gibbs free energy of metallic the complexes of Carnosine with Cu2* and Zn2* calculate

at level UB3P86 and basis set 6-311+G(d,p)/LANL2DZ ECP with PCM model (solvent: water).

AG
EComplex Ligand EMetal EWater AG (Kcal/
Complex (Hartree) (Hartree) (Hartree) (Hartree) (Hartree) mol)
CA/Cu?**-1 -1070.299587 -796.982613 -196.569469  -76.639221 -0.1083 -67.95
CA/Cu?**-1I -1070.334954 -796.982613 -196.569469 -76.639221 -0.1437 -90.14
CA/Cu?-1II -1070.360575 -796.982613 -196.569469 -76.639221 -0.1693 -106.22
CA/Zn*-1 -939.638352 -796.982613 -65.860855 -76.639221 -0.1557 -97.68
CA/Zn*-11 -939.636735 -796.982613 -65.860855 -76.639221 -0.1540 -96.67
CA/Zn*-1I1 -939.645615 -796.982613 -65.860855 -76.639221 -0.1629 -102.24
CA/Zn*-IV -939.646772 -796.982613 -65.860855 -76.639221 -0.1641 -102.96
DOI: 10.1142/S2737416523500436
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Fig. 4.

(Color Online) NCI surfaces (left) and RDG scatter plots (right). Color scheme: Blue represents strong attractive interactions, green

indicates van der Waals interactions and red indicates repulsive/steric interactions. In the RDG scatter plots, from zero, how much more to

the right stronger the attraction, more to the left more strong the repulsion.

but with more attractive and van der Waals interac-
tions compared to the other complexes studied.
However, given the proximity of the results, both I and
II may be possible complexes with zinc, with geometry
trigonal bipyramidal being preferred and with or with-
out the participation of the Carnosine ring in the inter-
action with the zinc ion.

3.2. Carnosines and Af interaction

We begin our discussion by presenting in Table 2 and
Fig. 6 energy weight results for the CA /AB(1-42),
(ligand/protein) interaction, where i is the index that
represents one of the 10 conformations selected from
the molecular dynamics. Tables S2 and S3 in the
Supplementary Material present their related AG

DOI: 10.1142/52737416523500436
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energies, used to define the energy weight calculated
for each type of interaction (hydrogen bonds and
hydrophobic contacts). The energy weight value is the
total sum of AG values for each amino acid interaction
in the ligand/protein complex. We considered the 10
lowest energy complexes of 10 ligand/peptide
conformations.

As a general trend, the 10 lowest energies of each
amino acid vary approximately 1 Kcal/mol between
them, indicating that these complexes are equally likely.
For all the complexes, the AB(1-42), has the lowest
energy. Moreover, the energy differences are less than 3
Kcal/mol for AB(1-42),, 2 Kcal/mol for AB(1-42), and
AB(1-42), and 1 Kcal/mol for the other complexes.
Furthermore, among the remaining complexes, the
ligand/peptide complexes from AB(1-42), to AB(1-42),
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(Color online) NCI surfaces (left) and RDG scatter plots (right). Color scheme: Blue represents strong attractive interactions, green

indicates van der Waals interactions and red indicates repulsive/steric interactions. In the RDG scatter plots: From the zero, how much more
to the right stronger the attraction, more to the left more strong the repulsion.

and the AB(1-42),  have similar energies. The constant
inhibition (K) values, presented in Table S1, have the
same trend of the energies and can also be used to rank
the most likely conformations. The K, indicates the sta-
bility of the complex, representing the ligand’s efficacy
in inhibiting the receptor and the amount of drug
needed to carry out the inhibition. The lower the K
value, the greater the stability of the complex.

