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ABSTRACT: SARS-CoV-2 entry into host cells relies on the spike (S) protein binding to the human ACE2 receptor. In this study,
we investigated the structural dynamics of the viral S protein at the fusion peptide (FP) domain and small molecule binding for
therapeutics development. Following comparative modeling analysis and docking studies of our previously identified fusion inhibitor
chlorcyclizine, we performed a pharmacophore-based virtual screen and identified two novel chemotypes of entry inhibitors targeting
the FP. The compounds were evaluated in the pseudoparticle viral entry assay and SARS-CoV-2 cytopathic effect assay and showed
single-digital micromole inhibition against SARS-CoV-2 as well as SARS-CoV-1 and MERS. The characterization of the FP binding
site of SARS-CoV-2 S protein provides a promising target for the structure-based development of small molecule entry inhibitors as
drug candidates for the treatment of COVID-19.
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Novel coronavirus disease 2019 (COVID-19) caused by
severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) has become a serious threat to global public health.1 In
response to the pandemic, significant efforts have been made
to investigate the viral infection for vaccine development, and
millions of drug and chemical compounds have been screened
to search for effective drug candidates.2−4 To date, while many
candidates are currently undergoing clinical trials, no effective
therapeutics are available for the treatment of COVID-19. The
clinical utility of remdesivir, the only drug approved by FDA
for COVID-19, is still limited and does not reduce mortality in
severe patients.5 The emergence and rapid spread of SARS-
CoV-2 variants currently pose greater concerns and urgent
needs to develop effective antivirals.6,7

SARS-CoV-2 entry into host cells occurs in several steps,
beginning with spike (S) protein binding to the human ACE2
receptor.8 Upon the cleavage of S protein by host proteases,
the membrane fusion and reconstruction processes are
initiated at the fusion peptide (FP) and heptad repeat (HR)
domain, followed by internalization and the pH-dependent
endocytic pathway. Therefore, the S protein is a vital target for

blocking viral entry into host cells.9 A number of HR mimetics
of peptides have been developed as entry inhibitors of
coronaviruses including SARS-CoV-2 which mainly target the
HR domain to inhibit the membrane fusion process.10,11

Several small molecules have also been identified as effective
entry inhibitors of SARS-CoV-2 through drug repurposing
screening and virtual screening.12,13 However, the molecular
mechanism of these small molecule entry inhibitors against
coronavirus remains unclear.
We have previously reported chlorcyclizine (CCZ) as a

potent hepatitis C virus (HCV) entry inhibitor.14,15 Through
site-directed mutagenesis studies and computational modeling,
we have elucidated the mechanism of action of CCZ on
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inhibition of HCV entry directly targeting the HCV E1 fusion
loop and blocking the viral fusion process.16 CCZ also showed
inhibitory activities against SARS-CoV-2, SARS-CoV-1, and
MERS in the pseudoparticle (PP) entry assay, indicating that
CCZ is a broad antiviral entry inhibitor.12,17

To investigate whether CCZ utilizes the same mechanism of
inhibition against coronavirus, we performed a comparative
structural analysis of the FP in SARS-CoV-2 S protein. The FP
fragment (815−852) is located downstream of the S2′ cleavage
site, characterized with a short helix at the beginning and a
dynamic loop region. The loop is found to be highly flexible
and typically disordered in the prefusion structure of the trimer
complex.18 A packed conformation of FP is also observed in
the soluble S structure in the RBD-down conformation.19

Analysis of these available structures revealed a well-defined
hydrophobic pocket at the FP helix region and the adjacent

