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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
appeared first in late December of 2019 in Wuhan, China.' It has since
spread globally, resulting in more than 110 million cases and 2.4 million
deaths, with the United States, India and Brazil among the hardest hit
nations to date (February 2021).” SARS-CoV-2 is now the third highly
pathogenic coronavirus to infect humans since the turn of the century,
being preceded by SARS-CoV and MERS-CoV. Multiple vaccine trials®
have been conducted and several vaccines are now approved, but the
need for a small molecule therapeutic remains critical, both to treat
those who are already infected and for immunocompromised in-
dividuals who cannot receive a vaccine. Moreover, antiviral drugs tar-
geting relatively constant viral proteins will be needed as part of the
preparation against future coronavirus outbreaks, as vaccines developed
against SARS-CoV-2 are likely to be ineffective against future strains.
Early in 2020, the X-ray crystal structure of the SARS-CoV-2 main pro-
tease (MP™, also known as 3CLP™) and its complex with an a-ketoamide
inhibitor was reported.* MP™ is known to be a critical component of viral
replication, making it an extremely attractive target for antivirals.®
Unsurprisingly, several computational studies have been conducted to
identify inhibitors of MP™ focusing primarily on existing drugs and/or
natural products.6 In contrast, we decided to conduct a virtual screen of
all commercially available drug-like molecules, giving a ligand pool
with millions of candidates. By restricting our virtual screen to com-
pounds which are already available, any identified hits would be readily
available without the need for synthesizing them in-house.

We began our virtual screen by selecting the crystal structure of M
bound to an a-ketoamide inhibitor® (PDB 6y2f) as our protein target
(Fig. 1). We selected this protein structure as it was the only structure of
the SARS-CoV-2 MP™ with a bound drug-like inhibitor at the time (early
2020).

The protein structure was prepared using ChimeraX’ to remove the
inhibitor and water molecules, leaving only the protein chain. The
remaining structure was then adjusted to physiological pH (7.4) and
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converted to the PDBQT format using Open Babel.®

We next prepared a library of virtual compounds using the ZINC15
database, which contains more than 230 million compounds.” We
filtered this initial library by selecting only compounds that were
commercially available and applied a series of Lipinski filters to select
only drug-like molecules (molecular weight 200-500 g/mol, log P < 5,
number of rotatable bonds < 7, total polar surface area < 150 Z\z, H-
bond donors < 5, and H-bond acceptors < 10). We further filtered the
library to remove PAINS scaffolds,'” then adjusted the pH of all com-
pounds to 7.4 and compiled the library in PDBQT format. The final li-
brary consisted of 9,779,510 compounds.

Since several inhibitors of MP™ have been reported, we next decided
to test which of the three docking programs available to us (AutoDock
Vina'!, iDock'? and Smina'®) gave the best performance using these
known inhibitors as a benchmark. We selected a test set of 7 inhibitors
with ICsq values spanning 3 orders of magnitude'®'* and then used the
Spearman correlation coefficient (Rs) to rank the performance of each
docking program (see supporting information, Table S1). We found that
the iDock program performed the best (Rs = 0.745) and selected it for
our virtual screen. We then selected the center of our search space as the
center of mass of the bound inhibitor (x = 10.832, y = -0.291, z =
20.731) and defined the search area as a 22 A x22 A x22A cube to
encompass the full binding surface. All other parameters of the iDock
program were left at default settings, as a recent benchmarking study
has found that increasing the settings to make the calculations more time
intensive give little to no improvement.'® After concatenating the re-
sults, we selected the top 75 compounds as an initial arbitrary cutoff.
These 75 compounds were then upload to Datawarrior'® where we
applied additional drug-like filters (Druglikedness score > 0, DrugScore
> 0.25) and removed any identified toxicophores, resulting in 45 hit
compounds. We next applied a Tanimoto filter to these 45 compounds
based on the FP2 path-based fingerprint'” using a threshold value of 0.4
to eliminate compounds with high similarity, resulting in a total of 28
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Fig. 1. Crystal structure of MP™ (PDB 6y2f). Domain I is shown in orange,
Domain II in grey, the connecting loop in yellow, and Domain III in teal. The
inhibitor is shown with a green backbone, and the catalytic dyad residues
shown with a magenta backbone.

unique hit compounds (see supporting information, Fig. S1). The ZINC
IDs and several select properties of the top 28 hits (named CP-1, CP-2,
etc.) as calculated by DataWarrior are shown in Table 1.

