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Abstract

Frequent outbreaks of novel coronaviruses (CoVs), highlighted by the current severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic, necessitate the development of therapeutics that could be easily and effectively
administered worldwide. The conserved mRNA-capping process enables CoVs to evade their host immune system and
is a target for antiviral development. Nonstructural protein (nsp) 16 in complex with nspl0 catalyzes the final step of
coronaviral mMRNA capping through its 2'-O-methylation activity. Like other methyltransferases, the SARS-CoV-2 nsp10-
nspl6 complex is druggable. However, the availability of an optimized assay for high-throughput screening (HTS) is an
unmet need. Here, we report the development of a radioactivity-based assay for the methyltransferase activity of the
nspl0-nspl6 complex in a 384-well format, kinetic characterization, and optimization of the assay for HTS (Z' factor =
0.83). Considering the high conservation of nsp |6 across known CoV species, the potential inhibitors targeting the SARS-
CoV-2 nspl0-nspl6 complex may also be effective against other emerging pathogenic CoVs.
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Introduction mRNAs,? which could result in the initiation of host immune
responses when viral mRNAs are detected. In return,
viruses have evolved an array of systems to combat these
i restrictions.'®"! Viral mRNAs that maintain both the
has posed a remarkable threat to global public health and 7-methylguanosine cap (N7-meGpppN; called Cap-0) and

) . Lo
the economy. CoronaV}mses ('COVS‘) are major viral patho- 5/ 5 ethylation of the first nucleotide (N7-meGpppN,,. ;
gens of humans and animals, including bats, livestock, and Cap-1) could stay viable like the host mRNAs.1213

numerous wild animals.>? Among recognized CoV spe-
cies,! only seven are documented to infect humans. SARS-
CoV, Middle East respiratory syndrome coronavirus
(MERS-CoV), and SARS-CoV-2 cause severe symptoms in
humans, while 229E, HKU1, OC43, and NL63 are associ- IStructural Genomics Consortium, University of Toronto, Toronto,
ated with mild symptoms.>* CoVs belong to the family of ?"tariOv Canada
Coronaviridae. Their genome is a single-stranded RNA, Department of.Pharmacology and Toxicology, University of Toronto,

. . . Toronto, Ontario, Canada
which encodes 16 functional nonstructural proteins (nsp1 to
nspl6) and four main structural and accessory proteins.5 Received February 2, 2021, and in revised form March 13, 2021.
Most nonstructural proteins are involved in the synthesis ~ /\ccepted for publication March 19, 2021.
and processing of CoV RNAs.° Supplemental material is available online with this article.

Several endogenous 5-mRNA cap structures are identi-
fied in mature eukaryotic Cells. that help re‘crult Varl‘ous cel- Masoud Vedadi, Structural Genomics Consortium, University of
lular factors to support efficient translation and 1mprove Toronto, 101 College St., 7th Floor, Room 714, Toronto, Ontario, M5G
mRNA stability.”® Additionally, mRNA caps provide a IL7, Canada.
molecular platform to differentiate between self and foreign ~ Email: m.vedadi@utoronto.ca

The recent outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2; also known as COVID-19)

Particularly, CoVs generate mRNAs with a type 1 cap
structure to avoid identification and activation of host
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defense mechanisms.'3'® Coronaviral mRNA capping
starts with the removal of 5'-y-phosphate from nascent viral
RNA by nspl3. A guanosine monophosphate is then
attached to the 5'-diphosphate by an RNA guanylyltransfer-
ase to form GpppN-RNA. Subsequently, nsp14 methylates
N7 of guanosine, giving rise to a Cap-0. Ultimately, Cap-0
is transformed into a doubly methylated (Cap-1) structure
by nsp16.>7

