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ABSTRACT The outbreak of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is responsible for the coronavirus disease 19 (COVID-19) pandemic.
Despite unprecedented research and developmental efforts, SARS-CoV-2-specific
antivirals are still unavailable for the treatment of COVID-19. In most instances,
SARS-CoV-2 infection initiates with the binding of Spike glycoprotein to the host cell
ACE2 receptor. Utilizing the crystal structure of the ACE2/Spike receptor-binding do-
main (S-RBD) complex (PDB file 6M0J) in a computer-aided drug design approach,
we identified and validated five potential inhibitors of S-RBD and ACE-2 interaction.
Two of the five compounds, MU-UNMC-1 and MU-UNMC-2, blocked the entry of
pseudovirus particles expressing SARS-CoV-2 Spike glycoprotein. In live SARS-CoV-2
infection assays, both compounds showed antiviral activity with IC50 values in the
micromolar range (MU-UNMC-1: IC50 = 0.67 mM and MU-UNMC-2: IC50 = 1.72 mM) in
human bronchial epithelial cells. Furthermore, MU-UNMC-1 and MU-UNMC-2 effec-
tively blocked the replication of rapidly transmitting variants of concern: South African
variant B.1.351 (IC50 = 9.27 and 3.00 mM) and Scotland variant B.1.222 (IC50 = 2.64 and
1.39 mM), respectively. Following these assays, we conducted “induced-fit (flexible)
docking” to understand the binding mode of MU-UNMC-1/MU-UNMC-2 at the S-RBD/
ACE2 interface. Our data showed that mutation N501Y (present in B.1.351 variant)
alters the binding mode of MU-UNMC-2 such that it is partially exposed to the solvent
and has reduced polar contacts. Finally, MU-UNMC-2 displayed high synergy with
remdesivir, the only approved drug for treating hospitalized COVID-19 patients.

IMPORTANCE The ongoing coronavirus infectious disease 2019 (COVID-19) pandemic
is caused by a novel coronavirus named severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2). More than 207 million people have been infected globally, and
4.3 million have died due to this viral outbreak. While a few vaccines have been
deployed, a SARS-CoV-2-specific antiviral for the treatment of COVID-19 is yet to be
approved. As the interaction of SARS-CoV-2 Spike protein with ACE2 is critical for cel-
lular entry, using a combination of a computer-aided drug design (CADD) approach
and cell-based in vitro assays, we report the identification of five potential SARS-CoV-2
entry inhibitors. Out of the five, two compounds (MU-UNMC-1 and MU-UNMC-2) have
antiviral activity against ancestral SARS-CoV-2 and emerging variants from South Africa
and Scotland. Furthermore, MU-UNMC-2 acts synergistically with remdesivir (RDV), sug-
gesting that RDV and MU-UNMC-2 can be developed as a combination therapy to
treat COVID-19 patients.

Citation Acharya A, Pandey K, Thurman M,
Klug E, Trivedi J, Sharma K, Lorson CL, Singh K,
Byrareddy SN. 2021. Discovery and evaluation
of entry inhibitors for SARS-Cov-2 and its
emerging variants. J Virol 95:e01437-21. https://
doi.org/10.1128/JVI.01437-21.

Editor Tom Gallagher, Loyola University
Chicago

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Kamal Singh,
singhka@missouri.edu, or Siddappa N.
Byrareddy, sid.byrareddy@unmc.edu.

Received 18 August 2021
Accepted 18 September 2021

Accepted manuscript posted online
22 September 2021
Published

December 2021 Volume 95 Issue 24 e01437-21 Journal of Virology jvi.asm.org 1

VACCINES AND ANTIVIRAL AGENTS

23 November 2021

https://orcid.org/0000-0002-6889-4640
https://www.ncbi.nlm.nih.gov/search/all/?term=6M0J
https://doi.org/10.1128/JVI.01437-21
https://doi.org/10.1128/JVI.01437-21
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01437-21&domain=pdf&date_stamp=2021-9-22


KEYWORDS SARS-CoV-2, COVID-19, Spike glycoprotein, ACE2, pseudovirus, remdesivir,
drug design

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiological agent of
coronavirus disease 19 (COVID-19) emerged in early December 2019 in Wuhan City,

China (1). Since its emergence, SARS-CoV-2 has claimed more than 4.3 million lives
(https://coronavirus.jhu.edu/map.html) and caused unprecedented economic loss globally
(2). Fourteen open reading frames (ORFs) of ;30 kb positive (1) single-stranded SARS-
CoV-2 RNA genome encode up to 16 nonstructural proteins, four structural proteins, and
nine accessory proteins (3). The Spike glycoprotein (S-protein), membrane protein (M), and
envelope protein (E) make the spherical envelope of SARS-CoV-2 (4). The S-protein consists
of S1 and S2 subunits (5). The S1 subunit contains an N-terminal domain (NTD) and a
receptor-binding domain (RBD). In contrast, the S2 subunit contains fusion peptide (FP),
heptad repeat 1 (HR1), central helix (CH), heptad repeat 2 (HR2), connector domain (CD),
transmembrane domain (TM), and a cytoplasmic tail (CT) (6). The S-RBD within the S1 sub-
unit binds to the host cell receptor angiotensin-converting enzyme 2 (ACE2) and facilitates
viral entry into the host cell (7), while the S2 subunit mediates membrane fusion (8).
Although the binding of S-RBD and ACE2 is a well-documented determinant of cellular
entry, depending on cell types, the virions may enter the cell through clathrin-mediated
endosomal pathways or clathrin-independent nonendosomal pathways (9).

Developing a vaccine against emerging and reemerging viruses is one of the most
rational approaches for the containment of their rapid transmission (10). Currently,
more than 64 vaccine candidates against SARS-CoV-2 are under development (11). The
technology employed for developing these vaccines includes but is not limited to
mRNA vaccines, replication-defective viral vector vaccines, inactivated pathogen vac-
cines, protein subunit vaccines, and virus-like particles, among others (11). USA-FDA
has issued emergency use authorization (EUA) to two mRNA-based vaccines: one
developed by Pfizer-BioNTech and the other by Moderna. In addition, a nonreplicating
viral vector-based vaccine developed by Johnson & Johnson received FDA EUA for use
in the United States. These vaccines appear quite successful in SARS-CoV-2 contain-
ment. However, the newly emerging variants of concern (VOC) and variants of interest
(VOI) of SARS-CoV-2, such as Delta and Delta Plus variants (12) containing multiple
mutations within the S-RBD may compromise the efficacy of these vaccines (13, 14). In
addition, the effectiveness and durability of these vaccines remain unknown for vulner-
able populations, including children, pregnant women, immunocompromised individ-
uals, and people with comorbidities for COVID-19 (15).

Attempts to repurpose several therapeutic candidates to control and/or contain the
rapid virus transmission and COVID-19 associated mortality and morbidity have resulted
in mild to modest efficacy (16, 17). To date, remdesivir (RDV; GS-5734) is the only antiviral
drug that has been approved for the treatment of hospitalized COVID-19 patients (18) in
the United States. A randomized, double-blind, placebo-controlled clinical trial con-
ducted by the National Institute of Health (NIH) found a shorter hospitalization period
for patients with COVID-19 when treated with RDV compared to the placebo controls
(NCT04280705) (19). In contrast, another multicenter randomized clinical trial conducted
by the World Health Organization (WHO) reported no superior effect of the RDV on hos-
pitalized COVID-19 patients (NCT04315948) (20). According to the current U.S. Center for
Disease Control and Prevention (CDC) guidelines, no specific therapy is recommended
for nonhospitalized and hospitalized mild-to-moderate COVID-19 patients who do not
require oxygen support. For the hospitalized patients requiring supplemental oxygen
(with or without ventilation), RDV alone or RDV with dexamethasone has been recom-
mended depending upon patient condition and availability of the two drugs (www
.covid19treatmentguidelines.nih.gov). These facts underscore the necessity of develop-
ing potent antivirals that may serve as prophylactic and/or therapeutic agents against
COVID-19. In addition, as vaccine hesitancy and availability are a reality, there is likely to
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be a population that may not receive any vaccination, further necessitating the develop-
ment of potent small-molecule antivirals.

