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AChE is an enzyme that is predominate in a healthy brain, while BChE is considered to play a minor role in regulating the levels of
ACh (memory molecule) in the brain. In addition to setting the ACh level, these two enzymes also facilitate AP aggregation by forming
stable complexes and participate in the abnormal phosphorylation of the tau protein, which also contribute to the development of
Alzheimer’s disease (AD). Trace elements including Zn**, Cu®* and Fe** are found in the brain plaques of Alzheimer’s patients. This study
employed tacrine as an efficient inhibitor of cholinesterase and quercetin as a natural metal chelating agent to design a new multi-target-
directed ligand, which has been named Tac-Quer. The chelating properties of this ligand have been studied by quantum calculations. The
Tac-Quer/Metal binding energies for Zn*", Cu?* and Fe** are -939.08, -917.62 and -694.103 kcal mol™, respectively. The cholinesterase
enzyme inhibitory activity of the Tac-Quer ligand has been evaluated via molecular dynamic simulations. The free energies for the
AChE/Tac-Quer and BChE/Tac-Quer complexes are -17.17 and -29.16 kcal mol”, respectively. Based on the results, Tac-Quer is

introduced as a potent multi-target-directed ligand that can be recognized as a promising treatment for AD.
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INTRODUCTION

Alzheimer's disease (AD) is one of the most common
types of neurodegenerative diseases that changes the
structure and chemistry of the brain leading to the death of
brain cells. AD typically affects people over 65, and its
occurrence is expected to increase as the world's population
ages. It is estimated that by 2050, more than one percent of
the population (one in every 85 people) will live with AD
[1]. Thus, it is essential to treat and modify the disease by
preventing, delaying or slowing the onset and progression of
the disease. The multiple pathological features of AD have
made drug designing difficult [2,3]. There is a general
agreement that successful treatment will rely on using
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multi-target-directed ligands (MTDL) to control several
pathogens simultaneously [4-6]. There are several theories
about AD pathogenesis, with the following ones being the
most important: cholinergic neurons damage, unusual
deposit of amyloid beta (Af) protein in the space in between
two neurons, formation of tau proteins twisted fibers inside
neurons (neurofibrillary tangles-NFTs), and oxidative stress
and free radical formation [7-9].

According to the cholinergic neuron damage theories of
AD, damage to the cholinergic neurons leads to a decrease
in the acetylcholine (ACh) value. ACh is an important agent
in physiological processes such as attention, learning,
memory and motivation, wakefulness and sleep, and pain
This synthesized in
cholinergic neurons from choline and acetyl-coenzymeA

sensation. neurotransmitter  is

using an enzyme called choline acetyltransferase (ChAT)
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=

(Choline + Acetyl Coenzyme A Acetylcholine +
Coenzyme A) and also used by cholinergic neurons.
Therefore, maintaining its balance in the brain is very
important [10]. It is estimated that a 90% loss of ACh
occurs in the brain of an Alzheimer's patient.

Cholinesterase (ChE) is an enzyme that hydrolyses ACh
to choline and acetic acid reducing the ACh level. It is
noteworthy that this enzyme facilitates AP aggregation
by forming stable complexes and participates in the
abnormal phosphorylation of the tau protein [11]. There
are two types of ChE, namely acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE). These two enzymes
differ from each other due to their different tendencies
toward substrates. AChE hydrolyses acetylcholine quickly,
while BChE rapidly hydrolyses butyrylcholine. The AChE
is an o/f hydrolase fold protein composed of 537 amino
acids. On the other hand, the neurotransmitter ACh involves
an acetoxy group, an ethylene bridge, and a quaternary
ammonium cation. AChE interacts with the quaternary
ammonium cation of ACh by means of its own 14 aromatic
residues that line the deep (20 A) and narrow (5 A) gorges.
This interaction is a cation-m interaction and leads the ACh
down to the catalytic triad.

AChE and BChE have three major sites: the peripheral
active site (PAS), the catalytic anionic site (CAS) and the
catalytic triad. Deep and narrow gorges actually form the
catalytic sites of both AChE and BChE where the hydrolysis
reaction occurs. The PAS, as a transitional active site of
both AChE and BChE, is attracted to the ammonium cation
of ACh in the first step. In the second step, the CAS
interacts with the ammonium cation in order to capture the
ACh in an appropriate conformation for hydrolysis. In the
last step, the hydrolysis of ACh into acetate and choline is
carried out by the catalytic triad as the AChE active site.
The PAS site of the AChE is rich in aromatic amino acids
(Tyr70, Asp72, Tyrl2l, Trp279 and Tyr334), thus
providing a more capacious site in this enzyme for trapping
ACh; the PAS site of the BChE includes Asp70 and Tyr332
residues [12-15].

