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ARTICLE INFO ABSTRACT

Keywords: The key structure of the interface between the spike protein of Severe Acute Respiratory Syndrome Coronavirus 2
SARS-CoV-2 (SARS-CoV-2) and human angiotensin-converting enzyme 2 (hACE2) acts as an essential switch for cell entry by
RBD

the virus and drugs targets. However, this is largely unknown. Here, we tested three peptides of spike receptor
binding domain (RBD) and found that peptide 391-465 aa is the major hACE2-interacting sites in SARS-CoV-2
spike RBD. We then identified essential amino acid residues (403R, 449Y, 454R) of peptide 391-465 aa that were
critical for the interaction between the RBD and hACE2. Additionally, a pseudotyped virus containing SARS-CoV-
2 spike with individual mutation (R454G, Y449F, R403G, N439I, or N440I) was determined to have very low
infectivity compared with the pseudotyped virus containing the wildtype (WT) spike from reference strain
Wuhan 1, respectively. Furthermore, we showed the key amino acids had the potential to drug screening. For
example, molecular docking (Docking) and infection assay showed that Cephalosporin derivatives can bind with
the key amino acids to efficiently block infection of the pseudoviruses with wild type spike or new variants.
Moreover, Cefixime inhibited live SARS-CoV-2 infection. These results also provide a novel model for drug
screening and support further clinical evaluation and development of Cephalosporin derivatives as novel, safe,
and cost-effective drugs for prevention/treatment of SARS-CoV-2.

binding sites
Cephalosporin derivative
Cefixime

Ceftazidime

1. Introduction

Coronavirus 2019 (COVID-19) is caused by a new SARS-like coro-
navirus (SARS-CoV-2) that is highly transmissible from person-to-person
(Li et al., 2020; Huang et al., 2020). COVID-19 can cause severe aspi-
ration syndrome, multiple organ damage, and death in humans (Huang
et al., 2020; Chan et al., 2020; Sohrabi et al., 2020; Lv et al., 2020; Yang
et al., 2020). According to publicly available datasets on various online
platforms, more than 480 million people have been diagnosed, and
nearly 6.2 million have died between late December 2019 and Mar
2022. As SARS-CoV-2 continues to mutate and escape the immune sys-
tem, people infected with SARS-CoV-2 are also infected with the
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variants, and the vaccine cannot fully block the infection of the virus,
Therefore, additional methods for the prevention and control of
COVID-19 epidemic are urgently needed.

For developing such tools, it is critical to understand the SARS-CoV-2
receptor-recognition mechanism, which regulates the infectivity, path-
ogenic mechanism, and host range of the virus (Perlman and Netland,
2009; Li, 2016). Spike glycoprotein on the surface of SARS-CoV-2 me-
diates receptor recognition and membrane fusion (Li, 2016; Bosch et al.,
2003). This glycoprotein is 1273 amino acids long and comprises a
distinct N-terminal domain, receptor-binding domain (RBD), sub-
domains 1 and 2, transmembrane domain, C-terminal domain with
heptad repeats 1 and 2, and a cytoplasmic tail (Wrapp et al., 2020).
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SARS-CoV-2 spike glycoprotein attaches to human
angiotensin-converting enzyme 2 (hACE2) to infect host cells (Wang
et al., 2020; Letko et al., 2020). The spike S1 subunit contains a RBD,
which directly binds to the peptidase domain of hACE2 (hACE2-PD),
while the spike S2 subunit is responsible for membrane fusion (Hoff-
mann et al., 2020; Walls et al., 2020). When the spike S1 subunit binds to
the host receptor, the restriction site on the spike S2 subunit is exposed
and cleaved by the host protease: Recombinant Transmembrane Prote-
ase, Serine 2 (TMPRSS2), a process that is critical for viral infection
(Hoffmann et al., 2020; Walls et al., 2020). Additionally, during viral
infection, the host protease cleaves the spike protein trimers into sub-
units S1 and S2 (Hoffmann et al., 2020; Walls et al., 2020).

The recently published crystal structure of the SARS-CoV-2 spike
RBD complexed with hACE2 revealed some apparent binding sites be-
tween the spike RBD and hACE2-PD (Wrapp et al., 2020; Shang et al.,
2020; Yan et al., 2020). Additionally, some hydrogen bonds between
spike RBD and hACE2-PD were predicted by bioinformatics, and polar
interactions between spike RBD and hACE2 are thought to contribute
heavily to viral infectivity (Wang et al., 2020; Yan et al., 2020;
Chowdhury et al.,, 2020) N-glycosylation at specific sites of
SARS-CoV-2 spike glycoprotein was also believed to affect viral infec-
tivity and antibody-mediated neutralization (Li et al., 2020). Although a
few studies revealed some key amino acids in the binding sites between
SARS-CoV-2 spike RBD and hACE2-PD (Yi et al., 2020), these binding
sites have not been fully elucidated.

SARS-CoV-2 is a positive-stranded RNA virus. Its genome is
approximately 80% homologous with the SARS-CoV-1 genome and
approximately 96% homologous with the genome of the bat coronavirus
RaTG13, which appears to be the closest relative of SARS-CoV-2 (Zhou
et al., 2020). The genome differences between RaTG13 and SARS-CoV-2
may have played a critical role in the binding sites (between
SARS-CoV-2 spike RBD and hACE2-PD) and infectivity of SARS-CoV-2.
However, this is also largely unknown.

