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Abstract: Flaviviruses are among the most critical pathogens in tropical regions; they cause various
severe diseases in developing countries but are not restricted to these countries. The development
of antiviral therapeutics is crucial for managing flavivirus outbreaks. Ten proteins are encoded
in the flavivirus RNA. The N2B–NS3pro protein complex plays a fundamental role in flavivirus
replication and is a promising drug target; however, no flavivirus protease inhibitors have progressed
to the preclinical stage. This study analyzed the structural models and plasticity of the NS2B–NS3pro
protein complex of five medically important non-dengue flaviviruses (West Nile, Rocio, Ilhéus, yellow
fever, and Saint Louis encephalitis). The flavonoids amentoflavone, tetrahydrorobustaflavone, and
quercetin were selected for their exceptional binding energies as potential inhibitors of the NS2B–
NS3pro protein complex. AutoDock Vina results ranged from −7.0 kcal/mol to −11.5 kcal/mol
and the compounds preferentially acted non-competitively. Additionally, the first structural model
for the NS2B–NS3pro protein complex was proposed for Ilhéus and Rocio viruses. The NS2B–
NS3pro protease is an attractive molecular target for drug development. The three identified natural
flavonoids showed great inhibitory potential against the viral species. Nevertheless, further in silico
and in vitro studies are required to obtain more information regarding NS2B–NS3pro inhibition by
these flavonoids and their therapeutic potential.

Keywords: flaviviral protease inhibitors; Rocio virus; Ilhéus virus; Saint Louis encephalitis virus;
yellow fever virus; 3D pharmacophores

1. Introduction

Flaviviruses are globally known viruses and several members of the genus (Flaviviri-
dae family) are agents of serious diseases in humans and animals [1]. Flaviviruses have
a 10–11 kb positive-sense RNA genome, which is translated into a polyprotein that is fur-
ther processed by viral and host proteases to generate three structural proteins, capsid (C),
pre-membrane/membrane (prM/M), and envelope (E) proteins, and at least seven non-
structural (NS) proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [2,3]. The 69 kDa
NS3 protein is the second largest viral protein and plays several essential roles in the viral
life cycle [4]. The N-terminal domain of the NS3 protein (aa 1–169) is a chymotrypsin-type
serine protease (an enzyme that cleaves peptide bonds composed of three polypeptide
chains linked together by disulfide bonds) that performs in cis and in trans cleavage of the
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viral polyprotein [5,6]. To function properly as an active enzyme, the NS3 protease requires
the NS2B cofactor [7–9]. NS2B is a 14 kDa integral membrane protein containing three
domains, two transmembrane segments in the N- and C-terminal regions and a central
47-amino acid region (amino acids 49–96), which functions as an essential cofactor of NS3
protease proteins [10]. The NS3 protein of flaviviruses is neither soluble nor catalytically
active as a protease in vitro; this suggests that it does not fold properly without the NS2B
protein [11–13]. Protease activity in vitro was only realized after creating a soluble chimeric
protein containing the hydrophilic NS2B region (residues 49–95) connected to the NS3
protease domain through a nine-amino acid linker. Host endoplasmic reticulum-derived
proteases and the NS2B–NS3pro viral protease complex specifically cleave polyprotein
precursors to release individual viral proteins. The C-terminal region of NS3 is an NTPase
(nucleoside triphosphatase) containing a 5’ terminal RNA triphosphatase (RTPase) and
an RNA helicase domain. In the context of antivirals, the NS2B–NS3pro complex is de-
scribed as a promising molecular target for the development of drugs against emerging
flaviviruses. However, there is limited knowledge about this protein complex in the less
studied and endemic flaviviruses in tropical countries.

Rocio virus (ROCV) is the etiological agent of a potentially fatal neurological infection
affecting humans in Brazil. It was responsible for outbreaks resulting in the largest menin-
goencephalitis epidemic in the country, with over 1000 reported cases, a 13% fatality rate,
and the development of permanent severe neurological sequelae in 20% of survivors [14].
This virus was last detected recently and unreported cases have been identified in the pop-
ulation [15]. Recently, in silico drug repurposing using different viral proteins identified
simeprevir, daclatasvir, iloprost, and itraconazole as potential viral inhibitors [16]. Similar
characteristics were observed for Ilhéus virus (ILHV), an arbovirus that caused the death of
a male patient in 2017 by affecting the central nervous system [17]. Saint Louis encephalitis
virus (SLEV) is another neurotropic flavivirus that poses a threat to human health in Brazil
and countries with efficient health systems such as the USA [18,19]. However, no study to
date has proposed in silico or in vitro antiviral agents involving the NS2B–NS3pro protein
complex for ILHV or SLEV, underscoring the novelty and importance of the present work.
Although yellow fever virus (YFV) has an available vaccine for humans, there are few
studies related to the search for antivirals with a specific target for the NS2B-NS3pro protein
complex. Most recently, in silico models proposed dantrolene, belinostat, olsalazine, and
linezolid as possible selective inhibitors of the protein complex [20]. Most virtual in silico
screening studies for potential agents are based on models of dengue, West Nile virus
(WNV), or Zika virus (ZIKV), as they are more noticeable [21–24].

