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Molecular Docking, Pharmacological Profiling, and Molecular Dynamics
Simulation of Potential Antihyperuricemic Agent from Secondary Metabolites of
Dillenia philippinensis Rolfe eI,DiIIeniaceae)

Abstract

Crystal accumulation in the joints due to increased serum uric acid (SUA) may lead to an inflammatory
condition called gout. Increased sUA is caused by the excessive reabsorption of the urate anion
transporter-1 (URAT-1). Therefore, URAT-1 inhibition will promote uric acid excretion and reduce the risk of
having gout. Dillenia philippinensis Rolfe, often known as katmon, is an endemic plant in the Philippines
with bioactive compounds associated with several therapeutic benefits. The present study represents the
first scientific inquiry into the antihyperuricemic potential of compounds isolated from D. philippinensis.
This study aimed to assess the interaction of URAT-1 with the bioactive compounds present in katmon
through molecular docking and evaluated the pharmacological properties of the compounds. Finally,
alanine scanning and molecular dynamics simulation (MDS) were performed with the best-hit compound.
The results in molecular docking revealed two compounds with the most stable interaction and high
potency. Hence, they were deemed hit compounds. Moreover, pharmacological profiling of these
compounds showed that only maslinic acid got accepted remarks based on the Lipinski rule. Additionally,
the compound obtained notable results in the Absorption, Distribution, Metabolism, Excretion, and
Toxicity (ADMET) assessment. These profiles considered maslinic acid as the best-hit compound. The
scanning depicted glutamine 149 as the most significant amino acid in the protein-ligand interaction.
Further, relative stable dynamics were obtained in the URAT-1-maslinic acid complex compared to the free
protein based on the Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF)
values. Our results established the potential antihyperuricemic property of maslinic acid from katmon via
URAT-1 inhibition and may exhibit promising pharmacology.
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Abstract

Crystal accumulation in the joints due to increased serum uric acid (sUA) may lead to an inflammatory condition called
gout. Increased sUA is caused by the excessive reabsorption of the urate anion transporter-1 (URAT-1). Therefore,
URAT-1 inhibition will promote uric acid excretion and reduce the risk of having gout. Dillenia philippinensis Rolfe,
often known as katmon, is an endemic plant in the Philippines with bioactive compounds associated with several
therapeutic benefits. The present study represents the first scientific inquiry into the antihyperuricemic potential of
compounds isolated from D. philippinensis. This study aimed to assess the interaction of URAT-1 with the bioactive
compounds present in katmon through molecular docking and evaluated the pharmacological properties of the com-
pounds. Finally, alanine scanning and molecular dynamics simulation (MDS) were performed with the best-hit com-
pound. The results in molecular docking revealed two compounds with the most stable interaction and high potency.
Hence, they were deemed hit compounds. Moreover, pharmacological profiling of these compounds showed that only
maslinic acid got accepted remarks based on the Lipinski rule. Additionally, the compound obtained notable results in
the Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) assessment. These profiles considered
maslinic acid as the best-hit compound. The scanning depicted glutamine 149 as the most significant amino acid in the
protein-ligand interaction. Further, relative stable dynamics were obtained in the URAT-1-maslinic acid complex
compared to the free protein based on the Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuation
(RMSF) values. Our results established the potential antihyperuricemic property of maslinic acid from katmon via
URAT-1 inhibition and may exhibit promising pharmacology.

Keywords: Dillenia philippinensis Rolfe, URAT-1, Antihyperuricemia, Gout, Maslinic acid

1. Introduction

G out is a condition characterized by inflamma-
tion and crystal formation in the joints caused
by elevated serum uric acid (sUA) levels in the body
[1]. Uric acid (UA) is known to be the final product of
purine metabolism [2]. Foods such as red meat, liver,

seafood, and beverages like beer contain a signifi-
cant amount of purines [3]. The urate anion trans-
porter-1 (URAT-1) protein consists of 555 amino acid
residues and 12 transmembrane segments, facili-
tating the UA reabsorption from the lumen to the
tubular cells [4]. Reabsorption occurs when UA in
the lumen is substituted by organic anions like C1~,
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Na™, nicotinate, and pyrazinoate in the epithelial
cells [5]. Unlike other transporters that have shown
transport activity to various substrates and are
multispecific, the transport mechanism of URAT-1 is
determined to be specific for UA [6]. Excessive
reabsorption of UA may result in increased sUA and
can consequently lead to gout [7].

Gout is a prevalent and burdensome condition,
with a global prevalence ranging from 1 to 4% and a
higher incidence in men and the elderly [8]. Racial
and ethnic minorities, indigenous populations, and
females are disproportionately affected, with a
higher prevalence and incidence of gout [9]. More-
over, the prevalence of gout is exceptionally high in
Pacific countries, and some ethnic groups, such as
Taiwan's Aborigines, are more susceptible to the
condition [10,11]. Current treatments for gout and
hyperuricemia come with several drawbacks.
Commonly used medications, like non-steroidal
anti-inflammatory drugs, colchicine, and corticoste-
roids, can lead to serious side effects, especially in
patients with kidney and heart issues [12]. Addi-
tionally, these treatments might not be suitable for
everyone, particularly older adults and those with
multiple health conditions [12]. The high cost of
available uricosuric drugs, such as lesinurad and
arhalofenate, also makes them less accessible [13].

Although uricosuric drugs effectively lower uric
acid levels, their use comes with significant prob-
lems, such as a higher risk of serious kidney con-
cerns [14]. This creates a pressing need for safer
treatment options. As a result, attention is turning
towards natural compounds that might have
inherent URAT-1 inhibitory properties. Exploring
these natural alternatives, with their various bioac-
tive components, offers a promising path for creating
new and more tolerable gout treatments [15].

