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Abstract Dengue caused by the dengue virus (DENV) is a severe health problem
in tropical regions such as Southeast Asia, especially Indonesia. Indonesian have
used rhizome as traditional medicine for 1300 years. This study investigated the
compounds from Kaempferia galanga, Curcuma longa, Zingiber officinale,
Curcuma aeruginosa, Curcuma zanthorrhiza, Alpinia galanga, and Allium sativum
as antivirals agents, explicitly targeting the DENV envelope protein to inhibit viral
fusion. This study involved 121 bioactive compounds and DENV2's prefusion
envelope protein. The virtual screening and molecular docking were done through
occupied the Lipinski rule of five checker (http://www.scfbio-iitd.res.in/software/
drugdesign/lipinski.jsp) and AutoDock Vina (https://pyrx.sourceforge.io/)
respectively. The top nine compounds with the strongest binding affinity were
galangin, kampferide, demetoxy curcumin, bisdemethoxycurcumin, B-selinene,
6-(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol, piperine, estra-1,3,
5(10)-trien-17B-ol, and curcumin. These compounds' affinity values were
significantly lower, around 45-62%, than chloroquine. Most of them interact with
the kI hairpin and hydrophobic pocket formed by residues Val130, Leul35,
Phel193, Leul198, and Phe279of critical domains that can interfere with the
conformational change and rearrangement of protein dimer in the post-fusion
stage. This study suggested that the galangin, demethoxycurcumin, and
bisdemethoxycurcumin are considered the most potential compounds to be
developed as anti-prefusion E DENV2 low-affinity and intense interaction with
those.
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INTRODUCTION

Dengue virus, also known as DENV, is a positive-sense single-stranded RNA virus
from the genus Flavivirus with four known serotypes (DENV1-4). DENV causes dengue
fever, one of the most dangerous neglected tropical diseases and mosquito-borne
diseases in the world (Alen & Schols, 2012; Shah et al., 2013; Warkentien, 2016; World
Health Organization & Department of Control of Neglected Tropical Diseases, 2017;
Tahir et al., 2018). DENV virus's protein consists of two main groups: structural protein
groups and nonstructural proteins. Structural proteins are responsible for the structure
of mature DENV virions, while nonstructural proteins are responsible for the replication
process of DENV in target cells. The structural components of DENV consist of capsid
(C), membrane (M), and envelope (E), while the nonstructural components consist of
seven nonstructural proteins (NS1, 2a, 2b, 3, 4a, 4b, and 5) (Norazharuddin & Lai,
2018). Among the DENV structural proteins, an envelope protein (E) is studied as a
target protein in antiviral development. The DENV2 E protein is a class II fusion protein
that works through receptor-mediated, clathrin-dependent endocytosis triggered by a
low pH environment (Butrapet et al., 2011; Smit et al., 2011; Alen & Schols, 2012; de
Wispelaere et al., 2018). In the early infection stage, E protein of DENV changes the
fusion unit conformation and viral membrane protein fuses with the target (Alen &
Schols, 2012; Klein et al., 2013; Shah et al., 2013; Harrison, 2015; Rouvinski et al.,
2017). This process is crucial for infection mechanism of DENV, and might be used for
antiviral targeting. Nowadays, some studies explored compounds that potential as
antivirals target. Arbidol as antivirals compound prevented H1N1 and H3N2 infections,
and Enfuvirtide inhibited the HIV fusion to CD4+ cells via CCR5 receptors (Lange et al.,
2013; Tian et al., 2018; Vankadari, 2020; Wang et al., 2020).

Indonesia has at least around 9,000 species of plants that predicted to have
medicinal properties. However, only a ninth of them have been widely used, mostly as
herbal ingredients. Only about 500 species have been used as phytopharmaca materials
(Salim & Munadi, 2017; Jadid et al., 2020). The Indonesian people are familiar with
using certain types of plants as traditional medicines, carried out from generation to
generation, often through oral lore. This oral tradition from generation to generation
has resulted in the lack of written records regarding these plant groups' initial use in
Indonesian culture. Several records show that the Indonesian people have carried out
plants as traditional medicine before the 8th century AD, depicted on reliefs at
Borobudur Temple and several other ancient manuscripts (Subositi & Wahyono, 2019).