With our hit compounds identified, we began to order them from the
associated vendors as indicated by the ZINC database. Due to the SARS-
CoV-2 pandemic, however, some commercial vendors reported signifi-
cant disruption in their transportation networks. As a result of these
complications, we were unable to obtain eight of our hit compounds
(CP-1, CP-4, CP-6, CP-15, CP-17, CP-18, CP-19, and CP-21). Rather than
waiting for these compounds to become available, we decided to pro-
ceed to in vitro studies with the remaining 20 compounds.

With our compounds in hand, we next tested their inhibitory activity
against MP™. Briefly, a pH 7.3 buffer prepared with 20 mM Tris-HCI,
100 mM NaCl, 1 mM EDTA and 1 mM DTT was utilized for the inhibi-
tory assay of the hit compounds against SARS-CoV-2 MP™ in vitro. The
substrate labeled with Dabcyl and Edans at the N and C-terminus,
respectively, and comprising the cleavage site of MP™ ({Dabcyl}-
KTSAVLQ|SGFRKM-E{Edans}-NH2, cleavage site indicated by the
arrow {l}, GL Biochem, Shanghai) was employed in the FRET (fluo-
rescence resonance energy transfer) based cleavage assay. Dequenching
of the Edans fluorescence resulting from the cleavage of the substrate by
the MP™ was monitored at the emission/excitation wavelength of 460
nm and 360 nm, respectively, using an FIx800 fluorescence spectro-
photometer (BioTek). All compounds were dissolved in DMSO for
preparation of the stock solutions. Initially, 2.5 pL of MP™ at a final
concentration of 0.5 pM was pipetted into a well with 20 pL of buffer
solution followed by the addition of 2.5 pL of the corresponding
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Table 1
Selected properties of the top hits from the virtual screen.

Compound ZINC ID iDock cLogP HBA HBD tPSA

Score (1“\2)

(kcal/

mol)
CP-1 ZINC000408813176 -11.37 1.94 7 3 100
CP-2 ZINC000013724640 —10.18 2.82 6 1 71
CP-3 ZINC000001787663 —10.18 1.82 5 3 70
CP-4 ZINC000102176295 —10.06 2.68 5 1 62
CP-5 ZINC000072140022 —9.93 2.85 6 1 77
CP-6 ZINC000102277098 —9.92 2.62 7 3 94
CP-7 ZINC000015016632 —-9.89 3.76 5 1 62
CP-8 ZINC000035399442 —9.83 3.70 4 1 37
CP-9 ZINC000013644356 —9.82 2.87 6 0 54
CP-10 ZINC000035373068 —9.82 3.04 6 1 73
CP-11 ZINC000010156847 —9.80 5.22 4 0 46
CP-12 ZINC000005421744 -9.80 5.00 5 0 51
CP-13 ZINC000035429649 —9.80 5.06 5 1 58
CP-14 ZINC000016955746 -9.79 2.05 8 1 94
CP-15 ZINC000001568217 —9.78 3.46 2 0 16
CP-16 ZINC000604418795 -9.77 2.54 7 2 920
CP-17 ZINC000038880549 -9.77 2.97 5 0 56
CP-18 ZINC000022085141 —-9.76 1.97 6 1 81
CP-19 ZINC000010336843 -9.76 3.92 7 1 78
CP-20 ZINC000072143718 -9.74 1.60 7 2 93
CP-21 ZINC000022606809 —9.74 4.79 5 1 58
CP-22 ZINC000006475194 -9.73 3.49 6 1 86
CP-23 ZINC000092038755 -9.72 3.52 6 1 66
CP-24 ZINC000045995522 -9.71 4.16 7 0 79
CP-25 ZINC000006757463 -9.71 3.83 7 2 89
CP-26 ZINC000035478508 -9.71 3.64 6 0 87.7
CP-27 ZINC000218427747 -9.70 2.24 8 4 124
CP-28 ZINC000013777264 —-9.69 4.67 5 0 43

compound stock solution dissolved in DMSO, resulting in a final con-
centration of 50 pM in each well (2.5 pL of DMSO was used as the
negative control). The protease and compound mixture was incubated at
37 °C for 10 min. Afterwards, 25 pL of FRET substrate dissolved in the
reaction buffer at an overall concentration of 20 pM was added into the
corresponding wells containing the protease and compound mixture to
initiate the reaction. The relative fluorescence units per unit of time
(ARFU/s) from the linear section of the curve were used for the calcu-
lation of the inhibition rate. The inhibition rate was determined by using
the formula listed below where V, represents the initial velocity of re-
action of the negative control (DMSO only) and V| represents the initial
velocity of reaction with inhibitor:

Inhibition rate % = (V, — V1)/V,* 100%

All experiments were performed in triplicate and the values are
presented as the means =+ the standard deviation (Table 2).

