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Molecular dynamics simulations and MM-GBSA
reveal novel guanosine derivatives against SARS-
CoV-2 RNA dependent RNA polymerase

Abdo A. Elfiky, 2 *@ Hanan A. Mahran,? Ibrahim M. Ibrahim,® Mohamed N. Ibrahim®®
and Wael M. Elshemey?®

According to the World Health Organization (WHO), SARS-CoV-2 is responsible for more than 5 M deaths
and is reported in 223 countries infecting 250+ M people. Despite the current vaccination momentum,
thousands of people die every day by COVID-19. Suggesting possible blockers of the viral RNA-
dependent RNA polymerase is highly needed for potential effective therapeutics against SARS-CoV-2.
This study utilizes combined molecular dynamics simulation and molecular docking to test novel
guanosine derivatives against SARS-CoV-2 RdRp. Results reveal the binding potency of nineteen
guanosine derivatives against SARS-CoV-2 solved structures. The bulky moieties (hydroxyl or fluorated
phenyl moieties) added to the 2’ position of the ribose ring positively impacted the binding affinity to
RdRp. The current in silico study represents a one-step-ahead for suggesting new possible blockers of
SARS-CoV-2 RdRp that are yet to be verified in the wet lab. It offers new potential binders or blockers of
RdRp that bind to the protein active site tighter than remdesivir. The latter was approved by the food and
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Introduction

The viral pandemic Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) has killed over 5 million people in 223
countries since it was first reported in Wuhan, China, in
December 2019. According to the WHO website, the infection
and death numbers are continuing to grow (https://
www.who.int/emergencies/diseases/novel-coronavirus-2019,
accessed 12 November 2021)."> The SARS-CoV-2 virus is a new
strain of betacoronaviruses that causes the deadly COVID-19
disease. Betacoronaviruses are a family of coronaviruses
(crown-like virus) that can cause respiratory and gastrointes-
tinal illnesses in humans and animals, unlike gammacor-
onaviruses and deltacoronaviruses, which infect birds and
possibly mammals but have never been linked to human
illness.®> SARS-CoV (2003) and the Middle East Respiratory
Syndrome coronavirus (MERS-CoV) (2012) are two other beta-
coronaviruses that were reported to cause human epidemic
diseases in the past two decades.**

The SARS-CoV-2 genome contains two large genes, ORFla
and ORF1b, which code for 16 non-structural proteins (NSP1-
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drug administration (FDA) for emergency use against COVID-19 last year.

NSP16), including NSP12, which codes for RNA-dependent RNA
polymerase (RdRp).* RdRp is a crucial enzyme for RNA viruses,
including the human coronaviruses. It promotes viral gene
transcription and replication in collaboration with other viral
(nsp7 and nsp8) and host-cell factors.”® It has no human
homolog, so this paves the way for antiviral drug production
and lowers the chances of a protein being harmed in human
cells.>® RARp was targeted in different RNA viruses such as
Hepatitis C Virus (HCV), Ebola Virus (EBOV), Zika Virus (ZIKV),
and human coronaviruses (HCoVs)."*™*”

Many directly acting antiviral drugs are officially approved
against different viruses, such as sofosbuvir and ribavirin
against RdRp of HCV and remdesivir against EBOV.""*®* These
drugs are modified nucleotides that compete with physiological
nucleotides for the RdRp active site. Ribavirin is a wide-acting
antiviral drug used to combat a wide range of viruses in
combination with immunomodulators or other antiviral medi-
cations, while remdesivir is a nucleotide analog used against
EBOV, Marburg virus, MERS-CoV, and SARS-CoV."* Ribavirin
reported a half-maximal Effective Concentration (EC50) against
SARS-CoV-2 of 109.5 uM, while remdesivir reported an EC50 of
1.76 pM.**** This study focuses on nucleotide inhibitors
because of the strong evidence of inhibition against viral
RdRps. After Molecular Dynamics Simulation (MDS) for up to 50
ns for each structure, seventy-six guanosine triphosphate
derivatives are tested against ten different solved structures of
SARS-CoV-2 RdRp. After cluster analysis of the RARp structures’
trajectories, molecular docking is utilized to test the binding

RSC Adv, 2022,12, 2741-2750 | 2741


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra07447d&domain=pdf&date_stamp=2022-01-19
http://orcid.org/0000-0003-4600-6240
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07447d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012005

Open Access Article. Published on 20 January 2022. Downloaded on 11/2/2025 4:32:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

affinity and the guanosine derivatives' compulsory mode
against SARS-CoV-2 RdRp. Finally, the top hits are subjected to
additional 50 ns MDS followed by binding free energy
calculations.

