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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
infectious agent that has caused the current coronavirus disease (COVID) pan-
demic. Viral infection relies on the viral S (spike) protein/cellular receptor ACE2
interaction. Disrupting this interaction would lead to early blockage of viral repli-
cation. To identify chemical tools to further study these functional interfaces,
139,146 compounds from different chemical libraries were screened through an
S/ACE2 in silico virtual molecular model. The best compounds were selected for
further characterization using both cellular and biochemical approaches, reiterat-
ing SARS-CoV-2 entry and the S/ACE2 interaction. We report here two selected
hits, bis-indolyl pyridine AB-00011778 and triphenylamine AB-00047476. Both of
these compounds can block the infectivity of lentiviral vectors pseudotyped with
the SARS-CoV-2 S protein as well as wild-type and circulating variant SARS-CoV-2
strains in various human cell lines, including pulmonary cells naturally susceptible
to infection. AlphaLISA and biolayer interferometry confirmed a direct inhibitory
effect of these drugs on the S/ACE2 association. A specific study of the AB-
00011778 inhibitory properties showed that this drug inhibits viral replication
with a 50% effective concentration (EC50) between 0.1 and 0.5 mM depending on
the cell lines. Molecular docking calculations of the interaction parameters of the
molecules within the S/ACE2 complex from both wild-type and circulating var-
iants of the virus showed that the molecules may target multiple sites within the
S/ACE2 interface. Our work indicates that AB-00011778 constitutes a good tool
for modulating this interface and a strong lead compound for further therapeutic
purposes.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a positive-strand
RNA virus that causes severe respiratory syndrome (COVID-19) in humans. While

several vaccines have been developed since the beginning of the pandemic, no effi-
cient drugs have been identified as having a strong effect on viral replication for use in
the clinic. Therefore, a better understanding of the viral replication processes and the
search for new antiviral approaches remain of interest.

Viral entry into cells requires an interaction between the spike (S) protein of the virus
and angiotensin-converting enzyme 2 (ACE2) at the surface of the cell membrane. ACE2
has been reported as a receptor for SARS-CoV-2 in the lung, as previously shown for SARS-
CoV, which was responsible for the first SARS outbreak in 2003 (1, 2). ACE2 is expressed in
human airway epithelia, lung parenchyma, vascular endothelia, kidney cells, and small
intestine cells but is only weakly expressed in the brain (3, 4). Thus, converging data from
the literature indicate that the S/ACE2 interaction remains the central entry pathway for
SARS-CoV-2. More recently, the expression of the cellular protease TMPRSS2 has been
shown to dictate the entry route used by the virus to infect cells (5). These entry routes, as
well as the role of the S/ACE2 interaction in these processes, remain to be fully character-
ized. However, as the first contact point between the virus and the cell, the S/ACE2 com-
plex constitutes an attractive target for blocking very early events of viral infection.
Furthermore, in addition to being potential therapeutic agents, drugs targeting this associ-
ation may constitute useful tools for dissecting the further processes of the entry step.

In this work, we used in silico, in vitro, and in cellulo models that allow the moni-
toring of the S/ACE2 complex (6) and select drugs that may target the S/ACE2 inter-
face from 139,146 compounds. Using these systems, we selected approximatively
20 potential S/ACE2 inhibitors, and among them, we identified two novel chemical
series capable of specifically blocking the SARS-CoV-2 entry step by impairing the
ACE2/S interaction, leading to inhibition of viral SARS-CoV-2 replication in naturally
susceptible cells. This work also provides molecular details on the inhibitory mecha-
nism, paves the way for a potential new chemical strategy to interfere with the
early stage of viral entry, and reports the first druggable protein/protein inhibitor
(PPI) series able to disrupt the S/ACE2 interaction.

RESULTS
In silico virtual screening of drugs targeting the S/ACE2 interfaces. To select

potential drugs targeting the interaction between the spike protein and its cellular recep-
tor, ACE2, we used the 100-ns molecular dynamics (MD) simulation previously performed
(6) with the AMBER force field and TIP3P water box with the published S/ACE2 complex
(7). The identified transient interfaces within the S/ACE2 complex were used after incorpo-
rating the dynamic nature of the interface to determine the pockets to be explored during
the virtual screening campaigns. This simulation allowed us to identify druggable sites
within the S/ACE2 complex, which are reported in Fig. 1A and B. These druggable sites
were then used for the virtual drug screening steps. To this purpose, the Mu.Ta.Lig. Virtual
Chemotheca (approximatively 60,000 molecules; http://chemotheca.unicz.it), the ZINC FDA
Approved and ZINC In-Trials Database (1,379 and 5,811 molecules for evaluation for drug
repurposing evaluation; https://zinc.docking.org), the French National Chemical Library
(Chimiothèque Nationale [CN], 70,000 molecules; https://chembiofrance.cn.cnrs.fr/fr/
composante/chimiotheque), and the Inhibitors of Protein-Protein Interactions Database
(1,956 molecules; https://ippidb.pasteur.fr) were used. Among the 139,146 selected com-
pounds, 200 molecules were first selected and classified based on their Vina and PLP
scores when tested either on the full S/ACE2 complex (Fig. 1C) or the S protein alone (Fig.
1D). The best compounds from each library were then extracted, allowing us to select
approximatively 20 hits for further analyses (see the list of selected compounds in Table S1
and their structure in Fig. S2, both in the supplemental material). Based on their originality
and availability, we focused our present work on the molecules selected from the CN.

In cellulo screening for SARS-CoV-2 S/ACE2-mediated entry. The 10 best mole-
cules from the CN (see their structure in Fig. S2) were selected and first tested on the
lentiviral vector-based cellular approach previously set up in the laboratory (6) using
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lentiviral vectors pseudotyped with the SARS-CoV-2 spike protein (CoV-2 LV) and
HEK293T-ACE2 cells containing 9 copies of the ACE2 gene (see reference 6 and
Materials and Methods below for a full description of the procedures). As reported in
Fig. S3A and B, the CoV-2 LVs were shown to efficiently transduce only the 293T-ACE2
cells, in contrast to the original 293T cells, leading to the integration and expression of
the enhanced green fluorescent protein (eGFP) gene carried by the LV. This confirmed
that the transduction efficiency indicated by the percentage of eGFP-positive cells
relied on the early S/ACE2 interaction. In contrast, typical vesicular stomatitis virus G
protein (vesicular stomatitis virus [VSV]-g) pseudotyped LVs able to transduce both
293T and 293T-ACE2 cells served as a specificity control for the next selection of drugs
specific for S/ACE2 entry. Competition experiments using the soluble ACE2 protein
fully validated the S/ACE2 dependency of LV CoV-2 infectivity, while LV VSV-g was not
affected by the protein (Fig. S3C and reference 6).

