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Coronaviruses contain one of the largest genomes among the RNA viruses, coding for 14-16 non-structural
proteins (nsp) that are involved in proteolytic processing, genome replication and transcription, and four
structural proteins that build the core of the mature virion. Due to conservation across coronaviruses, nsps form a
group of promising drug targets as their inhibition directly affects viral replication and, therefore, progression of
infection. A minimal but fully functional replication and transcription complex was shown to be formed by one

RNA-dependent RNA polymerase (nspl2), one nsp7, two nsp8 accessory subunits, and two helicase (nsp13)
enzymes. Our approach involved, targeting nsp12 and nsp13 to allow multiple starting point to interfere with
virus infection progression. Here we report a combined in-vitro repurposing screening approach, identifying new
and confirming reported SARS-CoV-2 nsp12 and nsp13 inhibitors.

1. Introduction

Since its identification in December 2019, increasing numbers of
accumulated viral mutations have been reported for SARS-CoV-2 which
developed to variants of concerns (VOC) such as Omicron, B.1.1.529
(WHO, 2023; Covariants, 2023). Such variants exhibit immune escape
and/or diverse disease progression. This development raises challenges,
both in terms of long-term effectiveness of current vaccines, but also the
increases the need to focus on therapeutic interventions against
SARS-CoV-2 genome targets which may be less predisposed to muta-
genesis. Phylogenetic analysis of human coronaviruses (HCoV) and the
bat coronavirus RaTG13, a close relative of SARS-CoV-2, showed a high
degree of conservation within the helicase (nsp13) region, revealing it as
a promising conserved protein target suitable for drug development
(Spratt et al.,, 2021). At the outset of the SARS-CoV-2 pandemic,

RNA-dependent RNA polymerase (RdRp, nsp12) was determined as a
promising antiviral target, since the enzyme plays a key role in repli-
cation of viral genome and progression of infection, as well as having no
close host-cell homologs, a potential benefit in terms of reduced
off-target effects. Therefore, targeting both nsp13 and nsp12, either by a
single treatment or with a combination therapy, provides an emergin-
gapproach to modulate COVID-19 infection.

1.1. Structure and function of SARS-CoV-2 minimal replication and
transcription complex

Coronavirus replication machinery involves an interplay of non-
structural proteins (nsp): nsp7, nsp8, nsp9, nsplO, nspll, nspl2,
nspl3, nspl4, nspl5 and nspl6, regulating replication and transcrip-
tion, unwinding, proofreading and RNA capping functions (Malone
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et al., 2022). A minimal, but fully functional replication and transcrip-
tion complex was shown to be formed by one nspl2, one nsp7/nsp8
heterodimer, a nsp8 accessory subunit, along with two nsp13 bound to
one template RNA strand (Yan et al., 2020; Peng et al., 2020; Kirch-
doerfer and Ward, 2019). Nsp12 was shown to form the typical poly-
merase cupped right-hand structure (Peng et al., 2020; Kirchdoerfer and
Ward, 2019). The active site is located in the palm domain, with the loop
of the finger domain bridging over it to reach the thumb domain, leading
to a comparatively closed channel, in contrast to the more open form of
RdRp observed with negative strand RNA viruses (Peng et al., 2020;
Kirchdoerfer and Ward, 2019; Gorbalenya et al., 2002). The
fingers-thumb interaction region also contains the binding site for the
nsp7-nsp8 heterodimer (Kirchdoerfer and Ward, 2019). Nsp7 and nsp8
were shown to stimulate the activity of nsp12, through stabilisation of
nspl2 regions involved in RNA binding (Peng et al., 2020; Ahn et al.,
2012; Subissi et al., 2014). The polymerisation activity of SARS-CoV
nspl2 was shown to be Mg?"- and Mn?"-dependent, whereby the
initiation of polymerisation occurs both primer-depended and as de novo
synthesis, in contrast to human polymerase (Kirchdoerfer and Ward,
2019; te Velthuis et al., 2010). For SARS-CoV and MERS viruses it was
shown that nsp12 can enhance the unwinding and ATPase activities of
nspl3 (Jia et al., 2019). Nsp13 is essential for the viral replication, it is
hypothesized that the ability of nsp13 to open the duplex in 5’ to 3’ di-
rection is used to release the -ssRNA strand associated with the free 3'
end, from the RNA-duplex during replication (Tanner et al., 2003).
Nspl3 is a multi-domain protein with NTPase/helicase activity in
SARS-CoV-2. The N-terminal domain contains a zinc-binding domain
with twelve conserved cysteine and histidine residues that form a
binuclear Zn?"-binding pocket that is essential for the helicase activity
(Ulferts et al., 2010). The C-terminal domains harbours the enzymatic
activity (Ulferts et al., 2010; Jia et al., 2019). Characterisation of the
enzymatic activity of SARS-CoV-2 as well as SARS-CoV nsp13 revealed
that the enzyme unwinds both double-stranded DNA and RNA in a
5'—3'direction. If a 5' single strand is present (Tanner et al., 2003; Ivanov
et al., 2004; Sommers et al., 2023). Nsp13 of SARS-CoV-2 is capable of
hydrolysing all deoxyribonucleotide (dNTPs) and ribonucleotide tri-
phosphates (NTPs) in presence of Mg2+ (Tanner et al., 2003).

1.2. Known inhibitors of coronavirus RdRp with reported anti-viral
activity

The first drug approved for treatment of severe COVID-19 infections
was Veklury (remdesivir) (FDA, 2021; EMA, 2021), and, like the ma-
jority of known RdRp inhibitors, it is a nucleotide-base analogue. The
pro-drug, Remdesivir is a monophosphoramidate adenosine analogue
with broad inhibitory activity against multiple virus families among
them Filoviridae, Coronaviridae and Orthomyxoviridae (Eastman et al.,
2020; Gordon et al., 2020). The Remdesivir metabolite competes with
adenosine triphosphate (ATP), inhibiting RdRp function through
delayed termination of transcription (Eastman et al.,, 2020; Gordon
et al., 2020). Other nucleotide-base analogue RdRp inhibitors are favi-
piravir (Avigan) and molnupiravir (Joshi et al., 2021; Yoon et al., 2018).
Favipiravir is acting as a mutagenic nucleoside and chain terminator
(Joshi et al., 2021). Molnupiravir is a nucleoside analogue, originally
proposed for inhibition of influenza and respiratory syncytial virus
(Yoon et al., 2018). It is recognized by the RdRp as a cytidine or uridine
triphosphates resulting in C-U and G-A transitions and thus increasing
the mutation rate (Sheahan et al., 2020). Suramin is a non-nucleoside,
non-prodrug inhibitor which was reported to inhibit SARS-CoV-2
RdRp in-vitro. This compound showed a 20-fold stronger inhibition of
SARS-CoV-2 RdRp compared to Remdesivir in a biochemical readout
(Yin et al., 2021). The activity of suramin was confirmed in cell-based
virus replication assays, and its binding to the RdRp complex of
nspl2, nsp7 and nsp8 demonstrated in cryo-EM (Yin et al., 2021). The
compound, SSYA10-001, is a well characterized SARS-CoV helicase in-
hibitors which acts non-competitively with respect to the ATP and the
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nucleic acid substrate, and has antiviral activity against SARS,
MERS-CoV in infected VeroE6 cells (Adedeji et al., 2012, 2014). Fla-
vonoids, including myricetin and scutellarin were shown to inhibit
helicase of SARS-CoV reducing its ATPase activity in vitro (but not the
unwinding function) (Yu et al., 2012). Recently, we confirmed the ac-
tivity of natural flavonoids against SARS-CoV-2 helicase (Corona et al.,
2022). Suramin is a potent inhibitor in a FRET-based helicase assays as
well as in a cellular model for SARS-CoV-2 infection (Zeng et al., 2021).
However, the observed cytopathic effect might be due to suramin related
inhibition of RdRp (Yin et al., 2021).

