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Purpose: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with limited treatment options, necessitating the
development of safer and more effective therapies. The potential of alkaloids derived from the genus Erythrina as acetylcholinesterase
(AChE) inhibitors is being investigated to enhance acetylcholine levels in the brain, which is crucial for the treatment of AD. The
objective of this study is to identify Erythrina alkaloids with strong inhibitory capacity against AChE and favorable pharmacokinetic
profiles.

Materials and Methods: A multi-step computational approach was employed, beginning with the virtual screening of 143 Erythrina
alkaloid structures using molecular docking against the human AChE crystal structure. The binding affinities were compared with the
known AChE inhibitor, galantamine. The top alkaloid, 8-oxoerymelanthine (128), was subjected to further analysis through molecular
dynamics simulations, with the objective of evaluating its stability and interactions. In silico ADMET predictions were conducted to
assess the pharmacokinetic properties. The applicability of Lipinski’s Rule of Five was applied to evaluate oral drug-likeness.
Results: §8-Oxoerymelanthine (128) exhibited the highest binding affinity and remarkable stability in molecular dynamics simulations.
The toxicity predictions indicated a low risk of mutagenicity, hepatotoxicity, and cardiotoxicity. Pharmacokinetic assessments
indicated good absorption, moderate blood-brain barrier penetration, and favorable metabolic and excretion profiles, supporting its
potential as an orally active drug candidate.

Conclusion: 8-Oxoerythmelanthine (128) exhibits strong potential as an AChE inhibitor with a favorable balance of efficacy, safety,
and pharmacokinetic properties. These results warrant further investigation in preclinical and clinical studies to validate its therapeutic
potential and safety for Alzheimer’s disease treatment.
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Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by protein-conformational disease
(PCD) resulting from aberrant processing of protein and polymerization. When soluble neuronal proteins fail to fold
(due to genetic mutations, environmental conditions, or aging), they assemble, leading to aberrant neuronal function and
loss.! Alzheimer’s disease is the leading cause of progressive dementia, characterized by significant cognitive decline and
a major impact on an individual’s independence and orientation. According to estimates by Alzheimer’s Disease
International (ADI), around 75% of individuals with dementia remain undiagnosed. In several low- and middle-
income countries, the percentage reaches 90%.> As stated by the World Health Organization (WHO), Alzheimer’s
disease represents a significant global public health concern, accounting for 60—70% of all dementia cases.' Alzheimer’s
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is a chronic neurological disease and a form of dementia that affects over 50 million individuals worldwide.*> Without
the development of an effective treatment, estimates suggest that this number will rise to 152 million by 2050."’

The number of reported cases of AD worldwide is approximately 24 million, with projections indicating that the
number of patients with dementia will quadruple by 2050.° There are several hypotheses that have been developed by
scientists that explain some of the reasons for the onset and progression of AD, one of which is the cholinergic
hypothesis.® Proposed over two decades ago, the cholinergic hypothesis posits that neurons in the brain holding
acetylcholine have a substantial role in the cognitive decline observed in individuals with advanced age and AD. This
idea has been the basis for most treatment approaches and the development of AD treatments.” There are several
hypotheses that have been developed by scientists that explain some of the reasons for the onset and progression of AD,
one of which is the cholinergic hypothesis.

The cholinergic theory has advanced AD research by shifting it from descriptive neuropathology to modern ideas
about synaptic neurotransmission. This hypothesis received convincing validation when cholinesterase inhibitor therapy
was shown to cause significant improvement in symptoms in patients with AD. Despite the focus in recent years on
understanding the diverse pathophysiological pathways of AD, therapies that restore cholinergic function remain an
important aspect in the treatment of AD patients.'® Despite the significant impact of AD on public health, there are
presently just two categories of medications authorized for the treatment of this condition: cholinesterase enzyme
inhibitors obtained from natural, synthetic, or a combination of both origins, and N-methyl d-aspartate (NMDA)
antagonists.® The Food and Drug Administration (FDA) has granted approval for the use of two drugs, donepezil and
rivastigmine, for the treatment of Alzheimer’s disease. However, both have a number of side effects, including nausea,
diarrhea, anorexia, fainting, abdominal discomfort, and vomiting. Researchers are therefore looking for new, effective
drugs that may provide higher efficacy than existing treatments, but have far fewer negative effects.

The search of chemical compounds derived from natural sources as potential to find potential sources of new drugs is
very necessary and needs to be developed along with the increasing need for drugs in the world. The discovery of natural
chemical compounds from plants has received more attention, because it provides better side effects and treatment
effectiveness. The use of plants as a source of natural chemical compounds is becoming increasingly prevalent due to
their reduced incidence of adverse effects and enhanced efficacy in treatment. The diminished propensity for side effects
and enhanced biological safety of plant-derived compounds make them a safer alternative to synthetic drugs.'""'* Natural
resources have also been targeted by scientists as prospective anti-AChE drugs, as natural ingredients are usually less
harmful than synthetic compounds. Galantamine is a natural drug extracted from the Galanthus woronowii plant that is
currently used in the treatment of AD along with other chemical drugs approved by the FDA. However, since none of
these drugs have proven to be fully effective in halting the development or progression of Alzheimer’s disease, research
is underway to identify new molecules from natural sources that have anti-AChE properties.”

Several AChE inhibitors have been extracted from diverse natural sources. Based on their intricate nitrogen-
containing structure, alkaloids are regarded as the most promising options for the therapy of Alzheimer’s disease
among these natural products.'® The active site of AChE contains two main subsites, the “esteratic” and “anionic”
subsites, which correspond to the catalytic machinery and the choline-binding pocket, respectively. The “esteratic”
subsite consists of a histidine residue (HIE447), while the “anionic” subsite is a tryptophan residue (TRP84) capable of
binding quaternary ligands, which can act as a competitive inhibitor."*

Acetylcholinesterase (AChE) inhibitors are crucial in the management of neurodegenerative disorders, including
Alzheimer’s disease (AD), by regulating acetylcholine (ACh) concentrations in the synaptic cleft. AChE inhibitors
operate at the molecular level by binding to the enzyme’s active site, therefore obstructing the hydrolysis of ACh,
essential for cholinergic neurotransmission. The catalytic triad of acetylcholinesterase, comprising serine (SER203),
glutamate (GLU334), and histidine (HIE447), is essential for its enzymatic function. Inhibition transpires when these
chemicals occupy the active site, so obstructing ACh from binding and undergoing hydrolysis.'>'® The inhibitory
mechanism can be categorized into reversible and irreversible forms. Reversible inhibitors, like galantamine, compete
with acetylcholine for binding at the active site, whereas irreversible inhibitors establish covalent bonds with the enzyme,
resulting in permanent inactivation.'”"'® Moreover, AChE inhibitors may interact with the peripheral anionic site (PAS) of
the enzyme, separate from the active site. This contact may influence the enzyme’s conformation and potentially diminish
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the aggregation of amyloid-beta (AP) peptides, a characteristic of Alzheimer’s disease pathogenesis. Compounds that
target both the active site and the peripheral anionic site (PAS) are being investigated for their dual role in inhibiting
AChE and diminishing A aggregation.'?°

Alkaloid compounds from the genus Erythrina have the potential as inhibitors of the enzyme AChE which is useful in
breaking down acetylcholine into choline and acetate in the decline in thinking and memory of Alzheimer’s patients. The
decline is caused by a decrease in acetylcholine (ACh) resulting in a loss of presynaptic cholinergic transmission levels.
Isolation from plants of the genus Erythrina produced alkaloids with erythrinan, 16-azoerythrinan, tetrahydroisoquino-
line, benzylisoquinoline, quinolizidine, indole and dimer skeletons.'® Generally, plants rich in alkaloids, such as the
genus Erythrina, contain more than 130 species of alkaloid types.?' A study examining the anticholinesterase activity of
leaf extracts from Erythrina velutina found that aqueous extracts are alkaloid-rich extracts can inhibit AChE activity
depending on the concentration.*?

