Journal of Molecular Modeling (2022) 28: 252
https://doi.org/10.1007/500894-022-05252-2

ORIGINAL PAPER q

Check for
updates

In silico study of tacrine and acetylcholine binding profile with human
acetylcholinesterase: docking and electronic structure

Leticia A. Nascimento’ - Erica C. M. Nascimento' - Jodo B. L. Martins'

Received: 14 March 2022 / Accepted: 25 July 2022 / Published online: 10 August 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Alzheimer disease (AD) is a neurodegenerative process, one of the most common and incident dementia in the population
over 60 years. AD manifests the presence of complex biochemical processes involved in neuronal degeneration, such as the
formation of senile plaques containing amyloid-f peptides, the development of intracellular neurofibrillary tangles, and the
suppression of the acetylcholine neurotransmitter. In this way, we performed a set of theoretical tests of tacrine ligand and
acetylcholine neurotransmitter against the human acetylcholinesterase enzyme. Molecular docking was used to understand
the most important interactions of these molecules with the enzyme. Computational chemistry calculation was carried out
using MP2, DFT, and semi-empirical methods, starting from molecular docking structures. We have also performed studies
regarding the non-covalent interactions, electron localization function, molecular electrostatic potential and explicit water
molecule influence. For Trp86 residue, we show two main interactions in accordance to the results of the literature for
TcACHE. First, intermolecular interactions of the cation-x and sigma-n type were found. Second, close stacking interactions

were stablished between THA+ and Trp86 residue on one side and with Tyr337 residue on the other side.
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Introduction

Besides being one of the most common dementia in the
elderly people, Alzheimer disease (AD) is a neurodegenera-
tive process characterized by a progressive loss of cognitive
capabilities [1, 2]. However, its cause has not been clearly
understood, and it is known that the most alarming risk fac-
tor is the presence of the gene mutations in the immunomod-
ulatory glycosylated protein apolipoprotein E (apoE), and
considering that only mutations in the €4 allele have a high
probability of developing AD [3-5]. Furthermore, environ-
mental factors and health conditions have been related to the
manifestation of the disease, only treatable at the palliative
level to decrease the harmful effects that cause the cognitive
and depressive states of patients [6, 7].
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In addition to the progressive loss of cognitive abilities,
what is observed in AD patients is the presence of biochemi-
cal complex involved in neuronal degeneration, such as the
formation of senile plaques containing amyloid-p, the devel-
opment of intracellular neurofibrillary tangles, yielding to
the suppression of the neurotransmitter acetylcholine (ACh).
In other words, a decrease in ACh concentration gradient,
which is responsible for the transmission of nerve impulses
in synaptic regions. This decrease justifies the deleterious
effects and induces the patient to massive loss of nervous
system capacity and abilities [6, 8].

ACh is a neurotransmitter produced in the central and
peripheral nervous systems. Its main physiological effect
is the reduction of permeability to potassium ions. ACh
binds to subtypes of brain receptors, the nicotinic recep-
tors (nAChRs), composed by transmembrane ion channels,
and the muscarinic receptors (mAChRs) that form G-protein
receptors. Current studies also suggest that the nicotinic
receptor is implicated in the AD evolution and the mus-
carinic receptors, such as muscarinic M1 postsynaptic and
M2 presynaptic [6, 9-12].

All ACh released from presynaptic vesicles is hydro-
lyzed, after the synapse process, by the acetylcholinesterase
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(AChE) enzyme, an allosteric enzyme of the hydrolases
class. It is located anchored to the pos-synaptic membrane,
with a highly specific biological function, consisting of
hydrolyzing the ACh in the synaptic clefts, releasing acetate
and choline, in addition to a water molecule regenerating the
free enzyme and the acetate [8, 13].