Taking into account the reported structural specificities of nsp12 and
nspl3, we have developed a screening pipeline to test a large collection
of drug-like and repurposed molecules in order to identify starting
points for the development of effective antiviral drugs with potential
dual activity against both targets.

2. Material and methods

The drug repurposing approach to find novel inhibitors for a minimal
replication complex was started using a nsp12/7/8 complex with nsp12
and nsp7/8 separately expressed and purified. In the first period of the
studies, nsp8 sequence of SARS-CoV was cloned in the construct, in place
of SARS-CoV-2, resulting in a difference of five amino acids (F3957Y;
14074V; N4078G; T4087N; S4115N) (Suppl. Fig. 1). All other nsps were
used from SARS-CoV-2. The amino acids are located at the outer side of
nsp8, distant from to the interaction areas with nsp12 (Suppl. Fig. 2).
Substitutions in the amino acids of nsp8 between SARS-CoV-2 and SARS-
CoV were recently reported to result in lower melting temperature (Tm)
values, suggesting limited thermostability of SARS-CoV-2 nsp8 (Peng
etal., 2020). The sequence exchange of nsp8 was identified after the end
of the screening campaign. Which led to reconfirmation of enzymatic
activity, assay performance and re-validation of identified hits using the
corrected nsp12/7/8 complex (Suppl. Figs. 3 and 4). No significant
difference in enzymatic activity or inhibition potency was observed to-
wards both used constructs.

2.1. Protein expression and purification

2.1.1. nspl3—used for primary screening and hit profiling

Nspl3 was expressed from pNIC-ZB vector (Addgene #159614;
GenBank ID: NC_045512.2) in Rosetta cells in TB medium. Protein was
purified according to literature (Newman et al., 2021). Briefly, bacterial
cells were suspended in buffer A (50 mM HEPES, pH 7.5; 500 mM NaCl;
5 % glycerol; 10 mM imidazole; 0.5 mM TCEP) with addition of pro-
teases inhibitors. After sonication and centrifugation supernatant was
loaded onto HisTrap HP column equilibrated with buffer A. The column
was washed sequentially with buffer containing 45 mM imidazole, 1 M
NaCl and again 45 mM imidazole. Protein was eluted with buffer B (50
mM HEPES, pH 7.5; 500 mM NaCl; 5 % glycerol; 300 mM imidazole; 0.5
mM TCEP). Eluted fractions were immediately loaded onto HiTrap SP
column and nspl3 eluted with Hi-salt buffer (50 mM HEPES, pH 7.5;
1000 mM NaCl; 5 % glycerol; 0.5 mM TCEP). After overnight digestion
with TEV protease, nspl3 was further purified using HiLoad Superdex
200 pg column equilibrated with SEC buffer (50 mM HEPES, pH 7.5; 500
mM NaCl; 0.5 mM TCEP). The final yield was 4 mg of protein from a 4 1
culture.

2.1.2. nspl2—used for primary screening and hit profiling

Nspl2 (GenBank: WGR02155.1) was expressed from pET-28a (+)
vector in BL21-Gold (DE3) cells in LB medium. Bacterial cells were
suspended in buffer A (20 mM Tris-HCI, pH 8.0; 500 mM NaCl; 4 mM
MgCly; 1 mM DTT; 5 % glycerol; 10 mM imidazole) with addition of
proteases inhibitors. After sonication and centrifugation supernatant
was loaded onto a HisTrap HP column equilibrated with buffer A. The
column was washed with buffer containing 100 mM imidazole and
protein eluted with buffer B (20 mM Tris-HCI; pH 8.0; 500 mM NaCl; 4
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mM MgCly; 1 mM DTT; 5 % glycerol; 300 mM imidazole). After over-
night digestion with SUMO protease protein was loaded onto HisTrap
HP column and nspl2 present in flow through was collected and
concentrated. Protein was further purified using HiLoad Superdex 200
pg column equilibrated with SEC buffer (50 mM HEPES, pH 7.0; 100 mM
NaCl; 4 mM MgCly). The final yield was 3 mg of protein from 4 1 culture.

2.1.3. nsp7/8—used for primary screening and hit profiling

Nsp7/8 (nsp7 GenBank: UKA89184.1, nsp8 GenBank: AEA10621.1)
complex was expressed from pET-21a (+) vector (nsp7) and pET-28-
SUMO vector (nsp8) in BL21-Gold (DE3) cells in LB medium. Bacterial
cells were suspended in buffer A (20 mM Tris-HCl, pH 7.5; 250 mM
NaCl; 4 mM MgCly; 5 mM B-MeOH; 5 % glycerol; 20 mM imidazole) with
addition of proteases inhibitors. After sonication and centrifugation,
SUMO protease was added and the supernatant incubated for 2h in 4 °C.
Subsequently, supernatant was loaded onto HisTrap HP column equili-
brated with buffer A. Column was washed with buffer containing 100
mM imidazole and proteins were eluted with buffer B (20 mM Tris-HCl;
pH 7.5; 250 mM NaCl; 4 mM MgCly; 5 mM p-MeOH; 5 % glycerol; 300
mM imidazole). After overnight digestion with TEV protease proteins
were loaded onto HisTrap HP column and nsp7/8 complex present in
flow through was collected and concentrated. Proteins were further
purified using HiLoad Superdex 200 pg column equilibrated with SEC
buffer (50 mM HEPES, pH 7.0; 100 mM NaCl; 4 mM MgCly). The final
yield was 12 mg of complex from 4 1 culture.

