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ABSTRACT

Non-structural protein 1 (nsp1) is found in all Betacoronavirus genus, an important viral group that
causes severe respiratory human diseases. This protein has significant role in pathogenesis and it is
considered a probably major virulence factor. As it is absent in humans, it becomes an interesting tar-
get of study, especially when it comes to the rational search for drugs, since it increases the specificity
of the target and reduces possible adverse effects that may be caused to the patient. Using
approaches in silico we seek to study the behavior of nsp1 in solution to obtain its most stable con-
formation and find possible drugs with affinity to all of them. For this purpose, complete model of
nsp1 of SARS-CoV-2 were predicted and its stability analyzed by molecular dynamics simulations in
five different replicas. After main pocket validation using two control drugs and the main conforma-
tions of nsp1, molecular docking based on virtual screening were performed to identify novel poten-
tial inhibitors from DrugBank database. It has been found 16 molecules in common to all five nsp1
replica conformations. Three of them was ranked as the best compounds among them and showed
better energy score than control molecules that have in vitro activity against nsp1 from SARS-CoV-2.
The results pointed out here suggest new potential drugs for therapy to aid the rational drug search
against COVID-19.

Abbreviations: CoV: Coronavirus; ER: Endoplasmic reticulum; FDA: Food and Drug Administration; MD:
Molecular dynamics; MERS: middle-east respiratory syndrome; nsp1: Nonstructural protein 1; PDB:
Protein Data Bank; RMSD: Root mean square deviation; RMSF: Root mean square fluctuation; SARS:
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Introduction

The coronavirus (CoV), a diversified group, are virus from
Coronaviridae family (Saif et al., 2019). CoVs are enveloped,
spherical or pleomorphic shape, 100nm dimeter and it has
about 30kb of single-strand plus-sense RNA genome—the
longest among RNA viruses (Al Hajjar et al, 2013; Rota
et al., 2003).

The CoVs are subdivided in four genres: Alphacoronavirus,
Betacoronavirus, Gammacoronavirus and Deltacoronavirus and
only Alpha- and Betacoronavirus are able to express non-
structural protein 1 (nsp1) (Chan et al., 2012; 2013; Lau et al,,
2015). The nsp1 size is different depending on the genus.
The nsp1 expressed by Alphacoronavirus has ~9kDa and
Betacoronavirus encodes ~20kDa nspl1 protein (Shen
et al.,, 2019).

The nsp1, present in cytoplasm of infected cells, has been
described for having unique and conserved biological func-
tions such as host mRNA degradation, suppression of inter-
feron (IFN) expression and host antiviral signaling pathways.
For these reasons, nsp1 is considered one of possible major

virulence factor (Kamitani et al., 2009; Narayanan et al., 2008;
Prentice et al., 2004; Shen et al., 2019; Wathelet et al., 2007).

Considering that nsp1 degrades host mRNA, the analysis
of nsp1 structure of SARS-CoV demonstrates that the posi-
tively charged area of protein surface involving residues K48,
R125 and K126 are probably related to interaction with
mRNA (Almeida et al, 2007). Moreover, the K164A and
H165A mutations in SARS-CoV nspl1 caused loss of RNA
cleavage and translation inhibition functions and, for these
reasons, it is suggested that nsp1 access host protein and
factors through its C-terminal region (Nakagawa et al., 2018;
Narayanan et al., 2008).

Over the past 20 years, SARS and MERS-CoV have been
responsible for two major pandemics. Recently, at the end of
2019, another pneumonia outbreak was reported in Wuhan
province, China and on 7 January 2020 it was confirmed that
it was caused by a novel CoV, SARS-CoV-2 (Lu et al.,, 2020).

Several therapeutic options have been reported to have
in vitro activity against CoVs, however no drug or vaccine
against human CoV has been approved for use, except
Remdesivir, which has been approved by Food and Drug
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Administration (FDA) for emergency use against COVID-19 in
United States of America (Li & Clercq, 2020). Thus, in the last
months many in silico studies has been reported potential
molecules for COVID-19 therapy. Most of these studies target
SARS-CoV-2 main protease since it cleaves the viral polypro-
tein to produce functional proteins and its inhibition could
lead to virus elimination (Choudhury, 2020; Enmozhi et al.,
2020; Islam et al, 2020; Muralidharan et al, 2020; Pant
et al., 2020).

For those studies using nspl1 as target, alisporivir and
cyclosporine have been related for having inhibition activity
against CoVs (Carbajo-Lozoya et al, 2014; Pfefferle et al,
2011). However, many treatments with potential activity
reported for SARS- and MERS-CoV have one or more limita-
tion that prevent trial from advancing beyond the in vitro
stage, including ECs¢/Chax ratio and immunosuppression
effects seen in cyclosporine (Zumla et al., 2016)

Thus, with the emergence of new CoVs that cause serious
diseases in humans, the need to study and develop drugs
that are effective for both circulation and already known
CoVs, as well as new CoVs that may arise, is urgent. For this
purpose, using computational tools we presented three
potential drugs for use in therapy against COVID-19.

Methodology
Nsp1 SARS-CoV-2 structure modeling

Nsp1 SARS-CoV-2 protein was first modeled using Rosetta
(Kim et al, 2004) modeling server. The genome strain used
in crystal resolution was deposited on GenBank (NCBI
Reference Sequence: YP_009725297.1), and from it nspl
amino acid sequence was obtained for submission to
Robetta server. The model validation was done through
MolProbity server (Chen et al., 2010). Specific protonation of
histidine residues at 7.4pH was predicted by H'" server
(Anandakrishnan et al, 2012). At the end of this step, a
SARS-CoV-2 nsp1 protein structure was generated.

