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ARTICLE INFO ABSTRACT

Keywords: Aims: Cell surface binding immunoglobin protein (csBiP) is predicted to be susceptible to SARS-CoV-2 binding.
COVID-19 / SARS-CoV-2 With a substrate-binding domain (SBD) that binds to polypeptides and a nucleotide-binding domain (NBD) that
BiP

can initiate extrinsic caspase-dependent apoptosis, csBiP may be a promising therapeutic target for COVID-19.
This study aims to identify FDA-approved drugs that can neutralize viral binding and prevent viral replication
by targeting the functional domains of csBiP.

Methods: In silico screening of 1999 FDA-approved drugs against the functional domains of BiP were performed
using three molecular docking programs to avoid bias from individual docking programs. Top ligands were
selected by averaging the ligand rankings from three programs. Interactions between top ligands and functional
domains of BiP were analyzed.

Key findings: The top 10 SBD-binding candidates are velpatasvir, irinotecan, netupitant, lapatinib, doramectin,
conivaptan, fenoverine, duvelisib, irbesartan, and pazopanib. The top 10 NBD-binding candidates are nilotinib,
eltrombopag, grapiprant, topotecan, acetohexamide, vemurafenib, paritaprevir, pixantrone, azosemide, and
piperaquine-phosphate. Among them, Velpatasvir and paritaprevir are antiviral agents that target the protease of
hepatitis C virus. Netupitant is an anti-inflammatory drug that inhibits neurokinin-1 receptor, which contributes
to acute inflammation. Grapiprant is an anti-inflammatory drug that inhibits the prostaglandin E, receptor
protein subtype 4, which is expressed on immune cells and triggers inflammation. These predicted SBD-binding
drugs could disrupt SARS-CoV-2 binding to csBiP, and NBD-binding drugs may falter viral attachment and
replication by locking the SBD in closed conformation and triggering apoptosis in infected cells.

Significance: csBiP appears to be a novel therapeutic target against COVID-19 by preventing viral attachment and
replication. These identified drugs could be repurposed to treat COVID-19 patients.

Drug repurposing
Molecular docking

1. Introduction

A novel strand of coronavirus, SARS-CoV-2, was reported in late
2019 (Bogoch et al., 2020; Li et al., 2020; Zhou et al., 2020). The disease
caused by which was termed the coronavirus disease 2019 (COVID-19)
(Naming the coronavirus disease, 2020). SARS-CoV-2 can utilize the
angiotensin-converting enzyme 2 (ACE2) receptor to infiltrate the host
cells (Lan et al., 2020; Wan et al., 2020; Liu et al., 2020; Chai et al.,
2020)—the same receptor used by SARS-CoV (Li et al., 2003). The
genome of SARS-CoV-2 closely resembles its predecessors: SARS-CoV in

2002 and MERS-CoV in 2012 (Chan et al., 2020; Ashour et al., 2020).
SARS-CoV-2 has a higher binding affinity to ACE2, contributing to its
amplified contagiousness (Lan et al., 2020; Shang et al., 2020; Letko
et al., 2020). The mechanism of coronavirus entry has been reviewed by
colleagues over the years (Hofmann and Pohlmann, 2004; Belouzard
et al., 2012; Cong and Ren, 2014; Fung and Liu, 2019; Hasan et al.,
2020). Notably, coronaviruses can recognize many cell surface mole-
cules for attachment. Among them, binding immunoglobulin protein
(BiP), also known as Grp78 or HSPAS5, emerged to be a common receptor
with unique characteristics.