In addition to ACh hydrolysis, the interactions of AP
monomers with the PAS and the formation of AP plaques
(AChE-induced A aggregation) must also be controlled
because it is toxic for the brain. Therefore, simultaneous
containment of both the active and peripheral anionic sites
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is essential [16-17]. In addition, some studies have shown
that the AP plaques, in addition to AP peptides, have a trace
amount of metal ions such as Zn**, Cu*" and Fe*'. Some of
these studies have identified copper ions as the most
relevant metal ions involved in the plaque formation [18-
19]. Metal ion redox properties play an important role in the
formation of reactive oxygen species (ROS), which is a key
factor in AP toxicity toward neurons. Accordingly, metal
targeting strategies seems to be effective methods in the
treatment of AD [21,22].

The first FDA-approved drug for AD is tacrine (1,2,3,4-
tetrahydroacridin-9-amine) [23]. Due to the hepatotoxicity
of tacrine, its clinical use has been restricted. Nevertheless,
its high ligand efficiency (LE) has led to its extensive use
for MTDLs designing [24]. In order to widen its biological
activities for other relevant roles (antioxidant, metal
depletion) in the enhancement of controlling other important
AD targets,
performed. These modifications include functionalization,

many chemical modifications have been

attachment and incorporation, or even a combination.
Moreover, the structure of tacrine dimers has been widely
used as a scaffold to design novel MTDLs. The dimer
bis(7)tacrine  exhibits better AChE-induced Ap
aggregation beyond the simple AChE inhibition (it has a
1000 times higher AChE inhibition potency than tacrine)
due to its dual site binding to PAS and CAS [25,26].

Many theoretical and experimental investigations have

a

been carried out to introduce the novel hybrid molecules of
tacrine and other pharmacophores as multi-targeted ligands
disease:
[27],
carboxylic acid [28], xanomeline-tacrine [29], vilazodone-
tacrine, tacrine-ferulic acid [30,31], tacrine-coumarin
[32,33], tacrine-huperzine A [34], tacrine-trolox [35],
tacrine-scutellarin [36] and vilazodone-tacrine [37,38].
Quercetin  (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-
chromen-4-one) is a polyphenolic flavonoid mainly found in
fruits, vegetables, and cereals [39]. Leopoldini et al. [40]
investigated iron chelation by quercetin. They showed that

against  Alzheimer’s tacrine-hydroxyphenyl-

benzimidazole hybrids tacrine-benzyl quinolone

quercetin could well chelate iron(Il) preventing its
participation in the Fenton reaction. Based on the results of
experimental studies, all beneficial effects of quercetin on
human health are related to its antioxidant properties [41-

45].
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Fig. 1. Chemical structures of tacrine, quercetin, and tacrine-quercetin hybrid (Tac-Quer).

This work focuses on the combination of tacrine and
quercetin to get a hybrid molecule (Fig. 1); tacrine as a
cholinesterase inhibitor drug and quercetin as an antioxidant
which is effective in metal depletion and reducing reactive
oxygen species (ROS). This compound has been named
Tac-Quer. It is very interesting that quercetin helps tacrine
inhibit cholinesterase.

Initially, we evaluated the drug-likeness of Tac-Quer
and its pharmacophores, namely tacrine and quercetin,
individually with the aid of cApp software [46]. In this way,
we determined Lipinski’s rule of five parameters for Tac-
Quer, tacrine and quercetin. According to this rule, in
general, drugs with a molecular weight (MWT) greater than
500 Daltons, a calculated log P greater than 5, more than 5
H-bond donors, and more than 10 H-bond acceptors were
more likely to have poor absorption or permeation. Also,
Veber et al. [47] suggested that compounds would have a
high probability of good oral bioavailability if they had only
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two criteria: 10 or fewer rotatable bonds and a polar surface
area equal to or less than 140 A’ All the parameters
mentioned are calculated and listed in Table 1. Although the
molecular weight of Tac-Quer was slightly higher than 500
D and its logP was higher than 5, the other parameters had
suitable values. The desirable features included the presence
of a sufficient number of hydrogen acceptors, aromatic
system quantity, high volume, and topological polar surface
area. Subsequently, the performance of the Tac-Quer ligand
was evaluated.