Considering the interaction site of copper(II) with
AB(1-42), predicted by the literature,'*" CA,, inter-
acts with at least two amino acids responsible for
aggregating Af(1-42) peptide with the metal ion: the
Aspl (by hydrophobic contact) and the Hsd13 (by
hydrogen bond and hydrophobic contact). The results
presented in Table 2 and Fig. 6 suggest that CA_inter-
acts with A(1-42) by hydrogen bond, mainly with the

DOI: 10.1142/52737416523500436
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Table2. Energy weight percentages for each amino acid interaction
(hydrogen bonds and hydrophobic contacts) in the CA, /AB(1-42)
complexes obtained using molecular docking. We considered the 10
lowest energy complexes of 10 ligand/peptide conformations.

Energy weight ~ Energy weight
(Hydrogen (Hydrophobic
bond) contact)
Kcal/ Kcal/

Amino acid Abbreviation ~ mol % mol %
Aspartate Aspl -33.90 4.23 -30.02 5.31
Alanine Ala2 -8.91 1.11 -26.54 4.69
Glutamate Glu3 -53.56  6.69 -23.09  4.08
Phenylalanine Phe4 -4325 540 -86.80 15.34
Arginine Arg5 -83.34 10.41 -13.59 2.40
Histidine Hsd6 -21.02 262 -17.65 3.12
Aspartate Asp7 -64.46  8.05 0.00 0.00
Serine Ser8 -11.36 142 -11.67 2.06
Glycine Gly9 -13.69 1.71 -4.88 0.86
Tyrosine Tyr10 -4.80  0.60 -2.23 0.39
Glutamate Glull -21.69 271 -4.80 0.85
Valine Val12 -2.23 0.28 -41.32 7.30
Histidine Hsd13 -69.70 8.70 -30.59 5.41
Histidine Hsd14 -3.36 042 -22.94  4.05
Glutamine GInl15 -41.70 521 -21.59 3.82
Lysine Lysl6 -50.36 6.29 -24.22 4.28
Leucine Leul7 -77.58  9.69 -18.44  3.26
Valine Val18 0.00 0.00 -1.92 0.34
Phenylalanine Phel9 -6.05 0.76 -71.50 12.64
Phenylalanine Phe20 -2.11 026 -13.69 242
Alanine Ala21 -11.00 1.37 0.00 0.00
Glutamate Glu22 -211 026 0.00 0.00
Aspartate Asp23 -18.68  2.33 -10.66 1.88
Valine Val24 -7.59 0.95 -2.58 0.46
Glycine Gly25 -18.40  2.30 -10.00 1.77
Serine Ser26 -19.67 246 -12.83 227
Asparagine Asn27 -37.03  4.62 -2.53 0.45
Lysine Lys28 -35.00 437 -4.65 0.82
Glycine Gly29 -9.26 116 -230 041
Alanine Ala30 0.00 0.00 0.00 0.00
Isoleucine Ile31 0.00 0.00 -9.74 1.72
Isoleucine Ile32 0.00 0.00 0.00 0.00
Glycine Gly33 0.00 0.00 0.00 0.00
Leucine Leu34 0.00 0.00 0.00 0.00
Methionine Met35 0.00  0.00 0.00 0.00
Valine Val36 0.00 0.00 -2.60 0.46
Glycine Gly37 -10.26 1.28 0.00 0.00
Glycine Gly38 0.00 0.00 -5.05 0.89
Valine Val39 -4.87 061 -9.45 1.67
Valine Val40 -7.22 090 -9.26 1.64
Isoleucine Tle41 -427 0.53 -7.36 1.30
Alanine Ala42 -2.48 0.31 -9.31 1.65

Total energy weight -80091 — -565.80 —
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Fig. 6.
acid interactions (hydrogen bonds and hydrophobic contacts) in the

(Color online) Energy weight percentages for the amino

CA, /AB(1-42) complexes. We considered the 10 lowest energy
complexes of 10 ligand/peptide conformations.

following amino acids: Arg5 (10.41%), Leul7 (9.69%),
Hsd13 (8.70%), Asp7 (8.05%) and Glu3 (6.69%). By
hydrophobic contact, the main interactions are the
ones with amino acids Phe4 (15.34%), Phel9 (12.64%),
Vall2 (7.30%), Hsd13 (5.41%) and Aspl1 (5.31%).

