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ABSTRACT

RNA-dependent RNA polymerase (RdRp), also called nsp12, is considered a promising but challenging
drug target for inhibiting replication and hence, the growth of various RNA-viruses. In this report, a
computational study is performed to offer insights on the binding of Remdesivir and Galidesivir with
SARS-CoV2 RdRp with natural substrate, ATP, as the control. It was observed that Remdesivir and
Galidesivir exhibited similar binding energies for their best docked poses, —6.6kcal/mole and
—6.2 kcal/mole, respectively. ATP also displayed comparative and strong binding free energy of
—6.3 kcal/mole in the catalytic site of RdRp. However, their binding locations within the active site are
distinct. Further, the interaction of catalytic site residues (Asp760, Asp761, and Asp618) with
Remdesivir and Galidesivir is comprehensively examined. Conformational changes of RdRp and bound
molecules are demonstrated using 100 ns explicit solvent simulation of the protein-ligand complex.
Simulation suggests that Galidesivir binds at the non-catalytic location and its binding strength is rela-
tively weaker than ATP and Remdesivir. Remdesivir also binds at the catalytic site and showed high
potency to inhibit the function of RdRp. Binding of co-factor units nsp7 and nsp8 with RdRp (nsp12)
complexed with Remdesivir and Galidesivir was also examined. MMPBSA binding energy for all three
complexes has been computed across the 100 ns simulation trajectory. Overall, this study suggests,
Remdesivir has anti-RdRp activity via binding at a catalytic site. In contrast, Galidesivir may not have
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direct anti-RdRp activity but it can induce a conformational change in the RNA polymerase.

1. Introduction

Novel coronavirus disease 2019, also known as COVID19,
started in December 2019 from Wuhan, China (Zhu et al,
2020). To date, it has infected ~ 71 million people across the
globe and caused death for 1.59 million, with the numbers
still growing. Across the world, many research organizations
and pharmaceutical companies are engaged in designing
therapeutic either in the form of treatment molecules or vac-
cines to control COVID19 (Diamond & Pierson, 2020).
Currently, there are 100 vaccine candidates under the differ-
ent stages of development and trials against SARS-CoV2.
Repurposing of known drug molecules is also gaining inter-
est amongst drug developers (Baron et al.,, 2020; Elfiky, 2020;
Fan et al, 2020; Li & De Clercq, 2020; Zhou et al., 2020) due
to shorter development time.

Many antiviral molecules have shown activity against dif-
ferent classes of viruses (Rolain et al., 2007; Standing, 2020;
Xu et al., 2020). Remdesivir is an adenosine triphosphate ana-
log that was first initially reported as a potential treatment
for the Ebola virus (Warren et al, 2016). Later, its activity
against members of the coronavirus family has also been
demonstrated (Sheahan et al., 2017). Considering its antiviral
property, Remdesivir is being researched as a potential treat-
ment for COVID-19 (Ko et al, 2020; Wang et al, 2020).

Remdesivir is a nucleoside analog used to inhibit the activity
of RNA-dependent RNA polymerase (RdRp) enzyme of SARS-
CoV2. Currently, it is allowed by the FDA for emergency
practice on COVID19 critical patients (Remdesivir for Certain
Hospitalized COVID-19 Patients, n.d.). Galidesivir, another
nucleotide analog, initially developed against Zaire
Ebolavirus (Julander et al.,, 2017; Tchesnokov et al., 2019) is
being examined as a potential candidate against SARS-CoV2
(Westover et al.,, 2018). It showed positive outcomes during
animal testing against various pathogens, including Ebola,
Marburg, Yellow Fever, and Zika viruses. Like Remdesivir,
Galidesivir also acts on the RNA dependent RNA polymerase
(RdRp) (Warren et al., 2014). Other than these two nucleotide
analogs, Favipiravir which is a modified pyrazine analog has
also received attention for COVID19 treatment. Favipiravir
has been already approved in Japan as a therapeutic for
resistant cases of influenza (Furuta et al, 2017; Hayden &
Shindo, 2019). It acts against RdRp enzyme (Shu & Gong,
2016) and its activity has been studied for different coronavi-
ruses including SARS-CoV2 (Harrison, 2020).

In this study, a computational approach has been used to
elucidate the atomistic level details for the binding of ATP,
Remdesivir, and Galidesivir with SARS-CoV2. Initially, these
two nucleoside analogues and ATP are docked with RdRp
and the best-docked poses are selected for molecular
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dynamic (MD) simulation to determine the precise location
and dynamic behaviour of ligands within the binding cavity.
In addition, protein-protein interaction study of a simulated
molecule of RdRp with its other co-factor units nsp8 and
nsp7 is performed to evaluate its ability to form an active
complex after binding with these nucleotide analogs. RdRp
protein has a big binding site and this study showed inter-
esting data points on translational and rotational movement
of bound ligands within the binding cavity. Interaction ener-
getic characteristics of catalytic residues that are responsible
for the activity of RdRp are examined during the simulation.
Overall, we have captured motivating factors that are respon-
sible for the binding of Remdesivir and Galidesivir with
RdRp, this can lead to the development of new antivirals tar-
geting RNA based viruses.