Developing an effective prophylactic against COVID-19 should preferentially target
the viral S-RBD because the first step of the SARS-CoV-2 viral life cycle involves binding
S-RBD to the host cell ACE2 receptor. Two high-resolution crystal structure complexes
of S-RBD and ACE2 have been reported (21, 22). The crystal structure of S-RBD contain-
ing Wuhan-Hu-1 sequence in complex with human ACE2 (PDB entry 6M0J) (21) pro-
vides the atomic details of the interaction interface (21). The other crystal structure of
the S-RBD/ACE2 complex (PDB entry shows the atomic details of the interaction
between ACE2 and S-RBD of P.1 (or Gamma) variant (22). An analysis of PDB entry
6M0J showed that the S-RBD/ACE2 interface contains a pocket of appropriate size that
can be targeted for in silico drug discovery endeavors. In our computer-aided drug
design (CADD) approach, we docked ;8 million compounds within this pocket to
identify small molecules that have the potential to block S-RBD/ACE2 interaction. We
selected five compounds based on the docking score and visual inspection of interac-
tions of these compounds with S-RBD and ACE2 for testing their in vitro potential to
block SARS-CoV-2 replication in cell-based assays. Two compounds (MU-UNMC-1 and
MU-UNMC-2) blocked viral replication at sub-micromolar IC50. The efficacy of these
compounds was then characterized in detail in a human bronchial epithelial cell line
(UNCN1T). We also investigated the synergistic effect of the compounds with RDV.
Finally, we also found that MU-UNMC-1 and MU-UNMC-2 inhibit replication of emerg-
ing variants of SARS-CoV-2 with comparable effectiveness.

RESULTS
Screening library of compounds using a computer-aided drug design (CADD)

approach. The flow chart used for screening the library of compounds using a CADD
approach is depicted in Fig. 1A. The residues at the interface of S-RBD and ACE2 tar-
geted for docking the compounds are described in Table 1 and Fig. 1B and C. The resi-
dues at the interface of S-RBD and ACE2 are shown in Fig. 1B, whereas Fig. 1C shows a
zoomed-in view of the compound binding pocket selected for the docking of the com-
pounds. Out of the ;8 million compounds screened, for 10 best-fit compounds, their
IUPAC name, molecular structure, docking score, and pharmacochemical properties
are described in Table 2. Five compounds were selected based on the docking score to
test their antiviral potential in the cell-based assays. The docked poses associated with
the best docking score of the five compounds at the S-RBD/ACE2 interface are shown
in Fig. 1D–I.

The computed pharmacological properties of the top 10 compounds are shown in
Table 2. These ADMET (absorption, distribution, metabolism, excretion, and toxicity) are
key elements that determine the safety, uptake, elimination, metabolic behavior, and effec-
tiveness of drugs. The values listed in Table 2 show that all compounds are druggable pro-
vided they are active. Since only two compounds (MU-UNMC-1 and MU-UNMC-2) showed
inhibitory activities, further investigations focused on these compounds.

The best pose of MU-UNMC-1 and MU-UNMC-2 had a docking score of -11.6 and -9.8,
respectively. The docking scores of MU-UNMC-6, MU-UNMC-7, and MU-UNMC-8 were -7.6,
-7.2, and -6.4, respectively. The best pose (based on the docking score) of the MU-UNMC-1
was docked in a pocket formed by S-RBD residues R403, E406, Q409, K417, Y505, and
ACE2 residues N33, H34, E37, R393, F390, P389, Q388, A387 (Fig. 1D). Compound MU-
UNMC-2 was also docked in the same pocket. However, the interactions of MU-UNMC-2
with protein residues were different than those of MU-UNMC-2. MU-UNMC-2 docked in a
pocket formed by Y505, R403, Y453 (from S-RBD), and N33, H34, E37, P389, F390, Q388,
and A387 (Fig. 1E). As can be seen from the docking poses of the two compounds, MU-
UNMC-1 has a more significant number of polar interactions (shown as dotted yellow
lines) with the proteins than does MU-UNMC-2, which has only four polar interactions with
the pocket residues. This may be a reason for a better docking score of MU-UNMC-2 com-
pared with MU-UNMC-1. Compounds MU-UNMC-6, MU-UNMC-7, and MU-UNMC-8 were
also docked in the same pocket as MU-UNMC-1 (Fig. 1F to I). However, a significant
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difference in the docking orientation of the compounds MU-UNMC-7 (Fig. 1G and 1H) was
noted compared with MU-UNMC-1 or MU-UNMC-2. Thus, one of the two rings of MU-
UNMC-7 was exposed to the solvent (Fig. 1H).

The infinite fit docking (IFD) showed that conformation of some sidechains within the
binding pocket as the binding mode of the compounds was altered (Fig. 2). Thus,
the conformation of S-RBD residues Y505 and R403 was significantly altered upon the

FIG 1 In-silico screening of SARS-CoV-2 entry inhibitors. (A) Flow chart of screening Spike inhibitors using computer-aided drug designing approach. Panels
B and C show the residues at the interface of S-RBD and ACE2 and zoomed-in view of the pocket selected for compound docking, respectively. An R
programing package Bio3D determined the interface residues, and the figures were generated using PyMol software. The dotted line shows the
discontinuous backbone of the protein (S-RBD, cyan, and ACE2, green). (D–I) Molecular docking of five compounds selected based on their glide score for
in vitro screening of their antiviral activity against SARS-CoV-2. Panels G and H show the two orientations of MU-UNMC-7. The yellow dotted lines represent
the polar interactions formed by the compounds with the nearest protein residues. The ACE2 residues represented as sticks are green carbons, whereas S-
RBD residues are colored as cyan sticks. The protein backbone is represented as ribbons (green = ACE2 and cyan = S-RBD). The MU-UNMC compounds are
shown in ball-and-stick representations with magenta carbons. All other atoms are colored by atom type (red = oxygen, blue = nitrogen, orange = sulfur,
turquoise = fluorine, and light green = chlorine).

TABLE 1 Residues at the interface of S-RBD and ACE2 as deduced from PyMol using PDB file 6M0J

S-RBD residues ACE2 residues
K417, V445, G446, Y449, Y453, L455, F456, Y473, A475, G476, F486, Y489,
Q493, Q498, T500, N501, G502, V503, and Y505

S19, Q24, T27, F28, D30, K31, H34, E35, E37, D38, Y41, Q42, L45, L79, M82,
Y83, K353, G354, D355 and R357
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flexible docking of MU-UNMC-1 (Fig. 2A). The sidechain conformation change of ACE2
residues N33, H34 and R393 was also altered upon IFD of MU-UNMC-1 within the bind-
ing pocket. In addition, the mode of MU-UNMC-1 was also significantly changed
(Fig. 2B). The sidechain confirmation of several residues with the binding pocket
remained unaltered. These residues include E406 and D405 of the S-RBD, and D30, E37,
A386, E387, Q388, and P389 of ACE2. A more significant number of sidechain conforma-
tion change was altered upon IFD of MU-UNMC-2 (Fig. 2C). These residues include R403,
Y453, Y495, and Y505 (S-RBD) and N33, H34, E37, D38, and K353 (ACE2). Sidechain con-
formation of S-RBD residues D405 and E406 and ACE2 residue R393 did not change
upon IFD of MU-UNMC-2. As seen with MU-UNMC-1, the mode of MU-UNMC-2 was also
altered (Fig. 2D).

Screening the impact of the compounds on the binding of ACE2: Spike RBD of
SARS-CoV-2. To screen the impact of the five compounds selected as entry inhibitors
using the CADD approach on the binding of ACE2 and SARS-CoV-2 Spike RBD, a Spike/
ACE2 Inhibitor Screening Assay was used as described in material and methods. As
illustrated in Fig. 3, we observed that all the compounds could reverse the binding
between ACE2 and Spike RBD in a dose-dependent manner. While MU-UNMC-1 has an
IC50 of ,0.25 mM, the other compounds MU-UNMC-2, MU-UNMC-6, MU-UNMC-7, and
MU-UNMC-8 have an IC50 of 0.45, 1.91, .5.0, and .5.0 mM, respectively. In summary,
in this in vitro assay, all five compounds could block the binding of ACE2 and Spike
RBD to different extents.

