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Abstract

Nipah virus (NiV) is a high-lethality RNA virus from the family of Paramyxoviridae and genus Henipavirus, classified
under Biosafety Level-4 (BSL-4) pathogen due to the severity of pathogenicity and lack of medications and vaccines. Direct
contacts or the body fluids of infected animals are the major factor of transmission of NiV. As it is not an airborne infection,
the transmission rate is relatively low. Still, mutations of the NiV in the animal reservoir over the years, followed by zoonotic
transfer, can make the deadliness of the virus manifold in upcoming years. Therefore, there is no denial of the possibility of a
pandemic after COVID-19 considering the severe pathogenicity of NiV, and that is why we need to be prepared with possible
drugs in upcoming days. Considering the time constraints, computational aided drug design (CADD) is an efficient way to
study the virus and perform the drug design and test the HITs to lead experimentally. Therefore, this review focuses primarily
on NiV target proteins (covering NiV and human), experimentally tested repurposed drug details, and latest computational
studies on potential lead molecules, which can be explored as potential drug candidates. Computationally identified drug
candidates, including their chemical structures, docking scores, amino acid level interaction with corresponding protein, and
the platform used for the studies, are thoroughly discussed. The review will offer a one-stop study to access what had been
performed and what can be performed in the CADD of NiV.
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Introduction

Nipah virus is a single-stranded, negative-sense RNA virus
[1] which belongs to genus Henipavirus and family Para-
myxoviridae [2]. First appearance of Nipah virus (NiV) was
reported in 1998 in Malaysia among pig farmers. Subse-
quently, the virus was detected in Bangladesh [3], Singa-
pore [4], India [5], and the Philippines [6]. Up to December
2022, all the cases followed by mortality ration with the
cases and types of strain reported by the WHO is listed in
Table 1. Fruit bats of the Pteropodidae family and Pteropus
bat species are considered as a primary or natural reservoir
of NiV. To support the claim, the NiV was isolated from
urine samples of Pteropus lylei [7] in Cambodia and Ptero-
pus hypomelanus and Pteropus vampyrus in Malaysia [8].
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As per various reports, the transmission occurs from bats
to humans, pigs, sick pigs, or pig’s contaminated tissue to
humans; even transmission is possible from human to human
as well as from the consumption of contaminated food such
as raw date palm juice contaminated with saliva or urine of
infected bats. Initial research indicated that pig is a primary
reason for human infections [9], while some studies pointed
out that dogs and cats can also be infected by this virus [10].
A report from the World Health Organization (WHO) dated
30 May 2018 indicated that the fatality rate can range from
40 to 75% and the rate of transmission as well as mortality
can vary depending on the outbreak, epidemiological scru-
tiny, and clinical management of the governing authorities
of the place [11].

NiV-infected person can experience a series of clini-
cal symptoms, from subclinical asymptomatic infection to
acute respiratory infection and fatal encephalitis followed
by death. Fever can be uniformly present as indicated by the
probable case diagnosis, followed by altered mental state,
headache, severe weakness, cough, trouble breathing, diar-
rhea, myalgia, and dizziness [12]. Around 20% of patients
have experienced residual neurological consequences like
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Table 1 Worldwide statistics of NiV outbreak until December 2022

Country Year range Cases Death Mortality Strain

ratio with

cases
Malaysia 1998-1999 265 105  39.62% NiVy
Singapore  1998-1999 11 1 9.09% NiVy,
India 2001-2021 90 68 75.56% NiVy, NiVy
Bangladesh 2001-2012 209 161  77.03% NiVy
Philippines 2014 17 9 52.94% NiVy,, NiVvy,

NiVg

seizure, mental disorders, and altered personality. The recov-
ered patients developed delayed onset encephalitis, as per
WHO reports. In one study done on 2009, they estimated
the R, value (the average number of people that one infected
person can pass the illness to) of NiV in rural Bangladesh,
which was equal to 0.48 [13]. The tendency of NiV showed
a low R, value but high mortality. So long as all spillover
virus strains have a R, less than 1 and do not evolve within
their human host, each spillover will result in only sporadic
person-to-person transmission chains. However, if a strain
with a R, higher than 1 spread or if a strain infecting a per-
son acquires a R higher than 1, humanity might confront its
most destructive pandemic in the world [14]. The last out-
break of NiV occurred in Kozhikode, Kerala, South India,
along with 18 cases and 88.8% mortality, in 2018 [15]. In the
same year, NiV was considered in the 2018 Annual Review

RNA strand

of Diseases prioritized under the Research and Development
Blueprint proposed by the WHO [16]. However, there is no
approved specific drug for NiV or vaccine until today.

