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A multi-targeting drug design strategy for identifying potent

anti-SARS-CoV-2 inhibitors
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The COVID-19, caused by SARS-CoV-2, is threatening public health, and there is no effective treatment. In this study, we have
implemented a multi-targeted anti-viral drug design strategy to discover highly potent SARS-CoV-2 inhibitors, which
simultaneously act on the host ribosome, viral RNA as well as RNA-dependent RNA polymerases, and nucleocapsid protein of the
virus, to impair viral translation, frameshifting, replication, and assembly. Driven by this strategy, three alkaloids, including lycorine,
emetine, and cephaeline, were discovered to inhibit SARS-CoV-2 with ECsq values of low nanomolar levels potently. The findings in
this work demonstrate the feasibility of this multi-targeting drug design strategy and provide a rationale for designing more potent

anti-virus drugs.
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INTRODUCTION

The COVID-19 (Coronavirus disease-2019), caused by a novel
coronavirus (SARS-CoV-2), has spread worldwide and remains out
of control [1-4]. SARS-CoV-2 is an enveloped, positive-sensed, and
single-stranded RNA beta coronavirus (CoV) [5, 6]. At present,
there are seven human CoV strains identified, which includes: (1)
four low-pathogenicity members: 229E (alpha coronavirus), NL63
(alpha coronavirus), OC43 (beta coronavirus), and HKU1 (beta
coronavirus); and (2) three highly pathogenic members: MERS-CoV
(the beta coronavirus that causes Middle East Respiratory
Syndrome, abbreviated as MERS), SARS-CoV (the beta coronavirus
that causes a severe acute respiratory syndrome, named as SARS)
as well as SARS-CoV-2 [7]. SARS-CoV-2 encodes four structural
proteins, including spike, envelope, membrane, and nucleocapsid
protein (N protein), as well as 15 nonstructural proteins
(abbreviated as Nsps) [1, 8]. While living cells are infected, the
virus can directly access the ribosomes of the host cell to produce
proteins for new viruses. Nsps are assembled into a multi-subunit
polymerase complex to create an environment suitable for
transcription and replication of the viral genome. The viral
genomes then form mature virions with viral structural proteins
[9]. It is worth noting that during the coronavirus replication cycle,
these targets, including RNA-dependent RNA polymerase (RdRp),
N protein, ribosome, and —1 programmed ribosomal frameshift-
ing (—1 PRF) region, are involved in interacting with RNA, which
herein providing a common feature for developing multi-targeting
drugs that could have maximal anti-viral efficacy.

Although ribosome is one necessary organelle in living cells for
producing proteins for host cells, it can be regarded as one
potential drug target because of its essential role in viral protein
translation [10]. The human ribosome is known as the 80S
ribosome, composed of a small 40S subunit and a large 60S
subunit. There are four main functional sites embedded in the
whole ribosome: (1) the mRNA binding site; (2) the tRNA-binding
sites which contain the A(aminoacyl)-site, P(peptidyl)-site, and E
(exit)-site; (3) the peptidyl transfer center (PTC); and (4) the binding
site for translational factors [11]. Previous studies showed that these
functional sites were identified as druggable binding sites within
ribosomes [12]. Besides, virus-infected cells produce more proteins
than normal cells, which means that ribosome seems to be very
important for replicating the virus. In total, ribosomes could be
counted as a potential target for treating viral infection [13].

SARS-CoV-2 recruits —1 PRF, which involves a shift in the
reading frame of the ribosome at a specific location in the RNA
message, that is, 5-7 nucleotides downstream of the ‘slippery’
sequence where the reading-frame shift occurs, typically exists a
pseudoknot, to control the expression of viral proteins, including
RdRp [14]. Some works of literature showed that mutations or
molecular binders of —1 PRF could significantly attenuate viral
propagation [15, 16], demonstrating that the RNA genome of the
virus could be a considerable druggable target.

RdRp, as a crucial drug target for anti-coronaviruses, plays an
essential role in the process of replication and transcription of RNA
viruses [17, 18]. The RdRp of SARS-CoV-2 is composed of nsp12,
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Schematic illustration of the multi-targeting-based anti-SARS-CoV-2 inhibitor identification workflow designed by combining

computational methods with experimental techniques. The cartoon models represent the structures of four potential targets. The
compound database is shown as a cylinder. The experimental techniques are shown as the pictures of instruments and equipments.

which is a catalytic subunit, and two accessory subunits, nsp7 and
nsp8, which can stimulate nsp12 polymerase activity. The
nsp12 subunit includes a nidovirus RdRp-associated nucleotidyl-
transferase (NiRAN) domain in the N-terminal portion, and an
interface domain, which is responsible for connecting the C-
terminal RdRp catalytic domain and NiRAN domain [19-21]. The
core structure of RdRp presents a large and deep groove domain,
resembling a human right hand, interconnected by ‘fingers’,
‘palm’, and ‘thumb’ subdomains, which form the catalytic site of
RNA synthesis. The catalytic site, comprising of the residues of SER
759, ASP 760, and ASP 761 (SDD), which lies in the motif C, is
involved in primer binding for RdRp activity [20].

Being one of the multifunctional structural proteins in SARS-
CoV-2, N protein plays a vital role in constructing helical
ribonucleoproteins by interacting with the viral RNA genome
and regulating viral RNA synthesis during the processes of
replication and transcription [22]. N protein contains three highly
conserved domains: (1) an N-terminal RNA-binding domain (NTD),
which is primarily responsible for RNA-binding; (2) a C-terminal
dimerization domain (CTD), which mediates N-N homotypic
interactions; and (3) a poorly structured central Ser/Arg(SR)-rich
linker which connects NTD and CTD and contains multiple
putative sites of phosphorylation [23, 24]. Previous studies showed
that N protein could be used as another potential target for
developing small-molecular anti-virus drugs via destroying the
assembling process of virions [25].

