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The 2’- and 3’-ribose modifications of nucleotide analogs establish 
the structural basis to inhibit the viral replication of SARS-CoV-2  
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Inhibition of RNA-dependent RNA polymerase (RdRp) by nucleotide 

analogs with ribose modification provides a promising antiviral 

strategy for the treatment of SARS-CoV-2. However, how the 

inhibition can be established by the ribose modification is not fully 

understood. Herein, we have evaluated the potential of several 

adenosine analogs with 2’- and/or 3’-modifications as obligate 

chain terminators by comprehensive structural analysis based on 

extensive molecular dynamics simulations. Our results suggest that 

the 2’-modification couples with the protein environment to affect 

the structural stability while the 3’-modification seldomly impairs 

its incorporation efficiency. Our study provides alternative 

promising modification scheme to orientate the further 

optimization of obligate terminator for SARS-CoV-2 RdRp.  

Coronavirus disease 2019 (COVID-19) has caused a global 

pandemic, and lead to over 5.4 million deaths and more than 

287 million infections in 196 countries by December, 20211. 

Antiviral agents are under extensive investigations to curb the 

healthy crisis caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2)2-9. RNA-dependent RNA 

polymerase (RdRp) is one promising drug target due to its 

necessity for the life cycle of SARS-CoV-210, 11. It buries deeply 

inside the viral capsule and responsible for viral transcription 

and replication12. To perform its functions, RdRp needs to go 

through the nucleotide addition cycle, which is composed of 

multiple functional states involving conformational changes of 

both protein and nucleotides13. Inhibitors can be developed to 

target at the functional states or the dynamic transitions in the 

cycle to impair the processivity of nucleotide addition. As 

nucleotide triphosphate is the substrate for RdRp to proceed 

the extension of nascent strand (Fig. 1A), nucleotide analogs 

that have similar chemical structures to cognate substrate but 

with chemical modifications on either the base or the ribose 

hold great potential as antiviral drugs that target at SARS-CoV-2 

RdRp5, 14, 15.  

Chain termination is one more common inhibition mechanism 

exerted by nucleotide analogs to counteract the viral replication 

and transcription of SARS-CoV-2 RdRp9, 13, 14, 16-18. In this 

scenario, the inhibitor acts as a chain terminator by hindering 

the essential check points during the nucleotide addition cycle 

to terminate the nucleotide addition. For instance, Remdesivir 

is an adenosine analog with cyano group attached at the 1’-

position of the ribose. Both the experimental and 

computational studies7, 9, 19-24 have demonstrated that 

Remdesivir could inhibit the translocation through a “delayed” 

mechanism when it appears at the upstream site of the nascent 

strand. A later experiment using biochemical assay also 

proposed that Remdesivir can terminate the nucleotide 

addition when it is present in the template strand25. These 

studies have suggested that the 1’-cyano substitution on 

Remdesivir plays the deterministic roles for the chain 

termination. Sofosbuvir, Carbovir and Abacavir are also analog 

inhibitors that have 2’- or 3’-ribose modifications and have been 

proposed as obligate chain terminators for SARS-CoV-2 RdRp in 

vitro14, 15, 26. They can immediately inhibit the next nucleotide 

addition once it is incorporated into the nascent strand26. The 

above examples have demonstrated that nucleotide analogs 

with modification on the ribose could serve as the promising 

inhibitors to terminate the nucleotide addition in SARS-CoV-2 

RdRp.  

In this work, we have systematically evaluated the inhibitory 

potential of adenosine analogs that contain 2’- and 3’-ribose 

modifications (Clofarabine, Didanosine, Fludarabine, 

Vidarabine, Fig. 1B-1F) in SARS-CoV-2 RdRp by extensive 

molecular dynamics (MD) simulations with an accumulated 

simulation time of ~12 s. We first examined their binding 

stability in the active site and estimated their incorporation 

efficiency into the nascent strand. Comprehensive analysis was 
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performed to elucidate how the 2’- and 3’-ribose modifications 

impact their binding stability at the active site. Moreover, we 

investigated their capability to inhibit the next nucleotide 

addition when they are present at the 3’-terminal of the nascent 

strand. Based on these findings, we have further proposed that 

Cordycepin may serve as a promising inhibitor. Our study 

provides valuable insights to orientate further optimization and 

design of the nucleotide analogs to target at SARS-CoV-2 RdRp. 

