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ABSTRACT: The entry of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) into host cells requires binding of the
viral spike glycoprotein to the angiotensin-converting enzyme 2 (ACE2) receptor, which triggers subsequent conformational changes
to facilitate viral and cellular fusion at the plasma membrane or following endocytosis. Here, we experimentally identified selective
and broad inhibitors of SARS-CoV-2 entry that share a tricyclic ring (or similar) structure. The inhibitory effect was restricted to
early steps during infection and the entry inhibitors interacted with the receptor binding domain of the SARS-CoV-2 spike but did
not significantly interfere with receptor (ACE2) binding. Instead, some of these compounds induced conformational changes or
affected spike assembly and blocked SARS-CoV-2 spike cell−cell fusion activity. The broad inhibitors define a highly conserved
binding pocket that is present on the spikes of SARS-CoV-1, SARS-CoV-2, and all circulating SARS-CoV-2 variants tested and block
SARS-CoV spike activity required for mediating viral entry. These compounds provide new insights into the SARS-CoV-2 spike
topography, as well as into critical steps on the entry pathway, and can serve as lead candidates for the development of broad-range
entry inhibitors against SARS-CoVs.
KEYWORDS: SARS-CoV-2, spike, small molecules, entry inhibitors, mode of action

Worldwide spread of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), which causes

the coronavirus disease 2019 (COVID-19), resulted in more
than 4 million deaths to date.1,2 The COVID-19 outbreak that
began in Wuhan City, China in December 2019 has turned
into a devastating pandemic and spread to more than 200
countries worldwide.3 Two RNA-based vaccines and, more
recently, vaccines delivered by different strains of non-
replicating adenoviruses have been approved by the Food
and Drug Administration (FDA) under emergency use
authorization and are gradually administered to humans,
significantly decreasing the morbidity and mortality associated
with COVID-19.4 Certain important aspects regarding the
durability of the vaccines, reinfection, and the effectiveness in
immunocompromised individuals and children are still under
ongoing investigation.

Prevention measures are ideally complemented with
effective therapeutics, but current treatment options are

limited, highlighting the urgent need to understand and target
critical steps in the replication of SARS-CoV-2. The entry of
SARS-CoV-2 into host cells is mediated by the interaction of
the viral spike on virions with the angiotensin-converting
enzyme 2 (ACE2) receptor on target cells. Subsequent fusion
of viral and cellular membranes can occur at the plasma
membrane or following spike-mediated endocytosis of SARS-
CoV-2 particles and requires proteolytic activation of the
SARS-CoV-2 spike by a cellular protease prior to or after
ACE2 binding. The SARS-CoV-2 spike is assembled on the
viral surface as a trimer containing three subunits, each
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composed of a 1261-long amino acid glycoprotein (after
cleavage of the 12 amino acid signal peptide) that can adopt an
open (up) or closed (down) conformation. The transition
from a closed to an open spike conformation is required for
ACE2 binding and this conformational state is further
stabilized in the SARS-CoV-2 D614G mutant that has become
dominant in many geographical regions once introduced. In
addition, over the last few months, several variants of SARS-
CoV-2 have been emerging with increased fitness and higher
transmissibility, and few present some degree of resistance to
vaccine-elicited neutralizing antibodies. Repurposing of drugs
and compounds with known activity holds the potential to
accelerate the search for effective therapy against the highly
infectious SARS-CoV-2 virus. Two FDA-approved drugs
(camostat and losartan) are being tested in clinical trials as
treatments for SARS-CoV-2 infection (NCT04335123).5

However, because both may block SARS-CoV-2 entry by
targeting the human TMPRSS2 protease and the ACE2
receptor, which are cellular proteins, these drugs could
potentially have significant adverse effects on different systems
of the human body.6,7 In contrast, inhibitors that target the

viral SARS-CoV-2 spike are expected to be highly selective and
to exhibit minimal off-target effects. In this context, several
small-molecule inhibitors of SARS-CoV-2 entry have been
recently identified but their target is still under investigation.

Here, we developed a lentivirus-based entry assay to identify
SARS-CoV-2 entry inhibition with an integrated ability to
simultaneously measure inhibition specificity. We optimized
the system and used it to screen a small library of
pharmacologically active compounds (LOPAC). We identified
selective and broad inhibitors of SARS-CoV-2 entry that share
a common core structure. We assessed the breadth of these
inhibitors against CoVs and against circulating SARS-CoV-2
variants, investigated their target step of replication, and
studied the mode by which these inhibitors block viral entry.

■ RESULTS
SARS-CoV-2 Entry Assay with an Integrated Control

to Measure Compound Specificity can Identify Selec-
tive Entry Inhibitors. Based on published data, our previous
work, and available reagents, we developed a pseudovirus (PV)
assay to study SARS-CoV-2 entry and to identify new small