In this work, three alkaloid compounds, lycorine, emetine, and
cephaeline, were identified to be potent inhibitors of SARS-CoV-2
by simultaneously working on these four potential targets. To
achieve this, a comprehensive workflow, which was composed of
computational methods and experimental techniques, was
designed as shown in Fig. 1, presenting a new multi-targeting
anti-virus inhibitor designing strategy.

SPRINGERNATURE

MATERIALS AND METHODS

Identification of candidate multi-targeting drugs

The surfaces of electrostatic potentials of the RNA binding sites of
N protein and RdRp illustrate the similar charged and polarizable
binding sites for designing drugs (Supplementary Fig. S1). To
discover potential candidate drugs that can bind both with RdRp
and N protein, virtual screening was carried out with compound
data sets obtained from DrugBank 5.0 (www.drugbank.ca) and
anti-infection database (MedChemExpress). The compounds were
firstly pre-processed by using the LigPrep module in Maestro
(Schrédinger 2020-1) to predict protonation states and generate
their 3D low-energetical conformations. All compounds in the
database were converted to their most probable ionized state at
pH 7.0+20. Default settings were used for all remaining
parameters.

At the very beginning of this work, the molecular structure of
the N protein of SARS-CoV-2 had not been released. Hence, a
computational modeled structure was generated and released
from I-TASSER (https://zhanglab.ccmb.med.umich.edu/COVID-19/)
[26]. And another predicted structure was generated by trRossetta
[27]. There is no apparent difference between the predicted
structures (Supplementary Fig. S2a). The structure predicted by I-
TASSER was used to perform the virtual screening. The sequences
of N proteins of the 3 coronavirus were retrieved from the UniProt
(https://www.uniprot.org/) [28]. The homologous sequence align-
ment of N proteins of the 3 coronavirus was performed using
MAFFT, [29] and the final map was obtained from Espript 3.0 [30]
(Supplementary Fig. S3). In consideration of the high sequence
identity of N proteins between SARS-CoV-2 and HCoV-OC43, the
experimentally obtained complex structure of HCoV-OC43 NTD (N-
terminal domain) with an inhibitor, noted as PJ34 (N-(6-oxo-5,6-
dihydrophenanthridin-2-yl)(N,N-dimethylamino)acetamide hydro-
chloride) (PDB code: 4KXJ), was used as a reference for
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determining the druggable active site (Supplementary Fig. S4).
Not long after this, the structure of the SARS-CoV-2 RNA binding
domain was retrieved from the protein structure databank (PDB
code: 6VYO), and there is no obvious difference between the
predicted and experimental structures (Supplementary Fig. S2a).
Therefore, the selected candidate drugs for this work were still re-
docked to the experimental structure to re-analyze the protein-
ligand interactions. The above-related protein structures were
structurally refined by the Protein Preparation Wizard in Maestro
(Schroédinger 2020-1) for assigning correct protonation states as
well as formal charges, adding missing residues, and optimizing
three-dimensional conformations. The grid was centered on the
centroid of residues Y109 and Y111. We defined the binding
region by a 20Ax20Ax20A box for grid generation. Default
settings were used for all remaining parameters.

As with the case of nucleocapsid phosphoprotein, we used the
computationally modeled structures of RdRp generated by I-
TASSER and trRossetta to discover RdRp binders (Supplementary
Fig. S2b), and re-analysis of protein-ligand interaction was
performed against the experimentally released structure of RdRp
(PDB code: 7BV1). The protein structure was firstly prepared and
refined by using the same method described for treating
nucleocapsid phosphoprotein. Referencing the remdesivir-
binding site (Supplementary Fig. S5), the grid was centered on
the centroid of residues R555, S759, D760, and D761. We defined
the binding region by a 20 A x 20 A x 20 A box for grid generation.
Default settings were used for all remaining parameters. The
docking simulations were performed against the RNA binding
domain of RdRp.

To analyze the interaction between ligands and the complex
structure of RdRp with RNA, the ligands were docked to the
experimentally released complex structure of RdRp with RNA (PDB
code: 7BZF). The structure was processed by using the same
workflow for treating the apo structure of RdRp described above.

Docking simulations were performed by using Glide(v8.7) [31] in
Maestro, with SP (standard precision). Five poses were written out
for each ligand, and the rest conditions were set as default.
Enlightened by the common pharmacophores of the amine group
and aromatic group contained on anti-virus inhibitors, i.e.,
chloroquine and cinanserin, 20% of top-ranked candidate ligands
were further filtered by using the 3D molecular similarity
calculation method SHAFTs by taking these two inhibitors as
query molecules, respectively. Chloroquine and cinanserin were
two reported anti-virus inhibitors [32, 33]. The potential anti-SARS-
CoV-2 mechanisms of chloroquine include disrupting the endo-
cytic pathway, blocked sialic acid receptors, restricting pH
mediated spike(S) protein cleavage at the angiotensin-
converting enzyme 2 (ACE2) binding site, and preventing cytokine
storm [34, 35]. Cinanserin was also reported to inhibit SARS-CoV-2
Mpro [33]. All these concerned targets of chloroquine and
cinanserin were essential targets for controlling COVID-19, and
we believed their common pharmacophores, i.e., the amine group
and aromatic group, could contribute to the most anti-virus effect.
Hence, we performed such a filtration on those candidate drugs to
find out the most possible one which not only binds strongly to
RdRp and N protein but also contains amine and aromatic groups.
Then, visual inspection was performed to analyze the predicted
binding modes between the top-ranked ligands and the proteins.
As a result, lycorine, emetine, and cephaeline were selected.
Subsequently, the docked poses were refined by Prime MM-GBSA
in maestro (Supplementary Table S1).