Dillenia philippinensis Rolfe (Dilleniaceae), comm-
only known as katmon, is an endemic plant in the
Philippines with antibacterial, antihyperglycemic,
and anti-leishmanial effects derived from its sec-
ondary metabolites [16—18]. The potential of D.
philippinensis as a source of antihyperuricemic agents
is supported by several studies. Reference [19]
discovered that the ethyl acetate fraction of D. phil-
ippinensis leaf extract has strong xanthine oxidase
inhibitory activity, which is crucial for treating hy-
peruricemia. Moreover, References [20,21] have iso-
lated compounds from Dillenia indica, a related
species, showing enzyme inhibitory and antidiabetic
effects. This suggests that D. philippinensis might
contain similar beneficial compounds. Additionally,
various compounds have been identified in D. phil-
ippinensis, including a new sulfated glucoside and a
new seco-A-ring oleanane-type triterpenoid [16].

Other Dillenia species have also been found to
contain potentially therapeutic compounds, such as
lupeol and betulinic acids [22]. Over 130 compounds
have been identified within the Dilleniaceae family,
including flavonoids, terpenoids, lignoids, phenolic
derivatives, and other diverse compounds [23]. These
findings highlight the chemical diversity in the Dil-
leniaceae family and their potential for pharmaco-
logical exploration.

Furthermore, the functional groups found in well-
known uricosuric agents, like 6,7-dichloro-5-sulfa-
moyl-2,3-dihydrobenzofuran-2-carboxylic acids, are
also present in the bioactive compounds identified
in various Dillenia species, such as betulinic acid,
lupeol, and gallic acid [25,22,24]. The fact that these
compounds from Dillenia share similar chemical
structures and show bioactive properties provides a
solid foundation for considering them effective in
treating hyperuricemia. This suggests that Dillenia-
derived compounds could become valuable thera-
peutic options for managing this condition.

To the best of our knowledge, while D. philip-
pinensis has been associated with different medical
properties, no studies scrutinizing its potential
antihyperuricemic properties have been reported.
The present study pioneered the in-silico assess-
ments of the interaction between URAT-1 and the
bioactive compounds present in D. philippinensis
through molecular docking experiments, assessed
the drug-likeness, pharmacokinetics, and toxicity of
the hit compounds through pharmacological anal-
ysis, and further validated the docking experiments
through alanine scanning mutagenesis and molec-
ular dynamics simulation. This would potentially
benefit patients with hyperuricemia and serve as a
basis for drug development and the discovery of
other beneficial properties of D. philippinensis.

2. Materials and methods

This study followed a systematic approach to
investigate potential antihyperuricemic agents from
D. philippinensis. Initially, protein homology mode-
ling was used to predict the 3D structure of URAT-1
based on sequence similarity to known proteins.
Ligand preparation involved optimizing the bioac-
tive compounds from D. philippinensis for interaction
studies. The active site determination identified
where these compounds would likely bind to URAT-
1. Molecular docking simulated the binding of the
ligands to the active site, revealing promising in-
teractions. Pharmacological profiling evaluated the
drug-likeness and potential biological effects of the
ligands. Alanine scanning mutagenesis assessed the
importance of specific amino acids for ligand
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binding by substituting them with alanine. Lastly,
molecular dynamics simulation provided detailed
insights into the stability and behavior of the ligand-
protein complex over time, confirming the docking
results and predicting the efficacy of compounds in a
biological setting. This multifaceted methodology
aims to thoroughly assess the therapeutic viability of
natural compounds against hyperuricemia and gout.

2.1. Ligand preparation
Reference [23] was utilized to identify the ligands
evaluated in this study. Flavonoids, terpenoids, and

other chemicals were discovered in D. philippinensis
(Fig. 1). PubChem was utilized to collect the ligands
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used in the simulation. The 3D structure of the li-
gands was then minimized in Avogadro using the
auto-optimization parameters and an MMFF94 force
field with ten steps per update [26].

2.2. Protein homology modelling

The crystal structure of the glycerol-3-phosphate
transporter (PDB ID: 1PW4; resolution: 3.30) was
used to predict the structure of URAT-1 [27]. The
1PW4 and URAT-1 protein sequences were aligned
in a web-based ClustalW from ExPASy to generate
the .pir file and were utilized to predict the URAT-1
structure using MODELLER [28]. The generated
structure was minimized through the YASARA
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Fig. 1. Structures of compounds from Dillenia philippinensis Rolfe.
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force field in the YASARA Energy Minimization
server (http://www.yasara.org/minimizationserver.
htm) [29]. It was then evaluated using PROCHECK
(https://saves.mbi.ucla.edu/) [30], where the Ram-
achandran plot obtained was used to assess the
quality of the constructed protein structure (Fig. 2).
Finally, polar hydrogens were added to the 3D
structure before docking using BIOVIA Discovery
Studio [31].

2.3. Active site determination

The predicted structure of URAT-1 was submitted
to CASTp 3.0, and the identified binding pockets
were used as the search space for the docking [32].
Uric acid (UA), the URAT-1's substrate, was then
blindly docked to the binding pockets identified
from CASTp 3.0. The search space values were
32.846 for center x with a size of 60, 21.111 for center
y with a size of 66, —35.019 for center z with a size of
76, and an exhaustiveness value of 100.

