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ARTICLE INFO ABSTRACT

Keywords: Existing inhibitors of kynurenine-3-monooxygenase (KMO) have side effects and poorly cross the
Molecular dOCkm$ blood-brain barrier. Therefore, the discovery of new molecules targeting KMO isnecessary.This
Molecular dynamics study aims to develop a novel therapeutic drug targeting KMO using computational methods and

Kinetic assays
Flavonoids
KMO inhibition

experimental validation of natural compounds.The results of our study show that the top four
compounds, namely, 3-Hydroxy-alpha-naphthoflavone exhibited the best docking scores with
KMO (—10.0 kcal/mol), followed by 3-Hydroxy-ss-naphthoflavone (—9.9 kcal/mol), genkwanin
(—9.2 kcal/mol) and apigenin(-9.1 kcal/mol) respectively. Molecular dynamics was used to assess
the stability of the primary target, KMO, and inhibitor complexes. We found stable interactions of
3'-Hydroxy-ss-naphthoflavone and apigenin with KMO up to 100 ns. Further, kinetic measure-
ments showed that 3'-Hydroxy-alpha-naphthoflavone and 3'-Hydroxy-ss-naphthoflavone induce
competitive inhibition with a good ICs¢ activity (15.85 + 0.98 yM and 18.71 £ 0.78, respec-
tively), while Genkwanin and Apigenin exhibit non-competitive inhibition mechanism (21.61 +
0.97 pM and 24.14 + 1.00 pM, respectively).Drug-likeness features and ADME analysis features
also showed that the top four compounds could be used as potential candidates to replace the
synthetic KMO inhibitor drugs with known side effects and poor brain-blood barrier penetration.

1. Introduction

By converting tryptophan to neuroinflammatory/neurotoxic metabolites, the kynurenine pathway (KP) is critically involved in
several neurodegenerative diseases and behavioral disorders [1-4]. As part of this pathway, the enzyme kynurenine-3-monooxygenase
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(KMO) converts kynurenine (KYN) to 3-hydroxykynurenine (3HK), a free radical generator that causes neuronal cell death and
overstimulation of glutamate receptors [3,5]. Compounds that decrease the levels of 3HK, especially KMO inhibitors such as UPF-648

Abbreviations

ADME  absorption distribution metabolism and excretion
BBB blood-brain-barrier

MD simulations molecular dynamic simulations

L-Kyn l-kynurenine

H-bond hydrogen bond

ns nanosecond
LD50 Lethal Dose 50
Km Michaelis constant

Vmax maximum velocity

(IC50 = 20 nM), KNS366, and GSK 366 (IC50 = 2.3 nM), are being considered for treating several diseases [3,5-11].

Until now, no reports have suggested the inhibitory activity of flavonoids on KMO enzyme using computational tools to discover
new inhibitors and drug candidates for neuropsychiatric and neurodegenerative diseases.

The present study determined if natural flavonoid compounds significantly inhibit KMO in molecular simulation and kinetic
studies. Flavonoids are part of the polyphenol class of phytonutrients with well-documented biological properties. The polyphenol
structure of flavonoids is responsible for their pharmacological activities, including antimicrobial, antiviral, antioxidant, and anti-
inflammatory activities [12,13]. They are potent inhibitors of several brain enzymes, including indoleamine 2,3-dioxygenase [14]
and monoamine oxidase [15].

We have measured the inhibitory activity of flavonoids on KMO using computational tools to discover new inhibitors and drug
candidates for neurodegenerative diseases and behavioral disorders.

2. Materials and methods
2.1. Chemicals and reagents

3-Hydroxy-alpha-naphthoflavone and 3'-Hydroxy-ss-naphthoflavone were bought from Indofine (Township, NJ, USA), Genkwa-
nin, Apigenin,Ro 61-8048, and DSMOwere obtained from Sigma-Aldrich Co. LLC (Germany). KMO kit and buffers were bought from
(Thermo Fisher Scientific (Waltham, MA, USA)).

2.2. Computational method

2.2.1. Receptors preparation

Three-dimensional structures of the protein-ligand complexes were downloaded from the Protein Data Bank (http://www.rcsb.
org/). KMO has the PDB code 4J31.