Figure 1. Identification of specific effectors of SARS-CoV-2 entry using an integrated SARS-CoV-2 and control entry system. (a) HIV-1-based PVs
mediate the entry of SARS-CoV-2 (left) and, in parallel, the entry of a control, unrelated AMLV. (b) The effect of 49 compounds on both
infections was tested. (c) Normalizing the compound effect to no-compound control for each infection generates a specific profile that distinguishes
cytotoxic compounds (#25) from specific inhibitors (#32). Neg/Pos-CTRL, negative, and positive controls. (d, e) Statistical and selectivity analysis
of selected compounds. (d) In total, 38 hits were selected from the primary screen and retested. For each compound, % residual infection of SARS-
CoV-2 spike-mediated entry was calculated, and replicate 1 was plotted against replicate 2. The two-tail P value was calculated by Pearson
regression analysis. (e) Plotting the effect of each compound on AMLV entry versus its effect on SARS-CoV-2 entry identifies four phenotypes of
selectivity.
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molecules that either inhibit or enhance viral infection.8−15 We
used an HIV-1-based PV system because this system is well
established, stable, and efficient (Figure S1). PVs are prepared
by transfecting 293T cells with three plasmids that separately
provide: (1) HIV structural proteins and enzymes, (2) HIV
genomic RNA containing the f iref ly luciferase ( f luc) reporter
gene to be packed in the budding virus particles, and (3) a
virus-specific spike (or envelope glycoproteins). Cells contain-
ing the three plasmids produce PVs that display the specific
spike on their surface and carry the f luc reporter gene. We
tested the viral entry mediated by different SARS-CoV spikes
into 293T cells overexpressing the human ACE2 receptor
(293T-ACE2, provided by Fang Li) and used the parental
293T cells to monitor for background (Figure S1). All four
SARS-CoV spikes mediated efficient entry into 293T-ACE2
cells with 100−1000-fold higher efficiency than the entry to
the control 293T cells (Figure S1). The SARS-CoV-2 spike
mediated less efficient entry than the SARS-CoV-1 spike, but
entry efficiency was increased to comparable levels of the
SARS-CoV-1 spike when the endocytosis signal was altered
and when the carboxyl-terminal 18 amino acids were deleted

from the SARS-CoV-2 spike (SARS-CoV-2-Sdel18). Similar
results have been reported by several other groups, and the
SARS-CoV-2-S with 18−22-residue deletion spike is routinely
used by us and others in standard assays (either wild type or
the dominant D614G mutant).16−19 We next tested different
conditions and optimized the system (Figure S1c).

Our cell-based system reports a gain of the luciferase
enzymatic activity upon productive entry into target cells.
Thus, inhibition of entry will decrease luciferase expression,
and specific entry inhibitors will reduce assay readout.
However, because cytotoxic compounds mimic true positives
by simply killing the cells and decreasing the readout, they will
mistakenly be scored as positive hits (false positive inhibitors).
To limit the false positives rate and to reliably identify specific
inhibitors or enhancers, we built a sensitive control assay that
measures the entry of the unrelated amphotropic murine
leukemia virus (AMLV) to the same target cells but uses renilla
luciferase (rluc) instead of f luc as a reporter gene (Figure S2).
Engineering a different reporter protein (Rluc) in the AMLV
control assay allows us to simultaneously use both viruses:
SARS-CoV-2 S (Fluc) and AMLV control (Rluc) in a single

Figure 2. Sensitivity of SARS-CoV-2 entry to three confirmed inhibitors that were identified in the preliminary LOPAC library screen. (a)
Increasing concentrations of the compounds (amitriptyline and amoxapine) were tested separately for their effect on SARS-CoV-2 entry or AMLV
control entry into 293T-ACE2 cells. (b) Amitriptyline sensitivity of SARS-CoV-2 and AMLV control entry to different target cells that overexpress
the ACE2 receptor. (c) Summary of inhibitors’ chemical structures and functions. Cytotoxicity was measured using CellTiter-Glo (Promega) under
identical experimental conditions. Values in parenthesis denote IC50 or CC50 or the therapeutic index of a new batch of compounds repurchased
from Sigma. (d) Left: sensitivity of replication-competent SARS-CoV-2 to tricyclic entry inhibitors. Right: half-maximal inhibitory and cytotoxic
values (IC50 and CC50) of compound inhibition.
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well, infecting exactly the same cells and incubating with
exactly the same test compound [in this system, all pseudoviral
components were identical except for (a) the envelope
glycoproteins/spike and (b) the reporter protein; subsequent
experiments confirmed specific entry inhibition by comparing
side-by-side pseudoviruses that carry the f luc reporter gene and
display the SARS-CoV-2 spike with identical fluc pseudovi-
ruses that display AMLV/VSV-G envelope glycoproteins/
spike]. The activity of the two luciferases can be separately
detected using their related, different substrates.11 This
approach significantly reduces the cost, time, and labor of
running a control assay in parallel to the main SARS-CoV-2
entry assay and ensures identical experimental conditions
(medium, cells, and compound). We tested the effect of 49
compounds from the LOPAC library on our integrated system.

Both assays were highly reproducible and robust with signal-to-
noise ratios of 141 (SARS-CoV-2 entry) and 93 (AMLV entry)
and low variation among the readouts from wells with similar
assay conditions. The analysis of the raw data showed
significant differences in the profile of several compounds
(e.g., compound 25 vs 32; dashed arrows in Figure 1b,c). To
compare the effect of compounds on SARS-CoV-2 entry with
their effect on AMLV control entry, we normalized the readout
of each compound to no-compound control for each infection
(Figure 1c). The normalized readout of both assays generated
a specific profile for each compound that allowed us to
distinguish specific inhibitors, like soluble ACE2 (positive
control), from cytotoxic compounds like high doses of
chloroquine (negative control; Figure 1c). More importantly,
we could readily identify selective inhibitors (#32) and