Determination of cellular toxicity of the compounds. Cytotoxicity of all five com-
pounds was determined in HEK293T-hACE2 cells. In addition, for MU-UNMC-1 and MU-
UNMC-2, cytotoxicity was computed in Vero-STAT1 knockout, UNCN1T, and Calu-3 cells
using a standard colorimetric MTT assay that measures cell proliferation and viability.

TABLE 2 List of 10 best hit drugs like compounds obtained from in silico screening of libraries using Computer Aided Drug Designing
Approach, Glide Score, and i-silico ADMET screening of the selected compounds

aPredicted central nervous system activity from22 (inactive) to12 (active). bPrediction of drug likeliness (acceptable range: 0-4 violation). c Total Solvent Accessible
Surface Area: SASA (acceptable range: 300–1000). dPredicted octanol/water partition coefficient (acceptable range:22–6.5). ePredicted aqueous solubility, S in mol/dm3

(acceptable range:26.5–0.5). fPredicted brain/blood partition coefficient (acceptable range: -3.0–1.2). gPredicted percentage human oral absorption (,25% is poor and
.80% is high).
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The percent viability of the cells is plotted against the increasing concentration of the
compounds, and the 50 percent cytotoxic concentration (CC50) of each compound was
computed using four-parameter variable slope sigmoidal dose-response models. In
HEK293T-hACE2 cells, all five compounds have CC50 values above 100 mM (Fig. 4A to
E). In Vero-STAT1 knockout cells, MU-UNMC-1 has a CC50 of 6.21 mM (Fig. 4F), and

FIG 2 Change in sidechain conformation after conducting induced-fit docking of compounds MU-UNMC-1 and MU-UNMC-
2. Only sidechains that have significant change upon IFD are shown. (A) Change in conformational change upon docking
of MU-UNMC-1. Yellow carbons represent the conformation of S-RBD sidechains before IFD, whereas cyan carbon
correspond to the sidechain conformation of S-RBD after IFD. (B) Mode of MU-UNMC-1 binding before (teal carbons) and
after IFD (magenta carbons). (C) Change in conformational change upon docking of MU-UNMC-2. Yellow carbons represent
the conformation of S-RBD sidechains before IFD, whereas cyan carbon correspond to sidechain conformation of S-RBD
after IFD. (D) Mode of MU-UNMC-2 binding before (teal carbons) and after IFD (magenta carbons). Blue = nitrogen, oxygen =
red, orange = sulfur, cyan = fluorine.

FIG 3 Screening of potential drug-like compounds selected by a computer-aided drug design
approach to block the binding of ACE2: SARS-CoV-2 Spike receptor-binding domain (RBD). MU-
UNMC-1, MU-UNMC-2, MU-UNMC-6, MU-UNMC-7, and MU-UNMC-8 were tested at different
concentrations in triplicate starting from 0.25 to 5 mM to evaluate their ability to inhibit binding of
SARS-CoV-2 Spike RBD to immobilized human ACE2 using an ELISA as described in materials and
methods. The IC50 values were computed using four-parameter variable slope sigmoidal dose-
response models using Graph Pad Prism 8.0 software.
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MU-UNMC-2 has a CC50 of 7.13 mM (Fig. 4G) respectively. On the other hand, in
UNCN1T and Calu-3 cells MU-UNMC-1 and MU-UNMC-2 have CC50 values above
100mM (Fig. 4H-4K).

Screening entry inhibition potential of compounds using lentiviral pseudovirus
expressing SARS-CoV-2 Spike protein. Replication of defective lentiviral particles express-
ing coronavirus Spike glycoprotein effectively mimics coronavirus host cell entry (33).
Therefore, we produced lentiviral particles that incorporated surface-expressed SARS-CoV-2
Spike protein and determined the relative efficiency of viral entry without compound using

FIG 4 Measurement of cytotoxicity of five drug-like compounds using MTT assay. Measurement of cytotoxicity of five drug-like compounds. (A–E) Viability
of HEK293T-hACE2 cells in the presence of an indicated concentration of the compounds. (F, G) Measurement of cytotoxicity of MU-UNMC-1 and MU-
UNMC-2 in Vero-STAT1 KO cells in the presence of an indicated concentration of the compounds. (H, I) Measurement of cytotoxicity of MU-UNMC-1 and
MU-UNMC-2 in UNCN1T cells in the presence of an indicated concentration of the compounds. (J, K) Measurement of cytotoxicity of MU-UNMC-1 and MU-
UNMC-2 in Calu-3 cells in the presence of an indicated concentration of the compounds.
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human ACE2 expressing HEK-293T cells. HEK-293T-hACE2 cells were treated with increasing
concentrations of the compounds (0.25 to 5 mM), transduced with pseudotyped lentiviral
particles, and pseudotype viral entry was subsequently calculated relative to vehicle controls
(DMSO) after 48 h. MU-UNMC-1 displayed a low level of viral entry inhibition with a slight
increase at higher concentrations (Fig. 5A). Simultaneously, MU-UNMC-2 treatment resulted
in significant and robust viral entry inhibition across a broad concentration range (Fig. 5B). In
contrast, MU-UNMC-6, MU-UNMC-7, and MU-UNMC-8 failed to prevent the pseudovirus
entry (Fig. 5C–E). Finally, the IC50 value was calculated for MU-UNMC-2, resulting in an IC50

value of 0.84 mM based upon a four-parameter variable slope sigmoidal dose-response
model (Fig. 5F).

Antiviral efficacy of MU-UNMC-1 and MU-UNMC-2 against live SARS-CoV-2
isolates. Next, we evaluated the antiviral efficacy of MU-UNMC-1 and MU-UNMC-2
against live SARS-CoV-2 in UNCN1T and Vero-STAT1 knockout cells. UNCN1T is a
human bronchial epithelial cell line and serves as a disease-relevant context for the tar-
get tissue of SARS-CoV-2, lung epithelium. The Vero-STAT1 knockout cells are highly
susceptible to viral infection due to the absence of STAT1, a transcription factor
involved in the cellular antiviral interferon-mediated response. Therefore, these cells
serve as a positive control for robust viral infection. The SARS-CoV-2 replication kinetics
at 24 and 48 hpi were determined in the presence of increasing concentrations of our
two compounds using the two cellular models. Based on SARS-CoV-2 viral loads in the
culture supernatant of UNCN1T cells, MU-UNMC-1 and MU-UNMC-2 showed antiviral
activity with an IC50 value of 0.67 and 1.72 mM at 24 hpi (Fig. 6A). In contrast, the com-
pounds had an IC50 value of 1.16 and 0.89 mM, respectively, at 48 hpi (Fig. 6B). In Vero-
STAT1 knockout cells, 24 hpi MU-UNMC-1 and MU-UNMC-2 have an IC50 value of
5.35 and 1.63 mM (Fig. 6C); while at 48 hpi, the compounds have an IC50 value of
2.94 and 0.54 mM, respectively (Fig. 6D). We also tested the antiviral efficacy of MU-
UNMC-6, MU-UNMC-7, and MU-UNMC-8 against live SARS-CoV-2 infected UNCN1T
cells. We did not see any reduction in viral replication kinetics compared to DMSO

FIG 5 Screening of entry inhibition potential of five drug-like compounds using pseudovirus assay. Screening entry inhibition potential of drug-like
compounds in HEK-293T cells expressing human ACE2. (A–E) HEK-293T-hACE2 cells were pretreated with the indicated concentration of compounds and
then inoculated with pseudotyped lentiviral particles expressing Spike glycoprotein of SARS-CoV-2. At 48 h postransduction, pseudotype entry was
analyzed after normalization against untreated cells by determining luciferase activity in cell lysates. (F) The percentage inhibition of entry of pseudotyped
lentiviral particles expressing Spike glycoprotein of SARS-CoV-2 was measured for MU-UNMC-2 at indicated concentration of the compounds (cells that
received DMSO were considered vehicle controls). The IC50 value was computed using four-parameter variable slope sigmoidal dose-response models using
Graph Pad Prism 8.0 software.
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vehicle control (data not shown). As new mutant variants of SARS-CoV-2 continue to
emerge globally, we evaluated the antiviral efficacy of MU-UNMC-1 and MU-UNMC-2
against variants of SARS-CoV-2. As a proof of concept and based on their availability
from BEI resources, we selected two mutant variants emerging from South Africa (lin-
age: B.1.351) and Scotland (linage: B.1.222), respectively. Based on SARS-CoV-2 viral
loads in the culture supernatant of Calu-3 cells, MU-UNMC-1 and MU-UNMC-2 showed
comparable antiviral activity against the newly emerging variant strains compared to
wild-type virus. MU-UNMC-1 has an IC50 value of 9.27 mM and 2.64 mM for South
African (linage: B.1.351) variant (Fig. 7A) and Scotland (linage: B.1.222) variant (Fig. 7B)
at 24 hpi, whereas MU-UNMC-2 has an IC50 value of 3.00 mM for South African (linage:
B.1.351) variant (Fig. 7C) and 1.39 mM against Scotland (linage: B.1.222) variant at 24
hpi (Fig. 7D) respectively.

