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ABSTRACT ARTICLE HISTORY

A Forster resonance energy transfer (FRET)-based assay was used to Received 14 September 2020
screen the FDA-approved compound library against the MERS-CoV Accepted 25 November 2020
helicase, an essential enzyme for virus replication within the host cell. KEYWORDS

Five compounds inhibited the helicase activity with submicromolar MERS-CoV: corona; SARS-CoV:
potencies (ICsp, 0.73-1.65 pM) and ten compounds inhibited the drug discovery; infection
enzyme with micromolar potencies (ICsq, 19.6-502 uM). The molecular diseases; COVID19; helicase
operating environment (MOE) was used to dock the identified inhibi- inhibitors

tors on the MERS-CoV helicase nucleotide binding. Strong inhibitors

docked well in the nucleotide-binding site and established interactions

with some of the essential residues. There was a reasonable correlation

between the observed ICsq values and the MOE docking scores of the

strong inhibitors (* = 0.74), indicating the ability of the in silico dock-

ing model to predict the binding of strong inhibitors. In silico docking

could be a useful complementary tool used with the FRET-based assay

to predict new MERS-CoV helicase inhibitors. The identified inhibitors

could potentially be used in the clinical development of new antiviral

treatment for MERS-CoV and other coronavirus related diseases,

including coronavirus disease 2019 (COVID-19).

Introduction

Middle East Respiratory Syndrome (MERS), a highly pathogenic human coronavirus, was
first identified in Saudi Arabia in 2012 [1]. Since then, the disease spread to more countries
in the Middle East and other regions of the world, including North Africa, Europe and
North America [2]. As of February 2019, 2279 laboratory-confirmed cases, including 806
deaths have been reported by the World Health Organization (WHO). The majority of
these cases were reported in Saudi Arabia [3]. Virus transmission from animals to humans
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was strongly linked to the direct interaction with dromedary camels (Camelus dromedar-
jus) [4]. Patients infected with MERS-CoV typically suffer from respiratory disease symp-
toms, including fever, cough, shortness of breath and to a lesser extent, gastrointestinal
symptoms including diarrhoea and queasiness [5]. Nearly 55% of the MERS-CoV patients
require ICU care, and approximately 30% of the patients develop pleural effusions during
the first few weeks of infection [6].

Helicases are enzymes that use ATP to separate double-stranded nucleic acids (ds),
producing two single-stranded nucleic acids (ss) [7-9]. Helicases have been identified in
the genomes of all three life kingdoms and in the genomes of many viruses [10]. An
estimated 31 DNA helicases and 64 RNA helicases are encoded in the human genome [11].
The unwinding of the DNA through helicase activity is a central step in many cellular
processes including replication, recombination, and DNA repair [12]. Helicases are also
essential for RNA transcription, mRNA splicing, mRNA export, translation, and RNA stabi-
lity [13-15]. Helicases are involved in molecular processes, including protein-nucleic acid
complexes dissociation [16-18], Holliday junction displacement [19], chromatin remodel-
ling [20], and conformational modifications of nucleic acid [21-23]. MERS-CoV is a positive
single-stranded RNA (ssRNA) virus belonging to the Coronaviridae family, and has one of
the largest known RNA genomes (~31.7 kb) [24,25]. The MERS-CoV genome is composed
of ten open reading frames (ORFs). ORF1ab is located towards the 5’ end of the genome.
After infection, a — 1 ribosomal frame shift during translation allows the synthesis of two
large replicative polyproteins, pp1a (the ORF1a polyprotein) and pp1lab (the polyprotein
made from ORF1a and ORF1b). The replicative polyproteins pp1a and pp1ab are proteo-
lytically cleaved by the virus-encoded papain-like proteinase (PLpro) and 3 C-like protease
(3CLpro) in 16 nonstructural proteins (nsps) [26,27]. The nsps are assembled into the
membrane-associated replication-transcription complexes (RTCs). RTCs are responsible
for viral genome replication and translation. RNA dependent RNA polymerase (nsp12) and
helicase (nsp 13) are essential for RTCs functionality and ultimately for the whole life cycle
of the virus [28,29]. As such, coronavirus helicases are seen as attractive therapeutic
targets for inhibiting the replication of coronaviruses.

