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ABSTRACT: Many molecular modeling methods have been used for the discovery of new drugs and compounds.
Human acetylcholinesterase (AchE), an important target for therapeutic drugs, is docked with AutoDock Vina software
embedded in the UCSF Chimera, together with current drug ligands used in the treatment of Alzheimer’s disease and
phytochemicals that slow the onset and progression of the disease. Considering protein ligand interactions, affinities
and molecular properties, the variance map of the simulated quercetin-AchE complex yielded reasonable results with
the molecular dynamics simulation program iMod server, and it can be said that this structure has the potential to act
as an inhibitor.
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1. INTRODUCTION

Alzheimer’s Disease (AD) is the most common cause of adult-onset dementia, which continues with a
decline in cognitive function with behavioral symptoms. It contains acetylcholinesterase (AchE) licensed for
the symptomatic treatment of AD as well as plant-derived molecules where AchE/butyrylcholinesterase
(BchE) inhibitors (physostigmine and huperzine A) are effective in cognitive disorders. These drugs constitute
80% of commercially available drugs [1].

Tacrine, one of the first AchE inhibitors (AchE-Is) is no longer used in the treatment of AD due to its
hepatotoxicity. Currently available AchE-Is are rivastigmine, galantamine and donepezil. The efficacy of the
three AchE-Is is similar but the benefits are slight. Despite the limited activity of AchEIs, these drugs are still
a pharmacotherapeutic resource for the treatment of AD. Another approach to investigating AchE-Is is their
use in combination with other drug classes such as antioxidant agents [2]. It has been reported that the intake
of phytochemicals regulates the antioxidant system, cognitive and physical performance and improves health
status by increasing neuronal cell survival. Studies have shown that polyphenols can play an important role
in improving the neurodegenerative disease process [3].

Bioinformatics has a very important role in the study of targets and compounds for the treatment of a
disease. Computational docking can be used to discover drugs through protein-ligand interactions. Molecular
dynamics simulation has attracted attention for revealing the binding mechanism and conformational
behavior of proteins and potential inhibitors [4,5]. Recently conducted molecular dynamics simulation studies
of the AchE enzyme are often modeling and examining the mechanisms of binding of chalcones, piperazines,
tacrine, coumarin, tyrosol, and naphthalene derivatives to the AchE protein [6-15]. In silico modeling studies
have been conducted to investigate the effects of chalcone derivatives containing quinoline on Alzheimer’s
disease [6]. They stated that two of the compounds they tested significantly inhibited AchE and BchE
isoenzymes. Due to their satisfactory ADME profiles, these candidate molecules have been suggested as oral
drug models. In another study, the inhibitory property of a ligand with drug bank code DB00983 on human
AchE enzyme was discovered using molecular dynamics simulations [7]. In another study, 2-furoic piperazide
derivatives were synthesized and their potential inhibitory effects on a-glucosidase, AchE, and BchE enzymes
were investigated [8]. The molecule was suggested to be an inhibitor of AchE and BchE, based on the results
of the study and their bioactivity potentials were supported by molecular docking studies [8]. In another study,
the potential inhibitory effects of tacrine derivatives on the AchE (1AC]) and BchE (4BDS) enzymes were
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analyzed using alignment-independent 3D-QSAR with the Pentacle software. The statistical results and
predicted pIC50 values were found to be promising [9]. In a study where 4-aryl-substituted-4H-pyran
derivatives were synthesized it was suggested that these compounds could be used for the treatment of
Alzheimer’s, Parkinson’s and Autism [10]. A synthetic compound derivative of kumarin and 4-arilkumarin
has been reported to have a promising AchE inhibitory activity with an efficacy rate of 68.54% [11]. The
modeling studies indicate that compounds with a small ring size, a higher number of -CH2- groups, a higher
number of secondary aromatic amines, and a higher number of aromatic ketone groups may be better AchE
inhibitors [12]. The triazolic analogues of tyrosol are reported to competitively inhibit AchE [13]. In a study, it
has been reported that different naphthalene derivatives significantly reduce the levels of AchE in mouse
brains [14]. In the virtual scan, known acetylcholinesterase inhibitors (rivastigmine, galantamine and tacrine)
as well as some phytochemicals (quercetin, genistein and some flavonoids) were selected. Applied in silico
approaches will provide new information to identify and develop new drug development inhibitors [15].

