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Abstract

In this study, we have investigated the binding mechanism of two FDA approved drugs (ivermectin and
levosalbutamol) with the spike protein of SARs-CoV-2 using three different computational modeling
techniques. Molecular docking results predict that ivermectin shows a large binding affinity for spike
protein (-9.0 kcal/mol) compared to levosalbutamol (-4.1 kcal/mol). Ivermectin binds with GLN492,
GLN493, GLY496 and TRY505 residues in the spike protein through hydrogen bonds and levosalbutamol
binds with TYR453 and TYR505 residues. Using density functional theory (DFT) studies, we have
calculated the binding energies between ivermectin and levosalbutamol with residues in spike protein
which favor their binding are - 17.8 kcal/mol and - 20.08 kcal/mol, respectively. The natural bond orbital
(NBO) charge analysis has been performed to estimate the amount of charge transfer that occurred by
two drugs during interaction with residues. Molecular dynamics (MD) study confirms the stability of spike
protein bound with ivermectin through RMSD and RMSF analyses. Three different computer modeling
techniques reveal that ivermectin is more stable than levosalbutamol in the active site of spike protein
where hACE2 binds. Therefore, ivermectin can be a suitable inhibitor for SARS-CoV-2 to enter into the
human cell through hACE2.

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infests the respiratory tract and causes
coronavirus disease 2019 (COVID-19). It is a new member of the corona virus family which is closely
related to SARS-CoV in genetic sequencing.[1, 2] SARS-CoV-19 was first recognized in December 2019
which was globally spread and infected 80,773,033 people including 1,783,619 deaths according to a
report of “World Health Organization” (9.32 pm pm GMT+6, 30 December 2020). The cause of the
worldwide outbreak of this virus is the ability to transmit man to man by contact with infected droplets of
saliva, cough, or sneeze.[3] Its high infective potential is disrupting the economic and social life of every
single people worldwide. It is reported that in 20% of infected people, COVID-19 spreads in the lungs and
other organs of the body. But no drug or vaccine has been approved against COVID-19. A few FDA-
approved drugs are being used to COVID-19 patients at the early stage of infection which may cause less
severe infection due to reduced entry of COVID-19 into the cell. Ivermectin, an FDA-approved antiparasitic
drug can reduce the replication of SARS-CoV-19 in vitro.[4] Many research groups have proved that SARS-
CoV-2 utilizes the homotrimeric spike (S) glycoprotein to enter into the human cell through binding to the
functional receptor human angiotensin-converting enzyme 2 (hACE2).[5, 6] The receptor-binding motif
(RBM) in S protein of SARS-CoV-2 has two regions that form the interface between S protein and hACE2.
[7] In this interface, the existing L455 and Q493 of the SARS-CoV-2 have favorable interaction with hACE2
and K31 and E35 in hACE2 form hydrogen bonds with Q493 to enhance binding S protein.[5] If any drug
molecule can inhibit the binding between SARS-CoV-2 and hACE2 by blocking S protein's interface,
especially Q493 and L455, it will prohibit the SARS-CoV-2 entry into the human cell.

In the present study, we investigated the interaction of ivermectin with the interface region of the spike
protein through which it binds with hACE2. We also tried to understand which amino acid residues in the
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spike protein are favorable to bind with ivermectin and how they interact? The molecular docking was
conducted to predict the active site at the S protein interface for ivermectin and their potential binding
affinity and interactions. Density functional theory (DFT) was carried out to calculate the binding energy
between interacting residues and ivermectin and the amount of charge transfer during an interaction. The
Hirshfeld surface analysis was performed to understand the intermolecular interaction and identification
of close contact atoms in the ligand-protein system.[8] We considered one more FDA-approved drug
levosalbutamol, a B2 adrenergic receptor with a poor antiviral effect.[9] This drug is used for asthma and
chronic obstructive pulmonary diseases (COPD).[10]

2. Computational Methodology

2.1 Molecular Docking: The crystal structure of the spike protein of COVID-19 was recovered from the
protein data bank (PDB:6 mO0j) at 2.45 A resolution. The water molecules and heteroatoms were removed
and polar hydrogen atoms were added to the amino acid residues. The initial structure of ivermectin was
obtained from the Pubchem database and levosalbutamol was constructed through Gaussview. All
prepared PDB files of protein and drug molecules were processed to PDBQT format for reckoning energy
grid map.

The binding affinities of these two drugs with S protein were elucidated by AutoDock Vina. The docking
grid was set around the region1 and region2 of spike protein (Fig. 1) with center X=-37.33,Y =31.93 and
Z =2.68 and the dimension were X =29.50, Y =44.97 and Z = 19.33. The docking process was repeated
10 times and the mean affinity score was considered as binding affinity. To visualize the docking results
PyMol and Discovery Studio Visualizer were utilized.

