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ARTICLE INFO ABSTRACT

Handling Editor: Frederic Coulon Corona virus disease 2019 has spread worldwide, and appropriate drug design and screening activities are

required to overcome the associated pandemic. Using computational simulation, blockade mechanism of SARS-

Keywords: CoV-2 spike receptor binding domain (S RBD) and human angiotensin converting enzyme 2 (hACE2) was clar-
}S;:RS-C()V-Z Spike RBD ified based on interactions between RBD and hesperidin. Interactions between anti-SARS-CoV-2 drugs and
CE2

therapy were investigated based on the binding energy and druggability of the compounds, and they exhibited
negative correlations; the compounds were classified into eight common types of structures with highest activity.
An anti-SARS-CoV-2 drug screening strategy based on blocking S RBD/hACE2 binding was established according
to the first key change (interactions between hesperidin and S RBD/hACE2) vs the second key change (in-
teractions between anti-SARS-CoV-2 drugs and RBD/hACE2) trends. Our findings provide valuable information
on the mechanism of RBD/hACE2 binding and on the associated screening strategies for anti-SARS-CoV-2 drugs

Blockade mechanism
Structure-activity relationship
Anti-SARS-CoV-2 drugs screening strategy

based on blocking mechanisms of pockets.

1. Introduction

Corona virus disease 2019 (COVID-19) is a highly infectious respi-
ratory disease caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2); it is transmitted through air and body fluids and se-
cretions, with most patients experiencing fever, cough, and dyspnea
(Guan et al., 2020; Huang et al., 2020; Phan et al., 2020; Zhu et al.,
2020). The COVID-19 pandemic has become a serious threat to human
physical and global security (Park et al., 2020; Yuan et al., 2020; Zaki
et al., 2012). Since the number of COVID-19-infected individuals
worldwide is increasing, it is necessary to investigate the infection
mechanism of SARS-CoV-2 in host cells and provide specific drugs for
COVID-19 pandemic treatment.

It has been confirmed that SARS-CoV-2 mainly infects human cells by
recognizing human angiotensin converting enzyme 2 (hACE2) (Lan
et al., 2020; Li et al., 2003, 2005; Zhou et al., 2020). According to its
infection mechanism in human cells, SARS-CoV-2 spike is divided into

S1 and S2 subtypes: S1 subtype binds to hACE2, whereas S2 subtype
participates in cell membrane fusion. Full-length hACE2 contains N-
terminal PD domain and C-terminal CLD domain, in which PD domain
interacts with S1 (Hoffmann et al., 2020; Jin et al., 2020; Li et al., 2003;
Prabakaran et al., 2003). The cryo-EM structure of SARS-CoV-2 S RBD-
hACE2/hB°AT1 complex showed that in the interaction between two S
RBD domains and a heterodimer of hACE2/hB°AT1, S RBD only binds to
closed type of hACE2 PD domain in a 1:1 mode (Lv et al., 2020; Song
et al., 2018; Yan et al., 2020; Zheng et al., 2006). The loop structure of
S1 RBD domain as hACE2 binding area binds to hACE2 PD domain,
whereas CLD of hACE2 participates in binding of hB’AT1. Therefore,
blockade of binding of SARS-CoV-2 spike receptor binding domain (S
RBD) to hACE2 PD, which blocks binding of S RBD to hACE2, can block
combination of SARS-CoV-2 and hACE2 (Bao et al., 2020; Burgueno
et al., 2020; Fan et al., 2020; Li et al., 2006). Since the mechanism un-
derlying the interaction and blockade of S RBD/hACE2 have been
clarified via the interaction type of S RBD/hACE2 and combination of
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hesperidin (HES) with Spike (Wu et al., 2020), respectively. By blocking
the interaction of S RBD/hACE2 to host cells protected from SARS-CoV-2
infection significantly helped mitigate COVID-19. Thereafter, blockers
of the interaction between S RBD and hACE2 need to be studied in detail
(Haggag et al., 2020; Wang et al., 2020).

Currently, a growing number of drugs are designed based on
computational virtual screening and molecular simulation because of
low cost, efficiency, and accuracy of these methods (Buonanno et al.,
2020; Goyal et al., 2020; Jagtap et al., 2020; Li et al., 2020). Compu-
tational simulation technology has largely facilitated drug design and set
up quantitative structure-function relationship studies in virtual phar-
macological screening and has been widely used (Akhtar et al., 2020;
Basu et al., 2020). Computational virtual screening and molecular sim-
ulations are based on computational chemistry approaches to obtain
lead compounds that are designed and optimized in silico to interact
with target receptors (Nguyen et al., 2011; Oliveira et al., 2020). Mo-
lecular docking is based on stoichiometric simulation to identify and
predict the structure of receptor and ligand and subsequently clarify the
mechanism underlying the receptor-ligand interaction (Vivek-Ananth
et al., 2020). However, published studies have only shown screening
data of SARS-CoV-2, and binding mechanism of compounds to hACE2
binding area and screening strategy for anti-SARS-CoV-2 drugs via
hACE2 binding area remain unclear. Therefore, we propose a novel
pathway to illustrate structure-activity relationship between anti-SARS-
CoV-2 drugs and COVID-19 treatment and established a screening
strategy for anti-SARS-CoV-2 drugs using S RBD/hACE2 pockets.

In this study, blockade mechanism of S RBD/hACE2 based on most
active compounds was proposed using binding energy in order of Z601-
7647/P3 > 2159-4156/P3 > 4491-0722/P3 > HES (as control drug)
/RBD > 2595-0160/P2 > P496-0785/P1 > C200-9609/P2 > Y041-
7672/P2 > 8020-8119/P1. The binding residues included LEU455,
PHE456, TYR489, GLN493 (for P1) or LEU441, ASP442, 1LYS444,
ASN450, TYR451 (for P2) or PHE456, ARG457, LYS458, ASP467,
GLUA471 (for P3), and virtual screening pockets (P1, P2, and P3), while
interaction types included hydrogen-bonds, n-n interaction, hydropho-
bic interaction, and Van der Waals’ (VDW) forces. The key functio-
nal groups included —NH,, —OH, phenyl group, nitrogen-containing
conjugate ring, —O—, —CO—, —CONH—, and —COO—. There were
negative correlations between most active compounds and anti-SARS-
CoV-2 therapy, based on binding energy and druggability of com-
pounds for anti-SARS-CoV-2, and compounds were classified into eight
types of common structures with the highest activity. The screening
strategy of anti-SARS-CoV-2 drugs via blocking of binding between S
RBD/hACE2 was established based on the first key change (interactions
between HES and S RBD/hACE2) vs the second key change (interactions
between anti-SARS-CoV-2 drugs and S RBD/hACE2) trends.