NiV encodes six structural proteins, out of which glycopro-
tein (NiV-G) and fusion protein (NiV-F) are surface proteins
of NiV. Remaining four proteins are inner proteins comprising
matrix protein (NiV-M), phosphoprotein (NiV-P), nucleopro-
tein (NiV-N), and the large protein or RNA polymerase protein
(NiV-L). Meanwhile, the P gene also encodes to P, W, V, and
C proteins. The NiV structure with six major targeted proteins
with their nucleotide length is illustrated in Fig. 1. The detailed
function of each protein will be explained in the next section.

Facing the large probability of a possible NiV outbreak,
it offers serious attention to finding potential drugs that can
treat NiV without further delay. Over the years, computer-
aided drug design (CADD) has enabled scientists to reduce
the amount of time spent on synthetic and biological test-
ing [17] to speed up the drug design and discovery process
for many instances. The classic function of CADD in drug
development is to check out large chemical databases and/
or libraries into different subsets of predicted active com-
pounds, allowing for the optimization of lead compounds by
enhancing their biological properties (such as affinity and
ADMET profiling) and the construction of chemotypes from
a nucleating site by incorporating fragments with optimized
function [18]. There is no denying a rational amalgamation
of CADD and experimental analysis is the best possible
approach to find the small drug molecules for NiV.

Ribonucleoprotein
(RNP) complex

NivV-P

2242 nt

B 2704 nt

1359 nt

2337 nt

Fig. 1 NiV structure with six target proteins and their nucleotide length
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This review discusses in detail all the NiV protein targets
that can be explored for CADD and discovery to fight NiV.
Although there is no approved medication available for NiV,
we have tried to summarize major medications used over the
years to treat or alleviate the symptoms and severity of the
disease, along with their suggested dose and administered
routes. Followed by the present status of computational drug
research and future directions for NiV drug discovery is dis-
cussed in detail to offer researchers a complete current state
of the art of Nipah research.

Potential protein targets for NiV drug discovery

In this section, we have discussed major structural features
and characteristics of all available target proteins for the
drug discovery of NiV covering target of NiV and human
target. All available PDB ID for all NiV proteins is discussed
and listed in Table 2.

Potential protein target of NiV
Nipah attachment glycoprotein (NiV-G)

NiV attachment glycoprotein (G Protein) was a critical viru-
lent factor in charge of the host cell receptor attachment
[19] including 602 amino acids [20]. The NiV-G protein,
unlike most paramyxoviruses, lacks hemagglutinating and
neuraminidase activity and does not attach to carbohydrate
moieties [20, 21]. Research also indicated that the tyrosine
28/29 was critical for correct targeting [22].

From the experimental result, W504, E505, N557, Q530,
T531, A532, and E533 are seven residues that formed an
adjacent site on the surface of the globular head between the
central shallow depression and the rim [23]. Also, the experi-
mental result showed that ephrinB2 is the receptor of NiV. In
the research proposed in 2018 by Ali et al., the binding pocket
for NiV-G (PDB ID: 3D11) was computed by CASTp [24].
Asp219, Pro220, Pro276, Asn277, Val279, Tyr280, His281,
Cys282, Tyr351, Gly352, Pro353, Pro448, Phe458, Gly489,
GIn490, Gly506, Val507, Tyr508, Lys560, and Gly559 were
the critical amino acids for potential inhibitor studies.