2.2 DFT calculations: Using docking results all amino acid residues of the spike protein were selected out
which favored two drugs to bind. The coordinates of selected amino acid residues of S protein and drug
molecule were considered as an initial configuration to calculate binding energies. Equilibrium structures
with local minima in potential energy profiles were computed using density functional theory (DFT) with
Becke three-parameters exchange functional[11] and the Lee-Yang-Parr functional[12] (B3LYP) with the all
electron 6—31 g(d) basis set. The vibrational frequencies were calculated and no imaginary frequencies
were found for the optimized structures. To get binding energies, all selected amino acid residues and
drug molecules were optimized separately. The binding energy was calculated using Eq. 1;[13]

Epp = Eres—lig — Bpes — Elig

1

where Epg is the binding energy between selected amino acid residues and drug molecules. E,.¢,_j;4 is
the total energy of residues-drug complex after binding. E,.; and Ej;, are total energies of residues and
drug molecules, respectively. All calculations are carried out at the gas phase with Gaussin16
program[14].
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2.3 Molecular dynamics: Molecular dynamics (MD) simulations were performed to the conformations of
S protein bound with ivermectin and levosalbutamol with the highest docking score, separately. Prior to
MD simulation, the complexes were immersed in a cubic periodic box and solvated in 19,533 simple point
charge (SPC) water molecules during the topology process. Two chlorine ions were added to neutralize
the system. This system maintained 1.0 nm distance from the box edge and was subjected to energy
minimization using 5000-step steepest descent minimization. 100 ps NVT followed by 100 ps NPT
ensemble at 300 K and 1.0 bar were performed using Berendsen thermostat and barostat[15] to
equilibrate water molecules around the complex. The particle mesh Ewald (PME)[16] algorithm was used
to consider the long-range Coulomb interactions. For van der Waals interactions, Lennard-Jones
potentials were used. A cutoff 1.2 nm was applied for considering both long and short range interactions.
The LINCS algorithm was applied to constrain all bonds.[17] A 100 ns long MD simulation was performed
in the NVT ensemble at 300 K with a time step of 2.0 fs and 10.0 ps interval final coordinates were saved.
MD simulation was performed using the Gromcas 5.1.4[18] and force field Charmm36[19].

3. Results And Discussions

3.1 Molecular Docking: The highest binding affinity of ivermectin and levosalbutamoland at the interface
of S protein were calculated - 9.0 and - 4.1 kcal/mol, respectively. Figure 2 shows the binding pocket of
ivermectin with S protein. Here, residues GLN493 and LEU492 are involved in hydrogen bond (HB)
formation with ivermectin. The hydrogen atom of NH, group of GLN493 forms two HBs with the oxygen
atom of -CO and oxygen atom of —OH groups in ivermectin and the oxygen atom of —CO group in
LEU492 forms one HB with the hydrogen atom of —OH of ivermectin. The HB plays a vital role in
stabilizing the protein-ligand complex. Besides these, oxygen atom of —CO groups in TYR505 and
GLY496 form HBs with the hydrogen atom of alkyl group in ivermectin. GLU484, PHE497, ASN501,
GLN498, TYR453, SER494, AGR403 and TYR495 interact with ivermectin through van der Waals
interaction. Another stacking interaction between aromatic rings of residues (TYR449, TYR489, PHE456
and PHE490) and alkyl group of ivermectin plays a significant role to strengthen the binding of ivermectin
with S protein, including hydrogen bonds and van der Waals interaction. Among all interacting residues,
GLN493 and LEU455 residues which have favorable interactions with ACE2, can bind with ivermectin.
Therefore, before the interaction between S protein and hACE2, it can block the S protein's binding pocket,
which may inhibit SARS-CoV-2 binding with hACEZ2.

Figure 3 shows the interaction between S protein and levosalbutamol. TYR453 and TYR505 are involved
to form two HBs with levosalbutamol. The oxygen atoms of —OH and —CO group in TYR453 and TYR505
form HBs with hydrogen atoms of —OH groups in levosalbutamol, respectively. Another stacking
interaction is found between aromatic rings of residues (TYR453 and TYR505) and alkyl carbon of
levosalbutamol. GLY496 residue interacts with levosalbutamol through the pi-donor hydrogen bond.

3.2 DFT Calculations: The initial geometries of ivermectin and levosalbutamol were optimized separately
at the above mentioned level of theory. We considered only those amino acid residues of S protein that
interact with either ivermectin or levosalbutamol through hydrogen bonds to reduce simulation time.
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Figure 4 shows the optimized configuration of four residues (GLN492, GLN493, GLY496 and TRY505),
which interact with ivermectin through hydrogen bonds. The calculated binding energy of these four
residues with ivermectin is -17.8 kcal/mol. Oxygen and hydrogen atoms of —CO and —OH groups of
ivermectin form hydrogen bonds with —NH group of GLN493 and —OH group of LEU492, respectively.
Alkyl hydrogens of ivermectin form two hydrogen bonds with GLY496 and TYR505. Hydrogen bonds (-
CO--NH-) and (—OH- -OC-) are shorter in distance compared to those forms with alkyl hydrogens of
ivermectin. The hydrogen bond distances are shown in Fig. 4.