A different study showed that the chloroform fraction of Erythrina variegata bark has AChE inhibitory potential with
IC5 values of 38.03 + 1.987 pug/mL for AChE and 20.67 + 2.794 pg/mL. The researchers have established that bioactive
compounds containing indole [7a,1-a] isoquinoline functional groups significantly inhibit AChE Since bioactive com-
pounds with indole [7a,1-a] isoquinoline groups have been documented and recorded for their inhibitory effects against
AChE, the six major alkaloids of this species were subjected to molecular inhibition and molecular dynamics simulations
to predict the inhibitory potential against AChE. Results indicated that Erysotine and Erythraline alkaloids have the
highest binding affinity with AChE. The results of this study provide sufficient evidence supporting the utilization of
indole [7a,1-a] isoquinoline derivatives for the identification of new drug molecules in the treatment of AD.** To date,
there are more than 143 alkaloids that have been isolated from genus Erythrina.”' However, only a few have been
investigated for their potential in inhibiting AChE, so further research is needed to screen the potential of Erythrina
alkaloids as AChE inhibitors.

The exploration of Erythrina alkaloids as a potential therapy for Alzheimer’s disease (AD) offers a significant
opportunity for therapeutic intervention, especially in comparison to current treatments. Erythrina alkaloids exhibit
mechanisms that may ameliorate cognitive deficits linked to Alzheimer’s disease, paralleling the effects of contemporary
cholinesterase inhibitors like galantamine, which enhance cholinergic function by preventing the degradation of acet-
ylcholine. Recent research has emphasized the neuroprotective properties of Erythrina alkaloids against oxidative stress
and neuroinflammation, both of which contribute to the pathogenesis of Alzheimer’s disease.** Erythrina alkaloids
provide a favorable safety profile, with studies demonstrating that these compounds do not impair motor activity at
effective dosages.*** Erythrina alkaloids provide the potential to deliver therapeutic benefits with minimal side effects,
making them a compelling alternative or complement to current Alzheimer’s disease treatments.

Studies indicate that some Erythrina alkaloids possess neuroprotective characteristics, potentially advantageous in the
context of Alzheimer’s disease. This fosters novel therapeutic approaches for neurodegenerative diseases and has demon-
strated a reduction in oxidative parameters in experimental models, suggesting a possible avenue to mitigate cognitive loss
associated with Alzheimer’s disease.”® The neuroprotective properties of Erythrina alkaloids are associated with their
capacity to regulate oxidative stress and inflammation, both of which play a significant role in the progression of
Alzheimer’s disease. This is especially pertinent due to the growing acknowledgment of oxidative stress as a contributing
element in the onset of Alzheimer’s disease.”’ The prospective therapeutic ramifications of Erythrina alkaloids in
Alzheimer’s disease are notably encouraging, with evidence substantiating their neuroprotective attributes and capacity to
mitigate oxidative stress. Future research must focus on elucidating the underlying mechanisms of action, executing clinical
studies, and investigating the incorporation of this chemical into holistic therapy regimens for Alzheimer’s disease.

Materials and Methods

Alkaloid Structure Preparation

A comprehensive literature analysis has led to the isolation and identification of a total of 143 alkaloid structures from the
genus Erythrina.”' Chemaxon MarvinSketch was used to construct and forecast the two-dimensional (2D) structures and
protonated state structures of alkaloids at a physiological pH of 7.4. The protonated state of the three-dimensional
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structures was optimized using the Merck molecular force field (MMFF94). The 3D structure in its protonated state at
a pH level that is typical for the human body was stored in the.pdb file format.”® Subsequently, the file was processed by
including H atoms, applying Gasteiger charges, and designating rotatable bonds for investigation in the docking
procedure. The 3D structure underwent additional processing via molecular docking using AutoDock 1.5.7 tools and
was saved in pdbqt format.

Preparation of Co-Crystallized Proteins and Ligands

Recombinant human acetylcholinesterase in combination with (-)-galantamine crystal structure was acquired from the
Protein Data Bank (PDB) (https://www.rscb.org accessed on June 25, 2024) with the PDB ID 4EY6.?’ The 3D structure
of recombinant human acetylcholinesterase complexed with (-)-galantamine was separated using BIOVIA Discovery

Studio (DS) 2020 Client and saved as a separate.pdb file, while water molecules and ions were removed. Next, both
structures are inputted into AutoDockTools 1.5.7 for molecular docking validation. Nonpolar hydrogen atoms are
discarded, while polar hydrogen atoms are retained. The Gasteiger and Kollmanl2 atomic charges were added to the
structures of galantamine and recombinant human acetylcholinesterase, respectively. The active torsions of the (-)-
galantamine structure were determined according to the recommendations provided by AutoDockTools 1.5.7. The
structure of recombinant human acetylcholinesterase with (-)-galantamine is stored in.pdbqt format.

Molecular Docking Validation and Virtual Screening

The generated protein and co-crystallized ligand structures underwent a redocking process with AutoDock Vina (version
1.2.0). The grid box parameter was configured to dimensions of 36x36 x 40 with a spacing of 0.375 A, including the co-
crystallized ligand and the biggest flavonoid structure for docking purposes. The docking postures produced by
AutoDock Vina were separated using Vina Split, and the most favorable pose (exhibiting the lowest binding score)
was superimposed onto the co-crystallized ligand file. The procedure for validating molecular docking is performed in
accordance with the crystal structure of recombinant human, acetylcholinesterase. A total of 143 three-dimensional
structures of alkaloids from the genus Erythrina were used as targets for docking analysis. Before doing molecular
docking for the test compound, it is crucial to first validate the methodology or perform re-docking. At this step, the
prepared protein and ligand co-crystals are inserted into the AutoDockTools-1.5.7 application. The generated protein and
crystallized ligand structure underwent the redocking procedure using Autodock Vina 1.2.0. The dimensions of the grid
for brain docking are set to encompass the entire galantamine structure, with the grid box parameters set at a size of
36x36 x 40 and a spacing of 0.375 A. This This grid comprises the ligand for crystallization and the primary alkaloid
structure for docking. The lattice box is formed by using coordinates parallel to the co-crystal ligand centered on the
crystal. The arrangement of this box is such that it allows it to accommodate the largest co-crystal ligands and test
ligands.

After the completion of the molecular docking process, an output file of the docking, in.pdbqt format, will be
generated. This file contains various poses of test compounds obtained by molecular docking. The next step is to divide
the different poses of each compound’s docking results into separate files. Upon separating all docking poses, the pose
exhibiting the lowest binding energy is accessed in the Biovia Discovery software and superimposed onto the co-crystal
ligand file before conducting molecular docking. The docking poses generated by Autodock Vina are separated using
Vina Split. This can be achieved by executing the vina split program from the command prompt using the command
vina_split.exe -input. The optimal docking pose with the lowest binding affinity is superimposed with the ligand file that
has been crystallized prior to performing molecular docking to calculate the Root Mean Square Deviation (RMSD) value
using Biovia Discovery Studio (DS) 20 Client which resulted in RMSD of 0.3403 A. The parameter docking of the
redocking procedure is employed for the virtual screening of 143 flavonoids against human acetylcholinesterase protein.

ADMET Prediction and Lipinski’s Rule of Five

The pharmacokinetic parameters, including absorption, distribution, metabolism, excretion, and toxicity (ADMET), and
Lipinski’s Rule of Five (Ro5) calculations are predicted using the online server ADMETIlab, which may be accessed at
https://admetmesh.scbdd.com/. The parameters for assessing drug absorption encompass various factors, including
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solubility in water, Caco2 permeability, human intestinal absorption, susceptibility to P-glycoprotein substrates, and the
potential for substrates to inhibit P-glycoprotein I and II. When predicting distribution parameters, several factors are
taken into account, including steady-state volume of distribution (VDss), unbound fraction, blood-brain barrier (BBB)
permeability, and central nervous system (CNS) involvement. Metabolic studies conducted in silico involve predicting
the impact of inhibition on CYP1A2, CYP2C19, CYP2C9, and CYP2D6 enzymes. In addition, pkCSM is used to
estimate the likelihood of hits that serve as substrates for CYP2D6 and CYP3A4. Excretion mechanism assessment relies
on two criteria: overall clearance and interaction with the renal organic cation transporter 2 (OCT2). The security profile
evaluation involves the use of ADMETLab 2.0 to predict the toxicity and hepatotoxicity of AMES. In addition, a web
server is utilized to assess the potential impact as an inhibitor of the hERG (ether-a-go-go related gene) channels I and
1.

