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ABSTRACT: SARS-CoV-2 non-structural protein 13 (nsp13) is a /_{_(0
highly conserved helicase and RNA S§'-triphosphatase. It uses the @s%s A\ %“ "
energy derived from the hydrolysis of nucleoside triphosphates for N N%HN
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replication and propagation of all human and non-human
coronaviruses. Combined with its defined nucleotide binding site
and druggability, nsp13 is one of the most promising candidates for
the development of pan-coronavirus therapeutics. Here, we report
the development and optimization of bioluminescence assays for kinetic characterization of nspl13 ATPase activity in the presence
and absence of single-stranded DNA. Screening of a library of 5000 small molecules in the presence of single-stranded DNA resulted
in the discovery of six nsp13 small-molecule inhibitors with ICs, values ranging from 6 + 0.5 to 50 & 6 M. In addition to providing
validated methods for high-throughput screening of nsp13 in drug discovery campaigns, the reproducible screening hits we present
here could potentially be chemistry starting points toward the development of more potent and selective nsp13 inhibitors, enabling

the discovery of antiviral therapeutics.
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he COVID-19 pandemic, caused by SARS-CoV-2, has
resulted in more than 6 million deaths to date and
devastating global socioeconomic effects. Coronaviruses
(CoVs) are major zoonotic viral pathogens, which belong to
the Coronaviridae family, order Nidovirales." Their genome is
a large 26—32 kilobase single-stranded RNA, the largest known
viral RNA genome,” which is responsible for production of 16
non-structural proteins (nspl to nspl6) and 4 structural and
accessory proteins. Most non-structural proteins are involved
in CoV replication and transcription through formation of the
replication—transcription complex.3 Among these proteins,
nspl3 has been identified as a helicase capable of unwinding
both DNA and RNA duplex substrates.””” Along with the viral
RNA-dependent RNA polymerase, nspl3 plays critical roles
and is essential for CoV replication and propagation.” "
Nsp13 is a member of superfamily 1 (SF1) helicases® and
one of the most conserved proteins across Nidoviruses.'" The
crystal structures of coronaviral nspl3 also reveal a very high
structural conservation.'>™'* It contains five domains, includ-
ing an N-terminal zinc-binding domain, two RecA-like
domains (1A and 2A), a stalk, and 1B domain. The zinc-
binding domain, stalk, and 1B domains are believed to be
involved in protein—protein or nucleic acid interactions within
the replication—transcription complex.”'”"> The two RecA-
like domains together form an active site for nucleoside
triphosphate (NTP) binding and constitute a motor domain
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for nspl3, as its helicase function depends on its NTPase
activity.'®"” Like other known helicases, nspl3 RecA-like
domains contain Walker motifs A and B, which carry highly
conserved residues responsible for binding the terminal y-
phosphate group of NTP and coordination of Mg*" ion of the
NTP—Mg** complex.'®"” In fact, the mutant of a conserved
Lys residue within Walker B disrupted the unwinding activity
of nsp13, which indicated that its helicase activity is dependent
on the ATP hydrolysis."”> RecA-like domains also carry the
residues involved in binding their nucleic acid substrates."*
Repeated conformational changes of the RecA-like motor
domains through cycles of NTP binding and hydrolysis results
in directional translocation of nspl3 along the nucleic acid
substrate,”'*'® and it is believed that the unwinding activity of
nspl3, similar to most helicases, is derived from its
translocation on the single-stranded oligonucleotides."*
Nucleic acid stimulation of NTPase activity is a common
characteristic of helicases.” Initial biochemical studies of
coronaviral nsp13 have shown a basal ATPase activity, which
is strongly stimulated by the presence of single-stranded (ss)
nucleic acids (ssRNA and ssDNA).* Poly(dT), Poly(U),
Poly(C), and Poly(dA) were most effective in stimulation of
NTPase activity leading to an around 30- to 50-fold increase in
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Figure 1. Kinetic characterization of nsp13 ATPase activity. (a,b) Kinetic characterization of ssDNA~ ATPase activity: (a) initial velocities (ATP)
and (b) K,, determination for ATP. (c—f) Kinetic analysis of ssDNA* ATPase activity: (c) initial velocities (ssDNA), (d) K,, determination for
ssDNA, (e) initial velocities (ATP), and (f) K,, determination for ATP. The calculated kinetic parameters are presented in Table 1. Values in plots

(a—f) are presented as the mean + standard deviation of three independent experiments (n = 3). RLU: relative light unit.

