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Abstract

SARS-CoV-2 wreaks havoc around the world, triggering the COVID-19 pandemic.
It has been confirmed that the endoribonuclease NSP15 is crucial to the viral repli-
cation, and thus identified as a potential drug target against COVID-19. The NSP15
protein was used as the target to conduct high-throughput virtual screening on
30,926 natural products from the NPASS database to identify potential NSP15 in-
hibitors. And 100 ns molecular dynamics simulations were performed on the NSP15
and NSP15-NPC198199 system. In all, 10 natural products with high docking scores
with NSP15 protein were obtained, among which compound NPC198199 scored the
highest. The analysis of the binding mode between NPC198199 and NSP15 found
that NPC198199 would form H-bond interactions with multiple key residues at the
catalytic site. Subsequently, a series of post-dynamics simulation analyses (includ-
ing RMSD, RMSF, PCA, DCCM, RIN, binding free energy, and H-bond occupancy)
were performed to further explore inhibitory mechanism of compound NPC198199
on NSP15 protein at the molecular level. The research strongly indicates that the 10
natural compounds screened can be used as potential inhibitors of NSP15, and pro-

vides valuable information for the subsequent drug discovery of anti-SARS-CoV-2.

Practical applications

Natural products play an important role in the treatment of many difficult diseases. In
this study, high-throughput virtual screening technology was used to screen the natu-
ral product database to obtain potential inhibitors against endoribonuclease NSP15.
The binding mechanism between natural products and NSP15 was investigated at the
molecular level by molecular dynamics technology so that it is expected to become
candidate drugs for the treatment of SARS-CoV-2. We hope that our research can
provide new clue to combat COVID-19 and overcome the epidemic situation as soon

as possible.

KEYWORDS
MD simulation, natural compounds, NSP15, SARS-CoV-2, virtual screening

Liang-Chang Hu and Chuan-Hua Ding contributed equally to this work.

J Food Biochem. 2022;46:€14085.
https://doi.org/10.1111/jfbc.14085

wileyonlinelibrary.com/journal/jfbc

© 2022 Wiley Periodicals LLC. 1of 14


www.wileyonlinelibrary.com/journal/jfbc
mailto:﻿
mailto:﻿
https://orcid.org/0000-0002-2477-9552
mailto:liuwenshan@wfmc.edu.cn
mailto:liwz@wfmc.edu.cn

HU ET AL

20f14 Journal of
—I—Wl LEY-|Food Biochemistry -

1 | INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
causes the 2019 Coronavirus Disease (COVID-19) pandemic. The
virus emerged in Wuhan, China at the end of December 2019 and
spread rapidly. Soon, the World Health Organization (WHO) an-
nounced the COVID-19 a continuing epidemic. SARS-CoV-2 is highly
aggressive, with higher infection and mortality rates than previous
viruses (Petrosillo et al., 2020). The main symptoms of the virus in-
fection are high fever, cough, pain, and shortness of breath. In severe
cases, it can lead to body failure and death. However, asymptomatic
infections carried by the virus have been found all over the world
(Kumar et al., 2021; Liu et al., 2021). The virus can spread through
droplets when coughing, talking, or sneezing. As of October 30,
2021, the virus has infected more than 246 million people and killed
more than 5 million people, brought serious disasters to countries
around the world. At present, several vaccines against the virus are
on the market, but the vaccine protection rate is not 100%. Especially
after the virus mutates, the protective effect of the vaccine may be
further reduced. Therefore, we need to continue to develop anti-
SARS-CoV-2 drugs to provide multiple protections for human health.

SARS-CoV-2 is an enveloped non-segmented positive-sense
RNA virus, belonging to f-Coronavirus family, with a genome size
of 29.9 kb. The virus consists of about 3000 base pairs, which are
responsible for encoding important proteins, including nucleo-
capsid protein (N), spike protein (S), envelope protein (E), mem-
brane protein (M), and non-Structural proteins (Nsps) (Gordon
et al., 2020; Unchwaniwala & Ahlquist, 2020). SARS-CoV-2 binds
to the human host cell receptor, enters the host cell, and uses the
host cell system to release RNA into the cytoplasm to start the
translation process. During this period, ORF1a and ORFab of RNA
are translated into two kinds of polyproteins (Ppla and Ppab),
which are then processed by proteases to release non-structural
viral proteins (NSPs) (Nakagawa et al., 2016; Ni et al., 2020; Yan
et al., 2020). These Nsps, including NSP12, NSP13, NSP14, and
NSP15, are associated with different viral functions, such as the
formation of replicase transcriptase complexes (Kumar et al., 2021;
Prajapat et al., 2020).