The Severe Acute Respiratory Syndrome CoV (SARS-CoV) helicase (S-nsp13), COVID-19
helicase and MERS-CoV helicase (M-nsp13) can unwind dsDNA and dsRNA in a 5'-to-3'
direction [23,30,31]. The kinetic parameters of recombinant M-nsp13 have been deter-
mined and are similar to the parameters of S-nsp13 [23]. The crystal structure of the MERS-
CoV helicase reveals that it is a multiple-domain protein similar to nsp 13 of all other
nidoviruses. It has an N-terminal Cys/His rich domain (CH) associated with three zinc
atoms, a C-terminal SF1 helicase core that contains two RecA-like subdomains, and a beta-
barrel domain [32]. The MERS-CoV nsp13 crystal structure indicates that residues GIn404,
Arg443 and Arg567 form hydrogen bonds with a sulphate moiety that is possibly involved
in NTP hydrolysis. The residue Tyr442 group contributes to the stabilization of the
adenosine base [32]. Several S-nsp13 and M-nsp13 inhibitors have been identified using
Forster resonance energy transfer (FRET)-based microplate screening assays [25,33,34].
Nsp13 inhibitors can either inhibit enzyme unwinding activity or inhibit its ATPase activity
[35]. In this study, we are reporting several new M-nsp13 inhibitors identified through
a FRET-based microplate screening assay of the commercially available FDA-approved list.

Several studies emphasize the advantage of using the MOE in silico docking as a tool to
predict several helicase inhibitors, including the COVID-19 helicase, Zika virus helicase and
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hepatitis C virus helicase [36-38]. Despite its computational advantages, the in silico
docking ability to predict helicase inhibitors remains limited and the need for direct
measurement of these inhibitors continues to be essential [36]. In the current study, the
in silico docking model was used as complementary to the FRET-based assay to identify
new MERS-CoV helicase inhibitors.

Materials and methods

The Tocriscreen library of marketed FDA-approved compounds (Tocris Biosciences, Bristol,
United Kingdom), the natural product screening library (Selleck Chemicals, Houston, USA),
and microfluor 2 black U-bottom 96-well plates (Fisher Scientific) were used for the FRET
screening. The DNA substrate fork was made of black hole quencher (BQH) modified
oligonucleotides: 5-TCACCACCACGTATCTGAGCCTGGGCGA(BHQ)-3' and fluorescein mod-
ified oligonucleotide: 5’-(FLUORESCEIN)TCGCCCAGGCTCAGATACGACCACCACT-3". The RNA
substrate fork was made of 5-UCACCACCACGUAUCUGAGCCUGGGCGA(BHQ)-3' and
5'-(FLUORESCEIN)UCGCCCAGGCUCAGAUACGACCACCACU-3'oligonucleotides. All oligonu-
cleotides were purchased from Integrated DNA Technologies (Coralville, |A).

Expression and purification

The MERS-CoV nspl13 (M-nsp13) bacterial expression plasmid was donated by
Dr. Adeyemi O. Adedeji while he was at Midwestern University, Glendale, Arizona,
USA. The M-nsp13 cDNA was cloned into the pET-52b vector with a Strep-tag at its
N-terminus (Strep-tag-pET52b-M-nsp13) [23]. M-nsp3 was expressed and purified as
described previously [33]. Briefly: pET-52b-M-nsp13 plasmids were transformed into
BL21 (DE3) cells, which were grown overnight at 37°C in a starter non-inducing media
(50 mM NayHPO,, 50 mM NH4Cl, 5 mM Na,SO,4, 2 mM MgS0O,4.7H,0, 10 uM FeCl;.6H30,
4 uM CaCly, 2 uM Mn3.4H50, 2 UM ZnS0O,4.7Hs0, 0.4 uM CoCl,.6H50, 0.4 uM CuCl,.2H30,
0.4 uM NiCl,.6H50, 0.4 uM Na;M00,4.5H30, Na,Se05.5H30, 0.4 uM H3BOs, 0.5% glucose,
0.25% aspartate, and 100 ug/ml ampicillin). Cells are transferred at a 1:1000 dilution into
expression ZYM-5052 auto inducing media (10 g/L N-Z amine, 5 g/L yeast extract,
50 mM NayHPO,, 50 mM NH4CI, 5 mM Na,SO,4, 2 mM MgS0,4.7H,0, 10 uM FeCl3.6H0,
4 uM CaCly, 2 pM Mn3.4H30, 2 pM ZnS0,4.7H30, 0.4 puM CoCl,.6Hs0, 0.4 uM CuCl,.2Hs0,
0.4 uM NiCl,.6H30, 0.4 uM Na,Mo00,4.5H50, Na,Se03.5H50, 0.4 uM H3BO3, 0.5% glycerol,
0.05% glucose, 0.2% alpha-lactose, and 100 pg/ml ampicillin) and left to grow at 37°C
while shaking at 210 rpm for 5 h until the solution was turbid. The temperature was
lowered to 20°C and shaken overnight until the ODgqq plateau. The cells were harvested
through centrifugation at 4000 x g for 10 min and washed once with lysis
buffer:100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 5% glycerol, 0.1% Triton X, 5 mM beta-
mercaptoethanol (or 1 M DTT), 0.15 mg/ml lysozyme, 1 mM phenylmethylsulfonyl
fluoride (PMSF). The pellet was resuspended in 100 ml lysis buffer. The cell suspension
was sonicated on ice at 75% amplitude for 15:15 s pulse for 2 min. The lysate was
centrifuged at 17,500 x g for 45 min. The supernatant fluid was applied to a Strep-
Tactin column previously equilibrated with two volumes of washing buffer: 100 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 5% glycerol, 0.1% Triton X, and 5 mM beta-
mercaptoethanol (or 1 M DTT). After the cell lysate completely passed through the
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column, the column was washed 5 times with 1 column volume of washing buffer and
eluted with the same buffer containing 10 mM desthiobiotin. The eluate dialysed
overnight in the washing buffer. M-nsp13 containing fractions were concentrated and
stored at —80°C.

