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ABSTRACT

Inhibition of acetylcholinesterase (AChE) presents a key for the treatment of Alzheimer's
disease (AD), an important number of natural inhibitors of this enzyme have been studied.
Ginkgo biloba extracts were used as a treatment of AD. In this work, we present a theoretical
study of AChE enzyme (pdb code 1hbj) inhibitors by flavonoids derived from Ginkgo biloba
extracts using molecular Docking and conceptual DFT methods. Theoretical calculations of
flavonoids interactions with AChE were performed using Molecular Operating Environment
(MOE) software. Obtained results show that the natural molecules extracted from Ginkgo
biloba present a good inhibitor of AChE, our results explain also the interaction mechanism.
We note that Kaempferol-3-O-glucopyranoside present the most active system in our series
showing the best interaction energy and the most important descriptors values, our obtained
results are in good agreement with the 1Csp values obtained experimentally.
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1. INTRODUCTION

Alzheimer's disease (AD) is a neurodegenerative disease that especially affects older people[1].
AD is relentless; to date there is no effectient treatment that breaks the AD progression [2]. An
important number of studies on severa medicina plants have been carried out and have shown
their effectiveness as a therapy for AD, the most known are Ginseng extracts [3], Celastrus
paniculatus seeds [4,5] and Curcuma longariz homes [6,7]. Ginkgo bilobawas used in the
treatment of cognitive dysfunctions and have proven a good efficiency [8]. G.bilobaleaves have
been used since early times to treat neurodegenerative diseases such as AD [9] andaso
presented antioxidant [10], anti-inflammatory [11], neuroprotective [12] and anti-aging [13]
properties.

Our aim in this study is to elucidate theoretically the acetylcholinesterase (AChE) inhibition
activity by a series of natura inhibitors extracted from G. bilobausing molecular modeling
methods namely molecular docking [14] and conceptual density functional theory (DFT)
derived reactivity indices [15]. In addition, the solvent effect solvent on the interaction
between the enzyme and the best inhibitor was also treated, on the other hand DFT derived
reactivity indices were calculated for the best inhibitors aiming to verify the correlation
probability between the biologica activity and the molecular reactivities. The selected natural
inhibitors [16-18] are given in Table 1. Our, results will contribute in the designof new active
molecules as AChE inhibitors, that can be synthetized basing on the molecular structures of

bioactive compounds of G. biloba.
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Table 1. Molecules treated in our study

Compounds Name IUPAC name PubChem Molecular 1Cg Ref
CID Formula (UM)
1 Quercetin 2-(3,4-dihydroxyphenyl)-3,5,7 5280343 CisH1007 316.97 [16]
trihydroxychromen-4-one.
2 Kaempferol 3,5, 7-trihydroxy-2-(4-hydroxyph 5280863 Ci5H1006 352.35 [16]
enyl)chromen-4-one.
3 Taxifolin (2R,3R)-2-(3,4-dihydroxyphenyl 439533 CisH1507 437.47 [16]
)-3,5,7-trihydroxy-2,3-dihydroch
romen-4-one.
4 Ermanin 5,7-dihydroxy-3-methoxy-2-(4- 5352001 C17H1406 281.59 [16]
methoxyphenyl) chromen-4-one.
5 Quercetin-3-0O- 2-(3,4-dihydroxyphenyl) 5280804 Cx1Ho001, 124.47  [16]
B-D-glucopyranoside -5,7-dihydroxy-3-[(2S,3R,4S,5S,

6R)-3,4,5-trihydroxy-6-(hydroxy
methyl)oxan-2-yl]oxychromen-4

-one.
6 Quercetin-3-0-a-D- 2-(3,4-dihydroxyphenyl) / Cx1H5001, 170.98 [16]
glucopyranoside -5,7-dihydroxy-3-(((2S,3S,4R,5
R,69)-3,4,5-trihydroxy-6-(hydro
xymethyl) oxan-2-yl)
oxychromen-4-one.
7 Kaempferol-3-O-glucopyr  5,7-dihydroxy-2-(4-hydroxyphe 5282102 Cx1Ho0011 80.40 [17]
anoside nyl)-3-[(2S,3R,4S,55,6R)-3,4,5-t

rihydroxy-6-(hydroxymethyl)ox
an-2-yl]loxychromen-4-one.
8 Quercetin-3-O-galactoside  2-(3,4-dihydroxyphenyl)-5,7-dih 5281643 Cx1Ho001, 142.12 [18]
ydroxy-3-[(2S,3R,4S,5R,6R)-3,4
,5-trihydroxy-6-(hydroxymethyl)
oxan-2-yl]oxychromen-4-one.

