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We have focused on the structure-based design of the inhibitors of one of the two SARS-CoV-2 

methyltransferases (MTases), nsp14. We have synthesized and tested the designed compounds in 

vitro and shown that these derivatives exert unprecedented inhibitory activity against this crucial 

viral enzyme. 

COVID-19 and its causative agent, the SARS-CoV-2 virus, dominated the public debate last year.1 The 

virus first emerged in Wuhan, China, and quickly spread around the world, causing a world-wide 

pandemic.2 The vaccines have been developed at an amazing pace and vaccination has already started 

in several countries.3 However, only one small-molecule drug, remdesivir,4,5 a broad-spectrum RNA-

dependent RNA polymerase inhibitor,6-8 is currently fully approved for treatment of COVID-19, but 

small-molecule drugs are urgently needed for people who, for various reasons, cannot be vaccinated or 

become sick before or despite vaccination. SARS-CoV-2 and other coronaviruses have an unusually 

large genome (~30,000 bp) for single-stranded positive-sense RNA viruses.2,9 They encode four 

structural, 16 non-structural (nsp1–16) and several accessory proteins.10,11 Among these, enzymes are 

the best potential drug targets. Coronaviruses encode two proteases, RNA-dependent RNA polymerase 

(RdRp), helicase, endonuclease and two MTases.12,13 Each of these is a valid drug target as inhibition of 

any of them would be lethal for the virus. Several inhibitors of SARS-CoV-2 RdRp and the main 

protease that have drug-like properties have recently been described.14-16 Here, we have focused on the 

nsp14 protein with two enzymatic activities: the N-terminal domain has 3′-to-5′ exoribonuclease (ExoN) 

activity, while the C-terminal domain has N7-MTase activity.10,17,18 The ExoN activity is critical for the 

maintenance of the large RNA genome,17 whereas the MTase activity is important for the stability of 

viral RNAs. Nsp14 uses S-adenosylmethionine (SAM) as a methyl donor to methylate the N7 position 

of 5' guanine, one of the steps to build the cap that is essential for mRNA stability and translation in 

human cells. We have used a structure-guided approach to design molecules with the potential to inhibit 

the nsp14 MTase activity. Several of the compounds exhibited single-digit nanomolar activities in 

biochemical assays. 

Most of SARS-CoV-2 enzymes have been quickly structurally characterized, but nsp14 still 

resists the crystallographic analysis. Therefore, we have constructed a model of SARS-CoV-2 in 

complex with SAM based on its high homology (94.9% sequence identity) with the crystallized SARS-

CoV nsp14.19 We have based the design of our inhibitors on the molecular structure of SAH, a by-

product of the methylation reaction catalysed by this protein. We have focused in particular on the 

interaction of such derivatives with lipophilic residues and residues potentially forming non-covalent 

interactions with π-systems within a lateral cavity revealed by manual inspection of the homology 

model. The cavity is defined by several hydrophobic residues (Val287, Phe367, Val389, Pro429) and 

Arg289, the last of which nicely closes the cavity by an interaction with the benzene ring of Phe367 

(Fig. 1). The size of the cavity in this region suggests that it is able to accommodate a relatively large 

planar substituent, which can significantly reduce the hydrophilic character of the ligand:nsp14 

interaction and lead to a considerable increase in this interaction. We thus decided to use aromatic 

systems connected by appropriate linkers to position 7 of the 7-deazaadenine derivative of SAH (Fig. 1). 

We selected methylene, ethynediyl and ethylene as suitable linkers for the connection of aromatic parts 

to the nucleobase. We hypothesized that selected aromatic systems could significantly interact with both 

aromatic amino-acid residues and Arg289 through the cation-π interaction, which had been observed for 

numerous interactions between ligands and proteins. Therefore, in most cases, we chose aromatic 

systems composed of two aromatic rings that provided large enough π electron clouds. Various aromatic 



systems bearing both hydrophilic and hydrophobic substituents were prepared in our study, and the most 

active derivatives were selected for presentation. 

