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Abstract

The raging COVID-19 pandemic caused by SARS-CoV-2 has infected tens of millions of people
and killed several hundred thousand patients worldwide. Currently, there are no effective drugs

or vaccines available for treating coronavirus infections. In this study, we have focused on the
SARS-CoV-2 helicase (Nsp13), which is critical for viral replication and the most conserved non-
structural protein within the coronavirus family. Using homology modeling that couples published
electron-density with molecular dynamics (MD)-based structural refinements, we generated
structural models of the SARS-CoV-2 helicase in its apo- and ATP/RNA-bound conformations.
We performed virtual screening of ~970,000 chemical compounds against the ATP binding site
to identify potential inhibitors. Herein, we report docking hits of approved human drugs targeting
the ATP binding site. Importantly, two of our top drug hits have significant activity in inhibiting
purified recombinant SARS-CoV-2 helicase, providing hope that these drugs can be potentially
repurposed for the treatment of COVID-19.
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INTRODUCTION

A novel strain of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is
responsible for the COVID-19 pandemic.1:2 Coronaviruses (CoVs) are enveloped 5’-capped,
polyadenylated, single-stranded non-segmented, positive sense RNA viruses that cause
various diseases in animals.3 In humans, manifestations of CoV infection range from
asymptomatic, common cold, to lethal viral respiratory illness.* There are no effective drugs
or vaccines to treat or prevent CoV infection. Therefore, developing novel therapeutics for
CoV represents an urgent medical need to combat the current COVID-19 devastation.

Upon infecting host cells, CoVs assembles a multi-subunit RNA-synthesis complex of

viral non-structural proteins (Nsp) responsible for the replication and transcription of the
viral genome.# Among the 16 known CoV Nsp proteins, the Nsp13 helicase is a critical
component for viral replication and shares the highest sequence conservation across the CoV
family, highlighting their importance for viral viability. As such, this vital enzyme represents
a promising target for anti-CoV drug development.>’

To date, there is no atomic structure of SARS-CoV-2 Nspl13 available, and none of the
existing structural homologues (Table S1) published are suitable for molecular docking
analyses. The two available apo-Nsp13 crystal structures are from the SARS-CoV (6JYT)8
and MERS-CoV (5WWP).? Both 6JYT and SWWP contain two identical chains in their
crystal lattice: S1A and S1B, or M1A and M1B, respectively. The major difference between
the two Nsp13 structures is associated with the 333-353 loop of the Rec1A0 domain that
interacts with domain 1B, which is absent in M1A due to it being highly dynamic. The
RMSD between M1B and S1A decreases from 1.57A to 0.64A when excluding this loop
(Table S1). M1A and M1B have a larger difference in their Rec1A-Rec2A orientations
than that among S1A, S1B and M1B. The CH and Stalk domains are similar (RMSDs<1
A), while the orientations of the nucleotide binding domains (Rec1A and Rec2A) vary
relative to them. The domain 1B among S1A, S1B and M1B are similar except for loops
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202-208 which interacts with the Rec2A domain. The Rec2A domains are similar, except
in the C-Terminus, and several flexible loops. The Rec2A domain seems to be intrinsically
flexible with the crystallographic, intra-species, A/B domains having larger RMSDs than
the inter-species Rec2A domains (Table S1). These apparent structural dynamics of Nsp13
structures highlight the value of having templates of the highly flexible helicase in multiple
conformations, one of which may be a better target for high-affinity inhibitors. Therefore,
we generated a series of SARS-CoV-2 Nsp13 homology models in its apo- or substrate-
bound states and performed J/n-sifico docking, high-throughput virtual screening (HTVS),
using all these models to search for potential SARS-CoV-2 inhibitors. Considering the
urgency of the COVID-19 pandemic, we focused on targeting the Nsp13 ATP binding site
with approved drugs for human use.

RESULTS AND DISCUSSION

The SARS-CoV-2 Nsp13 helicase shares a 99.8% sequence identity to SARS-CoV (SARS)
Nsp13 helicase with only one single residue difference (Figure 1a). The SARS Nspl3
helicase crystal structure was solved in its apo-state at a reported resolution of 2.8 A.8 The
crystallographic asymmetric unit contains two Nsp13 chains (S1A and S1B), offering a
glimpse at the intrinsic flexibility of this helicase (Table S1). This crystal structure would
be an ideal candidate for virtual screening, since as a homology model it differs from

the SARS-CoV-2 Nspl3 in only one amino acid, 1570V, which is located away from the
ATP and RNA binding sites. However, a close examination of the ATP binding site in this
structure found several problems.