Molecular dynamics simulations

Molecular dynamics (MD) simulations have been widely used to
understand the behavior of proteins in solution, as well as
extract relevant information associated with their functions
(Childers & Daggett, 2017). In our recent work it has been pos-
sible to understand important mechanisms involved in the sta-
bility of non-structural proteins of others viral species
(Gongalves et al., 2019; Menezes et al., 2019). Thus, in order to
study dynamics of nsp1 from SARS-CoV-2, its structure was
taken to MD simulation using GROMACS 5.1.2 software
(Abraham et al., 2015) in AMBER ff99SB-ILDN force field. System
was neutralized with sodium ions (Na™) and a rectangular box
was mounted 10 A away from any protein atom and filled with
water molecules TIP3P type (Jorgensen et al., 1983).

Initial system energy minimizations with complete protein
restriction and without any restriction until the maximum tol-
erance of 250 kJ/mol was not exceeded, or until reaching the
limit of 5000 steps were performed. When protein had its

position restrained, a force constant of 1000 kJ/mol nm? was
applied for positional restraints on all heavy atoms. Then the
system was subjected to a 100 ps simulation of NVT (canon-
ical ensemble) and NPT (isothermal-isobaric ensemble) to
balance the thermodynamic variables, with the protein
restricted in its positions. In the phase of pressure variation
(NVT), the temperature was adjusted by the thermostat at
310K and the velocities were calculated from Maxwell equa-
tions. In the simulation where the volume is allowed to vary
(NPT), the pressure was kept constant by the Parrinello-
Rahman barostat (Hutter, 2012; lannuzzi et al., 2003).

After these initial dynamic steps, protein model was sub-
jected to a 150ns simulation, at 310K temperature, 1 bar
pressure and 2 fs time interval, without conformation restric-
tion. System consisted of 2768 protein atoms, 50,070 water
molecules and 8Na™ atoms. Furthermore, this MD protocol
was performed in five replicas in order to ensure the fluctu-
ation trajectory profiles.

Root Mean Square Deviation (RMSD) was done to perform
trajectory analysis based on initial protein structure per-
formed by gromos algorithm as described by Daura et al.
(1999). To determine conformations that were most present
along trajectory, it was used g_cluster program of GROMACS
package. To distinguish conformational sets (clusters) based
on RMSD profile a 0.3 nm cut-off was defined.

The protein profile along the MD simulation was observed
based on cluster analysis and RMSD. In addition, the Root
Mean Square Fluctuation (RMSF), which determines residues
average fluctuation along trajectory, was also calculated from
GROMACS Tools package (Abraham et al, 2015). The UCSF
Chimera and Visual Molecular Dynamics software were used
to visualize protein behavior along trajectory (Humphrey
et al., 1996; Pettersen et al., 2004).

Molecular docking protocol and validation

Due to lack of active site information a blind docking using
two cyclophilin inhibitors described as potential CoV sup-
pressors (Carbajo-Lozoya et al., 2014; Kamitani et al., 2009;
Pfefferle et al, 2011) were performed by AutoDock Vina
(Morris et al, 2009) with nsp1 conformations in order to
define the best pocket for virtual screening. These com-
pounds were therefore considered as controls compounds.

For each compound were performed 1000 independent
docking simulations to evaluate the best pockets and how
the compounds are arranged in them. After that, based on
AutoDock Vina energy scores, it was possible to identify the
main residues/regions involved in the interactions and thus
define the target pockets to be used in the virtual screening
simulations with DrugBank database.

Structure-based virtual screening simulations

Combining MD simulation results and virtual screening in
our recent studies has allowed us to select molecules with
biological in vitro activity (Costa et al., 2015; da Silva et al,,
2019). For the same purpose, we have applied similar proto-
cols to those previously carried out.
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Figure 1. 150 ns MD simulation of SARS-CoV-2 nsp1 (a) Root Mean Square Deviation (RMSD) evolution during MD simulation of five replicas. It can be noticed a
most apparent stabilization after 110 ns around a RMSD value of 0.40-0.75 nm. (b) Root Mean Square Fluctuation (RMSF) graphic shows a high fluctuation on resi-
dues 1 to 12 and 128 to 180. These segments are described as highly flexible in another coronavirus specie. It can be noticed that flexibility profile is conserved

among replicas.

Figure 2. Nsp1 pocket analysis with control molecules: Figures (a)—(e) showing binding pockets from replicas 1 to 5. All these pockets are in the C-terminal region
as it can be observed by sticks residues. (a), (c) and (e) are representing best binding pocket with cyclosporine (green licorice) molecule. In (b) is demonstrated the
two main pockets for alisporivir (yellow licorice) and cyclosporine (green licorice). Only the C-terminal pocket, where cyclosporine is bonded, was chosen for virtual
screening. The other pocket of replica 4 (d) was not possible to show once it is in the opposite side of C-terminal pocket, thus only alisporivir (yellow licorice) bind-

ing to C-terminal region, the region chosen for virtual screening, is represented.

The grid definition was based on the docking results
described above and a literature review, which indicates that
C-terminal region is an important for the biological functions
of SARS-CoV and MERS-CoV nspl, suggesting that nsp1
access target host protein/factors through it (Nakagawa
et al.,, 2018; Narayanan et al., 2008).