Molecular dynamics (MD) simulations can serve as powerful tools for facilitating the
early phases of modern drug discovery and development processes. These simulations can
obtain multiple target conformations and have been widely used in molecular docking to
consider the flexibility of the targets [25,26]. Simulation techniques have become invaluable
tools for modern research because they complement experimental approaches [25–28] and
promising results have been observed for several different targets [22,29–32].

Currently, NS3 protease inhibitors are designed to compete with substrate binding
or disrupt the interaction between NS2B and the NS3 protease domain [33–37]. There is
a wealth of structural and biochemical information available on the NS2B–NS3pro substrate-
binding pocket; however, no compound has progressed to the preclinical stage. This study
analyzed the structural models and plasticity of the NS2B–NS3pro protein complex of five
non-dengue medically important flaviviruses (WNV, ROCV, ILHV, YFV, and SLEV) and
proposed the first structural models of the NS2B–NS3pro protein complexes for ILHV and
ROCV. In addition, flavonoids with antiviral activity previously reported for dengue virus
(DENV-2) were selected as inhibitors of these viral protein complexes.
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2. Materials and Methods

The NS2B–NS3pro structures of WNV, DENV, and YFV were obtained from the Protein
Data Bank (PDB ID: 2YOL [38], 3U1I [39], and 6URV [40], respectively). The NS2B–NS3pro
proteins of SLEV, ROCV, and ILHV were modeled using the Robetta server by comparative
modeling if they did not have a structure deposited in the PDB using the amino acid
sequences from GenBank (Table 1).

Table 1. GenBank accession codes.

Virus GenBank Accession Code

ROCV gb:AY632542
ILHV gb:MH932545
SLEV gb:KM267635

ROCV: Rocio virus; ILHV: Ilhéus virus; SLEV: Saint Louis encephalitis virus.

The quality of the output models was verified using the MolProbity server [41]. The
resulting models were similar to those of the WNV crystal, with only residues from the hy-
drophilic region considered for protein structure modeling. Histidine protonation at pH 7.4
was performed on the PropKa server [42] to simulate the protein state at physiological pH.

The MD simulation was performed using GROMACS 5.1.2 [43] software in the AMBER
ff99SB-ILDN force field. The system was neutralized with Na+ ions, a cubic box was
created 10 Å away from any protein atom to avoid interference from protein periodic image
interactions, and TIP3P-type water was added. The number of Na+ ions and TIP3P water
molecules can be seen in Table 2.

Table 2. Number of molecules added to solvate and neutralize the system.

Virus Water Molecules Na+ Ions

ROCV 54,186 6
ILHV 49,953 1
SLEV 45,303 4

The LINCS and SETTLE algorithms [44,45] were used to constrain hydrogen and water
bonds, respectively. The system temperature was adjusted to 310 K using the V-rescale
algorithm (also known as the modified Berendsen algorithm) and a compressibility of
4.5 × 10−5 to simulate the physiological environment [46]. The system pressure was set
to 1 bar using the Parrinello–Rahman algorithm [47]. The particle mesh Ewald (PME)
summation method was used to calculate long-range electrostatic interactions and non-
bonded interactions using a 1.0 nm cutoff.

The system was subjected to two steps of energy minimization (EM). These procedures
aimed to ensure that the system did not have a steric clash or inappropriate geometry.
Thus, the first EM was performed before solvent addition (vacuum) using two convergence
criteria: the simulation would stop if the EM reached 1000 steps or if the maximum force
applied to any atom was below 500 kJ/mol/nm. The second EM was performed after
solvent and ion addition, the criteria were changed to 5000 steps, or the maximum force
applied to any atom was below 250 kJ/mol/nm. Both EMs used the steepest descent
minimization algorithm.

The system was then subjected to the equilibration step consisting of two 100 ps
simulations, NVT ensemble and NPT ensemble, for thermodynamic equilibration with
protein position restraint. Another NPT ensemble of 1 ns without protein position restraint
was performed before the MD production run. The MD production run was carried out
at 310 K and 150 ns without protein conformation restraint. All of these steps used the
leapfrog algorithm to perform motion equation integration with a 0.2 fs time step.

Molecular dynamics trajectory analysis was performed by the root mean square
deviation (RMSD) calculation using the first frame of each simulation as a reference. The
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g_cluster package from GROMACS was used for cluster analysis. A cutoff of 0.25 nm
was defined to perform the analysis based on the GROMOS algorithm to distinguish the
conformational groups based on the RMSD profile. The GROMOS algorithm counts the
number of neighbors in this defined cutoff, takes the structure with the largest number of
clusters, and eliminates it from the pool of clusters. The structures representing the most
present clusters throughout the simulation were chosen for molecular docking to evaluate
ligand affinity in the most stable structures. The UCSF Chimera software [48] was used to
visualize 3D protein behavior through all trajectories. This MD protocol was successfully
applied in other studies [29–31,49,50].