Helicase/ATPase activity assay

Throughout the purification procedure, enzyme activity was detected by measuring
ATPase activity in samples using the E. coli DNA Helicase ATPase Assay Kit (ProFoldin,
Hudson, MA). Briefly: 20 nM M-nsp13 is incubated with 250 nM dsDNA and 0.25 mM ATP
in a reaction buffer containing 20 mM HEPES, pH 7.5, 20 mM potassium glutamate, 1 mM
DTT, 0.005% Triton X-100, 10 mM MgCl, at room temperature for 60 min in total volume,
30 pl. Released inorganic phosphate was detected by adding 45 pl detection dye to the
reaction mixture in a 1:1.5 ratio. After 5 min incubation, absorbance of the solution was
measured at 650 nm. The protein concentration was measured with Bradford’s assay
reagent and the purity of the sample determined with SDS-PAGE. The positive control
(E. coli helicase) is provided with the kit.

FRET-based screening assay in 96-well plates

The helicase dsDNA and dsRNA substrates were prepared by annealing a fluorescein-
labelled oligonucleotide with a black hole quencher (BHQ)-labelled oligonucleotide at
1:1.2 ratio in 50 mM Tris, NaCl 50 mM, pH 8.0 in total volume 150 pl [33]. The mixture
was first heated to 95°C for 5 min and then cooled slowly to room temperature. The
commercially available FDA-approved library of compounds (Tocriscreen Library of
Marketed FDA-Approved Compounds) were lyophilized and added to 96-well plates.
The source plates were prepared by dissolving the compounds in 100% v/v dimethyl
sulphoxide (DMSO) to a final concentration of 10 mM. Each compound was assayed at
a 100 pM final concentration by adding 1 ul of each compound from the source plate
(10 mM) to the final assay volume of 100 pl. For the subsequent assays, the sub-plates
of several factors dilutions (in 100% DMSO v/v) were prepared from the source plates.
All the plates were stored at -80°C. The fluorescence due to helicase activity was
measured in black 96-well flat-bottom corning plates. The assay volume for each well
was 100 pl containing final concentrations of 20 mM HEPES, 20 mM NaCl, 5 mM
MqgCl,, 0.01% bovine serum albumin (BSA), 2 mM DTT, 5% glycerol, 50 nM nsp13,
0.5 mM ATP, 75 nM fluorescein- and black hole quencher-labelled dsDNA, 2 uM trap,
unlabelled single-stranded DNA complementary to the BHQ-labelled DNA strand, and
different final concentrations of inhibitors. A volume of 50 pl enzyme solution of the
assay buffer containing 100 nM nsp13, 1 mM ATP, and 4 uM trap was preincubated
with 1 ul of different concentrations of the inhibitors at room temperature for 5 min,
and the reactions were initiated by adding 50 pl of assay buffer containing 150 nM
labelled dsDNA or dsRNA. The reactions were allowed to proceed for 10 min at 30°C.
The samples were excited at wavelength 495 nm and fluorescence emission was
measured at wavelength 520 nm using a plate-reader (SpectraMax M5, Molecular
Devices, USA).
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Enzyme kinetics and ICs, determinations