Endoribonuclease NSP15, also known as uridine-specific en-
dorphinase, preferentially cleaves the 3’end of uridine. It is encoded
by the coronavirus as an RNA-processing enzyme, and plays a key
role in the viral replication. Studies have found that inhibiting NSP15
protein can slow down virus replication (Deng & Baker, 2018; Kumar
et al., 2021). Therefore, NSP15 can be used as a drug target for the
development of potential SARS-CoV-2 inhibitors. The catalytic site
of the NSP15 protein structure contains six key residues, namely
His235, His250, Lys290, Ser294, Thr341, and Tyr343, and these
residues are generally conserved in SARS-CoV-2. In addition, res-
idues His235, His250, and Lys290 will form a catalytic triad (Kim
et al., 2020; Savale et al., 2021).

Natural compounds occupy an important position in drug de-
velopment, and the toxicity of natural products is less than that of
chemical drugs. Researchers have been actively looking for potential

natural medicines for the treatment of various diseases (such as ma-
laria and cancer) (Harvey, 2005; Ravindranath, 2010). The NPASS
database contains 30,926 natural products and can be accessed free
of charge. This database provides the activity values of natural prod-
ucts (such as IC,,, EC,, and MIC) reported in the literature for en-
zyme proteins or cell experiments (Zeng et al., 2018). This research
aims to perform high-throughput virtual screening, molecular dock-
ing, and molecular dynamics (MD) simulation study on the NPASS
natural compounds database to obtain potential anti-COVID-19

inhibitors.

2 | MATERIALS AND METHODS

2.1 | System preparation

The crystal structure of NSP15 protein (PDB ID: 6WXC) was ob-
tained from the protein database bank (PDB) (Kim et al., 2020).
Before docking, the crystal structure was processed by the “Prepare
Protein” module in Discovery Studio (DS) v4.5 software, including
removing water, adding hydrogen atoms, assigning bond sequences,
treating metals, treating disulfides, and supplementing missing resi-
dues. The SDF file containing 30,926 natural products was down-
loaded from the NPASS database. These natural products were
processed by the “Prepare Ligands” module in DS v4.5, including
maintaining ionization, desalting, and generating all possible three-

dimensional conformations.

2.2 | High-throughput virtual screening based on
molecular docking

As an effective tool, high-throughput virtual screening was used in
drug development (Liu et al., 2021). In this study, DS v4.5 software
was used for high-throughput virtual screening based on molecular
docking. The binding site of NSP15 protein was first defined through
the “Define and Edit Binding Sites” module. The “From Current
Selection” module was used to construct binding pockets around the
key residues His235, His250, Lys290, Ser294, Thr341, and Tyr343
at the catalytic site, which was shown as a sphere with a radius of
10.66, and its coordinates were X = 63.38, Y = 69.29, and Z = 30.71.
Through continuous screening of LibDock module and docking opti-
mization of CDOCKER module, natural compounds with high dock-
ing score and binding affinity would be obtained. The docking result
was visualized using DS v4.5 and displayed as Libdock score and
-CDOCKER_ENERGY score. The higher the docking Score, the bet-
ter the combination of protein and ligand.

2.3 | MD simulation

The pose with the highest docking score obtained from the virtual
screening was further subjected to MD simulation. MD simulation
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of NSP15 and screening inhibitor complexes was performed to
evaluate their conformational movement and structural stability
at the molecular level (Alffenaar et al., 2018). The MD simulations
of the NSP15 system and the NSP15-NPC125597 system were
carried out in the GROMACS 4.5.5 software package with the
CHAMM27 force field (Pol-Fachin et al., 2009). First, the “topol-
ogy” file was generated, which contained the bonding parameters
and non-bonding parameters of the simulation system. Then, the
simulation system was placed in a dodecahedron periodic box, the
simulation system was kept at the center and with a distance of
10 A from the edges, and simple single point charge (SPC) water
molecules were filled to keep the system in balance. Before en-
ergy minimization, appropriate amounts of Na* and CI™ ions
were added to neutralize the system (Joung & Cheatham, 2008).
Subsequently, the steepest descent method was used to eliminate
conflicting and inappropriate geometric shapes and minimize the
system energy to 1,000 kJ/mol/nm. Two ensembles of NVT (con-
stant particle count, volume, and temperature) and NPT (constant
particle count, pressure, and temperature) were used to further
balance the system. The first round of balance involved the use
of a speed adjusting thermostat for a 500 ps NVT simulation, and
the second round of balance involved the use of a barostat for
a 500 ps NPT simulation. In addition, the LINCS algorithm was
used to restrain all the keys in the simulation system (Hess, 2008).
Finally, 100 ns MD simulations were carried out, and the simula-

tion trajectories were analyzed.

