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ABSTRACT
The SARS-CoV-2 pandemic has become a global threat. It has become very difficult to control the spreading of
the virus. The virus is a RNA virus and the virulence of the virus is mediated by three virulence causing proteins,
viz., Nsp1, Nsp3c and ORF7. So far the drug designing endeavors against the virus have been being targeted
towards the spike protein which is responsible for the entry of the virus inside human host as well as the RNA
dependent RNA polymerase. However, no effective treatment against the virus has so far been developed. In the
present situation, an attempt has been made to target the virulence protein factor Nsp1 which binds to the 40S
ribosomal subunit of the human host. We tried to target the Nsp1 by in-silico virtual screening of ligand libraries.
We built the three dimensional structure of Nsp1 and used the structure to screen the ChEMBL drug library. We
usedmolecular docking simulations of the top6 screened ligandswithNsp1 and subjected the liagnd-Nsp1 com-
plexes to molecular dynamics simulations to analyze the behaviors of the ligands in a virtual cell. From our ana-
lysis we could predict that the ligands bearing the ChEMBL identifiers, CHEMBL1096281, CHEMBL2022920,
CHEMBL175656, had the best binding affinity values with Nsp1. Therefore, these ligandmoleculesmay be tested
inwet-lab for further analysis. This is the first report to target the virulence factor Nsp1 fromSARS-CoV-2.
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1. Introduction

The latest outbreak of the deadly coronavirus during the
later part of 2019 has become a global threat to the survival
of the mankind. The virus is claiming thousands of lives
everyday worldwide. The commonest symptoms of the viral
infection include severe respiratory troubles with subsequent
fever. Therefore, the International Committee of Viral
Taxonomy has named the virus as the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2 or 2019-nCOV).
Such is the severity of the viral infection that the World
Health Organization (WHO) coined the pandemic as COVID-
19. Coronaviruses are commonly divided into four main
genera, such as, Alphacoronavirus, Betacoronavirus,
Gammacoronavirus and Deltacoronavirus (Fung et al., 2020).
The SARS-CoV-2 is a member of the Betacoronavirus family.
The virus is a single stranded RNA virus with a glycoprotein
envelope. The virus contains a polycistronic genome which
codes for a number of non-structural proteins (represented
as nsp1 to nsp16 merged together as a poly-protein ORF1)
along-with structural and other accessory proteins (Sahin,
2020). Once the SARS-CoV-2 infects a human host, a viral
protease called Papain-like proteinase or 3 C-like protease
(3CLpro) cleaves off the poly-protein to release three viru-
lence factors, Nsp1, Nsp3c and ORF7. These virulence factors
would help the onset of viral infection cycle by shutting
down the innate immune system of the human host such
that the virus would no longer be diagnosed by the immune
system of the human host (Chen Cao et al., 2020). One of
the virulence factors, Nsp1, binds to the 40S ribosomal sub-
unit of the human host and inactivates the translational
activity of 40 s ribosome. The Nsp1-40S-ribosome complex
modifies the 50-region of capped mRNA template of the
human host and makes the mRNA incompetent for transla-
tion. Nsp1 also leads to the degradation of host cell mRNAs
(Kamitani et al., 2009). It was observed that any alteration in
the amino acid sequence in the region spanning the amino
acids 160 to 173 of Nsp1 led to the inactivation of the pro-
tein (Narayanan et al., 2008). Furthermore, it has also been
reported by in vitro alanine mutagenesis analysis that the
two positively charged amino acids residues, viz., Lys164 and
His165 are the key residues of Nsp1 for binding the 40S ribo-
somal subunit (Kamitani et al., 2009).

In short, Nsp1 degrades the antiviral immune response of
the human host and would therefore play the most vital role
in the replication of the virus inside the human host. The
vital role of the Nsp1 protein has made it an important tar-
get for the development of antiviral therapy. Unfortunately,
there are no antiviral drugs available till date which could be
used against Nsp1 from the newly identified SARS-CoV-2
(Wu, 2020). Under such circumstances, an attempt has been
made to propose the structures and properties of potential
new molecules with proven anti-viral properties that could
target the Nsp1 protein from the newly identified SARS-CoV-
2. We modeled the three dimensional structure of the Nsp1
and used the structure to screen ChEMBL library (Gaulton
et al., 2017) and NCI ligand library (Shiryaev et al., 2011), to
find suitable drug like compounds by the method of virtual
screening. We targeted the patch of amino acid residues