The dsDNA and dsRNA substrates were prepared by annealing a fluorescein-labelled
oligonucleotide with a black hole quencher as previously mentioned. To determine the
K values for the DNA and RNA, the helicase activity was measured by the FRET-based
assay, as previously mentioned, with various concentrations of dsDNA or dsRNA (0 nM,
5 nM, 10 nM, 20 nM, 40 nM, 80 nM and 160 nM). To determine the K., values for the ATP,
the helicase activity was measured with the FRET-based assay as previously mentioned,
using dsDNA or dsRNA as the first substrate with various concentrations of ATP (0 mM,
0.25 mM, 0.5 mM, 1.5 mM, 3 mM, and 6 mM). Data were fitted to the Michaelis-Menten
curve using GraphPad Prism. ICsy determinations for the inhibition of helicase activity
were performed using varying concentrations of each inhibitor (0 uM, 1 x 107> uM,
1.7 x 1073 uM, 5.1 x 1073 uM, 15.2 x 107> pM, 45.7 x 103 uM, 0.1372 pM, 0.4115 pM,
1.234 uM, 3.704 uM, 11.11 uM, 33.33 uM, and 100 uM). The data were fitted to a 4-para-
meter logistic fit for the dose-response curves using GraphPad Prism.

Active site modelling

The in silico study was performed using a published crystal structure (PDB_ID: 5WWP) [32].
The MERS-CoV helicase x-ray structure (3.0 A) revealed a 5042' anion in the nucleotide-
binding pocket. Amino acids GIn404, Arg443, Arg567 and Tyr442 were found to be
essential for sulphate moiety stabilization [32]. MOE (MOE, 2019.0102; Chemical
Computing Group ULC, Canada) was used to dock the 15 molecules identified by the
FRET screening into the nucleotide-binding pocket of the MERS-CoV helicase, allowing
the active site to be flexible around 4.5 A from the ligand. Each molecule was allowed
seven final poses which interacted with the essential amino acids. Only the poses that
contributed to the interaction with the key amino acids were included in the final set of
molecules. The correlation between the docking scores and the observed IC5q was
calculated.

Results
MERS-CoV helicase purification and activity

After expression in BL21 (DE3) cells, the MERS-CoV helicase was purified using the Strep-
Tactin column, about 1 mg of nsp13 was produced from 1 L media. To validate the
purified MERS-CoV helicase activity, both ATPase and helicase activities were detected.
The ATPase activity was determined by measuring the total amount of released inorganic
phosphate (Figure 1). The helicase activity was detected by measuring the emission at
520 nm after excitation at 495 nm (Figure 2). Assay conditions and a standard curve of the
single-stranded RNA and DNA labelled with fluorescein were established to convert RFUs
to change in double strand concentration - see Figures S1, S2 (supplementary material).

MERS-CoV kinetic properties

To compare the MERS-CoV helicase unwinding of dsDNA and dsRNA substrates, the
kinetic parameters for the MERS-CoV helicase unwinding activity were measured using
the FRET-based assay. Michaelis-Menten constants and maximum velocities were
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Figure 1. MERS-CoV helicase ATPase activity measured by detecting the change in absorbance of the
released inorganic phosphate in the presence of no enzyme (o), 20 nM positive control E. coli helicase
(m), or 20 nM MERS-CoV helicase (). Error bars represent standard deviation of triplicate samples.
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Figure 2. MERS-CoV helicase unwinding activity measured by detecting the relative change in
fluorescence units (RFU) of the separated fluorescein-labelled ssRNA (excitation 495 nm, emission
520 nm) in the presence of no enzyme (m) or 50 nM MERS-CoV helicase (e).

measured for dsDNA and dsRNA substrates, and ATP was used as a second substrate — see
Figure 3 (A and B). The same parameters were measured for the ATP, and the dsDNA or
dsRNA was used as a second substrate — see Figure 3 (C and D). The kinetic parameters
values are displayed in Table 1.

First round screening for MERS-CoV helicase activity inhibitors

The first round screening was performed in 100 uM final concentration conditions. In total,
1014 compounds from the Marketed FDA-Approved library and 124 compounds of the
Natural Product library were screened using a FRET-based assay in 96-well plates to
determine their ability to inhibit MERS-CoV helicase activity. Fifteen compounds of the
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Figure 3. Michaelis-Menten curves of MERS-CoV helicase unwinding activity established by FRET-
based assay using different concentrations of (a) dsDNA substrate, (b) dsRNA substrate, (c) ATP when
dsDNA used as second substrate, and (d) ATP when dsRNA used as second substrate. Error bars
represent standard deviation of triplicate samples.