An effective chain terminator requires that the nucleotide 

analog could be efficiently incorporated into the nascent strand. 

Therefore, it is essential for the analog inhibitor to maintain a 

catalytically active conformation for the efficient incorporation. 

In this regard, we first calculated the distance between P atom 

of nucleotide analogs and O3’ atom of the nucleotide of 3’-

terminal of nascent strand. Such a distance is required to be 

below 4Å for efficient phosphodiester bond formation during 

catalysis27 (See see SI for details). The population of P-O3’ 

distance within 4Å was computed based on the extensive MD 

conformations with nucleotide analogs adopting the 

triphosphate form in the active site of SARS-CoV-2 RdRp and 

compared with that when ATP is occupying the active site (Fig. 

2A). For each nucleotide analog, twenty replicas of 100ns MD 

simulations were performed and the conformations after first 

20ns were collected for the subsequent analysis. Our results 

demonstrate that the population of the P-O3’ distance within 

4Å of Vidarabine triphosphate resembles that of ATP (Fig. 2B), 

suggesting that Vidarabine exhibits a considerable 

incorporation capability as the cognate substrate. Didanosine 

also possesses a notable population (50.7±8.8%) of catalytically 

active conformations although the population is marginally 

reduced compared to that of ATP (74.6±6.3%). This suggests 

that Didanosine triphosphate is also prone to be incorporated 

into the nascent strand and satisfies the prerequisite as a chain 

terminator. This observation also indicates that the removal of 

3’-hydroxyl group seldom disrupt the active conformation in the 

pre-catalytic state. On a sharp contrast, Clofarabine and 

Fludarabine have an obviously lower population of catalytically 

active configurations (Fig. 2B), indicating that they could be 

difficult to be incorporated into the nascent strand.  

The stability of nucleotide analogs in the active site is another 

vital indicator anchoring its inhibitory ability during catalysis 

and thereby plays a key role in evaluating its incorporation 

efficiency. In this regard, we examined the base pairing stability 

between the analogs and the template nucleotide (Fig. 2C-2D) 

as well as the structural flexibility of nucleotide analogs at the 

active site (Fig. 2E-2F). We found that Didanosine triphosphate 

can form stable base pairing with the template uridine 

(hydrogen bond probability = 87.7±2.5%), which is similar with 

the base pairing stability with ATP at the active site (hydrogen 

bond probability = 90.5±3.2%). Consistently, the structural 

fluctuations of Didanosine triphosphate are as small as that of 

ATP with a root mean square fluctuations (RMSF) of 0.90±0.03Å 

and 0.97±0.06Å, respectively (Fig. 2E-2F). These observations 

suggest that Didanosine triphosphate adopts a comparable 

structural stability with ATP at the active site of SARS-CoV-2 

RdRp, which further consolidates an efficient incorporation of 

Didanosine triphosphate into the nascent strand. On the 

contrary, Vidarabine, which shows a comparable population of 

P-O3’ distance less than 4Å with ATP (Fig. 2B), has 

demonstrated impaired base pairing stability and higher 

structural flexibility (Fig. 2D and 2F). Clofarabine and 

Fludarabine both demonstrated obviously weakened stability at 

the active site compared to ATP and Didanosine triphosphate, 

which reduced their potential as effective inhibitors for SARS-

CoV-2 RdRp (Fig. 2D and 2F). Moreover, we examined the 

binding affinity of nucleotide analogs by computing the 

Gbinding relative to the cognate substrate ATP (Fig. 2G) using 

the free energy perturbation method (Fig. S1, see SI for details). 