spanning the region 160 to 173 on the surface of the Nsp1
for ligand screening. The top 6 compounds obtained from
the virtual screening method were used to dock with Nsp1
and the real life behaviors of the docked complexes were
analyzed by molecular dynamics simulations. From our ana-
lysis, we could filter out certain specific anti-viral compounds
which might be tested in wet-lab. So far, this is the only
report that provides the molecular insight into targeting the
Nsp1 from SARS-CoV-2. Our main aim to target the Nsp1 was
that the protein is a relatively less targeted one. One of the
main difficulties in the development of new anti-viral drugs
is to obtain specific lead-like compounds from the reposito-
ries of millions of compounds. We hope that our work would
help in identifying potential anti-viral therapies against SARS-
CoV-2 by narrowing down the anti-viral target molecules
from thousands of compounds available in different data-
bases. The anti-viral compounds predicted by our analysis
would certainly expedite the drug designing endeavor and
therefore would facilitate the invention of new therapies to
prevent the SARS-CoV-2 infection.

2. Materials and methods

2.1. Sequence analysis and molecular modeling of Nsp1
from SARS-CoV-2

The amino acid sequence of Nsp1 from SARS-CoV-2 was
retrieved from NCBI bearing the accession number
YP_009725297.1 [https://www.ncbi.nlm.nih.gov/protein/18024
76805]. We used the amino acid sequence to calculate cer-
tain physico-chemical characteristics, like the pI, the molecu-
lar weight, the instability index of the protein using the tools
in ExPASy server (Gasteiger et al., 2003). There is no crystal
structure of Nsp1 (Search date: 30/03/2020) available in RCSB
PDB database. In order to perform the ligand binding experi-
ments with Nsp1, we built a full-chain three dimensional
model of the Nsp1 using Phyre2 server (Kelley et al., 2015)
(Figure 1).

The stereo-chemical qualities of the modeled protein
were checked by Verify3D (Eisenberg et al., 1997), ProSA
(Wiederstein & Sippl, 2007), PROCHECK (Laskowski et al.,
1993) and Ramachandran plots were drawn. The Verify3D
and ProSA scores were found to be 85.56 & �6.14 respect-
ively which would reflect a good model quality
(Supplementary Figure 1). Furthermore, none of the amino
acid residues were found to be present in the disallowed
regions of the Ramachandran plot. The selected model of
Nsp1 from Phyre2 was then subjected to molecular dynamics
(MD) simulation in GROMACS (Van Der Spoel et al., 2005) for
120 nanoseconds (ns) to check its real life behavior inside
the cell. We used the same protocol for MD simulation as
mentioned in the section 2.3. However, we observed that
Nsp1 had attained structural stability after a simulation run
of 60 ns as expressed by the Root Mean Squared Deviation
(RMSD) of the Ca backbone atoms of Nsp1 (Figure 2).

A representative structure from this MD simulation run
was generated using clustering method in GROMACS. We
again checked the stereo-chemical qualities of this represen-
tative structure obtained from the MD simulation. Now, the
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Verify3D and ProSA scores were found to be 93.89 & �6.56
respectively which would reflect an improvement in the
quality of the structure of Nsp1 after MD simulation
(Supplementary Figure 2). This representative structure of the
Nsp1 protein was used for virtual screening experiments.

2.2. Virtual screenings of molecular libraries

For virtual screening experiments, we used the collection of
antiviral compounds present in ChEMBL database containing
1391 structures. In order to perform an exhaustive search to
find the suitable ligands, we screened the NCI ligand data-
base containing 16,283 potential anti-viral compounds. The
structural optimizations of the compounds were performed
with the help of ‘prepare ligand’ protocol in Discovery Studio
(DS). The atomic charges and protonation states of the
selected ligand molecules were standardized for common
functional groups present in the structures of these screened
compounds using the ‘prepare ligand’ module in DS. Finally,
a library of three dimensional coordinates of the antiviral
compounds was generated in DS. We then used this ligand
library for virtual screening using AutoDock vina (Cosconati
et al., 2010; Jim�enez-Alberto et al., 2020). We performed site
specific docking, using the 40 s ribosomal subunit binding

site of the Nsp1 as the docking target. We performed 10 GA
run for each docking simulation.

