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ABSTRACT

Yellow fever is a neglected hemorrhagic disease with a high case fatality rate ranging between
25% and 50% for the hospitalized patients. Yellow fever disease is caused by a zoonotic pathogen
known as yellow fever virus. This RNA virus is usually transmitted by mosquitos and it is
considered endemic in the tropical regions of South America and Africa. Although an effective
vaccine is available for yellow fever virus, no antiviral drug is yet licensed against the disease.
Thus, yellow fever virus is still representing a re-emerging threat among unvaccinated individuals in
endemic regions. The NS2B-NS3 protease seems to play an important role in yellow fever virus
replication cycle. As such, the NS2B-NS3 protease may represent a potential target for structure-
based drug design and discovery. In this direction, computational approaches like virtual screening
can be utilized to hasten the design of novel antivirals and/ or repurposing an already FDA
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approved drugs. In this in silico study, an FDA approved drugs library was screened against NS2B-
NS3 protease crystal of yellow fever virus. Then the best hits with least energy of binding and
ability of hydrogen bonding with key residues of protease active site were then selected and
submitted to molecular dynamics simulation. And throughout simulation interval, only Olsalazine
was able to stay in close proximity to the active site of protease crystal with least average MM-
PBSA binding energy as compared to Dantrolene, Belinostat and Linezolid. This indicates that
Olsalazine may have the best capacity to bind to NS2B-NS3 protease and interfere with its activity.

Keywords: Yellow fever virus; NS2B-NS3 protease;, FDA approved drugs; repurposing; virtual

screening.

1. INTRODUCTION

Yellow fever (YF) is a viral hemorrhagic disease
caused by a zoonotic pathogen known as yellow
fever virus (YFV) [1]. Yellow fever is considered
a mosquito-borne disease that is mostly common
in the tropical zones of South America and Africa
[2]. The causative pathogen, yellow fever virus,
has a positive-sense and single-stranded RNA
genome. Yellow fever virus belongs to the family
Flaviviridae and it is a prototypical member of the
Flavivirus genus. In addition to YFV, The
Flavivirus genus does include other important
pathogenic viruses like Zika virus and dengue
virus [3]. YFV infection can produce a wide
spectrum of manifestations that can range from
completely asymptomatic to severe hemorrhagic
fever. For hospitalized patients with severe
yellow fever disease, the case fatality rate is high
and ranging between 25% and 50% [4,5].
Infection with YFV can be diagnosed through
viral culture, RNA detection and detection of
YFV-antibodies by serological tests [6].
Currently, no antiviral therapy is available against
YFV and prevention approaches are mainly
dependent on the use of 17D live attenuated
vaccine as a single dose [1,7]. Although YFV-
17D vaccine is highly effective, both limited
vaccine production capacity and low number of
vaccinated people make YFV a real challenge for
public health in endemic regions. The possibility
of this public health threat was recently
confirmed during Angola and Brazil outbreaks of
YFV [1,8,9]. YF is considered a neglected
tropical disease as it attracts a relatively limited
research interest. As a result, many facets of
YFV biology are not fully understood like host
range and interactions between host and virus
[1,10]. Therefore, it is of interest to design
antiviral tools capable of curbing any resurgence
of YFV in endemic regions. In this direction,
attempts to repurpose Ribavirin and Sofosbuvir
against YFV were promising during in vitro
studies and mouse models evaluation. However,
these encouraging findings for Ribavirin couldn’t

be replicated in non-human primates [11,12]. The
genome of YFV encodes a single polyprotein that
is cleaved later by cellular and viral proteases
into three structural proteins and seven
nonstructural (NS) proteins. The structural
proteins include capsid (C), envelope (E) and
membrane (M) proteins and they are important
for viral particles formation. While nonstructural
proteins (NS) are essential for virus replication
machinery, and these proteins namely are NS1,
NS2A, NS2B, NS3, NS4A, NS4B, NS5 [13]. The
amino terminus of NS3 is considered a typical
serine protease and it needs NS2B as a cofactor.
The NS2B-NS3 protease is considered essential
for YFV replicative machinery and represents a
potential target for the development of antiviral
candidates [14,15]. A  three-dimensional
representation for NS2B-NS3 protease of YFV
can be seen in Fig. 1.

