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Introduction
The recent pandemic caused by severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) has imposed great threat 
to human kind.1 Owing to the high infectivity and death rate, 
many attempts were made to identify suitable inhibitors against 
SARS-CoV-2. Some of the potential drug candidates pro-
posed2 and evaluated so far included chloroquine and hydroxy-
chloroquine,3-6 lopinavir/ritonavir,7-9 cobicistat, darunavir,10 
tocilizumab,11-14 remdesivir,9,15,16 ivermectin, niclosamide, riba-
virin, metformin, etc.2 Among these tocilizumab, remdesivir, 
baricitinib were approved by Food and Drug Administration 

(FDA).2 However, most other drugs evaluated either failed in 
clinical trials or showed uncertain efficacy,17,18 eg, hydroxychlo-
roquine,6 lopinavir/ritonavir,7 metformin,2 ivermectin.2

Coronavirus are enveloped positive-sensed RNA viruses.19 
The non-structural proteins of SARS-CoV-2 (NSP1–NSP16) 
play an important role in the entrance and replication of the 
virus in the host cell. Among the all NSPs, NSP16 possesses 
2’O-methyl-transferase (2’O-MTase) activity.19 S-adenosyl 
methionine (SAM) binds to NSP16 as a cofactor and plays 
important role in the methylation of 5ʹ-end of virally encoded 
mRNAs. This methylation is crucial for RNA cap formation; an 
essential process for viral RNA stability and thus important for 
replication, infection, and is a crucial step to escape from host 
immune recognition.20-30 Studies have shown that inhibiting or 
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knocking out methylation activity relentlessly attenuated 
SARS-Cov-2 replication and infection.31 Thus, NSP16 repre-
sents an important target for development of drugs against 
COVID-19.

The SAM binding site is already used by two studies from 
drug design perspective against COVID-19. In the first study 
by Tazikeh-Lemeski et  al,32 the authors have used a drug 
shape-based screen against a known template drug sinefungin 
(methyl transferase inhibitor). In the second study by Kumar 
et al,33 the authors have evaluated natural compounds. In con-
trast to these two studies, our study uses a different approach 
for selection of leads. We screened all the FDA-approved drugs 
(n = 2 456 drugs) for their binding affinity against the SAM 
binding pocket of NSP16 and optimal candidates were selected 
on the basis of docking score for their binding affinity towards 
the SAM binding site.

Materials and Methods
For the current in silico studies, Dell precision tower desktop 
was used having LINUX Ubuntu OS 18.04.02 LTS, whereas 
Schrodinger Maestro version 2019-3 was used for docking and 
molecular dynamics (MD) simulation studies.

Retrieval and preparation of ligands

For the screening purpose, we selected the small set of mole-
cules (FDA-approved) from the Drug Bank database up to 10 
January 2020 (n = 2 456 drugs).34 The Drug Bank database 
contains a comprehensive database of approved small mole-
cules, large molecules, biological molecules, nutraceuticals, and 
experimental drugs as well as drug targets, and is freely acces-
sible. Spatial data files (SDFs) of these 2 456 approved mole-
cules were obtained and prepared by means of ligprep module 
using default parameters, ie, OPLS3e forcefield at pH 7.0 ± 2.0 
using Epik for ionization protocol, tautomer generated, and 
specified chirality were retained during computations.35 Ligand 
preparation is a crucial stage for further docking purposes and 
for the best low-energy isomers production, energy was 
minimized.35

Selection of target PDB structure

In our study, we used NSP16 as the key target and our aim was 
to identify agents which competitively bind to the SAM bind-
ing pocket present in the NSP16–NSP10 hetero dimer com-
plex and thus act as a competitive inhibitor of SAM binding 
and inhibit its 2’O-MTase activity. We selected an NSP16–
NSP10 complex bound to SAM (PDB i.d. 6W4H, structure 
generated by X-ray diffraction) from the RCSB database, with 
a resolution of 1.80 Å with 0% side chain outliers and 0% 
Ramachandran outliers.36,37

Protein preparation

For docking purposes, protein preparation was executed by 
means of the ‘protein preparation wizard’ tool of ‘Maestro’ and 
the energy was minimized.38-41 To avoid the interference in 
binding pocket, water molecules outside 5.0Å were excluded.