Optimal binding mode of MU-UNMC-1 and MU-UNMC-2 to Wuhan-Hu-1 and
B.1.351. Because of the inherent rigid-body nature of our initial docking, it was not clear
if the docked pose of MU-UNMC-1 and MU-UNMC-2 in a pocket at the S-RBD and ACE2
interface were the real binding modes. Therefore, we used IFD to obtain the optimal
binding modes of MU-UNMC-1 (43 poses) and MU-UNMC-2 (39 poses) in Wuhan-Hu-1
S-RBD/ACE2 complex, and in B.1.351 S-RBD/ACE2 complex. In the IFD, the sidechains of
the protein are optimized to obtain the best binding pose of a given compound. The
best-docked poses obtained in the IFD of MU-UNMC-1 and MU-UNMC-2 in Wuhan-Hu-1
S-RBD/ACE2 complex are shown in Fig. 8A, B, E, to F, and in S-RBD/ACE2 complex of
B.1.351 are shown in Fig. 8C, D, G, to H. As an example, the comparison of sidechain

FIG 6 SARS-CoV-2 dose-response curve in MU-UNMC-1 and MU-UNMC-2 treated and SARS-CoV-2 infected UNCN1T and Vero-STAT1 knockout cells. (A, B)
MU-UNMC-1 (in blue) and MU-UNMC-2 (in green) dose-response curve by percentage inhibition of SARS-CoV-2 replication 24 and 48 hpi in UNCN1T cells
with indicated drug concentrations. (C, D) MU-UNMC-1 (in blue) and MU-UNMC-2 (in green) dose-response curve by percentage inhibition of SARS-CoV-2
replication 24 and 48 hpi in Vero-STAT1 knockout cells with indicated compound concentrations.
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conformations near the MU-UNMC-2 binding site in Wuhan-Hu-1 S-RBD/ACE2 complex
and B.1.135 S-RBD/ACE2 complex after IFD of MU-UNMC-2 in two viruses is shown in
Fig. 9. It is clear from these figures that MU-UNMC-2 binds to the Wuhan-Hu-1 S-RBD/
ACE2 complex in a different conformation than in B.1.351 S-RBD/ACE2 complex. While
MU-UNMC-2 binds in the same pocket, the trifluoromethyl moiety of the compound was
more exposed to the solvent in B.1.351 S-RBD/ACE2 complex than in the Wuhan-Hu-1 S-
RBD/ACE2 complex (Fig. 8E, G). Increased exposure of MU-UNMC-2 to the solvent in
B.1.351 appears is due to mutation N501Y, which reduced the size of the binding pocket.
This exposure would most likely reduce the binding affinity of MU-UNMC-2 to the
B.1.351 variant, which is reflected in the reduced efficacy of MU-UNMC-2 for B.1.351. MU-
UNMC-2 was flipped;180° in B.1.351 compared with Wuhan-Hu-1 S-RDB/ACE2 complex
(Fig. 8E–H). This flipping of MU-UNMC-2 decreased polar interactions (dotted lines) in
B.1.351 S-RBD/ACE2 complex compared to the Wuhan-Hu-1 S-RDB/ACE2 complex (4 ver-
sus 5). A cumulative effect of increased exposure of MU-UNMC-2 and reduced polar
interactions in the B.1.351 variant may be a reason for its reduced efficacy against
B.1.351. Additionally, we evaluated the hydrophobic and Van der Waals interactions
between the compouds and S-RBD/ACE2 complexes (Fig. 8I, J) using LigPlot1 (34). The
hydrophobic and Van der Waals interactions between MU-UNMC-1 and S-RBD/ACE2
complex and MU-UNMC-2 and S-RBD/ACE2 complex were comparable.

Antiviral efficacy of MU-UNMC-1 and MU-UNMC-2 after different times of
addition to SARS-CoV-2 infected cells. To determine at what stage of the viral life
cycle the compounds MU-UNMC-1 and MU-UNMC-2 impart their antiviral effect, we
performed a time of addition assay. The experimental schema of the assay is described

FIG 7 SARS-CoV-2 dose-response curve in MU-UNMC-1 and MU-UNMC-2 treated and SARS-CoV-2 variant of concern infected
Calu-3 cells. (A) MU-UNMC-1 dose-response curve by percentage inhibition of SARS-CoV-2 replication 24 hpi in Calu-3 cells
infected with South Africa variant (linage: B.1.351) with indicated drug concentrations. (B) MU-UNMC-1 dose-response curve by
percentage inhibition of SARS-CoV-2 replication 24 hpi in Calu-3 cells infected with Scotland variant (linage: B.1.222) with
indicated drug concentrations. (C) MU-UNMC-2 dose-response curve by percentage inhibition of SARS-CoV-2 replication 24 hpi in
Calu-3 cells infected with South Africa variant (linage: B.1.351) with indicated drug concentrations. (D) MU-UNMC-2 dose-response
curve by percentage inhibition of SARS-CoV-2 replication 24 hpi in Calu-3 cells infected with Scotland variant (linage: B.1.222)
with indicated drug concentrations.
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FIG 8 Optimal binding mode of MU-UNMC-1 and MU-UNMC-2 with S-RBD/ACE2 complexes of Wuhan-
Hu-1 and B.1.351. The best docking pose of MU-UNMC-1 and MU-UNMC-2 was obtained from the IFD.

(Continued on next page)
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in Fig. 10A. We observed that when both the compounds were added -2 hpi, there was
more than an 80% reduction in SARS-CoV-2 infectivity compared to vehicle controls
when the compounds were added at the time of infection, there was around 40%
reduction in SARS-CoV-2 infectivity, and when the compounds were added 14 hpi,
there was no significant difference in SARS-CoV-2 infection compared with vehicle con-
trols (Fig. 10B). In summary, this result confirms that MU-UNMC-1 and MU-UNMC-2 are
entry inhibitors that predominantly block the entry of the virus to host cells by inter-
acting with the ACE2 and SARS-CoV-2 Spike RBD binding interface.

Chemical properties of MU-UNMC-2.We used the SwissADME web portal to com-
pute the biophysical properties of all the compounds tested in this study. Here we dis-
cuss the properties of MU-UNMC-2, which showed the synergistic effect with RDV. The
Log Po/w value of this compound was 2.27 suggesting a high permeability of the com-
pound. The predicted solubility of the compound was moderate. However, the phar-
macokinetics data showed that the compound MU-UNMC-2 has high gastrointestinal
absorption. It was expected not to inhibit CYP2C9, CYP2D6, and CYP3A4 suggesting
low toxicity of the compound. The compound followed all Lipnski’s Rules of Five, and
it was predicted to exhibit high drug likeliness with no PAINS (Pan-assay interference
compounds).

