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A B S T R A C T

Contributing to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) clinical treatment, a drug library
encompassing approximately 3,142 clinical-stage or FDA-approved small molecules is profiled to identify the
candidate therapeutic inhibitors targeting nucleocapsid protein (N) and spike protein (S) of SARS-CoV-2.

16 screened candidates with higher binding affinity are evaluated via virtual screening. Comparing to those
under trial/temporarily used antivirus drugs (i.e., umifenovir, lopinavir), ceftriaxone, cefotaxime, and cefuroxime
show higher binding affinities to the N-terminal domain of N protein (N-NTD), C-terminal domain of N protein (N-
CTD), and receptor-binding domain of S protein (S-RBD). Cefotaxime and cefuroxime have high binding affinities
towards S-RBD with angiotensin-converting enzyme 2 (ACE2) complex via influence the critical interface sites at
the interface of S-RBD (Arg403, Tyr453, Trp495, Gly496, Phe497, Asn501and Tyr505) and ACE2 (Asn33, His34, Glu37,
Asp38, Lys353, Ala386, Ala387, Gln388, Pro389, Phe390 and Arg393) complex.
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
been identified as the causative agent for the coronavirus disease 2019
(COVID-19) [1, 2, 3]. The COVID-19 has rapidly spread to more than 220
countries and causes over 103 million cases and 2.2 million deaths until
4th February 2021 (https://covid19.who.int/). Indeed, an effective
medical method is in great demand.

Genomic sequencing suggests that the pathogenic coronavirus shares
79.5–96.2% sequence identity to a bat coronavirus [4]. SARS-CoV-2
coronaviruses are enveloped, positive-sense, single-stranded RNA vi-
ruses with 10 open reading frames in the genome (Figure 1A). The RNAs
encode four main structural proteins (envelop (E), membrane (M), spike
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(S), and nucleocapsid (N) proteins) and other accessory proteins
(Figure 1B) [5, 6]. The S protein of SARS-CoV-2 (Figure 1C-E) contains a
receptor-binding domain (S-RBD) (Protein Data Bank (PDB) ID: 7BWJ),
which interacts with angiotensin-converting enzyme 2 (ACE2) in host
cells and mediates receptor recognition/membrane fusion [7, 8]. As
shown in Figure 1F, N protein of SARS-CoV-2 (PDB ID: 6VYO and 6WZQ)
is reported to be a multifunctional RNA binding protein, which is
necessary for viral RNA transcription and replication, modulating the
metabolism of host cells [9]. The multifunctional properties of S and N
proteins make them promising targets in battling SARS-CoV-2 by inter-
fering with viral cellular invasion or replication [9, 10, 11, 12].

Even though the structural information of N-NTD, N-CTD and S-RBD,
are well-reported [13, 14], the development of novel drugs is still
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Figure 1. Analysis of the genome, structure, and target protein of SARS-CoV-2. (A) A genomic organization with structural domains. (B) The structure of SARS-CoV-2.
(C) Domain structure of the SARS-CoV spike protein. NTD: N-terminal domain, RBD: receptor-binding domain, S1/S2: S1/S2 protease cleavage site, S2’: S20 protease
cleavage site, FP: fusion peptide, HR-N, and HR-C: heptad repeat regions N and C, TPER: membrane-proximal outer region, TM: transmembrane domain, IC: cyto-
plasmic tail. Arrows denote protease cleavage sites. (D) Crystal structure of the RBD (cyan) in a complex of the human receptor ACE2 (green). (E) The crystal structure
of the SARS-CoV-2 spike protein. (F) Domain architectures of SARS-CoV-2 nucleocapsid protein. NTD: N-terminal RNA binding domain; CTD: C-terminal dimerization
domain. LKR: serine/arginine-rich linker domain. The crystal structure SARS-CoV-2 N protein includes the RNA binding domain (NTD) and the N2b domain (CTD). (G)
High-throughput screening workflow to identify inhibitors that target SARS-CoV-2 N and S-RBD proteins.
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limited. Due to the urgent requirement of specific antiviral drugs, a
number of broad-spectrum antiviral drugs currently being explored in
clinical trials for the treatment of COVID-19, such as lopinavir, ritonavir
and remdesivir [15]. Unfortunately, it was reported such drugs could
only provide limited efficacy and even seem to have possible toxic side
effects [16]. To control the SARS-CoV-2 disaster, it is critically important
to discover the specific anti-SARS-CoV-2 drugs with enhanced efficiency
and safety. Repurposing of known drugs is, therefore, becoming a
promising alternative strategy for expanding potential COVID-19 medi-
cal treatment.

