molecules

Article

Structure-Based Virtual Screening Identifies Multiple Stable
Binding Sites at the RecA Domains of SARS-CoV-2
Helicase Enzyme

Sajjad Ahmad /2, Yasir Waheed 1*(7, Saba Ismail !, Saadia Bhatti 3, Sumra Wajid Abbasi *

and Khalid Muhammad 5*

check for

updates
Citation: Ahmad, S.; Waheed, Y.;
Ismail, S.; Bhatti, S.; Abbasi, SW.;
Muhammad, K. Structure-Based
Virtual Screening Identifies Multiple
Stable Binding Sites at the RecA
Domains of SARS-CoV-2 Helicase
Enzyme. Molecules 2021, 26, 1446.
https://doi.org/10.3390/
molecules26051446

Academic Editor:

George Lambrinidis

Received: 20 February 2021
Accepted: 4 March 2021
Published: 7 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Foundation University Medical College, Foundation University Islamabad, DHA-I,

Islamabad 44000, Pakistan; sahmad@bs.qau.edu.pk (S.A.); sabaismail7@gmail.com (S.1.)

Department of Health and Biological Sciences, Abasyn University, Peshawar 25000, Pakistan
Department of Biochemistry, Faculty of Biological Sciences, Quaid-i-Azam University,

Islamabad 44000, Pakistan; sfbhatti@bs.qau.edu.pk

NUMS Department of Biological Sciences, National University of Medical Sciences, Abid Majeed Rd,
The Mall, Rawalpindi 46000, Pakistan; sumra.abbasi@numspak.edu.pk

Department of Biology, College of Science, United Arab Emirates University,

Al Ain 15551, United Arab Emirates

*  Correspondence: yasir.waheed@fui.edu.pk (Y.W.); k muhammad@uaeu.ac.ae (K.M.)

Abstract: With the emergence and global spread of the COVID-19 pandemic, the scientific community
worldwide has focused on search for new therapeutic strategies against this disease. One such
critical approach is targeting proteins such as helicases that regulate most of the SARS-CoV-2 RNA
metabolism. The purpose of the current study was to predict a library of phytochemicals derived
from diverse plant families with high binding affinity to SARS-CoV-2 helicase (Nsp13) enzyme. High
throughput virtual screening of the Medicinal Plant Database for Drug Design (MPD3) database
was performed on SARS-CoV-2 helicase using AutoDock Vina. Nilotinib, with a docking value
of —9.6 kcal/mol, was chosen as a reference molecule. A compound (PubChem CID: 110143421,
ZINC database ID: ZINC257223845, eMolecules: 43290531) was screened as the best binder (binding
energy of —10.2 kcal/mol on average) to the enzyme by using repeated docking runs in the screening
process. On inspection, the compound was disclosed to show different binding sites of the triangular
pockets collectively formed by ReclA, Rec2A, and 1B domains and a stalk domain at the base.
The molecule is often bound to the ATP binding site (referred to as binding site 2) of the helicase
enzyme. The compound was further discovered to fulfill drug-likeness and lead-likeness criteria, have
good physicochemical and pharmacokinetics properties, and to be non-toxic. Molecular dynamic
simulation analysis of the control/lead compound complexes demonstrated the formation of stable
complexes with good intermolecular binding affinity. Lastly, affirmation of the docking simulation
studies was accomplished by estimating the binding free energy by MMPB/GBSA technique. Taken
together, these findings present further in silco investigation of plant-derived lead compounds to
effectively address COVID-19.
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1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has drastically affected almost
218 countries while imposing a severe health and economic burden [1]. A novel coronavirus
(nCoV, SARS-CoV-2) is reported to be the causative agent of this infectious disease with the
mode of transmission of COVID-19 being found to be through nasopharyngeal discharge
from the nose, including droplets of saliva expelled during sneezing or coughing by an
infected person [2,3]. Despite the non-specificity of the symptoms and asymptomatic con-
dition of the disease, a range of prevailing acute symptoms such as dry cough, loss of smell
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or taste, fever, fatigue, diarrhea, sore throat and body aches are the hallmark features of this
viral disease [4,5]. In patients with chronic conditions, severe acute respiratory syndrome
pneumonia followed by multi-organ infection leading to death has been reported [6]. Many
broad-spectrum antiviral drugs and new vaccines are still pending approval by the WHO
panel for the subsequent symptomatic management and prevention of COVID-19 [7-11].