AutoDock Vina was used to perform molecular docking studies. Each protein-ligand complex was prepared by using AutoDock
Tools-1.5.6. The first step involves removing water molecules, cofactors, and ligands from the protein’s crystal structure. The chain A
of the protein was also removed. We added polar hydrogens, and Kollman united atom-type charges to the structure. BIOVIA Discovery
Studio Visualizer (2020) was used to picture the docked complexes. Before further analysis, we selected the best position for the ligand
to bind to the target protein.

The docking results of the four top-ranked ligands were confirmed by re-docking them into the same defined regions to legitimize
the virtual molecular docking protocol for accuracy. The binding scores and protein-ligand interactions were then re-validated using
the BINDSURF Achilles blind docking server http://bio-hpc.eu/software/blind-docking-server/. [16].

2.2.2. Ligands preparation

A library of flavonoids was constructed from Sigma-Aldrich’s natural product portfolio (https://www.sigmaaldrich.com/DZ/en/
products/chemistry-and-biochemicals/biochemicals/natural-products) and was screened using molecular docking.

Before molecular docking, we filtered all compounds using the Lipinski and Veber rules [17,18]; those with reactive functional
groups were removed.

Virtual screening results show that apigenin possesses a high binding affinity. Then, compounds structurally similar to apigenin
were searched using the Swiss similarity web tool (http://www.swisssimilarity.ch/) [19]. Seventeen flavonoid compounds (Fig. 1),
with a score similarity higher than 0.5, were selected and docked to the KMO inhibition site after being drawn by ChemDraw Ultra
(version 12.0) optimized using the Avogadro software. We minimized the energies by using the MMFF94 force field.
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Fig. 1. 2D structures of 17 selected compounds similar to apigenin.
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RMSD: 0.711 A

Fig. 2. Validation of docking study; the docked co-crystal ligand and the native ligand with RMSD of 0.711 A

2.2.3. Drug-likeness and ADMET analysis

We used the SwissADME(http://www.swissadme.ch/) online server to evaluate the pharmacokinetic features such as lipophilicity,
gastrointestinal absorption, BBB permeation, and drug-likeness of the best-scored flavonoid compounds [20]. We predicted the
physicochemical properties: topological polar surface area, number of hydrogen bond donors, number of hydrogen bond acceptors,
and number of rotatable bonds. Additionally, we assessed the toxicity parameters of the selected flavonoids with the ProTox-II web tool
(https://tox-new.charite.de/protox_I1/).

2.2.4. Molecular dynamic (MD)

We investigated the binding stability of protein-ligand docking complexes using MD, which also offers information on intermo-
lecular interactions within a reference period. We used the Maestro tool System Builder to generate the protein-ligand complex
structure of KMO and the top four potential molecules for MD simulations. We immersed the complexes created in a box filled with
water molecules via the simple point charge (SPC) scheme. We performed the MD simulations using Maestro-Desmond (Maestro-
Desmond Interoperability Tools, Schrédinger, New York, NY, 2020). We set the box size to 10 x 10 x 10 A. We added sodium and
chlorine ions to obtain a final NaCl concentration of 0.15 M. Energy minimization was conducted by 2000 steps using the steepest
descent method with a cutoff of 9 A for van der Waals interactions. We used the Particle Mesh Ewald (PME) method with a tolerance of
10 -9 in the electrostatic part. We did NPT simulations at 300K using the Nosé-Hoover algorithm [21], keeping the pressure at 1 bar
using the Martyna-Tobias-Kelinbarostat. The force field OPLS3e was used to do all the runs. The simulation time of each run was 100
ns.

