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A B S T R A C T   

Nipah virus (NiV), a zoonotic virus, engenders severe infections with noticeable complications and deaths in 
humans and animals. Since its emergence, it is frightening, this virus has been causing regular outbreaks in 
various countries, particularly in Bangladesh, India, and Malaysia. Unfortunately, no efficient vaccine or drug is 
available now to combat this baneful virus. NiV employs its nucleocapsid protein for genetic material packaging, 
which is crucial for viral replication inside the host cells. The small interfering RNAs (siRNAs) can play a central 
role in inhibiting the expression of disease-causing viral genes by hybridization and subsequent inactivation of 
the complementary target viral mRNAs through the RNA interference (RNAi) pathway. Therefore, potential 
siRNAs as molecular therapeutics against the nucleocapsid protein gene of NiV were designed in this study. First, 
ten prospective siRNAs were identified using the conserved nucleocapsid gene sequences among all available NiV 
strains collected from various countries. After that, off-target binding, GC (guanine-cytosine) content, secondary 
structure, binding affinity with the target, melting temperature, efficacy analysis, and binding capacity with the 
human argonaute protein 2 (AGO2) of these siRNAs were evaluated to predict their suitability. These designed 
siRNA molecules bear promise in silencing the NiV gene encoding the nucleocapsid protein and thus can alleviate 
the severity of this dangerous virus. Further in vivo experiments are recommended before using these designed 
siRNAs as alternative and effective molecular therapeutic agents against NiV.   
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1. Introduction 

Nipah virus (NiV) is a highly virulent bat-borne zoonotic para
myxovirus that causes fatal encephalitis in humans. NiV, a declared 
global health priority pathogen by the World Health Organization 
(WHO), has the potential to cause a pandemic due to its zoonotic nature, 
rapid transmissibility, distribution of the reservoir species (bat) over 
wide geographic locations, high case fatality along with the unavail
ability of a vaccine or any other therapeutic agent. Furthermore, mor
tality rate is high among the infected individuals due to encephalitis and 
severe respiratory illness (viral pneumonia) (Chua et al., 2000; Satter
field et al., 2016; Luby and Gurley, 2012; Singh et al., 2019). NiV in
fections in humans have been identified in Malaysia, Singapore, India, 
Bangladesh, and the Philippines (Hassan et al., 2020; Hauser et al., 
2021; Rahman et al., 2021). When it was first detected in Malaysia, in 
attempts to decipher the natural history of this emerging infectious 
disease, it was discovered that pigs infected with NiV act as the inter
mediate hosts. However, fruit bats from the family Pteropodidae are the 
natural hosts of this deadly virus. First, it was thought that transmission 
could happen only from direct contact with the secretion of a sick pig or 
by handling the body parts of a sick animal. However, later it was 
confirmed that human-to-human transmission can occur equally. 
Recently, outbreaks in India and Bangladesh have occurred due to eating 
fruits or drinking unboiled juice of date palm trees contaminated by bats 
with >75% mortality (Singh et al., 2019; Broder et al., 2013; Luby et al., 
2009; Epstein et al., 2020; Rahman et al., 2021). From 2001 to 2014, 
248 collective NiV infections were reported in Bangladesh and most of 
these cases happened from person-to-person transmission (Luby et al., 
2009; Hegde et al., 2016; Nikolay et al., 2019). 

NiV is categorized as a virus under the Henipavirus genus and Para
myxoviridae family. Its genome is approximately 18.2 kb long, and like 
some other paramyxoviruses, it follows the ‘rule of six’ in which the total 
nucleotide number is always a multiple of 6 (Arankalle et al., 2011; 
Halpin et al., 2004; Harcourt et al., 2005). Thus, six viral genes are 
included in the NiV genome that encode nine viral proteins. Ribonu
cleoprotein complex, the core component of a Nipah Virion, is composed 
of the following- nucleocapsid protein (N), phosphoprotein (P), RNA- 
dependent RNA polymerase (L), and genomic RNA (Ranadheera et al., 
2018). 

Here, the nucleocapsid protein-encoding ‘N’ gene’s role is crucial for 
viral replication. Encapsidation of NiV genome is achieved with the help 
of N protein which protects it from being degraded and from the intra
cellular defense mechanisms of the host. In order to be capable of being 
used as a template, the viral genome has to be encapsidated. Otherwise, 
it would lose its competence for the transcription process where RNA- 
dependent RNA polymerase is required (Ogino and Green, 2019). 
Thus, the availability of the N protein speeds up viral infection through 
activation of the replicase enzyme, encapsidation, and regulation of NiV 
RNA synthesis (Ray et al., 2016). Since NiV infection is associated with a 
high death rate, there is no approved therapeutic available right now 
against this virus, and treatment is mainly symptomatic (Nikolay et al., 
2019), an immediate invention of antiviral agents against NiV is a de
mand of the time. In the current study, we have designed siRNAs 
adopting various bioinformatics tools against the NiV ‘N’ gene to silence 
it and prevent viral proliferation. 

RNA interference (RNAi) or post-transcriptional gene silencing is one 
sort of cellular regulatory mechanism in which an mRNA is forced to be 
inactivated by being barred from going through the post-transcriptional 
steps. One effective way of achieving RNA interference is through small 
interfering RNAs (siRNA) (Levanova and Poranen, 2018). siRNAs are a 
special kind of RNA that are non-coding double-stranded molecules. 
They are 21–25 base pairs in length and have a nucleotide sequence of 
one strand complementary to an mRNA with which the strand binds and 
ultimately leads to degradation of that mRNA. As a result, specific 
protein from that specific mRNA is prevented from being translated, and 
thus the respective gene is silenced (Raja et al., 2019). 