2. Methods
2.1. File processing for virtual receptor screening

The original model of the SARS-CoV-2 S RBD/PD ACE2/hB°AT1
complex (PDB ID 6M17) was successfully downloaded from Protein Data
Bank (www.rcsb.org). The computational virtual screening of receptors
was performed using Molecular Operating Environment software (MOE
19.01); the RBD model was developed based on the ACE2 binding area
of the original structure of the SARS-CoV-2 S RBD/PD ACE2/hB°AT1
complex by the Sequence Editor function in MOE, and models for three
pockets (P1, P2, and P3) were prepared using the Site Finder function in
MOE. Before screening, P1, P2, P3, and RBD were protonated by adding
hydrogen atoms and minimized for energy optimization. Subsequently,
the P1, P2, and P3 receptor files were acquired using the apopd-
b2receptor tool in OpenEye (Release 3.2.0.2), and then the P1, P2, P3,
and RBD receptor files were saved as .pdb files.

Environment International 147 (2021) 106361
2.2. Prepared compounds database

The compound database was obtained from a Chemdiv subset
(Version 2019), which contains 1,535,478 small molecules with skel-
eton diversity. To ensure the global conformation of compounds with
computational virtual screening processing, on average, each compound
generated approximately 50 conformations using the Omega2 tool in
OpenEye software. Finally, 1,535,478 small molecules of Chemdiv were
converted into 50,679,311 conformations.

2.3. Screening compounds by binding energy

For pocket-based computational virtual screening, ligands were
continuously resiliently made to docked with the P1, P2, and P3 re-
ceptors, which were represented in binding energy by FRED software on
the system workstation of Ubuntu kylin 15.10 (CPU: 40; Memory: 64;
SSD: 512G) to identify drug candidates. Compounds of each conforma-
tion were scored according to the FRED, and component scores were as
true, hitlist size was set at 30,000, the docked molecule file was set as .
sdf type, and other parameters set at default values. Through visual
inspection, compounds outside the active site, as well as those that fit
weakly to the active site, were eliminated.

2.4. Screening compounds based on druggability

Ligands were docked with P1, P2, and P3 receptors, which were
represented in druggability by Stardrop (version 6.5.0). Approved
screening principle for oral non-central nervous system drugs for iden-
tifying possible druggability scores, and the druggability index included
logS, logP, molecular weight (MW), number of rotatable bonds,
hydrogen bond, topological polar surface area of molecule, the binding
affinity to 2C9, the binding affinity to 2D6, the binding affinity to hERG,
human intestine absorption, blood brain barrier category, P-glycopro-
tein, plasma protein binding (>90%).

There are 175 compounds binding to P1 and the druggability score
ranged from 0.15 to 0.85. The 175 compounds were cluster analysis by
common substructure. Based on the similarity of 175 compounds the
MCS cluster set as 0.6, 0.7, 0.8, 0.9, then 175 compounds generated four
groups and the number of each group as 29, 33, 33, 21, respectively. The
compounds presented as multiple skeleton classifications and lots
number of compounds in each group, when MCS cluster set as 0.7.
Finally, 175 compounds binding to P1 confirmed 0.7 as the MCS cluster.

There are 610 compounds binding to P2 and the druggability score
ranged from 0.04 to 0.87. The 610 compounds were cluster analysis by
common substructure. Based on the similarity of 610 compounds the
MCS cluster set as 0.3, 0.4, 0.5, 0.6, then 610 compounds generated four
groups and the number of each group as 59, 64, 86, 96, respectively. The
compounds presented as multiple skeleton classifications and lots
number of compounds in each group, when MCS cluster set as 0.5.
Finally, 610 compounds binding to P2 confirmed 0.5 as the MCS cluster.

There are 423 compounds binding to P3 and the druggability score
ranged from 0.01 to 0.82. The 423 compounds were cluster analysis by
common substructure. Based on the similarity of 423 compounds the
MCS cluster set as 0.5, 0.6, 0.7, 0.8, then 423 compounds generated four
groups and the number of each group as 53, 59, 57, 64, respectively. The
compounds presented as multiple skeleton classifications and lots
number of compounds in each group, when MCS cluster set as 0.6.
Finally, 423 compounds binding to P3 confirmed 0.6 as the MCS cluster.

2.5. Compounds data processing
Firstly, the initial data processing of binding energy and druggability

scores of compounds binding to P1, P2, P3 were evaluated using curve
graphs, which facilitated the preliminary correlation analysis of binding
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energy and druggability. Afterward, the initial binding energy data and
druggability scores of compounds binding to P1, P2, and P3 were
normalized could be expressed as follows: y = (X — Xmin)/(Xmax — Xmin)>
where X, Xmin, and Xmax Were any arbitrary value, the minimum value,
and the maximum value of the initial data of binding energy or drugg-
ability score, respectively. The normalized data processing of binding
energy and druggability of compounds binding to P1, P2, P3 were
estimated using curve graphs, which facilitated the performing of a
correlation analysis between binding energy and druggability. Similarly,
the normalized druggability data were named n; and the normalized
binding energy data were named 12, which were used to estimate level
of druggability and binding energy, respectively. Afterward, the com-
plex level of druggability and binding energy were expressed as the
compositive relationship of n; and n. The sums of 111 + n2 were used to
estimate the ultimate level of druggability and binding energy. What'’s
more, the high level of 117 or n2 ranged from 0.7 to 1, the middle level of
N1 or nz ranged from 0.4 to 0.7, and the low level of n; or n; ranged from
0 to 0.4. The high level of n; + n2 was ranged from 1.2 to 2, the middle
level of n; + n2 ranged from 0.8 to 1.2, and the low level of n; + n2
ranged from O to 0.8. Therefore, the initial processing of binding energy
and druggability score data of compounds binding to P1, P2, and P3
were evaluated using a collective diagram, which yielded the pre-
liminary correlation analysis and the ultimate druggability level and
binding energy. Finally, the sum of the normalized binding energy and
druggability data for compounds binding to P1, P2, P3 were assessed
using a curve graph, combined with the preliminary correlation anal-
ysis, and the correlation analysis of binding energy and druggability,
which revealed the compounds with the highest activity binding to
receptors.

