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Abstract
Despite the development of vaccines against COVID-19 disease and the multiple efforts to find efficient drugs as treatment 
for this virus, there are too many social, political, economic, and health inconveniences to incorporate a fully accessible 
plan of prevention and therapy against SARS-CoV-2. In this sense, it is necessary to find nutraceutical/pharmaceutical drugs 
as possible COVID-19 preventives/treatments. Based on their beneficial effects, flavonoids are one of the most promising 
compounds. Therefore, using virtual screening, 478 flavonoids obtained from the KEGG database were evaluated against 
non-structural proteins Nsp1, Nsp3, Nsp5, Nsp12, and Nsp15, which are essential for the virus-host cell infection, searching 
for possible multitarget flavonoids. Amentoflavone, a biflavonoid found mainly in Ginkgo biloba, Lobelia chinensis, and Byr-
sonima intermedia, can interact and bind with the five proteins, suggesting its potential as a multitarget inhibitor. Molecular 
docking calculations and structural analysis (RMSD, number of H bonds, and clustering) performed from molecular dynamics 
simulations of the amentoflavone-protein complex support this potential. The results shown here are theoretical evidence of 
the probable multitarget inhibition of non-structural proteins of SARS-CoV-2 by amentoflavone, which has wide availability, 
low cost, no side effects, and long history of use. These results are solid evidence for future in vitro and in vivo experiments 
aiming to validate amentoflavone as an inhibitor of the Nsp1, 3, 5, 12, and 15 of SARS-CoV-2.
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Introduction

The recent severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) pandemic that began in Wuhan (China) 
has expanded worldwide with an estimated 539,893,858 
confirmed cases and 6,324,112 deaths on June 23, 2022, 
worldwide [1]. This virus causes coronavirus disease 2019 
(COVID-19), whose clinical manifestations are not specific 
but somewhat like many viral illnesses [2]. The most com-
mon symptoms after viral incubation between 4 and 14 days 
are cough, fever, fatigue, anosmia, dysgeusia, headache, and 
sometimes nausea and diarrhea [3]. Clinical manifestations 
can range from mild to very severe and even fulminant dis-
ease [3]. Pandemic has promoted several strategies in all 
science branches to understand and solve COVID-19 con-
ditions. Vaccine development is one of the main strategies 
adopted by different research institutes and pharmaceuti-
cal companies. At this moment, at least six vaccines have 
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concluded the clinical trial phase III and are approved world-
wide for emergency use [4].

Nevertheless, vaccines have less than 95% efficacy, 
depending on age and comorbid-mortality factors of the 
population. In addition, due to the short development time 
and technological novelty adopted, these vaccines have 
been deployed with several unresolved issues such as tech-
nical problems associated with the production of billions 
of doses and ethical issues related to the availability of 
these vaccines in the poorest countries [5]. In addition, 
the SARS-CoV-2 virus is evolving fast, and there is no 
complete guarantee that vaccines will protect the popula-
tion against new virus variants [6]. Furthermore, politi-
cal, economic, and social (vaccine mistrust, asymptomatic 
individuals (30%), and not following security methods) 
constraints may limit vaccine access [5].

Drug development for COVID-19 disease treatment con-
tinues to be necessary. Several investigational drugs, aim-
ing to inhibit viral entry into the host mechanisms and thus 
block subsequent viral replication, are currently explored in 
clinical trials. An example is remdesivir [7], which the Food 
and Drug Administration (FDA) approved for COVID-19 
treatment requiring hospitalization in patients 12 years of 
age and older. Several drugs must complete clinical trials 
phase II and III to be approved [8]. So, it is still a long way 
to have fully approved drugs to treat and prevent this disease.

SARS-CoV-2 possesses potential targets for developing 
new drugs; some are the family of non-structural proteins 
(Nsps), which are essential macromolecules involved in the 
viral genome replication and transcription. Sixteen Nsps 
have been identified, participating in different host cell infec-
tion processes [9].

The viral proteases Nsp3 (PLPro) and Nsp5 (MPro) 
cleave proteolytically viral polyproteins to form the rest of 
the Nsps. Most of them integrate the machinery of the repli-
cation/transcription complex, highlighting the role of Nsp12 
(RdRp) as an RNA-dependent polymerase that in complex 
with Nsp7 and Nsp8 greatly stimulates polymerase activity; 
and Nsp15 (EndoU) an endoribonuclease which helps the 
virus evades the immune system, preventing the detection of 
viral dsRNA by the host. Furthermore, Nsp1 interferes with 
the host cell protein synthesis, binding to the 40S ribosomal 
subunit and endonucleolytic cleavage of host mRNA [9].

In this sense, it is mandatory to continue the research to 
find and develop nutraceutical/pharmaceutical (easy to insert 
in our diets or of feasible acquisition) directed to inhibit 
these important proteins for COVID-19 treatments, such as 
flavonoids. Flavonoids are molecules with variable phenolic 
structures widely distributed in the plant kingdom; they are 
found in leaves, seeds, roots, stems, fruits, and barks [10]. 
These molecules are considered promising biologically 
active substances to prevent SARS-CoV-2 due to their pos-
sible beneficial action in different mechanisms of this virus 

infection: inhibiting essential enzymes for virus replication 
and regulation of immune system functions [11].

Amentoflavone  (C30H18O10) belongs to the flavonoid 
family (a C3′-C8″ apigenin dimer). Ginkgo biloba, Lobelia 
chinensis, and Byrsonima intermedia are some plants where 
amentoflavone can be found; all have been used in traditional 
Chinese or American medicine [12]. Among the biological 
effects associated with the use of amentoflavone are anti-
inflammatory [13, 14], antifungal activity [15], effects on the 
nervous system [16] and the cardiovascular system [17], and 
antiviral effects [11]. These facts made amentoflavone an 
excellent candidate for interacting and possibly modulating 
different target proteins of SARS-CoV-2 virus.

In the present work, we use one of the important param-
eters that are currently part of the rational drugs design pro-
cess, such as the ability to predict ΔG (free energy) binding 
values, since the affinity of a drug for any receptor is closely 
related to its biological activity. We use molecular dynam-
ics to predict amentoflavone’s structural dynamics, stability, 
and binding affinity and predict the feasibility of using it as 
a SARS-CoV-2 non-structural protein (Nsp1, 3, 5, 12, and 
15) inhibitor.