393

2.4. Molecular docking

The 3D structures of ligands and URAT-1 were
converted to pdbqt format using AutoDockTools.
Using the same application, the structure of URAT-1
was identified as the macromolecule for which the
data for the search space was obtained using a Grid
Box by manually covering a section of the protein
where the ligands are expected to bind. The search
space values are 33.59 for center x with a size of 20,
13.656 for center y with a size of 20, and —28.859 for
center z with a size of 20 and an exhaustiveness
value of 100. These specific parameters were loaded
into the configuration file used in AutoDockVINA
[33]. After docking each ligand, the output files were
separated to obtain a distinct record of the poses,
including a log file with the collected data of each
pose's binding energy in kcal/mol. The split files
were inspected and analyzed in BIOVIA Discovery
Studio, which revealed the exact amino acids
responsible for each pose's binding and the types of
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Fig. 2. The Ramachandran plot suggests that the protein has a highly stable conformation, with 89.9% of residues in the most favorable region, 10.1%
of residues in the additional allowed region, and 0.0% of residues in the disallowed regions. This is indicative of a well-folded and energetically

favorable protein structure.
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bonds involved in the ligand-protein interaction.
Ligands with similar binding sites to known URAT-
1 inhibitors were investigated further in the subse-
quent analysis. Finally, uric acid was docked again
using the parameters mentioned in this section for
the verification step. The generated pose was
compared with the generated pose of UA from the
active site determination step, in which the two
structures of UA were superimposed with one
another where the RMSD was measured. Finally,
the binding affinity scores of the identified hit
compounds were used to compute their inhibitory
constant (Ki) using the equation below.

4G

i

Ki=e x 106uM

where R = 1.987 x 10~ kcal/K-mol; T = 298.15 K
2.5. Pharmacological profiling

Drug-likeness evaluation was performed using
molinspiration (https://www.molinspiration.com/)
to obtain the properties of the chemical space of the
compounds. Such properties include molecular
weight (MW), heavy atoms (HA), no. of violations,
hydrogen-bond donor (HBD), hydrogen-bond
acceptor (HBA), and miLogP, which are the prop-
erties being evaluated by the Lipinski rule [34]. This
guideline was employed to qualitatively evaluate a
molecule's potential as an oral drug in terms of
bioavailability. The cLOGP and Lipinski results
were obtained from SwissADME (http://www.
swissadme.ch/) [34].

Pharmacokinetic profiles of the bioactive com-
pounds were determined using ADMETLab 2.0
(https://admetmesh.scbdd.com/) and SwissADME
web servers [35,34]. The canonical SMILES of the
molecule or compound are found in the PubChem
Database (https://pubchem.ncbinlm.nih.gov/) and
can be directly pasted or typed in SMILES format on
both web servers. In addition, compounds not
available in the PubChem Database were drawn in
ChemSketch and converted to the corresponding
canonical SMILES format. Specifically, Absorption,
Distribution, Metabolism, Excretion, and Toxicity
(ADMET) parameters that were included in the
assessment were human intestinal absorption (HIA)
and permeability glycoprotein (P-gp) for absorption;
blood—brain barrier (BBB), plasma protein binding
(PPB), fraction unbound (FU), and volume distri-
bution (VD) for distribution; cytochrome P450 iso-
enzymes 1A2, 2C19, 2C9, 2D6, and 3A4 for
metabolism; clearance (CL) and half-life (T1/2) for
excretion; and lastly, hERG blocker, human

hepatotoxicity (HHT), drug-induced liver injury
(DILI), and AMES toxicity for toxicity.

2.6. Alanine scanning mutagenesis

Amino acid residues interacting with the best-hit
compound were subjected to alanine scanning
mutagenesis. The residues identified were substi-
tuted with alanine in the sequence one by one. The
mutants’ structures were produced using the same
parameters in protein homology modeling. The best-
hit compound was docked with each generated
mutant using the same parameters employed in the
molecular docking experiment. Finally, the binding
energy differences (AAG) were measured and
compared with that of the wild-type protein.

2.7. Molecular dynamics simulation

GROMACS was utilized for the molecular dy-
namics simulation (MDS) of the URAT-1 best-hit
compound-complex. The ligand's topology file and
parameter files were made using the LigParGen
web server, whereas the topology file of URAT-1
was generated using the pdb2gmx command and
the OPLS-AA/L all-atom force field. The complex
was then solvated in a cubic box using a TIP3P water
model and immersed in SPC216 with a setback
distance of 1.0 nm between the complex and the
box's border. Consequently, the system was
neutralized by adding eight chloride ions to the
solvent. The system was then minimized and
equilibrated for 100 ps under constant NVT and
NPT, with a temperature of 300 K and a pressure of
1.01325 bar. Finally, the complex underwent a
manufacturing process lasting 10,000 ps, during
which the RMSD and RMSF of the protein backbone
were measured. The procured results were then
evaluated against the results obtained from the
MDS of the unbound URAT-1.

3. Results and discussion

3.1. Active site determination

CASTp (Computed Atlas of Surface Topography
of proteins) analysis of URAT-1 protein has revealed
a binding pocket with a (Richards') solvent-acces-
sible area and volume of 2830336 A2 and
2459.861 A3, respectively (Fig. 3). The location of the
identified binding sites was used as the search space
for UA's blind docking. Moreover, the blind docking
analysis revealed that UA has interacted with resi-
dues Asn39, Met36, and GIn149 from trans-
membrane 1, Ala368 from transmembrane 7, and
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Area (SA): 2830.336 A
Volume (SA): 2459.861 A

Fig. 3. CASTp analysis of URAT-1. The identified binding pocket served as a guide for further analysis.