9 Quercetin-3-O-a-L-rha-(1  3-(((2R,3S,4S,5S,6R)-4,5-dihydr / Cy7H30045 126.94 [16]
- 2) oxy-6-methyl-3-(((2R,3S4R,5R,
-B-D-glucopyranoside 65)-3,4,5-trihydroxy-6-(hydroxy

methy)tetrahydro-2H-pyran-2-y
I)oxy)tetrahydro-2H-pyran-2-yl)
oxy)-2-(3,4-dihydroxyphenyl)-5,
7-dihydroxy-4H-chromen-4-one.

2. MATERIALSAND METHODS
The enzyme structure was downloaded from the Protein Data Bank archive-information

database (www.rcsh.org/pdb) (code 1hbj) [19] with a three-dimensional structure obtained by
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X-ray diffraction (resolution 2.5A). According to recent research, the flavonoids used in our
work have been identified, and their molecular structures (Fig.1) have been present edusing the
ChemDraw software. The physico-chemical properties of the ligands are reported in Table 2.
Lipinski’s rule [20] which is a valuable tool for selecting the good candidates by predicting
drug-like properties was also verified for al our ligands. AChE enzyme is presented in (Fig.2)
with 1539 residues. Enzyme and ligand energies minimization and the active site identification

were performed using MOE (Molecular Operating Environment) software [21].
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Fig.1. Ligands corresponding structures
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Energy minimization was performed under the following conditions: temperature = 300 °K, pH
= 7, geometry minimization was done using the Mmff94x [22] force field implanted in MOE
program and AM1 [23] Hamiltonian. In Figure 3 the enzyme active site with the
co-crystalisation molecule is presented, the minimised energies of the ligands and their

toxicitiesaregivenin Table 2.

(. - “

Fig.2. Simplified model of enzyme 1hbj. Fig.3. Active site enzyme isolated.

Table 2. Ligands properties

N/Ligand Weight TPSA LogP LogS H-bonds H-bonds Toxicity

donors acceptors
1 30224 12745 201 -2.77 5 6 NO
2 28523 11005 274 -340 3 5 NO
3 30425 12745 128 -201 5 7 NO
4 31429 8522 270 -3.96 2 5 NO
5 46438 206.60 -0.73 -2.55 8 11 NO
6 464.38 206.60 -0.73 -2.55 8 11 NO
7 44737 189.20 0.00 -3.17 6 10 NO
8 464.38 206.60 -0.73 -2.55 8 11 NO
9 610.52 26552 -1.88 -2.79 10 15 NO

Weight: Molecular weight (g/mol), TPSA: Polar surface area (A?), logP: Octanol-water partition coefficient, logS
agueous solubility, H- bonds donors: Number of H- bonds donors, H- bonds acceptors: Number of H- bonds acceptors.

The above table reflects the fact that our ligands are non-toxic and can present biological

activities.
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3. RESULTSAND DISCUSSION
3.1 Molecular docking
The molecular docking results and the interactions of the 3 best inhibitors ligands are shown

in Table 3 and Figures 4.a, b; 5.a, b and 6.3, b.

Fig.4.a. Diagram of interactions (Enzyme/ligan) Fig.4.b. Diagram interaction of complex-5(1hbj +
Quercetin-3-O-3-D-glucopyranoside)

® @ ® @

Fig.5.a. Diagram of interactions (Enzyme/ligand) Fig.5.b. Diagram interaction of complex-7(1hbj +
Kaempferol-3-O-glucopyranoside)
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Enzyme/ligand)

353

Fig.6.b. Diagram interaction of complex-9
(1hbj+Quercetin-3-O-a-L-rhamnopyranosyl -
(1- 2)-B-D-glucopyranoside

Table 3. Energy Balance of 9Complexes (AChE/ligand) (Kcal/mol)