Virtual screening (VS) approach is widely
employed nowadays to save both time and cost
of drug development projects. In virtual
screening, both structural and physico-chemical
properties of ligands and/ or target proteins are
utilized to generate a predictive model. The
generated model can be then used to identify
novel lead molecules and repurpose approved
drugs [16]. In this study, we have virtually
screened a library of 1615 FDA approved drugs
from ZINC database against NS2B-NS3 protease
crystal of YFV. The goal of this in silico study is
to repurpose approved drugs as possible
inhibitors of YFV NS2B-NS3 protease.

2. METHODOLOGY

2.1 Setting up a Plan for Virtual Screening
Study

An overview for this screening study is outlined in
Fig. 2. As seen in this figure, the main steps of
this study are similar to what we had employed in
our previous virtual screening studies [17,18]. In

178



Odhar et al.; JPRI, 33(51B): 177-186, 2021; Article no.JPRI.76819

summary, a library of FDA approved drugs was
screened against NS2B-NS3 protease crystal of
YFV by using docking program. According to
docking results, the top ten hits with minimum
energy of binding were selected for further
evaluation. Then we have picked out, of these

ten hits, only those drugs with ability to form a
hydrogen bond with key residues of protease
active site. Finally, only those hits with minimum
docking energy of binding and capacity of
hydrogen bonding were subjected to molecular
dynamics (MD) study.

Fig. 1. A three-dimensional illustration of YFV NS2B-NS3 protease (PDB: 6URV). NS3 chain is
colored with rainbow gradient where the C-terminus is shown in red and N-terminus is
displayed in blue. While NS2B chain is colored with violet. Key residues of protease active site
in NS3 chain are shown as labelled sticks

FDA approved drugs library

f Docking

energy of
binding

Final hits

Fig. 2. A concise illustration for virtual screening study plan
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2.2 Structure-Based Virtual
(SBVS)

Screening

A library of 1,615 FDA approved drugs was
downloaded in SDF format from ZINC 15
database [19,20]. This library was then uploaded
into an online drug discovery platform named
Mcule.com [21]. After uploading FDA approved
drugs library, these drugs were screened against
NS2B-NS3 protease crystal of YFV. This
protease crystal, with PDB code of 6URV, was
obtained from Protein Data bank [22,23]. For
simplicity of screening, only chains A and B of
NS2B-NS3 protease crystal were used while
other chains were deleted by using USCF
chimera version 1.15 [24]. Upon uploading the
protease crystal, Mcule.com automatically
prepared the crystal for docking by using
AutoDock tools [25]. The structure-based virtual
screening (SBVS) in Mcule.com was carried out
by using an embedded version of AutoDock Vina
[26], default parameters were used for this virtual
screening study. The docking coordinates were
(X= -3.0, Y= 1.0, Z= 7.0) and the binding site
area was (22*22*22) Angstrom. After docking
was finished, the hits were ranked based on their
minimum energy of binding. Only the top ten hits
with least energy of binding were then selected
for further evaluation. First, we have explored the
clinical indications and legal status of dispensing
for these top hits by using Medscape.com online
reference [27]. Then for each of these ten hits,
the ligand-protease complex with least energy of
binding pose was assessed for formation of
hydrogen bonds between ligand and key
residues of protease active site by using LigPlot"
v2.2.4 [28]. Finally, only those hits with minimum
docking energy of binding and capacity of
hydrogen bonding were then submitted to
molecular dynamics (MD) simulation.

2.3 Molecular Dynamics (MD) Simulation

For the selected hits of virtual screening, MD
study was carried out for 100 nanoseconds by
using YASARA Dynamics v20.12.24 [29]. For
each of these hits, the ligand-protease complex
with minimum energy of binding pose was
submitted as PDB format to MD simulation. In
this MD study, the hydrogen bonds were
optimized and the pKa value was predicted in
order to fine-tune the amino acids protonation at
pH = 7.4 [30]. Sodium chloride (NaCl) was used
in this MD simulation with a concentration of
0.9%, an additional concentration of either
sodium or chloride was used to neutralize the
complex of ligand and protease. Also,

minimizations of steepest descent and simulated
annealing were employed to get rid of any
probable clashes during simulation. For this
simulation, the used force fields include
AM1BCC and GAFF2 for the ligand, TIP3P for
the water and AMBER14 for the solute [31-33].
For the AMBER force field, default parameters
were employed, the cutoff limit for van der Waals
(vdW) forces was 8 Angstrom [34]. On the other
hand, no cutoff limit was used for electrostatic
forces due to the implementation of Particle
Mesh Ewald algorithm [35]. For bonded and non-
bonded interactions, motions equations were
used as multiple timesteps of 1.25 femtoseconds
and 2.5 femtoseconds respectively at a pressure
of 1 atm and temperature of 298K [36]. Then
after assessment of Root Mean Square Deviation
(RMSD) for the solute as a function of simulation
duration, the first 100 nanoseconds duration was
considered as the equilibrium time and precluded
from additional analysis. Finally, GraphPad Prism
v8.0.2 was used to plot and visualize movement
RMSD and conformation RMSD of the ligand
throughout simulation period.