To identify existing drugs that could harbor antiviral activity against
SARS-CoV-2, a high-throughput re-profiling screen using entity small
molecule inhibitors microarray chips with a drug library of 3,142 were
performed in this study (Figure 1G). The library includes FDA-approved
medicines, traditional Chinese medicine monomers, and additional
developing small molecule inhibitors. This library chip is suitable for
pure/total protein-small molecule interactions [17, 18, 19, 20] and
nucleic acid-small molecule interactions [21, 22]. Comparing to novel
drug development, the known pharmacological and safety profiles would
streamline the drug development, which subsequently benefits both
preclinical and clinical evaluation of these drugs for potential thera-
peutics. Furthermore, the molecule interactions between chip-screened
candidates and N and S-RBD protein receptors would also provide new
insight into the pharmacology mechanism on SARS-CoV-2 treatment.

2. Results and discussion

2.1. Large-scale screens of the known-drug library in microarray chip

2.1.1. The development of a high-throughput screening analysis
A high-throughput assay for large-scale screening of known drugs

targeting N and S-RBD protein is developed via this project. Purified
spike receptor-binding domain (S-RBD, residues 319-543) and the full
length of N protein (residues 1-419) were obtained from Ebiocore Ltd.
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(http://www.ebiocore.com/), and their purity is confirmed by Bicin-
choninic Acid Protein Assay and Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE). As indicated, the purity of N and S-RBD
protein exceeds 90% and 97.6%, respectively, which meet the require-
ment of large-scale screening [3].

As shown in Figure S1F, a small molecule microarray consisting of
3,142 molecules is employed for the experiment [19]. Small molecules
are fixed on the microarrays through isocyanate-coated glass slides ac-
cording to the literature elsewhere [20, 23, 24]. The purified N and
S-RBD proteins are then labeled with Cy5 via the incubation of
Cy5-monofunctional reactive dye [21, 25, 26, 27]. Sensitivity and spec-
ificity are assessed by using a gradual content of Cy5 labeled proteins,
where Cy5-BSA/BSA are used as positive/negative controls (Figure S1B).
The positive Cy5-BSA and the negative BSA protein dots show bright and
dark fluorescence, respectively. The intensity of the fluorescence for
protein dots could be quantified via scanning (635 nmwavelength). Both
N and S-RBD protein quantity are correlated with the fluorescent signal,
where the minimum detection limit is 1.56 ng, indicating high feasibility
and sensitivity (Figure S1A and B).

To assess the robustness and reproducibility of the optimized
fluorescence-based assay in a high-throughput screening configuration,
the molecule is printed in triplicate on the chip. Before the protein in-
cubation, the auto-fluorescent intensity of the background (3,142 small
molecules) is evaluated under a fluorescent scanner at 635 nm. As shown
in Figure S1C, the correlation coefficient (R2) of two printed microarray
chips is calculated to be 0.96, which suggesting the consistency of the
chips. N and S-RBD proteins are separately incubated in two different
printedmicroarrays. Their fluorescence intensities are scanned (635 nm),
and the fluorescent intensity of triplicate spots are then extracted ac-
cording to the literature [19]. As depicted in Figure S3D and S3E, the
correlation coefficients (R2) of triplicated spots for N protein are 0.94,
0.91, and 0.94. As for S-RBD protein, they are calculated to be 0.95, 0.94,
and 0.96. The average value of the signal to noise ratio (SNR) for the
triplicated spots are used for further analysis.

http://www.ebiocore.com/
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2.1.2. The chip screening analysis for 3142 medical approved small
molecules

N and S-RBD proteins separately interact with a microarray chip
(Figure 2A). SNR and fold change scores (FC) are used to assess the po-
tential inhibitors, where 72 potential positive molecules are identified
(Table S2). Figure 2B and 2C provide the example which is randomly
selected from the same positions of both experimental chip and the
negative control chip. A total of 30 spots with the highest FC are selected
for N and S-RBD proteins (15 for each), and the results are shown in
Figure 2D and 2E. Interestingly, it is found that a considerable amount of
candidates present a considerable high FC toward N and S-RBD proteins
at the same time (Table S2).