24 | RMSD and RMSF

After the MD simulation, the stability of the simulated trajectories
should be evaluated to ensure the accuracy and reliability of the sim-
ulation result. Here, the simulated stability was assessed by calculat-
ing the root mean square deviation (RMSD) of the time-dependent
structure relative to the starting structure (Dixit et al., 2006;
Guilbert & James, 2008). In addition, the root-mean square fluctua-
tion (RMSF) for the protein residues was calculated by the process
of g_rms, and evaluated the flexibility of residues in the simulation
system based on the RMSF value in the whole simulation time (Bao
etal.,, 2009; Chen et al., 2018).

2.5 | Principal component analysis

Principal component analysis (PCA), as a statistical tool, was widely
used to analyze the internal motion and conformational changes
of biological macromolecules (Fakhar et al., 2017). The GROMACS
4.5.5 software package was applied to obtain the covariance matrix
of the Ca atom position in the trajectory of the simulation system.
The covariance matrix Cij of each Ca i and j was represented by the

following integration:

Ci={((x—=x)) (x={x)))0j=123, ...,N)
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In the formula, x; or X; represented the Cartesian coordinates
of the ith or jth Ca atom,(x)or (x)represented the time average
of all configurations selected in the simulation, and N represented
the number of Ca atoms. The eigenvector of the matrix was used
as the principal component (PC), which represented the projection
of the trajectory on the main mode. The corresponding eigenvalue
represented the magnitude in the direction of the PC. Usually, the
first few principal components (PC1, PC2, and PC3) were used to
describe the overall movement of the simulation system (Mesentean
etal., 2006; Zhou et al., 2016). The PCA scatter plot was obtained by
Bio3D software (Grant et al., 2006).

2.6 | Dynamic cross-correlation map

The cross-correlation was expressed as a three-dimensional matrix,
which graphically showed time-related information about correla-
tion motion among the domains of the biomacromolecule system
(Ndagi et al., 2017; van den Berg & Hoheisel, 1990). To evaluate the
correlation matrix across all Ca atoms, dynamic cross-correlation
map (DCCM) analysis was carried out for simulation systems to as-
sess the dynamic correlation among different protein domains. The
correlation matrix could be denoted by the cross-correlation coef-
ficient (CU) and defined by the following formula (Wan et al., 2013;
Xu et al., 2016):

(Ar;=Ar;)

((arty<(or)

Here, i and j represented the atom or residue of ith and jth, respec-

C. =

ij

tively. Ar, and Ar; were the displacement vector corresponding to ith
and jth atom (or residue), and “( )" indicated an ensemble average. The
value of correlation matrix ranged from -1 to O (negative correlation)
and from O to 1 (positive correlation). The higher the absolute value
of matrix, the stronger the correlation between atoms (or residues)
(Kasahara et al., 2014).

2.7 | Residue interaction network

Residue interaction network (RIN) was used as an analysis tool to ex-
plore differences in the interaction between residues in simulation
system (Mehla & Ramana, 2016). The last 95 ns simulated trajectory
of each system was used to construct a RIN. In RIN, the definition of
residual interaction network and protein contact diagram was speci-
fied by two parameters. The node represented amino acid residue,
and the edge between them represented non-covalent interactions,
including Van der Waals' force (VDW), hydrogen bond (H bond), salt
bridges, and pi-pi interactions. The edge represented the contact
between atoms with at least one WDW interaction. Cytoscape
(Shannon et al., 2003) and RINalyzer (Doncheva et al., 2011) soft-
ware were applied to visualize RIN.
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2.8 |

Binding free energy

Free energy of binding played a pivotal role in exploring the dy-
namic interaction between protein and ligand. The molecular me-
chanics Poisson-Boltzmann surface area (MM-PBSA) method was
usually used to calculate the free energy of binding (Homeyer &
Gohlke, 2012; Kumari et al., 2014). The free energy of each energy

term was defined according to the following equation:

AGbind = Gcomplex - (Gligand + Greceptor)
AG = AEyy + AG, — TAS
AEym = AEge + AE gy