In Indonesian culture, plants' use as traditional medicines is considered adequate
and has minimal side effects, although there is still no adequate scientific explanation
regarding these traditional medicines (Jennifer & Saptutyningsih, 2015; Sumayyah &
Salsabila, 2017). Some communities assumed that the traditional medicinal herb is
more effective than drugs and continually generated to their family and other
communities (Hakim, 2015; Parwata, 2016; Badan Pengawas Obat dan Makanan, 2019;
Fakultas Kedokteran, Kesehatan Masyarakat dan Keperawatan Universitas Gajah Mada,
2020). Research conducted by the Indonesian Ministry of Health shows that 95.6% of
59.12% communities assumed the traditional herbal medicine is beneficial for health
(Siswanto, 2012; Andriati & Wahjudi, 2016). The most widely used medicinal plants in
Indonesian culture are the rhizome group, such as turmeric, galangal, temulawak, and
ginger (Beers, 2012; Woerdenbag & Kayser, 2014; Hakim, 2015; Kristianto et al.,
2020). Some research suggests that several bioactive compounds from these group can
potentially develop as a potent antiviral for certain viruses such as Human
papillomavirus (HPV), influenza, human respiratory syncytial virus (HRSV), and even
dengue itself (Dao et al., 2012; Abdel-Moneim et al., 2013; Chang et al., 2013; Ichsyani
et al., 2017).

There are several studies had been conducted regarding potential bioactive
compounds that may act as antiviral against DENV (Loaiza-Cano et al., 2021). The
nonstructural protein, especially the NS2B/NS3 protease and NS5, are the most
commonly used target proteins in the antiviral development process because they have
well-mapped enzymatic activity for viral polyprotein and RNA synthesis (Norazharuddin
& Shin, 2018; Jennings & Parks, 2020). These proteins are also well-conserved among
DENV serotypes (Moghadamtousi et al., 2015; Garcia et al., 2017; Tahir et al., 2018;
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Silva et al., 2019). A conserved protein is a protein whose amino acid sequence has
fewer amino acid replacements or is more likely to substitute amino acids with similar
biochemical properties among all DENV serotypes represented by a percentage (Kairys
& Fernandes, 2007; Sousounis et al., 2012).

In previous in silico research, halishigamide A was predicted to be the strongest
candidate against DENV2 NS5 due to low binding affinity value (Hidayatullah et al.,
2020). The development of the DENV antiviral is starting to consider other target
proteins besides nonstructural proteins, such as DENV’s envelope protein, which is
playing the critical role during the early infection stage. Hence, this study performed to
screening on several types of rhizomes that commonly used in Indonesia, such as
Kaempferia galanga, Curcuma longa, Zingiber officinale, Curcuma aeruginosa, Curcuma
zanthorrhiza, Alpinia galanga, and Allium sativum to find the bioactive compounds that
could be developed as promising antivirals by explicitly targeting the DENV envelope
protein to inhibit viral fusion. This study expected to be fundamental of future study of
anti-DENV discovery, especially for natural bioactive compound.

MATERIALS AND METHODS

Ligands and protein data mining

The protein that is projected to be the target in this study is the envelope protein
(E) of the DENV serotype 2, the most critical protein in the DENV fusion mechanism.
Specifically, the E protein conformation used is the prefusion conformation that occurs
at the earliest stage of the DENV fusion process, so the disruption that occurs due to
interactions with potential compounds occurs in the earliest phase of the viral fusion
process (Tian et al., 2018). The 3D protein E structure used was obtained from the
primary database, the RSCB PDB (https://www.rcsb.org/) (10KE) with the PDB file
format that compatible with AutoDock Vina (Y. Modis et al., 2003). The 3D structure is
a homodimer structure with a sequence length of 394 residues with 2-acetamido-2-
deoxy-beta-D-glucopyranose as the native ligand on Asn67 and Asn153 residues (Alen
& Schols, 2012). The target protein is optimized by removing the native ligand from the
amino acid sequence using PyMol.

The compounds data are obtained through a data mining process based on active
compounds found in several medicinal plants' rhizomes commonly used in Indonesia.
There are seven rhizomes used as a source of potential compounds in this study. They
are Kaempferia galanga, Curcuma longa, Zingiber officinale, Curcuma aeruginosa,
Curcuma zanthorrhiza, Alpinia galanga, and Allium sativum (Karyawati, 2011; Dao
et al., 2012; Abdel-Moneim et al., 2013; Chang et al., 2013; Yan et al., 2014;
Theanphong et al., 2015; Ichsyani et al., 2017; Munda et al., 2018; Sugita et al., 2018;
Mao et al., 2019; Shang et al., 2019). We determined the 121 bioactive compounds
from these selected sources will be mined at PubChem
(https://pubchem.ncbi.nlm.nih.gov/). The drug compound used as a control in this
study was chloroquine (CID: 2719), which, based on several studies, showed the
potential for DENV fusion inhibition (Mao, 2019; Sugita, 2018). All data mining
compounds are 3D structural data in the SDF format compatible with AutoDock Vina
and can be converted into AutoDock ligand format.