The best compound hits obtained from the virtual screening were evaluated for compliance with Rule of Five (Ro5)
31,32

Lipinski using the SwissADME web server (http://www.swissadme.ch/). The purpose of this stage is to evaluate the

possibility of the hits as medication candidates that can be administered orally and remain effective. Lipinski’s Rule of
Five (Ro5) assesses potential drug candidates by considering their molecular weight (MW), log P value, as well as the
number of hydrogen bond donors (HBD) and acceptors (HBA).

Molecular Dynamic Simulation

Molecular dynamics simulation for the optimal molecule was performed using Amber20 with GPU acceleration.”*~* The
amino acid residues of AChE were parameterized utilizing the ff19SB force field. The partial atomic charges of the ligands
were calculated using the Austin Model 1-Bond Charge Corrections (AM1-BCC) approach within the antechamber
module of Amber—Tools21. Supplementary parameters for the ligand were obtained from the Generalized Amber Force
Field 2 (GAFF2). The alkaloids derived from the genus Erythrina, which have the potential to inhibit acetylcholinesterase,
were subjected to additional analysis using molecular dynamics (MD) simulations based on the results obtained from virtual
screening and toxicity studies. Molecular dynamics simulations were conducted on the most promising compounds using
Amber20 with GPU acceleration, as outlined in our prior research. The AChE amino acid residues were parameterized
using the ff19SB force field.>' The Austin Model 1-Bond Charge Correction (AM1-BCC) approach in the Amber-Tools21
antechamber module determined the ligands’ partial atomic charges. The ligand’s additional properties, including bond
length, bond angle, and dihedral angle, were obtained using the Generalized Amber Force Fields 2 (GAFF2). The leap
module in Amber-Tools21 was utilized to resolve the AChE ligand complex with a dimension of 10 A and to attain a salt
concentration of 0.15 M by introducing minute quantities of Na+ and Cl-ions into the system.

The molecular dynamics simulation process begins with two sequential energy minimization steps. For the protein-
ligand complex, a restraint of 25 kcal/mol was applied in the first step, followed by 5 kcal/mol in the second
minimization step. Following the minimization step, we raised the system temperature to 300 K under 50-ps NVT
(Number-Volume-Temperature) conditions before switching to NPT (Number-Pressure-Temperature) conditions. After
that, the system density was adjusted to 1 g/cm3 during the 50-ps period. In subsequent NVT simulations, the restraint on
the solute was gradually reduced by 1 kcal mol A-1-2 every 50 ps until it completely disappeared.

Results

Virtual Screening and Molecular Docking

A total of 143 alkaloid structures isolated from the genus Erythrina were screened against the crystal structure of
recombinant human acetylcholinesterase (PDB-ID 4EY6). The binding energies of these alkaloids were compared with
those of the recombinant human acetylcholinesterase co-crystal ligand, (-)-galantamine, which is a known inhibitor of
human acetylcholinesterase, and with those of acetylcholine, the natural substrate of acetylcholinesterase. From the
virtual screening, 55 alkaloids exhibited lower binding energies than that of (-)-galantamine and/or acetylcholine
(Table 1). In molecular docking, lower binding energy indicates a more stable and favorable interaction between the
compound and the target. Therefore these 55 alkaloids may have potentials to inhibit AChE.>”
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Table | Virtual Screening Data of 55 Alkaloid Compounds From the Genus Erythrina That
Have Low Binding Energy to Acetylcholinesterase

Name of Compounds

Subclass Alkaloids

Binding Affinity (kcal/mol)

Erythrivarine D (136) Dimerik —11.92
Erytharborine B (67) Dienoid -11.27
Erythrivarine C (135) Dimerik —11.10
Erytharborine A (66) Dienoid —10.67
Erythrivarine B (134) Dienoid —10.61
10,1 1-Dioxoerysotramidine (46) Dienoid -10.29
Erythrivarine A (133) Dimerik -10.23
10B-hidroksi- | | B-metoksierysotramidin (54) Dienoid —10.12
10,1 I-dioxoerythraline (41) Dienoid —10.06
Erytharbine (50) Dienoid —9.986
10,1 1-Dioxoerythratine (102) Alkenoid -9.915
| 1-Oxoerysopine (29) Dienoid —9.751
Erisodin-N-oksida (56) Dienoid —9.704
10,1 1-Dioxoerythratidineone (105) Alkenoid —9.66
| 1-Hydroxyerysotine (84) Alkenoid —9.608
Erisotramidin (31) Dienoid —9.563
8-Oxo-f-Eritroidine (125) Lactonic —9.468
8-oxoerymelanthine (128) 16-Azaerythinan —9.468
10-Oxoerythrinine (40) Dienoid —9.454
Crystamidine (49) Dienoid —9.447
I I-B-Hydroxyerysotramidine (33) Dienoid —9.434
Erisodinoforin hidroksida (130) Dimerik —9.423
a-Eritroidin (121) Laktonik —9.388
Erysotinone (97) Alkenoid —9.388
Erisoforin klorida (129) Dimerik —9.380
8-Oxoerythrinine (38) Dienoid —9.347
Erytharborine H (44) Dienoid —9.346
8-Oxoerythraline (37) Dienoid —9.238
Erysoflorinone (98) Alkenoid -9.220
B-Eritroidin (124) Laktonik —9.106
Erysodienone (116) Alkenoid —9.081
| I-B-metoksieritralin (25) Dienoid —8.985
Erytharborine F (104) Alkenoid —8.960
| I-Methoxyerythratine (92) Alkenoid —8.834
| I-Oxoerysovine (28) Dienoid —8.795
Erytharborine E (113) Alkenoid -8.718
Erisopinoforin hidroksida (131) Dimerik —8.708
Cristanines B (93) Alkenoid —8.668
I I-B-Methoxyglucoerysodine (73) Dienoid —8.525
Erythratidinone (95) Alkenoid —8.507
Epierythratine (89) Alkenoid —8.485
I 1-<-Hidroksierysodin (13) Dienoid —8.297
I 1-<-Hydroxyerythravine (21) Dienoid —8.290
I I-Hydroxyepierythratine (91) Alkenoid —8.129
Metil ester hipaforin (141) Indole —8.111
Eritratidin N-oksida (111) Alkenoid -8.014
Erythritol (115) Alkenoid —7.987
I 1-B-Methoxyerysodine (18) Dienoid —7.957
Cristanine F (118) Alkenoid —7.809
I 1-B-Hydroxyerysovine (17) Dienoid =7.791
(Continued)
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Table | (Continued).

Name of Compounds

Subclass Alkaloids

Binding Affinity (kcal/mol)

Erysotrine (7) Dienoid —7.653
Cristanine G (106) Alkenoid -7.593
| 1-x-Hydroxyerysotrine (12) Dienoid —-7.591
IH-Indole-3-propanamide (144) Indole —-7.571
Erytharborine D (108) Alkenoid —7.557
(-) -galantamine Co-crystallized ligand —10.440
Acetylcholine Natural ligand —4.495

Toxicity Prediction

Toxicology prediction is a fundamental component of the process of determining the potential adverse effects that a given

substance may have on human health. It has been demonstrated that continuous exposure to chemicals typically results in

genotoxicity, carcinogenicity, immunotoxicity, and reproductive and developmental toxicity in humans.*®>” The toxic

endpoints subjected to evaluation were mutagenicity, hERG inhibition, and hepatotoxicity. Among the 55 alkaloids under

consideration, three were identified as being potentially safe with respect to mutagenicity, hERG inhibition, and

hepatotoxicity. Based on the 55 structures obtained, these potential AChE inhibitors were evaluated for toxicity. The

results indicated that the three alkaloids from the genus Erythrina exhibited a low to moderate toxic risk (Table 2). The

three compounds were 8-oxoerymelanthine (128) and erysophorine chloride (129) and 1H-indole-3-propanamide (144)

(Figure 1).