Excitingly, through reviewing the reported target information of
lycorine, emetine, and cephaeline, we found these compounds
can also bind with the ribosome. The complex structures of the
yeast 80S ribosome with lycorine and the small subunit of
Plasmodium falciparum ribosome with emetine have been
experimentally obtained and deposited in the protein structure
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databank (PDB codes: 4U4U and 3J7A). The structure of
the human 80S ribosome was retrieved from the protein structure
databank (PDB code: 4V6X). Three-dimensional models of the
homo ribosome in complex with lycorine and emetine were
computationally constructed by referring to the experimental
complex structures of the lycorine contained yeast ribosomes and
emetine contained Pf ribosomes. The cephaeline was super-
imposed with emetine in the constructed model based on the
concept that compounds sharing structural and pharmacophore
similarities may have a relatively similar binding model. Subse-
quently, molecular structure refinement was performed to
optimize the modeled complex structures by Prime MM-GBSA
(Supplementary Table S1).

The structure of the frameshift stimulation element (FSE) of —1
PRF was retrieved from the protein structure databank (PDB code:
7ACT). The structure of FSE was refined by the Protein Preparation
Wizard in Maestro (Schrédinger 2020-1) for assigning correct
protonation states as well as formal charges and optimizing three-
dimensional conformations. The grid was centered on the
centroid of ribonucleotides G19, C43, G46, and A76. We defined
the ligand diameter midpoint box by a 40 A x 40 A x 40 A box and
the binding region by a 36 A x 36 A x 36 A enclosing box for grid
generation. Default settings were used for all remaining para-
meters. Docking simulations were performed using Glide(v8.7) in
Maestro, with SP (standard precision). Ten poses were written out
for each ligand, and the rest conditions were set as default. Then,
visual inspection was performed to select the predicted binding
modes between ligands and FSE. Subsequently, structural
refinement was performed to optimize the modeled complex
structures by employing Prime MM-GBSA (Supplementary
Table S1).

Constructs and expression of the RdRp complex

The RdRp complex was prepared according to the same method
[20, 29] reported as described below. The full-length gene of the
SARS-CoV-2 nsp12 (residues 1-932) was chemically synthesized
with codon optimization (General Biosystems). The gene was
cloned into a modified pFastBac baculovirus expression vector
containing a 5 ATG starting sequence and C-terminal Tobacco
Etch Virus (TEV) protease site followed by a His8 tag. The plasmid
contains an additional methionine at the N-terminus and
GGSENLYFQGHHHHHHHH at the C-terminus of nsp12. The full-
length genes for nsp7 (residues 1-83) and, nsp8 (residues 1-198)
were cloned into the pFastBac vector containing a 5/ ATG starting
sequence. All constructs were generated using the Phanta Max
Super-Fidelity DNA Polymerase (Vazyme Biotech Co., Ltd) and
verified by DNA sequencing. All constructs were expressed in
Spodoptera frugiperda (Sf9) cells. Cell cultures were grown in
ESF 921 serum-free medium (Expression Systems) to a density of
2-3 million cells per mL and then infected with three separate
baculoviruses at a ratio of 1:2:2 for nsp12, nsp7 and nsp8
at a multiplicity of infection (m.o.i.) of about 5. For the
nsp12 subunit, the cell cultures were grown in ESF 921 serum-
free medium (Expression Systems) to a density of 2-3 million cells
per mL and then infected with the only baculoviruse for nsp12 at a
multiplicity of infection (m.o.i.) of about 5. The cells were collected
48 h after infection at 27 °C, and cell pellets were stored at —80 °C
until use.

Besides, the genes of nsp7 and nsp8 were cloned into a
modified pET-32a (+) vector containing a 5 ATG starting
sequence and C-terminal His8 tag with a TEV cleavage site for
expression in E. coli. Plasmids were transformed into BL21(DE3)
(Invitrogen). Bacterial cultures were grown to an ODgqg of 0.6 at 37
°C, and then the expression was induced with a final concentra-
tion of 0.1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG)
and the growth temperature was reduced to 16 °C for 18-20 h.
The bacterial cultures were pelleted and stored at —80 °C until use.

SPRINGER NATURE
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Purification of the RdRp complex

The purification of nsp7 and nsp8 expressed in bacteria was
similar to the purification of nsp7 and nsp8 reported previously
[36]. Briefly, bacterial cells were lysed with a high-pressure
homogenizer operating at 800 bar. Lysates were cleared by
centrifugation at 25,000 x g for 30 min and were then bound to
Ni-NTA beads (GE Healthcare). After a wash with buffer containing
50 mM imidazole, the protein was eluted with buffer containing
300 mM imidazole. The tag was removed with incubation of TEV
protease overnight, and protein samples were concentrated with
3kDa or 30 kDa molecular weight cut-off centrifuge filter units
(Millipore Corporation) and then size-separated by a Superdex 75
Increase10/300 GL column in 25mM HEPES pH 7.4, 200 mM
sodium chloride, 5% (v/v) glycerol. The fractions for the nsp7 or
nsp8 were collected, concentrated to about 10 mg/mL, and stored
at —80 °C until use.