The treatment of patients with AD is a challenge. In this
field, the most successful approach for the symptomatic
treatment of AD is the cholinergic therapy, which consists
in the use of acetylcholinesterase inhibitors (AChEIs). These
drugs act competitively and non-competitively with the neu-
rotransmitter and with inhibitory action against the acetyl-
cholinesterase enzyme. This class of inhibitors blocks the
hydrolysis of ACh in the synaptic region. Besides AChE and
amyloid-f plaque, AD is a multifactorial disease, and the
search for drugs capable to modulate more than one target
proteins is a prominence [14—17]. Several recent computa-
tional studies, using molecular docking, molecular dynam-
ics, and other techniques, have aided valuable insights to
the discovery and development of new potential candidates
for these target proteins using natural compounds [18-26].

One of the main characteristics of AChEISs is their inter-
action with the peripheral anionic binding site (PAS), as
well as their molecular recognition in the catalytic active
site (CAS) of the enzyme composed by the catalytic triad.
This triad is formed by one serine residue, commonly used
as a nucleophile, which allows the formation of covalent
bonds with its hydroxyl, one histidine residue, and one glu-
tamate residue (Ser203, Glu334, and His447) [27]. Some
AChEIs present a neuroprotective function by acting nega-
tively on the hyperphosphorylation of amyloid-p protein.
Thus, inhibiting its cleavage and consequently forming the
amyloid plaques [6, 13]. The elimination of the amyloid
plaques has long been a leading strategy in Alzheimer's drug
development.

Tacrine (THA) or 1,2,3,4-tetrahydroacridine molecule is a
pioneer of AChE inhibitors approved by the FDA (Food and
Drug Administration) to treat AD. It is classified as a revers-
ible, non-competitive, and non-selective inhibitor of AChE
with moderately long action [27-31]. Several in vitro studies
have shown that THA produces an allosteric inhibition of
acetylcholinesterase by binding to the anionic site, which
is composed by amino acids with hydrophobic side chains
[27, 32-34]. However, the drug presents high hepatotoxicity,
slow pharmacokinetics, and severe collateral effects. There-
fore, many efforts have been conducted to develop analogs
to THA that can improve the inhibition of the AChE, and
presents safer pharmacological properties against inhibition
of the AChE mechanism of action [8, 35-43]. Some THA
ligands presented high selective action against AChE and
the aggregation of amyloid-f peptide inside the neurons
[44-46].
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Docking studies of THA with AChE have evidenced that
the THA molecule is recognized at the active site of the
enzyme from its anionic, peripherical, and catalytic site,
through hydrophobic interactions, hydrogen bond with
the histidine from the catalytic triad, and the formation
of a charge-transfer complex with the Trp86 residue [39,
45]. Electronic structure studies of THA using the frontier
molecular orbital (FMO) compared to other AChE inhibitors
were applied to understand the main electronic descriptors
of this inhibitor [8].

Computational chemistry methods have been widely
employed to characterize the AChE enzyme mechanism and
the physicochemical parameters that modulate the inhibi-
tory potency of AChE inhibitors [36, 42]. Therefore, this
work is based on theoretical chemistry and aims to iden-
tify the binding profile of ACh, and tacrine with the human
acetylcholinesterase (hAChE) enzyme, to correlate their
physicochemical properties, from the electronic structure
and molecular docking study of the human AChE enzyme.
The study of ligand properties is essential to highlight some
important molecular insights through electronic structure
associated with receptor-ligand interaction profiles.

Computational details

The geometry structure optimizations of the ligands were
performed in vacuum and solvent, by means of implicit
integral equation formalism of polarizable continuum
model (IEFPCM) solvent method considering the water as
solvent. For this purpose, the second-order MP2 perturba-
tional method was carried out with the 6-311+G (d,p) and
aug-cc-pVDZ basis sets. MP2 level using the 6-311+G
(d,p) and aug-cc-pVDZ basis sets configures the best
choice for electronic structure with reasonable computa-
tional effort [47-51]. All electronic structure calculations
were performed using Gaussian09 computational program
[52]. Furthermore, vibrational frequencies were calculated
to characterize the equilibrium geometry. Properties as the
frontier molecular orbitals, the most negative heteroatom
charges, dipole moments, the gap between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), the molecular size, molecular
electrostatic potential (MEP) map, and distance between its
most acid hydrogens were analyzed.