2.3. Engzymatic inhibition assay

We performed the inhibition assay of KMOusingthe method described by Puopolo et al. [22] with a slight modification, using Ro
61-8048 as the positive control. The test molecules were dissolved in 100 mM DMSO and diluted in assay buffer to 1 mM. We
incubated in a 96-well plate a reaction made from a mixture of assay buffer (50 pL), human KMO (20 g/mL; 50 pL), test compounds (1
mM; 10 pL), and substrate (40 pL NADPH (10 mM) plus L-kyn (L-Kyn, 20 mM) for 1.5 h at room temperature. All assays were per-
formed in triplicate. The optical densities of each sample were measured on a microplate reader at a wavelength of 340 nm. We
determined the enzymatic activity by using the formula below:

% ACtiVity = [(Abssample - Absblank)/(AbScomrol - Absblank)] X 100
The results are reported as the inhibition rate (%) of KMO. A graphical analysis was done to find the IC50 value of each compound.
2.4. Kinetics study
We determined the inhibitory strength of the most potent compounds using the same procedure as the enzyme inhibition assay. We
measured the kinetic parameters by creating Lineweaver-Burk plots (double reciprocal plots) using various concentrations of the tested
compounds (0 pM-40 pM) with a concentration range of 0-20 pM for the substrate (L-Kyn).

3. Results and discussion

Flavonoids are a broad class of polyphenolic compounds that have neuroprotective properties. They are widely used to prevent
cancer, Alzheimer’s disease, viral disease, and atherosclerosis. These beneficial effects are attributed to their action on enzymes
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Table 1
Molecular docking score of 17 flavonoid phyto-ligands for KMO’sactive site.
Rank Compound PubChem CID Binding Energy (kcal/mol)
1 3-Hydroxy-alpha-naphthoflavone 13707046 -10.0
2 3-Hydroxy-ss-naphthoflavone 688843 -9.9
3 Genkwanin 5281617 -9.2
4 Apigenin 5280443 -9.1
5 Ro 61-8048 (reference inhibitor) 5282337 -9.1
3',5"-Dihydroxyflavone 45933941 -9.0
6 Isopratol 676307 -8.9
7 7,3-Dihydroxyflavone 5391140 -8.8
8 4'-Methoxy-6-methylflavone 688682 -8.8
9 2,6,7-Trihydroxy-9-methylxanthen-3-one 72721 -8.6
10 3-0-Methylquercetin 5280681 -8.6
11 5,7,3-Trimethoxyflavone 12150586 -85
12 7,4-Dimethoxyflavone 5322058 —8.4
13 7,3-dimethoxyflavone 688672 -8.4
14 6-Hydroxy-4"-methoxyflavone 688679 -8.4
15 5,7-Dimethoxyflavone 88881 -8.4
16 5,6,7-Trimethoxyflavone 442583 —8.4
17 4',5-Dimethoxyflavone 688669 -8.2
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Fig. 3. Interaction of the compounds, 3-Hydroxy-alpha-naphthoflavone (al, a2), 3-Hydroxy-ss-naphthoflavone (b1, b2), genkwanin (c1, ¢2),api-
genin (d1, d2) and Ro 61-8048in the binding site of KMO shown in 3D and 2D representation.

involved in inflammation [23-25]. In this study, we assessed the inhibitory effect of phyto-ligand compounds belonging to the fla-
vonoids on KMO. After validating the docking procedure, we did a structure-based virtual screening of the co-crystal ligand by
evaluating the analogy between the lowest energy state predicted by AutoDock Vina and the binding mode of the native ligand (Fig. 2).
The root mean square deviation (RMSD) value after the docking procedure was 0.711 A, which is within the desired range (i.e., less
than 2.0 A).
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Fig. 3. (continued).
3.1. Computational method

3.1.1. Molecular docking

In the present study, 17 flavonoids, similar to apigenin, were identified from the Swiss Similarity server. These phytochemicals
were docked in the binding site of the KMO enzyme.

Table 1 lists the docking scores of the studied compounds. The top four compounds in terms of affinity (Fig. 3)are 3'-Hydroxy-alpha-
naphthoflavone, which exhibited the lowest docking score (—10.0 kcal/mol), followed by 3'-Hydroxy-ss-naphthoflavone (—9.9 kcal/
mol), genkwanin (—9.2 kcal/mol) and apigenin (—9.1 kcal/mol), respectively. Interestingly, these flavonoid ligands showedhigher



R. Rebai et al. Heliyon 10 (2024) 30287

d.1 d.2 lle104

N

n32s

Gly324

Interactions
[ van der waals [ Pi#iTshaped
- Conventional Hydrogen Bond D Pi-Akyl
el
L
LYS
;:';gl B:48 .
Interactions
- van der Waals - Pi-Anion
- Conventional Hydrogen Bond - Pi-Pi T-shaped
[ catntcrogenond [0 7o

Fig. 3. (continued).

docking scores for KMO thanthe reference inhibitor, Ro 61-8048, which scored —9.1 kcal/mol.