Materials and methods

Structural retrieval and preparation

Ten different SARS-CoV-2 RNA-dependent RNA polymerase
structures were downloaded from the Protein Data Bank (PDB)
database.”® The PDB ID codes for the structures were 6M71,
6XEZ, 6XQB, 6YYT, 7BTF, 7BV1, 7BV2, 7BW4, 7BZF, and 7C2K
with resolutions of 2.90, 3.50, 3.40, 2.90, 2.95, 2.80, 2.50, 3.70,
3.26, and 2.93 A, respectively.”**' The structures were solved
experimentally using the cryo-EM technique, yet they main-
tained their high resolution. The PyMOL software was utilized
to prepare the structures for docking and molecular dynamics
simulation studies.** Water and ligands were removed, while
any missing hydrogen atoms were added to the structures. The
structures that contain other cofactors were prepared by
removing any cofactors or nucleic acids before the simulation
studies.

The structures of the ligands used in this study were drawn
using SCIGRESS (version FJ 2.9.1) software.* The ligands were
modified guanosine derivatives based on the guanosine
triphosphates (GTP) modified at position 2’ while the hydroxyl
group was replaced by a bulky group, as shown in Fig. 1. The
structures were geometry optimized first using the classical
mechanical force field (MM3) then using the semi-empirical
parameterization method 6 (PM6) before the docking study.****

Compound
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Molecular dynamics simulation

The ten SARS-CoV-2 RdRp structures were examined using 50 ns
molecular dynamics simulation runs with the help of the
Nanoscale Molecular Dynamics (NAMD) 2.14 software
(CHARMM 36 force field).***” Visualizing Molecular Dynamics
(VMD) 1.9.3 software was utilized to build the input files and
analyze the trajectories along with some in-house codes.*®**
Before the production run, the structures were solvated using
the TIP3P water model, while Na and Cl ions were added to keep
the system's charge neutral.** Additionally, the system was
minimized for 10 000 steps using the steepest descent algo-
rithm, followed by gradually increasing the system temperature
until the physiological temperature of 310 K at the equilibration
step. While the number of atoms, the pressure, and tempera-
ture were kept constant (NPT) during the equilibration period
(1.1 ns), the volume was adjusted and kept constant (NVT)
during the production runs (50 ns).

After MDS, cluster analyses of the trajectories were per-
formed using TTClust software.** Two clusters were defined for
each protein, and a representative conformation was randomly
selected from each cluster for the docking study. A total of
twenty different conformations of the RdRps were used to test
the guanosine derivatives.

Molecular docking

After MDS trajectory clustering, the docking experiment was
performed using the twenty structural conformations of SARS-
CoV-2 RdRps with the help of AutoDock Vina software.*?
Seventy-six guanosine derivatives were tested against the
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Fig. 1 The guanosine triphosphate (GTP) and its derivative compounds (C10, C12-C19, and C30-C39). The modifications (R) are in the 2’

position of the ribose ring instead of the hydroxyl group in the GTP.
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different conformations of the SARS-CoV-2 RdRps. Guanosine
triphosphate (GTP), sofosbuvir, ribavirin, and remdesivir were
used as positive controls, while cinnamaldehyde and thymo-
quinone were selected as negative controls.>** AutoDock Tools
1.5.6 was utilized to prepare ligands and the different protein
conformations (merging Gasteiger charges and generating
dockable PDBQT format for molecular docking).** The receptor
grid boxes for the twenty conformations of SARS-CoV-2 RdRp
were adjusted to cover the binding site represented by D760 and
D761, which were treated as flexible during the docking simu-
lations. The box size was set to 30 x 30 x 30 A® centered
between the D760 and D761 residues that have different coor-
dinates in each protein conformation. The calculations were
done on eight cores, and the default exhaustiveness value of 8
was set in all docking calculations.