Another work on NiV-G was proposed in 2020 [25]. The
set of ligands included in this study belonged to The Patho-
gen Box Medicine for Malaria Venture. The Autodock-Vina
was used to perform virtual screening with a 60 X 60 X 60
centered in (XYZ dimension of 27.77, 6.268, 85.037)
grid. Autodock performed rigid-flexible molecular dock-
ing between NiV-G protein (PDB ID:3D11) and ligands.
In the GROMACS software and PRODRUG server, Gro-
mos9643al was applied for molecular dynamics compu-
tation. PyMOL was used to determine the receptor-ligand

interaction. Cys240 and Arg236 were proposed as two more
critical amino acids for NiV-G binding pocket.

Nipah fusion glycoprotein (NiV-F)

During NiV fusing to human cells, NiV-G and NiV-F must
work together [26]. NiV-F was another critical protein tar-
get for potential NiV inhibitor-based drug discovery in this
case. The fusion protein was considered type I transmem-
brane protein, which includes 546 amino acids [27]. Before
integration into new virions, the F, precursor is broken into
disulfide-linked components F; and F,. The F, cleavage
product formed from F;, contains multiple functions and
is accountable for fixing the F protein in lipid membranes
[28]. Approximately 20 hydrophobic amino acids comprise
fusion peptides at the N-terminal region of the F1 subunit.
The fusion peptide is highly conserved across all paramyxo-
viruses and is essential for the biological activity of the F
protein, which is inserted into the target membrane to initiate
the fusion process [20, 29].

Nipah matrix protein (NiV-M)

NiV (NiV-M) matrix protein activates many cellular machin-
eries to facilitate and regulate virion budding at the plasma
membrane [30]. Matrix protein exploits cellular trafficking
and ubiquitination mechanisms to achieve transitory nuclear
localization. During the initial 16-20 h following infection,
NiV-M was observed to be confined to the nucleus and
nucleolus [31, 32]. It indicates that paramyxovirus M pro-
teins have crucial nonstructural functions at early stage of the
viral replication cycle. Still, their major and best-characterized
function coordinates the assembly and budding of off-
spring viruses at the plasma membrane [30]. Various host
pathways, including the ubiquitination mechanism, nuclear
export apparatus, and vesicle sorting and trafficking compo-
nents, can be used as prospective therapeutic targets by the
detailed studies of key NiV-M interactions with host proteins
for future drug discovery [30].

Nipah phosphoprotein (NiV-P)

The multimeric phosphoprotein (P) of the NiV attaches the
viral polymerase to the nucleocapsid [33] which plays a sig-
nificant role in the genome replication [34, 35]. The NiV-P
multimerization domain consists of a long, parallel, tetra-
meric, coiled coil with an N-terminal cap and a hydrophobic
core [33]. NiV-G has a very close connection and interaction
with NiV-N, which will be mentioned in the NiV-N section.
The NiV-P gene encodes 4 nonstructural proteins, i.e., P, W,
V, and C proteins.
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Nipah nucleocapsid protein (NiV-N)

The association of Nipah virus nucleocapsid protein (NiV-
N) with NiV-P during nucleocapsid construction is a cru-
cial step in the virus replication, as only the encapsulated
RNA genome can be used for multiplication [36]. Their
experimental result also proved that NiV N-P colocalization
should be the critical step for the normal functioning of N in
viral replication, as mutant N proteins lacking the capacity
to form N-P complex cannot operate in minigenome tests
[36]. In 2018, Ranadheera et al. proposed their experimental
result for the interaction between the NiV-N and NiV-P virus
replication regulations [37]. Their result indicated that viral
translation and virion generation become dysfunctional in
the presence of elevated levels of recombinant NiV N-HA
including one or both NiV P binding domains. Furthermore,
removal of both NiV P binding sites from NiV N rendered
its effects null and void, indicating that contact between NiV
N and NiV P is crucial for viral replication inhibition [37].

Nipah large protein or RNA polymerase protein (NiV-L)

The structure of the L protein of NiV was not identified up
to date. However, research indicated that after performing
the BLAST search, the L protein of Human Parainfluenza
virus 5 (HPIV-5) with PDB ID: 6V85 gained the highest
score of homology sequence [38]. Around 32.39% identity
of the NiV-L protein sequence can be pairwise with HPIV-5.

