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Abstract

SARS-CoV-2 nspl0-nspl6 complex is a 2'-O-methyltransferase (MTase) involved
in viral RNA capping, enabling the virus to evade the immune system in
humans. It has been considered a valuable target in the discovery of antiviral
therapeutics, as the RNA cap formation is crucial for viral propagation. Through
cross-screening of the inhibitors that we previously reported for SARS-CoV-2
nspl4 MTase activity against nspl0-nspl6 complex, we identified two com-
pounds (SS148 and WZ16) that also inhibited nspl6 MTase activity. To further
enable the chemical optimization of these two compounds towards more potent
and selective dual nspl4/nspl6 MTase inhibitors, we determined the crystal
structure of nsp10-nsp16 in complex with each of SS148 and WZ16. As expected,
the structures revealed the binding of both compounds to S-adenosyl-L-
methionine (SAM) binding pocket of nsp16. However, our structural data along
with the biochemical mechanism of action determination revealed an RNA-
dependent SAM-competitive pattern of inhibition for WZ16, clearly suggesting
that binding of the RNA first may help the binding of some SAM competitive
inhibitors. Both compounds also showed some degree of selectivity against
human protein MTases, an indication of great potential for chemical optimiza-

tion towards more potent and selective inhibitors of coronavirus MTases.
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1 | INTRODUCTION

COVID-19 pandemic has been a grim reminder that
viruses with pandemic potential can devastate human
lives at any moment, and for a long time. As the develop-
ment of vaccines takes a significant amount of time for
each virus, prevention of future pandemics relies more
on the discovery of antiviral therapeutics including pan
inhibitors of enzymes crucial for viral replication. Two
RNA methyltransferases (MTases), nspl4 and nspl6, are
essential for coronaviral RNA cap formation that takes
place in cytoplasm' to evade the human immune sys-
tem.” Nspl4 is a bifunctional protein with a C-terminal
MTase domain catalyzing N7-guanosine methylation and
an N-terminal exoribonuclease domain.>* Nsp16 is a 2'-
O- MTase, but it is only active when in complex with
nsp10.”® These two MTases catalyze the transfer of
methyl group from S-adenosyl-L-methionine (SAM) to
the methyl acceptor substrates (RNA). We recently
reported the full kinetic characterization of nsp14,” and
nsp16®° MTase activities, and inhibitors of nsp14 MTase
activity.”'® These included seven inhibitors that were
identified through screening the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) nspl4 in vitro
against a collection of in-house synthesized 161 potential
SAM competitive inhibitors.”

Nsp16 uses a cap-0 (N7-meGpppN RNA) as substrate
and catalyzes the methylation of the ribose of the first
nucleotide of mRNA at 2’-O position."*'* This methyla-
tion requires a conserved K-D-K-E “catalytic tetrad” in
substrate binding pocket.’*'* In fact, site-directed muta-
genesis of these catalytic tetrad residues almost entirely
blocked the MTase activity of the severe acute repiratory
syndrome coronavirus (SARS-CoV) nsp16.">'° RNA mol-
ecules with a non-methylated cap structure (Gppp-RNA)
does not serve as a suitable substrate for nsp10-nsp16."’
Furthermore, it was shown that longer SARS-CoV RNAs,
as well as synthetic N’-methylated small RNA substrates
(5 nucleotides) could serve as effective substrates for this
viral MTase complex.">'®

Biochemical and structural studies have shown that
nspl6 is active only in the presence of nsp10.">'"1972% 1t
has been confirmed that nspl6 associates with nspl0
with a 1:1 M ratio and together they form a heterodimer,
and this association is required for the binding of RNA
substrate molecules with a cap-0 structure to nspl6."’
Further studies also postulated that the binding of nsp10
supports the SAM-binding of nspl6 subunit and would
also extend the RNA binding pocket of nspl0-nspl6
complex.'” Nsp10 is a highly conserved zinc binding pro-
tein with around 99% identity in SARS-CoV and SARS-
CoV-2.°** The interface between nsp16 and nsp10 sub-
units from SARS-CoV has been mapped using

mutagenesis, and the critical interactions for nspl6
MTase activity have been identified.'®* Other muta-
tional studies have also shown that targeting the interac-
tion surface of nsplO-nspl6é complex completely
abrogates the MTase activity of nsp16."”

