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ARTICLE INFO ABSTRACT

Keywords: Chagas disease is a neglected tropical disease caused by the protozoan parasite Trypanosoma cruzi, with
Antichagasic agent approximately 6-7 million people infected worldwide, becoming a public health problem in tropical countries,
Biflavonoid thus generating an increasing demand for the development of more effective drugs, due to the low efficiency of
Fukui analysis the existing drugs. Aiming at the development of a new antichagasic pharmacological tool, the density functional
NLO i theory was used to calculate the reactivity descriptors of amentoflavone, a biflavonoid with proven anti-

trypanosomal activity in vitro, as well as to perform a study of interactions with the enzyme cruzain, an
enzyme key in the evolutionary process of T-cruzi. Structural properties (in solvents with different values of
dielectric constant), the infrared spectrum, the frontier orbitals, Fukui analysis, thermodynamic properties were
the parameters calculated from DFT method with the monomeric structure of the apigenin used for comparison.
Furthermore, molecular docking studies were performed to assess the potential use of this biflavonoid as a
pharmacological antichagasic tool. The frontier orbitals (HOMO-LUMO) study to find the band gap of compound
has been extended to calculate electron affinity, ionization energy, electronegativity electrophilicity index,
chemical potential, global chemical hardness and global chemical softness to study the chemical behaviour of
compound. The optimized structure was subjected to molecular Docking to characterize the interaction between
amentoflavone and cruzain enzyme, a classic pharmacological target for substances with anti-gas activity, where
significant interactions were observed with amino acid residues from each one's catalytic sites enzyme. These
results suggest that amentoflavone has the potential to interfere with the enzymatic activity of cruzain, thus being
an indicative of being a promising antichagasic agent.

1. Introduction non-endemic developed countries such as Canada, Spain, Japan and

Australia [2,3]. Currently, benznidazole and nifurtimox are the only

Chagas disease is a tropical disease caused by the protozoan parasite
Trypanosoma cruzi, classified as neglected by the World Health Organi-
zation. The Chagas disease is transmitted to humans by the triatomine
insect, popularly known, in Brazil, as the barber [1]. Currently, there are
approximately 6-7 million infected people in the world and it is esti-
mated that 70 million people will be able to contract this disease. This is
an endemic disease in Latin America, Africa and Asia, but also found in
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drugs used for the pharmacological treatment of Chagas disease, devel-
oped almost fifty years ago, have limited effectiveness in the chronic
phase of the disease. However, these drugs led to the occurrence of
several side effects, such as polyneuritis, bone marrow depression, lym-
phoma and dermatitis [4].Therefore, it is necessary to look for new
bioactive substances, as well as therapeutic strategies that promote
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greater selectivity over parasites without causing so many complications
to the host.

One of the strategies is the search for substances that inhibit key
enzymes, such as cruzain, in order to interrupt the parasite's reproductive
cycle [5,6]. In this perspective, the challenger of finding new drugs has
been supported by the use of molecular modelling methods, which allow,
through mathematical algorithms, to characterize electronic and struc-
tural properties of substances which have potential to become a phar-
macological tools, as well as how to study the interaction of these
molecules with their potential therapeutic targets (molecular Docking)
[7,8]. Among the modelling techniques, it can be highlighted the
formalism of the functional density theory (DFT), which enables the
calculation of physicochemical properties of the investigated molecules
at microscopic level, and with good accuracy and low computational
cost. For instance, this quantum method make possible to identify the
frontier orbitals, nucleophilic and/or electrophilic sites of the molecule,
kinetics and thermodynamic descriptors [9,10]. Thus, DFT is a funda-
mental step for analysing the pharmacological potential and identifying
the essential pharmacophore for drug design. In the work of Pan et al
[11], the amentoflavone molecule was studied using the DFT method
with B3LYP at 6-31G(d) basis set, the structural optimization was per-
formed in the gas phase (vacuum) and they characterized only the
Frontier Molecular Orbitals and the Mulliken charge distribution by the
Molecular Electrostatic Potential. However, thinking about the potential
pharmacological use of organic molecule to fight Chagas disease, it is
necessary to perform DFT molecular modeling calculations taking in
account the dielectric constants of the several solvents in order to
generate conformational relevant data to the development of a phar-
macological tool, since the investigated molecules will have to be dis-
solved before being applied to humans.

The Density Functional Theory (DFT) method allows the calculation
of the geometric optimization of organic molecules. Furthermore, the
infrared (IR) spectra can be simulated, the Frontier Molecular Orbitals
(FMO) can be calculated for electronic characterization and to obtain the
quantum reactivity descriptors in order to understand the global reaction
of the behavior of the molecule as a nucleophile or an electrophile [10]. A
local reactivity can also be performed by the Fukui functions since it
makes possible the comprehension which atoms contribute most signif-
icantly to the molecule's reactivity [9]. The global and local reactivity
analysis can relate the molecular biological activity since both allow the
identification of the most reactive regions of the molecule for the inter-
action with the target protein.