All 3D structures from DrugBank database (8694) were
screened by docking simulations following two steps. In the
first step all 8694 compounds were screened for each replica
conformation based on the AutoDock Vina energy scores the
150 best compounds were selected. In the second step, 1000
independent simulations were performed for each of the
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Table 1. Sixteen in common drugs among replicas as potential nsp1 inhibitors from Drugbank database.

Compound Number Accession Number Structure Group(s)
1 DB07189 o Y Experimental
O
2 DB1527157 “ Investigational
3 DB133345 Approved, Experimental
4 DB13050 Investigational
—_ {\
v ¥
a
5 DB04868 "’°/ » Approved, Investigational
r
6 DB12983 . Investigational
DY,
'S P’
oy
7 DB09280 . Approved
Qﬂ( ® |
: e
5
8 DB15367 ot Investigational
o~
SR
v @s)
9 DB11977 \:\ Investigational
~
10 DB14894 i Investigational
)\C ‘ Y
- ‘7(.
11 DB12323 Investigational

(continued)



Table 1. Continued.
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Compound Number Accession Number

Group(s)

12 DB2112

13 DB12457
14 DB00320
15 DB124111
16 DB00872

Structure

Experimental

Approved, Investigational

LEVadi| Approved, Investigational
(OO
/’>,_ i (‘>>
1§
e aseYe Investigational
0
%1\/\ @ Approved, Investigational
a3 S
o 0

Table 2. Energy scores of compounds against nsp1 (Tirilazad, Phthalocyanine and Zk-806450) and compounds against RdRp protein.

Compounds Name

Tirilazad Phthalocyanine Zk-806450
Energy score (kcal/mol)
Replica # Min. Max. Mean (sd) Min. Max. Mean (sd) Min. Max. Mean (sd)
1 —8.5 —7.5 —7.9 (0.24) —8.9 —7.8 —8.2 (0.34) —8.2 —6.9 —7.6 (0.28)
2 —-93 —8.2 —8.9 (0.21) —-104 —8.1 —9.2 (0.6) —9.7 —8.1 —8.8 (0.33)
3 —84 —6.8 —7.6 (0.3) —8.2 —7.2 —7.7 (0.3) —83 —6.7 —7.5(0.3)
4 —9.1 -7.7 —8.2 (0.4) —9.0 —7.2 —7.7 (0.5) —8.2 —7.1 —7.7 (0.26)
5 —9.5 —7.5 —8.4 (0.46) —94 —8.1 —8.8 (0.36) —8.8 —7.3 —8.1 (0.35)
RdRp protein®
Compound GTP Ribavirin Sofosbuvir Tenofovir IDX-184 Setrobuvir YAK
Energy score (kcal/mol) —-87 —7.8 -7.5 —6.9 —9.0 —9.3 -84

sd = standard deviation. The values used for calculations were obtained from 1000 independent simulations.

°Elfiky (2020) docking values for RdRp protein.

compounds selected above. Finally, the compounds with low-
est energy that appeared in all five nsp1 conformations were
selected for further analysis. Also, alisporivir and cyclosporine
were docked in the same pockets for more reliable comparison.

Comparison among molecule structures was performed
by ChemmineR package for R software (Cao et al., 2008).

Pocket/compound specificity

In order to access the specificity of the replicas pockets, these
were compared to human proteins deposited in Protein Data
Bank (PDB). All structures with 70% sequence identity cutoff
was downloaded, resulting in 7535 protein structures. For this
propose, it was used TM-align algorithm (Zhang, 2005) and
TM-Score was accessed to define similarity between pocket
and protein. We have defined a TM-Score threshold greater
than 0.5 so that the structures are considered to have some
similar content. If so, the energy scores of molecular docking

simulations with such structures and the selected compounds
should be compared. Otherwise, the pockets will be consid-
ered nsp1 SARS-CoV-2 specific.

Statistical analyses

Affinity energies provided by AutoDock Vina software were
compared with Kruskal-Wallis and Wilcoxon test. Analyses
were conducted with R software version 3.6.1 (http://www.r-
project.org). A flowchart of methodology can be seen in
Supplementary Figure 1.

Results and discussion
Nsp1 SARS-CoV-2 model and molecular dynamics

Robetta server modelled nsp1 SARS-CoV-2 protein containing
180 amino acid residues using comparative modeling. The
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Figure 3. Best compounds from DrugBank (a) Tanimoto index among 16 compounds presented in all replicas as the top 150 compounds on virtual screening (b)
Pairwise structure comparison between top three compounds. In red is highlighted the common segment between molecules. These analyses were performed
with ChemmineR package (c) Energy score boxplot of top 3 DrugBank compounds and the control molecules. **** p < 0.001. *Compound number is same from

Table 1.

main templated used for comparative modeling was nsp1
from SARS-CoV (PDB:2GDT). The RMSD, TM-Score and iden-
tity between them are 0.91, 0.95281 and 86.09%, respect-
ively, suggesting they are homologous structure. In model
validation, the Clashscore and MolProbity score were 3.31
(97th percentile) and 1.57 (93rd percentile), respectively. The
Ramachandran plot of this model shows that 93.6% and
98.8% of all residues were in favored and allowed regions,
respectively (Supplementary Figure 2). These results together
suggest that Robetta server predicted a high-quality model
suitable to be submitted to MD simulation.