The key amino acid sites of SARS-CoV-2 spike (binding sites to
hACE2) may be potential targets for neutralizing antibodies and small
molecule drugs, and should be identified. Although potent neutralizing
antibodies, inhibitors, as well as soluble ACE2 blocking SARS-CoV-2
entry into cells were reported (Baum et al., 2020; Ju et al., 2020;
Pinto et al., 2020; Chan et al., 2020; Pan et al., 2021; Liu et al., 2021),
there is still a need for non-toxic, good drug properties of small molec-
ular compounds as another effective way to prevent and intervene
SARS-CoV-2 infection.

7-Amino cephalosporanic acid is the core structure scaffold for the
preparation of cephalosporin antibiotics and related intermediates. Due
to the poor antibiotic activity, it has not been used for the treatment of
infectious diseases in clinics. Cefprozil as the orally active second-
generation cephalosporins could be used to treat of upper respiratory
tract infection and bronchitis. Ceftazidime and Cefixime were the third
generation cephalosporin antibiotics, which were generally prescribed
to treat several bacterial infections. Ceftazidime is used to treat in-
fections of lower respiratory tract, skin, urinary tract, blood-stream,
joint, and abdominal (Shirley, 2018). Cefixime is prescribed for bacte-
rial infections of the chest, ears, urinary tract, and throat (tonsilitis and
pharyngitis), uncomplicated gonorrhea, upper and lower respiratory
tract infections, acute otitis media, and gonococcal urethritis (Quinti-
liani, 1996; Bluestone, 1993; Arthur et al., 1996). Ceftazidime has been
identified as an inhibitor towards the wild type SARS-CoV-2 S
proein-ACE2 interactions in recent studies (Lin et al., 2021). However,
its action towards specific variants has not been tested. Cefixime was
tested by the computational studies to be used as potent inhibitors of
COVID-19 (Rashid et al., 2022). However, these in silico docking results
had not been confirmed by in vitro and in vivo cell-infection studies.

Here, we identified which part of the SARS-CoV-2 spike RBD is the
major hACE2-interacting sites in SARS-CoV-2 spike RBD and further
investigated which essential amino acid residues of this part are critical
for the binding of SARS-CoV-2 spike to hACE2, which determined to the
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infectivity of SARS-CoV-2. Furthermore, we investigated whether
Cephalosporin derivatives can inhibit SARS-CoV-2 spike (WT and
variants)-mediated infection by binding with the key amino acids for
interaction between Spike RBD and hACE2.

2. Materials and methods
2.1. Compounds

All tested compounds were purchased from National Institutes for
Food and Drug Control in China (> 98% pure by HPLC analysis).

2.2. Cell line

The 293T-hACE2 cell line was generated by infecting 293T cells
(Homo sapiens, embryonic kidney) (Thermo scientific) with a lentivirus
containing hACE2- and TMPRSS2-expressing plasmids. These cells sta-
bly expressed TMPRSS2 and 3 x Flag-hACE2.

2.3. Site-directed mutagenesis

The plasmid containing the gene for SARS-CoV-2 spike protein
containing mutations (GenBank: MN_908947) were generated by using
pHCMV-2019-nCov-S (OBiO Technology Corp., Ltd.) as the template.
Briefly, the mutant SARS-CoV-2 spike sequences were obtained by
applying site-directed mutant PCR and overlap PCR. The sequences
containing the spike mutation were then cloned into the pHCMV
plasmid. The remnant strain was used to directly transform Escherichia
coli DH5a competent cells; single clones were selected, and then Sanger
sequenced.

The mutant SARS-CoV-2 spike RBD sequences were obtained by
applying site-directed mutant PCR and overlap PCR. The sequences
containing the spike RBD or mutations were then cloned into the
plasmid pGEX-4T-1 or PCDNAS3.1. The resulting recombinant donor
plasmids were used to transform E. coli BL21 or DH5x competent cells;
single clones for each mutation were selected, and then Sanger
sequenced. Primer information is listed in Table S1.

2.4. Plasmid transfection and protein purification

The 293T cell or 293T-hACE2 cell line was transfected with
PCDNAS3.1 containing spike RBD individual mutation or pHCMV-2019-
nCov-S containing SARS-CoV-2 spike protein individual mutation by
using lipo8000 (Beyotime) for 24 h, according to the manufacturer’s
instruction. At 72 h after transfection, the cells were screened with
Puromycin.

The 293T-hACE2 cell line or 293T cell transfected with PCDNA3.1
containing 3x FLAG-spike RBD (individual mutation or WT) were lysed
by Radio-Immunoprecipitation Assay (RIPA) Buffer and the total protein
were centrifugally collected. The hACE2 and Spike RBD (individual
mutation or WT) were then purified by Anti-Flag Affinity gel, according
to the manufacturer’s instruction.