2. Materials and methods

Initial 3D co-ordinates of the protein molecule are sourced
from recently solved RdRp apo-protein structure in PDB:
7BTF (Gao et al, 2020). The structure is solved by electron
microscopy at 2.9 A resolution having four chains represent-
ing three units of RNA polymerase complex, these units are
nsp12 (chain A), nsp7 (chain B), and nsp8 (chain C, D). Chain
A represents RdRp and it is extracted from the complex and
used for docking with ATP, Remdesivir and Galidesivir. As the
structure does not contain any ligand so a close homologous
structure of RdRp is used to define the binding cavity. RdRp
of hepatitis C virus (HCV) PDB code: 3H5S (de Vicente et al.,
2009) is used as a reference complex for this purpose. This
structure has small molecule saccharin attached to the pro-
tein at the catalytic site. Both proteins, SARS-CoV2 RdRp and
HCV RdRp are structurally aligned and saccharin from HCV
RdRp is transposed to SARS-CoV2 RdRp to define its binding
site. The molecular structure of Remdesivir, Galidesivir, and
ATP is taken from the DrugBank database (Law et al., 2014;
Wishart et al., 2018). Force field parameters are generated
with the mol2 format of these molecules with CHARMM
forcefield using the online SwissParam tool (Zoete et al.,
2011). Docking is performed using the Autodock tool on the
SAMSON interface (Morris et al., 2009), it used the Autodock
Vina algorithm (Trott & Olson, 2010) for docking and ranking
the poses. Superposition of SARS-CoV2 RdRp and HCV RdRp
proteins placed saccharin within the SARS-CoV2 RdRp frame
and atoms around 8 A from the center of saccharin molecule
are considered as active site co-ordinates. This resulted in
one or more participating atoms from residues: V588, 1589,
G590, G616, Y617, D618, Y619, S681, S682, G683, D684, A685,
T686, T687, A688, Y689, N691, L758, S759, D760, D761, A763,
K798, W800, D811, F812, C813, S814 and Q815 of SARS-CoV2
can constitute the binding location for ligand molecule. The
binding site residues are considered at physiological condi-
tions. Negatively charged Aspartate is present at five posi-
tions (618, 684, 760, 761, and 811) in the binding site and all
these Aspartates are deprotonated and carry a single nega-
tive charge (—1). The binding site residues are under physio-
logical conditions, negatively charged “Aspartate (D)” is
found at five sites (618, 684, 760, 761, and 811) in the

binding cavity. These Aspartates are in deprotonated form to
carry a single negative charge (—1). Positively charged resi-
due, Lysine, is present at a single position (798) in proto-
nated form and thus carries a single positive charge (+1).
Overall, the binding site is negatively charged dominated
due to the presence of five Aspartate residues. During dock-
ing, binding site residues are treated rigid as the flexibility is
accounted during the MD simulation. A grid box is created
around the identified binding site residues that cover all
active atoms and allow additional space for conformational
searching. Center coordinates of the box (—14.094, 33.37A,
—-36.01A) with dimension X=30.84A, Y=15 97 and
Z=18.15A as shown in Figure S1. Scoring in Autodock Vina
is based on the interaction function calculated between each
pair of atoms excluding 1-4 interactions, i.e. atoms separated
by three consecutive covalent bonds. A grid box is created
around the identified binding site residues that cover all
active atoms and allow additional space for conformational
searching. Center coordinates of the box (—14.094, 33.37A,
—36.01A) with dimension X=30.84A, Y=15 97 and
Z=18.15A. Scoring in Autodock Vina is based on the inter-
action function calculated between each pair of atoms
excluding 1-4 interactions, i.e. atoms separated by three con-
secutive covalent bonds. Later, the predicted free energy of
binding is calculated from the intermolecular part of the low-
est-scoring conformation. This docking algorithm used iter-
ated local search global optimizer. In this algorithm, a
succession of steps consisting of a mutation and a local opti-
mization is used, with each step being accepted according
to the Metropolis criterion (Trott & Olson, 2010). The
exhaustiveness of the searching during docking was set to
100 to reduce the probability of not finding the global min-
imum of the scoring function. The number of runs is set by
the exhaustiveness parameter. Here, each run during dock-
ing can produce several results where promising intermedi-
ate results are remembered. These are merged, refined,
clustered, and sorted automatically to produce the final
result. Finally, top 10 docked poses are generated that rep-
resent the top 10 clusters based on the binding scores.
Molecular dynamic simulations of the docked complexes of
RdRp are performed using GROMACS (Pronk et al., 2013)
with the CHARMM?27 force field (Bjelkmar et al, 2010).
Hydrogen atoms are added to the RdRp protein under
physiological conditions and placed in a solvated box at a
1.4nm distance from the wall. The protein-ligand complex
was energetically minimized and equilibrated under NVT
and NPT ensemble for 1ns each before 100ns production
run. During the 100ns simulation, V-rescale temperature
coupling for external heat bath with 0.1 ps time constant
(Morishita, 2003) for protein and the non-protein system was
used while pressure coupling was performed using
Parrinello-Rahman (Parrinello & Rahman, 1981) with a time
constant 2ps, long-range electrostatic was dealt with PME.
Different gromacs tools/packages are used to analyze the
data generated after the production run. The clustering of
structures generated during simulation is done using gro-
mos method with RMSD cut-off 0.3nm. MMPBSA binding
free energy is calculated by ‘g_mmpbsa’ package. VMD