Combinational antiviral efficacy of RDV/MU-UNMC-1 and RDV/MU-UNMC-2.
After confirming the effectiveness of MU-UNMC-1 and MU-UNMC-2 in blocking the cellu-
lar entry of SARS-CoV-2, we evaluated the combinational antiviral effect of MU-UNMC-1/

FIG 8 Legend (Continued)
Panels A and C show surface representation of Wuhan-Hu-1 and B.1.351 S-RBD (cyan)/ACE2 (green)
complexes, respectively for MU-UNMC-1. (B, D) The details of interactions of MU-UNMC-1 with S-RBD/
ACE2 complexes of Wuhan-Hu-1 and B.1.351 are shown in panels B and D. Panels E and G show surface
representation Wuhan-Hu-1 and B.1.351 S-RBD (cyan)/ACE2 (green) complexes, respectively for MU-
UNMC-2. (F, H) The details of interactions of MU-UNMC-2 with S-RBD/ACE2 complexes of Wuhan-Hu-1
and B.1.351 are shown in panels F and H. The yellow dotted lines represent the polar interactions
between MU-UNMC-2 and proteins. All colors and the representations are the same as in Fig. 1, except
the teal carbons of MU-UNMC-1/2 in the S-RBD/ACE2 complex of the B.1.351 variant. The two panels
represent the different modes of binding of MU-UNMC-1 and MU-UNMC-2 in the two variants. (Panels I
and J show the hydrophobic and Van der Waals interactions of MU-UNMC-1 and MU-UNMC-2,
respectively, with the Wuhan S-RBD/ACE2 complex. The S-RBD residues are distinguished from ACE2 by
marking RBD after the residue number. R393 of ACE2 and Y505 of S-RBD also form the H-bond with
MU-UNMC-2, and green dotted lines represent them. Similarly, Y453 of S-RBD forms an H-bond with the
N1 atom MU-UNMC-2 and is shown as a green dotted line. The circle size is proportional to the
interacting atoms from each residue and the atoms that interact are represented by ‘rays’ emerging
from the atoms.

FIG 9 Comparison of the sidechain conformations near the binding site of MU-UNMC-2 in Wuhan-
Hu-1 and B.1.351. Cyan and green carbons represent the S-RBD and ACE2 residues of Wuhan-Hu-1,
whereas yellow and gray carbons represent the sidechain conformations of S-RBD and ACE2 in the
B.1.351 variant. For clarity, the MU-UNMC-2 compound has been removed.
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MU-UNMC-2 with RDV. As described in Material and Methods, the dose-response curve
of RDV was determined at different fixed-dose combinations of MU-UNMC-1, and MU-
UNMC-2 using SARS-CoV-2 infected UNCN1T cells (Fig. 11A and 12A). Similarly, the dose-
response curves of MU-UNMC-1 and MU-UNMC-2 were determined at different fixed-
dose combinations of RDV using SARS-CoV-2 infected UNCN1T cells (Fig. 11B and 12B).
The dose-response percent inhibition matrix of single and combination treatment of
RDV/MU-UNMC-1 and RDV/MU-UNMC-2 is described in Fig. 11C and 12C, respectively.
The 3-D interaction landscape of the combinational treatment was computed based on
Loewe additive model using SynergyFinder v.2 in SARS-CoV-2 infected UNCN1T cells 24
hpi. Synergy maps highlight synergistic and antagonistic dose regions in red and green,
respectively. A negative Loewe synergy score indicates an antagonistic drug combina-
tion, a score between 0 to 10 indicates the additive effect of drug combinations, and a
score above 10 indicates a synergistic drug combination. RDV/MU-UNMC-1 combination
has a Loewe synergy score of -30.69, indicating an antagonistic effect (Fig. 11D). On the
other hand, RDV/MU-UNMC-2 has a Loewe synergy score of 26.64, indicating a synergis-
tic effect (Fig. 12D). The synergistic/antagonistic effect of drug combinations are recon-
firmed using Chou and Talalay combination index (CI) theorem (30). As per Chou and
Talalay’s combination index theorem, CI , 1, = 1, and .1 show synergism, additive
effect, and antagonism, respectively. Using CompuSyn, we computed CI values of RDV/
MU-UNMC-1 as .1 and CI value of RDV/MU-UNMC-2 as CI , 1 confirming their antago-
nistic and synergistic effect respectively. Using CompuSyn, in UNCN1T cells, we obtained
a dose reduction index (DRI) of 28.30 for MU-UNMC-2 and 2.33 for RDV, respectively.
(DRI is the estimation of fold reduction in dose of a drug when used in combination with

FIG 10 Impact of time addition of the compounds on replication of SARS-CoV-2 in Vero-STAT1 knockout cells. (A) An
experimental outline describing the time of adding MU-UNMC-1 and MU-UNMC-2 to the cells, SARS-CoV-2 infection,
and measurement of viral replication kinetics at the termination of the experiment. (B) Percentage of SARS-CoV-2
replication in the presence of vehicle control (DMSO), MU-UNMC-1 (5 mM) and MU-UNMC-2 (5 mM) at -2 hpi, 10 hpi
and 14 hpi in Vero-STAT1 knockout cells, respectively.
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other drugs [having a synergistic effect] to achieve a similar level of effect that are com-
parable with those achieved with individual drugs).

DISCUSSION

Using the in silico workflow, we screened ;8 million compounds for their potential
to bind at the interface of the SARS-CoV-2 S-RBD and human ACE2. Five compounds
were selected based on the docking score and visual inspection to test their efficacy in
SARS-CoV-2 replication cell-based assays. Initially, using an ELISA-based biophysical
assay, we confirmed that the compounds could block the binding of S-RBD/ACE2 with
varying concentrations. One compound, MU-UNMC-2, exhibited potent entry inhibition
in lentiviral-based pseudovirus assays. In contrast, another compound, MU-UNMC-1,
showed only a modest inhibition activity against virus entry even though MU-UNMC-1
showed high binding and a high docking score. The modest inhibition of MU-UNMC-1 in
pseudotyped appears to be related to the low stability of its mono-sulfonyl group. The
other three compounds (MU-UNMC-6, MU-UNMC-7, and MU-UNMC-8) did not block vi-
rus entry or replication. The antiviral activity of the two compounds active in pseudovirus
assays was also tested to block SARS-CoV-2 replication in a physiologically relevant
human bronchial epithelial cell line (UNCN1T). In the 2-D in vitro culture system, both

FIG 11 Combinational effect of remdesivir and MU-UNMC-1 treatment against SARS-CoV-2 infected UNCN1T cells at 24 h postinfection. (A) Dose response
curve of remdesivir in SARS-CoV-2 infected UNCN1T cells at 24 hpi in the presence of different fixed concentrations of MU-UNMC-1; (B) Dose-response curve
of MU-UNMC-1 in SARS-CoV-2 infected UNCN1T cells at 24 hpi in the presence of a different fixed concentration of remdesivir; (C) Dose-response percent
inhibition matrix of single and combined treatment of remdesivir and MU-UNMC-1 in SARS-CoV-2 infected UNCN1T cells at 24 hpi. (D) 3-D interaction
landscape between remdesivir and MU-UNMC-2 calculated based on Loewe additive model using SynergyFinder v.2 in SARS-CoV-2 infected UNCN1T cells at
24 hpi (Loewe synergy score -30.69; with most synergistic area score of -21.34).
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MU-UNMC-1 and MU-UNMC-2 showed antiviral activity with IC50 values in the sub-micro-
molar range. In addition, our drug addition assay confirmed that MU-UNMC-1 and MU-
UNMC-2 act at the entry of SARS-CoV-2 infection. These results demonstrated that both
MU-UNMC-1 and MU-UNMC-2 are potential SARS-CoV-2 entry inhibitors.

As with all RNA viruses, SARS-CoV-2 has been mutating. While most mutations are de-
structive for viral fitness and survival, a minor fraction may evolve with the altered trans-
mission, pathogenicity, and immune escape capability. Several SARS-CoV-2 variants that
appear to have high transmission, pathogenicity, and immune escape capability
emerged in different parts of the world (35). WHO classified some of them as variants of
concern that includes Delta (B.1.617.2) from India, Gamma (P1) from Brazil, Beta (B.1.351)
from South Africa, and Alpha (B.1.1.7) from the U.K (13, 36, 37). We tested the efficacy of
MU-UNMC-2 against South African variants (B.1.351 or Beta) and the Scotland variant
(B.1.222). To assess if the two lead compounds can be docked with a significant docking
score, we generated a molecular model of S-RBD/ACE2 using the S-RBD/ACE2 complex
crystal structure of P.1 (Gamma) variant (PDB entry 7NXC) (22) and docked MU-UNMC-1
and MU-UNMC-2 into this model. The model of S-RBD/ACE2 complex generated using
‘Prime’ (Schrödinger Suite) had ;0.5 Å root-mean-square deviation (RMSD) when com-
pared with the crystal structure of Wuhan-Hu-1 S-RBD/ACE2 complex (PDB entry 6M0J).