activity.”” Besides helicase activity, nspl3 also possesses a
significant basal NTPase activity in the absence of any nucleic
acids, that uses the same NTP binding site. However, ATP,
dATP, and GTP are hydrolyzed most efficiently.’ Likewise,
nspl3 has an RNA 5'-triphosphatase activity through removal
of the y-phosphate group of the 5’- terminal nucleotide of
RNA substrates using the same NTPase active site.”° Because
the cleavage of the phosphodiester bond between the f- and y-
phosphate groups of 5'-terminal nucleotide of RNA is the first
step in 5" mRNA capping, it is suggested that nsp13 may play a
role in the coronaviral 5’ mRNA cap formation.” This is
essential for evading the human immune system and virus
propagation.20

Nsp13 is one of the most important targets for development
of antiviral therapeutics for CoVs due to its high conservation
among CoVs.'”'#'**1** Structural studies have also identified
druggable pockets on nspl3 protein which are highly
conserved within the SARS-CoV-2 proteome.'” Potent and
selective inhibitors of nspl3 thus could provide a broad-
spectrum antiviral effect. Here, we report on the development
of parallel bioluminescence ATPase assays for characterization
and screening potential inhibitors against (1) the basal NTPase
activity of nsp13 (here on called ssDNA™ ATPase), and (2)
the ssDNA-stimulated NTPase activity (here on called
ssDNA" ATPase). We employed the ssDNA* ATPase assay
for screening and identifying small-molecule inhibitors of
nsp13 that could be further developed toward potent inhibitors
and viral therapeutics.

B RESULTS AND DISCUSSION

SARS-CoV-2 nsp13 is a helicase and RNA §'-triphosphatase.®
Nsp13 exhibits NTPase activity with a diverse set of substrates,
hydrolyzing ATP, dATP, and GTP.° The nspl3 ATPase
activity which is required for helicase function is further
stimulated (20—50 fold) in the presence of single- stranded
polynucleotides (ssRNA and ssDNA).* The ssRNA [Poly(U)
and Poly(A)] and ssDNA [Poly(dT) and Poly(dA)] show the
same level of ATPase activation of nspl3 from various

CoVs."”*>** We took advantage of the existing Kinase-Glo
reagents to monitor the change of ATP concentration in
solution (Supporting Information Figure S1), for kinetic
characterization of nspl3 ssDNA™ and ssDNA" ATPase
activities. The generated bioluminescent signal directly
correlates with the amount of remaining ATP in the reaction
and inversely with the level of ATPase activity of nsp13. Our
initial tests using ATP as a substrate and a 30b PolyT ssDNA
indicated that our recombinantly purified SARS-CoV-2 nsp13
(Supporting Information Figure S2) is highly active (data not
shown). Therefore, we optimized and used this assay for
kinetic characterization of nsp13 ATPase activities.

Assay Optimization. To facilitate the subsequent enzyme
kinetic studies, we assessed the nsp13 ATPase activity through
enzyme titration and proceeded with testing a series of buffers
and additives to select the optimum conditions that generated
the highest signal-to-noise ratio for nspl3 ssDNA™ and
ssDNA* ATPase activities. It has already been established
that the presence of the DNA enhances the NTPase activity of
nsp13.*” We chose to perform all nspl3 ATPase assay
optimizations in ssDNA* and ssDNA~ (Supporting Informa-
tion Figure S3). To better evaluate the effect of ssDNA on
nspl3 ATPase activity, we needed to quantify and subtract the
basal ATPase activity (ssDNA™). Therefore, it was critical to
choose a condition that maintained a significant window
between the signals from these two activities (+ssDNA). We
tested the effect of salts (NaCl, KCl), detergent (Triton X-
100), reducing agent (DTT), bovine serum albumin (BSA),
and DMSO through titration of each reagent in both assays
(Supporting Information Figure S3). Low concentrations of
KCl and NaCl (up to ~30 mM) increased the ATPase activity
in ssDNA™ by about 2-fold. However, in ssDNA?Y, salt had a
significant negative effect on ATPase activity even at
concentrations as low as 15 mM. Addition of 0.01% BSA led
to a parallel increase in ATPase activities in both ssDNA™ and
ssDNA* conditions. The presence of Triton X-100 led to a
dramatic increase (2—5-fold) in ATPase activity under both
conditions. Addition of DTT had a minimal effect with the
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Table 1. Kinetic Parameters for nspl13 ssDNA™ and ssDNA" ATPase Activities”

enzyme activity substrate
nspl3 ssSDNA™ ATPase ATP
nspl3 ssDNA" ATPase ATP
ssDNA

K, (nM)

2800 + 1000
3202

o (min_l) ke Km,ATPaPP (min_l nM_l)
210 £ 20 20+ 1 0.095 + 0.003
300 + 70 0.107 + 0.015
580 + 20