We found that all the four analogs have a comparable binding 

affinity with ATP, and Clofarabine (Gbinding=2.5kcal/mol) is 

less competitive than the other three analogs (Gbinding < 

2kcal/mol). Altogether, our above analysis for the structural 

Fig. 1 (A) The diagram of the SARS-CoV-2 RdRp, where the ATP binding at the active site is enlarged. (B)-(F) 
Chemical structures of four nucleotide analogs in comparison with adenosine, where ribose modifications are 
highlighted in red and base modifications are highlighted in orange. 
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stability and the binding affinity at the active site demonstrates 

that Didanosine possesses the most pronounced 

conformational stability in the active site.   

Further structural investigations into the protein environment 

at the 

active 

site 

indicate 

that the 

interplay between the ribose modification and Asp623 could 

dominate the structural stability of nucleotide analogs. When 

ATP occupies the active site, its 2’-hydroxyl group can form 

hydrogen bonds with the side chain of Asp623 with a probability 

of 48.4±8.9% (Fig. S2). However, when Clofarabine triphosphate 

binds at the active site, its 2’-ribose fluorine substitution is 

electrostatically repelled by the negatively charged side chain of 

Asp623. This leads to the distortion of the ribose ring in 

Clofarabine (Fig. S3A) as shown by the variations of the dihedral 

angle between the ribose and backbone of Asp623 (Fig. 3A). 

Such a dihedral angle for Clofarabine is concentrated at ~53 

degrees (Fig. 3B), obviously larger than that of ATP (~25 

degrees). Both Fludarabine and Vidarabine have 2’-hydroxyl 

group at the opposite side of the ribose, which can form 

stronger hydrogen bonding interactions with Asp623 (Fig. S2) 

and thereby induces the conformational change of the ribose 

(Fig. 3D-3E and Fig. S3C-S3D). There is no specific interaction 

between the ribose of Didanosine and the side chain of Asp623 

due to the absence of hydroxyl groups at both 2’ and 3’-ribose 

positions (Fig. 3C and Fig. S3B). Under such a circumstance, the 

Fig. 2 Examinations of the incorporation capability of nucleotide 
analogs. (A) Diagram showing the distance between P atom of 
analogs and O3’ atom of the 3’-terminal of nascent strand. (B) 
Normalized population of P-O3’ distance within 4Å for Adenosine, 
Clofarabine, Didanosine, Fludarabine and Vidarabine in the 
triphosphate form. (C) Diagram of base pairing between 
ATP/nucleotide analogs and template nucleotide at the active site. 
(D) Hydrogen bonding probability for base pairing at the active site. 
(E) Diagram of root mean square fluctuation (RMSF) of ATP and 
nucleotide analogs at the active site. Heavy atoms were included for 
the RMSF calculations. (F) RMSF of ATP and nucleotide analogs at the 
active site. (G) Relative binding free energy for nucleotide analogs 
binding at the active site of SARS-CoV-2 RdRp. 

Fig.3 Investigations on the configural torsion between the 
backbone of Asp623 and the ribose of nucleotide analogs at the 
active site. (A) Cartoon model showing the dihedral angles between 
the ribose plane of nucleotide analogs and the plane of Asp623 
backbone. The ribose plane was defined by O4’, C4’ and C1’ atoms, 
and the plane of the Asp623 backbone was defined by C, CA and N 
atoms. (B)-(E) Distributions of the dihedral angle as described in (A) 
for the four nucleotide analogs (Clofarabine, Didanosine, 
Fludarabine, Vidarabine) in the triphosphate systems.  
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side chain of Asp623 is mainly interacting with Lys621, which is 

also observed when ATP is located (Fig. S4). Therefore, the 

ribose orientation in Didanosine relative to Asp623 is similar 

with that in ATP (Fig. 3C and Fig. S3B). It is worthy to note that 

the ribose configuration is also affected by the base 

modifications. The chlorine substitution in Clofarabine and the 

fluorine substitution in Fludarabine could introduce extra steric 

and electrostatic repulsion with the base of template, 

respectively. This unfavorable interaction would push the base 

of Clofarabine and Fludarabine away from the template 

nucleotide (Fig. S5) and propagate to further affect the ribose 

configuration and the overall structural stability (Fig. 2, Fig. 3B 

and 3D). This also rationalizes why Vidarabine demonstrates a 

more stable binding than Fludarabine in the pre-catalytic state 

(Fig. 2).    