The copper, iron, and zinc chelation activities of
quercetin and Tac-Quer were investigated by quantum
mechanics calculations. The inhibition of AChE and BChE
by Tac-Quer
dynamic simulation as well. The results indicate that the

was investigated employing molecular
combination of tacrine with quercetin leads to a new ligand
that could simultaneously control some of the most
important targets of Alzheimer's disease.
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Table 1. The Calculated Lipinski’s Rule of Five Parameters for Three Ligands

Molecular mass

Ligand name logP* Hbond Don® Hbond Acc® Rot. Bonds! Ring Count®  T-PSA (A)
(dalton)

Tacrine 198.2 22 1 2 0 3 38.38

Quercetin 302.2 2.5 5 7 1 3 127.45

Tac-Quer 548.6 7.4 5 8 8 6 131.61

*Lipophilicity: logP is the logarithm of the partition coefficient (the ratio of the concentration of the ligand in

octanol to its concentration in water). "Number of hydrogen bond donors. “Number of hydrogen bond acceptors.

‘Number of rotatable bonds. “Number of rings. ‘Topological polar surface area.

COMPUTATIONAL DETAILS

Quantum Mechanics Calculations
Geometry of the
complexes were performed using the DFT/B3LYP method
[48] with LANL2DZ [49] and 6-31G(d) basis sets for metal
cations (Cu™’, Zn*" and Fe’) and for the other atoms,

optimizations Tac-Quer/metal

respectively. The quantum chemical calculations were
carried out with the Gaussian 09 package [50]. In this study,
frontier orbitals, HOMO-LUMO gap and MEP (molecular
electrostatic potential) of Tac-Quer ligand and Tac-

Quer/metal binding energy were calculated.

Preparation of the Initial Protein

The original crystallographic structures of the AChE and
BChE enzymes were taken from the protein data bank (with
the PDB ID of 2CKM and 4BDS, respectively). Since the
polymorphism of AChE in the blood cells is often in a
globular monomer form [51], only its asymmetric unit was
used. For correct modeling of the enzymes loops, a
ModLoop server was used for adding the missing residues
to the original enzyme structures [52,53]. The pKa values of
the titratable residues obtained by the PROPKA web server
and their surrounding environment were considered to
assign the protonation state.

Docking Procedure

Docking calculations were done using the AutoDock
Vina with default parameters. The grid box size was set at
47 x 47 x 47 A (x, y and z) to include all the enzymes
binding pocket. In order to appropriately fill the space
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between the CAS and PAS sites of AChE and BChE with a
length of 14 A, the number of carbon atoms between the
tacrine and quercetin fragments was tested. The designed
ligand with 4 to 7 carbon atoms between the two fragments
was prepared for the docking process. The optimized
ligands and repaired enzymes were used as the necessary
input files for the docking studies. The enzymes and
designed ligands structures were prepared using the
AutoDockTools package (ADT, version 1.5.6) [54]. The
details of assigning the protonation state to the titratable
residues of both enzymes, merging the non-polar hydrogens
to the optimized ligands, and dedicating the atomic charges
to the ligand structure are available in Refs [55,56]. The
docking results were evaluated via Accelrys Discovery
Visualizer 3.5 [57]. Finally, the ligand with five carbon
atoms was chosen as the final ligand (Fig. 1). Then, the
stability of the selected ligand in the complex with the
AChE and BChE enzymes was studied by MD simulation.

MD Simulations

MD simulations were carried out using the GROMACS
MD package 5.0.7 [58] with an Amber99sb-ldn force field
[59]. The AnteChamber PYthon Parser interfacE (ACPYPE
) [60] and the general amber force field [61] were used to
build the topological descriptions of the ligands. A water
box with 12 A distance from edges was utilized to prevent
interactions of the protein with its own replicas. The
modeled structures were solvated with the three-site TIP3 P
model. The systems were neutralized by adding 150 mM of
NaCl. The LINCS algorithm and particle mesh Ewald
(PME) algorithm were used to treat bonded and non-bonded
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interactions. After minimizing the system by the steepest
descent algorithm, the molecular dynamic simulations on
the system were done under NVT ensemble, followed
by employing the NPT ensemble (T = 300 K, P = 1 bar).
The temperature and pressure coupling parameters were
chosen to be tt = 0.1 ps and tp = 0.5 ps, respectively. All the
NPT-MD simulations were performed for 20 ns using a 2 fs
integration time step.