Methods

Protein preparation

Crystal structures of non-structural protein 1 from SARS-
CoV-2 structure were obtained from Zhang lab server 
https:// zhang group. org/ COVID- 19/, ID: QHD43415_1 [18]; 
the structures of SARS-CoV-2 papain-like protease (PLPro) 
with inhibitor GRL0617 (PDB ID: 7JRN) [19], SARS-
CoV-2 3CL protease (3CL pro) in complex with a novel 
inhibitor (PDB ID: 6M2N) [20], SARS-Cov-2 RNA-depend-
ent RNA polymerase in complex with cofactors (PDB ID: 
6M71) [21], and crystal structure of Nsp15 endoribonucle-
ase form SARS-CoV-2 in complex with potential repurpos-
ing drug tipiracil (PDB ID: 6WXC) [22] were downloaded 
from the Protein Data Bank database (https:// www. rcsb. org/) 
[23] and were prepared in USCF Chimera [24], removing 
water atoms, co-crystallized ligands, cofactors, and/or extra 
chains from each structure; furthermore, each designed 
protein was minimized energetically with conjugate gradi-
ent and steepest descent algorithms of this software, using 
AMBER ff14SB force field. The structures were subjected to 
100 ns of molecular dynamics, according to method further 
described, and 200 ns in the case of Nsp1, to understand its 
conformational profile; after dynamics completion RMSD 
and cluster analysis were performed to obtain the main struc-
ture or/and the pdb files for the most representative clusters; 
after that, proteins structure were saved in pdbqt format in 
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AutoDock Tools [25] after adding polar hydrogens and Koll-
man charges to perform virtual screening assay.

Ligand preparation

A specific search was performed on the advanced module 
of the PubChem database, using “flavonoid” as keyword in 
the phytochemical compound subclassification of the KEGG 
database. KEGG is a comprehensive drug information 
resource for approved drugs in Japan, the USA, and Europe, 
unified based on active ingredients’ chemical structure and/
or chemical components [26].

On the other hand, 3D conformer of co-crystallized 
ligands was separated from its protein: GRL0617 for Nsp3, 
baicalein from Nsp5, for Nsp12 the novel AT9 inhibitor was 
obtained from PDB ID: 7ED5 [27], tipiracil for Nsp15, and 
no ligand for Nsp1, because no structures with co-crystal-
lized ligand(s) are available for this protein. In the same 
sense, the 3D conformers of the 478 flavonoids found were 
downloaded in sdf (structure data file) format and converted 
to pdb (protein data bank) using the module of OpenBabel 
software [28], applying the conjugate gradient and steepest 
descent algorithms for energy minimization using Universal 
Force Field (UFF). The energy minimized structures were 
converted to pdbqt format by the AutoDock Tools script 
prepligand4.py included in the software package [25].

Virtual screening

For the virtual screening, a directed methodology was 
employed, with the grid box centered on each protein 
catalytic site (based on co-crystallized ligand), covering a 
20 × 20 × 20 Armstrong volume on each. AutoDock Vina 
virtual screening script written in Linux Shell was used to 
perform this process [29], generating a single docking pose, 
which were analyzed based on protein–ligand interactions 
and binding affinity values.

Molecular docking

Results of virtual screening analysis, amentoflavone was 
only the molecule showing interactions with nearly all the 
Nsps; for this reason, this flavonoid was selected as a pos-
sible multitarget drug. The amentoflavone molecule was 
processed with AutoDock Tools to add the polar hydrogens 
and Gasteiger charges. The grid box dimension used in this 
section was the same as described above. The amentofla-
vone vs. Nsps docking was performed with AutoDock Vina 
with 1000 independent replicates using a script written in 
Shell to evaluate the best pockets and how the compounds 
are arranged in them. Afterward, based on AutoDock Vina 
energy scores and the root-mean-square deviation (RMSD) 
calculation, the most probable conformation and interaction 

site was chosen. With these coordinates, molecular dynamic 
(MD) simulations were carried out to explore the structural 
and conformational stability of protein–ligand complexes. 
Docking methodology was validated by performing inde-
pendent assays for the co-crystallized ligands. 2D interac-
tions images were built with Discovery Studio [30]. Ligand 
efficiencies (LE) were estimated using the previous reported 
equation [31] where the Kd (dissociation constant of a 
ligand–protein complex) calculated values by the formulas:

where ΔG corresponds to binding energy (kcal 
 mol−1) obtained from docking, R is the gas constant 
(0.001987207 kcal  mol−1  K−1), T is the temperature at stand-
ard conditions of aqueous solution (298.15 K), and NHA 
denotes the number of non-hydrogen atoms in a ligand.

Molecular dynamics

Protein and protein–ligand complexes were subjected to 
molecular dynamics using the CHARMM36-jul2020 force 
field in GROMACS 5 [32, 33], also for amentoflavone and 
co-crystalized ligands the topologies were generated using 
CGenFF online server (https:// cgenff. umary land. edu/). 
Before system solvation using simple point charge (SPC) 
and TIP3P water model in a cubic box with a minimum 
distance of 1 nm from the edge of the protein with periodic 
conditions, the solvent molecules were replaced with NaCl 
0.15 M and then neutralized with the necessary counter ions. 
The solvated systems were minimized using the steepest 
descent function for 50,000 steps with a maximum force of 
10 kJ  mol−1. Then, the systems were balanced in the NVT 
ensemble for 100 ps followed by equilibration in the NPT 
ensemble for an additional 100 ps with protein and ligand 
position restraint. Finally, production dynamics were car-
ried out in the NPT ensemble for 100 ns at 300 K and 1 atm 
pressure using the V-rescale temperature coupling method 
and Parrinello-Rahman coupling method, respectively. The 
particle mesh Ewald method was used for computing long-
range electrostatic interactions with a non-bonded cutoff of 
10 Å and the LINCS algorithm. The non-bonded interac-
tions, Coulomb (electrostatic potential), and Lennard Jones 
(Pauli repulsion and hydrophobic/van der Waals attractions) 
interactions were truncated at 10 Å using the Verlet cut-off 
scheme. The leap-frog algorithm was used to compute the 
equation of motion with a time step of 2 fs. All the param-
eters used to perform the molecular dynamics were based 
on the widely used methodology of Justin Lemkul, which is 

Kd = e −
ΔG

RT

LE = −
RT

NHA
ln(Kd)
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constantly updated according to the technological and algo-
rithmic advances of these methods [34].

For the analysis, from all the trajectories, the root mean 
square deviation (RMSD) of the complex, the protein, and 
ligand was calculated using the initial ligand and Nsp struc-
tures as reference protein and the Cα from the backbone. The 
number of hydrogen bonds was also calculated between pro-
tein and ligand, the most representative (repeated) conforma-
tional structures (clusters) with a distance limit of 0.25 nm 
were obtained, electrostatic and van der Waals interaction 
energy were computed, and solvent accessible surface area 
(SASA) also were obtained. GROMACS package was used 
for all cases. Images were built using PyMOL [35].

