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ABSTRACT: Finding antivirals for SARS-CoV-2 is still a major challenge, and many computational and experimental approaches
have been employed to find a solution to this problem. While the global vaccination campaigns are the primary driver of controlling
the current pandemic, orally bioavailable small-molecule drugs and biologics are critical to overcome this global issue. Improved
therapeutics and prophylactics are required to treat people with circulating and emerging new variants, addressing severe infection,
and people with underlying or immunocompromised conditions. The SARS-CoV-2 envelope spike is a challenging target for viral
entry inhibitors. Pindolol presented a good docking score in a previous virtual screening using computational docking calculations
after screening a Food and Drug Administration (FDA)-approved drug library of 2400 molecules as potential candidates to block the
SARS-CoV-2 spike protein interaction with the angiotensin-converting enzyme 2 (ACE-2). Here, we expanded the computational
evaluation to identify five beta-blockers against SARS-CoV-2 using several techniques, such as microscale thermophoresis,
NanoDSF, and in vitro assays in different cell lines. These data identified carvedilol with a K4 of 364 + 22 nM for the SARS-CoV-2
spike and in vitro activity (ECs, of 7.57 uM, CCs, of 18.07 uM) against SARS-CoV-2 in Calu-3 cells. We have shown how we can
apply multiple computational and experimental approaches to find molecules that can be further optimized to improve anti-SARS-
CoV-2 activity.

B INTRODUCTION acute respiratory distress syndrome (ARDS), which can be

The global efforts against the COVID-19 pandemic are still a
challenge, with the emergence of new variants, and more than
569 million people have been infected with over 6 million
deaths, while currently, more than 12 billion vaccine doses
have been administered worldwide." COVID-19 is caused by
the betacoronavirus SARS-CoV-2 and was initially identified in
Wuhan, China, in December 2019.” In addition to SARS-CoV-
2, there are seven coronaviruses known to infect humans.’
SARS-CoV-2 has propagated quickly worldwide and has
caused considerable economic burden and stress on the global
healthcare systems." Among those showing symptoms of
COVID-19, 5% developed a critical illness that progressed to
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fatal.> People who still have symptoms or complications after
4 weeks from the symptom onset are classified as having post-
acute COVID-19 or long COVID-19.*” COVID-19 is still a

global concern, and due to the emergence of new variants and
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the relatively high mortality, developing coronavirus-specific
therapeutics continues to be an urgent need.

In contrast, while garnering attention early in the epidemic,
small-molecule drug discovery has not delivered that many
promising clinical results. However, the Food and Drug
Administration (FDA) authorized the emergency use of
molnupiravir® and paxlovid.” Molnupiravir showed activity in
several models of SARS-CoV-2, SARS-CoV-1, and middle east
respiratory syndrome (MERS).'® There has been much
discussion of repurposing efforts to apply existing drugs to
COVID-19, and remdesivir'" was the first antiviral approved,
while other drugs including the corticosteroid dexamethasone
have also shown promising results in the clinic.'” The
computationally proposed kinase inhibitor baricitinib'® was
identified early on and validated in vitro and in patients."*
Several types of computational approaches or high-throughput
screens'” have also identified other FDA-approved drugs with
low micromolar activity. Currently, only a handful of drugs to
treat COVID-19 are available, and they may still have a long
way to go into the research and development process.

The spike protein of the SARS-CoV-2 is one of the main
targets to develop vaccines for SARS-CoV-2. This protein is
composed of a trimeric protein that binds to the angiotensin-
converting enzyme 2 (ACE2) receptor, and this interaction is
the first step of virus entry.'® High-affinity miniprotein binders
for the receptor-binding domain (RBD) have been discovered
by computational design'’ and numerous nanobodies and
neutralizing antibodies that bind to the spike RBD."®

In a previous study, we described a docking-based virtual
screen of FDA-approved drugs (~2400 molecules), targeting
the interaction between the SARS-CoV-2 spike RBD and the
host ACE2, and identified pindolol as a potential hit.'” We
have now experimentally evaluated this drug and four other
beta-blockers. Here, we demonstrate the discovery of these
additional compounds that represent starting points to
optimize affinity for an inhibitor or as development probes
to be used in new assays to study SARS-CoV-2.