FIG 12 Combinational effect of remdesivir and MU-UNMC-2 treatment against SARS-CoV-2 infected UNCN1T cells at 24 h postinfection. (A) Dose-response
curve of remdesivir in SARS-CoV-2 infected UNCN1T cells at 24 hpi in the presence of a different fixed concentration of MU-UNMC-2; (B) dose-response curve
of MU-UNMC-2 in SARS-CoV-2 infected UNCN1T cells at 24 hpi in the presence of a different fixed concentration of remdesivir; (C) dose-response percent
inhibition matrix of single and combined treatment of remdesivir and MU-UNMC-2 in SARS-CoV-2 infected UNCN1T cells at 24 hpi. (D) 3-D interaction
landscape between remdesivir and MU-UNMC-2 calculated based on Loewe additive model using SynergyFinder v.2 in SARS-CoV-2 infected UNCN1T cells at
24 hpi (Loewe synergy score 26.63; with most synergistic area score of 37.25).
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This is not surprising as the RMSD between P.1 variant S-RBD/ACE2 complex and
Wuhan-Hu-1 S-RBD/ACE2 complex is also less than ;0.5 Å. A low RMSD between two
crystal structure complexes of S-RBD/ACE2 strongly suggests that mutation does not sig-
nificantly cause overall structural changes. Hence, the impact of the mutant appears to
change in the local geometry of the Spike protein.

In the CADD, rigid body docking is conducted for virtual screening of compounds
(i.e., without optimizing the sidechain conformation). In the IFD, the sidechain and
ligand conformations are optimized to get an optimal binding pose. However, the
rigid-body docking does not provide the optimal configuration of the binding pocket
and the ligand. The sidechain conformational change upon ligand binding can also be
assessed by the molecular dynamics (MD) simulations, a proven computational tech-
nique to determine protein structure changes under various conditions (temperature,
pH, ion strength, etc.). However, MD simulations are not widely used in CADD, primar-
ily for two reasons: (i) The MD simulations are not computationally cost-effective in
CADD, and (ii) it is cumbersome to obtain specific sidechain conformation. Hence, the
CADD tools such as IFD are employed. As shown in Fig. 9E and G, the conformation of
the sidechains of Y453 and Y505 of S-RBD in the WT (Wuhan-Hu-1) and H34 of ACE2
change to interact with MU-UNMC-2, whereas the conformation of R403 (S-RBD) and
K353 (ACE2) in B.1.351 is adjusted to remove the steric clashes. For example, the steric
clash between the ring O atom of MU-UNMC-2 and the Nz atom of K351 in ACE2
(1.9 Å) is removed by reorienting the K351 sidechain. This kind of specific interaction
details can be obtained only after computationally expensive MD simulations.

Our docking showed that MU-UNMC-2 binds in a pocket formed by Y505, R403,
Y453 (from S-RBD), and N33, H34, E37, P389, F390, Q388, and A387 (ACE2). None of
these residues in B.1.351 directly interact with MU-UNMC-2, confirming that the signa-
ture mutations of B.1.351 (N501Y) present at the S-RBD/ACE2 interface may not impact
the efficacy of this compound. A slight reduction in the effectiveness of MU-UNMC-2
against these two variants may be due to the altered geometry of the binding pocket
as Y501 is bulkier than N501, as noted in our IFD docking (Fig. 9). Our in silico analysis
showed that none of the emerging SARS-CoV-2 variants, including the UK (Alpha), the
Brazil/Japan (Gamma), or California variant (Eta/Iota) have mutations within the MU-
UNMC-2 binding pocket (data not shown) (13).

The crystal structure S-RBD/ACE2 complex solution triggered the drug-discovery
efforts to discover entry inhibitors, including peptide analogs, monoclonal antibodies,
and protein chimeras (38–46). Despite these new technologies and macromolecules as
therapeutic agents, small molecules remain the preferred choice for drug development
due to their better pharmacokinetic profile, stability, and dosage logistics (47, 48). Also,
small molecules have the advantage of logistics to remote locations, and their produc-
tion cost is economical compared to peptide-based therapeutics. Thus, several studies
are under way to develop small molecules and peptide inhibitors to block the human
ACE2 (49–52). ACE2 is a principal regulator of the renin-angiotensin system (RAS) that
regulates the cardiovascular and renal systems. Still, it is not a preferable therapeutic
target, as its inhibition may disrupt the physiological homeostasis of the systems (53).

In addition, the ACE2/S-RBD interface is distal to the protease active site of ACE2.
Hence, inhibitors developed against the ACE2 protease activity would most likely not
affect S protein binding to ACE2. ACE2 protects lung injury in acute respiratory distress
syndrome caused by respiratory viral infections (54). In this respect, our strategy of
screening small molecules that block S protein and ACE2 interaction are superior to
protein-based therapeutics.

In the arena of antiviral therapeutics, the use of combination/repurposing drugs that
target different stages of the viral life cycle and host factors is well documented, result-
ing in superior virological and physiological response compared to monotherapy (17,
55). This approach increases the overall efficacy of the treatment, reduces the dosage
requirement of individual drugs, improves toxicity profile, and lowers the chances of
developing drug resistance (56). This approach is time-tested during the development of
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combinational antiretroviral therapy to treat human immunodeficiency virus-1 (17, 57).
During the early days of the COVID-19 pandemic, investigational combination therapy
approaches have been tested in severely ill hospitalized patients. These strategies only
yielded mild to moderate responses in different clinical settings (58, 59). In a similar pur-
suit, we examined the synergy between RDV (an RdRp inhibitor) and MU-UNMC-1 or
MU-UNMC-2 using human bronchial epithelial cell line and SARS-CoV-2 virus. Our finding
showed a 28.3-fold and 2.3-fold reduction in dosages for MU-UNMC-2 and RDV, respec-
tively, thereby supporting the combinatorial use of the two compounds against monothera-
pies. On the contrary, we observed an antagonistic effect MU-UNMC-1/RDV combinational
treatment. The combination therapy targeting two critical stages of the viral life cycle,
namely, cell entry (MU-UNMC-2) and replication (RDV), enhances the overall therapeutic effi-
cacy and reduces the chances of resistance associated with one drug. The reduction in RDV
dose is also expected to reduce its adverse side effects that substantially limit its use in clini-
cal settings (19, 60).

Our strategy combines in silico drug screening and in vitro validation in the cell-
based system, which has a significant advantage over the classical drug-discovery
approaches. It substantially reduces the resources and expenses for initial screening of
drug-like compounds. It increases the probability of selecting the best lead com-
pounds with desired therapeutic profile with fewer trials. Our strategy also shortens
the lead identification to optimization, preclinical test, and translational application to
clinical trials. Although we have not optimized the lead compound, we are in the pro-
cess of doing so, and the results will be presented elsewhere. However, initial theoreti-
cal estimation of the ADME profile suggests that the compound MU-UNMC-2 has a
favorable physicochemical profile and can be quickly considered in pre-clinical trials.
With the emergence of new variants of SARS-CoV-2, particularly the increase in trans-
mission of delta and delta plus (12, 37) that are supposed to have accelerated transmis-
sion, new potent antivirals are warranted.

One of the limitations of the present compounds is their relatively narrow selectivity
index. However, these are lead compounds, and using their design and synthesis of
new molecules with a better selectivity index is under investigation in our laboratories.
The SARS-CoV-2 Spike can be activated by early plasma membrane or late endosomal
membrane entry as per the availability of proteases (61). The Vero cells utilize the late
endosomal pathway using TMPRSS2 and cathepsin L for Spike cleavage and viral entry
to host cells used in the present study. While in Calu-3 cells, the early pathway is fol-
lowed, where furin-based cleavage of Spike mediates the viral entry in host cells (8).
Recent studies reported that in alpha and delta variants of SARS-CoV-2 isolates, muta-
tions in the furin cleavage sites make the sequence more basic, facilitating more effi-
cient furin cleavage responsible for their higher transmissibility in vivo (62, 63). For this
reason, we tested our compounds in Calu-3 cells against the mutant variants for better
understanding their antiviral activity against these viral isolates.