Determination of the NSP16 binding pocket and 
grid generation

In eukaryotic cells, ribose 2’O-methyltransferases (2’-O-MTases) 
catalyse the methylation process for the Cap-1 and sometimes 
Cap-2 generation at the ribose 2’O position of the first RNA 
nucleotide using a methyl group donated to SAM. One molecule 
of SAM binding in the catalytic core of β1 and β2 strands of the 
Rossmann-like fold results in the formation of a negatively charged 
SAM binding pocket in close proximity to the loops 6 868–6 876 
and 6 897–6 905, and 6 927–6 945 (Figure 1). During the methyl 
group transfer in canonical SAM MTase motif, residues shows 
involvement are tetrad of Asp(6897,6912,6928,6931), Lys6968, 
Gly6871, Cys6913, Asn6899 and Glu7001.42 In our study, we used 
SAM for the identification of the SAM binding cryptic pocket 
inside the NSP16–NSP10 hetero dimer complex (Figure 1).

Grid generation

Receptor grid generation is a crucial step and using the Glide 
module of the Schrödinger tool gives us information about the 

Figure 1. SAM ligand binding site in NSP16-NSP10 hetero dimer complex: here presenting surface image (A) and secondary image (B) of protein 

complex in which grey colour presenting NSP10, blue colour presenting NSP16, and red colour presenting SAM ligand located in binding pocket of 

NSP16. NSP indicates non-structural proteins; SAM, S-adenosyl methionine.
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three-dimensional boundary generated for ligand–receptor 
binding at desired site.43 In our study, the grid was generated 
against the SAM binding pocket site having the size of 10 Å 
and the coordinates x = 99.89, y = 36.27, z = 16.75 were used to 
employ virtual screening.

Virtual screening

‘Glide’ tool of ‘Maestro’ was used for the virtual screening exper-
iment.43 In our study, screening of a total of 2 456 FDA-
approved drugs was done in a tandem Hit Identification and 
Virtual Screening (HTVS) (50%), Standard precision (SP) 
(30%), and Extra precision (XP) (10%) progression.

Molecular dynamics

Ligands showing similar or better docking scores to SAM were 
further evaluated in molecular dynamics studies, whereas MD 
simulations of the NSP16–NSP10–drug complexes were evalu-
ated using Desmond. Through the ‘system builder module’ of 
Schrödinger, initially, water model development was done fol-
lowed by protein–ligand (P–L) complex neutralization, including 
sodium and chloride ions, and subsequently liquid simulations 
optimization was also minimized.39 Once frame creations were 
done at 100 ps interval, the complexes were submitted for 200 ns 
simulations at number of particles ensemble (NPT) ensemble at 
310 K, where N lay between 34 900 and 35 000 in the solvation 
box. Further Cα-RMSD (Root Mean Square Deviation), side 
chains CαRMSF, ligand contact maps, as well as binding profile 
were obtained as a result of trajectory outputs.39

Binding free energy calculation

Binding free energy (BFE) is known as an evident parameter 
to predict complex stability in the manner of interaction ener-
gies. Ligands subjected to MD simulations were submitted for 
BFE calculation using g_mmpbsa module.44

Molecular mechanics Poisson−Boltzmann surface area 
(MM-PBSA) combines the total three energetic terms, ie, 
potential energy (average molecular mechanics potential 
energy in a vacuum; EMM), solvation (energy of solvation; 
Gsolvation), and configurational entropy (contribution of entropy 
Temp. and S entropy) related to complex making in the gas 
phase.
G GX = ( ) − − + ( )E TS

MM solvation
, where x is the ligand or the 

protein or P–L complex.