Abbreviations: ACE2, angiotensin-converting enzyme 2; ARS, acute respiratory syndrome; BiP, binding immunoglobulin protein; csBiP, cell surface BiP; COVID-
19, coronavirus disease 2019; EP4, PGE, receptor protein subtype 4; ER, endoplasmic reticulum; HCV, hepatitis C virus; HSP, heat shock protein; MOA, mechanism of
action; NBD, nucleotide binding domain; NK-1R, neurokinin-1 receptor; PDB, Protein Data Bank; PGE,, Prostaglandin E,; RdRp, RNA-dependent RNA polymerase; S

protein, spike protein; SBD, substrate binding domain.
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Fig. 1. A. Full-length, ATP-bound BiP (PDB ID: 5E84) has two functional do-
mains: a substrate-binding domain (SBD in violet) that binds to polypeptides
and a nucleotide-binding domain (NBD in cyan) with ATPase activity. ATP is
shown in orange sticks. A linker motif (L in green) connects the two domains.
The NBD is at the N-terminus with amino acid (AA) residues 25 to 408. The SBD
is at the C-terminus with AA residues 419 to 633. The linker connects the two
domains and has AA residues 409 to 418. B. The SBD of BiP alternates between
open and closed conformations, controlled by ATP binding and its hydrolysis.
NBD inhibitors disrupt ATPase activity, locking the SBD at the closed confor-
mation and preventing potential viral binding.

BiP was traditionally considered an endoplasmic reticulum (ER)
chaperone that maintains ER homeostasis (Zhu and Lee, 2015). When
cells are stressed such as in the conditions of viral infection, BiP is
upregulated and trafficked to the plasma membrane (Gething, 1999;
Alder and Johnson, 2004; Misra et al., 2005; Casas, 2017; Tsai and Lee,
2018). This phenomenon was observed clinically where COVID-19 pa-
tients had significantly higher expression of cell surface BiP (csBiP) in
their alveolar epithelium (Palmeira et al., 2020; Aguiar et al., 2020). On
the cell surface, BiP can facilitate viral attachment and entry such as for
dengue virus (Jindadamrongwech et al., 2004; Chen et al., 2017), Jap-
anese encephalitis virus (Nain et al., 2017), Zika virus (Pujhari et al.,
2019; Royle et al., 2020), coxsackievirus (Triantafilou et al., 2002),
Borna disease virus (Honda et al., 2009), Ebola virus (Reid et al., 2014),
MERS-CoV, and bat coronavirus (Chu et al., 2018). A recent computa-
tional study predicted that csBiP can bind SARS-CoV-2 (Ibrahim et al.,
2020). Therefore, as a crucial receptor protein in viral infection, csBiP
deserves a closer look as a potential therapeutic target for COVID-19.

BiP has a substrate-binding domain (SBD) on the C-terminal region
and a nucleotide-binding domain (NBD), also known as the ATPase
domain, on the N-terminal region (Lindquist and Craig, 1988) (Fig. 1A).
The SBD binds to polypeptides often through hydrophobic interactions,
which enables the chaperone duty of BiP (Rosenzweig et al., 2019). The
NBD can alternate the SBD between open and closed conformations by
ATP binding and hydrolysis (Yang et al., 2015). When BiP NBD is bound
to ATP, the SBD has fast and dynamic binding and release of substrates;
during ADP-bound state, the SBD has a closed conformation, preventing
the exchange of substrates (Yang et al., 2015) (Fig. 1B). When BiP NBD
is inhibited and cannot bind to ATP, the SBD is locked into closed
conformation (Yang et al., 2017). While neutralizing SARS-CoV-2
attachment by inhibiting BiP SBD has been proposed (Elfiky, 2020),
targeting the NBD of BiP is hardly explored. Past investigations showed
that antibody- and drug-inhibition of BiP NBD significantly reduced
viral attachments (Jindadamrongwech et al., 2004; Chen et al., 2017;
Nain et al., 2017; Pujhari et al., 2019; Royle et al., 2020; Triantafilou
et al., 2002; Honda et al., 2009; Reid et al., 2014; Chu et al., 2018),
warranting the significance of BiP NBD in viral studies. Furthermore,
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when the ATPase activity at the NBD of csBiP is disrupted, csBiP can
trigger extrinsic caspase-dependent apoptosis pathways (Lanneau et al.,
2008; Misra et al., 2009; Misra and Pizzo, 2010; Ge and Kao, 2019; Ko
et al., 2015; Nair et al., 2014), providing a machinery to terminate
infected cells. In this study, we aim to identify available drugs that could
be repurposed to target csBiP SBD and NBD to interfere with
SARS-CoV-2 binding and potentially induce apoptosis in the infected
cells to prevent viral replication and further infection.