The importance of conserved nspl6 for the function and
survival of CoVs has been documented in vivo and in
vitro.'>1¢1819Nsp16 is a member of the 2'-O-methyltransferase
(MTase) family, catalyzing the transfer of a methyl group
from S-adenosyl methionine (SAM) to RNA substrates.?’
MTases are generally druggable with several highly selec-
tive and cell-active inhibitors of human MTases available.?!
The in vitro 2'-O-MTase activity of nsp16 has been reported
for feline-CoV, MERS-CoV, and SARS-CoV.?>? However,
nspl6 was significantly active only when in complex with
nsp10.2 Nsp16 alone is unstable, and nsp10-nsp16 complex
formation is essential for its binding to SAM and RNA sub-
strate.?* The crystal structure of nsp16 has only been deter-
mined in complex with nspl0.2® Several structures of
nsp10-nsp16 from various CoV species are available as apo,
and in complex with RNA substrate, SAM, or SAM analogs,
which vastly enables the structure-based hit optimiza-
tion.?*?93% The Nsp10-nsp16 complex selectively binds and
methylates longer CoV mRNAs and synthetic small RNAs
with Cap-0.2> Moreover, SARS-CoV nsp10-nsp16 methyl-
ates N7-meGpppA-RNA but not N7-meGpppG-RNA,
which provides some selectivity over the host mRNAs.?*

These studies indicate that the conserved nsp10-nsp16
complex is essential for CoVs’ ability to mimic the host
mRNAs needed for viral replication.'>!>?3 Therefore, inhi-
bition of nsp10-nspl6 complex activity could potentially
hinder the pathogenesis of CoVs through eliciting a host
immune response.'>'>!® However, the availability of an
optimized assay suitable for high-throughput screening
(HTS) is an unmet need. Here, we report the development
and optimization of a scintillation proximity assay (SPA)
for testing the RNA MTase activity of the nspl10-nspl16
complex, kinetic characterization, and HTS.

Materials and Methods

Reagents

Biotinylated RNA substrate (5'-N7-meGpppACCCCC-
biotin) was synthesised by bioSYNTHESIS (Lewisville,
Texas). Three hundred eighty-four- and 96-well Streptavidin
PLUS High-Capacity FlashPlates, *H-SAM, and *H-biotin
were from PerkinElmer (Waltham, MA). SAM, sinefungin,
and S-adenosyl homocysteine (SAH) were from Sigma-
Aldrich (St. Louis, MO). SAM2 Biotin-Capture Membrane
was obtained from Promega (Madison, WI). All reaction

buffers contained 0.4 U/uL RNaseOUT ribonuclease inhib-
itor (Invitrogen, Waltham, MA).

Protein Expression and Purification

Expression and purification of the SARS-CoV-2 nspl0-
nspl6 complex was recently described.’! Briefly, nsp16 (S,-
N,y and nspl0 (A;-Q,,,) were separately expressed in
Escherichia coli BL21(DE3) RIL and purified to near
homogeneity. The nspl0-nspl6 complex was prepared
using the purified proteins in an 8 (nspl0) to 1 (nspl6)
molar ratio; dialyzed in storage buffer containing 50 mM
Tris-HCI (pH 8.0), 200 mM NaCl, 0.5 mM TCEP, and 5%
glycerol; and flash frozen.