The selected drugs were tested for both VSV-g and SARS-CoV-2 LV infectivity to deter-
mine their possible effects on the S/ACE2-mediated entry pathway. The first screening,
using a 10 mM concentration of each compound, showed a significant inhibitory effect for
certain molecules on CoV-2 LVs without any effect on VSV-g LVs (Fig. S4). Among the
selected drugs, AB-00074850, AB-00054798, AB-00047476, and AB-00011778 were found
to be the most efficient by inducing a 40% to 80% decrease in CoV-2 LV viral infectivity
without any effect on VSV-g LV. Further accurate analysis of the inhibitory effects of the
molecules using increasing concentrations showed that AB-00074860 and AB-00054798
exhibited only a modest inhibition of CoV-2 LV infectivity at concentrations below 10 mM
while AB-00047476 and AB-00011778 conserved a significant inhibition capability without
any effect on VSVg LV (Fig. 2). We thus decided to focus on these two molecules, AB-
00047476 and AB-00011778. The cytotoxicity of the two compounds was then determined
in different cell lines, including HEK293T, A549, Calu3, and Caco2, using the MTT
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay. No cytotoxicity
was shown within the 0 to 30 mM range, while some slight decrease in cell viability
could be observed at higher concentrations (Fig. S5).

Taken together, our data strongly suggest that both AB-00047476 and AB-00011778
interfered with the early S/ACE2-mediated SARS-CoV-2 entry process. To confirm this, we

FIG 1 Selection of drugs targeting the S/ACE2 interaction by virtual screening studies. (A and B) The
virtual screenings targeting the reported region in the S/ACE2 complex and in S alone were
performed by molecular dynamics calculations. The surface representation corresponds to S, while
the ribbon representations represent ACE2. (C and D) Results of the virtual drug screening.
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next investigated using molecular docking and biochemical approaches whether this in-
hibitory effect could be due to a direct effect of the drugs on the physical interaction
between S and ACE2.

Molecular docking analysis of the drug interactions with S and ACE2. To better
understand the binding of AB-00011778 and AB-00047476 to the target protein, mo-
lecular docking studies were performed. Figure 3 displays the results from the pre-
dicted binding poses to the interface between the minimal receptor binding domain
from SARS-CoV-2 spike protein (S-RBD) and ACE2 and to the S-RBD alone, highlighting
the interacting amino acid residues.

The docking of AB-00011778 to the S-RDB/ACE2 interface (Fig. 3A) resulted in a
score of 92.05. S-RDB residues Arg403, Gln409, and Lys417 establish strong hydrogen
bonds with this molecule. Arg403 interacts with one oxygen from one of the sulfonyl
groups with a distance of 3.00 Å. Gln409 and Lys417 interact with the nitrogen from
the central pyridine with distances of 3.78 Å and 3.55 Å, respectively. In addition, the
ACE2 His34 residue interacts with the indole group via p -p stacking interactions. ACE2
residues Lys26, Leu29, and Asp38 and S-RDB residues Lys417 and Gln493 are also
involved in hydrophobic interactions with AB-00011778. The interactions of AB-
00011778 with the amino acid residue Asp38 of ACE2 and with S-RDB Lys417 and
Gln493 are of particular relevance. In fact, previous molecular docking studies of the S-
RDB/ACE2 interface (6) have shown that Asp38 from ACE2 establishes important
hydrogen bonds with S-RDB Tyr449 and Gln498, that S-RDB Lys417 was shown to be
involved in very stable hydrogen bonds and charge interactions with Asp30 from
ACE2, and that S-RDB Gln493 formed important hydrogen bonds with ACE2 Glu35. The
disruption of these interactions caused by AB-00011778 binding should lead to a
blockade of the S/ACE2 interaction and could be one of the reasons why this molecule
is a successful inhibitor of this system.

The docking of AB-00011778 to the S-RBD (Fig. 3C) in the absence of ACE2 led to a
score of 89.12. The obtained docking pose shows the formation of a strong hydrogen
bond between Gly502 and one of the AB-0001778 ether groups, with a length of
1.90 Å. There is also the formation of p -p stacking interactions between Tyr505 of the
indole group and two of the ligand’s phenyl groups. Finally, Lys417, Leu455, Asn501,
and Tyr505 are involved in hydrophobic interactions with AB-00011778. Gly502 and
Tyr505 have been implicated from molecular docking studies of the S-RDB/ACE2 inter-
face to participate in very stable hydrogen bonds with ACE2, with Gly502 interacting
with Lys353 and Tyr505 interacting with ACE2 Glu37, during 57% and 56% of the

FIG 2 Effect of AB-00047476 (A) and AB-00011778 (B) on SARS-CoV-2 and VSV-g lentivirus infectivity. AB-00047476 and
AB-00011778 were selected from 10 mM concentrations from a previous screen for further characterization using
increasing concentrations of drug. Data are shown as the means of results of at least three independent experiments 6
standard deviations. ***, P , 0.001; **, P , 0.01 (Student's t test).
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simulation times, respectively (6). Hence, the interactions of AB-00011778 with these
two residues are likely to significantly interfere with the S-RDB/ACE2 association.

The docking of AB-00047476 to the S-RDB/ACE2 interface (Fig. 3B) resulted in a
score of 100.71 (GOLD/PLP). The most favored pose suggests that this molecule forms
one hydrogen bond through the nitrogen of one of its three benzothiazole groups and
S-RDB Arg403, with a distance of 2.14 Å. In addition, AB-00047476 forms hydrophobic
interactions with ACE2 Asn33, Thr92, and Pro389 and with S-RDB Lys417 and Tyr495.