2. Materials and methods
2.1. Retrieval and preparation of ligands and protein receptor

The ligands were selected from the CLUE Repurposing Hub database
(https://clue.io/repurposing-app) (Clue Repurposing, 2020), where all
of the FDA approved drugs and drugs amid clinical trials are listed.
Among them, the 1999 FDA-approved drugs were selected for virtual
screening using three molecular docking programs: AutoDock4 (AD4)
(Forli et al., 2016; Morris et al., 2009), AutoDock Vina (Vina) (Trott and
Olson, 2010), and RosettaLigand (Rosetta) (DeLuca et al., 2015). The
Simplified Molecular Input Line Entry System (SMILES) strings were
obtained from the CLUE Repurposing Hub database for all 1999 drugs,
and Schrodinger Maestro v 12.3 LigPrep module (Schrodinger Release,
2020) was used to prepare the drugs for molecular docking. LigPrep
converted the SMILES strings to 3D SDF structures, desalted the drugs,
and added all hydrogen atoms. Energy minimization was performed on
the drugs using the OPLS3e force field (Harder et al., 2016). The 1999
ligand library in SDF format was used to generate a conformer library,
which was needed for docking with Rosetta, using the Conformer Gen-
eration tool from the BCL suite (Kothiwale et al., 2015). OpenBabel
software (O’Boyle et al., 2011) was used to convert the ligands in SDF
format to PDBQT format with Gasteiger charges added, which was
needed for docking with AD4 and Vina. The full-length and wild-type 3D
crystal structure of BiP (PDB ID: 5E84, Resolution: 2.99 A) was retrieved
from the Protein Data Bank (PDB) (Yang et al., 2015). For molecular
docking in AD4 and Vina, the crystal structure of BiP monomer was
loaded into AutoDock Tools software (Morris et al., 2009) for prepara-
tion: polar hydrogen atoms were added; water molecules, ion molecules,
and bound ATP were removed; and lastly, Kollman Charges were added.
Prepared BiP was output in PDBQT format for molecular docking in Vina
and AD4. For molecular docking in Rosetta, the BiP PDB file was pre-
pared using Rosetta’s clean PDB script (Lemmon and Meiler, 2012).

2.2. Molecular docking and analysis

For molecular docking using AutoDock 4 software (Forli et al., 2016;
Morris et al., 2009) and AutoDock Vina software (Trott and Olson,
2010), the docking was performed in the high-performance computing
facility at the University of Alabama at Birmingham. For molecular
docking using RosettaLigand software (DeLuca et al., 2015), the docking
was performed in high performance supercomputer in Alabama Super-
computer Authority. The selected 1999 FDA-approved drugs were the
ligands, and the NBD and the SBD of BiP (PDB ID: 5E84) were docking
targets. ATP and pep42 were chosen as reference substrates and positive
controls for the NBD and SBD respectively because they are known NBD-
and SBD-binding ligands (Kim et al., 2006; Liu et al., 2007). In molecular
docking, the ligands were treated as flexible with rotatable bonds while
the receptor protein BiP was treated as rigid. Docking results were first
ranked based on each individual molecular docking program according
to the calculated binding energy (kcal/mol) in Vina and AD4 and the
interface energy (Rosetta Energy Units (REU)) in Rosetta. After the drugs
were ranked based on the individual programs, the average of the ranks
from three docking programs was calculated for each ligand to avoid the
bias of each individual docking program, and the averages were used to
rank the drugs’ overall promise.