The above examinations suggest that Didanosine demonstrates 

higher structural stability at the active site than other analogs 

while both Didanosine and Vidarabine can maintain the 

catalytically active conformations at the active site of SARS-CoV-

2 RdRp for efficient incorporation into the nascent strand. After 

incorporation into the nascent strand at the i-th site, the 

nucleotide analog will move upstream by one base position to 

reach the (i+1)-th site (Fig. 4). The effective obligate terminator 

should be able to immediately inhibit the next nucleotide 

addition after its incorporation. Therefore, it is necessary to 

further examine the substrate incorporation efficiency when 

the analog is present at the (i+1)-th site of the nascent strand. 

As the O3’ atom of the 3’-terminal of nascent strand is required 

to form phosphodiester bond with the P atom of the substrate 

during the catalysis for nucleotide addition, Didanosine in which 

the 3’-hydroxyl group is substituted by one hydrogen atom (Fig. 

1D) would inherently abolish the next nucleotide addition when 

it appears at the 3’-terminal of the nascent strand. For the 

remaining three nucleotide analogs including Clofarabine, 

Fludarabine and Vidarabine with hydroxyl group attached at 3’-

ribose as adenosine, we modelled each nucleotide analog at the 

3’-terminal of nascent strand of SARS-CoV-2 RdRp and 

performed twenty 100ns MD simulations with different random 

seeds (see SI for details). To assess their inhibitory effect on the 

nucleotide addition at the active site, we computed the distance 

between the P atom of NTP and O3’ atom of nucleotide analog 

at the 3’-terminal of nascent strand (Fig. 4A). We found that the 

catalytically active conformation is well maintained, as the 

population of MD conformations with the P-O3’ distance 

within 4Å is 94.7%±2.1%, 92.8%±4.7% and 98.5%±0.8% for 

Clofarabine, Fludarabine and Vidarabine, respectively (Fig. 4D). 

We also found that the stability of NTP and the base pairing with 

the template nucleotide at the active site is well maintained 

except for Clofarabine (Fig. 4E-4F), in which the fluorine 

substitution in the ribose may repel the O4’ in the ribose of NTP 

and weaken its stability (Fig. S6). Overall, these results suggest 

that NTP incorporation is not effectively inhibited when 

Fludarabine and Vidarabine are present at the 3’-terminal of 

nascent strand. Although Clofarabine’s incorporation may 

partially weaken the next NTP binding in the active site, its 

unfavorable binding stability at the active site (Fig. 2) has 

abolished its role as an effective inhibitor in the first place.       

Fig. 4 Investigation of the inhibitory effect of three analogs (Clofarabine, Fludarabine, Vidarabine) at i+1 site (filled in 
gray in (A)-(C)) on the nucleotide addition at the active site (i site). (A) Diagram showing the distance between P atom of 
ATP at active site and O3’ atom of the analog in the 3’-terminal of nascent strand. (B) Diagram of base pairing between ATP 
and template nucleotide at the active site when analog has incorporated into nascent strand. (C) Diagram of root mean 
square fluctuation (RMSF) of ATP at the active site when analog has incorporated into nascent strand. Heavy atoms were 
included for the RMSF calculations. (D) Normalized population of P-O3’ distance within 4Å for Adenosine, Clofarabine, 
Didanosine, Fludarabine and Vidarabine incorporated into nascent strand. (E) Hydrogen bonding probability for base pairing 
at the active site when analog has incorporated into nascent strand. (F) RMSF of ATP at the active site when analog has 
incorporated into nascent strand. 
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According to the above observations, Didanosine surpasses 

other three nucleotide analogs to become the most promising 

inhibitor due to its merits in maintaining a stable and 

catalytically active conformation in the active site for the 

efficient incorporation into the nascent strand, as well as its 

inherent capability to terminate the next nucleotide addition. 