In summary, herein, we report the identification of drug-like compounds (MU-
UNMC1 and MU-UNMC-2) that are potential SARS-CoV-2 entry inhibitors. MU-UNMC-2
alone or in combination with RDV showed antiviral activity against the viral isolates
from the early days of the pandemic and against emerging mutant variants of SARS-
CoV-2 at micromolar concentrations. In addition, these compounds’ ADME toxicity
properties were well within the criteria to fall into the drug-likeliness category. Hence,
MU-UNMC-2 may potentially be a prophylactic/therapeutic drug against COVID-19
once validated in vivo.

MATERIALS ANDMETHODS
Identification of potential inhibitors using the computer-aided drug design approach. To iden-

tify potential SARS-CoV-2 entry inhibitors, we docked ;8 million drug-like compounds from an in-house
library of compounds. The library consists of compounds from MayBridge Hitfinder compounds, small
molecules from the Zinc database (zinc.docking.org), ChEMBL, Bingo, JChemforExcel, ChemDiff, and
BindingMOAD (https://www.click2drug.org/index.php#Databases), and all compounds have been pre-
pared in their docking-ready conformation using ‘LigPrep’ program of Schrödinger Suite (Schrödinger
LLC, NY). The S-RBD/ACE2 complex [Protein Databank Entry 6M0J; Lan et al. 2020 (21)] was used for
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in silico screening. A docking-ready structure was generated by the “Protein Preparation Wizard” of the
Schrödinger Suite (Schrödinger LLC, NY), which adds the hydrogen atoms, missing sidechains, and
assigns protonation states to histidine, glutamine, and asparagine residues together with the optimiza-
tion of the hydrogen atoms’ orientation. The resulting structure was energy minimized using OPLS_2005
forcefield for 10,000 iterations to remove steric conflicts. Potential compound binding sites were identi-
fied by SiteMap (Schrödinger Suite) and SiteID (SybylX-2.1, Certera, Princeton, NJ). We selected a binding
pocket present at the interface of S-RBD/ACE2 for the docking of the library compounds (details of inter-
face residues and pocket are given in ‘Results’ section. The Glide program of Schrödinger Suite (23) with
SP (Simple Precision) was used in initial docking in a grid box of 20 � 20 � 20 Å3 size. The top 500 com-
pounds based on the docking score were re-docked using the XP (Extra Precision) (24) option of Glide.
These results were then manually visualized for the interactions between compounds and protein
(S-RBD and ACE2). Five compounds were finally selected for testing their in vitro inhibitory activity in
cell-based assays (Table 2). To gain insight into the binding mode of these compounds and accessing
the flexibility of the binding site residues, we also conducted flexible docking using the IFD (25) program
of the Schrödinger Suite.

Molecular modeling of S-RBD of B.1.351 variant in complex with ACE2. In the absence of a high-
resolution crystal structure of the S-RBD of B.1.351 complex with ACE2, we used the S-RBD/ACE2 com-
plex crystal structure of the P.1 variant [(22); PDB entry 7NXC]. Mutation K417T in the P.1 variant was
altered to K471N to generate the structure of the B.1.351 S-RBD variant using the Prime (26) modeling
program of Schrodinger Suite. This structure was then used in ‘Induced Fit Docking’ of MU-UNMC-1 and
MU-UNMC-2.

Chemical properties of the compounds. The pharmacochemical properties of the top 10 com-
pounds were determined by QikProp program of the Schrodinger Suite (Schrödinger, LLC, NY). The input
data were provided in the form of the three-dimensional structure of the compounds.

Reagents and cell lines. RDV (GS-5734) was obtained from Selleck Chemicals LLC (Houston, TX). The
SARS-CoV-2 entry inhibitors were obtained from MolPort (Riga, Latvia). Calu-3 (ATCC HTB-55), Vero E6
(CRL-1586), and Vero-STAT1 knockout cells (CCL-81-VHG) were obtained from ATCC. Vero E6 and Vero-
STAT1 knockout cells were cultured in DMEM containing 10% fetal bovine serum (FBS), 2 mM L-gluta-
mine, 100 units/ml penicillin, 100 units/ml streptomycin, and 10 mM HEPES (pH 7.4). Calu-3 cells were
cultured in Eagle's Minimum Essential Medium (ATCC 30–2003) containing 10% FBS. UNCN1T cells (a
human bronchial epithelial cell line; Kerafast catalog number ENC011) were cultured in BEGM media
(Bronchial Epithelial Cell Growth Medium; Lonza catalog number CC-3170) in FNC (Athena Enzyme
Systems catalog number 0407) coated 96-well plates. All other reagents (molecular biology grad
fine chemicals) used in the study were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
mentioned.

ACE2: SARS-CoV-2 Spike RBD inhibitor screening assay. All five compounds (MU-UNMC-1, MU-
UNMC-2, MU-UNMC-6, MU-UNMC-7, and MU-UNMC-8) were tested in triplicate in the concentration
range from 0.25 to 5.00 mM using the ACE2: SARS-CoV-2 Spike Inhibitor Screening assay kit (BPS
Bioscience catalog number 79936) per the manufacturer’s instruction. In brief, the ACE2 protein was
thawed on ice, diluted to 1 mg/ml using 1X PBS, applied at 50 ml/well to the 96-well nickel-coated plate
provided in the kit, and incubated for 1 h at room temperature with gentle shaking. The plate was then
washed three times with 1X immune buffer 1, 100 ml of 1X blocking buffer 2 was added/well and incu-
bated at room temperature for 10 min with slow shaking. Next, 10 ml of the compounds was added/well
in triplicate and incubated for 1 h at room temperature with slow shaking. Ten ml of 5% DMSO was used
as vehicle control. After that, 5 nM SARS-CoV-2 Spike (RBD)-Fc (20 ml) was added/well and incubated at
room temperature for 10 min with slow shaking. The plate was rewashed three times with 1X immune
buffer 1, 100 ml of 1X blocking buffer 2 was added/well and incubated at room temperature for 10 min
with slow shaking. Next, 1:1000 diluted anti-mouse-Fc-HRP was added/well of the plate and incubated
for 1 h at room temperature with slow shaking. Finally, the plate was rewashed as described above and
HRP substrate was added to produce chemiluminescence, which was measured using a SpectraMax i3x
multi-mode plate reader (Molecular Devices, San Jose, CA).

MTT cell viability assay. HEK-293T-hACE2, UNCN1T, Vero-STAT1 knockout, and Calu-3 cells were
seeded at the density of 20,000 cells/well in a 96-well plate containing 100 ml complete media specific
for each cell type. Cells were incubated for 12 h at 37°C in a humidified 5% CO2 incubator for adherence.
After 12-h incubation, the media was replaced with fresh media, and HEK-293T-hACE2 cells were treated
with the five compounds at concentrations ranging between 0.001 to 100 mM. The Calu-3, UNCN1T, and
Vero STAT1 knockout cells were treated with MU-UNMC-1 and MU-UNMC-2. Untreated cells were con-
sidered a negative control, and DMSO treated cells were considered vehicle controls. After the treat-
ment, cells were incubated at 37°C in humidified 5% CO2 incubator. Seventy-two hour posttreatment, 20
ml of MTT substrate (5 mg/ml) was added to each well and incubated for 4 additional hours at 37°C in
the dark. Then the culture media was carefully removed, and blue formazan crystals were dissolved in
200ml of DMSO, and the purple color was read at 595 nm with a reference filter of 620 nm.

