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Coronavirus Disease 2019 (COVID-19), caused by the novel coronavirus, has spread rapidly across China. Con-
sequently, there is an urgent need to sort and develop novel agents for the prevention and treatment of viral
infections. A rapid structure-based virtual screening is used for the evaluation of current commercial drugs, with
structures of human angiotensin converting enzyme I (ACE2), and viral main protease, spike, envelope, mem-
brane and nucleocapsid proteins. Our results reveal that the reported drugs Arbidol, Chloroquine and Remdesivir
may hinder the entry and release of virions through the bindings with ACE2, spike and envelope proteins. Due
to the similar binding patterns, NHC (38-d-N4-hydroxycytidine) and Triazavirin are also in prospects for clinical
use. Main protease (3CLpro) is likely to be a feasible target of drug design. The screening results to target 3CL-
pro reveal that Mitoguazone, Metformin, Biguanide Hydrochloride, Gallic acid, Caffeic acid, Sulfaguanidine and
Acetylcysteine seem be possible inhibitors and have potential application in the clinical therapy of COVID-19.

PACS: 87.14.E—, 87.15.A—, 87.15.B—, 87.15.ap

Coronavirus disease 2019 (COVID-19) is an acute
respiratory infection that is caused by the 2019 novel
coronavirus (SARS-CoV-2), which has spread rapidly
across China and has become a global health challenge
confronting the entire international community.!'
However, the agents that are available to treat
COVID-19 cannot be used for prevention and they
have serious side-effects, such as diarrhea, emesis and
hyperlipidemia.l”~ ¥ Furthermore, their mechanisms
of action are unclear, and this has hindered the in-
dividualized strategies of prevention and treatment.
Therefore, there is an urgent need to sort and develop
novel agents, and efforts at improving the optimistic
outcome have been directed more recently at clinical
therapies of COVID-19.°7]

The complete viral genome analysis has revealed
that SARS-CoV-2 belongs to the 5-coronavirus genus,
and its gene sequence is most closely related (89.1%
nucleotide similarity) to that of coronavirus derived
from Rhinolophus sinicus, in contrast the homol-
ogy of SARS-CoV-2 with SARS-CoV (MERS-CoV)
is ~70(40)%.15" In addition, the open reading frame
(ORF1la), which encodes the replicase complex, ac-
counts for about 2/3 of the total length of SARS-CoV-
2 genome. The other 1/3 encodes spike (S), envelope
(E), membrane (M) and nucleocapsid (N) proteins.[’!
The sequence homologies of the five proteins between
SARS-CoV-2 and SARS-CoV (or MERS-CoV) are rel-
atively low, especially the considerable genetics dis-
tance of the spike (S) protein.l”-'’l During the prepara-
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tion of this paper, cryo-electron microscopy (cryo-EM)
and biolayer interferometry experiments evidenced
that the binding affinity of SARS-CoV-2 spike pro-
tein and human ACE2 is ~20 times higher than the
case of SARS-CoV with ACE2, and antibodies that
work against SARS-CoV may not work against SARS-
CoV-2.l'" Thus, numerous efforts have been made to
explore specific therapeutic agents of COVID-19, in-
cluding their explicit mechanisms.!'0~ "2

Nowadays, standard structure-based virtual
screening has been routinely implemented in drug
discovery to quickly prioritize potential compounds
for in vitro activity tests. However, a significant prac-
tical problem is encountered when we account for
intrinsic receptor flexibility, which leads to consid-
erable computational costs. In our previous works,
we applied an ensemble-based screening method to
determine the binding profiles of ligands with flex-
ible receptors, with advantages in the discovery of
novel efficacious agents and cost-effectiveness.['?1]
With this in mind, a rapid structure-based virtual
screening strategy was used to identify compounds as
therapeutic agents of COVID-19 by utilizing crystal
structures of human ACE2 (accession code: 1R42['])
and SARS-CoV-2 main protease (3CLpro, accession
code: 6LU7), and homology modeling structures of
viral spike (S), envelope (E), membrane (M) and nu-
cleocapsid (N) proteins.