After docking, SARS-CoV-2 RdRp structures were mined for
the established interactions between ligands and proteins using
the Protein-Ligand Interaction Profiler (PLIP) web server
(Technical University of Dresden) and then tabulated.****

MDS of the best two complexes and free energy calculations

The best two complexes in binding RdRps (C13 and C14) were
subjected to 100 ns MDS run following the same protocol using
NAMD 2.13 software. This was followed by Molecular
Mechanics Generalized Born Surface Area (MM-GBSA) calcula-
tion using MMPBSA.py script implemented in amber tools 17.%¢
All frames (1000) were used in the calculations. The salt
concentration was set to 0.154 M, while all other settings were
kept as default.

Results and discussion
2/ analog as a potent nucleotide derivative

The nucleotide modified at its 2’ position of the ribose ring was
found successful as an inhibitor against different viral poly-
merases, including Hepatitis C virus (HCV), Zika virus, and
human coronaviruses (such as MERS-CoV, SARS-CoV, and
SARS-CoV-2).51>47%8 Sofosbuvir, for example, was approved by
the Food and Drugs Administration (FDA) against HCV NS5B
RdRp eight years ago.">*>* In addition, it showed excellent in
silico binding affinity against other viruses and pathogenic
fungi.'”**>* In Fig. 1, the guanosine derivatives giving good
binding energies are listed with the modifications added at the
ribose 2’ position instead of the hydroxyl group in the parent
compound Guanosine Triphosphate (GTP). The added bulky
groups (phenyl or OH, SH, F substituted phenyl moieties) will
interfere with RNA recognition after the addition of the
guanosine derivative to the primer RNA at the viral RdRp active
site.

Molecular dynamics simulation of SARS-CoV-2 structures

The ten RdRp solved structures are equilibrated for 50 ns MDS
as shown from the average Root Mean Square Deviation (RMSD)
curve of Fig. 2A. The blue curve is the average over the ten RMSD
curves for individual protein structure versus time, while the
error bars represent the standard deviation values. The average

© 2022 The Author(s). Published by the Royal Society of Chemistry
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RMSD reflects that the protein systems are equilibrated during
the first 30 ns, and the average RMSD curve reaches a saturation
value of 2.75 A. The protein systems are also stable during the
dynamics simulation as deduced from the average per-residue
Root Mean Square Fluctuations (RMSF) curve in Fig. 2B.
Again, the blue curve is the average RMSF, while the error bars
are the standard deviation values. The majority of the protein
residues are stable during the dynamic's simulation except for
the highly fluctuating N and C terminals (about 50 residues at
the beginning and 50 at the end of the RMSF curve) which reach
up to <5 A. The active site residues D760 and D761 exhibit minor
fluctuations (average RMSF up to 1.13 A), while the regions
F334-V338 (red), V359-S364 (yellow), Q822-D825 (blue), and
D846-M855 (magenta) show moderate average RMSF values (<2
A). These four regions are apart from the active site D760 & D761
(black sticks) and represent movable turns and loops as shown
in the structure of SARS-CoV-2 RdRp (PDB ID: 6XEZ) in Fig. 2B.