B EXPERIMENTAL SECTION

Compound/Chemical Sources. Pindolol, carvedilol,
carteolol, atenolol, and =+bisoprolol were purchased from
MedChemExpress (MCE, Monmouth Junction, NJ).

Microscale Thermophoresis. To study the interaction of
compounds with the SARS-CoV-2 spike RBD (331-—528
amino acids),”® we employed microscale thermophoresis
(MST) as described by our group,”** using MST buffer
(HEPES 10 mM pH 7.4, NaCl 150 mM) and the Monolith
Protein Labeling Kit RED-NHS 2nd Generation kit (Amine
Reactive).

Nanodifferential scanning fluorimetry (nanoDSF).
NanoDSF experiments were conducted using the Nanotemper
Prometheus NT.48 system. The SARS-Cov-2 spike RBD was
diluted to S uM in phosphate-buffered saline (PBS) at pH 7.4
and incubated with 100 uM of each compound. We performed
thermal denaturation experiments from 15 to 95 °C at 1 °C/
min. Nanotemper PR.Thermocontrol software was used to
automatically calculate the melting temperature (T,). We
reported the fluorescence ratio at 330:350 nm wavelength.

Homogeneous Bioluminescent SARS-CoV-2 Spike
RBD: ACE2 Immunoassay. We tested if the compounds
could disrupt the interaction between the spike RBD and
ACE2 using the kit Lumit SARS-CoV-2 spike RBD: hACE2
Immunoassay”~ (Promega), following the manufacturer’s

instructions. Briefly, 100 nL of compounds of interest in
100% dimethyl sulfoxide (DMSO) was added to the plate
using a Mosquito HTS; 100 nL of 100% DMSO was added to
control wells, and 0.9 uL of buffer C (Promega) was added to
all sample and control wells. For the positive control, 0.9 uL of
1.7 uM His-RBD was added to the wells. After this, 2 L of the
7.5 nM rFc-RBD reagent was added to all wells. A total of 2 yL
of 7.5 nM mFc-ACE2 was added to all wells, followed by S uL
of Lumit antibody mix to all wells, and the plate was kept on a
plate shaker at low speed for 1 min and then centrifuged at
1000 RPM for 2 min. After 60 min, 2.5 yL of the Lumit
detection reagent was dispensed to all wells. The plate was
maintained at 25 °C for 30 min, and the luminescence was
read in a EnVision 2103 multilabel plate reader (PerkinElmer).

Cell Culture. The cellular lines from human epithelial lung
carcinoma (AS49) and the African green monkey kidney
(Vero, subtype E6) were cultured in high-glucose Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS; HyClone), 100 U/mL penicillin, and
100 pg/mL streptomycin (P/S). Cells were maintained with
5% CO, at 37 °C. The SARS-CoV-2 (GenBank #MT710714)
was grown in Vero E6 cells at a multiplicity of infection (MOTI)
of 0.01. Virus titers were determined as plaque-forming units
(PFU); PFU/mL was used for virus titer determination. Virus
stocks were stored at —80 °C.

CC;, Determination in Vero and A549 Cells. The 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay was used to determine the cytotoxicity of
compounds, as described.* Briefly, Vero or AS49 cells were
cultivated at 5% CO, and 37 °C using Dulbecco’s modified
Eagle medium supplemented with 10% heat-inactivated fetal
bovine serum. A549 or Vero cells at a density of 10* cells/well
were cultivated in a 96-well plate prior to incubation with
compounds for 72 h. Cellular viability was calculated as a
percentage in comparison to the vehicle control.