Potential human protein target
Human cell surface receptor ephrin-B2/ephrin-B3

Several scientific articles have extensively studied and doc-
umented the targeting of ephrin-B2 and ephrin-B3 by the
NiV. As a method of entrance and invasion into the host,
the NiV targets ephrin-B2 and ephrin-B3 receptors in host
cells [39—42]. Ephrin is a membrane-bound ligand that plays
a significant role in various biological processes, including
cell migration and differentiation [43]. The NiV attaches
to these receptors via its spike glycoprotein (G). Once the
virus connects to the ephrin-B2 and ephrin-B3 receptors,
it undergoes endocytosis, which is absorbed into the host
cell. This permits the virus to multiply and disseminate to
other cells in the host, resulting in the symptoms of NiV
infection. It has been demonstrated that soluble ephrin-B2
or ephrin-B3 proteins, as well as soluble NiV-G proteins,
inhibit virus entry and cell—cell fusion (Fig. 2). However, the
interference with ephrin-B function and the antigenicity of
NiV-G itself restrict the practical value of these molecules
as antivirals [44].

@ Springer

Importin alpha 3

Importin alpha 3 (Imp3) is utilized by the NiV to reproduce
and disseminate within host cells. Imp3 is a karyopherin
that transports viral proteins and replication machinery into
the nucleus of the host cell [45, 46]. According to studies,
the NiV infects host cells by employing Imp3 as a mediator
for its entrance into the cell nucleus [47]. NiV hijacks Imp3
upon infection and exploits it to carry its replication machin-
ery into the host cell nucleus, where it replicates and spreads
(Fig. 2). Simultaneously, research indicated that compared to
all other importin molecules, the unique ARM7 and ARMS
conformation of Imp3 provided increased binding interface
availability for NLS interactions [48]. Significantly, addi-
tional proteins vulnerable to nuclear transport by Imp3 and
Imp4 are outcompeted by W, resulting in decreased transport
and nuclear activity [49, 50].

Heparan sulfate proteoglycans

NiV can utilize an attachment receptor called heparan sulfate
proteoglycans to adhere to nonpermissive circulating leuko-
cytes, facilitating viral spread inside the host [51]. Heparan
sulfate proteoglycans (HSPG) consist of unbranched, nega-
tively charged heparan sulfate (HS) polysaccharides that are
linked to a variety of cell surface or extracellular matrix
proteins [52]. Lacking heparan sulfate prevented cells from
mediating Henipavirus trans-infection and decreased their
susceptibility to infection.

Present medication status for NiV

Currently, no US FDA-approved drug or vaccine can be
prescribed for NiV treatment. According to the Centers
for Disease Control (CDC) [53], the treatment of NiV
is narrowed down to providing treatment based on the
symptoms that occurred. Based on research up to date,
ribavirin [54], chloroquine [55], remdesivir [56], and
favipiravir [57] were experimentally proven effective on
either African green monkeys or Syrian hamsters. Riba-
virin [54] reported increase of overall survival rate (36%)
when tested on Nipah encephalitis patients using both oral
and i.v. dose administration. However, no NiV-specific tar-
get drug can effectively treat the patients. Although CDC
posted that one of the monoclonal antibodies m102.4 has
passed phase 1 clinical studies and has been administered
for compassionate use in 2020, the m102.4 is not approved
to date [53]. Due to the lack of specific drugs for NiV at
present and the possible outbreak of NiV in the future,
CADD is an integral part of accelerating drug develop-
ment of the Nipah fight without any doubt, in combination
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Fig.2 The interaction between NiV proteins and human proteins during the NiV replication cycle

with experimental efforts. In Table 3, we have combined
experimentally tested drugs to date where majorly existing
drugs were repurposed for checking the effectiveness of
the NiV along with monoclonal antibodies.