AGsolvatian = AGpolar + AGncmpalar

G

energies of complex, ligand, and receptor, respectively. E,,, indi-

In the equation, G and G,igand indicated the free

complex’ “receptor’

cated molecular mechanical components in the gas phase, G, indi-
cated the free energy of solvation, and TS indicated the contribution
of entropy to free energy, where T indicated temperature and S indi-

cated entropy. E,\, included electrostatic interaction (E and Van

elec)

Dehua interaction (E, ). Additionally, solvation free energy (G,

included electrostatic free energy (Gpolar) and non-electrostatic free

energy (G ) (Fang et al., 2016; Sang et al., 2017).

nonpolar

3 | RESULTS AND DISCUSSION

3.1 | Analysis on molecular docking

3.1.1 | Result on high-throughput virtual screening

In this study, 30,926 natural small molecule compounds from the
NPASS database were subjected to high-throughput virtual screen-
ing, aiming to obtain compounds with high docking scores and bind-
ing affinity to NSP15 protein. The virtual screening pocket was
constructed based on the key residues His235, His250, Lys290,
Ser294, Thr341, and Tyr343 in the catalytic site of the NSP15 pro-
tein. Before screening, the reliability of the docking model needed to
be evaluated. The inhibitor Tipiracil in the crystal structure of 6WXC
was docked to the crystal structure again, and it was found that the
RMSD value between the docked ligand and crystallized ligand was
0.92 A, which showed a good overlap between them, indicating
that the constructed screening model was reliable. Subsequently,
the high-throughput virtual screening based on the LibDock mod-
ule was performed on these natural compounds, and the top 2,000
compounds were selected according to the LibDockScore values.
A precise molecular docking study based on the CDOCKER mod-
ule was performed on these 2,000 compounds, and 10 compounds
were obtained according to the -COOCKER_ENERGY values, which
acted as potential inhibitors of the NSP15 protein. The top 10

natural products with high docking scores with NSP15 protein are
shown in Table 1.

3.1.2 | Investigation on the binding pattern

The natural product NPC198199 with the highest docking score
was selected for detailed binding mode research. Figure 1a shows
the binding site of NSP15 protein and compound NPC198199.
Figure 1b shows the binding pocket and key interactions between
NSP15 protein and compound NPC198199; Figure 1c shows the
two-dimensional diagram of the interactions between NSP15 pro-
tein and compound NPC198199. It was found that the compound
NPC198199 formed 10 stable H-bond interactions with residues
His235, GIn245, Gly248, Lys290, Val292, Ser294, and Glu340, and
formed stable VDW interactions with residues Asp240, Leu246,
Gly247, His250, Cys293, Thr341, Pro344, and Lys345, and formed
a stable pi-pi interaction with residue Trp333. The key residues
His235, His250, Lys290, Ser294, Thr341, and Tyr343 related to the
catalytic activity of the NSP15 protein almost all interacted with the
compound NPC198199, which helped stabilize the conformation of
the NSP15 protein and weaken its activity.

3.2 | Analysis on MD simulations
3.2.1 | Investigation on stability and
flexibility of the NSP15 system and
NSP15-NPC198199 complex system

In order to assess the stability of the simulation system, the RMSD
values of all Ca atoms in the entire MD trajectories were obtained.
Generally, the lower the RMSD value of the skeleton, the higher the
stability of the system. Figure 2a shows the relationship between
the RMSD of the NSP15 protein system and the NSP15-NCP198199
complex system over time. It could be found that the RMSD tra-
jectories of the NSP15 protein system and the NSP15-NPC198199
complex system reached equilibrium around 5 ns and generated
stable trajectories. The average RMSD value of the NSP15 protein
system was 0.28 nm, and the average RMSD value of the NSP15-
NPC198199 complex system was 0.24 nm. Therefore, the stability of
the NSP15-NPC198199 complex system was higher than that of the
NSP15 protein system, indicating that the compound NPC198199
played an active role in stabilizing the conformation of the NSP15
protein.