Regarding the 3D structure of the protein used to perform
the docking study, we selected the most recent crystallized
structure of hAChE, complexed with tacrine molecule. The
structure was obtained from the Protein Data Bank (PDB)
database, deposited under the code 604X with a resolu-
tion of 2.30 A. The pK, and ionization state of carboxyl
and amino groups of the catalytic triad residues, Glu202,
Glu334, and His447 were analyzed. The protonation state
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study of the enzyme residues was performed using the
ProPka 3.0 program [53].

Two possible charged states were considered for THA.
The first state considered the molecule in the neutral state
(THA). The second took the tacrine as protonated struc-
ture (THA+) while adding a hydrogen atom to the nitrogen
(N1) from its pyridine ring. Figure 1 shows the structure
of ACh neurotransmitter, THA, and the protonated THA
(THA+).

Molecular docking is an in silico simulation procedure
used to predict the best likely conformation of a receptor-
ligand complex. Each program uses one or more specific
search algorithms to predict the conformations of a binary
complex, thus identifying potential new inhibitors against
a target of interest.

All the water molecules of hAChE of 604X structure
and the other molecules as stabilizers and ligands were
removed. Molecular docking was used to map the main
interactions of the amino acids that interact between the
active site of the enzyme and its natural ACh, and the THA
and THA+ inhibitors. The ligands were docked in the pro-
tein considering their conformations obtained with the
implicit solvent and vacuum calculations. The simulations
were carried out using the AutoDock 4.2.6 program [54]
and the Visual Molecular Dynamics (VMD) software [55].

The docked area (binding space) was located in the
three-dimensional space of the residues from the active
site around the catalytic triad Ser203, Glu334, and His447
residues. Lamarckian Genetic Annealing algorithm (LGA)
was used to optimize the docking parameters. The num-
ber of genetic algorithm solutions was set to 100, while
the number of energy evaluations was set to 5.0 million,
and the population size to 150. In the set of 100 solu-
tions for each molecule, the conformation with the most
negative energy score and the high number of solutions in
the cluster analysis was chosen. This procedure was car-
ried out since these parameters indicate the most stable

ligand-receptor complex structures. Furthermore, we
used the geometry of the crystallized tacrine inhibitor to
validate the results of the docking protocol, which were
visualized using the Discovery Studio Visualizer software
[56].

To validate our docking procedure, we performed a
redocking study using the coordinates of the FAChE coming
from the PDB 604X, and the THA ligand (THA) included
in it. The RMSD between the original conformation and the
best pose conformation of the ligand incoming from redock-
ing study was 0.05 A. The docking and redocking protocols
were the same as described previously.

Most of the chemical interactions between a protein
and the drugs are dominated by non-covalent interac-
tions, encompassing a wide range of interaction energies,
e.g., hydrogen bonding, and van der Waals interactions
(dipole—dipole force, and London dispersion). Starting from
the optimized three-dimensional structure of the ligands and
docking results, we performed the non-covalent interaction
(NCI) study. This analysis was developed to study nonco-
valent interaction in real space, based on the electron den-
sity and its derivatives. Comparisons with Quantum Theory
of Atoms in Molecule (QTAIM) theory have shown that
reduced density gradient (RDG) is an efficient method to
support noncovalent interactions study [57]. NCI is based
on the concept that non-covalent interactions are character-
ized by low density and low gradient values and may be
localized by generating isosurfaces involving the regions
corresponding to the real space [58, 59]. In this perspec-
tive, it is possible to analyze the contribution of residues
participating in the catalytic triad of FAChE. The Multiwfn
program [60] is a multifunctional and flexible wavefunction
analyzer, and was used to perform the NCI study from the
MP2 wave functions generated in the electronic structure
optimization calculations. NCI by means of promolecular
density approximation between the main docking residues
of the hAChE was studied using the PDB coordinates of the

Fig. 1 Molecular Structure of ACh, THA, and THA+ molecules
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complex. These residues interact with the ligands in order
to better understand the interactions between the ligands and
the residues of the CAS [60].