Nowadays, siRNA-based treatment is gaining significant contem
plation from researchers in cancer, genetic and infectious diseases. 
siRNA can reduce tumor growth and enhance immune response in 
mouse melanoma models (Liu et al., 2018). siRNA-based treatment 
options have also shown promise in treating Alzheimer’s and Parkin
son’s disease, myopathies, viral infections, and many other diseases. 
Additionally, there has been much improvement in siRNA delivery 
methods to ensure specificity while reducing toxicity and increasing 
bioavailability (Seyhan, 2011). More importantly, three siRNA drugs 
have recently gained approval from the FDA and seven other siRNA 
drugs are currently under trial (Zhang et al., 2021). Most interestingly, 
Mungall et al. showed that siRNAs against the ‘N’ gene of NiV arrest viral 
replication in vitro (Mungall et al., 2008). 

Considering the promise of siRNA, in this study we have endeavored 
to design universal siRNAs against the deadly NiV employing different 
computational tools. Previously, Oany et al. (Oany et al., 2015) designed 
siRNAs against the nucleocapsid gene of only 5 Bangladeshi NiV strains. 
However, we have worked with all currently available strains, our ob
tained results are more complete, and not limited by any geographical 
boundary. Furthermore, we have cross-checked them against two da
tabases for efficacy prediction and also checked their binding affinity 
with human argonaute protein, a step critical for siRNA action, by mo
lecular docking and molecular dynamics simulations. 

2. Materials and methods 

The workflow adopted in this study and the tools used are graphi
cally presented in Fig. 1. 

2.1. Retrieval of NiV genome sequences 

Coding sequences of currently deposited all 60 complete genomes of 
NiV were first downloaded from the NCBI nucleotide database (https:// 
www.ncbi.nlm.nih.gov/nuccore). This database was searched with the 
following keywords, “Nipah virus, complete genome.” Secondly, coding 
sequences of nucleocapsid protein-encoding ‘N’ gene (here gene should 
be perceived as mRNA because NiV is a negative-strand RNA virus) were 
extracted using a Linux computing platform bash script. 

2.2. Evolutionary divergence study 

A phylogenetic tree was constructed with the ‘N’ genes to decipher 
mutations among different strains. At first, the MUSCLE algorithm 
incorporated in MEGA X software (Kumar et al., 2018) was employed to 
perform multiple sequence alignment (MSA). Then, from this MSA, a 
phylogenetic tree was constructed employing the ‘Maximum Likelihood 
Method’ with 1000 as the bootstrap value and following Tamura Nei’s 
evolution model (Tamura and Nei, 1993). Finally, the phylogenetic tree 
was visualized with iTOL (Letunic and Bork, 2021). 

2.3. Target selection and siRNA designing 

It is established that a minimum 19 nucleotides length guide strand 
of siRNA and its complementary sequence in the target mRNA are 
required for successful siRNA mediated gene inhibition (Grimm, 2009). 
Nineteen such sequences with a minimum of 19 nucleotides length were 
found conserved among all the 60 ‘N’ genes and extracted for down
stream analyses. siRNAs were designed against the identified 19 nucle
otide targets employing the siDirect web server (Naito et al., 2009). This 
server completes the task in three steps: i) significantly functioning 
siRNA identification, ii) seed-dependent off-target impacts minimiza
tion, and iii) near-perfect matched genes eradication. A combination of 
rules advised by Ui-Tei (Ui-Tei et al., 2004), Amarzguioui (Amarzguioui 
and Prydz, 2004), and Reynolds (Reynolds, 2004) were followed 
(Table 1) during siRNA designing. During the design of the siRNA 
duplex, melting temperature (Tm) was maintained below 21.5 ◦C (a 
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default restraint). It was found that keeping the Tm under this temper
ature minimizes off-target effects (Ui-Tei et al., 2008). The Tm was 
computed utilizing the equation below: 

Tm = (1000*ΔH)/(A+ΔS+R ln (CT/4) ) − 273.15+ 16.6log [Na+]

where,  

• ΔH (kcal/ mol) represents the sum of the nearest neighbor enthalpy 
changes  

• A represents the helix initiation constant (− 10.8)  
• ΔS indicates the sum of the nearest neighbor entropy changes  
• R represents the gas constant (1.987 cal/deg./mol)  
• CT indicates the total molecular concentration (100 μM) of the 

strand, and 
[Na+] represents the sodium concentration (was fixed to 100 mM). 

2.4. Off-target binding exploration 

A nucleotide BLAST (Camacho et al., 2009) search was run against 
the ‘human genomic plus transcript databases’ from the NCBI BLAST 
suite for identifying possible sequences in the human genome that may 
face unexpected off-target inhibition. The expected threshold value (E- 
value) was set to 1000 to detect exact complementary off-targets. 

2.5. Calculation of GC content & prediction of secondary structures of the 
siRNA guide strands 

GC content is an essential regulator of siRNA efficacy (Safari et al., 
2017). The Amount of GC content found in the predicted siRNAs was 
calculated by OligoCalc (Kibbe, 2007). MaxExpect, a program of RNA 
structure suite (https://rna.urmc.rochester.edu/RNAstructureWeb/Ser 

Fig. 1. Flowchart describing methodology of the current study.  

