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Abstract 

RNA cap methylations have been shown to be crucial for the life cycle, replication, and infection of ssRNA viruses, 
as well as for evading the host’s innate immune system. Viral methyltransferases (MTases) therefore represent 
an attractive target for the development of compounds as tools and inhibitors. In coronaviruses, N7-
methyltransferase function is localized in nsp14, which has become an increasingly important therapeutic target 
with the COVID-19 pandemic. In recent years, we have been developing SAH-derived bisubstrates with adenosine 
and an N-arylsulfonamide moiety targeting both SAM and RNA binding sites in nsp14. We report here the 
synthesis of 31 SAH analogues with the N-arylsulfonamide attached to the 5’-position of adenosine via different 
linkers such as N-ethylthioether, N-ethylsulfone, N-ethylamino or N-methyltriazole. The compounds were 
obtained efficiently by amine sulfonylation or click chemistry. Their ability to inhibit SARS-CoV-2 N7-MTase was 
evaluated and the best inhibitors showed a submicromolar inhibitory activity against N7-MTase nsp14.

Introduction

Targeting viral methyltransferases (MTases) has become an increasingly attractive approach to 

antiviral therapy, as RNA cap methylations have been demonstrated to be critical for the life cycle, 

replication and infection of certain ssRNA viruses, as well as for evading the host’s innate immune 

system.1-7 In coronaviruses, two MTases catalyze the transfer of a methyl group from S-

adenosylmethionine to viral RNA cap substrates, at the N7-position and on the 2’OH of the first 

nucleotide, respectively. Indeed, nsp14 catalyzes the N7-methylation of the cap guanosine8 and nsp16, 

in complex with nsp10, methylates the 2’-OH ribose of the first nucleotide of nascent RNA.9 By 

interacting with these MTases and selectively modulating their activities, we might expect to block 

viral infection, as previously demonstrated with SAH analogues and derivatives on various viruses.5, 

10-14 Spurred by the recent SARS-CoV-2 pandemic, the N7-MTase nsp14 is an emerging target of great 

interest for inhibitor development, and over the past three years numerous groups worldwide have 
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proposed original active compounds against this enzyme.15-28 Most nsp14 inhibitors have been 

designed as SAM-derived compounds,17, 19, 21, 23-26, 28 but high-throughput screening of large libraries18, 

20 or a structure-based docking approach on large libraries27 have also lead to non-SAM-like inhibitors 

of nsp14. In the latest docking study,27 the most potent inhibitors are low micromolar, much weaker 

than the most potent SAM-derived inhibitor, which is active in the subnanomolar range against SARS-

CoV-2 nsp14.26 

In two earlier studies, we developed N7-MTase competitive bisubstrates composed of an adenosine 

or its analogues occupying the SAM methyl donor binding pocket, linked to an N-arylsulfonamide 

scaffold that mimics the guanine moiety of the cap structure in the cap binding site of nsp14.23, 26 N-

arylsulfonamides, known to be ubiquitous functional scaffolds among medicinally interesting 

molecules, proved to be here a key component in explaining the inhibitors’ high affinity for SARS-CoV-2 

nsp14 (tens of nanomolar inhibition) in our work23, 26, 29 and that of others.24, 28 In these potent 

inhibitors, the N-arylsulfonamide moieties were directly attached to the C5’ ribose atom of adenosine 

or its derivatives (Fig. 1A).

In the present work, we aimed to separate the N-arylsulfonamide part from adenosine by introducing 

an N-ethylthioether, an N-ethylsulfone, an N-ethylamino linker or an N-methyltriazole ring attached to 

the C5’ (Fig. 1B) and to investigate how modification of the initial scaffold by these new linkers would 

impact on N7-MTase inhibitory activity in vitro. Previously, the N-methyltriazole linker had been used 

in the same way to synthesize bisubstrates interfering with the protein N-terminal MTase (NTMT1) by 

