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ABSTRACT: Taking advantage of the uniquely constricted active
site of SARS-CoV-2 Nsp14 methyltransferase, we have designed
bisubstrate inhibitors interacting with the SAM and RNA substrate
binding pockets. Our efforts have led to nanomolar inhibitors
including compounds 3 and 10. As a prototypic inhibitor,
compound 3 also has an excellent selectivity profile over a panel
of human methyltransferases. Remarkably, C-nucleoside 10
exhibits high antiviral activity and low cytotoxicity, leading to a
therapeutic index (CC50/EC50) greater than 139. Furthermore, a
brief metabolic profiling of these two compounds suggests that
they are less likely to suffer from major metabolic liabilities.
Moreover, computational docking studies point to protein−ligand
interactions that can be exploited to enhance inhibitory activity. In
short, discovery of inhibitor 10 clearly demonstrates that potent and selective anti-SARS-CoV-2 activity can be achieved by targeting
the Nsp14 methyltransferase. Therefore, the current work strongly supports the continued pursuit of Nsp14 methyltransferase
inhibitors as COVID-19 therapeutics.
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Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) is a member of the genus Betacoronavirus and is an

enveloped, single-stranded positive-sense RNA virus.1 As the
causative agent of the current pandemic of coronavirus disease
2019 (COVID-19), SARS-CoV-2 poses a global health threat
unseen in modern history. While the availability of vaccines,
antibodies, and antiviral drugs has offered hope to end this
devastating pandemic, recent emergence and rapid spread of
more infectious variants call for continued efforts to develop
effective therapeutics to combat SARS-CoV-2 infection.
Coronaviruses, such as SARS-CoV-2, possess unusually large

RNA genome encoding four structural and 16 nonstructural
proteins (Nsp1−16), providing ample opportunity for small
molecule drug discovery.2,3 Among these viral proteins, the
RNA-dependent RNA polymerase (RdRp, Nsp12) and the
main protease Mpro (also known as 3CLpro, Nsp5) have been
extensively pursued, leading to the FDA-approved antiviral
agents remdesivir,4 molnupiravir,5 and nirmatrelvir.6

An antiviral strategy that also holds promise is targeting the
S-adenosylmethionine (SAM)-dependent viral RNA cap
methylation machinery.7 The RNA 5′-cap structure is
methylated to ensure viral translation/replication and to
evade host immune surveillance.8 In SARS-CoV-2, the RNA
5′-cap structure is sequentially methylated at the N7 position
of the guanosine by the guanine N7-methyltransferase (N7-

MTase, Nsp14)9 and the 2′-O position of the ribose of the first
RNA nucleotide by the 2′-O-methyltransferase (2′-O-MTase,
Nsp16).10 As a bifunctional protein, Nsp14 also contains an
exoribonuclease domain, which is important for proofreading,
mismatch excision, and drug resistance.11

Nsp14 MTase is an attractive drug discovery target because
mutational analysis has shown that the MTase activity is key
for SARS-CoV virus replication/transcription and viability.9,12

Furthermore, the Nsp14 N7-MTase activity of SARS-CoV-2 is
required for host translational shutdown and evasion of the
innate immune response.13,14 Known SARS-CoV Nsp14
MTase inhibitors are either obtained from screening10,15 or
are adenine dinucleoside SAM analogs.16 Many inhibitors of
SARS-CoV-2 Nsp14 MTase that have been identified through
screening of commercially available libraries have been found
to be relatively weak.17−19 There are potent S-adenosyl-
homocysteine (SAH)/SAM analogs that have been identified
from a collection of other SAM-dependent MTase inhibitors20
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or rationally designed.21,22 In addition, virtual screenings have
been performed to identify potential Nsp14 MTase inhib-
itors.23 However, most of these inhibitors are highly polar and
no anti-SARS-CoV-2 activity has been reported. During the
preparation of this manuscript, potent and selective bisubstrate
inhibitors that contained an sulfonamide functionality were
reported; however, no antiviral activity was disclosed.24