A
SARS-CoV-2 S RBD

hACE2

hBCAT1

\ J
\\Pocket’l /

Sem——

Environment International 147 (2021) 106361
2.6. Molecular docking simulation

The P1, P2, P3, and RBD receptor files were obtained from 2.1. The
ligand model for HES was obtained from Chemical Book Web site
(http://www.chemicalbook.cn/), and the ligand models for the com-
pounds with the highest activity were prepared using the Molecule
Builder function in MOE. Before molecular simulation calculations, re-
ceptor P1, P2, P3, and RBD were protonated by adding hydrogen atoms,
and small molecule ligands were minimized for energy optimization.
Subsequently, the interactions between P1, P2, P3, RBD receptor, and
HES or the most active compounds were simulated, and key parameters
such as total combination areas, hydrogen-bonds, and VDW for the main
interaction sites were obtained.

3. Results
3.1. Pocket structures

The binding of hACE2 binding area loop domain and hACE2 PD was
key mechanism of interaction with S RBD/hACE2, and the KD value of S
and hACE2 was 15 nM, indicating that it was difficult for small mole-
cules to achieve direct contact with hACE2 binding area (Wrapp et al.,
2020; Zhou et al., 2020). Therefore, small molecules could block binding
of S and hACE2 by occupying hACE2 binding area loop residues.
Accordingly, we selected P1, P2, and P3 as virtual screening regions and
interaction domains for small molecules and confirmed RBD as inter-
action region for HES. All regions above were located near hACE2
binding area loop structure (Fig. 1a). The positions and residues of P1,
P2, and P3 receptors in hACE2 binding area are presented, with P1

Serd59

\ I
. Pocket 3:/

~

~————

Fig. 1. Structure of the SARS-CoV-2 S RBD-hACE2/hB°AT1 complex and the P1, P2, and P3 receptors. (a) Cryo-EM structure of the SARS-CoV-2 S RBD-hACE2/
hB°AT1 complex. (b) Positions of P1, P2, and P3 on the hACE2 binding area. (c) Residues details of P1. (d) Residue details of P2 and P3.
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located within hACE2 binding area, and P2 and P3 located near hACE2
binding area (Fig. 1b). The P1 receptor was determined from loop
structure of hACE2 binding area, and its residues included LYS417,
TYR449, TYR453, GLN474, PHE486, ASN487, TYR489, GLN493,
TYR495, GLN498, THR500, ASN501, and TYR505 (Fig. 1c). The space
structure of P2 receptor was shallow and long; it could accommodate
approximately 32 residues, had a druggability score of 1.96, and
included 15 highly hydrophobic residues, and space structure of P3 re-
ceptor was deep; it could accommodate approximately 25 residues, had
a druggability score of 0.76, and included 12 highly hydrophobic resi-
dues (Fig. S1). The residues of P2 and P3 receptors included THR345,
ARG346, PHE347, ALA348, SER349, TYR351, ALA352, LEU441,
ASP442, 1.YS444, ASN448, ASN450, TYR451, LEU452, ARG509 and
ARG454, and PHE456, ARG457, LYS458, SER459, ASP467, SER469,
THR470, GLU471, ILE472, TYR473, and PRO491, respectively (Fig. 1d).
The space structure of RBD could accommodate approximately 59 res-
idues, including 12 highly hydrophobic residues; its residues included
ARG454, PHE456, ARG457, LYS458, ASP467, SER469, THR470,
GLUA471, ILE472, TYR473, and PRO491 (Fig. S3a).

3.2. Binding energies of compounds

A large number of compounds were acquired via computational
virtual screening (Fig. 2), and top 30,000 compounds binding to P1, P2,
and P3 were obtained according to primary binding energy, respec-
tively. The relationship between binding energy and logS of top 30,000
compounds binding to P1, P2, and P3 indicated that binding energy was
more than —12 kcal/mol and less than —4 kcal/mol. The binding energy
of compounds binding to P1 and P2 was mostly between —7 kcal/mol
and —4 kcal/mol; compounds with binding energy greater than —7 kcal/
mol were considered compounds with high activity and labeled on a
blue and pink background. There were 175 higher active compounds
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binding to P1 as well as 610 higher active compounds binding to P2
(Fig. S2a, Fig. S2e). The binding energy of compounds binding to P3 was
mostly between —8.5 kcal/mol and —6 kcal/mol; compounds with
binding energy greater than —8.5 kcal/mol were considered to have
high activity and labeled on a blue and pink background. There were
423 higher active compounds binding to P3 (Fig. S2i).

3.3. Druggability of the compounds

The 175 compounds with high activity binding to P1 were subjected
to diversity analysis in different MCS clusters (Fig. S2b). In total, 33
compounds were selected from 175 compounds with high activity
binding to P1 according to binding energy and druggability in MCS
cluster of 0.7 (Fig. S2¢). The 175 compounds were divided into 33
groups in MCS cluster of 0.7, and 18 groups with higher skeletal di-
versity were selected from 33 groups. Based on binding energy, drugg-
ability, and logS, 33 compounds with more than 18 common skeletons
were acquired from 18 groups; here, compounds from group 12 and
group 15 with lower druggability scores but higher binding energies
were reserved. The binding energy and druggability of 33 compounds
binding to P1 were well correlated (Fig. S2d). The 33 compounds
binding to P1 with 400 Da conformed to Lipinski’s rule of five. However,
8011-6589 of 33 compounds were confirmed to have low total drugg-
ability, and Y042-6589 could be metabolized by CYP 2D6 enzyme.