Molecular docking is an efficient computational tool in molecular
recognition process studies [12]. It simulates the modes of interaction,
conformation and orientation, allowing the estimation of the interaction
energies between two molecules in three-dimensional space, such as
protein-protein and protein-ligand [13], based on two elements, a po-
tential energy function, usually associated with a force field (used to
define the binding affinity of the ligand and the receptor) and a search
algorithm, which defines the ligand conformational space sampling that
determines the minimum global energy for the ligand-receptor complex
[13]. It also analyses the affinity of a ligand to a receptor binding site, in
which the active conformations of molecules and enzymes exhibit geo-
metric and chemical complementarity, which are essential for the success
of therapeutic treatments [14].

To begin the development of new drugs, naturally occurring struc-
tures have been used as a starting point, with the molecular skeleton for
more than 50% of the new drugs available today [15]. In this context, it
can be highlighted the cashew tree (Anacardium occidentale L.), native to
Brazil, found abundantly in the Northeast biodiversity, where it stands
out for its high socioeconomic importance to the region, representing
99.7% of Brazilian cashew exports [16]. Found in the leaf of Anacardium
occidentale L., the biflavonoid amentoflavone, stands out for having
several biological activities such as leishmanicidal, antitrypanosomal
(ICso > 50puM) [17,18,19], antifungal [20,21] and antioxidant [22]. In
addition to its natural occurrence, amentoflavone can be obtained
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synthetically by oxidative coupling of two apigenin molecules, resulting
in a bond between the C-3 positions of the hydroxyphenyl ring and C-8 of
the chromene ring, thus enabling its production in large scale (Figure S1-
Supplementary material).

In view of the emergency situation of developing new pharmaco-
logical tools for the treatment of Chagas disease, this study aimed carry
out a DFT in-silico investigation to assess the molecular reactivity de-
scriptors of amentoflavone, a biflavonoid that has proven anti-
trypanosomal in vitro activity, and to perform molecular docking studies
to assess the potential use of this biflavonoid as a pharmacological
antichagasic tool.

2. Materials and method
2.1. DFT analysis

In the present study, the computational chemistry calculations were
done within the scope of Density Functional Theory (DFT), which is one
of the most effective way to analyse the stability and reactivity of
chemical species. The DFT quantum calculations for the ground state
electronic and reactive properties of amentoflavone and apigenin were
performed using the Gaussian 09 program [23] and the Gauss View 5
program [24] to drawn the input molecules. The apigenin molecule was
optimized so that it became a reference parameter for calculating the
electronic and reactive properties of the amentoflavone molecule. Due to
the different orbital energies brought by these molecules, a restricted
Kohn-Sham functional, together with Becke's [25,26] three parameter
functional (B3) [27] for the exchange part and the Lee-Yang-Parr
gradient corrected correlation functional (LYP) [28] were applied to
bring the optimized geometrical structure. In order to have a secure basis
set, a 6-311+-+G(d,p) [28] polarized base was used. The optimization
was also carried out in the gas phase and in several implicit solvents
available in the Gaussian 09 program package and using the Integral
Equation Formalism — Polarizable Continuum Model (IEF-PCM) solvation
model [29] to understand the structural properties of amentoflavone
molecule due to the structure of the dimer that allows an angle between
the two monomer structure. To ensure the validity of the optimization, a
vibrational frequency calculation was done to get the theoretical infrared
spectra in methanol as implicit solvent applying the same level of theory.
The theoretical assignments were done using the VEDA 4 software [30]
with a scaling factor of 0.967 for the computational level used in this
work. To obtain the isosurfaces of the Frontier Molecular Orbitals (FMO),
the Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoc-
cupied Molecular Orbital (LUMO), it was used the trial version of
Chemcraft - graphical software for visualization of quantum chemistry
computations version 1.8 software (https://www.chemcraftprog.com).
The thermodynamic data, internal energy (U), enthalpy (H), entropy (S)
and Gibbs free energy (G), were obtained from the calculation of the
vibrational and statistical thermodynamic analysis at 298.15 K and 1 atm
at B3LYP/6-311++G(d,p) computational level with methanol as implicit
solvent, which was the same condition for the fundamental vibrational
frequencies and optimization calculations [31].

The molecular descriptors were calculated at B3LYP/6-311++G(d,p)
level of theory to estimate the reactivity of amentoflavone and apigenin
from the energy values of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) [32,33].
A higher value of energy for the HOMO orbital indicates a reasonable
tendency of the chemical species to donate electronic density and a lower
value of the energy for the LUMO orbital shows, a propensity to receive
electronic density [34]. Therefore, the energy gap (n Egq), defined as the
difference of the energies for the LUMO-HOMO orbitals (Eq. 1), shows a
direct relationship between the frontier orbitals and chemical reactivity:
for large values of n Egq, implies lower reactivity and for a short value of
n Egq,, suggest higher reactivity [35].

AEy, = Erumo — Enomo 1)
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Besides the energy gap, there are other quantities also called reac-
tivity descriptors that help computational chemists to predict the
behaviour of a chemical species in respect to another. According to DFT-
theorem proposed by Koopmans [36], the ionization energy (I) and
electron affinity (A) of a chemical compound are related respectively to
the energy of the HOMO orbital (Eq. 2) and the energy of the LUMO
orbital (Eq. 3).