The docking of AB-00047476 to the S-RDB protein alone (Fig. 3D) resulted in a score
of 89.58. The most favored pose of this molecule reveals two hydrogen bonds: one
between Arg403 and the nitrogen from one of the benzothiazole groups and another
between Gly502 and the nitrogen from a second benzothiazole group, with lengths of
2.28 Å and 2.26 Å, respectively. There is also the formation of p -p stacking interactions
between Tyr505 and one of the phenyl groups of the triphenylamine core in the center
of the molecule. Residues Arg403, Lys417, Tyr449, and Tyr505 from the S-RDB are also
involved in hydrophobic interactions with the molecule. The interactions of AB-
00047476 with Tyr449, Gly502, and Tyr505 from the S-RDB are of particular relevance,
as these residues have been shown to be important for the formation of the S-RDB/
ACE2 complex. A previous molecular docking simulation (6) of the S-RDB/ACE2

FIG 3 Molecular docking of AB-00011778 and AB-00047476 to the spike/ACE2 complex and to the spike protein alone. Data were
obtained from the predicted binding poses of the compounds to the S-RBD and to the S-RBD/ACE2 interface. The interacting amino acid
residues are highlighted. (A) AB-00011778 bound to the spike/ACE2 complex; (B) AB-00047476 bound to the spike/ACE2 complex; (C)
AB-00011778 bound to the spike protein alone; (D) AB-00047476 bound to the spike protein alone.
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complex showed that these residues of the spike protein are involved in important
hydrogen bonds with ACE2. Tyr449 interacts with ACE2 Asp38, Gly502 interacts with
ACE2 Lys353, and Tyr505 interacts with ACE2 Glu37. All of these are major interactions,
being present during 54%, 57%, and 56% of the simulation times, respectively.
Therefore, the results suggest that AB-00047476 binding to S-RDB would prevent the
normal S-RDB/ACE2 association.

Additionally, the abilities of AB-00011778 and AB-00047476 to competitively bind
to ACE2 with the spike protein was evaluated. Both molecules were docked into the
ACE2 receptor, defining a potential binding region on the surface of ACE2 that is
known to interact and recognize the spike protein. The results are presented in Fig. S6,
showing that AB-00047476 and AB-00011778 can bind ACE2 with high binding scores
that are comparable to those observed when these molecules were docked to the S-
RDB/ACE2 interface and to S-RDB alone.

The docking of AB-00011778 to ACE2 alone resulted in a score of 81.41 (GOLD/PLP).
The most stable pose reveals the formation of multiple hydrogen bonds between
ACE2 and AB-00011778: (i) between Tyr41 and the nitrogen from the central pyridine
group, with a length of 1.66 Å; (ii) between Gln325 and Gly326 interacting with the ox-
ygen from one of the ligand’s ether groups, with lengths of 2.04 Å and 3.09 Å, respec-
tively; and (iii) between Asn330 and one oxygen from one of the sulfonyl groups, with
a distance of 2.10 Å. One can also observe the formation of one p -cation interaction
between Lys353 and the phenyl ring from one of the indole groups. Glu37, Tyr41,
Thr324, Gln325, and Lys353 are involved in hydrophobic interactions. Glu37, Tyr41,
and Lys335 have also been previously implicated (6) to participate in important hydro-
gen bonds to the spike protein, also suggesting that the interaction of AB-00011778
with these residues could interfere with the ability of ACE2 to bind the spike protein.

The docking of AB-00047476 to ACE2 alone yielded a score of 78.19. The most sta-
ble pose suggests the formation of one hydrogen bond with a length of 2.39 Å
between Lys353 and the nitrogen from one of the benzothiazole groups. AB-00047476
and ACE2 also interact via p -p stacking interactions. These interactions are observed
between His34 of ACE2 and a second benzothiazole group and between Phe72 and a
third benzothiazole group, with lengths of 3.47 and 4.57 Å, respectively. Hydrophobic
interactions between AB-00047476 and ACE2 Glu37, Leu39, and Phe72 are also well
defined. For most of the docking results shown here, there are some interactions fea-
turing residues from ACE2 and S-RBD that have been reported to form hydrogen
bonds. In this case, the interactions between AB-00047476 and ACE2 Glu37 and Lys353
are particularly noteworthy. During the MD simulations of the S-RDB/ACE interface (6),
Glu37 was shown to form a hydrogen bond with S-RDB Tyr505 for 56% of the simula-
tion times, while Lys353 formed a hydrogen bond with Gly502 for 57% of the simula-
tion times. Disruption of these interactions on the side of ACE2 could further help
explain the inhibitory capabilities of this molecule.

Effects on the S-RBD/ACE2 association in vitro. To confirm that the selected drugs
may physically prevent the formation of the S/ACE2 complex, we performed an AlphaLISA
assay using the recombinant S minimal binding domain (RBD) fused to a 6�His tag [S-RBD
(His)6] and human ACE2 protein (ACE2-Biot). For this purpose, the AlphaLISA assay previ-
ously set up (6) and described in the legend to Fig. S7 was adapted to 384-well micro-
plates in a final reaction volume of 20 mL. As shown in Fig. S7 and Fig. 4A, the AlphaLISA
data confirmed that both AB-00011778 and AB-00047476 could similarly interfere with the
formation of the RBD/ACE2 complex, reaching 50% inhibition at 25mM drug in both cases.
A TruHits counterassay experiment did not show any significant effects from the com-
pounds on the AslpaLISA (AS) signal, confirming the specific inhibition of the S-RBD/ACE2
interaction (Fig. S7). To obtain additional information regarding the effects of the drugs on
the kinetics of the S-RBD/ACE2 interaction, we used the biolayer interferometry (BLI)
approach set up previously (6). In these competition binding assays, biotinylated ACE2
was loaded onto streptavidin biosensors and binding kinetics were carried out with 50 nM
S-RBD(His)6 preincubated with increasing concentrations of compound AB-00047476 or

Chemical Modulation of SARS-CoV-2 Entry Antimicrobial Agents and Chemotherapy

August 2022 Volume 66 Issue 8 10.1128/aac.00083-22 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
16

 O
ct

ob
er

 2
02

2 
by

 1
49

.9
0.