Structural studies have revealed that the MTase domain of
the SARS-CoV Nsp14 protein is distinct from the canonical
Rossmann fold.11,25 Indeed, the MTase domain of the SARS-
CoV Nsp14-Nsp10 complex (PDBs 5C8S and 5C8T) features
a uniquely constricted SAM and RNA substrate binding site, in
which the guanine ring of the cap structure (GpppA) is placed
in a narrow pocket and positioned in close proximity to SAM
for the methyl group transfer. Newly reported cryo-EM
structures of SARS-CoV-2 Nsp14 MTase,26,27 albeit in an
apo form, also have a similarly constrained MTase active site,
while the active sites of human mRNA cap guanine-N7
methyltransferase (RNMT) (PDB 3EPP) and human mRNA
cap 2′-O-Me methyltransferase (CMTR1) (PDB 4N49) are
relatively more open (Figure S1).
This constricted spatial arrangement provides an ideal

opportunity to design bisubstrate inhibitors of Nsp14
MTase. As a well-validated drug design strategy, bisubstrate
inhibitors generally entail structural moieties from two
substrates involved in a biochemical reaction. Nsp14 MTase
brings together SAM and an RNA substrate and transfers a
methyl group from SAM to the N7 atom of the guanine,
providing a template for design of bisubstrate inhibitors
targeting the Nsp14 MTase (Figure 1). In our design, we
retained the adenosine moiety from SAM, albeit with a 5′-
amino terminus, which served as a handle for further chemical
modifications. To mimic the guanine ring moiety of the RNA
substrate, a simple aromatic ring, such as 2-naphthalene, was
initially used. The adenosine moiety and the aromatic ring
were connected via a structurally varied linker (represented by
X). Conceivably, an amino acid side chain (represented by R)
could be introduced to mimic homocysteine in SAH. While
such a side chain has been featured in many natural and
synthetic MTase inhibitors20−22 and is believed to have major
contribution to the inhibitory activity,20,22 its highly polar
nature would negatively impact cell permeability and pose
difficulty for further drug development. Therefore, we decided
to focus on compounds without polar side chains.
To guide the structure−activity relationship (SAR) studies,

we established a biochemical assay in which a LC−MS/MS
method was used to monitor the production of SAH, the
byproduct of the methylation reaction. Typical dose−response
curves for representative compounds are shown in Figure S2.
This assay offered an unbiased method to evaluate a

compound’s inhibitory activity. Our initial attempts to use
alternative SAH detecting methods, such as an AptaFluor SAH
MTase assay kit, showed difficulty in differentiating SAH from
our adenosine-derived inhibitors, leading to erratic results.
Sinefungin (IC50 = 260 nM, Table 1), a potent pan-MTase
inhibitor, was used as a control and benchmark for MTase
inhibition.
Since the linker was a crucial element of bisubstrate

inhibitors, we initiated our SAR studies by exploring several
common functionalities as potential linkers (Table 1). First,
when a secondary amine was used to connect the adenosine
moiety and 2-naphthalene, the resulting compound 1 had an
IC50 value of 9.6 μM, demonstrating the feasibility of designing
bisubstrate inhibitors of Nsp14 MTase. Compound 2, which
contained an amide linker, displayed enhanced inhibitory
activity (IC50 = 2.7 μM). Remarkably, installation of a
sulfonamide functionality as a linker led to compound 3,
which was >150-fold more active than compound 1. With an
IC50 value of 61 nM, compound 3 was a promising starting
point for further SAR studies. To that end, we briefly examined
the effect of 2-naphthalene modifications. Replacement with a
7-quinoline ring gave compound 4, which showed inhibitory
activity comparable to that of compound 1, suggesting that this
minor structural change was tolerated. However, use of a 6-(2-
chloroquinoline) ring (5, Table 1) led to a 7-fold reduction in
inhibitory activity, probably due to the relatively bulky chloro
group. Furthermore, we prepared N6-acetylated compound 6,
which had an IC50 value of 48 nM, suggesting that acylation at
N6 was tolerated. Taken together, we proved that highly active
bisubstrate inhibitors of SARS-CoV-2 Nsp14 methyltransferase
could be obtained by connecting the adenosine moiety and a
simply aromatic ring via a sulfonamide linker.
To assess the anti-SARS-CoV-2 activity of these compounds,