Adsorption Inhibition Assays. SARS-CoV-2 or Vero E6
cells (S X 10° cells/well in 48-well plates) were preincubated
with 1 yM of the tested compounds for 1 h at 37 °C.
Subsequently, the cells were infected with SARS-CoV-2 for 1 h
at 4 °C, a condition that allows only the virus to adsorb. The
supernatant was removed, and the cells were rinsed twice with
PBS. Total viral RNA extraction from cell lysate and the
quantitative real-time polymerase chain reaction (RT-PCR)
were conducted as described previously.”*

Calu-3 Assays. The experiments with Calu-3 (ATCC,
HTB-55) were conducted as described previously.”” DMSO
wells are the negative controls, and the compound data were
normalized to DMSO.

Molecular Docking Calculations. We used the Dock-
Thor VS web server™ to perform docking calculations at the
spike linoleic acid (LA)-binding site.”* We used the Protein
Preparation Wizard tool’”** and LigPrep tool*® to prepare the
three-dimensional (3D) protein structure, PDB ID 6ZB5™°
(chain A of the RBD, residues from 331 to 528), and beta-
blocker molecular structures, respectively. The docking grid
was centered at the LA-binding site,”® with a grid size of 20 A
and grid coordinates x, y, and z of 122, 96, 152 A, respectively.
The standard configuration of genetic algorithm parameters
and the soft docking mode were used. Then, we used the
PLIP* server to analyze the protein—ligand patterns of the
interaction of the docking poses. For figures, we used Pymol.30
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Figure 1. Microscale thermophoresis for the interaction between the spike RBD and compounds. (A) Pindolol, (B) carvedilol, (C) atenolol, and
(D) carteolol. The labeled spike RBD at S nM was incubated with the compounds, in the concentration range from 250 yM to 7.629 nM. The
curve is shown as fraction bound [-] against the compound concentration on a log scale.

B RESULTS

Spike RBD. In our previous work,'” we described the
docking study of FDA-approved drugs (~2400 molecules)
against the interface of the SARS-CoV-2 spike 3D model
(obtained by homology) and the ACE2. Despite only
highlighting four drugs in that publication,"” pindolol
presented a good docking score, and we have since identified
it as a potential ligand of the spike RBD—ACE2 interface.
Here, we have used MST to verify the interaction of pindolol
with the spike RBD (Ky 570 + 144 nM, Figure 1). We further
evaluated other beta-blockers such as carvedilol, carteolol, and
atenolol using MST and found that they have K values of 364
+ 22,459 + 111, and 406 = 206 nM, respectively (Figure 1).
These compounds did not promote significant changes in the
melting temperature (T,,) using nanoDSF (Table S1).

Pindolol, carteolol, =+bisoprolol, and carvedilol were
evaluated in a Lumit SARS-CoV-2 spike RBD: hACE2
Immunoassay > (Promega), to verify if these compounds
could disrupt the interaction between the RBD and ACE2. In
addition to beta-blockers, we also tested linoleic acid, which
was reported to bind to the spike.”® None of the compounds
tested were able to disrupt the interaction (Figure S1).

Cell-Based Assays. We evaluated the cytotoxic effects of
the various compounds on two mammalian cell lines, Vero E6
and A549. Cytotoxicity was determined using the MTT assay
(Table S2). Furthermore, we functionally evaluated in Vero E6
cells whether the compounds would block the spike protein
through adsorption inhibition assays. Cells were infected with
SARS-CoV-2 preincubated or not with the compounds for 1 h
at 4 °C, a condition that allows only the virus to adsorb. We
used three experimental conditions, one in which cells were
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incubated with 1 M compounds prior to SARS-CoV-2
infection, another where viruses were incubated with 1 yuM
compounds prior to cellular infection, and a condition
evaluating both, where viruses and compounds were added
simultaneously to the cells. Figure 2 shows that carvedilol,
atenolol, and bisoprolol statistically decreased SARS-CoV-2
adsorption to the cells only when viruses were preincubated
with the compounds.