Optimization of nsp |1 0-nsp | 6 Assay Conditions

The initial MTase reactions were performed in a buffer sim-
ilar to the reported conditions for the SARS-CoV nspl0-
nspl6 complex,? with some modifications. Accordingly,
10 uL mixtures containing 50 mM Tris (pH 8.0), | mM
MgCl,, 5 mM DTT, 2 uM RNA substrate, and 250 nM
nspl0-nspl6 complex were prepared. The reactions were
started by addition of 4 pM SAM (16% *H-SAM). Reactions
proceeded for 1 h and then were quenched by adding 10 pL
of 7.5 M guanidine hydrochloride, followed by 60 puL of 20
mM Tris-HCI (pH 8.0). The reaction products were trans-
ferred into streptavidin-coated FlashPlates for scintillation
counting using a TopCount instrument (PerkinElmer).
Reaction mixtures were prepared in triplicate. For deter-
mining the optimum buffer pH, 50 mM Tris-HCI was used
for generating the pH profile ranging from 6.5 to 9.0. The
effects of various reagents such as salts, detergents, reduc-
ing agents, bovine serum albumin (BSA), EDTA, and
DMSO were investigated through titration of each reagent
in assay buffer at pH 7.5 and measuring their relative activ-
ity compared with the control (i.e., reactions without addi-
tive) using the SPA-based assay. The following buffer was
chosen as the optimal reaction condition: 50 mM Tris-HCI
(pH 7.5), 100 mM KCI, 1.5 mM MgCl,, 0.01% Triton
X-100, 0.01% BSA, and 5 mM DTT. All subsequent experi-
ments were performed using this buffer condition. All reac-
tions were performed at room temperature (23 °C).

Determination of Kinetic Parameters
for nsp 10-nsp 16 Complex

For determining the kinetic parameters, reactions were car-
ried out using the optimized buffer condition in triplicate in
standard 96-well polypropylene plates. For each experi-
ment, the concentration for one substrate (i.e., SAM or
RNA) was varied, while the concentration of the second
substrate was kept at near saturation (>3.5X K_). After
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starting the reaction by adding *H-SAM, samples were
taken at different time points, which were quenched by add-
ing an equal volume of 7.5 M guanidine hydrochloride. The
level of *H-methylated RNA in each reaction was quantified
by measuring the radioactivity level (counts per minute
[CPM]) employing both a high-capacity biotin-capture
membrane-based approach and an SPA-based method. For
the membrane-based method, 12 pL of the quenched mix-
ture was spotted on streptavidin-coated SAM2 biotin-
capture membranes. The membranes were washed twice
with 2M NaCl (2 min each), rinsed with water three times
(2 min each), and allowed to fully air dry. Subsequently, the
spotted squares were cut from the membranes and placed
separately into scintillation vials containing scintillant solu-
tion, MicroScint-O (PerkinElmer). Finally, the *H-methyl-
RNA product was quantified using a Tri-Carb scintillation
counter (PerkinElmer). In the SPA-based approach, the
quenched mixtures were transferred into 96-well FlashPlates
after adding 150 uL of 20 mM Tris-HCI (pH 8.0) to each
well. To avoid saturation of beads in these plates with excess
RNA substrate, only 6 uL of the quenched mixture was added
to each well. 3H-Biotin at different concentrations was
used as control. After overnight incubation, the level of
SH-methylated RNA was measured by scintillation count-
ing. Afterward, the initial velocities were calculated from
the linear portions of the reaction progression curves. The
kinetic parameters were determined using Michaelis—
Menten equation by GraphPad Software (La Jolla, CA). For
clarity, when we report the activity of the protein complex
as nmole/min/mg, “mg” refers to “mg of nsp16.” Since the
complex is a 1:8 ratio of nsp16 to nsp10, the molarities of
nspl6 and the nsp10-nsp16 complex are the same.

Z'-Factor Determination

The quality and robustness of the nsp10-nspl16 assay was
verified by the standard Z'-factor determination.*? Optimized
reaction mixtures containing 125 nM nsp10-nsp16 complex
and 0.8 uM RNA were prepared in the presence or absence
of 200 uM sinefungin in the 384-well format using an
Agilent Bravo automated liquid handling robot. The final
DMSO concentration was 1%. The reactions were started
by addition of 1.7 uM SAM (30% *H-SAM) and were incu-
bated for 30 min at 23 °C. After measuring signal by the
SPA-based method, the Z'-factor was calculated as previ-
ously described.??