Table 1. Kinetic parameters of MERS-CoV helicase.

Substrate Kin Vinax

dsDNA 69.86 nM £ 11.02 35.86 nM/min + 2.607
dsRNA 59.64 nM + 5.940 53.97 nM/min + 2.358
ATPgspna 1.425 mM =+ 0.3599 2.381 nM/min + 0.2443
ATPysrnA 1.649 mM = 0.4700 2.839 nM/min + 0.3599

Data were fitted to a Michaelis-Menten curve. Errors are + standard deviation
of triplicate samples.

FDA-Approved library inhibited the MERS-CoV helicase activity at 100 uM. No inhibitors
were detected from the Natural Product library.

A second round of screening was performed to determine the inhibitory effect of the
15 compounds at 1 uM, 10 pM and 100 pM final concentrations. The assay for each
compound concentration (1, 10 and 100 uM) was performed in a separate plate and each
included DMSO as control. The MERS-COV helicase activity was clearly observed in the
DMSO well serving as the control with some variation between the plates. The four
compounds (doxorubicin HCI, epirubicin HCl, mitoxantrone 2HCI and daunorubicin HCI)
yielded almost complete inhibition of the MERS-CoV helicase at 10 uM and 100 pM
concentrations — see Figure 4. Idarubicin largely inhibited the MERS-CoV helicase at
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Figure 4. MERS-CoV helicase unwinding activity measured by FRET-based assay using different
concentrations of strong inhibitors: idarubicin HCl (m), doxorubicin HCI (m), epirubicin HCI (m),
mitoxantrone 2HC| (m), daunorubicin HCl () or DMSO ([1). Error bars represent standard deviation
of triplicate samples.

10 puM and 100 pM concentrations with relatively less inhibition at 100 uM. Ten com-
pounds (otilonium bromide, caspofungin acetate, tolcapone, sunitinib malate, ethacridine
lactate monohydrate, bazedoxifene HCl, masitinib, ruxolitinib, raloxifene HCl, and dimin-
azene aceturate) yielded almost complete inhibition of MERS-CoV at 10 uM. Selected
results are shown - see Figure 5.

ICso determinations

The MERS-CoV helicase can unwind both dsDNA and dsRNA. During the infection process,
the MERS-CoV uses the dsRNA as a template. The kinetic parameters for the MERS-CoV

204

[ds DNA] nM/min
s @
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Figure 5. MERS-CoV helicase unwinding activity was measured by FRET-based assay using different
concentrations of weak inhibitors: sunitinib malate (m), bazedoxifene HCI (m), otilonium bromide (m),
caspofungin acetate (m) or DMSO (o). Error bars represent standard deviation of triplicate samples.
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helicase unwinding of the dsDNA and dsRNA were measured, and compared with the
FRET-based assay. The MERS-CoV helicase can use dsDNA and dsRNA equivalently - see
Table 1. The dsRNA was used to measure the IC5q of the inhibitors to mimic a natural
substrate. To validate the inhibitory effect of the inhibitors, the ICs5, value of each
compound was determined using the FRET-based assay. The ICs, values of idarubicin
HCl, doxorubicin HCI, epirubicin HCI, mitoxantrone 2HCl and daunorubicin HCl were in the
lower micromolar range (<2 uM) - see Figure 6. In contrast, the 1Cs, values for otilonium
bromide, caspofungin acetate, tolcapone, sunitinib malate, ethacridine lactate monohy-
drate, bazedoxifene HCl, masitinib, ruxolitinib, raloxifene HCl, and diminazene aceturate
were in the high micromolar range (20-500 uM) - see Table 2.

Active site modelling

The 15 inhibitor compounds detected by the FRET-assay were conformationally docked
into the nucleotide-binding pocket using the MOE, in which seven final poses were
allowed for each molecule while the protein was fixed. Fifty molecules, including the
FRET detected strong inhibitors, had posed with multiple interactions with several amino
acids. The docking scores, interactions and the predicted 1Csq values of the strong and
weak inhibitors were calculated from the observed ICs, values — see Table 3. The
Doxorubicin HCl, the best docking molecule, interactions with the MERS-CoV helicase
are displayed in Figure 7. Docking maps of all the inhibitors are displayed in Figures S3 —
S11 (supplementary material). The correlation (r* = 0.78) found between the observed ICso
values and the docking scores of the strong inhibitors are displayed in Figure 8. Although
the weak inhibitors, sunitinib malate, bazedoxifine HCl, masitinib, raloxifene HCl and
ruxolitinib produced good docking scores: —7.32, —7.89, —9.12 and —6.55 respectively,
they did not have many interactions within the active site. Sunitinib malate and ruxolitinib
showed no residue interactions within the active site. The weak inhibitors otilonium
bromide, caspofungin acetate, tolcapone, ethacridine lactate monohydrate, and dimin-
azene aceturate did not fit in the binding site, and no docking scores were reported.
Finally, no correlation was found between the observed IC5q values and the docking
scores of the weak inhibitors (> = 0.34) or between all the inhibitors’ observed ICs, values
and docking scores (r* = 0.01) - see Figures 512 and $13 (supplementary material).