Table 1 
Rules followed during designing the siRNA molecules.  

Serial 
No. 

Rules Proposed by Rule description 

1 Ui-Tei et al. (2004) A or U at the 5′ terminus of the sense strand 
G or C at the 5′ terminus of the antisense strand 
At least 4 A or U residues present in the 5′

terminal 7 bp of sense strand 
GC stretch no longer than 9 nt 

2 Amarzguioui et al. 
(2004) 

Duplex End A or U differential >0 
No U at position 1 
Strong binding of 5′ sense strand 
Presence of A at position 6 
Weak binding in case of 3′ sense strand 

3 Reynolds et al. 
(2004) 

1 point for GC content 30–52% 
1 point for each occurrence of three or more A or 
U base pairs at position 15–19 of sense strand 
1 point for little internal stability at target site 
(Tm > − 20 ◦C) 
1 point for occupancy of U at position 10 of the 
sense strand 
1 point for occupancy of A at position 3 of the 
sense strand 
1 point for occupancy of A at position 19 of the 
sense strand 
1 point for Absence of G at position 13 of the sense 
strand 
Threshold for efficient siRNAs score ≥ 6  
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vers/MaxExpect/MaxExpect.html), was used to estimate the secondary 
structures of the siRNA guide strands (Bellaousov et al., 2013). Max
Expect calculates ‘Energy Score’ for every query, indicating a predicted 
structure’s favorability. 

2.6. siRNA- target mRNA binding affinity prediction based on 
thermodynamics 

Target mRNA - guide strand of siRNA complex indicates enhanced 
silencing activity if a high binding affinity is observed between them. 
Binding affinity between each target and the corresponding siRNA guide 
strand was predicted from their thermodynamic interactions by 
DuplexFold (Piekna-Przybylska et al., 2010). 

2.7. siRNA-mRNA complex melting temperature prediction 

DINAMelt webserver (Markham and Zuker, 2005) was used for the 
prediction of melting temperatures of the siRNA-mRNA complexes. 
DINAMelt conducts different calculations for such predictions. A heat 
capacity plot calculated by DINAMelt exhibits individual contributions 
of the components to the ensemble heat capacity. This type of heat ca
pacity (Cp) is attained as a function of temperature. Heat capacity- 
melting temperature, Tm (Cp) is indicated by the local maximum of 
the heat capacity curve. Moreover, concentration-melting temperature, 
Tm (Conc.) is determined as the value at which the concentration of a 
double-strand molecule (e.g., siRNA-mRNA complex) becomes halved of 
its initial maximum value. Tm (Conc.) of the siRNA-mRNA complexes 
were also calculated and visualized via a concentration plot. 

2.8. Efficacy prediction of designed siRNAs 

Two large databases named siRNAPred (Kumar et al., 2009) and 
siPred (Pan and Chen, 2011) were employed to predict the efficacy of 
the designed siRNAs. Hybrid-7 prediction approach was chosen to 
evaluate the predicted siRNAs against the primary 21 datasets of siR
NAPred. A siRNAPred score greater than 1 suggests “very high” effec
tiveness, while a score in 0.8–0.9 range suggests “high effectiveness”. 
Again, a score ranging 0.7–0.8 suggests “moderate effectiveness”. A 
siPred inhibition efficacy score higher than 80% is desired. 

2.9. Molecular docking of siRNAs with human argonaute protein 

The binding of siRNA with argonaute (AGO) protein is a crucial step 
in siRNA-mediated gene silencing. siRNA first becomes a part of RNA- 
Induced Silencing Complex (RISC) of which AGO proteins are mem
bers. Human argonaute protein family includes eight members. AGO 
1–4 can load miRNAs and siRNAs. However, only argonaute-2 (AGO2) 
possesses endonuclease activity. Once the siRNA finds and attaches to 
the target mRNA, AGO2 cleaves the target mRNA sequence (Meister 
et al., 2004). To see how our designed siRNAs would bind to AGO2, we 
docked them against the AGO2 siRNA binding site. First, the crystal 
structure of human argonaute-2 bound to a siRNA (PDB ID: 5JS1) was 
collected from the RCSB Protein Data Bank. Then, the AGO 2 protein was 
cleaned using Discovery Studio Visualizer (version 20.1). After that, the 
YASARA force field was applied to minimize energy of the protein 
structure. 3D structures of the siRNA guide strands were obtained 
employing RNAComposer (http://rnacomposer.cs.put.poznan.pl/). 
Next, they were optimized in Avogadro (version 1.1.1) employing the 
MMFF94 force field. One thousand steps and 10e-7 as the convergence 
value were chosen during optimization to maintain the Steepest Descent 
algorithm. Finally, HDOCK server (http://hdock.phys.hust.edu.cn/) was 
utilized for performing molecular docking studies of the siRNA guide 
strands against the AGO2 protein. During docking, the binding site was 
defined as the regions that encompass the residues of AGO2 that bind to 
the siRNA. Binding site residue information was curated from the Uni
Prot database (https://www.uniprot.org/uniprot/Q9UKV8). HDOCK 

calculated 10 binding modes of each siRNA and the siRNA-AGO2 com
plex with the lowest docking score was considered as the best binding 
pose for each siRNA. 