Protein-ligand Binding Free Energies

The protein-ligand complex binding free energies were
calculated based on structural ensembles obtained from
GROMACS trajectories [62,63] and derived from the
following equation:

AGbinding = Gcomp]ex - (Gprotein + G]igand) (1)
G=U-TS= EMM - TSMM + Gso]v (2)
AGbirldil‘lg = {(EMM)comp]ex - <EMM)protein - <EMM)]igand}
+ {(Gsolv)complex - <Gsolv)protein - <Gsolv)]igand}
-T {(SMM)comp]ex - <SMM)protein - <SMM)]igand}
A3)

where (Emm) 1S a molecular mechanics term (force field
energy); T(Smm) is conformational entropy; and (Ggon)
includes polar and nonpolar solvation energy. The
GROMACS GMXPBSA 2.1
calculated the binding free energies for the ligand-protein

tool [64] automatically
complexes.

In GMXPBSA [65], an Adaptive Poisson-Boltzmann
Solver (APBS) electrostatics program was used for the
calculation of the polar and nonpolar parts of the solvation
energy. The calculations were performed on 250 frames of
20 ns trajectory. Furthermore, the water molecules were
stripped out from the
convergence by avoiding the solvent-solvent interactions in

trajectory files to accelerate
energy terms.

RESULTS AND DISCUSSION

Metal Chelating and Electronic Properties of Tac-

Quer Ligand
As previously mentioned, metal ion imbalance is a
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significant factor in prodding and exacerbating of the
multiple pathogens of AD. Quantum calculation was used to
evaluate the metal chelating properties of the proposed
ligand. In this study, the stability of Tac-Quer and metal
complexes were examined. According to Eq. (4), the
binding energy (BE) values are:

E (binding) = E (Tac-Quer-M complex) - E (M*") - E

(Tac-Quer) 4)
The amounts of binding energy listed in Table 2 obviously
show that Tac-Quer has a high tendency to form a stable
complex with all metal ions, showing the most tendency for
Zn*" followed by Cu®" and Fe?".

The ability of the designed ligand to chelate metal ion
was also compared to the quercetin molecule. Leopoldini ez
al. [40] also reported the binding energy for quercetin/iron
complex. As seen in Table 2, the binding energies of the two
molecules (Quercetin and Tac/Quer) with iron ion are in a
similar range. These results confirmed that the quercetin
fragment of the designed molecule maintained its ability to
chelate metal ions. Therefore, it could act as a chelation
agent and collect the extra metal ions from brain tissue,
especially the copper ions that appear to be one of the main
metal ions in plaque formation in AD.

In order to investigate the three-dimensional charge
distribution of molecules, their molecular electrostatic
potential (MEP) was calculated at the B3LYP/6-31G*
optimized geometry (Fig. 2). This counter map helps to
recognize and distinguish the nucleophilic and electrophilic
reactive regions of the molecule that are essential for the
proper study of the function of designed molecule in
biological systems [66,67]. The MEP maps of tacrine and
quercetin [68] are also shown for comparison.

The different colors show the different values of the
electrostatic potential. The MEPs map of the Tac-Quer
ligand shows that the oxygen and nitrogen atoms are located
in negative regions, which are considered to be favorite sites
for electrophilic attacks. These parts of the molecule interact
with the AChE and BChE enzymes through hydrogen
bonding, charge transfer, and n-m stacking. In the MEPs
map, the most positive electrostatic potential (dark blue
color) is on the hydrogen atoms attached to the oxygen
atoms in phenyl groups. These regions are suitable sites for
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Table 2. Binding Energy of Tac-Quer and Quercetin Ligands with Cu**, Zn*"
and Fe*" Metal Tons Calculated Using Quantum Mechanics

Binding energy
Ligand name (kcal mol™)
Cu2+ Zn2+ Fez+
Quercetin -837.87 -859.69 -610.23 (-601.6 [40])
Tac-Quer -917.62  -939.08 -694.103

(@

T I

Ao

Fig. 2. MEP map of (a) tacrine-quercetin molecule, (b) tacrine molecule, and (c) quercetin molecule [68]. The different
colors show the different values of the electrostatic potential. (negative regions: red color; positive regions:
blue color).