1= — Enomo 2

A= —Ewmo 3

Within the theory of DFT, chemical quantities such as electronegativity
(), chemical potential (1) and global chemical hardness (i) can be
defined as the derivative of the molecule electronic energy (E) in respect
to the number of total electrons (N) at a constant external potential (v).
The mathematical expressions can be seen as follows [37,38,39,40,41].

oE
r= o= (&), @

1(FE
_1/dE 5
=25, ©
According to the work of Iczkowski and Margrave and the finite
differences method [9], the electronegativity and chemical potential can
be expressed in the function of the ionization energy and electron affinity

(Eq. 6). The global chemical hardness can be estimated using Janak's
theorem and the valence state parabola model [42,43](Eq. 7).

I+A 6)

p= 124 @

The global softness (S) is defined as the inverse of global chemical
hardness [44](Eq. 8).

s 1 ®
n

Parr et al. [45] introduced the global electrophilicity index (w)
defined as the susceptibility of a chemical species (atom, molecule or ion)
to accept electronic density. The higher value of w implies that the spe-
cies can be considered a good electrophile. Thus, a good nucleophile is
described by lower values of w. The quantitative expressions of w is
followed by Eq. 9 and Eq. 10. In this sense, nucleophilicity (¢) is defined
as the inverse of global electrophilicity index [46](Eq. 11).

_Ke_r
“= 471_ 4n ®
(I +A) (10)
Y= 8I—4)
e:é (11)

All the reactivity descriptors seen until now are related to the global
properties of the chemical species. Fukui [34] proposed local reactivity
descriptors called Fukui functions or Fukui index, f(r), which measure
the reactive regions and the electrophilic, nucleophilic and radical
behaviour of the chemical compounds. Mathematically, the electronic
Fukui function is defined as the first order derivative of electronic density
p(r) with respect to the total number of electrons (N) at a constant
external potential v(r) (Eq. 12) [47].
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In consequence of the finite differences method [41], the condensed
Fukui functions can be expressed, called condensed Fukui functions, as
follow for the nucleophilic (f,") (Eq. 13), electrophilic (f, ) (Eq. 14) and
radical attack (f?) (Eq. 15).

= aW+1) - (N) 13)
fo=aN)— a«(N-1) 14
fr= (N +1)— (N -1) (15)

2

Where qx(N+1), qx(N) and gx(N —1) represent the charge value of
Hirshfeld population analysis for the k atom for anionic, neutral and
cationic species respectively. The condensed Fukui functions can be used
together with the electrophilicity index (@) to estimate local electrophilic
or nucleophilic sites using the quantities called dual descriptor defined by
Af (Eq. 16) and multiphilic descriptor described by Aw (Eq. 17) [48].

Af=f—f (16)

Aw= wAf a7

If Aw and Af > 0, it implies that the reactive site has an electrophilic
character, while A® and Af < 0, it means that the reactive site has
nucleophilic character [49,50]. Finally, the molecular electrostatic po-
tential was calculated and plotted using the Gabedit 2.5.0 software [51].
The results related to the electronic Fukui functions, and the dual
descriptor were plotted using the VESTA 3 software [52]. The cube files
were generated by Multiwfn software [53].

Finally, to expand the study of applicability beyond of the biological
use of the amentoflavone, the calculation of the nonlinear optical (NLO)
properties, the total dipole moment (o, equation 18), the total polar-
izability (att, equation 19), the parameters Aa (equation 20), and
Bo (equation 21), were done using the exchange-correlation hybrid
functional B3LYP, the short-range hybrid functional CAM-B3LYP [54,
55], and the two long-range hybrid functional LC-BLYP [56] and the
®B97XD [57] with methanol as an implicit solvent for each DFT func-
tional. To evaluate the nonlinear optical properties, the urea molecule
was used as reference and it was optimized at B3LYP/6-311++G(d,p) in
methanol as an implicit solvent and the NLO properties were computed
using the same functional as for the amentoflavone.

12
o= (1212 + 42 (18)
1

Qior = 3 (ax.r +ay, + az:.) 19)
1 2 2 2 2 2 212

Aa= ﬁ[(aﬂ —ay) + (ay — ) + (@ — an)” + 60, + 60, + 6ayl]
(20)

Bo= (s By +B)’ + By + B 4 ) + (B + o +8,)°]
(21)

2.2. Docking analysis

The docking simulation differs from DFT calculations because this
method is based on molecular mechanics. The ligand-receptor molecular
recognition process is driven by enthalpy and entropy effects, being
determined by Gibbs free energy (AG), which is related to the



M.M. Marinho et al.

dissociation constant (K4), an experimental measure of ligand-receptor
interaction (macromolecule) (eq.22).