21
1.

22
4.

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00083-22


AB-00011778 as described in Materials and Methods. Strong binding of S-RBD(His)6 to
ACE2 was observed, as indicated by the wavelength shift in the BLI sensorgrams (Fig. 4B
and C). The kinetic binding parameters (absorption rate constant [ka] and dissociation con-
stant [Kd]) and equilibrium dissociation constant (KD) were determined after local fitting of
the association and dissociation curves using a 1:1 binding model with ForteBio BLItz Pro
1.1 software. The KD was found to be 3.42 6 0.49 nM, confirming previous data (6, 7). The
addition of either AB-00011778 or AB-00047476 inhibited the interaction, leading to a
strong increase in the KD to 111.0 6 16.0 nM and 68.8 6 5.1 nM, respectively (Fig. 4D).
Determination of the kinetic constants in the absence or presence of drug showed that
the compounds interfered with both the S-RBD/ACE2 association and dissociation steps,
indicating that they are able to not only prevent the formation of the S-RBD/ACE2 com-
plex but also decrease its stability, confirming the docking analyses.

Effects on the S-RBD/ACE2 association in cellulo. In a cellular context, both ACE2
and S are embedded in the membranous environment constituted by the viral envelope
and the cellular membrane. Thus, we next investigated whether these compounds could
also prevent the S/ACE2 interaction in a more physiological context. For this purpose, we
used the cellular S-RBD/ACE2 interaction model developed previously (6). This model
allows the association between recombinant S-RBD protein and the cellular membranous
ACE2 protein to be monitored at the HEK293T-ACE2 cell surface by anti-S immunofluores-
cence (Fig. 5A). Flow cytometry analysis allowed the quantification of the global S-RBD
association with the ACE2 protein (Fig. 5B), and competition with the soluble ACE2 protein
confirmed the specificity of the interaction and validated the assay to test potential S/
ACE2 inhibitors (Fig. 5C). The addition of AB-00014778 or AB-00047476 significantly
decreased the efficiency of the S-RBD/ACE2 association at the surface of the cell (Fig. 5D).
AB-00014778 was found to be more efficient than AB-00047476, which is in agreement
with data obtained from the previous infectivity and BLI assays reported in Fig. 2 and 4.

FIG 4 Effects of AB-00011778 and AB-00047476 on the in vitro S-RBD/ACE2 interaction using AlphaLISA and biolayer interferometry (BLI) technologies. (A)
SARS-CoV-2 S-RBD(His)6 and human ACE2-Biot interactions were first monitored by AlphaLISA using a 3 nM concentration of each protein. Increasing
concentrations of AB-00011778 and AB-00047476 were incubated for 30 min with S-RBD(His)6 before being mixed with ACE2-Biot for 2 h. The microplate
results were read after 2 h of incubation with the anti-6�His acceptor and streptavidin donor beads. Data obtained with the compounds were compared
to the DMSO control and are reported as the mean percentage of binding inhibition from two or three independent experiments in duplicate 6 standard
deviation. (B and C) The effect of the molecules on the binding kinetics of S-RBD to biotinylated ACE2 immobilized on a streptavidin biosensor was also
determined using BLI experiments. Baseline reaction buffer was measured for 60 s. For the association step (300 s), each loaded biosensor was dipped into
50 nM S-RBD(His)6 preincubated for 15 min with increasing concentrations of AB-00011778 or AB-00047476. The dissociation step was subsequently
measured for 300 s. Sensorgram curves shown in panels B and C were plotted using Prism 5.0 software (GraphPad Software, La Jolla, CA). The association
and dissociation experimental curves were locally fitted using a 1:1 binding model with BLItz Pro 1.1 software. (D) Kinetic binding parameters (kon, koff) and
the equilibrium dissociation constant (KD) were determined as the means of results of two to three independent experiments. Data are shown as the
means of results of two to three independent experiments 6 standard deviations.

Chemical Modulation of SARS-CoV-2 Entry Antimicrobial Agents and Chemotherapy

August 2022 Volume 66 Issue 8 10.1128/aac.00083-22 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

ac
 o

n 
16

 O
ct

ob
er

 2
02

2 
by

 1
49

.9
0.

21
1.

22
4.

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00083-22


Together, the data obtained demonstrate that the two selected drugs block the early
interaction between S and ACE2, supporting, in concert with the data obtained with pseu-
doviruses, their effect on the early entry pathway mediated by this interaction.

Effect of the drugs on wild-type SARS-CoV-2 infectivity in naturally susceptible
human cells. To complete the study, and prove the potency of the series, we next
investigated whether this S/ACE2 inhibitory effect could sufficiently block the replica-
tion of wild-type circulating SARS-CoV-2 strains in different human cell lines naturally
susceptible to infection.

The two best hits were tested in different pulmonary cell lines overexpressing, or not, the
human ACE2 viral receptor after infection with the SARS-CoV-2 Wuhan reference strain. As
shown in Fig. 6A, both molecules induced inhibition of viral replication in A549-ACE2 cells,
with 50% effective concentration (EC50) values for AB-00011778 and AB-00047476 of 250 nM
and 2.5 mM, respectively. The two molecules were then further tested in infection assays
using the Calu3 human lung cancer cell line that naturally expresses the ACE2 receptor. As
shown in Fig. 6B, an inhibitory effect on viral replication was confirmed for both compounds,
leading to 50% inhibition of viral replication at a concentration of approximatively 1mM.

As reported in Table 1, based on the apparent 50% inhibitory concentration (IC50)
and 50% cytotoxic concentration (CC50) values reported in the different cell lines, both
compounds gave selectivity index (SI) values greater than 30, making them good can-
didates and anti-SARS-CoV-2-selective PPIs. AB-00011778 was found to be the most
promising molecule, reaching an SI of .120 in A549-ACE2 cells.