Results
Virtual screening

In our study after grid generation, a virtual screening procedure 
was executed against target protein. The resulted top 10 ranked 
leads and their respective docking scores are shown in Table 1. 
The highest score of docking result was –15.841 for paromomy-
cin and followed by amikacin (–14.997), framycetin (–13.708), 
and SAM (–13.708). Resulted docking scores were comparable 
with the standard or control (SAM). The threshold cut-off was 
set at the reference ligand SAM score (already known binder).

Classical molecular dynamics simulations

The virtual screening was followed by the classical molecular 
dynamics simulations that provide a more elaborative comparison 
in the mean of binding stability and interactions. Classical molec-
ular dynamic simulations ran for the course of 200 ns of SAM 
(standard/reference) and the three lead ligands (paromomycin, 
amikacin, and framycetin) and protein complexes, which exhib-
ited relatively better docking scores than SAM. Among paromo-
mycin, framycetin, and amikacin, framycetin showed a lesser 
deviation in CαRMSD in comparison to SAM as shown in 
Figure 2. The stability of the P–L complex can be explained using 
the P–L interaction profile, which was dominated by the hydro-
gen bonds (H-bonds) interactions as shown in Figure 3A to D.

Table 1. Top 10 leads resulted from the virtual screening process with respective Glide docking scores.

S. NO. DRuGBANK ID NAME GlIDE DOCKING SCORE

1 DB01421 Paromomycin –15.841

2 DB00479 Amikacin –14.997

3 DB00452 Framycetin –13.708

4 DB00118 Ademetionine (also known as S-adenosyl methionine) –13.006

5 DB03615 Ribostamycin –12.953

6 DB09092 Xanthinol –12.121

7 DB12615 Plazomicin –11.306

8 DB00955 Netilmicin –11.282

9 DB13274 Micronomicin –11.246

10 DB13270 Dibekacin –10.891
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The residues contributing to the stability and involved in 
P–L interactions in the context of all the ligands were H-bonds 
(yellow dashed line) Asp(6897, 6912, 6928, 6931), Lys6968, 
Gly6871, Cys6913. The H-bond interactions were followed by 
the salt bridges and ionic interaction involves Asp(6897, 6912, 
6928, 6931) and Lys6968 (pink dashed line). Data showed in 
surface zoom in and zoom out in Figure 3A to C and P–L 
contacts in bar diagram S1 (Supplementary Figure 1).

BFE calculations

For further validation of interaction profiles and stability of 
complexes, classical MD simulation trajectories were submit-
ted for molecular mechanics Poisson−Boltzmann surface area 
(MM/PBSA)-based BFE calculation for every 1 ns time point 
frame of total of 200 trajectory frames. A total of four P–L 
complex MD simulation trajectories were submitted for BFE 
calculations resulted in the most negative average values for 
framycetin (–445.408 kJ/mol) and paromomycin (–405.719 kJ/
mol), which indicates the stable complex formation as shown 
in Table 3. However, in case of SAM exhibited positive values 
for average BFE during the course of 200 ns MD simulations 
as shown in line plot of Figure 4.

Discussion
Computational drug design methods (in silico) are useful in 
hypothesis generation and validation in drug discovery. 
These methods generally depend upon virtual affinity profil-
ing and prediction. Thus, the in silico methods help us in 
prioritizing ligands for further testing. In an ideal setting, 
100% predictions should be correct, however, this is not the 
case and the success probability is much lower. In the in vivo 
evaluation phase, many problems come, eg, bioavailability 
issues, toxicity, etc45. To avoid these, we have evaluated the 