Ligands virtual screening

A data mining process precedes this research method. The data mining process is
divided into two parts: the protein data mining process and the potential compound
data mining process. All compounds obtained from the data mining process were tested
using the Lipinski Rule of Five parameters. This test was carried out by the
Supercomputing Facility for Bioinformatics and Computational Biology, IT Delhi
(http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp) server (Jayaram et al.,
2012). Compounds that passed the test must meet all the Lipinski parameters' criteria
without any tolerance. These compounds can be declared to have pharmacological
properties chemically and physically suitable for drugs, especially for humans' oral
consumption. Compounds that pass the Lipinski test are then optimized using the PyRx
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program, which is integrated with the OpenBabel GUI by minimizing the energy of these
compounds with the aim that the protein-ligand interaction distance results are accurate
to the level of quantum chemical calculations so that they are biologically close to the
actual state (Mirzaei et al., 2015).

Molecular docking process

The docking process is performed using AutoDock Vina
(https://pyrx.sourceforge.io/) (Trott & Olson, 2009). All components must be converted
into AutoDock Macromolecule and AutoDock Ligand (pdbqt) format. After the target
protein macromolecules and compounds are selected, the docking coordinates are
determined. Because this research is exploratory, the docking coverage is the entire
structure of the E protein. The molecular coverage area (in Angstrom) is X: 39.8415,
Y: 56.3282, and Z: 149.8127, and the center at X: -12.7517, Y: 69.0073, Z: 24.4419.
The docking process is repeated three times to avoid abnormal data. The main docking
results are the affinity in kcal/mol, the binding site location, and the protein-ligand
interaction, known through the visualization process.

Visualization of Docking Analysis

The process of visualizing the results is carried out in two stages. The first stage
is the 3D visualization of target protein complexes and potential natural compounds.
This visualization process uses PyMOL (https://pymol.org/2/). This primary purpose of
visualization is to provide a general visual description of potential natural compounds'
binding sites on the target protein. The second stage of visualization is 2D visualization
to determine the interaction between target proteins and potential natural compounds
in 2D (Wallace et al., 1995). This visualization stage uses LigPlot+ version 2.1.
(https://www.ebi.ac.uk/thornton-srv/software/LigPlus/). This 2D visualization process
aims to determine the interaction between the target protein and the potential
compound and the interaction distance between the two components.

Protein target of each compound and Network Analysis

To further explore the protein target of each compound, we performed the
prediction target analysis. The protein target were then analyse its interaction using
protein-protein interaction database called STRING. The Gene Ontology (GO), including
cellular compounds (CC), molecular function (MF), and biological process (BP) was
generated from STRING algorithm (https://string-db.org/).

RESULTS

Virtual screening of 121 compounds showed that nine compounds have
potential activity as drugs. The galangin, kampferide, demetoxy curcumin,
bisdemethoxycurcumin, B-selinene, 6-(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]
hexan-2-ol, piperine, estra-1,3,5(10)-trien-17B-ol, and curcumin interacted with E
protein of DENV with the strong binding affinity. These natural compounds' affinity
value is range -7.7 to -8.6 kcal/mol, 45-62% lower than the control (Chloroquine; -5.3
kcal/mol) (Figure 1).
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Figure 1. The comparison of the affinity value of top nine compounds with
chloroquine based on the docking results of the prefusion DENV2 E protein. (A)
galangin, (B) kampferide, (C) demetoxy curcumin, (D) bisdemethoxycurcumin, (E) B-
selinene, (F) 6-(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol, (G) piperine,
(H) curcumin, (I) Estra-1,3,5(10)-trien-173-ol.

The 2D visualization performed that top nine compounds against prefusion DENV2
E protein by hydrophobic interactions (Table 1). Demetoxy curcumin, 6-
(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol, estra-1,3,5(10)-trien-178-
ol, and chloroquine interact with residues on both monomers; whereas kaempferide,
bisdemethoxycurcumin, B-selinene, piperine, and curcumin each only interacted with
the residue on a monomer, either monomer A or B. 2D visualization showed that the
most conserved residues of the two monomers were 11€270, Leu198, and Leu207. The
results also indicated that 50% of the target protein residues interacted with more than
one potential natural compounds.