All five independent 150 ns MD simulation (a total of five
replicas) can be seen in Figure 1a. Replicas 2 and 4 are more
flexible, since their equilibrium RMSDs deviate almost twice
as much in relation to the others. This means that replicas 2
and 4 had a larger structure adjustment until reach their

stability. However, all replicas became stable after 110ns
of simulation.

The RMSF of the residues (Figure 1b) shows that for all
replicas had a similar flexibility for segments 136 to 143 and
N-terminal e C-terminal segments. However, replicas 2 and 4
show more intense flexibility in these segments and are
more flexible in other adjacent segments compared to the
other replicas. As already described for SARS-CoV nsp1
(Almeida et al., 2007) the residues 1 to 12 and 129 to 180
are flexibly disordered. Detailed RMSD by residue along tra-
jectory can be seen in Supplementary Figure 3.

The cluster analysis for each replica can be seen in
Supplementary Figure 3. It is noticed that they have different
profile with different numbers of conformation groups for
each replica. However, it is interesting to note that there is a
cluster for each replica that appears at least from half of
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compound-pocket. (b) Interaction between Phthalocyanine compound and receptor. Superior chart: 3D representation: In blue licorice is represented compound 6,
and green licorice is ns1 residues (replica 2) from interaction interface. Inferior chart: 2D interaction plot representing the same interaction compound-pocket. (c)
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residues (replica 2) from interaction interface. Inferior chart: 2D interaction plot representing the same interaction compound-pocket. All those interaction repre-

sentations were done at Discovery Studio software.

simulation and stay in the end. As the RMSD was more sta-
ble in the end of simulation, it is conceivable that the repre-
sentative structure of this last cluster is the most
stable structure.

The major structural differences among these structures
are located in the most flexible regions (residues 1-12 and
129-180) (see Supplementary Figure 3F). The RMSD among

all representative clusters is 9.676 A. When only less flexible
segment is used for RMSD calculation, this value drops to
1.782A and the opposite (RMSD of flexible regions) is
13.648 A. This means that the core region is very conserved
when protein is in solution. For these reasons mentioned
above, these representative structures were chosen for dock-
ing simulations.
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score decreases.

Docking simulations and virtual screening

When the blind docking using the compound controls (alis-
porivir and cyclosporine) was performed, this allowed not
only to identify where the compound bonded but also to
measure the magnitude of these bonds to compare with the
other compounds. The best pocket was defined as the one
where compounds bonded with low energy score. By this cri-
teria, one or two main pockets (for replicas 2 and 4) were
observed depending on the replica. However, in all replicas
the compounds bonded to a pocket near the C-terminal
region (Figure 2), where it is probably related to the local

where nsp1 access target host protein/factors. Thus, these
near C-terminal pockets were chosen to perform molecular
docking using Drug Bank data base.

Thus, after pocket validation, virtual screening was per-
formed. The virtual screening after the two steps described
previously selected 150 compounds for each replica based on
energy score. Among these compounds, 16 were present in all
replicas, which means that these molecules have a good
energy score independent of nsp1 protein conformation.

Among them, Tirilazad (DB13050), Phthalocyanine
(DB12983) and Zk-806450 (DB2112) were ranked as the best
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Figure 6. TM-Score: nsp1 pocket vs human proteins. Boxplot describing distribution of TM-Score comparing the pocket of each nsp1 replica and human protein
structures. All TM-Scores were lower than 0.5, suggesting these pockets folding are not present in any human protein structure.

compounds based on energy score (lower energy) (Table 2).
It is interesting to note that they are very different molecules
as it can be observed in tanimoto heatmap (Figure 3a) and
in the Maximum Common Substructure (MCS) searching per-
formed by ChemmineR (Figure 3b). As compared to controls,
it is observed that they have a lower energy score (Figure
3c). Compounds Tirilazad and Phthalocyanine are grouped as
“investigational” at DrugBank. Both compounds have been
used in trials study for other diseases. Compound Zk-806450
is grouped as “experimental” (discovery-phase). The binding
energies for Tirilazad, Phthalocyanine and Zk-806450 com-
pounds were similar or even better than those potential
inhibitors observed for RNA dependent RNA polymerase
(RdRp) protein, suggesting that a combined therapy target-
ing both nsp1 and RdRp proteins may be promising
(Elfiky, 2020).

When profile interaction for each compound is analyzed,
it is noticed that for Tirilazad alkyl and pi-alkyl interactions in
a four rings region (Figure 4a) increases ligand energy score.
When these interactions are lost in this region, it is observed
a decreasing energy score (Supplementary Figure 4 - inferior
chart). For Phthalocyanine, a similar pattern is observed. The
difference is that pi-alkyl interactions occur in two regions,
comprising three aromatic rings (Figure 4b). It is noticed that
when there is less pi-alkyl interaction in those regions con-
comitantly, energy score increases (Supplementary Figure 5 —
inferior chart). Zk-806450 compound also shows an import-
ant fragment for interaction. It is five rings (including 4 aro-
matics) region (Figure 4c) that when interacts with neighbor
residues forming pi-alkyl and hydrogen bond interactions, its
energy score increases (Supplementary Figure 6 - superior
chart). All these important fragments for each molecule can
be seen in Supplementary Figure 7.

It interesting to note that depending on the replica,
interaction pattern changes, since N- and C-terminal
regions are flexible (Supplementary Figure 8). However,
LYS120 residue is present virtually in all interaction no mat-
ter which replica is. This residue is not conserved among
SARS-CoV and SARS-CoV-2 (see Supplementary Figure 9).