Molecular docking analysis revealed several molecular interactions, notably H-bonds and hydrophobic interactions between the
ligand molecules and the target enzyme active site residues.Furthermore, the binding poses of the lead KMO inhibitors and standard
compounds are depicted in Figs. 3 and 4.

Arg 109, Ser 49, and Leu 12 residues were involved in hydrogen bond formation with Ro 61-8048. Besides, the amino acids Lys 48,
Asn 51, Leu 52, Asn 113, Cyt 167, Tyr 195 Phe 246, Pro 321, Gly 326, and Met 327 were involved inVan der Waals andhydrophobic
interactions.

The lead compound, 3'-Hydroxy-alpha-naphthoflavone,exhibited a combination of hydrogen bonding, van der Waals, hydrophobic
interactions, z—r T-shaped, and #-Alkyl interaction in the docked complex. It formed two hydrogen bonds with Thr 244 amino acid
residue, a z-cation bond with Arg 109, z-Alkyl interaction with residues Ala 53, Leu 234, and Pro 231, and two z—z T-shaped bonds
with Tyr 195 andPhe 246 residues (Fig. 3; al, a2).
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Fig. 4. Interaction and binding pose of the four lead compounds and reference inhibitor (Ro 61-8048)in the active site; 3-Hydroxy-alpha-naph-
thoflavone (Grey), 3-Hydroxy-ss-naphthoflavone (Black), Genkwanin(Red), Apigenin (Yalow) and Ro 61-8048 (Blue).

Table 2
Drug-likeness and ADME proprieties of the lead compounds.
Compound MW g/ AccptHB  DonorHB  Nrot  TPSA LogP< GI BBB Bioavailability
mol A% 5 absorption permeability score
3-Hydroxy-alpha- 288.30 3 1 1 50.44 4.32 High Yes 0.55
naphthoflavone
3-Hydroxy-ss- 288.30 3 1 1 50.44 4.32 High Yes 0.55
naphthoflavone
Genkwanin 284.26 5 2 2 79.90 2.88 High No 0.55
Apigenin 270.24 5 3 1 90.90 2.58 High No 0.55
Ro 61-8048 421.45 7 1 7 159.96 4.43 Low No 0.55

MW: molecular weight; AccptHB: acceptor hydrogen bond; DonorHB: donor H-bond; Nrot:Rotatable Bond; TPSA: Topological Polar Surface Area; Log
P, w: lipophilicity octanol/water; GI: Gastrointestinal absorption.

In addition, 3-Hydroxy-ss-naphthoflavone formed two conventional hydrogen bonds with Gln, 325 andPhe 322 residues, two
n-donor hydrogen bonds with the Phe 322 residue, two n-Cation with Arg 109, four n-Alkyl interactions with Lys 48, Ala 53, Leu 221,
and Pro 321 residues, and made one n-n T-shaped bond with Tyr 195 amino acid residue (Fig. 3; b.1, b2).

Furthermore, the bonding of genkwanin with the active site of KMO involves various intriguing interactions: two hydrogen bonds
with Thr 244 residue, n-Sigma bound with Ile 232 residue, three Pi-Pi-T-shaped bonds with Tyr 195, Phe 246, and Phe 322 residues,
and three Pi-Alkyl interactions with Lys 48, Ala 53, and Pro 321 amino acids residues.

We found almost identical interactions between apigenin and the KMO receptor (Fig. 3; d1, d2). Apigenin formed four hydrogen
bonds, two each with Thr 244, Glu 197, Gln 325, one with Pi-Sigma (Ile 232), one n-Alkyl with Ala 53 residue, and three n—x T-shaped
bonds with Tyr 195, Phe 246, and Phe 322 amino acid residues.