Figure 3. Sensitivity of different SARS-CoVs and SARS-CoV-2 variants to tricyclic entry inhibitors. (a) We tested the sensitivity of PVs displaying
SARS-CoV-1 or SARS-CoV-2 spikes to amitriptyline (left) or aminobenztropine (right). VSV-G or AMLV was used as control. One-tail t-test was
used to calculate statistical significance (P value). (b) Main amino acid changes in circulating SARS-CoV-2 spike variants were mapped on the
available cryo-EM prefusion structure of the soluble SARS-CoV-2 spike (protein database entry 6VSB). Not all changes are shown; * an estimated
position of residue 484 is schematically shown. (c) Sensitivity of SARS-CoV-2 variants circulating in the viral population to tricyclic ring entry
inhibitors.
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eliminate cytotoxic compounds (#25; Figure 1c). We therefore
used in subsequent experiments the readout of AMLV-
mediated entry as specificity control, either in one integrated
system (using Fluc and Rluc activities in parallel) or by
measuring separately the effects of compounds on SARS-CoV-
2 spike-mediated entry and the effects of the same compounds
on AMLV-mediated entry.
Tricyclic Compounds Selectively Block SARS-CoV-2

Entry. To test the performance of our viral entry system, we
screened 551 compounds from a small library of pharmaco-
logically active compounds (LOPAC; available from Sigma),
for effectors of SARS-CoV-2 entry. The LOPAC library
contains approved drugs, candidate drugs developed to
different stages, and compounds with well-characterized
activities. Measurements were robust and reproducible with a
highly significant correlation between the replicates (Figure
1d). We analyzed the selectivity of each compound by plotting
% residual infection of AMLV control against % residual
infection of SARS-CoV-2, both in the presence of a test
compound, and identified four selective inhibitors of SARS-
CoV-2 entry: amitriptyline, amoxapine, aminobenztropine, and
opipramol (Figure 2). We confirmed selective SARS-CoV-2
inhibition by testing compounds from different batches, using
a viral assay with the same fluc reporter protein (for SARS-
CoV-2 spike and AMLV), and testing different cell types that
overexpress the ACE2 receptor (Figure 2). All four compounds
shared functional chemical groups, with three compounds
sharing a tricyclic ring system, and the fourth (amino-
benztropine) containing two aromatic rings that are separated
by a flexible methyl group that adopts a spatial structure similar
to a tricyclic ring system (Figure 2c). We further refer to this
group of compounds as tricyclic inhibitors, although amino-
benztropine does not contain a tricyclic ring system. Since
opipramol has been already identified and described in a
published study,20 we focused in most of our subsequent work
on the other three inhibitors. All three compounds (amitripty-
line, amoxapine, and aminobenztropine) inhibited live SARS-
CoV-2 replication with a similar inhibition pattern as inhibition
of the SARS-Cov-2 spike pseudoviruses but they were about 1
order of magnitude less potent under the experimental
conditions tested during replication-competent infection of
Vero cells (Figure 2d).
Tricyclic Inhibitors Block the Entry of Different SARS-

CoVs and Circulating Variants. The development of SARS-
CoV-2 variants that are resistant to current vaccines and/or
exhibit increased fitness and replication capacity is a major
public health concern. Moreover, the emergence of SARS-
CoV-1, Middle East respiratory syndrome (MERS)-CoV, and
SARS-CoV-2 within the last 20 years highlights a need for
broad-range entry inhibitors that would potentially be effective
against emerging CoVs in the future. Therefore, we evaluated
the breadth of our tricyclic entry inhibitors against different
CoVs and circulating variants (Figure 3). Both amitriptyline
and aminobenztropine inhibited SARS-CoV-1 and SARS-CoV-
2 to comparable levels with approximately 80% reduction in
viral entry at 3 and 33 μM, respectively. In contrast, the entry
mediated by the controls VSV-G and AMLV Env was not
significantly affected, suggesting that these inhibitors are broad
and highly selective. We next measured the sensitivity of a large
panel of SARS-CoV-2 variants that have evolved to replicate in
the human population and are currently circulating in the viral
population to our inhibitors. Two spreading variants, B.1.351
and B.1.1.248, which were initially identified in South Africa

and Brazil, respectively, exhibited decreased sensitivity to
antibodies elicited by the wild-type vaccines and led to efforts
to modify current vaccine immunogens. B.1.351 and B.1.1.248
share amino acid changes in four core residues: N417, E484,
N501, and D614. We, therefore, generated SARS-CoV-2 spike
mutants with changes only in these residues (Figure 3). The
V439K SARS-CoV-2 variant is relatively resistant to antibodies
developed on convalescent serum. Consistent with their ability
to block SARS-CoV-1 and SARS-CoV-2 entry, the broad
tricyclic entry inhibitors effectively blocked the entry of all
SARS-CoV-2 variants tested. These included the B.1.351 and
B.1.1.248 variants as well as the dominant D614G variant and
variants carrying changes in residue 614 to Asn or Met amino
acids. The most selective compound was aminobenztropine
that efficiently blocked all SARS-CoV-2 spike variants and had
no or very minimal effects on the AMLV control-mediated
infection. Of note, the E484K + D614G variant was less
sensitive to amoxapine and aminobeztropine than other
variants but additional changes in B.1.351 and B.1.1.248
restored wild-type (D614G) sensitivity.