Future studies should be performed to analyze the effect
of this N120K mutation.

Moreover, when we sort this interaction by energy score,
we notice three important regions: LEU4, VAL5, GLY7, PHES,
THR12, HIS13, VAL14; PHE157, GLU159, ASN160, TRP161,
ASN162, THR163; and MET174, ARG175, GLU176, LEU177,
ASN18, GLY179, GLY180. In general, the more compound
interacts with amino acids from these regions, the more
energy score decreases (Figure 5). Also, nsp1 sequence align-
ment from SARS-CoV and SARS-CoV-2 (Supplementary Figure
9) shows these residues (except PHE8, PHE157, GLU159 and
MET174) are conserved among these viral species which sug-
gests these drugs may be effective against nsp1 of different
severe acute respiratory syndrome-related CoVs.

Pocket specificity analysis

When the selected pockets of all five replicas were compared
to all human protein structure at PDB showed TM-Score
< 0.5 (Figure 6), which means that these nsp1 pocket struc-
tures are not present in any human protein of PDB. Thus, it
is reasonable to suggest that these compounds will not bind
with the same energy score to human proteins when com-
pared to nsp1 protein.

Conclusion

In the present work, we were able to find out three mole-
cules from DrugBank database that showed lower energy
scores when compared to alisporivir and cyclosporine, two
compounds with in vitro activity against nsp1 from SARS-
CoV. These results are suggestive that they may have higher
inhibition effectiveness.

Also, this work compared the binding pocket of all five
replicas to human protein from PDB. All TM-Score from this
analysis were < 0.5, which means that the nsp1 pocket fold-
ing is not present in any human protein from PDB. This may
be interesting for target specificity prediction.
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Since there is not in vitro experiment against nsp1 from
SARS-CoV-2, this in silico study has potential limitation.
Although computational methodology tools have been
improving in the last years, they may not accurately repre-
sent biological system since this is a very complex system.
However, these results can be used to support hypothesis to
perform in vitro assays.

Although here it was focused in only one protein, which
cannot inhibit viral replication completely, a drug against
nsp1 in association with other drugs targets may be a
powerful treatment for COVID-19, and probably diseases
caused by other CoV species. In order to do so, in vitro stud-

ies and drug screening aiming new targets should
be performed.
Acknowledgements

This work, performed at Universidade Federal de Goias, was supported
by the Ministério da Ciéncia e Tecnologia/Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (MCTI/CNPq), Fundagao de
Amparo a Pesquisa do Estado de Goias (FAPEG), Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Additionally,
G.L.M. were supported by fellowships from CAPES.

Author contributions

Protocol designed by: GLM; RAS

Monitoring the execution of work: RAS;
Methodology performed by: GLM; RAS

Manuscript was written and reviewed by: GLM; RAS

Disclosure statement

The authors declare no competing interests.

ORCID

Gabriela de Lima Menezes
Roosevelt Alves da Silva

http://orcid.org/0000-0002-8944-8148
http://orcid.org/0000-0001-5624-4790

References

Abraham, M. J.,, Murtola, T., Schulz, R., Pall, S., Smith, J. C,, Hess, B., &
Lindahl, E. (2015). GROMACS: High performance molecular simulations
through multi-level parallelism from laptops to supercomputers.
SoftwareX, 1-2, 19-25. https://doi.org/10.1016/j.s0ftx.2015.06.001

Al Hajjar, S., Memish, Z. A., & McIntosh, K. (2013). Middle East respiratory
syndrome coronavirus (MERS-CoV): A perpetual challenge. Annals of
Saudi Medicine, 33(5), 427-436. https://doi.org/10.5144/0256-4947.
2013.427

Almeida, M. S., Johnson, M. A., Herrmann, T., Geralt, M., & Wiithrich, K.
(2007). Novel beta-barrel fold in the nuclear magnetic resonance
structure of the replicase nonstructural protein 1 from the severe
acute respiratory syndrome coronavirus . Journal of Virology, 81(7),
3151-3161. https://doi.org/10.1128/JVI.01939-06

Anandakrishnan, R., Aguilar, B, & Onufriev, A. V. (2012). H++ 3.0:
Automating pK prediction and the preparation of biomolecular struc-
tures for atomistic molecular modeling and simulations. Nucleic Acids
Research, 40(W1), W537-541. https://doi.org/10.1093/nar/gks375

Cao, Y., Charisi, A, Cheng, L.-C, Jiang, T., & Girke, T. (2008). ChemmineR:
A compound mining framework for R. Bioinformatics (Oxford,
England), 24(15), 1733-1734. https://doi.org/10.1093/bioinformatics/
btn307

Carbajo-Lozoya, J.,, Ma-Lauer, Y. Malesevi¢, M., Theuerkorn, M., Kahlert,
V., Prell, E, von Brunn, B, Muth, D. Baumert, T. F., Drosten, C,
Fischer, G., & von Brunn, A. (2014). Human coronavirus NL63 replica-
tion is cyclophilin A-dependent and inhibited by non-immunosup-
pressive cyclosporine A-derivatives including Alisporivir.  Virus
Research, 184, 44-53. https://doi.org/10.1016/j.virusres.2014.02.010

