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ABSTRACT: In this study, molecular modelling study of previously synthesized compounds against SARS-CoV-2
target enzyme was performed. A subset of 156 compounds from an in-house database has been subjected to molecular
modelling studies against the SARS-CoV-2 ADP-ribose phosphatase (ADRP, NSP3), Papain-like protease (PLrr), and
uridine specific endoribonuclease (NSP15) enzymes. We have identified one compound that is expected to inhibit the
SARS-CoV-2 ADRP enzyme and one compound that is expected to inhibit the NSP15 enzyme.
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1. INTRODUCTION

The novel coronavirus (SARS-CoV-2) is a respiratory tract infection that was first detected in Wuhan,
China [1]. This novel virus causes the severe acute respiratory disease named Coronavirus Disease 2019
(COVID-19). Covid-19 is highly transmissible and has spread fast all over the world. This disease shows itself
with symptoms such as high fever, cough, shortness of breath, headache, sore throat, runny nose, muscle and
joint pain, weakness, loss of sense of smell and taste, and diarrhoea.

The SARS-CoV-2 is an enveloped single stranded RNA virus that contains four structural proteins,
namely Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N) [2-4]. The S protein consists of the S1
and S2 subunits. The S1 subunit is involved in the ACE2 mediated virus attachment, while the S2 subunit
provides membrane fusion. The N protein also plays an important role in viral entry. The E protein is necessary
for viral assembly, and the M protein promotes spike incorporations as well as the facilitation of virion
production [2]. In addition, the SARS-CoV-2 virus contains 15 non-structural proteins (NSP 1-15). Each NSP
has arole in the life cycle and pathogenicity of the virus [5]. Here we focus on ADP-ribose phosphatase (ADRP,
NSP3), papain-like protease (PLrr) and a uridine-specific endoribonuclease (NSP15).

ADRP is responsible for both induction of viral replication as well as interference with the host immune
response [6, 7]. Papain-like protease (PLrr) is one of the major important cysteine proteases of SARS-CoV-2
that processes the polyproteins translated from the viral RNA-genome to yield the active functional proteins
necessary for viral replication [8]. Some studies shows that a coronavirus endoribonuclease delays activation
of the host sensor system. The uridine-specific endoribonuclease is present in all coronaviruses. It processes
viral RNA to avoid detection by RNA-activated host defence systems. Therefore, it considers as a promising
drug target [9, 10].

This manuscript describes molecular modelling studies of 156 previously synthesized [11-20] and in
house available compounds against the Sars-CoV-2 ADP-ribose phosphatase (ADRP, NSP3), Papain-like
protease (PLrro, NSPX), and uridine specific endoribonuclease (NSP15) enzymes. Our results suggest that 2
compounds not previously investigated as inhibitors of Sars-CoV-2 enzymes may inhibit ADRP.
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2. RESULTS AND DISCUSSION

Molecular modelling studies were performed to investigate whether the compounds under
investigation could interact with the SARS-CoV-2 target proteins ADRP, PLrro, and uridine specific
endoribonuclease. To this end, the compounds were docked into the active sites of the target enzymes. The
highest scoring docked poses that showed complementarity with the active site were selected for 50 ns
molecular dynamics (MD) simulations to investigate the stability of the pose, the dynamic binding
interactions, and the binding energy.

2.1. Modelling studies against ADRP

All compounds were docked into the ADRP structure in the complex with ADP ribose (pdb: 6W02, 1.50
A). Compounds 1 and 2 showed docked poses that suggested binding to the active site of ADRP (Figure 1).

Figure 1. The docked poses of 1 (A), 2 (B) in the active site of ADRP (pdb: 6W02).

The docked pose of 1 [13] forms hydrogen bonds with the backbones of Val49, Leul26 and Ala129
(Figure 1A). In addition, the ligand forms n-n stacking with the sidechain of Phe132. The docked pose of 1 was
stable during a 50 ns molecular dynamics simulation. The hydrogen bond between the ligand and the
backbones of Val49, Leul26 and Alal29 were observed during 41%, 67% and 62% of the simulation time,
respectively (Figure 2A). In addition, the ligand formed an interaction with Leul26 via a bridging water
molecule. The n-n stacking with the sidechain of Phel32 was present during 35% of the simulation.
Hydrophobic interactions occurred with Ala38 and Ile131. The calculated binding energy fluctuates between
approximately -70 kcal/mol and -50 kcal/ mol during the simulation (Figure 2B).
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Figure 2. A) The binding interactions of 1 with the active site of ADRP during a 50 ns MD simulation. B)
The MM-GBSA binding energy. Hydrophobic amino acids are indicated in green. Hydrogen bonds are
indicated in purple and n-i stacking in green. Solvent accessible ligand atoms are indicated with a grey
shading. The contact surface with hydrophobic residues in indicated in green.
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The docked pose of 2 [16] in the active site of ADRP shows that oxygen of thiazolidinone of the ligand
forms hydrogen bond with backbone nitrogen of Leul26. The backbone oxygen of Alal29 forms hydrogen
bond with nitrogen of the ligand. In addition, other oxygen of the ligand forms hydrogen bond with the
backbone nitrogen of the ligand and phenol ring of the ligand forms n-n stacking with Phe132 (Figure 1B). The
docked pose of 2 was selected for a 50 ns MD simulation.