2.5. GST pull-down assays

The GST pull-down assays were performed as described previously
(Bain et al., 2017). Briefly, the expression of GST-fusion proteins was
induced in E. coli BL21 transformed with the recombinant plasmid
PGEX-4T-1 by shaking with 0.1 mM Isopropyl B-D-Thiogalactoside
(IPTG) (Sangon) at 16 °C overnight. The bacteria were then collected via
centrifugation (10,000 x g RCF) for 15 min at 4 °C. The resulting bac-
terial pellets were thoroughly resuspended in PBST (sterile PBS con-
taining 10% Triton X-100 and 1 mM PMSF) and transferred into 30 ml
tubes. The cells were then sonicated with a Branson sonifier on ice until
the resulting lysates were clear. The lysates were centrifuged at 20,000
x g for 20 min at 4 °C, after which the resulting supernatants were
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transferred to fresh tubes along with prewashed Glutathione-Sepharose
beads (Thermo scientific). The tubes were then rotated for 4 h at 4 °C.
After magnetic shelves were used to collect beads, the beads were
washed three times with PBST. The washed beads were then mixed with
lysates of 293T cells that stably expressed 3 x Flag-hACE2 and were
lysed with RIPA buffer (Beyotime). The tubes were then rotated over-
night at 4 °C. Magnetic shelves were used to collect beads, after which
the beads were again washed three times with PBST. RIPA buffer con-
taining 5 x loading buffer (Beyotime; 40 pl) was added to the beads, and
they were boiled for 10 min. Magnetic shelves were used to remove the
beads and collect the supernatants.

2.6. SDS-PAGE and western blot

The pull-down samples and 1% of the input or cell lysis were loaded
on a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel (Bain et al., 2017). After the contents of the SDS-PAGE
gels were transferred polyvinylidene fluoride (PVDF) membranes using
standard procedures, the membranes were blocked in TBST (Tris-Buf-
fered Saline and Tween 20) containing 5% non-fat milk powder for 1 h at
room temperature. The membranes were then incubated with anti-GST
(Santa Cruz), anti-His(Cell Signal Technology) or anti-Flag (Sigma)
antibody overnight at 4 °C and washed three times with TBST. The
membranes were subsequently incubated with horseradish peroxidase
(HRP)-conjugated secondary antibody (Proteintech) for 1 h at room
temperature, and bands were detected with enhanced chem-
iluminescence (ECL; Yeasen). The resulting images were screened by
using a chemiluminescence imaging system (ProteinSimple).

2.7. Immunofluorescence assay

For immunofluorescence, cells were fixed with 4% para-
formaldehyde (PFA) in PBS (pH 7.4) for 30 min, washed three times with
PBS, followed by incubation with 0.5% Triton X-100 in PBS for 10 min.
Then cells were blocked with 5% goat serum in PBS for 30 min at room
temperature, and then incubated with primary antibodies diluted in PBS
at 4 °C overnight. Primary antibodies were diluted with PBS as below:
Flag (1:50), His (1:50) and after incubation finish, the cells were washed
with PBS and then incubated with goat anti-mouse IgG-FITC and goat
anti-rabbit IgG-TRITC secondary antibodies (1:200; Invitrogen) at room
temperature, followed by washes and staining with 4’, 6-diamidino-2-
phenlindole dihydrochloride (DAPI).

2.8. Surface plasmon resonance analysis

SPR-based measurements were performed by Biacore (8 K).
Briefly, WT RBD, R454G RBD, Y449F RBD or R403G RBD were immo-
bilized to a CM5 sensorchip (Cytiva) to a level of around 200 response
units (RUs) using Biacore (8 K). For affinity analysis, hACE2 was
dissolved in HBS-ET running buffer at concentrations of 0.78, 1.56,
3.125, 6.25, 12.5, 25 pg/m (Cefixime was dissolved in PBS supplement
with 0.05% Tween-20 and 5% DMSO at concentrations of 15.6, 31.25,
62.5, 125 pM) and were run across the chip. Each sample that was bound
to the antigen surface was dissociated by HBS-ET buffer (or PBS sup-
plement with 0.05% Tween-20 and 5% DMSO) for 120 s at a flow rate
of 30 pl/min. Regeneration of sensor chips was performed for 30 s
using regeneration buffer (glycine pH 2.0). The dissociation constant
(KD) was determined and recorded by Biacore (Cytiva).

2.9. Molecular docking

Cephalosporin derivatives (7-Amino cephalosporanic acid, Cefprozil,
Cefixime or Ceftazidime) as potential inhibitors of SARS-CoV-2 S
protein-ACE2 interaction were docked into the receptor-binding domain
of SARS-CoV-2 spike protein (PDB ID 6M0J) using the docking program
in MOE 2008 (Cui et al., 2015; Vilar et al., 2008). Qligosaccharides and
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water molecules in the crystal structure were removed before the
experiment. Hydrogens and partial charges were added with the pro-
tonate 3D application of MOE 2008. Site finder of MOE was employed to
recognize potential binding sites on spike RBD, which were near to the
receptor binding ridge on ACE2. The initial 3D conformation of Cefta-
zidime (1) and Cefixime (2) was optimized in ChemBio3D Ultra using
MM2 energy minimization method (Sharma et al., 2009; Dong et al.,
2021). For docking, we employed the default values of parameters,
except for the first scoring function, where the ASE Scoring was used
instead of the defaulting London dG. The best pose was characterized by
the scoring results. We employed the verified molecular docking algo-
rithm, which had been well established in the published research works
that concentrated on the in silico screening of inhibitors against spike
proteins using MOE software (Khelfaoui et al., 2021).