Table 2 Toxicity Prediction of 55 Alkaloid Compounds From the Genus Erythrina That Have Low

Binding Energy to Acetylcholinesterase

Compounds Toxicity Parameters
hERG blocker | H-HT | DILI | Mutagenic | Carcinogenicity | Respiratory Toxicity
136 MR HR LR HR HR MR
67 LR HR LR MR MR HR
135 LR HR LR LR HR MR
66 LR HR LR LR LR HR
134 LR HR LR LR HR LR
46 LR HR HR HR HR HR
133 LR HR LR LR HR MR
54 LR HR HR HR HR HR
41 LR HR MR HR HR MR
50 LR HR HR HR HR HR
102 LR MR MR MR HR HR
29 LR MR MR HR HR HR
56 LR HR LR HR HR HR
105 LR LR MR MR HR LR
84 LR MR LR MR MR HR
31 LR HR LR HR HR SDM
125 LR MR HR MR MR HR
128 LR LR LR LR LR LR
40 LR HR MR HR HR HR
49 LR HR HR MR HR HR
(Continued)
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Table 2 (Continued).

Compounds Toxicity Parameters
hERG blocker | H-HT | DILI | Mutagenic | Carcinogenicity | Respiratory Toxicity

33 MR HR HR HR HR HR
130 LR MR LR LR LR HR
121 MR MR LR LR LR HR
97 LR MR LR HR HR LR
129 LR LR LR LR LR LR
38 MR HR HR HR HR HR
44 LR HR LR MR HR HR
37 MR HR MR HR HR MR
98 LR MR LR HR HR MR
124 MR MR LR LR LR HR
116 LR MR HR HR HR HR
25 MR HR LR MR HR HR
104 LR MR LR HR HR MR
92 LR HR LR MR MR HR
28 LR MR MR MR HR HR
113 LR LR LR MR HR HR
131 LR MR MR LR LR HR
93 LR MR LR LR LR HR
73 LR HR LR LR LR HR
95 LR MR LR HR HR MR
89 LR HR LR HR MR SDM
13 LR HR LR MR HR SDM
21 LR HR LR LR HR SDM
9l LR HR LR HR HR HR
141 MR HR HR HR MR MR
11 LR MR LR HR LR HR
115 LR HR LR HR HR HR
18 MR HR LR HR HR HR
118 LR HR LR LR HR HR
17 MR HR LR LR HR HR
7 LR HR LR MR HR HR
106 LR HR LR MR MR HR
12 LR HR LR MR HR HR
144 LR MR LR LR LR MR
108 LR HR LR LR HR HR

Abbreviations: HR, high risk; MR, moderate risk; LR, low risk, H-HT, human hepatotoxic; DILI, drug-induced liver injury.

Molecular Dynamics Simulation

From molecular docking and in silico toxicity screening, we identified 8-oxoerymelanthine (128) as a potential AChE
inhibitor with a low toxicity profile. To further evaluate the potency of 128 as an AChE inhibitor candidate, this
compound was subjected to molecular dynamics simulation. The result can be described in terms of Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuation (RMSF), and MMGBSA Free Energy Calculation.

Root Mean Square Deviation (RMSD)

The RMSD values of the Apo form along with AChE-ACh complex, AChE-GNT complex, and AChE-128 complex are
given in Figure 2. The apo state of acetylcholinesterase (AChE) shows the highest RMSD, with a mean value of 1.673 A
and a mean absolute deviation (MAD) of 0.321 A. While the AChE-128 complex showed a low RMSD almost close to
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(128) (129) (144)

Figure | Structures of compounds (128), (129), and (144).

821—3UdV

RMSD (A)

Yov-3udv

INO—3UdVv

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100
Time (ns)

Complex — A128 — Acetylcholine — Apo — Galantamine

Figure 2 RMSD plot of AChE-compound 128 complex (cyan-red), AChE-galantamine complex (purple), AChE-acetylcholine (green), and AChE apo form (blue).

galantamine (mean value = 1.584 A and MAD = 0.138 A), when compared to the AChE-Apo and AChE-ACh complexes
(as shown in Table 3). Compound 128 shows good stability with relatively low RMSD values, more stable than Apo and
Acetylcholine, but has almost the same RMSD value but lower than Galantamine.

Table 3 RMSD Data of Compound 128,
Apo State, Acetylcholine, and Galantamine

Variables Median | MAD | Mean
Apo 1.783 0.321 1.673
Acetylcholine 1.721 0.127 | 1.674
Galantamine 1.592 0.150 1.562
Compound 128 | 1.671 0.138 | 1.584
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Root Mean Square Fluctuation (RMSF)

The RMSF values of the AChE-128 complex, along with AChE-GNT, AChE-acetylcholine, and the Apo form of AChE,
are given in Figure 3. The overall RMSF value of compound 128 is smaller than that of Acetylcholine and Galantamine,
indicating that 128 has more stable residue regions. When compared to the state of Apo, the RMSF value of compound
128, although it has some significant fluctuation peaks, is overall lower than Apo. Upon closer inspection of the 100 ns
trajectories within various structural regions, including the triad, omega loop, and George entry, significant differences
emerged between the apo (unbound) form and the ligand-bound form of AChE. Compound 128 has the ability to stabilize
residues near the binding site better than Acetylcholine and Apo.

MMGBSA Free Energy Calculation

The Molecular Mechanics Generalized Born Surface Area (MMGBSA) analytical approach quantifies the Gibbs free
energy (AG) value obtained from ligand-receptor complex stability evaluation. A highly negative AG value signifies
a more robust and enduring interaction between the ligand and receptor. The stability of ligand-receptor complexes was
assessed in this work by the use of the Molecular Mechanics Generalized Born Surface Area (MMGBSA) theory in
molecular dynamics simulation.*® MMGBSA AG calculations from molecular dynamics simulation trajectories explained
that compound 128, compared to galantamine (a well-known AChE inhibitor) and acetylcholinesterase (an AChE native
substrate), had the lowest binding energy (Figure 4), with the lowest Gibbs free energy, indicating that this ligand-
receptor complex is more stable compared to other ligands.

To evaluate whether there were significant differences among the three complexes, we performed the Kruskal-Wallis
rank sum test, followed by Dunn’s multiple comparison test using the Bonferroni method as a post hoc test.** This study
showed that compound 128 had the highest stability in binding to the receptor based on the AG value of the MMGBSA
analysis, followed by galantamine and acetylcholine (Figure 4).

Pharmacokinetics and Lipinski’s Rule of Five
After toxicity screening and molecular dynamics simulation of the alkaloid compounds, we performed pharmacokinetic
evaluation of the best-hit non-toxic alkaloid compounds through in silico studies summarized in Table 4. The 128 best-hit
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alkaloid compounds were further assessed for drug similarity using Lipinski’s Rule of Five (RoS5) through the
SwissADME web server. The 128 best-hit alkaloid compounds met the Ro5 minimum requirements, with MW 246.30
g/mol, number of HBD of 1, number of HBA of 2, log P value less than 5, and molar refractivity value of 69.50. These

results indicate that the alkaloid compound 128 is a drug-like molecule and an orally active drug candidate.