“All experiments were performed in triplicate, and data are shown as the mean + standard deviation.
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Figure 2. Amenability of the assays for high-throughput screening. (a) Linearity of ATPase activity of nsp13 was tested at K, of ATP (0.25 uM
ATP), ssDNA™, and (b) at K, for both ATP and ssDNA (ssDNA*). Both ssDNA* ATPase activity (@: 2.5 uM ATP and 3.5 nM ssDNA) and the
ssDNA™ ATPase activity (M: only 2.5 uM ATP) performed under the same conditions are shown. The slight upward drift in the signal in the
absence of nsp13 in “a” is due to variation of data points. Experiments in plots a and b were performed in quadruplicate. (c) Z'-factor of 0.72 was
obtained for nsp13 ATPase assay under the screening conditions in a 384-well format in the (@) presence and (#) absence of nsp13. (d) ssDNA*
assay was also amenable to screening in a 384-well format with a Z’-factor of 0.73. The dashed and dotted lines in panels ¢ and d represent three

standard deviations from the mean of each control group.

highest signal for both reactions at 3 mM. DMSO, which is
commonly used in preparation and screening of compounds,
had little effect on nspl3 ATPase activity under both
conditions up to 5%. Taken together, based on these results,
two buffer combinations were chosen for additional assay
optimization experiments (Supporting Information Figure
S3gh): buffer A (50 mM HEPES pH = 7.5, 20 mM NaCl,
5% glycerol, S mM magnesium acetate, 3 mM DTT, 0.01%
BSA, and 0.01% Triton-X100) and buffer B (50 mM HEPES,
pH = 7.5, 5% glycerol, S mM magnesium acetate, S mM DTT,
and 0.01% BSA). Accordingly, through nsp13 titration tests in
these buffers and by assessing the linear range of the response
curve, it was clear that nsp13 was significantly more active in
buffer A. However, the signal window for discriminating
between the basal ATPase activity and the ATPase activity
derived from stimulation by ssDNA significantly decreased
under this condition. Buffer B, on the other hand, resulted in a
higher level of ATPase activity in ssDNA" and a better signal
window between the nspl3 activity in the presence and
absence of ssDNA. At concentrations between 50 and 150 pM
of nsp13, the positive effect of ssDNA on ATPase activity was
more pronounced. Therefore, the results obtained through
assay optimization experiments led to the selection of buffer B
as the optimal buffer, which overall is the same as the buffers
used in the previous nsp13 studies,”'”**** except for removing

NaCl and increasing DTT to S mM. This optimized condition
was used for all the subsequent kinetic and inhibition studies as
described in Methods.

Kinetic Parameters of SARS-CoV-2 nsp13 ssDNA~
ATPase Activity. The kinetic parameters for the ATPase
activity of nsp13 under ssDNA™ were determined in a 384-well
format by assessing the initial velocities at various concen-
trations of ATP as the substrate (0.004—6 M) and 0.5 nM of
nsp13 using the selected buffer condition (Figure 1a,b). Under
these conditions, 500 pM of nspl3 provided a measurable
signal in all experiments while the initial velocities for ATPase
activity were linear. The slopes of the linear initial velocity of
reactions were determined and were used to calculate kinetic
parameters. In ssDNA™, a K,,**F of 210 + 20 nM for ATP with
a ko™ of 20 + 1 min~' was determined (Figure 1b). The
obtained K *? for ATP is comparable to the previously
reported values for SARS-CoV nsp13 (1.23 + 0.12 uM).°