Computational drug and drug derivatives
under investigating

Computational modeling through high-throughput
screening and virtual screening is highly significant for
selecting the best drug candidates for NiV. To speed up
the traditional drug discovery process, CADD is a proven
method in amalgamation with experimental efforts. Over
the years, scientists worldwide have tried to find a possible
cure for NiV employing molecular modeling tools like
quantitative structure—activity relationships (QSARs),
docking, pharmacophore, homology modeling, molecular
dynamic (MD) simulations, binding energy calculations,
and ADMET profiling approaches. We have tried to
summarize their efforts in this section which can be a
helpful resource for researchers who want to invest their
time in the drug discovery of NiV.

Nipah G (NiV-G) protein target and computational drug

Pathania et al. come up with potential antivirals for NiV
[65]. The authors used Autodock Tool to prepare NiV-G
crystal structure (PDB ID:2VSM). A pool of 2327 US
FDA-approved drugs were collected from the DrugBank
database for virtual screening. OpenBabel program was
used for ligand energy optimization with MMFF94 force.
QuickVina undertook molecular docking. Simultaneously,
molecular image rendering was carried out by PyMOL.
Considering binding affinity of < — 10 kcal/mol as thresh-
old, 17 potential inhibitors were selected. OSIRIS Property
Explorer computed chemical-protein interaction network
analysis to access the risk of side effects on all these mole-
cules, where nilotinib, deslanoside, and acetyldigitoxin were
identified as top three drug candidates (Fig. 3). Compound
1 (nilotinib), compound 2 (deslanoside), and compound 3
(acetyldigitoxin) had a binding affinity of —10.3,—-10.2,
and — 10.7 kcal/mol, respectively. Nilotinib formed H-bond
with GIn559; hydrophobic interaction with Ile304, Trp504,
Phe458, Val507, GIn559, Ala 532, and Asp557; and salt
bridge with Try581. For acetyldigitoxin, H-bonds were
found with GIn559, Asn557, and Gly506, while hydropho-
bic interactions were found with Try581, GIn490, Trp504,
and Phe458. Between deslanoside and NiV-G, H-bonds were

@ Springer
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Fig.3 Top 3 lead molecules structure (compound 1 (nilotinib),
compound 2 (deslanoside), and compound 3 (acetyldigitoxin) along
with their 3D interactions and docking posture with 2VSM protein.

formed with Tyr581, Ala558, Ala532, and Pro488; hydro-
phobic interaction with GIln490, Trp504, Leu305, His281,
and Lys560; and salt bridge with Lys560 and His281. Since
these three US FDA-approved drugs were identified as
cardiac glycosides, they were expected to regulate cardiac
inflammation during NiV infection treatment.

Virtual screening was performed on NiV G-protein (PDB
ID: 3D11) by Naeem et al. [19] employing 2118 blood—brain
barrier (BBB —) and 189 BBB + compounds from the gold
and platinum Asinex library using a total pool of among
211,620 molecules. Molecular docking, density functional
theory (DFT), and MD simulations were performed. The
two compounds in Fig. 4 had highest performances in each

@ Springer

| TRP 504

LEU 305

Adapted with permission from J. Biomol. Structur. Dyn. 2019, 38,
17, 5108-5125 [65]. Copyright 2022 Taylor & Francis

group. For compound 4 (from BBB —), — 10.4 kcal/mol bind-
ing energy was gained, and His281 and Tyr508 were found
forming a conventional hydrogen bond with a distance of
2.26 A and 2.07 A. Carbon hydrogen bond was also found on
the protein where Cys282 and His281 had a distance of 3.22 A
and 3.41 A, respectively. Meanwhile, hydrophobic interaction
existed between compound 4 and TRP504, Phe458, Pro 41,
and Try508. Wile, Leu305, Tyr351, Gly506, Val507, Pro353,
and Gly352 showed Van der Waals interaction. Compound 5
was from BBB + group, and a—9.2 kcal/mol binding energy
was reported. Hydrogen bond existed between compound 5
and Lys560 and Try351 with a reported distance of 2.79 A
and 1.91 A, respectively. Simultaneously, hydrophobic
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Fig.4 Top 2 lead molecule structure along with their 2D and 3D interactions with 3D11 protein. Adapted with permission from J. Biomol.