AG=AH — TAS = —RT In K, (22)

Where AH is the enthalpy variation, T is the absolute temperature, AS is
the entropy variation and R is the universal gas constant [58]. Therefore,
in order to study how the ligand will bond on the target molecule, it is
important to define which molecule will be the ligand and the target
[59].The AutoDock Vina Code [60] was used to simulate molecular
docking between amentoflavone and Cruzain (therapeutic target,
enzyme involved in the evolutionary cycle of Trypanosoma cruzi). The
crystalline protein structure complexed with inhibitor were obtained
from the Protein Data Bank repository (http://www.rcsb.org/pdb/hom
e/home.do) under the codes PDB 3IUT (Cruzain/Tetra-
fluorophenoxymethyl Ketone (KB2)) [61]. The amentoflavone structure
used for docking was optimized by DFT. As a reference molecule, in
addition to inhibitors already complexed in the PDB itself, benznidazole
(BZN) (ChemSpider ID 29299) was used.
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In preparatory step, non-protein molecules were removed from the
protein structure, polar hydrogens were added. The grid box parameters
for Cruzain: center x = 6.612, center y = -0.436, center z = 8.052, size_ x =
116, size y = 106, size_z = 126, spacing = 0.431 e exhaustiveness = 8. One
hundred independent simulations were carried out using the Lamarckian
genetic algorithm. The docking results were clustered into groups with
RMSD(Root-mean-square deviation) lower than 2.0 A [62]. To ensure the
docking validity, a redocking procedure was conducted in same Auto
Dock Vina [63] software under the same conditions shown before, but
now using the native ligands from PDB structure [64]. From the distances
obtained, the data were computed and plotted on the web-based tool,
Morpheus (https://software.broadinstitute.org/morpheus/), and heat-
maps were used to visualize changes in the ligand-residue interaction
profiles (L-R's), being evaluated by the Pearson statistical test to detect
similarity. The types of chemical interactions L-R's were analysed, and
the maps were generated using the Discovery Studio ® software [65]. To
render 2D interaction maps, the codes Discovery Studio Visualizer
(https://www.3ds.com/) and Ligplot + v.2.2 (https://www.ebi.ac.uk/t
hornton-srv/software/LigPlus/) were used.

Figure 1. Optimized structures for amentoflavone (A) and apigenin (B) calculated by the DFT method using B3LYP functional and 6-311++G(d,p) basis set.
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3. Results and discussion
3.1. DFT results

3.1.1. Geometric structure

Figure 1 shows the optimized structures for amentoflavone (1A) and
apigenin (1B) obtained by the DFT method using the B3LYP functional
and 6-311++G(d,p) basis set in methanol as an implicit solvent. The
sketches of the optimized structures for both molecules were obtained by
the trial version of Chemcraft - graphical software for visualization of
quantum chemistry computations version 1.8 software (https://www.ch
emcraftprog.com). The minimum electronic energies for those two
molecules are respectively ~1196574.269 Kcal.mol ! and — 598656.113
Kcal.mol™! for amentoflavone and apigenin. Two apigenin molecules
react to yield one molecule of amentoflavone through the formation of a
covalent bond between C14 from one apigenin molecule and C2 from the
other apigenin molecule. The structure of the amentoflavone molecule
displays a torsion angle of 52.7° between atoms C11-C12-C13-C16.
When the two monomer structures are bonded, the dimer structure is not
planar, as seen in Figure 1, and there is a cavity between the two
monomers with the angles C11-C12-C13 of 121.6° and C11-C13-C16 of
119.1°. Thus, the structure is stable in this configuration due to the
intramolecular hydrogen bond between 03-H58 (d = 1.92724 A),
06-H41 (d = 1.66738 A), and 08-H42 (d = 1.68654 A). This cavity
has an important biological implication, either through interaction with
an amino acid residue or interactions with solvent molecules that further
stabilize the dimer. To comprehend the importance of the cavity in the
amentoflavone molecule, the optimization was done additionally using
diverse implicit solvents with different values of dielectric constant as
seen in Table S1 (supplementary material). It can be observed that
regardless of the value of the polarity of the solvent, the torsion angle and
the dihedral angles of amentoflavone molecule remains approximately
constant. This occurs due to the intramolecular hydrogen bond between
03-H58 atoms that stabilizes the structure in this conformation with an
average torsion angle around 52.72° for C11-C12-C13-C16 and average
dihedrals angles around 119.068° for C11-C13-C16 and 121.557° for
C11-C12-C13. The distance between the oxygen atom O3 and the
hydrogen atom H58 changes slightly with the polarity of the solvent
(daverage = 1.92791 A), however, this change is small to break the
hydrogen bond. Thus, these data suggest that the amentoflavone mole-
cule keeps this cavity in different chemical environments. The phenyl
group can spin around the bond C29-C22, and the benzopyranone group
can spin around the bond C20-C15. These groups can fit their position
depending on the type of molecule within the cavity to achieve an extra
stabilization. Pan et al. [11] studied the optimization of amentoflavone
molecule in the gas phase, and they reported that the torsion angle be-
tween the two monomer structures was about -114.4° and this confor-
mation probably does not allow the formation of the third hydrogen
bond. In this work, this hydrogen bond is represented by the bond be-
tween O3 and H58 atoms which occurs due to the angulation between
the monomeric structures.