First, the published model and electron density are of significantly lower quality than the
MERS-CoV Nsp13 structure.? The MERS structure was used to fill-in gaps in the SARS
Nspl13 model, such as the dynamic 1B domain, which they were not able to model in

their SAD-phased maps. In addition, the Walker-A loop,1° (residues G282-G287, K288,
$289), which is responsible for binding the ATP substrate’s phosphates, has poor fit to

the density and was built into the electron density with a highly improbable cis-peptide.
Most significantly, the SARS-CoV-2 Nsp13 structure does not have the usual sulfate ions
bound even though there was clear difference density for the missing sulfate ions (Figure
Sla), which are important in defining the ATP binding site. These errors in the published
SARS Nsp13 structure made it unsuitable for use in molecular docking. Therefore, we
decided to correct these errors and crystallographically re-refine the structure. On the other
hand, the published apo crystal structure of MERS Nsp13, which retains 72% identity

to the SARS-CoV-2 Nspl13 helicase, has a better defined density around the Walker-A
loop and sulfate ions (Figure S1b).? Hence, we rebuilt the Walker-A loops in both chains
using crystallographic re-refinement guided by the MERS-Nsp13 structure, and added
missing SOy ions as supported by the difference electron density. In addition, we fixed
other stereochemistry issues using the Crystallographic Object-Oriented Toolkit (COOT)1!
and refined the structure in Phenix,12 following standard crystallographic procedures. This
SARS Nsp13 template resulted in two models of apo-SARS-CoV-2 Nsp13, S2A and S2B
(Table S2). All structural models were validated using MolProbity web serverl3 (Table S3).
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The published MERS Nsp13 crystal structure,® also consisting of two molecules (M1A

and M1B) in the asymmetric unit (Table S1), was first refined using Phenix and COOT.

We build the SARS-CoV-2 homology models using this refined MERS crystal structure as
a template, mutating the protein sequence. The resulting SARS-CoV-2 models were then
energy minimized by maintaining the crystallographic orientation for common atoms using
Phenix, while stereochemical issues caused by mutation were corrected using COOT. The
two homologous structural models based on either 6JYT (S2A and S2B) or 5SWWP (M2A
and M2B) are highly similar as expected with the Rec1A & Rec2A domains having a
Ca-RMSD of only 1.4 A (Figure S2, Table S2). The major changes being in the dynamic
1B domain, a slight rotation of the CH, Zn-binding, and the ATP-clamping Rec2A domains,
plus a few flexible loops. The M2B model is the only complete apo-Nsp13 structure without
gaps in the model.

The yeast Upf1 helicase complex!4 with both ADP-AIF, and ssRNA bound was previously
identified as a structural homologue of apo MERS-CoV Nsp13 (SWWP) structure.® While
the yeast Upfl helicase shares low sequence homology to CoV helicases (24% identity,
37% similarity), it has high structural homology to the SARS and MERS Nsp13 helicases,
permitting the domains to be aligned by their secondary structure elements. Therefore, it
represents a suitable template of the ATP and RNA-bound conformation of the CoV family
helicases. We used the Upfl complex structure to guide the modeling of SARS-CoV-2
Nspl3/ATP/ssRNA complex structure (S2C) prior to energy minimization. In particular,
modeling the domain motions upon complex formation (Figure 2, Table S2).

Since the structural similarity of the CH Zn-binding domains of Upfl and SARS-CoV-2

is very low and the CH is not directly involved in substrate binding, we excluded it from

the homology model of the Nsp13 complex. The alignment of the Nsp13 homology model,
based on MERS Nsp13 chain B (M2B), to Upf1 started with the Rec1A domain, which
includes the Walker-A loop. In this orientation the Stalk was also in good alignment. The
two other domains, 1B and Rec2A both rotate into their substrate binding conformations,
which moves them toward their substrates. The 1B domain has the largest motion to clamp
against the 3’ end of the sSRNA in contact with the Stalk (Figure 2c, 5b). The Rec1A’s
333-350 loop, which was mostly disordered in the SARS crystal structures, shows motion
upon ssRNA binding. The Rec1A Pro335-Arg337-Arg339 loop interacts with the RNA and
forms a bridge with the Asn179-Tyr180 loop in domain 1B, which along with the Stalk
domain’s terminal helix residues, Glu143 and Lys146, is also in contact with the RNA. The
ReclA domain forms the floor of the RNA-binding tunnel which has a mixture of back-bone
amides, plus the Asn361, and His311 amines coordinating the backbone phosphates, as well
as several carboxyl and hydroxyl groups hydrogen-bonding with the riboses and bases. The
478-490 loop of the Rec2A domain, moves out and away from the Stalk, increasing the
space to accommodate the binding of the 5’ end of the ssSRNA (Figure 2c).

For the ATP binding pocket, the Walker-A loop closes around the bound ATP, relative to the
apo structures. The conventional A-loop adenine ring-distal tyrosine pi-stacking motifl® is
replaced by a H290 in the helix immediately following the Walker-A, adjacent to the S289,
which coordinates the Mg?* ion (Figure 2b). The Rec2A domain rotates around the G439
link to Rec1A, bringing the Rec2A domain 5 A closer to cover the ATP and also bringing
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Q537 into coordination with both the Mg?* and the ATP-yP. The Rec2A’s arginine finger,
R567, moves into the pocket to coordinate the ATP-yP, along with R443 which coordinates
both the ATP-O3a and O3 (Figure 2b). At the exit of the ATP binding site, N265 and
S264 are both poised to interact with the adenine ring’s NH», while the adenine ring has
hydrophobic stacking interactions with H290 and the alkane side-chain of R442. Together
these features distinguish the ternary complex from the apo-Nsp13 models as a template for
the active helicase.