The structures of quercetin, amentoflavone, and tetrahydrorobustaflavone were ob-
tained from the PubChem website in SDF format. A summary of this information is
provided in Table 3. OpenBabel software [51] converted the files to pdbqt with the addition
of hydrogen at pH 7.4. Molecular docking was performed using AutoDock Vina (referred
to as “Vina” in this work). The docking sites used for the analysis of all viral protein
complexes were the protein active and the allosteric site defined by Sousa et al. (2015) [52].
This study tested flavonoid inhibitors that were predicted to bind in this non-competitive
binding site of NS2B–NS3pro from DENV2 and DENV3.

Table 3. Information summary of flavonoid compounds.

Name Structure Formula Molecular Weight

Amentoflavone C30H18O10 538.0899968

Tetrahydrorobustaflavone C30H22O10 542.12129692

Quercetin C15H10O7 302.04265268

A box was defined using MGLTools to wrap the sites. One hundred docking sim-
ulations for each compound were performed for each conformation of NS2B–NS3pro
to increase sampling efficiency. Each simulation generated 9 binding modes, totaling
900 modes per compound/structure. An in-house Python script was designed to define
the main residues in protein–ligand interactions. The interaction cutoff was settled at
3.5 Å. The interaction type was analyzed for the best binding mode for each protein–ligand
complex using the Discovery Studio Visualizer [53]. For sequence and structure compar-
ison, the BLAST and TM-score servers were used [54,55]. Statistical comparisons of the
compounds were performed using RStudio 3.6 software [56] with the Kruskal–Wallis and
Wilcoxon tests.

3. Results

A crystal model of the WNV protein NS2B–NS3pro, available online in the Protein
Data Bank (PDB) and identified by ID:2YOL.pdb, was selected for docking analysis. The
structure of NS2B–NS3pro of DENV-3 was obtained from a crystal deposited in the Protein
Data Bank (PDB ID:3U1I) containing an inhibitor (Bz-nKRR-H) linked to the active site,
and the structure selected for YFV was the NS2B–NS3pro, which was retrieved from the
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same database (PDB ID: 6URV). A cutoff point of 0.25 nm was selected to include the main
structures during the cluster analysis simulations (Figure 1). Only one conformational
group (cluster) was observed after performing MD in the ROCV NS2B–NS3pro cluster
analysis (Figure 1A). This reflects the high protein stability in solution. The formation
of two main conformational groups (Clusters 1 and 2) was observed for the SLEV NS2B–
NS3pro protein (Figure 1B). Cluster analysis of the MD of the ILHV NS2B–NS3pro showed
that Cluster 2 was more common at the beginning of the simulation until the midpoint.
Cluster 1 appeared at the midpoint and remained almost exclusively until the end of the
simulation (Figure 1C). Note that NS2B–NS3pro exhibited different stabilities in different
species. Proteins from ROCV were more stable and those from ILHV were less stable. This
was observed in the number of clusters produced (y-axis) based on the same cutoff. These
stability differences between species were observed in other NS1 proteins from flaviviruses
and seem to be related to amino acid sequence differences [29]. The details of the RMSD
analysis are presented in Figure S1.

Figure 1. Cluster analysis with 0.25 nm cutoff. (A) Rocio virus, (B) Saint Louis encephalitis,
(C) Ilhéus virus.

The green and blue ribbons of the cluster structures represent NS2B and NS3pro,
respectively (Figure 2). Only the central structure of Cluster 1 was selected for docking
analysis of ROCV and SLEV (Figure 2A,B). The proteins represented by Cluster 1 were
mostly in all trajectories for both species. ILHV docking involved the two main central
structures of the two clusters because Cluster 1 was not as stable as those found in ROCV
and SLEV (see Figure 2C). This is important to avoid eliminating structures that appear
along the trajectory and consider protein flexibility. The main differences are based on the
NS2B domain because it is more flexible than NS3pro.
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Figure 2. Ribbon conformation of clusters of (A) Rocio virus, (B) Saint Louis encephalitis, (C) Ilhéus
virus. The NS2B and NS3pro domains are shown in green and blue, respectively.

The structures were deemed to be high-quality protein models since the residues in
the allowed region were >98.5% according to the Ramachandran analysis and Clashscore
metrics from the MolProbity server. Table 4 shows the Ramachandran analysis and Clash-
score metrics. The lowest value was for the ROCV NS2B-NS3pro, where only three outliers
were observed. To the best of our knowledge, these are the first structural models of this
protein complex for ROCV, SLEV, and ILHV.

Table 4. Model quality analysis from MolProbity server.

Species (Cluster) Residues in Favored Region Residues in Allowed Region Clashscore † (Percentile) ‡

ROCV 90.9% 98.5% 2.69 (98th)
SLEV 93% 99% 3.32 (97th)

ILHV (1) 92.35% 99.5% 1.33 (99th)
ILHV (2) 95% 100% 4.66 (95th)

† Clashscore is the number of serious steric overlaps (>0.4 Å) per 1000 atoms. ‡ 100th: the value closest to this
percentile is the best-resolved structure.

