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ABSTRACT

SARS-CoV-2 caused dramatic health, social and economic threats to the globe. With this threat, the expectation
of future outbreak, and the shortage of anti-viral drugs, scientists were challenged to develop novel antivirals.
The objective of this study is to develop novel anti-SARS-CoV-2 compounds with dual activity by targeting
valuable less-mutated enzymes. Here, we have mapped the binding affinity of >500,000 compounds for potential
activity against SARS-CoV-2 main protease (MP™), papain protease (PLpro) and human furin protease. The
enzyme inhibition activity of most promising hits was screened and tested in vitro on SARS-CoV-2 clinical isolate
incubated with Vero cells. Computational modelling and toxicity of the compounds were validated. The results
revealed that 16 compounds showed potential binding activity against MP™, two of them showed binding affinity
against PLpro and furin protease. Respectively, compounds 7 and 13 showed inhibition activity against MP™ at
ICs0 0.45 and 0.11 uM, against PLpro at ICso 0.085 and 0.063 uM, and against furin protease at ICsg 0.29 pM.
Computational modelling validated the binding affinity against all proteases. Compounds 7 and 13 showed
significant inhibition activity against the virus at ICs¢ 0.77 and 0.11 uM, respectively. Both compounds showed
no toxicity on mammalian cells. The data obtained indicated that compounds 7 and 13 exhibited potent dual
inhibition activity against SARS-CoV-2. The dual activity of both compounds can be of great promise not only
during the current pandemic but also for future outbreaks since the compounds’ targets are of limited mutation
and critical importance to the viral infection.

Coronavirus pandemic disease 2019 (COVID-19) is an emerging
public health problem that is caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2).! In regards, several antiviral drugs
have been proposed including those targeting the viral and/or host
proteins,” neutralizing antibodies that target SARS-CoV-2,” repurposing
of other antiviral drugs.” Further, some marketed drugs including
hydroxychloquine, lopinavir, chloroquine and remdesivir were eval-
uated.””” However, the infection continues to be extremely challenging,
and the cases sill increasing and no treatment was effective.® Therefore,
there is an urgent need for the design and development of novel small
molecules with promising anti-SARS-CoV-2 activity.

SARS-CoV-2 requires two critical proteases, the main protease (MP™)
and papain-like protease (PLpro) to complete its life cycle.” Both pro-
teases are essential for SARS-CoV-2 replication,w which renders them as
important targets for the development of anti-SARS-CoV-2 drugs. On the
other hand, viral entry requires the cleavage of spike glycoprotein at
682-689 residues,'' which is performed by human furin protease.'? It
enhances the viral fusion to the host cell.' This process is characteristic
to SARS-CoV-2 when compared to other coronaviruses.'? Furin protease
belongs to proprotein/ prohormone convertases (PCs) family that is
ubiquitously expressed in human.'* This makes human furin protease as
an important target, particularly to overcome future evolved resistance
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Table 1
Compound supplier ID and their binding energies against MP™, PLpro viral proteases and human furin protease.
No Compound supplier ID MmPre PLpro Furin
Native ligand* —-10.35 —11.63 —17.03
1 MCULE-5559121280-0 —11.24 —-12.13 —10.85
2 Molport-002-542-400 -11.14 —13.65 —11.58
3 MCULE-8748749803-0 —12.55 —15.88 —-12.79
4 Molport-004-271-700 —10.63 —13.72 —-11.35
5 MCULE-4469963687-0 -10.4 -12.9 —11.34
6 Molport-007-594-574 —11.42 —13.39 —-10.97
7 MCULE-3732245601-0 -13.7 —16.02 —13.43
8 Molport-004-251-833 -11.34 —13.02 -10.77
9 MCULE-3135581181-0 -11.17 -15 —12.21
10 Moloport-005-550-475 -10.4 -12.39 —10.32
11 MCULE-4485704859-0 -11.33 —13.62 -12.06
12 MolPort-005-115-349 —11.32 —14.79 —11.92
13 MCULE-7013373725-0 —-11.15 —13.62 —13.41
14 MCULE-4934649484-0 -10.5 —13.32 —-10.89
15 MCULE-2167531027-0 —17.98 —17.46 —13.83
16 MCULE-3570302261-0 —13.67 —12.09 —-11.19

* Native ligand of MP™; tert-Butyl (1-((S)-1-(((S)-4-(benzylamino)-3,4-dioxo-1-((S)-2-oxopyrrolidin-3-yl) butan-2-yl) amino)-3-cyclopropyl-1-oxopropan-2-yl)-2-oxo-
1,2-dihydropyridin-3-yl) carbamate (alpha-ketoamide 13b), Native ligand of PLpro; GRL0617, Native ligand of furin; Co-crystalized peptide.

by the virus.