2.10. MTT assay

The cytotoxicity effect of the compounds on HEK-293T cells were
measured by the standard Methyl Thiazolyl Tetrazolium (MTT) assay.
Briefly, monolayers cells in 96-well plates were rinsed by PBS and
incubated with indicated compounds for 48 h subsequently. Then, cells
were treated with 0.5 mg/mL MTT for 4 h at 37 °C and formazan crystals
in viable cells were dissolved in 150 pL. DMSO. The absorbance of sol-
ubilized formazan was measured by the Synergy multimode reader
(BioTek, American) at the wavelength of 490 nm.

2.11. Production of pseudotyped viruses

Pseudotyped viruses that incorporated the wildtype or point mutant
spike protein from SARS-CoV-2 (GenBank: MN_908947) were con-
structed using a previously described procedure (Li et al., 2020; Nie
et al., 2020). Briefly, when the 293T cells reached approximately 70%—
80% confluence after overnight incubation, they were transfected with
pHCMV-2019-nCov-S (OBiO Technology Corp., Ltd.) or a plasmid con-
taining the sequence of the Y449F mutant spike by using Lipo8000
(Beyotime) in accordance with the manufacturer’s instructions. These
293T cells were subsequently infected with G*AG-VSV (VSV G pseu-
dotyped virus). After incubation at 37 °C in 5% CO; for 6-8 h, the cells
were rinsed gently with PBS + 1% FBS, and then the cell supernatant
was discarded, and then the 293T cells were cultured in fresh DMEM for
24 h. The SARS-CoV-2 pseudotyped viruses contained in the culture
supernatants were then harvested, filtered (0.45 um pore size, Milli-
pore), and stored at —80 °C until use.

2.12. Quantification of pseudotyped virus particles

Total RNA was extracted from purified pseudotyped virus particles
by using Trizol reagent (Qiagen), and then cDNA was synthesized from
1 pg of the total RNA with hiScript reverse transcriptase (Vazyme).
Based on the quantification of WPRE mRNA, the pseudotyped virus
particles were quantified by performing quantitative RT-PCR using
FastStart Universal SYBR Green Master (Rox) and following the manu-
facturer’s instructions.

2.13. Infection assay

Using quantitative RT-PCR, we normalized the wildtype and mutant
SARS-CoV-2 spike protein pseudotyped virus particles to the same
amount. The same approximate number of 293T-hACE2 cells were
seeded in each well of a 96-well cell culture plate, and after overnight
incubation, the cells reached 70%-80% confluence. The 293T-hACE2
cells in each well were then infected with the same amount of pseudo-
typed virus particles (100 pl) for 24 h. At 72 h after infection, cells were
digested by trypsin. The number of EGFP-positive cells was counted by
flow cytometry, and the results were used to calculate the infection
ability of the pseudotyped viruses.
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Fig. 1. Identification of interaction between three fragments of SARS-CoV-2 spike RBD and hACE2. (A) The Secondary structure of RBD. Arrows and rectangles indicate p
sheets and o helices, respectively. (B) Three fragment plasmids of SARS-CoV-2 spike RBD were designated as GST-RBD1, GST-RBD2, and GST-RBD3. (C) The results of
a GST pull-down assay assessing the interaction between GST-RBD1, GST-RBD2, or GST-RBD3 and hACE2. The asterisks represent positive bands. (D) Quantification
of the relative Flag protein levels normalized to GST expression described in the GST pull-down group of (D) using image J software. ***P < 0.001. Bars indicate

means + s.e.m. from three independent experiments.

293T-hACE2 cells were co-incubated with or without the indicated
doses of Ceftazidime (or Cefixime) and the pseudovirus bearing SARS-
CoV-2 spike (WT or variants) overnight at 37 °C 5% CO,. Then the
cell supernatant was discarded, and then the 293T-hACE2 cells were
cultured with or without the indicated doses of Ceftazidime (or Cefix-
ime) for 24 h. At 72 h after infection, cells were digested by trypsin. The
number of EGFP-positive cells was counted by flow cytometry, and the
results were used to calculate the infection ability of the pseudotyped
viruses.

To confrm the anti-SARS-CoV-2 effect of Cefixime, the Vero-E6 cells
(Monkey kidney cell line) were pre-treated with Cefixime (400 pM) for 1
h, washed by PBS and then incubated with live SARS-CoV-2 and Cefix-
ime (400 pM) in DMEM containing 2% FBS for 2 h. The cells were then
washed by PBS to remove the free viruses and cultured in fresh DMEM
containing 2% FBS and Cefixime (400 pM). Supernatant from live SARS-
CoV-2-infected Vero-E6 cells was collected at 48 h post-infection for
RNA extraction. SARS-CoV-2 copies were measured by the qRT-PCR for
the viral N gene expression. Immunofluorescence assay was used to
detect the expression of N protein and the result was annalysised by high
content screening.

2.14. Molecular dynamics (MD) simulation

The simulations were conducted using the AMBER18 (Case et al.,
2018) package with ff14SB force field (Maier et al., 2015). The initial
structure of the SARS-CoV-2 spike RBD bound with hACE2 was taken
from Protein Data Bank (PDB) entry 6M0J (Lan et al., 2020). Mutants in
the simulations were obtained by mutating specific amino acids in the
wildtype spike protein using PyYMOL 2.4 software (Nag et al., 2021).
Each system was set in a truncated octahedron box of a TIP3P water
model with a buffer of 15 A, and then the counter ions were added to
neutralize the system. A cutoff of 8 A was set for the van der Waals and
short-range electrostatic interactions. The Partial Mesh Ewald (PME)
method (Darden et al., 1993) was applied to calculate the long-range
electrostatic interactions. The lengths of bonds with hydrogen atoms
were constrained with the SHAKE algorithm (Ryckaert et al., 1977). All
systems were minimized with 3000 steps of the steepest descent method
and 3000 steps of the conjugate gradient algorithm, then heated to a
temperature of 298.15 K in an NVT ensemble for 150 ps. After a 100 ps
equilibration, the MD simulations were conducted in the NPT ensemble
at 298.15 K for 150 ns.

