
Informatics in Medicine Unlocked 39 (2023) 101261

Available online 4 May 2023
2352-9148/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Identification of neurotherapeutic constituents in Ocimum gratissimum with 
cholinesterase and mono amine oxidase inhibitory activities, using GC-MS 
analysis, in vitro, and in silico approaches 

Anoka A. Njan a,*, Esther O. Olaleye a, Saheed O. Afolabi a, Immanuel Anoka-Ayembe b, 
Gideon A. Gyebi c, Amase Nyamngee d, Udoka N. Okeke a, Solomon O. Olaoye e, 
Fortune M. Alabi f, Oluwapelumi P. Adeleke a, Hussaini D. Ibrahim f 

a Department of Pharmacology and Therapeutics, Faculty of Basic Clinical Sciences, College of Health Sciences, University of Ilorin, Ilorin, Nigeria 
b Department of Computer Science, Whitworth University, Spokane, WA, USA 
c Department of Biochemistry, Faculty of Science and Technology, Bingham University, Karu, Nasarawa, State, Nigeria 
d Department of Medicinal Microbiology and Parasitology, Faculty of Basic Clinical Science, College of Health Sciences, University of Ilorin, Ilorin, Nigeria 
e General Hospital Kisi, Oyo State, Nigeria 
f Raw Materials Research and Development Council, Maitama, Abuja, Nigeria   

A R T I C L E  I N F O   

Keywords: 
Ocimum gratissimum 
Cholinesterases 
Monoamine oxidase 
Ensemble-based docking 
Clustering analysis 
Molecular dynamics 

A B S T R A C T   

Neuroprotective activities of various extracts of Ocimum gratissimum (OG), have been reported, but there is 
paucity of information on its neurotherapeutic constituents. This study is aimed at identifying the neuro
therapeutic constituents in OG leaves using in vitro assays, GC-MS chemical investigation and in silico studies 
including molecular docking, ensemble-based docking, molecular dynamics (MD) simulation, clustering and 
ADMET filtering analysis. Methanol extract of O gratissimum (MEOG) and solvent-partition (n-hexane, ethyl
acetate, and methanol residue fraction) of MEOG were investigated for in vitro acetylcholinesterase (AChE), 
butyrylcholinesterase (BChE) and monoamine oxidase B (MAO-B) inhibition at concentration of 0.65, 12.5, 2.5, 
5, and 10 mg/mL, using donepezil, phenazine methosulfate and selegiline as reference inhibitors for AChE, BChE 
and MAO B respectively. n-hexane solvent partition fraction was further investigated using GC-MS analysis. 
Identified compounds were screened against human AChE, BChE and MAO-B activities using molecular docking 
and molecular dynamics. The lead phytochemicals were further analysed for ADMET in silico analysis. MEOG 
and the 3 fractions (n-hexane, ethylacetate, and methanol residue fraction) inhibited the activities of AChE, BChE 
and MAO-B in a concentration-dependent manner with AChE (IC50 = 2.380, 2.022, 2.066 and 1.079 mg/mL 
respectively), BChE (IC50 = 2.261, 2.126, 2.630 and 1.465 mg/mL respectively) and MAO-B (IC50 = 2.345, 
1.584, 2.933 and 2.935 mg/mL respectively). From the 38 GC-MS identified compounds, 7 hit compounds were 
further subjected to ensemble-docking, the lead phytochemicals (LP): cholestane and 3-methoxy-morphanin 
presented highest multiple binding tendencies to the three enzymes. Cholestane had the highest binding en
ergies of − 9.9, − 9.0 and − 11 kcal/mol, while 3-methoxy-morphanin presented the second-best binding energies 
of − 9.3, − 8.2 and − 10.1 kcal/mol respectively. When compared with the binding pattern of reference inhibitors 
of the enzyme, lead phytochemicals were orientated in the catalytic sites of the enzyme and interacted with 
important catalytic residues. The LP-enzyme complexes were stable during the MD simulation analysis. Cho
lestane and 3-methoxy-morphanin presented favorable ADMET properties over several molecular descriptors and 
filters, with druggable properties and ability to cross the blood-brain barrier. Hence, cholestane and 3-methoxy- 
morphanin, in part, or in synergy with other hit phytochemicals, may be responsible for the neurotherapeutic 
activities of MEOG leaves.   
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1. Introduction 

Neurodegenerative disorders (NDs) are a broad range of diseases 
characterized by slow and irreversible damage of neurons and neuronal 
structures in specific regions of the brain. NDs, including Parkinson’s 
disease (PD), Huntington’s disease (HD), Alzheimer’s disease (AD), and 
amyotrophic lateral sclerosis (ALS), have the most devastating effects. 
The last two disorders involve loss of neuronal structures of the basal 
ganglia that lead to irregularity in movement coordination [1], while 
AD, the prevalent form of ND worldwide, is typified by the progressive 
loss of cognition, memory, and learning due to loss of cortical and hip
pocampal neurons [2] and is projected to triple by 2050 [3]. Several 
etiological factors are linked to the development of NDs, including the 
deposition of metal ions, with the consequence of altering the 
biochemical homeostasis of the nervous system, disturbance in cholin
esterase and monoamine oxidase (MAO), oxidative stress, formation of 
amyloid and tau plaque, and loss of dopaminergic neurons and dopa
mine [4–6]. One of the major hallmarks of imbalance and neurochem
ical disturbances in AD is the deficit in acetylcholine levels. Hence, the 
enhancement of cholinergic transmission is presently the basis of AD 
treatment [7], and inhibition of enzymes involved in hydrolysis of the 
neurotransmitter could enhance cholinergic transmission [8]. 

However, several licensed drugs for the management ofAD, such as 
galantamine, rivastigmine, and donepezil, which work through their 
inhibitory action cholinesterases, have been reported to cause several 
adverse effects including tiredness muscle cramps, vomiting, diarrhea, 
insomnia, and nausea [7]. On the other hand, NDs such as PD are 
defined by the loss of the dopaminergic neuron and dopamine, and one 
of the approaches used to maintain the levels of required dopamine in 

the substantial nigra pars compacta is inhibition of monoamine oxidase 
(MAO). MAO is responsible for catalyzing the oxidative deamination of 
dopamine; this mechanism has been considered to be a plausible means 
of decreasing levels in the dopamine stratum [9,10]. Considering the 
undesirable effect of conventional drugs for the management of NDs, 
dietary sources of cholinesterase inhibitors, especially from food plants 
with no or minimal toxicity, could be an alternative approach for the 
prevention/management of these diseases. Compounds that can offer 
inhibitory activities against both AChE and BChE are often desired over 
selective inhibitors of enzymes in neurodegenerative diseases such as 
AD, BChE represents the main cholinesterase in late-stage AD in humans 
[11]. Furthermore, inhibition of BChE has been reported to decrease the 
rate of neurotoxic plaque production, which is a known risk factor in the 
development of NDs such as AD [12]. Plant-derived medicines are 
usually prepared from crude plant extracts that include an intricate 
mixture of several phytochemicals, of which most are secondary me
tabolites [13], these phytochemicals are made up of unique and complex 
structures [14]. The identification, isolation, and characterization of 
these phytocompounds from several plants with medical properties have 
led to the development of drug candidates with a high activity profile 
[15]. Gas chromatography mass spectrometry (GC-MS) has been used 
for rapid and accurate investigation of phytochemicals, including alka
loids, esters, steroids, nitro compounds, long-chain hydrocarbons, al
cohols, that are present in plant-based materials [16,17]. Recent 
advances in the development of several virtual screening software and 
protein ligand modelling tools coupled with increased protein crystal
lographic techniques have enhanced the various stages of drug design 
and development [18]. One of the important tools used in 
computer-aided drug design is molecular docking simulation because of 
its ability to predict the interaction of ligand and receptor at the mo
lecular level. This tool has helped identify potential drug candidates at 
comparatively low cost in a short period of time. The potential drug 
candidates that are discovered by this model can inform the next line of 
experimentation, thus reducing the total cost of drug discovery [19]. 
The result obtained from this simulation analysis can provide a list of 
promising drug candidates on which wet laboratory experiments can be 
performed in an informed manner, thus reducing the overall cost of drug 
discovery [20,21]. The ensemble-based molecular docking approach in 
which several conformations of the targeted enzymes, usually obtained 
from MD simulation, has recently been established as a more 

Table 1 
Binding site coordinates of target proteins.  