Each amino acid residue belonged to the protein system and
determined the conformational characteristics of the protein. In
order to obtain information on the flexibility of each amino acid
residue in the protein system, RMSF of all side chain atoms of the
protein was calculated. Generally, in the simulation system, the
larger the RMSF value, the higher the flexibility of the residues.
Conversely, the smaller the RMSF value, the lower the flexibility of
the residues. Figure 2b shows the RMSF value of each residue of
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TABLE 1 The top 10 natural products with high docking score with NSP15 protein obtained
Natural products ID

by virtual screening

Structures LibDock score -COOCKER_ENERGY
NPC198199 o 192.678 68.246
HO O
OH (O
HO, 5 OH
L
N o oH
HO ST sy Oy O
Ho™~ R “oH
OH
NPC35 190.278 68.011
NPC125597 190.705 67.925
NH
NH,
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T ™
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(Continues)
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TABLE 1 (Continued)
Natural products ID Structures LibDock score
NPC107160 HO //0 HN 182.938 67.018
/P\o OH
0
NN HO\P/\ o —
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HNN\ o | \_/
O\ N\
NIIuSl HO
N
o)
1l OH
HO—IT'-’O
OH
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HO
r
HN / JnINH
HO
e}
NPC10897 OH 180.382 66.229
A
0 NH
H
o N\rN OH
\ alll
o N N »
HO Y N NH,
OH
NPC216403 179.104 65.312
NPC158055 178.926
i
HO, O—IID—OH
/ o
|
=0

65.147
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TABLE 1 (Continued)

Natural products ID Structures
NPC478012
HO
HO
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N
N\f 5
OH (:
OH
H o
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LibDock score -COOCKER_ENERGY

OH 179.007 65.028

anl

HO'

FIGURE 1 The binding mode of compound NPC198199 and NSP15 protein. (a) The docking site of the compound NPC198199 and
NSP15 protein; (b) the enlarged view of the binding pocket of the compound NPC198199 and NSP15 protein; and (c) the interactions

between the compound NPC198199 and NSP15 protein

the NSP15 system and the NSP15-NCP198199 complex system. It
could be found that the RMSF of the NSP15 system and NSP15-
NPC198199 complex system showed similar fluctuation trend. The
calculation found that the average RMSF of the NSP15 system was
0.21 ns, and the average RMSF of the NSP15-NPC198199 complex
system was 0.16 ns, which indicated that the NSP15-NPC198199
complex system exhibited lower fluctuation. It was worth noting

that the maximum RMSF difference between the NSP15 system
and NSP15-NPC198199 complex system was more than 0.15 ns in
some key regions associated with the catalytic active site (marked
with the green boxes), which indicated that the binding of com-
pound NPC198199 and NSP15 protein could significantly reduce
the flexibility of residues near the catalytic site and stabilize the
protein conformation.
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FIGURE 2 Assessment on the stability and flexibility of the systems. (a) The RMSD values of all Cax atoms for the NSP15 and NSP15-
NPC198199 systems over 100 ns MD simulation; (b) the RMSF fluctuations of residues for NSP15 and NSP15-NPC198199 systems over
100 ns MD simulation. In addition, the green boxes highlighted the key areas where the two systems had large fluctuation differences

3.2.2 | Investigation on the conformational
state and correlated motion of the NSP15 system and
NSP15-NPC198199 complex system

PCA was performed on the intercepted 95 ns simulation trajectories
of NSP15 protein system and NSP15-NPC198199 complex system
to investigate the influence of compound NPC198199 on the con-
formational state of NSP15 protein. The eigenvector represents the
overall motion of the Ca atom in the simulation system, and the per-
centage change of the fluctuation of the atomic position captured
in each dimension is represented by the corresponding eigenval-
ues. According to Figure 3, the top 20 PCs of the NSP15 system
and the NSP15-NPC198199 complex system accounted for 89.0%
and 94.5% of the total contribution of the simulated trajectories, re-
spectively. In the NSP15 system, the first two PCs (PC1 and PC2)
contributed 59.2% and 8.5%, respectively, and the other PCs con-
tributed less than 6.1%. In the NSP15-NPC198199 complex system,
the first two PCs contributed 66.6% and 9.3%, respectively, and the
other PCs contributed less than 5.8%. Therefore, the first two ei-
genvectors PC1 and PC2 captured most of the differences in the
original distribution of the conformational space of the simulation
system, indicating that the first two eigenvectors could basically re-
flect the changes in the conformational state. The PCA scatter plots
of these two simulation systems were obtained by projecting along

the directions of the first two PC1 and PC2. The blue dot and red
dot in the figure represented the unstable conformational state and
the stable conformational state, respectively, and the simulation sys-
tem periodically jumped between these two conformational states.
Judging from the distribution of scattered points, there were signifi-
cant differences in the conformational states of the two systems. In
the NSP15 system, the distribution of scattered points was irregular
and messy. However, in the NSP15-NPC198199 complex system,
the scattered points were more organized, and the clustered red and
blue points were evenly distributed parallel on both sides of the di-
agonal, indicating that the system occupied a smaller phase space.
Therefore, the stability of NSP15-NPC198199 complex system was
higher than that of NSP15 system, which stayed in sync with the
analysis result of RMSD and RMSF.