Kinetic Parameters for the nsp13 ssDNA*ATPase
Activity. Nspl3 helicase activity was assessed by measuring
its polynucleotide-stimulated ATPase activity using ssDNA
(30b PolyT) and ATP as substrates. It had been shown that
both ssRNA and ssDNA could stimulate helicase activity in
vitro.* PolyT (along with Poly U, A, and dA) have been shown
to have the highest level of NTPase activation.”’ Using the
optimized luminescence assay, the linear initial velocities of
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nspl3 in the presence of ssDNA (Figure lc,e) were used to
calculate the kinetic parameters (Figure 1d,f). Because in the
presence of the polynucleotide the NTPase activity is
significantly stimulated, lower concentrations of the nspl3
enzyme were used to maintain the linearity of the reaction
within this set of experiments. Therefore, only 0.04 nM of
nspl3 was used for determining the kinetic parameters for
ssDNA" ATPase activity. After the initial estimation of kinetic
values, for determination of the K, of ssDNA, the ATP
concentration was kept at 8.5 uM (~3X K,, of ATP), whereas
the concentration of ssDNA was varied (0.0003—500 nM)
(Figure 1c,d). A K,*® of 3.2 + 0.2 nM was obtained for
ssDNA with a k., value of 580 + 20 min~"' (Figure 1d and
Table 1). For calculating the K, of ATP, the linearity of initial
velocities was measured at various concentrations of ATP
(0.004—6 uM), whereas the concentration of the ssDNA was
kept constant at 12 nM (Figure le,f). A K,**? of 2800 + 1000
nM was obtained for ATP for ssDNA" with a k_,**? of 300 +
70 min~' (Figure 1f and Table 1). The variation in kP
values (300 + 70 and S80 + 20; Table 1), obtained from K,,
determination experiments for ATP and ssDNA, could be due
to less than fully saturated concentrations of the second
substrate. Compared to the ssDNA”, the presence of ssDNA
led to around 10-fold increase in the K, *? of ATP (Table 1),
consistent with the previous report for 299E-CoV nspl3
ATPase activity.” At the same time, clearly the presence of
ssDNA stimulated the ATPase activity of nspl3 by more than
20-fold (Table 1). Therefore, the catalytic efficiency of nsp13
for ATP (k./Kyarp™*) remained roughly the same for
ssDNA* and ssDNA~ ATPase activities (Table 1). One can
speculate that with the same catalytic efficiency, low K, of
ATP and slow turnover (low k) could facilitate binding to
the RNA, followed by fast turnover needed for the helicase
activity in cells. This is consistent with observations that ATP
binding is promoting helicase DNA engagement.”® The
observed increase in the apparent turnover of nspl3 ATPase
activity in the presence of ssDNA is in agreement with the
reported observations.*”

Amenability of Assays to High-Throughput Screen-
ing. High-throughput screening campaigns are typically
carried out under balanced conditions (K, of the substrates).
This is an ideal screening condition that allows the small-
molecule inhibitors to compete with substrates and be
detected. Because the luciferase-based bioluminescence assay
used for detecting the remaining ATP in this study is an
endpoint assay, it was equally important to ensure that the
signal-to-noise ratio at such conditions are reliable for
screening and also the initial velocities are linear for the
duration of the assay for better hit detection and accurate ICy,
determination in the follow-up experiments.

Thus, the level of the obtained signal-to-noise ratio as well as
the linearity of the initial velocities were further assessed in the
selected screening conditions. Examining the activity of nsp13
at 0.1 nM enzyme and 0.25 yM ATP revealed that ssDNA™
ATPase reaction can maintain its linearity for 1 h and an
excellent signal-to-noise ratio was attained (Figure 2a). The
ssDNA" activity of nsp13 at 2.5 uM ATP, and 3.5 nM ssDNA
(ssDNA"), and 0.1 nM enzyme was linear for 1 h as well
(Figure 2b).

Subsequently, the reproducibility and robustness of the
assays for the high-throughput analysis were assessed. The
nspl3 ATPase assays in a 384-well screening format had Z'-
factors of 0.72 (Figure 2c) and 0.73 (Figure 2d) for ssDNA~

and ssDNA", respectively. Assays with Z’-factors above 0.5 are
typically considered reliable for high-throughput screening.””**

It is important to note that similar to other endpoint assays,
any changes to substrate concentration in the assay (in this
case ATP) necessitates the fine-tuning of the reaction with
respect to the enzyme concentration and incubation time to
ensure that the signal-to-noise ratio is reliable and linearity of
the assay is retained. Examples of such cases are when the
screening needs to be performed at higher or lower
concentrations than K of ATP and when assessing the
potential ATP competitive pattern of inhibition of identified
inhibitors by measurement of ICy, values at various
concentrations of the ATP substrate.

Screening SARS-CoV-2 nsp13 against a 5K Library of
Small Molecules. As ATP is essential for nsp13 activities, we
targeted the nucleotide binding site. We employed the
optimized ssDNA" ATPase assay for screening nspl3 against
a library of 5000 small molecules at S0 uM. Seventeen
compounds showed a higher than 50% inhibitory effect
(Figure 3).

120

-
0 O
o o

Activity (%)
883

N
o

T T T T T T
0 100 200 300
Plate Well #

Figure 3. Screening nspl3 against a library of 5000 small molecules.
SARS-CoV-2 nspl3 was screened against a library of 5000 potential
kinase inhibitors at SO M on 16 384-well plates (n = 1). Compounds
showing above 50% inhibition are highlighted in the gray area.