Those clinically approved drugs have been previously optimized for
safety and bioavailability. For example, bismuth subnitrate with an FC
of 4.33 is a specific anti-Helicobacter pylori drug [28], and cefotaxime
(FC ¼ 1.86) is known as a broad-spectrum antibiotic [29]. The in vitro
cytotoxicity assays of the drug candidates are measured by CCK8 assay
on Vero cells. As shown in Figure S2, the cell survival rate is close to
100% at 0.3 μM, and even at a higher concentration of 20 μM, an
over 80% rate is still maintained, demonstrating the safety of the
drugs.
Figure 2. Identification of small molecule inhibitors binding to SARS-CoV-2 full-leng
the binding procedure for detecting small molecule and protein based on small mole
(left). A control experiment was carried out without N protein (right). The 71 candida
from the two microarrays. (C) The positive compound that binds to Cy5-labeled S-R
(right). The 71 candidates of S-RBD protein-interacting compounds were identified
protein spots with the largest fold change of N protein. (E) Representative the top 15
the presence of Cy5-S-RBD protein; �, in the presence of Cy5 alone.
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2.2. Structure-based drug screening

2.2.1. The binding energy analysis of top 16 active molecules from chip
screening

To further identify the effective inhibitors of SARS-CoV-2 N and S-
RBD receptors among those screened drugs, 16 active candidates are
selected for further molecular docking analysis. As listed in Table S1, the
well-elaborated crystal structures of the N-terminal domain (N-NTD,
PDB: 6VYO), C-terminal domain (N-CTD, PDB: 6WZQ), and S-RBD
(PDB:7BWJ) are utilized for docking. The high-throughput virtual
screening of the candidates using the docking approach results in a broad
range of binding affinity, typically ranging from -2.67 to-13.24 kcal/mol
(Figure 3A). A series of antibiotics (cefotaxime, cefuroxime, ceftriaxone,
ampicillin, cefamandole nafate, sulbactam sodium) and a multi-target
inhibitor (KW2449) show considerable high binding affinities for both
N protein and S-RBD, which is consistent with the FC results.

The data from Figure 3B suggest that ceftriaxone has the highest
binding affinity toward both N-CTD (-13.24 kcal/mol) and N-NTD
(-11.56 kcal/mol). As a typical third-generation cephalosporin against a
broad spectrum of gram-negative bacteria, ceftriaxone has a significant
bactericidal effect, for example, Pneumococcus, Streptococcus,
th N protein and S-RBD protein by molecular chip technology. (A) Schematic of
cule microarray. (B) The positive compound that binds to Cy5-labeled N protein
tes of N protein-interacting compounds were identified by comparing the signals
BD protein (left). A control experiment was carried out without S-RBD protein
by comparing the signals from the two microarrays. (D) Representative the 15
compounds for S-RBD protein-interacting. Scan the Cy5 signals at 635 nm þ, in



Figure 3. High-throughput screening of po-
tential antiviral drugs for the N and S pro-
teins of SARS-CoV-2. (A) The box plot shows
the range of binding affinities (kcal/mol) for
N-NTD (dark green), N-CTD (blue), and S-
RBD (pale green) with the optimal mean
values. (B) The bar graph shows the binding
affinity (kcal/mol) of the selected docking
drug to N-NTD, N-CTD and S-RBD, ranging
from �2.67 to �13.24 kcal/mol. The high
negative score indicates the maximum bind-
ing affinity. (C) The violin plot shows the
range of binding affinities (kcal/mol) for
chip screened drugs (teal) and FDA approved
antiviral drugs (bright orange) for N-NTD, N-
CTD, and S-RBD. (D) The bar chart shows the
binding affinity scores in kilocalorie per mole
for selected approved drugs.
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Meningococcus, Gonococcus, and Haemophilus influenza [30]. Molecular
docking results in Figure 3C also reveal ceftriaxone to have a consider-
able high binding affinity of -9.66 kcal/mol with S-RBD, which is slightly
lower than other antibiotic drugs of cefuroxime (-10.49 kcal/mol) and
cefotaxime (-9.69 kcal/mol).