The electron localization function (ELF) introduced by
Becke and Edgecombe describes how much the Pauli repul-
sion is efficient at a given point of the molecular space, i.e.,
it describes the electron density near the atomic nucleus
[61]. In this sense, we used the three-dimensional structures
of the ligands optimized previously, and through the mul-
tifunctional Multiwfn program, the ELF isosurfaces were
built. In this way, we achieved a better understanding of the
electronic structure of the ligand against the enzyme.

Water molecules play an essential role in biological sys-
tems. Therefore, single-point energy calculations were car-
ried out to understand water molecule effects on the CAS
activity during the acylation process of ACh and the inhibi-
tory process of THA+. The structures used to study water
effects were the following: the PDB 604X structure of the
best pose of the ligands from docking studies and the main
residues shown in docking calculations, including five struc-
tural water molecules that are very near the Trp86, Glu202,
Ser203, and His447 residues of the CAS. We performed the
single-point energy calculations at the B3LYP/6-314+G(d,p)
level. For the ACh ad THA+ ligands, a full geometry optimi-
zation was performed (with redundant coordinates and fre-
quency calculation, in a vacuum and implicit PCM solvated
method using water as solvent) at the B3LYP/6-31+G(d,p).

Results and discussion
Electronic structure

Table 1 shows the structural parameters of ACh, THA, and
THA+, where the root mean square deviation (RMSD) was
calculated using the PDB structure as the reference. In gen-
eral, the geometry obtained in solution model does not show
a significant difference compared to the vacuum for size,
RMSD, and volume properties. The exception is the RMSD

of THA+ calculated at MP2/6-311+G(d,p) due to a dihedral
angle in relation to the amine group N2 atom (Fig. 1).

THA is a condensed ring molecule, and ACh is a small
neurotransmitter produced in the presynaptic myeline neu-
rons. Due to their molecular size and volume, both can
access the CAS and interact properly with the hAChE pocket
main residues. Despite the small range of molecule size, the
distance between the most acidic hydrogens (H1-H2 dis-
tance) varied in the range of 1.66 and 8.23 A, and is justi-
fied by the fact that both ligands have distinct hydrogens
corresponding to the H-H distance. In the case of THA+,
the H-H distance is large due to the most acid hydrogens
involved, which are are in both sides of the ring (see Figure
S1 of SI for the corresponding distances).

Figure 2 shows the electronic parameters of ACh, THA,
and THA+. The gap values show negligible deviation
between vacuum and solvent, mainly for THA and THA+
molecules. It is important to note that water molecule
only affects the Gorge (the enzyme active site) entrance,
but not for its catalysis [62]. In other words, hydropho-
bic inhibitors are better evaluated for the interaction with
the residues of the CAS of the hAChE protein. For the
calculations using solvent or vacuum results, the ChelpG
charge observed suggests a higher molecule polarization.
The carbon atoms of the pyridine ring are more positive
and better candidates for the nucleophilic attack, which is
necessary for the interaction with the catalytic triad of the
hAChE (Figure S1 and S2 of supplementary information).
As expected, the ACh structure has a polarization in the
acetoxyethyl moiety, where the carbon (C9) atom of the
carboxyl group has the most positive ChelpG charge (1.229
in vacuum; 0.959 in solution), which is in accordance with
the nucleophilic attack of this carbon center (Figure S2 of
supplementary information).

Comparing the charges of the heteroatoms obtained in
vacuum and implicit solvent model calculations, the dis-
tribution presents a small deviation, decreasing slightly in
the absolute value, becoming less negative. Specifically, for
ACh molecule, the heteroatom charge becomes less negative

Table 1 Structural parameters
of the ACh neurotransmitter,

MP2/aug-cc-pVDZ MP2/6-311+G (d,p)

THA, and THA+ ligands, ACh THA THA+ ACh THA THA+
calculated at MP2/aug-cc- -
pVDZ and MP2/6-311+G (d,p) Size/A Vacuum 8.98 9.50 9.53 9.02 9.54 9.58
in vacuum and implicit solvent Solvent 8.97 9.51 9.53 9.01 9.55 9.57
motety RMSD/ A Vacuum 0.16 0.12 0.10 0.15 0.12 0.08
Solvent 0.17 0.12 0.10 0.16 0.11 0.74
Volume/A3.mol™ Vacuum 198 303 295 192 254 265
Solvent 186 290 279 163 254 268
HI1-H2 distance/ A Vacuum 1.80 1.72 5.80 1.80 1.72 5.80
Solvent 1.78 1.66 5.68 1.78 2.02 5.75
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MP2/aug-cc-PVDZ