FDA-approved drugs, as the bioavailability of these drugs 
and toxicity profile is already known.4 The SAM binding site 
is already used by many studies from drug design perspective 
against COVID-19. In the first study by Tazikeh-Lemeski 
et al,1 the first screening was based on drug shape against a 
known template drug sinefungin (MTase inhibitor) and 
compounds were selected on the basis of similarity score. 
They also evaluated four nucleoside analogues and one anti-
inflammatory drug (Prednisolone). In the second study by 
Kumar et al,33 the authors have evaluated natural compounds. 
Wishart34 evaluated curcumin derivatives as inhibitors of 
NSP16. Similarly, other ligand databases evaluated were 
Nigerian medicinal plants,6 natural inhibitors,7 and SAM 
analogues,8 etc. In contrast to these two studies, our study 
uses a different approach for selection of leads. For the 
screening purpose, we selected the database of FDA approved 
drugs from the Drug Bank database (n = 2 456 drugs).34 The 
Drug Bank database contains a comprehensive database of 
approved small molecules, large molecules, biological mole-
cules, nutraceuticals, and experimental drugs. Thus, the 
ligand databases are different from the previous studies. 
Again, we did a binding pocket-based screening, which is 
different from the methodology adopted by Tazikeh-
Lemeski et al,32 where they used a drug shape-based screen-
ing. Thus, the methodology of our study is different from 
already existing studies.

The importance of the SAM binding can be noted by the 
fact that inhibiting or knocking out methylation activity relent-
lessly attenuated SARS-Cov-2 replication and infection.9

In our study, we have used the SAM binding pocket on 
NSP16–NSP10 hetero dimer complex to identify potential 
molecules, which can compete with SAM for binding cleft and 
thus hamper the viral immune escape mechanisms of SARS-
CoV-2. We selected 6W4H as a representative structure of 

Figure 2. line plot for detailed root mean square deviation for C-alpha of protein–protein complex in the presence of respective ligand subjected to the 

classical molecular dynamics (MD) simulation for 200ns (data presented as mean Cα-RMSD(Å) for respective ligand). SAM, S-adenosyl methionine; 

RMSD, Root Mean Square Deviation.
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Figure 3. Protein–ligand interactions profile of (A) framycetin (B) paromomycin, (C) amikacin, and (D) SAM. Hydrogen bonds shown as yellow dashed 

line and salt bridges as pink dashed lined. Grey- and blue-coloured surface diagrams show NSP10 and NSP16, respectively. SAM indicates S-adenosyl 

methionine.
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NSP16–NSP10 hetero dimer bound to SAM for the virtual 
screening. We generated the grid against the SAM binding site 
using 3D coordinates. On the basis of grid, a total of 2 456 
FDA-approved compounds library were screen in a tandem 
HTVS, SP, and XP progression. As a result of virtual screening, 
we identified 39 potential leads to the SAM binding site on 
NSP16, top 10 molecules are listed in Table 2 (Supplementary 
Table S1). Interestingly, SAM itself was identified as a poten-
tial binder (Table 2) in our virtual screening indicating the 
validity of our study results. Among all screened FDA-approved 
drugs library, top performing ligands were paromomycin, ami-
kacin, and framycetin with a docking score of –15.841, –14.997, 
and –13.708, respectively, which have better affinity than SAM.

To find potential binders, we ran classical molecular 
dynamics simulations of ligands with higher complex stabil-
ity than SAM. In the molecular dynamics study also, these 
three ligands (framycetin, paromomycin, and amikacin) 

resulted stable or less RMSD in complex formation. Binding 
affinity supported by the RMSD in the range of 3.5–5.5 Å 
and RMSF in the range of 0.8–1 Å (RMSF data not shown). 
All of the four ligands ranked using RMSD as framycetin 
(3.5 Å), paromomycin (3.6 Å), amikacin (3.8 Å), and SAM 
(5.5 Å). Stable complex formation is directly correlated with 
the decrease in RMSD supported by the non-covalent 
H-bond interactions and salt bridges. Maximal deviation 
peaks indicate the disassociation of NSP16–NSP10 within 
the defined periodic boundary, ie, box generation during the 
long course of classical MD simulation of 200 ns. So, the 
results suggested SAM has poor protein–protein (P–P) com-
plex stability (Figure 2).