Pro484 from transmembrane 11. Additionally, UA
demonstrated hydrogen bonding with residues
Asn39 and Pro484 and hydrophobic interactions
with residues Met36, GIn149, and Ala368, which
accounts for a binding affinity of AG = —6.1 kcal/
mol (Figs. 4 and 5). Reference [36] confirmed that the
elucidated active site of UA is accurate, where the
transmembranes 1, 7, and 11 were identified to be
responsible for the interaction of both the uricosuric
drugs and UA. However, the residues identified to
interact with UA from the abovementioned study
did not match those identified in this study. None-
theless, the discrepancy between these studies re-
veals the necessity for further verification as the
presence of the residues identified by the above-
mentioned study may also result in a conforma-
tional change with the protein structure, specifically

in its binding pocket that is suitable for the binding
of uricosuric drugs and UA [37,38]. It should be
noted that the study mentioned that the role of
substrate transport can be one of the plausible rea-
sons for the conformational changes that occur
during the simulation [36]. Both simulations used
the bacterial glycerol-3-phosphate transporter as
the template of the protein for the docking. There-
fore, establishing the URAT-1 crystal structure
could help determine the precise position of the
residues in the mentioned transmembranes.

3.2. Molecular docking analysis
The result of molecular docking revealed that

among the bioactive compounds in D. philippinensis,
tiliroside and maslinic acid have exhibited two of

B Transmembrane 1

B Transmembrane 7

Transmembrane 11

Fig. 4. Active site of URAT-1 determined through blind docking presented in (a) side view and (b) bottom view. Uric acid has interacted with URAT-1
inside a pocket in the middle of TM1, TM7, and TM11 which served as the active site.
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AG = -6.1 kcal/mol

PRO484

Fig. 5. Molecular interactions between uric acid and URAT-1 at transmembranes 1, 7, and 11. Uric acid exhibited interactions with residues from

TM1, 7, and 11 as observed in Fig. 4.

the highest binding affinities with binding energies
of —9.4 and —8.6 kcal/mol, respectively. Both com-
pounds formed hydrogen and hydrophobic in-
teractions that are comparable to the binding of
known URAT-1 inhibitors losartan, sulfinpyrazone,
benzbromarone, lesinurad, and probenecid with
binding affinities of —9.0, —8.8, —8.2, —7.1, and
—6.9 kcal/mol, respectively. Interestingly, their
binding affinities with URAT-1 were relatively
higher than its substrate, UA (AG —6.1 kcal/mol).
Negative binding energies signify a stable com-
pound with receptor molecules, indicating an
effective medication [39].

Tiliroside formed hydrogen and hydrophobic in-
teractions comparable to known uricosuric drugs. In
particular, hydrogen-binding was formed at Ser35,
which was also present in losartan and sulfinpyra-
zone. Meanwhile, hydrophobic interactions at
Tyr152 were observed in benzbromarone and los-
artan, Leul53 in probenecid and sulfinpyrazone,
Phe364 in probenecid, sulfinpyrazone, and lesi-
nurad, Ala476 in losartan, sulfinpyrazone, and lesi-
nurad, and Ala480 in benzbromarone, probenecid,
sulfinpyrazone, and lesinurad. Meanwhile, maslinic
acid formed hydrogen bonding with only three
residues, GIn149, Phe364, and Pro484, where in-
teractions at Phe364 and Pro484 were similar to
those involved with known URAT-1 inhibitors.

Particularly, interactions at Phe364 were also pre-
sent in probenecid, lesinurad, and sulfinpyrazone,
whereas interaction at Pro484 is also present in
benzbromarone, losartan, probenecid, and sulfin-
pyrazone. Both GIn149 and Pro484 residues partic-
ipated in the interaction of URAT-1 with its
substrate, UA. The findings indicated that hydrogen
and hydrophobic interactions at different amino
acid residues were important in forming a stable
protein-ligand complex. Hydrophobic interactions
influence the stability of proteins, while hydrogen
bonding contributes to the stability of the protein-
ligand complex to a lesser extent [40].

The docked ligands' inhibition constants (Ki)
ranged from 0.13 pM to 33.74 uM. Among the 13
ligands, tiliroside and maslinic acid, with Ki values
of 0.13 uM and 0.5 uM, respectively, exhibited in-
hibition constants within the suggested range of
0.1 pM and 1.0 pM. Only ligands with inhibition
constants within this range are considered hit
compounds, which were then subjected to phar-
macological analysis. The lower the Ki value, the
higher the potency or inhibitory efficacy, provided
that it is within the acceptable range [41].

Uric acid was docked again after the molecular
docking analysis of the bioactive compounds using
the parameters used in the molecular docking
analysis (specific docking). The docking of UA
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revealed interactions with URAT-1 residues Asn39
and Pro484, which formed hydrogen-binding in-
teractions, and Met36, GIn149, and Ala368, which
formed hydrophobic interactions. Likewise, the
interaction of UA with URAT-1 exhibited a binding
affinity of AG = —6.1 kcal/mol (Table 1). The
redocking of UA demonstrated identical in-
teractions with URAT-1 that were observed from the
active site determination step (blind docking). This
was further analyzed by superimposing the struc-
tural poses of UA that were generated from the
blind and specific docking, which exhibited an
RMSD value of 0.0065 A.

Ultimately, the purpose of redocking uric acid in
the molecular docking analysis is to validate the
docking results. By showing that UA interacts with
URAT-1 residues consistently and yields a similar
binding affinity during both blind docking and

specific docking, the study confirms the reliability of
the molecular docking process.

The low root mean square deviation value in-
dicates a high level of agreement between the
docked poses in both phases, which serves as strong
evidence that the molecular docking method
employed is accurate and can be trusted for evalu-
ating the interactions between URAT-1 and the
compounds from D. philippinensis. This redocking
allows for predicting the predominant binding
modes of a ligand with a protein, aiding in lead
optimization [42].