Huang and co-workers,30 m6A and m1A RNA MTases by the Ethève-Quelquejeu’s group,31, 32 or to 

prepare 5’ cap mimics with a triazole ring inside the oligophosphate chain by Jemielity’s group.33 Using 

click chemistry to combine two parts of a complex molecule represents an attractive approach over 

conventional multi-step approaches, which are often more time-consuming and tedious. Moreover, 

replacing an alkyl linker by a 1,2,3-triazole ring provides rigidity between the substrate mimic (N-

arylsulfonamide moiety) and adenosine. Here, we synthesized three series of compounds representing 

over 30 final compounds using either amine N-sulfonylation or copper-catalyzed azide-alkyne 
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cycloaddition (CuAAC) to build the corresponding linkers (Fig. 1B). To decipher the interaction of our 

compounds with SARS-CoV-2 N7-MTase nsp14, they were screened for their ability to inhibit the 

enzyme, which is involved in viral RNA cap methylation.
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Fig. 1 A) The structure of SARS CoV-2 N7-MTase nsp14 in which a potent inhibitor (MH44) was docking into the 
cap-binding site of SARS-CoV nsp14 (PDB ID: 5C8S, resolution 3.3 Å) in a previous work.23 B) Chemical structures 
of novel SARS-CoV-2 N7-MTase nsp14 bisubstrates 1-31 with different linkers between the N-arylsulfonamide 
moiety and adenosine

Results and discussion

Design

Our previous work, supported by molecular docking studies, has shown that adenosine analogues 

bearing an arylsulfonamide scaffold at C5' fit well into the cap-binding pocket of nsp14.23 While the 

adenosine inserts into the SAM binding pocket, a π-π stacking interaction takes place between the 

arylsulfonamide moiety and Phe426 residue (Fig. 1A). This predominant interaction supports the 

bisubstrate approach of our inhibitors described since 2020 and is crucial for nsp14 inhibition.23, 26 

Phe426 naturally stacks the guanosine of the viral mRNA cap structure to allow its N7-methylation 
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using SAM as methyl donor. By retaining the arylsulfonamide motif in the design of new nsp14 

inhibitors, we have also shown that an electron-withdrawing group (EWG) (nitro or cyano) positioned 

in the meta position of the arylsulfonamide motif leads to the best inhibition of the MTase activity of 

SARS-CoV-2 nsp14. This is partly due to the good position of the EWG with Arg310 residue in SARS-

CoV-2 nsp14, generating a double hydrogen bond. 

In the present study, molecular docking of compound 1 with a sulfur atom in the C5' position of 

adenosine (to mimic the structure of the natural SAM cofactor of methyltransferase) and 

arylsulfonamide without a substituent in the phenyl ring showed that, due to linker extension, it is no 

longer this group that interacts with Arg310 but rather the two S=O of the sulfonamide (Fig. 2). Similar 

results were observed with derivatives 2-5 bearing various para substituents. Interestingly, the space 

around the ortho position is large enough to accommodate a substituent, therefore we inserted the 

NO2 group at this position in 6-8, hoping that it would interact, in a dynamic system, with the Arg310 

residue. In our static docking model, the distance between NO2 and Arg310 is estimated at 5.9 Å, a too 

large distance to admit the existence of a true hydrogen bond. With a nitro group in ortho (compound 

6), 7-8 were designed with an additional chlorine atom or a methoxy group in para, the latter having 

proved of major interest for nsp14 inhibition in our previous studies.23, 26 We then replaced the sulfur 

atom by a sulfone or an ethylamino motif at C5’ position of adenosine, leading to compounds 9-13 and 

14-18. Indeed, the N-ethyl motif proved crucial in the most potent previous nsp14 inhibitors. Finally, 

the linker separating the arylsulfonamide motif from adenosine was enlarged and rigidified by inserting 

a triazole ring, leading to compounds 19-31. 
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Fig. 2 Modeling results of docking initial compound 1 with the SAM and cap-binding pocket of SARS-CoV-2 nsp14 
(PDB ID: 7R2V, resolution 2.53 Å). Contribution of the non-substituted arylsulfonamide core of 1. Phe426 (green) 
and Arg310, hydrogen bonds (yellow, 2.9, 2.6 Å) and the π-π stacking interaction (cyan, 4.0 Å) are shown.