2. RESULTS AND DISCUSSION

AchE is a very important hydrolase involved in the regulation of neurotransmission in the entire
nervous system. Any deformation that occurs in synaptic transmission is conspicuous for the control of AD.
Therefore, cholinesterase inhibitors have been widely studied as therapeutic agents in this disease [16, 17].
Although more than 100 AchE crystal structures are known today only the human AchE crystal structure is
known in detail due to difficulties in crystallization of the protein [18,19]. The structure of human AchE in
complex with donepezil is a dimeric protein with two independent asymmetric units (Figure 1. a). Amino
acids Y337, Y341, W286, F295, 5203, E202, W86 and H447 produce inhibitory binding pocket in human AchE
(Figure 1. b).
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Figure 1. The crystal structure of human 4EY7. a) displaying the dimeric protein using the Chimera
program b) representation of the active site in the crystal structure (4EY7_E20).

Y337 which is a particularly flexible amino acid has been defined as the “swinging gate” of the active
site that is pocketed upon donepezil binding [20]. Hydrophobic interactions, hydrogen bonds and m-stacking
interactions play an important role in this binding. Hydrogen bonding (F295), hydrophobic interactions (W86,
Y337, Y341, F338) and n-stacking (W286, W86, Y341) interactions play important roles in the binding of
donepezil ligand to human AChE. Especially Y337, Y341, W286 and W86 amino acids draw attention in our
study as well as in the 4EY7 crystal.

The interactions of rivastigmine, galantamine, tacrine, quercetin and genistein, which are very
important drug substances using in the treatment of Alzheimer's, with human AChE protein were
comparatively modeled. The docking poses of ligands in the catalytic site were very well superimposed with
docking scores -7.8, -8.7, -8.6, -9.9 ve -9.3, kcal/mol respectively (Table 1). The binding energy of each ligand
was calculated as -91.9, -111.0, -78.9, -119.2 and -108.4 (Table 2), respectively.
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Table 1. Binding affinity of different ligands to the protein molecule, RMSD lower bound and RMSD

upper bound*.

DB Code  Name AG RMSD L.b RMSD u.b
kcal/mol

DB00989 rivastigmine  -7.8 2177 6.769

DB00674 galantamin -8.7 3.373 5.815

DB04216 quercetin 9.8 6.909 10.285

DB01645 genistein 9.3 1.991 7.649

* The predicted binding affinity is in kcal/mol (Energy). Root Mean Square (RMSD) values are calculated based on
the best mode. The rmsd 1.b (RMSD lower bound) and rmsd u.b (RMSD upper bound) metrics differ based on the matching

of atoms in the distance calculation.

Table 2. Binding energy of ligands with protein molecule*.

Ligand molecule }3:1111(;:11i)ng energy (keal
rivastigmine -91.85

galantamin -110.97

tacrine -78.95

quercetin -119.23

genistein -108.35

*Ligands were pre-screened with the IgemDock software. Binding energies of ligands are given in the table.
quercetin is found as a complex in the crystal structure of recombinant human acetylcholinesterase.

These results show that quercetin is more effective than all currently known and tested ligands. When
the protein-ligand bonds of all other ligands are examined in detail there are hydrogen bonding, hydrophobic
and m-stacking interactions in other ligands as in 4EY7_E20. All ligands examined in this study interact
approximately 5 to 8 amino acids in the active site of the 4EY7 receptor (Figure 2).
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Figure 2. Interactions of protein and ligands

The interactions, bond types and the important amino acids in bonding can be expressed as follows.
The case of binding of quercetin to human AChE, hydrogen bonds Y121, 5284, F286, hydrophobic interactions
Y121, F288, Y332 and W277, Y332 m-stacking interactions play important roles. G118, Y121, S200 hydrogen
bonds, W83, F329, Y332 hydrophobic interactions and W328 m-stacking interactions were observed for
rivastigmine. G117, G119, Y130, E199, S200 hydrogen bonds and W83, Y121, F288 hydrophobic forces play a
role in the interaction between galantamine-AChE. Y121, H438 hydrogen bonds and W83, Y328, F329, Y332
hydrophobic interactions were noted in our tacrine-AChE modeling studies. G118, Y121, H438 hydrogen
bonds, TRP277, F329, Y332 hydrophobic interactions and Y328, Y332 m-stacking interactions were observed
for genistein-AChE.

The amino acid-ligand interactions demonstrated here also indicate that these five ligands have good
inhibitor potential for AChE. When the binding of these five ligands was examined in detail, it was observed
that the shortest hydrogen bond distances, (H-A) of 2.87 A, 3.05 A, and 1.96 A, were present in the binding of
quercetin. In the original x-ray structure, the same hydrogen bond distance for donepezil was reported to be
1.99 A. In addition, the lowest hydrogen bond distance in donepezil was 1.99 A in the amino acid
phenylalanine while this value was calculated as 1.96 A in the same amino acid in quercetin. Therefore, this
may indicate that quercetin binding may be stronger. Similarly, it has been demonstrated in the literature that
the hydrogen bond strength which is responsible for the stability of the protein, plays an important role in the
binding of flavonoids to AChE [21].