Drug compounds with high binding affinities (low negative binding


https://clue.io/repurposing-app

Y. Zhang et al.

Table 1
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The molecular docking results of top 10 drug candidates that may be repurposed to prevent SARS-CoV-2 from binding to the SBD of BiP.

Compound Structure Category Mechanism of Action Vina Binding AD4 Binding Rosetta Overall Ranking for
Name (MOA) Energy (kcal/ Energy (kcal/ Interface Energy =~ FDA-approved drug
mol) mol) (REU)
Pep42 Positive BiP SBD ligand (Kim -5.8 -8.5 -5.0
Control et al., 2006)
Velpatasvir Antiviral HCV NS5A inhibitor -8.1 -7.9 -12.2 1
Irinotecan Anticancer Topoisomerase I inhibitor ~ -7.8 -7.8 -12.0 2
Netupitant Antiemitic NK-1 receptor antagonist -8.6 -7.9 -11.4 3
()
Lapatinib N Anticancer EGFR/HER2 protein -7.0 -7.6 -12.1 4
S - kinase inhibitor
§-0 1NN
)VJ t‘:l\ PN
L T ()
Doramectin w0l o 5 Antiparasitic Unknown -7.5 -9.3 -10.7 5
Conivaptan oA Cardiovascular Antagonist of human -8.6 -7.4 -11.1 6
.
arginine vasopressin
Fenoverine ©/\J© Gastro- Acetylcholine receptor 7.2 -7.2 -11.9 7
% intestinal antagonist
N
w
9
Duvelisib < N Anticancer Phosphoinositide-3 -7.0 -8.0 -11.4 8
\j/\( kinases inhibitor
X
Irbesartan Cardiovascular Type-1 angiotensin II 7.3 -6.9 -12.0 9
receptor antagonist
O
Pazopanib 2 Anticancer Tyrosine kinase inhibitor -6.9 -6.9 -13.1 10

energy) to the NBD or the SBD were selected as the NBD- or SBD-

2.3. Electrostatic potential analysis

inhibitor candidates. Hydrophobic interactions, hydrogen bond forma-

tions, and electrostatic interactions between BiP (PDB ID: 5E84) and the
identified drugs were performed and visualized using PyMol (Schro-
dinger, LLC., 2015) and Schrodinger Maestro (Maestro, 2020) software.

To evaluate the surface electrostatic potential of BiP in complex with
the identified top drug candidates, we generated electrostatic potential
maps using adaptive Poisson-Boltzmann solver (APBS) plugin function
in PyMOL software (Lerner and Carlson, 2020). The APBS plugin in
PyMOL is an interface of APBS program (Baker et al., 2001) in PyMol
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Fig. 2. Interaction between velpatasvir (shown in orange sticks) and the SBD of BiP. A. Predicted docking of velpatasvir inside the substrate binding site of the BiP
SBD (shown in violet). The NBD is indicated in cyan. B. H-bonds between velpatasvir and residues Thr 434, Lys 435, and GIn 449 are illustrated by light green dashed
lines in three-dimensional space. C. Electrostatic interaction between velpatasvir and the SBD of BiP. Red: negative electrostatic potential; Blue: positive electrostatic
potential; White: neutral electrostatic potential. D. 2D schematic representation of interactions between velpatasvir and active residues. Atoms with an electric
charge greater than +0.15 or less than -0.15 coulombs (C) are labeled. H-bonds are denoted by purple arrows. Hydrophobic interactions are denoted by green ribbons
between BiP residues and velpatasvir. The grey rings around the ligand atoms indicate the solvent exposure.

and provides easy access to electrostatics calculations and the visuali-
zation of the electrostatic potential on protein surfaces.