HTvS was performed using the 5 homology models that we have generated. The ATP
binding site for all four apo-models was identified by homology to the complex model
(S2C). A suitable 30x26x26 A3 box, centered on the ADP and encompassing the Rec1A
Walker-A loop plus the opposing arginine finger in Rec2A,10 was defined and used for
HTVS (Figure S3). The Enamine Libraries (AC and PC) and ZINC-in-Trials Library totaling
roughly 970,000 compounds were used for virtual screening of the ATP binding sites in

the five models. For this study we focus on screening results based on the ZINC-in-Trials
Library (9,270 compounds), which resulted in 369 drug hits approved for human use
(Figure S4a). The detailed HTVS information for all 369 of these drugs from the ZINC
Library is provided in the Excel spreadsheet (Table S4), part of the Supporting Information.
Chemical affinity propagation clustering of the 369 HTVS selected drugs found 93 exemplar
compounds highlighting the chemical diversity of the drugs selected by HTvS. These 369
drug hits can be filtered to a smaller number using a lower limit cut-off. For example a
Total-Score cutoff of 80 will yield a list of 31 potential Nsp13 inhibitors for /in-vitro or
in-vivo screening assays (Figure S4a). The multiple targets produced groups of overlapping
and non-overlapping hits (Figure S4b), which is to be expected since they include the
ATP-bound and four apo-ATP sites, which were unrestrained by bound ligands.

The four models of the apo-Nsp13 helicase provided possible targets of the dynamic
helicase. As expected, the Vina docking scores for ATP in the apo-models were
significantly worse (=7.1, —7.8, —8.1, —7.1) than the score for that of the complex-

based target (—9.3) indicating that the apo-models were not ATP-binding competent.

The top-scoring hits in these apo-Nsp13 ATP binding sites (Figure 3, Table S5)

include: Cepharanthinel®, Cefoperazone,l’” Dihydroergotamine,® Cefpiramide,® Ergoloid
(Dihydroergocristine (DHEC)),20 Ergotamine,2! Netupitant,22 Dpnh (NADH), Lifitegrast,23
Nilotinib,24 and Tubocurarin.2> The top-scoring hit Cepharanthine (CEP) is an anti-
inflammatory drug used in Japan since the 1950s to treat a number of acute and chronic
diseases, including the treatment of leukopenia and alopecia. A list of common ligand-
protein interactions are summarized in Table S6.

In the complex the top scoring drugs were: Lumacaftor,26, Emend (Aprepitant),2’
Nilotinib,24 Irinotecan,?8 Enjuvia,2® Zelboraf,3° Cromolyn,3! Diosmin,32 Risperdal, 33 and
Differin (Adapalene).34 Again, interactions important for ligand docking are summarized
in Table S6. Surprisingly, although the ATP-binding pocket undergoes significant
conformational changes upon ATP binding there is a significant overlap in hits even in this
small group, with Lumacaftor, Nilotinib, Liftegrast, Idarubicin (Duanorubicin, Valrubicin),
and Irinotecan scoring in the top-20 for both the apo- and ATP-bound models (Figure 4,
Table S5).
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The two drugs Nilotinib24 and Lumacaftor?®, were common top-scoring hits to the ATP
site in both the apo- and ATP-bound models. Lumacaftor acts as a chaperone of protein
folding and improves the processing of the most common cystic fibrosis transmembrane
conductance regulator (CFTR) mutant, F508del, and its transport to the cell surface.
Lumacaftor, in combination with Ivacaftor, is approved for the treatment of F508del
CFTR.35 On the other hand, Nilotinib is a second generation Bcr-Abl tyrosine kinase
inhibitor for the treatment of chronic myelogenous leukaemia (CML). Nilotinib was
designed based upon the crystal structure of the Imatinib-Abl complex3® to fit into the
ATP-binding site of the BCR-ABL protein with higher affinity.3” Nilotinib has also been
identified as a potential inhibitor of the SARS-CoV-2 Nsp12-Nsp7-Nsp8 complex, which
responsible for the RNA-dependent RNA polymerase activity, another key component of the
multi-subunit RNA-synthesis complex.38

To validate our HTVS results, we ordered pure compound powder for several top hits and
tested their ability to inhibit the ATPase activity of purified recombinant SARS-CoV-2
Nspl3 protein. Among the 10 drug candidates tested, two of our top HTVS hits Lumacaftor
and Cepharanthine displayed activity in inhibiting Nsp13 ATPase activity with estimated
ICgq values of 0.3 and 0.4 mM, respectively (Figure 5).