The 3D and 2D visualization show that the top nine compounds and control are
concentrated on the three binding pockets on the E protein structure, namely A, B-B,'
C, and D (Figure 2, 3 and 4). The A site is occupied by demetoxy curcumin, and estra-
1,3,5(10)-trien-17B-0l, the B site is occupied by curcumin and B-selinene, while the
counterpart occupied by galangin, kaempferide, bisdemethoxycurcumin, and piperine;
the C site is occupied by 6-(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol;
and the D site occupied by chloroquine. Thus, the A and C sites formed between
monomer A and B, while the B-B' site formed either on monomer A or B. The use of an
apostrophe (') in the binding site notation is due to its formation in the same residue
complex but in the opposite monomer. All potential compounds interact with at least
one residue in the kl hairpin complex, except chloroquine. Chloroquine interacts at
binding pocket D, isolated from the other compound, but barely similar with the rest of
the compounds in the A site with three similar residues. They are Lys247, Asp154, and
Arg2.
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Table 1. Docking and 2D visualization result of top nine compounds against prefusion DENV2 E protein.

AG
No. Compound Source Average Amino Acids Residue Interaction (A)
(kcal/mol)
Ile270(B); Phe193(B); Leu207(B);
Galangin . Vall130(B); Thr48(B); Leul35(B); Glu49(B); Hydrophobic
L (cID: 5281616) Alpinia galanga 8.6 GIn200(B); Leu198(B); Ala205(B); interaction
GIn271(B); Ala50(B)
GIn271(B) Hydrogen bond (2.90)
Ala50(B) Hydrogen bond (2.88)
1le270(B); Leu198(B); Leu207(B);
Kampferide .. Phe193(B); Thr280(B); Thr48(B); Hydrophobic
2 (CID: 5281666) Alpinia galanga  -8.6 GIu49(B); Leu135(B); GIn200(B); Ala205(B); interaction
GIn271(B); Ala50(B)
GIn271(B) Hydrogen bond (2.88)
Ala50(B) Hydrogen bond (2.83)
Ser273(A); Leu278(A); Lys241(B);
Demethoxy curcumin Pro243(B); His244(B); Iled6(A); Hydrophobic
3. (CID: 5324476) Curcuma longa -8.5 Arg2(A); Glu44(A); Leud5(A); Asn276(A); interaction
: GIn248(B); Asp249(B); Lys247(B);
Leu277(A); Asp154(A); His27(A); Gly28(A).
Lys247(B) Hydrogen bond (2.93)
Leu277(A) Hydrogen bond (2.71)
Asp154(A) Hydrogen bond (2.82)
His27(A) Hydrogen bond (3.18)
Gly28(A) Hydrogen bond (3.09)
Leul91(B); Gly281(B); Val130(B);
) . Leu207(B); 1le270(B); Thr280(B); )
4 f‘é?g‘??;fgi’;‘g“m”m'” Curcuma longa -84 Ala205(B); GIn271(B); Leu135(B); mrrggt?gr?lc
: Thr268(B); Leu198(B); Phe279(B);
Gly190(B); GIn200(B)
Gly190(B) Hydrogen bond (3.22)
GIn200(B) Hydrogen bond (3.25)
B-Selinene Curcuma Leu135(A); IIe270(A);.Thr48(A); Ala50(A); Hydrophobic
> (CID: 442393) aeruginosa 8.1 Val130(A); Leu198(A); interaction
: Leu207(A); Thr280(A)
f‘&“froxymemyn' Thr22662(B); Leu2s3(A); L%/sggg(B);
L . Zingiber His261(B); Met272(B); Thr (A); Hydrophobic
6. ter)'(?rﬁtzh_g'lb'cyc'oﬁ'l'o]h officinale 8.0 Trp206(B): Leu264(B): Glu269(B): interaction
(CID: 538067) Thr265(8)
o o Ile270(B); Thr280(B); Leu207(B); ]
e Zrobe o3 Peisa@) Lewisae) Veliaoe) et
. Thr48(B); Leu277(B); GIn271(B); Ser274(B)
GIn200(B) Hydrogen bond (3.10)
Thr268(A); Leu207(A); Gly190(A);
Phe279(A); Leu135(A); Leu277(A);
Curcumin GIn271(A); GIn200(A); Leul198(A); Hydrophobic
8 (cID: 969516) Curcuma longa  -7.8 Thra8(A); interaction
Ile270(A); Thr280(A); Phe193(A);
Thr189(A); Gly281(A); Leu191(A)
Estra-1,3,5(10)-trien- o Glud4(A); Leu277(A); Leu278(A); .
9. 17p-ol Z)’C;’.gfbelr 7.7 Lys247(B); Asn276(A); Pro243(B); H‘t’dmptr.mb'c
(CID: 228944) officinale Lys246(B); His244(B); Ile46(A) interaction
Ile46(A) Hydrogen bond (2.75)
Val97(A); Ile113(A); Arg99(A); Ser72(A);
10 Chloroquine Antiviral drug 53 Thr70(A); Lys247(A); Hydrophobic
’ (CID: 2719) (control) ’ Asp154(B); Asn103(A); Asp98(A); Arg2(B); interaction
Ile6(B)