For molecular dynamics simulation settings, the amber ff14SB force
field is a classical force field in molecular dynamics simulations and has
been validated in multiple works (Maier et al., 2015; Teixeira et al.,
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Fig. 2. Identification of the key SARS-CoV-2 spike RBD amino acid residues needed for hACE2 binding. (A) Using protein—protein BLAST, the amino acid residue
differences between RBD2 and the RaTG13 spike protein sequence were detected. Arrows and the square box highlight the detected amino acid residue differences.
(B) The results of a GST pull-down assay assessing the interaction between the mutant RBD GST-T1 (which contains the point mutations N4391, N4401, D442V, and
K444M) or an RBD mutant domain containing the point mutation S459G and hACE2 (far left and middle panel). Quantification of the relative Flag protein levels
normalized to GST expression described in the GST pull-down group of (B) using image J software (far right panel). (C) The results of a GST pull-down assay assessing
the interaction between mutant RBD containing one of three individual amino acid point mutations (R454G, Y449F, or R403G) and hACE2 (far left and middle
panel). Quantification of the relative Flag protein levels normalized to GST expression described in the GST pull-down group of (C) using image J software (far right
panel). Bars indicate means + s.e.m. from three independent experiments. ***P < 0.001.

2022) . Some other algorithms used by us are also recommended in the
AMBER manual, such as Partial Mesh Ewald (PME) method and SHAKE
algorithm (Case et al., 2018).

2.15. MD simulation data analysis

RMSDs and root mean square fluctuations (RMSFs) of Ca were
analyzed with the CPPTRAJ program in AmberTools18 (Case et al.,
2018; Song et al., 2017). The MMPBSA in AmberTools18 (Case et al.,
2018) was used to create a compatible complex, to generate SARS-CoV-2
spike RBD and hACE2 topology files from a solvated topology file, and to
calculate the total binding free energy of SARS-CoV-2 spike RBD and
hACE2 (Liu et al., 2017). The calculation was based on the simulation
from 50 ns to 150 ns.

2.16. Statistical analysis
To compare the differences between groups, the results were

analyzed using t-tests, and values of P < 0.05 were considered to indi-
cate statistical significance.

3. Results

3.1. Identifying the major hACEZ2-interacting sites in SARS-CoV-2 spike
RBD

To identify the major hACE2-interacting sites in SARS-CoV-2 spike
RBD, we first constructed three plasmids containing spike RBD frag-
ments (GST-RBD1, GST-RBD2, and GST-RBD3) that, respectively,
contain 319-390 aa, 391-465 aa, and 466-546 aa from the protein
sequence of SARS-CoV-2 strain Wuhan 1 (GenBank: MN_908947) based
on the secondary structure (Fig. 1A and B). The results of a GST pull-
down assay show that peptide 391-465 aa are required for RBD bind-
ing (Fig. 1C and D, compare lane 3 with lanes 2 and 4). These results
indicate that peptide 391-465 aa is the major hACE2-interacting sites in
SARS-CoV-2 spike RBD.

3.2. Identifying the key SARS-CoV-2 spike RBD amino acid residues for
hACE2 binding

Using protein—protein BLAST, we identified the following RBD2
(391-465 aa) sites that differ from the corresponding sequence in
RaTG13: 403R, 439N, 440N, 449Y, and 459S (Fig. 2A). Additionally, a
recent study showed N glycosylation sites, and polar amino acids may
play roles in the SARS-CoV-2 spike-hACE2 interaction. Therefore, to
uncover whether the identified sites and/or some polar amino acids
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Fig. 3. Effect of SARS-CoV-2 spike RBD individual mutation on infectivity as assessed by using pseudotyped viruses. After infection with pseudotyped virus con-
taining either wildtype SARS-CoV-2 spike RBD or the individual mutant SARS-CoV-2 spike RBD (R454G, Y449F, R403G, N439I, or N440I), EGFP-positive cells of
were detected under a fluorescence microscope. (A) Representative images (Bar = 50 um) and the number (B) of EGFP-positive cells. The relative infectivity of these
pseudotyped viruses was determined based on the percentage of EGFP positivity as detected by flow cytometry, with the value for the pseudotyped virus containing
the individual mutant SARS-CoV-2 spike RBD (R454G, Y449F, R403G, N4391, or N440I) set at one, respectively. *** P < 0.001. Bars indicate means =+ s.e.m. from

three independent experiments.

were essential for this interaction, we first constructed GST-T1, which
contains the point mutations N439I, N440I, D442V and K444M. The
results of a GST pull-down assay show that the hACE2 interaction with
GST-T1 was not different from its interaction with the wildtype sequence
(Fig. 2B). Moreover, we constructed GST-tagged versions of mutant
spike RBD sequences carrying individual point mutations. We performed
additional GST pull-down assays and found that three individual amino

acid mutations (R454G, Y449F, and R403G) significantly interrupted
the spike RBD-hACE2 interaction, but the individual S459G mutation
did not (Fig. 2B and C). The effects of interrupting spike RBD-hACE2
interaction by three individual amino acid mutations (R454G, Y449F,
and R403G) in RBD were confirmed using Surface plasmon resonance
(Fig. S1). In summary, we identified three essential amino acid residues
(454R, 449Y, 403R) that are critical for binding SARS-CoV-2 spike to
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hACE2, and the total binding energy of hACE2 and RBD is —24.29 + 0.19 kcal/mol.

hACE2.