AG energy results for CA, /AB(1-42), interaction
are shown in Supplementary Material (see Tables S4
and S5). From these results, the energy weights were
calculated (hydrogen bond and hydrophobic contacts)
and the results are presented in Table 3 and Fig. 7.

The results also show that the 10 lowest energies of
each complex vary by 1 Kcal/mol, indicating that these
complexes are likely equal. For all the complexes,
AB(1-42), has the lowest energy and presents an
energy difference of about 1.5 Kcal/mol smaller than
the other complexes. The complex with AB(1-42),
showed an energy difference of 1 Kcal/mol. The
remaining complexes, from AB(1-42), to AB(1-42),
and the AB(1-42), have similar energies. According to
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Table 3.
action (hydrogen bonds and hydrophobic contacts) in the CA, /

Energy weight percentages for each amino acid inter-

AB(1-42) complexes obtained using molecular docking. We con-
sidered the 10 lowest energy complexes of 10 ligand/peptide

B Hydrogen bond B Hydrophobic contact

Asp1
Ala2
Glu3
Phe4
Arg5

conformations.
Energy weight ~ Energy weight
(Hydrogen (Hydrophobic
bond) contact)
Kcal/ Kcal/
Amino acid Abbreviation mol % mol %
Aspartate Aspl -32.84 558  -6.33 1.25
Alanine Ala2 -22.41 381 -6.49 1.28
Glutamate Glu3 -52.42 890 -193  0.38
Phenylalanine Fene4 -26.69 453 -5861 11.57
Arginine Arg5 -50.93 8.65 -3556  7.02
Histidine Hsdé6 -28.57 4.85 -63.25 1249
Aspartate Asp7 -50.62  8.60 0.00 0.00
Serine Ser8 -25.47  4.33 0.00  0.00
Glycine Gly9 -433  0.74 -8.62 1.70
Tyrosine Tyr10 -446 076 -18.18 3.59
Glutamate Glull -38.80 6.59  -7.96 1.57
Valine Vall2 -2.65 045 -5599 11.05
Histidine Hsd13 -43.04 731 -2948 582
Histidine Hsd14 -6.96 1.18 -6.06 1.20
Glutamine Glnl15 -21.74  3.69 -32.03 6.32
Lysine Lysl6 -14.51 246 -36.43 7.19
Leucine Leul?7 -28.86 490 -21.40 422
Valine Val18 0.00 0.00 -12.13 239
Phenylalanine Phel9 -197 033 -47.64  9.40
Phenylalanine Phe20 -487 083  -347  0.68
Alanine Ala21 -1.97 033 0.00 0.00
Glutamate Glu22 -11.65 1.98 0.00  0.00
Aspartate Asp23 -11.08 1.88  -2.13 0.42
Valine Val24 0.00 0.00 0.00  0.00
Glycine Gly25 -9.30 1.58 0.00 0.00
Serine Ser26 -1530  2.60 -1.85 0.37
Asparagine Asn27 -22.46 3.81 -11.58 2.29
Lysine Lys28 -26.16 444  -4.86 0.96
Glycine Gly29 -6.78 115 -794 157
Alanine Ala30 0.00  0.00 0.00 0.00
Isoleucine Ile31 -1.85 0.31 0.00  0.00
Isoleucine Tle32 0.00  0.00 0.00  0.00
Glycine Gly33 0.00  0.00 0.00 0.00
Leucine Leu34 0.00 0.00 0.00  0.00
Methionine Met35 0.00 0.00 0.00 0.00
Valine Val36 0.00 0.00 0.00  0.00
Glycine Gly37 -1.85 0.31 0.00 0.00
Glycine Gly38 -1.85 0.31 0.00 0.00
Valine Val39 -1.52  0.26 0.00  0.00
Valine Val40 -2.14 036 -9.72 1.92
Isoleucine Tle41 -10.25 1.74 0.00 0.00
Alanine Ala42 -247 042 -16.94 3.34
Total energy -588.77 — -506.58 —
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Fig. 7.

acid interactions (hydrogen bonds and hydrophobic contacts) in the

CA,, /AB(1-42) complexes. We considered the 10 lowest energy
complexes of 10 ligand/peptide conformations.