Structur. Dyn. 2022 [19]. Copyright 2022 Taylor & Francis

interaction existed on Leu305, Trp504, Pro441, and Pro353.
Van der Waal interaction was found with 12 amino acids:
Tyr508, Asp219, Ser241, Cys240, Arg236, Thr218, Asp302,
Tle304, Phe458, His281, Cys282, and Gly352. Ribavirin acted
as a control group for the study, which reported — 6.3 kcal/mol
binding energy. E; ;v and Eygpo were studied, BBB — group
compound 4 gained an energy gap of 0.14382 eV, while
BBB + group compound 5 had a 0.15387 eV energy gap. Both
had low energy gaps and illustrate a good chemical reactivity
and a low kinetic stability.

Computational study related to favipiravir and its deriv-
atives were also performed to check their effectiveness
towards NiV-G protein [66]. Favipiravir shows a relatively
good performance in the experimental work too [57].
Based on the computational result from Lipin et al., pip-
erazine-substituted derivatives were found worth further
study [67]. Therefore, the relationship between structure
and property of favipiravir was studied in Lipin’s case.
With the help of DFT calculation, a better geometrical

structure of all the designed molecules was optimized.
Simultaneously, ADMET and molecular docking were
performed to assess the chemical properties and affinity
with the G-protein of NiV. In the ADMET study, most of
the designed favipiravir derivatives showed a higher pICs,.
The study indicated that piperazine-substituted favipiravir
derivatives have a higher ability to bind than the original
favipiravir structure. James et al. studied 22 favipiravir
derivatives by incorporating heterocyclic groups (moieties
such as pyrazole, imidazole, and pyrazino) in favipiravir
[66]. All derivatives were subjected to molecular docking
for the Nipah G-protein (PDB ID:3D11) target followed
by physical property evaluations and ADMET studies. The
result indicated that three compounds had relatively bet-
ter performances compare to control favipiravir, as shown
in Fig. 5. Among these three compounds, compound 6
has the highest binding energy with a—6.16 kcal/mol, fol-
lowed by compounds 7 and 8 which have scores of —5.50
and — 5.38 kcal/mol, respectively.

@ Springer
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Fig.5 Top 3 favipiravir derivative chemical structure with their 2D and 3D interactions with 3D11 protein. Adapted from Open access article J.

Pharm. Res. Int. 2021, 33, 156169 [66]

Meanwhile, all the designed compounds followed the
Lipinski rule of five, representing that they have no issue
with the oral bioavailability. Strong interaction between
compound 6 and G-protein was found (hydrophobic

@ Springer

interaction with Tyr309, [1e304, [1e401, Phe369, Tyr401,
I1e408, and Leu409 and polar interaction with Thr308,
Ser307, Ash306, Ser405, and Hid406). Hydrogen bond was
also reported with amino acid residues Thr308 and Hid406.
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The result indicated that incorporating heterocyclic moie-
ties in the favipiravir can increase the effectiveness of the
designed drug compared to favipiravir against NiV.

Kalbhor et al. proposed potential inhibitors for NiV from
screening large antiviral specific chemical libraries with
multi-step molecular docking and MD simulation [68].
In this study, 8722 chemical entities were collected from
Asinex-Antiviral Library, 3700 compounds were collected
from Enamine-Antiviral Library, and 67,470 molecules were
taken from ChemDiv-Antiviral Library. LigPrep prepared all
the collected molecules for further docking. NiV-G (PDB
ID: 2VSM) was prepared by Protein Preparation Wizard
module. Multi-step docking was performed on all 79,892
molecules. At the same time, the Prime-MM-GBSA method
was used for binding free energy computation. From the
total pool of chemicals, 299 compounds reached the stipu-
lated binding energy of — 6.00 kcal/mol of docking score
and a —40.00 kcal/mol MM-GBSA score. Followed by 207
molecules were further selected employing ADME study on
SwissADME webserver. Based on TOPKAT toxicity pre-
diction assessment, 14 non-toxic compounds were resulted.
Combining the results from total study, 5 molecules were
selected which is demonstrated in Fig. 6. Compound 9
reported highest binding energy and better interactions with
the studied NiV-G protein. It made H-bonds with amino acid
residues Trp504 and Tyr508 and formed hydrophobic inter-
actions with Pro441, Pro448, Val507, and Lys 560 followed
by pi-stacking with Phe458 and Trp504. The TPSA scores
for compounds 9 to 13 were between 61.44 and 137.32 A
which indicated that all the mentioned compounds could
potentially be orally active in nature.