The insect cells containing the co-expressed RdRp complex
were resuspended in binding buffer of 25 mM HEPES pH 7.4, 300
mM sodium chloride, 25mM imidazole, 1 mM magnesium
chloride, 0.1% (v/v) IGEPALCA-630 (Anatrace), 1mM tris (2-
carboxyethyl) phosphine (TCEP), 10% (v/v) glycerol with additional
EDTA-free Protease Inhibitor Cocktail (Bimake), and then incu-
bated with agitation for 20 min at 4 °C. The incubated cells were
lysed with a high-pressure homogenizer operating at 500 bar. The
supernatant was isolated by centrifugation at 30,000 x g for 30
min, followed by incubation with Ni-NTA beads (GE Healthcare) for
2 h at 4°C. After binding, the beads were washed with 20 column
volumes of wash buffer of 25 mM HEPES, pH 7.4, 300 mM sodium
chloride, 25 mM imidazole, 1 mM magnesium chloride, 1 mM
TCEP, and 10% (v/v) glycerol. The protein was eluted with 3-4
column volumes of elution buffer of 25 mM HEPES pH 7.4, 300 mM
sodium chloride, 300 mM imidazole, 1 mM magnesium chloride, 1
mM TCEP, and 10% (v/v) glycerol.

The co-expressed RdRp complex was incubated with additional
nsp7 and nsp8 from the bacterial expression in a 1:1:2 molar ratios
and incubated at 4°C for 4h. Incubated RdRp complex was
concentrated with a 100 kDa molecular weight cut-off centrifugal
filter unit (Millipore Corporation) and then size-separated by a
Superdex 200 Increase 10/300 GL column in 25 mM HEPES pH 7.4,
300 mM sodium chloride, T mM magnesium chloride, T mM TCEP.
The fractions for the monomeric complex were collected for the
next step of experiments.

Purification of the SARS-CoV-2 nsp12

The purification of SARS-CoV-2 nsp12 from SF9 cells was similar to
the above purification of RdRp complex. The insect cells contain-
ing nsp12 were resuspended in binding buffer of 25 mM HEPES
pH 7.4, 300mM sodium chloride, 25mM imidazole, 1 mM
magnesium chloride, 0.1% (v/v) IGEPALCA-630 (Anatrace), 1T mM
tris (2-carboxyethyl) phosphine (TCEP), 10% (v/v) glycerol with
additional EDTA-free Protease Inhibitor Cocktail (Bimake), and
then incubated with agitation for 20 min at 4 °C. The incubated
cells were lysed with a high-pressure homogenizer operating at
500 bar. The supernatant was isolated by centrifugation at
30,000 x g for 30 min, followed by incubation with Ni-NTA beads
(GE Healthcare) for 2h at 4°C. After binding, the beads were
washed with 20 column volumes of wash buffer of 25 mM HEPES,
pH 7.4, 300mM sodium chloride, 25mM imidazole, 1 mM
magnesium chloride, 1TmM TCEP, and 10% (v/v) glycerol. The
protein was eluted with 3-4 column volumes of elution buffer of
25 mM HEPES pH 7.4, 300 mM sodium chloride, 300 mM imidazole,
1 mM magnesium chloride, TmM TCEP, and 10% (v/v) glycerol.
The eluted protein was concentrated with a 100 kDa molecular
weight cut-off centrifugal filter unit (Millipore Corporation) and
then size-separated by a Superdex 200 Increase 10/300 GL column
in 25mM HEPES pH 7.4, 300mM sodium chloride, 1mM
magnesium chloride, 1 mM TCEP. The fractions for the monomeric
complex were collected for the next step of experiments.

SPRINGERNATURE

Preparation of the RNA bound RdRp complex

A short RNA oligonucleotide with the sequence of 5-GCUAUGU
GAGAUUAAGAAUU-3’" was used as the primer strand, and a longer
RNA oligonucleotide with the sequence of 5-UUUUUUUUU
UAAUUCUUAAUCUCACAUAGC-3' was used as a template
strand. To anneal the RNA duplex, both oligonucleotides
were mixed at an equal molar ratio in annealing buffer (10 mM
Tris-HCl, pH 8.0, 25 mM NaCl, and 2.5 mM EDTA), denatured by
heating to 94°C for 5min and then slowly cooled to room
temperature.

For the RNA bound RdRp complex, the concentrated RdRp
complex were diluted to 0.5 mg/mL with a buffer of 25 mM HEPES
pH 7.4, 100 mM sodium chloride, 2 mM magnesium chloride, 1
mM TCEP, combined with the annealed template-primer RNA in a
1:1.5 molar ratio and incubated at 4 °C for 0.5 h.

Surface plasmon resonance (SPR) based binding affinity assays
We carried out surface plasmon resonance (SPR) experiments
using a BlAcore T200 to evaluate the binding affinities between
the compounds and proteins. The proteins SARS-CoV-2 N protein
and nsp12 were immobilized covalently on a CM5 chip with the
final immobilization levels equal to 9636 and 19370 resonance
units (RU), respectively. The SARS-CoV-2 nsp12-nsp7-nsp8-RNA
complex was immobilized on a Ni-NTA chip, and the final
immobilization level was 6600 RU. The running buffer used in
the experiments was PBS, 0.005% (vol/vol) surfactant P20, pH 7.4,
and 1% DMSO. Lycorine (53903) was purchased from Selleck
(https://www.selleck.cn/). Emetine (HY-B1479A) was purchased
from  MedChemExpress  (https://www.medchemexpress.cn/).
Cephaeline (BP0330) was purchased from Biopurify (http://www.
biopurify.cn/). All compounds were diluted using the running
buffer from the top concentration. The measurements were
performed at a flow rate of 30 uL/min. For each binding cycle, the
analyte was injected for 90 s and the dissociation time was 180s.
Data were analyzed using BlAevaluation 1.1 software. Kinetic data
were analyzed for the compounds binding to SARS-CoV-2 N
protein and nsp12. For the binding data between the compounds
and the SARS-CoV-2 nsp12-nsp7-nsp8-RNA complex, the affinity
values were calculated using the steady-state fitting model. Each
measurement was repeated twice times.