(Color Online) Energy weight percentages for the amino

the previous results, the K values, presented in Table
§2, have the same trend as that of the energies.

When it comes to the site of interaction of cop-
per(II) with the peptide of AB(1-42), the results pre-
sented suggest that CA could interact with, at least,
two of the amino acids responsible for complexation of
the AB(1-42) peptide with the metal ion: The Hsd13
(by hydrogen bond) and Hsd6 (by hydrophobic con-
tact). Energy weight percentages in Table 3 and Fig. 7
suggest that CA interacts through hydrogen bonds,
mainly with the following amino acids: Glu3 (8.90%),
Arg5 (8.65%), Asp7 (8.60%), Hsd13 (7.31%) and Glul1
(6.59%). By hydrophobic contact, the main interac-
tions are Hsd6 (12.49%), Phe4 (11.57%), Vall2
(11.05%), Phel9 (9.40%) and Lys16 (7.19%).

CA,_ presents higher energy weight percentages
with Hsd6 and Hsd13 (12.49% of interactions by
hydrophobic contact and 7.31% of the hydrogen bond
interactions, respectively) for Carnosines in their two

DOI: 10.1142/52737416523500436
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tautomeric forms. In comparison, CA,, shows higher
energy weight percentages with Aspl (5.31% of hydro-
phobic contact interactions) and Hsd13 (8.70% of
interactions by hydrogen bond and 5.41% by hydro-
phobic contact). Once the hydrogen bond interaction
is stronger than the hydrophobic contact, CA_tends to
be more effective than CA  _in the steric impediment
of the amino acids that participate in the complexation
of copper(II). Moreover, according to the metallic
hypothesis, this feature may be responsible for trigger-
ing the oligomerization of the AB(1-42) peptides.

3.3. Homocarnosines and A interaction

We now turn to the results for the HCA  /AB(1-42),
interactions. Tables S6 and S7 in Supplementary
Material present their related AG energies. As for the
cases in the previous section, we considered the 10
lowest energy complexes of these ligand/peptide con-
formations. Table 4 and Fig. 8 present the energy
weight results for the HCA /AB(1-42), interactions.

Similar to the case discussed in the previous sec-
tion, the 10 lowest energies of each HCA /AB(1-42)
complexes vary by 1 Kcal/mol, indicating that these
complexes are equally likely. The complex with AB(1-
42) (with the lowest energy) differs by approximately
2 Kcal/mol than the complex with the AB(1-42),, 3
Kcal/mol when compared to the complexes with AB(1-
42), and AB(1-42),, and 4 Kcal/mol concerning com-
plexes with Ap(1-42),, Ap(1-42),, Ap(1-42),
AB(1-42),, AB(1-42), and AP(1-42) . According to
the previous results, the K, values, presented in Table S3,
have the same trend as the energies.

When it comes to the site of interaction of cop-
per(II) with the peptide of AB(1-42), the results sug-
gest that HCA _could interact with at least three of the
amino acids responsible for the complexation of the
AB(1-42) peptide with the metal ion: Hsd13 and Aspl
(by hydrogen bond) and Hsd6 (by hydrophobic con-
tact). From the results in Table 4 and Fig. 8, one can
infer that HCA _interacts by hydrogen bond mainly
with the following amino acids: Gln15 (14.01%), Hsd13
(12.63%), Leul7 (12.40%), Aspl (7.56%) and Arg5
(7.21%). By hydrophobic contact, the main interac-
tions are Phel9 (22.41%), Phe4 (21.27%), Lysl6
(14.83%), Val12 (12.91%), and Hsd6 (11.06%).