(Humphrey et al, 1996) and pymol are used for molecule
visualization while the ‘R’ package (R Studio Team, 2018)
was used for plotting graphs.

3. Results and discussions

The efficacy of Remdesivir has been recently demonstrated
on SARS-CoV2 using standard potency and cytotoxicity assay
on Vero E6 cell lines. The report showed that Remdesivir has
ECso 0.77 uM, CCso > 100 uM. Remdesivir outperformed other
inhibitors in this study including chloroquine (Wang et al.,
2020). In addition to Remdesivir as a therapeutic agent,
recently, BioCryst announced a randomized, double-blind,
placebo-controlled clinical trial to assess the safety, clinical
impact, and antiviral properties of Galidesivir in patients with
COVID-19. Computational studies on these inhibitors and
their binding with RdRp are also performed to strengthen
the COVID19 drug design pipeline (Elfiky, 2020, 2020; Naik
et al, 2020; Nguyen et al., 2020; Wakchaure et al., 2020; Wu
et al, 2020). In view of these developments, this investiga-
tion was initiated to determine the atomistic level interaction
details of these molecules with RdRp and with the other co-
factor proteins.

3.1. RdRp protein structure

The structure of RdRp (also named as nsp12) protein has
been solved complexed with nsp7 and nsp8 co-factors and
sourced from protein data bank (Rose et al., 2017), PDB ID:
7BTF (Gao et al., 2020). This PDB entry has three proteins:
nsp12, nsp8, and nsp7, where nps12 and nsp7 consist of sin-
gle-chain while nsp8 has two chains. All these three units
interact with each other where nsp12-nsp8 complex shared
maximum interface surface area followed by nsp8-nsp7. In
contrast, co-factor nsp7, which is the smallest subunit, shares
minimal interface area with nsp12. This PDB complex does
not contain any ligand/inhibitor molecule to define the refer-
ence binding cavity site. However, the catalytic domain for
RdRp of SAR-CoV2 is similar to other viruses including hepa-
titis C and poliovirus. The longest stretch of the catalytic
motif has residues 611 to 626 (TPHLMGWDYPKCDRAM). This
stretch contains the critical catalytic residue Asp618, which is
conserved in all other related viruses. Another motif that is
the part of the catalytic domain has residues 753 to 767
(FSMMILSDDAVVCFN) containing catalytic residues Ser759,
Asp760, and Asp761. The entry of the NTP substrate is chan-
nelized via a hydrophilic cluster containing Lys545, Arg553,
and Arg555 residues (Appleby et al., 2015; Gong & Peersen,
2010; McDonald, 2013).

3.2. Protein-ligand docking

The structure of RdRp of the hepatitis C virus (HCV) is co-
crystalized with a ‘saccharin’ inhibitor that defines its binding
site (PDB ID: 3H5S) (de Vicente et al., 2009). RdRp of HCV
complexed with saccharin is aligned with SARS-CoV2 RdRp
to designate its binding site. The active site of RdRp SARS-
CoV2 is formed by a conserved domain and showed
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similarity with other RdRp proteins. It is comprised of mul-
tiple motifs, the longest active site motifs are 611-
TPHLMGWDYPKCDRAM-626 and  753-FSMMILSDDAVVCFN-
767. These motifs have D618 which is conserved in viral RNA
polymerases including HCV RdRp. Catalytic residues 759-
SDD-761 is sandwiched between two [ strands. These cata-
Iytic residues are also conserved in HCV RdRp, at the 317-
GDD-319 position. Sequences of ns5b from the HCV RdRp
(PDB Code: 3H5S) and nsp12 from SARS-CoV2 (PDB Code:
7BTF) are aligned using EMBOSS Needle pairwise alignment
tool (as shown in Figure S2a, supplementary material). Both
active site motifs showed conservation and are highlighted
in Figure S2(a). Their corresponding structures are also
aligned to show the structural conservation of their active
sites. Figure S2(b) shows the two proteins in the same orien-
tations, motif 1 (611-626) and motif 2 (753-767) from RdRp
SARS-CoV2 and corresponding aligned residues from HCV are
shown in colored format to represent the structural similarity
of their active sites.zNeighbouring atoms under 8 A from the
imported ligand (saccharin) are considered as the binding
site and a cubical grid box was designed that covers all
these residues as explained in the method section.
Remdesivir, Galidesivir, and ATP are docked in the prepared
grid box using the Autodock tool of the SAMSON platform.
Docking search exhaustiveness is set at 100 scales and 10
docked models were generated for each docking process.
Figure S3 shows the preparation of RdRp protein-ligand
docking. Ten docked poses generated by Autodock Vina are
ranked as per their binding scores. These scores were calcu-
lated using the inbuilt energy function of Autodock Vina as
discussed in the method section, their values are shown in
Table 1. Binding free energies indicates, docked poses for a
given ligand molecule are structurally different but their
binding scores are highly comparable. The best binding
score was exhibited by Remdesivir, —6.6 kcal/mole followed
by ATP, —6.3kcal/mole and Galidesivir, —6.2 kcal/mole. The
pose where the ligand is docked at the known catalytic site
of RdRp with the lowest binding free energy score is priori-
tized. The first docked pose of Remdesivir (—6.6 kcal/mol)
and second pose of ATP (—6.6 kcal/mol) are selected based
on the combined criteria of the binding score and docked
location. However, Galidesivir binds at a non-catalytic site in
all its poses, hence its best pose selection is based on bind-
ing score i.e. first pose (—6.2 kcal/mol).