Crystal structures of nspl0-nspl6 from SARS-CoV,
the middle east respiratory syndrome coronavirus, and
0OC43-CoV, alone and in complex with substrates or
ligands have provided critical information regarding the
active site of this viral MTase complex.>>"** It has
been shown that nspl6é forms a canonical SAM-
dependent MTase fold.'® It adopts the seven-stranded
B-sheet MTase fold, which forms two binding domains
for SAM and methyl acceptor RNA substrate binding."

Since the start of the COVID-19 pandemic, several
crystal structures of nspl0-nspl6 from SARS-CoV-2 as
apo, or in complex with RNA, SAM, or SAM analogs
have been reported,” >’ which revealed a very high
degree of structural conservation of nspl0-nspl6é com-
plex among various coronavirus species. Combined with
the importance of nspl0-nspl6 complex in coronavirus
survival, this is a promising factor in design and develop-
ment of pan-coronavirus antiviral small molecules.

Here, we report the cross-screening of nspl4 inhibi-
tors against nspl0-nspl6 complex and the discovery of
two dual nspl4/nspl6é inhibitors, SS148 and WZ16.
Through structural and biochemical studies, we revealed
an RNA-dependent SAM-competitive pattern of inhibi-
tion of nspl6 MTase activity. Potent dual inhibitors of
nspl4/nspl6 could enable more efficient prevention of
RNA cap formation in coronaviruses.

2 | RESULTS AND DISCUSSION
2.1 | Cross screening nspl4 MTase
inhibitors against nsp10-nsp16 complex

Recently, we reported on the inhibition of SARS-CoV-2
nspl4 MTase activity by seven compounds we identified
through screening of an in-house collection of 161 synthe-
sized SAM competitive protein MTase inhibitors and
SAM analogs.” We hypothesized that possibly some of
these compounds may also inhibit nsp10-nspl6 complex
MTase activity, providing an opportunity to optimize
them towards the development of more potent and selec-
tive nspl4-nspl6 dual inhibitors. We tested the seven
compounds along with -S-adenosylhomocysteine (SAH)
as a control using the previously reported optimized
nsp10-nspl6 radiometric assay’ with compound concen-
trations ranging from 0.098 to 100 pM. Interestingly, out
of seven compounds, only SS148 and WZ16 showed sig-
nificant nsp10-nsp16 inhibition with ICsq values of 1.2
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Inhibition of nsp10-nsp16 complex MTase activity. Effect of seven previously published” inhibitors of nsp14 MTase activity

was tested on nsp10-nsp16 complex methyltransferase activity using the radiometric assay as described in material and methods. Only SS148
and WZ16 inhibited nsp16 complex MTase activity. The structure of each compound is shown above each plot. SAH was used as a control.
Experiments were performed in triplicate and ICs, values are presented in Table 1

TABLE 1 Inhibition of nsp10-nsp16 MTase activity
Compound 1Cs (M) Hill slope
SS148 1.2+ 04 09+04
WZ16 34 +0.7 18201012
SAH 22+0.2 0.6 +0.1

Note: Values are from Figure 1 and are presented as mean + SD from
triplicate experiments (N = 3).

+04 and 34+ 0.7 pM, respectively (Figure 1 and
Table 1). An ICs, value of 2.2 + 0.2 pM was determined
for SAH as a control.

2.2 | Crystal structures

To uncover the atomic details of the nspl10-nsp16 inter-
actions with SS148 and WZ16, we performed the crystal-
lographic analysis of the nsp10-nsp16/SS148 and nsp10-
nspl6/WZ16 complexes. The nsplO-nspl6/SS148 and
nspl0-nspl6/WZ16 crystals belonged to the trigonal