By using AMBER14 force field, a built-in macro in
YASARA Dynamics was used for the calculation
of Molecular Mechanics Poisson-Boltzmann
Surface Area (MM-PBSA) binding energy [37].
The YASARA Dynamics can calculate MM-PBSA
binding energy by using the following equation:

Binding Energy = EpotRecept + EsolvRecept
+ EpotLigand + EsolvLigand
— EpotComplex — EsolvComplex

3. RESULTS AND DISCUSSION

As mentioned before, we have selected the top
ten hits for the virtual screening of FDA drugs
library against NS2B-NS3 protease of YFV.
These best ten hits can be seen in Table 1 where
they were ordered according to their minimum
energy of binding to protease active site. An
overview for the chemical and clinical features of
these top hits can be seen in Table 1. According
to Medscape.com online reference, all these ten
hits are considered prescription only medications
[27]. As can be noticed in Table 1, the muscle
relaxant drug (Dantrolene) has the least docking
energy of binding to YFV protease. Dantrolene
was suggested as a potential inhibitor of papain-
like proteinase (PL"®) for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-
2) according to a molecular docking study [38].
Another review study has proposed that the use
of Dantrolene may minimize morbidity and
mortality associated with coronavirus disease
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2019 (COVID-19) through restoring calcium ions
homeostasis. By lowering the release of Ca®
from endoplasmic reticulum, Dantrolene may
have the potential to reduce inflammation,
oxidative stress and apoptosis usually associated
with severe COVID-19 [39]. Then the third best
hit in Table 1, Pomalidomide, is licensed by FDA
for the management of multiple myeloma [27].
Pomalidomide is a pyridone-containing drug and
it may have the ability to inhibit SARS-CoV-2
main protease (M) according to a previous
docking study [40]. The anti-inflammatory agent
(Olsalazine) can be seen in Table 1 as the fifth
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Fig. 3. Two-dimensional illustrations for docking of (A) Dantrolene, (B) Belinostat, (C)
Olsalazine and (D) Linezolid against NS2B-NS3 protease of YFV. The atoms of carbon, oxygen,
nitrogen and sulfur are colored by black, red, blue and yellow respectively. Hydrophobic
interactions are represented as small multiple red lines while hydrogen bonds are shown as
green dashed line
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Next, the best ten hits of the virtual screening
were assessed for their ability to interact with key
residues of NS2B-NS3 protease active site for
YFV. The amino terminus of NS3 protein is
considered a serine protease, the key residues of
the active site for this protease are histidine 53,
asparagine 77 and serine 138. The NS3
protease activity requires NS2B protein as a
cofactor subunit [13]. Thus, the ability of the
virtual screening hits to form hydrogen bonds
with key residues of NS2B-NS3 protease active
site may reflect better capacity of these hits to
interfere with protease activity. A summary of
molecular docking study for the top ten hits
against YFV protease crystal can be seen in
Table 2. Again, in this table, these ten hits were
ordered according to their minimum energy of
binding to protease crystal. Table 2 shows the
ability of each hit to form hydrogen bonds with
the three key residues of protease active site. As
seen in Table 2, only four drugs were able to
form hydrogen bonds with key residues of YFV
protease active site and these drugs are
Dantrolene, Belinostat, Olsalazine and Linezolid.
These four drugs were able to form a hydrogen
bond with serine 138 in NS3 chain of protease
crystal as seen in Table 2 and Fig. 3. In Fig. 3, a
two-dimensional illustration can be seen for the
docking of these four drugs against NS2B-NS3
protease. Both Dantrolene and Linezolid were
able to form a hydrogen bond with serine 138
residue and the length of this hydrogen bonds
was less than 3.0 Angstrom, as can be seen in
Fig. 3. Then, for each of these four drugs, the

ligand-protease complex with least energy of
binding pose was submitted for MD simulation for
100 nanoseconds.