A very efficient strategy to fight against SARS-CoV-2 is to develop an
inhibitor with dual activities. For this purpose, a pharmacophore-based
virtual screening against MP™, PLpro and furin was applied. The process
depended on (i) screening a library of compounds against 3D pharma-
cophore that is build up on the interactions of peptidomimetic N3
(peptide-like irreversible inhibitors — Michael acceptor)’ or a-ketoamide
13b [tert-butyl (1-((S)-1-(((S)-4-(benzylamino)-3,4-dioxo-1-((S)-2-oxo-
pyrrolidin-3-yl) butan-2-yl) amino)-3-cyclopropyl-1-oxopropan-2-yl)-2-
oxo0-1,2-dihydropyridin-3-yl) carbamate]'® inhibitors with MP™, (ii)
molecular docking against the three enzymes followed by ranking the
binding scores of the molecules, and (iii) the molecules showing good
binding score against at least two proteases were selected for further
biological activity.

Virtual screening was run against both viral proteases MP™ and
PLpro and human furin protease. Initially, 500,000 compounds avail-
able in the MCULE and MolPort commercial databases were screened
against MP™ enzyme. MP™ was used first to construct a 3D pharmaco-
phore, because the enzyme operates at no<11 cleavage sites on the large
polyprotein,'® while there is no human proteases have a similar cleavage
specificity. This makes the selected molecules obtained from this
filtration step are unlikely toxic. Around 1350 compounds were selected
based on 7 pharmacophore features of MP™. This was followed by mo-
lecular docking against the binding pockets of MP™, PLpro and furin.
Around 100 compounds (Suppl. Table 1) with comparable binding en-
ergy to the native ligands were selected and visually re-screened. Only
16 compounds showing the best scoring and binding affinity (Tables 1
and Fig. 1) were selected for further biological activity. Virtual screening
procedure was summarized in Fig. 2.

Analysis of substrate binding site of SARS-CoV-2 MP™ was carried out
to build a 3D structure-based pharmacophore. The newly released
crystal structure of SARS-CoV-2 MP™ (PDB: 6LU7, www.rcsb.org),
where N3 is covalently-bonded, and the second co-crystal structure
(PDB: 6Y2G, www.rcsb.org), where 13b interacted with SARS-CoV-2
MP™, provide a solid basis to understand the key residues necessary
for the enzyme interactions. N3 and 13b inhibit SARS-CoV (2003) MP™
by exhibiting a two-step irreversible covalent binding mechanism'®.
MP™ is a dimer composed of three domains, domain I (residues 8-101),
domain II (residues 102-184) and domain III (residues 201-303). Do-
mains II and III are connected by a loop region (residues 185-200), and
the substrate-binding site is in a cleft between domain I and domain II.

The binding of N3 with MP™ was analysed and showed that N3
formed H-bond with Glul44, His163, His164, GIn189, and Thr190,

covalent bond with Cys145 and hydrophobic interactions with His41,
Met49, Phel40, Leul4l, Metl65, Leul67, Prol68, and Alal9l. The
residues that were involved in the interaction of N3 were the same as for
13b molecule.'!” However, compound 13b formed additional H-bonds
with His41, Cys145 and Glul66, while maintaining the same hydro-
phobic interactions. A 3D pharmacophore was built using PLIF protocol
in MOE software based on the interactions of N3 and 13b compounds
with MP™ (PDB: 6LU7 and 6Y2G, respectively). The developed phar-
macophore (Fig. 3) consisted of seven features including two H-bond
donor centres, three H-bond acceptor centres, one hydrogen bond
donor/ acceptor and a hydrophobic centre. Subsequently, 500,000
molecules obtained from MCULE and MolPort libraries were screened
against the 3D pharmacophore. A total of 1,350 molecules that match at
least 5 of the 7 features were selected.