Cepharanthine was the top scoring hit for our apo-ATP site screens while Lumacaftor was
the top scoring hit for complex-ATP site screen (Figures 3 and 4, Table S5). Experimental
confirmation of our top HTVS drug hits validates our structural models and HTvS approach
targeting multiple conformational states. Cepharanthine is a strong candidate of potential
anti-virals for the treatment of COVID-19.3%40 Cepharanthine was previously identified

as an inhibitor of SARS*! It has been found to effectively inhibit SARS-CoV-2 in high
throughput drug screening assay*2 and in a separate siRNA assay,*3 both using Vero cells.
It has also been identified as a potential inhibitor of the SARS-CoV-2 Nsp12-Nsp8-Nsp7
complex.38 Results from this study suggests that Cepharanthine may also synergistically
target Nsp13 within the viral replication complex. On the other hand, Lumacaftor has not
been directly implicated to play a role in inhibiting SARS-CoV-2. Our study provides strong
evidence to support the further testing of Lumacaftor in cell- and animal-based COVID-19
models.

CONCLUSIONS

In conclusion, we have performed extensive integrated structural modeling to build atomic
structural models of SARS-CoV-2 Nsp13 in its apo- and substrate-bound conformations.
Virtual molecular docking analyses targeting the ATP binding pocket using these structural
models have led to the identification of potential inhibitor compounds, many of them
approved human drugs. Of particular interest, two of our top HTVS hits show significant
activity in inhibiting purified recombinant SARS-CoV-2 helicase, providing hope that these
drugs can be potentially repurposed for the treatment of COVID-19.

J Phys Chem Lett. Author manuscript; available in PMC 2023 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

Page 7

EXPERIMENTAL METHODS

Homology models of the SARS-CoV-2 Nsp13 helicase were generated using the two
available SARS®/MERS® Nsp13 crystal structures. Issues we found with the highly similar
SARS Nsp13 (6JYT) crystal structure prompted us to rebuild it in COOT! and refine the
new model in Phenix!2 using standard crystallographic techniques (See Results, Figure
S1). Mutation of the MERS (5WWP) crystal structure to the SARS-CoV-2 sequence

was performed in COOT. Energy minimization was performed in Phenix, followed by
optimization of stereochemistry in COOT for several rounds.

After rough domain alignment of the MERS-based apo SARS-CoV-2 Nsp13 model to the
Upf1 crystal structure, the domain linkers were remodeled in Coot with full stereochemical
energy minimization, using the Upf1 electron density as a guide. Energy minimization

of this SARS2-CoV-2:ATP:ssRNA complex model was performed using NAMD,** either
through the VMD-NAMD®® interface or command line scripts. A 10 ns MD run, with
implicit water, was then performed, which permitted further motion of the domains. This
model was then placed in an equilibrated TIP3 water box, with 0.15 mM NacCl, for further
rounds of equilibration, annealing, and energy minimization, totaling 50 ns.

For HT virtual screening of the models, potential sites for inhibitor binding were identified
by homology to the ATP or RNA binding sites in the structurally similar Upf1 helicase
complex. We screened the identified substrate binding sites in each Nsp13 model using

an implementation of AutoDock Vina®® on the Drug Discovery Portal at TACC.47

The ZINC*8:49 drugs in Trials (9,270 compounds) Library, the Enamine-PC (84,359
compounds), and Enamine-AC (876,985 compounds) were used in high-throughput virtual
screening of the five targets. Only the ZINC library “in-Trials” subset contains drugs
currently approved for human use. Chemical clustering of hits was performed using the
Affinity Propagation Clustering algorithm with Soergel (Tanimoto coefficient) distances on
the ChemBio®0 server (https://chembioserver.vi-seem.eu/). The Vina PDBQT files for other
ligands were generated using ProDrg®! and OpenBabel (https://openbabel.org/).

The expression vector for SARS-CoV-2 Nsp13 protein was constructed by site-directed
mutagenesis (1570V) using the pET28a vector for SARS-CoV Nsp13 (kindly provided

by Dr. Jian-dong Huang) as a template.52 SARS-CoV-2 Nsp13 protein was expressed in
BL21(DE3) cells and purified using a Ni-affinity column and a FPLC Superdex 200 Increase
column as described previously.®

A modified ATPase assay was carried out by measuring phosphate release using a
colorimetric method based on complexation with malachite green and molybdate (AM/MG
reagent) using 96-well plates.53:54 Briefly, 20 L reaction mixtures, containing 25 mM
HEPES (pH 7.5), 50 mM NaCl, 5 mM MgCl,, 1 mM DTT, 0.25 mM ATP and 150 nM of
Nspl3 in the presence or absence of various concentration of inhibitor, were incubated at
37 °C for 20 min. 80 pL of AM/AG dye solution was added into the reaction buffer and
incubated at room temperature for 5 min. The production of phosphate was measured by
monitoring the absorbance at 620 nm using a Molecular Devices FlexStation 3 Microplate
Reader.