One hundred docking simulations were performed for each ligand in each NS2B–
NS3pro protein complex of each virus. The box delimited for the ligand conformation search
is shown in Figure 3. The box comprises the allosteric and active sites of NS2B–NS3pro.
Each simulation generated 9 binding modes, totaling 900 for each ligand/protein. The
highest and lowest Vina scores (also designated as energy) are shown in Table 5. High Vina
scores represent lower binding affinity, and lower scores represent higher binding affinity.
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Figure 3. Delimitation of the box (grid) for the anchorage. The proteins on the left and right
are on a ribbon and a surface, respectively. Yellow and lilac represent the two binding modes of
amentoflavone at the allosteric site.

Table 5. Vina score (energy in kcal/mol) of each ligand after molecular docking.

Compounds Energy DENV-3 WNV ROCV SLEV ILHV YFVCluster 1 Cluster 1 Cluster 1 Cluster 2

Amentoflavone Highest −7.4 −6.9 −8.5 −7.9 −7.9 −7.4 −6.8
Lowest −9 −9.1 −11.5 −9.2 −9.4 −9.0 −8.8

Tetrahydrorobustaflavone Highest −6.7 −3.8 −7.5 −8.0 −9.3 −7.4 −2.6
Lowest −8 −8.6 −10.4 −9.5 −9.9 −8.3 −7.4

Quercetin Highest −5.8 −5.9 −7.0 −6.4 −6.8 −5.9 −6.1
Lowest −7.1 −8.4 −8.5 −8.9 −8.3 −7.0 −7.9

The box plot of the energy distribution of the compounds in each NS2B–NS3pro shows
that amentoflavone had the lowest average in the analyses of NS2B–NS3pro for DENV3,
WNV, ROCV, and YFV (Figure 4). There was no statistically significant difference in the
distribution of amentoflavone and tetrahydrorobustaflavone energies in the ILHV structure
(Cluster 2). Tetrahydrorobustaflavone had the lowest average energy for the NS2B–NS3pro
structures of SLEV and ILHV (Cluster 1). Quercetin had the highest energy (lowest affinity)
for NS2B–NS3pro in DENV3 and ROCV, whereas tetrahydrorobustaflavone had the highest
energy for WNV and YFV.

Figure 4. Box plot of the energy distributions of each ligand in dengue virus (DENV), West Nile virus
(WNV), Rocio virus (ROCV), Saint Louis encephalitis virus (SLEV), Ilhéus virus (ILHV), and yellow
fever virus (YFV). **** p < 0.0001; ns: non-significant.
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The energies were lower in the conformation corresponding to Cluster 1 of ILHV for
all compounds (Figure 5). This result is positive because it indicates that the ligand has
a higher affinity for the most frequent structure in the simulation of this virus. Only mode
1 (lowest ligand conformation energy) was selected for each of the 100 docking runs for
contact analysis. Initially, the differences between the ILHV clusters of NS2B–NS3pro were
analyzed (Figure 5). Amentoflavone did not interact with any residue of the active site of
the ILHV NS2B–NS3Bpro (51B, 75B, and 135B—His, Asp, and Ser, respectively) (Figure 5,
right panel). Cluster 1 had the greatest difference in contact between clusters; more contacts
were observed with residues 71A (Thr), 164B (Ala), and 165B (Ile). Meanwhile, more
contacts were observed in residues 69A (Thr), 70A (Gly), 116B (Phe), 118B (Thr), 119B (Pro),
120B (Ala), 153B (Gly), and 167B (Gln) in Cluster 2. Residues 123B (Ile) and 166B (Thr) had
a similar number of contacts. Note that amentoflavone had more contact with residues
from Cluster 2. Amentoflavone had more contact with residues from Cluster 2. However,
the type of interaction may be the determining factor in the lower energy of Cluster 1. This
requires further evaluation.

Figure 5. Comparison of energy distribution between Ilhéus (ILHV) clusters and bar graph of number
of contacts per residue of NS2B and NS3pro protein complex. Chains A and B are NS2B and NS3pro,
respectively. **** p < 0.0001.

There was a difference in the pattern of contact between different ILHV clusters for
quercetin. The main contacts in Cluster 1 were with residues from the NS2B portion: 71A
(Thr), 81A (Ser), 82A (Asn), and 83A (Gly). Cluster 2 had more significant contact with
residues from the NS3pro portion: 118B (Thr), 120B (Ala), 123B (Ile), 152B (Asn), 153B (Gly),
166B (Thr), and 167B (Gln). Finally, analysis of the tetrahydrorobustaflavone contacts in
ILHV Cluster 2 showed that the only prominent contact was with 152B (Asn). Meanwhile,
Cluster 1 had contacts with 69A (Thr), 76A (Asp), 82A (Asn), 153B (Gly), 167B (Gln), and
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168B (Gly). The different patterns of interaction between the NS2B–NS3pro clusters of ILHV
may be related to the observed differences in structure due to protein dynamic behavior.