2.1.4. nsp12/7/8 complex—used for revalidation in hit profiling

Nspl2/7/8 complex was expressed from pRSFDuet-1(nsp8-nsp7)
(nsp12) vector (Addgene #165451; GenBank ID: nspl2 QIZ64668.1,
nsp8 QIZ64668.1, nsp7 QIZ64668.1) in BL21(DE3) Star cells in LB
medium. Proteins were purified according to published protocols.
(Madru et al., 2021). Briefly, bacterial cells were suspended in buffer A
(50 mM Tris-HCl, pH 8.0; 500 mM NaCl; 10 mM imidazole) with
addition of proteases inhibitors. After sonication and centrifugation
supernatant was loaded onto HisTrap HP column equilibrated with
buffer A. Proteins were eluted with linear gradient of buffer B (50 mM
Tris-HCI, pH 8.0; 500 mM NaCl; 500 mM imidazole). Eluted fractions
were diluted 10 times with 50 mM Tris-HCI, pH 8.0) and loaded onto
HiTrap Q column equilibrated with buffer C (50 mM Tris-HCl, pH 8.0;
150 mM NacCl). Proteins were eluted with linear gradient of NaCl. After
overnight digestion with TEV protease proteins were concentrated and
further purified using HiLoad Superdex 200 pg column equilibrated with
SEC buffer (20 mM Tris-HCl, pH 8.0; 300 mM NaCl; 1 mM MgCl,). The
final yield was 5 mg of complex from 4 1 culture.

2.2. RdRp fluorescence assay

Test compounds, as positive (20 M suramin) and negative (100 %
DMSO) controls, were transferred to 384-well assay microplates
(Corning® Low Volume 384-well Black Flat Bottom Polystyrene NBS
Microplate, Prod. Nr 3820) by acoustic dispensing (Echo 550R, Labcyte
Inc., San José, CA, USA). Nsp12-nsp7-nsp8 were preincubated on ice for
15 min to form a complex. 2.5 pL of nsp12-nsp7-nsp8 complex diluted in
assay buffer (Tris-HCl 50 mM pH 8, NaCl 50 mM, MgCl2 2.5 mM, 2 mM
DTT) were added to wells. Enzyme was preincubated with compounds
for 20 min at RT before addition of 2.5 uL. ATP/oligo U-template mix and
2.5 uL Quant-iT™ PicoGreen™ (ThermoFisher, #P7589). Final con-
centrations were: compounds 20 uM, suramin 20 M, 0.2 v/V % DMSO,
300 nM nsp12 and 900 nM nsp7/8, 100 uM ATP, 2.5 uM oligo U tem-
plate and 1x Quant-iT™ PicoGreen™. Plates were sealed with
aluminium foil during incubation time. Fluorescence signal was
measured directly after Quant-iT™ PicoGreen™ addition, after 180 min
and 24 h incubation at RT using Ex/Em of 485/535 nm (2103 EnVi-
sion™ HTS Microplate Imager, PerkinElmer, USA). The signal changes
over time (FI;go-FIo) were used to identify compounds inhibiting RARp
activity.
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The screened compounds belong to the Fraunhofer repurposing
collection, which has been assembled based on guidelines reported for
the Broad repurposing collection (Broad Institute, 2023; Kuzikov et al.,
2021). The Fraunhofer repurposing collection contains 5632 compounds
including 3400 compounds that have reached clinical use across 600
indications, as well as 1582 preclinical compounds with varying degrees
of validation (Kuzikov et al., 2021). All compounds were stored at —20
°C in 100 % DMSO prior to use.

2.3. Helicase unwinding assay

First BHQ-2- and Cy3-labelled strands were annealed for 30 min at
RT by combining them in assay buffer (20 mM Tris-HCl pH7.2, 50 mM
NacCl, 5 mM MgCly) containing 0.01 % Tween20 and 2 mM ATP. By the
end of incubation time capture strand was added. The screen was per-
formed in 384-well assay microplates (Corning® Low Volume 384-well
Black Flat Bottom Polystyrene NBS Microplate, Prod. Nr 3820). 20 nL/
well of test compounds, positive (suramin) and negative (0.2 % DMSO)
controls, were transferred by acoustic dispensing (Echo 550R, Labcyte
Inc., San José, CA, USA). SARS-CoV-2 helicase was diluted in assay
buffer, added to wells and incubated with compounds and controls for
20 min at RT. By the end of incubation time the annealed dsDNA sub-
strate including, ATP and capture strand were added to wells. After 15
min incubation at RT fluorescence signal is detected at Ex/Em of 531/
590 nm using a PerkinElmer EnVision multimode microplate reader
(2103 EnVision™ HTS Microplate Imager, PerkinElmer, USA).

The final concentrations of assay components were: 0.6 pM dsDNA
substrate; 1.8 pM capture strand, 30 nM SARS-CoV-2 helicase, 1 mM
ATP, 20 uM compound; and 0.2 % DMSO in a total volume of 10 uL/well.
The final concentrations of assay components for measurements in
presence of 2 mM DTT were: 0.6 uM dsDNA substrate; 1.8 uM capture
strand, 3 nM SARS-CoV-2 helicase, 1 mM ATP, 20 uM compound; and
0.2 % DMSO in a total volume of 10 uL/well.

2.4. Helicase NTPase-activity assay

The Promega ADP-Glo Max Assay (#V7001) luciferase-based
readout was used to determine the helicase’s NTPase activity by
measuring the hydrolysis of ATP to ADP during the unwinding of the
dsDNA substrate. The assay was performed in 384-well assay micro-
plates (Corning® Low Volume 384-well White Flat Bottom Polystyrene
NBS Microplate, #3824) according to the manufacturer’s protocol. 20
nL/well of test compounds, positive (20 uM suramin) and negative (100
% DMSO) controls, were transferred by acoustic dispensing (Echo 550R,
Labcyte Inc., San José, CA, USA). SARS-CoV-2 nspl3 was diluted in
assay buffer, 2.5 uL/well were added to wells and incubated with
compounds and controls for 20 min at RT. By the end of incubation time,
2.5 pL/well ATP or ATP including the annealed dsDNA substrate and
capture strand were added to the wells. After 15 min incubation at RT, 5
uL/well of ADP-Glo Max Reagent (supplied in the kit) were added to the
wells and incubated for 40 min at RT, followed by addition of 10 pL/well
detection reagent (supplied in the kit) and an incubation time of 60 min
at RT. Luminescence signal was detected using the PerkinElmer EnVi-
sion multimode microplate (2103 EnVision™ HTS Microplate Imager,
PerkinElmer, USA).

To exclude any unspecific inhibition of the luciferase used in the
ADP-Glo Max Assay kit, we retested the compounds in a reference
luciferase assay. CellTiter-Glo® Luminescent Cell Viability Assay
(#G7570) was adapted to measure changes in Firefly-Luciferase activ-
ity. First the sensitivity range of the assay was determined with 1 uM
ATP in assay concentration. 10 nL/well of test compounds or DMSO
were transferred by acoustic dispensing (Echo 550R, Labcyte Inc., San
José, CA, USA) in 384-well assay microplates (Corning® Low Volume
384-well White Flat Bottom Polystyrene NBS Microplate, #3824), 5 uL
of CellTiter-Glo® detection reagent was added to compounds and
incubated for 20 min at RT. ATP was diluted to 2 pM in assay buffer
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containing 0.01 % Tween® 20, 5 uL. were added per well. Luminescence
signal was detected using the PerkinElmer EnVision multimode micro-
plate reader after 15 min of incubation at RT.