HR1 domain (Figure 1). The hydrophobic pocket is partially
formed by the extended FP loop in a closed conformation in
the packed structure, while it is rather open and extended to a
hydrophobic groove along the adjacent HR1 helix in the
disordered structure.
Similar to CCZ binding to the FP of HCV E1, the FP

hydrophobic pocket of SARS-COV-2 S protein provided a
potential binding site for small molecule intervention. To
examine the dynamics and conformational changes of FP upon
inhibitor binding, we first modeled the flexible loop in the
trimer complex of the S protein structure. Different
conformations of the loop in the closed, open, and
intermediate states can be seen (Figure S1). Although these
ensembles of loop conformations were modeled in an aqueous
system which may behave differently in the membrane surface,
the intrinsic dynamics of the FP implied its vital functional role

Figure 1. Comparison of the structure of SARS-CoV-2 S protein in the RBD-down conformation (PDB 6XR8) and RBD-up conformation (PDB
6VSB). The FP is colored in magenta, and the binding pocket is rendered in hydrophobic surface. The chemical structure of CCZ and the
predicted binding model in the FP pocket are shown on the right panel.

Figure 2. Comparison of the FP binding pocket of the spike protein of SARS-CoV-2 (PDB 6XR8), SARS-CoV-1 (PDB 5WRG), and MERS (PDB
6NB3). The spike protein is rendered in ribbons with the FP colored in magenta and the HR1 domain in blue. The FP in the structure of SARS-
CoV-1 is disordered. The entry inhibitor CCZ bound in the FP pocket and key interacting residues Asp867/Asp849/Glu944 are shown.
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in the membrane fusion process. Molecular dynamics (MD)
simulations showed that, while the unstructured FP loop is
highly fluctuated, the hydrophobic pocket at the FP hinge
region remained rather stable in the prefusion structure of S
protein.
We performed ensemble docking of CCZ to the modeled FP

conformations to identify the plausible binding interaction
with SARS-CoV-2. As shown in Figure 1, the small molecule
fits well in the hydrophobic pocket with the FP loop preferably
in a closed conformation. Remarkably, an H-bond is formed
between the piperazine N atom with Asp867 in the pocket, the
same as what was observed in the HCV E1 binding model.16

Another interesting binding interaction can be seen with
Phe833 from the FP loop, which points into the hydrophobic
pocket and forms a π−π stacking interaction with the phenyl
group.
We further explored the CCZ binding at the FP in SARS-

CoV-1 and MERS. While the FP loop in these two viruses is
also highly flexible and typically disordered in the structural
complex, a similar hydrophobic pocket is found at the FP
region (Figure 2). Docking of CCZ revealed the same binding
mode as observed in SARS-CoV-2, that the molecule is
accommodated well in the FP hydrophobic pocket. Moreover,
the key interacting residues Asp867 and Phe833 in SARS-CoV-
2 are highly conserved in SARS-CoV-1 and MERS.
Inspired by the encouraging results, we performed virtual

screening to search for novel inhibitors targeting the FP
binding pocket. A pharmacophore model was first generated
based on the predicted binding interaction of CCZ at the FP
binding pocket of SARS-CoV-2 (Figure S2). The NCATS in-
house library consisting of nearly 200,000 drug-like com-
pounds was screened, and a total of 10,000 hits were extracted

from the pharmacophore-based and 3D-shape-based searching,
followed by a stepwise docking of the hits to the FP binding
site of SARS-CoV-2. The top-scored 2000 compounds from
docking were selected and clustered. All compounds from each
cluster and singletons were visually inspected. Finally, 120
compounds were prioritized for further evaluation.
The selected compounds were tested in the SARS-CoV-2 PP

entry assay and the live virus cytopathic effect (CPE)
assay.12,20 The PP entry assay was developed using
pseudotyped murine leukemia virus (MLV) harboring SARS-
CoV-2 S protein and was performed in a HEK293-ACE2 cell
line. A counter assay with vesicular stomatis virus G protein
(VSV-G) PP was used to eliminate false positives that inhibit
luciferase reporter expression and compounds that do not act
on the spike-mediated entry. A compound cytotoxicity counter
assay was carried out in parallel with both PP and CPE assays
to detect nonspecific compound cytotoxicity in the respective
cells. Of 120 compounds tested, a few hits exhibited specific
activity against SARS-CoV-2 PPs with at least 5-fold selectivity
over that against the VSV-G PPs, while also showing activity in
the CPE assay. These active hits varied in potency, efficacy,
and cytotoxicity, and two chemotypes of compounds had
robust activities in both CPE and PP assays (Figure 3).
Clobenztropine (C1) belongs to the same class of H1