The coordinates of viral spike (S), envelope (E),
membrane (M) and nucleocapsid (N) proteins were
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constructed by the MODELER module,['9! with the
templates of 5X58(6NB6), 2MM4, 1BUC and 1SSK.
Each homology modeling structure is partially in
accordance with the respective templates, with the
amino acid sequence similarities of 91.1, 70.7, 31.1
and 31.0%, respectively (Fig. S1 in Supplemental Ma-
terial). Note that the constructed spike (S) struc-
ture is in a manner consistent with the latest x-ray
and cryo-EM results, with the RMSD values being 1.7
and 1.8 A (Fig.S2). Virtual screening was performed
using the cDocker algorithm['”l and CHARMm force
field,!"®! which has shown to have many advantages in
the development of novel antiviral drugs.!'>'”) During
the screening processes, each binding site sphere was
assigned with a sphere of 10.0 A. The optimal orien-
tations of ligands within proteins were probed on the
basis of interactions with binding residues and geomet-
rical matching qualities,!'*?°~??] and then the selected
docked complexes were energy-minimized using the
conjugate gradient (CG) method, and further refined
by 100.0-ns explicit solvent molecular dynamics (MD)
simulations using the AMBER16 package.[*’] All val-
ues of binding free energies (AGping) were calculated
in averages over 200 snapshots, which were evenly ex-
tracted from the 60-100ns MD trajectories. Details
of this simulation were published previously.['*??]
Primarily, 10 agents with the in wvitro cellular ac-
tivities (Arbidol, (R)-Chloroquine, (S)-Chloroquine,
Darunavir, Lopinavir, Remdesivir, Ritonavir, Rib-
avirin, Triazavirine and S-d-N4-hydroxycytidine
(NHC)), were, respectively, docked to the envelope,
spike, main protease (3CLpro), membrane, nucleocap-
sid and human ACE2 structures. Note that interac-
tion energy (Eiy) refers to the receptor-ligand inter-
action energy, and total energy (Fiotal) includes FEin
and internal ligand strain energy. These were derived
from the cDocker module, consistent with the previous
works.['*?? Tt was found that Arbidol, Chloroquine,
Remdesivir, NHC and Triazavirin have relatively good
binding affinities, and envelope, ACE2, spike and 3CL-
pro are more likely target proteins for drug design
(Table 1). For example, the envelope-Remdesivir,
ACE2-Arbidol, spike-(S)-Chloroquine and 3CLPro-
Remdesivir complexes are well-behaved during the
100-ns MD simulations (Figs.S3 and S4), while the
spike-Ribavirin and membrane-Ribavirin complexes
represent obvious structural fluctuates and thermo-
dynamic instabilities. In particular, Ribavirin moves
far from the binding pocket of membrane protein
over the 100-ns MD simulation (Fig.S5). This mo-
tion indicated that though the interactions (Ein < 0)
between agents and membrane/nucleocapsid struc-
tures look relatively good, yet their docked complexes
(Etotar > 0) might find it difficult to maintain sta-
bility (e.g., membrane-Ribavirin complex) (Table 1).
Recent in vitro cell experiments have confirmed that
Arbidol, Chloroquine, and Remdesivir can effectively
inhibit the infection of SARS-CoV-2, and the treat-
ments in combination with necessary supportive cares
could significantly improve the pneumonia-related

symptoms.**] Arbidol effectively inhibits SARS-CoV-
2 at 10-30 uM, with the suppression of cytopathic ef-
fect. On Vero E6 cells, half maximal effective con-
centration (ECsg) value of Chloroquine (antimalarial
drug) equals 1.13 pM, and selection index (SI) >88.
Remdesivir (GS-5734) is a nucleoside analogue and is
currently in phase I clinical trials for COVID-19, with
the ECsg value of 0.77 uM and SI> 129. NHC is also a
nucleotide analogue, and its effect is similar to that of
Remdesivir. Triazavirin could protect influenza virus
infected mice and inhibit the accumulation of virions.
Table 1. Total (Eiota1) and interaction energies (Eipg) of

docked complexes. Energy is in units of kcal/mol, derived from
cDocker module.