J Phys Chem Lett. Author manuscript; available in PMC 2023 October 16.


https://chembioserver.vi-seem.eu/
https://openbabel.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al. Page 8

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENT

We would like to thank Professor Jian-Dong Huang from The University of Hong Kong for providing the
expression vector for SARS-CoV Nsp 13 helicase. This work is supported by grants from the National Institute

of Health R35GM 122536, RO1AI111464, and in part, through a Sealy and Smith Foundation grant to the Sealy
Center for Structural Biology and Molecular Biophysics. The authors acknowledge the Texas Advanced Computing
Center (TACC) at The University of Texas at Austin for providing HPC resources that have contributed to

the research results reported within this paper. (URL: http://www.tacc.utexas.edu). Special thanks to Drs. Stan
Watowich (UTMB) and Joe Allen (TACC) for their help with the Drug Discovery Portal at the TACC.

REFERENCES

(2). Chan JF-W, Yuan S, Kok K-H, To KK-W, Chu H, Yang J, Xing F, Liu J, Yip CC-Y, Poon RW-S,
et al. A Familial Cluster of Pneumonia Associated with the 2019 Novel Coronavirus Indicating
Person-to-Person Transmission: A Study of a Family Cluster. Lancet 2020, 395 (10223), 514—
523. [PubMed: 31986261]

(2). Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, Wang W, Song H, Huang B, Zhu N, et al. Genomic
Characterisation and Epidemiology of 2019 Novel Coronavirus: Implications for Virus Origins
and Receptor Binding. Lancet 2020, 395 (10224), 565-574. [PubMed: 32007145]

(3). Marra MA, Jones SIM, Astell CR, Holt RA, Brooks-Wilson A, Butterfield YSN, Khattra J, Asano
JK, Barber SA, Chan SY, et al. The Genome Sequence of the SARS-Associated Coronavirus.
Science 2003, 300 (5624), 1399-1404. [PubMed: 12730501]

(4). Fung TS and Liu DX Human Coronavirus: Host-Pathogen Interaction. Annu. Rev. Microbiol 2019,
73, 529-557. [PubMed: 31226023]

(5). Adedeji AO, Singh K, Calcaterra NE, DeDiego ML, Enjuanes L, Weiss S, and Sarafianos SG
Severe Acute Respiratory Syndrome Coronavirus Replication Inhibitor That Interferes with the
Nucleic Acid Unwinding of the Viral Helicase. Antimicrob. Agents Chemother 2012, 56 (9),
4718-4728. [PubMed: 22733076]

(6). Yu M-S, Lee J, Lee M, Kim Y, Chin Y-W, Jee J-G, Keum Y-S, and Jeong Y-J Identification
of Myricetin and Scutellarein as Novel Chemical Inhibitors of the SARS Coronavirus Helicase,
NsP13. Bioorg. Med. Chem. Lett 2012, 22 (12), 4049-4054. [PubMed: 22578462]

(7). Adedeji AO and Sarafianos SG Antiviral Drugs Specific for Coronaviruses in Preclinical
Development. Curr Opin Virol 2014, 8, 45-53. [PubMed: 24997250]

(8).JiaZ, Yan L, Ren Z, Wu L, Wang J, Guo J, Zheng L, Ming Z, Zhang L, Lou Z, et al. Delicate
Structural Coordination of the Severe Acute Respiratory Syndrome Coronavirus Nsp13 upon
ATP Hydrolysis. Nucleic Acids Res. 2019, 47 (12), 6538-6550. [PubMed: 31131400]

(9). Hao W, Wojdyla JA, Zhao R, Han R, Das R, Zlatev |, Manoharan M, Wang M, and Cui S Crystal
Structure of Middle East Respiratory Syndrome Coronavirus Helicase. PLoS Pathog. 2017, 13
(6), €1006474. [PubMed: 28651017]

(20). Ye J, Osborne AR, Groll M, and Rapoport TA RecA-like Motor ATPases—Lessons from
Structures. Biochimica et Biophysica Acta (BBA) - Bioenergetics 2004, 1659 (1), 1-18.
[PubMed: 15511523]

(11). Emsley P, Lohkamp B, Scott WG, and Cowtan K Features and Development of Coot. Acta
Crystallogr. D Biol. Crystallogr 2010, 66 (Pt 4), 486-501. [PubMed: 20383002]

(12). Adams PD, Afonine PV, Bunkdczi G, Chen VB, Echols N, Headd JJ, Hung L-W, Jain S,
Kapral GJ, Grosse Kunstleve RW, et al. The Phenix Software for Automated Determination of
Macromolecular Structures. Methods 2011, 55 (1), 94-106. [PubMed: 21821126]

(13). Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, Murray
LW, Richardson JS, and Richardson DC MolProbity: All-Atom Structure Validation for
Macromolecular Crystallography. Acta Crystallogr. D Biol. Crystallogr 2010, 66 (Pt 1), 12-21.
[PubMed: 20057044]