The molecular properties important for the pharmacokinetics of drug candidate molecules in the
human body, including absorption, distribution, metabolism and excretion (ADME) were also investigated
[22]. Table 3 presents Lipinski's five rules for assessing drug similarity and defining molecular properties. The
physicochemical properties of the analyzed molecules fully comply with the Lipinski rule. The cell
permeability, blood-brain barrier penetration as well as total polar surface area (TPSA) (£140) are within
acceptable limits. A bioavailability value of 0.55 is critical for an oral drug. These calculations show promise
for genistein and especially quercetin as pharmacological agents like galantamine, rivastigmine and tacrine.
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Table 3. ADME profiles of potential drug derivatives.

Compounds MW Num.Rot. H- H- TPSA Con.  Bioav. LD50(mg M C R
B. Ac Don (A7”2) LogP Score base/kg)
rivastigmine ~ 250.34 6 3 0 3278 234 0.55 5.6 (ma)*, -Not*™* - -Not****
13.8 (fm) Not***
galantamin 287.35 6 4 1 4193 191 0.55 B NC NC NC
tacrine 19826 0 1 1 3891 259 055 22081 . - -
quercetin 302.24 1 7 5 131.36  1.23 0.55 100-160 NA NA NA
[24]
genistein 270.24 1 5 3 9090 2.04 0.55 2000 [25] NH NH NH

*M: Mutagenicity, C: Carcinogenicity, R: Reproductive Toxicity, (ma): male, (fm): female, NC: Not classified, NA:
Not available (Human), NH: No hazard in vivo [26].

**It was not mutagenic in in vitro tests for gene mutations and primary DNA damage.

***No evidence of carcinogenicity was found in oral and topical studies in mice and in oral
study in rats at the maximum tolerated dose.

****QOral studies in pregnant rats and rabbits with dose levels up to 23 mg base/kg/day gave
no indication of teratogenic potential on the part of rivastigmine.

Mutagenicity, carcinogenicity and reproductive toxicity values are summarized in Table 3 and no

adverse events were observed in these values. In ADME results, quercetin with the highest hydrogen acceptor
number 7 and the highest hydrogen donor number 5 showed the excess of hydrogen bonding here and
supported the docking result.
The molecular dynamics simulation studies were summarized in Figure 3 and Figure 4. The B factor graphs
reveal a comparison between the NMA (Normal Mode Analysis) and the PDB field of the complex. According
to molecular dinamic simulations results the deformability and B factor figures reflect the mobility profiles of
the docked proteins. The highest peaks in the deformability and B-factors of the quercetin-AChE complex
represent regions of high deformability (Figure 3 a, b).
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Figure 3. Outputs of molecular dynamics simulations in iMODS for quercetin-AChE complex. a) deformability
and b) B-factor plot; c) eigenvalue and d) variance plot; e) covariance map; and f) elastic network model.

Figure 4. Molecular mobility assesed by NMA of the docked proteins. The three coloured affine arrows
showed the mobility.
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The eigenvalue and variance plot show an inverse relationship with the normal mode. The eigenvalue
and variance graphs of the quercetin-AChE complex are shown in Figure 5 c and d. When examining the graph
of variance of quercetin with protein, the cumulative variance is represented by green shaded bars, while the
individual variance is represented by purple shaded bars. The eigenvalue of the complex calculated with iMod
was found to be 3,614069e04. The covariance map of the quercetin-AChE complex reveals the correlation
between the residues of that complex. The blue color in the matrix indicates anticorrelation between the
residues, while the red color indicates a good correlation. Also, white color reflects uncorrelated motion
(Figure 3 ). When the relationship between atoms is examined on the elastic map, it can be said that the darker
gray portions indicate the stiffer parts in Figure 3 f. The covariance matrices and elastic maps gave reasonable
values.

3. CONCLUSION

Molecular docking and dynamic simulation studies provide a better understanding of quercetin
interactions at the intermolecular level with the protein involved in Alzheimer's disease. The emerging
findings highlight an important aspect of quercetin therapeutic potential.

4. MATERIALS AND METHODS

4.1. Identification and Selection of Target Protein and Ligands

Human acetylcholinesterase (AChE) is an important target for therapeutic drugs [27]. The
crystallographic structure of the E20 (Donepezil) bound 4EY7 (Acetylcholinesterase) protein was downloaded
from the Protein Data Bank.