Screening a Collection of Chemical Probes

The library of 76 epigenetic chemical probes was from the
Structural Genomics Consortium (SGC; https://www.
thesgc.org/chemical-probes/epigenetics). The compounds
were screened at 50 uM with a final DMSO concentration
of 1% in 125 nM nsp10-nsp16 complex, 0.8 uM RNA, and

1.7 uM SAM (30% *H-SAM). Reactions containing 50 pM
SAH and 1% DMSO were used as positive and negative
controls, respectively. After 30 min of incubation, reactions
were quenched and transferred into SPA plates, and the
incorporated radioactivity was quantitated as described
above. The final reaction mixture for screening the nsp10-
nspl6 complex was 50 mM Tris-HCI (pH 7.5), 100 mM
KCl, 1.5 mM MgCl,, 0.01% Triton X-100, 0.01% BSA, 5
mM DTT, 125 nM nsp10-nsp16, 0.8 uM RNA, and 1.7 uM
SAM (30% 3H-SAM). Supplemental Scheme 1 illustrates
the screening workflow.

Sequence Analysis

Nsp16 protein sequences were taken from the CoV ORFlab
sequences accessible through the UniProt database. These
sequences consisted of 229E (POC6X1), HKU1 (P0C6X3),
NL63 (POC6X5), 0C43 (POC6X6), MERS-CoV (KINT7C7),
SARS-CoV (POC6X7), and SARS-CoV-2 (PODTD1). The
nspl6 sequences were aligned using Clustal Omega,** and
sequence similarities and secondary structure features were
rendered by ESPript version 3.0.>* The conservation among
these sequences was mapped onto the crystal structure of
nspl0-nsp16 from SARS-CoV-2 (Protein Data Bank [PDB]:
6WKS) using Chimera version 1.14.%

Results

Assay Development and Optimization

The in vitro activity of the SARS-CoV-2 nsp10-nsp16 com-
plex was tested by monitoring the transfer of *H-SAM to
the biotinylated N7-meGpppACCCCC RNA substrate. The
methylated RNA product was captured using SPA plates
followed by recording the changes in CPM. Initial tests at
250 nM nsp10-nsp16 complex, 2 uM RNA substrate, and 5
uM SAM indicated that the protein complex is active with
a significant signal-to-noise ratio. The assay conditions
were further optimized with respect to the pH of the buffer
and the presence of several commonly used additives (Fig.
1). The complex was most active at pH 7.5 and pH 8 (Fig.
1A). Using pH 7.5, the effects of other buffer components
were investigated. Although NaCl over a wide range of con-
centrations (10—-100 mM) reduced the enzyme activity by
about 30%, KCI had little effect on nsp10-nsp16 complex
activity up to 100 mM, and MgCl, slightly increased the
signal (Fig. 1B-D). However, a presence of Triton X-100 as
low as 0.002% increased the signal by more than 20% (Fig.
1E). Tween-20 had a similar effect (Suppl. Fig. S1A). The
reducing agents TCEP and DTT had no significant effect on
enzyme activity (Fig. 1G,H). The presence of BSA at con-
centrations higher than 0.02% reduced the signal readout
(Fig. 1F). EDTA at concentrations as low as 50 uM consid-
erably reduced the activity (Suppl. Fig. S1B). Based on
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Figure |. Assay optimization for SARS-CoV-2 nsp|0-nsp16 complex activity. (A) The MTase activity of the nsp|0-nspl16 complex
was tested at various pH values. Tris-HCI at 50 mM was used to generate the pH gradient from 6.5 to 9.0. Using the optimal pH
(7.5), the effects of (B) NaCl, (C) KCI, (D) MgCl,, (E) Triton X-100, (F) BSA, (G) DTT, (H) TCEP, and (I) DMSO were evaluated.
Experiments were performed in triplicate (n = 3). Values are presented as mean * standard deviation.

these observations, 50 mM Tris-HCI1 (pH 7.5), 100 mM
KCl, 1.5 mM MgCl,, 0.01% Triton X-100, 0.01% BSA, and
5 mM DTT were selected as the optimized buffer condition
for SARS-CoV-2 nspl0-npl6 complex MTase activity
assays. Overall, the assay optimization led to a 70% increase
in assay signal over the starting assay conditions (Suppl.
Fig. S1C). The nspl0-nspl6 complex activity under the
optimized conditions was not affected by DMSO up to 5%
(Fig. 11).