AG energy results for HCA, /AB(1-42). interac-
tion are shown in Supplementary Material (see Tables
S8 and S9). From these results, the energy weights
were calculated (hydrogen bond and hydrophobic
contacts) and the results are presented in the Table 5
and Fig. 9.

DOI: 10.1142/52737416523500436
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Table4. Energy weight percentages for each amino acid interaction
(hydrogen bonds and hydrophobic contacts) in the HCA, /AB(1-42)
complexes obtained using molecular docking. We considered the 10
lowest energy complexes of 10 ligand/peptide conformations.

Energy weight ~ Energy weight
(Hydrogen (Hydrophobic
bond) contact)
Kcal/ Kcal/

Amino acid Abbreviation ~ mol % mol %
Aspartate Aspl -48.44 7.56 0.00 0.00
Alanine Ala2 -16.11 2.51 0.00 0.00
Glutamate Glu3 -37.76 5.89 0.00 0.00
Phenylalanine Fene4 -22.29 348 -45.88 21.27
Arginine Arg5 -46.25 721 -13.49 6.25
Histidine Hsdé6 -18.17 2.83 -23.85 11.06
Aspartate Asp7 -36.01 5.62 0.00 0.00
Serine Ser8 -14.86 2.32 0.00 0.00
Glycine Gly9 -4.21 0.66 0.00 0.00
Tyrosine Tyr10 -3.77 0.59 0.00 0.00
Glutamate Glull -21.98 3.43 0.00 0.00
Valine Val12 0.00 0.00 -27.84 1291
Histidine Hsd13 -80.98 12.63 -10.63 4.93
Histidine Hsd14 -6.63 1.03 0.00 0.00
Glutamine GInl15 -89.84 14.01 -2.79 1.29
Lysine Lysl6 -34.31 535 -31.98 14.83
Leucine Leul? -79.50 1240 -9.36 4.34
Valine Vall8 -3.19 0.50 0.00 0.00
Phenylalanine Phel9 -5.45 0.85 -48.33 2241
Phenylalanine Phe20 -9.17 1.43 0.00 0.00
Alanine Ala21 -2.00 0.31 0.00 0.00
Glutamate Glu22 0.00 0.00 0.00 0.00
Aspartate Asp23 -2.00 0.31 0.00 0.00
Valine Val24 0.00 0.00 0.00 0.00
Glycine Gly25 -1.70 0.27 0.00 0.00
Serine Ser26 -9.94 1.55 0.00 0.00
Asparagine Asn27 -18.17 2.83 0.00 0.00
Lysine Lys28 -8.83 1.38 0.00 0.00
Glycine Gly29 -3.52 0.55 0.00 0.00
Alanine Ala30 0.00 0.00 0.00 0.00
Isoleucine Ile31 0.00 0.00 -1.52 0.70
Isoleucine Tle32 0.00 0.00 0.00 0.00
Glycine Gly33 0.00 0.00 0.00 0.00
Leucine Leu34 0.00 0.00 0.00 0.00
Methionine Met35 0.00 0.00 0.00 0.00
Valine Val36 -1.83 0.29 0.00 0.00
Glycine Gly37 -1.83 0.29 0.00 0.00
Glycine Gly38 0.00 0.00 0.00 0.00
Valine Val39 -3.51 0.55 0.00 0.00
Valine Val40 -3.78 0.59 0.00 0.00
Isoleucine Tle41 -3.20 0.50 0.00 0.00
Alanine Ala42 -1.93 0.30 0.00 0.00

Total energy weight -641.16 —  -215.67 —
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Fig. 8.
acid interactions (hydrogen bonds and hydrophobic contacts) in the
HCA, /AB(1-42) complexes. We considered the 10 lowest energy
complexes of 10 ligand/peptide conformations.