3.3. Identification of a set of key amino acids in spike protein RBD
responsible for the high infectivity of SARS-CoV-2

It is currently unknown whether the identified sites were essential for
the high infectivity of SARS-CoV-2/or whether it may have increased
COVID-19 transmissibility among humans. To uncover the identified
sites on viral infectivity, we infected the 293T-hACE2 cell line with
pseudotyped viruses containing the wildtype spike protein of SARS-CoV-
2, which was derived from the spike protein sequence of SARS-CoV-2
strain Wuhan 1 (GenBank: MN_908947), or the individual mutant
spike protein of SARS-CoV-2. As shown in Fig. 3, the pseudotyped virus
containing spike protein with R454G, Y449F, R403G, N439I or N440I
was determined to have very low infectivity, and very few cells were
infected by this virus compared with virus containing wildtype spike
from the reference strain Wuhan 1; the number of enhanced green
fluorescent protein (EGFP)-positive cells following infection with the
pseudotyped virus containing spike protein with R454G, Y449F, R403G,
N439I or N440I was more than 200-fold lower than that following
infection with the pseudotyped virus containing wildtype spike protein.
These results suggest that spike protein 454R, 449Y, 403R, 439N and

440N were essential to the infectivity of SARS-CoV-2. The mutant Y449F
spike protein has one less hydroxyl group in its structure compared with
the wildtype spike protein. The above result indicates that the high
infectivity of SARS-CoV-2 requires the hydrogen bond between spike
449Y and hACE2.

3.4. MD simulation study of affinity between SARS-CoV-2 spike RBD
carrying individual point mutations and hACE2

We next performed a molecular dynamics (MD) simulation study of
interactions between various mutant SARS-CoV-2 spike RBD carrying
individual point mutations (R454G, Y449F, R403G, N439I, N440I) and
hACE2, based on the published crystal structure of SARS-CoV-2 spike
RBD and hACE2. For the individual point mutations, the root mean
square deviation (RMSD) between R454G and wildtype was 2.781 A
(Fig. 4); the RMSD between Y449F and wildtype was 2.624 A (Fig. 5);
the RMSD between R403G and wildtype was 2.435 A (Fig. 6); the RMSD
between N439I and wildtype was 2.944 A (Fig. S2); and the RMSD be-
tween N440I and wildtype was 2.198 A (Fig. S3). There was a hydrogen
bond between hACE2 20D and spike RBD 449Y in the wildtype, but no
hydrogen bond interactions with hACE2 formed at this site for SARS-
CoV-2 spike RBD point mutant Y449F (Fig. 5), which is because
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ns). The wildtype SARS-CoV-2 spike RBD is shown in green, and the SARS-CoV-2 spike RBD Y449F mutant is shown in orange. The RMSD between the two complexes
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between SARS-CoV-2 spike RBD mutant amino acids and hACE2. In the wildtype SARS-CoV-2 spike RBD, a hydrogen bond is formed between 20D on hACE2 and
449Y on the SARS-CoV-2 spike RBD, and the total binding energy of hACE2 and wildtype SARS-CoV-2 spike RBD is —37.59 =+ 0.14 kcal/mol. In the SARS-CoV-2 spike
RBD Y449F mutant, no hydrogen bonds are formed with hACE2, and the total binding energy of hACE2 and the SARS-CoV-2 spike RBD Y449F mutant is —33.42 +

0.15 kcal/mol.

phenylalanine has one less hydroxyl group on the benzene ring
compared with tyrosine. In wild type, hydrogen bonds were formed
between 439N and 437N, 499P, 443S, respectively (Fig. S2). The
hydrogen bond with 499P disappeared in N439I mutation, and the alpha
helix at the mutation site was disrupted (Fig. S2). Additionally, no
hydrogen bond interactions with hACE2 were found for spike RBD 454R,
403R or 440N (Figs. 4, 6, S3), but the alpha helix at the mutation N440I
site was disrupted (Fig. S3). After the individual mutations R454G,
Y449F, R403G, N439I and N440I, the total binding energy of hACE2 and
SARS-CoV-2 spike RBD was changed from —37.59 + 0.14 kcal/mol to
—24.29 + 0.19 kcal/mol, from —37.59 4+ 0.14 kcal/mol to —33.42 +
0.15 kcal/mol, from —37.59 + 0.14 kcal/mol to —33.41 + 0.24 kcal/
mol, from —37.59 + 0.14 kcal/mol to -24.99 + 0.51 kcal/mol and from
—37.59 + 0.14 kcal/mol to -40.51 + 0.54 kcal/mol, respectively
(Figs. 4-6, S2 and S3). Our findings suggest that the affinity of SARS-
CoV-2 spike for hACE2 was reduced by the presence of the individual
R454G, Y449F, R403G, or N439I mutations and N440I site was critical
to the RBD structure. These results are highly consistent with the GST
pull-down assay and confirm that the three amino acid residues 454R,
449Y, and 403R are critical for SARS-CoV-2 spike RBD binding to

hACE2. These results are also highly consistent with pseudotyped virus
infection assay and confirm that the five amino acid residues 454R,
449Y, 403R, 439N and 440N are critical for high infectivity of SARS-
CoV-2.