Kinetic Characterization

The kinetic parameters for the nsp10-nsp16 complex were
determined using the optimized conditions. Initial assess-
ment of the MTase activity at various concentrations of the
nspl0-nspl6 complex indicated reaction linearity up to
around 250 nM of the protein complex (Suppl. Fig. S1D).
At 250 nM nspl0-nspl6 complex, using the membrane-
based approach, apparent K values of 1.7 + 0.3 uM and

1.6 = 0.4 uM were determined for SAM and RNA, respec-
tively, with an apparent £, of 15.9 = 1.2 h™' (Suppl. Fig.
S2A-D). For determining the K of SAM, the concentra-
tion of RNA was kept at 5.6 uM, whereas when assessing
the K of the RNA substrate, the SAM concentration was at
6.0 uM. To investigate if lowering the concentration of the
nspl0-nspl6 complex is possible without nspl6 inactiva-
tion due to complex dissociation, the kinetic parameters for
SAM and RNA were also determined at 125 nM nsp10-
nspl6 complex. Using SPA, the linear initial velocities were
used to calculate the kinetic parameters. For reactions at
125 nM enzyme, the linear first 5 min of the reactions
(Fig. 2A,B) was used to calculate the kinetic parameters
(Fig. 2C,D). In these experiments, the concentration of the
second substrates, SAM and RNA, were kept at 8.0 uM
(Fig. 2C) and 5.0 uM (Fig. 2D), respectively. The apparent
K values of 1.0 = 0.1 uM and 2.0 = 0.2 uM for
RNA substrate and SAM were determined, respectively
(Fig. 2C,D). The apparent k_, value was 26.9 = 0.3 h™'
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Figure 2. Kinetic parameter determination for the nsp|0-nsp |6 complex. The initial velocities were determined at 125 nM nsp10-
nspl6 complex using (A) various concentrations of RNA (as indicated on the plot) and a fixed SAM concentration (8 uM) and (B)
varying concentrations of SAM and a fixed RNA concentration of 5 pM under the optimized condition. For the first 5 min, linear initial
velocities from A and B were used to calculate the K values for (C) RNA substrate and (D) SAM. The data on running the reactions
up to 50 min are presented in Supplemental Figure S2E,F. (E) A standard 3H-biotin titration curve was generated and used for

calculating the k

¢ Values. (F) The linearity of nspl0-nsp16 activity over time using the optimized buffer and final screening conditions

(0.8 uM RNA, 1.7 uM SAM, and 125 nM nsp10-nspl6 complex) was confirmed for 30 min. (G) Sinefungin inhibited nsp0-nsp16
activity with an IC,; of 3.4 = 0.4 uM (Hill Slope, -0.9). All experiments (A=G) were performed in triplicate (n = 3). (H) The Z'-factor
was determined in the presence (filled black circles) and absence (empty circles) of 200 uM sinefungin using screening conditions. The
dashed and dotted lines represent 3 standard deviations from the mean for each control group.

(Fig. 2C-E). While only the first 20 min of the reactions is
shown in Figure 2A,B, the extended range up to 50 min is
presented in Supplemental Figure S2E,F. These data indi-
cate that nspl0 and nspl6 stay in complex at a lower

concentration and the integrity of the complex was not
affected by further dilution of the protein complex.
Therefore, all further assays were performed at 125 nM
nspl0-nspl6 complex. The N7-unmethylated biotinylated
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Table I. Kinetic Characterization of the nspl0-nsp16
Complex.

Experiment nspl6 (nM) Substrate K _*P (uM) k.. (h")

| 250 SAM 1.7+03 159+1.2
RNA 1.6 + 0.4

2 125 SAM 2002 269+03
RNA 1.0 = 0.1

Values are presented as mean * SD (n = 3).