®)
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(a)

3.08

232

HOMO

H-L gap (V)

LUMO

Fig. 3. Frontier molecular orbitals mapped on the optimized molecular structure of (a) tacrine, (b) quercetin and
(c) Tac-Quervisualized using Virtual NanoLab (VNL) program.

nucleophilic attacks of AChE and BChE enzymes.

It is noteworthy that in metal chelation by the designed
ligand, the negative regions play a major role. In the
following, the electronic properties of the Tac-Quer
molecule are studied using the energies of the highest
occupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO, respectively). The contour plots of
these orbitals are shown in Fig. 3. These orbitals are highly
delocalized for Tac-Quer in comparison with tacrine and
quercetin, which is one of the characteristics of the donor-
acceptor systems. Both the HOMO and LUMO are
delocalized in the tacrine and quercetin molecules. In the
Tac-Quer molecule, LUMO is delocalized similar to its
parent molecules, but HOMO is centered on the tacrine
aromatic rings and nitrogen atoms. Thus, the electron pairs
and m-electrons of tacrine region as a donor group can
enhance its interaction with the acceptor and aromatic
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residues in the active sites of the AChE and BChE enzymes.
As mentioned, the LUMO is delocalized over the entire
molecule mainly distributed over the hydrogen atoms as
electron acceptors.

The low amount of the Homo-Lumo gap confirms the
high ability of the Tac-Quer ligand to form a stable complex
with metal ions in comparison with its parents (tacrine and
quercetin), especially quercetin which is a good chelator of
metal ions. In order to understand the electronic properties
of metal/Tac-Quer complexes, the distribution of HOMO
and LUMO orbitals in optimized complexes are shown in
Fig. 4. The highest LUMO distribution on the metal bonds
with Tac-Quer is related to the Zn-complex, followed by
copper and iron; this is related to the high tendency of the
ligand to form a zinc complex. Regarding copper, the
LUMO distribution is also very good to Cu-complex
formation with Tac-Quer.
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Fig. 4. Schematic structures of metal/Tac-Quer complexes and the distribution of frontier molecular orbitals
mapped on the optimized structures. (a) Zn/Tac-Quer, Cu/Tac-Quer and (¢) Fe/Tac-Quer.
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AChE and BChE Inhibition by Tac-Quer Ligand
To understand the Tac-Querligand/enzyme probable
modes of interactions, we used molecular docking of the
Tac-Quer ligand to AChE and BChE. Figure 5 shows two-
dimensional representations of all interactions between the
desired ligand and both enzymes. The docking results for
the Tac-Quer ligand demonstrates that the residues of the
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1 A:TRP:82

A:ASN:83

: van der Waals
: 7 interaction; _ _ _ _ _ _ : hydrogen bond with amino

: hydrogen bond with amino acid main chain. (a) Tac-Quer/AChE complex, (b) Tac-

catalytic sites of both enzymes interact with the quercetin
fragment (His440 and Trp84 in AChE; Ser199, His438 and
Trp82 in BChE), while the tacrine fragment establishes
some interactions with the PAS residues of both enzymes
(Tyr121, Trp279 and Tyr334 in AChE; Asp70 and Tyr332 in
BChE). According to a study conducted on the tacrine
molecule, this molecule only interacts with the important
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residues of the choline-binding site (Catalytic Anionic Site
or CAS) of both enzymes (Trp84 and Phe330 in the AChE
and Trp82 of BChE) [69]. On this basis, it can be concluded
that in a tacrine hybrid with quercetin, the quercetin
fragment overcomes the tacrine for implantation in the CAS
site. Since the PAS sites of both enzymes have more
aromatic residues than the CAS (Trp84 and Phe330) and
catalytic triad (Ser200, Glu327 and His440 of AChE and
Ser199, Glu325 and His438 of BChE), this site is suitable
for smaller fragments (tacrine). Actually, the size of the two
fragments determines their location in the binding site of the
enzymes. Since it is essential to prevent the formation of
any form of toxic aggregated amyloid-beta by preventing
the interactions of amyloid-beta monomers with the PAS
site, the ability of Tac-Quer to inhibit PAS simultaneously
with CAS is very valuable.