The number of contacts was also analyzed for the crystallographic structures and the
modeled ROCV and SLEV NS2B–NS3pro complexes (Figure 6). The residues 73B (Val), 74B
(Lys), 88B (Gln), 89B (Trp), and 119B (Thr) of the DENV-3 NS2B–NS3pro protein had the
most contacts with amentoflavone, quercetin, and tetrahydrorobustaflavone (Figure 6A).
The WNV NS2B–NS3pro protein had the most interactions with 84A (Asn), 51B (His),
and 132B (Leu) (Figure 6B). Tetrahydrorobustaflavone interacted with two active site
residues (51B and 135B) for the WNV protein. The ROCV NS2B–NS3pro protein complex
(Figure 6C) residues that had the most interactions with amentoflavone, quercetin, and
tetrahydrorobustaflavone were 75A (Leu), 30B (Thr), 80B (Ile), 124B (Lys), and 127B (Ala).
The SLEV NS2B–NS3pro residues that had the most interactions were 79A (Leu), 123B (Ile),
and 167B (Gln) (Figure 6D). Finally, the YFV NS2B–NS3pro residues that had the most
interactions with the ligands were 91B (Gly) and 126B (Ala). These contacts are probably
related to the energy differences between the ligands.

Figure 6. Bar graph of the number of contacts per residue of the NS2B–NS3pro protein complex
of (A) dengue virus (DENV), (B) West Nile virus (WNV), (C) Rocio virus (ROCV), (D) Saint Louis
encephalitis virus (SLEV), and (E) yellow fever virus (YFV). Chain A (NS2B) and chain B (NS3pro).
* Residues from active site triad.

Separate analyses of the number of individual contacts per compound showed that
the 78A (Val), 73B (Lys), and 165B (Ile) residues of DENV-3 interacted with amentoflavone
(Figure 6A). Tetrahydrorobustaflavone shared many amentoflavone-like residue contacts
and had unique contacts—69A (Gly), 84A (Met), 88B (Asp), 89B (Asp), 123B (Ile), 152B
(Asn); these residues were also part of the allosteric site in the innermost region of the
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pocket. Similarly, quercetin had contacts close to the allosteric site and in a region more
external to the pocket: 74B (Lys), 89B (Trp), 119B (Thr), 152B (Asn), 167B (Gln), and 169B
(Asn). This can reduce the stability of this molecule in solution because it has greater
exposure to the solvent.

The lower-energy compound amentoflavone had notably greater contact with residues
84A (Asn), 130B (Tyr), and 161B (Tyr) than the other ligands after separate analysis of the
number of individual contacts per compound for WNV. In addition, there were unique
contacts with residues 86A (Gln), 90A (Asp), 91A (Pro), and 137B (Ser). Quercetin is an
intermediate energy compound between tetrahydrorobustaflavone and amentoflavone.
It had more contact with residue 153B (Gly), together with exclusive contacts with 85A
(Phe) and 151B (Gly). The main difference between these residues was their location. The
residues that had more contact with amentoflavone were in a more internal region of the
pocket, whereas the residues with lower energy were in a region with greater exposure
to the solvent. Tetrahydrorobustaflavone is a higher-energy compound that shared many
contacts with each of the other ligands, allowed more interactions with residues 51B (His)
and 132B (Val), and had exclusive contact with 82A (Asp), 83A (Gly), 50B (Trp), 54B (Lys),
and 55B (Val). These residues were located in more internal and external locations in
the pocket.

It is possible to better assess the differences between the compounds by separately ana-
lyzing the number of individual contacts per compound for ROCV (Figure 6C). This may be
related to the observed differences in energy. The lower-energy compound amentoflavone
had greater contact with residues 80B (Gly), 123B (Val), and 124B (Gly) than the other
ligands. In addition, it exclusively made contact with residues 79A (Leu), 109B (Phe), and
103B (Gly) (Figure 6C). Quercetin is a higher-energy compound that had more contact
with 75A (Leu) and 76B (Leu), in addition to exclusive contacts with 33B (Ser) and 125B
(Ala). The main difference between these residues was their location. The residues that had
more contact with amentoflavone were in a more internal region of the pocket, whereas the
residues in contact with the lower-energy compounds were in a region with greater expo-
sure to the solvent. Tetrahydrorobustaflavone has intermediate energy between quercetin
and amentoflavone and shared many contacts with both other ligands; had more interac-
tions with residues 75B (Asp), 78B (Thr), and 122B (Glu); and had exclusive contact with
44B (Gly), 77B (Ile), 81B (Gly), and 126B (Ile).

A separate analysis of the number of individual contacts per compound in SLEV
showed that the lower-energy compound tetrahydrorobustaflavone had greater contact
with 167B (Gln) than the other ligands. Furthermore, it was the only ligand to make contact
with 120B (Phe) (Figure 6D). Quercetin is a higher energy compound that had more contact
with 85A (Phe), 73B (Arg), 74B (Asn), together with exclusive contacts with 75B (Asp),
152B (Asn), and 164B (Gly). The main difference between these residues was their location.
The residues that had more contact with tetrahydrorobustaflavone were in a region that
was more internal to the pocket, whereas the residues with lower energy were in a region
with greater exposure to the solvent. Amentoflavone is an intermediate energy compound
between quercetin and tetrahydrorobustaflavone that shared many contacts with the other
ligands at residues 79A (Leu), 123B (Ile), 124B (Gly), 165B (Ile), and 167B (Gln), together
with exclusive contact with 80A (Asp), 84B (Lys), 88B (Thr), 89B (Trp), and 115B (Val).