P3,21 space group and diffracted to the 2.9 and 2.8 A res-
olution, respectively. The nsp10-nsp16/SS148 (PDB ID:
7R1T) and nspl0-nspl6/WZ16 (PDB ID: 7R1U) struc-
tures were subsequently solved by molecular replacement
and further refined to good R factors and geometry as
summarized in Table S1. One molecule of the nsp10-
nspl6 complex and one molecule of the ligand (either
SS148 or WZ16) per asymmetric unit were present,
thereby confirming the 1:1:1 nsp10:nspl6:ligand stoichi-
ometry. Both ligands were bound to the SAM-binding site
of nspl6 as expected (Figure 2a,c). The binding of these
ligands to the nspl0-nspl6 complex was mediated by
multiple interactions including both direct (via Asn43,
Gly71, Gly73, Asp99, Leul00, Asn101, Aspl14, Cysll5,
and Aspl30) and indirect water-mediated hydrogen
bonds (via Asn43, Ala72, and Thr82; Figure 2b,d).

In the case of the nspl0-nspl6/WZ16 complex, an
additional electron density in the m7GpppA-binding site
of nspl6 was observed, corresponding to a dinucleoside
triphosphate. Since the nspl0-nsplé protein complex
was not supplemented with such dinucleoside triphos-
phate during the crystallization experiment, it had to
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FIGURE 2

Crystal structures of the SARS-CoV-2 nsp10-nsp16 2'-O-RNA methyltransferase in complex with the SS148 (PDB ID: 7R1T)

and WZ16 (PDB ID: 7R1U) inhibitors. (a) Overall view of the nsp10-nsp16/SS148 complex. The protein backbone is shown in cartoon
representation; the nsp16 and nsp10 proteins are depicted in yellow and orange, respectively. The SS148 ligand is shown in stick
representation and colored according to elements: carbon, green; nitrogen, blue; oxygen, red; phosphorus, orange; sulfur, yellow. The
unbiased Fo-Fc omit map contoured at 3¢ is shown around the SS148 ligand. (b) Detailed view of the SS148 ligand binding site. The SS148
ligand and side chains of selected nsp10-nsp16 amino acid residues are shown in stick representation with carbon atoms colored according

to the protein assignment and other elements colored as in (a). Water molecules are shown as gray spheres; hydrogen atoms are not shown.

Selected hydrogen bonds involved in the nsp10-nsp16/SS148 interaction are presented as dotted black lines. (c) Overall view of the nsp10-

nspl6/WZ16 complex, depicted as in (a). The unbiased Fo-Fc omit map contoured at 2c is shown around the WZ16 ligand and around the
putative GpppA dinucleoside triphosphate. (d) Detailed view of the WZ16 ligand binding site, depicted as in (b)

originate from Escherichia coli and co-isolated with the
nspl6 protein during purification of the protein from bac-
teria. GpppA, ApppA, and mApppA are the most abun-
dant dinucleoside triphosphates involved in capping of
RNA in E. coli,”® and the m7GpppA-capped RNA is the
natural substrate of the viral nspl0-nspl6 2-O-RNA
MTase. Therefore, we modeled GpppA in the observed
electron density (Figure 2c). GpppA fitted well in the
electron density, however, we cannot exclude that a mix-
ture of several dinucleoside triphosphates species was

present. The dinucleoside triphosphate bound to the
nspl0-nspl6-WZ16 complex was located at the same
position and was bound through identical interactions as
the RNA cap analog, m7GpppA, previously co-crystalized
with the nsp10-nsp16-SAM complex (PDB ID: 6WKS).”’
No such dinucleoside triphosphate was observed in the
structure of the nspl0-nsp16/SS148 complex, tempting
us to speculate that the nsp10-nsp16-WZ16 and nsp10-
nspl6-GpppA interactions were cooperative and mutu-
ally stabilizing.
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Both SS148 and WZ16 compounds are structurally
related to SAM/SAH and bind to the SAM/SAH-binding
site of nspl6 through similar interactions. When com-
pared with SAH, SS148 contains a nitrile group bound to
the C7-position of the 7-deaza-adenine heterocyclic moi-
ety. Nevertheless, the mechanism of its binding to nsp16
is essentially the same as SAH (Figures 2b and S1d). The
WZ16 compound contains an additional aminomethyl
group bound to a carbon atom replacing the sulfur atom
in the structure of SAH. This aminomethyl group forms
both direct and indirect water-mediated hydrogen bonds
with the dinucleoside triphosphate and with the Asn43
residue of nsp16 (Figure 2d). These interactions may sta-
bilize the nsp16-GpppA-WZ16 ternary complex.