3.3. Pharmacological profiling
Drug-likeness serves as a crucial phase in drug

discovery, so the “hit to lead” progression of a drug
is initially analyzed [34]. Guidelines to predict the

Table 1. Molecular docking results of the terpenoids, glycosides, flavonoids, URAT-1 inhibitors, and uric acid.

Name of Ligands Binding Affinity, Inhibition Hydrogen Bonds Hydrophobic Interaction
AG (kcal/mol) Constant, Interaction
Ki (uM)
Terpenoids
2,3-Secoolean-12-ene-2,3-dioic-28-butyl -7.4 3.76 Ser35, Arg203, Leu153, Ile156, Leul57, Phe241,
ester Pro484 Ala476
2,3-Secoolean-12-ene-2,3-dioic-28-methyl 7.7 2.27 Asn39 —
ester
2,3-Secoolean-12-ene-2,3,28-trioic acid -75 3.18 — Phe241
2,3-Secoolean-12-ene-2,3,30-trioic acid -75 3.18 Asn39
Betulinic acid -7.5 3.18 - Phe364, Ala368, Ala480, Pro484
Maslinic acid -8.6 0.50 GIn149, Phe364, -
Pro484
Messagenic acid -8.1 1.15 - Tyr152
Glycosides
6'-O-sulphate benzyl glucoside -7.2 5.27 Cys32, Ser35, His245 Phe241, Phe364, Val445
Corchoionoside C6'-O-sulphate -7.7 2.27 Tyr152 -
Megastigman-7-ene-3, 5,6,9- tetraol -8.1 1.15 GIn149 -
3-O-p-glucopyranoside
Flavonoids
Tiliroside -94 0.13 Ser35, His245, Thr363  Tyr152, Leul53, Phe241, Phe360,
Phe364, Vald45, Ala448, Ala476,
Ala480
3-methylquercetin 7.7 2.27 Phe364, Ser35 Met36, Phe241, Ala368, Pro484,
Ala480
Vitexin —6.7 12.26 Tyr152 Arg203, Ala480
URAT-1 inhibitors
Benzbromarone —-8.2 0.97 — Tyr152, Ala480, Met36, Ala368,
Pro484
Lesinurad -71 6.24 GIn473 Phe364, Phe241, Ala480, Alad76
Losartan -9.0 0.25 Pro484, Ser35 Ala476, Phe241, Leu206, Arg203,
Tyr152
Probenecid —6.9 8.74 GIn34 Pro484, Ala368, Leul53, Ala480,
Phe364, Tyr152
Sulfinpyrazone -8.8 0.35 Ser35 Leu31, Cys32, Ala476, Ile156,
Leu153, Ala480, Met36, Pro484,
Phe364
URAT-1 substrate
Uric Acid —6.1 33.74 Pro484, Asn39 Met36, Ala368, GIn149




398

drug-likeness of a compound are possible using
Lipinski's Rule of Five [43]. Specifically, the rule
predicts that the probability of poor absorption is
higher when there are more than five H-bond do-
nors and 10 H-bond acceptors, the calculated logP
(ClogP) is greater than five, and the molecular
weight is greater than 500 g/mol [43]. As shown in
Table 2, tiliroside got a rejected Lipinski score, while
both maslinic acid and losartan obtained accepted
scores, which entail a high potential to become a
drug. Moreover, milogP, referred to as the
octanol—water partition coefficient logP computed
by molinspiration, is included to provide details
about the measure of the hydrophobicity of com-
pounds [44]. In addition to lipophilicity, the hydro-
phobic nature of a drug significantly influences its
absorption in the gastrointestinal tract [45]. The
bioavailability of drugs may also be affected by this
characteristic of the molecule, which will be further
discussed in the succeeding tables. The expected
miLogP values of the compounds should be equal or
less than five to enhance their drug-like properties
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[46]. Based on the results, tiliroside got a value
within the optimal miLogP range. Maslinic acid,
which has a greater than five miLogP values, still
obtained an accepted result in the Lipinski assess-
ment plausibly because the score only tackles spe-
cific aspects of solubility. Lastly, losartan obtained
accepted results as expected because this drug ex-
hibits Lipinski properties within the acceptable
ranges.

When a compound is administered, it is absorbed
into the systemic circulation, where it is subse-
quently distributed throughout the body [47].
Several factors influence the pace and degree of
medication absorption, including route and mode of
administration and the physicochemical properties
[48]. As shown in Table 3, among the hit com-
pounds, only maslinic acid obtained high remarks
on human intestinal absorption (HIA). Interestingly,
when compared to the standard drug, which also
got high remarks, maslinic acid has a high potential
to become a drug, considering its promising ab-
sorption. Since oral medicines have decreased drug

Table 2. Drug-likeness properties of the hit compounds and the standard uricosuric drug.

Compound Molecular Heavy No. of HBD HBA miLogP ClogP Lipinski Rule
Weight (MW) Atoms (HA) Violations
Maslinic acid 472.71 34 1 3 4 5.81 77.75 Accepted
Tiliroside 594.52 43 3 7 13 2.49 216.58 Rejected
Losartan 422.92 30 0 2 7 4.87 92.52 Accepted
(standard drug)
Table 3. ADMET prediction of the hit compounds and the standard uricosuric drug.
Properties Hit Compounds Standard Uricosuric Drug
Maslinic Acid Tiliroside Losartan
Absorption Human Intestinal Absorption (HIA) excellent poor excellent
P-gp substrate excellent medium excellent
Distribution BBB permeant No No No
PPB 98.218% 99.250% 97.446%
FU 4.389% 2.576% 1.652%
VD 0.802 0.590 0.829
Metabolism CYP1A2 inhibitor no no no
CYP2C19 inhibitor no no yes
CYP2C9 inhibitor no no yes
CYP2D6 inhibitor no no yes
CYP3A4 no no yes
Excretion Clearance (CL) 1.487 4.630 6.597
Tin 0.023 0.787 0.689
Toxicity hERG blocker - - -
Human Hepatotoxicity (HHT) —— ——= ++
Drug-induced liver injury (DILI) —— +++ +++
AMES Toxicity — ++ -