Statistical Analysis

Statistical analysis was performed using R programming language.*’
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Table 4 Pharmacokinetic Prediction of Compound
128

Pharmacokinetic Parameters Compound 128

Absorption
Permeabilitas Caco-2 Permeability | —5.505
Permeabilitas MDCK Permeability | |.4e-05

Pgp inhibitors Low probability
Pgp-substrate Low probability
Human intestinal absorption High

Distribution

Plasma protein binding (PBP) 11.997%

Volume distribution (VD) 0817

BBB Penetration Medium penetration
Unbound fractions 84.737%

Metabolism

CYPIA2 inhibitors No.
CYPIA2 substrate Yes.
CYP2CI9 inhibitors No.
CYP2C19 Substrate No.
CYP2C9 inhibitors No.
CYP2C9 Substrate Yes.
CYP2Dé6 inhibitors No.
CYP2D6 substrate Yes.
CYP3A4 inhibitors No.
CYP2A4 substrate No.
Excretion

Total clearance 3.090

Discussion

Alzheimer’s disease is a chronic neurodegenerative disease that is becoming one of the biggest global health problems,
with a significant increase in cases every year. Currently available therapies and treatments have many side effects with
effectiveness that decreases over time, so new therapeutic agents that are more effective and safer are needed.”® Alkaloids
are a group of natural substances found as important components of plants that exhibit significant biological, pharma-
cological, and physiological effects. Alkaloid compounds from the genus Erythrina have significant potential as AChE
inhibitors, which can be further developed as a therapy for AD.* A total of 143 alkaloid structures that have been
isolated from the genus Erythrina were screened against the crystal structure of recombinant human acetylcholinesterase
(PDB-ID 4EY6). The binding affinities of these alkaloids were compared to the recombinant human acetylcholinesterase
co-crystal ligand, (-)-galantamine, which is a known inhibitor of human acetylcholinesterase. The binding affinity of this
alkaloid was compared with that of the recombinant human acetylcholinesterase co-crystal ligand, ie, (-)-galantamine,
which is a known inhibitor of human acetylcholinesterase. Their binding affinity was also compared with acetylcholine,
the natural substrate of acetylcholinesterase. Among the 143 alkaloid compounds that have been subjected to virtual
screening through molecular docking, the top 55 compounds that have lower binding affinity than (-)-galantamine and/or
acetylcholine (Table 1).

These compounds have lower binding affinity compared to (-)-galantamine, which is an acetylcholinesterase inhibitor.
Some of these alkaloids have excellent binding energy values. Compounds that have lower binding affinity show greater
potential for inhibiting AChE, as they are able to interact more strongly with the active site of the enzyme. Low binding
affinity is a key indicator of the potency of an effective AChE inhibitor. This is important within the framework of
Alzheimer’s disease, the inhibition of AChE may potentially enhance the levels of acetylcholine in the brain, thereby
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leading to beneficial effects on cognitive performance in affected individuals.*' The identification of the top 55 alkaloid
compounds based on their lower binding affinity compared to (-)-galantamine and/or acetylcholine is an important part of
the process of assessing potential compounds for further research in the context of drug development or biochemical
research. The compounds fall into the subclasses of dimeric alkaloids, dienoids, alkenoids, lactonics, indoles, and 16-
azaeritinan. The virtual screening campaign conducted showed that many alkaloids from the genus Erythrina have
potential as acetylcholinesterase inhibitors. Nevertheless, these molecules must meet the drug similarity criteria in order
to be effective as oral medications. Thus, in the subsequent stage, the best-hit compounds obtained were evaluated for
toxicity using the SwissADME online server.

Toxicology prediction is essential to establish the potential negative effects that a substance may have. This is because
continuous exposure to chemicals usually results in genotoxicity, carcinogenicity, immunotoxicity, and reproductive and
developmental toxicity in humans. To evaluate the risks posed by chemicals or drug candidates, toxicity assessment
requires in vitro, in vivo, and in silico techniques.*®*” The assessed toxicological endpoints include mutagenicity,
suppression of hERG, and hepatotoxicity. Mutagenic medications refer to pharmaceutical compounds that have the
potential to cause genetic alterations or genotoxic consequences in personnel who are exposed to them.** Screening for
hERG inhibitors is a crucial stage in pharmaceutical research aimed at identifying substances capable of inducing cardiac
arrhythmias via the inhibition of hERG channels. The hepatotoxicity of hERG inhibitors is a significant factor
contributing to the withdrawal of drugs from the pharmaceutical market and hindering the progress of novel molecule
development.*® Toxicity prediction is a critical step in drug development, especially to ensure that the identified potential
compounds do not cause harmful side effects in patients. The 55 alkaloid compounds from the genus Erythrina selected
based on their binding affinity to AChE were further evaluated for their toxicity profile using an in silico approach.
A total of 55 alkaloid compounds were subjected to in silico toxicity screening to estimate their toxicity capabilities,
encompassing hERG inhibitors, human hepatotoxicity, drug-induced liver damage (DILI), mutagenicity, carcinogenicity,
and respiratory toxicity. Among the 55 alkaloid compounds, no compounds were predicted to have a high risk as hERG
inhibitors. Among the compounds assessed, 34 were identified as having a significant risk of hepatotoxicity, 9 as having
a high risk of causing drug-induced liver injury (DILI), 23 as having a high risk of mutagenicity, 37 as having a high risk
of carcinogenicity, and 40 as having a high risk of respiratory toxicity. Based on the 55 structures obtained, these
potential AChE inhibitors were evaluated for toxicity, and we found that three alkaloid compounds from the genus
Erythrina showed low to moderate toxic risk (Table 2).

Among the 55 alkaloids evaluated, three compounds showed the lowest toxicity profile and were predicted to be safe
for further development. A total of three were predicted to be safe from mutations, hERG inhibitors, and hepatotoxicity.
The compounds were 8-oxoerymelanthine (128) and erysophorine chloride (129) and 1H-indole-3-propanamide (144)
(Figure 1). Among the three alkaloids obtained, the best hit with lower binding affinity than galantamine (GNT) and
predicted to show low toxicity was identified. The top-hit alkaloid compound 8-oxoerymelanthine (128) was further
analyzed by molecular dynamics to evaluate the stability of AChE after binding with these compounds, followed by in
silico pharmacokinetics and drug similarity prediction to evaluate the potential of these compounds to be developed as
potential drugs for AD therapy.

Based on the three best compounds obtained, the best hits were evaluated for further analysis with molecular
dynamics. The results can be described in terms of free binding energies (RMSD, RMSF, and MMGBSA). Lower
RMSD values indicate that the system structure remains closer to the reference structure, which signifies better stability.
RMSD analysis measures the average deviation from the initial structure throughout the simulation time. The RMSD
gives an idea of the global change in conformation.***> RMSD is used to measure the global structural similarity of
macromolecules after roto-translational least-squares fitting.*® The RMSD values of the Apo form along with the AChE-
ACh complex, AChE-GNT complex, and AChE-128 complex are given in Figure 2. The apo state of acetylcholinesterase
(AChE) showed the highest RMSD, with a mean value of 1.673 A and a mean absolute deviation (MAD) of 0.321 A.
While the AChE-128 complex showed a low RMSD almost close to galantamine (mean value = 1.584 A and MAD =
0.138 A), when compared to the AChE-Apo and AChE-ACh complexes (Table 3).

Compound 128 shows good stability with a relatively low RMSD value, more stable than apo and acetylcholine, but
has an RMSD value that is almost the same and lower than galantamine. The RMSD plot (Figure 2) shows that
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compound 128 stabilizes the AChE protein due to the AChE-128 complex, shown with an average value of 1.584 A and
MAD of 0.138 A (Table 3). Compound 128 has almost the same RMSD value as galantamine, indicating that complex
has high stability with a low RMSD value but is not as good as galantamine. The interaction between compound 128 and
the protein is strong enough to maintain stability, but there may be some factors that cause small shifts in the structure.
Ligands that can form strong, stable interactions with the protein (such as galantamine and compound 128) are better able
to keep the protein conformation close to the initial reference structure, reduce fluctuations, and provide higher stability
throughout the simulation. In the analysis, it should be noted that lower RMSD values indicate greater stability in the
biomolecular structure during these interactions.*” The stability of the AChE-128 complex is further supported by the
RMSF plot. The lower RMSD value and better stability throughout the simulation indicate that the compound 128-
receptor complex is more stable compared to galantamine and acetylcholinesterase. Therefore, in terms of residue
structure stability, compound 128 showed lower fluctuations and was more stable compared to apo, acetylcholine, and
galantamine.