3.3. Protein-ligand docked complex interaction

The best-docked poses for each molecule are examined for
protein-ligand interaction study. The study showcases the
neighbouring amino acids around the ligand molecule and
highlighting the polar contacts. These polar contacts are
majorly responsible for holding the ligand in the binding
pocket. Figure 1 shows the interacting residues with their
respective ligands.

Remdesivir is the bulkiest molecule among all the ligands
examined in this study. The binding site geometry of RdRp is
not symmetrical, residues are skewed to one side while the
other side of the pocket is vacant (see Figure S1). Remdesivir
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R553

Figure 1. Neighbouring residues of (a) Remdesivir, (b) Galidesivir, (c) ATP in their best binding pose, polar contacts are highlighted, and corresponding residues

are labelled.

aligns perfectly with this non-symmetrical structural charac-
teristic of the binding site, as shown in Figure 1(a).
Remdesivir's scaffold stimulates it to cover the largest surface
area within the binding site. Trp617, adjacent residue to
Asp618, a classic conserved residue in RdRp involved in dir-
ect polar contacts with Remdesivir while other critical cata-
lytic residues Ser759, Asp760, Asp761 also form polar
contacts with the Remdesivir. Besides, Glu811, a residue out-
side the catalytic domain of RdRp, makes polar interaction
with the Remdesivir. Here, all the catalytic and conserved
residues are involved in protein-ligand interaction. As men-
tioned earlier, Galidesivir binds at a non-catalytic location of
the binding site. None of the critical catalytic residues of
RdRp have direct polar interaction with Galidesivir. Residues,
Tyr456, Thr580, Asp623, and Ser682 are involved in polar
contacts (Figure 1b) with Galidesivir. Though these residues
are not part of a critical catalytic site, they belong to the
larger catalytic motifs of RdRp. ATP showed similar binding
behavior as Remdesivir and binds in an identical orientation
near to catalytic site (Figure 1c). Trp617, Tyr619, Asp761,
Trp800, and Glu811, are involved in polar contacts with ATP.
However, in the ATP-RdRp complex, only Asp761 from the
conserved critical catalytic residue list participated in polar
interaction. Overall, Figure 1 shows that the Remdesivir com-
plex contains the maximum number of critical catalytic resi-
dues showed polar interaction and thus can strongly inhibit
RdRp activity compare to ATP. In contrast, Galidesivir binds
at a non-catalytic site in the binding domain and thus it may
have a lesser impact on enzyme activity.

The docking protocol is formulated on the transposition
of saccharin molecules from HCV RdRp. Saccharin showed a
strong binding affinity with the HCV RdRp with IC50 5nM. It
has a single hydrogen bond donor while 6 hydrogen bond
acceptors and formed two hydrogen bonds with HCV RdRp.

Details of binding residues and type of interaction between
HCV RdRp and saccharin are shown in Table S1. Catalytic res-
idues 317-GDD-319 are placed close to saccharin in its
experimental bound structure as shown in Figure 2(a). Later,
this Saccharin molecule is extracted from the PDB: 3H5S and
docked to SARS-CoV2 RdRp at the defined binding site to
validate its resemblance with RdRp binding pattern. Docked
complex of saccharin showed a high binding affinity with
SARS-CoV2 similar to Remdesivir. Its best pose binds at a
similar location of the binding site (shown in Figure 2b and
2c) where Remdesivir binds in its best conformation.
Neighbouring residues are also showed a similar pattern.
Best binding pose showed —6.4kcal/mol Autodock Vina
binding score. Binding affinity scores for the top 10 poses
are shown in Figure 2(d).