To further explore the influence of the compound NPC198199
on the conformation of NSP15 protein, the application domain
cross-correlation map (DCCM) analyses of all Ca atoms were per-
formed by intercepting the last 95 ns simulation trajectories of
the NSP15 system and the NSP15-NPC198199 complex system.
DCCM displays a correlation diagram of the overall simulation
system, which can be used to identify differences in relative mo-
tion between residues. As shown in Figure 4, the two-dimensional
images of the DCCM of the NSP15 system and the NSP15-
NPC198199 complex system are shown. The positively correlated
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FIGURE 3 The variance contribution of the principal components and PCA scatter plots projected along the direction of the principal
components PC1 and PC2 for NSP15 system (a) and NSP15-NPC198199 complex system (b)

motion is shown in cyan and the range is from O to 1, meaning
that the residues move in the same direction and negatively cor-
related motion is shown in pink and range from -1 to O, meaning
that the residues move in the opposite direction. The darker the
displayed color, the stronger the correlation. It could be seen from
the figure that the correlated motion of the two systems showed
similar motion trend as a whole, but it was obvious that the cor-
related motion of the two systems had changed. Especially in key
areas related to catalytic site (marked as the black boxes), the
two systems showed significant differences in correlated motion.
Compared with the NSP15 system, in the NSP15-NPC198199 sys-
tem, the negatively correlated motions of region (residues Val70-
Thr99) and region (residues Met210-Phe303), region (residues
Leu120-GIn160), region (residues lle212-Gly247), region (residues
Val166-Leu190), and region (residues Met210-His250) were sig-
nificantly reduced. It was generally believed that the reduction of
negatively correlated motion would reduce the flexibility of the
protein. Therefore, the binding of the compound NPC198199 and
NSP15 protein would reduce the negatively correlated motion of
the complex system, which might make the catalytic site in the
NSP15 protein difficult to expose to the substrate, and help stabi-
lize its conformation, thereby achieving the purpose of inhibiting
protein activity.

3.2.3 | The exploration on the differences of
residue interaction between NSP15 system and
NSP15-NPC198199 complex system

In order to explore the differences in the interaction of key resi-
dues inside the protein after NSP15 binding with the compound
NPC198199, RINs were generated by intercepting the NSP15 sys-
tem and NSP15-NPC198199 complex system at the last 95 ns
simulation trajectories. Using NetworkAnalyzer and RINalyzer pl-
ugin of Cytoscape, the network differences between residues near
catalytic site in NSP15 and NSP15-NPC198199 systems are shown
(Figure 5). The three connecting lines of different colors between
residues in the figure reflected the covalent and non-covalent in-
teractions between residues. The red dotted line meant that the
interaction existed only in NSP15-NPC198199 system, the green
dotted line meant that the interaction existed only in NSP15 sys-
tem, and the black solid line meant that the interaction existed in
both systems. It was found that the interactions between residues
in the NSP15-NPC198199 system were significantly increased and
more new interactions were formed compared with the NSP15 sys-
tem. Specifically, in the NSP15-NPC198199 complex system, resi-
due His250 formed an additional H-bond interaction with Pro344
and an additional VDW interaction with residue Val295. Residue
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FIGURE 4 The analyses of domain cross-correlation map (DCCM) for NSP15 system (a) and NSP15-NPC198199 system (b). Moreover,
the black boxes highlighted the key areas where the correlated motions of the two systems were significantly different