The substrate binding pockets of PLpro and furin proteases were
studied. The PLpro (PDB: 7JRN, www.rcsb.org) active site was made of
Aspl165, Glul68, Leul63, Glyl64, Pro248, Pro249, Tyr265, Tyr269
Glu270, Tyr274, and Thr302, while the catalytic or substrate binding
pocket of furin (PDB: 6HLB, www.rcsb.org) was formed of key residues
including Arg188, Met189, Asp191, Asn192, Argl193, Glu229, Val231,
Asp233, Asp259, Lys261, Arg298, and Trp328'2'°. These residues
interacted with the viral spike protein cleavage site. The co-crystallized
peptide ligand formed H-bonds with Asp154, Asn192, Ser253 and
Asp306. The retained molecules were docked against the three enzymes
MP™, PLpro and furin. The co-crystal (BDP: 6Y2G) bonded to 13b was
used to dock the molecules against MP™. On the other hand, the mo-
lecular docking against PLpro and furin was performed on the crystal
structures (PDB: 7JRN) and (PDB: 6HLB), respectively.

The binding scores due to the re-docking of the co-crystallized li-
gands with MP™, PLpro and furin proteases were —10.35, —11.63 and
—17.03 kcal/mol, respectively (Table 1). The binding scores of MP™ and
PLpro were used as a cut-off for selecting the promising hits. Since there
are no compounds showed binding score better than the native ligand of
furin complex, the top 200 molecules with the highest binding score
were selected . A total of 100 compounds were then selected based on
the lowest binding score against at least two protease enzymes (Suppl.
Table 1). A final short list of 16 compounds was selected based on visual
inspection with the following selection criteria: (i) molecules that have
scaffold diversity, (ii) molecules showing good binding mode within the
binding pocket of the three enzymes, and (iii) molecules containing at
least one hydrogen bond acceptor or donor pharmacophore. The
shortlisted compounds (Tables 1 and Fig. 1) were screened for pan assay
interference (PAINS) using the online PAINS filters. The Hit compounds
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passed the PAINS filter were purchased from MCULE and MolPort
companies for further biological activities.

The 16 compounds selected with potential binding activity to SARS-
CoV-2 MP™ following virtual screening were screened against SARS-
CoV-2 MP™ enzyme compared to positive control (Fig. 4A and Suppl.
Table 2). Only compound 13 showed potent inhibition activity (69.8%
+ 3.29, P < 0.0001) against MP™ enzyme, while compound 7 and
compound 1 showed partial inhibition activity with inhibition per-
centage 31 + 2 and 26.44 £ 1.9, respectively (Fig. 4A). Following the
primary screening, compounds 7 and 13 were further tested in dos-
e-response curve. The data showed that ICsy of compounds 7 and 13
were 0.45 and 0.11 uM, respectively (Fig. 4B and C). These results
indicated that both compounds particularly 13 were more potent against
SARS-CoV-2 MP™.

The inhibition activity of the 16 compounds was further tested

against SARS-CoV-2 PLpro (Fig. 4D and Suppl. Table 2). Interestingly,
compound 13 showed 80%+4 (P < 0.0001) inhibition activity, while
compound 7 exerted 56.4%+0.3 (P < 0.0001) inhibition activity
(Fig. 4D). Compound 1, 2, 8, 9 and 12 showed lower inhibition activity
of not more than 40% (Fig. 4D). On the other hand, despite the reported
anti-HIV activity of compound 14, it showed no activity against any of
SARS-CoV-2 proteases. To calculate the IC5 of both compounds 7 and
13, a dose-response curve was performed. The ICs( of compounds 7 and
13 were 0.085 and 0.063 pM, respectively (Fig. 4E and F).

Compounds 7 and 13 were further evaluated against furin protease
(Fig. 5A). The data indicated that compounds 7 and 13 showed potential
inhibition activity against the enzyme with IC5o 0.29 pM (Fig. 5B and C).

These data indicated that compounds 7 and 13 (Fig. 6) showed
promising dual inhibition activity against SARS-CoV-2. Compound 13
targeted both viral MP™ and PLpro, while compound 7 selectively
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Fig. 3. 3D pharmacophore of the Main protease-ligands interactions. Two hydrogen bonds donor F1, F3 (purple), Three hydrogen bond acceptors F2, F4, F5 (green),
one hydrogen bond donor/acceptor F6 (orange) and one hydrophobic interaction F7 (dark green). The numbers represented the distance between the pharmaco-
phore features.
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targeted viral PLpro and both compounds showed promising inhibition
activity against furin protease. The data obtained constitute solid and
promising results toward further confirmation by molecular docking, in
vitro and in vivo analysis of both compounds.