Binding affinities of the guanosine derivatives against SARS-
CoV-2 RdRps

The 50 ns trajectories of the ten RdRps are subjected to cluster
analysis using TTClust, and two clusters are defined for each
structure. The binding affinities of the GTP and its 76 deriva-
tives against SARS-CoV-2 RdRps conformations are calculated
using the AutoDock Vina software. Fig. 3 shows the average
binding affinities for the best 19 derivatives in blue alongside
the GTP in green, the positive controls (sofosbuvir, remdesivir,
and ribavirin) in yellow, and the negative controls (cinna-
maldehyde and thymoquinone) in red. The colored bars repre-
sent the average values (in kcal mol™"), while the error bars
represent the standard deviations. One can notice that the
guanosine derivatives have average binding affinities compa-
rable to that of the approved drug remdesivir (—7.70 =+
0.58 kcal mol™") and to those of the other positive controls
sofosbuvir (—7.55 & 0.43 kcal mol ') and ribavirin (—7.35 =+
0.48 kcal mol ). This indicates that these guanosine derivatives
could be successful therapeutic agents against SARS-CoV-2
RdRp as its binding is better than or equal to the approved
drug remdesivir. We discussed in a previous study the appro-
priate use of anti-HCV, anti-HIV, and anti-EBOV drugs against
SARS-CoV-2 RdRp, but our study was based on in silico built
models of the RdRp.”'® Fortunately, the current research
reproduced almost the same binding affinity for remdesivir and
sofosbuvir using ten different solved structures of the RdRp.
This indicates the effectiveness of our previous model of RARp
to test anti-COVID-19 therapeutics. Additionally, we compared
the remdesivir and sofosbuvir against RARp of SARS-CoV-2 in
an earlier study, and it gave the same binding affinity to the
current research.® Therefore, even the interacting residues are
conserved in the case of SARS-CoV-2 RdRp against remdesivir
and sofosbuvir.

As shown in Table 1, the nineteen guanosine derivatives
successfully establish strong contacts with the active site of the
RdRp of SARS-CoV-2. Hydrogen bonds or salt bridges' forma-
tion is the primary type of interaction found between the
protein and the guanosine derivatives, with few hydrophobic

RSC Adv, 2022, 12, 2741-2750 | 2743
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structure of the RdRp (PDB ID: 6XEZ) is shown in the green cartoon, while the highly fluctuating regions F334-V338, V359-5S364, Q822-D825,
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Fig. 3 The binding affinity of the guanosine derivatives (blue), positive control drugs sofosbuvir, remdesivir, ribavirin (yellow), the physiological
guanosine triphosphate (green), and the negative control compounds cinnamaldehyde and thymoquinone (red). Error bars represent the
standard deviation.
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Table 1 The interactions that were established upon docking the guanosine triphosphate and its derivatives into the SARS-CoV-2 RdRp active
site. Docking scores are calculated using AutoDock Vina software, while PLIP is used to get the interactions established. The interactions of
positive (sofosbuvir, remdesivir, and ribavirin) and negative (cinnamaldehyde and thymoquinone) control compounds are listed as well in the

table
H-Bonding/salt bridges Hydrophobic interaction
AutoDock score Amino acids
Compound (keal mol ™) No. involved No. Amino acids involved
GTP -8 16 Y619, D623, N691, S759(2), D760(2), 2 D760, D761
D761(2), A762, V763, W800, E811(2),
C813, S814
Sofosbuvir -7.5 7 R555, D618, C622, D761, E811, C813, 1 K621
S814
Remdesivir -7.5 12 T246(3), T248, R249, T462(2), M463, 3 T246, M463(2)
D760, N790, N791(2)
Ribavirin -7.3 10 R555(2), W617, D618, D761(2), A762, 0 —
W800, C813, S814
10 phenyl -7.7 11 D760, D761(4), W800, E811(2), C813, 0 —
S814(2)
C12 -7.8 16 R555, C622, D623, S682(2), A685, T687, 1 A688
A688, N691, S759, D760, D761(2), E811,
C813, S814
cl3 -7.9 12 D623, N691, $759, D760(5), D761, W800, 2 L758(2)
H810, E811
cl4 -8 6 W617, Y619, D623, S682, N691, A762 3 Y619, D623, N691
C15 -7.7 10 D618, K621, D623, R624, R624, Y680(2), 1 E811
D760(2), D761
C16 -7.9 6 R555, W617, D760, E811, S814(2) 2 Y619, D760
Cc17 -7.8 9 R555(3), D618, K621(2), R624, T680, D760 0 —
C18 —-8.1 7 R555, 617W, 621K, 623D(2), D761 0 —
C19 -7.9 12 K621, C622, D623(2), D761(2), W800, 2 Y619, D760
E811(2), C813, S814(2)
C30 -7.8 8 R553, W617(2), Y619, D761(2), A762, 1 D760
W800
C31 —-7.8 5 D623, D760, E811(2), C813 1 D761
C32 -7.9 10 Y619, K621, R624(2), S682, N691, S759(2), 1 R555
D760, D761
C33 —-7.6 8 K551, R555, D618, D760, W800, H810(2), 2 D760, D761
E811
C34 -7.9 6 D760(2), D761(2), K798, S814 4 D618, D761, K798, E811
C35 —-7.8 7 D761, A762, W800, H810, E811(3) 2 D760, D761
C36 -7.9 11 D618, K621, C622, D623, S682(2), N691, 4 1589(2), L758(2)
$759, D761(3)
C37 -7.9 8 R555(2), R624, T680, S681, S682, D760(2) 2 N691, D760
C38 -7.9 11 W617, Y619(2), D760, D761(3), A762, 1 D760
W800, E811(2)
C39 -7.7 7 R555, R624, Y680(2), S682, 5759, D760 5 Y619, D623(2), N691, D760
Cinnamaldehyde -5 3 C813, S814(2) 3 D761, V763, F812
Thymoquinone —5.3 2 C813, S814 2 V763, E811