FIG 5 Effects of AB-00014778 and AB-00047476 on the S-RBD/ACE2 interaction in a cellular context. The SARS-CoV-2 S-
RBD fragment was added to either HEK293T or HEK293-ACE2 cells for 0 to 60 min, and immunofluorescence staining was
performed using an anti-6�His antibody and secondary antibody coupled to Alexa Fluor 488. (A) Cells were observed by
epifluorescence microscopy. (B) Cells were also analyzed using flow cytometry to detect the percentage of FITC-positive
cells over time. (C and D) Increasing concentrations of either soluble ACE2 (C) or drugs (D) were added to the RBD. Data
are reported as the mean percentage of positive cells from three to five independent experiments 6 standard deviation.
**, P , 0.05; ***, P , 0.005 (Student's t test).
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Effects of the selected drugs on SARS-CoV-2 circulating variant forms. To deter-
mine whether the selected drugs could be effective against the current major SARS-CoV-2
variants, we first performed in silico modeling and molecular dynamics simulations of the
SARS-CoV-2 S/ACE2 complex with alpha, beta, gamma, and delta variants.

Models for the S-RDB/ACE2 complex formed with the different SARS-CoV-2 mutants
were prepared starting from the X-ray structure 6M0J (resolution, 2.45 Å) (7), which repre-
sents the original SARS-CoV-2 spike protein receptor binding domain complexed with
ACE2. Mutant variants were prepared by modeling the interface mutations using the mu-
tagenesis feature in PyMOL 1.7.2.1 software, using the rotamer libraries available from
Dunbrack (8). Selection of the initial amino acid conformation of each mutant was based
on the dominant conformer predicted, excluding clashes with other residues. This compu-
tational mutagenesis protocol has been previously used with success in the study of other
enzymes (9, 10). The mutations modeled are reported in Table S8.

All four systems were subjected to the same molecular mechanics minimization
and molecular dynamics procedure previously described, employing AMBER and the
ff14sb force field. Molecular dynamics simulations were run for 400 ns for each mutant.
Final trajectories were analyzed in terms of backbone root mean square deviation
(RMSD), hydrogen bonds formed, and cluster analysis. From the cluster analysis per-
formed on each mutant, a representative structure from the dominant cluster of con-
formations obtained for each mutant was selected using cpptraj from AmberTools and
prepared for the molecular docking stage.

Protein-protein interaction inhibitors AB-00011778 and AB-00047476 were docked
into the structures of each of the mutants using the PLP scoring function in GOLD with
500 independent genetic algorithm runs. Molecules were docked into (i) the S-RDB/
ACE2 interface and (ii) S-RDB alone. Table 2 presents the best scores obtained when

FIG 6 Effects of AB-00011778 and AB-00047476 on SARS-CoV-2 replication in human pulmonary cells. A549-ACE2 (A) or Calu3 (B) cells were
incubated with the SARS-CoV-2 reference strain (MOI = 1) and increasing concentrations of the tested compounds. Replication was evaluated
by quantifying the viral genome copies after 24 h. Data are reported as the means of results from five independent experiments and are
expressed as a percentage of the control without molecule 6 standard deviation. ***, P , 0.001; **, P , 0.01; *, P , 0.05 (Student's t test).

TABLE 1 IC50, CC50, and SI values for AB-00047476 and AB-00011778a

Parameter

Value for:

AB-00047476 AB-00011778

293T-ACE2 A549-ACE2 Calu3 293T-ACE2 A549-ACE2 Calu3
IC50 1 2.5 5 1 0.25 1
CC50 .30 .30 .30 .50 .30 .30
SI .30 .12 .6 .50 .120 30
aCC50 was calculated using four-parameter variable slope sigmoidal dose-response models based on MTT assays.
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docking the two molecules to the different variants, compared with the values
obtained against the initial nonmutated S-RDB/ACE2 interface. For the omicron variant,
the cluster analysis was performed on the 500-ns MD simulation trajectory performed
by Lupala et al. (11).

The results presented in Table 2 show that both molecules consistently bind with
high docking scores to the different mutants, reinforcing the idea that these molecules
can be equally effective in impairing the S/ACE2 association in the different mutants.

To confirm this, we tested the most promising drug (AB-00011778) on the four
major circulating forms of SARS-CoV-2, namely, the original Wuhan strain and the
alpha, delta, and omicron viruses in pulmonary A549-ACE2 cells. This compound
blocked the viral replication of all variants with efficiency very similar to that of the
Wuhan strain, leading to an IC50 of 0.5 to 1 mM (Fig. 7).

Taken together, these data indicate that AB-00011778 is efficient against the main
current SARS-CoV-2 strains and show an original entry inhibition mechanism by possi-
bly acting simultaneously on distinct S/ACE2 interfaces. This compound thus consti-
tutes a strong candidate for further evaluation in ACE2-humanized animal models and
future clinical trials as a new SARS-CoV-2 entry inhibitor.

DISCUSSION

SARS-CoV-2 S/ACE2-mediated entry remains a major antiviral target not yet
exploited in therapy, while the molecular mechanisms underlying this process are
poorly characterized. By using in silico screening, we selected 10 hits from the French

TABLE 2 GOLD/PLP docking scores of AB-00011778 and AB-00047476 for the structures of
the different SARS-CoV-2 mutants

SARS-CoV-2

Docking score of drug to indicated structure

AB-00011778 AB-00047476

S-RDB/ACE2 S-RDB S-RDB/ACE2 S-RDB
Initial 92.05 89.12 100.71 89.58
Alpha 89.75 92.99 102.11 85.04
Beta 78.14 92.67 79.48 89.02
Gamma 91.97 93.96 90.71 92.70
Delta 81.57 87.30 93.84 93.01
Omicron 91.95 92.81 100.12 88.57