Ligand–protein interactions

Interaction fingerprints of protein–ligand complexes were 
generated by Prolife software [36], using whole molecular 
dynamics trajectories and graphing those with more than 
0.1 ns of occurrence.

Results and discussion

Protein molecular dynamics

RMSD and cluster analysis

After molecular dynamics completions, the stability of 
Nsp1 (Fig. 1A) and for the rest of the non-structural proteins 

(Fig. 1B–E), relative to its conformation was determined by 
the deviations produced during its simulation (RMSD). The 
smaller the deviations, the more stable the protein structure. 
In the same sense, cluster analysis was performed to find the 
main structure conformation, based on their time frequency 
along the whole trajectory (Table 1).

Regarding Nsp1, its trajectory has a sudden movement 
at the beginning (0 to ~ 0.75 nm), keeping ~ 0.75 nm as the 
mean value; however, fluctuations were visible throughout 
the simulation, like the variation of ~ 0.25 nm in ~ 150 ns 
of the DM simulation. We can appreciate that the protein 
keeps a main conformation between ~ 80 and ~ 104 ns, 
which corresponds to the structure of cluster 1. In a simi-
lar way, correlation of RMSD with the main structures 
of cluster analysis, it is possible to distinguish cluster 2 

Fig. 1  The RMSD plot of the five non-structural proteins A Nsp1 after 200 ns of molecular dynamics, and 100 ns of molecular dynamics for B 
Nsp3, C Nsp5, D Nsp12, and E Nsp15

Table 1  Results of cluster analysis of the molecular dynamics of the 
five non-structural proteins

Protein Cluster (0.25 cutoff) Cluster 
frequency 
(ns)

Nsp1 1 19.2
2 15.72
3 11.70

Nsp3 1 97.29
Nsp5 1 87.26

2 11.38
Nsp12 1 99.76
Nsp15 1 96.92

404   Page 4 of 19



Journal of Molecular Modeling (2022) 28:404

1 3

from the ~ 170 to ~ 190 ns and cluster 3 from the ~ 105 
to ~ 130 ns. Based on the protein structure and the RMSD 
analysis, we can conclude that relatively large motions 
over time are due to the inherent flexibility of the struc-
ture, mainly in the last fifty residues of the protein, which 
do not possess a stable secondary structure (i.e., α-helix 
or β-strand).

On the other hand, RMSD analysis of Nsp3 (Fig. 1B), 
Nsp12 (Fig. 1D), and Nsp15 (Fig. 1E) shows a more sta-
ble protein throughout the simulation, except for the first 
ns RMSD jump of Nsp15 (~ 0.3 nm). We can notice that 
Nsp12 (Fig. 1D) reaches a stable conformation approxi-
mately at ~ 20 ns; at this point the three proteins fluctuate 
between the same range all along and without movements 
that exceed ~ 0.05 nm from each other, except for a few 
moments of their trajectory, where peaks that stand out 
(from ~ 0.2 to ~ 0.3 nm) are observed and then return to the 
movement trend until the end. Based on this, and according 
to the cluster analysis, the three proteins keep a main struc-
ture along the whole trajectory (Table 1).

Finally, according to RMSD analysis of Nsp5 (Fig. 1C), 
protein stabilizes after ~ 25 ns of the molecular dynamics, at 
that point and before ~ 80 ns, the protein has no important 
fluctuations greater than ~ 0.05 nm, the main structure of 
this period of time corresponds to cluster 1; after ~ 80 ns 
and until the end of the simulation, protein flexibility have 
important changes >  ~ 0.1 nm, generating a different confor-
mation which is represented by the cluster 2.

In brief, Nsp3, Nsp12, and Nsp15 have a cluster which 
occupancy is on more than 95% of the dynamics, so this 
structure was selected for the subsequent analysis; on the 
other hand, Nsp1 and Nsp5 showed three and two clusters, 
respectively, the structures of these conformations were con-
sidered for the later analysis, taking into account that they 
represent different conformational states of the protein, and 
thus can be important to characterize ligand–protein interac-
tion at each conformation.

Virtual screening

Virtual screening was performed with the 478 flavo-
noids obtained from the search in the KEGG database of 
PubChem, to determine a possible mechanism by which 
these flavonoids act on the SARS-CoV-2 Nsp1, 3, 5, 12, 
and 15 main structures; as mentioned above, the coordinates 
for virtual screening were centered on each protein catalytic 
site, based on that from the co-crystallized ligands (Nsp3, 
5, 12, and 15) and in case of Nsp1, centered on the alpha 
carbon of His165, known as an important residue for its 
activity [37–39].

The distribution of all tested compounds energies for each 
cluster is represented in Fig. 2, after analysis of the results 
and seeking for a ligand that interacted with the five proteins 
to consider it as a probable multitarget flavonoid onto the 10 
compounds with the highest binding score (Fig. 3), amentof-
lavone (Fig. 4) was the only flavonoid that binds with an 

Fig. 2  Energy distribution after virtual screening of the 478 flavonoids with the five non-structural proteins at their respective cluster A Nsp1, B 
Nsp3, C Nsp5, D Nsp12, and E Nsp15
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acceptable binding score (between − 7.3 and − 9.6 kcal/mol) 
to the five non-structural proteins.

Molecular docking

Based on docking results, Fig. 5A shows the main residues 
(including those well-described residues important for the 
enzymatic activity of each protein) involved in the inter-
action between amentoflavone and Nsp1, 3, 5, 12, and 15, 
showing the potential of this molecule as a probable inhibi-
tor; our analysis also shows the two most probable complex 
conformations based on frequency and RMSD calculations 
(Fig. 5B). The most frequent cluster, the one with the highest 
binding energy, was used to perform molecular dynamics 
studies and the second more frequent cluster represents an 
alternative binding pose with similar binding score values; 
data used for this analysis could be found in Table S2.