3.4. MD simulation: RMSD and RMSF

Molecular dynamic simulation plays a key role in understand-
ing the behavior of protein-ligand interaction. A sufficiently
extended simulation of 100 ns is performed to find the inter-
action behavior of each ligand with RdRp. Before the produc-
tion phase, the entire system is soaked in a water solvent
and equilibrated at a given temperature and pressure. Figure
3 shows the pattern of root mean square deviation for pro-
tein and ligand among different complexes (Remdesivir,
Galidesivir, and ATP). RdRp Ca atoms deviation is shown in
Figure 3(a). Galidesivir showed minimum deviation with aver-
age Ca RMSD 0.37 nm. Remdesivir and ATP showed 0.43 nm
and 0.46 nm average Ca RMSD. This indicates that binding of
Remdesivir and ATP induced change in the protein’s con-
formation in comparison to Galidesivir. Recently, in another
study, an Apo form of SARS-RdRp is compared with bound
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Ligand's
Pose Affinity (kcal/mol)
1 -6.41165
2 -6.37608
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4 -6.27509
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7 -6.21949
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9 -6.18469
10 -6.17614

(d)

Figure 2. Saccharin molecule binding with HCV RdRp and SARS-CoV2 RdRp (a) interaction of HCV RdRp protein with Saccharin in experimentally bound structure,
PDB ID: 3H5S, (b) best-docked pose of Saccharin (green) with SARS-CoV2 RdRp, Remdesivir best pose shown in red, (c) interaction details of best-docked pose
Saccharin (green) with SARS-CoV2 RdRp, (d) Autodock Vina binding energy scores for top 10 docked poses of Saccharin with SARS-CoV2 RdRp.
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Figure 3. The behavior of protein-ligand complex during a simulation of 100 ns. (a) Co. RMSD of protein. (b) RMSD of ligands.

Remdesivir and ATP and it was found that the Apo form is
much more stable while Remdesivir and ATP brought major
changes in protein conformation (Arba et al., 2020). Later,
the RMSD of ligands was calculated for all three complexes.
Figure 3(b) shows the RMSD of ligands where ligand used as

reference alignment molecule. The last 50ns of simulation
demonstrated a highly stable structural conformation for ATP
and Galidesivir. Remdesivir showed a sudden spike at 75ns
and then settled down to 0.40-0.35 nm. ATP has an average
deviation of 0.21 nm across the entire simulation period at
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Table 1. Docking scores of Remdesivir, Galidesivir, and ATP for top 10 docked
poses with RdRp SARS-CoV2.

Pose # Remdesivir Galidesivir ATP
1 —6.6 —6.2 —6.3
2 —6.6 —6.1 —6.2
3 —6.5 —6.0 —6.2
4 —6.4 —6.0 —6.2
5 —6.3 —6.0 —6.1
6 —6.2 —6.0 —6.1
7 —6.2 —5.9 —6.1
8 —6.2 —5.9 —6.1
9 —6.2 —5.8 —6.0
10 —6.1 —57 —6.0

the binding site while Remdesivir has 0.28 nm. Galidesivir
showed a very stringent conformational characteristic with
an average RMSD of 0.08 nm. Data showed in Figure 3(b)
indicates that ATP reached stability at ~50ns while
Remdesivir showed some deviation in its binding behavior.
In contrast, Galidesivir binds at a distant site from catalytic
residue but showed the highest stability in the conform-
ational space. Later, protein-ligand complex RMSD is also cal-
culated. Figure S4 showed the RMSD of all three complexes
using all atoms fitting. Here, ATP-complex and Remdesivir
complex are invariable with average RMSD 0.5nm and
0.47 nm. Once again, the Galidesivir protein-ligand complex
has a minimum deviation. RMSD analysis shows that the
Galidesivir bound system has maximum stability but it binds
away from the core catalytic site. However, Remdesivir binds
at the catalytic site and showed comparable stability with
natural substrate ATP. It has also been shown in a similar
study that Remdesivir has 100 fold better affinity than the
natural substrate ATP (Zhang & Zhou, 2020). Figures 3 and
S4 confirm the impact of ATP and Remdesivir at the active
site of RdRp that creates a fluctuation in protein that can
cause an impact on its activity.

Later, root means square fluctuation (RMSF) for each resi-
due is averaged for all its corresponding atoms and meas-
ured for the protein RdRp. The initial stretch of residues
1-125 showed a relatively higher fluctuation of 0.6-0.75nm.
Here, the ATP complex showed marginally higher RMSF for
protein than Remdesivir and Galidesivir bound protein.
Residues after this stretch showed stationary behavior with
RMSF < 0.4nm. Figure 4 shows the average RMSF of each
residue for all three complexes. Fluctuation among the resi-
dues from catalytic motifs of RdRp is shown separately in
Figure 4. None of these catalytic domain residues has RMSF
greater than 0.25nm for any ligand complex. Lys621 from
the catalytic domain showed maximum fluctuation of 0.2nm
in Remdesivir complex followed by Ser759 in the ATP com-
plex. RMSD and RMSF behavior of all three ligand complexes
explained that they have specific binding characteristics for
RdRp protein, and they remained within the binding pocket
with a certain range of translation and rotational movements.