2.10. Molecular dynamics simulation 

RNAComposer predicted the 3D structures of our guide siRNA 
strands. However, in doing so, it also designed possible internal loops in 
some of the 3D structures. siRNAs that bind to AGO proteins usually do 
not bear any loop, and from the analyses of other tools, we have found 
that the chance of loop formation in our designed siRNAs is low. 
Considering these conditions, we chose the 4E siRNA-AGO2 complex for 
molecular dynamics study for the following reasons: i) the siRNA does 
not have an internal loop in the three-dimensional structure in this 
complex and ii) the score obtained after docking is also the least nega
tive among similar other complexes (where the siRNA does not have a 
loop in its 3D structure). We postulated that if the results of molecular 
dynamics simulation of this complex come satisfactory, we can extrap
olate stability of other complexes from these results. With the support of 
AMBER14 force field, the molecular dynamics study was conducted in 
YASARA dynamics software package (Land and Humble, 2018; Wang 
et al., 2004). After initial cleaning and optimization of the docked 
complex, the hydrogen bond networks were oriented. A cubic simulation 
cell was generated where the TIP3P solvation model maintained peri
odic boundary conditions (Harrach and Drossel, 2014). Then, a constant 
value of acid dissociation was calculated for all the amino acids present 
in the protein. The actual protonation state of each amino acid residue 
was maintained by the SCWRL algorithm and hydrogen bond network 
optimization (Krieger et al., 2012). The physiological conditions of the 
simulation cell were maintained by setting the pH at 7.4, temperature at 
310 K, and NaCl concentration at 0.9% (Krieger et al., 2006). In order to 
minimize the energy of the complex, the simulated annealing method 
was applied with the steepest gradient approach (5000 cycles). The time 
step for this system was set to 2.0 fs. With a cut-off radius of 8 Å, the 
Particle Mesh Ewalds (PME) method was used for calculating long-range 
electrostatic interactions (Essmann et al., 1995). The trajectories of MD 
simulation were saved after 100 ps and maintaining constant pressure 
and Berendsen thermostat, the simulation was run for 100 ns (Krieger 
and Vriend, 2015). To calculate root mean square deviation (RMSD), 
root means square fluctuation (RMSF), radius of gyration (Rg), solvent 
accessible surface area (SASA), and the number of hydrogen bonds these 
trajectories were used. 

All simulation trajectories were further subjected to MM-PBSA 
binding free energy calculation by the YASARA Dynamics software 
package utilizing the following formula (Mitra and Dash, 2018): 

Binding Energy = EpotRecept +EsolvRecept +EpotLigand +EsolvLigand − EpotComplex 

− EsolvComplex 

Here, YASARA built-in macros were used to calculate MMPBSA 
binding energy using AMBER 14 force field, where more positive en
ergies indicate better binding between molecules (Srinivasan and 
Rajasekaran, 2016). 

3. Results 

3.1. Evolutionary divergence study, target selection, and siRNA devising 

Nineteen conserved sequences were found through multiple 
sequence alignment of 60 coding sequences of NiV nucleocapsid protein 
gene (Supplementary file 1). Later, using these sequences, a phyloge
netic tree was constructed in which a few sequences exhibited noticeable 
divergence (>70% bootstrap value) (Fig. 2). This outcome suggests that 
most of the Nipah virus nucleocapsid gene sequences are conserved and 
thus could be utilized to create siRNAs against them that would target an 
extensive range of strains. 
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For the 19 conserved sequences, finally ten siRNAs were derived 
using the siDirect webserver (Table 2). The predicted siRNAs have a low 
seed duplex stability value (Tm) (<21.5 ◦C), indicating that they can 
avoid non-specific binding (Table 2). 

3.2. Off-target binding exploration 

The BLASTn search against the human genome and transcriptome 
found no off-target matches. This implies that the siRNAs possibly would 
not interact anywhere else than with the desired viral targets. 

3.3. Calculation of GC content & analysis of secondary structures of the 
siRNA guide strands 

The predicted siRNAs have a GC content ranging from 29 to 45% 
(Table 3). Besides, the siRNA guide strands’ secondary structures were 
also generated and visualized (Fig. 3) by MaxExpect. MaxExpect ‘Energy 
Score’ varies between 1.4–2 for these siRNAs (Table 3). 

3.4. siRNA- target mRNA binding affinity prediction based on 
thermodynamics 

The free energies of binding between the target NiV mRNAs and their 
counterpart siRNA guide strands were computed. The range of these 
values spanned from − 38.8 to − 30.1 kcal/mol for the ten predicted 
siRNAs (Table 3 & Fig. 4). These data demonstrate superior interaction 
capacity of these siRNAs. 

3.5. siRNA-mRNA complex melting temperature prediction 

Melting temperatures of the siRNA-mRNA complexes were calcu
lated in two ways: Tm (Cp) and Tm (Conc.). The greater these two melting 
temperatures are, the more influential the corresponding siRNA is. 
Values of Tm (Cp) span between 80.8 ◦C and 93.5 ◦C, and that of Tm 
(Conc.) vary between 82.8 ◦C and 92.9 ◦C (Table 3). For a specific 
siRNA, these two values show slight difference. 

3.6. Verification of the predicted siRNA molecules 

The effectiveness of the siRNA molecules was evaluated against 

Fig. 2. Phylogenetic tree of the nucleocapsid gene as obtained from 60 strains of Nipah virus. Tamura-Nei 
model of evolution and 1000 bootstrap value were used to construct this tree. 
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siRNAPred and siPRED. siRNApred predicted Efficacy Score ranges from 
0.784 to 0.960, except for one siRNA (0.705 for 13B siRNA) (Table 3). In 
terms of siPRED, Inhibition Efficacy Score span 82.77%–94.80% 
(Table 3). These values suggest high efficacy of the designed siRNAs. 
Therefore, all these siRNAs were selected for further molecular docking 
studies. 