Dimensions Monoamine 
oxidase B (Å) 

Acetylcholinesterase 
(Å) 

Butyrlcholinesterase 
(Å) 

center_x 16.84 − 13.48 2.54 
center_y 129.50 − 43.40 − 9.30 
center_z 22.92 27.61 − 14.86 
Size x 18.99 24.78 18.53 
Size y 17.99 16.73 21.94 
Size z 19.87 17.05 20.98  

Fig. 1. AChE inhibitory activity of the methanol extract and solvent-solvent partition fractions of O. gratissimum leaves. Data are expressed as mean ± SD (n = 2). 
MeOH—methanol extract; EtOAc—ethylacetate fraction; Res MeOH—residual fraction after partitioning with n-hexane and ethylacetate. 
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inexperienced molecular docking analysis [22]. Targeting multiple 
etiological players of NDs has been a recent strategy for the development 
of potential therapeutics for NDs. Several medicinal plants and food 
herbs are known for their neuroprotective and antioxidant activities, as 
they have been traditionally used for the treatment of AD and other ND. 
These plants include: Crocus sativus [23], Nigella sativa [24], Corian
drum sativum [25], Ferula assafoetida [26], Thymus vulgaris [27], 
Zataria multiflora [28], Curcuma longa [26] and Gongronema latifolium 
[29]. Ocimum gratissimum, also known as “Scent leaf” or “Chit-
Chan-Than” [30], is a perennial herb that belongs to the Lamiaceae 
family. Ocimum gratissimum is known for its aromatic flavor and is 
commonly used as a seasoning in traditional cuisines [30]. Despite 
documented evidence on the neuroprotective activities of different ex
tracts of O. gratissimum [31,32], and inhibitory activities against 
cholinergic targets in different experimental models [33–35], neuro
therapeutic components have not been documented. Therefore, the 

present study investigates the inhibitory potential of methanol extracts 
and solvent partition fraction of the extract on the cholinesterase and 
monoamine oxidase activities in vitro. Also, the GC-MS identified com
pounds from the selected fraction was screened against human acetyl
cholinesterase, butyrylcholinesterase and MAO-B enzymes using 
different computational approaches including molecular docking, 
ensemble-docking, molecular dynamics, clustering and ADMET filtering 
analysis. 

Fig. 3. Monoamine oxidase inhibitory activity of the methanol extract and solvent-solvent partition fractions of O. gratissimum leaves. Data are expressed as mean ±
SD (n = 2). MeOH—methanol extract; EtOAc—ethylacetate fraction; Res MeOH—residual fraction after partitioning with n-hexane and ethylacetate. 

Table 2 
IC50 (mg/mL) of methanol extract, solvent partition fraction and reference 
inhibitors.  

IC50 

(mg/mL) 
MeOH 
Extract 

n-Hexane 
Frac 

EtOAC 
Frac 

MeOH 
Residue 

Ref. inhibitors 

AChE 2.380 2.022 2.066 1.079 0.1062 
BChE 2.261 2.126 2.630 1.465 0.1452 
MAO B 2.345 1.584 2.933 2.935 0.3223  

Fig. 2. BChE inhibitory activity of the methanol extract and solvent-solvent partition fractions of O. gratissimum leaves. Data are expressed as mean ± SD (n = 2). 
MeOH—methanol extract; EtOAc—ethylacetate fraction; Res MeOH—residual fraction after partitioning with n-hexane and ethylacetate. 
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2. Materials and methods 

2.1. Plant material 

The fresh leaves of O. gratissimum was collected from the environs of 
the University of Ilorin campus in Tanke, Ilorin-South L.G.A Kwara 
State, Nigeria. Prior to the experiments, the collected plant material was 
identified and authenticated at the Department of Botanical Science, 
University of Ilorin. 

2.2. Extraction, solvent portioning 

The methods described by Harbone [36], was used for the extraction 
and solvent portioning of O. gratissimum leaves. About 10 kg of the 
leaves of O. gratissimum were air-dried under shade until a constant 
weight was attained. The dried leaves were pulverized into powder 

using industrial blender. About 2.2 kg of the leaves powder was further 
macerated in methanol for 72 h respectively. The residue obtained from 
filtration was further macerated in methanol for 72 h. The extraction 
process was repeated. The filtrates were evaporated under reduced 
pressure using a rotary evaporator to obtain methanol extracts of Oci
mum gratissimum leaves (MEOG) (222 g). The MEOG was further suc
cessively partitioned with n-hexane (3 L) and ethyl acetate (EtOAc) (3 L) 
in this order, giving rise to 3 fractions: n-hexane (60 g), EtOAc (82 g), 
and methanol residue (88 g), the fractions was collected and concen
trated using a rotary evaporator (below 40 ◦C). 

2.3. In vitro analysis 

2.3.1. Determination of acetylcholinesterase and butyrylcholinesterase 
inhibitory activities 

The AChE and BChE inhibitory activities of the extracts and solvent 

Fig. 4. Chromatogram of phytocompounds in n-hexane fraction of methanol O. gratissimum.  
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fractions were determined spectrophotometrically using acetylcholine 
iodide and butrrylcholine iodide as substrates according to the Ellman 
method [37] as modified by perry et al. [38] using acetylcholine iodide 
and butrylcholine iodide as substrates. 500 μL of 0.1 M phosphate buffer 
(PH 8.0), 200 μL of AChE enzyme solution, 100 μL solution of 3.3 mM 5, 
5-dithio-bis (2-nitrobenzoic) acid were added to micro plates containing 
of 0.65, 12.5, 2.5, 5, and 10 mg/mL of the extract and partition fraction 
and 0.065, 0.125, 0.25, 0.5, and 1 mg of the reference compounds made 
by serial dilution in 5% DMSO. The mixture was incubated for 20 min at 
25 ◦C. After 20 min, 100 μL of 0.05 mM acetylthiocholine iodide was 

Table 3 
Identified compounds n-hexane fraction of methanol extract of O. gratissimum.  

Peak 
No 

Name of phytocompound RT 
(min) 

Peak 
height 

Corr 
Max % 

Area 
% 

1 1,3-Cyclopentanediol 3.498 230126 3.40 0.520 
2 Oxirane 4.103 109956 0.68 0.104 
3 9-Hexadecenoic acid 4.440 90372 0.34 0.052 
4 4-Heptanone, 2,3:5,6- 

diepoxy-2,6-dimethyl 
4.553 84475 0.24 0.037 

5 Decanoic acid 4.956 80787 0.79 0.12 
6 D-Glucopyranoside 5.074 84681 0.47 0.07 
7 Tridecanoic acid 5.266 65086 0.20 0.03 
8 1,2-Cyclopentanediol 5.482 77909 0.55 0.08 
9 Dodecanal 6.637 1111186 10.87 1.66 
10 Triethylenediamine 7.304 58730 0.21 0.03 
11 2-Hydroxyethyl vinyl 

sulfide 
7.604 51933 0.28 0.04 

12 1,4-Dioxaspiro[2.4] 
heptan-5-one 

8.046 405968 3.15 0.48 

13 8-Nonenoic acid 8.446 339370 2.03 0.31 
14 Decanal 8.635 2.95E+08 2.02 2.024 
15 Cyclohexasiloxane 9.61 1369313 14.81 2.26 
16 Morpholine 10.323 1585676 20.06 3.07 
17 Thymol 10.561 1.1E+09 7.54 7.53 
18 Cycloheptasiloxane 11.085 2366231 22.42 3.43 
19 1,2–15,16- 

Diepoxyhexadecane 
11.558 1603159 12.84 1.96 

20 Cyclooctasiloxane 12.055 2544199 18.29 2.80 
21 Cyclooctasiloxane 12.165 1.34E+08 0.92 0.921 
22 Dodecanoic acid 12.333 3588476 21.94 3.35 
23 2-Decen-1-ol 12.844 2925430 26.52 4.05 
24 Cholestane 13.073 3.11E+08 2.14 2.137 
25 1-Chloroeicosane 13.193 2.54E+08 1.75 1.746 
26 Tetradecanoic acid 13.427 6.99E+08 4.80 4.798 
27 Hexadecanoic acid 13.907 7231700 55.28 8.45 
28 n-Hexadecanoic acid 14.45 15989386 100.00 15.29 
29 3-Ethoxy-1,1,1,7,7,7- 

hexamethyl-3, 
5,5tris(trimethylsiloxy) 
tetrasilo xane 

14.673 5.08E+08 3.49 3.487 

30 9-Octadecenoic acid 14.917 5064762 19.89 3.04% 
31 Z-10-Tetradecen-1-ol 

acetate 
15.047 3.77E+08 2.59 2.585 

32 2- Chloropropionic acid 15.25 3007623 13.29 2.03% 
33 Oleic Acid 15.596 7065027 69.52 10.63 
34 Tetradecanal 16.184 1817484 13.06 2.00% 
35 7-Hexadecenoic acid 16.527 1930275 13.42 2.05% 
36 3-methoxy-morphanin 16.78 2.58E+08 1.77 1.768 
37 Erucic acid 17.117 1458602 23.81 3.64 
38 Hexasiloxane 18.41 2.06E+08 9.23 1.410 

RT: retention time; Corr area: Corrected area. 