Cell lines and viruses

African green monkey kidney Vero E6 cells (ATCC-1586) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
antibiotics. Cells were kept at 37 °C in a 5% CO, atmosphere. The
strain  (nCoV-2019BetaCoV/Wuhan/WIV04/2019) of SARS-CoV-2
was obtained from National Virus Resource Center, isolated from
a clinical patient [5]. The virus strain was propagated in Vero
E6 cells.

Antiviral activities and cytotoxicity measurement for lycorine,
emetine, and cephaeline

In our study, Vero E6 cells were pre-seeded to 48-well plates
(50,000 cells/well) for 16-18 h, treated with medium containing
gradient concentration of the three compounds at 100 yL/well for
1h. Then, the cells were inoculated with SARS-CoV-2 at the
multiplicity of infection (MOI) of 0.05 for 1 h. After the supernatant
was removed, the cells washed twice with PBS, and fresh medium
was re-added containing gradient concentrations of the three
compounds at 200 pL/well. The cells were incubated at 37 °C for
24 h. The cell supernatant was collected; antiviral activities were
evaluated by quantifying viral copy numbers in the cell super-
natant via real-time fluorescence quantitative PCR (qRT-PCR).
DMSO was used in control. The inhibition rates of the three
compounds were calculated based on the viral copy numbers, and
the 50% maximal effective concentration (ECsy) was calculated
with Graphpad Prism software 8.0. The experiments were done in
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emetine

cephaeline

<pTC

Fig. 2 Computationally predicted molecular mechanism underlying the inhibition of viral translation of lycorine, emetine and
cephaeline by targeting ribosome. a Chemical structure of lycorine, emetine and cephaeline. b Predicted binding model of lycorine, emetine
and cephaeline with human 80S ribosome. The 40S small subunit(palecyan) and the 60S large subunit(wheat) are shown in surface. Lycorine
(blue), emetine(green) and cephaeline(magentas) bound at the active sites (E-site and PTC) are represented as stick-ball models. Three zoom-
up models illustrate detailed molecular interactions between the ligands and the target. Red dash lines are hydrogen bonds or salt bridges

formed between the ligand and targets.

triplicates, and all the infection experiments were performed at
biosafety level 3 (BSL-3).

For cytotoxicity measurement in Vero E6 cells, the cells were
added to a 96-well plate (20,000 cells/well), the next day, added
with medium containing gradient concentrations of the three
compounds at 100 pL/well. The CCs, of the three compounds was
determined after 24 h using the CCK8 assay kit, and the CCsqo of
the three compounds was calculated with Graphpad Prism
software 8.0.

For cytotoxicity measurement in Huh-7 cells and HEK293T cells,
Huh-7 cells and HEK293T cells were seeded into a 96-well plate at
a cell density of 15000 per well. After adherence for 24 h, medium
containing gradient concentration of compound 200 uL per
well was added, DMSO was used in control and the group without
any cell was used as blank control. Next day, after the culture
medium was removed, CCK8 was added to the plate for 2 h at
37 °C. The absorbance was measured at 450 nm using a microplate
reader (Synergy H1/Synergy2, Biotek). The CCs, of the three
compounds was calculated with Graphpad Prism software 8.0. All
experiments were performed in triplicate.

Statistical analysis

The affinity values were calculated by BlAevaluation 1.1 software.
The binding affinity curves were fitted by origin software 7.0. The
ECso and CCso values were calculated with Graphpad Prism
software 8.0. All data were expressed as the means + SD of three
independent experiments.

RESULTS

Lycorine, emetine, and cephaeline may inhibit viral protein
synthesis by interacting with the host ribosome

As mentioned in the Methods session, the anti-virus activity of
lycorine and emetine may be contributed by their interaction with
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the human ribosome (homo ribosome) on different catalytic active
sites. By comparing the compound structures of these two
molecules with cephaeline, it can be noticed that all three
compounds are alkaloid analogs and structurally similar (Fig. 2a).
Especially, cephaeline is a desmethyl analog of emetine [37],
which may be better tolerated in patients than emetine, exhibiting
a similar efficacy against both ZIKV and EBOV infections by
interacting with the same set of drug targets, including ribosome
[38]. Lycorine and emetine were previously reported to inhibit
viral translation [38, 39]. It has also been reported that emetine
and lycorine can inhibit translation respectively by targeting tRNA
E-site (exit-site) of yeast ribosomal small subunit and the peptidyl
transfer site of Plasmodium falciparum ribosomal (Pf ribosomes)
large subunit [12, 40]. The functional regions of ribosomes are
conserved in eukaryotes such as yeast, Plasmodium falciparum,
and homo sapiens [12, 40, 41], which allows us to assume that
emetine, cephaeline, and lycorine can also bind with the homo
ribosome similarly. Thus, three-dimensional models of the human
ribosome in complex with lycorine and emetine were computa-
tionally constructed respectively by referring to the experimental
complex structures of the lycorine contained yeast ribosomes and
emetine contained Pf ribosomes. The binding modes of the three
compounds with the ribosome were illustrated in Fig. 2b. A salt
bridge was formed between the quinolizine ring of emetine
(cephaeline) and U1838, which was observed from the predicted
binding mode. Besides, according to the modeling results, it can
be found that the benzo[alquinolizine ring may mimic a base-
stacking interaction with G961 to strengthen the bindings. Unlike
emetine and cephaeline, lycorine was found to fit snugly into the
peptidyl transfer site, being stabilized by the hydrogen bonds
formed with A4397, U4450, U4446, and G4393. Beyond that, a
coordinated bond between the hydroxyl group at C-2 position
and Mg?>" was observed. These complicated interactions again
confirm the bindings between ligands and the ribosome.
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Lycorine, emetine, and cephaeline may attenuate SAR-CoV-2
propagation