RNA substrate, which was used as a control, showed almost
no activity under similar assay conditions (Suppl. Fig. S1E).

Assessment of HTS Amenability

To assess the quality of the assay for HTS, first the linearity
of the reaction over time at slightly below the K of each
substrate (0.8 uM RNA and 1.7 pM SAM) was assessed
(Table 1, Fig. 2F). The data revealed that the reaction was
linear for at least 30 min. Using this assay condition, it was
shown that sinefungin inhibited nsp10-nsp16 activity with
an IC,, of 3.4 = 0.4 uM (Hill Slope, -0.9) (Fig. 2G).
Subsequently, the quality and robustness of the developed
assay for HTS was analyzed. For screening in a 384-well
format, a Z'-factor of 0.83 was attained (Fig. 2H). The opti-
mized assay was then employed to screen a panel of 76 epi-
genetic chemical probes (Suppl. Fig. S3), which included
more than 20 potent MTase inhibitors (Suppl. Table S1). At
a final compound concentration of 50 puM, none of these
highly selective compounds significantly inhibited (>26%)
the activity of the nsp10-nsp16 complex, while SAH (IC,,
of 5.9 = 0.6 uM; Suppl. Fig. S1F) reduced the activity of
nspl0-nspl6 by >90% at 50 uM.

Discussion

As the fight against COVID-19 continues, several vaccines
against SARS-CoV-2 have been made available to the pub-
lic. However, administering these vaccines requires very
specific handling protocols, such as extremely low storage
temperature for some, which may not be easily achievable in
many countries. Even if all conditions are met, it will take
many months to complete the vaccination. In addition, these
vaccines may not be effective for fast mutating CoVs. This
necessitates antiviral development.3® The 2'-O-MTase nsp16
has been proposed as an appealing target for the develop-
ment of anticoronaviral therapeutics.®!!?837 Deletion of the
SARS-CoV nspl6 coding region resulted in a blockade of
viral RNA synthesis,'® and nsp16 mutants have shown a
strong attenuation in infected mice.' It has been suggested
that the nsp10-nsp16 complex, through its mRNA-capping
activity, helps the CoVs to evade the host immune system. '
Therefore, any interruption in the activity of nspl0-nspl6

could hinder the pathogenesis of CoVs by eliciting an
immune response.'>!>!¢ Inhibition of nsp10-nsp16 complex
MTase activity by SAH (the product of the reaction), sine-
fungin (a SAM analog), and aurintricarboxylic acid has been
reported.?>?*3% However, potent and cell-permeable nsp10-
nspl6 inhibitors are yet to be developed. The availability of
activity-based HTS assays would greatly enable drug dis-
covery. The activity of the SARS-CoV nspl10-nspl6 com-
plex has previously been assessed using a filter binding-based
assay.??> Most recently, an HTS RNA displacement assay has
been reported for the SARS-CoV-2 nsp10-nspl6 complex
that will detect RNA-competitive inhibitors.3! Overall, the
nspl0-nspl6 complex activity assays reported to-date are
low throughput.?> 2438

Here we reported development of a radioactivity-based
assay for screening the SARS-CoV-2 nsp10-nsp16 complex
in a 384-well format. Since around 10-fold molar excess of
nsp10 is required for the maximum in vitro MTase activity
of nspl6,> a 1:8 ratio of nspl6 to nspl0 was chosen to
ensure a near-maximum activity of the complex. The kinetic
parameters for the MTase activity of the nsp10-nsp16 com-
plex are presented here for the first time. The K values of
SAM and RNA were determined to be 2.0 = 0.2 uM and
1.0 = 0.1 uM, respectively. The ITC K, values of 5.59 *
1.15 uM and 1.21 = 0.41 uM for SAM and RNA, respec-
tively, were previously reported for the nsp10-nspl16 com-
plex from SARS-CoV.** The apparent k_, value for the
SARS-CoV-2 nsp10-nsp16 complex is 26.9 = 0.3 h™!. Such
low k_, values are not uncommon among RNA*** or pro-
tein MTases.*! The IC,, values for SAH and sinefungin
determined in this study were in the same range as values
previously reported for the SARS-CoV and MERS-CoV
nsp10-nsp16 complexes.???3 Testing a subset of potent and
selective chemical probes for human MTases did not sig-
nificantly inhibit the activity of the nsp10-nsp16 complex,
indicating that the assay has a very low rate of false posi-
tives and is well suited for HTS. Unlike RNA displacement
assays, this MTase activity assay is suitable for detecting
both SAM- and RNA-competitive inhibitors.