Galangin, the potential compound with the best affinity, is predicted to interact
with two crucial residue complexes. They are kl hairpin (Ile270, GIn271) and
hydrophobic pocket (Phel93, Vall30, Leul35). The interaction with Ile270(B) is a
hydrophobic with the main core structure. In contrast, the interaction with GIn271(B)
consists of two interactions, hydrophobic interaction and hydrogen bonding with
moderate strength with the hydroxyl group on C8. Meanwhile, the hydrophobic pocket
interaction entirely occurs through a stable hydrophobic contact with the central core
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structure and the hydroxyl group at C5. Kaempferide, which has the same affinity value
as galangin and interacted with the critical residue of E protein. B-selinene bound to the
kl hairpin residue I1e270(A) and the hydrophobic pocket residues Leu198(A), Val130(A),
and Leul35(A) of DENV E protein. The same pattern also showed in piperine, which
interacted by hydrophobic contact with kI hairpin residues Ile270(B), GIn271(B),
Ser274(B), and Leu277(B). Piperin also interacted with hydrophobic pockets residue
Phel193(B) and Leu198(B) of DENV E protein, occurs between the heterocyclic ring and
the methylenedioxyphenyl ring in both terminals.

Demethoxy curcumin bound to three critical residues on the kl hairpin, the
Ser273(A), Leu277(A), and Leu278(A), and one residue on the DI-DIII linkage, the
His27(A). The interactions between the Ser273(A) and Leu278(A) residues are
hydrophobic contacts, especially with the hydroxyl group on the C8 and the ether group
on the C7. While the hydrophobic contact makes up the interaction with Leu277(A), it
is also supported by the hydrogen bonding with moderate strength that interacts with
the main structure and the hydroxyl group at the C1. The interaction with the DI-DIII
linkage in His27(A) involves hydrophobic contact and moderate hydrogen bond with the
hydroxyl group on the C12. Although demethoxy curcumin also interacts with B
monomer, the critical residue is wholly bound to A monomer.

Bisdemethoxycurcumin is a potent compound with the fourth-highest affinity
value, which is predicted to interact with three critical domains; the kl hairpin,
hydrophobic pocket, and hinge. Interaction with kl hairpin (Ile270(B), GIn271(B), and
Phe279(B)), hydrophobic pocket (Val130(B) and Leu198(B)), and hinge (Leu191(B)) of
E DENV protein. Curcumin interacted with kl hairpin of E DENV protein (Leu277(A)),
and hydrophobic pockets (Leu135(A), Phel93(A),Vall130(B)).

6-(Hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol is the compound
with the sixth-highest affinity value, also the only compound that occupies the binding
site C. This compound interacts with one critical, Met272(B), which is part of the Kkl
hairpin through hydrophobic contact with the compound's main structure. However,
when we observed the binding site's position, this compound is precisely sandwiched
between two EDII domains, near the twofold axis.

The interaction pattern of the estra-1,3,5(10)-trien-17p-ol shows this compound
only interacts with the critical residue of the kl hairpin, the Leu277(A), Leu278(A), and
Asn276(A) through hydrophobic contact which occurs with the main structure of this
compound. Like demethoxy curcumin, although this compound interacts with both
monomers, the interaction with the critical residues only occurs with monomer A.

Chloroquine, as control, which had the lowest affinity value, showed different
residue complexes' interaction compared to all potential compounds. This compound
interacts with the fusion loop at Arg99(A), Asp98(A), and Asn103(A). The interactions
are entirely hydrophobic contact between these residues and the main bicyclic
structure, [5-(diethylamino)pentan-2-yl] amino group, and chlorine.