Fig. 1 The homology model of nsp14 in complex with its activator protein nsp10 shows a well-defined 

lateral cavity in close proximity to the SAM/SAH binding site of the nsp14 MTase domain. This cavity is 

adjacent to the N7 position of the purine nucleobase and thus can be targeted by SAH derivatives 

bearing an aromatic substituent attached to this position by various linkers. 

The starting compound for the synthesis of the designed nsp14 inhibitors was persilylated 7-deaza-7-

iodoadenosine 1.20,21 First, the silyl-protecting group attached at the 5′-position was selectively removed 

by treatment with trichloroacetic acid affording nucleoside 2 in 72 % yield.22 Activation of the 5′-

hydroxy group of the compound 2 with MsCl in the presence of Et3N allowed to introduce an amino-

acid moiety by nucleophilic substitution with freshly prepared protected L-homocysteine salt23,24 

yielding SAH analogue 3 (82 % after two steps). This key intermediate 3 was then subjected to cross-

coupling reactions to attach hetaryl and aryl substituents through various linkers. For the preparation of 

the analogue with a methylene bridge, the Negishi cross-coupling reaction with benzylzinc bromide in 

the presence of Pd2dba3 and Xantphos was used affording compound 4 in 81 % yield. Derivatives 5–10 

with an ethynediyl bridge were prepared via Sonogashira cross-coupling reactions with various (het)aryl 

acetylenes (for the synthesis see ESI†) using a combination of Pd(PPh3)4 and CuI as a catalyst. In the 

case of compound 8 bearing quinoline substituent, its analogue 11 with ethylene linker was synthesized 

via reduction of the ethynediyl bridge by catalytic hydrogenation on Pd/C. Final deprotection of 7-

substituted SAH analogues (4–11) under acidic conditions (TFA/water 9:1) afforded the target 

compounds 12–19 in very good to excellent yields (83–97 %, Scheme 1). 

A recently developed radioactivity-based nsp14 MTase assay25 was employed to evaluate the 

inhibitory effect of compounds 12–19. To our delight, all eight compounds inhibited nsp14 MTase 

activity with IC50 values ranging from 3 to 37 nM (Table 1 and ESI†, Fig. S1a). Compound 16 was the 

most potent with the IC50 value of 3 ± 0.5 nM (Fig. 2a, Table 1). To confirm the binding of these potent 

inhibitors to nsp14 orthogonally, we employed surface plasmon resonance (SPR). Strong binding of all 

eight compounds to nsp14 was observed (Table 1, ESI†, Fig. S1b); the calculated KD values from steady-

state affinity fitting were in the range of 11–116 nM (Table 1). Binding affinities were in good agreement 

with the pattern of their inhibitory effect on nsp14 MTase activity (Table 1). 



Scheme 1 Reagents and conditions: (a) CCl3COOH, THF/H2O, 0 °C, 72 %. (b) MsCl, Et3N, CH2Cl2, 

0 °C–r.t. (c) tert-butyl (tert-butoxycarbonyl)-L-homocysteinate, t-BuOK, NMP, r.t., 82 % after 2 steps. (d) 

Benzylzinc bromide, Pd2(dba)3, Xantphos, THF, 60 °C. (e) (Het)aryl acetylene, Pd(PPh3)4, CuI, Et3N, THF, 

r.t. (f) Prepared from 8, Pd/C-H2, EtOAc/EtOH, r.t. (g) TFA/H2O (9:1), r.t. 

Fig. 2 The characterization of compound 16. (a) Concentration-dependent nsp14 MTase inhibition by 

compound 16 was assessed using the radioactivity-based assay. The binding of compound 16 to nsp14 

was tested by SPR. (b) The steady-state response (black circles) with the steady-state 1:1 binding model 

fitting (red dashed line) and (c) the sensorgram (solid green) with the kinetic fit (black dots) are shown. 

The experiments were performed in triplicate.  



Table 1 The evaluation of the binding affinity and inhibitory effect of the designed compounds. All 

values come from the data presented in Fig. 2 (n=3) and, ESI† Fig. S1. 