Fig. 5. Superimposition of docked conformer of the native ligand on the extracted conformation of (a) donepezil, (b) safinamide and (c) decamethonium. Red: 
selected docked conformer and Green: extracted native ligand conformer. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 4 
The binding energies obtained from the Docking analysis of the GC-MS identified 
compounds against human Acetylcholinesterase, human Butyrylcholinesterase, 
and human Mono amine oxidase.  

S/ 
No 

Ligands Binding energy (Kcal/mol) 

AChE BChE MAO- 
B 

S1 donepezil (E = 306.68) ¡12.2 ¡9.6 - 
S2 Decamethonium (E = 261.56) - ¡6.5 - 
1 Cholestane E = 492.75 ¡9.9 ¡9 ¡11 
2 3-methoxy-morphanin E = 254.84 ¡9.3 ¡8.2 ¡10.1 
S3 Safinamideb   ¡9.8 
9 tert-Hexadecanethiol E = 117.51 − 7.4 − 5.6 − 9.8 
3 hexadecylester E = 423.46 − 9.2 − 8 − 9 
5 2, 3-dihydroxypropylester E = 127.89 − 7.6 − 7.1 − 7.9 
6 Erucic acid E = 99.56 − 7.5 − 6.2 − 7.7 
11 1-Triacontanol E = 178.25 − 7.3 − 6.3 − 7.5 
21 9-Octadecenoic acid E = 69.17 − 5.7 − 5.7 − 7.5 
4 Cyclopentaneundecanoic acid E = 250.37 − 8.2 − 6.2 − 7.4 
7 Oleic Acid E = 81.73 − 7.5 − 6.6 − 7.2 
12 Z E− 2 13-Octadecadien-1-ol E = 98.72 − 7.3 − 6.1 − 7.2 
13 Chloroeicosane E = 57.14 − 7.2 − 5.3 − 7.2 
10 Thymol E = 95.97 − 7.4 − 6.2 − 6.7 
8 Z-10-Tetradecen-1-ol acetate E = 109.01 − 7.5 − 6 − 6.6 
17 Pentadecanoic acid E = 53.40 − 6.7 − 6.1 − 6.5 
15 Tetradecanoic acid E = 51.08 − 6.9 − 5.7 − 6.5 
14 Tridecanoic acid E = 46.34 − 7.1 − 5.3 − 6.5 
18 4-Isopropylcyclohexylamine E = 88.82 − 6.6 − 5.7 − 6.2 
16 1, 16-Diepoxyhexadecane E = 2891.04 − 6.9 − 5.5 − 6.2 
20 D-Glucopyranoside E = 184.73 − 5.9 − 5.7 − 5.8 
19 Dodecanal E = 40.38 − 6.3 − 5.3 − 5.7 
22 Ribonic acid E = 107.96 − 5.3 − 4.9 − 4.9 
23 1, 4-Dioxaspiro[2.4]heptan-5-one (E =

1606.32 
− 5 − 4.9 − 4.7 

24 1, 3-Cyclopentanediol E = 245.28 − 4.7 − 4.7 − 4.5 
25 1, 2-Cyclopentanediol E = 246.22 − 4.7 − 4.6 − 4.2 
26 Morpholine E = 88.94 − 3.7 − 3.6 − 3.5 
27 2-Hydroxyethyl vinyl sulfide E = 55.69 − 3.6 − 3.4 − 3.5 
28 Oxirane E = 1391.23 − 2.3 − 2.2 − 2  

A.A. Njan et al.                                                                                                                                                                                                                                 



Informatics in Medicine Unlocked 39 (2023) 101261

6

added to the mixture and the AChE activity that occurred within 3 min at 
room temperature was measured at 412 nm. 

Using butyrylthiocholine as substrate, the same protocol was adop
ted to measure BChE activity [38]. The inhibitory activity of the enzyme 
was computed and presented as percentage inhibition. 5% DMSO was 
used as the negative control while the assay was carried out in duplicates  

Inhibition % = [(Abscont-Absam)/Abscont] x 100                         Equation 1 

where Abscont is the change in absorbance of the negative control, and 
Absam is the change in absorbance of the sample. 

2.3.2. Determination of monoamine oxidase inhibitory activities 
The monoamine Oxidase Inhibitory activities of the extracts and 

partition fractions were determined based on slight modification of 
previously reported method [39]. The reaction mixture comprised 
phosphate buffer (0.025 M at pH7), semicarbazide (12.5 mM), benzyl
amine (10 mM at pH 7), 75 μL of enzyme (MAO B) and 0.65, 12.5, 2.5, 5, 
and 10 mg/mL of the extract and partition fraction and 0.065, 0.125, 
0.25, 0.5, and 1 mg of the reference compound (selegiline) made by 
serial dilution in 5% DMSO. Acetic acid (250 μL) was added after 30 
min, and boiled for 3 min in water bath, thereafter, the mixture was 
centrifuged. The resultant supernatant (1 mL), 0.05% 2, 4-DNPH (1.25 
mL), and 1.25 mL benzene were mixed prior to the incubation at room 
temperature for 10 min. Equal volumes of sodium hydroxide (1 N) and 
separated benzene layer of the mixture above were mixed together and 
heated for 10 min at 80 ◦C. The alkaline layer was decanted and the 
absorbance was measured in duplicates at 450 nm. The inhibition in 
percentage was calculated as follows:  

Inhibition % = [(AbsControl − AbsSamples)/AbsControl] × 100        Equation 2  

2.4. Statistical analysis 

Microsoft Excel, 2021, GraphPad Prism 8.0 was used for data 

analysis. One-way analysis of variance (ANOVA) with Duncan Multiple 
Range post hoc analysis was used to find the statistical differences 
among the means. The data were expressed as the mean ± SEM and p <
0.05 were considered as significant differences. 

2.5. Gas chromatography-mass spectrometer (GC-MS) analysis 

A gas chromatography from Agilent USA hypherated to a mass 
spectrophotometer (5975C) with triple axis detector equipped with an 
auto injector (10ul syringe) was used, Helium gas was used as a carrier 
gas. 

The chromatographic investigations was executed on capillary col
umn that was treated with phenyl methyl silox, with thickness (250 μm) 
internal diameter (0.2 μm), length (30 m). The other conditions for GC- 
MS were interface temperature (300OC), ion source temperature (EI) 
(250OC), pressure: 16.2 psia, out time (1.8 mm), 1 μL injector in Split 
mode with split ratio 1:50 with the temperature for injection at 280OC 
and a changed of column temperature at the rate of 20 OC/minutes from 
the initial 50 OC to 100 OC for the first 2 min and a raised to 250OC and 
held for 5 min. The total elution was 19mins. The relative percentage of 
the phytochemicals in the extract was expressed as the percentage with 
peak area normalization as previously reported by Lawal et al. [40]. The 
relative percentage amount of each phytocompound was computed by 
comparing its average peak area to the total area. The database of Na
tional Institute Standard and Technology (NIST) with more than 62 000 
patterns was used for mass spectrum interpretation. 

2.6. In silico studies 

2.6.1. Molecular docking analysis 

2.6.1.1. Ligand preparation. Donepezil, decamethonium, safinamide 
and 38 compounds that were identified from the GC-MS analsysis of the 
n-hexane partition fraction of O. gratissimum were retrieved from http:// 
www.pubchem.ncbi.nlm.nih.gov, PubChem database, in structure data 

Fig. 6. Chemical structure of lead phytochemicals (a) Cholestane (b) 3-Methoxy-morphanin.  

Table 5 
Molecular interactions of the amino acid residues of AChE, BChE and MAO-B with the phytochemicals and reference inhibitors.  