CMUJ. Nat. Sci. 2021. 20(4): €2021071
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Figure 2. An overview of the binding sites based on the top nine compounds'
3D visualization results with prefusion DENV2 E protein. (A) galangin, (B)
kampferide, (C) demetoxy curcumin, (D) bisdemethoxycurcumin, (E) B-selinene, (F) 6-
(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol, (G) piperine, (H) curcumin,
(I) Estra-1,3,5(10)-trien-17p-ol, and (J) chloroquine as control.
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Leu07(A;

o
Leul98(A)

Valio(A)

Figure 3. The interaction between the top nine compounds molecule with the
prefusion DENV2 E protein based on the 2D visualization results. (A) galangin,
(B) kampferide, (C) demetoxy curcumin, (D) bisdemethoxycurcumin, (E) B-selinene,
(F) 6-(hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol, (G) piperine, (H)
curcumin, (I) Estra-1,3,5(10)-trien-17B-ol, and (J) chloroquine as control.
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Figure 4. The top nine compounds and control occupy the approximate binding
site. The A site is occupied by demethoxy curcumin and estra-1,3,5(10)-trien-
17B-ol. The B site is occupied by curcumin and B-selinene. The B' site is occupied
by galangin, kaempferide, bisdemethoxycurcumin, and piperine. The C site occupied by
6-(Hydroxymethyl)-1,4,4-trimethylbicyclo[3.1.0]hexan-2-ol. Finally, the D site
occupied by chloroquine. The fusion loops showed in red, the protein hinge region
showed in blue, the kl hairpin showed in yellow, the twofold axis showed in light
magenta, the A strand showed in cyan, and the hydrophobic pocket showed in magenta.

The AB loop cannot be showed in this picture.
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Figure 5. Networking analysis of active compound (Blue, circle) and protein
target of Galangin and Kaempferide (Red, circle).

To deepen the hypothesis related to the effectivity of those active compounds for
prefusion, protein target prediction and PPI analysis were performed. The protein target
of Galangin and Kaempferide involving CYB1B1, CYP1A1, and CYP1A2 with 100% score
of precision. Initially, we got 26 protein targets from 10 compounds (including control)
showed in Table 1. However, to obtain the valid target, we filtered the finding based on
its precision score, which is allowed only for 100% score. Twelve protein targets were
retrieved, including APP, TLR9, TNF, CYP2D6, CYP3A5, GSTA1l, ABCB1, CYP2CS,
CYP3A4, CYP1B1, CYP1Al and CYP1A2. Those targets were then predict its function
and interaction with the nearest protein using networking analysis and gene ontology
(GO).
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Figure 7. Gene Ontology analysis: biological process (A), and KEGG enrichment (B).

The PPI analysis formed two main clusters related to the protein target of active
compounds. The target of Galangin and Kaempferide generated a cluster with others
target protein, including CYP2D6, CYP3A4, CYP3A5, GSTA1, CYP2C8, and ABCB1. Those
proteins hypothetically have function related to the perfusion of DENV virus through

cytochrome associated pathway.

The enrichment of biological process pointed out terms related to the response to
chemical stimulus, demethylation, several terms associated with metabolic process.
While molecular function enrichment stated some terms related to the binding oxygen,
iron, cofactor, enzyme, drug and protein. The cellular component showed location of
the target, including membrane, endoplasmic reticulum and cytoplasm. Lastly, the
KEGG enrichment revealing the term related to the TNF signaling, NF-Kappa B signaling,
metabolism of xenobiotics through cytochrome P450 and any other terms rated to the

virus infection.
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DISCUSSION

The protein envelope located on the surface of the DENV is one of the crucial
proteins that play a role in the initial mechanism of infection with Flavivirus such as
DENV because it facilitates receptor recognition and fusion of the viral membrane with
target cells such as dendritic cells (Degréeve et al., 2012; Klein et al., 2013). Mature
DENV 2 virions are dimer protein complexes that lay flat in the virus surface and must
do some conformational changes to interact with the cell receptor and mediate the
fusion process (Alen & Schols, 2012; Klein et al., 2013). This phase is known as the
prefusion state. Mature DENV 2 new virions will undergo a conformational change to a
post-fusion state triggered by certain conditions, especially in a low pH environment
(Alen & Schols, 2012; Klein et al., 2013; Shah et al., 2013). We choose prefusion state
conformation because it is mainly on this conformation until the infection's early stage.
These proteins have several important domains that play a role in infection mechanisms
and can be used as target domains disrupted by antiviral compounds. Some of these
critical protein complexes include fusion loops (98-109), protein hinge region (191), ki
hairpin (270-279), twofold axis (255,259), AB loop (314-319), A strand (310-313), and
a hydrophobic pocket (130, 135, 193, 198, and 279) (Klein et al., 2013; Rouvinski et
al., 2017; Anasir et al., 2020).