Avg 87.66 6.2 91.66 2.7 94.56 7.1 89.76 2.7

FIG 7 Effects of AB-00011778 on SARS-CoV-2 Wuhan, alpha, delta, and omicron replication in human pulmonary cells. A549-ACE2-TMPRSS2 cells were
incubated with the SARS-CoV-2 Wuhan, alpha, or delta strain (MOI = 1) and increasing concentrations of drugs. (A and B) Replication was evaluated by
quantifying the viral gene E (A) and S (B) genome copies normalized to actin RNA after 24 h (results of a representative experiment are shown here). (C)
Means of results from two to three independent experiments expressed as a percentage of the control without molecule 6 standard deviation.
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National Chemical Library based on their GOLD/PLP and AutoDock Vina scores. Among
these 10 compounds, we identified two compounds showing potent entry inhibition
in lentivirus-based pseudovirus infectivity assays. The specific inhibition of SARS-CoV-2
LV infectivity in comparison with VSV-g LVs suggests that the selected drugs target the
early S/ACE2-dependent entry process reiterated in this model. The simplest explana-
tion for the inhibition mechanism is blockage of the S/ACE2 association due to binding
of the drug to the S/ACE2 interface. Biochemical approaches, including AlphaLISA and
BLI, confirmed a direct effect of the drugs to block the S-RBD/ACE2 interaction by act-
ing to prevent association and to dissociate the complex. Detailed analysis of the
effects of the drugs on the kinetic parameters of S/ACE2 complex formation indicated
that they could not only prevent the association between the two partners but also
decrease the stability of the complex. These data are in full agreement with the molec-
ular docking calculations performed on the S/ACE2 complex structure and on the S-
RDB and ACE2 proteins alone, indicating that both drugs could make contact with the
viral and cellular proteins. Interestingly, the molecular modeling studies reported in
this work suggest that the selected drugs may interact with both the S and ACE2 pro-
teins. This fully agrees with the BLI data indicating that the molecules could interfere
with the formation of the S/ACE2 complex and decrease the stability of the formed
complex. This may constitute an original inhibition mechanism of simultaneous block-
ing of various S/ACE2 interfaces, increasing the inhibition potency in addition to
decreasing the emergence of resistance. This may also provide new tools to further
study the functional implication of these interfaces during the viral entry stage.

The two chosen compounds were also shown to inhibit the interaction between
the soluble S-RBD and the ACE2 receptor expressed at the surface of HEK293T-ACE2
cells, confirming their capability to interfere with the formation of the S/ACE2 complex
in a cell membrane context. To determine whether the selected drugs could be poten-
tial antiviral lead compounds, and to confirm the role of the S/ACE2 interfaces in the
entry pathways, we tested them against wild-type viral replication using different cell
lines, including naturally susceptible cells. The data indicated that both drugs were
able to block, or reduce, the replication of the virus in pulmonary A549-ACE2 and
Calu3 cells. While AB-00047476 was found to be less efficient in inhibiting viral replica-
tion in naturally susceptible pulmonary Calu3 cells, AB-00011778 maintained an effi-
cient blocking effect, reaching 60 to 40% inhibition at 1 mM. Overall, both drugs
showed IC50 values between 0.25 and 5 mM among all the tested cell lines without
showing significant cytotoxicity, allowing them to reach selectivity indices of .10.
Notably, AB-00011778 showed the best inhibitory effects in all the cell lines, with SI val-
ues of .30 to 120. Further analysis of the inhibitory effects of AB-00011778 showed
that it could also block the replication of the current major circulating forms (Wuhan,
alpha, delta, and omicron) of SARS-CoV-2 in A549-ACE2-TMPRSS2 pulmonary cells.
Interestingly, both ACE2 and TMPRSS2 were shown to dictate the viral entry (5). Recent
data from the literature showed that the expression of the cellular protease TMPRSS2
may dictate the entry pathway of the virus (5). The similar inhibition properties
observed in A549-ACE2 and A549-ACE2-TMPRSS2 cells also indicate that the drug is
able to block the different entry routes of the virus, underlining its broad antiviral prop-
erties. Taken together, these data identified AB-00011778 as a strong lead compound
candidate for further development.

Aside from the recently licensed remdesivir and nirmatrelvir-ritonavir (Paxlovid), no
effective drugs have been validated as potential specific anti-COVID treatments. Thus,
the compounds reported here constitute the first molecules that act on the SARS-CoV-
2 entry step by specifically targeting the S/ACE2 interfaces, making them very promis-
ing agents. A comparison of AB-00011778, remdesivir, and ritonavir (one of the two
antiproteases included in Paxlovid) showed that while the remdesivir remains the most
efficient molecule in our assay, AB-00011778 was more efficient than the ritonavir mol-
ecule in inhibiting the SARS-CoV-2 replication in human pulmonary A549-ACE2 cells
(see Fig. S9 in the supplemental material). Of note, in contrast to the repurposed
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remdesivir and ritonavir drugs acting on different replication steps, AB-00011778 is an
original molecule that has been specifically selected to block SARS-CoV-2 entry and
has not yet been optimized. The low cytotoxicity observed for this molecule in various
cell lines also paves the way for future animal model studies and clinical trials to fully
evaluate their antiviral properties and therapeutic potency. Our work also provides a
strong molecular and structural basis for further structure/function relationship studies
to design potential optimized derivatives from the initially selected hits currently
developed in our laboratory. Furthermore, these studies will help in the further charac-
terization of the molecular mechanism underlying the inhibition of the S/ACE2 interac-
tion by the selected drugs and will certainly allow optimization of this original antiviral
process, leading to new promising agents usable for COVID-19 curative approaches.

MATERIALS ANDMETHODS
In silico molecular dynamics simulation of the SARS-CoV-2 S/ACE2 complex and virtual screen-

ing. A model was prepared considering the spike protein S1 of SARS-CoV-2 complexed with human
ACE2 starting from the X-ray structure 6M0J (resolution, 2.45 Å) (7). This structure contains the receptor
binding domain (RBD) of S1 and includes all the amino acid residues of the RBD, with well-defined den-
sity between the residues on S1 RDB and ACE2. The model was treated with PropKa (12) to assign proto-
nation states and subjected to molecular dynamics simulations for 400 ns based on the AMBER ff14SB
force field as described in detail previously (6). Final trajectories were analyzed in terms of backbone
root mean square deviation (RMSD), hydrogen bonds formed, and cluster analysis. From the cluster anal-
ysis performed on the ensemble of poses generated from the MD simulations, one representative struc-
ture from each of the 8 dominant clusters was selected and analyzed with FPocket software (13). This
approached enabled the identification of possible druggable pockets in the interfacial S1-ACE2 region in
each of the selected structures and in the initial model prepared from the X-ray structure. These were
described in detail previously (6).