Compounds Protein Hydrogen bonds Bond distance (Å)  Hydrophobic Interaction 

Numbers Interacted residues Numbers Interacted residues 

Donepezil  1 Phe295 8 Phe338 Tyr337 His447 Tyr341(2) Trp86 Trp286 (2) 
Cholestane hAChE 0  15 Asn87 Trp86(2), Phe297 Trp286(3) Phe338 Tyr337(2) Tyr341(4) His447 
3-methoxy-morphanin 1 Tyr124 5 Trp86 (2) His447 
Decamethonium hBChE 2 Tyr128 Pro285 5 Asp70 Tyr332 Tyr82 Glu197 
Cholestane 0  7 Trp82(2) Ala328 Tyr332(3) Trp430 His438 
3-methoxy-morphanin 8  4 Trp82(2) Ala328 Tyr332 Trp430 
Safinamide MAO B 3 Ile199 Gln206(2) 6 Ile199 Tyr326 Tyr398 Leu171Cys172 Ile316 
Cholestane 0  14 Tyr326 (2) Ile199 Met436 Tyr435(3) Tyr398(4) Leu171(2) Cys172 
3-methoxy-morphanin 2 Met436 Gly58 5 Tyr435 Tyr398 Gly57  
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file (SDF) format, and converted to PDB (Protein Data Bank) format in 
Discovery Studio Visualizer, BIOVIA, 2020. The nonpolar hydrogens 
were merged with the carbons wile polar hydrogen charges of the 
Gasteiger-type were added and the internal degrees of freedom and 
torsions were determined. The proteins and ligands were then converted 
to PDBQT format using Autodock tools. 

2.6.1.2. Protein preparation. The deposited co-crystallized structures of 
AChE with PDB ID: 4EY7 [41], BChE with PDB ID: 6EP4 [42] and 
MAO-B with PDB ID: 2V5Z [43] were downloaded from the PDB 
(http://www.rcsb.org). The proteins structures were prepared by 
removing water molecules and bound ligands, while hydrogen atoms 
were added using the add hydrogen atom in Autodock v4.2 program, 
Scripps Research Institute. Afterwards, the non-polar hydrogens were 
merged. The proteins were then saved as PDB and converted to PDB 
Partial Charge, & Atom Type (PDBQT) format in Autodock Vina [44] 
incorporated into PyRx 0.8 with the command “convert to 
macromolecule”. 

2.6.1.3. Validation of molecular docking protocol. The poses obtained 
from the docking of the co-crystalized ligands used as reference com
pounds in the study (donepezil, decamethonium and safinamide) having 
the lowest binding energy were aligned with the native ligands that were 
extracted from the downloaded structure in order to validate the pro
tocol to be used for the virtual screening. The RMSD was computed in 

Discovery Studio Visualizer, BIOVIA, 2020. 

2.6.1.4. Active site targeted molecular docking. Molecular docking 
simulation of ligands to respective protein receptors was performed 
using autodock Vina [44] incorporated into PyRx 0.8. The proteins in 
PDB format were imported into PyRx 0.8 and converted to PDBQT, 
while the ligands were imported into the Openbabel [45] section of the 
software. The ligands were subjected to minimization using conjugate 
gradient descent as the optimization algorithm and Universal Force 
Field (UFF) as the energy minimization parameter. For each of the 
proteins, the active site region as defined by the grid boxes with pa
rameters defined in Table 1. The regions were mapped by selecting the 
amino acid that makes up the active site including residues that interacts 
with the co-crystallized ligands. The binding energies of reference 
compounds and phytocompounds for the three targets were recorded 
and then graded based on their affinity scores. Molecular interaction 
between the hit compounds were viewed with Discovery Studio Visu
alizer, BIOVIA, 2020. 

2.6.2. Molecular dynamics 
In this study, 2 different molecular dynamics studies were under

taken. The trajectories obtained from the first MDs analysis was used for 
cluster analysis. The unbound enzymes of the three enzymes were sub
jected to a 100 ns molecular dynamics simulation. The trajectories ob
tained from these MDs were used for conformational analysis using the 

Fig. 7. Amino acid interactions of lead phytochemi
cals and reference inhibitor from the docking analysis 
of GC-MS identified compounds from Ocimum gra
tissimum in the active site groove of human butyr
ylcholinesterase. The ligands are presented in stick 
representations and differentiated by colours (a) 
Green: donepezil (reference inhibitor) (b) Red: cho
lestane (c) gold: 3-methoxy-morphanin. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

A.A. Njan et al.                                                                                                                                                                                                                                 
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TTclust. The second MDs analysis was performed to study the stability of 
the docked phytochemicals to the target enzymes. After the docking 
analysis, the unbound enzymes (2V5V, 4EY7 and 6EP4), and the enzyme 
complexed to the lead phytochemicals were subjected to full atomistic 
Molecular Dynamic (MD) simulation using GROMACS 2019.2 and 
GROMOS96 43a1 forcefield on the WebGRO server [46–48]. The to
pology files of the ligands were generated on PRODRG webserver 
(http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg). The systems of 
the unbound enzymes and the ligand–bound enzymes complex was all 
solvated with transferable intermolecular potential with a four-point 
(TIP4P) within a cubic box water model, with periodic boundary con
ditions applied at a physiological concentration of 0.154 M set by 
neutralized NaCl ions. The systems were minimized for 10000 steps 
using steepest descent algorithm in constant number of atoms, volume, 
and temperature ensemble (NVT) ensemble for 0.3 ns, followed by 0.3 ns 
of equilibration in constant number of atoms, constant pressure and 
constant temperature (NPT). Temperature and pressure were set to 310 
K and 1 atm respectively and maintained using velocity rescale and 
Parrinello-Rahmanbarostat, respectively. Leap-frog integrator was used 
with a time step of 2 fs. For each system, 50 ns of simulation was per
formed and for each 0.1 nano a snapshot was saved with a total of 1000 
frame from each system. The VMD TK console scripts [49] was used to 
analyse the trajectories generated from the simulation to calculate 
RMSD, RMSF, SASA, RoG, and number of H-bond. 

2.6.3. Clustering of molecular dynamic trajectories of unbound proteins 
In this study, 2 different approach of clustering was used for the 

clustering analysis. The first was the clustering of the 100 ns MD tra
jectories of the unbound enzymes. A representative conformer of each 
cluster will be used for ensemble-docking analysis. The second cluster 
analysis will be undertaken on the 50 ns MD trajectories of the com
plexes of the lead phytochemicals that was obtained after docking 
analysis. The purpose of this clustering analysis is to investigated the 
stability of the ligand bound enzyme during the period of the simulation. 
TTClust V 4.9.0 [50] was used to cluster the trajectories from the MD 
simulation. The systems were clustered automatically utilizing TTClust 
python package, that utilizes the elbow method to determine the 
optimal number of clusters, and finally producing a representative frame 
for each cluster. A representative conformation from each cluster was 
will be selected. The analysis of each cluster was based on RMSD values, 
with reference to the starting geometry and the minimum energy 
conformation of the most populated cluster was taken as the most reli
able solution. 

2.6.4. Ensembled-based docking of the GC-MS identified phytochemicals to 
different conformation from molecular dynamics trajectories 

The first five lead phytocompounds and the reference compounds 
were docked to the different representative conformers of 4EY7 (4), 
6EP4 (4) and 2V5V (6) that were obtained from the cluster analysis of 
the trajectories obtained from the MD simulation using AutoDock Vina 

Fig. 8. Amino acid interactions of lead phytochemi
cals and reference inhibitor from the docking analysis 
of GC-MS identified compounds from Ocimum gra
tissimum in the active site groove of human butyr
ylcholinesterase. The ligands are presented in stick 
representations and differentiated by colours (a) 
Green: decamethonium (reference inhibitor) (b) Red: 
cholestane (c) gold: 3-methoxy-morphanin. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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software [44]. After docking of the compounds to the representative 
conformation of each of the clusters, the average binding energy to each 
protein was calculated by finding the average binding energies of each 
ligand to the different cluster of the protein [51,52]. The average 
binding energy of compounds for the two targets were recorded and then 
graded by their affinity scores. Molecular interactions between the lead 
compounds were viewed with Discovery Studio Visualizer, BIOVIA, 
2020. 