Chan, J. F. W,, Lau, S. K. P, & Woo, P. C. Y. (2013). The emerging novel
Middle East respiratory syndrome coronavirus: The “knowns” and
“unknowns". Journal of the Formosan Medical Association = Taiwan yi
Zhi, 112(7), 372-381. https://doi.org/10.1016/j.jfma.2013.05.010

Chan, J. F. W, Li, K. S. M,, To, K. K. W,, Cheng, V. C. C,, Chen, H., & Yuen,
K.-Y. (2012). Is the discovery of the novel human betacoronavirus 2c
EMC/2012 (HCoV-EMC) the beginning of another SARS-like pandemic?
The Journal of Infection, 65(6), 477-489. https://doi.org/10.1016/j.jinf.
2012.10.002

Chen, V. B., Arendall, W. B., Headd, J. J., Keedy, D. A., Immormino, R. M.,
Kapral, G. J, Murray, L. W., Richardson, J. S., & Richardson, D. C.
(2010). MolProbity: All-atom structure validation for macromolecular

crystallography.  Acta  Crystallographica,  Section D, Biological
Crystallography, 66(Pt 1), 12-21. https://doi.org/10.1107/
S0907444909042073

Childers, M. C., & Daggett, V. (2017). Insights from molecular dynamics
simulations for computational protein design. Molecular Systems
Design & Engineering, 2(1), 9-33. https://doi.org/10.1039/C6ME00083E

Choudhury, C. (2020). Fragment tailoring strategy to design novel chem-
ical entities as potential binders of novel corona virus main protease.
Journal of Biomolecular Structure and Dynamics, 1-15. https://doi.org/
10.1080/07391102.2020.1771424

Costa, F. G, Neto, B. R, da, S., Gongalves, R. L., da Silva, R. A., de Oliveira,
C. M. A, Kato, L., Freitas, C. d S., Giannini, M. J. S. M,, da Silva, J., de,
F. Soares, C. M., de, A., & Pereira, M. (2015). Alkaloids as inhibitors of
malate synthase from Paracoccidioides spp.: Receptor-ligand inter-
action-based virtual screening and molecular docking studies, antifun-
gal activity, and the adhesion process. Antimicrobial Agents and
Chemotherapy,  59(9),  5581-5594.  https://doi.org/10.1128/AAC
.04711-14

Daura, X, Gademann, K, Jaun, B, van Gunsteren, W. F., Mark, A. E.
(1999). Peptide folding: When simulation meets experiment.
Angewandte Chemie-International Edition, 38, 236-240. https://doi.
org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C236::AlD-
ANIE236%3E3.0.CO;2-M https://doi.org/10.1002/(SICI)1521-
3773(19990115)38:1/2<236::AID-ANIE236>3.0.CO;2-M

Enmozhi, S. K., Raja, K., Sebastine, I, & Joseph, J. (2020). Andrographolide
as a potential inhibitor of SARS-CoV-2 main protease: An in silico
approach. Journal of Biomolecular Structure and Dynamics, 1-7.
https://doi.org/10.1080/07391102.2020.1760136

da Silva, L. S., Barbosa, U. R, Silva, L., do, C,, Soares, C. M., Pereira, M., &
da Silva, R. A. (2019). Identification of a new antifungal compound

against isocitrate lyase of Paracoccidioides brasiliensis. Future
Microbiology, 14(18), 1589-1606. https://doi.org/10.2217/fmb-2019-
0166

Elfiky, A. A. (2020). Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and
Tenofovir against SARS-CoV-2 RNA dependent RNA polymerase
(RdRp): A molecular docking study. Life Sciences, 253, 117592. https://
doi.org/10.1016/}.Ifs.2020.117592

Gongalves, R. L., de Lima Menezes, G., Sussuchi, L., Moreli, M. L., Mottin,
M., Andrade, C. H., Pereira, M., & da Silva, R. A. (2019). Dynamic
behavior of Dengue and Zika viruses NS1 protein reveals monomer—-
monomer interaction mechanisms and insights to rational drug
design. Journal of Biomolecular Structure and Dynamics, 1-11. https://
doi.org/10.1080/07391102.2019.1677504

Humphrey, W., Dalke, A., & Schulten, K. (1996). VMD: Visual molecular
dynamics. Journal of Molecular Graphics, 14(1), 33-38. https://doi.org/
10.1016/0263-7855(96)00018-5 https://doi.org/10.1016/0263-7855
(96)00018-5

Hutter, J. (2012). Car-Parrinello  molecular
Interdisciplinary  Reviews: ~Computational
604-612. https://doi.org/10.1002/wcms.90

lannuzzi, M., Laio, A, & Parrinello, M. (2003). Efficient exploration of
reactive potential energy surfaces using car-parrinello molecular

dynamics.
Molecular Science,

Wiley
2(4),


https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.5144/0256-4947.2013.427
https://doi.org/10.5144/0256-4947.2013.427
https://doi.org/10.1128/JVI.01939-06
https://doi.org/10.1093/nar/gks375
https://doi.org/10.1093/bioinformatics/btn307
https://doi.org/10.1093/bioinformatics/btn307
https://doi.org/10.1016/j.virusres.2014.02.010
https://doi.org/10.1016/j.jfma.2013.05.010
https://doi.org/10.1016/j.jinf.2012.10.002
https://doi.org/10.1016/j.jinf.2012.10.002
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1039/C6ME00083E
https://doi.org/10.1080/07391102.2020.1771424
https://doi.org/10.1080/07391102.2020.1771424
https://doi.org/10.1128/AAC
https://doi.org/10.1002/
https://doi.org/10.1002/
https://doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2236::AID-ANIE2363.0.CO;2-M
https://doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2236::AID-ANIE2363.0.CO;2-M
https://doi.org/10.1080/07391102.2020.1760136
https://doi.org/10.2217/fmb-2019-0166
https://doi.org/10.2217/fmb-2019-0166
https://doi.org/10.1016/j.lfs.2020.117592
https://doi.org/10.1016/j.lfs.2020.117592
https://doi.org/10.1080/07391102.2019.1677504
https://doi.org/10.1080/07391102.2019.1677504
https://doi.org/10.1016/0263-7855
https://doi.org/10.1016/0263-7855
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1002/wcms.90