2.5. dsDNA intercalation assay

Quant-iT™ PicoGreen™ Assay (Invitrogen, P7589) was used to
detect “biologically interfering” compounds intercalating in the dsDNA
substrate. 20 nL/well of test compounds, positive (3.2 uM Hoechst) and
negative (100 % DMSO) controls, were transferred by acoustic
dispensing (Echo 550R, Labcyte Inc., San José, CA, USA) into 384-well
assay microplates (Corning® Low Volume 384-well Black Flat Bottom
Polystyrene NBS Microplate, #3820). 25 nM annealed dsDNA substrate
diluted in 10 mM Tris-HCl pH 7.4 1 mM EDTA buffer were added to
wells. Plates were incubated for 20 min at RT, fluorescence signal was
detected using a PerkinElmer EnVision multimode microplate reader at
Ex/Em = 485/535 nm.

2.6. Helicase interference assay

Compounds quenching the fluorescence signal of the Cy3-labeled
strand and therefore appearing as false positives were excluded from
further testing by monitoring their interference at Ex/Em = 531/590
nm. 20 nL/well of test compounds, positive (20 uM suramin) and
negative (100 % DMSO) controls, were transferred by acoustic
dispensing (Echo 550R, Labcyte Inc., San José, CA, USA) into 384-well
assay microplates (Corning® Low Volume 384-well Black Flat Bottom
Polystyrene NBS Microplate, #3820). Cy3-labeled DNA strand was
diluted in assay buffer (20 mM Tris-HCl pH 7.2, 50 mM NaCl, 5 mM
MgCly,) containing 0.01 % Tween®20 and 1 mM ATP and added to each
well. After 15 min incubation at RT fluorescence signal was detected
using the PerkinElmer EnVision microplate reader (2103 EnVision™
HTS Microplate Imager, PerkinElmer, USA).

2.7. Protein-compound binding assay

SARS-CoV-2 helicase (1.5 uM) and RdRp complex (0.5 pM) were
diluted in corresponding assay buffer used in the biochemical assays.
The compounds were tested at 20 uM and 100 uM (10 pL total assay
volume). Protein samples and compounds were pre-incubated for 30
min before being loaded into Prometheus High Sensitivity Capillaries
(NanoTemper Technologies, Munich, Germany) and then heated at rate
of 1 °C per minute in the temperature range of 25 to 90 °C (adapted to
the melting temperature of nsp13 and nsp12) (Mickolajczyk et al., 2021;
Peng et al., 2020). All measurements were performed in triplicates using
the Prometheus Panta (NanoTemper Technologies, Munich, Germany).
For melting temperature estimation, the “Equilibrium Two State” fitting
model of MoltenProt online tool (https://spc.embl-hamburg.de/) was
used.

2.8. Data analysis

Analysis of assay development results and dose dependent inhibition
curves was performed using GraphPad Prism 8. Dose dependent inhi-
bition curves were fitted using the Variable slope (four parameters)
analysis. Compound screening results were analysed with Activitybase
(IDBS). Test compound data were normalised relative to respective
controls and control well outliers eliminated according to the three-
sigma method. Spotfire Analyst 7.11 (TIBCO) was used for visualiza-
tion/selection.

3. Results
3.1. Assay optimization

One of the main difficulties in developing high-throughput screening
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(HTS) assays for SARS-CoV-2 RdRp as an isolated protein, is its limited
enzymatic activity (Peng et al., 2020), since only in the presence of nsp7
and nsp8 is a fully active replication complex formed (Peng et al., 2020).
Here we report the development of a combined in vitro biochemical
assay to address enzymatic activity of the RARp complex by monitoring
formation of a generated dsRNA product using Quant-iT™ PicoGreen™.
Quant-iT™ PicoGreen™ was originally developed to detect dsDNA
molecules, but was also shown to discriminate between dsRNA and
ssRNA strands (Eltahla et al., 2013). We used the ability of RdRp to start
de novo polymerisation synthesis and applied a poly-U ssRNA as oligo-
nucleotide template and ATP as corresponding nucleoside triphosphate
(Fig. 1).

The FRET-assay to monitor the unwinding activity of SARS-CoV-2
helicase is based on the enzymes ability to open dsDNA fragments
(Fig. 1). The substrate consists of two DNA strands, a leader strand
labelled with a 3-Cyanine-3 fluorophore and the second strand con-
taining a 5-BHQ-2 quencher. Rebinding of the quencher-labelled strand
to the fluorophore strand is ensured by addition of an unlabelled frag-
ment coding for the corresponding region of the quencher-strand. The
Promega ADP-Glo Max Assay was used to measure the NTPase activity of
helicase, the ADP generated in the hydrolysis of ATP during the un-
winding of the dsDNA substrate is quantified to determine the com-
pound effect on the NTPase and unwinding functions of nsp13.

At first, both assays were optimized to meet the quality criteria for a
HTS-compatible assay, including DMSO tolerance, statistical perfor-
mance of controls (Z’), and spatial and temporal uniformity (Gribbon
et al., 2005).

3.1.1. Assay optimization for RARp-complex

Previously, it was shown that SARS-CoV RdRp activity is manganese
(Mn2+)-dependent, so we evaluated the effects of both 2.5 mM Mn?* and
2.5 mM Mg?* on the RdRp unwinding function (Kirchdoerfer and Ward,
2019; te Velthuis et al., 2010). In the presence of Mg2+ we observed a
rapid signal increase starting after 30 min of incubation using 300 nM
nsp12 and 900 nM nsp7/8, while in combination with Mn?* or in buffer
with Mn?* alone, we observed a lowered signal (Suppl. Fig. 5). Titration
of oligo-U template and ATP revealed apparent Kpapp values of 7.9 uM
and 102.7 uM, respectively (Suppl. Fig. 5). Next, we tested inhibition of
RdRp using suramin and compared it to competitive action of the
dNTP-mix. For suramin, we determined an ICsq of 0.67 uM which is in
line with the reported ICsg of 0.26 pM in a gel-based assay using 3.0
pM poly-A template-primer RNA as substrate (Yin et al., 2021). The ICsq
for the dNTP-mix was 35.5 pM, in-line with the required half-maximum
concentration of dATP necessary to compete the 100 uM ATP present in
the assay.