3.5. Hydrogen bonds pattern

Hydrogen bonds play a critical role in stabilizing the ligand
within the protein binding pocket. H-bonds for all three
ligands are measured during the simulation (Figure 5). ATP

ATP —Galidesivir — Remdesivir

4
kit

o
©

‘ W"‘«MMMW«*”

500
Residue Number

Root Mean Square Fluctuation (RMSF)
o
(2]

Figure 4. Root mean square fluctuation of RdRp protein among different com-
plexes formed with ATP, Galidesivir, and Remdesivir. Catalytic residues motifs
(611-626) and (753-767) are shown separately.

exhibited the highest number of hydrogen bonds, an aver-
age of 7H-bonds with the protein in the last stable 40 ns of
simulation time. Galidesivir and Remdesivir each showed an
average of 2H-bonds in this period. Overall, all three-mole-
cules showed stable complex formation, but ATP has a max-
imum number of H-bonds.

3.6. Clustering

After calculating H-bonds, clustering was performed under
0.3nm RMSD criteria on the 100ns trajectory to find the
most dominant docked conformation. Here, 2000 structures
were generated during the complete simulation in different
time frames. Three different groups of atoms are considered
for clustering alignment: (1) protein Co atoms (2) ligand
atoms and (3) protein-ligand complex all atoms. Protein Ca
atoms are aligned and clusters are formed with 0.3 nm RMSD
grouping criteria. This resulted in 8 clusters in ATP bound
complex while 3 and 6 for Remdesivir and Galidesivir com-
plexes, respectively. The top cluster is composed of 87.5% of
conformations in the ATP bound complex (Figure 6a).
However, Remdesivir formed a maximum with 98.5% struc-
tures in its top cluster. In the case of Galidesivir, a total of 6
clusters are formed with 86.9% conformations are coming
from its top cluster. Clustering based on protein Co atoms is
shown in Figure 6(a). Successively, ligand atoms are also
aligned to form clusters using 0.3nm RMSD criteria. Here,
ATP and Galidesivir formed one cluster while Remdesivir
formed two clusters as shown in Figure 6(b).

In ATP and Galidesivir, all conformations are grouped in one
cluster while in Remdesivir 95% of structures fall in the first cluster
while the rest 5% belongs to the second cluster. This indicates
that ATP and Galidesivir molecules show a minimum deviation in
their complexes while Remdesivir has a little deviation in its
bound states. Besides, when protein-ligand complex all atoms are
considered for alignment then 11 clusters are formed for ATP.
Here, the cumulative deviation of protein and ligand can be
observed as shown in Figure 6(c). Here again, Remdesivir has
maximum conformation in its top cluster. The central structures
of these clusters are considered as representative conformation
and thus studied as the most dominant docked pose. This
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indicates that Remdesivir has minimum deviation and showed
better performance than natural substrate ATP.

Post completing cluster analysis, we also performed RMSD
distance analysis. Here, all the structures generated during
the simulation were compared with the initial structure of
the MD simulation. Conformations were grouped as their
RMSD value to the initial structure. Figure 7 shows the fre-
quency distribution curve based on the different bins for the
RMSD of protein Ca atoms, ligand atoms, and ligand atoms
when all protein atoms are aligned. The peak for protein Ca
atoms frequency curve in ATP bound complex is found at
the rightmost end (Figure 7a). Here, 70% of the conforma-
tions generated during the simulation are between
0.40-0.55 nm range for ATP complex. Remdesivir follows the
trend after ATP where 84% conformation belongs to the
0.40-0.45 nm RMSD range. Figure 7(b) shows the frequencies

when only ligand atoms are aligned. Here, ATP and
Galidesivir acted more rigidly, ATP has 2 peaks where the
first peak is at 0.12nm RMSD while its second peak is at
0.27 nm. Galidesivir behaved even more stringently and
showed its highest peak at 0.12 nm RMSD. Remdesivir RMSD
has more standard deviation which is reflected by its wide-
spread nature of curve in Figure 7(b). Its RMSD is evenly dis-
tributed between 0.22-0.32 nm. Figure 7(a) and 7(b) together
claims that Remdesivir has the highest influence on RdRp
conformation after ATP while Galidesivir has minimum effect
on the protein but follows narrow distribution in
its deviation.