Compound IC50 (nM) Hill Slope KD (nM) 

12 37 ± 7 −0.7 31.2 ± 0.9 

13 11 ± 1 −0.8 14.1 ± 0.7 

14 17 ± 3 −0.8 116 ± 7.7 

15 6 ± 1 −0.8 21.6 ± 1.3 

16 3 ± 0.5 −0.9 25.2 ± 2.4 

17 4 ± 0.5 −0.9 15.1 ± 0.3 

18 15 ± 3 −0.7 11.3 ± 0.9 

19 12 ± 1 −0.8 23.1 ± 1.0 

In order to corroborate our observations in enzymatic assays, we used our homology model and 

performed molecular docking of selected compounds from our study. The homology model was 

prepared using SWISS-MODEL server26 based on the crystal structure of nsp14 in complex with nsp10 

obtained for SARS-CoV by Ma et al. (PDB ID:5C8T).19 The SAM-binding site and the position of the 

ligand were optimized and four water molecules in the immediate vicinity of the amino-acid part of the 

SAM molecule were modelled in order to stabilize this flexible part of our SAH analogues during the 

docking experiments. The 3D structures of the ligands were optimized using MOPAC 201627 prior to 

docking. The homology model of the protein was processed using the standard procedure for the GOLD 

software28, which was selected as the most suitable software for the docking of SAM/SAH analogues 

based on our previous experience and initial docking experiments. In all cases, the docking experiments 

in the GOLD software resulted in the highest scores ranging from 95.9 (for compound 12) to 110.9 

(compound 15) for the poses that orient the aromatic parts into the lateral cavity defined above (ESI†, 

Table S1 and Fig. S2). We have decided to present the binding patterns of the compounds that are of 

interest and may lead to further improvements in these inhibitors (Fig. 3). Interestingly, the compound 

with the lowest IC50 (derivative 16) gave only an average score (99.0, Fig. 3, A and B) as did the 

compound 18, which exhibited the highest affinity in the SPR assay (102.0, Fig. 3, C and D). In contrast, 

the compound with the third lowest IC50 value, derivative 15, scored the best in GOLD (110.9, Fig. 3, E 

and F). The 1-naphtyl moiety of this compound seems to occupy very nicely the lateral cavity of nsp14. 

We have also obtained an interesting docking result for the compound 13, which exhibits relatively high 

activity in both IC50 and SPR assays. The docking results show that the aromatic core can also be located 

in the lateral cavity perpendicular to the rotation of this part in other compounds. This can be attributed 

to the less lipophilic nature of the benzimidazole moiety in comparison with the other substituents used 

(Fig. 3, G and H). We can only speculate that these discrepancies between the actual activity and the 

predicted docking scores can be attributed to the small differences between the obtained activities and 

affinities of the inhibitors, imperfections in the homology model, flexibilities of lateral-cavity residues 

(e.g. Arg289, Phe367 and Asn388) and/or further water-mediated contacts with the nsp14 protein. We 

tried to address this problem by molecular modelling at the semiempirical quantum mechanical level of 

theory, which showed that compound 16 had considerably more favorable binding free energy than 

SAH, due to the interaction with key Phe367, Asn388 and Pro429 residues in the lateral pocket (see 

ESI†).  



Fig. 3 The results of the docking studies of compounds 16, 18, 15 and 13 using the homology model 

of SARS-CoV-2 nsp14 MTase. 

In conclusion, this study describes the first rationally designed inhibitors of nsp14 MTase, based on 

modified derivatives of the SAH molecule. In order to target effectively the lateral cavity of the enzyme, 

which directly communicates with the SAM/SAH-binding site, we used the 7-deazaadenine analogue 

of SAH. This allowed us to attach aromatic substituents to position 7 using appropriate linkers. These 

derivatives showed considerable inhibitory activity against nsp14 (the IC50 values were between 3 and 

37 nM) and strong binding to the nsp14 protein by SPR (with the KD values being in the range of 11–



31 nM). The most active compound in the study was compound 16 (TO507) with IC50= 3 ± 0.5 nM. Our 

docking and molecular modelling studies have clearly shown that these compounds can effectively 

exploit the space within the lateral cavity, which leads to effective binding to the SAM-binding site of 

the protein. Although the compounds are inherently zwitterionic, and hence their penetration into cells 

and their activity in cell cultures are rather unlikely, we believe that our study provides a significant 

springboard for the design of drugs targeting the nsp14 protein. 
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