3. Results and discussion
3.1. Available drugs repurposed to target the SBD of BiP

Although without available crystallographic evidence of SARS-CoV-
2-bound BiP, a recent in silico modeling study suggested that the Cys480-
Cys488 region of SARS-CoV-2 S protein could bind to the SBD of BiP
(active residues Thr428, Phe451, and Ser452) (Ibrahim et al., 2020).
Subsequent molecular docking studies proposed using natural ligands
such as phytoestrogens and estrogens (Elfiky, 2020) and peptidic drugs
such as Zilucoplan, Obinepitide, and Corticorelin ovine triflutate (Pal-
meira et al., 2020) to compete with viral S protein for BiP-binding. In
this study, we screened FDA-approved small molecular drugs that could
be repurposed to target BiP.

Pep42 is a known peptidic substrate of BiP SBD (Kim et al., 2006; Liu
et al., 2007) and is used as a reference and positive control for tested
drug candidates. The top 10 SBD-binding ligands are velpatasvir, iri-
notecan, netupitant, lapatinib, doramectin, conivaptan, fenoverine,
duvelisib, irbesartan, and pazopanib (Table 1). Velpatasvir (-8.1
kcal/mol in Vina; -7.9 kcal/mol in AD4; -12.2 REU in Rosetta) has the
strongest overall binding to BiP SBD (Table 1, Fig. 2A), forming
hydrogen bonds with residues Thr434, Lys435, and Gln449 (Fig. 2B).
With partial negative charges in functional groups such as hydroxyl,
ester, ether, and amide in velpatasvir, the two ends of velpatasvir elec-
trostatically interact with positively charged residues on the exterior of
BiP SBD such as Lys 435, Lys 447, and Lys 460, (Fig. 2C and D). Its
cyclohexane backbone exhibits hydrophobic interaction with Ile 426,

Val 429, Phe 451, and Val 453 (Fig. 2D).

Velpatasvir is an antiviral agent often administered with sofosbuvir
under the brand name Epclusa to treat hepatitis C virus (HCV) infec-
tion—another single-stranded RNA virus (Greig, 2016). Numerous
computational studies have implicated velpatasvir as a potential inhib-
itor of SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) (Indu
et al., 2020; Bello et al., 2020; Chen et al., 2020). Results from our study
suggest that velpatasvir may compete with SARS-CoV-2 for binding the
SBD of BiP, thereby preventing viral attachment.

Netupitant, on the other hand, is a less obvious but highly promising
drug candidate in combating COVID-19. It also demonstrated strong
binding to BiP SBD (-8.6 kcal/mol in Vina; -7.9 kcal/mol in AD4; -11.4
REU in Rosetta) (Table 1, Fig. 3A). The partial negative charges due to
amide groups on netupitant electrostatically interact with positively
charged exterior regions of BiP SBD (Fig. 3C and D). Meanwhile, its
non-polar ring structure sits deep inside the SBD through hydrophobic
interaction with nonpolar residues such as Ile 426, Val 429, Ile 456, Phe
451, Val 453, and Val 457 (Fig. 3B and D).

Netupitant is an antagonist of the neurokinin-1 receptor (NK-1R), a G
protein-coupled receptor that is normally activated by Substance P (SP).
Upon SP binding, NK-1R initiates signaling cascades to induce tran-
scription factor NF-kb and subsequent proinflammatory cytokines
(Williams et al., 2007; Bost, 2004). During viral infection and inflam-
mation, NK-1R is upregulated on the surface of pulmonary epithelial
cells and immune cells (Bai et al., 1995; Chu et al., 2000; King et al.,
2001). Meanwhile, SP is produced and released into the extracellular
space by airway epithelia to escalate the inflammation through auto-
crine and paracrine signaling (King et al., 2001; Stewart et al., 2008;
Suvas, 2017). This positive-feedback inflammatory machinery likely
contributes to the clinically observed acute respiratory syndromes
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Fig. 3. Interaction between netupitant (shown in orange sticks) and the SBD of BiP. A. Predicted docking of netupitant inside the substrate binding site of the BiP
SBD (shown in violet). B. Close up look of netupitant inside the SBD of BiP through hydrophobic interactions. C. Electrostatic interaction between netupitant and the
SBD of BiP. Red: negative electrostatic potential; Blue: positive electrostatic potential; White: neutral electrostatic potential. D. 2D schematic representation of
interactions between netupitant and active residues. Atoms with an electric charge greater than +0.15 or less than -0.15 coulombs (C) are labeled. Hydrophobic
interactions are denoted by green ribbons between BiP residues and velpatasvir. The grey rings around the ligand atoms indicate the solvent exposure.