1le281 formed additional H-bond interactions with Lys290 and
Leu255, and an additional VDW interaction with residue Phe264.
Residues His235 formed an additional H-bond interaction with
Gly247. Residues Phe233 formed an additional H-bond interaction
with 1le236. Residues Leu255 formed additional VDW interactions
with Phe264 and Leu249. Residue Val276 formed additional VDW
interactions with residues 11e296 and Pro344. Therefore, due to the
binding of NSP15 and NPC198199, the interaction between residues
in the complex system was obviously enhanced, which helped to sta-
bilize the system conformation and inactivate the protein.
Furthermore, to explain the behavior of RIN, the topological
parameters of each amino acid residue were defined, including the
shortest path betweenness and closeness centrality. Residues with
high shortest path betweenness and closeness centrality played
key role in stabilizing the protein conformation (Liu et al., 2019; Xue
et al., 2014). Both the shortest path betweenness and closeness cen-
trality of each residue is between 0 and 1. When the shortest path
betweenness is greater than 0.1, the residue will be regarded as a
prominent residue, which means that this residue has strong inter-
action with other residues in the network. Tables Sland S2 showed
the shortest path betweenness and closeness centrality values of all
residues in the NSP15 system and the NSP15-NPC19899 complex
system. According to the analysis results, it was found that there
were 14 prominent residues in NSP15 system, which were residues
Phelé, Leu73, 11e80, Asn83, lle100, Val102, Phel123, Phel24, lle144,
Tyr194, Glu211, Phe303, 11e306, and Tyr325, respectively. But there
were 29 prominent residues in NSP15-NPC198199 complex system,

which were residues Phelé, Lysé1, Lys71, lle72, Leu73, Asn75,
Leu76, 11e80, Asn83, lle100, Val102, Phel23, Phel24, GIn131,
Phel35, lle144, Tyr179, Thr193, Tyr194, lle236, Leu252, Leu255,
1le296, Phe303, 11e306, Thr322, 11e323, Tyr325, and Thr326, respec-
tively. In addition, it was found that the average closeness centrality
value of NSP15 system was 0.45, while that of NSP15-NPC198199
complex system was 0.50. Obviously, the SNP15-NPC198199 com-
plex system had more significant residues and a higher closeness
centrality value, which meant that the interaction between residues
in the NSP15-NPC198199 complex system was stronger and the
system was more stable.

In conclusion, according to the analysis results of RIN, it was
found that compound NPC198199 would help to stabilize the pro-
tein conformation, which also revealed the underlying reason for the
inactivation of NSP15 protein after binding with NPC198199.

3.2.4 | The calculation of binding free energy

To assess the binding degree and binding affinity of the NSP15
protein and compound NPC198199, the binding free energy was
calculated for the final 95 ns MD simulation trajectories by the
MM-PBSA method. The binding free energy consists of four char-
acteristic items, including VDW energy, electrostatic energy, polar
solvation energy, and non-polar solvation energy. Generally, the
value of the binding free energy is negatively correlated with the
affinity between the ligand and the residues. The smaller the value
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of the binding free energy, the stronger the binding affinity. VDW
energy, electrostatic energy, and non-polar solvation energy are
usually beneficial to the total binding free energy, while the polar
solvation energy is detrimental to the total binding free energy,
meaning that the VDW energy, electrostatic energy, and non-polar
solvation energy help to enhance the stability of the complex. As
shown in Table 2, the binding free energy of NSP15 protein and
compound NPC198199 was -263.640 kJ/mol, indicating that they
had a solid binding affinity. By decomposing the binding free en-
ergy, it was found that the VDW energy was -237.874 kJ/mol, the
electrostatic energy was -91.418 kJ/mol, the non-polar solvation
energy was -25.964 kJ/mol, and the polar solvation energy was
91.616 kJ/mol. In addition, the binding energy decomposition
method was used to calculate the binding energy value of each
residue to further clarify the contribution of each residue in the
protein to the binding energy of the complex system. It was found
that residues His235, GIn245, Gly248, His250, Lys290, Val292,
Ser294, Tpr333, Glu340, Thr341, Tyr343, and Pro344 were key
residues, and their binding energies were less than -10 kcal/mol.

Obviously, these key residues were mainly distributed around the
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catalytic active site. Therefore, the interactions between these
key residues and NPC198199 played an important role in stabiliz-

ing the conformation of the complex.

3.2.5 | The analysis on the H-bond occupancy

The H-bond interaction formed between ligand and protein was the
most important factor affecting protein conformation. In order to
determine whether the H-bond interaction formed between the
compound NPC198199 and the NSP15 protein could remain sta-
ble during the MD simulation process, the occupancy of H-bond
interactions in the NSP15-NPC198199 complex system was cal-
culated. When the H-bond occupancy exceeds 50%, it means that
the H-bond could remain stable. Table 3 shows the calculation re-
sult of the H-bond occupancy in the NSP15-NPC198199 complex
system. According to the calculation result, the H-bond occupancy
of residues Glu340, Ser294, Val292, Lys290, Gly248, GIn245, and
His235 with ligand NPC198199 were 91.7%, 87.9%, 91.8%, 85.9%,
61.8%, 73.4%, and 86.6% respectively, indicating that these formed
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FIGURE 5 Residue interaction network (RIN) map of NSP15 system and NSP15-NPC198199 complex system. The interactions
represented by the edge styles were presented in two systems (black solid line), NSP15 system only (green dotted line) and NSP15-