dynamics. Physical Review Letters, 90(23), 238302. https://doi.org/10.
1103/PhysRevLett.90.238302

Islam, R., Parves, M. R,, Paul, A. S, Uddin, N., Rahman, M. S., Mamun,
A. A, Hossain, M. N., Ali, M. A, & Halim, M. A. (2020). A molecular
modeling approach to identify effective antiviral phytochemicals
against the main protease of SARS-CoV-2. Journal of Biomolecular
Structure and Dynamics, 1-12. https://doi.org/10.1080/07391102.2020.
1761883

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., & Klein,
M. L. (1983). Comparison of simple potential functions for simulating
liquid water. The Journal of Chemical Physics, 79(2), 926-935. https://
doi.org/10.1063/1.445869

Kamitani, W., Huang, C., Narayanan, K, Lokugamage, K. G., & Makino, S.
(2009). A two-pronged strategy to suppress host protein synthesis by
SARS coronavirus Nsp1 protein. Nature Structural & Molecular
Biology, 76(11), 1134-1140. https://doi.org/10.1038/nsmb.1680

Kim, D. E., Chivian, D., & Baker, D. (2004). Protein structure prediction
and analysis using the Robetta server. Nucleic Acids Research, 32(Web
Server issue), W526-W531. https://doi.org/10.1093/nar/gkh468

Lau, S. K. P, Woo, P. C. Y, Li, K. S. M, Tsang, A. K. L., Fan, R. Y. Y., Luk,
H. K. H., Cai, J.-P,, Chan, K-H., Zheng, B.-J.,, Wang, M., & Yuen, K.-Y.
(2015). Discovery of a Novel Coronavirus, China Rattus Coronavirus
HKU24, from Norway Rats supports the murine origin of
Betacoronavirus 1 and has implications for the ancestor of
Betacoronavirus Lineage A. Journal of Virology, 89(6), 3076-3092.
https://doi.org/10.1128/JV1.02420-14

Li, G.,, & Clercq, E. D. (2020). Therapeutic options for the 2019 novel cor-
onavirus (2019-nCoV). Nature Reviews Drug Discovery, 19(3), 149-150.
https://doi.org/10.1038/d41573-020-00016-0

Lu, H. Stratton, C. W.,, & Tang, Y. (2020). Outbreak of pneumonia of
unknown etiology in Wuhan, China: The mystery and the miracle.
Journal of Medical Virology, 92(4), 401-402. https://doi.org/10.1002/
jmv.25678

Menezes, G., de, L., Gongalves, R. L., Lima, R. M., Pereira, M., Moreli, M. L.,
& da Silva, R. A. (2019). Mutation of critical residues reveals insights of
yellow fever virus nonstructural protein 1 (NS1) stability and its for-
mation. Journal of Biomolecular Structure and Dynamics, 1-10. https://
doi.org/10.1080/07391102.2019.1695673

Morris, G. M., Huey, R, Lindstrom, W. Sanner, M. F. Belew, R. K,
Goodsell, D. S., & Olson, A. J. (2009). AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. Journal of
Computational Chemistry, 30(16), 2785-2791. https://doi.org/10.1002/
jcc.21256

Muralidharan, N., Sakthivel, R., Velmurugan, D., & Gromiha, M. M. (2020).
Computational studies of drug repurposing and synergism of lopina-
vir, oseltamivir and ritonavir binding with SARS-CoV-2 protease
against COVID-19. Journal of Biomolecular Structure and Dynamics,
1-6. https://doi.org/10.1080/07391102.2020.1752802

Nakagawa, K. Narayanan, K., Wada, M., Popov, V. L., Cajimat, M., Baric,
R. S., & Makino, S. (2018). The endonucleolytic RNA cleavage function
of nsp1 of Middle East respiratory syndrome coronavirus promotes
the production of infectious virus particles in specific human cell

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 1

lines. Journal of Virology, 92(21), e01157-18. https://doi.org/ https://
doi.org/10.1128/JV1.01157-18

Narayanan, K., Huang, C, Lokugamage, K. Kamitani, W., lkegami, T.,
Tseng, C.-T K., & Makino, S. (2008). Severe acute respiratory syndrome
coronavirus nsp1 suppresses host gene expression, including that of
Type | interferon, in infected cells. Journal of Virology, 82(9),
4471-4479. https://doi.org/10.1128/JVI.02472-07

Pant, S., Singh, M., Ravichandiran, V., Murty, U. S. N., & Srivastava, H. K.
(2020). Peptide-like and small-molecule inhibitors against Covid-19.
Journal of Biomolecular Structure and Dynamics, 1-10. https://doi.org/
10.1080/07391102.2020.1757510