In total, we did the virtual screenings of 17,674 ligands
(1391 fom ChEMBL þ 16283 from NCI) obtained from the
two different ligand databases in two separate virtual screen-
ing runs. From the virtual screening results, we selected the
top six ligands obtained from each run of the virtual screen-
ing process.

The top six ligands, obtained from ChEMBL database after
virtual screenings, were CHEMBL1096281 (Mohamed et al.,
2010), CHEMBL2386944 (Yu et al., 2013), CHEMBL1761178
(Bodiwala et al., 2011), CHEMBL2022920 (Osorio et al., 2012),
CHEMBL464486 (De Tommasi et al., 1992), and CHEMBL175656
(Yeo et al., 2005) (Figure 3). The binding interaction energy val-
ues of these top six compounds calculated using AutoDock
were, �9.0 (kcal/mol), �8.8 (kcal/mol), �8.7 (kcal/mol), �8.5
(kcal/mol),�8.4 (kcal/mol) and�8.4 (kcal/mol) respectively.

Top six ligands, obtained from NCI database after virtual
screenings, were NCI_232490, NCI_332061, NCI_301755,
NCI_657577, NCI_724037, and NCI_215618. The binding inter-
action energy values of these top six compounds calculated
using AutoDock were, �8.2 (kcal/mol), �7.9 (kcal/mol), �7.9
(kcal/mol), �7.9 (kcal/mol), �7.8 (kcal/mol) and �7.8 (kcal/
mol) respectively.

Figure 2. RMSD of the Ca backbone atoms of the Nsp1 during the course of MD simulation. The plot was found to be linear around 100 ns. Therefore, the protein
may be considered to attain a stable conformation with less structural fluctuations around the 100 ns of the simulation run.

Figure 1. Nsp1 apoprotein. A. Ribbon representation of the Nsp1. The helices are shown in red; the sheets are presented in cyan. The remaining part is loop. The
40S ribosomal subunit binding region is presented in green. B. The surface representation of the Nsp1 protein. The 40S ribosomal subunit binding region is blue
representing a positively charged region. The protein has a hydrophobic patch. C. The 40S ribosomal subunit binding surface region targeted for virtual screening
of ligand libraries.
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From the binding interaction energy values, it could be
safely concluded that the ligands obtained from ChEMBL had
better binding affinities with Nsp1 than the ligands from NCI
database. Therefore, we chose the top six ligands obtained
from ChEMBL database for further analyses. The ADME prop-
erties of these selected compounds are presented in
Supplementary Table 1.

2.3. Molecular dynamics (MD) simulation study of the
Nsp1-ligand complexes

We used the three dimensional coordinates of the atoms of
Nsp1 bound to the six different ligand molecules as obtained
from the aforementioned virtual screening methods. As a
control, we performed another MD simulation of free Nsp1
protein (Nsp1 apoprotein), which was used in virtual screen-
ing. For MD simulation we used GROMACS 5.1.5 tool. We
used the SPC/E (Berendsen et al., 1987) water model to dis-
solve the Nsp1-ligand complexes in a water box keeping a
minimum distance between the center of protein-ligand
complex and box edge at 10 Å with CHARMM27 force field
(Liang et al., 2020). Charge neutralizations of the protein-lig-
and complexes were carried out using requisite numbers of
Cl� and Naþ ions. LINCS algorithm was used for constraining
the bond lengths and bond angles (Hess et al., 1997). All the
systems were energy minimized using steepest descent algo-
rithm to remove any unwanted steric clashes. The minimiza-
tion process was continued until the maximum force would
reach 1000 kJ/mol/nm. The energy-minimized systems were
equilibrated as per NVT followed by NPT simulation proto-
cols for 100 picoseconds (ps) using periodic boundary condi-
tions. The long range electrostatic interactions were
calculated using Particle Mesh Ewald method (Sagui &
Darden, 1999). The temperatures of the systems were kept at

310 K and were maintained by V-rescale, which is a modified
Berendsen thermostat. Simultaneously, a constant pressure
of 1 bar was maintained for all the systems by Parrinello-
Rahman pressure coupling method. After this equilibration,
all the systems were subjected to molecular dynamics run
for 70 ns and the MD trajectory frames were saved after
every 2ps. The MD trajectory frames were analyzed by
GROMACS tool to calculate

a. the RMSD of the Ca backbone atoms of Nsp1 and
the ligands,

b. the Root Mean Squared Fluctuations (RMSFs) of the
atoms of the Nsp1 protein,

c. the distance between the ligand and the key amino acid
residues, Lys164 and His165, on the protein surface.