Out of these 17 compounds, 11 were commercially available,
and their inhibitory effect was re-tested. Eight hits were
reproducible and inhibited the ssDNA" ATPase activity of
nspl3 with ICs, values ranging from 6 + 0.5 to 330 + 30 uM
(Figure 4 and Table 2). The inhibitory effects of these
compounds on the ssDNA™ ATPase activity of nsp13 were also
assessed. Only five compounds inhibited the ssDNA™ ATPase
activity as well with IC, values ranging from 33 + 2 to 240 +
40 uM (Figure 4 and Table 2). For both ssDNA™ and ssDNA*
activities, assay data were normalized and samples in the
presence and absence of the enzyme were used as controls for
the 100 and 0% activities, respectively. Importantly, samples
lacking the ssDNA but containing 2.5 uM ATP (same as the
ATP concentration in the ssDNA* condition) were tested and
the basal ATPase activity of ssDNA* experiments was
measured. It was revealed that around 20—25% of the ATPase
activity in the ssDNA" condition was rooted from the ssDNA
independent ATPase activity of nspl3. This basal activity is
also plotted in Figure 2b (Ill) for the condition that nsp13 is
present but no ssDNA was added. This level of basal ATPase
activity was not unexpected because the concentration of ATP
in ssDNA" condition is around 10-fold of the K,*** of ATP for
the nspl3 ssDNA™ activity. Notably, compounds C1 and C2
(Figure 4) only inhibited nsp13 ssDNA', but not the ssDNA™
ATPase activity. For these two compounds, the nspl3
inhibition reached a plateau. Regardless of the compound
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Figure 4. Inhibition of ATPase activity by reproducible hits. ICy, values were determined for the eight reproducible hits from the screening
campaign (a—h). The experiments were performed in ssDNA" (black: @) and ssDNA™ (blue: @) with compound concentrations of 195 nM to 400
uM. All experiments were performed using the optimized assay and values in (a—h) represent the mean =+ standard deviation of three independent
experiments (n = 3). Assay data are normalized to 0 and 100% nsp13 activity, and data in ssDNA* (black: @) are presented without subtracting the
basal ssDNA™ ATPase activity. ICs, curves were generated using GraphPad Prism 9 using the four-parameter logistic equation and variable Hill

slope. Chemical structures are presented in the bottom panel. The letters in parentheses under each structure indicate the corresponding ICs,
curve.

concentrations used, they did not reduce the activity of nsp13 activity. The remaining 25% of nsp13 activity observed in the
by more than 75%. Combined with the absence of any presence of these compounds is expected to arise from its basal
ssDNA™ ATPase inhibitory effects, it is possible that these ssDNA independent ATPase activity. The estimated Hill
compounds solely inhibited the ssDNA stimulation of nsp13 slopes for these compounds were steeper (6.0—2.3). A steep
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Table 2. IC;, Determination for Eight Reproducible
Inhibitors of nsp13 ssDNA" ATPase Activity”

ssDNA" ATPase Hill ssDNA~ ATPase Hill

compound (uM) slope (uM) slope
Cl 6+ 05 6" NI NA
C2 42 + 3 2.3 NI NA
C3 32+2 1.7 >400 1.3
C4 57+3 1.7 240 + 40 1.7
Cs 27 +1 2.3 33+2 1.5
Cé6 S0 + 6 1.9 55+3 2.7
C7 115 + 10 2.4 215 + 20 1.4
Cs8 330 + 30 1.5 210 + 20 1.0

“Values are from Figure 4. NI: no inhibition. bHigh Hill slope may
indicate compound solubility limit.>>**

Hill slope could be explained by possible compound solubility
issues at high concentrations, or other mechanisms such as
cooperative unfolding or aggregation of the protein in the
presence of a particular compound, or possibly binding of
several inhibitor molecules to nspl3, possibly at the RNA
binding site.””* However, because these compounds do not
interrupt the activity of nsp13 in the ssDNA™ condition, these
observations may be an indicative of a more complex (likely
mixed) mode of binding for these compounds to nsp13 in the
presence of ssDNA. On the other hand, compounds CS and
C6 inhibited ssDNA" and ssDNA™ ATPase activities of nsp13
with relatively low and similar IC, values (Figure 4e and Table
2).

As a counter screen, we optimized an assay for an unrelated
protein, an aminoacyl-tRNA synthetase with ATPase activity
using the same luciferase assay. Interestingly, none of the eight
compounds showed any inhibitory effect in the counter
screening (Supporting Information Figure S4). The results
confirmed that these eight compounds do not interfere with
the assay readout and are not nonspecific binders.