Charge (Chelpg) GAP (eV) Dipole (Db)
15.00
13.00
11.00 9.28
9.00
7.00
5.00 3.16
3.00 0.46
21:00 -1.13-0.96 -0.92
WAch MTHA mTHA+
MP2/6-311+G (d,p)
Charge (Chelpg) GAP (eV) Dipole (Db)
13.71
15.00
13.00
10.00
11.00 .36 9.37
9.00
7.00
5.00 .15
3.00 0.61
1.00
-1.00 -1.19-1.00-0.96

WMAch MTHA mTHA+
Vacuum

Fig.2 Electronic properties calculated at MP2/aug-cc-pVDZ and
MP2/6-311+G(d,p) levels for optimized structures of ACh, THA,
and THA+. The vacuum results are on the left and the solvent PCM

when using the solvent implicit model, which is a suggestion
of how this ligand has a good affinity with water. The dipole
moment presents the same significant variation, its value
increasing for the solvated ligand.

Likewise, neutral THA presents acceptor regions close
to the nitrogen of the pyridine ring (Figure S2), justifying
the addition of a proton in this region to form the THA+
ligand. On the other hand, THA + showed similarity to
ACh electrostatic potential map, which presented its two
nitrogen atoms as the most acidic hydrogen donors for
the nucleophilic attack. In relation to the MEP (Figure
S2), it is observed a strong polarization shown by ACh in
contrast to THA+, which in consequence made its proton
available to interact with His447. In the case of ACh, the
positive distribution region turns the FAChE substrate able
to be recognized by Asp74 residue in the entrance of the
GORGE active site. Furthermore, the same explanation
can be applied to THA+, which has a significant positive
electronic density distribution and is probably easy to be
recognized by the Asp74 residue.

The FMOs are useful tools to study the reactivity of
molecules. Figure 3 shows the FMO of optimized struc-
tures obtained at MP2 level, with and without solvent. The
ligands present the same trend for vacuum and solvent for
both basis set used. The ACh and THA+ ligands show
almost the same energy values (approximately — 1.20 eV)

MP2/aug-cc-PVDZ

Charge (Chelpg) GAP (eV) Dipole (Db)
13.64
15.00 Tide
13.00 .
9.81
11.00 8.9,
9.00
7.00 4.94
5.00
3.00 .75
10 gD
-1.00 -0.71 -.0.84 -0.88
Ach BTHA = THA+
MP2/6-311+G (d,p)
Charge (Chelpg) GAP (eV) Dipole (Db)
14.52

1 11.12
13.00 .7610.20 E
11.00
9.00
7.00 4.83
5.00
3.00 1.02

1.00 G
-1.00 -0.74 -0.88 -0.82

Ach BMTHA mTHA+

Solvent

model results on the right. The ChelpG charge represented is for the
heteroatoms O2 of ACh and N2 of THA and THA+

for the LUMO series without solvent model. However,
the analysis of Ach and THA+ using implicit solvent
model leads the LUMO energies to higher values close
to+2.00 eV. This trend of higher LUMO energy values is
probably assigned relevant for discussing the reactivity of
THA+. Solvent model shows no effect on THA HOMO-
n (n=0-2) orbital energy values, while THA \+ has the
same trend of ACh with a difference between solvent and
vacuum between 2.35 and 3.30 eV for both basis set.

Molecular docking simulation

The molecular docking study was carried out using the
human AChE protein (PDB: 604X) in a complex with the
THA classified as a low nanomolar AChE inhibitor [63, 64].
Figure 4 shows the open active site used to study the interac-
tion of ACh, THA, and THA+.