RMSF (Root Mean Square Fluctuation) measures the average fluctuation of atomic positions in residues throughout
the simulation, providing insight into the local flexibility of residues in a protein. RMSF analysis measures fluctuations
by calculating the root mean square deviation of the atomic positions from their equilibrium positions.*® RMSF plots
serve as a general representation for residues that have undergone substantial changes during MD simulations.*’ The
RMSF values of the AChE-128 complex, along with AChE-GNT, AChE-acetylcholine, and the Apo form of AChE, are
given in Figure 3. The overall RMSF value of compound 128 is smaller compared to acetylcholine and galantamine,
indicating that compound 128 has more stable residue regions. When compared to the state of Apo, the RMSF value of
compound 128, although it has some significant fluctuation peaks, is overall lower than Apo. Upon closer inspection of
the 100 ns trajectories within various structural regions, including the triad, omega loop, and George entry, significant
differences emerged between the apo (unbound) form and the ligand-bound form of AChE. Compound 128 has the
ability to stabilize residues near the binding site better than acetylcholine and apo. This could be due to the stronger
interaction and better fit to the protein binding site, thus stabilizing the residues near the binding site.

The RMSF plot for compound 128 shows that most residues have low to moderate fluctuations (0-2 A), and some
residues show higher fluctuations (above 3 A), which may be in loops or more flexible surface regions. The results of
RMSF analysis on acetylcholinesterase (AChE) provide deep insights into the dynamics and stability of key domains in
this enzyme, especially in the context of ligand binding of compounds 128, acetylcholine, and galantamine. The catalytic
triad domain, consisting of serine, histidine, and glutamate residues, plays a major role in the hydrolysis process of
acetylcholine, such as HIE447. The catalytic domain contains the catalytic site and is located at the base of the active
gorge. It is responsible for the formation of acyl-enzyme intermediates that are important in the catalytic mechanism and
facilitate the occurrence of acetylcholine hydrolysis. The catalytic site of AChE is located at the base of a deep and
narrow active gorge, which enables high catalytic efficiency despite its complex architecture.’®! The low RMSF value
around the catalytic domain indicates high stability for enzymatic activity. The stability of this domain is important to
ensure an efficient catalytic reaction.”> When AChE interacts with ligand 128, the stability around this domain generally
increases, indicating the conformational locking required for effective enzyme inhibition.

While the oxyanion hole of AChE plays an important role in stabilizing the transition state during the catalytic
reaction. The low RMSF of these residues indicates the stability required to hold the transition state and prevent
fluctuations that could disrupt catalysis.>>>* The active site domain is gorged with key residues such as TRPS6,
TYR337, and GLU202. The low RMSF value indicates that the residues in the active site gorge have little fluctuation
and can be interpreted as a sign of high structural stability. Fluctuations in the active site gorge facilitate substrate binding
and release. The flexibility required for ligand or substrate binding and release is based on the fluctuations measured
along the active gap.”>~° The Peripheral Anionic Site (PAS) domain is a crucial region in AChE that plays an important
role in enzyme function and inhibition. This domain is critical to understanding how stability and flexibility affect the
overall function of AChE.”” Residues in the Peripheral Anionic Site include TRP86 and TYR337. Residues in PAS that
exhibit low RMSF tend to be more stable, indicating that PAS can effectively maintain the conformation required for
substrate or inhibitor binding.
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Key residues from AChE domains such as TRP86, TYR337, TYR133, HIE447, GLU202, and SER203 play a crucial
role in the binding of acetylcholine at the active site of Acetylcholinesterase (AChE) (Figure 5). These residues ensure
that acetylcholine is firmly bound, in the right conformation, and ready to undergo the catalytic reaction. TRP86 and
TYR337 provide hydrophobic stabilization through pi interactions, while residues TYR133 and HIE447 support
orientation and catalysis of hydrolysis reactions. Residues GLU202 and SER203 play a role in orienting and breaking
down acetylcholine molecules. These overall interactions allow AChE to efficiently perform its function of breaking
down acetylcholine, which is key in the regulation of synaptic transmission in the nervous system.

Key residues such as TRP86, TYR337, TYR133, HIE447, GLY 120, GLU202, and SER203 play an important role in
the pharmacophore interaction of galantamine and candidate inhibitor compound 128 with the acetylcholinesterase
enzyme, which will form conventional hydrogen bonds and significant pi-alkyl interactions. These residues help stabilize
the position of the compound within the active site, ensuring effective inhibition of the enzyme. This bonding allows
galantamine to increase acetylcholine levels in the nerve synapse, which is important for improving cognitive function in
Alzheimer’s patients. In compound 128, residues such as TRP86, TYR337, TYR133, HIE447, GLY 120, GLU202, and
SER203 also play an important role in forming interaction patterns similar to galantamine, including hydrogen and pi-
alkyl bonds. Compound 128 shows interactions with residues such as TRP, TYR, HIE, SER, GLY, and GLU with similar
interaction patterns but not completely identical to galantamine. In both compounds, pi-alkyl and pi-stacked interactions
were seen, suggesting that they interact with target proteins through a mechanism involving aromatic rings. These
interactions make an important contribution to the binding affinity and specificity of both compounds with the enzyme.>®
The similarity in the type and location of these interactions suggests that compound 128 has the potential to mimic the
binding mechanism of galantamine, which could make it a promising alternative candidate as an acetylcholinesterase
inhibitor. The galantamine compound and candidate inhibitor compound 128 form conventional hydrogen bonds that are
important for the stabilization of the molecule within the active site. For example, hydrogen interactions involving
residues such as SER and TYR on galantamine can also be found on compound 128, indicating that these two
compounds are capable of forming similar bonds with the same part of the enzyme (Figure 5).

A side-to-side comparison of the interactions formed by the galantamine inhibitor with the candidate inhibitor
compound 128 revealed that both compounds Both compounds exhibit interactions involving conventional hydrogen, pi-
alkyl, and Van der Waals bonds. Although there are some recurring residues in both interactions (such as TYR and PHE),
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Figure 5 The 2D representation of galantamine (left) and 128 (right) interaction with active site of AChE.
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the specific residues involved are different. This suggests that the two inhibitors have different binding modes, even
though they both bind to the same active site. Conventional hydrogen and Pi-Pi-stacked interactions are often stronger
and more specific than Van der Waals or Pi-Alkyl interactions. Compound 128 may have stronger binding to AChE than
galantamine, specifically through Pi-Pi-stacked interactions. Based on the interactions seen, compound 128 might show
higher affinity towards AChE compared to galantamine, as it has more specific types of interactions, such as Pi-Pi
Stacked.

Galantamine’s pharmacophore focuses on hydrogen interactions and aromatic interactions with one main benzene
ring, making it an effective but possibly less flexible inhibitor. However, compound 128 exhibits a more complex
pharmacophore with more aromatic rings, increasing Pi-Pi interactions and possibly providing greater structural
flexibility. This makes compound 128 potentially more effective as an AChE inhibitor than galantamine, due to its
ability to form more and stronger interactions with the enzyme target. Aromatic interactions (Pi-Pi interactions) in
galantamine rely on one aromatic ring that interacts with aromatic residues in AChE. Whereas compound 128 has two or
more aromatic rings that can potentially increase the number and strength of Pi-Pi interactions, especially stacked Pi-Pi
interactions, which are more stable Galantamine donors and acceptors feature hydrogen donors and acceptors involved in
multiple hydrogen bonds, important for bonding affinity. Whereas compound 128 has hydrogen donors and acceptors,
their contributions may be more focused on non-covalent interactions such as Pi-Pi. The structure and flexibility of
galantamine are relatively rigid, with a cyclohexane ring and a single aromatic ring, which might limit some aspects of
interaction with AChE. However, with compound 128 having more aromatic rings and possibly a more flexible structure,
these compounds may be better able to conform to the AChE active site and form more interactions.