The 610 compounds with high activity binding to P2 were subjected
to diversity analysis in different MCS clusters (Fig. S2f). In total, 85
compounds were selected from 610 compounds with high activity
binding to P2 according to binding energy and druggability in MCS
cluster of 0.5 (Fig. S2g). The 610 compounds with high activity were
divided into 86 groups in MCS cluster of 0.5, and 41 groups with higher
skeletal diversity were selected from 86 groups. Based on binding en-
ergy, druggability, and logS, 85 compounds with more than 41 common

Confirmed screening pockets

Prepared compounds database

Pocket 1

30,000

Primary evaluation of

binding energy by
[-12, -4] kcal/mol

Notes:

Further analysis of
binding energy

evaluation of drug
property

33d

.

[Pocket 2| | Pocket 3|
AV AV

[ 30,000 | | 30,000 |
V4 AV

| e10® | | 423 |
AV Vs
gse | | 65

a, further analysis of binding energy for compounds binding to P1 by the value range as [-7, -4] kcal/mol;

b, further analysis of binding energy for compounds binding to P2 by the value range as [-7, -4] kcal/mol;

¢, further analysis of binding energy for compounds binding to P3 by the value range as [-8.5, -6] kcal/mol;

d, evaluation of drug property for compounds binding to P1 by the value range as [0.15, 0.85];

e, evaluation of drug property for compounds binding to P2 by the value range as [0.04, 0.87];

f, evaluation of drug property for compounds binding to P3 by the value range as [0.01, 0.82].

Fig. 2. Computational virtual screening of the P1, P2, and P3 pockets.
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skeletons were acquired from 41 groups; here, compounds of group
0 (8017-3526), group 4 (D585-0103), and group 21 (8012-4236) with
lower druggability scores but higher binding energies were reserved.
The binding energy and druggability of 85 compounds binding to P2
were well correlated (Fig. S2h). The 85 compounds binding to P2 with
400 Da conformed to Lipinski’s rule of five. However, G786-2290, D306-
0541, D691-0064, 8006-6737, D058-0264, Y042-6425, T040-0452, and
8019-9741 could be metabolized by P450 enzyme, and Y020-5878, with
a predicted ICsg value lower than 10 pM, was assumed to pose a potent
risk to heart safety. Moreover, 0353-0054, 1530-0255, and Y021-0068
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could pose a risk of crossing blood-brain barrier.

The 423 compounds with high activity binding to P3 were processed
by diversity analysis in different MCS clusters (Fig. S2j). In total, 65
compounds were selected from 423 compounds with high activity
binding to P3 according to binding energy and druggability in MCS
cluster of 0.6 (Fig. S2k). The 423 compounds with high activity were
divided into 59 groups in MCS cluster of 0.6, and 30 groups with higher
skeletal diversity were selected from 59 groups. Based on binding en-
ergy, druggability, and logS, 65 compounds with more than 30 common
skeletons were acquired from 30 groups; here, compounds of group 41
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Fig. 3. Compounds data processing.
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(7462-0039) with lower druggability scores but higher binding energies
were reserved. The binding energy and druggability of 65 compounds
binding to P3 were well correlated (Fig. S21). The 65 compounds binding
to P3 with 400 Da conformed to Lipinski’s rule of five. However, 7462-
0039, D278-0612, Y042-7003, and 8006-9126 of 65 compounds could
be metabolized by P450; moreover, 7462-0039 and G582-3109, with
predicted ICsg values lower than 10 pM, were assumed to pose a potent
risk to heart safety, and E822-0518, G582-2789, C514-1484, and G582-
3109 could pose a risk of crossing blood-brain barrier.

3.4. Most active compounds

Based on curve graph, collective diagram, and ultimate level in
initial data and normalized data of binding energy and druggability of
compounds binding to P1, P2, and P3, preliminary negative correlation
analysis of binding energy and druggability was conducted (Fig. S4,
Fig. S5, Fig. 3a, c, e, Table S1). Furthermore, based on curve graph of the
sum of normalized data for binding energy and druggability, compounds
with highest activity were obtained as follows. From 33 compounds
binding to P1, 8 compounds with highest activity were obtained: P1-1,
P1-2, P1-3, P1-11, P1-12, P1-17, P1-19, and P1-25. From 85 com-
pounds binding to P2, 17 compounds with highest activity were iden-
tified: P2-1, P2-3, P2-6, P2-9, P2-11, P2-17, P2-20, P2-21, P2-26, P2-34,
P2-37, P2-39, P2-43, P2-45, P2-46, P2-48, and P2-57. From 65 com-
pounds binding to P3, 17 compounds with highest activity were ac-
quired: P3-1, P3-2, P3-3, P3-5, P3-6, P3-7, P3-8, P3-11, P3-16, P3-17,
P3-19, P3-23, P3-24, P3-25, P3-28, P3-36, and P3-44 (Fig. 3b, d, f,
Table S1, Table S2).