We next studied the viral step that these compounds are
targeting by investigating the effect of aminobenztropine
addition at different time points post infection. We focused
on aminobenztropine because the compound exhibits no or
very minimal no-specific effects on the AMLV control-
mediated infection (Figure 2c). We detected a gradual
decrease in entry inhibition for SARS-CoV-2 spike-mediated
infection when aminobenztropine was added at later time
points with no significant effects when the compound was
added after overnight incubation (Figure 4). As expected, we

did not detect any significant effect on AMLV control-
mediated infection. These results further indicate that
aminobenztropine is blocking an early step in the virus
replication cycle. As our identified inhibitors block different
neurotransmitters at synapses in the central and peripheral
nervous system and contain a common tricyclic (or similar)
ring system, we identified additional drugs with similar
properties and tested their inhibition activity (Table S1). All
compounds exhibited selective inhibition of SARS-CoV-2
spike-mediated entry compared to AMLV control-mediated
entry with diverse degrees of potency and selectivity, further

Figure 4. Time of inhibitor activity. Aminobenztropine (25 μM) was
added at specified time points during SARS-CoV-2 spike or AMLV
control-mediated infection. Residual infection was measured after 72
h and normalized to dimethyl sulfoxide (DMSO)-only control. O/N,
overnight.
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supporting the role of tricyclic ring systems in selective
inhibition activity of SARS-CoV-2 entry.
Interactions between SARS-CoV-2 Spike and Tricyclic

Inhibitors. We developed a live-cell fluorescence lifetime
(FLT) assay based on a fluorescence resonance energy transfer
(FRET) biosensor to monitor SARS-CoV-2 spike assembly
and conformational changes (Figure 5a). FLT-FRET technol-
ogy is 30-fold more precise than steady-state intensity FRET
assays, improving our assay’s coefficient of variation (CV) and
decreasing the probability of false negatives.21−25 The FLT
change is specific to spike−spike interactions as cotransfection
of full-length spike-mEGFP (donor) and soluble TagRFP
(acceptor) results in a low background FRET signal (Figure
5b) relative to the FLT of our biosensor expressing full-length
spike-mEGFP (donor) and full-length spike-TagRFP (accept-
or).

We compared the SARS-CoV-2 spike FLT-FRET response
of our tricyclic inhibitors to the response of 1280 compounds
from the LOPAC library and identified two inhibitors that
significantly altered the FLT-FRET readout after 60 min
incubation (Figure 5c). Aminobenztropine increased the FLT
(decreased FRET, corresponding to increased distances
between donor and acceptor fusion proteins) response,

whereas amoxapine had the opposite effect and substantially
decreased the FLT response (increased FRET, suggesting
increased assembly or change in assembled trimer conforma-
tion). To gain additional insights into the binding target of our
tricyclic entry inhibitors to the SARS-CoV-2 spike, we
measured the effects of each compound on the thermal shifts
of different regions of the SARS-CoV-2 spike. Both amoxapine
and aminobenztropine selectively altered the melting temper-
ature (Tm) of the receptor binding domain (RBD) of the
SARS-CoV-2 spike without significant effects on the Tm of the
N-terminal domain (NTD) of the viral spike. Amitriptyline
decreased the Tm of both RBD and NTD, probably due to
nonspecific interaction with the IgG FC domains that are fused
to each, but the effects on RBD were still more profound. To
measure direct interactions of the compounds with the SARS-
CoV-2 spike, we selected two compounds, aminobenztropine
and opipramol, and monitored their direct binding kinetics and
equilibrium to the spike using surface plasmon resonance
technology (SPR; by BIAcore S200). Both compounds
interacted directly with the SARS-CoV-2 spike according to
the SPR response, and the magnitude of the response was
dose-dependent (Figure 6). We noted that the maximum
response (Rmax) was higher than the predicted theoretical Rmax,

Figure 5. SARS-CoV-2 spike−small molecule interactions. (a) Our cellular FLT-FRET biosensor comprises a monomeric, full-length SARS-CoV-
2-spike glycoprotein fused to either donor (mEGFP) or acceptor (TagRFP-T) fluorescent proteins. Transient coexpression of both donor and
acceptor constructs in HEK293 cells results in spike oligomerization and increases the FRET readout (measured as fluorescence lifetime). We
optimized the signal-to-noise ratio by altering donor and acceptor expression levels. The ribbon-displayed spike structure was adapted from the
research collaboratory for structural bioinformatics (RCSB) database (protein data entry 6crz).26 (b) Our FLT-FRET signal is specific to the
SARS-CoV-2 spike glycoprotein, as coexpression of spike-mEGFP and soluble TagRFP results in minimal basal FRET. (c) The interaction of the
CoV-2 spike with our four inhibitors at 10 μM was tested by FLT-FRET and compared to the average FLT response of 1280 compounds from the
LOPAC library. Two-tail t-test was used to calculate the statistical significance (P value) of FLT changes. (d) Thermal shift analysis of the soluble
receptor binding domain (RBD) and the N-terminal domain (NTD) of the SARS-CoV-2 spike fused to the monomeric FC region of IgG (mFC).
Top panel: average raw data of the RBD shift in the presence and absence of indicated compounds. Middle panel: similar to the top panel but the
first derivative (d fluorescence/d temperature; d F/d T) is plotted against temperature. Bottom panel: thermal shifts of melting temperatures in
each condition. n = 3; mean and standard error of mean (SEM) are shown. Compounds were tested at 1 mM (amitriptyline) or 0.25 mM
(amoxapine and aminobenztropine) concentrations.
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which suggests some nonspecific binding or complex
interactions of the cyclic aromatic rings with the SPR sensor
surface, and therefore, we tested the binding of these
compounds to an unrelated soluble viral envelope glycoprotein
(gp120) of HIV-1 as a control. Binding to the control gp120
was minimal and only at the highest concentration, confirming
specific interactions of the compounds with the SARS-CoV-2
spike. We did not test the potential binding of the compounds
to the ACE2 receptor. Together, these observations suggest
that the compounds bind to a specific pocket located in the
RBD of the SARS-CoV-2 spike, with amoxapine and
aminobenztropine inducing different changes in the spike
conformation/assembly.