3.1.2. Assay optimization for helicase

To optimize the dsDNA substrate conditions, the helicase was incu-
bated with increasing concentrations of annealed substrate (with cap-
ture strand in a ratio of 1:3) at a constant ATP concentration of 2 mM,
giving an apparent Kyapp of 4.4 uM (Suppl. Fig. 6). In the absence of
capture strand (0x), rebinding of the quencher-labelled strand to the
fluorophore-labelled strand occurred, leading to a loss of signal (Suppl.
Fig. 6). Addition of excess capture strand (>1.25 fold) to the dsDNA
annealed substrate prevented rebinding (Suppl. Fig. 6). The helicase was
incubated with increasing ATP (at constant dsDNA substrate and capture
strand concentrations) to optimize the required ATP concentration,
giving an apparent Kyapp of 1.9 mM (Suppl. Fig. 6). As helicase was
reported to show NTPase activity in absence of an oligonucleotide
substrate, we used ADP detection to monitor the consumption of ATP by
helicase (Adedeji et al., 2014). Helicase was incubated in presence or
absence of dsDNA substrate with increasing concentrations of ATP. An
intrinsic basal ATPase activity was observed, the presence of the oligo-
nucleotide substrate enhanced this activity. The results showed higher
sensitivity and maximum response for ATP in presence of the dsDNA
substrate (Suppl. Fig. 6). We evaluated the effect of reducing
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Fig. 1. Schematic overview of RdRp-nsp12/7/8 complex (A) and helicase-nsp13 (B) assays.

conditions/DTT on the kinetic parameters of helicase activity since
preliminary studies showed loss of enzyme activity at longer incubation
times (Suppl. Fig. 7). In the unwinding assay, the addition of DTT did not
result in changes in the Kpapp of the dsDNA substrate but, caused an
increase in Vi, leading to faster turnover of the substrate (Fig. 2).
Whereas for ATP hydrolysis, DTT decreased the Km from 1.9 uM to 0.22
uM indicating a potential assay sensitivity to the oxidation-state of the
NTPase domain (Fig. 2). We observed no significant effect of addition of
the RdRp-complex or single nsps on the helicase activity (Suppl. Fig. 6).

We evaluated suramin and SSYA10-001 in the unwinding and
NTPase assay (Fig. 3) (Adedeji et al., 2014; Zeng et al., 2021). Com-
pounds were pre-incubated with helicase for 20 min at RT prior to
addition of dsDNA substrate and ATP. We observed that 2 mM DTT
effectively eliminated the inhibition of helicase unwinding activity by
SSYA10-001, although, previously, inhibition by this compound in the
presence of DTT was described (Adedeji et al., 2012). The same obser-
vation was made in the NTPase assay. In our hands, SSYA10-001 inhibits
NTPase activity only in the absence of DTT (Fig. 3), while the inhibition
potency of this compound was enhanced in presence of the dsDNA
substrate (Fig. 3). Suramin showed inhibition in absence of DTT, inde-
pendent of the presence of the dsDNA substrate. Whereas, in presence of
2 mM DTT, the same compound was only active in presence of dsDNA
substrate (Fig. 3). Taking into account the observed effects on
SSYA10-001 instability in presence of DTT, suramin was selected as the
positive control for the primary screen.

A
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© - -DTT

, 4.8%105 & +2mM DTT
£ L)
£ 360105
w
 2.4x10%+ s
™

1.2x1054 &

0 T T 1
0 2 4 6
c [dsDNA substrate] (M)
- DTT | +2mMDTT
Vmax (ARFU/min) 581169 989452
Kmapp (HM) 3.743 3.769

3.2. Primary screening

We screened the Fraunhofer Repurposing Collection consisting of
5632 compounds (Kuzikov et al., 2021). Compounds were pre-incubated
with RdRp (construct containing SARS-CoV nsp8 and SARS-CoV-2 nsp12
and nsp7- see Material and Methods) or helicase at 20 uM for 20 min at
RT followed by addition of the corresponding substrate and detection
reagents. Compounds that immediately increased or reduced fluores-
cence signal at tO were invalidated as quenching/auto-fluorescent. To
identify compounds interfering with the dsDNA/ dsRNA substrate/-
product, the Quanti-iT™ PicoGreen™ displacement assay was per-
formed using an annealed dsDNA-fragment. Compounds reducing the
Quanti-iT™ PicoGreen™ signal by >40 % were designated as
DNA-intercalators and removed from the hit selection process. Three
main groups of inhibitors were identified in the combined analysis of
RdRp and helicase primary screen: a) compounds inhibiting only RdRp,
b) compounds inhibiting only the helicase unwinding activity and c)
compounds inhibiting RdARp and helicase unwinding activity (Suppl.
Fig. 8). The majority of apparently “dual inhibition” compounds showed
intercalating effect in the PicoGreen™ displacement assay (Suppl. Fig. 8;
summary of all data can be found in “RdRp_Helicase_SuppFile”).

3.3. Hit profiling of compounds with selective RdRp inhibition properties

Compounds were nominally designated as RdRp-selective if: RARp
inhibition >70 %, helicase inhibition <40 %, Quanti-iT™ PicoGreen™
displacement <40 %, and fluorescence interference <40 %. Some 19
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Fig. 2. Effect of DTT on key kinetic parameters of nsp13. A) Determination of Km and Vmax with respect to dsDNA substrate B) Determination of Km and Vmax with

respect to ATP. (Each data point represents N = 3, error bars + SD).



M. Kuzikov et al.

A suramin
6x105
- -DTT
= +DTT
— 4x105-
2
w
®
L 2x105-]
0 T I T 1
8 7 6 5 4
Log(c) (M)
C +DTT
200
HEl + substrate
1504 T - substrate
=
>
j§ 1004 = T
B
<
50
0_
I
R N oY
S A
@9 Q

Virus Research 343 (2024) 199356

B SSYA10-001
4x10°5
- DTT
3x105- - +DTT
5 =
[T
&, 2x105-
[
1%105
0 T T T 1
-7 -6 -5 -4 -3
Log(c) (M)
D -DTT
200+
Em + substrate
1504 - substrate
=
£
3 100 =
B
<
50 - _
0_
& N o\
R
SRSy S
) K\ s‘c,o
% N

Fig. 3. Inhibition of helicase using reported inhibitors. Inhibition of helicase by suramin A) and SSYA10-001 B) detected in presence and absence of DTT using the
unwinding FRET assay. Inhibition of helicase NTPase activity using reported inhibitors suramin C) and SSYA10-001 D) in presence and absence of 2 mM DTT and in
presence and absence of the dsDNA substrate. Activity values are normalized to the DMSO control representing conditions with 100 % enzyme activity. (Each data

point represents N = 3, error bars & SD).

compounds fulfilled these criteria and 18 compounds were confirmed in
hit profiling dose responses (Table 1).