J Phys Chem Lett. Author manuscript; available in PMC 2023 October 16.


http://www.tacc.utexas.edu/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

Page 9

(14). Chakrabarti S, Jayachandran U, Bonneau F, Fiorini F, Basquin C, Domcke S, Le Hir H, and Conti
E Molecular Mechanisms for the RNA-Dependent ATPase Activity of Upfl and Its Regulation
by Upf2. Mol. Cell 2011, 41 (6), 693-703. [PubMed: 21419344]

(15). Ambudkar SV, Kim I-W, Xia D, and Sauna ZE The A-Loop, a Novel Conserved Aromatic Acid
Subdomain Upstream of the Walker A Motif in ABC Transporters, Is Critical for ATP Binding.
FEBS Lett. 2006, 580 (4), 1049-1055. [PubMed: 16412422]

(16). Bailly C Cepharanthine: An Update of Its Mode of Action, Pharmacological Properties and
Medical Applications. Phytomedicine 2019, 62, 152956. [PubMed: 31132753]

(17). Brogden RN, Carmine A, Heel RC, Morley PA, Speight TM, and Avery GS Cefoperazone:
A Review of Its in Vitro Antimicrobial Activity, Pharmacological Properties and Therapeutic
Efficacy. Drugs 1981, 22 (6), 423-460. [PubMed: 6459224]

(18). Bercel NA TREATMENT OF MIGRAINE-Results with Dihydroergocornine Methanesulfonate
(DHO-180) and Other Ergot Derivatives. Calif Med 1950, 72 (4), 234-238. [PubMed: 18731688]

(19). Nakagawa K, Koyama M, Matsui H, lkeda C, Yano K, Nakatsuru N, Yoshinaga K, and Noguchi
T Pharmacokinetics of Cefpiramide (SM-1652) in Humans. Antimicrob. Agents Chemother
1984, 25 (2), 221-225. [PubMed: 6712202]

(20). Lei X, Yu J, Niu Q, Liu J, Fraering PC, and Wu F The FDA-Approved Natural Product
Dihydroergocristine Reduces the Production of the Alzheimer’s Disease Amyloid-p Peptides. Sci
Rep 2015, 5, 16541. [PubMed: 26567970]

(21). McNaughton FL The Use of Ergotamine Tartrate in Migraine. Can Med Assoc J 1935, 33 (6),
664—665. [PubMed: 20320103]

(22). Gilmore J and Bernareggi A Complementary Pharmacokinetic Profiles of Netupitant and
Palonosetron Support the Rationale for Their Oral Fixed Combination for the Prevention
of Chemotherapy-Induced Nausea and Vomiting. J Clin Pharmacol 2019, 59 (4), 472-487.
[PubMed: 30412271]

(23). Sun Y, Zhang R, Gadek TR, O’Neill CA, and Pearlman E Corneal Inflammation Is Inhibited by
the LFA-1 Antagonist, Lifitegrast (SAR 1118). J Ocul Pharmacol Ther 2013, 29 (4), 395-402.
[PubMed: 23215542]

(24). Quintas-Cardama A and Cortes J Nilotinib Therapy in Chronic Myelogenous Leukemia. Drugs
Today 2007, 43 (10), 691-702.

(25). Spirova EN, lvanov IA, Kasheverov IE, Kudryavtsev DS, Shelukhina IV, Garifulina Al, Son LV,
Lummis SCR, Malca-Garcia GR, Bussmann RW, et al. Curare Alkaloids from Matis Dart Poison:
Comparison with d-Tubocurarine in Interactions with Nicotinic, 5-HT3 Serotonin and GABAA
Receptors. PLoS ONE 2019, 14(1), e0210182. [PubMed: 30608952]

(26). Boyle MP, Bell SC, Konstan MW, McColley SA, Rowe SM, Rietschel E, Huang X, Waltz D,
Patel NR, Rodman D, et al. A CFTR Corrector (Lumacaftor) and a CFTR Potentiator (Ivacaftor)
for Treatment of Patients with Cystic Fibrosis Who Have a Phe508del CFTR Mutation: A Phase
2 Randomised Controlled Trial. Lancet Respir Med 2014, 2 (7), 527-538. [PubMed: 24973281]

(27). Dando TM and Perry CM Aprepitant: A Review of Its Use in the Prevention of Chemotherapy-
Induced Nausea and Vomiting. Drugs 2004, 64 (7), 777-794. [PubMed: 15025555]

(28). Wiseman LR and Markham A Irinotecan. A Review of Its Pharmacological Properties and
Clinical Efficacy in the Management of Advanced Colorectal Cancer. Drugs 1996, 52 (4), 606—
623. [PubMed: 8891470]

(29). Liu JH, Reape KZ, and Hait HI Synthetic Conjugated Estrogens-B and Postmenopausal
Nocturnal Vasomotor Symptoms: A Randomized Controlled Trial. Obstet Gynecol 2012, 119
(1), 78-84. [PubMed: 22183214]

(30). Flaherty KT, Yasothan U, and Kirkpatrick P Vemurafenib. Nat Rev Drug Discov 2011, 10 (11),
811-812. [PubMed: 22037033]

(31). Minutello K and Gupta V Cromolyn Sodium. In StatPearls; StatPearls Publishing: Treasure
Island (FL), 2020.