we used A549 cells overexpressing ACE2 and TMPRSS2
(A549 AT) in an immunofluorescence (IF)-based assay.
Remdesivir,28 an FDA-approved polymerase inhibitor, was
used as a control. As expected, sinefungin with a polar amino
acid side chain failed to show any activity. Disappointingly,
compounds 1−5 at 50 μM showed no significant antiviral
activity, likely due to poor cell permeability resulting from high
polarity of sulfonamides and nucleosides. To mitigate high
polarity and improve cell permeability, we initially prepared 7,
compound 3’s di-isobutyrate prodrug (Table 1), a strategy that
has been used in clinical stage HCV antiviral agents balapiravir
and mericitabine as well as newly approved molnupiravir.29

While compound 7 showed antiviral activity, we had difficulty
determining its EC50 value most likely due to compound 7’s
low solubility in assay solutions. As a result, we synthesized the
less lipophilic diacetate prodrug 8, which was more soluble and
possessed moderate antiviral activity (EC50 = 53 μM).

Figure 1. Design of bisubstrate inhibitors of Nsp14 MTase.
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Encouraged by this result, we also prepared 9, compound 6’s
diacetate prodrug, which as expected exhibited antiviral activity
similar to that of compound 8. In addition, both compounds
showed minimal cytotoxicity at 100 μM. Taken together, we
demonstrated that we were able to elicit antiviral activity via a
prodrug approach.
One drawback of nucleoside/nucleotide-based inhibitors is

their metabolically labile glycosidic bond. To address this issue,
we examined C-nucleosides30 in which the glycosidic bond is

replaced by a metabolically stable C−C bond. To that end, we
prepared compound 10, in which a pyrrolo[2,1-f ][1,2,4]-
triazin-4-amine ring (the nucleobase of remdesivir) was used as
a nucleobase. Compound 10 possessed an IC50 value
comparable to that of 3, suggesting that C-nucleosides were
well tolerated. Strikingly, compound 10 exhibited excellent
antiviral activity (EC50 = 0.72 μM) with a therapeutic index
(TI = CC50/EC50) greater than 139 (Table 1). However,
compound 11, the diacetate prodrug of 10, was less potent and

Table 1. Bisubstrate Inhibitors of SARS-CoV-2 Nsp14 MTase

aNA, not active, <15% inhibition at 50 μM. bNT, nontoxic, >95% cell viability at 50 μM. IC50, EC50 and CC50 values were determined in at least
duplicate and the averages were reported.
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more toxic than 10. While there was no definite explanation to
these findings, they might be linked to cell lines used in the
antiviral assay, a possibility that will be investigated. Taken
together, these results suggested that metabolic stability played
a crucial role in antiviral activity and that the impact of the
prodrug might depend on the nature of the parent nucleosides.
These observations will be examined in future SAR studies.
To complement the enzymatic assay, we also performed

thermal shift assays on compounds 3, 6, and 10, three
nanomolar inhibitors of Nsp14 MTase, as well as sinefungin, a
reference. When tested at 200 μM, sinefungin modestly
increased the melting temperature (Table S1). In contrast,
compounds 3, 6, and 10 drastically stabilized the Nsp14
protein judged by the remarkable shifts in melting temperature
(≥8 °C). Furthermore, an inverse relationship was observed
between the enzymatic IC50 values and the shifts in melting
temperature (Table S1). These results confirmed the direct
interactions between our inhibitors and the Nsp14 protein.
To evaluate selectivity over human MTases, we screened

compound 3, the prototypic bisubstrate inhibitor, against a
panel of 10 human MTases including histone lysine, protein
arginine, and DNA and RNA MTases. At 10 μM, compound 3
showed minimal inhibition of this diverse set of human
MTases (Table S2), indicative of an excellent selectivity
profile. These preliminary results bolstered our premise that it
was feasible to design selective Nsp14 MTase because of its
unique structure in contrast to the canonical Rossmann fold.
To identify factors that might contribute to compound 10’s