Discussion

The MERS-CoV helicase is essential in the formation and function of RTCs, responsible for
the replication of MERS-CoV RNA and subsequently, the formation of new viruses in the
host cell [39]. This central role in the process of MERS-CoV infection makes it a possible
antiviral target. In previous studies, a FRET-based screening assay was used to identify
SARS-CoV helicase inhibitors [33]. This study is the first study to report using recombinant
MERS-COV helicase in a FRET-based screening assay to identify new potential MERS-CoV
inhibitors by screening FDA-approved and the natural product libraries. The merit of
MERS-CoV inhibitors detected within the marketed FDA-approved library is that they can
rapidly progress to clinical trials.

Previous studies indicated that the SARS-CoV helicase takes a longer time to unwind
longer double-strand nucleic acids. The SARS-helicase unwinds nucleic acid at a rate of
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Figure 6. Dose-response curves of MERS-CoV helicase activity established by FRET-based assay using
different concentrations of idarubicin HCl, doxorubicin HCl, epirubicin HCI, mitoxantrone 2HC| and
daunorubicin HCI. Error bars represent standard deviation of triplicate samples.

~280 bp s-1 with a preference to binding to a fork conformation. The MERS-CoV showed
a similar preference [33]. The length and design of the substrate (dsRNA or dsDNA) used in
the assay are designed to allow complete separation under the effect of helicase activity.
The helicase assay conditions used have no effect of FRET-based measurements [33].
The size and activities of the M-nsp13 expressed in the BL21 (DE3) bacterial system
were similar to those reported in literature [23,32]. M-nsp13 has two activities: helicase
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Inhibitor ICso (M) Indication Target
Strong Inhibitors
Epirubicin HCI 7.30E-07 + 6.00E-08 Anthracycline DNA [35,40,41]

Doxorubicin HCI

Daunorubicin HCI

Mitoxantrone 2HCI

Idarubicin HCI

Weak Inhibitors
Otilonium bromide

Caspofungin acetate

Tolcapone

Sunitinib malate

Ethacridine lactate
monohydrate

Bazedoxifene HCI

Masitinib

7.30E-07 + 2.00E-08

1.32E-06 + 9.00E-08

1.60E-06 + 5.00E-08

1.65E-06 + 2.00E-07

1.96E-05 + 2.30E-06

2.12E-05 + 5.64E-06

2.33E-05 + 1.90E-06

2.60E-05 + 1.38E-06

3.08E-05 + 2.81E-06

3.43E-05 + 1.70E-07

5.81E-05 + 1.08E-05

antineoplastic agent:
inhibits DNA synthesis
and function

Anthracycline antibiotic
with antineoplastic
activity: inhibits DNA
synthesis and function

Anthracycline
antineoplastic
antibiotic: inhibits DNA
synthesis and function

Anthracenedione
antibiotic with
antineoplastic activity:
inhibits DNA synthesis
and function

Anthracycline
antineoplastic agent:
inhibits DNA synthesis
and function

Muscarinic antagonist,
calcium Channel
blocker and
gastrointestinal agents

Antimycotic
echinocandin
lipopeptide

Parkinson’s disease
treatment: inhibits
catechol-O-methyl
transferase

Multi-target receptor
tyrosine kinase (RTK)
inhibitor

and complex partial
seizures

Treatment of vasomotor

symptoms during
menopause: oestrogen
receptor modulator

Treatment of mast cell

tumours in canines

Chromodomain-helicase-DNA-
binding protein 1 [42,43]
DNA topoisomerase 2-alpha 2
[44-46]

DNA [47-49]
DNA topoisomerase 2-alpha
[50-52]

DNA [53,54]
DNA topoisomerase 2-alpha
[53,54]
DNA topoisomerase 2-beta
[53,54]

DNA [55,56]
DNA topoisomerase 2-alpha
[50,57,58]

DNA [59-61]
DNA topoisomerase 2-alpha
[50,62,63]