3.7. Molecular docking of siRNAs with human argonaute protein 

The predicted siRNAs were docked with human AGO2 protein. 4D 
siRNA showed the lowest docking score (− 294.98) among the AGO2- 
siRNA complexes, while 4B siRNA experienced the highest score 
(− 191.11). A more negative docking score is considered more favorable 
according to the HDOCK algorithm. Other siRNAs have docking scores 
between these two values (Table 4 & Fig. 5). Moreover, the binding 

interface residues of each siRNA-AGO2 complex were also identified 
(Table 4 & Supplementary file 2). 

3.8. Molecular dynamics simulation 

Molecular dynamics simulation was conducted to verify molecular 
docking results. Fig. 6(a) demonstrates that the RMSD profile rose up to 
30 ns. Then, it became stable and maintained similar values until the last 
phase of the simulation. The whole RMSD profile never exceeded 2.5 Å, 
and after becoming stable, the RMSD values fluctuated within 0.3 Å. 
This suggests a very stable status of the complex. The RMSF profile 
(Fig. 6(b)) indicates that maximum amino acid residues of AGO2 
showed an RMSF value <2.5 Å except for ARG126, ARG150, GLN297, 
GLN298, GLU299, Ser300, GLY301, GLN302, THR303, VAL304, 
ARG423, ARG460, and ASP838. Their presence in random coil zones can 

Table 2 
Predicted siRNAs (guide strand + passenger strand) against the nucleocapsid gene of Nipah virus.  

Conserved 
sequence 

siRNA siRNA Target position in 
conserved sequence 

Target Sequence 
21 nt target + 2 nt overhang 

siRNAoligo sequences 21 nt guide (5′

→ 3′) 
21 nt passenger (5′ → 3′) 

Seed-duplex 
stability (Tm) 