To study the mechanism of inhibition, we investigated the
effects of the tricyclic ring inhibitors on the ability of the
SARS-CoV-2 spike to mediate cell−cell fusion activity. The
tricyclic inhibitors efficiently blocked cell−cell fusion but
exhibited lower potency than the one observed for viral entry
inhibition (Figure 7). As the number of SARS-CoV-2 spikes on
the cell surface is significantly higher than the number of spikes
on viral particles, this pattern reflects the requirement to block
highly efficient cell−cell fusing events that can occur in
numerous sites of interactions. We next assessed the
interference of our inhibitors with interactions of the SARS-
CoV-2 spike with different ligands by flow cytometry using the
cell-surface-expressed SASR-CoV-2 spike and soluble ligands.
Notably, we did not detect any significant effects of tricyclic

ring inhibitors on the binding of the SARS-CoV-2 spike to the
soluble ACE2 receptor or to the specific CC6.33 monoclonal
antibody, which recognizes the ACE2 binding site on the viral
spike (Figure 7). Even at a very high inhibitor concentration of
300 μM, which was not cytotoxic to the cells during the short
exposure time of the assay, and at very low ligand
concentrations, no significant difference was observed between
the compounds and DMSO control. Similar results were
detected for the binding of the SARS-CoV-1 spike to the
soluble ACE2 receptor.

■ DISCUSSION
SARS-CoV-2 entry into host cells is mediated by specific
interactions of the viral, envelope-anchored spike glycoprotein
with the host ACE2 receptor.6,27 SARS-CoV-2 spike binding to
ACE2 initiates viral infection and, thus, compounds that
disrupt this recognition or prevent subsequent step(s) critical
for entry could be therapeutically useful and instrumental for
understanding the biology of SARS-CoV-2 entry.28−34 To
identify such compounds, we built an integrated SARS-CoV-2
entry assay that is based on a lentiviral system and contains a
built-in control for evaluating the specificity of each
compound.35 Comparing the effects of test compounds on
the entry of SARS-CoV-2 with their effects on the entry of
unrelated AMLV control allowed us to identify selective
tricyclic ring inhibitors of SARS-CoV-2 entry.36 Our study

Figure 6. SARS-CoV-2 spike−small molecule direct interactions. SPR curves (sensorgrams) of binding of aminobenztropine and opipramol to the
soluble SARS-CoV-2 spike glycoprotein (ectodomain) or to soluble HIV-1AD8 gp120 control. SPR experiments were performed on a Biacore S200
instrument. Two-fold serial dilutions of aminobenztropine or opipramol dissolved in running buffer (PBS-P+, 1% DMSO) were injected across
SARS-CoV-2 spike (a, c) or HIVAD8-gp120 (b, d) glycoproteins that were immobilized through the 8-histidine tag on an NTA series S sensor chip.
The data (sensorgrams) from SARS-CoV-2 spike binding to the two compounds (solid lines) were nonlinearly fitted to a two-state binding model
(dashed lines).
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identified four compounds, three of which, amitriptyline,
amoxapine, and opipramol dihydrochloride, are FDA-approved
tricyclic antidepressant (TCA) drugs and are commonly used
to treat anxiety and depression. The antidepressant effects of
these drugs require much lower concentrations than those
observed in our study for blocking SASR-CoV-2 entry. Thus,
these compounds, which were identified as initial hits in a
small screen, will need extensive optimization and significant
improvement of their selectivity for any potential future
application as drugs or chemical probes. Limited studies have
demonstrated that fluvoxamine, which is an antidepressant that
does not contain a tricyclic ring system and could offer mild
protection against the coronaviruses, prevents clinical deteri-
oration, and helps fight the early infection phase,37,38 though
no concrete clinical data are available to date. Notably, we
found that several additional tricyclic antidepressant com-
pounds exhibited selective entry inhibition of SARS-CoV-2
(Table S1). Of note, other tricyclic compounds tested,
including closely related analogues such as imipramine and
trimipramine, were significantly less potent SARS-CoV-2 entry
inhibitors than amitriptyline. In parallel, several additional and
independent studies have reported selective SASR-CoV-2 entry
inhibition by different tricyclic antidepressant drugs using
different experimental systems and different target cells
(methylene blue, clomipramine, trimipramine, trimeprazine,
flupenthixol, clofazimine; see Table S2).39−43 These include
inhibition of SARS-CoV-2 infection by opipramol dihydro-

chloride in Vero E6 and Caco2 cells, inhibition of SARS-CoV-
2 spike-mediated cell−cell fusion by clofazimine, and
inhibition of SARS-CoV-2 replication in a hamster model by
clofazimine.20,44,45

Our compounds, similar to other SARS-CoV-2 entry
inhibitors identified in previous studies, belong to a group of
cationic amphiphilic drugs (CADs). Despite their in vitro
potential side effects, which may include phospholipidosis,46

they are directly interacting with their targets and have been
used in patients for years. Amitriptyline, amoxapine, and
opipramol dihydrochloride are FDA-approved tricyclic anti-
depressants. We have shown by multiple different assays,
including SPR (BIAcore; Figure 6), the direct interactions of
our inhibitors with the SARS-CoV-2 spike; we also showed
specific inhibition of SARS-CoV-2 spike-mediated entry
compared to AMLV- or VSV-G-mediated entry, confirming
that despite any potential side effect on the target cells,
including phospholipidosis, the compounds selectively block
SARS-CoV-2 entry more efficiently than the entry of other
viruses. The identification of different compounds with
common tricyclic groups by us and other groups further
support the specificity of the inhibition. Thus, we believe that
the tricyclic group provides an important guide and a useful
scaffold for building a pharmacophore for the development of
broad entry inhibitors of CoVs. Importantly, our study
highlights the potential of such compounds to block the