The critical protein complexes with the most significant chance of being disrupted
by the potential compounds tested in this study are kl hairpin and hydrophobic pocket.
The dominant interaction between these compounds and kl hairpin is hydrophobic
contact. Hydrophobic interactions performed stronger than other intermolecular
interactions involved hydrogen bonds or Van der Waals bonds, indicating that the ligand-
protein complexes were relatively stable (Jeffrey, 1997; Atkins & Paula, 2010).
kl B-hairpin has known for its act in initiating the conformational changes at low pH to
form fusion component trimers (Modis et al., 2003). Any binding of small molecules on
the ligand-binding pocket in opened kl hairpin conformation may prevent fusion in low
pH (Mir et al., 2016).

However, demethoxy curcumin has one hydrogen bond with Leu277(A) with a
donor-acceptor distance around 2.71A, which indicates that the bond has a moderate
intensity and mostly electrostatic (Jeffrey, 1997). An additional hydrogen bond occurs
between demethoxy curcumin and Leu277(A), which is also thought to stabilize the
ligand-protein complex. Theoretically, the ligand-protein complex formed is more stable
than piperine, and curcumin only interacts through hydrophobic contact.

On the other hand, demethoxy curcumin also has the lower affinity than piperine
and curcumin. Theoretically, demethoxy curcumin has a higher tendency for
spontaneous interactions and stable interaction between these compounds (Murcko &
Ajay, 1995; Trott & Olson, 2009; Pantsar & Poso, 2018). The interactions that occurred
between demethoxy curcumin and the kl hairpin in envelope domain II (EDII), is
predicted to interfere with the conformational change and rearrangement of protein
dimer into the post-fusion stage, which is indispensable for the process of virus entry to
target cells through the membrane fusion mechanism (Yorgo Modis et al., 2005; Alen &
Schols, 2012; Anasir et al., 2020). Therefore, demethoxy curcumin is probably one of
the most potent compounds that can inhibit the kil hairpin complex.

The next critical protein complex most likely to be disrupted by the most potent
compounds is the hydrophobic pocket formed by residues 130, 135, 193, 198, and 279.
Among the top nine compounds that interact with this protein complex are galangin,
kaempferide, bisdemethoxycurcumin, B-selinene, piperine, and curcumin; galangin is a
compound that has the most interactions with residues in the hydrophobic pocket, which
interact with four residues. Thus, this compound interacts with 80% of the residue that
makes up the hydrophobic pocket. This high interaction ratio is supported by a stable
hydrophobic contact that makes up the ligand-protein complex also supported by the
affinity value of galangin. The affinity value of galangin is 62% lower than the control,
which indicates its interaction and hydrophobic pocket has a higher tendency for
spontaneous interactions. Thus, the complex formed is more stable than others,
including control (Murcko & Ajay, 1995; Trott & Olson, 2009; Pantsar & Poso, 2018).
This makes galangin may disrupt the hydrophobic pocket efficiently. Blocking or
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disrupting the hydrophobic pocket by antiviral compounds will interfere with the
conformation change process of E protein during the fusion process (Modis et al., 2003)
The hydrophobic pocket plays key role during conformation changes since it serves as
a hinge in the protein activation mechanism that stimulated by a low pH environment
so that it can affect the pH threshold also indirectly affect the virulence of the virus
(Alen & Schols, 2012; Anasir et al., 2020).

In addition to those dominant complexes, two potential compounds are known to
interact with Leul191, a hinge region that connects EDI-EDII and facilitates the 30°
rotation required by EDII when doing a conformational change from prefusion into the
post-fusion state. The hinge region's influence is also closely related to the kl hairpin
previously described (Yorgo Modis et al., 2004). These potential compounds are
curcumin and bisdemethoxycurcumin that interact with Leu191 on the monomers A and
B, respectively, through hydrophobic interactions. Both compounds also interact with ki
hairpin, so the conformational change inhibition mechanism will likely occur via those
two regions. Hence, these two compounds' inhibition potential is also promising
considering that they have relatively stable interaction through hydrophobic contact and
have a lower affinity than control.