Structure-based virtual screening was performed using the following four molecular libraries: (i) the
French National Chemical Library (Chimiothèque Nationale) (70,000 molecules; https://chembiofrance.cn
.cnrs.fr/fr/composante/chimiotheque), (ii) the Mu.Ta.Lig. Virtual Chemotheca (ca. 60,000 molecules;
http://chemotheca.unicz.it), (iii) the Inhibitors of Protein-Protein Interactions Database (1,956 molecules;
https://ippidb.pasteur.fr), and (iv) the ZINC FDA Approved and ZINC In-Trials Database (1,379 and 5,811
molecules for evaluation for drug repurposing; https://zinc.docking.org). These libraries were screened
against the SARS-CoV-2 S/ACE2 complex (model 1) (Fig. 1C) and against SARS-CoV-2 S alone (model 2)
(Fig. 1D), with two independent docking software programs and scoring functions: AutoDock Vina (14)
and GOLD (PLP scoring function) (15). It should be noted that the different docking program results
have different values and scales. The score for PLP is dimensionless, and the higher the score, the better
the binding affinity. On the other hand, AutoDock Vina uses a metric that resembles binding free energy
(in kcal/mol), so a more negative value suggests a stronger affinity.

Compounds were sorted based on their Vina and PLP scores against model 1 and model 2. A selec-
tion of 20 compounds based on the most appealing compounds from each library was then made. This
selection took into consideration not only the score against both models with Vina and/or PLP but also
the chemical diversity among the molecules selected and the physicochemical properties of the mole-
cules (Table S1 and Fig. S2).

Molecular docking of the LEAD compounds. For the molecular docking of AB-00011778 and AB-
00047476, the PLP scoring function from GOLD was used with 500 independent genetic algorithm runs.
Molecules were docked into (i) the S-RDB/ACE2 interface, (ii) S-RDB alone, and (iii) ACE2 alone. For (ii)
and (iii), the cavity for docking was defined based on the known binding region of the other partner in
the complex formed (i.e., of ACE2 for the S-RDB model [ii] and S-RDB for the ACE2 model [iii]) plus a ra-
dius of 10 Å. The same procedure was later extended to AB-00011778_2 and AB-00011778_6. Analysis of
the interactions was done with the help of the protein-ligand interaction profiler (16).

Chemicals. Bis-indolyl pyridines and their derivatives have been synthetized as previously reported
(17). The tris-benzothiazole triphenylamine derivative AB-00047476 belongs to the Institut Curie/CNRS
chemical library (purity of .95% by proton 1H nuclear magnetic resonance [NMR] spectrometry), and its
chemical synthesis was previously described (18). All the drugs had been prediluted in 100% dimethyl
sulfoxide (DMSO), and the same volume of each serial predilution was added in the assays in order to
keep the same DMSO concentrations and to avoid precipitation of the drug.

Proteins and antibodies. SARS-CoV-2 (438–516) S-RBD(His)6, including the minimal receptor bind-
ing motif previously described (7, 19), and biotinylated human ACE2 were purchased from Fisher
Scientific (reference no. 16534204 and 16545164, respectively). Monoclonal anti-6�His tag antibody was
purchased from Abcam (reference no. ab18184; dilution, 1/200). Anti-a-tubulin antibody was purchased
from Sigma (reference no. T6199; dilution, 1/500). Secondary goat anti-mouse antibody coupled to
Alexa Fluor 488 was purchased from Fisher Scientific (reference no. Allo2g; dilution, 1/400).

AlphaLISA binding assays. The AlphaLISA assay development was performed as previously
described (5) using the recombinant S minimal binding domain (RBD) fused to a 6�His tag [S-RBD(His)6]
and biotinylated human ACE2 protein (ACE2-Biot). The binding conditions were adapted for use in 384-
well plates (white OptiPlate; reference no. 6007290; PerkinElmer, Waltham, MA) in a final reaction vol-
ume of 20 mL and are fully described in the legend to Fig. S7. Data were analyzed with GraphPad Prism
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5.01 software. The AlphaLISA binding data obtained with the compounds were compared to the 1%
DMSO control condition. For hit validation, a TruHits counterassay kit (reference no. AL900D;
PerkinElmer) was used.

BLI binding assays. Biolayer interferometry (BLI) experiments were performed on a BLItz instrument
(Sartorius, Göttingen, Germany) to measure the binding of S-RBD(His)6 to ACE2-Biot. The BLI assay was
set up as previously described (5) with some adaptations for the competition binding analysis with
drugs. All sample dilutions and baseline steps were carried out using the same reaction buffer (phos-
phate-buffered saline, pH 7.4, 0.1% [wt/vol] bovine serum albumin, 1% [vol/vol] DMSO). Streptavidin bio-
sensors (Sartorius; reference no. 18-5019) were first prewetted for 10 min with the reaction buffer, and 1
mM ACE2-Biot was then loaded onto the coated biosensors for 500 s in order to reach a binding value of
;3 nm. For the competition kinetic analyses, protein samples were prepared at a concentration of
50 nM S-RBD(His)6 in accordance with our previous BLI binding studies and were preincubated for
15 min at room temperature with increased concentrations (0 to 25 mM) of AB-00047476 or AB-
00011778 drugs. Binding kinetics were divided into three steps. First, the baseline with the reaction
buffer was measured for 60 s. For the association step, each loaded biosensor was dipped into S-RBD
sample with drugs or DMSO as a control for 300 s with a 2,200-rpm shaking speed. Finally, the dissocia-
tion step of the bound S-RBD(His)6 was monitored by dipping the biosensor back into the reaction
buffer for 300 s. Systematic baseline drift correction was done by subtracting the shift recorded for the
biosensor loaded with ACE2 but incubated with reaction buffer. The association and dissociation experi-
mental curves were locally fitted using a 1:1 binding model with the BLItz Pro 1.1 software, and the ki-
netic binding parameters (kon, koff) were determined as the means of results of two to three independent
experiments. The equilibrium dissociation constant (KD) was calculated as KD = koff/kon. Sensorgram
curves were plotted using Prism 5.0 software (GraphPad Software, La Jolla, CA).