Protein Compound FEiotal Eint
Ritonavir —37.43 —51.44
Lopinavir —32.79 —43.87
Arbidol —18.67 —38.62
Remdesivir —15.74 —52.20
Envelope (S)-Chloroquine —11.90 —32.82
(R)-Chloroquine —11.53 —28.51
NHC —2.04 —30.79
Darunavir 1.15 —36.71
Triazavirine 11.68 —23.69
Arbidol —16.65 —29.81
(S)-Chloroquine —13.68 —30.84
(R)-Chloroquine —11.91 —27.44
ACE2 NHC 659 —35.24
Ribavirin 13.03 —30.22
Triazavirine 13.77 —24.35
(S)-Chloroquine —17.11 —36.02
(R)-Chloroquine —16.89 —34.12
Spike NHC —8.46 —38.22
Triazavirine 6.05 —29.35
Ribavirin 8.64 —34.02
Ritonavir —71.80 —67.97
Lopinavir —56.81 —56.89
3CLpro Darunavir —31.39 —70.68
Remdesivir —6.70 —59.86
Triazavirine 6.69 —29.07
NHC 5.01 —30.36
Triazavirine 7.11 —28.83
Membrane Ribavirin 13.11 —34.42
(R)-Chloroquine  53.06 1.32
(S)-Chloroquine  64.59 8.58
NHC 2.56 —35.84
Triazavirine 7.02 30.89
Nucleocapsid ~ (S)-Chloroquine 7.85 —26.75
(R)-Chloroquine  11.78  —23.96
Ribavirin 16.72  —32.68

Envelope protein plays an important role in the
assembly and release of SARS-CoV-2 virion. Ac-
cording to our results, Arbidol, (S)-Chloroquine, (R)-
Chloroquine, Remdesivir, NHC and Triazavirin can
bind to envelope protein. The HIV-1 protease in-
hibitors Ritonavir and Lopinavir interact with enve-
lope protein in a similar manner, with the interaction
energies (Eiy) values of —51.44 and —43.87 kcal/mol
(Table 1). While, the interaction energies (Ein) of
Arbidol, Remdesivir and NHC with envelope pro-
tein are —38.62, —52.20 and —30.79 kcal/mol (Ta-
ble 1), and they possess the H-bonding interactions
with residues Arg38 and Val58 (Fig.1). It is worth
noting that (S)-/(R)-Chloroquine bind with envelope
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protein by the hydrophobic interactions with residues
Val52, Val58, Tyr59, Val62 and Val75 (Figs. 1(d) and

1(e)).

(c)
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Fig. 1. (a) Compounds superposed in envelope structure
and views of the binding modes of (b) Arbidol, (c) Remde-
sivir, (d) (S)-Chloroquine, (e) (R)-Chloroquine and (f)
NHC with the active-site residues. Key residues are rep-
resented by stick models. Compounds are represented by
ball and stick models. The O, N, C, S, P atoms are col-
ored in red, blue, green, dark yellow and Cambridge blue.
The important H-bonding (or electrostatic) interactions
are labeled in the green dotted lines.

§Ser5 11"
< Asp20
Trp203l

(a) Compounds superposed in ACE2 structure

Fig. 2.
and views of the binding modes of (b) Arbidol, (c) (S)-
Chloroquine, (d) (R)-Chloroquine and (e) NHC with the
active-site residues.

The receptor-binding region (RBD) of SARS-CoV-
2 spike protein has high binding affinity with hu-
man ACE2, and this motion is responsible for the
recognition between virions and host cells, and sub-
sequent membrane fusion.['") Our results revealed
that Arbidol, (S)-Chloroquine, (R)-Chloroquine and
NHC can bind with ACE2, with the interaction en-
ergies (FEint) values of —29.81, —30.84, —27.44 and
—35.24keal/mol, respectively (Table 1).  Among
them, Arbidol has the H-bonding interactions with
residues Asn394, Arghl4d and Tyr515, electrostatic

interaction with residue Asp206, and the hydropho-
bic interaction with residue Tyr510 (Fig.2(b)).
There are H-bonding interactions involving (S)-/(R)-
Chloroquine with residue Argh14. In addition, (S)-
Chloroquine also forms the hydrophobic interactions
with three TYR amino acids (Figs.2(c) and 2(d)).
NHC has the H-bonding interactions with residues
Tpr203, Asp206, Ser511 and Argbl4, respectively
(Fig.2(e)). Taken together, the residues Asp206 and
Argbl4 are important in the binding processes of lig-
ands with ACE2.['"]

2 Val3s @

Tyr3 16 -
Leu39
Phe9
Phel3 Phe9
Leul84

Fig. 3. (a) Compounds superposed in spike structure and
view of the binding modes of (b) (S)-Chloroquine, (c) (R)-
Chloroquine and (d) NHC with the active-site residues.
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Flg. 4. (a) Compounds superposed in 3CLpro structure
and views of the binding modes of (b) Mitoguazone, (c)
Metformin, (d) Biguanide Hydrochloride, (e) Gallic acid,
(f) Caffeic acid, (g) Sulfaguanidine and (h) Acetylcysteine
with the active-site residues.