This study also compares the relative binding affinities of those
screened compounds with the antiviral drugs that are currently under
clinical trials or temporarily used for SARS-CoV-2 (lopinavir, remdesivir,
chloroquine, umifenovir, favipiravir, ribavirin, hydroxychloroquine,
zanamivir, sofosbuvir, and oseltamivir). As shown in Figure 3C and 3D,
compared to those drugs, screened candidates (i.e., ceftriaxone) show
superior binding affinities. For example, lopinavir has a higher binding
affinity toward N-CTD (-6.58 kcal/mol) amount those under trial/
temporarily used drugs, but it still is comparatively less than the ceftri-
axone (-13.24 kcal/mol) (Figure 3C-D). Similarly, even though umife-
novir (Figure 3D) has shown high binding affinities toward both N-NTD
(-5.85 kcal/mol) and S-RBD (-5.38 kcal/mol), the screened drug cefur-
oxime has better performance (N-NTD: -9.68 kcal/mol, S-RBD: -10.49
kcal/mol).

2.2.2. Binding site analyses of screened drugs against N-NTD and N-CTD
It is reported that the N protein is highly expressed during infection,

which could induce a protective immune response against SARS-CoV-2
[31]. NTD and CTD domains play a pivotal role in N protein function,
where the N-NTD interacts with viral RNA [32], while N-CTD is
responsible for dimer formation in the RNA process [33]. These specific
structural domains can be targeted with small molecules to disrupt the
viral attachment and invade the host. Therefore, it is necessary to further
study the small molecules targeting the NTD and CTD domains of N
protein (Figure 4A).

From the post docking interaction analysis (Figure 4), ceftriaxone has
shown the most favorable binding affinity toward A&D and A&B chains
in tetrameric N-NTD and N-CTD, respectively. It is known that the N-NTD
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has a whole right-handed fold structure with an expanded ring in the
middle, which is divided into palm and finger areas [13, 14]. One of the
fingers called basic fin contains more basic amino acid residues, indi-
cating the possible various combination models of N-NTD. As indicated
in the “ceftriaxone-N-NTD complex”, it is stabilized by five hydrogen
bonds with the compounds through Asn153 and Thr148 in N-NTD
(Figure 4B and 4C). As for the ceftriaxone-N-CTD complex (Figure 4F),
three hydrogen bonds with Asp341, Leu339, and Arg259 of N-CTD are
observed (Figure 3G). The specificity of ceftriaxone binding to N-NTD
and N-CTD could be of potential interest for further validation and un-
derstanding of the mechanism.

Apart from ceftriaxone, cefuroxime also yields a high binding affinity
of -11.36 kcal/mol toward N-CTD (Figure S3H, K), while cefamandole
nafate seems to be the second-best toward N-NTD (next to ceftriaxone),
which have a binding affinity of -10.85 kcal/mol (Figure S3B, E). Both
cefuroxime and cefamandole nafate belong to the widely used cephalo-
sporin class of antibiotics. Cephalosporins is the β-lactam antibiotics and
are derivatives of 7-aminocephalosporanic acid (7-ACA) in β-lactam an-
tibiotics. They have similar bactericidal mechanisms and are used for the
treatment of respiratory tract infections among other indications [34].
The results in Figure S5B, E suggest that the cefuroxime and cefamandole
nafate could bind within the nucleophilic residues of the N-NTD (Thr115,
Thr49 and Thr148) and N-CTD (Thr334, Thr332) proteins via the conven-
tional hydrogen/carbon-hydrogen bonds.

To further understand the screened drugs, the antiviral drugs that
under clinical trial or temporarily used are also studied. The data from
Figure 4D and E suggest that umifenovir prefers N-NTD with a binding
affinity of -5.85 kcal/mol via conventional hydrogen bodings toward
Leu159, Leu161, and Leu167 of D chain, and the rest of the key residues
involved are from the D chain of carbon-hydrogen bond and sulfur-X in
tetrameric N-NTD. As for N-CTD, the favorite drug is lopinavir, which has
a conventional hydrogen bond with interacting with the Glu323 in the B
chain of the N-CTD (Figure 4H, I). As illustrated in Figure S3, all the



Figure 4. Antiviral drugs binding modes for
N-NTD and N-CTD of N protein. (A) Sche-
matic of N protein primary structure colored
by the domain. NTD, N-terminal domain;
CTD, C-terminal domain. (B and D) Ceftri-
axone and umifenovir binding mode (yellow)
to N-NTD protein (colors indicating chains).
(C and E) Close-up view of ceftriaxone (yel-
low sticks) and umifenovir (yellow sticks)
binding to the N-NTD protein chains (sticks).
Yellow dotted lines indicate hydrogen bonds.
(F and H) Ceftriaxone (yellow spheres) and
lopinavir (yellow spheres) binding mode to
N-CTD domains (colors indicating chains).
(G and I) Close-up view of ceftriaxone (yel-
low sticks) and lopinavir (yellow sticks)
binding to N-CTD (sticks). Yellow dotted
lines indicate hydrogen bonds.
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binding patterns mentioned above are vicinal to the active site pockets of
N protein. The target receptor hydrogen binding and hydrophobic sur-
faces are summarized in Figure S3D-F and J-L.