antihistamines as CCZ. It showed activities in the SARS-CoV-
2 PP assay with an IC50 of 12.6 μM and in the CPE assay with
an IC50 of 8.9 μM. The quinazoline-based compound D3-βArr
C2 is a positive allosteric modulator for thyrotropin receptor
(TSHR),21 which is a structurally appealing chemotype with
no previously reported antiviral activity. It showed an IC50 of
15.8 μM in the SARS-CoV-2 PP assay and 10.0 μM in the CPE
assay, respectively. The two inhibitors are structurally distinct

Figure 3. Identified inhibitors from VS and dose−response activities in the SARS-CoV-2 PP entry assay and the CPE assay.
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but share a similar 3D triangular molecule shape as CCZ.
Figure 4 shows the predicted binding models of these
inhibitors bound at the FP site. Both compounds fit into the
pocket by forming extensive hydrophobic and aromatic
stacking interactions. Similar to CCZ binding, an H-bond is
formed between Asp867 and the N atom of the polar
headgroup. Another key interaction is also seen with Phe833,
which forms a π−π stacking interaction with the chlorophenyl
and quinazoline groups of C1 and C2. While the S enantiomer
of C2 was initially evaluated, we also tested the R enantiomer
of C2, which showed similar activities in the CPE and PP
assays. The results were consistent with the predicted binding
interactions of these two enantiomers at the FP binding pocket
(Figure S3).
To further investigate the two potential fusion inhibitors, we

evaluated a number of derivatives using the same PP and CPE
assays. The analogue compounds were retrieved from the
structural clusters in the pharmacophore-based virtual screen-
ing. Three clobenztropine-related compoundsbenztropine,
difluorobenztropine, and clemastinewere tested (Figure 5).

All of these small molecules are H1 antihistamine agents,
which also showed robust anti-HCV activity in our previous
drug repurposing screen.14 Compared to clobenztropine,
benztropine showed decreased activities in both CPE and PP
assays due to lack of halogen bonding interaction between
chlorine and Asp830, while difluorobenztropine had an
increase in potencies and efficacies in both assays owning to
the dual fluorine binding. Clemastine adopted the same
binding mode as the analogues. The compound has two

stereocenters in the R configuration, which showed the most
favorable binding conformation in the FP pocket (Figure S4).
A diversity of C2 analogue compounds was tested in the

CPE and PP assays (Table 1). The predicted binding
interactions of these inhibitors at the FP binding pocket also
provided a structural basis and SAR of this interesting
chemotype against SARS-CoV-2 (Figure S5). Most analogues
showed comparable activities to C2 with IC50 ranging from 10
to 20 μM in both assays and were selective to SARS-CoV-2.
Modifications of the quinazoline core displayed better
activities, likely because of better binding interactions with
the flexible FP loop, but showed cytotoxicity at high
concentration (C3 and C7). Substitutions on the phenyl
group (C5 and C6) are tolerated, but the para-position might
be preferable because it points out to the solvent-exposed
region. Consistent with the predicted binding models of these
analogues at the FP pocket, replacement of the piperazine
headgroup (C9 and C10) resulted in a significant decrease of
activities in both assays.
We further evaluated the antiviral activity of these