Finally, for YFV, amentoflavone was the compound with the best binding affinity.
Analysis of the contact showed that this compound had a greater number of contacts with
168B (Gln) than the other ligands (Figure 6E). It was also observed that residue 77B (Val)
was in contact only with amentoflavone. Quercetin, the second-best ligand, shared many
contact residues with amentoflavone (76B-Leu, 90B-Arg, 150B-Ile, 155B-Asn, 167B-Ala,
168B-Ile, 169B-Ser, and 170B-Gln). Thus, the difference in energy between these compounds
and tetrahydrorobustaflavone may be related to their contacts with residues 92B (Glu) and
125B (Gly), which had only shown contacts with tetrahydrorobustaflavone, and residue 91B
(Gly), which had more contact with this ligand. The stacked bar plot version of Figure 6 is
shown in Figure S2.
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The best and worst binding modes for each compound in the protein complex were
evaluated. The allosteric site is on its left and the active site is on its right in NS2B (blue
ribbon) (Figure 7). An analysis of the DENV anchors is shown in Figure 8. Amentoflavone
and tetrahydrorobustaflavone only bind at the allosteric site of the DENV-3 anchors
(Figure 8). This indicates that amentoflavone and tetrahydrorobustaflavone are poten-
tial non-competitive inhibitors and corroborates the findings of Sousa et al. (2015) [52].

Figure 7. Representation of NS2B–NS3pro protein with emphasis on the allosteric and active sites.

Figure 8. Representation of the binding modes of molecules in NS2B–NS3pro proteins in dengue
virus (DENV), West Nile virus (WNV), Rocio virus (ROCV), Saint Louis encephalitis virus (SLEV),
Ilhéus virus (ILHV), and yellow fever virus (YFV). The allosteric and active sites are on the right and
left of NS2B (blue ribbon). ILHV NS2B–NS3 is only represented by Cluster 1. Cluster 2 is shown in
Figure S3.

Amentoflavone and tetrahydrorobustaflavone interacted at the active site of the protein
in WNV because of the larger opening of the pocket of the active site in relation to the
allosteric site. Furthermore, the sizes of these molecules in the position analysis of the
lowest and highest energy compounds in the ribbon structure were more amenable to
binding compared with quercetin. Flavonoids preferentially bind to the allosteric site of
the protein (Figure 8).
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Analysis of the lowest- and highest-energy compound positions in the ribbon structure
of the ROCV protein complex and the SLEV protein complex showed that quercetin and
tetrahydrorobustaflavone interacted in the allosteric site of the protein. Meanwhile, the
lowest-energy molecule (amentoflavone) did not bind in the active site of ROCV. This
indicated that flavonoids preferentially act as non-competitive inhibitors of NS2B–NS3pro
(Figure 8).

There was a difference between the binding of the higher- and lower-energy com-
pounds in the ILHV clusters. This difference is mainly due to the change in conformation of
the sites observed in the ribbon structure, favoring the binding of the active site in Cluster 1
and the allosteric site in Cluster 2. These differences can be seen in Figure 8. Taken together,
these results indicate that in the Cluster 1 conformation, where binding to the active site
was favored, tetrahydrorobustaflavone was the best molecule for binding. In the Cluster 2
conformation in which binding to the allosteric site was favored, there was no difference in
the affinity of tetrahydrorobustaflavone and amentoflavone. Thus, both compounds are
potential non-competitive inhibitors but tetrahydrorobustaflavone tends to act more as
a competitive inhibitor.

In the YFV NS2B–N3pro docking, all compounds interacted with the allosteric site of
the molecule, except for the best results of amentoflavone. In this case, most of the molecules
were found to be non-competitive inhibitors and, in order of energy, amentoflavone and
quercetin were the most important, followed by tetrahydrorobustaflavone. The energy
values observed for these ligands against the YFV NS2B–NS3pro were lower than in other
studies in which the values ranged from −5.0 kcal/mol to −5.9 kcal/mol [20].

To evaluate the interacting residues and the nature of the interactions, the lower-energy
binding mode of each complex was analyzed. For amentoflavone, it was observed that most
of the interactions were based on van der Waals and hydrogen bonds (Figure 9). The NS2B–
NS3pro proteins from WNV and YFV performed pi-pi stacking/T-shaped interactions and
carbon–hydrogen bonds and hydrogen bonds with His51 from the catalytic triad. The
NS2B–NS3pro protein from ILHV showed a pi-anion interaction with 75B (Asp) and a van
der Waals interaction with 51B (His). Although amentoflavone was binding in the allosteric
site, in the NS2B–NS3pro protein from DENV, ROCV, and SLEV, it was possible to observe
a weak interaction with 75B (Asp). It appears that amentoflavone has the potential to act as
both a competitive and non-competitive inhibitor, depending on the viral species.

Similar to the observations with amentoflavone, most of the interactions of tetrahydro-
robustaflavone involved van der Waals interactions and hydrogen bonds (Figure 10). If
we look at the residues of the catalytic triad, only the NS2B–NS3pro proteins of WNV and
SLEV performed important interactions with 75B (Asp) (pi-anion type, both species) and
51B (His) (hydrogen bond and pi-pi stacked, only WNV). Therefore, for most species, this
compound has better binding affinity when docked at the allosteric site.