In addition to phytochemicals such as quercetin and genistein which are used to slow the onset and
progression of Alzheimer's disease, the main drug class currently used for the treatment of Alzheimer's
disease, AChE-Is (rivastigmine, galantamine and donepezil) have also been chosen as ligands. Unlike these
ligands, tacrine is not included in the treatment due to its hepatotoxicity.

4.2, Preparation of Protein and Ligands

The protein was saved in pdb file and the bound ligands and water molecules were deleted from
original 3D structure [28, 29]. Polar hydrogen atoms and charges were added to the protein and saved in Mol2
file. SMILE screened ligand notations were copied from PubChem. Energy minimization is done using build
structure tool in Chimera program. Ligands prepared in Mol2 file were made ready for docking.

4.3. Final Docking with UCSF Chimera (1.16) and AutoDock Vina

The ligand molecule was imported in the output file saved as pdbqt. By entering the previously
determined active site coordinates, AutoDock Vina was run using the command prompt and the results were
analyzed [30].

44. Grid Box Preparation

The active region used while docking was found by averaging the x, y, z coordinates of E20 which is
bound to 4EY7 in the crystallographic structure (Table 4). The search area for the grid box is taken as 30*30*30*
[31]. The experimental procedures should be described in sufficient detail to enable others to repeat the
experiments. Names of products and manufacturers (with locations) should be supplied for all mentioned
equipment, instruments, chemicals, etc. Brand names may be used only once in the manuscript. For example;
you can mention that “XYZ® tablets containing Esomeprazole (Formulation A) were generously provided by
ABC Pharmaceuticals” in Materials and Methods section. However, in other parts of the manuscript, it must
be mentioned as “commercial tablets containing Esomeprazole” or Formulation A, not XYZ® tablets.
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Table 4. Coordinate calculation of ligand E20 in chain 4EY7-A

HETATM 8423 C1 E20 A 604
HETATM 8424 2 E20 A 604
HETATM 8425 C3 E20 A 604
HETATM 8426 c4 E20 A 604
HETATM 8427 C5 E20 A 604
HETATM 8428 Cé6 E20 A 604
HETATM 8429 c7 E20 A 604
HETATM 8430 C8 E20 A 604
HETATM 8431 9 E20 A 604
HETATM 8432 C10 E20 A 604
HETATM 8433 Cl11 E20 A 604
HETATM 8434 C12 E20 A 604
HETATM 8435 C13 E20 A 604
Coordinates

-18.530
-18.970
-18.125
-16.817
-16.370
-17.234
-14.962
-14.502
-15.710
-13.970
-12.925
-13.505
-12.529
-15.704

-41.928
-41.862
-42.222
-42.659
-42.740
-42.369
-43.221
-43.478
-43.107
-44.894
-44.965
-44.756
-44.933
-43.318

24.258
25.566
26.615
26.338
25.037
23.979
24.996
26.419
27.282
26.642
27.776
29.141
30.274
26.486

4.5. Software Used

Windows 10 is used as the Microsoft operating system. UCSF Chimera (1.16) program was used for
docking with AutDock Vina software [32]. AutDock Vina, which is widely used for molecular docking
simulations, is hosted by The Scripps Research Institute (USA) [32, 33]. Protein Data Bank (rcsb) and PubChem
were used for protein and chemical structures (ligands), respectively (Table 5). IGemDOCK V2.1 was preferred
for pre-scoring elimination of ligands. Plip-tool and proteins plus software were used for the bonds and

distances between protein and ligands [34, 35].

Table 5. Structure of ligands

Structure Ligand

r{ 2
galantamin
tacrine
-
— =
quercetin
genistein

4.6. In sico ADME properties

PubChem ID

jX;[\g\ rivastigmine CID: 5077

CID: 3449

CID: 1935

CID: 5280343

CID: 5280961

Examining the ADME properties of any molecule reveals their potential for becoming a drug. To
calculate the biochemical and pharmacokinetics properties of the selected molecules used the SwissADME
online server [36]. The SwissADME server was operated to exactly comment the biochemical properties, and
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the molecules analyzed had to follow Lipinski’s 5 rules. In Table 3 properties of the ligands and their calculated
ADME parameters such as molecular weights (MW), number of hydrogen bond donors (H-Don) and acceptors
(H-Ac), octanol-water partition coefficient (log P) and topological polar surface area (TPSA) values are
provided.

4.7. Molecular dynamic simulations

iMod program package was used for modelling, imaging and 3D data analysis [37]. Based on the
docking results, molecular dynamics analysis studies were conducted on the selected docked complex with
the lowest energy value under conditions of 300 K temperature and 1 atm constant pressure.
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