3.4. Hit profiling of compounds with selective helicase inhibition
properties

From the helicase primary screen, 84 compounds showing >70 %
inhibition of helicase activity and <40 % inhibition of RdRp activity
were selected for further investigations. Compounds interfering with the
Cy3 dye fluorescence (>40 %) were removed from analysis. Due to

Table 1
Hit profiling of RdRp inhibitors.

putative influence of DTT on compound and NTPase activity, hits were
re-tested in presence and absence of DTT. Only seven compounds-
maintained inhibition of >50 %: FPA-124, silver sulfadiazine, cardio-
green, opicapone, exifone, plicamycin (mithramycin), aurothioglucose.
However, in dose response studies only cardiogreen and plicamycin
retained the potency independently of the presence of DTT, while the
other compounds demonstrated a substantial increase in ICsq value with
the addition of DTT (Table 2). In contrast, we observed a lowered ICsq
value for exifone in presence of 2 mM DTT. To assess whether the
inhibitory effect is due to interference with the unwinding or the

Compound name RdRp Inhibition [%] 20 RdRp ICsg Helicase Inhibition [%] 20 PicoGreen™ effect [%] 20 Interference* [% of control] 20
uM [uM] uM uM uM
2-TEDC 97.86 7.99 8.66 7.15 73.21
dynasore 96.07 6.22 7.02 6.63 68.86
nifursol 100.32 11.5 5.5 8.54 71.57
dequalinium chloride 94.6 4.07 25.55 —4.04 82.89
olsalazine sodium 84.71 14.36 5.46 12.75 67.83
eltrombopag olamine 95.18 4.29 3.09 21.05 85.41
rose-bengal-lactone 99.44 n.t. —2.61 35.69 125.41
PD-118057 81.81 >20 7.76 11.19 87.99
rose bengal sodium salt 97.95 >20 21.51 30.91 153.6
fisetin (fustel) 95.85 2.17 39.32 4.99 65.85
TW-37 89.4 13.65 3.76 3.9 68.91
ethacridine lactate 80.32 9.96 35.49 32.09 87.66
tyrphostin-AG-835 84.15 9.64 7.56 11.5 69
morin hydrate (aurantica) 95.67 5.96 39.33 20.36 78.06
hydroxyzine pamoate 76.75 16.48 4.28 1.28 89.91
primaquine phosphate 102.12 6.56 7.17 1.58 89.41
methacycline 120.03 6.43 25.24 25.54 76.63
hydrochloride
oxytetracycline 100.35 16.1 16.36 19.99 76.89

Dose response tests were performed in triplicates using a 1:3 dilution series of compounds; n.t.: not tested.
" Calculated as % of DMSO control signal, DMSO control set to 100 % signal = no interference.
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Table 2
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Hit profiling of identified helicase inhibitors in the unwinding assay in presence and absence of DTT.

Compound name Helicase Inhibition ICso DTT nspl3 DTT ICso RdRp Inhibition ATPase inhibition PicoGreen™ effect Interference [%]

[%] 20 uM [uM] inhibition [%] 20 [uM] [%] 20 uM [%] 20 pM [%] 20 uM 20 uM
M

FPA-124 101.03 0.13 64.76 16.89 7.70 106.40 -3.30 1.31

silver sulfadiazine 101.04 1.17 67.30 7.14 —8.87 106.84 0.87 6.68

cardiogreen 100.64 3.57 94.06 3.85 4.44 97.11 26.52 5.04

opicapone 93.61 1.10 51.40 25.49 17.89 96.93 6.86 11.14

exifone 100.3 2.25 101.05 0.29 36.63 104.04 8.87 6.79

plicamycin 95.78 3.57 98.09 1.35 6.39 19.77 —3.94 7.18

(Mithramycin)
aurothio-glucose 100.73 1.95 98.65 10.58 4.77 106.07 13.9 4.22

Dose response tests were performed in triplicates using a 1: 3dilution series of compounds.

NTPAse activity of helicase, we tested the confirmed hits in the NTPase
assay at 20 pM. All compounds except plicamycin showed a positive
correlation between inhibition of the NTPase and unwinding activities
at 20 uM (Table 2).

As we previously observed for suramin, the presence of the dsDNA
substrate under DTT-conditions may influence the NTPase activity of the
helicase. We evaluated cardiogreen, plicamycin and exifone at 2.5 pM
(in the range of the calculated ICsp) in the NTPase assay in the presence
of the dsDNA substrate and 2 mM DTT. Cardiogreen and exifone showed
positive correlation between unwinding and NTPase inhibition. Inhibi-
tion by plicamycin was not observed in the NTPase assay, whereby
addition of the dsDNA substrate did not result in changes of observed
effect (Table 3). Plicamycin (mithramycin) was the only compound with
72 % inhibition (in the unwinding assay at 2.5 uM and no effect on the
NTPase 114.6 %). Cardiogreen demonstrated a similar potency at 2.5 uM
in both assays, showing 65 % inhibition in the unwinding assay, and
60.4 % remaining NTPase activity. Exifone showed strong inhibition at
2.5 uM in both assays: 99.9 % in the unwinding assay and 14.5 %
remaining NTPase activity.

3.5. Hit profiling of compounds with dual-inhibition properties

In order to target both viral proteins, RARp and helicase, in the
replication process and thus to interfere on multiple steps with viral
infection, we selected compounds with dual-inhibition potency against
RdRp and helicase. From the primary screen we selected only those
helicase hits which showed no sensitivity towards DTT, as DTT was
present in the RdRp primary screen. Compounds were identified as hits
when they showed >50 % inhibition against both target proteins in
presence of DTT. The interference cut-off was defined as <40 % effect in
the Quanti-iT™ PicoGreen™ displacement assay, <40 % in the helicase
interference assay, and <40 % in the RdRp interference at t0. Four hits
were identified: disodium 7,7-(carbonyldiimino) bis(4-hydroxy-2-
naphthalenesulfonate) (AMI-1), suramin hexasodium, (-)-epi-
gallocatechin gallate, myricetin (cannabiscetin). For characterization of
helicase inhibition towards its unwinding and NTPase function, we used
the same criteria as described above.

We confirmed suramin dual-inhibition for RdRp and helicase, and
again we observed inhibition of the helicase NTPase activity only in
presence of dsDNA substrate (in presence of 2 mM DTT). For disodium

Table 3

7,7'-(carbonyldiimino) bis(4-hydroxy-2-naphthalenesulfonate) (AMI-1),
(-)-epigallocatechin gallate and myricetin (Cannabiscetin), we observed
positive correlation between inhibition of the helicase NTPase and un-
winding activity. To assess selectivity of the identified hits towards RdRp
or helicase, we tested them in dose response (Suppl. Fig. 9). For disodium
7,7'-(carbonyldiimino) bis(4-hydroxy-2-naphthalenesulfonate) (AMI-1)
no clear preference was observed, whereas suramin demonstrated stron-
ger potency against RARp (ICs 0.24 uM) as compared to the helicase (ICsq
5.42 uM) (Table 4). In contrast (—)-epigallocatechin gallate showed
stronger inhibition of the helicase (IC5¢ 0.38 uM) compared to RdRp (ICso
> 20 puM) (Table 4). For myricetin (Cannabiscetin) a slight preference
towards RdRp was observed with a RARp (ICs 0.86 pM) compared to the
helicase (ICsp 4.14 uM) and a maximal response of 100.7 % inhibition of
RdRp compared to 67.25 % helicase inhibition.