Human Intestinal Absorption (HIA) and permeability glycoprotein (P-gp): excellent, medium, poor; plasma protein binding (PPB):
< 90%: excellent; otherwise: poor; volume distribution (VD): 0.04—20: excellent; otherwise: poor; Fraction Unbound (FU): >20%: High;
5—20%: medium; <5% low. The unit of predicted clearance (CL) is ml/min/kg. >15 ml/min/kg: high clearance; 5—15 ml/min/kg:
moderate clearance; <5 ml/min/kg: low clearance; half-life (Ty,;) 0—0.3: excellent; 0.3—0.7: medium; 0.7—1.0: poor. hERG blocker, HHT,

DILI: negative(—) and positive(+).
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absorption due to the first-pass effect to the site of
action, the compounds must exhibit a high remark
in this parameter [47]. Therefore, highlighting this
parameter is crucial to predict the capacity of a po-
tential compound to penetrate through the intesti-
nal walls and reach its target site. Furthermore,
xenobiotics can enter the cell via active transport or
passive diffusion and can be effluxed using P-gp
[49]. This protein is spread throughout the body and
can be found in the small intestine, capillaries of the
blood—brain barrier, and other essential organs
such as the kidney and liver, allowing it to function
as a drug-extracting pump [50,51]. This study
included information about the compounds that can
be a substrate of P-gp to provide additional infor-
mation about the bioavailability of the compounds
since this protein further limits the penetration of a
compound in sensitive tissues. As a substrate, the
compound may act as an inducer or inhibitor of the
protein. Based on the results, only maslinic acid and
losartan are considered as P-gp substrates.

As mentioned, a pharmacokinetic parameter that
may provide further details about the efficacy of a
particular compound is distribution. This parameter
focuses on the rate of drug accumulation in pe-
ripheral compartments rather than the extent of the
drug accumulation [47]. One of the most crucial
distribution parameters is the blood—brain barrier
(BBB) permeability [52]. The BBB is the ‘barrier’ that
regulates material, nutrition, and cell transport from
the bloodstream to the brain and vice versa [52]. As
depicted in Table 3, none of the compounds shows
BBB penetrating potential. This is still a good quality
because the compounds of interest are not assumed
to have neurological targets and effects. Moreover,
Reference [53] has mentioned that plasma protein
binding (PPB) significantly affects the distribution of
the drug from plasma to target tissues where it ex-
hibits its pharmacological effect. Extensive binding
to these proteins may attenuate the therapeutic
properties of drugs because drugs bound to the
proteins would find it difficult to enter tissues [53].
Additionally, volume distribution (VD) and drug
clearance (CL) are affected when PPB values are
high enough [53]. It is because VD describes the
extent to which a substance is distributed from
plasma into tissues, and only unbound molecules of
a drug, as presented by the fraction unbound (FU),
may enter the tissues and be subjected to hepatic
clearance [54]. Based on the results, none of the hit
compounds got excellent remarks. However, one
interesting property that can be observed in mas-
linic acid is its relatively high FU percentage
compared to tiliroside and losartan. Reference [55]
highlighted that there are still a lot of factors to

consider when relating PPB and drug efficacy. On
this note, further analyses are done to determine the
following factors: (1) the importance of PPB for a
specific medicinal application; (2) the type of pro-
teins involved; (3) the effects of pH and temperature;
and lastly (4) the essence and requirement of pro-
tein displacement drug interactions [55].

Drug elimination is defined as the process of
removing the drugs that are introduced into our
bodies [56]. In the scheme of pharmacokinetics, both
metabolism and excretion have essential roles in the
elimination [56]. Moreover, to be eliminated, hy-
drophobic drugs must undergo metabolic change to
become more polar. In contrast, hydrophilic mole-
cules can be excreted without the need to be sub-
jected to metabolic modifications in their molecular
structures [56]. As shown in Table 3, metabolism is
mainly attributed to five cytochrome P450 isozymes,
namely CYPs 1A2, 2C19, 2C9, 2D6, and 3A4, which
metabolize approximately two-thirds of known
drugs in humans [57]. Specifically, these CYP450
isozymes carry out oxidation, reduction, hydrolysis,
and hydroxylation reactions, which are all part of
phase I in drug metabolism with the primary goal of
increasing the polarity of compounds, especially the
highly lipophilic ones [57]. Based on the results,
none of the hit compounds inhibit any CYP iso-
zymes. On the other hand, losartan recorded a
possible inefficient metabolism as this drug has the
potential to inhibit all the isozymes except CYP 1A2.
Several drugs' responsiveness and toxicity are
affected by CYP450 enzymes [58]. Molecules that
inhibit enzymes essential in drug metabolism tend
to produce adverse effects [58]. This is because, in
terms of metabolic liability, such inhibition can lead
to a variety of issues, such as decreased bioavail-
ability due to increased clearance, toxic side effects
from drug buildup, and induction, drug—drug in-
teractions like enzyme inhibition, and mechanism-
based inactivation [59—61].