We also performed clustering analysis using the tool
g_cluster in GROMACS tool to determine the protein con-
formational diversities during the course of MD simulations.

2.4. MM/PBSA calculation

The binding free energy values for each protein ligand com-
plexes were calculated using MM/PBSA method based on
the final structures derived from the last 20 ns of MD simula-
tion runs, using bootstrap analysis. MM/PBSA calculates the
free energy changes of the binding interactions as:

DGBind ¼ GComplex� GProtein þ GLigandð Þ
DGBind 5 GComplex 2 (GProtein 1 GLigand)
DGBind 5 Change in free energy value of the binding of

the ligand with the target protein receptor.
GComplex ¼ Free energy of the complex of target protein

receptor bound to the ligand

Figure 3. Description of the top 6 ligand molecules from virtual screening of ChEMBL.
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GProtein ¼ Free energy of the target protein receptor only
GLigand ¼ Free energy of the ligand only

3. Results

3.1. Three dimensional structure of Nsp1 and other
physico-chemical properties

The Nsp1 is a 180 amino acid residue long protein. The pro-
tein is made up of helices and strands joined by loops
(Figure 1). The calculated molecular weight of the protein
was found to be 19775.31 with a pI of 5.36. The instability &
the aliphatic indices of the protein were found to be 28.83 &
89.72 respectively. Both the instability and aliphatic index of
the protein would indicate that the protein is a stable pro-
tein as observed in Bagchi (2020). The Grand Average of
Hydropathy (GRAVY) score of the protein was found to be
�0.378. This would indicate that the protein is non-polar.

3.2. The structural details of the screened ligands
against Nsp1

The aforementioned structural and physico-chemical features
of Nsp1 were used to screen the ChEMBL database and NCI
database by the technique of virtual screening. We selected
the top six ligands from the results of virtual screenings on
the basis of their binding interaction energy values with
Nsp1. However, the ligands screened from ChEMBL database
were found to have better binding interaction energy values
with Nsp1 as compared to the screened ligands from NCI
database. Therefore, we used the screened ligands from
ChEMBL database for further analyses. The structures of the
selected ligand molecules were presented in Figure 3. The
protein is mostly non-polar in nature. All the selected ligand
molecules were found to have a stretch of hydrophobic car-
bon chains (Figure 3). An important aspect of any drug
development endeavor is the identification of the ADME
properties of the ligands. We calculated the ADME properties
of the screened ligands and presented them in the
Supplementary Table 1. Most of the selected ligands were
found to possess requisite qualities as the potential anti-
viral drugs.

3.3. The binding interaction study of the selected ligand
molecules with Nsp1

We generated the following Nsp1-ligand complexes:

1. Nsp1_CHEMBL1096281 (Ligand1)
2. Nsp1_CHEMBL2386944 (Ligand2)
3. Nsp1_CHEMBL1761178 (Ligand3)
4. Nsp1 _CHEMBL2022920 (Ligand4)
5. Nsp1_ CHEMBL464486 (Ligand5)
6. Nsp1 _CHEMBL175656 (Ligand6)

In order to study the behaviors of the Nsp1-ligand com-
plexes in cellular environments, we performed MD simula-
tions of the complexes as well as the free Nsp1 protein. We

used the stable structure of Nsp1 obtained after MD simula-
tion (section 2.1). We used the results of the MD simulation
of free Nsp1 as the control. The progress of the MD simula-
tion runs were analyzed by plotting the RMSD values of the
Ca backbone atoms of the protein in free and ligand-bound
states (Supplementary Figure 3) along-with the RMSF values
of the amino acid residues of Nsp1 in free and ligand-bound
states (Supplementary Figure 4). We also calculated the dis-
tance between the ligands and the two key amino acid resi-
dues, viz., Lys164 and His165 of Nsp1 apoprotein (Figure 4).