The —1 programmed ribosomal frameshifting (—1 PRF), stimulated
by a structured RNA motif of the SARS-CoV-2 genome, is a key
translational recoding mechanism of SARS-CoV-2. The structured
RNA motif, termed frameshift stimulation element (FSE), includes a
5’heptanucleotide ’slippery site’ UUUAAAC and a three-stem
pseudoknot [42]. Previous studies showed that the RNA pseu-
doknot could be used as one potential target for developing
small-molecular anti-virus drugs via attenuating viral propagation
[43, 44]. According to our computational prediction, as shown in
Fig. 3, our alkaloids mentioned above also show very potential
strong interaction with FSE. Generally, all these three compounds
can act on the groove of stem 1, but the binding sites are slightly
different. Lycorine binds against the position near the slippery site,
while emetine and cephaeline are located at the site being next to
stem 2. A salt-bridge interaction between the amine group of
lycorine and the phosphodiester linkage of U13 can be observed,
which may contribute to a dominant interaction between the
compound and RNA. The binding could be further strengthened
by a complicated hydrogen bond network between the two
hydroxyl groups of lycorine and ribonucleotides. Emetine and
cephaeline were observed to be stuck in a bigger groove through
salt-bridge interaction with two phosphodiester linkages of bases
of C36 and U38. Besides that, multiple hydrogen bonds, which can
contribute to stabilization of emetine and cephaeline, were
identified. Altogether, these results indicate that lycorine, emetine
and cephaeline may attenuate SAR-CoV-2 propagation by binding
with FSE.

Lycorine, emetine, and cephaeline may inhibit SARS-CoV-2 RdRp
activity

To determine whether these three compounds can bind with
RdRp of SARS-CoV-2 to contribute to their anti-viral activity as we
predicted, we used SPR (surface plasmon resonance) to examine
the binding ability of them with RdRp(nsp-12) catalytic subunit. As
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a result, lycorine was not found to bind with RdRp in a
concentration-dependent way being without RNA but presented
an apparent strong interaction with it while RNA was presented
(Figs. 4a and 5a). As a result, emetine and cephaeline were proved
to bind with nsp-12 with a dissociation constant (Kp) of 25.7 uM
and 19.6 uM, respectively (Fig. 4b, c). Interestingly, a ten-fold
increase in binding affinities of these two compounds was
observed in the system of RdRp with the presence of RNA (Fig. 5b,
¢). These results are agreed well with the computational prediction,
as shown in Figs. 4d and 5d, where lycorine is too small to sojourn
such an extremely large cavity of RdRp. However, after binding
with RNA, the cavity of RdRp became compact and in favor of the
binding of these molecules, especially for the smaller lycorine. The
binding affinities come up to 8.3 uM (lycorine), 8.0 uM (emetine),
and 8.9 uM (cephaeline) (Fig. 5a-c). As shown in Fig. 4d, emetine
and cephaeline are bound to the conserved catalytic center of
RdRp where contains two negatively charged residues (D760 and
D761) through salt-bridge interaction. The catalytic site comprising
of S759, D760, and D761 was ever reported critical to the function
of RdRp and can form strong contacts with remdesivir, an FDA-
approved anti-COVID-19 drug. The strong interactions of these
residues with our molecules may infer their action mechanism of
inhibiting the catalytic activity of the enzyme of RdRp. Also, the
ethyl group at the benzo[alquinolizine ring forms a hydrophobic
interaction with the residue of L758. The quinolizine ring was
observed to occupy the RNA primer strand binding position.
Taking into account binding affinities determined by SPR experi-
ments and the binding modes predicted by the computational
technologies, these small molecules may interact with RdRp no
matter with RNA or not. While the RdRp is in an apo state, the small
molecules may occupy its RNA binding site quickly via taking
advantage of association kinetics rates compared with large RNA.
Despite their weak binding affinity, they can moderately interfere
with the recognition between RNA and RdRp. After binding with
RNA, the small molecules can also enter into the complex, and
further being stabilized by nucleotide bases of RNA. As illustrated

Acta Pharmacologica Sinica (2021) 0:1-11



A multi-targeting drug design strategy for anti-SARS-CoV-2

PX Ren et al.
. ——0.097 pM
20 NSP-12 & lycorine 195 e
a 15
2
8
Ew d
P
25
H
&
-5
|
0 [ 50 100 150
Time (s) )
NSP-12 & emetine H
b = 2% e e Finger
[——2.926 yM
—4.389 M
25 ——6.584 yM
] 9.876 uM
= |——14.814 M| S
2 — 22222 M £
g 10 |——33.333 pM|
e ——50 uM.
2 [
g
&
50 50 100 150 / T
c Time (s) \
[
NSP-12 & cephaeline Thumb Al
40 Kp=19.56 uM / <
Z30 N
=
220 Palm
g
H
2
& 10
0 . 50 100 150
Time (s)