3.1.2. Infrared and thermodynamic analysis

It is known from the experimental studies that infrared spectroscopy
is one of the efficient methods to characterize the molecular structure. In
this work, the infrared spectrum was used to assess whether the calcu-
lated geometry for the amentoflavone is located at the true minima of
potential energy. The experimental wavenumbers from amentoflavone
infrared spectrum were obtained from the work of Yeh et al [66] and
they were correlated with the calculated wavenumbers in methanol as an
implicit solvent as seen in Table S2 (supplementary material). As a result
of the electron correlation and basis set deficiencies [67], the theoretical
wavenumbers are frequently higher than the experimental corresponding
values. To reduce the discrepancy from theoretical value to the experi-
mental ones, an appropriated scaling factor is introduced by measuring
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the anharmonic corrections explicitly. The theoretical wavenumbers
were scaled by 0.967 at the B3LYP/6-311++G(d,p) level of theory and
the assignments were done using the using the VEDA 4 software [30] to
compute the Potential Distribution Energy (PED), and it was only
considered PED > 10% for the theoretical assignment. Considering the
vibrational mode with the higher PED for each wavenumber, the band at
847.305 cm ™! is the torsion of the H41-05-C19-C14 out of the molec-
ular plane; the band at 1070.39 cm™! are the bending in plane of
C25-C24-C15 and C15-C16C-13; the band at 1126.457 em ! is the
bending in molecular plane of H49-C26-C23; the band at 1224.273
em™! are the bending in plane of H58-04-C18 and the stretching of the
C18-C25; the band at 1289.705 cm~ ! is the stretching of 010-C40 be-
tween the phenyl ring and the hydroxyl group; the band at 1517.363
ecm™! are the bending in plane of the H46-C21-C19 and the
H41-05-C19; the band at 1534.232 cm ™ is the in plane bending of
H52-C34-C38, H55-C38-C40, H56-C39-C30, H53-C35-C39; the band
at 1621.47 cm™! is the stretching of the C29-C35 and C39-C40; the band
at 1668.765 cm ™! are stretching of the C12-C14 and C19-C21 and the in
plane bending of the H41-05-C19; the band at 1674.313 cm ™ are the in
plane bending of the C27-C28-02; the bands at 3160.247 cm™,
3194.128 cm !, and 3691.628 cm™! are related to the hydroxyl group
stretching O5-H41, O7-H42 and O4-H58 respectively. From the results
seen bellow, the calculated wavenumbers are in satisfactory agreement
with the experimental wavenumbers, being possible to obtain a mathe-
matical linear correlation (Eq. 23) which presented a correlation coeffi-
cient (R?) of 0.9994 (Figure 2) and it demonstrates that the theoretical
optimized structure of amentoflavone describes its real molecular
structure.

y=1.0563x — 77.957 (23)

The thermodynamic properties are significant in the studies of
chemical species since they are related to the formation of the compound
itself. It is widely known that Gibbs's free energy is used to determine
thermodynamic stability, since it takes in account the enthalpic and
entropic factors. Thus, as can be observed in Table 1, the value Gibbs free
energy for the reaction of dimerization for the amentoflavone assume a
negative value, which implies that the dimerization of apigenin to yield
amentoflavone molecule is thermodynamically favourable.

3.1.3. Frontier Molecular Orbitals and reactivity descriptors analysis

The reactivity descriptors calculated for the amentoflavone and api-
genin molecules are shown in Table 2. The apigenin's HOMO orbital has
energy value (Exomo= —6.3463 eV) slightly lower than the amento-
flavone's HOMO energy value (Egomo= —6.2932 eV), suggesting that
the valence electron density distribution for amentoflavone is more
available to be donated then apigenin molecule, hence the amento-
flavone should be more reactive. Nonetheless, the amentoflavone's
LUMO orbital has energy value (Erymo = —2.3315 eV) lower than the
apigenin's LUMO orbital (Epymo = —2.0612 eV), which means that
amentoflavone is more susceptible to accept electronic density since the
additional electron will be described by a lower energy molecular orbital.
Therefore, the amentoflavone molecule should be more reactive than
apigenin. This tendency can be observed using the HOMO-LUMO energy
gap (AEgq) since the reactivity of a chemical species is related directly to
the lower energy difference (lower energy gap). The amentoflavone's
energy gap (AEgq = 3.9617 eV) is lower than the apigenin's energy gap
(AEgq = 4.2851 eV), which implies more chemical reactivity to the
amentoflavone as seen in Figure 3 the isosurfaces of the HOMO and the
LUMO and the energy difference. In this perspective, due to the higher
energy value of the HOMO, the amentoflavone holds its electronic den-
sity weaker than apigenin, which corresponds to lower ionization energy
as seen in Table 2. Amentoflavone molecule has a higher electron affinity
(A = 2.3315 eV) than apigenin (A = 2.0612 eV) due to the lower energy
value of the LUMO as it was described above. Both molecules demon-
strated chemical stability due to the negative value of chemical potential.
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Figure 2. Liner correlation between the calculated and experimental wavenumber for the infrared spectrum of amentoflavone.

Table 1. Calculated Thermodynamic properties of Amentoflavone and Apigenin by B3LYP/6-311++G(d,p) level of theory.

Internal Energy (U/Kcal.mol ™)

Enthalpy (H/Kcal.mol 1)

Entropy (S/Kcal.mol’l) Gibbs Free Energy (G/Kcal.mol’l)

283.602
147.884

831.406
434.111

Amentoflavone

Apigenin

0.206 770.065
0.130 395.411

Table 2. Calculated reactivity descriptors values of Amentoflavone and Apigenin by B3LYP/6-311++G(d,p) method.