All eight hits (Figure 4) are druglike molecules with
molecular weights of less than 450 Da, except for C6 (518.6
Da). Their CLogP are less than 4 except for C1 (4.8), C4
(4.5), and C6 (4.1), and they have no undesired functional
groups. These compounds have some similarities and can be
clustered into two main clusters and a singleton: cluster 1
includes C1, CS, and C7 which have pyridopyrimidine-4-one
core structure (highlighted in blue), and cluster 2 includes C2,
C3, C4, and C8 which have similar 6—5 ring systems
(highlighted in blue). A singleton, C6 also has a 6,5 ring
system but has thienopyrimidine-2,4-dione core as well as
arylacetamide substitution similar to cluster 1, which indicates
that some of the SAR features could be translated from one
cluster to the other. Both clusters can be readily synthesized
from commercially available building blocks. SAR of the cluster
1 can be explored by simple alkylation and amide coupling and
by cross-coupling reactions. Similarly, SAR of the cluster 2 can
also be readily explored by simple SNAr reactions with various
amines and by cross-coupling reactions. As the hits were
obtained from a kinase library, some of these hit compounds
may also have kinase activity which needs to be monitored
during the hit to lead campaign. C6 does not have the usual
kinase hinge binding motif, which shows that the nspl3
inhibition can be maintained without the kinase binding motif
present and therefore the kinase hinge binding motif of both
clusters also could be removed without losing the nspl3
inhibitory effect.

Although we were unable to source 6 out of 17 compounds
to confirm from powder, we proceeded with re-testing their
inhibitory effects by using the original in-house compound
samples. As such, we have provided the chemical structures of
these compounds along with ICy, values and counter screen
data to avoid dismissing any potentially real inhibitors
(Supporting Information Figure SS). However, these com-
pounds should only be considered hits if their inhibitory effects
could be confirmed from pure powder. We believe it is of
utmost importance to share the discovery of all these
reproducible screening hits in a timely manner to allow
chemistry labs to engage and speed up the discovery of more
potent nsp13 inhibitors.

B CONCLUSIONS

Since the start of the COVID-19 pandemic, several effective
vaccines have been developed and administered worldwide.
However, the limited global access to the vaccines combined
with emerging new variants and vaccine hesitancy, have made
the development of antiviral therapeutics an equally important
task in treatment of COVID-19 and prevention of other
potentially emerging pandemics. Thus, several antiviral small-
molecule drugs have been developed targeting SARS-CoV-
2.3%%3 PF-07321332 developed by Pfizer was the main SARS-
CoV-2 protease (MP*) inhibitor with in vitro pan-human CoV
antiviral activity and orally bioavailable.”” Pfizer's PAXLOVID
received emergency use authorization in December 2021 in the
United States.”* EIDD-2801 was another orally bioavailable
prodrug reported.”® Among all CoV proteins, nsp13 helicase is
one of the most important targets for antiviral development
given its high conservation and druggability.'”'**" Several
inhibitors against nspl3 from various CoVs have been
identified using various approaches.””***> These include
SSYA10-001, which was identified by screening using a
FRET-based helicase assay that specifically prevents the
double-stranded (ds)RNA and dsDNA unwinding activities
of SARS-CoV nsp13 with ICj, values of about 5 uM.”* Most
recently, Gileadi and colleagues identified 65 fragment hits by
the crystallographic fragment screening of SARS-CoV-2
nspl13."” Such fragments will have to go through extensive
chemical optimization to reach a significant inhibitory effect.
To further advance the research on discovery of nspl3
inhibitors, we have developed and validated an nsp13 ATPase
assay in the presence and absence of ssDNA for high-
throughput screening. Given the robustness and cost-
effectiveness of these assays, they could easily be employed
as a primary assay for screening a large number of small
molecules, or as a secondary assay for hit confirmation for
other screening options. Particularly, it is invaluable for
assessment of a myriad of computationally identified potential
inhibitors of nspl3 from various CoVs.”® Importantly, the
discovery of the druglike small-molecule inhibitors of nsp13 we
reported here will enable parallel projects by scientific
communities that will accelerate discovery of potent and
selective inhibitors of CoV replication and propagation.

B METHODS

Protein Expression and Purification. The expression
and purification of SARS-CoV-2 nspl3 are provided in the
Supporting Information.