During a 50 ns molecular dynamics simulation the docked pose of 2 was stable. Hydrogen bonds with
Leul26 and Ala129 were observed during %64 and %97 of the simulation time, respectively. In addition, an
interaction via bridging water molecules occurs between the ligand’s oxygen and Ile131 during %63 of
simulation time. The hydrogen bond which has been seen on docked pose interactions occurs during %13 of
simulation time and have interactions occasionally via bridging water molecule between the ligand’s two
oxygen atoms and Val49 (<20% of the simulation time). Additionally, hydrogen bonds occur with Ser128 and
Phe132 during %11 and %12 of the simulation time respectively (Figure 3A). The calculated binding energy
fluctuates around approximately -75 kcal/mol during the simulation (Figure 3B).
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Figure 3. A) The binding interactions of 2 with the active site of ADRP during a 50 ns MD simulation. B) The MM-
GBSA binding energy. Hydrophobic amino acids are indicated in green and cationic residues are indicated in red.
Hydrogen bonds are indicated in purple. Solvent accessible ligand atoms are indicated with a grey shading. The
contact surface with cationic residues in indicated in red.

The cocrystal structure of APR in the active site of ADRP reveals that the APR’s adenosine group form
hydrogen bonds with the sidechain of Asp22 and the backbone of I1e23 (Figure S1, A). The ligand’s carbonyl
and phosphate groups form hydrogen bonds with the backbone nitrogen of Val49, Ser128 and Ile131. The
ribose moiety forms hydrogen bonds with the backbone nitrogen of Asn40 and Gly48 and an aromatic
hydrogen bond with the sidechain of Phe132. Hydrogen bonds with the ribose moiety of ligand is expected to
be stronger compared to the aromatic hydrogen bond.

During a 50 ns molecular dynamics simulation the binding pose as observed in the cocrystal structure
was stable. The hydrogen bonds with Asp22 and Ile123 were observed during 99% and 98% of the simulation
time respectively. Hydrogen bond with Val49 was observed during 77% of the simulation period. In addition,
interactions via bridging water molecules occurs between the ligand’s phosphate and Ala38 and Ala50 during
%82 and %84 of the MD simulation time. Furthermore, other several interactions via bridging water molecules
occurs between ligand and active site during %30 - %55 of the MD simulation (Figure S1, B).

The calculated binding energy increases from approximately -100/90 kcal/mol to approximately -80/-70
kcal/mol during the simulation (Figure S1, C).

2.2. Modelling studies against PLpro

Only compounds 3 and 4 [16] were candidates for MD simulation. The docked pose of 3 in the active
site of PLrro shows that hydrogen bonds are formed with Asp164, Argl66 and Tyr268 (Figure 4A). In addition,
n-7 stackings are formed with the sidechains of Tyr264 and Tyr268. The docked pose of 4 indicates the presence
of hydrogen bonds with Tyr264 and Tyr273 (Figure 4B). Both poses were subjected to 50 ns MD simulations
and neither the binding interactions nor the binding energy suggested binding of the compounds to PLrr.
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A

Figure 4. The docked poses of 3 (A) and 4 (B) in the active site of PLrro (pdb: 6W9C).

2.3. Modelling studies against uridin specific endoribonuclease (NSP15)

All compounds were docked into the active site of NSP15 and four docked poses were subjected to MD
analysis. The docked pose of 5 [14] shows that ligand’s two nitrogen atoms form hydrogen bonds with the
sidechain and backbone of Ser294. The other nitrogen atom of the ligand forms a hydrogen bond with the
sidechain of Lys290. Additionally, the oxygen atom of the ligand forms a hydrogen bond with the backbone
of Gly248 (Figure 5A). Analysis of the MD trajectory indicates that the docked pose is not stable, and the
binding energy increases towards approximately -30 kcal/mol (Figure 6).

The docked pose of 6 [14] shows the presence of a hydrogen bond with Ser294 and n-n stacking with Tyr343.
(Figure 5B). Again, the MD simulations indicate that the poses are not stable, and the binding energies do not
suggest strong binding (Figure 7).