On the contrary, Vidarabine shows moderate binding stability in 

the active site, however, could not efficiently inhibit the 

incorporation of the next substrate. Clofarabine and 

Fludarabine could not form stable binding at the active site 

while also have minor effect on the next nucleotide 

incorporation into the nascent strand. Therefore, Didanosine is 

the most possible obligate terminator among the four 

nucleotide analogs under investigation. This is also consistent 

with a previous single-cell RNA sequencing study which has 

found that Didanosine can effectively inhibit the nucleotide 

addition in SARS-CoV-2 RdRp28.  

Based on the above analysis and the molecular mechanisms 

that underline the mutual interaction between ribose and 

Asp623, we have proposed nucleotide analogs that remove the 

3’-hydroxyl group while possesses a 2’-ribose modification that 

would not perturb the Asp623’s side chain may hold great 

potential as an effective obligate terminator. In this regard, we 

screen through the purine nucleotide analogs and expect that 

Cordycepin may serve the purpose (Fig. 5A). On one hand, 

Cordycepin replaces the 3’-hydroxyl group with a hydrogen 

atom and would naturally inhibit the next nucleotide addition 

after its incorporation into the nascent strand. On the other 

hand, Cordycepin keeps the 2’-hydroxyl group and thereby 

would maintain the interaction with Asp623. To evaluate our 

expectation, we performed twenty 100ns MD simulations for 

SARS-CoV-2 RdRp with Cordycepin triphosphate binding at the 

active site. Our calculations indicate that Cordycepin 

triphosphate has sampled ~54% catalytically active 

conformation and suggests a reasonable incorporation 

efficiency similar with that of ATP (Fig. 5B). Calculations of 

Gbinding of Cordycepin relative to ATP indicates Cordycepin 

has a comparable binding affinity with ATP (Gbinding=-

0.767±0.437 kcal/mol). Furthermore, we found out the relative 

orientation between the ribose of Cordycepin and Asp623 

resembles that when ATP is at the active site (Fig. 5C). The base 

pairing stability (83.4±3.5%) and RMSF (1.00±0.05Å) of 

Cordycepin is also comparable with that of ATP (base pairing 

stability = 90.5±3.2% and RMSF =0.90±0.03Å). These 

observations further consolidate that maintaining the relative 

orientation between ribose and Asp623 is important for 

ensuring a normal ribose configuration and structural stability 

in the active site. Moreover, the results of Cordycepin again 

pinpoints that removal of 3’-hydroxyl group can assign the 

nucleotide analog the inherent inhibition capability while does 

not perturb its structural stability at the active site of SARS-CoV-

2 RdRp.   

In this study, we have systematically investigated the inhibitory 

effect of nucleotide analogs that have 2’- or 3’-ribose 

modifications in SARS-CoV-2 RdRp. We have elucidated that the 

2’-ribose modification has an obvious response from the 

environment and accordingly affects the overall stability as well 

as incorporation efficiency. Moreover, substitution of the 3’-

hydroxyl group by one hydrogen atom would render the 

nucleotide analog inherent capability to inhibit the next 

nucleotide addition while maintaining the stable pre-catalytic 

conformation. Based on above extensive analysis by estimating 

the incorporation probability and capability to inhibit the next 

nucleotide addition, we have proposed that Cordycepin and 

Didanosine could hold great potential to hamper the nucleotide 

addition in the active site. Furthermore, our study has provided 

valuable molecular insights into how the 2’- and 3’-ribose 

modifications can interact with the protein environment to alter 

the inhibition effect, which could orientate the rational design 

of nucleotide analogs targeting at SARS-CoV-2 RdRp.   

 

Conflicts of interest 
 There are no conflicts to declare. 

 

Acknowledgement 
The authors acknowledge the financial support from the 

National Key R&D program of China (2021YFA1502300) and the 

National Natural Science Foundation of China (21733007). This 

research made use of the resources of the Supercomputing 

Fig. 5 Investigations on the stability and the incorporation efficiency of Cordycepin at the active site of SARS-CoV-2 RdRp. 
(A) The chemical structure of Cordycepin with the ribose modification highlighted in red. (B) Normalized population of P-
O3’ distance within 4Å for Cordycepin (in orange) at the active site compared with that for ATP (in grey). (C) The distribution 
for the dihedral angle between plane of the Asp623 backbone and the ribose plane of Cordycepin (in orange), which is 
compared with the scenario when ATP is at the active site (in grey).  