(32). Casley-Smith JR and Casley-Smith JR The Effects of Diosmin (a Benzo-Pyrone) upon Some
High-Protein Oedemas: Lung Contusion, and Burn and Lymphoedema of Rat Legs. Agents
Actions 1985, 17 (1), 14-20. [PubMed: 4083175]

J Phys Chem Lett. Author manuscript; available in PMC 2023 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

(33).
(34).

(35).

(36).

(37).

(38).

(39).

(40).

(42).

(42).

(43).

(44).

(45).

(46).

(47).

(48).

(49).

(50).

Page 10

Marder SR Risperidone: Clinical Development: North American Results. Clin Neuropharmacol
1992, 15 Suppl 1 Pt A, 92A-93A.

Bernard BA Adapalene, a New Chemical Entity with Retinoid Activity. Skin Pharmacol. 1993, 6
Suppl 1, 61-69.

Clinical Review Report: Lumacaftor/Ivacaftor (Orkambi): (Vertex Pharmaceuticals (Canada)
Incorporated): Indication: For the Treatment of Cystic Fibrosis in Patients Aged Six Years and
Older Who Are Homozygous for the F508del Mutation in the Cystic Fibrosis Transmembrane
Conductance Regulator Gene; CADTH Common Drug Reviews; Canadian Agency for Drugs and
Technologies in Health: Ottawa (ON), 2018.

Schindler T, Bornmann W, Pellicena P, Miller WT, Clarkson B, and Kuriyan J Structural
Mechanism for STI-571 Inhibition of Abelson Tyrosine Kinase. Science 2000, 289 (5486), 1938—
1942. [PubMed: 10988075]

Weisberg E, Manley PW, Breitenstein W, Briiggen J, Cowan-Jacob SW, Ray A, Huntly B, Fabbro
D, Fendrich G, Hall-Meyers E, et al. Characterization of AMN107, a Selective Inhibitor of
Native and Mutant Bcr-Abl. Cancer Cell 2005, 7 (2), 129-141. [PubMed: 15710326]

Ruan Z, Liu C, Guo Y, He Z, Huang X, Jia X, and Yang T SARS-CoV-2 and SARS-CoV: Virtual
Screening of Potential Inhibitors Targeting RNA-Dependent RNA Polymerase Activity (NSP12).
J. Med. Virol 2020.

Rogosnitzky M, Okediji P, and Koman | Cepharanthine: A Review of the Antiviral Potential of a
Japanese-Approved Alopecia Drug in COVID-19. Pharmacol Rep 2020.

Ballout RA, Sviridov D, Bukrinsky MI, and Remaley AT The Lysosome: A Potential

Juncture between SARS-CoV-2 Infectivity and Niemann-Pick Disease Type C, with Therapeutic
Implications. FASEB J. 2020, 34 (6), 7253-7264. [PubMed: 32367579]

Zhang C, Wang Y, Liu X, Lu J-H, Qian C, Wan Z, Yan X, Zheng H, Zhang M, Xiong S, et al.
Antiviral Activity of Cepharanthine against Severe Acute Respiratory Syndrome Coronavirus in
Vitro. Chin. Med. J 2005, 118 (6), 493-496. [PubMed: 15788131]

Riva L, Yuan S, Yin X, Martin-Sancho L, Matsunaga N, Pache L, Burgstaller-Muehlbacher S,
De Jesus PD, Teriete P, Hull MV, et al. Discovery of SARS-CoV-2 Antiviral Drugs through
Large-Scale Compound Repurposing. Nature 2020.

Fan H-H, Wang L-Q, Liu W-L, An X-P, Liu Z-D, He X-Q, Song L-H, and Tong Y-G Repurposing
of Clinically Approved Drugs for Treatment of Coronavirus Disease 2019 in a 2019-Novel
Coronavirus-Related Coronavirus Model. Chin. Med. J 2020, 133 (9), 1051-1056. [PubMed:
32149769]

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, Chipot C, Skeel RD, Kalé

L, and Schulten K Scalable Molecular Dynamics with NAMD. J Comput Chem 2005, 26 (16),
1781-1802. [PubMed: 16222654]

Humphrey W, Dalke A, and Schulten K VMD: Visual Molecular Dynamics. J Mol Graph 1996,
14 (1), 33-38, 27-28. [PubMed: 8744570]

Trott O and Olson AJ AutoDock Vina: Improving the Speed and Accuracy of Docking with a
New Scoring Function, Efficient Optimization, and Multithreading. J Comput Chem 2010, 31
(2), 455-461. [PubMed: 19499576]