Representative structures of these top clusters that are
grouped based on protein Co, ligand atoms, and protein-lig-
and atoms are shown in Figure 8. All three molecules (ATP,
Remdesivir, and Galidesivir) are investigated to understand



8 A. MISHRA AND A. S. RATHORE

4500 -+
—— ATP-Protein
4000 ~ —REM-Protein
3500 - ——GAL-Protein
3 3000 |
E 2500 4
=]
T 2000 -
i
i 1500 4
1000 -
500 -+
(a) 0 T T T T
1] 0.2 04 0.6 0.8
RMSD (nm)

-

6000 -
——ATP-Ligand
——REM-Ligand
5000 ——GAL-Ligand
& 4000 -
c
Q
> 3000 -
o
o
A 2000 -
a
1000 - \
(b) 0 — T T T T 1
0 0.2 0.4 0.6 0.8 : X
RMSD (nm)

Figure 7. Frequency distribution curve for RMSD of (a) all protein Ca, (b) all atoms ligand in their ATP, Remdesivir, and Galidesivir systems.

(a)

SER759

. &P
-

| ASP760
@

N ASP760
SER759

ASP761

Figure 8. Spatial positioning of catalytic site (Ser759, Asp760, Asp761) residues and conserved residue (Asp618) for ATP, REM and GAL representative structure
obtained from (a-c) protein Ca based, (d-f) ligand atoms based, and (g-i) protein-ligand all atom-based clustering.

the docked poses of the most populated structure in the simu-
lation. In the ATP complex, catalytic residues (SER759, ASP760,
ASP761) are close to the ligand in all three types of alignments
as shown in Figure 8(a), 8(d), and 8(g). Conserved residue
ASP618 also lies in the vicinity but its relative distance is larger
than the catalytic residues. This indicates that ATP binds at the
catalytic site of RdRp in the majority of the frames during the
complete simulation. Remdesivir also follows the same pattern
and is bound close to the catalytic triad as shown in Figure
8(b), 8(e), and 8(h). In contrast, Galidesivir showed the distance

from these catalytic residues as shown in Figure 8(c), 8(f), and
8(i). Representative structures obtained from protein Ca atoms
alignment and protein-ligand complex alignment are the
same and so Figure 8(c) and 8(i) are the same. This shows that
though the Galidesivir showed lesser fluctuation during the
simulation (as depicted in Figure 7b) but it is bound at a rela-
tively distant location from the catalytic and conserved resi-
dues of RdRp. This might lead to lesser activity of Galidesivir in
comparison to ATP and Galidesivir. However, Remdesivir binds
at the catalytic site similar to ATP with lesser fluctuation.
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and-based, and (g-i) protein-ligand based alignment.

3.7. Protein-ligand interaction

Ligand protein interaction was detected and plotted using
the LigPlot tool, all three representative structures from
above top clusters shown in Figure 8 for ATP, Galidesivir,
and Remdesivir complexes are used in this study. Asp761 is
the core catalytic residues of RdRp are involved in H-bonding
with ATP molecules in the top clusters as shown in Figure
8(a), 8(d), and 8(g). This residue plays a major role in the
activity of RdRp and its interaction with ATP indicates trig-
gering of its biological activity. Besides, Ala550, Lys551,
Ser549, Ser814, Cys813 and Glu 811 also form H-bond with

ATP in protein and ligand alignment cluster structure.
Asn552 and Lys438 formed an additional H-bond in the pro-
tein-ligand aligned cluster structure. Remdesivir and ATP
showed similar binding as shown by circled residues in their
interaction plot. It forms H-bond with Asp760, a key catalytic
residue in all three alignments shown in Figure 8(b) and 8(h).
Similar to ATP, it also forms H-bond with Ser814, Cys813,
and Glu811 in a protein-ligand based aligned cluster. As sug-
gested earlier in this study that Galidesivir binds at a rela-
tively distant position from core catalytic residues. Figure
8(d-f) shows that Galidesivir has no direct bonding with
Ser759/Asp760/Asp761. However, it interacts with other
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residues belong to the catalytic motif. It forms H-bond with
Tyrd53, Asp623, Thr680, and Ser 682 residues. This inter-
action plot depicts that Galidesivir binds in the catalytic
domain but it is placed distantly from the core catalytic resi-
dues and thus its effect on the activity of RdRp would be
limited. However, Remdesivir interacts directly with the active
site residue that can lead to major inhibition of RdRp activity.
ATP acted as a natural substrate confirmed by its interaction
with the critical residues of RdRp.

3.8. MMPBSA binding free energy

MMPBSA method is used to calculate the binding free
energy between protein and ligand in their bound state.
‘g_mmpbsa’ is a tool developed to calculate the MMPBSA
energy for the simulation trajectory. This tool is being used
as an external Gromacs package. All three components (1)
molecular mechanics (2) polar solvation and (3) non-polar
solvation energies are calculated using this tool for the com-
plete trajectory of the simulation for ATP, Galidesivir, and
Remdesivir complexed with the RdRp protein. This tool does
not calculate the entropy change component AS, thus the
overall binding free energy has a higher magnitude. The
molecular mechanics component has van der Waal and elec-
trostatic energy calculated between protein and ligand
atoms. Polar solvation energy is calculated using the
Poisson-Boltzmann distribution method. However, non-polar
solvation energy used the solvent-accessible surface area
(SASA) method to calculate the binding free
energy component.