(Color Online) Energy weight percentages for the amino

The 10 lowest energies of each complex vary by
approximately 1 kcal/mol, indicating that these com-
plexes are equally likely. AB(1-42), complex has the
lowest energy and differs by about 1 Kcal/mol when
compared to the AB(1-42), complex, 2.5 Kcal/mol as
contrasted with the AB(1-42), and Ap(1-42), com-
plexes, 3.0 Kcal/mol compared to the AB(1-42),, AB(1-
42),, AP(1-42), and AB(1-42),, complexes, and 3.5
Kcal/mol considering AB(1-42), and AB(1-42), com-
plexes. Again, the K. values, presented in Table S4, have
the same trend as the energies.

For the site of interaction of copper(II) with AB(1-
42), predicted by the literature,'®"” the presented results
suggest that HCA _could interact with at least two of
the amino acids responsible for the complexation of the
ApB(1-42) peptide with the metal ion: Hsd13 (by hydro-
gen bond and hydrophobic contact) and Hsd6 (by
hydrophobic contact). The results in Table 5 and Fig. 9
indicate that HCA  interacts by hydrogen bonds

839

Table 5. Energy weight percentages for each amino acid interaction
(hydrogen bonds and hydrophobic contacts) in the HCA, /AB(1-42)
complexes obtained using molecular docking. We considered the 10
lowest energy complexes of 10 ligand/peptide conformations.

Energy weight  Energy weight
(Hydrogen (Hydrophobic
bond) contact)
Kcal/ Kcal/

Amino acid ~ Abbreviation  mol % mol %
Aspartate Aspl -28.15 4.44 0.00 0.00
Alanine Ala2 -10.64 1.68 0.00 0.00
Glutamate Glu3 -47.44 7.49 0.00 0.00
Phenylalanine Fene4 -33.37 527 -56.81 26.63
Arginine Arg5 -63.95 10.09 -17.73 8.31
Histidine Hsd6 -24.31 3.84 -20.10 9.42
Aspartate Asp7 -80.95 12.77 0.00 0.00
Serine Ser8 -22.84 3.60 0.00 0.00
Glycine Gly9 -16.57 2.61 0.00 0.00
Tyrosine Tyrl0 0.00 0.00 0.00 0.00
Glutamate Glull -35.29 5.57 0.00 0.00
Valine Val12 -2.51 0.40 -28.70 13.45
Histidine Hsd13 -50.09 7.90 -23.96 11.23
Histidine Hsd14 0.00 0.00 0.00 0.00
Glutamine GIn15 -16.95 2.67 0.00 0.00
Lysine Lysl6 -41.99 6.63 -10.12 4.74
Leucine Leul7 -27.98 441 -18.27 8.56
Valine Vall8 -2.08 033 -1.64 0.77
Phenylalanine Phel9 -1.96 031 -3599 16.87
Phenylalanine Phe20 -8.01 1.26 0.00 0.00
Alanine Ala21 -1.96 0.31 0.00 0.00
Glutamate Glu22 -10.18 1.61 0.00 0.00
Aspartate Asp23 -8.39 1.32 0.00 0.00
Valine Val24 0.00 0.00 0.00 0.00
Glycine Gly25 -2.68 0.42 0.00 0.00
Serine Ser26 -12.76 2.01 0.00 0.00
Asparagine Asn27 -23.23 3.67 0.00 0.00
Lysine Lys28 -22.05 3.48 0.00 0.00
Glycine Gly29 -13.93 2.20 0.00 0.00
Alanine Ala30 -2.10 0.33 0.00 0.00
Isoleucine Ile31 -2.26 0.36 0.00 0.00
Isoleucine Tle32 0.00 0.00 0.00 0.00
Glycine Gly33 0.00 0.00 0.00 0.00
Leucine Leu34 0.00 0.00 0.00 0.00
Methionine Met35 0.00 0.00 0.00 0.00
Valine Val36 -1.66 0.26 0.00 0.00
Glycine Gly37 -1.66 0.26 0.00 0.00
Glycine Gly38 -2.10 0.33 0.00 0.00
Valine Val39 0.00 0.00 0.00 0.00
Valine Val40 -9.97 1.57 0.00 0.00
Isoleucine Tle41 -3.76 0.59 0.00 0.00
Alanine Ala42 0.00 0.00 0.00 0.00

Total energy weight -633.77 —  -213.32 —

DOI: 10.1142/52737416523500436
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Fig. 9.
acid interactions (hydrogen bonds and hydrophobic contacts) in the
HCA,, /AB(1-42) complexes. We considered the 10 lowest energy
complexes of 10 ligand/peptide conformations.