Among the compounds tested in the adsorption assay, cells
treated with carvedilol showed the highest reduction on SARS-

Vero E6

200+ mm Carvedilol
mm  Atenolol

Em Bisoprolol

150

Viral adsorption (% of control)

Nil

Simultaneus
treatment

Pretreatment Pretreatment
of the cell of the virus

Figure 2. Reduction of SARS-CoV-2 entry in Vero E6 cells. SARS-
CoV-2 and Vero E6 cells were pretreated (or not) with the beta-
blockers for 1 h at 37 °C. Then, pretreated or untreated cells and virus
were incubated together for 1 h at 4 °C. Viral RNA quantification by
RT-PCR on cell Iysates. Results are shown as a percentage of SARS-
CoV-2 adsorption. Nil: infected and nottreated.
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CoV-2 adsorption, and this compound was selected for further
testing in Calu-3 cells infected with SARS-CoV-2, where the
cells were pretreated with the compound for 2 h prior to
infection. Carvedilol had an ECs, of 7.57 uM, CCs, of 18.07
uM, and SI of 2 (Figure 3A). Remdesivir had an ECs, of 0.08
uM and CCy > 10 uM (Figure 3B).* P<0.05 and
**%¥P<0.001.

Molecular Docking Calculations. We performed docking
calculations of the selected beta-blockers at the fatty acid-
binding site of the spike protein to investigate how the beta-
blockers might interact with the spike. The literature describes
this region as a potential site for binding putative
inhibitors.”**" The spike RBD—ACE2 interface was used as
a binding site for docking calculations in our previous work but
was not investigated here due to its flat shape, and therefore, it
is not considered an ideal binding site for small molecules. The
docking scores for carvedilol, carteolol, pindolol, and atenolol
were favorable, —11.3, —9.4, —9.4, and —8.8 Kcal'mol-1,
respectively. Linoleic acid showed a docking score of —9.5
Kcal'mol-1 and RMSD value of 1.8 A in the redocking
calculations, and in comparison with this result, the beta-
blockers presented promising results at the linoleic acid-
binding site in our docking simulations. The ligand—protein
interactions of docking poses showed that the compounds
could be interacting in the linoleic acid-binding site mainly
with several hydrophobic residues and established several 7-
stacking and hydrophobic interactions (Figure 4).

In the crystallographic structure PDB ID 6ZBS, linoleic acid
made hydrophobic interactions with Ala363, Tyr365, Phe374,
Phe392, Val395, LeuS13, and PheS1S. In our docking
calculations, the beta-blockers made several similar interactions
as linoleic acid and additional ones in the linoleic acid-binding
site. In general, the hydrophobic moiety of beta-blockers fits
the hydrophobic aliphatic moiety of the linoleic acid molecule.
Moreover, carvedilol had the best docking score and was
predicted to make z-stacking interactions with Phe374 and
Phe392 and hydrophobic interactions with the Tyr369 residue
(at the gating helix) (Figure 4A). Carteolol was predicted to
make hydrophobic interactions with Tyr36S (gating helix),
Phe374, Phe392, Leu513, and Phe51S (Figure 4B). Pindolol
was predicted to make hydrophobic interactions with Ala363,
Tyr365 (gating helix), Val36S, and LeuS13 and z-stacking
interactions with Phe392 (Figure 4C). Atenolol was predicted
to make hydrophobic interactions with Ala363, Leu513, and
PheS15 and 7-stacking interactions with Phe374 (Figure 4D).
Toelzer and co-workers’® had previously highlighted the
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importance of Tyr365 and Tyr369 for the gating helix,
whose opening allows the accommodation of the linoleic acid
molecule into the spike RBD. Our docking results showed that
all investigated beta-blockers may interact with the gating helix
residues, which can lead to a better fit in the site. In Figure 4E,
we show that all the beta-blockers superimposed on the
linoleic acid molecule, highlighting the generally similar
alignment of their binding modes.