Similarly, two residues TYR453 and TYR505 with levosalbutamol were considered for DFT calculation
because they formed hydrogen bonds with levosalbutamol. Their calculated binding energy is

-20.08 kcal/mol. The hydrogen atom of —OH and the oxygen atom of —CO group of TYR453 and TYR505
form hydrogen bonds with —OH groups in levosalbutamol, respectively. Their hydrogen bond distances
are 1.94 A and 1.88 A, respectively (Fig. 5).

The amount of charge transfers between two interacting species that occurs for electron transfer
establishes the strength of the interaction between them. We have analyzed NBO charge transfer to
compute the number of charges transferred by ivermectin and levosalbutamol from or to amino acid
residues. lvermectin donates 0.00845e™ to four residues (GLN492, GLN493, GLY496 and TRY505) of S
protein. On the other hand, levosalbutamol donates 0.01586e™ to two residues (TYR453 and TYR505).

3.3 Stability of spike protein bound with ivermectin and levosalbutamol during MD simulation: To study
the stability of the initial conformation of docked complex in an aqueous solution, the dynamics of the
complex such as RMSD (root mean square deviation) and RMSFs (root mean square fluctuations) were
examined. For this, a 100 ns long simulation was performed on the docked structure of the spike protein-
ivermectin complex.

The RMSD computed for the backbone of protein (Fig. 6) shows the relative stability of the spike protein
bound with ivermectin and levosalbutamol. The RMSD values for all structures were calculated using the
mass-weighted least-squares fitting method. In Fig. 6, the black color represents the RMSD of the
backbone of the protein bound with ivermectin, which reaches equilibrium within 2.0 ns and fluctuates
between 0.9 nm to 0.12 nm up to 70 ns. During this period, the average RMSD value is ~ 0.11 nm. After
70 ns, the protein depicts a sudden drift towards a little higher deviation at ~ 0.18 nm. During this period,
the RMSD fluctuates from 0.12 nm to 0.17 nm and the average RMSD is 0.15 nm. This lower deviation
indicates the stability of protein bound with ivermectin in the active site throughout the simulation. On the
other hand, the RMSD (red color) shows a large fluctuation for the protein bound with levosalbutamol.
This is beacuse levosalbutamol moves away from the active site of the spike protein. Therefore, it
confirms that ivermectin can bind strongly in the active site of spike protein than levosalbutamol.

To understand the dynamics in more details, we compute the time-averaged RMSF (Fig. 6) for the spike
protein bound with ivermectin (black color) and levosalbutamol (red color) at 300 K. The RMSF is used to
evaluate the flexibility of the residues of protein which reveals the extent to which fluctuations vary along
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the protein chain before and after binding with ivermectin. The RMSF values of GLN492, GLN493,
GLY496 and TRY505 are found close to the baseline (~ 0.06 nm) except GLN493 and TRY505 (<

0.15 nm). This small fluctuation of these four important amino acids will be beneficial for binding
ivermectin in S protein's active site. The large fluctuation (~ 0.45 nm) is found for amino acids 369-371
which are relatively far from the active site of ivermectin. In the case of spike protein bound with
levosalbutamol, the RMSF values for TYR453 and TYR505 are found 0.06 and 0.1, respectively.

4. Conclusion

Using three different computational modeling techniques, we have investigated the binding mechanism
of two FDA approved drugs (ivermectin and levosalbutamol) in the active site of the spike protein of
SARs-CoV-2 where hACE2 binds. Molecular docking results predict that ivermectin shows a large binding
affinity for spike protein (-9.0 kcal/mol) compared to levosalbutamol (-4.1 kcal/mol). Ivermectin binds
with GLN492, GLN493, GLY496 and TRY505 residues in spike protein which favor hACE2 to bind in the
active site. Ivermectin binds with these residues through hydrogen bonds. Levosalbutamol binds with
TYR453 and TYR505 residues. Using density functional theory (DFT) studies, we have calculated the
binding energy between ivermectin and four residues in the active site -17.8 kcal/mol. In the case of
levosalbutamol with two residues, it is -20.08 kcal/mol. The natural bond orbital (NBO) charge analysis
has been performed to estimate the amount of charge transfer that occurred by two drugs during
interaction with residues. Ivermectin donates 0.00845e" to four residues (GLN492, GLN493, GLY496 and
TRY505) of the spike protein. On the other hand, levosalbutamol donates 0.01586€" to two residues
(TYR453 and TYR505). Molecular dynamics (MD) study confirms the spike protein's stability with
ivermectin through RMSD and RMSF analyses. During 100 ns long MD simulation, ivermectin was bound
in the spike protein's active site. On the other hand, levosalbutamol moves away from that site. Three
different computer modeling techniques confirm that ivermectin is more stable than levosalbutamol in
the active site of spike protein where hACE2 binds. Therefore, ivermectin can be a suitable inhibitor for
SARS-CoV-2 to enter into the human cell through hACE2.
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