3.1.2. Drug-likeness proprieties and ADMET analysis
The pharmacokinetics and properties of the selected compounds are summarized in Table 2. We determined the drug-likeness using
the in silico SwissADME server to test for Lipinski’s rule of five parameters, including lipophilicity, the number of H-bond donors and
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Table 3
Toxicity parameters prediction of the lead compounds.
Parameters 3-Hydroxy-alpha-naphthoflavone 3-Hydroxy-ss-naphthoflavone Genkwanin Apigenin Ro 61-8048
LDso(mg/kg) 2500 4000 3919 2500 4500
Prediction class Class V Class V Class V Class V Class V
Hepatotoxicity Prediction Inactive Inactive Inactive Inactive Active
Probability 0.65 0.63 0.72 0.68 0.61
Carcinogenicity Prediction Inactive Active Active Inactive Active
Probability 0.50 0.56 0.51 0.62 0.56
Immunotoxicity Prediction Inactive Inactive Inactive Inactive Inactive
Probability 0.94 0.85 0.95 0.99 0.98
Mutagenicity Prediction Inactive Inactive Active Inactive Active
Probability 0.60 0.62 0.57 0.57 0.52
Prediction accuracy 69.26 % 70.97 % 70.97 % 70.97 % 67.38 %

acceptors, and the molecular weight.

The results show that the four top flavonoids similar to apigenin (listed in Table 1) do not violate Lipinski and Veber rules (Table 2);
they will be good candidates as orally active drugs.

Blood-brain barrier permeability (BBB) for 3'-Hydroxy-alpha-naphthoflavone and 3'-Hydroxy-ss-naphthoflavone was higher, as
well as the gastrointestinal absorption for the four compounds (Table 2).The lead compounds with the highest affinity for KMO
exhibited enough lipophilicity level (logP) to suggest that they diffuse through the cell membrane.

Furthermore, the Lds value, toxicity class, hepatotoxicity, carcinogenicity, immunotoxicity, and mutagenicity of the four top
compounds have been analyzed on the ProTox-II web server results (Table 3).3-Hydroxy-ss-naphthoflavone and genkwanin exhibited
the highest LDsq value of 4000 mg/kg and 3919 mg/kg, respectively, followed by 3-Hydroxy-alpha-naphthoflavone and apigenin with
LDsq of 2500 mg/kg, respectively. These compounds belong to the same class (Class V) and are found to be inactive for hepatotoxicity
and immunotoxicity, except for 3'-Hydroxy-ss-naphthoflavone and genkwanin, which are active for carcinogenicity.

3.1.3. Molecular dynamic (MD)

An MD study of the top four docked complexes at 100 ns was conducted to assessthe stability of ligand-KMO complexes. We
evaluated the MD simulations using the root mean square deviation (RMSD), root mean square fluctuation (RMSF), and protein-ligand
interactions. The RMSD is used to assess the conformational stability of a structure during simulation by evaluating the average change
in atom displacement relative to a reference.

The RMSD graph (Fig. 5, A1) of the KMO-3-Hydroxy-alpha-naphthoflavone complex shows a slight fluctuation, less than 3 A during
the first 60 ns of MD simulation, then the complex ligand-protein shows significant stability. However, it was slightly divergent after 60
ns of simulation, within the acceptable range of 0-3 A. The RMSD plot of the KMO-3'-Hydroxy-ss-naphthoflavone complex in Fig. 5, B1
shows that the complex is stable throughout the simulation period except for a slight deviation between 40 and 60 ns. The RMSD plot of
(Fig. 5, C1) shows that the KMO- genkwanin complex was unstable at the beginning of the simulation; there was high fluctuation from
0 to 10 ns of simulation, and after 10 ns, it became stable up to 80 ns. Although a slight deviation was seen between 80 and 90 ns, the
complexes stabilized at the end of the simulation. The KMO-apigenin complex plot (Fig. 5, D1) shows good stability from the simu-
lation’s start to end. We observed only a slight fluctuation between 90 and 95 ns, indicating that the complex has not undergone
significant conformational changes.