2.3 | Mechanism of action of inhibitors

To further explore the mode of binding biochemically, we
determined the mechanism of action (MOA) of SS148 and
WZ16 by determining ICs, values for each compound at
various concentrations of one substrate while keeping the
second substrate at a fixed concentration as previously
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described.”® Potential SAM competition of WZ16 and
SS148 was evaluated by ICs, determination at K, of RNA
substrate (1 pM) and varying concentrations (0.4-10 pM)
of *H-SAM. A linear increase in ICs, values was observed
as the concentration of SAM in the assay was increased,
indicating a SAM competitive pattern of inhibition for
both SS148 and WZ16 (Figure 3a,c). Increase in the con-
centration of RNA substrate at fixed SAM concentration
(10 pM; 5x Ky, sam) had no effect on ICs, values for SS148,
indicating an apparent non-competetive pattern of inhibi-
tion with respect to RNA (Figure 3b). For WZ16 however,
a significant decrease in I1Csy values was observed as the
RNA concentration was increased at fixed SAM concentra-
tion of 10 pM (5x K, sam), presenting a pattern of uncom-
petitive inhibition with regards to RNA. This indicates
that RNA can bind first, and its binding increases the
affinity of WZ16 for binding to nspl0-nspl6é complex
(Figure 3d). This is consistent with our structural observa-
tion that WZ16 was co-crystallized with a batch of nsp16
protein that carried RNA cap through protein expression
and purification. We previously observed and reported a
pattern of inhibition for (R)-PFI-2, a potent and selective
inhibitor of human SETD7 MTase, in which the
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Mechanism of action (MOA) of inhibitors. (a, ¢) ICs, values were determined at a fixed concentration of RNA substrate at

K rva (1 pM) and varying concentrations of SAM (up to 10 uM/5x Ky, sam)- Linear correlation of the increase in ICs, values and the
increase in SAM concentration indicated a SAM competitive pattern of inhibition. (b, d) ICs, values were also determined at varying
concentrations of RNA (up to 5 pM; 5x K, rva) and fixed 10 pM of SAM (5x Ky, sam)- The experiments were performed in triplicate (N = 3)
and ICs, values are presented as mean + SD. A pattern of noncompetitive inhibition with respect to RNA (b; no change in ICs, values as the
concentration of RNA increased) was observed with SS148, indicating RNA binding does not affect SS148 binding. An uncompetitive pattern
of inhibition with respect to RNA (d; the decrease in ICs, values as the RNA concentration increased) indicated that the binding of RNA can

increase affinity of WZ16 in a concentration-dependent manner
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FIGURE 4 Comparison of WZ16 and SAH inhibition of
human MTases. Selectivity of (-) WZ16 against 33 human protein
arginine, lysine, RNA and DNA methyltransferases was tested at
20 pM in parallel with assessing the inhibition of the same proteins
by (=) SAH (the product of the reaction) at the same concentration
(20 pM). The black- and gray-dashed lines indicate the 50% and
25% inhibition cut off, respectively. Experiments were performed in
triplicate as described previously**

competition of the inhibitor with one substrate (peptide)
was significantly affected by the concentration of the other
(SAM) substrate.®® The mechanism that WZ16 binding
would be affected by RNA concentration is consistent with
its co-crystallization in the presence of cap RNA.

2.4 | Selectivity of SS148 and WZ16

Selectivity of WZ16 against 33 human protein arginine
(PRMTs) and lysine (PKMTs) MTases, and BCDIN3D
(an RNA MTase) and DNA MTases (DNMTs) was
assessed as we previously described for SS148 selectivity
assay.””’ WZ16 was selective against G9a, GLP,
SUV39H1, SUV39H2, SUV420H1, SUV420H2, PRMT1,
PRMT3, PRMTY9, SETD2, SETD7, SETDS, SETDBI,

EZH2, SMYD3, MLL1, MLL3, PRDM9, DOT1L, ASH1L,
NSD1, NSD2, NSD3, DNMT1, and BCDIN3D, but inhib-
ited MTase activity of protein arginine MTases (PRMT4,
PRMT5, PRMT6, PRMT7, and PRMTS), DNMT3a,
DNMT3b, and SMYD2 by more than 50% at 20 pM
(Figure 4 and Table S2). We previously reported a similar
pattern of PRMT inhibition for SS148.”