2.6.5. In silico physicochemical properties and ADMET analysis of lead 
phytochemicals 

The two lead phytochemicals were subjected to drug-likeness and 
ADMET filtering analysis over a wide range of descriptors. The drug- 
likeness analysis using the Verber and Lipinski filtering tools, was 
executed on the SwissADME webserver (http://www.swissadme.ch/i 
ndex.php), while the predicted Absorption, Distribution, Metabolism, 
Excretion and toxicity (ADME/tox) analysis was performed on the 
SuperPred webserver (http://lmmd.ecust.edu.cn/admetsar1/predict/). 
The canonical SMILES of the lead phytocompounds were obtained from 
PubChem Database or copied from ChemDraw to calculate ADMET 
properties using default parameters. 

3. Results 

3.1. In vitro studies 

3.1.1. Cholinesterase and monoamine oxidase inhibitory activities 
The inhibitory effect of MEOG, solvent partition fraction and refer

ence inhibitors on cholinesterase (AChE and BChE) and monoamine 
oxidase (MAO B) activities (in vitro) was investigated using donepezil, 
phenazine methosulfate and selegiline as reference inhibitors respec
tively. From the percentage inhibitory activities of the extracts and 
solvent fractions against AChE, BChE and MAO-B there was a 
concentration-dependent inhibition of the enzymes (Figs. 1–3). The 
respective IC50 of the inhibitory effect of the methanol extract, n-hexane, 
ethylacetate solvent fraction and the residue methanol fraction is pre
sented Table 2. It was observed for AChE inhibitory activity, the three 
partition fractions (n-hexane, ethylacetate and residual methanol) had 
lower IC50 than the crude extract, this trend was also observed for the 
percentage inhibition. In the same manner the solvent fractions pre
sented lower IC50 when compared to the methanol extract for BChE 
inhibitory activities. For MAO-B inhibitory activity, the IC50 of the 
methanol extract was lower compared to the solvent fractions. While the 
n-haxane fraction had the lowest IC50. The result further suggests a 
better inhibition of AChE when compared to BChE based on the IC50, 
although the methanol extract and the solvent fractions had better 
percentage inhibition for BChE (Table 2). The n-hexane was selected for 

Fig. 9. Amino acid interactions of lead phytochemi
cals and reference inhibitor from the docking analysis 
of GC-MS identified compounds from Ocimum gra
tissimum in the active site of human mono amine ox
idase. The ligands are presented in stick 
representations and differentiated by colours (a) 
Green: Safinamide (reference inhibitor) (b) Red: 
Cholestane (c) gold: 3-methoxy-morphanin. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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GC-MS analysis based on the percentage inhibition and IC50. 

3.2. GC-MS identification of chemical constituent 

The GC-MS chromatogram of the n-hexane fraction of methanol 
extract of O. gratissimum leaves (Fig. 4), show the peaks of the com
pounds identified in the fraction. The phytocompounds were identified 
based on retention time and the peak area. Table 3 shows the name of 
the phytocompounds, retention time (RT), the peak height and per
centage peak area. A total of 38 compounds were identified. n-hex
adecanoic acid, hexadecanoic acid and Thymol with close RT of 14.450, 
13.907 and 10.561 were identified to have the highest percentage area, 
signifying the abundance of the compound in the fraction. Cholestane 
has a peak number 24, RT 13.073 and % area 2.137, morphanin has a 
peak number 36, RT 16.78 and % area 1.72 (Fig. 4). 

3.3. Results of in silico analysis 

3.3.1. Validation of molecular docking protocol 
The validation of the protocol used for the docking analysis, shows 

that the superimposition of conformation with the least binding energy 
from the docking analysis of the co-crystallized ligands on the extracted 
native ligands produced a very low RMSD of 0.5761, 0.4985 and 2.2025 
Å for donepezil, decamethonium and safinamide respectively. The 

RMSD values were computed using BIOVIA Discovery Studio Visualizer 
20.1.0, San Diego, CA, USA 2020) (Fig. 5). 

3.3.2. Binding affinity and interaction of lead phytochemicals to target 
enzymes 

Thirty-six (36) compounds identified by the GC-MS analysis, were 
considered in this study. 

The binding energy from the docking analysis is presented in Table 4. 
Except for donepezil the reference standard for AChE, the two phyto
compounds (Cholestane and 3-methoxy-morphanin) Fig. 6 with highest 
binding energies were comparable and higher when compared to the 
reference compounds for BChE and MAO B respectively. It was observed 
that the lead phytochemicals from the docking analysis presented mul
tiple binding tendencies to the three enzymes that were studied. It was 
also observed that Cholestane had the highest binding energy of − 9.9, 
− 9.0 and − 11 kcal/mol for AChE, BChE and MAO B Kcal/mol respec
tively, while 3-methoxy-morphanin presented a binding energy of − 9.3, 
− 8.2 and − 10.1 kcal/mol respectively. Notably the cholestane and 3- 
methoxy-morphanin two lead phytochemicals presented higher bind
ing energies (− 11 and − 10.1 kcal/mol) when compared to safinamideb 
(− 9.8 kcal/mol) the reference inhibitor of MAO B. Beside the two lead 
compounds that were selected based on their highest binding energies, 
orientation in the catalytic sites of the enzymes and interaction with 
catalytic residues, hexadecylester and Cyclopentaneundecanoic acid 

Fig. 10. Means and standard deviation of various parameters computed from the trajectories of molecular dynamic simulation. (A) Root Mean Square Deviation 
(RMSD) (B) Root Mean Square Fluctuations (RMSF) (C) Radius of gyration (RoG) (D) Surface Accessible Surface Area (SASA) (E) H-bonds during the MDS trajectory. 
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and 2, 3-dihydroxypropylester the 3rd, 4th 5th hit phytochemical from 
the docking analysis to AChE. Hexadecylester, 2, 3-dihydroxypropyles
ter and oleic acid were the 3rd, 4th 5th hit phytochemical against 
BChE while tert-Hexadecanethiol, hexadecylester, 2, 3-dihydroxypropy
lester the 3rd 4th 5th hit phytochemical to MAO-B. 

3.3.3. Amino acid interactions of selected phytochemicals with the active 
site of human AChE, BChE, and MAO-B 

The lead phytochemicals (cholestane and 3-methoxy-morphanin) 
(Fig. 6) and reference compounds were selected for interactive anal
ysis. Table 5 shows the various binding interactions in the active groove 

Fig. 11. The Backbone-RMSD plots of molecular dynamics (MD) simulation of unbound and enzyme-ligand complexed to (a) human acetylcholinesterase (hAChE) (b) 
human butyrylcholinesterase (hBChE) (c) human Monoamine oxidase (MAO-B). 
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of the proteins. The interactions between the ligand groups of donepezil 
(co-crystalized ligand) with human AChE (hAChE) showed that done
pezil was docked into the active site gorge. The revalidated docked 
donepezil was similarly stretched in the gorge as the co-crystalized 
ligand. The 1-benzyl unit of donepezil interacted in an aromatic Pi-Pi 
stacking to Trp86 and His447. The piperidine ring formed 2 Pi-Alkyl 
contacts with Tyr337 and Tyr341 of hAChE. 2 Pi-sigma bonds were 
observed between the 5-methoxy unit of inden-1-one, the piperidine 

ring, and Trp286 and Phe338 respectively. Only a hydrogen bond was 
formed between the carbonyl oxygen of the indenone ring and Phe295 
(Fig. 7). The rings of cholestane made 3 Pi-sigma interactions with 
Tyr337, Tyr341 and Trp286, while it interacted with the remaining 
amino acid through Pi-alkyl interaction to form a hydrogen bond with 
Tyr124 while a Pi-Pi-stacking and Pi-alkyl interaction was observed with 
Trp86 and His447 respectively (Fig. 7). 