As observed with tetrahydrorobustaflavone, the quercetin compound showed sig-
nificant interactions only with the NS2B–NS3pro protein of WNV. In this case, quercetin
interacted with all three residues of the catalytic triad through a pi-pi stacked interaction
with 51B (His) and van der Waals interactions with 75B (Asp) and 135B (Ser) (Figure 11).
Considering that both sites in Vina were subjected to the search for the best binding mode,
it stands to reason that quercetin is more likely to act as a non-competitive inhibitor for
most viral species, with the exception of WNV.
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Figure 9. Interaction analysis of the best binding mode of amentoflavone in the NS2B–NS3pro proteins
of dengue virus (DENV), West Nile virus (WNV), Rocio virus (ROCV), Saint Louis encephalitis virus
(SLEV), Ilhéus virus (ILHV), and yellow fever virus (YFV). The residues from the catalytic triad are
marked with *. ILHV NS2B–NS3pro is represented by Cluster 1 only. Cluster 2 is shown in Figure S4.

Based on the Vina scores for all the NS2B–NS3pro proteins, the ligands analyzed here
showed lower values compared to the docking of chlorcyclizine (−5.6 kcal/mol) using the
same protein from ZIKV. This compound showed ZIKV-induced cytopathic effects in Vero
cells [22]. Our results suggest that quercetin, amentoflavone, and tetrahydrorobustaflavone
have the potential to exhibit inhibitory activity against NS2B–NS3pro.
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Figure 10. Interaction analysis of the best binding mode of tetrahydrorobustaflavone in the NS2B–
NS3pro proteins of dengue virus (DENV), West Nile virus (WNV), Rocio virus (ROCV), Saint Louis
encephalitis virus (SLEV), Ilhéus virus (ILHV), and yellow fever virus (YFV). The residues from the
catalytic triad are marked with *. ILHV NS2B–NS3pro is represented by Cluster 1 only. Cluster 2 is
shown in Figure S4.

Anchorage site analysis revealed that flavonoids could act as both allosteric proteins
and competitive NS2B–NS3pro inhibitors, although they appear to bind preferentially to
the allosteric site. The exception seems to be the NS2B–NS3pro from WNV, where it was
observed that the best binding pose was located in the active site and it performed important
interactions with the residues from the catalytic triad. Further analysis should clarify
whether this preference is related to the species, compound, or NS2B–NS3pro structure.
However, it is well known that it is difficult to find an inhibitor that acts competitively
because its active site is shallow and highly exposed to the solvent [57,58]. Our docking
results suggest that the Vina score was not related to the site that the compound binds to
because compounds with high- and low-energy profiles bind to the same site in most cases,
as shown in Figure 8. In contrast, differences in the binding conformation were observed
that may affect ligand–protein interactions and change the docking scores.
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Figure 11. Interaction analysis of the best binding mode of quercetin in the NS2B–NS3pro proteins of
dengue virus (DENV), West Nile virus (WNV), Rocio virus (ROCV), Saint Louis encephalitis virus
(SLEV), Ilhéus virus (ILHV), and yellow fever virus (YFV). The residues from the catalytic triad are
marked with *. ILHV NS2B–NS3pro is represented by Cluster 1 only. Cluster 2 is shown in Figure S4.

4. Discussion

Quercetin is ubiquitous in plant food sources and is an important bioflavonoid in the
human diet. It is found in many foods and herbs and is a regular component of a normal
diet. Quercetin extracts are used to treat or prevent a variety of conditions including cardio-
vascular disease [59], hypercholesterolemia [60], rheumatic diseases [61], infections [62–64],
and cancer [65–67]. However, they were shown to be ineffective in clinical trials for sev-
eral medical conditions. Quercetin is a nutritional supplement that is well tolerated and
is not associated with elevated serum enzymes or episodes of clinically apparent liver in-
jury. In addition, its therapeutic use as an antiviral has been evaluated against the influenza
A (H5N1) virus [68] and its in vitro inhibitory activity against porcine epidemic diarrhea
virus [69], Japanese encephalitis virus [70], dengue virus [71], Mayaro virus [72], the in-
fluenza A virus [69,73,74], animal and human herpes viruses [71,72], and the Ebola virus [75]
has been described. Quercetin is an inhibitor of the NS2B–NS3pro viral enzyme including
DENV [37,52,76–78]. More recently, the compound has been tested as a potential treatment for
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections based on several in
silico studies [79–82].

Amentoflavone is a biflavonoid that is found in many natural plants. It exhibits an-
tioxidant [83], antitumor [84], anti-inflammatory [85], neuroprotective [54], cardiovascular
protective [86,87], antifungal [88], antibacterial [54], and antileishmanial activities [89,90]. Its
therapeutic use as an antiviral agent has been evaluated against herpes simplex virus and
human influenza [91]. Amentoflavone is an inhibitor of the viral protease enzyme [92,93].
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More recently, its potential for the treatment of SARS-CoV-2 infection was proposed in several
in silico studies [94–97].