Framycetin interaction profile includes active binding site 
residues, ie, Asp6897, Asp6912, Asp6928, and Asp6931, and in 
H-bond interaction (dashed yellow line) as shown in the Figure 
3A. Among these, Asp6912, Asp6928, and Asp6931 establish 

Table 2. Interaction profiles of selected ligands from molecular dynamics studies. .

NAME CANONICAl SMIlES CαRMSD (Å) AMINO ACID INTERACTION

Framycetin C1C(C(C(C(C1N)OC2C(C(C(C(O2)CN)O)
O)N)OC3C(C(C(O3)CO)OC4C(C(C(C(O4)
CN)O)O)N)O)O)N

3.5 Asp(6897, 6912, 6928, 6931)

Paromomycin C1C(C(C(C(C1N)OC2C(C(C(C(O2)CO)O)
O)N)OC3C(C(C(O3)CO)OC4C(C(C(C(O4)
CN)O)O)N)O)O)N

3.6 Asp6897, Asp6912, Cys6913

Amikacin C1C(C(C(C(C1NC(= O)C(CCN)O)
OC2C(C(C(C(O2)CO)O)N)O)O)
OC3C(C(C(C(O3)CN)O)O)O)N

3.8 Gly6871, Asp6897, Cys6913, 
Asp6931

SAM C[S +](CCC(C(= O)[O-])N)CC1C(C(C(O1)
N2C = NC3 = C(N = CN = C32)N)O)O

5.5 Gly6869, Asp6897, Asp6931, 
lys6968.

Abbreviations: RMSD, Root Mean Square Deviation.

Figure 4. line plot for negative binding free energy (using MM/PBSA) change during the long-run course of 200 ns classical MD simulation trajectory and 

respective mean binding free energy in kJ/mol. MM/PBSA indicates molecular mechanics Poisson−Boltzmann surface area; SAM, S-adenosyl 

methionine; MD, Molecular dynamics.
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salt bridges (pink dashed line) played a pivotal role in the sta-
bility of the P–L complex formation.

Similarly, paromomycin interacted with the target site’s 
active residues Asp6897, Asp6912, Cys6913, and Gly6871 
through H-bonds (dashed yellow line), whereas salt bridges 
were formed by Asp6897, Asp6912 with the paromomycin 
(Figure 3B). A similar interaction pattern was found in the case 
of amikacin, which additionally interacts with Asp6931 
through salt bridge formation as shown in Figure 3C. Whereas 
SAM interaction profile includes a little bit difference, ie, 
Lys6968, Gly6869 involved in the H-bond interaction (dashed 
yellow line), in addition to Asp6931 and Asp6897. There was a 
single salt bridge (dashed pink line) observed, which might be 
the reason behind poor stability and greater RMSD pattern 
(Figures 2 and 3D).

For further clarification of binding affinity towards SAM 
binding cleft MM/PBSA-based BFE calculation approach was 
employed. MM/PBSA-based BFE calculation is well-estab-
lished approach and has significant prediction accuracy.44 A 
similar trend was observed in BFE calculations as well as 
RMSD, listed in Table 3, and plotted in Figure 4. Most mean 
negative BFE values shown by framycetin (–445.4 kJ/mol), 
paromomycin (–405.7 kJ/mol), and amikacin (–13.4 kJ/mol). 
BFE calculation suggested that the framycetin, paromomycin, 
and amikacin have a greater affinity towards the binding site 
than the SAM that results in the positive BFE value 2.5 kJ/mol.

P–P complex disassociation was observed in the case of all 
leads except amikacin, which suggested the complex amika-
cin stabilized the P–P complex formation. This statement is 
supported by the BFE calculation as the most negative or at 
least negative BFE value shows greater stability than SAM 
that resulted in positive BFE and many P–P complex 
disassociations.