Analyzing the interactions of each Nsp1 cluster and 
amentoflavone (Fig. 6A–C), we can see that binding pockets 

Fig. 3  Binding energy of the best ten molecules and co-crystallized ligands of each protein

Fig. 4  Amentoflavone molecular structure
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are different for the three clusters, and so the residues that 
interact with the ligand. In all cases, the binding pocket of 
amentoflavone includes residues of the flexible C-terminal 
region of the protein. For the cluster 1 (Fig. 6A), important 
interactions include the H-bonds with Arg124 and Gln158, 
π interactions with Asp75 and Gly168 (Fig. 4A1); it has 
been demonstrated that Arg124 strongly interacts with the 
phosphate backbone of SARS-CoV-2 RNA 5′-untranslated 
region and also Asp75 sometimes formed hydrogen bonds 
with the bases of it [40], furthermore protein uS5 of the 
40S ribosome subunit interacts within a hydrophobic sur-
face which involves this residue and other adjacent ones, 
including Gln158 and Gly168 [41]. In the case of cluster 2 
(Fig. 6B), we can appreciate in Fig. 4A2 that more H-bonds 
were formed compared to the previous cluster, standing out 
the interactions with Phe157 and Gly168 which are included 
in the hydrophobic surface above mentioned [41]. Finally 
for cluster 3 (Fig. 6C), hydrogen bonds are still being pre-
sent, now with Asn162 and Gly168, which are part of this 
important site for the interaction of the 40S ribosome subu-
nit, as well as Trp161; moreover, a π-alkyl interaction is 
formed with Lys164 an important residue which is crucial 
for RNA cleavage and translation inhibition functions of 
SARS-CoV-2 [37–39]. In this sense, amentoflavone could 

abolish 40S binding and relieve translational inhibition, by 
the interactions described above, mainly formed with the 
residues of the region where the 40S subunit binds.

On the other hand, although Nsp3 is well known for its 
protease activity cleaving the viral polypeptide, it has also 
been observed that has an additional function stripping ubiq-
uitin and interferon-stimulated gene 15 (ISG15) from host-
cell proteins to aid SARS-CoV-2 in its host evasion innate 
immune responses (ISG15) [42, 43]. Two active sites block-
ing this protein activity have been reported: (1) the catalytic 
site which contains a canonical cysteine protease catalytic 
triad (Cys111, His272, and Asp286) and (2) the flexible loop 
BL2 or β-turn, an important mobile loop (Gly266–Gly271) 
adjacent to the active site that closes upon substrate and/or 
inhibitor binding [44]. Nevertheless, the cysteine protease 
drug-like inhibitors present several challenges, notably, 
for their toxicity and lack of specificity, due to untargeted 
cysteine residue covalent modification. For that, BL2 loop 
it is a better option to find probable non-covalent inhibitors, 
such as the already known compound GRL0617 [45]; the 
binding of this compound induces BL2 loop closure clamp-
ing the inhibitor to the body of the protein, limiting the cata-
lytic triad movement and restricting access to the cysteine 
by reducing agents, thereby generating an inactive enzyme; 

Fig. 5  A Main and reported residues important for activity of each protein involved in the interaction between amentoflavone and the five Nsps. 
B Frequency and binding score of the two most probable complex conformations
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also other inhibitor-independent motions are observed at the 
tip of the fingers domain, which may account for PLpro’s 
ability to interact with topologically different poly-Ub chains 
and the UBL modifier ISG15 [45, 46]. Reported interactions 
between GRL0617 and Nsp3 include the residues: Asp164, 
Gln269 (hydrogen bonds), Tyr264, Tyr268, Pro247, Pro248, 
Thr301, Arg166 (aromatic interactions) [47]; important 
interactions coincide with those in Fig. 6E and are compa-
rable with those established with amentoflavone.

As shown in Fig. 6D, amentoflavone forms a hydrogen 
bond with Asp164, an interaction presumed to be impor-
tant for ligand stabilization, which is complemented with 

the Tyr268 interaction, presumed to make a fitting induced 
movement to adopt a closer conformation, strengthen the 
interaction with the inhibitor and anchoring it to the binding 
site, and with Arg166 and Glu167, important for water and 
carbonyl coordination [46, 47]. Amentoflavone also interacts 
with the hydrophobic pocket residues formed by Pro247, 
Pro248, and Tyr268, which is a specific site for leucine side 
chain of LXGG consensus sequence recognition [44], for 
PLPro proteolytic cleavage activity.

In this sense, amentoflavone is a good candidate inhibi-
tor because it binds to this site, making hydrophilic inter-
actions with Nsp3 surface residues and interfering with 

Fig. 6  Molecular docking 2D representation. Each quadrant shows 
the binding site and the interactions of the results performed with 
amentoflavone and the co-crystallized ligands vs. all Nsps after the 
virtual screening. A Nsp1_1-amentoflavone, B Nsp1_2-amentofla-

vone, C Nsp1_3-amentoflavone, D Nsp3-amentoflavone, E Nsp3-
GRL0617, F Nsp5_1-amentoflavone, G Nsp5_1-baicalein, H 
Nsp5_2-amentoflavone, I Nsp5_2-baicalein, J Nsp12-amentoflavone, 
K Nsp12-AT9, L Nsp15-amentoflavone, and M Nsp15-tipiracil
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the peptide recognition motif LXGG. Furthermore, our 
results show a binding score of amentoflavone against Nsp3 
of − 8.69 ± 0.02 kcal/mol, comparable with other studies 
where this interaction is also addressed: − 7.5 kcal/mol for 
Nsp3 (PDB ID: 6W02) [48] and − 8.8 kcal/mol for PLPro 
(PDB ID: 7JN2) [49]; for this reason, amentoflavone has the 
advantage that not only inhibiting viral replication but also 
inhibiting the signaling cascades dysregulation in infected 
cells.

For the case of Nsp5 or 3CLpro, its catalytic site is com-
posed by a dyad of Cys145 and His41 residues which are 
buried in an active site cavity located on the protein sur-
face. This cavity consists of S1 to S4 subpockets crucial for 
substrate recognition; the active site is well characterized, 
and most crystallized ligands bound to Nsp5 (185 ligands 
known, including baicalein co-crystallized ligand of the 
protein used here) coincide at this site, which is comprised 
by the residues: Thr25, His41, Met49, Asn142, Ser144, 
Cys145, His163, His164, Gln189, Glu166, Pro168, His172, 
and Ala191 [50, 51]; our baicalein docking result with Nsp5 
cluster1 (Fig. 6I) shows H-bond interaction with the catalytic 
dyad (Cys145 and His41), Met165 and Gly166, and π-sigma 
interaction with Met49 and Leu50, which seems to stabilize 
the molecule into the substrate-binding pocket core (through 
S1 and S2 subsites). In the case of cluster 2 (Fig. 6H), no 
interactions with the catalytic dyad were formed, in seems 
that ligand was pushed out of catalytic site (found in S1 
subsite) and displaced to the long loop (residues 185–200), 
forming interaction with at least five residues of this region, 
and the S2 subsite, which includes the interactions with 
Met165 and Pro168; this could be interesting due to the ori-
entation of this loop and II and III domains is important for 
maintaining a catalytically competent activity [52].