Synthesis of N-arylsulfonamide adenosine analogues with an N-ethylthioether or N-
ethylsulfone linker

Nucleosides 1-8 and 9-13 bearing N-ethylthioether or N-ethylsulfone linkers respectively were 

prepared in two and three steps respectively from 2',3'-O-isopropylidene-5'-(aminoethyl)thio 

adenosine 32 (Scheme 1).34 Similar to our previous work, the reaction between 32 and appropriate 

arylsulfonyl chlorides under basic conditions leads to N-arylsulfonamide-containing intermediates 33-

40 in 38-80% yield. Then, among various reagents for oxidation of the sulfur atom to sulfone, such as 

Oxone® or hydrogen peroxide, the m-chloroperbenzoic acid reagent (mCPBA) was preferred mainly 

for solubility reasons and led to intermediates 41-45 in moderate yields (51-83%).35 Mild acidic 

deprotection finally liberates the 2' and 3' hydroxyls, giving nucleosides 1-13.25
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Scheme 1 Synthesis of N-arylsulfonamide adenosine analogues containing an N-ethylthioether (1-8) or N-
ethylsulfone (9-13) linkers. Reagents and conditions: (a) arylsulfonyl chloride, Et3N, DMF, 25°C, 3 h, 38-80%; (b) 
mCPBA, DCM, 0°C, 2 h, 51-83%; (c) HCO2H/H2O 1:1 v/v, 25°C, 24-48 h, 64-96%.
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Synthesis of N-arylsulfonamide adenosine analogues with an N-ethylamino linker

Nucleosides 14-18 bearing the N-ethylamino linker were prepared in 5 steps from 5'-amino-2',3'-O-

isopropylideneadenosine (Scheme 2).15 The first two steps are reductive amination reactions, 

successively introducing ethylphthalimide and ethyl units on the 5' nitrogen atom using N-(2-

oxoethyl)phthalimide and acetaldehyde respectively.36, 37 It should be noted that "one-pot" reductive 

double amination experiments have not been successful, requiring a step by step process. 

Furthermore, the order of reactions is important, as reductive amination with acetaldehyde must be 

carried out last to avoid the issue of double addition to the primary amine.38 The ethyl group was added 

onto 46 for two reasons: to increase the lipophilicity of nucleosides 14-18 and to mask the reactivity 

of the amine in the 5' position, so as to functionalize the amine at the end of the ethyl chain exclusively 

with arylsulfonamide units. In addition, our previous results showed that an ethyl group functionalizing 

the 5' amine improved SARS-CoV-2 N7-MTase nsp14 inhibition by a factor of 10.23 The phthalimide 

group was removed from 47 in the presence of methylamine and the resulting primary amine of 48 

was reacted with various arylsulfonyl chlorides in basic medium to yield the N-arylsulfonamide-

containing nucleosides 49-53.34 Like for compounds 1-13, the 2' and 3' hydroxyls were deprotected 

under acidic conditions to afford N-arylsulfonamide N-ethylaminoethyl adenosine analogues 14-18 in 

64-96%.
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Scheme 2 Synthesis of N-arylsulfonamide adenosine analogues 14-18 containing an N-ethylamino linker. 
Reagents and conditions: (a) N-(2-oxoethyl)phthalimide, NaBH(OAc)3, THF, 25°C, 18 h, 52%; (b) Acetaldehyde, 
CH3CO2H, NaBH(OAc)3, DCE, 25°C, 18 h, 60%; (c) MeNH2 in EtOH, 25°C, 18 h, then AcOH, 91%. (d) arylsulfonyl 
chloride, Et3N, DMF, 25°C, 3 h, 38-80%; (e) HCO2H/H2O 1:1 v/v, 25°C, 24-48 h, 64-96%.