2.2.3. Binding sites analyses of screened drugs against S-RBD
The RBD domain of S protein, which is mainly responsible for viral-

host recognition (Figure 5A) [10], can be targeted with small mole-
cules to disrupt or abolish the virus attachment to the host receptor
ACE2. The interaction analysis of S-RBD (Figure 5A–C and S4) reveals
that cefuroxime is more likely to bind to the region, where is vicinal to
ACE2 binding sites that have β-sheet primary structure. For example,
cefuroxime and cefotaxime have high binding affinities toward S-RBD
protein with binding affinities of -10.49 and -9.69 kcal/mol, respectively.
As shown in Figure 5C, conventional hydrogen bonds are found between
cefuroxime and Ala352, Asn354, Ser349, Asn448, whereas cefotaxime firms
conventional hydrogen bonds with Arg509, Phe342, Ala344, Tyr451, Asn448

and carbon-hydrogen bond with Leu441 (Figure S4).
Besides the screened drugs, umifenovir and S-RBD protein have the

highest binding affinity (-5.38 kcal/mol) among those under clinical trial
or temporarily used antiviral drugs. The data in Figure 5D suggest Asp428
5

form hydrogen bond interaction with the umifenovir along with two
hydrophobic Pi-Alkyl bonds associated with Pro426 and Phe464. It is also
found that the screened drugs have relatively higher binding affinity than
umifenovir in S-RBD protein, for example, ceftriaxone (-9.66 kcal/mol),
ampicillin (-8.69 kcal/mol), and cefamandole nafate (-8.67 kcal/mol).
This is likely due to the higher amount of critical residues involved in the
binding, leading to more hydrogen bonds between protein and drugs.

As shown in Figure S5, all the interacted residues in the S-RBD protein
are in the active site region. The target receptor hydrogen bonding and
solvent accessible surfaces are depicted in Figure S4. The therapeutical
description of screened drugs is also described in the supporting infor-
mation (Table S3).

2.2.4. Occupying binding sites of S protein RBD-ACE2 complex upon
interaction with cefuroxime and cefotaxime

It is known that the binding between S-RBD and ACE2 plays a key role
in the recognition and infection of the virus to the host cell (Figure 6A)
[10,35]. Therefore, the study of the RBD-ACE2 complex is important for
drug evaluation. In this project, the docking of screened candidates with
the complex structure is also conducted (Figure 6B). The atomic-level



Figure 5. Screened drug-binding modes for RBD of Spike (S) protein. (A) Schematic of S protein primary structure colored by the domain. RBD, receptor-binding
domain. (B and D) Cefuroxime (yellow spheres) and umifenovir (yellow spheres) binding mode to S-RBD protein. (C and E) Close-up view of Cefuroxime (yellow
sticks) and umifenovir (yellow sticks) binding to the S-RBD protein chains (sticks). Yellow dotted lines indicate hydrogen bonds.

Figure 6. Screened drug-binding modes for
RBD-ACE2 complex interaction. (A) Sche-
matic illustration of the viral entry mecha-
nism of SARS-CoV-2 to host cell through
ACE2 receptor (left) and structure represen-
tation of S-RBD interaction with ACE2
(right). (B) Bar plot of binding affinities of
screened candidates from chip and virtual
screening and some representative FDA-
approved antiviral drugs to RBD-ACE2 com-
plex. (C and D) Cefuroxime and cefotaxime
binding to RBD-ACE2 complex. The yellow
dotted box indicates the binding area/
pocket. (E) Close-up view of cefuroxime
(magenta sticks) and cefotaxime (yellow
sticks) binding to the RBD-ACE2 complex. (F
and G) Close-up view of cefuroxime and
cefotaxime binding mode and binding sites
to the RBD-ACE2 complexes. Yellow dotted
lines indicate H-bond.

X. Hu et al. Heliyon 7 (2021) e06387
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structure of RBD-ACE2 (PDB ID: 6M0J) is employed in this ensemble
docking.