In order to evaluate the results of docking, the behavior
and stability of the studied system are monitored and
investigated during the MD simulation in this section. The
two and three-dimensional representations of the Tac-
Quer/Enzyme complexes at the end of the MD simulation
time are shown in Figs. 6 and 7, respectively. The
movements occurring during the MD simulation in both
complexes represent the modification of the interactions
between the proteins and the desired ligand. As mentioned
above, Trp84 and Phe330 are two important residues of the
AChE catalytic anionic site, while Trp82 and Ala328 are
formed CAS in the BChE enzyme. These residues play a
key role in the acetylcholine hydrolysis process.

The evaluation of the Tac-Quer/enzyme complexes at
the end of the simulation time indicates that the quercetin
fragment of the designed ligand has been placed near these
residues; it interacts with AChE enzyme through n-n
stacking electrostatic (Trp 84 residue), hydrophobic
interactions (Phe330 residue), and hydrogen bonds (Trp 84
residue). In the
electrostatic (Trp82 residue) and hydrophobic interactions

interaction with BChE, z-m stacking

(Ala328 residue) are also observed for the designed ligand.
Among the residues in the peripheral anionic site (PAS) in
AChE (typically, it includes Tyr70, Asp72, Tyr121, Trp279
and Tyr334 [70]), Trp279, Asp70 and Tyr70 have
impressive interactions with the tacrine part of the ligand. In
BChE, which usually has Asp70 and Tyr332 residues at
PAS [70], the tacrine part of the ligand has an appropriate
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interaction with Tyr 332. In fact, the combination of tacrine
and quercetin has led to the design of a new ligand that can
engage all the important residues of the AChE and BChE
enzymes.

The stability of the backbone atoms of both enzymes
over the MD simulation has been investigated through the
evaluation of the RMSD (root-mean-square deviation of
atomic positions) plots. In Fig. 8a, insignificant fluctuation
can be seen for the backbone atoms of both enzymes. On
the other hand, the RMSD plot for the ligand molecule has
also been investigated to monitor the ligand stability over
the simulation time (Fig. 8b). The RMSD plot of tacrine-
quercetin ligand in the Tac-Quer/BChE complex (Fig. 8b,
red plot) does not show significant fluctuation. However,
the RMSD plot of tacrine-quercetin ligand in the Tac-
Quer/AChE complex ((Fig. 8b, blue plot) demonstrates a
sudden increase up to the 3™ ns in the RMSD value, even
though this parameter has become almost stable from the
15™ ns. These analysis plots along with the interaction
detailes of ligand/anzymes (Figs. 5 and 6) derived from
molecular docking and the MD simulation showed that the
ligand displacement at the active sites of AChE was such
that suitable interactions occurred and the Tac-Quer ligand
was well sited on the active sites. Although the ligand
movement in the active pathway of BChE was negligible
(8b, red), examination of the interactions suggested that
even this slight movement has led to improve the Tac-
Quer/BChE interactions.

In

the next step,

fluctuation) parameter for all the residues of the AChE and

the RMSF (root-mean-square

BChE enzymes was investigated. It was seen that the
oscillation of most of the AChE residues in the complex
with the Tac-Quer ligand was insignificant and had the same
value (Fig. 9a). Most of these residues were oscillating in
the range of 0.05-0.4 nm. For the BChE enzyme, the range
of residue oscillation was slightly higher (Fig. 9b), ranging
from 0.05-0.4 nm. By examining the interactions at the end
of the MD simulation, it was determined that BChE has
more interaction with the Tac-Quer ligand than AChE. In
fact, the oscillations of the BChE residues improved the
Tac-Quer/BChE interactions. Moreover, the Dssp algorithm
was used to evaluate the overall behavior of both enzymes
[71]. As shown in Fig. 10a, the AChE enzyme in the
Tac-Quer/AChE complex has an almost stable secondary
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Fig. 6. Tac-Quer/enzymes interactions in two dimensions derived from molecular dynamic simulations; :
van der Waals interaction, mmssssm: electrostatic interaction, —:@-7 interaction; - — — _ _ _: hydrogen

bond with amino acid side-chain; : hydrogen bond with amino acid main chain. (a) Tac-Quer/AChE
complex, and (b) Tac-Quer/BChE complex.
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(b)

Fig. 7. Tac-Quer ligand (shown as sticks with yellow carbons) orientation at the active site of (a) AChE enzyme and
(b) BChE enzyme in three dimentions derived from molecular dynamic simulations.