Inhibition of MTase activities by the product of the
MTase reaction, SAH, is well established.** As WZ16 and
SS148 are structurally very similar to SAH, we decided to
test if their pattens of inhibition of human MTases are also
similar to that of SAH at the same concentration. This
would also clarify the usefulness of these compounds to
optimize towards more selective dual inhibitors of nsp14-
nspl6 MTase activities. We therefore tested the inhibition
by SAH at 20 pM on all 33 human MTases (Figure 4 and
Table S2). Interestingly, WZ16 was a lot more selective
against human MTases at 20 pM than SAH, indicating
suitability of these compounds for further optimization to
improve potency, selectivity, and cell permeability.

3 | CONCLUSION

SARS-CoV-2 nspl0-nspl6 complex is an RNA MTase
involved in RNA cap formation, enabling the virus to
evade the immune system in humans. To our knowledge,
only nonselective nanomolar inhibitors of nspl6 have
been reported to-date.** Although the MTase active site of
nspl4 and nsp16, the two SARS-CoV-2 MTases, are quite
different (Figure S1), our cross-screening of inhibitors of
nspl4 MTase activity against nspl0-nspl6é resulted in
identifying SS148 and WZ16 as nspl6 MTase inhibitors.
Our structural and biochemical assays elucidated a new
mechanism of RNA-dependent SAM-competitive inhibi-
tion. SAH binds to a groove on the surface of nsp16 or into
a tunnel of nspl4. Although these binding sites to some
extent have a similar shape, they are surrounded by differ-
ent amino acid residues, except for nsp14 D352 that corre-
sponds to nspl6é D99 (Figure S1). Identifying potent
compounds that function as dual inhibitors of nsp14 and
nspl6 MTase activities, could lead to efficient prevention
of coronavirus RNA cap formation and vulnerability of
coronaviruses to the immune system of humans.

4 | MATERIALS AND METHODS
41 | ICs,determination against nsp10-
nsplé

The in vitro activity of SARS-CoV-2 nspl0-nspl6 was
measured as previously reported.” Various concentrations
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of compounds (final concentrations of 0.098-100 uM)
were mixed with 125 nM of nsp16 complex (1:8 ratio of
nsplée:nspl0) and 0.8 pM biotinylated-RNA (5
N7-meGpppACCCCC-biotin) in the reaction buffer con-
taining 50 mM Tris (pH 7.5), 100 mM KCI, 5 mM DTT,
0.01% Triton X-100, 0.01% bovine serum albumin, and
1.5 mM MgClL,. The reactions were then started by add-
ing 1.7 uM *H-SAM and were allowed to progress for
30 min at room temperature (23°C). The signal was
detected using standard SPA plate protocol. Final
dimethyl sulfoxide (DMSO) concentration was 5%. SAH
and DMSO were used as controls. The data were ana-
lyzed using GraphPad Prism 9.

4.2 | Mechanism of action studies

The MOA of WZ16 and SS148 was determined by mea-
suring the ICs, values of WZ16 and SS148 for nspl0-
nspl6 complex at a fixed concentration of RNA substrate
at K, rnva (1 pM) and varying concentrations of SAM
(up to 10 pM/5x Ky, sam), and at varying concentrations
of RNA (up to 5 pM; 5x K;, rva) and fixed concentration
(10 pM) of SAM (5x K, sam)- The experiments were per-
formed in triplicate (N = 3). The data were analyzed
using GraphPad Prism 9.