Finally, we computed the binding interaction energy val-
ues of the two key amino acid residues (Lys164 & His165 of
Nsp1 apoprotein) with the ligands during the course of the
MD simulations (Supplementary Figure 5) as these two
amino acid residues are required by the Nsp1 apoprotein to
bind to the 40S ribosomal subunit.

A stable binding of a ligand with a receptor can be deter-
mined by the structural deviation of the ligand. From the
Supplementary Figure 3 we could identify that the ligands,
viz., ligand1, ligand2, ligand4 and ligand6 (presented in gray
colour) had comparatively lower structural fluctuations than
the ligands, viz., ligand3 & ligand5. This would point towards
the fact that the ligands, viz., ligand1, ligand2, ligand4, and
ligand6 had stable conformations without any distortions in
the relative dispositions of the functional groups present in
them, which would be necessary to exert their functionalities
as compared to the ligands, viz., ligand3 & ligand5. It was
also observed from the Supplementary Figure 3 that all the
Nsp1-ligand complexes became more stable than the Nsp1
apoprotein during the course of MD simulations. This would
further reveal that in all the Nsp1-ligand complexes, the
structural flexibility necessary for exerting the functionality of
a protein was completely lost as Nsp1 was frozen to rigid
conformation than the Nsp1 apoprotein,

From Figure 4 it was observed that the distances between
the ligands and the key amino acid residues (Lys164 &
His165) were gradually increased in cases of the ligands, viz.,
ligand2 & ligand3 (shown in orange and gray respectively).
Therefore, it could be safely concluded that during the
course of MD simulations the ligands, viz, ligand2 and lig-
and3 were getting drifted apart from the targeted key amino
acid residues Lys164 & His165 of the Nsp1 protein. In short,
these two ligands (ligand2 and ligand3) would have lower
affinities towards the targeted key amino acid residues on
the Nsp1 protein.

Furthermore, the analyses of the Supplementary Figure 4
would reveal that the rates of fluctuations of the two key
amino acid residues (Lys164 & His165) of the Nsp1 protein
were higher in cases of Nsp1-ligand2, Nsp1-ligand3 and
Nsp1-ligand6 complexes in comparison to the Nsp1 apopro-
tein. The fluctuations were lower in cases of Nsp1-ligand1,
Nsp1-ligand4 and Nsp1-ligand5 complexes in comparison to
the Nsp1 apoprotein. Therefore, the ligands, viz., ligand2, lig-
and3 and ligand6 were not strongly bound to the key amino
acid residues, Lys164 & Arg165, of the Nsp1 protein.

From Supplementary Figure 5 it was observed that the
contributed binding interaction energy values of the two key
amino acid residues (Lys164 & His165) were uniformly high
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in cases of Nsp1-ligand1 and Nsp1-ligand6 complexes
throughout the MD simulation runs. In case of Nsp1-ligand5
complex, the binding interaction energy was found to be
highly fluctuating. And in cases of Nsp1-ligand2, Nsp1-lig-
and3 & Nsp1-ligand4 complexes, the contributing binding
interaction energy values of the two key amino acid residues,
viz., Lys164 & His165 were found to be gradually changing
into zero kcal/mol, during the course of MD simulation runs.
These amino acid residues were found to be losing their con-
tacts with the ligand2 and ligand3 during the course of MD
simulations.

From the above observations, it could be concluded that
the ligands, viz., ligand2 and ligand3 might not be suitable
for targeting Nsp1 apoprotein as possible drug candidates as
these ligands were found to be showing lower binding affin-
ities towards the key amino acid residues of the
Nsp1 protein.

The ligands, viz., ligand1, ligand4 & ligand6, were found
to be bound to the key amino acid residues throughout the
MD simulation runs. The energetics of the binding interac-
tions between the protein and the ligands were presented in
Table 1 which would clearly point towards the fact that the
ligands, viz., ligand1, ligand4, and ligand6 could bind to
the key amino acid residues more tightly than the ligand5.
The positive binding interaction energy value of the ligand5
with the key amino acid residues of Nsp1 apoprotein would
indicate not so favorable binding interactions between them.

Supplementary Figure 6 would indicate the extents of the
different bond formations between Nsp1 apoprotein and the
ligands during the MD simulation runs.