The average values of all three MMPBSA components are
calculated over the complete trajectory. Figure 10(a) shows
the energy for each frame over 200 frames at 500 ps interval.
The total MMPBSA average energy for the ATP complex over
100ns of simulation is —0.52 kcal/mol. As we already men-
tioned, MMPBSA absolute value may not point to the experi-
mental binding free energy due to the missing AS term but
the negative sign indicates that the complex is stable during
the simulation. Figure 10(b) shows the average energy for all
its components with the standard deviation. Similarly, the
average MMPBSA binding free energy for Remdesivir and
Galidesivir complexes are calculated. Remdesivir has the

minimum most binding free energy —8.99kcal/mol while
Galidesivir has —2.05kcal/mol binding energies. This also
showed that Remdesivir and Galidesivir bind strongly with
RdRp compared to ATP. Electrostatic energy that also com-
prises the H-bond interaction is minimum in ATP complex
which is also confirmed by the number of H-bonds during
the simulation (Figure 5) but it is neutralized by high polar
solvation energy. Large polar solvation term made the overall
binding free energy of ATP relatively weaker. It has also
been shown in an experimental study that Remdesivir has
100 fold better affinity than the natural substrate ATP
(Zhang & Zhou, 2020). Combining the energetic with the
position of ligands in the binding site indicates that
Remdesivir binds strongly at the core catalytic site, ATP also
binds at a similar location but its binding is weaker than
ATP. However, Galidesivir showed binding energy stronger
than ATP but it binds at a non-catalytic site.

4. Conclusions

RNA polymerase is treated as a principal target for the SARS-
CoV2. Its similarity with other viruses allows us to test the
existing antiviral molecule against COVID19. Nucleotide ana-
logs, Remdesivir, and Galidesivir bind with RdRp, and investi-
gating this via the in-silico technique is the focus of this
paper. We have observed that these molecules bind effi-
ciently with RdRp, ATP binding was also tested in this study
as a reference. ATP and Remdesivir bind at the core catalytic
site of RdRp while Galidesivir has a distant site of binding.
Binding energies of these molecules with RdRp are highly
comparable during rigid docking. However, interacting resi-
dues are quite different due to their spatial position in the
binding site. RdRp has a set of residues that are labelled as
critical catalytic residues. There are two catalytic motifs: resi-
due number (611-626) and (753-767). Asp618 is the most
conserved residue in viral RdRp, while Ser759, Asp760, and
Asp761 are known as critical catalytic residues responsible
for the activity of RdRp. In the rigid docked pose, Remdesivir
forms polar contacts with three of these critical residues
(Ser759, Asp760, and Asp761) while ATP showed it with only
one (Asp761). Galidesivir does not have any direct polar con-
tact with these critical residues but other residues from the



catalytic motif formed polar interaction with it. Investigating
the flexibility in the docked complexes, best-docked struc-
tures are subjected to molecular dynamics simulation to
understand their motion inside the binding site. RMSD value
of the initial structure with all conformations generated dur-
ing 100 ns simulation is similar in pattern. However, their
interaction with the binding site residues is significantly var-
ied. The representative/central structure of the most popu-
lated clusters being studied to find the compatibility of
these three ligands with RdRp. Galidesivir complex showed
maximum stability in terms of RMSD metric but it binds at
the non-catalytic site and may not impact the activity of
RdRp. However, Remdesivir binds at the core catalytic site
and showed better stability than natural substrate ATP. In
terms of H-bond count, ATP showed maximum H-bonds
(average = 7) during simulation while Remdesivir and
Galidesivir each has an average of 7 H-bonds. However, in
MMPBSA binding free energy of a complete trajectory
Remdesivir showed the best binding energy due to the low
solvation component which dominates the electrostatic com-
ponent. The individual contribution of each residue in the
binding is also calculated where ATP and Remdesivir com-
plexes showed a high contribution of core catalytic residue
in total binding free energy.

Overall, this study portrays that Remdesivir has better
binding than ATP at the catalytic site of RdRp. They occupy
the binding site that consists critical catalytic residues. This
concludes that Remdesivir has the potential to inhibit the
RdRp enzymatic activity to a significant extent via blocking
its catalytic residues, this makes Remdesivir as potential mol-
ecule in COVID treatment (Beigel et al, 2020). However,
Galidesivir binds with RdRp in the stable pose but at the
non-core catalytic site. It interacts with few residues that
constitute the catalytic motif of RdRp. Its binding is also con-
firmed by other group in their in-silico study (Elfiky, 2020).
Galidesivir may not directly block the catalytic activity of
RdRp but can bring conformational changes that can alter its
binding with other essential co-factors (nsp7, nsp8). Thus, it
could be inferred that Galidesivir can possess lower inhibi-
tory activity against RdARp compared to Remdesivir.
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