Table 2 presents the docking results, i.e., the score (bind-
ing energy), theoretical K;, and the most favorable inter-
actions from the best solution obtained based on the LGA
study. The THA+ inhibitory activity from the corresponding
eeAChE (human AChE from erythrocytes) has the ICs, value
of 0.5+0.1 uM [63]. Our theoretical K; was estimated at
1.62 uM in good accordance with the experimental value.

Considering the best docking conformation of natural
substrate ACh, the interaction types between the ACh and

@ Springer
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Fig.3 Energy of the frontier
molecular orbitals from MP2
calculations at a aug-cc-pVDZ
basis set, and b 6311+ G(d,p)
basis set in vacuum and implicit
solvent moiety. Isosurfaces were
obtained at MP2/aug-cc-pVDZ
level

Fig.4 Representation of
hAChE protein structure show-
ing the CAS and PAS catalytic
site: a the 3D dimeric structure
of human AChE protein com-
plexed with the tacrine ligand,
PDB 604X; and b Ser203,
Glu334, and His447 catalytic
triad

@ Springer
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Table 2 Molecular docking ACh THA THA+
results: binding energy/
score (kcal/mol), theoretical Score (kcal/mol) —4.67 -7.69 -7.90

inhibitory constant (K;), and

. : . . K; (uM) 377 2.30 1.62
main residues involved in the !
interaction of the complexes N. of hydrogen bond 2; 4% 0 2
Amino acids (enzyme-ligand) Trp86, Glu202, Ser203, Trp86, Tyr337 Trp86,
Tyr337, His447 Tyr337,
His447
*Carbon hydrogen bond.

Trp86
o )
Glu202 ] \
7 2
v/ \ Trp439
His447
: Interactions
Tyr337 T Corven g e " —prond

(a) (b)

Fig. 5 Main residue interactions observed in the docking of acetylcholine with hAChE to the highest score conformation (—4.52 kcal/mol): a 3D
representation, b 2D representation with the interaction distance in A

Fig.6 Main residue interac- T
tions observed in the docking of . 449
neutral tacrine with hAChE to 2:157 . %Ig
the highest score conformation
5.22A g ¢

(—7.62 kcal/mol): a 3D repre-

sentation, b 2D representation gg"s
with the interaction distance
in A
Thr
Glu 83
202
Interactions
[ van der Waals 3 pi-Alkyl

[ Pi-Pi Stacked

(®)

the residues of its active site are depicted in Fig. 5. The  located at the quaternary ammonium binding site (at the dis-
interaction profile is composed mainly by hydrogen interac-  tance of 2.10 and 2.15 A, respectively). The intermolecular
tions between the ligand and the Trp86 and Trp439 residues,  interactions of the cation-rw and sigma-n were observed with
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the Trp86 residue. This kind of interaction is equivalent to
the cation-x interaction between the methyl group and the
condensed aromatic rings of Trp84 residue in the Torpedo
Californica (TcAChE) [36]. The attractive charge interaction
between the quaternary nitrogen and the Glu202, His447,
and Tyr337 residues act as a counterion to stabilize the posi-
tive charge of ACh [36].

The neutral form of tacrine (Fig. 6) presented the
n-stacked interaction with Trp86 and Tyr337 (4.04 to
4.84 A) residues. In addition, van der Waals interactions
with the residues Gly82 and Thr83 were observed with THA
neutral form. These interactions suggest that the THA+ fits
better in ZAChE inhibition than THA. This is probably due
to the protonated conformation of THA+ ligand that takes
into account the ligand charge at its physiological pH and
has the most significant favorable interactions for the inhibi-
tion mechanism.

On the other hand, THA+ (Fig. 7) presents important
interactions at hRAChE peripheral site residues by interactions
of van der Waals type with residues Glu202, Tyr449, Thr83,
Ser203, and Gly82. The interaction at the catalytic site of
the enzyme was done mainly by hydrogen bonds. First, the
His447 residue (2.07 10\) corresponds to the interaction with
the proton added to the ligand. The second is between one
of the acidic hydrogens and Tyr337 residue. More precisely,
binding was observed at the FAChE active site GORGE base,
establishing close stacking interactions between the tricy-
clic aromatic ring and Trp86 residue on one side and with
Tyr337 residue on the other side. This interaction is known
as the sandwich p-stacking-interactions, in the range of 3.81
to 4.71 A, respectively [64]. These are similar interactions
between the residues Trp84 and Phe330 found in 7cAChE
[64].