Similarly, our results show that amentoflavone can 
bind within the active site cavity of cluster 1 (Fig. 6F), 
carbonyl groups make hydrogen bonds with Thr169 and 
Gly170 and π electrons mediated interactions with the 
residues of catalytic dyad (Cys145 and His41) and sur-
rounding amino acids, stabilizing molecule into the sub-
strate-binding pocket core (through S1 and S2 subsites); 
moreover, the Leu50 side chain also established π-alkyl 
interaction from the residue nitrogen to the phenyl ring 
centroid, and Met165 contacted the middle amentofla-
vone ring via π-sulfur interaction. Talking about cluster 
2 (Fig. 6G), a similar displacement, maybe provoked by 
a closer status of S1 subsite, as occurs with baicalein 
happened: amentoflavone was pushed to the limits of S2 
subsite and the long loop, forming hydrogen bonds and 
π-sigma interactions, like those formed by baicalein. The 
interactions at this site could define a possible new target 
for a possible mechanism of the enzyme inhibition, due 
to the orientation of this region is important for a com-
petent catalytic activity [52].

Considering the described results, amentoflavone is 
a great inhibitor candidate for Nsp5 because it interacts 
with two catalytic residues, Glu166, and the S1/S2 sub-
sites, which are the key elements for the recognition of 
substrates [51, 52]. Our results shows a binding score 
of − 8.90 ± 0.01 kcal/mol for amentoflavone-Nsp5 complex; 
this value is comparable with other studies which report sim-
ilar interacting residues and binding scores of − 7.589 kcal/
mol (PDB ID: 6WNP) [53], − 9.4 kcal/mol (PDB ID: 6M2N) 
[49], − 9.2 kcal/mol (PDB ID: 6LU7) [54], − 27.0441 kcal/
mol (PDB ID: 6LU7) [55], − 9.6 kcal/mol (PDB ID: 6LU7) 
[56], − 8.9 kcal/mol (protein modeled in Swiss Modeler) 
[57], − 10.2 kcal/mol (PDB ID: 6LU7) [58], and − 10.0 kcal/
mol (PDB ID: 6LU7) [59].

Furthermore, inhibition of Nsp12 or RdRp could tar-
get its conserved polymerase motifs, highlighting motif A 
composed of residues from 611 to 626, including Asp618 
important for the binding process. And motif C, which com-
prises residues from 753 to 767, includes the catalytic resi-
dues Ser759, Asp760, and Asp761 [21]. As Fig. 6J show, 
amentoflavone forms hydrogen bonds with Asp618, Asp623, 
Arg624, and Thr556, necessary for binding and stabilizing 
ligand within motif A and C; π-ion interactions with Lys621 
and Asp760 create an electrostatic potential into the cavity, 
disfavoring electronic-based processes carried out by Nsp12. 
Besides the aforementioned interactions, it is also important 
to highlight those forms with Asp618 and Asp760, essential 
residues for catalytic site activity. Similar interactions are 
presented for AT9 binding (Fig. 6K), highlighting those with 
Lys621 and Arg624, necessary for binding and stabilizing; 
in addition, the guanine-like group occupies the site which 
recognizes the DNA strand [21]. Therefore, amentoflavone 
may be an excellent candidate to inhibit the Nsp12. Simi-
lar results have been published, reporting binding scores 
of − 9.4 kcal/mol (protein modeled in Swiss Modeler) [57] 
and − 9.3 kcal/mol (PDB ID: 6M71) [48].

Finally, Nsp15 or NendoU is associated with multiple 
functions and could be involved in allowing the virus to 
evade the immune system innate response by hiding the 
viral RNA from the macrophage dsRNA sensors [60]; the 
catalytic site of this protein is composed of the residue triad 
His235, His250, and Lys290. These amino acids have been 
demonstrated to be conserved in all viruses of the coronavi-
rus family [61]. They are fundamental for the activity of the 
Nsp15 enzyme and the formation of its hexameric quater-
nary structure [62]. Our results, presented in Figs. 5A and 
6L, show that amentoflavone interacts with His235 with a 
hydrogen bond, which is fundamental in substrate hydroly-
sis and complex stabilization, also supported by hydrogen 
bonds with Gln245, Val292, Ser294, and Thr341; moreover, 
this flavonoid forms hydrophobic interactions with Lys290 
(part of the catalytic triad), Cys291, Tyr343, and Leu346, 
amino acids that serve as an anchor, promoting the binding 
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and residence of the substrate onto the catalytic site, favored 
by the aromatic rings of amentoflavone. From these interac-
tions, we must distinguish those with Ser294 and Tyr343 
because these residues together are believed to govern U 
specificity, in RNase A base recognition [63]. Similar inter-
actions were observed for tipiracil (Fig. 6M), highlighting 
the recognition of carbonyl group by Ser294, which is spe-
cific for uracil recognition. With the information analyzed 
above, Nsp15 is another protein that could be inhibited by 
amentoflavone.

Ligand efficiency

Ligand efficiency (LE) allows us to compare molecules 
according to their average binding energy [59]; very low val-
ues indicate that the compound binds tightly to the protein. 
LE represents the average binding energy per non-hydrogen 
atom, where fair values of LE for inhibitors candidates are 
LE > 0.3 kcal [31]. Considering this information, for all the 
evaluated proteins, amentoflavone has ligand efficiency val-
ues less than 0.3 kcal (0.23, 0.20, and 0.18 for Nsp1 clus-
ters, 0.22 for Nsp3, 0.21 and 0.23 for Nsp5 clusters, 0.23 
for Nsp12, and 0.23 for Nsp15), information that supports 
the proposal of using this flavonoid as a potential inhibitor 
of non-structural proteins of the SARS-CoV-2 virus. These 
values are smaller than those of the co-crystalized ligands, 
i.e., GRL0617 0.33, baicalein 0.34 and 0.35, and tipiracil 
0.35, except for AT9 (0.22). In the same sense, amentof-
lavone exhibits low theoretical dissociation constants (Kd) 
for each of the evaluated proteins, reaffirming the stability 
of the complex and the favorable binding of the ligand, even 
promising a most efficient inhibitor of these non-structural 
proteins (fewer doses are required for reaching the inhibi-
tory effect). The top 10 molecules interacting with the best 
docking scores for the selected clusters of each protein were 
selected for this comparison (Table S1).