COMMUNICATION Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Laboratory at King Abdullah University of Science & Technology 

(KAUST). 

References 

1 E. Dong, H. Du and L. Gardner, Lancet Infect. Dis., 2020, 20, 
533-534. 

2 C. Ma, M. D. Sacco, B. Hurst, J. A. Townsend, Y. Hu, T. Szeto, 
X. Zhang, B. Tarbet, M. T. Marty, Y. Chen and J. Wang, Cell Res., 
2020, 30, 678-692. 

3 A. J. Pruijssers, A. S. George, A. Schafer, S. R. Leist, L. E. 
Gralinksi, K. H. Dinnon, III, B. L. Yount, M. L. Agostini, L. J. 
Stevens, J. D. Chappell, X. Lu, T. M. Hughes, K. Gully, D. R. 
Martinez, A. J. Brown, R. L. Graham, J. K. Perry, V. Du Pont, J. 
Pitts, B. Ma, D. Babusis, E. Murakami, J. Y. Feng, J. P. Bilello, D. 
P. Porter, T. Cihlar, R. S. Baric, M. R. Denison and T. P. 
Sheahan, Cell Rep., 2020, 32, 107940. 

4 Z. Jin, X. Du, Y. Xu, Y. Deng, M. Liu, Y. Zhao, B. Zhang, X. Li, L. 
Zhang, C. Peng, Y. Duan, J. Yu, L. Wang, K. Yang, F. Liu, R. Jiang, 
X. Yang, T. You, X. Liu, X. Yang, F. Bai, H. Liu, X. Liu, L. W. 
Guddat, W. Xu, G. Xiao, C. Qin, Z. Shi, H. Jiang, Z. Rao and H. 
Yang, Nature, 2020, 582, 289-293. 

5 A. Wahl, L. E. Gralinski, C. E. Johnson, W. Yao, M. Kovarova, K. 
H. Dinnon, III, H. Liu, V. J. Madden, H. M. Krzystek, C. De, K. K. 
White, K. Gully, A. Schafer, T. Zaman, S. R. Leist, P. O. Grant, 
G. R. Bluemling, A. A. Kolykhalov, M. G. Natchus, F. B. Askin, 
G. Painter, E. P. Browne, C. D. Jones, R. J. Pickles, R. S. Baric 
and J. V. Garcia, Nature, 2021, 591, 451-457. 

6 Z. J. Wang, F. Schmidt, Y. Weisblum, F. Muecksch, C. O. Barnes, 
S. Finkin, D. Schaefer-Babajew, M. Cipolla, C. Gaebler, J. A. 
Lieberman, T. Y. Oliveira, Z. Yang, M. E. Abernathy, K. E. Huey-
Tubman, A. Hurley, M. Turroja, K. A. West, K. Gordon, K. G. 
Millard, V. Ramos, J. Da Silva, J. L. Xu, R. A. Colbert, R. Patel, J. 
Dizon, C. Unson-O'Brien, I. Shimeliovich, A. Gazumyan, M. 
Caskey, P. J. Bjorkman, R. Casellas, T. Hatziioannou, P. D. 
Bieniasz and M. C. Nussenzweig, Nature, 2021, 592, 616-622. 

7 Y. Gao, L. Yan, Y. Huang, F. Liu, Y. Zhao, L. Cao, T. Wang, Q. 
Sun, Z. Ming, L. Zhang, J. Ge, L. Zheng, Y. Zhang, H. Wang, Y. 
Zhu, C. Zhu, T. Hu, T. Hua, B. Zhang, X. Yang, J. Li, H. Yang, Z. 
Liu, W. Xu, L. W. Guddat, Q. Wang, Z. Lou and Z. Rao, Science, 
2020, 368, 779-782. 