According to the binding site, 6-(hydroxymethyl)-1,4,4-trimethylbicyclo
[3.1.0]hexan-2-ol is the only compound that binds near the twofold axis region of E
protein, although the results show that these compounds interact with one kl hairpin
residue. The interaction near the twofold axis of the E protein dimer can interfere with
the disulfide bond between the two monomers through its axis so that it is projected to
disrupt the conformation of the E protein (Rouvinski et al., 2017). However, this
compound does not interact exactly on the twofold axis residue, so this assumption still
needs further investigation.

There is one crucial region that does not interact with potential compounds but
interacts with chloroquine as control. These regions are the fusion loops. This fusion
loop is buried at the dimer interface in the mature virion but exposed during fusion.
Several sources state that the fusion loop is the most critical region in the initial
mechanism of dengue infection because it functions to link the virus to the target cell
membrane and serves as an anchor in the protein conformation changing process, which
causes the bend of the virus and cell membranes to a certain distance so the membrane
fusion process can occur (Klein et al., 2013; Anasir et al., 2020). Chloroquine was
predicted\ inhibited viral fusion mechanism by disrupting the fusion loop and prevented
the virus attaching to the target cell membrane. However, because chloroquine has the
lowest affinity than the top nine compounds, chloroquine complexes with fusion loops
are the most unstable ligand-protein complexes and the lowest chance of spontaneous
formation theoretically (Murcko & Ajay, 1995; Trott & Olson, 2009; Pantsar & Poso,
2018).

Galangin, kampferide, demethoxy curcumin, bisdemethoxycurcumin and curcumin
are belong to the flavonoid group that has been known for its activity as anti-bacterial
and anti-viral. The chemical structure of Galangin and kampferide shows the existence
of dual fused aromatic rings (Ring A and C), that reported in previous research to posses
antiviral activity against NS2B-NS3 complex of the dengue virus (Sarwar et al., 2018;
Lalani & Poh, 2020). In addition, galangin and kampferide that show the best affinity to
E protein of DENV 2, consist of more hydroxyl group number compared to other
flavonoid compound in this study. Though more hydroxyl groups number give lower
hydrophobicity that limit flavonoids transport through biological membranes, sometimes
certain hydroxyl group-rich-flavonoids give higher activity in in vitro study. It may
happened due to the balance of hydrophobicity and electronic delocalization on the
strength of hydroxylation assignment (Wang et al., 2018; Zou et al., 2020). Thus, the
fused aromatic rings that conserved in most flavonoid also hydroxylation in their
skeleton structure may responsible to antiviral activity on E protein. However, the
relationship of chemical structure from this five compounds with their antiviral action
specifically on DENV 2 E protein need to be investigated more.

We then performing the GO enrichment analysis to further reveal the Galangin
and Kaempferide active compound capacity in more big picture. The KEGG enrichment
showing terms related to the TNF, NF Kappa B signaling pathway and metabolism via
Cytochrome pathway. It might be related to the potential of Galangin and Kaempferide
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to inhibit the DENV infection process via oxidative stress. The reactive oxygen species
(ROS) is begin to accumulate once the DENV infected the patient, so that it elevate the
level of proinflammatory cytokines. The location of ROS secretion is in the plasma
membrane of NADPH as the results of infection as a defence mechanism/antiviral
mechanism. Next, the IRF3-STAT1 and NF Kappa B were induced and regulate the
inflammatory cytokine expression. This action was then continued with NOX-derived
ROS which trigger a p53 protein, so that the propagation of virus limited (Olaigner
et al., 2014). Thus, we discovered that active compounds of Galangin and Kaempferide
paying crucial role as an antioxidant to stop the ROS production and DENV infection.

CONCLUSION

Based on the tests and analyses conducted, we conclude that the compounds
considered the most potential to be developed as anti-E DENV2 in the prefusion state
are galangin, demethoxy curcumin, and bisdemethoxycurcumin. Galangin was chosen
because it has the best affinity and has strong interaction with a hydrophobic pocket.
Demethoxy curcumin is also chosen because it has an affinity that is only 0.2 kcal/mol
higher than galangin and has the best interaction with the kI hairpin. Lastly,
demethoxycurcumin was also chosen because of its low-affinity value and interaction
with the kl hairpin and simultaneously with the hinge region. Further studies are needed
to confirm this study's prediction and further develop these compounds as antiviral
compounds that are explicitly targetting the DENV E protein.
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