(Color online) Energy weight percentages for the amino

mainly with the following amino acids: Asp7 (12.77%),
Arg5 (10.09%), Hsd13 (7.90%), Glu3 (7.4%) and Lys16
(6.63%). By hydrophobic contact, the main interactions
are Phe4 (26.63%), Phel9 (16.87%), Vall12 (13.45%),
Hsd13 (11.23%) and Hsd6 (9.42%).

HCA, has higher energy weight percentages with
Hsd6 (9.42% of interactions by hydrophobic contact)
and Hsd13 (7.90% of interactions by hydrogen bond
and 11.23% of interactions by hydrophobic contact), in
its two tautomeric forms. HCA _ has higher energy
weight percentages with Aspl (7.5% of interactions by
hydrogen bond contact), Hsd6 (11.06% of hydrophobic
by contact) and Hsd13 (12.63% of interactions by
hydrogen bonds). In this sense, HCA _is more effective
than HCA  in the steric impediment of the amino
acids that participate in the complexation of the cop-
per(II). Again, according to the metallic hypothesis, this
interaction mechanism may be responsible for trigger-
ing the oligomerization of the AB(1-42) peptides.

DOI: 10.1142/52737416523500436
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Table 6.
phobic contact) of the ligands/AB(1-42) for the main amino

Interaction percentages (by hydrogen bond and hydro-

acids predicted to AB(1-42)/copper(II) complexation.

Hyd rogen bond Hydr ophobic contact
Complex Aspl Hsd6 Hsd1l3 Aspl Hsdé Hsdl3
CA,./ 531% — 8.70% — — 5.41%
AB(1-42)
CA,/ — — 731% — 12.49% —
AB(1-42)
HCA/ 756% — 12.63% — 11.6% —
Ap(1-42)
HCA_/ — — 790% — 9.42% 11.23%
AP(1-42)

Table 6 summarizes the main results of this case.
Note that the main interactions (via hydrogen bonds)
occurred with Hsd13, while Hsd6 interacts by hydro-
phobic contact. The CA and HCA interacted more
often in the tautomeric form N7 through hydrogen
bonds. The obtained values also indicate that HCA _is
the most effective ligand, i.e., the one with the highest
percentage of interactions with the AS(1-42) peptide,
considering that hydrogen bond interactions are
stronger than hydrophobic contact interactions.

4. CONCLUSIONS

In summary, electronic structure calculations and
molecular docking simulations were conducted to
investigate the role of Carnosine and Homocarnosine
natural compounds in order to prevent the progression
of certain neurodegenerative diseases. The results
revealed that these multi-target molecules can interact
with at least two amino acids of the Af(1-42) peptide,
which are responsible for the aggregation mediated by
the metal ion Copper(II): Hsd13 through hydrogen
bond and Hsd6 through hydrophobic contact.
Moreover,theresultsdemonstrated that Homocarnosine,
in its tautomeric form N , exhibited a higher number of
hydrogen bond interactions with the AB(1-42) peptide,
suggesting it may be more effective in the anti-aggrega-
tion process. These interactions can induce steric
impediment, leading to a reduction in the rate of
ApB(1-42) peptide agglutination and oligomer forma-
tion, thereby preventing the formation of harmful pro-
tein deposits. In other words, these significant findings
suggest that Carnosine and Homocarnosine molecules
can act as antiaggregators, inhibiting the formation of
amyloid plaques and ultimately stabilizing the progres-
sion of Alzheimer’s disease and other neurodegenera-
tive diseases.
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