A summary for molecular dynamics (MD)
simulation report can be seen in both Fig. 4 and
Table 3. By superposing the protease-ligand
complex on its reference structure throughout
simulation period, the proximity of the ligand to
protease active site can be estimated. As can be
seen in Fig. 4 and Table 3, both Belinostat and
Linezolid failed to maintain close proximity to
protease active site with mean ligand movement
RMSD of 24.06 and 33.55 Angstrom
respectively. A fluctuation in Dantrolene
movement RMSD can be observed in Fig. 4 in
the beginning and the end of simulation with
mean RMSD of 6.12 Angstrom as seen in Table
3. Finally, Olsalazine showed the closest and the
most constant proximity to protease active site
with a mean ligand movement RMSD of 4.59
Angstrom.

The estimation of average MM-PBSA binding
energy, as reported in Table 3, seems to be in
full agreement with mean ligand movement
RMSD for each of the four selected hits. Again,
the least average MM-PBSA binding energy was
reported for Olsalazine followed by Dantrolene,
Belinostat and finally Linezolid. These simulation
results indicate that Olsalazine may have the
best binding capacity to YFV protease
active site as compared to the other three
drugs.
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Fig. 4. Ligand movement RMSD as a function of molecular dynamics (MD) simulation interval
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Table 1. Summary of chemical and clinical characteristics of the top ten hits that were virtually screened against NS2B-NS3 protease of yellow
fever virus; These drugs were ranked based on their minimum energy of binding to the crystal of NS2B-NS3 protease

No. Generic name Molecular formula Energy of binding (Kcal/ mol) Indications Legal status

1 Dantrolene C14H10N4Os -5.9 Malignant hyperthermia, muscle spasticity POM

2 Belinostat C15H1aN204S -5.6 Peripheral T-cell lymphoma POM

3 Pomalidomide C13H11N304 -5.4 Multiple myeloma POM

4 Anagrelide C10H7CI2N30 -5.4 Thrombocythemia POM

5 Olsalazine C14H10N206 -5.2 Ulcerative colitis POM

6 Rosiglitazone C18H19N303S -5.0 Type 2 diabetes mellitus POM

7 Naftifine Ca1H21N -5.0 Dermatophytosis POM

8 Chlorothiazide C7HesCIN304S; -5.0 Hypertension, edema POM

9 Linezolid C16H20FN304 -5.0 Gram-positive bacterial infection POM

10 Methoxsalen C12HsO4 -5.0 Vitiligo, psoriasis POM

POM: Prescription only medication.
Table 2. Summary of docking study for the best ten hits against NS2B-NS3 protease of yellow fever virus
No. Drug name Vina energy of binding (Kcal/ mol) Capacity of hydrogen bonding with key residues of protease active site
His 53 Asp 77 Ser 138

1 Dantrolene -5.9 No No Yes

2 Belinostat -5.6 No No Yes

3 Pomalidomide -5.4 No No No

4 Anagrelide -54 No No No

5 Olsalazine -5.2 No No Yes

6 Rosiglitazone -5.0 No No No

7 Naftifine -5.0 No No No

8 Chlorothiazide -5.0 No No No

9 Linezolid -5.0 No No Yes

10 Methoxsalen -5.0 No No No

Table 3. Summary of molecular dynamics simulation results for selected hits

No. Drug name Average MM-PBSA binding energy (Kcal/ mol) Ligand movement RMSD (A)
Mean Minimum Maximum

1 Dantrolene -47.67 6.12 1.27 10.83

2 Belinostat -6.58 24.06 0.69 57.66

3 Olsalazine -113.97 4.59 1.11 7.37

4 Linezolid -1.84 33.55 0.86 65.04

MM-PBSA: Molecular Mechanics Poisson-Boltzmann Surface Area; RMSD: Root-Mean-Square Deviation; A; Angstrom.
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4. CONCLUSION

In this in silico study, we have used docking
technique to screen a library of FDA approved
drugs against NS2B-NS3 protease crystal of
YFV. Then, the top hits with least energy of
binding and capacity of hydrogen bonding with
essential residues for protease activity were then
evaluated by molecular dynamics simulation for
100 nanoseconds. Based on simulation output,
Olsalazine was able to maintain a close proximity
to protease active site as compared to
Dantrolene, Belinostat and Linezolid. Also,
Olsalazine had the least average MM-PBSA
binding energy in contrast to the other three
drugs. As such, Olsalazine may have the best
potential to bind to and interfere with YFV
protease activity. However, these in silico
findings must be evaluated both in vitro and in
vivo for further validation.
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