Since compounds CP-13 and CP-25 showed modest activity, we
decided to subject them to molecular dynamics (MD) simulations carried
out using AMBER18 to examine their ability to remain bound to the
putative binding site under equilibrating conditions and also to provide
a calculated binding energy at this site.'® We did not select CP-27 for MD
given the large SD associated with its observed inhibition due to auto-
fluorescence. Protein-ligand complexes of CP-13 and CP-25 with MP™
were subjected to 50 ns production runs at 300 K. Examination of the
protein-ligand structure trajectories showed them to be stable
throughout the production runs, with minimal reorganization of the li-
gands at the binding site and general stability of the protein structure.
RMSD and potential energy data graphs are provided for CP-25 (Fig. S2)
demonstrating that equilibration occurs within the first 35 ns, although
a significant decrease in potential energy is not observed in this system.
The RMSD-potential energy profile for CP-25 is representative of CP-13
with relative inhibitory activity, supporting the putative interactions of
CP-13 and CP-25 with MP™ as shown in Fig. 2 and Fig. 3. Additionally,
the trajectories were analyzed by the MM/GBSA and MM/PBSA for
computation of binding energies.19 AGpinding Was estimated for CP-13
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Table 2

Inhibition of SARS-CoV-2 MP™ by hit compounds.

Compound Structure Inhibition (%)"
CP-2 o] n.d.
S o™y
H
CP-3 \N 6.54 + 3.60
CP-5 1.16 + 6.12
CP-7 16.57 + 3.12
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Table 2 (continued)

Compound Structure Inhibition (%)"
CP-20 n.d.
CP-22 8.23 + 3.77
CP-23 11.11 £+ 0.90
CP-24 5.26 £ 4.51
CP-25 35.64 + 10.24
CP-26 14.34 +9.23

N0

N

% N/ N\
CP-27 76.63 + 55.40°
CP-28 6.87 + 3.14

2 Autofluorescent compound.
b Values are reported as the means + SD of three measurements.

and CP-25 over a 100-ps window at the end of the 50 ns run, using the
MM/GBSA method (-29.71 and —26.39 kcal/mol, respectively) and the
MM/PBSA method (—23.97 and —18.97 kcal/mol, respectively).
Notably the MM/GBSA and MM/PBSA methods both correctly ranked
compounds CP-13 and CP-25 based on the experimental %inhibition
data which indicates a greater level of inhibition achieved by CP-13.
In conclusion, our virtual screen of nearly 10 million commercially
available compounds targeting SARS-CoV-2 MP™ and subsequent viral
protease inhibition assay identified two compounds with modest
inhibitory activity. The hit compounds, CP-13 and CP-25, are non-
covalent inhibitors that bind with minimal reorganization and interact
with protein residues primarily through non-polar interactions as indi-
cated by MD simulation. While these compounds are not currently
potent enough to advance to the clinic, they provide two additional
candidates for development as antivirals to combat COVID-19. These
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Fig. 2. Conformation of CP-13 after a 50 ns MD production run. Dashed green
lines indicate non-polar interactions and catalytic dyad residues are marked
in magenta.

Fig. 3. Conformation of CP-25 after a 50 ns MD production run. Dashed green
lines indicate non-polar interactions, dashed teal lines indicate polar in-
teractions and catalytic dyad residues are marked in magenta.

compounds could also serve as a template to synthetically attach elec-
trophilic “warheads” which have led to the development of powerful
covalent inhibitors of MP™.* While additional improvement in potency is
needed, we believe these findings help address the critical need for new
treatment options to combat the raging pandemic as our identification of
commercially available compounds with inhibitory activity against MP™
is a useful starting point for further optimization, either through pur-
chasing or synthesizing additional analogues.
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