As shown in Figure 6C, the ensemble docking on RBD-ACE2 receptors
suggests that both cefuroxime and cefotaxime have excellent binding
affinities toward the RBD-ACE2 complex (cefuroxime: -11.91 kcal/mol,
cefotaxime: -11.97 kcal/mol). The data in Figure 6D-G shows that the
drugs interact with RBD-ACE2 complex in the interface region of S-RBD
(Arg403, Tyr453, Trp495, Gly496, Phe497, Asn501and Tyr505) and ACE2
(Asn33, His34, Glu37, Asp38, Lys353, Ala386, Ala387, Gln388, Pro389, Phe390

and Arg393). Within these residues, Tyr453, Gly496, Asn501 and Tyr505 in S-
RBD and His34, Glu37, Asp38 and Lys353 of ACE2 are reported to be the
direct interface sites for S-RBD and ACE2 interaction [10], proving that
cefuroxime and cefotaxime would affect the RBD-ACE2 complex via
occupying the interface.

Besides, the complex structure of SARS-CoV-2 trimer spike glyco-
protein and its receptor ACE2 revealed by cryo-EM shows that residue
Tyr505 of SARS-CoV-2 RBD is the key amino acid required for ACE2 re-
ceptor binding [36], which is capable to eliminate the binding of ACE2.
As shown in Figure 6F-G, Tyr505 also is involved in the binding between
cefuroxime/cefotaxime and RBD-ACE2. The data indicate that cefurox-
ime and cefotaxime could affect the attachment of S-RBD to its ACE2
receptor in the host cell by blocking Tyr505.

Furthermore, cefuroxime and cefotaxime also have slightly different
binding modes towards the RBD-ACE2 complex. The presence of cefur-
oxime generates conventional hydrogen bonds with Lys353 and Arg393 in
ACE2 and Gly496 and Arg403 in S-RBD, along with hydrophobic in-
teractions, π–π stacking and carbon-hydrogen bonds with His34, Glu37,
Ala387, Arg393, Lys353 in ACE2 and Tyr495, Arg403 and Tyr505 in S-RBD
(Figure 6F and S6A-C).

As for cefotaxime, conventional hydrogen bonds are formed with
Arg393, Glu37, His34, Lys353 in ACE2 subunit, and Arg403, Asp405, Gly496 in
the S-RBD domain. Some other amino acids like His34, Lys353 in ACE2
subunit and Tyr505, Trp495 from S-RBD forms hydrophobic interactions
and carbon-hydrogen bonds with the molecule (Figure 6G and S6D-F).
The differences between cefuroxime and cefotaxime seem to be due to
the variation of its chemical structures.

3. Conclusion

Given the limitation of new therapeutic agents’ development for
SARS-CoV-2 infections and its urgent clinical need, quick identification
and re-purposing of active anti-viral molecules from the approved clin-
ical usage drugs would be a viable strategy. Combining chip screening
and virtual docking approach, this project provides a detailed study of
the candidate inhibitors in the vital structural domains of the SARS-CoV-
2 virus, including N-NTD, N-CTD, and S-RBD. 3142 small molecule
candidates are evaluated via compounds library chip platform. Molecular
docking shows the detailed information of these drugs with target pro-
teins in the binding forms and binding sites. Two cephalosporin antibi-
otics, ceftriaxone and cefuroxime, are found to be the best among all the
molecules. Moreover, cefuroxime and cefotaxime seem to occupy the
interaction interface of S-RBD and ACE2 complex, leading to the inter-
ruption of host recognition. Arg403, Tyr453, Trp495, Gly496, Phe497,
Asn501and Tyr505 in S-RBD and Asn33, His34, Glu37, Asp38, Lys353, Ala386,
Ala387, Gln388, Pro389, Phe390 and Arg393 in ACE2 are identified to be the
critical interface sites. Besides, cefuroxime and cefotaxime are found to
have an influence on the residue Tyr505 of SARS-CoV-2 RBD, which is the
key amino acid required for ACE2 receptor binding. Overall, the output
from this study could be extended for the screens of drugs against the
novel virus breakout along with possible guidance for pharmacologists in
future antiviral drug development.

In our subsequent studies, we plan to conduct in vitro and in vivo
evaluation of the drug candidates obtained, as well as preparation for
clinical trial application. Although a great deal of research has been
carried out to identify effective inhibitors [37], it is necessary to have a
variety of efficient treatment regimens for SARS-CoV-2, in order to
7

maximize therapeutic efficacy and minimize the development of viral
resistance. Overall, the project provides a novel, feasible strategy for
therapeutic screening within existing cost limits, which could further
reduce the pre-clinical trial time and help combat the SARS-CoV-2
pandemic.