Protein–ligand molecular dynamics

RMSD analysis

After evaluation of the three clusters of Nsp1-amentoflavone 
complex (Figure S1A, S2A and S3A), we can appreciate that 
for cluster 1 RMSD has the same behavior as the protein 
alone, just with a little high nm, due to the ligand binding; 
the ligand reaches its stability at 25 ns. More variations in 
ligand RMSD are observed for cluster 2, those sudden move-
ments reflect on the global RMSD, mainly in the first 15 ns. 
Finally, about the third cluster, at the first ns of the complex 
RMSD has higher values than just protein caused by the 
fluctuations on ligand’s RMSD. In this sense, the first cluster 
of Nsp1-amentoflavone complex is the most stable, and the 
three represent three different stages of the protein behavior.

With respect to Nsp3 (Figure S4A and S5A), complex 
and protein have no significant differences, in both amentof-
lavone and GLR-0617, due to the stability of the ligand 
which does not suddenly elevate the RMSD values. Also, 
protein, ligand, and the complex reach their best conforma-
tion at 18 ns, keeping its flexibility near the RMSD mean 
value (0.35 nm); the little variations in RMSD of the ligand 
let us to find different complex clusters.

On the other hand, the RMSD of cluster 1 of Nsp5-
amentoflavone (Figure S6A) has no significative variations 
between complex and single protein, regarding ligand, 
two possible states could be identified with approximately 
0.05 nm of difference; cluster 2 (Figure S7A) shows higher 
variation in complex against protein, this is due to the rise 
of RMSD values of the ligand. Similarly, the second cluster 
of Nsp5-baicalein complex (Figure S9A) shows a significant 
variation of protein vs. complex, which correlates with the 
ligand fluctuation. First cluster (Figure S8A) shows no vari-
ation in RMSD of complex vs. protein, the ligands show a lot 
of fluctuations along the whole trajectory, but two probable 
states can be defined based on this.

Talking about nsp12 (Figure  S10A), amentoflavone 
reaches a single conformation at 17 ns, fluctuations of the 
ligands have significant influence on the RMSD of the com-
plex; the behavior of the Nsp12-inhibitor is contrary to that 
shown for AT9 (Figure S11A), because variations of com-
plex, ligand and protein maintain on the 0.18 nm average 
RMSD.

Finally, for the Nsp15, respecting to the complex with 
amentoflavone (Figure S12A), the RMSD of the complex 
have several variations, these variations could be a result 
of the high flexibility of the protein or for a high or they 
could be a result of several conformation changes because 
of ligand binding, although ligand has a very stable RMSD, 
representing its permanence into the binding site. In con-
trast, Nsp15 in complex with tipiracil (Figure S13A) has 
sudden variations at 65 to 80 ns, representing an interesting 
cluster for this complex.

Hydrogen bond analysis

The hydrogen bonds that form during the drug-receptor 
interaction are characteristic of a high-affinity binding; this 
is due to the force exerted by this bond repelling the force 
exerted by water in the cavities, conferring greater stability 
to the complex [63]. In other words, this approach allows us 
to have a closer look at the complete phenomenon, because 
in MD simulations during the formation of hydrogen bonds, 
it necessarily implies an energetic process of desolvation of 
the hydrogen bonds previously formed between the protein-
water system [64].

Regarding the formation of hydrogen bonds, during all 
MD simulations, the amentoflavone establishes a variable 
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number of them with various residues of the SARS-CoV-2 
Nsps. Throughout the simulation in the trajectories of the 
three trajectories of Nsp1 (Figure S1B, S2B and S3B), 
amentoflavone formed 2 hydrogen bonds on average and up 
to 5 for Nsp3 (Figure S4B) and Nsp15 (Figure S12B). The 
amentoflavone in complex with Nsp12 (Figure S10B) was 
able to form 5 hydrogen bonds in most of their conforma-
tions along the trajectory, in contrast with the co-crystallized 
ligand that formed up to 10 hydrogen bonds in the most 
of nanoseconds along the whole trajectory (Figure S11B). 
Finally, talking about Nsp15 for both amentoflavone and 
tipiracil, they reach a maximum of five hydrogen bonds, 
although there are ns with no hydrogen bonding, the per-
manence of ligands into binding pockets depend on hydro-
phobic interactions (Figure S12B and S13B).

Cluster analysis

The clustering process allows us to analyze the conforma-
tional behavior of the protein under conditions established 
on the MD simulations to find the most repeated conforma-
tion and thus the most representative protein–ligand binding 
process. In the following analysis, we have selected the most 
frequent, also representative, cluster from the best three of 
all five ligand–protein MD simulations (Fig. 7).

In Figs. 8, 9, 10, 11, and 12, we can see the 2D and 3D 
best cluster for each complex representation. For Nsp1 clus-
ter 1 (Fig. 8A), we appreciate two interactions that had also 
been formed in the previous docking assay analysis with res-
idues Trp161, forming two π-π interactions with two differ-
ent rings of amentoflavone; a more stable anchor is formed 
by the π interactions with Phe157 and Ser167. We can also 

see another hydrophobic carbon-hydrogen interaction with 
the residue Gly168 and another hydrogen bond with Gln158. 
In the case of cluster 2 (Fig. 8B), the main interactions are 
hydrophobic, i.e., carbon-hydrogen and π interactions, with 
Leu4, Val5, Leu145, Gly146, and Thr151, highlighting the 
only hydrogen bond with Leu149. Referring to cluster 3 
(Fig. 8C), it is the poorest talking in interactions terms as it 
just has two interactions: a hydrogen bond with Ser40 and a 
π-alkyl with Leu140. By these, the most representative way 
of binding on the well described pocket is cluster 1.

In the Nsp3 cluster binding site, amentoflavone (Fig. 9A) 
remains into the binding pocket, keeping all interactions 
of previous performed docking, highlighting those with 
Asp164, important for ligand stabilization; Tyr268 presumed 
to make a fitting induced movement to adopt a closer con-
formation and with Arg166 and Glu167, important for water 
and carbonyl coordination [46, 47]. Regarding to the inhibi-
tor GRL0617 (Fig. 9B), this compound preserves π-π inter-
actions with Tyr268 and hydrophobic π interactions with 
Pro247, Pro248, and Tyr264, residues within the site called 
the flexible loop BL2 or β-turn [44, 47], preserving that with 
Pro248 as in the docking assay.