3.6. Confirmation of inhibitor binding

To show a direct compound with target-protein interaction, Tm
determination using nano differential scanning fluorimetry (nDSF) was
performed. Eltrombopag olamine, fisetin and dynasore were selected as
putative RdRp selective compounds. Exifone, plicamycin (mithramycin)
and (—)-epigallocatechin gallate were selected as helicase selective.
Suramin hexasodium and myricetin were selected as dual-active heli-
case and RdRp inhibitors (Suppl. Fig. 10). As for the inhibition assays,
incubation of compounds and proteins was performed in absence of the
substrates. Compound effects on protein thermal stability were
measured at 20 uM and 100 uM after 30 min incubation with helicase or
RdRp (Table 5). For RARp we observed an increase in melting temper-
ature for suramin hexasodium, and the effect was concentration
dependent. Dynasore increased the Tm of RdRp by about 1.5 K at 100
uM compound concentration, from 43 °C to 44.5 °C. For helicase we
observed a decrease in Tm caused by suramin hexasodium and exifone,
whereby the effect of exifone was only detected at 100 uM. In addition,
we observed a shift of helicase Tm to higher values when incubating the
enzyme with a higher DMSO concentration (from 0.2 % to 1 %)
(Table 5).

To investigate whether we can observe a competitive mode of action
of suramin and dynasore in regards of increasing ATP/oligoU concen-
tration, we tested the inhibitors in dose response in the presence of
increasing concentration of substrates. We observed no changes in ICsq

Hit profiling of selected helicase inhibitors in the ATPase assay in presence and absence of the dsDNA substrate and DTT.

Helicase ATPase Helicase ATPase

activity [%] 2 uM

Compound name Helicase unwinding

inhibition 2.5 pM

activity PLUS DNA

DTT Helicase ATPase
activity PLUS DNA

DTT Helicase
ATPase activity

DTT Helicase unwinding
inhibition [%] 2.5 uM

triplicates substrate 2 uM triplicates [%] 2 uyM substrate 2 uM
cardiogreen 66.59 45.65 32.88 65.01 60.43 51.49
exifone 49.85 11.33 4.96 99.91 14.53 2.64
plicamycin 38.98 125.71 159.86 71.99 114.66 133.03
(mithramycin)

Dose response tests were performed in triplicates using a 1:3 dilution series of compounds.



M. Kuzikov et al.

Table 4
Hit profiling of identified dual-active compounds against RdRp and helicase.
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Compound name RdRp RdRp Helicase DTT Helicase DTT DTT Helicase DTT Helicase DTT Helicase
Inhibition ICs0 pM Inhibition [%] Inhibition [%] Helicase Inhibition [%] ATPase activity =~ ATPase activity
[%] 20 uM 20 uM 20 uM ICso uM 2.5 uM [%] 2 uM PLUS DNA
substrate 2 M
disodium 7,7'-(carbonyldiimino) 90.5 >20 84.75 65.72 >20 6.27 103.17 103.05
bis(4-hydroxy-2-
naphthalenesulfonate)
suramin hexasodium 98.49 0.24 97.97 92.60 5.42 53.07 121.61 63.38
(—)-epigallocatechin gallate 85.49 >20 96.39 78.10 0.38 73.51 43.42 31.66
myricetin (cannabiscetin) 100.7 0.86 100.46 67.25 4.14 22.05 62.36 77.50
Dose response tests were performed in triplicates using a 1: 3dilution series of compounds.
Table 5
Tm determination of RdRp and helicase in presence of selected inhibitors using nDSF.
Compound name Helicase RdRp

Tm °C (£SD) 20 uM*

Tm °C (£SD) 100 pM**

Tm °C (£SD) 20 uM Tm °C (£SD) 100 uyM

eltrombopag olamine n.t. n.t.
fisetin (fustel) n.t. n.t.
suramin hexasodium 36.8 0.1 36.5
myricetin (cannabiscetin) 38.3 0.2 38.8
dynasore n.t. n.t.
exifone 38.3 0.2 37.8
plicamycin (mithramycin) 38.3 0.3 38.9
(—)-epigallocatechin gallate 38.4 0.5 39.6
DMSO (0.2 %* or 1 %**) 38.2 0.3 39.0

41.5 1.1 43.6 0.8
42.7 0.2 43.5 0.5
0.1 44.3 1.0 46.6 0.4
0.1 42.7 0.4 43.6 0.5
43.3 0.3 44.5 0.4
0.1 n.t. n.t.
0.0 n.t. n.t.
0.1 n.t. n.t.
0.0 42.8 0.4 43.0 0.1

n.t.: not tested.

of suramin in the presence of increasing concentrations of oligo-U or
ATP for inhibition of the RdRp. For dynasore, we saw a gain of potency
in the presence of 3 uM oligo-U in contrast to 10 uM and 30 uM oligo-U
substrate. We did not detect any change due to increasing ATP con-
centration (Fig. 4).

4. Discussion

The evolution of SARS-CoV-2 in the past three years, which was
accompanied by a partial loss of effectiveness of developed vaccines,
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highlights the increased need for novel antiviral compounds (Lau et al.,
2023; Grimes et al., 2023). Due to conservation across coronaviruses and
the essential role in progression of infection the RARp and helicase were
considered as promising drug targets from the outset. Therefore, we
performed a drug repurposing screening approach in order to identify
compounds inhibiting each single and/or both proteins. We identified
three groups of hits: compounds inhibiting either the helicase or the
RdRp, and compounds addressing both enzymes.

The majority of compounds with dual-activity against helicase and
RdRp were invalidated in the counter DNA intercalation assay and
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Fig. 4. Dose dependent inhibition of RdRp using suramin and dynasore in presence of increasing concentration of oligo-U substrate and ATP. RdRp was pre-
incubated with suramin for 30 min followed by addition of oligo-U substrate A) or ATP B) in increasing concentration. RdRp was pre-incubated with dynasore
for 30 min followed by addition of oligo-U substrate C) or ATP D) in increasing concentration. (Each data point represents N = 3, error bars + SD).
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fluorescence interference assays, including hemin, hexachlorophene,
SRT1720 HCI, and tolonium chloride (Supp. Table-File). Nevertheless,
Disodium 7,7'-(carbonyldiimino) bis(4-hydroxy-2-naphthalenesulfonate)
(AMI-1), suramin hexasodium, epigallocatechin gallate, and myricetin
were identified as dual-active inhibitors at 20 pM. According to the dose
response analysis, AMI-1 was equally inhibitory towards both enzymes,
although with an ICsq > 20 uM. AMI-1 was previously described to inhibit
HIV-1 reverse transcriptase with an ICsg of 5 pM and Kp of 2 pM (Skillman
et al., 2002). The proposed mechanism of action proposed is the inhibi-
tion of dsDNA binding to the reverse transcriptase of HIV-1 (Skillman
et al., 2002). For suramin hexasodium and myricetin we observed a
preference of for RARp inhibition and for epigallocatechin gallate towards
nsp13 inhibition.