improved antiviral activity, we also assessed compounds 3 and
10 for their in vitro metabolic liabilities including plasma
stability and liver S9 stability, and permeability in parallel
artificial membrane permeability assay (PAMPA)31 (Table 2).
Liver S9 fraction was used because the liver is the predominant
site of drug metabolism and the S9 fraction contains both

microsomal and cytosolic enzymes, including a wide variety of
Phase I and Phase II enzymes. To facilitate metabolic
transformations, nicotinamide adenine dinucleotide phosphate
(NADPH) and uridine 5′-diphosphoglucuronic acid
(UDPGA) were supplemented as cofactors in Phase I
oxidation and II glucuronidation, respectively. Compound 3
was remarkably stable in mouse and human plasma. It was also
resistant to Phase I oxidation and Phase II glucuronidation in
both human and mouse liver S9 fractions. In comparison,
compound 10 was similarly stable in plasma and liver S9
fractions except that it was surprisingly labile in the mouse to
S9 Phase I NADPH-dependent oxidation. This metabolic
instability was likely linked to compound 10’s unnatural
pyrrolo[2,1-f ][1,2,4]triazin-4-amine nucleobase. Nonetheless,
to our best knowledge, no major metabolic liabilities associated
with this nucleobase in the context of remdesivir have been
reported.32 Compounds 3 and 10 were also assessed in
PAMPA, which revealed that their passive diffusion rates were
equally low. This finding was not unexpected because of the
polar nature of these two nucleoside derivatives. This result
also supported our investigation of nucleoside prodrugs to
enhance cell membrane permeability. Overall, we were not able
to find clues about factors that could account for the superior
antiviral activity exhibited by compound 10 over compound 3.
Nonetheless, our metabolic profiling indicated that neither
compound suffered from major metabolic liabilities in human
plasma and liver S9 fractions. In particular, compound 10 will
serve as an excellent template to further improve antiviral
activity and to mitigate metabolic liabilities.
To gain insight into key protein−ligand interactions that

contributed to inhibitory activity, compounds were docked
into the MTase domain of the SARS-CoV-2 Nsp14 structure
(PDB 7EGQ).26 For compound 3, its adenine ring was
sandwiched between Cys387 and Phe367, and it formed two

Table 2. In Vitro Metabolic Stabilities and Permeability of Selected Compounds1

plasma stability t1/2
(h), n = 3

human liver S9 stability t1/2
(min), n = 2

mouse liver S9 stability t1/2
(min), n = 2

compound human mouse phase I3 phase II4 phase I3 phase II4 PAMPA permeability Pe2 (10−6 cm/s), n = 6

3 >245 >245 674 ± 136 >456 273 ± 23 >456 0.2 ± 0.1
10 >245 >245 842 ± 210 >456 28.9 ± 0.3 >456 0.2 ± 0.1
Verapamil 19.2 ± 0.8 5.7 ± 0.1
Umbelliferone 3.0 ± 0.05 0.8 ± 0.005

1Data are presented as mean ± SD. 2Pe, Apparent permeability coefficient. 3CYP enzyme cofactor: NADPH. 4Cofactor: UDPGA. 5No decrease in
remaining percentage was observed at the end of incubation (24 h). 6No decrease in remaining percentage was observed at the end of incubation
(45 min).

Figure 2. Docking of nucleosides into the active site of SARS-CoV-2 Nsp14 MTase (PDB 7EGQ). (A) Proposed binding modes of compound 3
(green) and 10 (cyan). (B) Protein−ligand interaction diagram of compound 3. (C) Protein−ligand interaction diagram of compound 10.
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hydrogen bonds with Tyr368 (Figure 2). Furthermore, the 3′-
hydroxyl group of the ribose ring had an additional hydrogen
bond with Asp352. At the same time, the sulfonamide linker
projected the naphthalene ring into the guanine (of RNA
substrate) binding pocket and allowed it to engage a π−π
stacking with Phe426, a residue that is important for Nsp14
MTase activity.12,25 Furthermore, a similar π−π interaction
was also observed for compounds 1, 4, and 5 (Figure S3).
Remarkably, Phe426 formed a π−π interaction with the
guanine ring of GpppA (an RNA substrate mimic) in PDB
5C8S, a SARS-CoV Nsp14 cocrystal structure in which both
GpppA and SAH were present in the MTase active site. Thus,
this binding mode supported our design strategy in which a
simple 2-naphthalene was used to mimic the guanine ring of
the RNA substrate. Docking of compound 10 revealed that its
pyrrolo[2,1-f ][1,2,4]triazin-4-amine nucleobase maintained
the hydrogen bonds elicited by the original adenine ring (C
Figure 2). However, examination of the top pose revealed no
apparent π−π interaction between the naphthalene ring and
Phe426 even though compound 10 displayed a binding
configuration very similar to compound 3. Instead, the
sulfonamide hydrogen formed a hydrogen bond with
Asn386, a key residue for N7-methylation as judged by
mutation analysis.12,25 Interestingly, a similar interaction
(between the amide hydrogen of compound 2 and Asn386)
was also identified in the top pose of compound 2 (Figure S3).