In the case of hBChE, decamethonium was docked deep into the 

Fig. 12. Per residue RMSF plots of molecular dynamics (MD) simulation of unbound and enzyme-ligand complexes to (a) human acetylcholinesterase (hAChE) (b) 
human butyrylcholinesterase (hBChE) (c) human Monoamine oxidase (MAO-B). 
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active site gorge aligning in the same pattern as the native ligand. This is 
evident from the overlap of the docked conform, when it was super
imposed on the native ligand. Attractive charge and Pi-cation in
teractions were made with Glu197, Trp82 Tyr332 and Asp70, while Pi- 
Sigma contact was made with Trp82. Cholestane also formed as Pi- 

Sigma contact with Trp82, while the rings interacted via Pi-alkyl and 
alkyl interaction with Ala328, Tyr332 Tyr332 of the P-site, Trp430 and 
His438. also interacted with Trp82 via Pi-Pi-stacking while Pi-alkyl and 
alkyl contacts were made to Ala382 and Trp430 (Fig. 8). The conformer 
of safinamide, the reference inhibitor of MAO-B was orientated in the 

Fig. 13. The RoG plots of molecular dynamics (MD) simulation of unbound and enzyme-ligand complexes (a) human acetylcholinesterase (hAChE) (b) human 
butyrylcholinesterase (hBChE) (c) human Monoamine oxidase (MAO-B). 
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active site of the enzyme in similar binding pattern as the co-crystalized 
ligand. The lead phytochemicals were orientated into the active site of 
MAO B B in a similar binding pattern as the reference compounds safi
namide. the lead phytocompounds interacted with Tyr60, Tyr326, and 
Gln206 that lines the niche of the substrate cavity and Tyr326 that lies at 
the top of the cavity (Fig. 9). 

3.3.4. Molecular dynamics 
The stability of the enzymes complexed with the lead phytochemi

cals (cholestane and 3-methoxy-morphanin) and respective reference 
inhibitors as compared with the apo (unbound) enzymes was observed 
during the period of molecular using the Tk console scripts in VMD 
version 1.9.3. The trajectories obtained from the simulation was 

Fig. 14. The SASA plots of molecular dynamics (MD) simulation of unbound and enzyme-ligand complexes (a) human acetylcholinesterase (hAChE) (b) human 
butyrylcholinesterase (hBChE) (c) human Monoamine oxidase (MAO-B). 
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analysed using the RMSD, RMSF, RoG, SASA and number of H-bonds. 
The means and standard deviations of the parameters studied are pre
sented in Fig. 10. The spectra plot for bond and unbound enzymes are 
presented in Figs. 11–15. The RMSD plots reveals the degree of deviation 

of each frame from the initial structure, hence it is used to measure the 
stability of the protein structure during the period of the simulation. For 
the RMSD plots for hAChE, hBChE and MAO-B, the systems were 
equilibrated around 10 ns with minimal fluctuation that was less than 3 

Fig. 15. The changes in the number of H-bonds during the MDS trajectory of unbound and enzyme-ligand complexes (a) human acetylcholinesterase (hAChE) (b) 
human butyrylcholinesterase (hBChE) (c) human Monoamine oxidase (MAO-B). 
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Å throughout the period of the simulation (Fig. 11). A maximum fluc
tuation was observed by the Safinamide bound-MOA B complex. The 
mean RMSD shows that the binding of 3-methoxy-morphanin reduced 
the mean RMSD of the three enzymes. The binding 3-methoxy-morpha
nin to the three proteins enhanced the stability of the proteins. The 
RMSF plots reveals the flexibility of different regions of the enzymes. For 
the RMSF plots for hAChE, hBChE and MAO-B, is presented in Fig. 12. 
The MAO-B-safinamide system presented higher RMSF fluctuation 
compared to the other systems. The mean RMSF shows that the binding 
of 3-methoxy-morphanin reduced the mean RMSF of the three enzymes, 
indicating that the internal flexibility of the enzymes was not distorted 
by the binding of the lead phytochemicals. The compactness of the 
bound systems was further measured from the analysis of the RoG plots. 
Usually, an increase in the fluctuation indicates a distortion of the 
folding of the protein. The RoG plots for the hAChE, hBChE and MAO-B 
systems were also equilibrated around 5 ns with minimal fluctuation 
throughout the period of the simulation (Fig. 13). The MAO-B- 
safinamide system presented higher RoG fluctuation compared to the 
other systems. The binding of 3-methoxy-morphanin reduced the fluc
tuations and mean RoG values in the hAChE, hBChE and MAO-B sys
tems, while cholestane reduced the fluctuations and mean RoG values in 
the hBChE and MAO-B systems. The SASA plots reveals the extent of 
solvent accessibly by the surface of the protein. Both RoG and SAS are 
used to study if the binding of the ligands affects the integrity of the 
folded protein. The three enzyme systems presented low fluctuation as 
observed from the SASA plots (Fig. 14). In the hBChE system, the 
binding of the two lead phytochemicals reduced the mean SASA values. 
The number of hydrogen bonds during the simulation was fairly con
stant with minimal fluctuations. The ligand bound-complexes presented 

Fig. 16. The average binding energies of the reference inhibitors and five lead phytochemicals against representative conformation gotten from the clustering 
analysis of the MD simulation trajectories of AChE, BChE and MAO-B enzyme. Number of clusters: AChE (4), BChE (4) and MAO-B (6) enzyme. 

Table 6 
The interactions of the two lead phytochemicals and reference inhibitors with the best representative conformation from the cluster analysis of human AChE, BChE and 
MAO-B molecular dynamics simulation trajectories.  

Compounds Protein Hydrogen bonds Bond distance (Å)  Hydrophobic Interaction 

Numbers Interacted residues Numbers Interacted residues 

Donepezil  2 GLy120 Tyr133 7 Gly121 Ile445 Gly442 Trp86 Leu130 Ala127 Val132 
Cholestane hAChE 

Cluster 1 
0  4 Trp86, Ala127, Val132 Val73 

3-methoxy-morphanin 1 Glu 3 Gln71 Leu76 Met85 
Decamethonium hBChE 

Cluster 1 
0 His438 4 Glu433 Phe76 Glu197 Glu441 

Cholestane 0  5 Trp82 Phe76 Pro429 Trp430 His438 
3-methoxy-morphanin 0  4 Phe76 Pro429 Trp439 Ala328 
Safinamide MAO B 

Cluster 1 
3 Gly58 Tyr60 Tyr398 6 Cys397 Tyr435 

Cholestane 0  6 Phe343 Leu328 Ile199 Tyr60 Tyr435 Trp432 
3-methoxy-morphanin 0  2 Tyr60 Tyr435  

Table 7 
Cluster analysis of MD stimulation trajectories of the lead phytochemical- 
enzyme bond complexes.  

Complexes Number of 
clusters 
generated 

Size of 
each 
cluster, 

Representative 
frame Number 

Spread 

Cholestane_ 
hAChE 

5 1 = 117 71 2.10 
2 = 245 198 1.95 
3 = 179 398 1.85 
4 = 270 771 1.88 
5 = 190 912 1.83 

3-methoxy- 
morphanin_ 
hBChE 

2 1 = 308 176 2.22 
2 = 693 789 2.35 

Cholestane_ 
hBChE 

4 1 = 232 106 2.09 
2 = 230 374 1.95 
3 = 368 711 1.72 
4 = 171 876 1.62 

3-methoxy- 
morphanin_ 
hBChE 

4 1 = 210 93 1.95 
2 = 180 344 1.66 
3 = 240 500 1.72 
4 = 371 800 1.63 

Cholestane_ 
MAO-B 

4 1 = 41 23 2.11 
2 = 92 74 2.12 
3 = 120 192 1.72 
4 = 273 404 1.63 
5 = 273 787 1.89 

3-methoxy- 
morphanin_ 
MAO-B 

4 1 = 41 23 2.57 
2 = 172 295 1.90 
3 = 342 512 2.06 
4 = 289 836 2.33  
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close number of hydrogen bonds as the apo enzymes (Fig. 15). From the 
analysis of the various parameters, the 3-methoxy-morphanin bound 
complexes were more stable compared to the cholestane bound system. 

3.3.5. Ensemble-based docking of hit phytocompounds with conformers of 
AChE, BChE and MAO-B enzyme obtained from the cluster analysis of the 
MD simulation trajectories 

In other to optimize the initial docking procedure, an ensemble 
docking was done to the representative structures of the various con
formers of the human AChE, BChE and MAO-B enzyme that were ob
tained from the TTClust cluster analysis of the molecular simulation 
trajectories of a full atomistic 50 ns MD simulation of the apo enzyme. 
For each of the enzyme the mean and standard error of mean of the 
binding energies to the different conformer were computed and plotted 
in Fig. 16. The results of the ensemble-based docking analysis further 
confirmed cholestane, as the lead phytochemicals with mean binding 
energies of − 9.4343, − 9.4667, and − 8 kcal/mol for cholestane and 
− 8.8, − 8.233, and 7.7 kcal/mol for 3-methoxy-morphanin. When 

ensemble-based docking was applied the lead compounds presented 
better binding energy compared to the reference inhibitors. The repre
sentative conformer of each cluster with the lowest binding energy for 
the phytochemicals was selected as the best conformer of the enzyme 
and further subjected to amino acid interactive analysis. For each of the 
enzymes, representative structure from cluster 1 had higher binding 
energy with the phytochemicals. The amino acid interaction of the 
selected cluster is presented in Table 6. It can be observed that the amino 
acid interaction with important catalytic residue was preserved in the 
new conformation. For hAChE, the lead phytochemicals interacted with 
Trp86 an important residue located in the substrate binding site. For 
hBChE, interaction with Tyr82 was preserved, while interaction with 
Tyr435 was preserved in MAO-B (Table 6). 