Fig. 4 Emetine and cephaeline may inhibit SARS-CoV-2 transcription by competitively blocking the binding of the RNA template-product
duplex to RdRp. a Representative dose-dependent response curves for lycorine, b emetine, ¢ cephaeline binding with nsp-12 in solution
obtained from SPR assay. The detailed kinetic data obtained from SPR is collected in Table S1. d The Cartoon model represents the catalytic part
of nsp-12 protein including three domains of the finger (wheat), palm (lightblue) and thumb (palegreen). Lycorine (blue), emetine (green) and
cephaeline (magentas) bound at the active sites are represented as stick-ball models. The interaction residues are depicted as sticks in the
zoom-up models. Red dash lines are hydrogen bonds or salt bridges formed between the ligand and proteins.

a NSP-7\8\12+RNA&lycorine

&

Kp=8.31 pM ——0.097 uM
——0.195 pM

N w

Response Units

50 50 100 150
Time (s)
b NSP-7\8\12+RNA&emetine
3 Kp=8.01 uM
——1.301 pM
——1.951 uM

——2.926 M

[

——4.389 yM
——6.584 uM
——9.876 uM
——14.815 yM

Response Units

o

-

-50 0 50 100 150
Time (s)
c NSP-7\8\12+RNA&cephaeline
5 Kp=8.94 pM =

Response Units
Now B

100 150

50
Time (s)

Fig. 5 Lycorine, emetine and cephaeline may inhibit SARS-CoV-2 transcription by interfering with the function of RNA on its growth site
of RdRp. a Representative dose-dependent response curves for lycorine, b emetine, ¢ cephaeline binding with nsp-7\8\12 and RNA complex
in solution obtained from SPR assay. d Predicted binding modes of these ligands with the complex of RdRp and RNA. The Cartoon model
represents the catalytic part of nsp-12 protein including three domains of the finger (wheat), palm (lightblue) and thumb (palegreen)
domains. Lycorine (blue), emetine (green) and cephaeline (magentas) bound at the active sites are depicted as stick-ball models. RNA is shown
as yellow cartoon model. The interaction residues are depicted as sticks in the zoom-up models. Red dash lines are hydrogen bonds or salt
bridges formed between the ligand and proteins.

Acta Pharmacologica Sinica (2021) 0:1-11 SPRINGER NATURE



A multi-targeting drug design strategy for anti-SARS-CoV-2
PX Ren et al.

in Figs. 4d and 5d, within the existence of RNA, the binding modes
of these molecules presented distinct differences. Our molecular
docking studies showed that these compounds could bind to the
RNA growth site (Fig. 5d), through mimicking base-stacking
interactions with RNA production A4. As shown in Fig. 5d, an
electrostatic contact between the phosphodiester linkage of A4 of
the RNA and the amine group of these compounds can be
observed. Besides that, multiple hydrogen bonds and hydrophobic
contacts, which stabilize the bindings of these molecules, are
observed between the ligands and RNA as well as RdRp. Especially,
a shared ionic bond is observed between emetine(cephaeline) and
the critical catalytic residue D760. Altogether, these results
indicated that emetine and cephaeline potently inhibit SARS-
CoV-2 replication and transcription by blocking the binding of
the RNA template-product duplex or occupying the RNA growth
site, while lycorine inhibits RNA synthesis by occupying the RNA
growth site.

Lycorine, emetine, and cephaeline may play a role in preventing
the maturation of the virus from destroying viral core assembly
We also experimentally evaluated whether the three compounds
could bind to N protein by SPR assays. The obtained binding
affinities of emetine, cephaeline, and lycorine binding with N
protein were determined as 18.6puM, 53.8uM, and 582 puM,
respectively (Fig. 6a—c). As shown in Fig. 6d-f, the binding site of
N protein is relatively large and flat, and therefore, is very
challenging to design strongly bound molecules. Then this can
somehow explain why these experimentally obtained binding
affinities are relatively weak. As shown in Fig. 6, the three
compounds were all found to be able to form a -7 interaction
with Y109 of N protein. Additional hydrogen bonds between
emetine as well as cephaeline and the residues of T91 and Y109 of
the protein were observed. While lycorine forms a hydrogen bond
with R149. Therefore, the results suggest that the three compounds
may also interfere with viral core assembly and maturation by
blocking the recognition between the viral genome N protein.

Antiviral activities and cytotoxicity measurement for lycorine,
emetine, and cephaeline

We further evaluated the antiviral efficacy of the three compounds
against SARS-CoV-2 in Vero E6 cells. The antiviral efficacies were
evaluated by quantifying the viral copy numbers in the cell
supernatant via qRT-PCR. The results showed the dose-dependent
inhibition by the three compounds for SARS-CoV-2 replication,
and the ECso were respectively 0.439+0.122 uM, 0.00771+
0.000117 yM, and 0.0123 +0.000503 pM (Fig. 7a). The cytotoxicity
of the three compounds in Vero E6 was determined by the CCK8
assay, and the CCs, were respectively >1000 pM, 2.170 £ 0.258 uM,
49.048 + 46.327 uM (Fig. 7b). We also determined the cytotoxicity
of the three compounds in Huh-7 cells and HEK293T cells, and the
CCsp in Huh-7 cells were respectively 0.834 + 0.0630 uM, 0.0334 +
0.000617 uM, and 3.035 £ 1.699 uM; the CCsp in HEK293T cells
were respectively 1.044 +0.0734 uM, 0.0378 +0.000562 pM, and
1.995 + 0.468 uM (Supplementary Fig. S6). These findings showed
suitable antiviral activities of lycorine, emetine and cephaeline in
Vero E6 cells, but certain toxic effects in both Huh-7 cells and
HEK293T cells. According to our findings and previous literatures,
the toxic effects of these drugs are largely caused by their
interactions with the human ribosomes. Hence, selectively
decreasing the binding affinities of these compounds with
ribosomes by modifying the compound structures will be an
extended research of this study.