Supplementary Figure 7 would depict the structures of
Nsp1 in free and ligand-bound states. These structures were
obtained from the analyses of the MD simulation results.
From these analyses, it was apparent that the ligands, lig-
and2 and ligand3, were found to be getting displaced from
the target site.

Our analyses could clearly point towards the fact that the
ligands, viz., ligand1 and ligand4, could bind both the key
amino acid residues Lys164 and His165 very strongly as
more numbers of intermolecular interactions had been being
generated while ligand6 was able to interact only with
His165 during the MD simulation run. However, among all
the chosen ligands, the three ligands, viz., ligand1, ligand4 &
ligand6 were found to be exhibiting strong binding interac-
tions with the amino acid residues of Nsp1 apoprotein span-
ning the most important region 160 to 173, which is known
to allow the virus to exert its function.

3.4. Computational alanine scanning of the residues
Lys164 and His165

We performed computational alanine scanning (CAS) analysis
of the two key amino acid residues (Lys164 and His165) of
Nsp1. We used the protein ligand complex obtained from
MD simulation, for the CAS analysis. For the CAS analysis we
used Discovery Studio tool. The results are presented in
Table 2.

From Table 2, it was revealed that the wild type Nsp1
could interact with the ligands in a better way than the

Figure 4. A. Distance between ligand and the key amino acid residues (Lys164 and His165) in the Nsp1 apoprotein. B. Enlarged view of last 20 ns of MD
simulations.
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mutants as reveled by the binding interaction energy values.
In other words, the wild type Nsp1 had better binding affin-
ities towards the ligands than the mutants. This would indi-
cate the importance of the amino acid residues, Lys164 and
His165, in ligand binding as mutations of these amino acid
residues by alanine were found to lower the binding interac-
tions of Nsp1 with the ligands.

3.5. Meta-analysis for the available data regarding
SARS-Cov2 Nsp1

In order to collect and analyze the information on research
going on using Nsp1 of SARS-Cov2 we performed a meta-
analysis of the existing literature in PubMed literature data-
base (https://www.ncbi.nlm.nih.gov/pubmed/) (Biswas et al.,
2020). We used the following keywords while searching the
database Nsp1, SARS-Cov2 Nsp1 ligand virtual screening,
SARS-Cov2 Nsp1 drug repurposing, SARS-Cov2 Nsp1 molecu-
lar dynamic simulation. This was performed to get an over-
view on the published works on ligand screening against
SARS-Cov2 Nsp1. We found that there are several works on
the characterizations of SARS-Cov2 Nsp1 protein. In this
work, our main focus was on the prediction of the structures
of suitable ligands against Nsp1 and to analyze the real life
behaviors of the ligands in the cellular environments. We
have reported for the first time, about the impact of suitable
antiviral compounds on the dynamics of Nsp1. We screened
about 17,674 ligand molecules obtained from two different
ligand databases. We measured the affinities of the different
ligand molecules towards the Nsp1 from molecular dynamics
aspect, where we found that some of the ligands would get
detached from the active site of Nsp1 and some ligands
would get attached strongly to the Nsp1 active site through-
out the simulations.

4. Discussion

From the above analyses, it could be safely concluded that the
ligands, viz., ligand1, ligand4 and ligand6 had the maximum
binding affinities to the Nsp1 apoprotein. All these ligands
could bind to the key amino acid residues, Lys164 and His165,
which are vital to exert the activity of the Nsp1 apoprotein.
The bindings of the ligand1 & ligand4 would also make the
structure of the protein highly stable so that the protein would
no longer be able to exert its regular activity. Above all, these
ligands are proven anti-viral agents. Thus, the ligands may
serve as potential inhibitors of Nsp1 from SARS-CoV-2. The
activities of the ligands may therefore be tested in wet lab as
potential therapeutic agents against the SARS-CoV-2. It is to
be noted that till date most of the works pertaining to SARS-
CoV-2 centered on the spike and the nucleocapsid protein
(Calligari et al., 2020; Cava et al., 2020; Chen et al., 2020; Elfiky,
2020; Ibrahim et al., 2020; Tilocca et al., 2020). Our work is
therefore unique in that sense. This work might be considered
as providing insights into the preventative measures against
the virus once it infects a human host.
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