NiV fusion glycoprotein (NiV-F) target drugs

During the process of Nipah virus fuse to human cells,
NiV-G and NiV-F must work together [26]. NiV-F was
another critical protein target for potential NiV inhibitor
discovery in this case. Niedermeier et al. designed 18 qui-
nolone derivatives targeting of NiV-F (PDB 1WP7) [69].
Schrodinger Protein Preparation Guide was used to prepare
the protein before docking performed. LigPrep was used
for the ligand’s preparation, and molecular docking was
performed by Schrodinger Glide XP. The compound 14 in
Fig. 6 showed the highest score in both computational study
and experimental studies. The experiment anti-NiV ECs,
with a value of 1.5 was identified. Computational modeling
revealed that compound 14 fits well into a specific protein
cavity on the NiV-F protein that is essential for the fusion
process. Simultaneously, hydrophobic interactions were
found between 1474, 1.481, and V 484 in the ligand (marked
in green) in Fig. 7 and the hydrophobic pocket in protein
surface. Besides computational design, experimental work
has been also executed by authors for compound 14 where

authors checked inhibition of NiV envelope protein-induced
cell fusion followed by cytotoxicity evaluation. With a result
of 1.5 pM of anti-NiV ECs,, more than 20 uM of CCs,, and
more than 13 pM of SI (CCs/ECsy), compound 14 showed a
highest activity and a lowest cytotoxicity among throughout
the twenty-three compounds.

Verma et al. proposed three phytochemicals named natu-
ral 6-gingerol (compound 15), 4-hyroxypanduratin A (com-
pound 16), and Luteolin (compound 17) as potential Niv-F
inhibitors [70]. 4-Hyroxypanduratin A is a food component
in many Asian countries, 6-gingerol is an active component
from Zingiber officinale, and luteolin is a kind of Chinese
traditional medicine. These three molecules.sdf file were
converted to PDB format by Open Babel. AutoDock4 was
used for molecular docking and binding scores computed,
while BOVIA Drug Discovery Studio was used to visual-
ize major interactions between ligands and the NiV-F. The
best binding energy score —4.83 kcal/mol is reported by
compound 16, while compounds 17 and 15 (Fig. 8) showed
binding energy of —4.58 kcal/mol and —3.98 kcal/mol,
respectively.

NiV multi-protein target drug

Randhawa et al. [71] proposed Potential Multitarget com-
putational drug discovery study where three databases were
curated to find potential inhibitors for NiV-G, NiV-F, and
NiV-N. A total pool of 1231 compounds were considered,
where 142 plant-derived was retrieved form SerpentinaDB,
868 molecules from Phytochemica, and 221 ligands from
Phytochemical and Drug Target Database (PDTDB). All the
molecules were optimized by Merck Molecular Force Field
(MMFF94) in the OpenBabel v 2.4.0 software. For NiV-
G, NiV-F, and NiV-N following proteins were chosen from
PDB: 2VSM, SEVM, and 4CO6, respectively, for molecular
docking study. Based on docking binding energy profile, 8
potential inhibitors were selected with the requirement of
binding to all three proteins and have a higher negative value
than — 7.8 kcal/mol binding affinity on each protein. Remde-
sivir was used as a control drug with a reported — 7.5 kcal/
mol binding energy to NiV-G, — 6.6 kcal/mol to NiV-
F, and — 5.6 kcal/mol to NiV-N. Based on ADMETIab,
ADME and pharmacokinetic properties were computed for
the selected compounds to check their PK/PD profiling.
Z-score used to evaluate pharmacokinetic properties and
top three compounds 18, 19, and 20 (Fig. 9) reported posi-
tive score. Simultaneously, gene expression induction was
also accessed by authors for the top identified molecules and
found that only a small portion of protein could be induced.
MD simulations of three molecules were performed by Gro-
ningen Machine for Chemical Simulation (GROMACS).
Compounds 18 and 19 were stable in three proteins with
average RMSDs equal to~0.12 nm in NiV-G, ~0.35 nm in