Guide Passenger 

1 1A 9–31 TAGGAGTTATCAATCTAAGTTAG AACUUAGAUUGAUAACUCCUA 
GGAGUUAUCAAUCUAAGUUAG 

18.9 
◦C 

14.5 ◦C 

1 1B 10–32 AGGAGTTATCAATCTAAGTTAGG UAACUUAGAUUGAUAACUCCU 
GAGUUAUCAAUCUAAGUUAGG 

9.8 ◦C 14.5 ◦C 

2   GCTACTAATAGTCCAGAGCTCAGATGGGAACTAACATT 
No effective siRNA candidates were 
found.   

3   ACACTCATCTCTATGTATTCAGAGAGACCCGGGGC 
No effective siRNA candidates were 
found.   

4 4A 3–25 CCTCAATGACCCAGACATTGAAG UCAAUGUCUGGGUCAUUGAGG 
UCAAUGACCCAGACAUUGAAG 

20.5 
◦C 

20.5 ◦C 

4 4B 13–35 CCAGACATTGAAGCTGTAATAAT UAUUACAGCUUCAAUGUCUGG 
AGACAUUGAAGCUGUAAUAAU 

11.6 
◦C 

20.5 ◦C 

4 4C 14–36 CAGACATTGAAGCTGTAATAATA 
UUAUUACAGCUUCAAUGUCUG 
GACAUUGAAGCUGUAAUAAUA 8.5 ◦C 20.5 ◦C 

4 4D 15–37 AGACATTGAAGCTGTAATAATAG 
AUUAUUACAGCUUCAAUGUCU 
ACAUUGAAGCUGUAAUAAUAG 

1.4 ◦C 13.8 ◦C 

4 4E 16–38 GACATTGAAGCTGTAATAATAGA UAUUAUUACAGCUUCAAUGUC 
CAUUGAAGCUGUAAUAAUAGA 

− 8.0 
◦C 

12.0 ◦C 

5   GAGGAGATGGAAGGCTTGATGAGAAT No effective siRNA candidates were 
found.   

6   CGGATAACAGACATGAGCAC 
No effective siRNA candidates were 
found.   

7   CAACAAAAGAGAGTCAATCC 
No effective siRNA candidates were 
found.   

8   GAAGTCAAGAAAGGAGGATCTGCTAAAGGCAGAGCAGT No effective siRNA candidates were 
found.   

9   ATGGCAGGATTCTTCGCAACCATCAGATT 
No effective siRNA candidates were 
found.   

10   GGGTTGGAGACAAGGTATCCAGCACTTGCACTCAA 
No effective siRNA candidates were 
found.   

11   GAATTCCAGAGTGACCTCAACACC 
No effective siRNA candidates were 
found.   

12   AGCTTGATGCTACTCTACAGAGAAATTGG No effective siRNA candidates were 
found.   

13 13A 9–31 CCCTTATATGGTGCTTCTTGAAG 
UCAAGAAGCACCAUAUAAGGG 
CUUAUAUGGUGCUUCUUGAAG 

16.6 
◦C 0.0 ◦C 

13 13B 10–32 CCTTATATGGTGCTTCTTGAAGA 
UUCAAGAAGCACCAUAUAAGG 
UUAUAUGGUGCUUCUUGAAGA 

20.4 
◦C 14.0 ◦C 

13 13C 19–41 GTGCTTCTTGAAGAATCAATTCA 
AAUUGAUUCUUCAAGAAGCAC 
GCUUCUUGAAGAAUCAAUUCA 

7.2 ◦C 16.6 ◦C 

14   ATGGGTGTGGCTACTACTATTGACAGGTCTAT No effective siRNA candidates were 
found.   

15   TTCAGACTAGGCCAAAAATCAGCACGTCACCA 
No effective siRNA candidates were 
found.   

16   ATCAAGTTGCAGAACTCGCTGC 
No effective siRNA candidates were 
found.   

17   GAAACATCAGCAGGAAGGCAAGAGAG No effective siRNA candidates were 
found.   

18   AAATTTGCTGCAGGAGGTGTGCT No effective siRNA candidates were 
found.   

19   GGTGGGACCAGATTGACTAATTC 
No effective siRNA candidates were 
found.    
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explain their high RMSF values. The radius of gyration (Rg) was calcu
lated to determine the compactness of the complex in physiological 
conditions. A higher Rg value correlates with the flexible nature of the 
protein-ligand system. This flexibility may arise from the folding and 
unfolding behavior of the receptor protein. Fig. 6(c) indicates that the Rg 
profile of the siRNA-AGO2 complex was steady from the very beginning 
to the last of the simulation time, which confirms satisfactory rigidness. 
Solvent-accessible surface areas of the complex were also assessed. The 
SASA profile of the 4E siRNA-AGO2 protein complex (Fig. 6(d)) was 
stable at the initial phase of the simulation (up to 20 ns time). After that, 
it started to go upward for ten ns. Then after a peak (41,400Å) at about 
30 ns, the SASA value decreased and by 45 ns became stable. This sta
bility was maintained up to the simulation completion with an average 
SASA value of 40,500 Å. A stable SASA profile suggests the siRNA-AGO2 
complex would also be stable inside the body. Fig. 6(e) indicates that the 
number of hydrogen bonds in the system remained almost identical 
throughout the simulation period with few variations. 

Moreover, binding free energy was also calculated from the simu
lation trajectories, where a more positive score defines a more favorable 
binding. Fig. 7 indicates that the 4E siRNA-AGO2 complex exhibited 
astable binding free energy trend and more positive scores, which define 
strong interactions in the complex. 

4. Discussion 

In 1998, NiV emerged as a novel fatal virus, inducing unavoidable 
occurrences of morbidity and mortality in animals and humans (Tan 
et al., 1999), and the outbreak has become a regular incidence in India 
and Bangladesh (Ang et al., 2018; Islam et al., 2016). NiV utilizes 
extremely conserved Ephrin B2 and B3 proteins found in all mammals as 
its entrance receptor, and thus, it can infect various species, namely pigs, 
cats, dogs, horses, and humans (Bonaparte et al., 2005; Negrete et al., 
2006). Transmission from pigs, horses, and bats to human, and human to 
human happened considerably in earlier outbreaks (Hauser et al., 2021; 
Gurley et al., 2007; Hughes et al., 2009). Since fruit bats are widely 
spread, act as NiV reservoirs, and NiV has been detected in these bats in 
several countries like Malaysia, Cambodia, Singapore, Thailand, India, 
Bangladesh, and the Philippines, the risk of an outbreak of this virus in 
new areas is high (Ang et al., 2018; Yob et al., 2001). However, to date, 

no vaccine or drug can effectively prevent or treat this infection, and no 
RNAi-dependent treatment has also been developed (Nikolay et al., 
2019; Sharma et al., 2019; Wacharapluesadee et al., 2021). Thus siRNA, 
a next-generation medicine, may be helpful in this scenario, which is 
why it is the focus of our current research. 

In this study, 19 regions having at least 19 nucleotides length were 
recognized as conserved in the nucleocapsid gene of all available NiV 
strains. Ten siRNAs were designed ultimately against 3 conserved se
quences (Table 2). To enhance the precision of siRNA prediction, the U, 
R, A (Ui-Tei, Amarzguioui, and Reynolds) guidelines were followed. In 
addition, by maintaining the Tm under 21.5 ◦C, the possibility of siR
NA—non-target complex generation was minimized. The GC content of 
a siRNA influences its performance. Recommended level of GC content 
in a designed siRNA is 30%–64% (Safari et al., 2017). Our designed ten 
siRNAs showed GC content in this range except for 4D and 4E (29%). 

The formation of internal loops in a siRNA may prevent effective 
binding and subsequent degradation of the target mRNA sequence. 
Therefore, it is imperative to unravel the secondary structures of the 
designed siRNAs and their structural stability. In this study, MaxExpect 
web server was utilized to anticipate secondary structures of the siRNA 
guide strands. MaxExpect calculated Energy Scores remained within 2.0, 
indicating that the siRNAs are stable and can be chosen for effective 
binding. 

The DuplexFold webserver elucidated target and guide strand in
teractions and related binding energies. A low binding energy suggests a 
more intimate interaction, and hence a better likelihood of inhibiting the 
target. All the ten siRNAs have a binding free energy value below − 30 
kcal/mol (Fig. 4 & Table 3), suggesting that they would interact suffi
ciently with their related targets. siRNA-mRNA complex melting tem
peratures were obtained using the DINA Melt web server. Each of the ten 
siRNA-target mRNA complexes showed a high Tm value (>80 ◦C) 
(Table 3). This suggests that the siRNA-target mRNA complexes would 
be pretty stable in the body temperature. 