NCI and ELF study

The NCI analysis comprehends the interactions of different
binding energies from hydrogen bonding, dipole—dipole,

Fig.7 Main residue interac-
tions observed in the docking of
protonated tacrine with hAChE
to the highest score conforma-
tion (—7.87 kcal/mol): a 3D
representation, b 2D repre-
sentation with the interaction
distance in A

@ Springer

and London dispersion [58]. We studied the non-covalent
interactions of the THA, THA+, and ACh, in vacuum and
in implicit solvent. Moreover, ELF was used since it allows
mapping the attracting sites of electron pairs.

The NCI and ELF results for free ACh molecule at
MP2/aug-cc-pVDZ level are shown in Figures S3-S5 of
supplementary material. The promolecular NCI isosur-
faces and the RDG of ACh, THA, and THA + complexed
with residues of protein obtained from the docking study
are shown in Figure S5. We observed the presence of
attractive interaction regions on ACh between the methyl
groups of the quaternary nitrogen and the residues of
His447, Trp86, and Tyr337, which correspond to the inter-
actions found in the docking study. The HOMO orbital
distribution (Fig. 3) shows an agreement with the docking
study, corroborating the electronic contribution observed
in the ELF isosurface. These interactions are mainly in
the proton attractor sites found in the two oxygen atoms,
where the atom O2 (Fig. 1) establishes essential hydrogen
bonding with the Trp439 and Trp86 residues (Figure S3
of supplementary material).

The NCI and ELF of THA calculated at MP2/aug-cc-
pVDZ level showed the same trend of THA + (Figure S4),
and both showed very weak interactions in their most acidic
hydrogens. The interpretation of NCI compared to the dock-
ing structure is consistent, as it presents essentially the same
behavior when comparing THA and THA+, and demon-
strates the ability to correctly predict a descriptor for the
interaction profile from the free molecules. THA results
(Figure S4) show regions with electron density located in
the nitrogen of the pyrimidine ring, which qualifies the N
in which a proton was added to form the protonated tacrine
ligand, in addition to having electron-attracting sites in the
most acidic hydrogens.

For protonated tacrine, regions of weak interactions
were located around the aromatic rings, and the residues
Glu202, Ser203, Trp86, Ty337, and His447, which pre-
sented the contribution of van der Waals forces, and the

Interactions

[ van der Waals [ Pi-Pi Stacked
[ Conventional Hydrogen Bond = i

(b)
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Fig.8 HOMO orbital contribution and energies for CAS, CAS-
ACh, and CAS-THA+. In the first line, calculations with five near-
est explicit structural water molecules. In the second line, calculations

same profile was found for neutral tacrine. We observed
the presence of a wide attractive region close to the Trp86
residue corroborating the inhibitor n-stacking interactions
found in the molecular docking simulation. Furthermore,
regardless of its orientation, the results suggested that the
phenyl group may be necessary for the inhibitor complexa-
tion step [65]. In this case, it allows for the formation of
attractive interactions such as n-stacking of residues Trp86
and Tyr337 and contributing with new interactions, which
are responsible for the improved performance of tacrine
analogs. Moreover, a strong favorable NCI is observed
in the THA + molecule, where there is a hydrogen bond
between its most acidic hydrogen linked in the N1 atom,
with the oxygen atom of the carbonyl group of the His447
residue.