(ARSs) in COVID-19 patients. To treat COVID-19 symptoms, a clinical
study in Pakistan used another NK-1R antagonist, aprepitant (Mehboob
et al., 2020). The positive results from this study implicated the promise
of NK-1R antagonists as a therapeutic candidate for COVID-19. Our data
suggest that netupitant may also inhibit the SBD of BiP. Therefore, in
addition to the anti-inflammatory effects of netupitant, we herein sug-
gest a novel strategy whereby netupitant may prevent SARS-CoV-2 from
attaching to csBiP.

3.2. Available drugs repurposed to target the NBD of BiP

ATP, the natural substrate of BiP NBD, is used as a reference and
positive control for drug candidates. The top 10 ligands are nilotinib,
eltrombopag, grapiprant, topotecan, acetohexamide, vemurafenib,
paritaprevir, pixantrone, azosemide, and piperaquine-phosphate
(Table 2). While nilotinib (-9.7 kcal/mol in Vina; -6.6 kcal/mol in
AD4; -20.1 REU in Rosetta) and eltrombopag (-10.7 kcal/mol in Vina;
-7.1 kcal/mol in AD4; -13.8 REU in Rosetta) demonstrated slightly better
overall binding against BiP NBD (Table 2), they both have risk factors
associated with cytotoxicity and hepatoxicity (Hochhaus et al., 2016;
Sadiq et al., 2019). Grapiprant presents the least toxicity (Kirkby Shaw
et al., 2015) and greatest potential to be a drug candidate for COVID-19.
It demonstrated strong binding affinity (-9.3 kcal/mol in Vina; -6.5
kcal/mol in AD4; -16.2 REU in Rosetta) to the NBD of BiP (Table 2,
Fig. 4A) by forming hydrogen bonds with residues Thr 38 and Glu 256
(Fig. 4B and D). The partial negative charges on grapiprant due to
amide and hydroxyl groups fit in close proximity with positively charged
regions of BiP NBD by electrostatically interacting with positively
charged residues such as Arg 289, Arg 290, Lys 294, Lys 296, and Arg
297 (Fig. 4C and D).

Grapiprant is an anti-inflammatory prostaglandin inhibitor currently

used to treat inflammatory pain by competitively inhibiting the pros-
taglandin E; (PGE;) receptor protein subtype 4 (EP4) (Nakao et al.,
2007). EP4 is abundantly expressed on the surface of lung cells and
almost all immune cells (Robb et al., 2020). After PGE,-binging, EP4 can
initiate a wide range of physiological effects including cellular differ-
entiation, proliferation, angiogenesis, and inflammation (Kalinski,
2012; Konya et al., 2013). In patients infected with SARS-CoV-1 and
SARS-CoV -2, PGE; level has been shown to be upregulated (Lee et al.,
2004; Hong et al., 2020). A past study on influenza A virus also showed
that PGE; can undermine the host antiviral response by inhibiting both
innate and adaptive immunity (Coulombe et al., 2014), and a recent
study suggests PGE, may be responsible for early inflammation in
COVID-19 patients (Robb et al., 2020). Therefore, as an inhibitor to the
receptor of PGE,, grapiprant may help fight infection and ameliorate
COVID-19 symptoms. Corroborating with this idea, the results from our
study implicate that grapiprant could inhibit the ATPase activity of
csBiP and allosterically lock the SBD in the closed conformation (illus-
trated in Fig. 1B). The locked SBD conformation may prevent
SARS-CoV-2 from binding to csBiP, while disrupted ATPase activity may
trigger extrinsic caspase-dependent apoptosis (Lanneau et al., 2008;
Misra et al., 2009; Misra and Pizzo, 2010; Ge and Kao, 2019; Ko et al.,
2015; Nair et al., 2014), a process analogous to that of cytotoxic T
cell-initiated cellular immunity (Actor, 2012). This way, upregulated
csBiP due to SARS-CoV-2 infection could be employed as a therapeutic
target to fight against the virus and remedy the disease.