The interactions and binding modes of compounds 7 and 13 with
SARS-CoV-2 MP™, and PLpro and furin protease were investigated. The
results of molecular docking of 7 and 13 were summarized in Table 2.
The docking study against MP™ revealed that compounds 7 and 13
formed H-bonds with Asn142, while compound 7 formed H-bonds with
Thr24, Thr25, and GIn189 (Fig. 7A and Suppl. Fig. 1A). Compound 13
formed H-bond with the key residue Glul66, and n-n interaction with
His41 (Fig. 7B and Suppl. Fig. 1B). Both compounds showed hydro-
phobic interactions with Met49 and Ile141.

Compounds 7 and 13 showed good interaction within PLpro binding
site. Both compounds formed H-bond with Lys157 and n-n interaction
with Pro284 and Tyr264 (Fig. 7C, D, and Suppl. Fig. 1C, D). Further-
more, compounds 7 and 13 formed H-bonds with His364 and Thr365 of
furin protease, while compounds 13 showed additional two H-bonds
with Asn295 and Thr368 (Fig. 8A, B, and Suppl. Fig. 1E, F).

We can conclude that compounds 7 and 13 showed strong H-bonds

profile and hydrophobic interactions with the three enzymes; however,
compounds 13 showed better binding modes than compound 7 and this
may explain the potential higher activity of compound 13.

The in vitro anti-SARS-CoV-2 activity of compounds 7 and 13 was
measured against NRC-03-nhCoV, SARS-CoV-2 strain isolated in Egypt,
according to Mostafa et al, 2020.” The antiviral activity was performed
by incubating the compounds at different concentrations with co-
cultured viral and Vero-E6 cells. Both compounds 7 and 13 showed
significant inhibition activity against SARS-CoV-2 at ICsq values of 0.77
and 0.11 pM, respectively (Fig. 9A and B).

The cytotoxic activity of compounds 7 and 13 was performed on
normal human fibroblast cells (HDF) using MTT assay. A 50% growth
inhibition (ICso) value of both compounds was calculated from dose-
response curves obtained from three independent experiments
(Fig. 10A and B). Compound 13 showed limited toxicity with ICsq 0.41
uM, while compound 7 showed no toxicity and with ICsg 1.67 pM.

The results obtained indicated the safety of both compounds, while
showing promising antiviral activity against SARS-CoV-2.

The current pandemic caused by the newly emerging coronavirus,
SARS-CoV-2, and designated as COVID-19 by WHO poses a serious
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Table 2
Molecular modelling study of compounds 7 and 13 within the binding active site of SARS-CoV-2 MP™, PLpro proteases and human furin protease.
Cp Interacting moiety in the compound Amino acid involved Distance A Type of interaction
Mpro
7 C=0 OH-Thr24 3.2 H-bond
OH-Thr25 3.1 H-bond
NH C=0 GIn189 2.6 H-bond
OH C=0 GIn189 3.2 H-bond
Cc=0 NH Asn142 2.7 H-bond
Hydrophobic interaction with Met49, Ile141
13 NH C=0 Glul66 2.7 H-bond
C=O0 Glul66 3.0 H-bond
N-Asn142 2.6 H-bond
Phenyl ring n-n interaction with phenyl-His41
Hydrophobic interaction with Met49, Phe140, Ile141
PLpro
7 c—=0 NH Lys157 2.8 H-bond
Phenyl ring n-7 interaction with Pro248
Thiazole n-n interaction with Tyr264, Tyr268
13 Cc=0 NH Lys157 3.1 H-bond
NH C=0 Glul67 2.8 H-bond
Phenyl ring n-7 interaction with Pro248
Oxadiazole n-7 interaction with Tyr264
Furin protease
7 NH NH Trp254 3.1 H-bond
Cc=0 NH His 364 2.8 H-bond
NHThr365 3.2 H-bond
Thiazole n-1 interaction with His194
13 NH NH Asn295 2.6 H-bond
(6] OH Thr365 2.2 H-bond
OH N His364 3.2 H-bond
NH Thr365 2.9 H-bond
N OH Thr368 2.6 H-bond
Oxadiazole n-7 interaction with His194