Bioluminescence Assay Developments. The ssDNA*
and ssDNA™ ATPase activities of SARS-CoV-2 nspl3 were
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monitored in vitro by a bioluminescent assay. In this approach,
the level of consumed ATP by the nsp13 enzyme is quantified
by measuring the amount of remaining ATP using a luciferase-
based assay. We used Kinase-Glo reagents (Cat# V6712;
Promega, Madison, WI, USA) for this purpose, which relies on
a recombinant thermostable luciferase to generate a
luminescent signal (Supporting Information Figure S1). The
level of produced bioluminescent signal [measured in relative
light units (RLU)] correlates directly with the amount of ATP
remaining in each reaction and correlates inversely with the
degree of nsp13 ATPase activity. For all the experiments, ATP
was used as a substrate in ssDNA~ ATPase reactions, whereas
ATP and a 30b PolyT ssDNA were used as substrates for
ssDNA* ATPase activity. All the assay development reactions,
unless stated otherwise, were performed in 14 yL volume in
384-well polypropylene microplates (Cat# 784201, Greiner
Bio-One) at room temperature (23 °C) in triplicates. For assay
optimization, the effects of various additive reagents were
investigated individually through titration of the reaction
mixture with varying concentrations of NaCl (4—125 mM),
KCl (5—-150 mM), bovine serum albumin (BSA, 0.002—
0.05%), Triton X-100 (0.002—0.05%), DTT (1—50 mM), and
DMSO (0.1-5.0%) and evaluating their relative activity
compared to the reactions without additive. After completion
of the enzymatic reactions, 10 uL of each reaction was
transferred into white 384-well plates (Cat# 781207; Greiner)
which already contained 10 uL of luciferase reagent per well.
Plates were further incubated for 15—20 min at room
temperature to allow the bioluminescence signal to develop.
The amount of consumed ATP substrate was then quantified
by measuring the generated signals using a BioTek Synergy 4
plate reader instrument, and the data were analyzed using MS
Excel and GraphPad Prism 9.

Kinetic Characterizations. The kinetic characterization
studies of the SARS-CoV-2 nspl3 sDNA' and ssDNA~
ATPase activities were performed in triplicates at room
temperature in the optimized buffer containing 50 mM
HEPES, pH = 7.5, 5% glycerol, S mM magnesium acetate, S
mM DTT, and 0.01% BSA in a 384-well plate format and
employing the same luciferase reagent for signal detection. The
kinetic parameters (K., and k) for the ssDNA~ ATPase were
determined using a set of reactions with varying concentrations
of ATP substrate (from 0.004 to 6.0 uM). For determining the
kinetic parameters of nsp13 ssDNA" ATPase activity, two sets
of experiments were performed for obtaining the K, values of
each substrate. In these tests, the concentration of the one
substrate was kept constant at near saturation (>3.0X K; 8.5
UM ATP or 12 nM ssDNA), whereas the concentration for the
second substrate was varied (0.0003—500 nM ssDNA or
0.004—6 uM ATP). For obtaining endpoint kinetic data, we
decided to perform all the reactions simultaneously and to
measure the luminescence signals from all the samples in each
data set (including ATP standards) at the same time.
Therefore, the following approach was devised. Briefly, 140
UL reactions were set up in a 384-well deep-well plate.
Experiments were started simultaneously by addition of 0.5
and 0.04 nM nspl3 to ssDNA™ and sDNA" reactions,
respectively, using the 384-well liquid-handling instrument.
At different time points (0, 10, 20, 35, 65, 120, and 150 min),
1S uL samples were transferred into Axygen 384-well PCR
plates. After the reaction was stopped immediately by heating
at 95 °C for 4 min using a 384-well thermocycler (Roche),
plates were placed on ice. ATP standard solutions prepared at

different concentrations in reaction buffer were also subjected
to the same heating process. After heat treatment of the last
time-point samples (150 min), all reactions were thermally
equilibrated (10 min at room temperature). Then, 12 uL of
these solutions were transferred into a white 384-well plate that
already contained 12 uL of luciferase reagent per well. The
reaction plate was incubated for another 30 min at room
temperature following a short spin. The generated lumines-
cence signals were measured using the BioTek Synergy 4
(Vermont, USA) instrument. The initial velocities were
calculated from the linear portions of the reaction progression
curves, and kinetic parameters were determined using the
Michaelis—Menten equation using GraphPad Prism 9 (La
Jolla, CA).

Linearity and Z’'-Factor Determination. For monitoring
the linearity of nspl3 reaction progression over time, time-
point experiments were performed in quadruplicates using a
buffer containing S0 mM HEPES, pH = 7.5, 5% glycerol, 5
mM magnesium acetate, S mM DTT, and 0.01% BSA and the
final screening concentrations of substrate(s) and the nsp13
enzyme (i.e, 0.25 uM ATP and 0.1 nM nspl3 for ssDNA™
ATPase and 2.5 yuM ATP, 3.5 nM ssDNA, and 0.1 nM nspl3
for the ssDNA* ATPase). Samples without nsp13 were used as
controls for ssDNA™ activity, whereas for the ssDNA* activity,
samples without either nsp13 or ssDNA were used for control.
Reactions were started by addition of substrate(s). Samples
were taken at different time points (0, 10, 25, 40, 60, and 90
min) and stopped immediately by heating at 95 °C for 3 min
(as above). The level of the generated signal in these samples
was measured using the luciferase reagent.