There are limited studies of tetrahydrorobustaflavone or robustaflavone (its parent
molecular structure). Robustaflavone from Rhus succedanea is a non-nucleoside inhibitor of
hepatitis B viral replication by inhibiting RNA polymerase with an EC50 value of 0.25 µM [98].
Its therapeutic use as an antiviral molecule was also evaluated against herpes simplex virus
and human influenza [91]. In addition, four in silico studies have suggested the possible
efficacy of this compound in the treatment of coronavirus disease 2019 (COVID-19) [99–102].

There are no known studies on the use of amentoflavone, tetrahydrorobustaflavone,
and quercetin against YFV, ROCV, ILHV, and SLEV proteins in humans. Only quercetin has
significant activity in NS2B–NS3pro inhibition for DENV. However, the present docking
results suggest that amentoflavone may be an improved inhibitor candidate, as we analyzed
the same serotype (DENV-3) and structure (6U1I) as Sousa et al. (2015) [52], who showed
that quercetin is an excellent non-competitive DENV-2 and DENV-3 NS2B–NS3pro inhibitor.

When we compare the amino acid identity between the NS3pro of DENV-3 and the
other flaviviruses (SLEV, WNV, YFV, ILHV, and ROCV) (Table 6), we can see that they
have a high identity percentage and also a high TM-score value based on protein sequence
and structure. Proteins with a TM-score greater than 0.5 generally adopt the same fold.
Therefore, we expected that the affinity of quercetin by the NS2B–NS3pro proteins of SLEV,
WNV, YFV, ILHV, and ROCV would have an affinity similar to that of the NS2B–NS3pro
protein of DENV-3.

Table 6. Sequence and structure comparison of DENV and the other flavivíruses.

Virus Identity TM-Score

DENV-3

SLEV 60.24% 0.635
WNV 56.63% 0.872
YFV 55.75% 0.862

ILHV 60.45% 0.587 */0.507 **
ROCV 56.90% 0.790

* Result from Cluster 1. ** Result from Cluster 2.

The result of allosteric inhibition was previously studied for the ZIKV protease. It was
observed that an allosteric inhibitor reduced RNA replication and protein synthesis [103].
It was also expected that flavonoids would show the same effect here since it is known that
the NS2B–NS3pro protein is related to the processing of nonstructural (NS) polyproteins
and that two of them, the NS1 and NS4A/NS4B proteins, support early events in viral
RNA replication [104]. In summary, this study suggested that amentoflavone, tetrahydroro-
bustaflavone, and quercetin can be considered inhibitors of these viral species based on
their exceptional binding energies. Moreover, no serious adverse events were reported for
any of the selected compounds. However, few studies have assessed the safety of their use
by pregnant women and people with underlying medical conditions.

5. Conclusions

The NS2B–NS3pro protease is considered an attractive molecular target for drug
development because of its essential role in the flavivirus multiplication cycle. Many
flaviviruses have no approved vaccine or drug; this results in millions of people developing
neurological comorbidities.

Here, we performed structure-based virtual screening to investigate the antiviral activities
of three natural flavonoids. Molecular docking analyses showed that amentoflavone, quercetin,
and tetrahydrorobustaflavone had low binding energy (−7.0 kcal/mol to −11.5 kcal/mol).
This suggested that these compounds may act against these viral species. The compounds
appear to preferentially act non-competitively. Analyses of the interaction types based on
multiple complexes from exhaustive docking and ligand stability in solution by molecular
dynamics simulations are required. However, servers for evaluating multiple docking interac-
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tions (such as nAPOLI [105] and BINANA [106]) have limitations in terms of multiple chains
and the number of atoms. In addition, long computational times are required to evaluate the
protein–ligand stability of six complexes in replicate. Therefore, further in silico and in vitro
studies should be conducted to obtain more information on the inhibition of the NS2B–NS3pro
protein and its therapeutic potential.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biophysica3010006/s1, Figure S1: Root mean square deviation
(RMSD) analysis from molecular dynamics (MD) simulations: The RMSD evolution was different
for each species. The ILHV NS2B-NS3pro (black line) is highly unstable until 80 ns, when protein
becomes stable with a RMSD value of 0.3 to 0.4 nm. The Rocio virus (ROCV) NS2B-NS3Bpro becomes
stable early than Ilhéus virus (ILHV) protein. At approximately 60 ns it is possible to see protein
stability in RMSD of 0.3 nm. On the other hand, the opposite occurs for Saint Louis encephalitis
virus (SLEV) NS2B-NS3pro, where protein is highly stable at the beginning of simulation ( 0.3 nm)
but increases its RMSD values at approximately 100 ns in its trajectory; Figure S2: Stacked bar plot
version of Figure 7, showing the number of contacts per residue of the NS2B-NS3pro protein complex
of the dengue (DENV), West Nile (WNV), Rocio (ROCV), Saint Louis encephalitis (SLEV) and Yellow
fever (YFV) viruses. In this case, it is easier to see the most contacted residues for all molecules;
Figure S3: Representation of the binding modes of molecules in NS2B-NS3pro proteins from Ilhéus
(ILHV). On the right of NS2B (blue ribbon) is the allosteric site and on the left is the active site; Figure
S4: Interaction analysis of flavonoids and NS2B-NS3pro proteins from Ilhéus (ILHV), cluster 2.
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