Biophysical results revealed that antibodies of
spike protein against other coronaviruses should
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not work against the case of SARS-CoV-2, and
small-molecule drugs may prove to be a better
approach.['"~ 1% The interaction energies ( Fiy) of (S)-
Chloroquine, (R)-Chloroquine and NHC with spike
protein are —36.02, —34.12 and —38.22kcal/mol, re-
spectively (Table 1). (S)-Chloroquine has the H-
bonding interaction with residue Gly10. The two iso-

mers of Chloroquine both have the hydrophobic inter-
actions with residues Phe9, Phel3, Tyr36 and Leul84
(Figs. 3(b) and 3(c)). NHC possesses the H-bonding
interactions with residues Asp35 and Val38, as well
as the hydrophobic interactions with residues Phe9,
Tyr36 and Leu39 (Fig. 3(d)).

No. Compound Structure Original purpose AEq.+AEgs AEvdW+AEsmf| AGhind
T - anti-AIDS,
1 Mitoguazone HN NH’N\WA\N/ W/NHJ 3.51 —8.54 —5.03+7.11
NH lymphomas
_N._NH__NH ) )
2 Metformin antihyperglycemic —0.50 —6.22 —6.721+9.68
NH NH,
Bi id HN. NH NH . .
3 Lguanide Y ¥ antihyperglycemic 045  -1.66 —2.1146.73
Hydrochloride
NH, NH,
HQO
OH anti-cancer
4 Gallic acid HO 2.61 —15.42 —12.81£3.25
[e) antimicrobial
~ HO
HO
\ anti-inflammatory,
5 Calffeic acid Ie} OH 10.51 —27.22 —16.72+2.87
anticancer
H,N oH antibacterial,
1. H2N)§1\' . .
6  Sulfaguanidine I <:: NH gastrointestinal —0.22 —18.32 —18.54+9.86
o= NH;
1"
o infections
O
H
7 Acetylcysteine HO 7( anti-AIDS 4.49 —13.62 —9.1347.54
O

Fig. 5.
MM-GBSA method.

This analysis of structure and energy shows that
the main protease (3CLpro) of SARS-CoV-2 should
be a rational target for the drug development, with a
relatively explicit and conservative structure. While
the high-resolution crystal structure (accession code:
6LUT) determined by the group of Professor Zihe Rao
was used in the rapid structure-based screening with
approved drug library of ZINC database.[’”! In ac-
cordance with our results, seven commercial drugs
(Mitoguazone, Metformin, Biguanide Hydrochloride,
Gallic acid, Caffeic acid, Sulfaguanidine and Acetyl-
cysteine) should have therapeutic potentials in in-
fections of SARS-CoV-2, with the AGping values of
-5.03, —6.72, —2.11, —12.81, —16.72, —18.54 and
—9.13kcal/mol, respectively (Fig.5). Van der Waals
components (AFEvqyw + AGguf) primarily drive the
binding processes, with the contributions over 60%
of AGyping, which is consistent with previous simula-
tion results of antiviral drugs.['*'“) In contrast to re-
ported agents Remdesivir, Arbidol and Chloroquine,
the seven agents seem to induce more favorable bind-
ings and possible inhibition of 3CLpro (Fig.4 and
Fig.S6). For instance, the seven sorted agents gen-
erally have the H-bonding interactions with residues
Met49, Cys145, His164 and Gln189 of 3CLpro (Fig. 4),

Top hits of approved drug library against 3CLpro.