Viswanathan U, Tomlinson SM, Fonner JM, Mock SA, and Watowich SJ Identification of a
Novel Inhibitor of Dengue Virus Protease through Use of a Virtual Screening Drug Discovery
Web Portal. J Chem Inf Model 2014, 54 (10), 2816—2825. [PubMed: 25263519]

Irwin JJ, Sterling T, Mysinger MM, Bolstad ES, and Coleman RG ZINC: A Free Tool to
Discover Chemistry for Biology. J Chem Inf Model 2012, 52 (7), 1757-1768. [PubMed:
22587354]

Sterling T and Irwin JJ ZINC 15--Ligand Discovery for Everyone. J Chem Inf Model 2015, 55
(11), 2324-2337. [PubMed: 26479676]

Karatzas E, Zamora JE, Athanasiadis E, Dellis D, Cournia Z, and Spyrou GM ChemBioServer
2.0: An Advanced Web Server for Filtering, Clustering and Networking of Chemical Compounds
Facilitating Both Drug Discovery and Repurposing. Bioinformatics 2020, 36 (8), 2602—2604.
[PubMed: 31913451]

J Phys Chem Lett. Author manuscript; available in PMC 2023 October 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

White et al.

Page 11

(51). Schittelkopf AW and van Aalten DMF PRODRG: A Tool for High-Throughput Crystallography
of Protein-Ligand Complexes. Acta Crystallogr. D Biol. Crystallogr 2004, 60 (Pt 8), 1355-1363.
[PubMed: 15272157]

(52). Tanner JA, Watt RM, Chai Y-B, Lu L-Y, Lin MC, Peiris JSM, Poon LLM, Rung H-F, and Huang
J-D The Severe Acute Respiratory Syndrome (SARS) Coronavirus NTPase/Helicase Belongs to a
Distinct Class of 5" to 3" Viral Helicases. J. Biol. Chem 2003, 278 (41), 39578-39582. [PubMed:
12917423]

(53). Chan K-M, Delfert D, and Junger KD A Direct Colorimetric Assay for Ca2+-Stimulated ATPase
Activity. Analytical Biochemistry 1986, 157 (2), 375-380. [PubMed: 2946250]

(54). Henkel RD, VandeBerg JL, and Walsh RA A Microassay for ATPase. Analytical Biochemistry
1988, 169 (2), 312-318. (2), 312-318. [PubMed: 2968057]

J Phys Chem Lett. Author manuscript; available in PMC 2023 October 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

White et al. Page 12

(a) AVGACVLCNSQTSLRCGACIRRPFLCCKCCYDHVI STSHKLVLSV'NPYVCNAPGCDVTDVTQLYLGGM
SYYCKSHKPPISFPLCANGQVFGLYKNTCVGSD
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Figure 1. The SARS-CoV2 corona virus’s Nsp13 helicase structure.
(a) Sequence and domain structure of SARS-CoV2. The ATP binding site residues are

highlighted in grey. The single residue V570 that is different between SARS-CoV2 and
SARS (1570) in the Rec2A domain, is coloured red. The domain structure and colouring is
shown below the sequence. (b) The (apo) SARS-CoV2 Nsp13 structural model (S2A) based
on the 1570V mutation of SARS Nsp13 (6JYT), coloured-by-domain, the V570 is show as
red sticks. The domain structure and colouring scheme are the same as shown above.
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Figure 2. The SARS-CoV2 Nsp13:ATP:ssRNA complex model (S2C).
(a) The Domain organization in the S2C complex. Colouring is as in Figure 1. The ATP

carbons are coloured yellow and the sSRNA carbons are magenta, both shown as spheres.
The missing CH, Zn-binding, domain is shown as a pale-blue blob. (b) The ATP binding
pocket showing specific interactions with Nsp13. View is from below the Rec2A (cyan)
towards the Rec1A (green) domain. The Walker-A loop is bright green. (c) The ssRNA binds
between the Stalk, Rec1A, and Rec2A domains. View is from the Stalk (yellow) towards the
ReclA (green) - 1B (tan) domain interface.
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Figure 3. A Selection of apo-Nsp13 ATP binding site hits from virtual screening.
(a) Cepharanthine shown fit in the (S2A) SARS Nspl3 structure’s ATP binding site, (b)

Idarubicin in M2B, (c) Nilotinib in M2B. Inset: Left: Overview of the inhibitor bound to the
Nspl13. Right: The electrostatic surface in the active site (colour gradient: blue-to-red +/-5
V).
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Figure 4. The top scoring hits for the Nsp13 complex ATP-site using virtual screening.
(a) The Nsp13:ATP:RNA complex. (b) ATP. (¢) Lumacaftor. (d) Emend (Aprepitant).

Row-2: (e) Nilotinib. (f) Zelboraf. (g) Cromolyn. (h) Risperdal.
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Figure 5. Inhibition of SARS-CoV-2 Nsp13 ATPase activity.
Lumacaftor (O) and Cepharanthine (OJ). Data are presented as Mean £ SEM (N = 3).
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