NA [64]

Aspergillus niger (strain CBS
513.88/FGSC A1513) 1,3-beta-
glucan synthase component
FKS1 [65-67]

Catechol O-methyltransferase
[50,68,69]

Platelet-derived growth factor
receptor beta [70,71]
Vascular endothelial growth
factor receptor 1 [72,73]
Mast/stem cell growth factor
receptor Kit [50,70]

Vascular endothelial growth
factor receptor 2 [50,71]
Vascular endothelial growth
factor receptor 3 [73,74]
Receptor-type tyrosine-protein
kinase FLT3 [50,72]
Macrophage colony-
stimulating factor 1 receptor
[73,75]

Platelet-derived growth factor
receptor alpha [76]

To control of tonic-clonic  Sodium channel protein type 5

subunit alpha [42,50]
Nuclear receptor subfamily 1
group | member 2 [77]
Oestrogen receptor alpha [78]
Oestrogen receptor beta [79]

NA [80]

(Continued)
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Table 2. (Continued).

Inhibitor ICs9 (M) Indication Target
Ruxolitinib 1.68E-04 + 2.65E-05 Treatment of Tyrosine-protein kinase JAK1
myelofibrosis: inhibits [81,82]
janus-associated Tyrosine-protein kinase JAK2
kinase [81,82]
Raloxifene HCI 1.93E-04 + 1.94E-05 Antineoplastic agent Oestrogen receptor alpha [50,83]
Oestrogen receptor beta
[50,83]

Serpin B9 [84]

Trefoil factor 1 [84]
Diminazene aceturate 5.02E-04 + 1.58E-05 Trypanocidal agent Peroxiredoxin-5, mitochondrial

[42,43]

HTH-type transcriptional

regulator QacR [85]

Trypsin-1 [85]

Amiloride-sensitive amine

oxidase [copper-containing] [85]

Dose-response curves were fitted to a 4-parameter logistic fit using GraphPad Prism. + standard deviation of triplicate
samples.

activity and ATPase activity. Similar to literature, the expressed M-nsp13 unwind both
dsDNA and dsRNA [23,33]. The kinetic parameters K., and V.x indicated that the MERS-
CoV helicase could use dsDNA and dsRNA equally, as shown by the Km values of both
substrates. Similar behaviour was reported for both MERS-CoV [23] and SARS-CoV [30]
helicases. The use of dsDNA or dsRNA as a substrate with different ATP concentrations did
not affect the rate of ATP hydrolysis, as shown by the similar K;,, values. The obtained K,
values for the ATP are in agreement with literature [23,32]. Since the MERS-CoV helicase
unwinds dsRNA during the natural infection process [14], dsRNA substrate was used for
the I1C5q value determination.

The two rounds of screening in this study revealed two categories of inhibitors: strong
inhibitors that inhibit at sub-micromolar concentrations and relatively weak inhibitors that
require higher concentrations to inhibit helicase activity. The observed DMSO variation
when the compounds were tested at different concentrations (1, 10 and 100 uM) could be
attributed to the fact that the assay for each concentration was performed in a separate
plate in triplicate. Small molecules can possibly inhibit helicase by competing with either the
ATP or double-strand nucleic acid [86]. These molecules could non-competitively inhibit
helicase by binding to sites other than the active site. However, it should be noted that
chelating the nucleic acid by a small molecule would also show an apparent inhibition
behaviour, similar to the competitive inhibition effect. The binding constants of doxorubi-
cin, epirubicin, daunorubicin, mitoxantrone and idarubicin to DNA were reported (3.4 x 10*
M, 127 x 10° M, 2.04 x 10° M™", 5.0 x 10° M™", 5.14 x 10° M~ respectively) [55,87-89].
The strong binding between these molecules and DNA could explain their strong apparent
inhibition of the helicase. The values of the ICs, determinations of the strong inhibitors,
except doxorubicin, are close or within the range of a reported dissociation constant.
Variations could be attributed to different assay conditions, substrate composition and
enzyme preparation. The close values of the ICs5, values and the reported dissociation
constants support the assumption that these compounds are affecting the MERS-CoV
helicase by chelating the dsRNA substrate. Despite previous argument, the possibility of
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Table 3. Predicted 1Csq, docking scores and interactions of MERS-CoV of all inhibitors.