Because compounds 3 and 10 possessed similar biochemical
IC50 values (Table 1) and docking scores (−10.4 and −10.5
for compounds 3 and 10, respectively), our docking experi-
ment suggested that a π−π interaction with Phe426 and a
hydrogen bond with Asn386 were key contributors to the
enzymatic activity and therefore will be further investigated in
our future SAR efforts. In contrast to compounds 1−5,
docking of compound 6 produced no pose in which its
acetylated adenine ring interacted with the protein via
hydrogen bonding with Tyr368. This finding was not
unexpected because the narrow adenine binding groove was
incapable of accommodating the bulkier acetylated adenine
ring of compound 6. An alternative pose yielded a poor
docking score of −6.32, which apparently could not account
for the high biochemical inhibitory activity of compound 6. It
is possible that protein flexibility can allow compound 6 to
bind in a manner similar to that of compounds 3, which is
currently being examined through crystallographic experi-
ments. Taken together, docking studies revealed binding
modes that supported our design strategy and will be used
to guide the design of new bisubstrate inhibitors of Nsp14
MTase.
The synthesis of adenosine derivatives began with

commercially available 2′,3′-O-isopropylideneadenosine (12),
which was converted into the corresponding azide 13 (Scheme
1).33 Reduction of azide 13 under hydrogenation conditions

Scheme 1. Synthesis of Adenosine Derivatives1

1Reagents and conditions: (a) i. DPPA, DBU, dioxane; ii. NaN3, TBAI, 15-crown-5, dioxane, reflux; (b) H2, Pd/C, MeOH; (c) for 15, 2-
naphthaldehyde, NaBH4, MeOH, 5 h, 88%; for 16, 2-naphthoyl chloride, NEt3, CH2Cl2, rt, 18 h, 93%; for 17−19, sulfonyl chloride, NEt3, CH2Cl2,
rt, 18 h, 33−93%; (d) TFA/H2O (4:1), rt, 3 h, 38−92%; (e) Ac2O, pyridine, rt, 52−67%; (f) H2, Pd/C, EtOH, 18 h, 69%; (g) 2-
naphthalenesulfonyl chloride, NEt3, CH2Cl2, rt, 18 h, 41−44%; (h) isobutyric anhydride, pyridine, rt, 2 h, 29%; (i) H2, Pd/C, dioxane, 18 h.
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gave primary amine 14, which was converted into secondary
amine 15, amide 16, and sulfonamides 17−19 under
conventional conditions. Subsequent deprotection gave
compounds 1−5 in 44−92% yield. To selectively obtain N6-
acetylated adenosine derivative 6, protected azide 13 was
treated with acetic anhydride to give acetamide 20 in 67%
yield. Reduction of azide 20 gave primary amine 21, which was
then coupled with 2-naphthalenesulfonyl chloride to give
sulfonamide 22. Subsequent deprotection gave final product
N6-acetylated derivative 6.
We next synthesized di-isobutyrate and diacetate prodrugs 7