Lig Score Rmsd- E-Conf  E-Place E-Scorel E-Refine E-Score2 TRD-Score
Refine
Lig-Ref -7.1231 1.6423 131.9414 -49.6395 -13.2266 -8.7118 -7.1231 /
Complex-1 -6.4512 1.7002 34.2665 -93.7788 -14.6746 -23.4841 -6.4512 8
Complex-2 -6.4511 0.7477 35.8478 -114.6268 -13.3696 -20.6032 -6.4511 9
Complex-3 -6.3749 21422 514140 -74.8596 -13.7208 -22.8995 -6.3749 10
Complex-4 -7.3361 21074 685911 -68.5265 -13.9923 -22.0186 -7.3361 7
Complex-5 -8.6472 3.2457 1359885 -108.3850 -16.1367 -16.0136  -8.6472 2
Complex-6 -8.0825 0.8319 156.2376 -159.9268 -18.0761  -18.0201 -8.0825 5
Complex-7 -8.8359 1.9417 132.0856 -124.5178 -15.6647 -25.5160 -8.8359 1
Complex-8 -8.1182 1.5049 146.3952 -80.5852 -14.2365 -17.0717 -8.1182 4
Complex-9 -8.4217 1.4222 2275072 -136.6125 -17.1755 0.3644 -8.4217 3

S thefinal score; isthe score of the last step, rmsd_refine: the mean square deviation between the laying before
refinement and after refinement pose, E_conf: energy conformer, E_place: score of the placement phase, E_scor 1.

score thefirst step of notation, E_refine: score refinement step and number of conformations generated by ligand
E scor2: scorethefirst step notation; Trd-score: isthe score trands.

Table 3 and Figure 5 show that ligand orientation plays an important role in the active site

ligand positioning. We note, that the introduction of large groups causes a rearrangement of the

conformation inside the active site cavity. Residues are marked with their 3-letter code and
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classification. The complexes energy baances are presented in Table 3. In this work, we
focused on the interactions of the highest scoring complex. For the protocol validation, the
obtained result shows that the RMSD < 2 which means that our Docking protocol isvalid. The
results in Table 3 show that the complex formed with Kaempferol-3-O-glucopyranoside gives
the highest score (-8.8359 Kca/mal), i.e. the most stable complex. The second stable complex
is given with the Quercetin-3-O-3-D-glucopyranoside ligand (-8.6472 Kcal/mol). The third
important score is given by Quercetin-3-O-a-L-rhamnopyranosyl-(1 - 2)-f-D-glucopyranoside
(-8.4217 Kca/mol).

Basing on the obtained results, we conclude that the reference ligand (Lig-Ref) interacts with
amino acids[GLY 118 (A) by an H acceptor, ALA 201 (A) by an H acceptor, HIS 440 (A) by
an H-pi type interaction; PHE 331 (A) by pi-H] at a distances of 3.79; 2.69; 4.32; 3.76(A)and
by an energies between (-2.5 and -0.6) kcal/mal.

The complex formed with Kaempferol-3-O-glucopyranoside is the most stable (Fig.5.a, b), for
which it forms two interactions with the amino acid [TRP 84 (A) with an H-donor and TRP
84 (A) with a pi-pi interaction] with distances of 2.95; 3.74Aand energies of -1.9 and -0.0
kcal/mol respectively.

For complex 5 (Fig.4.a, b): Quercetin-3-O-f-D-glucopyranosideinteracts with the amino acid
ASN 85 (A) via an H-donor at a distance of 3.03Aand an energy of -0.7 kcal/mol; finally for
complex 9 (Fig.6.a,b): Quercetin-3-O-a-L-rhamnopyranosyl-(1 -
2)-B-D-glucopyranosideinteracts with amino acid{GLN 69 (A) by H-donor, GLY 117 (A) by
H-donor, SER 122 (A) by H-donor and TRP 84 (A) with pi-pi interaction] the respective
distances were 2.61 ; 2.76; 2.51; 3.79 Aand at energies between (-2.9 and -0.0) kcal/mol.