3.5. Cephalosporin derivative effectively inhibits SARS-CoV-2 spike (WT
and variants)-mediated infection and live SARS-CoV-2 infection

To screen drugs based on interacting with these above key amino
acids, molecular docking (Docking) study was performed. As shown in
Figs. S4 and S5, 7-Amino cephalosporanic acid, Cefprozil, Ceftazidime
or Cefixime can interact with these key amino acids and bind with the
SARS-CoV-2 spike RBD. 7-Amino cephalosporanic acid formed struc-
tural hydrogen bridge bonds with 496G (Fig. S4C). Cefprozil not only
formed hydrogen bridge bonds with 403R and 453Y, but also formed
structural hydrogen bridge bonds with 496G (Fig. S4D). Ceftazidime
formed hydrogen bridge bonds with 403R and structural hydrogen
bridge bonds with 496G (Fig. S5C). Cefixime not only formed hydrogen
bridge bonds with 403R, 449Y, 501N, 406E and 498Q, but also formed
structural hydrogen bridge bonds with 496G and 505Y (Fig. S5D). The
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total binding energy of Ceftazidime and SARS-CoV-2 spike RBD was
-3.8712 kcal/mol. The total binding energy of Cefixime and SARS-CoV-2
spike RBD was -5.3544 kcal/mol.

Before evaluating the antiviral effect of Cephalosporin derivative (7-
Amino cephalosporanic acid, Cefprozil, Cefixime or Ceftazidime), we
examined whether they affect the viability of 293T-hACE2 used in this
study. As shown in Fig. S6, Cephalosporin derivative (7-Amino cepha-
losporanic acid, Cefprozil, Cefixime or Ceftazidime) had no cytotoxicity
to the cells at the dilutions used in the experiments. Next, pseudoviruses
bearing SARS-CoV-2 spike were co-incubated with or without Cepha-
losporin derivative (7-Amino cephalosporanic acid, Cefprozil, Cefixime
or Ceftazidime) at different concentrations. As shown in Figs. 7 and 8, 7-
Amino cephalosporanic acid (800 pM) significantly inhibited SARS-CoV-
2 emerged variants (SA-B.1.351, DELTA-B.1.617, DELTA-B.1.617.2)
Spike-mediated pseudovirus infection of 293T-hACE2; Cefprozil (200
pM) significantly inhibited SARS-CoV-2 emerged variants (BZ-P.1,
D614G, SA-B.1.351, DELTA-B.1.617, DELTA-B.1.617.2, DELTA-
B.1.618) Spike-mediated pseudovirus infection of 293T-hACE2; Cefix-
ime or Ceftazidime dose-dependently and significantly inhibited SARS-
CoV-2 wild type or newly emerged variants (BZ-P.1, D614G, GB-
B.1.117, SA-B.1.351, DELTA-B.1.617, DELTA-B.1.617.1, DELTA-
B.1.617.2, DELTA-B.1.618) Spike-mediated pseudovirus infection of

293T-hACE2.

To further determine the significance of anti-SARS-CoV-2 activity of
Cefixime, we examined the efect of Cefixime on live SARS-CoV-2
infection of Vero-E6 cells. Culture supernatant was collected after live
SARS-CoV-2 infection. We showed that Cefixime treated cells had
significantly decreased expression of viral N gene (Fig. 8J) than the
untreated cells. Furthermore, we tested the binding affinity of His-
tagged SARS-CoV-2 spike RBD to hACE2 receptor of the host cells
treated with or without Cefixime by performing immunofluorescence
and western blot analysis. Immunofluorescence assay showed that
Cefixime reduced the binding of RBD to hACE2 (Fig. S7A). Consistent
with the findings from the immunofluorescence assay, western bolt
assay confirmed that Cefixime could block the binding of RBD to hACE2
in a dose-dependent manner (Fig. S7B). In addition, we tested the
binding kinetics of Cefixime to RBD by using Surface plasmon resonance
and the KD (M) is 2.61 x 10_2(Fig. S7C). These results indicate that
Cefixime and Ceftazidime were identified as potential candidates (novel,
safe, and cost-effective drugs) for the prevention/treatment of SARS-
CoV-2 wild type and newly emerged variants.
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Fig. 7. 7-Amino cephalosporanic acid or Cefprozil inhibited SARS-CoV-2 spike (WT and variants)-mediated infection. 293T-hACE2 cells were treated with the indicated
dose of 7-Amino cephalosporanic acid or Cefprozil and infected with the pseudovirus bearing SARS-CoV-2 spike (WT and variants). The number of EGFP-positive
cells was counted by flow cytometry, and the results were used to calculate the infection ability of the pseudotyped viruses.