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt,
D. M., Meng, E. C., & Ferrin, T. E. (2004). UCSF Chimera-a visualization
system for exploratory research and analysis. Journal of Computational
Chemistry, 25(13), 1605-1612. https://doi.org/10.1002/jcc.20084

Pfefferle, S., Schopf, J., Kogl, M., Friedel, C. C,, Miiller, M. A., Carbajo-
Lozoya, J., Stellberger, T., von Dall’Armi, E., Herzog, P. Kallies, S.,
Niemeyer, D., Ditt, V. Kuri, T., Zust, R, Pumpor, K, Hilgenfeld, R,
Schwarz, F., Zimmer, R., Steffen, I, von Brunn, A. (2011). The
SARS-coronavirus-host interactome: Identification of cyclophilins as
target for pan-coronavirus inhibitors. PLoS Pathogens, 7(10), €1002331.
https://doi.org/10.1371/journal.ppat.1002331

Prentice, E., McAuliffe, J., Lu, X., Subbarao, K., & Denison, M. R. (2004).
Identification and characterization of severe acute respiratory syn-
drome coronavirus replicase proteins. Journal of Virology, 78(18),
9977-9986. https://doi.org/10.1128/JVI1.78.18.9977-9986.2004

Rota, P. A, Oberste, M. S., Monroe, S. S., Nix, W. A, Campagnoli, R,
Icenogle, J. P, Penaranda, S. Bankamp, B., Maher, K, Chen, M.-H.,,
Tong, S., Tamin, A, Lowe, L., Frace, M., DeRisi, J. L., Chen, Q., Wang,
D., Erdman, D. D. Peret, T. C. T, Bellini, W. J. (2003).
Characterization of a novel coronavirus associated with severe acute
respiratory syndrome. Science (New York, N.Y.), 300(5624), 1394-1399.
https://doi.org/10.1126/science.1085952

Saif, L. J., Wang, Q. Vlasova, A. N, Jung, K, & Xiao, S. (2019).
Coronaviruses. In J. J. Zimmerman, L. A. Karriker, A. Ramirez, K. J.
Schwartz, G. W. Stevenson, & J. Zhang (Eds.), Diseases of swine (1st
ed., pp. 488-523). Wiley. https://doi.org/10.1002/9781119350927.ch31

Shen, Z,, Wang, G., Yang, Y., Shi, J., Fang, L., Li, F., Xiao, S., Fu, Z. F.,, &
Peng, G. (2019). A conserved region of nonstructural protein 1 from
alphacoronaviruses inhibits host gene expression and is critical for
viral virulence. Journal of Biological Chemistry, 294(37), 13606-13618.
https://doi.org/10.1074/jbc.RA119.009713

Wathelet, M. G., Orr, M., Frieman, M. B., & Baric, R. S. (2007). Severe acute
respiratory syndrome coronavirus evades antiviral signaling: Role of
nsp1 and rational design of an attenuated strain. Journal of Virology,
81(21), 11620-11633. https://doi.org/10.1128/JV1.00702-07

Zhang, Y. (2005). TM-align: A protein structure alignment algorithm
based on the TM-score. Nucleic Acids Research, 33(7), 2302-2309.
https://doi.org/10.1093/nar/gki524

Zumla, A., Chan, J. F. W,, Azhar, E. I, Hui, D. S. C,, & Yuen, K.-Y. (2016).
Coronaviruses - drug discovery and therapeutic options. Nature
Reviews. Drug Discovery, 15(5), 327-347. https://doi.org/10.1038/nrd.
2015.37


https://doi.org/10.1103/PhysRevLett.90.238302
https://doi.org/10.1103/PhysRevLett.90.238302
https://doi.org/10.1080/07391102.2020.1761883
https://doi.org/10.1080/07391102.2020.1761883
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1038/nsmb.1680
https://doi.org/10.1093/nar/gkh468
https://doi.org/10.1128/JVI.02420-14
https://doi.org/10.1038/d41573-020-00016-0
https://doi.org/10.1002/jmv.25678
https://doi.org/10.1002/jmv.25678
https://doi.org/10.1080/07391102.2019.1695673
https://doi.org/10.1080/07391102.2019.1695673
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1080/07391102.2020.1752802
https://doi.org/
https://doi.org/10.1128/JVI.01157-18
https://doi.org/10.1128/JVI.01157-18
https://doi.org/10.1128/JVI.02472-07
https://doi.org/10.1080/07391102.2020.1757510
https://doi.org/10.1080/07391102.2020.1757510
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1371/journal.ppat.1002331
https://doi.org/10.1128/JVI.78.18.9977-9986.2004
https://doi.org/10.1126/science.1085952
https://doi.org/10.1002/9781119350927.ch31
https://doi.org/10.1074/jbc.RA119.009713
https://doi.org/10.1128/JVI.00702-07
https://doi.org/10.1093/nar/gki524
https://doi.org/10.1038/nrd.2015.37
https://doi.org/10.1038/nrd.2015.37

	Abstract
	Introduction
	Methodology
	Nsp1 SARS-CoV-2 structure modeling
	Molecular dynamics simulations
	Molecular docking protocol and validation
	Structure-based virtual screening simulations
	Pocket/compound specificity
	Statistical analyses

	Results and discussion
	Nsp1 SARS-CoV-2 model and molecular dynamics
	Docking simulations and virtual screening
	Pocket specificity analysis

	Conclusion
	Acknowledgements
	Author contributions
	Disclosure statement
	References