B DISCUSSION

In our previous work,'® we initially focused our attention on
drugs that might impair the interaction between the SARS-
CoV-2 spike and host ACE2 docking compounds from a FDA-
approved drug library."” We suggested pindolol as a possible
ligand targeting the RBD—ACE2 interface. However, at that
time, we used a 3D model of the RBD spike modeled by
homology with limited knowledge of the spike binding sites.
Now, we have tested several predictions and screened
compounds by measuring the binding affinity of the
compounds to the spike RBD using MST. We initially
identified pindolol as a potential ligand of the spike RBD
and subsequently measured the affinity of carvedilol, atenolo],
and carteolol using MST. Figure 1 shows how these beta-
blockers (which are used to treat high blood pressure) may
bind to the SARS-CoV-2 spike RBD protein including
pindolol, carvedilol, carteolol, and atenolol, suggesting that
they could potentially bind to the interface between the spike
RBD and ACE2.*® The docking calculations with the series of
beta-blockers showed that they may interact in the fatty acid-
binding site of the spike with satisfactory binding affinities
(docking scores ranging from —11.3 to —8.8 Kcal'mol™),
interacting with the gating helix (an important region that
allows ligand accommodation) and showing similar inter-
actions as observed for the linoleic acid present in the spike
Cryo-EM structure”® (Figure 4E). In addition, new structures
of the spike protein interacting with the 9-octadecenoid acid
deposited were in the Protein Data Bank (PDB ID 7E7B,
7E7D),*” showing similar interactions with spike residues and
a comparable binding mode with the spike—linoleic acid
complex structure. Toelzer and co-workers™ suggested that
linoleic acid binding stabilizes the spike in a locked
conformation (RBD down), reducing the spike—ACE2
interaction in vitro. Our docking predictions, at the same
binding site as linoleic acid, suggest that the beta-blockers
could also have implications for the spike—ACE2 interaction.
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Figure 4. 3D intermolecular interactions of the SARS-CoV-2 spike at the fatty acid site with (A) carvedilol (carbons colored in orange), (B)
carteolol (carbons colored in blue), (C) pindolol (carbons colored in magenta), and (D) atenolol (carbons colored in cyan). Hydrogen, nitrogen,
and oxygen atoms are colored in white, blue, and red, respectively. Hydrophobic interactions are shown as a white transparent surface, and 7-
stacking interactions are shown as green dotted lines. (E) Superposition of beta-blocker docking poses with the linoleic acid from the crystal

structure (PDB ID 6ZBS) (carbons colored in green).

We evaluated cytotoxicity in Vero and AS49 cells (Table S2)
and determined an optimal concentration to test in cells
infected with SARS-CoV-2. We then demonstrated that the
compounds would block the spike protein through adsorption
inhibition assays in Vero E6 cells and that carvedilol, atenolol,
and bisoprolol statistically reduced SARS-CoV-2 adsorption to
the cells when the virus was pretreated with the compounds
(Figure 2). This may potentially demonstrate that compounds
bind to the RBD or another spike region; however, in our MST
experiments, bisoprolol did not bind to the RBD spike (data
not shown). When the compounds and virus were added at the
same time to the cells, we did not see any effect in blocking
infection. This could also be explained by the high affinity of
the spike RBD to the ACE2, which was previously reported to
be ~15 nM,* while the beta-blockers showed a Ky of > 300
nM (Figure 1).