4. Methods

4.1. Protein labeling and detection

The proteins were purchased from Hangzhou Ebiocore Biotechnology
Co., Ltd. The protein concentration was determined by BCA methods, the
purity and molecular weight are detected by SDS-PAGE. The protein was
labeled with Cy5 using a CyDye Protein Labeling Cy5™ Mono-Reactive
Dye Pack [26] (GE Healthcare, Little Chalfont, UK). The efficiency of
labeling was verified by regular Dot Blot on a nitrocellulose membrane
strip Dot blot [38].

4.2. Compounds database and chip incubation

The small molecule database contained 3,142 known molecules
including FDA-approved clinical drugs, chemicals isolated from tradi-
tional Chinese herbals, and commercially available compounds
(Figure 1G). The compounds were printed into the chip according to the
literature [19, 20]. The printed microarray was commercially produced
from Guangzhou Bochong Biological Technology Co., Ltd.

The incubation method is conducted according to literature with
some modification [19, 23, 24]. Briefly, the printed microarray (stored at
-80 �C) was immersed in blocking solution (3 mL 10% BSA with 7 mL
PBS); the mixture was shaken by a side-swing shaker for an hour at room
conditions; ultrapure water was then used to clean the chip; after drying
in a chip dryer, the chip was scanned at 635 nm by using the chip fluo-
rescence scanner (CapitalBio,¼http://www.capitalbiotech.com/about.ht
ml?categoryId¼28 Luxscan TM 10K-A). After the collection of the
background signals, the printed microarray was cleaned with ultrapure
water and then immersed in blocking solution (3 mL 10% BSA, 7 mL
1�PBS); the chip was then placed face up in the well of a 4-well rect-
angular Petri dish; 3 mL of Cy5 labeled protein solution was gently added
into the slide bar code sticker and diffused over the chip; lidded the plate
and placed the mixture on a shaking platform, allowing the solution to
stir gently over the surface of the slide; after incubation with protein, the
chip was cleaned in PBST (Phosphate Buffered Saline with 0.05% Tween
20) three times (5 min/time) at room conditions, following by ultrapure
water (2 times 5 min/time); the cleaned chip was then centrifuged to dry
and scanned at 635 nm by using the chip fluorescence scanner (Capi-
talBio,¼http://www.capitalbiotech.com/about.html?categoryId¼28
Luxscan TM 10K-A). All the procedures were processed under dark.

4.3. Data processing

Fluorescence intensity of small molecule chip was extracted from the
microarray images by GenePix Pro 6.0 (Molecular Devices, Sunnyvale,
CA). For molecules screening, the signal to noise ratio (SNR) is defined as
the ratio of the median of the foreground signal to the median of the
background signal [39]. The SNR of each protein was averaged for the
triplicated spots on the microarray. Proteins with positive signals were
identified on the array based on the assumption that SNR values across
the array followed a normal distribution. SNR values were assigned to
each protein by calculating (i.e., the distance from the mean of the
reference SNR distribution, in units of SD). Cutoff ¼ (meanSNR635 þ
1.96�SD SNR635) (95%CI). SNR � cutoff is set to call candidate
N-interacting/S-RBD interacting small molecules. Proteins with SNR �
cutoff were considered to potentially positive small molecules. Fold
change was set to SNR635 (first scan)/SNR635 (second scan). Proteins
with fold change (FC) � 1.2 were considered to effectively bind positive
small molecules.

http://www.capitalbiotech.com/about.html?categoryId&equals;28
http://www.capitalbiotech.com/about.html?categoryId&equals;28
http://www.capitalbiotech.com/about.html?categoryId&equals;28
http://www.capitalbiotech.com/about.html?categoryId&equals;28
http://www.capitalbiotech.com/about.html?categoryId&equals;28
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4.4. Protein preparation

The three-dimensional structures of SARS-CoV-2 S-RBD protein (PDB
ID: 7BWJ), N -NTD (PDB ID: 6WZQ), N-CTD (PDB ID: 6VYO) were taken
from the RCSB Protein Data Bank (PDB) (http://www.rcsb.org/), a
worldwide archive resource of the crystal structure of biological mac-
romolecules [40]. The protein was processed by autodock software,
including the distribution of bond order, adding hydrogen, removing all
water molecules, and calculating the Gasteiger charge and incorporation
of nonpolar hydrogen. Then, the pdbqt file format of the protein was
obtained according to the standard program.
4.5. Ligand preparation