For Nsp5, it can be observed that amentoflavone at clus-
ter 1 (Fig. 10A) that the previous docking reported interac-
tions are not preserved, instead hydrogen bonds are formed 
with Gly138 and Glu288, also π interactions with Tyr126 
and Lys137 are included. In comparison with cluster 2 
(Fig. 10B), just one interaction is preserved: Tyr126, and 
new ones are formed with residues near to Tyr126 (which 
seems to be crucial in the binding process of amentofla-
vone): Val114, Gln128, Cys128, Ser139, and Leu141, resi-
dues considered important for ligand recognition [65], and 

Fig. 7  Results of cluster analy-
sis of the molecular dynamics of 
the five Nsp-ligand complexes
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important for binding of other molecules with inhibitory 
activity, such as paritaprevir, lopinavir, and epigallocate-
chin-3-gallate [66]. In contrast, baicalein in both clusters 
(Fig. 10C and D), binds with less amino acids, totally dif-
ferent to those reported in docking assay: Gln19, Met49, 
and Gly120 for cluster 1 and for cluster 2, baicalein interacts 
with amino acids of the catalytic site: His41 and Cys145, 
reaffirming the mechanisms of inhibition of this flavone; 
complemented with the hydrophobic interactions of Met49, 
Leu50, Met165, and Ala191; also highlighting the hydrogen 
bond with Glu166.

Regarding the Nsp12 cluster, amentoflavone (Fig. 11A) 
remained at the binding site keeping the interactions 
reported in the docking assay such as Ala547, Arg555, 
and Asp760, the last one, essential for catalytic site activ-
ity (as mentioned above); additionally, interactions with 
Asp845 and Lys545 were formed, which have already been 
reported as capable of binding to at least three other drugs 
with inhibitory potential [67, 68]. On the other hand, AT9 
(Fig. 11B) maintains in the binding site, very favorable by 

the phosphate groups of its structure (as mentioned above), 
most of the interactions of this cluster are preserved from 
the docking assay, highlighting electrostatic interactions 
with Lys551, Arg555, Lys621, and Arg624, reaffirming its 
mechanism as mimic of uracil.

Finally, in the cluster obtained from the amentofla-
vone-Nsp15 complex trajectory (Fig. 12A), we observed 
that the same hydrogen bonds formed in the docking 
performed prior MD simulation with residues His235, 
Ser294, and Tyr343, as well as π-π interactions with resi-
dues Trp333 and Tyr343. In addition to these interac-
tions, here, the flavonoid forms a new hydrogen bond 
with the Glu340 residue. All these interactions remain 
within the binding site of known inhibitors, such as ben-
zopurpurin 4B, which, in addition to sharing the same 
interactions shown here, has also been shown to inhibit 
Nsp15 in vitro [69]. In the case of tipiracil, it keeps into 
the binding pocket by interacting strongly with Glu267 
by a salt bridge and π-π interactions of guanidine ring 
with Phe280 (Fig. 12B).

Fig. 8  3D and 2D models of the amentoflavone onto the most favorable cluster in complex with the three clusters of Nsp1 and their interaction 
fingerprint along whole dynamics 
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Protein–ligand fingerprint

The time that protein–ligand interactions maintain along the 
100 ns of molecular dynamics simulation are represented in 
Fig. 4E, 5, 6, 7, 8, 9, 10, 11, 12. Analyzing the interactions 
of amentoflavone with the three clusters of Nsp1, we can 
appreciate that most of the time the main amino acids that 
keep the ligand at binding site are Trp161, Phe157, Gln158, 
His165, and Gly168, mainly through hydrophobic interac-
tions (Fig. 8A); at the cluster 2 (Fig. 8B), which confor-
mation displace some armstrongs the ligand, the main resi-
dues interacting with amentoflavone are Leu149, Asn128, 
Thr151, Asp144, and Gly150, by hydrophobic and hydro-
gen bonding, interestingly, the interactions with Phe157 
and His165 diminished; at the end, amentoflavone interacts 
mostly via hydrophobic with Leu140, Gly146, Leu145, 
Glu148, and Leu149 in cluster 3 (Fig. 8C). By this way, 
amentoflavone binds into the hydrophobic cavity formed by 
α1 and α2 helices of Nsp1, which is confirmed by the resi-
dues between Asp148 and Gly180, important for the 40S 
ribosomal subunit binding [41].

Regarding Nsp3, the main reported interactions into the 
binding site involve Asp164, Gln269 with hydrogen bonds, 
and Tyr264, Tyr268, Pro247, Pro248, Thr301, Arg166 
with aromatic interactions, mainly in the flexible loop BL2 
or β-turn, an important mobile loop (Gly266–Gly271) [44, 
47]. Amentoflavone remains in the binding site due to the 
interactions formed by Ser293, Tyr296, Lys297, Lys292, 

and Tyr264 mainly by hydrophobic and hydrogen bonding 
(Fig. 9A), fitting perfect with the flexible loop BL2 and 
the specific site for leucine side chain of LXGG consensus 
sequence recognition [44], for PLPro proteolytic cleav-
age activity. Similarly, GRL0617 interacts mainly with 
Tyr268, Tyr264, Pro247, Met208, and Pro248 (Fig. 9B).

In the same sense, Nsp5 hydrophobic interactions are 
the main type formed along the whole molecular dynamics, 
for both amentoflavone and baicalein. In case of amentofla-
vone, the five main residues for cluster 1 (Fig. 10A) includes 
Tyr126, Gly138, Ser139, Lys137, and Gln127; two of these 
amino acids are conserved for the cluster 2: Tyr126, Ser139 
(Fig. 10B), complemented by the interactions with Tyr118, 
Phe140, and Cys128. Based on this information, we can 
mention that amentoflavone accommodates into the binding 
cavity, nevertheless, it does not reach the catalytic dyad resi-
dues, but the occupancy of the binding pocket mediated by 
the hydrophobic and π-stacking interactions with Tyr126 and 
Phe140, suggesting that the inhibition mechanism is through 
binding site competition and occupation instead electronic 
disruption of catalytic dyad. In contrast, baicalein forms 
mostly hydrophobic and π-stacking interactions with the 
residues His41 and Cys145, in both clusters (Fig. 10C and 
D), complemented by the interactions with the surrounding 
subsites, indicating that the main mechanism of this mol-
ecule is by disruption of the catalytic reaction.

On the other hand, the evaluated known antagonist 
(AT9) of Nsp12 (Fig.  11B) binds favorably into the 

Fig. 9  3D and 2D models of the amentoflavone and GRL0617 onto the most favorable cluster in complex with the three clusters of Nsp3 and 
their interaction fingerprint along whole dynamics
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binding pocket by electrostatic interactions such as ani-
onic and hydrogen bonds with Arg566, Arg497, Lys563, 
and Lys493, provoked by the phosphate groups contain; 
in contrast mostly of the interactions between amentofla-
vone and Nsp12 (Fig. 11A) are hydrophobic and in some 
cases are hydrogen bonds. The main residues which favor 
the binding are Arg497, Asp787, Ile789, Val409, and 
Asp702. In both cases, the compounds occupy the main 
entrance of DNA coupling; the advantage of AT9 is that 
it possesses a couple of phosphate groups which mimics 
those that nucleic acid possess.