Influence of water molecules in the catalytic active
site

Figure 8 shows the HOMO orbital for the CAS and the com-
plexed CAS with ACh and THA+ in the PDB with water and
the excluded water molecules. Glu202 is present in the con-
tribution of HOMO in the CAS and the CAS-ACh complex.
HOMO has also contributed to the Ser203 residue of the
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without water molecules. In the blue boxes, it is represented ACh and
THA+ free molecules in vacuum (top) and PCM solvent (bottom)

catalytic triad, close to the water molecule. However, in the
case of THA+, the contribution to the HOMO orbital comes
from THA+ and Trp86. The system with excluded water
has the same profile for the HOMO of CAS and CAS-ACh
system. The difference is regarding the HOMO orbital con-
tribution of Tyr449 of CAS-THA+ system. In general, the
HOMO orbital energy is stabilized by the same amount from
CAS to CAS-ACh in regard to the system with (5.14 eV) and
without (5.33 eV) water molecules. In the case of THA+, the
stabilization is close to the ACh, with water molecules being
5.18 eV, while without water molecules is 5.37 eV. Inside
Fig. 8, ACh and THA+ in vacuum and the PCM solvent
model are shown. In both cases, the HOMO orbital distribu-
tion has no effect on the solvent, despite the frontier orbital
energies. The other occupied molecular orbitals HOMO-n
(n=1,2,3,4), also show contributions from Ser203, Glu202,
and Trp86.

The LUMO orbital of complexed CAS-ACh and CAS-
THA+ is shown in Fig. 9. In contrast to the HOMO orbital,
the LUMO orbital shows a significant difference between the
distribution of LUMO orbital comparing the PDB with water
and without water. In general, the orbital energies show the
same trend with or without water molecules. Therefore,
regarding the orbital energies, the influence of explicit water

@ Springer
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Fig.9 LUMO orbital contribution and energies for CAS, CAS-ACh,
and CAS-THA+. In the first line, calculations considered five near-
est explicit structural water molecules. In the second line, calculations

molecules is negligible. However, in regard to the orbital
distribution, the water molecules have an influence.

Conclusions

Cholinergic therapy through AChE inhibitors (AChEI) has
been widely used in AD treatment. In this way, investigat-
ing the electronic properties and molecular interactions of
these ligands with the residues of the active site is essential.
Therefore, we have analyzed frontier molecular orbitals,
potential hydrogen acid donor regions, NCI, ELF, molecu-
lar docking studies, and interactions with active hAChE
enzyme site for ACh, THA, and THA+ ligands. Aug-cc-
pVDZ and 6-311 + G(d,p) are suitable basis set, and both
shows the same trend for the structural and electronic prop-
erties studied. Structurally, ACh and THA molecular size
and volume turn possible to access the CAS and interact
properly with the hAChE pocket main residues, where the
polarization in the acetoxyethyl moiety of ACh structure
is in accordance with the nucleophilic attack of this carbon
center. Moreover, the nucleophilic attack is related to the
LUMO series that has almost the same energies for ACh
and THA. Neutral THA presents acceptor regions close to
the nitrogen of its pyridine ring, justifying the addition of

@ Springer
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a proton in this region to form the THA+ ligand. THA+
showed similarity to ACh electrostatic potential map,
which presented its two nitrogen atoms as the most acidic
hydrogen donors for the nucleophilic attack. ACh inter-
action profile comprises mainly of hydrogen interactions
between the ligand quaternary ammonium binding site and
the Trp86 and Trp439 residues. Trp86 residue also shows
intermolecular interactions of the cation-n and sigma-n
type, equivalent to the cation-x interaction found in the lit-
erature in the TcAChE. The sandwich-type interaction was
found for THA + binding at the hAChE active sitt GORGE
base, establishing close stacking interactions between the
tricyclic aromatic ring and Trp86 residue on one side and
with Tyr337 residue on the other side. Similar interac-
tions between the residues Trp84 and Phe330 were found
in TcAChE. We found that the presence of a wide attrac-
tive region close to the Trp86 residue corroborates the
inhibitor n-stacking interactions, and the results suggested
that the phenyl group may be necessary for the inhibitor
complexation step. NCI and ELF results indicate the pres-
ence of attractive interaction regions on ACh between the
methyl groups of the quaternary nitrogen and the residues
of His447, Trp86, and Tyr337, also found in the molecular
docking study. The importance of the solvent is shown by
the less negative heteroatom charge, indicating how those
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ligands have a good affinity with water. In general, the
orbital energies have small influence on water molecules,
while the water molecules have significative influence con-
cerning the orbital distribution.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00894-022-05252-2.
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