3.3.6. Amino acid interaction of the selected cluster obtained from the 
cluster analysis of MD simulation trajectories of the lead phytochemical- 
enzyme bound complexes 

After the cluster analysis of the lead phytochemical-enzyme bound 

Fig. 17. Amino acid interaction of lead phytochemicals: (a) 3-methoxy-morphanin (b) cholestane in the first cluster (i) and last cluster (ii) of hAChE complexes 
obtained from the cluster analysis of the MDS trajectories. 

Fig. 18. Amino acid interaction of lead phytochemicals: (a) 3-methoxy-morphanin (b) cholestane in the first cluster (i) and last cluster (ii) of hBChE complexes 
obtained from the cluster analysis of the MDS trajectories. 
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complexes, the number of clusters that were generated from the 1001 
frames, the size of the cluster (number of frames that makes up the 
clusters), the frame number of selected representative cluster and the 
spread, which is the average distance among the conformations that 
makes up the cluster is presented in Table 7. The frames that make up 
each cluster is presented in the supplementary data. The interactions 
between the amino acid residues of the representative conformations 
from the clusters, shows that the initial docking interaction obtained 
from the static docking anlaysis, was preserved during the period of the 
simulation. It was further observed that the lead phytochemicals we still 
docked in the substrate binding grove of the enzymes, maintain contact 
with amino acid of the active sites of the enzymes (Figs. 17–19). 

3.3.7. In silico drug-likeness and pharmacokinetic properties of top docked 
steroidal saponins 

The two lead phytochemicals that were gotten from the docking and 
ensembled-based docking analysis were investigated for predictive 
drug-likeness and ADMET (Absorption, Distribution, Metabolism, 

Excretion, and Toxicity) filtering analyses. The results obtained from 
these analyses are represented in Table 8. From these phytochemicals, 
cholestane and 3-methoxy-morphanin fulfilled the requirement for at 
least four from the five physicochemical parameters from the Lipinski 
rule of five, thereby suggesting favorable druggable properties. Cho
lestane and 3-methoxy-morphanin presented high gastrointestinal ab
sorption, thereby suggesting high bioavailability. Both phytochemicals 
presented the ability to cross the brain-blood barrier, which is an 
important property of neurodegenerative drug (Table 8). 

Cholestane and 3-methoxy-morphanin were predicted to be negative 
substrate of the P-glycoprotein and high plasma protein binding ten
dencies. The effects of the lead phytochemicals on phase I drug meta
bolism in the liver was also analysed using a wide range of molecular 
cytochrome P450 descriptors, the lead phytochemicals are predicted not 
to present inhibitory potential for the cytochrome P450 descriptors. The 
predictive analysis further revealed that the lead phytochemicals were 

Fig. 19. Amino acid interaction of lead phytochemicals: (a) 3-methoxy-mor
phanin (b) cholestane in the first cluster (i) and last cluster (ii) of MAO-B 
complexes obtained from the cluster analysis of the MDS trajectories. 

Table 8 
In silico Druglikeness and ADMETa parameters of the top two docked phyto
chemicals to human HMG-CoA reductase and xanthine oxidase.   

Cholestane 3-methoxy-morphanin 

Molecular weight (g/ 
mol) 

372.64 257.37 

Num. arom. Heavy atoms 0 6 
Num. heavy atoms 27 19 
Num. H-bond acceptors 0 2 
Num. rotatable bonds 5 1 
Hydrogen bond donor 0 1 
cLogP 5.16 2.97 
Molar Refractivity 122.93 81.58 
TPSA (Å2) 0.00 21.26 
Drug-likeness 
Lipinski Yes (1 violation: 

MLOGP>4.15 
Yes 

Veber Yes Yes 
Bioavailability Score 0.55 0.17 
Absorption (Probability) 
(b) Admet SAR 
HIA HIA+ (1.0) HIA+ (0.960) 
Blood-Brain Barrier BBB+(0.864) BBB+(0.988) 
P-glycoprotein Substrate Neg. (0.55334) Neg. (0.812) 
Caco-2 Permeability Cm/ 

s 
Caco2+ (0.710) Caco2+ (0.576) 

Distribution (Probability) 
PPB % 90.031 71.37 
VD L/kg 1.54.578 1.164.042 
Metabolism (Probability) 
CYP450 1A2 Inhibitor Neg. (0.703) Neg. (0.799) 
CYP450 1A2 Substrate Neg. (0.408) Pos. (0.758) 
CYP450 3A4 Inhibitor Neg. (0.918) Neg. (0.518) 
CYP4502C9 Inhibitor Neg. (0.12) Neg. (0.907) 
CYP450 2C9 Substrate Neg. (0.861) Neg. (0.754) 
CYP4502C19 Inhibitor Neg. (0.854) Neg. (0.735) 
CYP450 2C19 Substrate Neg. (0.412) Pos. (0.749) 
CYP4502D6 Inhibitor Neg. (0.845) Pos. (0.552) 
CYP450 2D6 Substrate Neg. (0.488) Neg. (0.218) 
Elimination 
T 1/2 (Half Life Time) 0.013 h 1.165 h 
CL (Clearance Rate) mL/ 

min/kg 
13.57 2.551 

Toxicity 
hERG Blockers Neg. (0.58) Neg. (0.535) 
AMES Neg. (0.907) Neg. (0.724) 
Carcinogen Neg. (07815) Neg. (0.965) 
SkinSen Neg (0.264) Neg (0.235) 
LD50 (LD50 of acute 

toxicity) 
2.923 -log mol/kg 
(444.978 mg/kg) 

2.705 -log mol/kg 
(507.65 mg/kg)  

a ADMET: Absorption, distribution, metabolism, elimination, and toxicity; 
BBB: Blood Brain Barrier; GI: CYP: cytochrome P450; permeability glycoprotein; 
P-gp: hERG: human Ether-à-go-go-Related Gene; Gastro-intestinal; H-HT: 
Human Hepatotoxicity AMES; HIA: Human Intestinal Absorption; DILI: Drug 
Induced Liver Injury; PPB: Plasma Protein Binding; VD: Volume Distribution and 
Ames Mutagenicity. 
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not mutagenic and carcinogenic and will not induce skin sensitization. 
The predicted LD50, half life time and clearance rate of the lead phyto
chemicals were in acceptable range (Table 8). 

4. Discussion 

We applied extraction of methanol extract of the leaves, solvent- 
solvent partitioning of the methanol extract, cholinesterase and mono 
amine enzyme inhibitory assay, chemical investigation using GC-MS 
analysis and several computational approaches to identify the poten
tial neurotherapeutic constituent in the leaf of O. gratissimum. The 
concentration-dependent AChE and BChE inhibitory activities of the 
methanol extract and solvent fractions of the methanol extract of 
O. gratissimum was in agreement with previous studies on the same leave 
[53]. After considering the IC50 of the solvent fractions and analysis to 
be used for the identification of the chemical constituents in the fraction, 
the n-hexane fraction was selected for GC-MS analysis. Previous studies 
have reported the chemical investigation of O. gratissimum using GC-MS 
analysis. Recently Baba et al. [54] reported the GC-MS profiling of 
ethanol and dichloromethane extracts of the leaves and reported the 
abundance of decahydro-4a-methyl-1methyl-7-(1-methylethenenyl)-na 
phthalene, methyl (Z)-5,11,14,17-eicosatetraenoic acid, benzene, tert- 
butylhydroquinone, 12,15-octadecatrienoic acid, 1-heptatriacotanol, 
caryophyllene, squalene, phytol acetate, etc. 