The inhibitor compound 128 has significant structural similarities with galantamine, especially in terms of orientation
and position relative to the target (Figure 6). Galantamine and the inhibitor compound 128 have fairly close positions,
which suggests that they may interact with the target residues at the same or similar places, especially at their aromatic
nuclei. This signifies that the two compounds are likely to occupy the same space within the active site of the target
enzyme. The overlap seen in the major parts of the core structure (especially the aromatic ring) indicates that they may
bind at similar binding sites with similar interaction mechanisms. The orientation of the aromatic rings in both
compounds looks similar, which is an important indicator that they may interact with the same target active site or at
least have similar binding mechanisms.

The Molecular Mechanics Generalized Born Surface Area (MMGBSA) analysis approach quantifies the Gibbs free
energy (AG) value obtained from ligand-receptor complexes to assess their stability. Stronger and more persistent contact

Figure 6 Structural overlay of galantamine (blue) and compound 128 (green) within the binding site of acetylcholinesterase (AChE).
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between the ligand and receptor is indicated by a larger negative AG value. The stability of ligand-receptor complexes
was assessed in this work by applications of the Molecular Mechanics Generalized Born Surface Area (MMGBSA)
approach in molecular dynamics simulations.”® MMGBSA AG calculations from molecular dynamics simulation
trajectories explained that compound 128, compared to galantamine (a well-known AChE inhibitor) and acetylcholines-
terase (AChE native substrate), had the lowest binding energy (Figure 4), with the lowest Gibbs free energy, indicating
that this ligand-receptor complex is more stable compared to other ligands.

Therefore, to evaluate whether there is a significant difference among the three complexes, the Kruskal-Wallis rank
sum test was performed. This test was followed by Dunn’s multiple comparison test using the Bonferroni method as
a post hoc test.** The study showed that compound 128 had the highest stability in binding to the receptor based on the
AG values from MMGBSA analysis, followed by galantamine and acetylcholine. This difference was statistically
significant, indicating the potential of 128 as a potent and stable ligand for pharmacological applications (Figure 4).
Therefore, compound 128 has potential as an AChE inhibitor.

MMGBSA free energy calculations of compound 128 showed that it has a much lower binding energy compared to
galantamine and AchE. Compound 128 has the highest stability in binding to the receptor (most negative AG), followed
by galantamine and then acetylcholine. The MMGBSA analysis gave a median AG value for compound 128 of —70.99
kJ/mol, acetylcholine of —24.33 kJ/mol, and galantamine of —42.85 kJ/mol. Compound 128 has the most negative AG
value, indicating that this ligand-receptor complex is the most stable compared to other ligands. This high stability may
be due to the stronger and more favorable interaction between compound 128 and the active site of the receptor.
Compound 128 had the lowest median AG value (—70.99 kJ/mol), which means that the AChE residues help to stabilize
the complex with the ligand by providing more energy. The distribution range of AG values for compound 128 is quite
narrow, indicating that the interaction between compound 128 and AChE residues is quite stable and consistent at various
simulation positions. Energy decomposition analysis using the MMGBSA (Molecular Mechanics Generalized Born
Surface Area) method of various residues in the AChE protein within a certain time range can identify residues that
contribute greatly (AG MMGBSA value < —4 kcal/mol) as key residues in protein or ligand interactions (Figure 7).
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Figure 7 Heatmap of Residue-Based Free Energy Changes (AG MMGBSA) Over Time for 128 System.
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Energy decomposition analysis of MMGBSA revealed that the key residues in AChE that play vital roles in the
stabilization of protein-ligand complexes are TRP86, TYR133, TYR337, and HIE447. The key residue TRP86, which
has the highest van der Waals energy contribution (—4402 kcal/mol) and the lowest total energy (—7310 kcal/mol), forms
the center where the ligand binds to the AChE active site. Strong hydrophobic forces keep the interaction stable Residues
TYRI133 and TYR337 also make important contributions, each with stable electrostatic and van der Waals energy
contributions. Residue TYR133 showed significant electrostatic interactions (—4.397 kcal/mol), possibly through the
formation of hydrogen bonds that cement the orientation of the ligand in the active site. At the same time, residue
HIE447, which has a moderate van der Waals energy contribution (—1.674 kcal/mol), helps keep the active site
environment good for ligand binding. Taken together, these residues not only ensure the stability of the complex but
also guide the design of more specific and effective AChE inhibitors, with the potential of slowing the progression of AD
through stronger and more selective binding to the target enzyme.

The Kruskal-Wallis statistical test showed a significant difference between these three ligands with x 2 =21.84 y 2 =
21.84 and a p-value of 1.81x10 —5 1.81x10 —5, with a significant difference between the median Gibbs free energy (AG)
of the three ligands. Further analysis by Dunn’s test with Holm’s correction showed significant differences between some
pairs of ligands, indicated by horizontal lines and adjusted p-values (Holm-adj)** (Figure 4). This finding suggests that
the binding of 128 is more favorable compared to galantamine and acetylcholinesterase and thus may indicate activity
and the potential for inhibition against AChE. Based on the results of molecular dynamics simulations and toxicity
studies, it is evident that compound 128 could have potential as an AChE inhibitor and be a potential drug candidate.
Therefore, in the next step, we performed in silico pharmacokinetics to predict the pharmacokinetic properties and
predicted Lipinski’s rule of five calculation. Pharmacokinetics refers to the temporal progression of medication con-
centration in the body following its delivery. The processes encompassed in this category are absorption, distribution,
metabolism, and excretion (ADME). Lipinski’s rule of five prediction assesses the resemblance between drugs and
identifies if a chemical molecule with a certain pharmacological activity possesses physical and chemical characteristics
that qualify it as an orally active drugs in humans.

Pharmacokinetic evaluation is a scientific discipline that investigates the movement of foreign chemicals in the body,
which includes absorption, distribution, metabolism, and excretion.’® Evaluation of the pharmacokinetic profile of a drug
candidate is an important step in the drug development process, which is crucial at any stage of drug candidate
development. This technique can help prevent potential failures in clinical trials by allowing precise prediction of
pharmacokinetic characteristics. Anticipating these characteristics in the early stages of pharmaceutical design and
development can help prevent setbacks in subsequent clinical trials of potential drugs.®® Therefore, for potential alkaloid
compounds with low to moderate toxicity endpoints, we continue to evaluate their pharmacokinetic parameters in silico.
The toxicity evaluation approach can be used to predict pharmacokinetics for decision-making in the development and
potential of a new drug candidate compound. The toxicity screening and molecular dynamics simulation of the alkaloid
compounds was followed by the pharmacokinetic evaluation of the best hit non-toxic alkaloid compounds (128) through
in silico studies (Table 4).

Alkaloid compounds 128 with the highest number of hits were evaluated for drug similarity using Lipinski’s Rule of
Five (Ro5) through the SwissADME web site. As per Ro5, the medicine must possess a molecular weight (MW) below
500 Daltons (Da), a hydrogen bond density (HBD) and a hydrogen bond anion (HBA) below 5 and 10, respectively, and
a logP value below 5. The compound must satisfy the three necessary criteria to be classified as a drug-like molecule.*>*°
The best-hit compound 128 alkaloids met the Ro5 minimum requirement, with MW of 246.30 g/mol, number of HBD of
1, number of HBA of 2, log P value less than 5, and molar refractivity value of 69.50. These results indicate that the
alkaloid compound 128 is a drug-like molecule and an orally active drug candidate.