contacts as a secondary type of interaction. On average, nine H-
bonds or salt bridges are formed, and two hydrophobic contacts
are established between the guanosine derivatives and the
RdRps. The most-reported residues from the RdRps that form
H-bonds with the guanosine derivatives ranked based on the
sum of the number of formed H-bonds are D761 (23), D760 (20),
E811 (15), R555 (10), D623 (10), S682 (8), S814 (8), W800 (7),
N691 (5), and D618 (4). Simultaneously, the most reported
residue that forms hydrophobic contact with the guanosine
derivatives is the active site residue D760 (8 connections).
Additionally, other residues from RdRps contribute to

© 2022 The Author(s). Published by the Royal Society of Chemistry

developing four (Y619 and D761) or three (D623 and N691)
hydrophobic contacts with the guanosine derivatives.

The best two guanosine derivatives are the C13 (3,5-dihy-
droxy phenyl substitution) and C14 (3-hydroxyphenyl substitu-
tion) with average binding affinities of —7.94 £+ 0.58 and —7.96
+ 0.43 keal mol ', respectively. Fig. 4 shows a graphical repre-
sentation of the interactions between the best two compounds
and selected RdRps. The RARp residues are labeled by their one-
letter codes and represented in blue sticks, while the guanosine
derivatives are in yellow sticks. H-Bonds and salt bridges are
depicted by blue lines and dashed-yellow lines, respectively,

RSC Adv, 2022, 12, 2741-2750 | 2745
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Fig.4 The interactions that were established after docking the guanosine derivatives C13 and C14 (see Fig. 1) (orange sticks) against SARS-CoV-2
RdRp active site pocket residues (blue sticks). H-Bonds in solid blue lines while hydrophobic interactions are in dashed-gray lines. Salt bridges are

in yellow spheres connected by dashed lines.

while dashed-gray lines represent the hydrophobic contacts.
Notably, the added bulky moiety at the 2’ position of the ribose
contributes to the binding against the protein's active site
pocket residues.