3.5. Molecular mechanisms underlying the receptor binding of the
compounds with the highest activity

To better elucidate molecular mechanism underlying binding of eight
compounds with highest activity to P1, these eight compounds were
divided into two groups by structural similarity: first group consisted of
P1-2, P1-11, P1-12, P1-17, and P1-19, and second group consisted of P1-
1, P1-3, and P1-25. Next, P1-17 (P496-0785) and P1-1 (8020-8119) were
selected for molecular docking simulation with P1. Between P496-0785
and 8020-8119 with P1, there was a reversible binding step through
hydrogen bonding as well as hydrophobic interactions involving LEU455,
PHE456, TYR489, and GLN493 residues. Accordingly, hydrogen bonds,
n-n interactions, hydrophobic interactions, and VDW in main interaction
sites were selected as key parameters to evaluate blockade mechanism of
compounds with highest activity binding to P1. Molecular simulation
provided information on the hydrogen bonds, n-n interactions, hydro-
phobic interactions, VDW of P496-0785 and 8020-8119 binding to P1.
Compared with those of HES and RBD, the hydrogen bonds of P496-0785
and 8020-8119 with P1 were obviously decreased, and hydrophobic in-
teractions of P496-0785 and 8020-8119 were obviously increased
(Fig. 4a, b, Fig. S3d). The —CONH- and —NH;, groups of P496-0785 and
8020-8119 interacted with LEU455, PHE456, and GLN493 through
hydrogen bonds and phenyl group, whereas oxygen-containing groups
interacted with TYR489 via hydrophobic interactions, including those
among pharmacophore features, such as hydrogen bond acceptors (Acc),
hydrogen bond donors (Don) & Acc, and aromatic centers (Aro) (Fig. 4i, j,
Fig. S6a, Fig. S6b, Fig. S7a, Fig. S7b, Table S3). Therefore, —NHj,
—CONH-, nitrogen-containing conjugate ring, and phenyl group were
identified as key pharmacophores in interactions between compounds
with highest activity and P1. The binding energy of P496-0785 and 8020-
8119 to P1 was —9.02 kcal/mol and —8.30 kcal/mol, respectively, with
an average of —8.66 kcal/mol (Table S3). The binding energies of P496-
0785 and 8020-8119 to P1 were lower than those of HES and RBD, but the
difference was not significant.

Similarly, to better understand molecular mechanism underlying
binding of 17 compounds with highest activity to P2, these compounds
were divided into three groups by structural similarity: first group
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consisted of P2-6, P2-43, P2-48, and P2-3; second group included P2-9,
P2-34, P2-37, P2-39, P2-45, P2-46, and P2-1; and third group comprised
P2-11, P2-17, P2-20, P2-21, P2-26, and P2-57. Next, P2-48 (2595-0160),
P2-45 (C200-9609), and P2-26 (Y041-7672) were selected for molecular
docking simulation with P2. Between 2595-0160, C200-9609, and
Y041-7672 with P2, there was a reversible binding step through
hydrogen bonding as well as hydrophobic interactions involving
LEU441, ASP442, 1.YS444, ASN450, and TYR451 residues. Accordingly,
hydrogen bonds, n-n interactions, hydrophobic interactions, and VDW in
main interaction sites were selected as key parameters to evaluate
blockade mechanism of compounds with highest activity binding to P2.
The molecular simulation provided information on hydrogen bonds, n-n
interactions, hydrophobic interactions, and VDW of 2595-0160, C200-
9609, and Y041-7672 binding to P2. Compared with those of HES and
RBD, hydrogen bonds of 2595-0160, C200-9609, and Y041-7672 with
P2 were obviously decreased, and hydrophobic interactions of 2595-
0160, C200-9609, and Y041-7672 were obviously increased (Fig. 4c,
d, e, Fig. S3d). The —O—, —CO—, —OH, =N—, —CONH—, and —NH—
groups of 2595-0160, C200-9609, and Y041-7672 interacted with
LEU441, ASP442, ASN450, and TYR451 through hydrogen bonds;
phenyl group and the nitrogen-containing conjugate ring of C200-9609
and Y041-7672 interacted with LYS444 through hydrophobic in-
teractions, and the —CO— group of 2595-0160 interacted with LYS444
through hydrogen bonds, including those among pharmacophore
groups, such as Acc, Don & Acc, Don, Aro, and Hyd|Aro (Fig. 4k, 1, m,
Fig. Séc, Fig. S6d, Fig. S6e, Fig. S7c, Fig. S7d, Fig. S7e, Table S3).
Therefore, —O—, —CO—, —OH, =N—, —CONH—, —NH—, phenyl
group, and nitrogen-containing conjugate ring were identified as key
pharmacophores in interactions between compounds with highest ac-
tivity and P2. The binding energy of 2595-0160, C200-9609, and Y041-
7672 to P2 was —9.27 kcal/mol, —8.96 kcal/mol, and —8.68 kcal/mol,
respectively, with an average of —8.97 kcal/mol (Table S3). The binding
energies of 2595-0160, C200-9609, and Y041-7672 to P2 were lower
than those of HES and RBD, but the difference was not significant.
Equally, to better understand molecular mechanism underlying
binding of 17 compounds with highest activity to P3, these compounds
were divided into 3 groups by structural similarity: first group consisted
of P3-1, P3-2, P3-5, P3-7, P3-24, P3-25, P3-28, and P3-44; second group
included P3-3, P3-6, P3-8, P3-11, P3-16, P3-17, P3-19, and P3-23; and
third group comprised P3-36. Next, P3-44 (Z601-7647), P3-16 (4491-
0722), and P3-36 (2159-4156) were selected for molecular docking
simulation with P3. Between Z601-7647, 4491-0722, and 2159-4156
with P3, there was a reversible binding step through hydrogen
bonding as well as hydrophobic interactions involving PHE456,
ARG457, LYS458, ASP467, and GLU471 residues. Accordingly,
hydrogen bonds, n-n interactions, hydrophobic interactions, and VDW in
main interaction sites were selected as key parameters for evaluating
blockade mechanism of compounds with highest activity binding to P3.
Molecular simulation provided information on hydrogen bonds, n-n in-
teractions, hydrophobic interactions, and VDW of Z601-7647, 4491-
0722, and 2159-4156 binding to P3. Compared with those of HES and
RBD, hydrogen bonds of Z601-7647, 4491-0722, and 2159-4156 with
P3 were obviously decreased, and hydrophobic interactions of Z601-
7647, 4491-0722, and 2159-4156 were obviously increased (Fig. 4f, g,
h, Fig. S3d). The —NH—, —CONH—, —CO—, and =N— of Z601-7647,
4491-0722, and 2159-4156 interacted with PHE456, LYS458, ASP467,
and GLU471 through hydrogen bonds; moreover, phenyl group and
nitrogen-containing conjugate ring interacted with PHE456, ARG457,
and LYS458 via hydrophobic interactions, including those among
pharmacophore groups, such as Acc, Don, and Aro (Fig. 4n, o, p, Fig. S6f,
Fig. S6g, Fig. S6h, Fig. S7f, Fig. S7g, Fig. S7h, Table S3). Therefore,
—NH—, —CONH—, —CO—, =N—, phenyl group and nitrogen-
containing conjugate ring were identified as key pharmacophores in
interactions between compounds with highest activity and P3. The
binding energy of Z601-7647, 4491-0722, and 2159-4156 to P3 was
—11.20 kecal/mol, —10.32 kcal/mol, and —10.61 kcal/mol, respectively,
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Fig. 4. The hydrogen bond and hydrophobic interaction map of the compounds with the highest activity and the interaction between the compounds with the
highest activity with P1, P2, or P3. (a ~ h) The VDW map of the compounds with the highest activity; the red area represents a hydrogen bond, the green area
represents a hydrophobic interaction. (i ~ j) Interaction between the compounds with the highest activity and P1. (k ~ m) Interaction between the compounds with
the highest activity and P2. (n ~ p) Interaction between the compounds with the highest activity and P3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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with an average of —10.71 kcal/mol (Table S3). Compared with those of
HES and RBD, binding energies of Z601-7647, 4491-0722, and 2159-
4156 to P3 were obviously increased.