Figure 7. Tricyclic entry inhibitors block spike-mediated cell−cell fusion activity without interfering with SARS-CoV spike−ACE2 interactions. (a)
Effects of tricyclic inhibitors on SARS-CoV-2 spike-mediated cell−cell fusion. We measured the fusion of effector cells expressing the SARS-CoV-2
spike and HIV-1 Tat that were cocultured with 293T-ACE2 target cells transfected with a reporter plasmid. Fusion of these cells leads to the
transport of HIV-1 Tat to the 293T-ACE2 target cells and activation of firefly luciferase expression. (b) Flow cytometric analysis of the effects of
entry inhibitors on the binding of the cell-surface-expressed SARS-CoV-2 spike to soluble ACE2-mFC and to the CC6.33 antibody.
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entry of SARS-CoV-1, SARS-CoV-2, and many SARS-CoV-2
variants that have recently emerged.

Combing different biochemical, biophysical, and immuno-
logical approaches allowed us to provide important insights
into the mechanisms of SARS-CoV-2 entry inhibition by
tricyclic inhibitors. Our FRET-based assay to monitor the
effect of small molecules on the CoV-2 spike integrity and
thermal shift analysis indicate that tricyclic entry inhibitors can
directly interact with the SARS-CoV-2 spike and induce
different changes in spike conformation/assembly. However,
these compounds do not interfere with the binding of the
ACE2 receptor or the CC6.33 antibody, which is specific for
the receptor binding site on SARS-CoV spikes. Altogether,
these data support a model in which tricycle ring inhibitors
bind to a highly conserved site that is not involved in ACE2
binding and block viral activity or transitions that are required
for moving forward on the entry pathway and/or mediating
cell−cell fusion activity (Figure 8). Notably, we identified a
similar mode of inhibition with a specific group of inhibitors
that block conformational transitions of HIV-1 envelope
glycoproteins (Envs) and include 484, 18A, and the FDA-
approved drug BMS-626529 (fostemsavir). As these com-
pounds block conformational transitions and stabilize the
prefusion conformation of HIV-1 Envs, they are routinely used
to study the biology of HIV-1 entry and can be further
developed for treatment and prevention strategies. The effect
of tricyclic inhibitors on SARS- CoV-2 spike conformation is
still under investigation. Nevertheless, since most of these
compounds also interfere with neurotransmitter retake by
different receptors that belong to the nervous system, we
hypothesize that the SARS-CoV-2 spike contains a binding
pocket that fits compounds containing tricyclic rings and may
share common elements with the binding site of these cellular
receptors. Furthermore, common features may be shared with
similar pockets on other viral envelope glycoproteins as
benztropine (a derivative of aminobenztropine) directly
binds to the Ebola envelope glycoprotein and blocks viral
entry.47 Taken together, our results provide new insights into
SARS-CoV-2 spikes, possibilities to use these small molecules
to map the pathway of SARS-CoV-2 entry, and means to target
virus entry.

■ METHODS
Cell Lines. 293T cells were purchased from ATCC. TZM-

bl cells were obtained from the NIH AIDS Reagent Program.
293T cells overexpressing the human ACE2 receptor (293T-
ACE2) were a kind gift from Fang Li, the University of
Minnesota; TZM-bl-ACE2 cells were a kind gift from Michael
Farzan, Scripps Florida. Both cell lines were grown in
Dulbecco’s modified Eagle medium (DMEM) containing
10% fetal bovine serum (FBS), 100 μg/mL streptomycin,
and 100 U/mL penicillin at 37 °C with 5% CO2. ACE2
expression was maintained by supplementing the medium with
3 μg/mL (293T-ACE2 cells) or 1 μg/mL (TZM-bl-ACE2
cells) of the selection antibiotic puromycin. All cells were
tested periodically for mycoplasma contamination.
Plasmid Construction. Plasmid expressing a full-length

SARS-CoV-2 spike was kindly provided by Stefan Pöhlmann,
Leibniz Institute for Primate Research, Göttingen, Germany.
SARS-CoV-2 spike mutants were constructed by site-directed
mutagenesis or by gene synthesis (Gene Universal), and the
correct DNA sequence was verified by Sanger sequencing.
Production of Recombinant SARS-CoVs Expressing

Luciferase. We produced viral spike/envelope glycoprotein
pseudotyped viruses by cotransfecting 293T cells with three
plasmids that separately provide: (1) a virus-specific spike (or
envelope glycoproteins), (2) HIV-1-based packaging plasmid,
(3) a lentiviral reporter vector containing the f iref ly luciferase
( f luc) or renilla luciferase (rluc) genes to be packed in the
budding virus particles using Effectene (QIAGEN). After a 48
h incubation, the cell supernatant was collected and
centrifuged for 5 min at 600−900g at 4 °C. The amount of
p24 in the supernatant was measured using an in-house HIV-1
p24 antigen capture assay as previously described.48 The virus-
containing supernatant was frozen in single-use aliquots at −80
°C.
Single-Round (PVs) Viral Infection Assay. We tested

the viral entry mediated by different SARS-CoV spikes into
293T-ACE2 target cells and, in most cases, used the parental
293T cells to monitor for background (Figure S1). Different
PVs were added to each well of a 96-well plate (Greiner bio-
one 96-well plates Cat# 655083), followed by addition of 7200
target cells/well in a final volume of 100 μL. Control wells