compounds in VSV-based PP entry assays including SARS-
CoV-1, SARS-CoV-2, and MERS. Different from the
previously used MLV-based PP assays in a HEK293-ACE2
cell line, the VSV PPs harboring the spike protein were
generated and tested in human hepatoma cells (Huh7), which
are susceptible to SARS-CoV-2 infection.22 As shown in Figure
6, the two series of inhibitors and analogues were active against
three viruses with IC50 in single-digital micromole. While the
higher efficacy and potency against SARS-CoV-2 in the VSV-
based PP assay were likely due to differences in pseudoparticle
and host cell lines, the results were generally consistent in both
MLV- and VSV-based PP assays, and activities of these
inhibitors against the three viruses in the VSV-based PP assay
were comparable to those determined in the MLV-based PP
assays. C2 showed the best activity against SARS-CoV-1 with
an IC50 of 0.96 μM, while C4 was the most potent analogue
against SARS-CoV-2 with an IC50 of 1.70 μM. Notably, most
of these inhibitors were slightly more potent and selective to
SARS-CoV-1, which may be associated with a more flexible FP
loop in SARS-COV-1. The activities and structure−activity
relationship of C2 analogues against SARS-CoV-1 and MERS
were also consistent, as observed in the MLV-based assay
against SARS-CoV-2 (Figure S6).
It is worth noting that all inhibitors of the two series of

compounds showed a similar molecule shape and binding

Figure 4. Predicted binding model of C1 (clobenztropine) and C2 (D3-βArr) in the FP binding pocket.

Figure 5. Activities of clobenztropine analogues in the CPE and PP
assays. na = not active.
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interactions in the FP binding pocket, reiterating our
hypothesis that these CCZ-mimicking small molecules share
the same mechanism of action targeting the conserved FP
binding pocket. Xiao et al. reported five drug compounds from
drug-repurposing screening which inhibited SARS-CoV-2 S
protein-mediated cell fusion.23 Remarkably, these fusion
inhibitors such as fendiline and vortioxetine are also
structurally similar to CCZ with a triangle molecule shape.
Docking studies showed that these two drugs fit well in the FP
binding pocket (Figure S7). The unique FP hydrophobic
pocket together with the HR1 domain appears to be the key
driving force for such CCZ-like small molecule binding. It is
postulated that inhibitor binding at the FP domain blocks the
conformational changes of the S protein, thus preventing the
folding/unfolding and membrane fusion process. The induced
conformational changes and dual solubility of FP at the water−
membrane interface play an important role in the viral

postfusion process.24 Since the ordered and closed con-
formation of FP is directly associated with the RBD-down
conformation, an alternative mechanism of action is that small
molecule binding stabilizes the FP loop in the closed
conformation, thereby locking the S protein in the RBD-
down inactive form and blocking receptor−RBD binding.
Viral entry is a complex process with a number of protein

targets in virus and host cells involved in the membrane fusion
mechanism and endocytic pathway.25,26 While we identified
small molecule entry inhibitors from the structure-based virtual
screening targeting the FP binding site and confirmed their
inhibitory activities in the PP entry assays and CPE assay,
further experimental studies are required to elucidate the
mechanism of action of these potential fusion inhibitors. As we
have previously validated the CCZ binding in the FP pocket of
HCV,16 site-directed mutagenesis studies of the key residues in
the FP pocket such as Asp867 and Phe833 would provide

Table 1. Activities of C2 Derivatives in the PP and CPE Assays

aAll compounds tested except C2 (S) are racemic mixtures.
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insight on the molecular basis of inhibition in the viral fusion
process.
In summary, through comparative structural modeling

analysis, we have revealed a fusion-peptide hydrophobic
pocket of S protein in SARS-CoV-2 that also exists in SARS-
CoV-1 and MERS. The FP binding site and interactions with
small molecule were explored by the fusion inhibitor CCZ.
Further structure-based virtual screening led to the identi-
fication of two chemotypes of inhibitors, which may serve as a
starting point for further development of potent inhibitors
against SARS-CoV-2. The characterization of the coronavirus S
protein FP binding pocket provides a novel and promising
target for the structure-based design of small molecule entry
inhibitors as drug candidates for the treatment of COVID-19.
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