Between HES and RBD, there was a reversible binding step through
hydrogen bonding involving PHE456, ARG457, LYS458, ASP467, and
GLU471 residues. Accordingly, hydrogen bonds and VDW in main
interaction sites were selected as key parameters to evaluate blockade
mechanism of HES binding to RBD. Molecular simulation provided in-
formation on hydrogen bonds and VDW of HES binding to RBD.
Compared with those of compounds with highest activity for P1, P2, or
P3 receptors, hydrogen bonds of HES with RBD were obviously
increased (Fig. S3b, Fig. S3d). The —O—, —OH, and —CO— of HES
interacted with PHE456, ARG457, LYS458, ASP467, and GLU471
through hydrogen bonds (Fig. S3e, Fig. S3f, Fig. S3g, Fig. S3h, Table S3).
Therefore, —O—, —OH, and —CO— were identified as key pharmaco-
phores in interactions between HES and RBD, and phenyl group and
oxygen-containing group were considered significant for combination of
HES and RBD by basic structure of HES. The binding energy of HES and
RBD was —9.36 kcal/mol (Table S3), showing greater interaction. The
order of binding energy of HES with RBD and compounds with highest
activity with P1, P2, or P3 was as follows: compounds with highest ac-
tivity with P3 (—10.71 kcal/mol) > HES with RBD (—9.36 kcal/mol) >
compounds with highest activity with P2 (—8.97 kcal/mol) > com-
pounds with highest activity with P1 (—8.66 kcal/mol). The sequence
for total score of hydrogen-bonds with highest active compounds and
Spike is as follow: 2595-0160 (397.3%) > HES (210.2%) > Y041-7672
(163.1%) > C200-9609 (150.6%) > 2159-4156 (137.0%) > 8020-8119
(136.6%) > P496-0785 (90.4%) > 4491-0722 (77.6%) > Z601-7647
(54.2%) (Fig. S8, Table S3). The active group —CO— of 2595-0160,
having a higher total score than HES, interacted with LYS444 (basic
amino acid), the —O— group interacted with ASP442 (acidic amino
acid), the —CO— and —O— groups interacted with LEU441, ASN450,
TYR451 (neutral amino acid). The active groups —O—, —OH, and
—CO— in HES interacted with ARG457, LYS458 (basic amino acid), the
—OH group interacted with GLU471 (acidic amino acid), the —OH
group interacted with PHE456 (neutral amino acid). Similarly, key
active groups of other highest active compounds interacting with Spike
protein included —O—, —CO—, —OH, phenyl group, and nitrogen-
containing conjugate ring.

3.6. Common structures of compounds with the highest activity

Based on blockade mechanism and key pharmacophores, we obtained
common structures of most active compounds binding to P1, P2, and P3
(Table 1, Table S4). Accordingly, benzene and nitrogen-containing con-
jugate rings were key groups constituting common structures of most
active compounds. The common structures with compounds with highest
activity binding to P1 were two types, including P1a and P1b, and could
displace each other. Furthermore, substituent group R1 of P1a were —Cl
or —CH3, R2 was —CHj3 and R3 was —CHs. Conversely, substituent
group R1 of P1b was nitrogen-containing conjugate ring (Table S4), and
R2 were —CHCH3;NH;,, —CH>COOH, or —CHs. The common structures
of compounds with highest activity binding to P2 were three types,
including P2a, P2b, and P2c, and could substitute each other. Further-
more, substituent R1 groups of P2a were —H, —NH,, phenyl group,
methylbenzene, fluorobenzene, anisole, R2 were —OH, —SH, or
—SCH,CONH,, R3 were —H, —OH, —NH,, or —CN or specific structure
in Table S4, and R4 were —COOCH3, —NHCH3, or —SCHgs. The substit-
uent R1 groups of P2b were —H, —CH,OH, or specific structure in
Table S4, and R2 groups were —SCH;CONHCH,CH;CHsg,
—SCH;CONHCH>CH,;CH>CH3, —SCH;CONHCH,CH,CH(CH3s),, —H, or
specific structure in Table S4. In addition, substituent R3 groups were
—OH or —NHy, R1 substituent groups of P2c were —NH,, —NHCHS3, or
=0, R2 substituent groups were —CH>Cl, —Cl, or =0, and R3 and R4
were specific structure presented in Table S4.

The common structures of compounds with highest activity binding
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to P3 were three types, including P3a, P3b, and P3c, and P3c could be
displaced by two other types. Furthermore, substituent group R1 of P3a
was —O, substituent R2 was —O, and substituent R3 was specific
structure displayed in Table S4, substituent group R1 of P3b was —H or
—CHjs, and R2 was specific structure in Table S4. The substituent group
R1 groups of P3c were —OCH3 or —H, and R2 groups were —H, —Cl, or
—CHg, or specific structure in Table S4, while R3 groups were —H or
—CHs, and R4 groups were —CONHCH>CH>COOH,
—CONHCH,CH,CH,COOH, —CONHCH,CH,NH,
—CONHCH,CH,CH,N(CH3),, —CHs, or specific structure in Table S4.
The R5 groups were -H or specific structure shown in Table S4.