MDS and binding free energy calculation for C13 and C14
RdRp complexes

MDS for the best two complexes (C13 and C14 against RdRp) and
the GTP-RdRp complex are performed for 100 ns using NAMD
2.13 software, followed by MM-GBSA calculations for the same
complexes using Amber tools. The residual contribution for the
binding of RARp against the GTP-RdRp complex and the best two
compounds (C13 and C14) are listed in Table 2 and ranked
according to their binding energy values (ascending). The active
site aspartates (D760 and D761) are shown in bold and underlined
in the table as well. For the RARp—-GTP complex, which represents
the positive control compound, F812, C813, S814, R836, and G616
are the most important residues in binding the GTP with binding
energies —3.98, —3.17, —2.52, —0.95 and —0.95 kcal mol *,
respectively. On the other hand, in the RdARp-C13 complex, D760,
C313, and L758 are the main contributors to binding (—1.58,
—1.57, and —0.81 kcal mol ', respectively). While for RARp-C14
complex, R555, G683, T556, S682, R624, K621, Y619, T680, and
V557 are the main contributors (—10.55, —3.04, —2.54, —2.49,
—2.22, —1.67, —1.48, —1.23, and —0.93 kcal mol ', respectively)
to binding. The contribution of the ligands (LIG) is important in
the case of GTP and C14 complexes with binding energy contri-
butions of —4.11 and —20.93, respectively. On the other hand, in
the C13 complex, the LIG contribution to binding is +2.26. This
suggests the superiority of C14 over C13 in binding the RdRp.
Additionally, active site aspartate (D760 and D761) contributions
in binding are +1.89, —1.58, and +1.55 in GTP, C13 and C14,
respectively. Some other residues have a negative impact on the
binding (shown in red in Table 2) these residues were D623, H816,
K545, E811, and D618 in GTP-RdRp complex, D865, D618, K545,

2746 | RSC Adv, 2022, 12, 2741-2750

and D623 in RARp-C13 complex, and D623 and D452 with a total
contribution to binding of +3.45, +1.19, and +1.7 kcal mol?,
respectively.

Thus, the total binding energy for the RARp-C14 complex is
lower (—46.95 =+ 6.3 kcal mol ') than RARp-C13 and the RdRp-
positive control (GTP) (—5.14 + 6.6 and -13.82 =+
6.2 kcal mol ', respectively); hence it is suggested to be the best
SARS-CoV-2 RdRp potential inhibitor in the current study.
Therefore, we recommend testing this compound experimen-
tally against SARS-CoV-2 RdRp.

Fig. 5 supports the docking data as reflected from the flat-
tened RMSD curves (Fig. 5A) of the GTP and the two complexes
(C13 and C14) versus SARS-CoV-2 RdRp. The three complexes
were equilibrated during the 100 ns as reflected from the flat-
tened RMSD (A), the equilibrated Radius of Gyration (RoG) (B),
and Surface Accessible Surface Area (SASA) (C) curves. The
systems RMSD, RoG, and SASA mean values are equilibrated at
around 2.5 A, 29.7 A, and 40 000 A®, respectively. The GTP-RARp
complex possesses elevated RoG and SASA values compared to
the C13 and C14 complexes. The total number of the formed H-
bonds is almost stable around 1300 during the simulation
period for C13 and C14 complex but 1500 for the GTP complex,
as shown in Fig. 5D. The per-residue RMSF is shown in Fig. 5E
for the two complexes, where C13-RdRp is represented by the
orange line, while C14-RdRp is represented by the gray one.
Apart from the N and C-terminals, the RMSF show high fluc-
tuations (RMSF < 3) in the D469-G480 region in the case of the
C13-RdRp complex compared to the C14-RdRp. Additionally,
the C14-RdRp complex shows lower RMSF values in 460 and
560 residues and is more stable than the C13-RdRp complex.
These regions are apart from the active site aspartates (D760 &
D761) that are shown in black sticks in the structure at the top
of the RMSF curves. So, C14-RdRp is a more stable complex
than C13-RdRp complex, which supports our calculated
binding energies.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The MM-GBSA calculations for the best two complexes (C13 and C14 complexes with RdRp) after 100 ns MDS. Red coloured residues
represent the residue have negative contribution on the binding (positive binding energies). The average binding free energies and its individual
terms are shown at the bottom for each complex with its standard deviations