Synthesis of N-arylsulfonamide adenosine analogues with an N-methyltriazole linker 19-31

Nucleosides 19-31 bearing the N-methyltriazole linker were prepared in a single step from 5'-

azidoadenosine39 and N-propargylsulfonamide derivatives. The latter were obtained in two steps from 

commercial propargylamine without a purification step (Scheme 3). In fact, the first step, in which the 

arylsulfonamide group is attached, uses an excess of propargylamine.40, 41 After completion of the 

reaction, the propargylamine is protonated by treatment in an acid medium and removed by aqueous 

extraction. In the second step, the ethyl group is incorporated into the sulfonamide of A-G using ethyl-

p-toluenesulfonate.23 Here, sulfonamide was used in excess and, after completion of the reaction, 

treatment in a basic medium removed the excess starting material and isolated the H-M derivatives 

with good purity. A "click" cycloaddition step in the presence of CuSO4 and sodium ascorbate yielded 

the final derivatives 19-31 after purification (13-61%).42
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B R1 = H R2 = CH3
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D R1 = Cl

E R1 = CF3 R2 = H

F R1 = F

G R1 = OCH3
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a
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S
O O

b
N

S
O O

A-G
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R2

R1

R2

H R1 = R2 = H

I R1 = CH3

J R1 = Cl

K R1 = CF3 R2 = H

L R1 = F

M R1 = OCH3

H-M

Scheme 3 Synthesis of N-arylsulfonamide-N-propargyl reagents A-M from commercially available 
propargylamine. Reagents and conditions: (a) arylsulfonyl chloride, Et3N, DCM, 0°C then 25°C, 16 h, quant.; (b) 
ethyl-p-toluenesulfonate, KI, K2CO3, DMF, 50°C, 16 h, quant.
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a

N

NN

N
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O

OHOH

N

NN

NHS
O O

R1

R2

19 R1 = R2 = H
20 R1 = H R2 = CH3
21 R1 = CH3
22 R1 = Cl
23 R1 = CF3 R2 = H
24 R1 = F
25 R1 = OCH3

26 R1 = R2 = H
27 R1 = CH3
28 R1 = Cl
29 R1 = CF3 R2 = H
30 R1 = F
31 R1 = OCH3

19-25 26-31

Scheme 4 Synthesis of N-arylsulfonamide adenosine analogues containing an N-methyltriazole linker 19-25 or an 
N-ethyl-N-methyltriazole linker 26-31. Reagents and conditions: (a) N-arylsulfonamide-N-propargyl reagents A-
G, CuSO4, sodium ascorbate, H2O/Dioxane, 0°C, 3 h, 13-61%; (b) N-arylsulfonamide-N-propargyl reagents H-M, 
CuSO4, sodium ascorbate, H2O/Dioxane, 0°C, 3 h, 23-54%.

SARS-CoV-2 RNA cap N7-methyltransferase activity assays

Compounds 1-31 were screened for their ability to inhibit SARS-CoV-2 N7-MTase nsp14 using a 

radioactive MTase assay. The nsp14 protein was incubated with compounds 1-31 at 50 µM and the 

transfer of [3H]-radiolabeled methyl from the SAM methyl donor onto the cap structure of a synthetic 

RNA (GpppAC4) was measured by filter binding assay (FBA).43 The introduction of a N-methyltriazole 

linker between the N-arylsulfonamide moiety and adenosine is clearly detrimental to the inhibitory 

activity of compounds 19-31 at 50 µM against N7-MTase nsp14, as enzyme activity remains above 50% 

at this concentration (Table 1). The N-ethylamino linker in compounds 14-19 also impairs the inhibition 

of nsp14 activity. In contrast, adenosine analogues 1-13 containing N-ethylthioether or N-ethylsulfone 

linkers show a noticeable inhibitory effect at 50 µM on N7-MTase, which is more pronounced for 

compounds 1-8 with the N-ethylthioether linker (MTase activity < 20%).

Table 1 Screening for inhibitory activity of compounds 1-31 at 50 µM and IC50 values of 13 most active compounds 
1-13 on SARS-CoV-2 N7-MTase nsp14.