lle141

GIn189

GIn189 Glul66

Tyr268

l Pro248

Tyr264

Glu161

Lys157

Fig. 7. The interactions of compound 7 and 13 (pink stick) with MP™ (PDB: 6Y2G) and PLpro (PDB: 7JRN). The residues of MP™ represented as tan stick, and
hydrogen bonds are shown as dotted lines. (A) The interaction of compound 7 with MP™. (B) The interaction of compound 13 with MP™. (C) The interactions of
compound 7 with PLpro. (D) The interactions of compound 13 with PLpro.
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threat to global public health and economy. The newly emerging virus
acquired unique structural features that reflect its special pathogenesis
and make it difficult to manage. The pathogenesis due to SARS-CoV-2
and the shortage of antiviral drugs challenged all scientists to find
effective antiviral drugs either by drug repurposing or discovery of novel
drugs. Both viral and human proteins are necessary for the viral acti-
vation and infection. SARS-CoV-2 proteases including PLpro, and MP™
are well-validated drug targets.'® PLpro recognizes the C-terminal
sequence of ubiquitin, and hence inhibits the host-cell

deubiquitinases.?’ MP™ proteolytically cleaves the overlapping ppla
and pplab polyproteins to functional proteins, which is critical for viral
replication.?! SARS-CoV-2 MP™ shows limited mutation rate when
compared to SARS-CoV MP™ (~96% homology).?” Both PLpro and MP™
showed no genetics homology with the human genome, making them
attractive targets for the development of safer antiviral drugs.”*> On the
other hand, viral fusion to cell membrane is mediated by the cleavage at
S1/S2 site of the S protein following the action of furin protease.’* This
furin-like cleavage site, which is absent in other betacoronaviruses, is
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Table 3
Summarized inhibition activities and ICsq values of compounds 7 and 13.

Compound ICso (UM) against
MP®  PLpro  Furin = SARS-CoV-2 Mammalian cells
virus (Toxicity)
7 0.45 0.085 0.29 0.77 1.67
13 0.11  0.063 0.29 0.11 0.41

responsible for the high infection and spread rates of the virus.?” In
response, we aimed to bioprospecting novel anti-SARS-CoV-2 drugs with
dual action against the viral and host proteases. The purpose for that was
not only to target the viral proteins with the lowest mutation rate (MP™
and PLpro), but also to overcome any future expected mutation by tar-
geting the human protease (furin). Two compounds 7 and 13, filtered
out of 500,000 compounds, were discovered with promising activity
against SARS-CoV-2 by targeting both the viral MP™ or PLpro and
human furin proteases, while providing safe profile on human cells
(summarized in Table 3).

The peptidomimetic-like approach employed in this study by
designing drug-like small molecules including compounds 7 and 13 to
mimic the peptides, Michael acceptor (peptidyl) inhibitor N3 and
a-ketoamide inhibitor 13b, is always used to advantageously improve
the stability and biological activity of existing peptides. Further,
repurposing marketed drugs is another approach used as fast response to
overcome emerging health problem.’® Interestingly, lopinavir and ri-
tonavir, U.S. FDA-approved viral protease inhibitors,”” failed in the
clinical trial as anti-SARS-CoV-2 inhibitors.?® Therefore, discovery of
novel peptidomimetics drugs with multiple targeting activities is
superior.

The overall structure differences of compounds 7 and 13 when
compared to the reported MP™ protease inhibitors showed unique
pharmacophoric features including conformational flexibility and
spatial orientation within the binding sites of the targeted proteases.
Although the structure of compound 7 is similar to the non-covalent,
non-peptide MP™ inhibitor that was reported by Zhang et al., 2021,%°
compound 7 showed moderate activity against MP™, but significant in-
hibition activity against PLpro. The structure differences between both
compounds played important role in the fitting of the compound within
either MP™ or PLpro enzymes. Accordingly, future optimization of
compound 7 using free energy perturbation (FEP)-guided design would
lead to novel inhibitors with improved efficacy.

In conclusion, the multi-targeting activity, selectivity and promising
in vitro inhibition activity of the discovered compounds from this study
make them excellent lead compounds for developing more potent anti-
SARS-CoV-2 following structure optimization, hybrid synthesis and
clinical-based study.
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