In addition to grapiprant, paritaprevir showed strong binding with
the NBD of BiP (-9.2 kcal/mol in Vina; -7.2 kcal/mol in AD4; -13.2 REU
in Rosetta) as well (Table 2, Fig. 5A). Hydrogen bonding exists between
its hydroxyl group and BiP residue Arg 297, which “hooks” paritaprevir
to the binding pocket of BiP NBD (Fig. 5B and D). Meanwhile, the
partially negative amide group on the ring electrostatically interacts
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Table 2
The molecular docking results of top 10 drug candidates that may be repurposed to inhibit the NBD of BiP thereby disrupting its ATPase functions.

Compound Name Structure Category Mechanism of Action Vina Binding AD4 Binding Rosetta Interface  Overall Ranking for

(MOA) Energy (kcal/ Energy (kcal/ Energy (REU) FDA-approved drug
mol) mol)

ATP Control Natural BiP NBD Ligand -8.8 -2.7 -9.1

Nilotinib Anticancer Tyrosine kinase inhibitor ~ -9.7 -6.6 -20.1 1

Eltrombopag Cardiovascular Thrombopoietin receptor ~ -10.7 7.1 -13.8 2
agonist

Grapiprant Anti- Prostaglandin EP4 -9.3 6.5 16.2 3

inflammatory receptor inhibitor

Topotecan Anticancer Topoisomerase I -8.8 6.8 15.7 4
inhibitor

Acetohexamide Diabetic ATP-dependent K+ -9.2 6.9 13.8 5
channel inhibitor

Vemurafenib Anticancer Protein kinase inhibitor -10.1 7.2 -13.0 6

Paritaprevir Antiviral NS3/4A serine protease -9.2 7.2 -13.2 7
inhibitor

Pixantrone Anticancer DNA-topoisomerase II -8.8 6.7 14.4 8
complex stabilizer

Azosemide Cardiovascular Electrolyte reabsorption -8.7 6.6 15.3 9
inhibitor

Piperaquine- Antiparasitic Unknown -9.4 6.9 -12.8 10

phosphate

with positively charged residues such as Lys 294, Lys 296, Arg 297, and
Arg 367, further locking the three connected ring structure inside the
ATP-binding pocket (Figure 5C and 5D). Similar to velpatasvir, par-
itaprevir is an antiviral agent against the HCV protease complex that
gained a considerable amount of attention in the studies of COVID-19.
Through tools like artificial intelligence (AI) deep learning, molecular
docking, and, in some studies, molecular dynamics simulation, these
investigations unanimously suggested the potential of paritaprevir in
inhibiting viral RdRp, S protein, and proteases (Manikyam and Joshi,
2020; Shah et al., 2020; Alamri et al., 2020; Khan et al., 2020; Choi et al.,
2020). Our results expand the current paradigm and suggest that par-
itaprevir may also be used to target the NBD of csBiP, thereby sabotaging
viral activities.

Notably, it is by no coincidence that there are numerous anti-cancer
drugs among top-ranked drugs for both BiP SBD and NBD (Tables 1 &
2). Since csBiP can initiate caspase-dependent apoptosis, it has become a
popular target for cancer therapies (Casas, 2017; Ge and Kao, 2019;

Gopal and Pizzo, 2018; Araujo et al., 2018). However, anti-cancer drugs
may bring complications beyond COVID-19 symptoms and, therefore,
are not discussed as therapeutic candidates against SARS-CoV-2
infection.