The pharmacokinetic and toxicity characteristics of prospective drug candidates should be considered early on to
reduce the failure rate during the clinical phase of drug discovery. Undesirable pharmacokinetics and toxicity are crucial
elements contributing to the expensive late stages of drug development failure.®' In terms of drug absorption parameters,
the prediction model shows that compound 128 has a Caco-2 and MCDK permeability with a medium value range. This
permeability indicates the ability of the compound to pass through Caco-2 cells, which is a model for intestinal
absorption. The value indicates low-to-medium permeability but means that the compound is able to penetrate the

196 htps: Advances and Applications in Bioinformatics and Chemistry 2024:17



Permana et al

intestinal wall. On the other hand, the medium MDCK permeability implies that a compound can cross the renal tubular
epithelium, or permeability, through MDCK cells. Compound 128 has values with medium Caco-2 and MDCK
permeability, which have the potential to be well absorbed and easily eliminated, making it a potential candidate for
drug development.®* Predictions on Pgp inhibitors and substrates show that compound 128 is predicted to have a low
probability as a Pgp inhibitor and as a Pgp substrate. This suggests that compound 128 does not inhibit Pgp and is not
pumped out by Pgp. This is advantageous as it reduces the risk of adverse drug interactions and increases the plasma
stability and effectiveness of the compound. The compound will not be affected by Pgp activity pumping the drug out of
the cell, so it can achieve higher and more stable concentrations in the systemic circulation and target tissues.®> In
addition, compound 128 is predicted to have high human intestinal absorption.

Pharmacokinetics is a crucial factor in characterising the distribution of unmetabolized medications from the
circulatory system to different tissues in the body.®* Pharmaceutical distribution factors assessed in a computer model
include plasma protein binding, volume distribution, blood-brain barrier penetration, and the proportion of unbound
drugs. Assessment of prospective drug distribution characteristics is crucial, since it significantly influences the degree to
which target organs are exposed to the medication.> Drug distribution in pharmacokinetics refers to the reversible
movement of a drug from one location to another in the body. Upon entering the systemic circulation by absorption or
direct administration, a medication must be adequately disseminated into the interstitial and intracellular fluids.®® The
prediction of compound 128 shows that the compound has an appropriate volume of distribution in the range of 0.04—-20
L/kg, which is 0.817 L/kg.

The predicted model showed that compound 128 had an appropriate volume of distribution in the range of 0.04—20 L/
kg. With a blood-brain barrier (BBB) permeability value that falls under medium penetration. The BBB is a selectively
semipermeable membrane in the brain, consisting of tight junctions. The BBB acts as a protective barrier, limiting the
passage of certain substances from the bloodstream to the central nervous system (CNS).®’ This ability is very important
in treating CNS disorders such as Alzheimer’s. The predicted results suggest that compound 128 with meaningful
medium penetration can cross the BBB and have potential for neurological applications. The unbound fraction represents
the proportion of free drug in plasma, which refers to the percentage of drug that is not bound to plasma proteins and is
available to interact with biological targets. The prediction results showed that compound 128 had a high unbound
fraction, which amounted to 84.737%. This indicates that the majority of this compound is available in free form to
interact with biological targets. This increases its therapeutic potential as more compounds are available to exert
pharmacological effects. In terms of metabolism, compound 128 is a substrate for several CYP450 enzymes, namely
CYP1A2, CYP2C9, and CYP2D6, but does not inhibit these enzymes. This suggests that this compound will be
metabolized by these enzymes in the liver. In the human liver, CYP2C9 stands out as a major enzyme in the CYP2C
subfamily, playing an important role in metabolizing clinically relevant drugs with a narrow therapeutic range.®®

Drug excretion encompasses a range of processes that eliminate a specific drug and/or its metabolites from the body.
It represents the ultimate stage in the ADME (Absorption, Distribution, Metabolism, and Excretion) process. Excreted
drugs may be re-mobilized in an unmetabolized form or eliminated after metabolic biotransformation.®” Drug excretion
parameters evaluated in silico include drug clearance and half-life (t1/2). Drug clearance refers to the amount of
medications clear from the plasma in the vascular compartment within a specific time period. Total clearance is
a measure of drug removal from the central compartment, independent of the specific mechanism involved in this
process. Based on the ADMETIlab model prediction, a drug is classified as having high clearance if its expected value
exceeds 15 mL/min/kg, moderate clearance if the predicted value falls between 5 and 15 mL/min/kg, and low clearance if
it is less than 5 mL/min/kg.>® Alkaloid compound 128 is predicted to have moderate clearance, with a value of
3090 mL/min/kg. Moderate clearance indicates that compound 128 is eliminated from the body at a moderate rate.
This means that the drug is not eliminated from the body too quickly, so therapeutic concentrations can be maintained
without the need for very frequent dosing, and the risk of drug accumulation that can cause toxicity is also lower.

Based on Lipinski’s Rule of Five, compound 128 shows favorable characteristics for being developed as an oral drug.
Compound 128 fulfills all Lipinski’s Ro5 criteria, ie, molecular weight less than 500 g/mol, ie, 246.30 g/mol, number of
hydrogen bond donors not more than 5, ie, only 1 bond, number of hydrogen bond acceptors not more than 10, ie, only 2
bonds, and all log P values not more than 5. Compliance with physicochemical criteria and pharmacokinetic data
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supports the potential of this compound to have good bioavailability and a low risk of drug interactions. It can be used for
further development, and research and clinical trials are needed to confirm the effectiveness and safety of this compound
as a good drug candidate.

Conclusion

This study successfully identified alkaloids from the genus Erythrina that have potential as AChE inhibitors. Compound
8-oxoerymelanthine (128) is a potential strong candidate with low toxicity profile and good pharmacokinetic properties,
making it worthy of further research in the development of AD therapy. Through in silico studies with a combination of
molecular docking, pharmacokinetic studies, toxicity, and Ro5 calculations, and molecular dynamics simulations,
compound 128 was evaluated to have potential as an AChE inhibitor. This compound is a promising candidate for
further investigation and development as an inhibitory agent, and deserves consideration as a potential component for the
development of new drug compounds.

Compound 128 exhibits significant binding affinity and stability towards AChE through interactions akin to
galantamine, albeit with notable distinctions. The RMSF analysis indicates that the stability of the AChE catalytic
domain, encompassing critical residues such as TRP86, TYR337, TYR133, HIE447, GLU202, and SER203, exhibits
minimal fluctuations. This stability underpins the efficacy of the catalytic reaction and ligand binding, suggesting that
AChE maintains stability in the transition state, which is crucial for preventing interruptions in the catalytic process.
Compound 128 engages with critical residues including TRP, TYR, HIE, SER, GLY, and GLU, establishing conventional
hydrogen bonds and stable pi-alkyl interactions, akin to the binding mechanism of galantamine. The enhanced pi-pi-
stacked interactions between compound 128 and AChE suggest that this molecule may effectively emulate galantamine
binding, resulting in powerful AChE inhibition.

Compound 128 possesses a greater number of aromatic rings, facilitating enhanced and more robust Pi-Pi interac-
tions, particularly in the form of stacked Pi-Pi interactions, which exhibit increased stability. The enhanced flexibility
allows compound 128 to more effectively conform to the AChE active site, resulting in increased non-covalent
interactions and improved binding affinity. This chemical process elucidates how compound 128 enhances its affinity
for AChE, suggesting the potential for more potent and selective enzyme inhibition. While galantamine is beneficial for
Alzheimer’s treatment, compound 128 may serve as a more efficient and enduring option due to its capacity to establish
stronger non-covalent connections. Consequently, compound 128 presents a greater possibility for elevating acetylcho-
line levels and delivering more efficacious treatment for Alzheimer’s patients.Further study of alkaloids from the genus
Erythrina may provide promising results in the field of neurodegenerative disease research. However, additional
exploration and research is required to validate the inhibitory compounds through experimental procedures in vitro
and advance them to pre-clinical and clinical studies. This aims to enable the assessment of the safety and efficacy of
Erythrina alkaloid compounds as potential therapeutic agents.
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