We performed RMSF analyses to assess the flexibility per residue using the docked complex structures. The N and C terminals of A2,
B2, C2, and D2 fluctuate more than other regions of the protein (Fig. 5). Peaks indicate protein fluctuations; the lower the associated
fluctuations, the more stable the complexes during simulation, showing that the system is in equilibrium [26].The RMSF did not vary
much over the 100 ns simulation period, and the average RMSF values were kept constant for all complexes except for the higher RMSF
seen in the 3-Hydroxy-alpha-naphthoflavone-KMO and 3’-Hydroxy-ss-naphthoflavone-KMO complexes, at the backbone residue po-
sitions between Gly81 and Tyr96.

3.2. KMO inhibitory activity

All flavonoid compounds displayed a good inhibitory potential of KMO, with IC50 values varying between 15.85 + 0.98 uM and
24.14 + 1.00 pM at concentrations ranging from 2.5 to 40 uM. Among the flavonoid compounds, 3'-Hydroxy-alpha-naphthoflavone
was identified as the lead compound with the highest IC50 activity (15.85 + 0.98 pM), while apigenin (IC50 value 24.14 + 1.00 pM)
showed the least inhibitory effect. However, Ro 61-8048 (IC50 value 4.91 + 0.31 pM) was the most effective KMO inhibitor (Table 4).

3.3. Inhibition mechanisms of KMO

The kinetics of the tested flavonoids were quantitatively analyzed using Lineweaver-Burk plots to investigate the type of inhibition.
As noted in (Fig. 6, A, and Fig. 6, B), the value of Km increased without changing Vmax in the presence of increasing concentrations of
the inhibitors. In addition, the y-intercept of the curves was unaffected as the concentration of the compounds increased, while the
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Fig. 5. MD for the 4 top KMO-complexes, (A1): RMSD plot of the KMO-3"-Hydroxy-alpha-naphthoflavone, (A2): RMSF plot of KMO-3-Hydroxy-
alpha-naphthoflavone complex, (B1): RMSD plot of KMO-3"-Hydroxy-ss-naphthoflavone, (B2): RMSF plot of KMO-3'-Hydroxy-ss-naphthoflavone
complex. (C1): RMSD plot of KMO-genkwanin complex, (C2) RMSF plot of KMO-genkwanin complex. (D1): RMSD plot of KMO-apigenin complex,
(‘DZ): RMSF plot of KMO-apigenin complex.

Table 4
KMO inhibition (ICsp) by the lead compounds.
Compound ICso (UM) Inhibition type
3'-Hydroxy-alpha-naphthoflavone 15.85 + 0.98 Competitive
3'-Hydroxy-ss-naphthoflavone 18.71 + 0.78 Competitive
Genkwanin 21.61 + 0.97 Non-competitive
Apigenin 24.14 £ 1.00 Non-competitive
Ro 61-8048 (positive control) 4.96 + 0.31 NT (not tested)
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Fig. 6. Inhibitory kinetics of flavonoids (3-Hydroxy-alpha-naphthoflavone, 3-Hydroxy-ss-naphthoflavone, genkwanin, and apigenin). KMO enzyme
was treated with 0-40 pM of each compound using 0-20 pM of L-Kyn as the substrate. Experiments were performed in triplicate and repeated three
times with similar results.

addition of inhibitors changed the x-intercept. This behavior shows that 3'-hydroxy-alpha-naphthoflavone and 3'-hydroxy-ss-naph-
thoflavone are competitive inhibitors.

In Fig. 6C and D, the y-intercept changed by adding inhibitors, but there was no effect on the x-intercept, showing that the Vmax
values decreased, and the Km values remained constant. We conclude that genkwanin and apigenin are non-competitive inhibitors.

The studied compounds exhibit a strong affinity and effectively engage with the critical residues located within the inhibitor
binding site of the protein, demonstrating a remarkable stability within the binding pocket without unnecessary fluctuations. These
findings suggest that the selected compounds have the ability to trigger biological reactions within the KMO enzyme, demonstrating
their promising inhibitory effects to enhance specific activities within the biological system.
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4. Conclusion

Four potent KMO inhibitors from Sigma-Aldrich chemical library of natural compounds were identified based on docking score,
predicted binding energies, and in vitro validation by establishing IC 50s. The four compounds exhibited favorable pharmacokinetic
proprieties and acceptable RMSD and RMSF stability. The results presented here could help select a lead molecule for future in vivo
research, drug discovery, and development targeting KMO.
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