4. Discussions

Before elucidating the blockade mechanism of SARS-CoV-2 S RBD
and hACE2, the binding mechanism should be described as the inter-
action between the loop domain of ACE2 binding area and the PD
structure of ACE2 based on the polar residues of LYS417, TYR453,

Table 1
Common structures of the most active compounds.

Common structures
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Notes: R1, R2, R3, R4 and R5 represent different functional groups in Table S4.
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GLN474, PHE486, GLN498, THR500, and ASN50; the key interactions
were via hydrogen bonding and hydrophobic interactions (Zhou et al.,
2020). The results based on the interactions between HES and RBD
indicated that the key sites were PHE456, ARG457, LYS458, ASP467,
and GLU471, and disrupted contact between S and hACE2, and the
significant interactions were in the form of hydrogen-bonds and VDW,
while —O—, —OH, —CO—, phenyl group and oxygen-containing group
were the key pharmacophores, with a binding energy of —9.36 kcal/
mol. The interactions between the most active compounds and P1
indicated that the key sites at which contact between S and hACE2 was
disrupted were LEU455, PHE456, TYR489, and GLN493, and the sig-
nificant interactions were in the form of hydrogen-bonds, n-n interac-
tion, hydrophobic interactions, and VDW, and —NH;, —CONH—,
nitrogen-containing conjugate ring, and phenyl group were the key
pharmacophores, with a binding energy range of —10 ~ —7 kcal/mol.
The interactions between the most active compounds and P2 indicated
that the key sites at which contact between S and hACE2 was disrupted
were LEU441, ASP442, LYS444, ASN450, and TYR451, and the signifi-
cant interactions were in the form of hydrogen-bonds, n-n interaction,
hydrophobic interaction, and VDW, and —O—, —CO—, —OH, =N—,
—CONH—, —NH—, phenyl group, and nitrogen-containing conjugate
ring were the key pharmacophores, with a binding energy range of —10
~ —7 keal/mol. Interaction between the most active compounds and P3
indicated that the key sites at which contact between S and hACE2 was
disrupted were PHE456, ARG457, LYS458, ASP467, and GLU471, and
the significant interactions were in the form of hydrogen-bonds, n-n
interaction, hydrophobic interaction, and VDW; and —NH—,
—CONH—, —CO—, =N—, phenyl group, and nitrogen-containing
conjugate ring were the key pharmacophores, with a binding energy
range of —12 ~ —8 kcal/mol. Accordingly, the blockade mechanism of S
and ACE2 was the binding of the most active compounds with ACE2 by
LEU455, PHE456, TYR489, GLN493 or LEU441, ASP442, LYS444,
ASN450, TYR451 or PHE456, ARG457, LYS458, ASP467, and GLU471
residues, and the significant interactions were in the form of hydrogen-
bonds, n-n interaction, hydrophobic interaction, and VDW. —NHo,
—CONH—, nitrogen-containing conjugate ring, phenyl group or —0—,
—CO—, —OH, =N—, —CONH—, —NH—, phenyl group, nitrogen-
containing conjugate ring or —NH—, —CONH—, —CO—, =—N—,
phenyl group, nitrogen-containing conjugate ring, or —O—, —OH,
—CO—, phenyl group, and oxygen-containing group were identified as
the key pharmacophores, and the range of binding energy was —12 ~
—7 kecal/mol.

In summary, we present the blockade mechanism of S and ACE2 as
binding between the most active compounds and ACE2-binding area,
with binding energy in the order of Z601-7647/P3 > 2159-4156/P3 >
4491-0722/P3 > HES/RBD > 2595-0160/P2 > P496-0785/P1 > C200-
9609/P2 > Y041-7672/P2 > 8020-8119/P1. The average binding en-
ergy for the most active compounds, P1, P2, and P3, were —8.66 kcal/
mol, —8.97 kcal/mol, —10.71 kcal/mol, respectively, and the binding
residues were LEU455, PHE456, TYR489, and GLN493 (for P1),
LEU441, ASP442, 1.YS444, ASN450, and TYR451 (for P2), and PHE456,
ARG457, LYS458, ASP467, and GLU471 (for P3), respectively. The
significant interactions were in the form of hydrogen-bonds, n-r inter-
action, hydrophobic interaction, and VDW, and the hydrophilic groups
(—NHgy, —OH), the conjugate rings (phenyl group, nitrogen-containing
conjugate ring), and oxygen-containing groups (—O—, —CO—,
—CONH—, —COO—) were the key functional groups.

Based on the structures of small molecules and the interactions be-
tween small molecules and P1, P2, P3, or RBD, all the compounds
exhibited the basic and important structure of the phenyl group, and
HES and RBD was contained an oxygen-containing group, and the
compounds that interacted the most with P1, P2, or P3 had a nitrogen-
containing conjugate ring. Compared to HES and RBD, the most active
compounds interacting with P1, P2, and P3 were had a —CONH—
group. Compared to the compounds exhibiting the greatest activity with
P1, HES, and RBD, the most active compounds with P2 or P3 included a
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—CO— group. In addition, compared to the compounds with the
greatest activity with P1 and P3, HES and RBD and the most active
compounds with P2 had —O— and —OH. Compared to HES and RBD
and the most active compounds with P1, the highest active compounds
with P2 or P3 included —NH— and —=N— groups. Compared to HES and
RBD and the highest activity with P2 or P3, the compounds with the
highest activity with P1 included —NH,. The order of binding energy
was Z2601-7647/P3 > 2159-4156/P3 > 4491-0722/P3 > HES/RBD >
2595-0160/P2 > P496-0785/P1 > C200-9609/P2 > Y041-7672/P2 >
8020-8119/P1; meanwhile the order of average binding energy was P3
> P2 > P1.