Time (ps)

|
15000 20000

|
0 5000 10000
Time (ps)

Fig. 8. (a) RMSD plots of the AChE (blue) and BChE (red) backbone atoms in Tac-Quer/AChE and Tac-Quer/BChE
complexes, respectively. (b) RMSD plots of Tac-Quer ligand in Tac-Quer/AChE (blue) and Tac-Quer/BChE
(red) complexes.
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Fig. 9. RMSF plots of all residues of AChE enzyme in Tac-Quer/AChE complex (a), and BChE enzyme in

Tac-Quer/BChE complex (b).

structure during the simulation time, while the BChE
enzyme underwent some conformational changes in their
secondary structure from the 18" ns (Fig. 10b). Actually, for
BChE in the Tac-Quer/BChE complex, the number of
residues with the 3-helix arrangement decreased during the
MD simulation time while the number of residues with the
a-helix arrangement increased.

Finally, free energy calculations were performed in
order to verify the strength of the ligand inhibition. The
results are reported in Table 3. In order to compare it with
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tacrine, a major reference source of free energy reported for
this molecule is also presented in Table 3 [72]. It can be
seen that in addition to filling the active site properly, the
designed ligand has good inhibitory power. Even though,
the evidence suggested a better BChE enzyme inhibition
compared to AChE by this ligand. Thus, the higher
hydrogen bond formed by the amino group of Tac-Quer
with the catalytic triad of BChE could account for the
higher potency of Tac-Quer against BChE in comparison
with AChE.
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Fig. 10. (a) plot of AChE protein secondary structure in Tac-Quet/AChE complex, (b) plot of BChE
proteinsecondary structure in Tac-Quer/BChE complex.
Table 3. Binding Free Energies for Protein-ligand Complexes Calculated with
MM/PBSA Method for the MD Simulations (kcal mol™)
AGbinding
Name of Complex
Experimental Computational
AChE-Tac -10.2 [72] -11.9 [72]
AChE/Tac-Quer - -17.17
BChE-Tac -11.0 [72] -13.4 [72]
BChE/Tac-Quer - -29.16
CONCLUSIONS hybrid molecule (Tac-Quer). Lipinski's rule of five was

This study developed a new multi-target directed ligand
(MTDL) for
pathological conditions of Alzheimer's disease. In this

simultaneous control of the complex
approach, two distinct pharmacophores, namely tacrine, as a
cholinesterase drug, as an

antioxidant, were combined in the same structure to get a

inhibitor and quercetin,
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applied to calculate the relevant parameters for Tac-Quer to
evaluate its drug-likeness and bioavailability. Accordingly,
Tac-Quer had a sufficient number of hydrogen acceptors, an
aromatic system quantity, a high volume, a topological
polar surface area, and consequently, a more likely high
absorption or permeation. The study of the stability of the
Tac-Quer/metal complexes revealed a very good ligand
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strength to metallic ions chelating. The Tac-Quer/metal
binding energies for Zn*", Cu*" and Fe*" were -939.08,
-917.62 and -694.103 kcal mol™, respectively. Hence, Tac-
Quer had a high tendency to form a stable complex with all
metal ions, especially for Zn*" and Cu®". The high tendency
for Cu®, which is the main cationic element in plaque
formation in AD, was one of the most powerful features of
this ligand. The results of the molecular docking and
molecular dynamics simulation showed that the appropriate
ligand size, along with the presence of effective fragments
(tacrine and quercetin), led to high ligand efficiency in
blocking both the CAS and PAS sites of both the AChE and
BChE enzymes and engaging with all their important
residues. Based on the free energy calculations used to
examine the strength of the ligand inhibition, it was seen
that the designed ligand had good inhibitory power; it also
had a better BChE enzyme inhibition compared to AChE.
According to the results, the higher ability of the Tac-Quer
ligand to inhibit BChE compared to AChE was related to
the higher hydrogen bond formed by the amino group of
Tac-Quer with the catalytic triad of BChE. In general, based
on the results of the computational studies, it was found that
the tacrine-quercetin hybrid has a good potential to prevent
the onset and progression of AD.
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