Selvaraju et al. [55] reported Phytol, Octadecanoic acid, Oleoc acid, 
Caryophyllene, Clohexene-1-methanol4-[1-methylethenyl]-acetate, 
Artemisinin, Eugenol, as major compounds. The major identified con
stituent of the essential oil of O. gratissimum have been reported to be 
eugenol with about 48.4% abundance [56]. The present study per
formed a GC-MS analysis on the n-hexane partition fraction of the 
methanol fraction of O. gratissimum leaves, selected based on its inhib
itory activities. Oleic acid, hexadecanoic acid and thymol were identi
fied as the major constituent, this phytocompounds have been 
previously reported as major constituents of the leaf [55]. The neuro
protective effect of oleic acid in rat models has been previously docu
mented [57]. Several studies have documented the mitigating activities 
of monosodium glutamate-induced and 6-hydroxydopamine-induced 
neurotoxicity [58,59] and neurodegeneration from altered dopami
nergic activities in rotenone-Induced rat models [60]. 

Computer-aided drug discovery tools have been developed as 
advanced methods for drug discovery, these tools have been applied to 
screen the potential drug candidates from phytochemicals identified or 
characterized from several medicinal plant [61]. In this regards, mo
lecular docking, an inexpensive and effective method for investigating 
the interaction of ligands with known receptors can be employed in 
predicting the orientation of the potential drug candidate in binding 
sites of the target protein [19]. 

In this study, the GC-MS identified phytocompuonds were docked 
against the hAChE, hBChE and MAO-B enzymes. Result from the initial 
docking experiment identified seven hit phytochemicals (cholestane, 3- 
methoxy-morphanin, 2,3,dihydroxyprophlester, oleic acid, hex
adecylester, cyclopentaneundecanoic acid and tert-hexadecanethiol 
with strong binding interactions with the catalytic residues of the 3 
enzymes, with cholestane and 3-methoxy-morphanin as the two lead 
phytochemicals. The neurotherapeutic activity of morphinan com
puonds has been reported. 

Several in vitro cell cultures or studies involving the use of PD animal 
models have reavealed that morphinan compounds such as dextrome
thorphan (DM) and metabolites derived from DM have neuroprotective 
activity as a result of their inhibitory function towards microglia acti
vation and anti-inflammatory properties [62]. A metabolite of DM, 
3-Hydroxymorphinan (3-HM) has been reported to be neurotrophic to 
dopaminergic neurons. 3-HM demostrated neuroprotective activity 
against LPS-induced neurotoxicity [63]. DM inhibits microglia activa
tion and is neuroprotective when administered daily to mice that had 
been injected with MPT [63]. In the same study, 3-HM was demostrated 

the highest potency among the several tested methorphanins, for 
attenuating the loss of dopamine neurons in the substantia nigra pars 
compacta, in addition to restoring motor functions in the same 
MPTP-mouse model of PD [63]. In the same vein, there are report on the 
neuroprotective activities of compounds with the cholestane core ster
iodal framework such as with anti-AChE and BChE inhibitory potentials 
in vitro and in vivo studies [64,65]. 

The respective native ligands with known inhibitory activities 
against studied enzymes, have provided insight into their catalytic 
mechanisms, [66–68]. The results from the docking experiment were 
compared with that of co-crystalized inhibitors of the enzymes. Cho
lestane and 3-methoxy-morphanin was found accommodated in the 
long, narrow, hydrophobic gorge of BChE and AChE [67] in comparable 
binding mode as donepezil. Just as the more complex binding mode of 
donepezil as compared to other inhibitors these phytochemicals inter
acted with catalytic residues that makes up the length of the active site 
gorge of AChE [41]. The aromatic moieties of these phytochemicals 
interacted via pronounced π-π stacking to the aromatic amino acids 
especially of peripheral anionic site (P-site) residues that is positioned at 
the rim of the gorge which offers allosteric and inhibitors a binding site 
[68]. The lead phytochemicals interacted with the anionic 
choline-binding site residues (Tyr334, Phe331 and Trp86). Among these 
aromatic residues Trp86 and Try337 have been reported to be important 
for the inhibition of the hAChE enzyme [69,70]. The variances in the 
ligand binding specificity between BChE and AChE have been reported 
to arise from different number of aromatic residues that is situated in the 
gorge, only 4 of the aromatic residues in the gorge of hAChE are found in 
the gorge of hBChE. In a similar binding pattern as the decamethonium, 
Cholestane and 3-methoxy-morphanin was orientated in the gorge, 
interacted with the amino acid residues of the P-sites Tyr332 (Tyr341 in 
hAChE) and A-sites Phe329, Trp231 and Trp82, (Phe338, Trp236 and 
Trp86, in hAChE). Substrates with positive charge like butyrylcholine 
are guided down the catalytic gorge through interaction with Tyr 332 
and Asp70 which are situated at the lip portion of the hBChE active site 
gorge [71]. 

Ensemble-based molecular docking approach in which several con
formations of the targeted enzymes, usually obtained from MD simula
tion, has recently been established as a more inadept molecular docking 
analysis [22]. The result from the ensemble-based molecular docking in 
which the hit compounds were further docked to several conformers of 
the respective protein, shows that despite the change in conformation, 
the lead phytochemicals were able to bind and interact with the active 
site residues. 

The stability of the lead phytochemicals complexed to the enzyme 
target was further studied through a full atomistic MD simulation. The 
bound structures were compared to the unbound structures through 
several analysis on the MD simulation trajectories that was obtained. 
The RMSD plots reveals the degree of deviation of each frame from the 
initial structure, therefore it is used to access the stability of the protein 
systems. The binding of the lead phytochemicals especially 3-methoxy- 
morphanin enhanced the stability of the complexes [72]. The RMSF 
plots reveals the flexibility of different regions of the enzymes, The 
binding of the led phytochemicals did not distort the internal flexibility 
of the enzymes [73]. The compactness of the bound systems was further 
measured from the analysis of the RoG plots. Usually, an increase in the 
fluctuation indicates a distortion of the folding of the protein. The SASA 
plots reveals the extent of solvent accessibly by the surface of the pro
tein. Both RoG and SAS are used to study if the binding of the ligands 
affects the integrity of the folded protein [74]. Both analyses showed 
that compactness of the protein structures were not compromised. Also, 
the binding of the lead phytochemical did not alter the intra-molecular 
hydrogen bonds [51,75]. Apart from the stability of the bound com
plexes, the trajectories of the MD simulation were clustered and repre
sentative conformers were further subjected to interaction analysis. It 
was observed that the interactions observed in the static docking envi
ronment (H-bonds and hydrophobic interaction) and ensemble-docking 
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were maintained at different time frames of the simulation. Further 
suggesting that the binding interactions reported in this study can be 
sustained in a more dynamic environment [52]. The result obtained 
from the use of several ADMET filtering tools suggests a favorable 
ADMET and pharmacokinetic properties. Using both the Lipinski and 
Veber filtering tool, Cholestane and 3-methoxy-morphanin fulfilled the 
requirement as potential drug candidate [76]. Favorable Veber and 
Lipinski properties specifies good permeation or absorption and good 
oral bioavailability respectively [77,78]. Among the several in silico 
descriptors that were studied for toxicity, hERG channel performs an 
important role in the repolarization and termination stages of action 
potential in cardiac cell, compounds that inhibits the hERG channel may 
cause cardiotoxicity. The lead phytochemicals did not display the ten
dencies of being hERG channel blockers, indicating that they may not 
cause cardiotoxicity related to the hERG channel [79,80]. Also, using the 
various cytochrome P450 descriptors the impact of the lead compounds 
on phase I drug metabolism was analysed. They demonstrated less 
inhibitory potential for the several cytochrome P450, hence, may not 
unfavorably affect phase I drug metabolism a large extent [80]. The BBB 
is known as a barricade protecting the brain via a ‘physical’ barrier and a 
‘biochemical’ barrier made of enzymatic activities and dynamic efflux 
[81] that serves as an important fence between the systemic circulation 
and CNS. This has been one of the greatest problems of CNS drug de
livery [82]. Among the several molecular descriptors that was studied in 
silico, the lead compounds were positive for ability to cross the blood 
brain barrier (BBB) which further indicates that the compounds can 
enter the brain cavity, where their neuroprotective function is mostly 
needed [83]. Therefore, the multi-target inhibitory tendencies of the 
lead phytochemicals against AChE, BChE and MAO-B coupled with the 
ability to cross the BBB indicates a promising lead phytochemical that 
can be applied in the management and treatment of neurodegenerative 
disease such as AD. 
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