PubChem is a chemical substance and biological activity repository,
composed of three databases, including substances, compounds, and
bioassay databases, which provide useful comprehensive chemical in-
formation for drug discovery [41]. The ligand structures were taken from
PubChem databases server in 2D or 3D sdf format (https://pubchem
.ncbi.nlm.nih.gov/). Then the sdf files of 2D were converted to mol2
files using Chemdraw software. After that, all the sdf files of 3D and mol2
were converted to pdb files using Pymol software and carry out hydro-
genation and water removal treatment. After optimization, these files
were loaded into AutoDock software for the final preparation of ligands
and the standard process was run to obtain the pdbqt file.
4.6. Molecular docking

The docking of SARS-CoV-2 S protein, N protein, and ACE2 with the
16 molecules was performed with the aid of AutoDock Tools. Table S1
shows that the domain N-NTD, N-CTD, and S-RBD of SARS-CoV-2 target
protein were obtained from the Protein Data Bank (PDB). The binding
affinities and the interaction of SARS-CoV-2 S protein and N protein with
the target molecule were predicted and analyzed using the same soft-
ware. The grid box center is designed to be at X: -12.576, Y: -11.504, Z:
25.512 (PDB:7BWJ), X: -14.508, Y: 11.082, Z: 18.105 (PDB:6WZQ), X:
-13.209, Y: 19.051, Z: 9.014 (PDB:6VYO) with a suitable grid box volume
where the ligands can easily be fitted. After calibration and optimization,
we use the samemesh box size and other parameters for docking research
and run the entire setup to get different docking conformations. In order
to visualize and detect non-covalent interactions in docked drug-protein
complexes, PyMol (version 3.7.2) and Discovery Studio Visualizer 2020
Client software were utilized for the docking analyses.
4.7. The calculation of binding energy

According to the previous research [42], the free energy (ΔG) of
binding is calculated via the energy difference between the ligand &
protein in the separated unbound state and the binding state. Two
evaluation steps were included: first, separately assess the intramolecular
energetics of the transition from the unbound state to the bound
conformation of each molecule; Second, assess the intermolecular ener-
getics of the combination of two molecules into a binding complex.

As shown in Eqs. (1) and (2), the free energy (ΔG) includes six pairs of
evaluation (V) and estimation of conformational entropy lost after
binding (ΔSconfSconf).

ΔG¼VL�L
bound �VL�L

unbound þ
�
VP�P
bound �VP�P

unbound

�þ �
VP�L
bound �VP�L

unbound þΔSconf
�

(1)

ΔSconf ¼Wconf Ntors (2)

where, L is ligand;
P is protein;
VL�L
bound and VL�L

unbound are the intramolecular energies of bound and un-
bound states of the ligand;
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VP�P
bound and VP�P

unbound are the intramolecular energies of bound and un-
bound states of the protein;

VP�L
bound and VP�L

unbound are the change of intermolecular energy between
bound and unbound states, assuming VP�L

unbound ¼ 0, when the two mole-
cules are sufficiently distant from one another in the unbound state;

Wconf is weighting constants;
Ntors is rotatable bonds in the molecule, which include all torsional

degrees of freedom, such as rotation of polar hydrogen atoms on hy-
droxyl groups and the like.
4.8. Toxicity evaluation of compounds in vero cells

Vero cells were seeded to a 96-well plate with 1� 104 cells/well and
incubated at 37 �C incubator overnight, supplement with 5% CO2. The
small molecule drugs were diluted gradually from 20 μM in half to
0.3125 μM, with 7 concentration gradients and three replicates per
gradient. Then the culture mediumwas sucked and discarded, the diluted
drug was added, and the culture was continued at 37 �C for 48 h. After 48
h of incubation, a colorimetric assay for the determination of cell
viability (Cell counting kit-8; CCK-8) was performed. The CCK8 solution
(10 μL) was added to each well and incubated for 2 h. The absorbance of
the solution was measured at 450 nm (Epoch 2, BioTek Instruments, Inc.,
USA). The half-maximal inhibitory concentration (IC50) values were
calculated using the PrismPad program (Version5.0, GraphPad Software,
San Diego, CA, USA). The Prism 9 software was used to plot the curves.
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