All the leads were belonging to aminoglycoside-derived anti-
biotics. First, framycetin, an antibiotic obtained from Streptomyces 
lavendulae (decaris) and specifically containing neomycin B, is 
used in bacterial eye infections. Framycetin exerts an antibacte-
rial effect through binding with 16S rRNA and 30S-subunit 
protein, interfering with the translational machinery of the bac-
teria.46 Due to the mechanism of action, it shows activity against 
aerobic bacteria only not towards viruses and fungi. However, 
our study results suggested that it might be a new mechanism of 
action of Framycetin against SARS-CoV-2, but preclinical 
experiments are required to support this hypothesis.

Second, paromomycin is derived from Streptomyces rimosus 
var. paromomycin, with amoebicidal, antibacterial, and anti-
parasitic activities. Paromomycin has a similar mechanism of 
action as framycetin. It is also used as a therapeutic against vis-
ceral leishmaniasis. In 2006, paromomycin got approval for the 
treatment of the same caused by Leishmania donovani. 
Regarding antiviral activity, paromomycin–arginine conjugates 
also called aminoglycoside–arginine conjugates (AACs) exhibit 
anti-HIV-1 potential as well as numeral activities interrelated 
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to Tat antagonism apart from HIV-1 RNA binders. These 
AACs showed their potential as inhibitors to arrest the entry of 
viruses in to the host cells.46 Regarding anti-SARS-CoV-2 
activity, previous In-Silico studies have found that paromomycin 
binds against the S1 and main protease of SARS-CoV-2.47

Another semi-synthetic aminoglycoside antibiotic shown a 
comparable docking score is amikacin with SAM, which has a 
broad-spectrum antibacterial activity. Amikacin is effective 
against majority of the known strains that show resistance to 
other aminoglycosides. Amikacin formulation takes place 
through the acetylation of l-(−)-γ-amino-α-hydroxybutyryl 
side chain at C-1 amino group of the deoxystreptamine moi-
ety of kanamycin A. Although aminoglycosides have been 
used since the 1940s to treat bacterial infections but recently 
reported that some aminoglycosides, such as amikacin, have 
shown potential as antiviral activity against HIV as well as for 
the treatment of genetic disorders and are in clinical trials.48 
This viral inhibition was found to be through the expression 
of interferon (IFN)-stimulated genes (ISGs) in a TLR3-
dependent manner. In our study, amikacin was found as a 
potential binder to the SAM binding site of NSP16 in SARS-
COV-2, these findings are supported by another study which 
revealed that certain aminoglycosides can inhibit virus replica-
tion in vitro.49 The results suggest the consistency in the 
potential of amikacin against SARS-CoV-2 and are supported 
by an in-vitro study showing IC50 of 16.81 µM (NRC-03-
nhCoV strain).50 The use of framycetin is mostly limited as a 
topical preparation as it is poorly absorbed.51,52 Despite show-
ing an antiviral effect, this might be the reason of its limited 
use for surface infection only. Among the other leads which 
also showed the potential against SARS-CoV-2 with a top-
ranked docking score in our in silico study, have been shown in 
vitro antiviral activity include ribostamycin, xanthinol, but 
there are no studies of these potential drugs against 
SARS-CoV-2.53,54

Conclusion
In conclusion, framycetin, paromomycin, and amikacin were 
found to be significant binders against the SAM binding site of 
NSP16 in virtual screening and MD simulation studies. BFE 
calculations clarify the binding affinity trend as found in 
RMSD. Among these, amikacin has evidence of anti-coronavi-
rus action in vitro highlighting the importance of our findings. 
This study opens the gateway for further in vitro/in vivo stud-
ies for framycetin and paromomycin.

Limitations and Alternatives of the Study
In-silico approaches for drug repurposing to target and inhibit 
the SAM binding site have some drawbacks and disadvantages, 
including limited availability of data, limited knowledge of drug 
interactions and lack of experimental validation. So, the alterna-
tives include high-throughput screening and rational drug 
design which can complement or replace in silico approaches to 
improve the efficiency and accuracy of drug discovery.
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