and 8, which were prepared by direct treatment of sulfonamide
3 with isobutyric anhydride and acetic anhydride, respectively
(Scheme 1). Similarly, we also prepared triacetate 9, a diacetate
prodrug of 6-acetamide 6, whose synthesis started with
common intermediate azide 13. Deprotection followed by
treatment with acetic anhydride at 50 °C gave triacetate 24 in
56% yield after a tetra-acetate byproduct was removed by
column chromatography. Reduction of the azide functionality
in 24 was accomplished by hydrogenation in dioxane, a solvent
that was chosen to mitigate undesired deacetylation in
methanol. The resulting primary amine 25 was treated with
2-naphthalenesulfonyl chloride to give triacetate derivative 9.
The positions of acetylation were confirmed by the
heteronuclear multiple bond correlation (HMBC) NMR
experiments.
The synthesis of the pyrrolo[2,1-f ][1,2,4- triazine] C-

nucleosides is depicted in Scheme 2. The free amine in 7-
iodopyrrolo[2,1-f ][1,2,4]triazin-4-amine 27 was protected
using TMSCl, followed by addition of PhMgCl, which
removed acidic protons.34 A magnesium-iodide exchange
promoted by iPrMgCl·LiCl followed by addition of ribono-
lactone 26 gave glycosylated hemiacetal 28 in 42% yield
(Scheme 2). The resulting hemiacetal 26 underwent anomeric
reduction with triethylsilane and BF3·OEt2 to give the
stereoselective β-anomer 29.35,36 The benzyl groups were
removed to give the corresponding C-nucleoside 30 in 91%
yield. After protection of the hydroxyl groups, the resulting
nucleoside 31 was converted into the corresponding primary
amine 33 following the same synthetic sequence described for
compound 12. Amine 33 was coupled with 2-naphthalene-
sulfonyl chloride to give sulfonamide 34, which was then

deprotected to give C-nucleoside sulfonamide 10. Finally,
sulfonamide 10 was treated with acetic anhydride to afford its
diacetate prodrug 11.
In summary, the uniquely constricted active site of SARS-

CoV-2 Nsp14 MTase has allowed us to design bisubstrate
inhibitors, which simultaneously engage residues in the SAM
and RNA substrate binding pockets. Our preliminary effort has
led to nanomolar inhibitors including 3 and 10, validating our
bisubstrate drug design. Successful identification of potent
inhibitors has also demonstrated that it is feasible to obtain
inhibitors devoid of a polar amino acid moiety. Furthermore, a
brief metabolic profiling of these two compounds suggests that
they are less likely to have major metabolic liabilities.
Moreover, compound 3, as a representative of these bisubstrate
inhibitors, displays an excellent selectivity profile over a panel
of human MTases. Remarkably, use of prodrugs has led to
compound 8, which showed significant, albeit moderate,
antiviral activity. More importantly, we have discovered C-
nucleoside 10, which exhibits high antiviral activity and low
cytotoxicity, clearly proving that superior anti-SARS-CoV-2
inhibition can be accomplished by targeting the Nsp14 MTase.
To our best knowledge, compound 10 is the first designed
SARS-CoV-2 Nsp14 MTase inhibitor that has achieved
submicromolar antiviral activity without significant cytotox-
icity. Therefore, while many questions remain unanswered,
identification of compound 10 represents a substantial
advancement in Nsp14 MTase drug discovery and strongly
supports the continued pursuit of Nsp14 MTase inhibitors as
COVID-19 therapeutics.
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Scheme 2. Synthesis of C-Nucleosides1

1Reagents and conditions: (a) TMSCl, PhMgCl, iPrMgCl·LiCl, THF, 0 °C, 4 h, 42%; (b) BF3·OEt2, Et3SiH, CH2Cl2, 0 °C, 4 h, 87%; (c) BBr3,
CH2Cl2, − 78 °C, 2 h, 91%; (d) 2,2-dimethoxypropane, H2SO4, acetone, rt, 87%; (e) i. DPPA, DBU, dioxane, rt, 16 h; ii. NaN3,15-crown-5, 110
°C, 18 h, 82% over two steps; (f) H2, Pd/C, EtOH, 18 h, 95%; (g) 2-naphthalenesulfonyl chloride, NEt3, CH2Cl2, rt, 18 h, 61%; (h) TFA/H2O
(4:1), rt, 3 h, 59%; (i) Ac2O, pyridine, rt, 2 h, 35%.
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