Besides suramin hexasodium and myricetin, we identified 10 com-
pounds as RdRp inhibitors with an ICsp < 10 uM: 2-TEDC, dynasore,
dequalinium chloride, eltrombopag olamine, fisetin (fustel), ethacridine
lactate, tyrphostin-AG-835, morin hydrate (aurantica), primaquine phos-
phate, methacycline hydrochloride. Previously, dequalinium chloride,
ethacridine and eltrombopag olamine were described to inhibit entry of
Marburg virus and SARS-CoV-2 (Pubchem, 2023; Feng et al., 2020; li et al.,
2021). Myricetin, fisetin (fustel), morin and primaquine phosphate are
flavones and flavone-derivatives, a compound class which exhibits activity
against a broad range of biological targets, including SARS-CoV-2 (Taldaev
etal., 2022; Panche et al., 2016; Wen et al., 2021). In addition, Shiomi et al.
reported flavones inhibiting mammalian DNA polymerases and human
DNA topoisomerase, with myricetin having an ICso of 27.5 uM (Shiomi
et al, 2013). The proposed mechanism of action excluded the
myricetin-driven inhibition of polymerase binding to dsDNA (Shiomi et al.,
2013). But taking into account that no shift in Tm was observed using nDSF
to monitor interaction with RdRp, we cannot exclude unspecific interfer-
ence with assay components (Kumar and Pandey, 2013). Our nDSF studies
demonstrated a concentration-dependent protein stabilizing effect by
suramin hexasodium and dynasore. By applying competitive studies to
observe inhibition effect of suramin hexasodium and dynasore in presence
of increasing concentration of oligo-U or ATP, we saw no competitive effect
towards suramin hexasodium for both substrates (Yin et al., 2021).
Dynasore showed loss of potency in presence of increased oligo-U con-
centration, therefore we tend to propose the template-binding pocket as a
preferred interaction point of dynasore with RdRp. Dynasore is a
well-known GTPase dynamin inhibitor (ICso = 15 pM) inhibiting the
clathrin-mediated endocytosis (Medchemexpress, 2023). It was reported
to disturb traffic of entry of viruses, including herpes simplex virus (HSV)
(Mues et al., 2015). We recently reported the preference of the Omi-
cron/BA.1 variant for the endocytotic entry pathway, whereas the D614G
variant uses both pathways (Kuzikov et al., 2022). Taking together, the
observation from the current screen and reported data on entry inhibition,
we can speculate of the possibility for dynasore to target both steps of
SARS-CoV-2 infection pathway: entry and replication. On the other hand,
correlating the observed enzymatic inhibition of identified hits with the
results obtained in our in-house SARS-CoV-2 infection assay in VeroE6
cells, we saw limited correlation (Suppl. Table 1), (Zaliani et al., 2022).
Considering the compounds’ metabolic stability after 48 h incubation, as
used with the cell in the CPE assay, or their effects on PgP-driven efflux
pumps and their poor passive membrane penetration, such as suramin, we
can’t exclude that the minimal observed compound CPE effects are due to
their reduced in-cell concentration (Sanderson et al., 2007). In addition, as
shown for suramin analogues, onset of intracellular compound activity
occurs at over 100-fold excess of the identified ICsg in biochemical assays
(Yin et al., 2021). Thus, we can’t exclude intracellular activity and aim for
re-evaluation of identified hits in the future.

For determination of helicase inhibition, we monitored both un-
winding and inhibition of the ATPase activity. We noticed high sensi-
tivity of the helicase towards the presence of DTT reducing agent,
especially in the NTPase assay. Most primary screening hits (no DTT
present) lost their inhibition capacity when retested in the presence of 2
mM DTT, potentially due to a reactive mode of action and enhanced
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helicase stabilisation under reducing conditions as observed during
assay development for the NTPase activity (Supp. Fig. 7). For epi-
gallocatechin gallate, cardiogreen, suramin, disodium 7,7-(carbon-
yldiimino) bis(4-hydroxy-2-naphthalenesulfonate), myricetin, and
plicamycin enzyme inhibition at 20 uM was largely independent of
presence of DTT. For exifone we saw a strong gain of compound potency
in presence of DTT. Being a member of the benzophenone class of
molecules it is used as a photo crosslinking probe upon reaction under
UV-light, generating free radicals (Kecici et al., 2018). It can react with a
hydrogen donor molecule, such as thiol present in DTT, that is acting as
co-initiator of the photo crosslinking, promoting the reaction. During
assay adaptation we confirmed the previously described intrinsic basal
ATPase activity of helicase, which increased in presence of a dsDNA
substrate (de Wit et al., 2016; Sawicki and Sawicki, 1995). The majority
of identified inhibitors showed positive correlations between inhibition
of intrinsic basal ATPase activity and inhibition of unwinding activity.
The findings support previous studies reporting on compounds inter-
fering with the NTPase activity of helicase which did not primarily
inhibit the unwinding activity (Spratt et al., 2021; Yu et al., 2012).
Suramin and plicamycin showed, however, selective inhibition of the
unwinding activity. Whereby, ATPase inhibition by suramin occurred
after addition of the dsDNA substrate and plicamycin activity was
substrate-independent. For epigallocatechin gallate, exifone, and car-
diogreen we observed a small gain of ATPase activity reduction (10-15
%) in the presence of dsDNA substrate. In assessing helicase-compound
interactions through nDSF studies, we observed destabilizing effects of
suramin hexasodium and exifone, most probably caused by unspecific
destabilisation of the enzyme, supporting the reported mode of action of
exifone through radical formation (Kecici et al., 2018). Incubation of the
helicase with epigallocatechin gallate, myricetin, and plicamycin did
not result in a Tm change. For plicamycin we saw a competitive mode of
inhibition towards the dsDNA substrate and no effect of increasing ATP
concentration (Suppl. Fig. 11). Taking into consideration published data
on minor groove binding properties of plicamycin and no detectable Tm
shift, we assume an unspecific interaction with the dsDNA substrate
making it unavailable for helicase in assay and therefore, appearing as a
false positive hit (Barcelo et al., 2010). But also, for helicase inhibitors
identified in this study, we saw limited effect in the in-house SAR-
S-CoV-2 CPE infection assay (Suppl. Table 1), (Zaliani et al., 2022).

5. Conclusion

Our study demonstrates a combined screening approach targeting
key functions of the SARS-CoV-2 replication and transcription complex.
Our strict screening cascade invalidated false positives through a com-
bination of orthogonal assays and resulted in starting points for the
development of new inhibitors. We have successfully confirmed the
activity of suramin hexasodium against the SARS-CoV-2 RdRp complex
and identified dynasore as a novel potent inhibitor. Additionally, we
have revealed the destabilizing properties of suramin hexasodium and
exifone on SARS-CoV-2 helicase, confirming the challenges in finding
specific inhibitors for this target. Moving forward, it might be necessary
to develop novel combinational approaches that also consider new
modulation strategies, such as protein-protein interaction inhibitors, to
identify specific inhibitors that target key factors involved in viral
replication machinery and maybe overcome compound promiscuity for
this target class. These efforts can advance the development of prom-
ising therapies.
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