Finally, the docked pose of 7 [15] shows the presence of hydrogen bonding interactions with the
sidechain of Lys250 and the backbones of Gly248 and Ser294 (Figure 5C). In addition, n-r stackings with the
sidechains of His235 and Trp333 are formed. During the MD simulation these interactions remained stable
during the simulation; i.e. Gly248 (99%), Lys250 (79%), Ser294 (95%), His235 (93%) and Trp333 (44%) (Figure
8A). The binding energy was reasonably stable in the -60/-50 kcal/mol in the final period of the simulation
(Figure 8B).

3. CONCLUSION

Previously synthesized compounds were subjected to molecular modelling studies, which consists of docking
studies and molecular dynamics simulations, to investigate their potential to inhibit SARS-CoV-2 target
enzymes. The results suggest that one compound (i.e., 2) may be able to inhibit ADRP and one compound
(compound 7) NSP15.

4. MATERIALS AND METHODS
4.1. Preparation of protein structures

The Crystal structure of Sars-CoV-2 ADP ribose phosphatase (ADRP, NSP3, pdb: 6W02), Papain-like protease
(PLpro, pdb: 6W9C) and uridine specific endoribonuclease (NSP15, pdb: 6WLC) were obtained from the RCSB
Protein Data Bank. Subsequently, the structure was prepared using the protein preparation tool of Schrodinger
(v2021-1, Schrodinger, Inc., New York, USA). All water and buffer molecules were omitted. Subunit A was
retained and all other subunits, if present, were omitted. Subsequently, hydrogen atoms were added, and the
system was minimized using the OPLS4 forcefield.
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B

Figure 5. The docked poses of 5 (A), 6 (B) and 7 (C) in the active site of NSP15 (pdb: 6WLC).
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Figure 6. A) The binding interactions of 5 with the active site of NSP15 during a 50 ns MD simulation. B)
The MM-GBSA binding energy. Hydrophobic amino acids are indicated in green and cationic residues are
indicated in purple. Hydrogen bonds and n-n stackings are indicated in purple and green respectively.
Solvent accessible ligand atoms are indicated with a grey shading. The contact surface with cationic residues
in indicated in red.
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Figure 7. A) The binding interactions of 6 with the active site of NSP15 during a 50 ns MD simulation. B)
The MM-GBSA binding energy. Hydrophobic amino acids are indicated in green and cationic residues are
indicated in purple. Hydrogen bonds and n-n stackings are indicated in purple and green respectively.

Solvent accessible ligand atoms are indicated with a grey shading. The contact surface with cationic residues
in indicated in red.

H20 -
&
(Tre
A 333
GLY C
e 248 _30
s ¥ _
(o] =
E —40
3
N. N =
AN = \N =
H 2 50
2
@
G N g
SER v HO =
294 S g0
& 60
PR
YR H20
343 % ' % -70
H20 HIS
235 T T T T T T
o 10000 20000 30000 40000 50000
P Time (ps)

GLN
245

Figure 8. A) The binding interactions of 7 with the active site of NSP15 during a 50 ns MD simulation. B)
The MM-GBSA binding energy. Hydrophobic amino acids are indicated in green, polar residues are
indicated in blue and cationic residues are indicated in red. Hydrogen bonds and n-r stackings are indicated
in purple and green respectively. Solvent accessible ligand atoms are indicated with a grey shading. The
contact surface with cationic residues in indicated in red.

4.2. Docking Studies

The ligand set was prepared using the LigPrep tool of Schrodinger and minimized with the OPLS4
forcefield. Subsequently, all ligands were docked into the binding sites of the target enzymes. The binding
sites have been assigned as all residues within 5 A of the cocrystallized ligand. Docking was performed using
the Glide tool of Schrodinger with the SP settings. The three highest scoring poses were obtained for each
ligand and the poses were subsequently minimized using the Prime tool and MM-GBSA forcefield. To this
end, the ligand and all residues within 5 A were unrestrained.

High scoring compounds that formed binding interactions (hydrogen bonds, electrostatic interactions,
and hydrophobic interactions) and showed complementarity in shape and (a)polarity were selected for
molecular dynamics (MD) simulations.
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4.3. Molecular dynamics simulations

The ligand-enzyme complexes obtained with the docking procedure were subjected to a 50 ns MD
simulation using Desmond. The complex was first placed in an orthorhombic box (at least 10A between
complex and boundary) and then filled with Tip5P water molecules and 0.15 M NaCl. The amount of Na* or
Cl- ions were adjusted to create a neutral system. Afterwards, all heavy atoms were restrained, and the system
was minimized for 100 ps using the OPLS4 forcefield. Finally, the system was simulated for 50 ns under
isothermic (Nose-Hoover chain, 1ps relaxation time) and isobaric (Martyna-Tobial-Klein, 2ps relaxation time,
isotropic coupling) conditions without restraints. Snapshots were saved every 100 ps. Finally, the ligand-
protein binding interactions as well as the MM-GBSA binding energy were calculated.
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