The standard Z'-factor determination procedure was used
for assessing the quality and robustness of the nspl3 assays.
For determining the Z'-factor of ssDNA”, the reaction
mixtures containing 0.25 M ATP substrate in 50 mM
HEPES, pH = 7.5, 5% glycerol, S mM magnesium acetate, 5
mM DTT, 1.0% DMSO, and 0.01% BSA were set up in the
384-well format in the presence or absence of 0.1 nM nspl3.
Reactions were initiated by addition of ATP and were
incubated for 60 min at room temperature. After measuring
the signal generated by the bioluminescent method, a Z’-factor
value was calculated as described previously.”® For calculating
the Z'-factor for the nsp13 ssDNA", the reaction mixtures (50
mM HEPES, pH = 7.5, 5% glycerol, 5 mM magnesium acetate,
S mM DTT, 1.0% DMSO, and 0.01% BSA) containing 2.5 yuM
ATP and 3.5 nM ssDNA were set up in the 384-well format.
Reactions were initiated by addition of 0.1 nM of nspl3 and
were incubated for 60 min at 23 °C. Reactions lacking either
nspl3 or ssDNA were used as controls. The final DMSO
concentration was 1%. After measuring the signal generated by
the bioluminescent approach, the Z’-factor value was
calculated as described above.

Screening a Library of 5000 Small Molecules. SARS-
CoV-2 nspl3 was screened against a library of potential kinase
inhibitors containing S000 small molecules (ChemDiv Kinase
Library) at SO uM using the optimized ssDNA" ATPase assay.
The inhibitory effects of compounds were assessed in the 384-
well format (14 uL final volume) using reactions composed of
50 mM HEPES, pH = 7.5, 5% glycerol, 5 mM magnesium
acetate, S mM DTT, and 0.01% BSA, 2.5 uM ATP, 3.5 nM
ssDNA, and 0.1 nM of nsp13. Samples containing DMSO only
(no compounds) were used as the control. Reactions were
started by addition of substrates and incubated for 1 h at room
temperature. Then, 10 uL of the reactions were transferred
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into the white 384-well plates containing 10 pL luciferase
reagent and incubated for another 20 min at room temper-
ature. Compounds showing more than 50% inhibition were
selected for further analysis. These compounds were then
tested in dose-response experiments using the same bio-
luminescence assay principle but optimized for testing an
aminoacyl-tRNA synthetase (counter screen). All counter
screen experiments were performed using 0.4 mg/mL yeast
tRNA, 40 yM amino acid, 0.3 uM ATP, S0 mM Tris (pH =
7.5), S50 mM KCl, 20 mM MgCl,, 0.1 mg/mL BSA, 1 mM
DTT, 0.2 mM spermine, 0.05% NP-40, and 0.15 U/mL
inorganic pyrophosphatase. Compounds that did not interfere
with the generated signal in this assay were selected as
confirmed screening hits and were further assessed for
determining their ICg, values in ssDNA™ and ssDNA* ATPase
activities.

IC;, Determination. For IC;, determination tests,
compounds were assessed in a set of dose-response experi-
ments against SARS-CoV-2 nspl3 ssDNA™ and ssDNA'
ATPase activities in triplicates. Compounds were first serially
diluted in DMSO and were added to the reactions at final
concentrations ranging from 195 nM to 400 M with a final
DMSO concentration of 2.0%. The final reaction mixtures
consisted of S0 mM HEPES, pH = 7.5, 5% glycerol, 5 mM
magnesium acetate, S mM DTT, 0.01% BSA, 0.1 nM nsp13,
and the optimal concentration of substrates (i.e., 0.25 uM ATP
for ssDNA™ and 2.5 yuM ATP and 3.5 nM ssDNA for
ssDNA"). The reactions were started by addition of substrates
and incubated for 1 h at room temperature. The level of
enzyme activity was then measured using the luciferase reagent
as described above. For both ssDNA™ and ssDNA* activities,
samples containing all the reaction components and DMSO to
a final concentration of 2.0% in the presence and absence of
the enzyme were used as controls for the 100 and 0% activities,
respectively. ICs, curves were then generated in GraphPad
Prism 9 using the four-parameter logistic equation and variable
Hill slope.

Limitations of the Assays. Like any other enzymatic
assays, these assays are time-sensitive. The assays should be
run long enough until a reliable signal-to-noise ratio is attained.
Too long reaction times should also be avoided as reactions
may no longer be linear and the inhibitory effect of the
compounds may be masked. Importantly, because luciferase is
used as a coupling enzyme here, it is important to run a
counter screen assay with a distant ATPase protein to filter out
any possible false positives that may interfere with the assay
signal rather than specific binding.
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