The available evidence indicates that many other CoVs
currently in various animals are preadapted to likely infect
humans at some point in time in the future and cause new
pandemics.** ** Considering the natural diversity of CoVs
across the globe! and the close interactions of humans with
wild and domesticated animals, these future pandemics
may not be prevented by the current vaccines.>® This further
highlights the importance of developing potent inhibitors
against coronaviral proteins that are conserved across this
family of viruses to develop pan-CoV therapeutics. Nsp16
is highly conserved across the CoV family,'? and the avail-
able structures from several coronaviral species also reveal
a high degree of structural conservation.?*26-283% For exam-
ple, SARS-CoV-2 nsp16 shows a minimum sequence iden-
tity of 57.05% with the other pathogenic CoVs (Fig. 3).
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Figure 3. Sequence alignment of nsp16 from pathogenic CoVs. Amino acid sequences of nsp16 from seven pathogenic CoVs
(HKUI, NL63, OC43, 299E, MERS-CoV, SARS-CoV, and SAR-CoV-2) were aligned using Clustal Omega, and sequence similarities
and secondary structure features were rendered by ESPript 3.0. The crystal structure of SAR-CoV-2 nsp|10-nsp |6 (PDB: 7JHE) was
employed for extracting the secondary structure information. SARS-CoV-2 nsp|6 shows 57.05%, 58.39%, 66.11%, 63.76%, 66.1 1%,
and 93.29% sequence identity to 299E, NL63, OC43, HKU|, MERS-CoV, SARS-CoV, respectively.

Mapping this sequence alignment on the nsplO-nspl6
structure (Fig. 4) demonstrates the conservation of SAM-
and RNA-binding pockets across CoV species. Therefore,
inhibitors targeting the active site of nspl0-nspl6 may
prove to be effective against other emerging and reemerg-
ing CoV strains. The radioactivity-based assay reported
here will be an enabling tool toward developing such pan-
inhibitors of nsp10-nspl6 MTase activities and possibly
future pan-CoV therapeutics.

In conclusion, the HTS assay we developed for assessing
the activity of the SARS-CoV-2 nspl0-nspl6 complex
using an SPA-based method provides a robust and sensitive
tool for screening large libraries of compounds and is suit-
able for identifying inhibitors with different mechanisms of
inhibition. It can also be employed as an orthogonal method
for reevaluating potential inhibitors identified through other

biochemical, biophysical, or cellular screening methods.
Considering the critical role of the nsp10-nsp16 complex in
coronaviral pathogenesis and the highly conserved nature
of the nsp10-nsp16 complex across CoV species, the identi-
fied inhibitors may prove effective against other pathogenic
CoVs, preventing future pandemics.
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Figure 4. Sequence conservation of nsp|6 across CoV species. The sequence conservation shown in Figure 3 is mapped onto the
crystal structure of nspl0-nspl6 from SARS-CoV-2 (PDB: 6WKS). The structure was rendered by the percentage conservation of
amino acid residues across the nspl6 from seven CoVs currently known to infect humans (darker colors represents a higher degree
of conservation, with black being the highest). The nsp10 subunit is shown in transparent cyan. SAM is shown with a red stick, RNA is

in green, and adenosine is represented by a blue stick.
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