Inhibitory efficiency of the siRNAs was determined with the help of 
siRNAPred and siPred web servers. These two programs predict the ef
ficacy of a given siRNA employing machine learning approaches. All the 
designed siRNAs showed sufficient inhibitory capacity from both ana
lyses (Table 3). From the findings of OligoCalc, MaxExpect, DuplexFold, 
DINAMelt, siRNAPred, and siPred, it can be expected that these ten 

Table 3 
Different parameters of the effective siRNAs against the nucleocapsid gene of Nipah virus.  

siRNA Conserved 
position in 
genomic 
RNA 

Location of 
target in 
coding 
sequence 

siRNA target within mRNA GC 
content 
(%) 

MaxExpect 
calculated 
Energy Score 

Free energy 
of binding 
between 
target and 
guide strands 
(kcal/mol) 

Tm 
(conc.) 

Tm 
(Cp) 

siRNApred 
predicted 
Efficacy Score 
(Hybrid-7) 

siPRED 
predicted 
Inhibition 
Efficacy 

1A 145–167 33–55 TAGGAGTTATCAATCTAAGTTAG 31 1.7 − 30.7 
84.3 
◦C 

85.5 
◦C 

0.910 89.69% 

1B 146–168 34–56 AGGAGTTATCAATCTAAGTTAGG 31 1.7 − 30.8 83.1 
◦C 

84.4 
◦C 

0.953 94.80% 

4A 385–407 273–295 CCTCAATGACCCAGACATTGAAG 45 2.0 − 38.8 92.9 
◦C 

93.5 
◦C 

0.884 82.77% 

4B 395–417 283–305 CCAGACATTGAAGCTGTAATAAT 33 2.0 − 34.3 
88.5 
◦C 

89.7 
◦C 0.960 93.33% 

4C 396–418 284–306 CAGACATTGAAGCTGTAATAATA 31 1.8 − 31.7 
86.1 
◦C 

87.4 
◦C 

0.894 91.22% 

4D 397–419 285–307 AGACATTGAAGCTGTAATAATAG 29 1.7 − 30.3 84.4 
◦C 

82.8 
◦C 

0.861 88.63% 

4E 398–420 286–308 GACATTGAAGCTGTAATAATAGA 29 1.7 − 30.1 
82.8 
◦C 

80.8 
◦C 0.929 91.95% 

13A 1036–1058 924–946 CCCTTATATGGTGCTTCTTGAAG 40 2.0 − 36.6 
91.1 
◦C 

90.6 
◦C 0.784 84.50% 

13B 1037–1059 925–947 CCTTATATGGTGCTTCTTGAAGA 36 1.9 − 34.2 
89.9 
◦C 

89.9 
◦C 

0.705 82.97% 

13C 1046–1068 934–956  
GTGCTTCTTGAAGAATCAATTCA 

33 1.4 − 30.9 85.3 
◦C 

85.9 
◦C 

0.786 88.26%  
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siRNAs are likely to perform well. However, siRNAs need to bind to the 
Argonaute protein to perform silencing (Boland et al., 2010; Boland 
et al., 2011; Müller et al., 2020). Therefore, to further understand the 
interactions of these siRNAs with the AGO2 protein, the essential 
enzyme in RISC, molecular docking studies were conducted. 

The PDB structure 5JS1, a human AGO2 protein bound to a siRNA, 
was used to predict siRNA-AGO2 binding employing the HDOCK server. 
The resultant best docking complexes with their docking scores were 
retrieved from the server, and the binding residues were also analyzed 
(Fig. 5, Table 4, Supplementary file 2). 

The docking scores of siRNA-AGO2 protein complexes were − 191.11 

and − 294.98 for 4B and 4D, respectively, and the other siRNAs showed 
docking scores in between them (Table 4). These results suggest that 
these siRNAs would have a higher potency during RNAi (Kandeel and 
Kitade, 2013). The 1A siRNA interacts with GLY524, THR526, TYR529, 
LYS533, GLN548, GLN757, TYR790, ARG792, TYR804, and ARG812 
residues of AGO2 (Table 4), which were also reported to interact with 
siRNAs in previous studies (Bhandare and Ramaswamy, 2016; Elkayam 
et al., 2012). ASN551, THR559, TYR790, ARG792, and TYR804 are the 
reported residues of AGO2 bound with the 4D siRNA, which showed the 
highest binding affinity (lowest docking score) (Table 4). Binding resi
dues of AGO2 in contact with other siRNAs can also be found in Table 4. 

Fig. 3. Illustration of secondary structures of ten prospective siRNA guide strands. The structures are indicated as follows: a) 1A, b) 1B, c) 4A, d) 4B, e) 4C, f) 4D, g) 
4E, h) 13A, i) 13B, and j) 13C siRNAs. 
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Fig. 4. Structures showing the siRNAs (guide strand) bound to their respective targets with relative minimum free energies. These structures are indicated as follows: 
a) 1A, b) 1B, c) 4A, d) 4B, e) 4C, f) 4D, g) 4E, h) 13A, i) 13B, and j) 13C siRNA guide strands and their corresponding targets. 
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These molecular docking studies provide an insight into the binding of 
the predicted siRNAs with the human AGO2 protein. 