@ Springer
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Fig.7 Top quinolone deriva-
tive’s 2D chemical structure
and molecular binding position
with the NiV-F protein IWP7.
Adapted with permission from
J. Med. Chem. 2009, 52, 4257~ F
4265 [69]. Copyright 2022
American Chemical Society

NiV-F, and 0.12 nm in NiV-G. Meanwhile, the docking com-
plexes were found more stable than the free apo-proteins.
Compound 20 had a stable performance in NiV-G and NiV-F
with a similar RMSD value as compounds 18 and 19.

Sen et al. studied all targeted proteins of NiV and pro-
posed 4 putative peptide inhibitors and 146 small mol-
ecule inhibitors [72]. A total of 22,685 ligands from ZINC
database and NiV Malaysian strain AY029768.1 were
used in this study. ModPipe was used for pipeline homol-
ogy modeling, and MODELLER was used for building
the multimeric complexes. Using both sequence-sequence
and profile-sequence search strategies, the homology mod-
eling templates were identified by authors. AutoDock4 and
DOCKG®6.8 were used for molecular docking studies; mean-
while, AMBER was used to determine the charge on atoms
of protein during this process. Active pocket and binding

Fig.8 Chemical structure of
three potential phytochemicals
as NiV-G inhibitor HO

0
| 0

Compound 15

|
N N
A
@)

Compound 14

@) Cl

Iz

sites were searched for all the proteins employing DEPTH
server. The docking results indicated that a known drug
ZINC04829362 could bind N protein, a potential drug mol-
ecule for depression and Parkinson’s disease. All the ligand
and protein used in this study along with their ranking, bind-
ing energy, and RMSD between AutoDock and Dock poses
can be accessed at http://cospi.iiserpune.ac.in/Nipah.

New proposed strategies for drug discovery
of NiV

A new strategy named “Drug-target-drug network-based
approach” was proposed in 2021 [73]. Nipah virus and
13 more viruses were tested with the existing US FDA-
approved drugs using drug-target-drug network analysis. All

Compound 17

@ Springer
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Fig.9 Chemical structure of compounds 18 (blue), 19 (pink), and 20
(bisque) followed by their docked position to the active binding sites
(red) of NiV-F (blue) (PDB ID: SEVM), NiV-G (PDB ID: 2VSM)

the US FDA-approved drugs were evaluated with a confi-
dence score through the computational study as a repurposed
theory. Authors have found 16 repurposed drugs between
hepatitis E virus (HEV) and NiV. Further, molecular dock-
ing is used to validate this strategy’s credibility and identify
the best possible candidates for the specific viruses.

Rajput et al. offered the “anti-Nipah” web source in
2019 [74]. The data bank contained 313 chemicals where
the QSAR model was used to estimate the prediction of the
inhibitory effect. Based on the model of integrating recur-
sive regression, any untested or unknown compound could
be predicted through the web service with a 0.82 Pearson’s
correlation coefficient (PCC) which is highly robust.

Conclusion

NiV is a highly lethal but weakly transmissible virus, clas-
sified as BSL-4 [75] due to its characteristics. The current
situation against a possible NiV outbreak is not optimistic.
The world has not developed any US FDA-approved drugs
that can be used in humans, and some drugs showed excel-
lent in vitro suppression of viruses but did not work in
animals. In this case, computational drug discovery will be
a perfect way to accelerate drug development. Combining

@ Springer

CH3 H O

o ok STy

Compound 19

(green), and NiV-N (PDB ID: 4CO06) (gold). Adapted from Open
access article Microorganisms 2022, 10, 1181 [71]

all our statistical protein structures and existing papers on
computational drug development, we realized that most
drug development focuses on glycoprotein and fusion pro-
tein. However, four other proteins (NiV-P/M/N/L) are also
critical to the NiV. Future scientific research can gradually
fill in the gaps in drug development for other potential
protein targets.
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