8 R. K. Guy, R. S. DiPaola, F. Romanelli and R. E. Dutch, Science, 
2020, 368, 829-830. 

9 W. Yin, C. Mao, X. Luan, D.-D. Shen, Q. Shen, H. Su, X. Wang, 
F. Zhou, W. Zhao, M. Gao, S. Chang, Y.-C. Xie, G. Tian, H.-W. 
Jiang, S.-C. Tao, J. Shen, Y. Jiang, H. Jiang, Y. Xu, S. Zhang, Y. 
Zhang and H. E. Xu, Science, 2020, 368, 1499-1504. 

10 E. J. Snijder, E. Decroly and J. Ziebuhr, Adv.Virus Res., 2016, 
96, 59-126. 

11 J. M. Sanders, M. L. Monogue, T. Z. Jodlowski and J. B. Cutrell, 
JAMA-J. Am. Med. Assoc., 2020, 323, 1824-1836. 

12 M. P. Lythgoe and P. Middleton, Trends Pharmacol. Sci., 2020, 
41, 363-382. 

13 P. Gong and O. B. Peersen, Proc. Natl. Acad. Sci. U. S. A., 2010, 
107, 22505-22510. 

14 S. Jockusch, C. Tao, X. Li, T. K. Anderson, M. Chien, S. Kumar, 
J. J. Russo, R. N. Kirchdoerfer and J. Ju, Antiviral Res., 2020, 
180, 104857. 

15 M. Chien, T. K. Anderson, S. Jockusch, C. Tao, X. Li, S. Kumar, 
J. J. Russo, R. N. Kirchdoerfer and J. Ju, J. Proteome Res., 2020, 
19, 4690-4697. 

16 A. A. Elfiky, Life Sci., 2020, 253, 117592. 
17 S. Dotolo, A. Marabotti, A. Facchiano and R. Tagliaferri, Brief. 

Bioinform., 2021, 22, 726-741. 
18 A. Shannon, L. Nhung Thi-Tuyet, B. Selisko, C. Eydoux, K. 

Alvarez, J.-C. Guillemot, E. Decroly, O. Peersen, F. Ferron and 
B. Canard, Antiviral Res., 2020, 178, 104793. 

19 L. Zhang, D. Zhang, X. Wang, C. Yuan, Y. Li, X. Jia, X. Gao, H.-L. 
Yen, P. P.-H. Cheung and X. Huang, Phys. Chem. Chem. Phys., 
2021, 23, 5852-5863. 

20 C. J. Gordon, E. P. Tchesnokov, E. Woolner, J. K. Perry, J. Y. 
Feng, D. P. Porter and M. Gotte, J. Biol. Chem., 2020, 295, 
6785-6797. 

21 M. Wang, R. Cao, L. Zhang, X. Yang, J. Liu, M. Xu, Z. Shi, Z. Hu, 
W. Zhong and G. Xiao, Cell Res., 2020, 30, 269-271. 

22 F. Bylehn, C. A. Menendez, G. R. Perez-Lemus, W. Alvarado 
and J. J. de Pablo, Acs Central Sci., 2021, 7, 164-174. 

23 K.-T. Choy, A. Y.-L. Wong, P. Kaewpreedee, S. F. Sia, D. Chen, 
K. P. Y. Hui, D. K. W. Chu, M. C. W. Chan, P. P.-H. Cheung, X. 
Huang, M. Peiris and H.-L. Yen, Antiviral Res., 2020, 178, 
104786. 

24 C. J. Gordon, E. P. Tchesnokov, J. Y. Feng, D. P. Porter and M. 
Gotte, J. Biol. Chem., 2020, 295, 4773-4779. 

25 E. P. Tchesnokov, C. J. Gordon, E. Woolner, D. Kocinkova, J. K. 
Perry, J. Y. Feng, D. P. Porter and M. Gotte, J. Biol. Chem., 
2020, 295, 16156-16165. 

26 C. M. Yuan, E. C. Goonetilleke, I. C. Unarta and X. H. Huang, 
Phys. Chem. Chem. Phys., 2021, 23, 20117-20128. 

27 D. F. Zamyatkin, F. Parra, A. Machin, P. Grochulski and K. K. S. 
Ng, J. Mol. Biol., 2009, 390, 10-16. 

28 F. M. Alakwaa, mSystems, 2020, 5, e00297-20. 