On the other hand, the excretion of the drug can
be predicted using the scores in clearance (CL) and
T1/2 [62]. Both are influenced by VD and PPB
because, in a general sense, hepatic clearance affects
solely the unbound drug [63]. Based on the result,
both hit compounds and losartan obtained low
clearance. However, maslinic acid obtained excellent
half-life prediction compared to tiliroside and los-
artan, which obtained poor and medium remarks,
respectively. This may indicate that maslinic acid
may not require frequent dosing to attain the
necessary exposure in the system and eventually
exhibit its pharmacological effect. In addition,
Reference [56] indicated that this scheme of phar-
macokinetic analysis may still be improved when the
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compound is modified so that its polar groups are
increased to achieve a more hydrophilic structure.

Toxicity prediction of hit compounds and the
standard drug was assessed through hERG inhibi-
tion, human hepatotoxicity (HHT), drug-induced
liver injury (DILI) assessment, and AMES toxicity.
These parameters were measured using two cate-
gories (positive and negative) with empirical de-
cisions that serve as the probability that a particular
category will occur. The following toxicity measures
were selected because these were the common main
concerns in drug development [64—66]. Further-
more, the early assessment and discoveries related
to these toxicity parameters are essential to optimize
the drug and become safer therapeutic agents [67].

Firstly, the potassium channels encoded by the
human ether-a-go-go related genes (hERG) are
crucial for cardiac action potential repolarization
[68]. When blocked, hERG channels obstruct the
flow of ions out of the cell, causing prolonged QT, a
measure of delayed cardiac repolarization that can
eventually lead to deadly arrhythmias [68]. Sec-
ondly, both HHT and DILI are fit to evaluate the
effect of drugs in the liver since this organ is the
center for drug and xenobiotic metabolism and
where medication-mediated toxic effects have the
largest impact [69]. Specifically, the toxic effects are
commonly described as the biochemical stress a
drug may cause to the hepatocyte's mitochondria
[70]. Lastly, the AMES test assesses the carcinogenic
potential of a drug [71]. A compound that can cause
mutation and alter the His operon gene toward
activation may allow the bacteria to form colonies
even in the histidine-lacking medium [72]. Based on
the toxicity profile predictions, all tested compounds
have a low chance of blocking the hERG channel.
However, in terms of predictions on liver impact,
both tiliroside and losartan obtained medium
to high positive results, which means there is a
higher tendency to damage the liver. Lastly, only
tiliroside got a positive result for the carcinogenicity
prediction, indicating a high chance of causing
mutation.

In silico ADMET analysis has proven to be an
essential tool in predicting the properties of natural
compounds. Previous studies have all highlighted
the potential of in silico methods in this area
[73—76]. These assessments can provide informa-
tion about the pharmacology of compounds,
thereby reducing the risk of late-stage attrition in
drug development [73]. For instance, curcumin has
shown promising anti-cancer properties, but its low
bioavailability is a challenge [77]. Similarly, the
natural compound epigallocatechin gallate from
green tea has been found to have desirable

absorption and anti-cancer properties, but potential
hepatotoxicity risks have been highlighted [78].
While in silico models are not a replacement for
in vivo or in vitro methods, they can guide me-
dicinal chemistry towards more ideal property
spaces, minimizing the need for compound syn-
thesis [79].

3.4. Alanine scanning analysis

For the verification of the binding of amino acids
in the protein, alanine scanning revealed that the
mutants Q149A, F364A, and P484A exhibited
changes in binding affinities of AAG = 7.9, 2.7, and
0.4 kcal/mol, respectively (see Table 4). Q149A had
the most significant difference among the mutants,
while P484A had the lowest, accounting for a 92%
and 4.7% reduction in binding energy, respectively.
This suggests that the absence of GIn149 from the
URAT-1-maslinic acid complex would significantly
reduce the stability of their interaction, which could
be associated with maslinic acid's ability to
competitively inhibit UA reabsorption by URAT-1.
Furthermore, the results highlighted the signifi-
cance of GIn149 and found a possible mutation that
might significantly disrupt the URAT-1-maslinic
acid interaction [80]. Moreover, since GIn149 is one
of the residues involved in the protein-substrate
interaction, mutation in GIn149 may interfere with
URAT-1's interaction with UA. This observation
regarding the probable mechanism of maslinic acid
in inhibiting URAT-1 is consensus with the findings
from the binding assay performed where the known
URAT-1 inhibitors benzbromarone, lesinurad, pro-
benecid, and sulfinpyrazone exhibited similarities
with UA, in their interaction to URAT-1, as they
were seen to interact with similar residues that sit in
proximity with each other which are found around
the same binding pocket [36].

3.5. Molecular dynamics simulation analysis

The URAT-1-maslinic acid complex was further
analyzed regarding its stability using MDS, where

Table 4. Changes in binding affinities (44G) of the substituted residues
that interacted with maslinic acid.

Wild-type Binding Reduction in
Binding Affinity, AG Binding
Affinity, AG (kcal/mol) Affinity, AAG
(kcal/mol) (kcal/mol)

1. Wild type ~ —8.6 ~8.6 0

2. Q149A —8.6 -0.7 7.9

3. F364A —8.6 -5.9 2.7

4. P484A —8.6 —8.2 0.4
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ideal and close to natural conditions were observed
in the full atomic aspect [81]. Initially, the complex
was relaxed before the production step, which led to
a significant decrease in the potential energy of the
complex from -3,907,976 to —5,405,054 kJ/mol,
which was then exposed to constant NVT and NPT
conditions for 100 ns as a means of mimicking ideal
conditions. Consequently, the full MDS was per-
formed for 10,000 ps, where the root mean square
deviation (RMSD) and root mean square fluctuation
(RMSF) statistics were calculated from the trajectory.
It is worth noting that the duration of simulations
can vary significantly depending on the specific
systems being studied [82]. The generation of stable
lines in the production phase indicates that equili-
brated dynamics are obtained [83]. Based on Fig. 6,
the free protein dynamics exhibited deviations from
the beginning of the simulation until 5000 ps, where
the plot stabilized around ~1 nm. Likewise, the
RMSD behavior of the protein with maslinic acid
exhibited two separate slightly stable equilibrium
portions, one of which is from the beginning of the
simulation until 3000 ps with the plot being stable
around ~0.5 nm and another one from 4000 ps to
8000 ps where the plot has stabled around ~0.75 nm.
However, RMSD values throughout the simulation
should fall under the range from ~0.2 to 0.3 nm, as
the fluctuation in this range implies promising