Production and titration of lentiviral-based pseudovirus expressing SARS-CoV-2 Spike
glycoprotein. For pseudotyping, lentiviral particles expressing SARS-CoV-2 Spike protein were gener-
ated as described by Crawford et al. (27). In brief, 3 � 106 HEK-293T cells were co-transfected with a plas-
mid containing a lentiviral backbone expressing luciferase and ZsGreen (BEI catalog number NR-52516),
a lentiviral helper plasmid expressing HIV Gag-Pol (BEI catalog number NR-52517), a lentiviral helper
plasmid expressing HIV Tat (BEI catalog number NR-52518), and a lentiviral helper plasmid expressing
HIV Rev (BEI catalog number NR-52519) along with a plasmid expressing the Spike protein of SARS-CoV-
2 (7) using jetPRIME transfection reagent (Polyplus-transfection; NY) per the manufacturer’s instructions.
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The culture supernatant containing pseudovirus particles was harvested at 48 h posttransfection, by
centrifugation at 1200 rpm for 10 min and filtration through a 0.45 mM filter to remove cellular debris
and then stored at 280°C freezer in aliquots for downstream applications. The viral titers were deter-
mined using engineered HEK-293T cells expressing the human ACE2 receptor. For this purpose, 12,500
HEK293T-hACE2 cells were seeded per well in a poly-l-lysine-coated 96-well plate. 24 h after seeding,
lentiviral particles were serially diluted with complete DMEM supplemented with Polybrene (5 mg/ml),
and 50 ml of each dilution were added in four replicate wells. 48 h post addition, pseudoviral transduc-
tion efficiency was determined by measuring firefly luciferase activity in cell lysates using a bright-glo lu-
ciferase assay system (Promega, Madison, WI; catalog number E2610). The luminescence was measured
using a SpectraMax i3x multi-mode plate reader (Molecular Devices, San Jose, CA) and relative lumines-
cence units (RLUs) were plotted against virus dilutions.

SARS-CoV-2 entry inhibitor screening assay. For screening SARS-CoV-2 entry inhibitors, 24 h
before starting the assay, 20,000 HEK-293T-hACE2 cells were seeded per well in a poly-l-lysine-coated
96-well plate. On the day of the assay setup, different concentrations of the five compounds were mixed
with the lentiviral particles expressing SARS-CoV-2 Spike protein (1.00 � 105 RLU/well) and incubated at
37°C for 30 min followed by the addition of 50 ml lentiviral particle-compound complex in the cells sup-
plemented with Polybrene (5 mg/ml). After 48 h, the activity of firefly luciferase was measured as
described above to calculate the ability of the compounds to block the entry of transduced pseudoviral
particles in HEK-293T-hACE2 cells.

Production and titration of SARS-CoV-2 stocks. SARS-CoV-2 isolates USA-WI1/2020 (BEI catalog
number NR-52384), hCoV-19/South Africa/KRISP-EC-K005321/2020 (BEI catalog number NR-54008), and
hCoV-19/Scotland/CVR2224/2020 (BEI catalog number NR-53945) were passaged in Vero-STAT-1 knock-
out cells. The viral titer was determined using the plaque assay (28). In brief, Vero E6 cells were seeded
in 6-well plates. After 24 h, cells were washed with sterile 1X PBS. The viral stock was serially diluted and
added to the cells in duplicate with fresh media, and the plates were incubated at 37°C for 1 h with
occasional shaking every 15 min. Then, 2 ml of 0.5% agarose in minimal essential media (MEM) contain-
ing 5% FBS and antibiotics was added per well. Plates were incubated at 37°C for 72 h. Then, the cells
were fixed with 4% paraformaldehyde overnight, followed by removing the overlay and staining with
0.2% crystal violet to visualize PFU. All assays were performed in a BSL-3 laboratory setting. The viral
stocks used for all antiviral assays were generated in passage 1–2 of the initial stock obtained from BEI.

Assessment of antiviral activity of selected compounds. The antiviral potential of the compounds
were screened as reported earlier (29). In brief, UNCN1T or Vero-STAT1 knockout cells were seeded in
96-well plates 24 h before infection at 20,000 cells/well, or 48 h prior to infection for Calu-3 cells at the
same seeding density as before. Different compounds ranging between 0.001 mM and 10 mM were
added to the cells 2 h prior to the infection. The cells were infected with 0.1 MOI of SARS-CoV-2 using
Opti-MEM I reduced serum medium (Thermo Fisher catalog number 31985062) and incubated for 1 h at
37°C with 5% CO2. For vehicle control, cells were treated with the same concentration of DMSO. Mock-
infected cells received only Opti-MEM I reduced serum medium. At the end of the incubation of the vi-
rus, the inoculum was removed, cells were washed with 1X PBS three times, and fresh media was added
supplemented with the same concentration of compounds. Culture supernatant was collected at 24 hpi
(hour postinfection) and 48 hpi. The SARS-CoV-2 viral load was quantified in the culture supernatant
using RT-QPCR with primer probes targeting the E gene of SARS-CoV-2 using PrimeDirect Probe RT-
qPCR Mix (TaKaRa Bio USA, Inc) and Applied Biosystems QuantStudio3 real-time PCR system (Applied
Biosystems, Waltham, MA, USA) per manufacturer’s instructions. Primers and probes used for SARS-
CoV-2 RNA quantification were as follows: E_Sarbeco_F1: 59–ACAGGTACGTTAATAGTTAATAGCGT–39
(400 nM), E_Sarbeco_R2: 59–ATATTGCAGCAGTACGCACACA–39 (400 nM) and E_Sarbeco_P1: 59– FAM–
ACACTAGCCATCCTTACTGCGCTTCG-BHQ1–39 (200 nM) as recommended by the WHO. The SARS-CoV-2
genome equivalent copies were calculated using quantitative PCR (qPCR) control RNA from heat-inacti-
vated SARS-CoV-2, isolate USA-WA1/2020 (BEI catalog number NR-52347). The percentage inhibition of
SARS-CoV-2 replication in MU-UNMC-1 and MU-UNMC-2 treated cells was calculated with respect to viral
loads in vehicle control wells that received DMSO (considered 0% inhibition) and negative control wells
(uninfected cells). IC50 values were calculated using four-parameter variable slope sigmoidal dose-
response models using Graph Pad Prism 8.0 software.

Time of compound addition assay. Vero-STAT1 knockout cells were seeded in 24-well plates and
incubated overnight. The next day, MU-UNMC-1 (5 mM) and MU-UNMC-2 (5 mM) were added to the cells
-2 h prior to infection, during infection (0 h), and 14 hpi. Then cells were infected with 0.1 MOI SARS-
CoV-2. The culture supernatants were collected at 24 hpi, and percent inhibition of viral replication was
calculated under different exposure conditions using RT-qPCR.

Measuring the combinational antiviral potential of MU-UNMC-1/MU-UNMC-2 and RDV. To
determine the possible synergistic antiviral effect of MU-UNMC-1/RDV and MU-UNMC-2/RDV against
SARS-CoV-2 replication, we tested combined doses of MU-UNMC-1/RDV and MU-UNMC-2/RDV in SARS-
CoV-2-infected UNCN1T cells. For these assays, the cells were seeded in 96-well plates (20,000 cells/well)
24 h before infection and then treated with respective combinations of compounds 2 h before infection.
The cells were infected with 0.1 MOI of SARS-CoV-2 isolate USA-WI1/2020 as described above. The per-
centage inhibition of viral replication for each dose-combination was determined by RT-qPCR as
described above. The percent inhibition of viral replication for a 1:1 fixed-dose combination of the com-
pounds was used to generate dose-response plots. The CI was calculated using multiple drug effect
equations developed by Chou and Talalay using the CompuSyn algorithm (https://www.combosyn
.com). CI values of ,1 indicate synergy, CI values .1 indicate antagonism, and values equal to 1 indicate
additive effects (30, 31). Dose-response percent inhibition matrix of single and combined treatment of RDV/
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MU-UNMC-1 and RDV/MU-UNMC-2 in SARS-CoV-2 infected UNCN1T Vero-STAT1 knockout cells 24 hpi and 3-
D interaction landscape were calculated based on Loewe additive model using SynergyFinder v.2 (32).

Statistical analysis. The CC50 and IC50 values were computed using four-parameter variable slope
sigmoidal dose-response models using GraphPad Prism (version 8.0). The CI was calculated using Chou
and Talalay's multiple drug effect equation using the CompuSyn algorithm (https://www.combosyn
.com). The 3-D interaction landscape between RDV and MU-UNMC-2 was calculated based on Loewe’s
additive model incorporated within SynergyFinder v.2.
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