Quantum reactivity descriptor Amentoflavone Apigenin
Eromo (eV) -6.2932 -6.34633
Erumo (eV) -2.3315 -2.06122
n Eggp (eV) 3.9617 4.2851
I(eV) 6.2932 6.3463
A (eV) 2.3315 2.0612
x (eV) 4.3124 4.2038
u(ev) -4.3124 -4.2038
n (eV) 1.9809 2.1426
S(ev?) 0.5048 0.4667
 (eV) 4.6940 4.1240
e(ev!) 0.2130 0.2425

According to the Pearson's HSAB theory [68,69] a favourable interaction
between two compounds occurs when both are hard or soft molecules
[701, thus apigenin molecule is considered hard due to the value of global
hardness (7 = 2.1426 eV) or low value of global softness (S = 0.4667
eV~1) and the reaction between them, in consequence, the formation of
amentoflavone, is favourable. Both reactivity descriptors electronega-
tivity and electrophilicity index for amentoflavone (y = 4.3124 eV and
® =4.6940 eV) has higher values than those calculated for apigenin (y =
4.2038 eV and @ = 4.1240 eV). Therefore, the amentoflavone molecule
is more susceptible to accept electronic density, which can be classified as
a good electrophilic species, in comparison to apigenin molecule, which
has higher value of nucleophilicity index (¢ = 0.2425 eV~1).

To understand the effect of the chemical environment on the reac-
tivity of amentoflavone, the energy gap for each solvent, which this

molecule was optimized, was obtained using the energy values of the
HOMO and LUMO, thus the results are shown in Table 3. When the po-
larity of the solvent increases, the total electronic energy of amento-
flavone molecule decreases slightly. The energy gap changes slightly with
the increase of the polarity of the solvent, thus, the amentoflavone
molecule is more reactive in non-polar solvents and it is slightly more
stable in polar solvents. Therefore, this table provides relevant infor-
mation for choosing appropriate solvents to perform pharmacokinetic
and pharmacodynamic studies.

3.1.4. Fukui functions and local molecular descriptors analysis

The results of the condensed Fukui functions, the dual and the mul-
tiphilic descriptors are shown in Table S3 at the supplementary material.
The electronic Fukui functions for nucleophilic attack (f*), for electro-



M.M. Marinho et al.

A LUMO

AE=36917 eV

7
HOMO

Heliyon 7 (2021) e06079

(B)

LUMO

AE =4.2851 eV

HOMO

Figure 3. Drawn illustrating the distribution map of the frontier orbitals and the gap energies (AEgq) of Amentoflavone (A) and Apigenin(B).

Table 3. HOMO energy value, LUMO energy value, energy gap (n Egq,) and total electronic energy (Eh) for amentoflavone calculated taking in account the dielectric

constant of several solvents by B3LYP/6-311++G(d,p) level of theory.

Solvent HOMO (eV) LUMO (eV) Energy Gap (n Egqp) Total Electronic Energy (Eh)
Water -6.2930 -2.3315 3.9615 -1906.8649
DMSO -6.2932 -2.3315 3.9617 -1906.8644
DMF -6.2932 -2.3315 3.9617 -1906.8641
Acetonitrile -6.2932 -2.3315 3.9617 -1906.8641
Methanol -6.2932 -2.3315 3.9617 -1906.8639
Ethanol -6.2935 -2.3318 3.9617 -1906.8634
Acetone -6.2938 -2.3318 3.9620 -1906.8629
Pyridine -6.2946 -2.3320 3.9626 -1906.8615
CH,Cl, -6.2954 -2.3329 3.9626 -1906.8598
THF -6.2957 -2.3337 3.9620 -1906.8587
Chloroform -6.2973 -2.3369 3.9604 -1906.8552
Toluene -6.3014 -2.3522 3.9492 -1906.8475
CCly -6.3017 -2.3549 3.9468 -1906.8466
Hexane -6.3033 -2.3631 3.9402 -1906.8441

philic attack (f~) and the isosurface of the dual descriptor (n f) were
plotted using the VESTA 3 software [52], they are shown in Figure 4a, b
and Figure 5 respectively. The yellow and the blue isosurfaces corre-
sponds to the negative and positive signs of condensed function and dual
descriptor function, respectively. It is possible do conclude that the
following atoms 03, 04, 05, 07, 09, C11, C12, C13, C14, C15,C16,C17,
C18, C19, C21, C24, C25, C27, C28, C30, C32, C33, C36 and C37 are
electrophilic sites, in other words, it is prone to nucleophilic attack
because they have both Af and A > 0. Whereas, O1, 02, 06, 08, 010,

C20, C22, C23, C26, C29, C31, C34, C35, C38, C39 and C40 are nucle-
ophilic sites, this means that it is prone to electrophilic attack because
they have both Af and Aw < 0. The atoms C22, C23 and 06 have the
higher value of dual and multiphilic descriptors (in modulus) and they
are the most susceptible to electrophilic attack, although the atom C33
has the higher value of Af and Ao and it is the most susceptible to
nucleophilic attack. The electronic Fukui functions (Figures 4a and b)
confirm the results predicted by the condensed Fukui functions computed
from the Hirshfeld atomic charge population.
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Figure 4. Illustrative drawing showing the isosurfaces of amentoflavone. Yel-
low and blue colours correspond to negative and positive signs of condensed
function of amentoflavone for nucleophilic attack (f™) (A) and electrophilic
attack (f~) (B), respectively.