Cells and lentiviral vector production. Lentivirus vector production was done by the service platform
Vect'UB, (INSERM US 005–CNRS UMS 3427–TBM-Core, Université de Bordeaux, France). Lentiviral particles were
produced by transient transfection of HEK293T (human embryonic kidney) cells according to standard proto-
cols. In brief, subconfluent HEK293T cells were cotransfected with a lentiviral genome (psPAX2) (gift from
Didier Trono (Addgene plasmid no. 12260)), with an envelope coding plasmid (pMD2G-VSVG or wild-type
SARS-CoV-2 spike protein [HDM_IDTSpike_fixK; kind gift from Bloom’s laboratory] [20]), and with vector con-
structs (44: pRRLSIN-PPT-hPGK-eGFP-WPRE or pHAGE_EF1alnt_ACE2_WT) by calcium phosphate precipitation.
LVs were harvested 48 h posttransfection and concentrated by ultracentrifugation. Viral titers of VSV-g pseudo-
type pLV lentivectors were determined by transducing HEK293T cells with serial dilutions of viral supernatant,
and eGFP expression was quantified 5 days later by flow cytometry analysis. For SARS-CoV-2 spike pseudotype,
p24 antigen levels were measured in the concentrated viral supernatants by an enzyme-linked immunosorbent
assay (Innotest HIV Ag nAb; Fugibio, France) and viral titers were estimated by comparing p24 antigen levels of
each lentiviral supernatant with a similar VSV-g pseudotype lentiviral supernatant produced simultaneously.

HEK293T-ACE2 cell lines were generated by lentiviral transduction using pHAGE_EF1alnt_ACE2_WT
plasmid (kind gift from Bloom’s laboratory [20]). HEK293T cells (200,000 cells) were then transduced with
an optimized concentration of ACE2 lentiviral particles in 6-well plates. The efficacy of transduction was
assessed using real-time PCR 10 days postinfection. ACE2 provirus DNA from this cell line was quantified
by quantitative PCR (qPCR) using the DDCT method in comparison with a 1-copy cell line. DNA from two
different cell clones (human 293T and K562 cells), containing a single integrated copy of the provirus,
was used as a normalized cell line. HEK293T cells were cultured in Dulbecco modified Eagle medium
(DMEM) supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (FBS).

A549 cells (human alveolar basal epithelial carcinoma), Calu3 (human bronchial epithelial carci-
noma), and Vero E6 cells (African green monkey kidney cells) were maintained in DMEM (Invitrogen Life
Technologies) supplemented with 10% heat-inactivated FBS, 1% penicillin/streptomycin (P/S), and 1%
GlutaMAX (Life Technologies).

The MTT cell viability assay was performed in accordance with the manufacturer’s protocols and is
further described in the legend to Fig. S5.

In cellulo imaging of the SARS-CoV-2 S-RBD/ACE2 interaction. A total of 10,000 HEK293T and
HEK293T-ACE2 cells were plated on glass coverslips pretreated with poly-L-lysine solution, 0.01% (Sigma
reference no. P4832), for 5 min at room temperature. After 24 h, the RBD recombinant protein (4 to 40
pmol) was added to the cells in 100 mL phosphate-buffered saline (PBS). The cells were then washed
and fixed (paraformaldehyde [PFA], 4%) at different time points. Cell imaging was performed as
described above.

For quantification of the S-RBD/ACE2 interaction in a cellular context, 45,000 HEK293T and HEK293T-
ACE2 cells were incubated for 45 min at 37°C in 100 mL DMEM and increasing concentrations of RBD
recombinant protein. One milliliter of PBS was added, and the cells were centrifuged for 5 min at
2,500 rpm. Fifty microliters of anti-His antibody at 1/200 in DMEM was added, and the cells were incu-
bated for a further 45 min at 37°C. After PBS washes, 50 mL of a 1/400 DMEM solution of secondary
antibody was added and the cells were incubated for 30 min at 37°C. After PBS washes, the cells were
resuspended in 200 mL PBS–2% FBS–2 mM EDTA and the percentage of fluorescein isothiocyanate
(FITC)-positive cells was quantified by flow cytometry.

SARS-CoV-2 production and infection assays. SARS-CoV-2 strain 220_95 (EPI_ISL_469284) was iso-
lated from nasopharyngeal swab specimens collected at Service de Virologie (Hospital Saint Louis, Paris,
France) and grown as previously described (21). Briefly, virus was propagated on Vero E6 cells in DMEM-
2% (DMEM supplemented with 2% FBS, 1% P/S, 1% GlutaMAX, and 25 mM HEPES). Viruses were purified
through a 20% sucrose cushion by ultracentrifugation at 80,000 � g for 2 h at 4°C. Pellets were resus-
pended in 1� HNE (25 mM HEPES, 100 mM NaCl, 0.5 mM EDTA), aliquoted, and stored at 280°C.
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A549-Ace2 and Calu3 cells grown in 12-well plates were challenged with SARS-CoV-2 at a multiplicity
of infection (MOI) of 0.05 in the presence of the indicated drug or with DMSO as a control. After 3 h, cells
were washed once with PBS and incubated with fresh medium. Compounds were maintained through-
out the course of infection. To assess productive viral replication, we quantified the infectious viral parti-
cle release during infection for 24 h postinfection by reverse transcription reverse transcriptase (RT)-
qPCR. Viruses were first inactivated by incubating the supernatants by volume with 1% Triton X-100
(Sigma) in PBS for 30 min under agitation at room temperature. Yields of viral RNA were quantified by
real-time qPCR by using SARS-CoV-2-specific primers targeting the E gene with the Luna universal one-
step RT-qPCR kit (New England Biolabs) in a LightCycler 480 thermocycler (Roche) according to the man-
ufacturer’s protocol. The number of viral genomes is expressed in PFU equivalents/mL and was calcu-
lated by performing a standard curve with a similarly treated supernatant from a viral stock with a
known titer as described by Gordon et al. (22, 23).
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