RdARp-GTP complex RdRp-C13 complex RdRp-C14 complex
Binding Binding
Complex Binding energy
Residue | energy (kcal | Residue | energy (kcal | Residue
(kcal mol ™)
mol ™) mol ™)
LIG —4.11 D760 —1.58 LIG —20.93
F812 —3.98 C313 -1.57 R555 —10:55
C813 — L758 —0.81 G683 —3.04
o0 S814 —2.52 1548 —0.68 T556 —2.54
£ R836 ~0.95 S759 —0.68 S682 —2.49
£ G616 ~0.95 A688 ~0.59 R624 -2.22
Q WS800 —0.68 N691 —0.54 K621 -1.67
g R555 —0.64 R555 —0.48 Y619 —1.48
§ H810 —0.49 K621 —0.46 T680 -1.23
= L758 -0.49 T687 —0.38 V557 —0.93
§ Q815 —0.31 A685 —0.37 N691 —0.65
= D623 +0.21 S814 —-0.34 D684 -0.58
3 H816 +0.23 1589 —0.31 K676 —0.41
2 K545 10.30 D865 +0.12 T687 ~0.40
= E811 10.60 D618 1033 D761 10.54
D761 +0.67 K545 +0.36 D623 +0.64
D760 22 D623 +0.38 D760 +1.01
D618 +2.11 LIG +2.26 D452 +1.06
AEvpw (kcal
. -3245+4.7 —24.51+£43 —38.46+4.4
mol™)
AEELE (kcal
- -239.40 £34.3 —119.48 £30.2 —188.78 £26.4
mol™)
AGas (keal
4 262.99 £+ 34.5 142.92 +£26.5 186.69 +22.9
mol™)
AGsa (kceal
i -4.96+0.5 —-4.08+0.6 -6.4+04
mol™)
AGgas (kcal
- 271585 E3 315 -143.99 + 30.7 -227.24 +£25.6
mol ™)
AGsolv (keal
- 258.02 + 34.7 138.84 + 26 180.29 £ 22.7
mol™)
AGiotal (kcal
-1 —13.82 + 6.2 —5.14 £ 6.6 —46.95 + 6.3
mol™)
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Fig. 5 Molecular dynamics simulation of the C13—-RdRp and C14—-RdRp complexes. (A) The root mean square deviations (RMSD) in A, (B) the
radius of gyration (RoG) in A, (C) the surface accessible surface area (SASA) in A%, and (D) the total number of H-bonds versus simulation time in ns.
(E) The per-residue root mean square fluctuations (RMSF) in A alongside the structure of C14—-RdRp complex shown in colored cartoon
representation. The active site residues (D760 and D761) are shown in black sticks, while the marked region of the RMSF are depicted in the

structure by the blue cartoons.

Fig. 5B, C, and D reflect that the GTP complex has higher
ROG, SASA, and H-bonds. This, in fact, is due to the protein size
used in this complex which is 925 residues (PDB ID: 6XEZ),
while for C13-RdRp and C14-RdRp complexes, the protein size
is 833-residues (PDB ID: 7BV1). In general, all the nineteen
guanosine derivatives presented in Fig. 3 could be successful
candidates against SARS-CoV-2 RdRp, while compound C14 is
the best in binding SARS-CoV-2 RdRp based on the calculated
MM-GBSA and the RMSF curves. Therefore, C14 should be
tested experimentally to prove its binding affinity and binding
mode against the SARS-CoV-2 RdRp active site.

2748 | RSC Adv, 2022, 12, 2741-2750

Conclusion

The pandemic SARS-CoV-2 is still causing everyday life casual-
ties since its emergence in December 2019. The availability of
solved structures for SARS-CoV-2 RdRp allows us to test a bunch
of new compounds, based on guanosine triphosphate, as
possible RdRp blockers. Based on the current computational
study, nineteen of the guanosine derivatives show promising
binding affinities against SARS-CoV-2 RdRp solved structures
(—7.83 4 0.08 kcal mol ') comparable to that of remdesivir
(—7.70 £ 0.58 keal mol "), sofosbuvir (—7.55 =+ 0.43 keal mol %),
and ribavirin (—7.34 £ 0.49). The added bulky groups at the 2’

© 2022 The Author(s). Published by the Royal Society of Chemistry
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position of the ribose ring positively impact the binding affinity.
C14 (3-hydroxyphenyl substitution at 2’ position) shows the
tightest binding affinity to the RARp using MM-GBSA calcula-
tions and hence is suggested as a potent binder to the viral
protein. However, this is yet to be confirmed experimentally.
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