When incubation of virus and cells was conducted at the
same time, the affinity of ACE2 to the spike RBD is much
higher, and we do not observe an effect of the compounds
blocking that interaction at the concentration of compounds
tested (1 puM). We further investigated pindolol, carteolol,
sbisoprolol, and carvedilol using a bioluminescence Lumit
screen assay to verify if these compounds could disrupt the
interaction between the RBD and ACE2; however, none of the
compounds tested were able to disrupt the interaction (Figure
S1). This might also confirm that despite binding to the RBD,
the affinity of these compounds is insufficient to compete with
ACE2 or they might be binding to a site that cannot disrupt
the interaction with ACE2. Despite a structure of the spike
RBD which has been reported in the presence of linoleic
acid,”® in the Lumit assay, this fatty acid was not able to disrupt
the interaction between ACE2 and the RBD (Figure S1).
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However, the Lumit assay might pose some limitations because
we are only using the spike RBD and not the spike trimer,
which was the structure used in the presence of linoleic acid for
the published structure. We have recently identified a dataset
of compounds screened for SARS-CoV-2 in Vero cells available
on CHEMBL* (CHEMBL4303835), where atenolol showed
25.84% inhibition of SARS-CoV-2-induced cytotoxicity of
Caco-2 cells at 10 uM after 48 h, carvedilol did not show
activity, and carteolol and bisoprolol were not tested.**

The SARS-CoV-2 spike RBD has been shown to bind to
ACE2 with a higher affinity compared to SARS-CoV*. If the
entry of SARS-CoV-2 into host cells could be blocked by
impairing the interaction of the spike protein with the ACE2
receptor, it could represent a potential strategy against
COVID-19; however, with numerous mutations on the spike
leading to new variants (such as Omicron), it might pose a
challenge for the development of new antivirals targeting the
spike alone. Here, we report some molecules that could be
used as a starting point to design inhibitors or to develop
assays to study the spike RBD that could be used to block virus
entry.

Inhibitors of the spike protein—ACE2 interaction have been
identified previously including cliquinol in Vero cells (EC, of
12.62 uM), and this was also found to inhibit the exopeptidase
activity (IC5o of 5.36 uM).”> Quercetin was identified by
others as an inhibitor of this target (ICs, of 7 uM),’ but it was
not tested against virally infected cells. Several of the
compounds we have assessed were tested in Vero E6 cells,
and we observed that carvedilol, atenolol, and bisoprolol were
able to reduce SARS-CoV-2 adsorption into Vero cells through
real-time RT-PCR; however, bisoprolol did not bind at the
spike RBD, but in our MST and Lumit assay experiments, we
only use a monomer and not the spike trimer. We also
performed inhibition assays with Calu-3 to test the activity of
carvedilol, which showed an ECy; of 7.57 uM, CCs, of 18.07
uM, and SI of 2 (Figure 3A).

Since the discovery of SARS-CoV-2, there have been
hundreds of papers describing computational or in vitro
screening approaches, proposing compounds with likely
activity against this virus. The most relevant are those in
which compounds are tested in vitro in infected cells with
activity in the low-nM—uM range. We have recently
demonstrated sub-micromolar activities for tilorone, pyronar-
idine, and quinacrine in A549-ACE2 cells,”” and pyronaridine
has demonstrated efficacy in a mouse model infected with
SARS-CoV-2.°” Both tilorone®® and pyronaridine
(NCT05084911) have also progressed to clinical trials.

With the continual increase in new variant SARS-CoV-2
strains,” there is a critical need to accelerate the development
of treatments that could be effective for COVID-19. Small-
molecule drugs orally administered present several advantages,
as they are easily accessible outside hospitals and are also more
stable for storage (unlike the current vaccines and antibody
treatments). In this study, we have used several techniques,
such as docking, MST, nanoDSF, and cell assays, to identify
and characterize inhibitors of the spike protein. We have now
validated our prediction from the earliest stages of the
pandemic, which proposes that beta-blockers may be useful
starting points to design molecules that can bind to the SARS-
CoV-2 spike protein.'” Future work may include testing
carvedilol or analogues in animal models infected with SARS-
CoV-2. It will also be of interest to assess clinical data from
patients treated with beta-blockers and analyze whether they

27955

had lower infection rates with COVID-19 during the
pandemic.
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