plC50
Inhibitor M) Docking Score (kcals/mol) Interactions
Strong Inhibitors
Idarubicin HCI 5.77 —7.08 Lys288/amine
Lys288/hydroxy!
504> moiety/amine
Doxorubicin (Adriamycin) HCI 6.14 -8.01 Gly285/hydroxyl
Lys323/ketone
Arg443/amino sugar
Epirubicin HCI 6.15 -7.90 Glu319/hydroxy!
Lys323/hydroxyl
Mitoxantrone 2HC 5.79 -7.30 504* moiety/hydroxyl
Daunorubicin HCI 5.88 —-7.85 Lys323/ketone
Glu540/hydroxyl
Arg443/ketone
Weak Inhibitors
Sunitinib Malate 458 -7.32 No residue interactions
Bazedoxifene HCI 4.47 —-7.89 Glu375/hydroxyl
Glu319/hydroxyl
Raloxifene HCl 4.39 -6.73 Glu319/salt bridge
Arg443/aromatic
Masitinib 3.81 -9.12 Glu375/H-bond
Arg567/aromatic
Gly538/aromatic
Ruxolitinib 4.03 —6.55 No residue interactions
Otilonium Bromide 457 NA Could not be docked
Caspofungin Acetate 4.68 NA Could not be docked
Tolcapone 4.64 NA Could not be docked
Ethacridine lactate monohydrate 4.51 NA Could not be docked
Diminazene Aceturate 3.75 NA Could not be docked

Figure 7. (a) Molecular docking of doxorubicin HCl to MERS-CoV helicase (PDB_ID: 5WWP) binding site
allowing protein 4.5 A flexibility away from ligand, (b) multiple interactions of doxorubicin HCl with
essential amino acid: Arg443 and Arg567, interaction map.
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Figure 8. Correlation of observed ICsy's and docking scores of strong inhibitors.

the binding of these inhibitors to the helicase in a competitive or non-competitive manner
cannot be completely excluded. When docked to the active site, all the strong inhibitors
docked with reasonably good docking scores. Since these strong inhibitors are all anthracy-
cline-based structures, the close values of the docking score are expected. Some of these
inhibitors, particularly doxorubicin, daunorubicin and idarubicin showed possible interac-
tions with the residue Arg443 and a sulphate moiety, essential for enzyme activity [32]. It is
true that the current assay may be limited in discriminating the mode of inhibition of the
strong inhibitors, whether they are competing with the substrate over the active site or
directly chelating the substrate itself, however, this assay remains valid for the weak
inhibitors that directly bind to the enzyme. The weak inhibitor mechanism, inhibition of
the nsp13 helicase by binding to the enzyme itself, is supported by the fact that none of
these weak inhibitors has been reported to bind double-strand nucleic acids. When docked
to the enzyme active site, the weak inhibitors either did not fit well in the active site
(otilonium bromide, caspofungin acetate, tolcapone, ethacridine lactate monohydrate,
and diminazene aceturate) or docked well but with no clear interactions with any of the
essential residue were detected, except masitinib which has one detected interaction with
the essential residue Arg567 - see Figure S8 (supplementary material).

The observed correlation between the ICso values and the docking scores of the
strong inhibitors detected by the FRET-assay suggests that in silico docking of mole-
cules is possibly an efficient tool to screen different molecule libraries. The calculated
ICs5o values of the strong inhibitors from the docking scores, using the correlation
equation, were very close to the directly measured ICsq values. However, this model is
limited when it comes to the weak inhibitors since there is no clear correlation between
the docking scores and the weak inhibitors’ IC5q values. This poor correlation can be
explained by the wide diversity of the molecular structures of these molecules. This
model can discriminate weak inhibitors that do not fit in the active site; however, it can
falsely predict weak inhibitors as strong inhibitors if they happen to fit in the active site.
This shortcoming of the model emphasizes the need to use this docking tool as
a complementary tool to direct FRET assay. The docking model can be used to exclude
weak inhibitors from possible strong inhibitors, and the strong inhibitors can be con-
firmed by the direct FRET assays.
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Due to the unavailability of a BCL3 laboratory, the inhibitors have not been tested to
inhibit the replication of live MERS-CoV in cells. However, they represent good candi-
dates for testing, not only for MERS-CoV live virus, but also for SARS-COV and other
Coronaviruses, and are good starting molecules for further optimization. The inhibitors
with lower potencies, such as otilonium bromide, caspofungin acetate, tolcapone,
sunitinib malate, masitinib, bazedoxifene HCl, and ethacridine lactate monohydrate,
could be optimized to develop as strong MERS-CoV helicase inhibitors. Finally, future
x-ray crystallography studies could shed more light on how these molecules interact
with the helicase and provide some guidance for the development of stronger
inhibitors.
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