SARS-CoV-2 N7-MTase nsp14

Compounds
% of MTase activity

 at 50 µM IC50 (µM) a

1 13 4.6 ± 2.4
2 9 4.7 ± 1.4
3 21 15.6 ± 4.0
4 10 2.2 ± 0.7
5 7 7.3 ± 1.1
6 0 2.04 ± 0.8 
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7 0 0.9 ± 0.3
8 2 0.9 ± 0.2
9 48 23.3 ± 18.7
10 27 27.4 ± 6.3
11 42 52.4 ± 14.7
12 38 49.0 ± 9.2
13 37 38.4 ± 3.0
14 87 n.d. b

15 57 n.d.
16 67 n.d.
17 66 n.d.
18 83 n.d.
19 59 n.d.
20 82 n.d.
21 50 n.d.
22 72 n.d.
23 81 n.d.
24 91 n.d.
25 63 n.d.
26 84 n.d.
27 59 n.d.
28 69 n.d.
29 47 n.d.
30 93 n.d.
31 60 n.d.
sinefungin 0 0.278 ± 0.008 c

a Values are the mean of three independent experiments. The 
MTase activity was measured using a filter binding assay. Assays 
were carried out in reaction mixture [40 mM Tris-HCl (pH 8.0), 
1 mM DTT, 1 mM MgCl2, 2 μM SAM and 0.1 μM 3H-SAM] in the 
presence of 0.7 μM synthetic RNA GpppAC4, SARS-CoV-2 nsp14 
N7-MTase (10 nM) and incubated at 30°C. The concentration of 
MTase was adjusted in order to stay in the linear phase of the 
enzymatic reaction. Compounds were previously dissolved in 
50% DMSO. b n.d. = not determined. c IC50 value from previous 
work23.

The most active compounds 1-13 were then tested in a dose-response assay with increasing compound 

concentration and MTase activity was measured using a FBA to determine the corresponding IC50 

values (Table 1). N-arylsulfonamide adenosine analogues 9-13 bearing a sulfone-containing linker 

showed IC50 values in the double-digit micromolar range, irrespective of the substituent (Ø, NO2, CN, 

Me, CF3) in the para position of the phenyl ring. In contrast, most of compounds, except for 3, with the 

N-ethylthioether linker and only one substituent at the para-position of the phenyl ring displayed 

micromolar IC50 values in the same range, irrespective of the substituent. Remarkably, two nucleosides 

7-8 with the same S-containing linker but with an additional nitro group in the ortho-position of the 
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phenyl exhibited higher inhibitory activity in the submicromolar range, close to that of the broad-

spectrum inhibitor, sinefungin (IC50 = 278 nM). All these results endorse the N-ethylthioether linkage, 

a substituent in the para-position (Cl or OMe) and a NO2 group at the ortho-position of the phenyl ring, 

in the optimized scaffold of these series of SARS-CoV-2 N7-MTase inhibitors. The active site of nsp14 

is highly conserved among coronaviruses, and the compounds described here are highly likely to inhibit 

also nsp14 from SARS-CoV, MERS-CoV, or OC43 as recently shown with previous inhibitors by us and 

other groups.26, 44 

Molecular docking studies of SARS-CoV-2 N7-MTase nsp14 in complex with one of the best 
inhibitor 7 

To support our results in enzymatic assays, we carried out computational docking studies with one of 

the most potent inhibitor 7, using Autodock Vina.45 Nucleoside 7 was modeled in the SAM- and cap-

binding pockets of the SARS-CoV-2 N7-MTase nsp14 structure (PDB ID: 7R2V). At first sight, the overlay 

of the 5’ S-adenosine of 7 with the adenosine of SAM-bound structure is suitable and all interactions 

between SAM and nsp14 are equivalent to those observed between the adenosine core and the viral 

protein. As with previous bisubstrate inhibitors,23, 26 the N-arylsulfonamide moiety interacts with 

Phe426 through π-π staking interactions (4.0 Å) (Fig. 3). Several hydrogen bond interactions were 

observed between the sulfonamide bond SO2-NH and the residues Arg310 (2.7 Å and 3.3 Å), Asn386 

(2.9 Å) and Trp385 (2.8 Å), the latter never having been observed in our previous studies, which brings 

a positive view concerning the design of 7 with its enlarged linker.
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Fig. 3 Modeling docking of the best inhibitor 7 with the cap-binding pocket of SARS-CoV-2 nsp14 (PDB ID: 7R2V, 
resolution 2.53 Å). Contribution of the o,p-substituted arylsulfonamide core of 7. Trp385, Tyr420, Phe426, 
(green), Arg310, hydrogen bonds (SO2 – Asn386, 2.9 Å ; SO2 – Arg310, 2.7 Å, 3.3 Å ; NH – Trp385, 2.8 Å) and the 
π-π stacking interaction (cyan, 4.0 Å) are shown. 5’-N-adenosine moiety is not shown for clarity purposes.