For a best interpretation of our results, we compared the obtained docking scores with the

experimentally obtained activities (1Csp values). Results are shown in Table 4:
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Table 4. Comparison between | Csp and docking score
Compounds  I1Cso(uM) Trd-ICso Trd-Score

1 316.97 7 7
2 352.35 8 8
3 437.47 9 9
4 281.59 6 6
5 124.47 2 2
6 170.98 5 5
7 80.40 1 1
8 142.12 4 4
9 126.94 3 3

Table 4 shows that the scores obtained trands is the same as the experimentally obtained |Cs
trand. Indeed, the experimental activities of the ligands are classified as follows:
Lig7>Lig5>Lig9>Lig8>Lig6>Lig4>Ligl>Lig2>Lig3, this same order is obtained by our
calculations:Lig7(-8.8359)>Lig5(-8.6472)>Lig9(-8.4217)>Lig8(-8.1182)>Lig6(-8.0825)>Lig
4(-7.3361)>Lig1(-6.4512)>Lig2(-6.4511)>Lig3(-6.3749) which justifies that our results are in
very good agreement with the experimental outcomes.

The following curve represents well that our scores correlate very well with the experimental

[Cso.

Fig.7. Correlation plot (Docking obtained scores) X axis, (experimental ICso) Y axis
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We conclude that there is a very good correlation between the obtained scores and the
|Csoval ues with a correlation coefficient of 0.9354 which is considered as excellent.

3.2 Solvation effect on the complexesstabilities study

It should be noted that the water presence is important to ensure a good interaction between
the ligand and the active site. Furthermore, the calculation in the presence of water reflects
more the reality so the behaviour of the water molecules in direct contact with the solute is
very important.Figures 8, 9 (a, b), 10 (a, b), 11 (a, b) and 12 show the schematics, interaction
digrams and graphic legend of the complex (enzyme/Ligand) in water.

Fig.8. Solvations Ligand-enzyme inelliptical box

Fig. 9.a. Diagram of interactions (Enzyme/ligand)  Fig. 9.b. Diagram interaction of complex-5 (1hbj
in water +Quercetin-3-O-B-D-glucopyranoside)
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Fig. 10.aDiagram of interactions (Enzyme/ligand)in  Fig. 10.b. Diagram interaction ofcomplex-7
water (1hbj+Kaempferol -3-O-glucopyranoside)

Fig. 11.a Diagram of interactions(Enzyme/ligand)  11.b. Diagram interaction of complex-9 (1hbj
in water +Quercetin-3-O-a-L-rhamnopyranosyl-(1 - 2)-[3-
D-glucopyranoside)
Table 5. Energy balance of the 3 best complexes (AChE/ligand) (Kcal/mol) with

solvation effect

Lig Score Rmsd- E-Conf  E-Place E-Scorel E-Refine E-Score2 Trd-Score
Refine
Lig-Ref -7.1231 1.6423 1319414 -49.6395 -13.2266 -8.7118 -7.1231 /
Complex-5 -3.9338 2.2049 173.3091 -71.5889 -18.6344 51.2883 -3.9338 2
Complex-7 -7.3901 1.6003 155.8082 -79.0150 -20.6686  19.2977 -7.3901 1
Complex-9 0.1819 1.6695 291.2408 -80.0097 -20.5327 124.3881 0.1819 3
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It turn out from the previous figures and Table 5 that the formed complex (AChE/Lig7) in
water represents the best score (-7.3901 Kcal/mol) compared with ligands 5 and 9 and the
diagram of the complex formed shows that its interactions are made with amino acidg{GLU
199 (A) H-donor type interaction; ASP 72 (A) aso H-donortype and TRP 84 (A) pi-pi
interaction] at distances of 2.84; 3.12; 3.92 Aand energies that vary between (-3.4 and -0.0)
kcal/mol (Fig.10.a, b).

Lig-Ref interacts with amino acidfHOH 0 donor-H type; GLY 118 (A) acceptor H type; ALA
201 (A) also with an acceptor H; HIS 440 (A) with an interaction of H-pi type and PHE 331
(A) by an interaction pi-H] at distances of 3.14; 3.79; 2.69; 4.32; 3.76Arespectively and at an
energy between (-2.5 and -0.5) kcal/mol.