NPC198199 complex system (red dotted line)

TABLE 2 The binding free energy

between NSP15 protein and compound o . e . Non-p.olar
NPC198199 and th | ¢ Binding free VDW Electrostatic solvation solvation
»andhe energy values o Complex energy (k)/Mol)  (kJ/Mol)  (kJ/Mol) (kJ/Mol)  (kJ/Mol)
each component
Nsp15- -263.640 -237.874 -91.418 91.616 -25.964

NPC198199
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Interaction

Pair ID type Residue Ligand

1 H-bond Thr341(HG1) NPC198199
2 H-bond Glu340(0) NPC198199
3 H-bond Trp333(NE1) NPC198199
4 H-bond Leu332(H) NPC198199
5 H-bond Lys 317(0) NPC198199
6 H-bond Ser316(HG) NPC198199
7 H-bond Ser294(H) NPC198199
8 H-bond Val292(0) NPC198199
9 H-bond Lys290(HZ3) NPC198199
10 H-bond His250(NE2) NPC198199
11 H-bond Gly248(H) NPC198199
12 H-bond Leu246(0) NPC198199
13 H-bond GIn245(0) NPC198199
14 H-bond Asp240(0D1) NPC198199
15 H-bond His235(HE2) NPC198199

H-bonds were stable and further indicating that the docking result

was reliable.

4 | CONCLUSION

SARS-CoV-2 has become the deadliest virus of this century, caus-
ing the COVID-19 pandemic and bringing a heavy burden to the
world. Although a variety of new coronavirus vaccines have been
developed, the protective effect of the vaccine is not 100%, and
a variety of virus variants have been found. Therefore, there is
an urgent need to develop specific drugs to provide multiple
protections for human health. It had been confirmed that inhibi-
tion of endoribonuclease NSP15 protein could slow down virus
replication; therefore, NSP15 could be used as a potential drug
target for anti-COVID-19. In this study, we used the NSP15 pro-
tein as the target and applied computer-aided drug design to per-
form high-throughput virtual screening and docking studies on
35,032 compounds from the NPASS data. According to the dock-
ing score, 10 potential compounds that could inhibit SARS-CoV-2
were identified, and the compound NPC198199 had the highest
docking score. Through the investigation on the binding mode of
the compound NPC198199 and NSP15 protein, it was found that
NPC198199 could be well docked into the NSP15 protein and form
the stable H-bond interactions with multiple key residues His235,
GIn245, Gly248, Lys290, Val292, Ser294, and Glu340 at the cata-
lytic site. Subsequently, in order to explore the internal changes
of NSP15 protein after binding with the compound NPC198199,
100 ns MD simulations were conducted on the NSP15 system and
NSP15-NPC198199 complex system, respectively, and the post-
dynamic analyses were conducted. The analysis results of RMSD
and RMSF found that the simulated trajectories of the two sys-
tems reached equilibrium after 5 ns, and the NSP15-NPC198199

TABLE 3 The occupancy of H-bond
interactions in the NSP15-NPC198199
complex system during the MD simulation

Occupancy
(%)
19.9
91.7
16.6
17.9
13.5
3.4
87.9
91.8
85.9
3.3
61.8
2.4
73.4
6.2
86.6

complex system had higher stability. The analysis results of PCA
and DCCM found that compared with the NSP15 system, the
NSP15-NPC198199 complex system occupies a smaller phase
space, and the negatively correlated motions between the resi-
dues were obviously reduced. The analysis results of RIN found
that compared with the NSP15 system, the interactions between
the residues in the NSP15-NPC198199 complex system were sig-
nificantly increased, which also revealed the underlying reason for
the enhanced stability of the complex system. The analysis results
of binding free energy showed that the binding free energy of
NSP15 and compound NPC198199 was -263.640 kJ/mol, indi-
cating a solid binding affinity. The analysis results of the H-bond
occupancy found that the occupancy of all H-bond interactions
formed between the NSP15 and compound NPC198199 exceeded
50%, meaning that the H-bond interactions formed were very
stable. In conclusion, through a series of analyses, it was proved
that NPC198199 and other screened compounds were identified
as potential NSP15 inhibitors. The research also provides valuable

clues for subsequent drug development against SARS-CoV-2.
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