Energy is in units of kcal/mol, calculated by the

and all the docked complexes represent relatively good
thermodynamic stabilities (Fig. S6). What is more in-
teresting is that some of them are known to be used
for the antiviral applications. Mitoguazone (MGBG),
which is a guanidino-containing compound with the
similar structure of spermidine, inhibits the key en-
zymes of S-adenosylmethionine decarboxylase path-
way or polyamine biosynthesis pathway. MGBG has
been widely used in the treatment of AIDS. Met-
formin and Biguanide Hydrochloride are hydrophilic
and metabolically stable drugs, with minimal pas-
sive membrane permeability. Metformin is now used
as an oral hypoglycemic agent.’?! Gallic acid has
many potential therapeutic properties including anti-
cancer and antimicrobial properties.l””] Caffeic acid is
an anti-inflammatory antioxidant, and has shown sig-
nificant efficacy as an inhibitor of the JAK2/STAT3
pathway in the cancer cell lines.l*”] Sulfaguanidine is
a very useful antibacterial drug that is not absorbed
from the gastrointestinal tract. In addition, it does
not enter the bloodstream, and even very young chil-
dren may be given in fairly large doses.l*”! Acetylcys-
teine is an antioxidant with thiol group, and could im-
prove the experimental or clinical toxicity of ischemia-
reperfusion syndrome in the heart, kidney, lung and
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liver. Moreover, acetylcysteine could inhibit inflam-
matory stimulation and HIV replication.l”’! On basis
of the steric and hydrophobicity /hydrophilicity char-
acteristics of 3CLpro, the charged groups (e.g., guani-
dino/carboxylate group) might contribute consider-
ably to the ligand bindings, and benefit the inhibition
of protease activities.

In summary, we have performed a rapid structure-
based virtual screening of the available information of
protein structures and approved drug library. Molec-
ular modeling, docking and molecular dynamic simu-
lations are used to reveal the inhibiting mechanisms
of reported drugs (e.g., Arbidol, Chloroquine and
Remdesivir). These drugs may hinder the entry and
release of virions through the bindings with human
ACE2, and viral spike and envelope proteins. In ad-
dition, NHC and Triazavirin present the potential of
clinical application. Main protease (3CLpro) is a kind
of protease related to the virus replication, and should
be a feasible target for rational drug design. Based on
the mechanism of action, Mitoguazone, Metformin,
Biguanide Hydrochloride, Gallic acid, Caffeic acid,
Sulfaguanidine and Acetylcysteine should be potential
inhibitors of 3CLpro, and their guanidino/carboxylate
groups are helpful for the binding processes. In terms
of low toxicity and druggability, they also seem to be
drugs that can be used in clinical studies.

The authors wish to thank Professor Zihe Rao for
supplying the crystal structure of main protease.
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Fig. S1. Amino acid sequence alignment between (a) Envelope, (b) Spike receptor binding domain
(Spike-RBD), (c) Membrane and (d) Nucleocapsid of SARS-CoV-2 and the respective templates.

The same amino acid residues were highlighted by the colored bars.
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Fig. S2. Comparison of homologous modeling (in yellow), cryo-EM (in red) and crystal (in green)
structures of Spike-RBD, with the reference RMSD values of 1.81 and 1.70 A, respectively.
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Envelope-Remdesivir, (b) ACE2-Arbidol, (c) Spike-(S)-Chloroquine, (d) Spike-Ribavirin, (e)
3CLPro-Remdesivir and (f) Membrane-Ribavirin over the 100,000-ps MD simulations.
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Fig. S4. Radius of gyration (Rg) per residues of (a) Envelope-Remdesivir, (b) ACE2-Arbidol, (c)
Spike-(S)-Chloroquine, (d) Spike-Ribavirin, (¢) 3CLPro-Remdesivir and (f) Membrane-Ribavirin
over the 100,000-ps MD simulations.
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Fig. S5. Comparison of the initial and MD-refined (over 100,000-ps MD simulations) structures of
(@) Spike-Ribavirin and (b) Membrane-Ribavirin complexes. The initial and MD-refined

structures are colored in green and blue, respectively.
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Fig. S6. Backbone-atom root-mean-square deviations (RMSD) and radius of gyration (Rg) per

residues of 3CLPro-Mitoguazone,

3CLPro-Metformin,

3CLPro-Biguanide Hydrochloride,

3CLPro-Gallic acid, 3CLPro-Caffeic acid, 3CLPro-Sulfaguanidine and 3CLPro-Acetylcysteine

over the 100,000-ps MD simulations.
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