The correlation between the most active compounds and anti-SARS-
CoV-2 therapy was investigated in the present study. The binding energy
and druggability of compounds for anti-SARS-CoV-2 were negatively
correlated, and the structures of compounds were consistent with the
eight types of common structures with the highest activity, and the
range of binding energy among the compounds with the greatest activity
with ACE2 binding area was —12-—7 kcal/mol, and the binding residues
were LEU455, PHE456, TYR489, GLN493, LEU441, ASP442, LYS444,
ASN450, TYR451, PHE456, ARG457, LYS458, ASP467, and GLU471,
and the significant interactions were in the form of hydrogen-bonds, n-n
interaction, hydrophobic interaction, and VDW, and —NH,, —OH,
—O—, —CO—, —CONH—, —COO—, phenyl group, nitrogen-containing
conjugate ring were the key functional groups. The common structures
of the most active compounds binding to P1, P2 and P3 are shown in
Table 1.

Rather than their interaction mechanism, changes in the blocking
mechanism of SARS-CoV-2 S RBD and hACE2 were identified as the first
key change, where compounds interacted with ACE2 binding areas via
LEU455, PHE456, TYR489, GLN493 or LEU441, ASP442, 1LYS444,
ASN450, TYR451 or PHE456, ARG457, LYS458, ASP467, and GLU471
residues. Furthermore, significant interactions included hydrogen-
bonds, n-m interactions, hydrophobic interactions, and VDW forces.
The —NH,, —CONH—, nitrogen-containing conjugate ring, and phenyl
group or —O—, —CO—, —OH, =N—, —CONH—, —NH—, phenyl
group, and nitrogen-containing conjugate ring, or —NH—, —CONH—,
—CO—, =N—, phenyl group, and nitrogen-containing conjugate ring or
—O—, —OH, —CO—, phenyl group, and oxygen-containing group were
the key pharmacophores with a binding energy ranging —12 ~ —7 kcal/
mol.

Based on the binding and block mechanisms of SARS-CoV-2 S RBD
and hACE2, and the structure-activity relationships, we have put for-
ward a screening strategy for antiviral compounds to block the binding
of SARS-CoV-2/hACE2 and anti-SARS-CoV-2 therapy, since numerous
compounds were acquired by computational virtual screening. The
mechanisms of interaction between new compound and ACE2 binding
area were determined based molecular docking, and the second key
change was obtained by comparing the mechanism of interaction to the
blockade mechanism. The final critical procedure was exploring the first
and second key change trends. If the change trends were consistent, new
compound was recognized as compound with the highest activity;
alternatively, the new compound was removed (Fig. 5). The eight most
active compounds binding to P1, P2, and P3 were explored as binding
energy and residues were consistent with the first key change, and the
sum of n; + 12 was>1.2, which falls within the high range. The screening
strategy details for the most active compounds were consistent with
blockade mechanism of SARS-CoV-2 S RBD/hACE2, and the structure-
activity relationships of the most active compounds and anti-SARS-
CoV-2 therapy.

5. Conclusions

Based on computer virtual screening and molecular docking simu-
lation, the blockade mechanism of S and ACE2, as the compounds with
the highest activity with ACE2 binding area, was proposed while taking
into account of the order of binding energy, which was Z601-7647/P3 >
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Fig. 5. Screening strategy for anti-SARS-CoV-2 drugs.

2159-4156/P3 > 4491-0722/P3 > HES/RBD > 2595-0160/P2 > P496-
0785/P1 > C200-9609/P2 > Y041-7672/P2 > 8020-8119/P1, and the
order of average binding energy, which was P3 > P2 > P1. The inter-
action between anti-SARS-CoV-2 drugs and SARS-CoV-2 S RBD/hACE2
pockets involved LEU455, PHE456, TYR489, GLN493, LEU441,
ASP442, LYS444, ASN450, TYR451, PHE456, ARG457, LYS458,
ASP467, and GLU471 binding residues. Furthermore, the key in-
teractions among the highest active compounds and SARS-CoV-2 Spike
included hydrogen-bonds, n-n interactions, hydrophobic interactions,
and VDW forces, and the key functional groups were nitrogen-
containing groups (—NH;, —OH), oxygen-containing groups (—O—,
—CO—, —CONH—, and —COO—), and conjugate rings (phenyl group,
nitrogen-containing conjugate rings). The correlation between the
compounds with the highest activity and anti-SARS-CoV-2 therapy,
based on binding energy and druggability of compounds for anti-SARS-
CoV-2, was negative. Furthermore, the compounds exhibited structures
that were consistent eight common types of structures with the highest
activity. The screening strategy of anti-SARS-CoV-2 drugs via blocking
binding between SARS-CoV-2 S RBD and hACE2 was established based
on the first key change (interactions between HES and SARS-CoV-2 S
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RBD/hACE2) vs the second key change (interactions between anti-
SARS-CoV-2 drugs and SARS-CoV-2 S RBD/hACE2). In the present
work, the results indicated that the novel screening strategy could be
applied in screening of anti-coronavirus drugs in general based on the
inhibition of binding between coronaviruses and hosts’ receptors.

6. Author statement

This work clarified the A novel screening strategy of anti-SARS-CoV-
2 drugs via blocking interaction between Spike RBD and ACE2.
In this work, the aims are shown as following:

(a) Using computational simulation, blockade mechanism of SARS-
CoV-2 spike receptor binding domain (S RBD) and human
angiotensin converting enzyme 2 (hACE2) was clarified based on
interactions between RBD and hesperidin.

(b) Interactions between anti-SARS-CoV-2 drugs and therapy were
investigated based on the binding energy and druggability of the
compounds, and they exhibited negative correlations; the com-
pounds were classified into eight common types of structures
with highest activity.

(c) An anti-SARS-CoV-2 drug screening strategy based on blocking S
RBD/hACE2 binding was established according to the first key
change (interactions between hesperidin and S RBD/hACE2) vs
the second key change (interactions between anti-SARS-CoV-2
drugs and RBD/hACE2) trends.
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