3.1.5. Nonlinear optical properties

To expand the study of the applications of the amentoflavone mole-
cule beyond the biological use, the nonlinear optical (NLO) calculations
for the amentoflavone molecule were done using the DFT methods
B3LYP, CAM-B3LYP, LC-BLYP, and wB97CD with the 6-311++G(d,p)
basis set using methanol as an implicit solvent and the results are shown
in Tables S5 — S8. The reference molecule (urea) was optimized and the
NLO properties were computed at the same level of theory as for the
amentoflavone. The values for the parameters as follow total polariz-
ability (), Aa, and Bp when compared between the amentoflavone and
the urea molecule assume values respectively 14.716, 21.737, and
111.675 times greater than urea for the B3LYP; 14.325, 20.789, and
153.579 greater than urea for the CAM-B3LYP; 14.099, 19.934, and
146.596 times greater than urea for the LC-BLYP; 14.333, 20.696, and
129.592 times greater than urea for the ®B97XD. These results show that
the amentoflavone molecule can be used in optoelectronic devices since
its nonlinear optical properties are greater than the reference molecule.

Figure 5. Illustrative drawing showing the isosurfaces of amentoflavone. Yel-
low and blue colours correspond to negative and positive signs of condensed
Fukui function of amentoflavone for dual descriptor (Af), respectively.

The four DFT methods were also compared and the results are shown in
Table S9. All the DFT methods are very similar to predict the NLO
properties, hence all four methods used can be satisfactory use to
describe the optical behaviour of the amentoflavone molecule.

3.2. Docking results

The routines validation criterion of the docking was Room Means
Square Deviation (RMSD), with ideal values below 2.0 A% which
showed that amentoflavone presented values ideal in all simulations
(RMSD: Cruzain = 0.990 10\). Also, as a validation criterion, affinity en-
ergy values were used, with reference values lower than -6.0 kcal/mol
[71]. Amentoflavone also showed optimal results in all affinity simula-
tions (-8.0 kcal/mol), given that the lower the affinity value of the binder
conformation in the molecular coupling, the more favorable is the bond
found [72]. Cruzain, the main cysteine protease enzyme of T. cruzi,
essential for intracellular parasite replication, is considered one of the
most important targets for the search for new trypanocidal agents [72].
The molecular docking results of amentoflavone and Cruzain, as well as
comparative couplings with BZN and Tetrafluorophenoxymethyl Ketone
Inhibitor (KB2) complexed with the cruzain enzyme, show amento-
flavone in the region near the binding site of KB2 (Figure 6), inferring a
potential inhibitory effect of cruzain. Cruzain has a catalytic site located
at the intersection of two domains, one predominantly composed of
a-helices and the other of antiparallel p-Sheets, where the residues stand
out (Glu208, Gly66, Aspl61, GInl9, Hisl62, Cys25) (Figure 7), with
distances of 4.7 A, 4.5 f\, 4.2 f\, 3.8 [o\, 3.8 A and 4.0 f\, respectively
(Table S4 supplementary material). It was also highlighted Trp184 res-
idue that play an important role in inhibitor binding [61,72].

In order to better demonstrate the results obtained in this work, a heat
map was constructed with the data on distance and forces of interaction
between ligands and receptors (Figure 8). Heatmaps of the different
interaction forces between all ligands and their respective reactive amino
acids, legitimizing three (3) important regions of interaction at the active
site of KB2, protein 3IUT, characterizing strong and weak links between
them. Hierarchical groupings demonstrated in Figure 8A, from the
shortest distances (red) of interaction to the greatest distances (blue).
Shaded in orange are the residues that play an important role in the
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Figure 6. Schematic 2-D representations the Cruzain complexes with Tetrafluorophenoxymethyl Ketone Inhibitor (KB2) (A), Docking between Cruzain and Amen-

toflavone (B), between Cruzain and Benznidazole (BZN) (C) and binding site of Amentoflavone, BZN and KB2 in the Cruzain (D).

GInl59

Gly23

(313
Alal38

His162

{§ : Met68
Trpl84 \]J.% Cys25
Glyl63

Figure 7. Schematic 2-D representations of cruzain-amentoflavone complex.
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Figure 8. Schematic representations of heatmaps of the different interactions expressed between the binders and the crosshair. (A) Important regions of interaction at
the active site of KB2 and protein 3IUT. (B) Similarity test between the Amentoflavone and KB2 ligands, where, BZT is isolated. Values identified between blue and
white in the Pearson similarity test correspond to the significance value P < 0.05.

«

T. cruziCruzain
PDB3IUT

Figure 9. Schematic 2-D representations showing the crosswalk extracted from protein data bank structure in ribbon format (cruzain (PDB 3IUT)), active site KB2
shown by red circle and activity residues in yellow (A). Amino acids from the KB2 site in evidence. Circled in red are the residues that play an important role in the

ligand-receptor connection at the KB2 site (B).

ligand-receptor connection at the KB2 site. In yellow, residues that
showed similar relationships between different ligands.