Figure 8. Proposed model of SARS-CoV entry inhibition by tricyclic inhibitors. SARS-CoV-2 spike binds to the ACE2 receptor and mediates viral
entry (left). In the presence of tricyclic ring inhibitors, the viral spike can still bind the cellular receptor but subsequent steps on the entry pathway
are blocked (right).
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included PV infection mediated by unrelated Envs (derived
from the amphotropic murine leukemia virus (AMLV) or
vesicular stomatitis virus (VSV)), infection of 293T cells,
which do not express the ACE2 receptor, target 293T-ACE2
cells with no PVs, and PVs with no cells in 100 μL/well. After
48−72 h incubation in a tissue culture incubator at 37 °C and
5% CO2 concentration, the medium from the wells was
aspirated and 30 μL/well lysis buffer was added.48,49 The
activity of firefly luciferase, which was used as a reporter
protein in the system, was measured with a Centro XS3

luminometer (Berthold Technologies, Tennessee), and the
results were analyzed as we previously described.48,49 For
integration of test and control assays into one system, AMLV
Envs PV carrying the renilla luciferase (rluc) reporter gene were
added together with SARS-CoV-2 spike PVs to 293T-ACE2
target cells, incubated for 48−72 h, and then lysed. Both f luc
and rluc activities can be measured sequentially from a single
sample as we previously described.11 For experiments involving
small molecules, compounds were added to each well followed
by the addition of PVs and target cells; DMSO concentration
was 1% and the final volume was 100 μL, with control cells
containing 1% DMSO without any compound.
SARS-CoV-2 Microneutralization Assay. The sensitivity

of live SARS-CoV-2 D614G to compounds was measured as
previously described.50 One day prior to infection, 2 × 104

Vero E6 cells were seeded in each test well of a 96-well flat
bottom plate and incubated overnight. Compounds were
diluted in a separate 96-well culture plate using DMEM
supplemented with penicillin (100 U/mL), streptomycin (100
μg/mL), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 0.12% sodium bicarbonate, 2% FBS, and 0.24%
bovine serum albumin (BSA). Next, 104 TCID50/mL SARS-
CoV-2 viruses were prepared in DMEM + 2% FBS and
combined with an equivalent volume of diluted compounds for
1 h (final compound concentrations were 0, 0.316, 1, 3.16, 10,
31.6, and 100 μM). After incubation, media was removed from
the 96-well plate seeded with Vero E6 cells followed by the
addition of the SARS-CoV-2/compound mixture to each
respective well at a volume corresponding to 600 TCID50 per
well, and the plate was incubated for an additional 1 h at 37
°C. Both SARS-CoV-2-only and media-only (DMEM + 2%
FBS) controls were included in the assay. The supernatant
containing SARS-CoV-2 and the compound was removed from
wells without disrupting the Vero E6 monolayer, DMEM + 2%
FBS containing the respective diluted compound was added to
each well, and the plate was incubated for 48 h. Media in each
well was replaced with 10% formaldehyde and incubated for 24
h to cross-link the Vero E6 monolayer. The formaldehyde
solution was then removed from the wells, and the wells were
subsequently washed with PBS. Cell monolayers were
permeabilized for 15 min at room temperature with PBS +
0.1% Triton X-100, washed with PBS, and then incubated for 1
h at room temperature with PBS + 3% nonfat milk. A 1 μg/mL
anti-mouse SARS-CoV-2 nucleocapsid protein (Clone 1C7,
Bioss Antibodies) primary antibody solution in PBS + 1%
nonfat milk was added to all wells, and the plate was incubated
for 1 h at room temperature. The wells were extensively
washed three times with PBS and incubated with the anti-
mouse IgG HRP secondary antibody (1:2500 dilution) in PBS
+ 1% nonfat milk. Then, 1 h post-room temperature
incubation, the wells were washed three times with PBS, an
enhanced chemiluminescent substrate (Western Lightning
Plus-ECL, PerkinElmer) was added, and the readout in each

well was measured using an LB941 TriStar luminometer
(Berthold Technologies).
Screening of a Library of Pharmacologically Active

Compounds. We screened a small library of pharmacologi-
cally active compounds (LOPAC; available from Sigma), to
find potential inhibitors of SARS-CoV-2 entry using our
integrated dual luciferase reporter assay system in a 96-well
format in cell-culture plates. Besides, pharmacologically active
compounds with well-characterized functions, the LOPAC
library also includes licensed and marketed drugs. We also
tested the effects of inhibitors (soluble ACE2 and chloroquine)
at variable concentrations on SARS-CoV-2 entry. Initially, we
prepared the plates with different LOPAC molecules at a final
concentration of 10 μM (2% DMSO) of inhibitors in
duplicates, followed by incubation with PVs displaying specific
SARS-CoV-2 envelopes and AMLV control for 1 h at 37 °C.
We normally use specific p24 amounts in the range of 1−10 ng
or infectivity values equivalent to approximately 1 million
relative light units. Since compounds were dissolved in DMSO,
we used identical concentration of 2% DMSO as a reference to
account for the DMSO effect. 293T-ACE2 target cells
resuspended in DMEM (2.4 × 105 cells/mL) were added
and incubated for 48/72 h at 37 °C with 5% CO2. Fluc and rluc
reporter expression was determined sequentially as mentioned
in the previous section.
Dose−Response Curves. Compounds identified in our

preliminary screening of the LOPAC library as selective
inhibitors of SARS-CoV-2 entry were tested for dose response.
We tested the increasing concentrations of the selected
compounds starting from 0.01 μM to as high as 100 μM.
Compounds were serially diluted in DMSO and added to the
wells in duplicates/triplicates, followed by the addition of
reporter viruses (or a mixture of two reporter viruses) and then
target cells (293T-ACE2/TZM-bl-ACE2, 2.4 × 105 cells/mL),
keeping the total volume in a single well to 100 μL. Plates were
incubated for 48/72 h at 37 °C and 5% CO2, and luciferase
expression was determined in the same manner as done
previously.
FRET Assay. SARS-CoV-2-Spike−Inhibitor Interactions.