4.3 | Protein expression and purification
for crystallography

The truncated SARS-CoV-2 nspl0 protein (residues 10-
131) and full-length nsp16 protein (residues 1-298) were
expressed as fusion proteins with N-terminal 8x histidine
(Hisg) purification tags followed by SUMO solubility and
folding tags using our previously established protocols.*
Briefly, the proteins were expressed separately in the
E. coli BL21 DE3 NiCo bacterial strain (New England
Biolabs) in the LB medium supplemented with 25 pM
ZnSO,. The protein expression was induced at optical
density of 0.6 with 150 uM isopropyl-1-thio-D-galacto-
pyranoside and the proteins were expressed overnight at
18°C. Bacterial cells were harvested by centrifugation
and lysed using the Emulsiflex C3 instrument (Avestin)
in the lysis buffer (50 mM Tris pH 8, 300 mM NacCl,
5mM MgSO,, 20 mM imidazole, 10% glycerol, 3 mM
B-mercaptoethanol). The lysate was precleared by centri-
fugation for 30 min at 30,000g and incubated with the
HisPur Ni-NTA Superflow agarose (Thermo Fisher Scien-
tific) for 30 min. Then, the agarose beads were exten-
sively washed with the lysis buffer and the proteins of
interest were eluted with the lysis buffer supplemented
with 300 mM imidazole. The SUMO-nspl10 and SUMO-

B o WILEY- L =

nspl6 fusion proteins were mixed in equimolar amounts
and then, the Hisg-SUMO tags were removed by over-
night cleavage with the recombinant yeast Ulpl protease.
The nsp10-nspl6 complex was further purified using the
size exclusion chromatography at the HiLoad 16/600
Superdex 75 prep grade column (Cytiva) in the storage
buffer (10 mM Tris pH 7.4, 150 mM NacCl, 5% glycerol,
1 mM TCEP) followed by the reverse Ni-NTA affinity
chromatography at the HisTrap HP column (Cytiva). The
purified nsp10-nspl6 protein complex was concentrated
to 4 mg/mlL, aliquoted, flash frozen in liquid nitrogen,
and stored at 193 K.

For biochemical assays, the nspl0-nspl6 complex
was purified as described before.’

44 | Crystallization and crystallographic
analysis

For the crystallographic analysis, the nsp10-nsp16 protein
complex was supplemented with either SS148 or WZ16
compound at a final concentration of 1 mM. The protein
crystals were obtained within 3-5 days in the sitting drops
consisting of 400 nL of the protein complex and 200 nL of
the well solution using the vapor diffusion method at
291 K. The nsp10-nsp16/SS148 crystals were grown using
the well solution composed of 10% PEG 20,000, 20% PEG
MME 550, 30 mM NaNO;, 30 mM Na,HPO,, 30 mM
(NH,4),S0,4, and 100 mM MES/imidazole pH 6.5, whereas
the nsp10-nspl16/WZ16 crystals were grown using the well
solution composed of 8% PEG 8,000, 200 mM NaCl, and
100 mM MES pH 6. Upon harvest, the crystals were cryo-
protected in the well solution supplemented with 20%
glycerol and cooled in liquid nitrogen. The -crystallo-
graphic datasets were collected from single crystals. The
nspl0-nsp16/SS148 dataset was collected on the BL14.1
beamline at the BESSY II electron storage ring operated by
the Helmholtz-Zentrum Berlin,>* whereas the nsp10-
nspl6/WZ16 dataset was collected using the home source,
Rigaku MicroMax-007 HF rotating anode equipped with
the Dectris Pilatus 200 K pixel detector.

The data were integrated and scaled using XDS.>* The
structures of the nsp10-nsp16/SS148 and nspl0-nspl6/
WZ16 complexes were solved by molecular replacement
using the structure of the nspl0-nspl6/sinefungin com-
plex as a search model (PDB ID: 6YZ1).*° The initial
model was obtained with Phaser’® from the Phenix pack-
age.”” The model was further improved using automatic
model refinement with Phenix.refine®® from the Phenix
package®” and manual model building with Coot.* Statis-
tics for data collection and processing, structure solution
and refinement are summarized in Table S1. Structural
figures were generated with the PyMOL Molecular
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Graphics System v2.0 (Schrodinger, LLC). The atomic
coordinates and structural factors were deposited in the
PDB (https://www.rcsb.org).
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