Figure 8B heatmap provides Pearson's similarity test between the
Amentoflavone and KB2 ligands, where, BZT is isolated. In the layout, the
closer to 1 (red) the interaction force will be more determinant and
intense, the closer to -1 (blue) the greater the distance and the interaction
force will be negligible. Grouping highlighted by green square. When
analysing the referred heat map, it was also possible to perceive that the
following groups were formed: 3 clusters between the amino acids (X-
axis) and 2 clusters between the substances (Y-axis). The amentoflavone
ligand approaches the KB2 reaction site, not interacting with the BZN
binding site and confirming the site proposed by Pavao and collaborators
[61]. In addition, on the nucleophiles responsible for the connection
between ligand and receptor (LR), regardless of the interaction forces,
amentoflavone interacted with all the amino acids of the KB2 site, unlike
BZN, making it possible to identify a possible synergistic activity during
treatment. with amentoflavone and BZN. Yet, despite the fact that Cys25
and His162 residues are considered essential in the chemical coupling of
therapeutic substances [61], in this study, the importance of GIn19 and
Gly65 residues was also evident, even though the interactions occurred

10

between them and the ligands considered to be of low or moderate in-
tensity (Figure 8A). When it was evaluated the ligands with each other
using Pearson's similarity test (Figure 8B) it was once again able to
corroborate the identification of the amentoflavone ligands proximity to
KB2, shown in green, to the detriment of BZN.

Figure 9 (A) shows the complete structure of Cruzain with a yellow
highlighted link to Figure 9 (B), where the interaction residues were
evidenced showing the presence of three nuclei (gray, yellow and blue)
of distinct activity in the same catalytic site. The residues identified by
gray or blue are further apart while the ligands KB2 and amentoflavone
fit on the left in residues Cys25 and His 162, these residues being the
most important for KB2. This ligand shares similarity of importance with
the residues GIn19, Gly 65, His162 which, for amentoflavone, function as
a catalytic triad in the protein cavity to which the two ligands attach. It
can also be seen that each of the fundamental residues for KB2 is ar-
ranged in a specific group constructed from the statistical information
found in Figure 8 (A) and with that data, Figure 10. Where in the layout,
the closer to 1 (white) the interaction force will be more determinant and
intense, the closer to -1 (black) the greater the distance and the inter-
action force will be negligible. Groupings highlighted by red squares
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Figure 10. Heatmap demonstrating Pearson's similarity test between reactive

amino acids in the cruzain-amentoflavone complex. Values identified between
blue and white in the Pearson similarity test correspond to the significance value
P < 0.05.

corroborate the results obtained in Figure 10. Nonspecific residues
highlighted by squares shaded in yellow. In this image it can be see
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clearly the evidence of the formation of the three main characteristic
groups for this target and evaluated ligands.

Based on the simulation that presented the shortest distance between
the ligand and the catalytic site, it was possible to identify and evaluate
the interactions between amentoflavone and cruzain, being possible to
identify a n-m Stacked interaction with the residue TRP184 (3.4 A), an
interaction of van der Waals with HIS162 (3.8 [D\), a Pi-Alkyl with ALA138
(3.77 f\), an Amide-Pi Stacked with the ASP161 residue (4.2 1°\) and three
hydrogen bonds with the GLY20 (3.07 A), SER64 (2.93 A) and MET68
(3.05 [o\), which are classified as strong according to the distances, indi-
cating an important route of inhibition (Figure 11).

4. Conclusion

The structural geometrical optimization using several solvents with
different values of dielectric constant was made to amentoflavone
molecule and it was found that regardless of the value of the polarity of
the solvent, the torsion angle and the dihedral angles of amentoflavone
molecule varies slightly. The excellent linear correlation, between the
experimental and calculated infrared wavenumbers, shows that the
theoretical optimized structure of amentoflavone describes the actual
molecular structure. The energy gap changes slightly with the increase of
the polarity of the solvent, thus, the amentoflavone molecule is more
reactive in non-polar solvents and it is slightly more stable in polar sol-
vents. By using Fukui charge analysis (the condensed Fukui functions) it
was possible to identify the nucleophilic and electrophilic regions.
Additionally, the amentoflavone molecule exhibits excellent nonlinear

Interactions

[] van der waals
[ conventional Hydrogen Bond

[] pi-sulfur

[ ] Pi-pi Stacked
[ ] Amide-Pi Stacked

[] Pi-Akyl

Figure 11. 2D map representative of the main interactions between amentoflavone and Cruzain amino acid residues.
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optical response, hence this molecule can be used in optical devices. The
molecular docking result demonstrated, the interaction of amentoflavone
with amino acid residues present in the catalytic site of enzyme, that is, it
interacted in the region near the site occupied by inhibitors already
complexed with Cruzain. This result suggests that amentoflavone has the
potential to interfere with the enzymatic activity of cruzain, thus being
an indication of being a promising antichagasic agent. Therefore, these
data are essential to understand the biological application of this com-
pound and in the development of protocols for pharmacokinetic and
pharmacodynamic tests, as well as in the development of new drugs
(drug design).
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