In summary, we hereby propose a novel therapeutic strategy against
COVID-19 by targeting the two functional domains of csBiP. Since the
SBD of ¢sBiP is susceptible to viral binding, the drugs that are predicted
to inhibit BiP SBD may prevent SARS-CoV-2 attachment (Table 1 and
Supplemental Table 1). Meanwhile, the NBD of csBiP not only governs
the allosteric conformation of SBD but also possesses pro-apoptotic
functions. Therefore, the drugs that are predicted to inhibit BiP NBD
may trigger apoptosis in infected cells, prevent viral attachment and
replication (Table 2 and Supplemental Table 2). Among the drugs,
velpatasvir, netupitant, grapiprant, and paritaprevir are the most
promising candidates because of their original modes of action and
calculated strong binding with BiP.
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Fig. 4. Interaction between grapiprant (shown in orange sticks) and the NBD of BiP. A. Predicted docking of grapiprant inside the ATP-binding pocket of BiP NBD
(shown in cyan). The NBD is indicated in cyan. B. H-bonds between grapiprant and residues Thr38 and Glu256 are illustrated by light green dashed lines in three-
dimensional space. C. Electrostatic interaction between grapiprant and the NBD of BiP. Red: negative electrostatic potential; Blue: positive electrostatic potential;
White: neutral electrostatic potential. D. 2D schematic representation of interactions between grapiprant and active residues. Atoms with an electric charge greater
than +0.15 or less than -0.15 coulombs (C) are labeled. H-bonds are denoted by purple arrows. The grey rings around the ligand atoms indicate the solvent exposure.
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Fig. 5. Interaction between paritaprevir (shown in orange sticks) and the NBD of BiP. A. Predicted docking of paritaprevir inside the ATP-binding pocket of BiP NBD
(shown in cyan). The NBD is indicated in cyan. B. H-bond between paritaprevir and residues Arg297 is illustrated by light green dashed lines in three-dimensional
space. C. Electrostatic interaction between paritaprevir and the NBD of BiP. Red: negative electrostatic potential; Blue: positive electrostatic potential; White: neutral
electrostatic potential. D. 2D schematic representation of interactions between paritaprevir and active residues. Atoms with an electric charge greater than +0.15 or
less than -0.15 coulombs (C) are labeled. H-bond is denoted by purple arrows. The grey rings around the ligand atoms indicate the solvent exposure.



Y. Zhang et al.

3. Conclusion

Despite the efforts worldwide in elucidating the pathophysiology of
COVID-19, an effective treatment is still desperately lacking. csBiP can
act as a receptor that enables pathogen attachment and also initiate
caspase-dependent apoptosis pathways when its ATPase activity is dis-
rupted. Using in silico screening approach, we identified drugs that
demonstrated high binding affinities with two functional domains of
BiP. Among the drug candidates, velpatasvir and netupitant may inter-
fere with SARS-CoV-2 attachment by inhibiting the SBD of BiP; grapi-
prant and paritaprevir may lock the SBD conformation to a closed state
and trigger extrinsic caspase-dependent apoptosis by disrupting the
ATPase activity of BiP NBD. The known anti-inflammatory modes of
action by netupitant and grapiprant may palliate the acute pulmonary
immune response and mitigate COVID-19 symptoms; the known anti-
viral function of velpatasvir and paritaprevir may inhibit rival RARp and
prevent SARS-CoV-2 replication. Our results expand the current para-
digm and suggest that the identified drugs could be used to target csBiP,
thereby sabotaging viral activities. Results from this study could inspire
the future in vitro, in vivo, and clinical trials towards available drugs
being repurposed to treat COVID-19 patients.
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