For complex 5 (Fig.9.ab): Quercetin-3-O-f-D-glucopyranoside interacts with amino
acidfHOH 0 with an H-donor; HOH 0 with an H-acceptor; HOH 0 also with an H-acceptor;
TRP 84 (A) with an H-pi interaction at distances of 2.56; 2.54; 2.57; 3.43 Aand energies
between (-0.7 and 2.0) kcal/mol.

For complex 9 (Fig.11.ab):Quercetin-3-O-a-L-rhamnopyranosyl-(1 - 2)-f-D-glucopyranoside
interacts with amino acid§HOH 0 by an H-donor ; HIS 440 (A) by an H-donor ; SER 122 (A)
aso by an H-donor ; PHE 330 (A) by pi-pi interaction at distances of 2.74; 2.85; 2.74;
3.59Aand energies between (-2.9 and -4.9) kcal/mol.

The graphical legend of the 2D interaction is shown in Figure 12.

O polar - »sidechainacceptor () solventresidue  * nonconserved

O acidc  «+ - sidechaindonor ) metal complex < nonpresent

O basic - *backboneacceptor  solventcontadt @ inconsistent

O greasy - backbone donor metalion contact (©1© arene-arene
proximity ligand receptor ©H arene-H
contour ® exposure Oexuosure ©+ arene-cation

Fig.12. 2D graphical legend

3.3 DFT derived reactivity indices
The relative reactivities of the most active ligands (Lig 7, Lig 5 and Lig 9) and the reference
ligand were elucidated through the DFT derived reactivity indices, obtained results are given

in Table 6.
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Table6. HOMO and LUMO energies, and global reactivity indices g, w, A n max, Nu for
Lig-Ref, Ligh, Lig7 and Lig9

Compounds HOMO (au) LUMO(au) u(au) w(ev) A n max Nu(ev)

Lig-Ref 8.497 0.614 -3.94 23.20 0.43 22.18
Lig5 -9.261 0.763 -4.25 24.50 0.42 35.61
Lig7 -9.326 -1.903 -5.61 S7.77 0.76 33.82
Lig9 -7.898 0.756 -3.57 20.05 0.41 73.24

Obtained results show that, for the three ligands the trands of the maximum charge transfer as
well as the global eectrophilies vaues is the same that the trand of the experimental 1Cs.
Indeed, for the electrophilies ligand 7 present the most electrophilic powerw (Lig7) = 57.77 eV
followed by ligand 5 (w = 24.50eV) and the Ligand 9 present the lowest el ectrophilic power
with a values of w(Lig9) = 20.05 eV; this order shows that the biological activities of these
ligands is directly related to their reactivities and that the more e ectrophilic ligand is the more
active one. On the other hand, Table 6 aso shows that the globa nucleophilicity and electronic
chemical potential of ligands correlate inversely with biological activities, as per our results
show that ligand 7 is the least nucleophilic ligand and aso the one that represents the lowest
value of eectronic chemical potentia. It should be noted that the results obtained with the
conceptua DFT are in very good agreement with the experimenta results and also with the

scores obtained with molecular docking.

6. CONCLUSION

In this work, we studied the inhibition of AChE by flavonoids extracted from G. biloba, using
molecular modelling methods including molecular docking and DFT derived reactivity indices,
the solvent effect was also €ucidated in our study. Our caculations show that inhibitor 7
(Kaempferol-3-O-glucopyranoside) has a more improvedenzyme inhibition followed by
inhibitors 5 and 9. The interactions between the enzyme and these inhibitors are of different
types H-acceptors, H-donors, H-pi, pi-H, pi-pi, HOH 0 with an H-donor and HOH 0 with an

H-acceptor. The solvation model involving the coordination of solvent molecules with the
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interacting (complex) system shows a remarkable influence of the solvent on the interaction
energies and consequently the influence of the solvent type on the inhibitory activity. Our
results also show that the conceptual DFT derived reactivity indices provide a good tool for the
biologica activitiesstudy and can represent very good descriptors for performing predictive
models of biological activities. Indeed, in our study we found that global eectrophilicities as
well as globa charge transfers are directly related to activities, and the globa nucleophilicities
and eectronic chemical potentials that are inversdly related to activities. In conclusion our
results are in very good agreement with the experimental results and therefore our ligands can

present the basic skeleton for the design of atreatment for AD.
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