stability in the complex, which was not satisfied in
the MDS [84]. Nonetheless, the URAT-1-maslinic
acid complex exhibited relatively low RMSD values
vis-a-vis the protein backbone with an average of
0.6081 nm =+ 0.1448 compared to the RMSD values of
the free protein with an average of
0.9199 nm =+ 0.2185. Therefore, the RMSD plot of the
URAT-1-maslinic acid complex has a relatively sta-
ble behavior compared to the free protein. The
RMSD value gave way to evaluating the initial
conformation of the protein compared with the
succeeding changes that took place during the
simulation for 10,000 ps [85]. Likewise, the RMSF
plot was also considered for the individual fluctua-
tions of each amino acid residue. However, the
modifications performed in the homology modeling
step indicate that some portions of the protein were
omitted because of the template protein's limitations
[86]. This omission has caused an adjustment in the
numbering of the residues. Moreover, it can be
observed in Fig. 7 that most of the residues exhibited
remarkable RMSF values that are also low except for
residues beyond 400. Nonetheless, the RMSF values
exhibited a relatively low mean RMSF of
0.2243 nm + 0.1983 compared to the free protein with
an average RMSF of 0.2565 nm =+ 0.2442, suggesting
stable dynamics at the expense of the interaction of
URAT-1 with maslinic acid.
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Fig. 6. Molecular dynamics analysis of the free URAT-1 vs. URAT-1-maslinic acid using root mean square deviation (RMSD).
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Fig. 7. Molecular dynamics analysis of the free URAT-1 vs. URAT-1-maslinic acid using root mean square fluctuation (RMSF) plot.

Furthermore, fluctuations of the residues may be
perceived more specifically by considering the res-
idues that have participated in the interaction be-
tween URAT-1 and maslinic acid. From the
molecular docking analysis, maslinic acid interacted
with GIn63, Phe240, and Pro360 (originally GIn149,
Phe364, and Pro484, respectively). These residues
exhibited RMSF values of 0.0860 nm, 0.0863 nm,
0.0915 nm, respectively. It can be observed that the
RMSF values of the residues responsible for the
interaction are much lower compared to the RMSF
values of the mentioned residues in the free protein,
which are 0.1959 nm, 0.1155 nm, 0.1858 nm,
respectively. Similarly, the RMSF values and bind-
ing energy reduction (AAG) in the alanine scanning
of GIné63, Phe240, and Pro360 portray similarities in
their trend. Thus, the replacement of GIn63 has
substantially diminished the binding energy of the
complex in alanine scanning, which has the lowest
value of RMSF among the residues responsible for
the interaction as calculated through MDS. This
concept proposes that the interaction of the com-
pound with the protein heavily relies on the stability
of each amino acid residue's conformation [61].

Ultimately, the molecular dynamics simulation
did not only expound on the stability of URAT-1-
maslinic acid interactions. It also granted

implications regarding the applications of structural
stability towards the robustness of the interaction.
Moreover, comparing the URAT-1-maslinic acid
complex against the free URAT-1 in terms of their
dynamics has revealed that maslinic acid may have
contributed to the further stabilization of the protein
structure. This notion also suggests that the inter-
action of maslinic acid to URAT-1 may have a high
probability of ensuing due to the comparatively
favorable dynamics of the protein in the presence of
maslinic acid.

4. Conclusion

Inhibiting URAT-1 to lower serum uric acid (sUA)
levels is another biochemical perspective of anti-
hyperuricemic agents. It is significant to reduce the
sUA concentrations because excessive amounts of
uric acid in the body may lead to gout and related
diseases. In the present study, homology modeling,
molecular docking, pharmacological assessment,
alanine scanning mutagenesis, and molecular dy-
namics simulation were successfully applied to
confirm the potential inhibitory effects of com-
pounds in D. philippinensis. It was found that among
the compounds, maslinic acid and tiliroside can
efficiently inhibit the transporter and were
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identified as hit compounds. Further, maslinic acid
was predicted to exhibit notable and promising
pharmacological properties among such com-
pounds. Therefore, this compound has a huge po-
tential to progress to another research stage in drug
discovery. This investigation revealed that the
bioactive compounds found in D. philippinensis
showed novel breakthroughs using emerging
computational tools, which provided great results
that may aid in developing antihyperuricemic
treatments. It is worth noting that the present study
may provide essential information for efficiently
streamlining the drug discovery process, offering
rapid, cost-effective, and ethically responsible
methods for predicting the profiles of potential
antihyperuricemic  agents. = This  early-stage
screening is crucial in identifying promising candi-
dates and reducing the risk of late-stage failures.

While the present study can help predict and
validate the biological activity of compounds like
maslinic acid found in D. philippinensis, future
research studies should conduct in vitro and in vivo
analyses to determine the efficacy and safety of
maslinic acid in a biological context. Long-term
studies are essential to uncover any possible
adverse effects and establish the clinical viability of
the compound. Lastly, it is imperative to undertake
extensive research to identify more novel com-
pounds from D. philippinensis. This could further
elucidate the plant's capacity to yield effective anti-
hyperuricemic substances.
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