Conclusions

We performed a structure-guided design approach to develop inhibitors of the SARS-CoV-2 nsp14 N7-

MTase. In this study, we have designed a new series of bisubstrates as adenosine analogues carrying 

in the 5’position the N-arylsulfonamide scaffold previously shown to be necessary for inhibitory activity 

against nsp14. Here, the linker between N-arylsulfonamide and adenosine has been lengthened by an 

ethyl group or a methyltriazole moiety compared with the original inhibitors whose sulfonamide 

function was directly connected to the C4’ of the ribose. We have synthesized 31 compounds either 

by amine sulfonylation to obtain adenosine analogues with N-ethylthioether, N-ethylsulfone, N-

ethylamino linkers, or by click chemistry to obtain the N-methyltriazole-containing derivatives. They 

were evaluated as potential inhibitors of SARS-CoV-2 N7-MTase nsp14. N-ethylamino or N-

methyltriazole moieties in adenosine analogues drastically impair the inhibition of nsp14 activity, while 

compounds with N-ethylthioether or N-ethylsulfone showed inhibitory activity over a wide micromolar 

range. Two compounds with two substituents in the ortho- and para-position of the phenyl ring and 

an N-ethylthioether linking the arylsulfonamide moiety to adenosine exhibit submicromolar inhibitory 

activity close to that of broad-spectrum sinefungin, but lower than that of our previous inhibitors in 

the double-digit nanomolar range.23 Although interesting, these results seem to support that the best 
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design of SAH analogues as nsp14 inhibitors remain one in which the distance between 

arylsulfonamide and adenosine is minimal.

Experimental

Detailed synthetic procedures and spectral characterization data for compounds 1-53 are included in 

the ESI. Only general synthetic procedures are reported in this experimental section.

General method A for the synthesis of compounds 33-40

To a solution at 0°C under argon of 32 (1.00 eq) in anhydrous DMF (0.1 M) were successively added 

Et3N (2.00 eq) and the corresponding arylsulfonyl chloride reactant (1.25 eq) in three portions. After 

stirring at r.t for 3 hours, the reaction mixture was diluted with AcOEt and H2O. The aqueous layer was 

extracted with AcOEt and the combined organic extracts were washed with brine, dried over Na2SO4 

and concentrated under vacuum. The residue was purified by flash column chromatography (silica gel, 

linear gradient 0-4% MeOH in DCM) to give the desired compound as a white solid.

General method B for the synthesis of compounds 41-45

To a solution at 0°C under argon of corresponding 33-37 (1.00 eq) in anhydrous DCM (0.03M) was 

added mCPBA over 25 min. After stirring at 0°C for 1.5 h, the reaction mixture was diluted with DCM 

and saturated Na2SO3. The aqueous layer was extracted with DCM and the combined organic extracts 

were washed with brine, dried over Na2SO4 and concentrated under vacuum. The residue was purified 

by flash column chromatography (silica gel, linear gradient 0-4% MeOH in DCM) to give the desired 

compound as a white solid.

General method C for the synthesis of compounds 1-18

A solution of 33-45 or 49-53 in a 1:1 mix of HCOOH/H2O (0.05 M) was stirred for 24-48 h at 25°C. The 

reaction mixture was concentrated under vacuum and co-evaporated 3 times with absolute EtOH.  The 

residue was purified by flash column chromatography (silica gel, linear gradient 0-14% MeOH in DCM) 

to give the desired compound as a white solid.
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General method D for the synthesis of N-ethyl-N-propargyl reagents J-M

A suspension of NH-propargyl reagents D-G (1.00 eq), ethyl p-toluenesulfonate (1.00 eq), KI (0.10 eq) 

and K2CO3 (3.00 eq) in anhydrous DMF was stirred under argon at 50°C for 16 hours. After cooling to 

room temperature, the reaction mixture was diluted with AcOEt. The organic phase was washed with 

1N NaOH, brine, dried over Na2SO4 and concentrated under vacuum.