Finally, in the case of Nsp15 the interactions that favor 
the amentoflavone binding (Fig. 12A) and permanence 
into the binding pocket are with Gly152, Lys151, Val188, 
Gln246, and Val293. Although the amino acids of the 
catalytic triad interact with the ligand, but not for all the 
time of molecular dynamics, the interaction with sur-
rounding residues lets us to propose that the inhibition 
method of amentoflavone is by the rearrangement of the 
binding pocket, leading to no catalytic reaction, supported 
by hydrophobic and hydrogen bonding. In the same way, 
tipiracil (Fig. 12B) keeps on the binding pocket, with no 

Fig. 10  3D and 2D models of the amentoflavone and baicalein onto the most favorable two clusters in complex with the three clusters of Nsp5 
and their interaction fingerprint along whole dynamics
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direct interaction with the catalytic residues, but interact-
ing with surrounding amino acids like Tyr344, Val293, 
Lys291, His251, and Ser295, mainly with hydrophobic 
and electrostatic interactions.

Electrostatics and van der Waals energies

Contributions of electrostatic and van der Waals interactions 
to global binding energy play a major role in determining 

Fig. 11  3D and 2D models of the amentoflavone and AT9 onto the most favorable cluster in complex with the three clusters of Nsp12 and their 
interaction fingerprint along whole dynamics

Fig. 12  3D and 2D models of the amentoflavone and tipiracil onto the most favorable cluster in complex with the three clusters of Nsp15 and 
their interaction fingerprint along whole dynamics

Page 15 of 19    404



Journal of Molecular Modeling (2022) 28:404

1 3

protein–ligand binding specificity and the rate of pro-
tein–ligand association [70]. Regarding to the calculated 
energies for the three clusters of Nsp1 (Figure S1C, Fig-
ure S2C and Figure S3C) in complex with amentoflavone, 
most of the contribution to the global binding energy is 
mediated by van der Waals, correlating to hydrophobic 
interactions reported in the above section, moreover at some 
times of the trajectory, electrostatic energy contributes in a 
greater manner (~ 25 and 50 ns), correlating with electronic 
π interactions.

Regarding Nsp3, a curious behavior because there are 
some moments in the trajectory that electrostatic energy 
does not contribute to the binding process (Figure S4C and 
Figure S5C), and the van der Waals contributions seems to 
be zero; this could be provoked by no residue-ligand inter-
action or for a remoteness of the ligand from its position. 
Apart from this curious fact, the co-crystallized ligand (Fig-
ure S5C) of Nsp3 binding is mediated by the contributions 
of van der Waals energy, in difference with amentoflavone 
(Figure S4C) which contributions are equative between elec-
trostatic and hydrophobic, as correlated with the analysis of 
interaction fingerprint.

In a similar way, most of the contribution to global bind-
ing energy of the Nsp5-ligand complexes is derived from 
van der Waals; nevertheless, there are several nanoseconds 
where electrostatic energies contribute in a higher way, 
principally at the middle and the first quarter of simula-
tion. These contributions are reflected into the interaction 
type that establishes each compound with residues of the 
binding pocket, which are mainly hydrophobic, and those 
peaks of electrostatic contributions correlate well with 
π-stacking interactions and hydrogen bonding. These results 
are similar between both clusters (Figure S6C-S7C and 
Figure S8C-S9C).

Regarding Nsp12 and amentoflavone (Figure S10C), at 
least half of the simulation time the electrostatic energy con-
tributes more than van der Waals to the binding process, ener-
gies that correlates with the hydrogen bonding of Asp787, 
Asp702, and Arg497 and the hydrophobic interactions. In the 
case of AT9 (Figure S11C), electrostatic interactions contrib-
ute abysmally to the global binding constant (− 1100 kJ/mol); 
this correlates perfectly with the fully anionic and hydrogen 
bonding observed in the interaction fingerprint.

Finally, respecting to Nsp15, there are several moments, 
for both ligands, that energy contribution is zero (Fig-
ure S12C and S13C); it seems to be that only residual van 
der Waals energy remains. This phenomenon could be due to 
a displacement of ligand form the initial position, neverthe-
less, the RMSD values from both remain stable, so no cor-
relation could be established between with the two variables, 
but yes with hydrogen bonding; nevertheless, the binding 
process is favored by other class of hydrophobic interactions.

SASA

Solvent-accessible surface area (SASA) is an important 
descriptor in ligand binding. The extent of ligand SASA 
value decreases upon binding indicates whether the ligand 
is deeply buried or not upon binding to the pocket. For all 
complexes (Figure S1D-S13D), SASA dynamic behavior 
suggests preferential confinement of the different ligands 
within the protein pocket, although Nsp15 is the one with 
the most variability in the area (~ 15  nm2), the rest of them 
just vary in ~ 15  nm2 from the mean SASA value.

Conclusion

The main idea of this work was to find a natural compound 
that could bind five different non-structural proteins of 
SARS-CoV-2 in order to stop virus infection by inhibition 
of key process targets, although finding a single target is a 
good option for the inhibition viral disease, a multitarget 
approach, as presented in this work, has some advantages 
such as inhibition mechanisms are multiple, combination 
with other drugs could lead to synergic effect, and multidrug 
assessment could be avoided.

In this way, amentoflavone was selected, among 478 fla-
vonoids, as a multitarget inhibitor for being the only flavo-
noid capable of binding to the five non-structural proteins of 
SARS-CoV-2 (Nsp1, Nsp3, Nsp5, Nsp12, and Nsp15). We 
demonstrate with MD simulations high stability of the com-
plex formed between the amentoflavone and the five Nsps 
throughout the 100-ns simulation. Furthermore, the infor-
mation provided by the energy analysis showed that in order 
of affinity and efficacy, amentoflavone would have a greater 
capacity to inhibit Nsp5, followed by Nsp12, Nsp15, Nsp3, 
and finally Nsp1. Allowing us to emphasize that amentofla-
vone has the potential to function as a multitarget molecule. 
Nevertheless, due to the in silico approach, some of the vari-
ables influencing the binding process in vitro and in vivo 
could be avoided, so biological experiments are needed to 
corroborate the phenomena described here.
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