4. Discussion

The key structure of the interface between the spike protein of SARS-
CoV-2 and hACE2 acts as an vital switch for cell entry by the virus during
infection (Wang et al., 2020; Letko et al., 2020; Hoffmann et al., 2020).
Revealing these interactions is of unquestionable importance for
developing COVID-19 vaccines and therapeutics. Here, we identified the
RBD2 peptide (391-465 aa) in SARS-CoV-2 spike RBD was required for
RBD binding to hACE2. Furthermore, we identified three essential
amino acid residues (454R, 449Y, 403R) within the peptide that are
critical for its binding to hACE2. By using pseudotyped viruses, we found
that virus containing SARS-CoV-2 spike with R454G, Y449F, R403G,
N4391I or N440I individual mutation has much lower infectivity than
virus containing spike protein from the reference strain Wuhan 1 does.
Next, Cephalosporin derivative (7-Amino cephalosporanic acid, Cef-
prozil, Cefixime or Ceftazidime) was found to effectively and signifi-
cantly block infection of SARS-CoV-2 wild type or newly emerged
variants (BZ-P.1, D614G, GB-B.1.117, SA-B.1.351, DELTA-B.1.617,
DELTA-B.1.617.1, DELTA-B.1.617.2, DELTA-B.1.618) Spike-mediated
pseudovirus infection of 293T-hACE2 by binding with key amino acids
for interaction between Spike RBD and hACE2.

We firstly dissected RBD into p-sheets and o-helices based on its
structure and constructed the RBD fragments as 319-390, 391-465 and
466-546. Our research indicated that RBD fragment 391-465 (two
B-sheets and three a-helices) are required for RBD binding to hACE2. So
we chose this fragment 391-465 as our research object. The roles of
residues of 466-546 in RBD binding to hACE2 depends on the second
structure of 391-465 (two p-sheets and three a-helices). So some resi-
dues known to be important in the variants of concern (for instance 484
and 501 (Mannar et al. 2021) were in this way not taken into account.

Thomson et al. (2021) reported that N439K creates a new RBD:
hACE2 salt bridge and enhances RBD:hACE2 affinity than wild type .
Augusto et al. (2022) reported that N440K mutation enhances the af-
finity of RBD for hACE2 than wild type. So the 440K and 439K plays
critical roles in the affinity of RBD for hACE2. Our research found that
N4391I and N440I mutations renders SARS-CoV-2 pseudovirus unable to
infect hACE2-293T cells. These results indicate that different amino
acids at the two sites leads to loss or gain function of spike protein.

Another important finding from the present work is that the 449Y,
403R, 439N or 440N sites in the SARS-CoV-2 spike may be important for
the transmission of COVID-19 from intermediate hosts to humans or for
increasing COVID-19 transmissibility in humans. Using protein-protein
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Fig. 8. Ceftazidime or Cefixime inhibited SARS-CoV-2 spike (WT and variants)-mediated infection and live SARS-CoV-2 infection. (A-1)293T-hACE2 cells were
treated with the indicated doses of Ceftazidime or Cefixime and infected with the pseudovirus bearing SARS-CoV-2 spike (WT and variants). The number of EGFP-
positive cells was counted by flow cytometry, and the results were used to calculate the infection ability of the pseudotyped viruses. (J) Human Vero-E6 were treated
with Cefixime (400 pM) before live SARS-CoV-2 infection at MOI = 0.01. Cells were washed 3 times with PBS to remove free virus at 2 h post-infection, and then
maintained in DMEM containing Cefixime (400 M) and 2% FBS for 48 h. Supernatants were collected and SARS-CoV-2 copies were measured by the qRT-PCR for the

viral N gene expression (left panel). Inmunofluorescence assay was used to detect the expression of N protein and the result was analysised by high content screening
(right panel) (Bar = 50 pm).
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BLAST, we identified several amino acid differences (403R, 439N, 440N,
449Y, and 459S) between the SARS-CoV-2 reference strain Wuhan 1
RBD2 peptide (391-465 aa) and the corresponding RaTG13 protein
sequence. We performed GST pull-down assays and found that two of the
above five amino acid residues (449Y, 403R) were critical for SARS-CoV
2 spike RBD-hACE2 interaction. RaTG13 is considered one of the most
likely origins of SARS-CoV-2. Therefore, these findings may also help
explore the intermediate hosts or origins of SARS-CoV-2.

Our study has some limitations. Recently, studies have identified
multiple variants in the SARS-CoV-2 spike RBD (e.g., D614G+V341],
D614G+K458R, and D614G+1472V) that are associated with increased
viral infectivity or decreased viral sensitivity to neutralizing monoclonal
antibodies (Alouane et al., 2020). This study does not cover all
SARS-CoV-2 variants (Groves et al., 2021). Thus, identifying more
conserved and variable regions of the virus in further studies could help
guide the design of vaccines and drugs.

5. Conclusions

We identified the SARS-CoV-2 spike RBD2 peptide 391-465 aa was
required for RBD interacting to hACE2 and three essential amino acid
residues (454R, 449Y, and 403R) of spike RBD are critical for its binding
to hACE2. Spike 454R, 449Y, 403R, 439N and 440N are critical for
infectivity of SARS-CoV-2. These results provide a novel model for drug
screening. These results also support further clinical evaluation and
development of Cephalosporin derivatives and peptide 391-465 aa of
RBD as novel, safe, and cost-effective drugs for prevention/treatment of
SARS-CoV-2.
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