We developed a live-cell fluorescence lifetime (FLT) assay
based on a fluorescence resonance energy transfer (FRET)
biosensor to monitor SARS-CoV-2 spike assembly and
conformational changes. The full-length SARS-CoV-2 spike
gene was separately cloned into two plasmids to generate a
biosensor system comprising spike-mEGFP (donor) and spike-
TagRFP (acceptor) expression plasmids. The resulting
plasmids were transiently transfected (lipofectamine 3000,
Thermo Fisher) into 293T cells. The FLT-FRET assay was
performed 48 h post transfection following established lab
protocols.22,25,51,52 The cells were harvested by incubating with
TrypLE (Invitrogen) for 5 min, washed three times in PBS by
centrifugation at 200g, and filtered using 70 μm cell strainers
(BD Falcon). Cell viability was assessed prior to the FLT assay
using a trypan blue assay to ensure that the viability was >90%.
The cells were then diluted to 1e6 cells/mL using an
automated cell counter (CellDrop, DeNovix) and plated (5
μL/well) using a Multidrop Combi Reagent Dispenser
(Thermo Fisher Scientific) into 1536-well assay plates
containing the compounds or DMSO control. The plates
were sealed and allowed to incubate at room temperature for
20 and 60 min prior to FLT measurements. FLT was measured
using our FLT-plate reader with a 473 nm pulsed laser and
FRET determined by FRET = 1 − τDA/τD, using donor-only
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(D) and donor-acceptor (DA) FLT measurements.21,53 We
compared the SARS-CoV-2 spike FLT-FRET response of the
selected inhibitors (10 μM) to the average response of the
1280 compounds of the LOPAC library.
Data Analysis. To identify selective SARS-CoV-2 entry

inhibitors, we set the selection criteria to (1) % activity < 50
(compounds that decrease SARS-CoV-2-mediated entry to less
than 50% of no-compound control) and (2) % specificity >
90% (compounds that do not decrease more than 10% of
AMLV control entry [residual activity greater than 90%] in
comparison to no-compound control). IC50 (50% inhibitory
concentration) was calculated using nonlinear regression
analysis based on the sigmoidal dose−response equation
using PRISM 8 software (GraphPad, San Diego, CA) applied
to the percent inhibition and concentration data.
Thermal Shift. The interaction of compounds with the

receptor binding domain (RBD) and N-terminal domain
(NBD) of the SARS-CoV-2 spike was measured by differential
scanning fluorimetry (DSF) using a Real-Time PCR Detection
System (BioRad). Fifty μg/mL purified RBD-mFC or NBD-
mFC in 50 mM HEPES (pH 7.5) and 150 mM NaCl was
subjected to thermal scanning by increasing the temperature
from 20 to 90 °C in the presence and absence of small
molecules. We increased the temperature at 0.1 °C increments,
each for 10 s incubation, and performed the thermal shift assay
in triplicates for every sample. Small molecules were dissolved
in DMSO and the control sample included DMSO only.
SYPRO Orange protein gel stain (Invitrogen) was used at a
1:5000 v/v dilution ratio as the fluorescent probe. The
inflection point of the transition curve/melting temperature
(Tm) was calculated using the Boltzmann equation within
Protein Thermal Shift Software.
Surface Plasmon Resonance (SPR). Multicycle SPR

experiments were carried out on a Biacore S200 SPR
instrument (Cytiva) equipped with an NTA series S sensor
chip and equilibrated with running buffer (20 mM phosphate
buffer, 2.7 mM KCl, 137 mM NaCl, 0.05% surfactant P20, pH
7.4) prepared with 1% DMSO according to established
methods.54,55

Prior to the first cycle, the sensor chip was conditioned once
with 0.35 M ethylenediamine tetraacetic acid (EDTA) for 60 s.
At the beginning of each subsequent cycle, 0.5 mM NiCl2 was
injected for 60 s across the chip surface. Then, the
recombinant 8x-His-SARS-CoV-2 spike glycoprotein (ectodo-
main) or 6x-His-HIV-1AD8 gp120 diluted in running buffer was
immobilized on the sensor chip at approximately 2000
response units (RU). The analyte prepared in running buffer
was injected for 180 s and allowed to dissociate for 300 s. After
each concentration of analyte, the chip surface was regenerated
with a 60 s injection of 0.35 M EDTA. A solvent correction
curve was performed prior to the first analyte cycle and after
the last analyte cycle. Response curves (Sensorgrams) were
corrected for solvent variations with a DMSO solvent
correction curve and were double referenced to the reference
channel and zero compound (1% DMSO) blanks.

SPR data were analyzed in Biacore S200 Evaluation software
(version 1.1.1), fit with a two-state kinetic binding model, and
plotted in GraphPad Prism (version 9.0.1).
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