DISCUSSION
Lycorine, a natural alkaloid extracted from the amaryllidaceae
plant Lycoris radiate, also a traditional Chinese medicine herb, is
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previously reported to have multiple biological properties, such as
anti-parasite, anti-bacterial, anti-tumor, anti-inflammatory, anti-
plasmodia, and anti-virus [45]. Emetine, the principal alkaloid of
ipecac root, is an antiprotozoal and emetine drug, which has also
been demonstrated to have several biological functions, including
contraceptive activities, anti-cancer, and anti-virus [46]. During the
preparation of this manuscript, the anti-SARS-CoV-2 activities of
lycorine and emetine were reported, i.e., lycorine has an anti-SARS-
CoV-2 of EC50=0.31 uM, and emetine has an of ECso = 0.46 uM
[47-49]. The reported anti-virus activity of lycorine is like ours
(ECs0 =0.439+0.122 uM), while the emetine showed a much
better inhibitory activity in our test (ECso=0.00771+0.000117
pM). However, their molecular mechanisms of action are still
not clear.

The broad-spectrum antiviral activities of emetine and lycorine
have been reported [38, 50-56]. It was reported that lycorine and
emetine may be able to block the synthesis of the viral proteins of
Zika virus, BPXV (buffalopoxvirus) or NDV (Newcastle disease virus)
by inhibiting the function of the ribosomes of host cells [39, 55].
Moreover, the inhibition mechanisms of lycorine and emetine for
eukaryotic ribosomes were further demonstrated respectively by
complex structures released by X-ray diffraction and Cryo-EM
analyses. According to their binding sites on the ribosome, it seems
that lycorine inhibits protein synthesis by interfering with the
peptide-bond formation, while emetine inhibits protein synthesis
by blocking the E-site [12, 40], which is a site for deacylated tRNA
molecules before they dissociate from the ribosome. By consider-
ing these findings, human ribosome structures complex with the
three compounds were computationally modeled. Given the
favorable molecular interactions formed between the ligands and
ribosome as well as reports from other literature, the hindrance of
the translation of viral proteins can be confirmed. However, this
may lead to certain cytotoxicity.

Previous studies showed that lycorine and emetine could
inhibit RNA polymerase of Zika virus [38, 39]. This study reported
their potential inhibition ability against the RNA polymerase of SARS-
CoV-2 and proposed its potential double-faced molecular mechan-
isms of suppressing replication and transcription, i.e.,, emetine and
cephaeline may block the RNA template-product duplex or
occupying the RNA growth site. On the other hand, our computa-
tional simulations indicate that these positively charged compounds
could strongly bind to the negatively charged —1 RPF of SARS-CoV-
2, contributing to impairing the propagation of the virus. Finally, we
found that lycorine, emetine, and cephaeline may bind with N
proteins by SPR assay and molecular docking study, presenting a
potential in disrupting the virus-assembly process. The cell-based
viral infection assay was also performed to test the potent antivirals
activities of lycorine, emetine, and cephaeline in Vero E6 cell. The
effective concentration in the cell-based viral infection assay is
smaller than the molecular level assay, which suggested the
multiple-target activities of the three compounds.

There are other potential antiviral activities for lycorine,
emetine, and cephaeline. Chloroquine was reported to inhibit
the endocytic pathway of SARS-CoV-2 by altering the pH of
endosomes due to its alkalinity [34, 35, 57-59]. Same as
chloroquine, we speculate that the three alkaloids can also affect
the virus with similar mechanisms, such as blocking the entry into
the host cell by altering the pH of the endosomes.

Previous animal toxicological experiments exhibited low toxicity
and mild side effects of lycorine [60]. In addition, it was reported
that SARS-CoV-2 virus has an infect on the brain tissues [61].
Lycorine is able to cross the blood-brain barrier which suggests
that it has the potential of treating brain infection [62]. Although
emetine has been known as a therapeutic drug since the 17th
century, the sideways of myopathy and cardiomyopathy should
be considered for further evaluation [63-65]. Altogether, lycorine,
emetine, and cephaeline show certain anti-SARS-CoV-2 potential.
More importantly, our multi-targeted anti-virus drug design
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strategy may provide a new avenue for rational drug design for

SARS-CoV-2, even other viruses.

CONCLUSION

In this study, three highly potent anti-SARS-CoV-2 inhibitors,
lycorine, emetine, and cephaeline, were identified by a multi-
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target driven anti-virus drug design strategy. It was found that
these compounds may show the anti-virus activities by simulta-

neously targeting the host ribosome, and viral RNA, RdRp as well
as N protein to interfere with the translating, propagating,
replicating, and assembling process of the virus. The findings

presented in this study show the applicability and feasibility of
this novel multi-target driven anti-virus drug design strategy.
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Meanwhile, it indicated that more potent and safer drugs could be
designed by improving their bindings with the targets of the virus,
but reducing their interactions with the host ribosome.
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