The molecular dynamics simulation study was performed to explore 
possible structural deviations and rigidness of the 4E siRNA-AGO2 
complex. RMSD values of the C-alpha atoms of AGO2 protein were 
calculated to understand the receptor’s flexibility level. RMSF is a 

measurement of deviation of a protein’s amino acid residues from the 
reference positions. Rg of a simulated complex gives an idea about how 
well the complex maintains its compactness. An increase in the SASA 
value indicates an expansion in the surface area of the protein under 
investigation, whereas a stable SASA value correlates with minor 
structural deformities. The presence of hydrogen bonds in a protein- 
ligand complex is an essential player in maintaining the stable nature 
of the complex. From the molecular dynamics simulation, all the above- 
calculated parameters were found satisfactory. These suggest that the 
4E-siRNA complex would be stable once inside the body and extrapo
lating from these results, it can be expected that other siRNA-AGO2 
complexes would also be stable in the cellular milieu. 

Recently, computational studies for designing drugs and siRNAs 
have gained popularity, because they significantly reduce the initial 
workload and provide directions for wet lab experiments (Mahfuz et al., 
2020, 2021). Such designed siRNAs are now available against human 
herpes simplex virus (HSV), human respiratory syncytial virus (RSV), 
Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and Se
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Chowd
hury et al., 2021; Malekshahi et al., 2016; Nur et al., 2013; Nur et al., 
2015). In addition, other research groups have designed siRNAs against 

Table 4 
Analysis of molecular docking of siRNAs with the human Argonaute2 protein.  

siRNA Docking 
score 

Binding interface residues of Argonaute2 protein 

1A − 222.82 GLY524, THR526, TYR529, LYS533, GLN548, GLN757, 
TYR790, ARG792, TYR804, ARG812 

1B − 254.27 GLN548, ASN551,THR559,ARG792, ARG812 
4A − 198.19 GLY524, GLN548 
4B − 191.11 GLY524, THR526 
4C − 192.90 ILE365, THR526, TYR529, GLN548, ASN551 
4D − 294.98 ASN551, THR559, TYR790, ARG792, TYR804, 
4E − 214.06 HIS271, ARG277, THR526 
13A − 242.26 HIS271, ARG277, GLY524, THR526, TYR529, GLN548 
13B − 250.48 HIS271, ARG277, THR526 
13C − 265.56 GLY524, THR526, TYR529, LYS533, GLN548, ARG812  

Fig. 5. Docked siRNA structures (cartoon view) with human AGO2 protein (surface view). The structures are indicated as follows: a) 1A, b) 1B, c) 4A, d) 4B, e) 4C, f) 
4D, g) 4E, h) 13A, i) 13B, and j) 13C siRNA-AGO2 complexes, respectively. 
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the Hepatitis C Virus (HCV) and MERS-CoV using computational tools 
and tested their efficacy in vitro on different cell lines (ElHefnawi et al., 
2016; Sohrab et al., 2021). 

In recent years, many research works have examined a diverse range 
of in vivo usages of siRNAs, either locally or systemically. The majority of 
these studies have focused on the intravenous delivery of siRNAs. 
Intranasal and Intravenous delivery of unchanged siRNA molecules into 
the lungs, which target nucleoproteins of the SARS coronavirus and the 

influenza virus provide in vivo protection against SARS coronavirus fever 
(Li et al., 2005) and influenza virus complications (Tompkins et al., 
2004). Moreover, the use of polyethyleneimine (PEI) for the delivery of 
RNA, particularly siRNA molecules, has been devised (Urban-Klein 
et al., 2005). Although chemically unaltered RNAs are volatile and 
susceptible to degradation, PEI complexation protects RNA molecules 
from enzymatic and non-enzymatic degradations. In influenza virus 
infection cases, PEI boosted the delivery of siRNAs into the lungs via 
intravenous route, thus reducing viral growth (Ge et al., 2004). Besides, 
PEI- siRNA complexes were successfully administered into specific cell 
types in in vitro experiments, and PEI molecules having a low molecular 
weight showed excellent siRNA protection and transport (Urban-Klein 
et al., 2005). Under some circumstances, lyophilization protects integ
rity and functionality of the PEI-RNA complexes (Werth et al., 2006; 
Brus et al., 2004). 

Moreover, siRNA delivery to a specific target and delivery in the 
desired amount can be achieved using nano vesicles (Gupta et al., 2019). 
One particular hurdle in NiV infection is crossing the BBB (Blood-Brain 
Barrier) since NiV causes encephalitis. However, in mice models, siRNAs 
loaded on different nanoparticles successfully crossed this barrier 
(Eyford et al., 2021; Zhou et al., 2020; Zou et al., 2020). 

5. Conclusion 

Overall, in this present study, ten potential universal siRNAs were 
designed to effectively attach and subsequently cleave the nucleocapsid 
protein-encoding gene of all current NiV strains. Molecular therapeutics 
may occasionally be ineffective against specific strains. However, our 
designed siRNAs are likely to address this problem because they target 

Fig. 6. a) RMSD values of the C-alpha atoms of 4E siRNA bound AGO2 residues, b) RMSF values of the C-alpha atoms of 4E siRNA bound AGO2 residues, c) SASA of 
the amino acid residues of AGO2, d) Rg of AGO2 residues, and e) H-bonds present in the 4E-AGO2 complex. 

Fig. 7. The binding free energy of the 4E siRNA-AGO2 complex derived from 
molecular dynamics simulation trajectories, where a more positive score de
fines a more suitable binding. 
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conserved regions of diverse NiV strains found in different countries. 
Therefore, these prospective siRNAs can be considered as the most 
promising molecular therapeutics against the NiV infection. Further 
extensive in vitro studies, studies in suitable laboratory animals, and 
human trials can prove the actual efficiency of these siRNA molecules. 
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