General method E for the synthesis of compounds 19-31

To a solution at room temperature under argon of 5’-deoxy-5’-azido-adenosine (1.0 eq) in 1,4-dioxane 

(C = 0.02 M) were successively added the suitable propargyl reagent (1.4 eq) and a freshly pre-mixed 

solution of CuSO4 (0.4 eq, C = 0.06 M) and sodium ascorbate (1.0 eq, C = 0.2 M) in water. After stirring 

at room temperature for 2 hours, solvents were removed under reduced pressure and the residue was 

co-evaporated twice with acetonitrile. Then, the residue was re-suspended in a mixture of 

dichloromethane and methanol (1/1, v:v) and filtered to remove the salts. Silica was added and 

solvents were removed under vacuum. The residue was purified by flash column chromatography (dry 

sample, silica gel, linear gradient 0-18% MeOH in CH2Cl2) to give the desired compound, after 

lyophilization, as a white powder. 

Expression and purification of recombinant protein

SARS-CoV-2 nsp14 (N7-MTase) coding sequence was cloned in fusion with a N-terminus hexa-histidine 

tag in pET28 plasmids.23 The protein was expressed in E.coli  C2566 and purified in a two-step IMAC 

using cobalt beads. Briefly, cells were lysed by sonication in a buffer containing 50 mM Tris pH 6.8, 300 

mM NaCl, 10 mM imidazole, 5 mM MgCl2, and 1 mM BME, supplemented with 0.25 mg/mL lysozyme, 

10 µg/mL DNase, and 1 mM PMSF. The protein was next purified through affinity chromatography with 

HisPur Cobalt resin 480 (Thermo Scientific), washing with an increased concentration of salt (1 M NaCl) 

and imidazole (20 mM), prior to elution in buffer supplemented with 250 mM imidazole. The second 

step of purification was performed by size exclusion chromatography (GE Superdex S200) in a final 

buffer of 50 mM Tris pH 6.8, 300 mM NaCl, 5 mM MgCl2, and 1 mM BME and the protein was 
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subsequently concentrated up to 12.5 µM and conserved at -20 °C in a buffer containing 50% of 

glycerol.

Determination of the MTase activity by filter binding assay (FBA)

The SARS-CoV-2 nsp14 MTase assay was carried out in reaction mixture [40 mM Tris-HCl (pH 8.0), 1 

mM DTT, 1 mM MgCl2, 1.9 μM SAM, and 0.1 μM 3H-SAM (Perkin Elmer)] in the presence of 0.7 μM 

GpppAC4 synthetic RNA 23 and the MTase (10 nM). Briefly, the enzyme was first mixed with the 

compound suspended in 50% DMSO (2.5% final DMSO) before the addition of RNA substrate and SAM 

and then incubated at 30 °C. Reactions mixtures were stopped after 30 min by their 10-fold dilution in 

ice-cold water. Samples were transferred to diethylaminoethyl (DEAE) filtermat (Perkin Elmer) using a 

Filtermat Harvester (Packard Instruments). The RNA-retaining mats were washed twice with 10 mM 

ammonium formate pH 8.0, twice with water and once with ethanol. They were soaked with 

scintillation fluid (Perkin Elmer), and 3H-methyl transfer to the RNA substrates was determined using 

a Wallac MicroBeta TriLux liquid scintillation counter (Perkin Elmer). For IC50 measurements, values 

were normalized and fitted with Prism (GraphPad software) using the following equation: Y = 100/[1 + 

((X/IC50)^Hillslope)]. IC50 is defined as the inhibitory compound concentration that causes 50% 

reduction in enzyme activity.
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