Startlingly, coronaviruses (CoVs) have long been considered a serious threat to both
mammals and birds, causing severe enteric and respiratory infections before becoming a
global health burden in 2002 [12,13]. They are, therefore, categorized into four different
genera viz. alpha-, beta-, gamma-, and delta-COVs [14,15]. Due to their genomic suscepti-
bility towards high mutational and recombination rates, new strains, each having unique
virulence, continue to emerge [12]. To date, around seven different strains of human CoVs
are reported, namely, 229E, NL63, OC43, HKU1, Middle East respiratory (MERS)-CoV,
severe acute respiratory syndrome (SARS)-CoV, including the currently evolving 2019-
novel coronavirus(nCoV) [13]. These viruses share common primary sites of infection, i.e.,
the upper and lower respiratory tract and cause symptoms ranging from mild colds to
severe respiratory conditions such as pneumonia, bronchiolitis, rhinitis, pharyngitis, and
sinusitis [16].

With the epidemics of high morbidity caused by SARS-CoV in 2003 and MERS-CoVs
in 2012, together with their adaptability towards drastically changing environment, CoVs
are now categorized as “emerging viruses”. They are enveloped, positive-sense, single-
stranded RNA (+ssRNNA) having a genomic size ranging from 26.2 to 31.7 kb [12]. Struc-
turally, they have a “crown-like” appearance as revealed by electron micrographs due to
club-shaped peplomers projecting outwards like spikes [17]. Belonging to a 3 genus, SARS-
CoV-2 consists of both nonstructural proteins (NSPs) as well as structural proteins, namely;
Membrane (M), Spike (S), Envelope (E) and Nucleocapsid (N) proteins [8]. Interestingly,
one of the major targets of neutralizing antibodies is the spike surface glycoprotein, which
is primarily involved in host attachment and in the subsequent viral-host cell membrane
fusion to initiate the viral infection cycle [18].

The helicase enzyme, which is a motor protein, is an example of one such NSP that
drives the unwinding of double-stranded nucleic acids along the 5'-3’ direction during
biological processes, including recombination replication and repair. This unwinding
results in converting them into two single-stranded RNAs. Helicases are known to utilize
the energy released during nucleotide hydrolysis to facilitate these activities [19,20]. Recent
literature surveys have reported the additional biological role of helicases, including
transcription, mRNA splicing, mRNA export, RNA stability, translation, mitochondrial
gene expression, and nucleic acid packaging into virions [21,22]. A recent study has
experimentally confirmed the strategic targeting of SARS-CoV-2 helicases using reported
antiviral drugs as evident from the in vivo findings on the inhibition of herpes simplex
virus (HSV)-encoded helicases in animal models [23]. Like both SARS-CoV and MERS
helicases, SARS-CoV-2 helicase is a triangular pyramid-shaped enzyme, 596 amino acids
long with five domains [20,21]. These domains consist of two RecA-like domains (1A and
2A) towards the core of C-terminal Helicase, the N-terminal zinc binding domain (ZBD),
and the 3-barrel domain (1B), with the stalk domain connecting 1B and ZBD [24].

The NTP hydrolytic activity is attributed to six key residues (Lys288, Ser289, Asp374,
Glu375, GIn404 and Arg567) found within the cleft between the 1A and 2A domains at the
base. These residues are located at the active site of SARs-CoV-2 helicase enzyme [25,26]. This
implies that NTPase inhibition via disruption of ATP binding by small molecules could be a
promising strategy for novel helicase inhibitors [27]. Fpocket, a computer-aided algorithm,
was used to predict and shortlist pocket 26 on the allosteric site, a potent inhibitory target
site for a reference hydrocarbon compound called triphenylmethane. The residues, namely;
Leul32, Leu235, Glu136, Phel33, Pro234, Arg22, and Argl129 are integral part of Pocket 26,
with pocket 25 being another potential target of a helicase inhibitor, Darunavir with antiviral
activity. Likewise, a number of other plant derived natural compounds were identified as
helicase inhibitors in vitro, particularly flavonoids such as xanthones, rutin, triptexanthoside
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D, phyllaemblinol and quercetagetin [10]. Other effective inhibitors of SARS-CoV helicases
including myricetin, scutellerein, eubananin, bananin, vanillinbananin, and iodobananin are
also reported. These compounds work by blocking the ATPase activity rather than through
the unwinding activity [28,29]. Besides natural products with inhibitory activity against
SARS helicase enzyme, synthetic chemical compounds are also reported and these include;
7-ethyl-8-mercapto-3-methyl-3,7-dihydro-1H-purine-2,6-dione, SSYA10-001, a 1,2,4 triazole,
and (E)-3-(furan-2-yl)-N-(4-sulfamoylphenyl)acrylamide [30-32].

Many other FDA-approved antiviral drugs have also shown promising inhibitory
activity against helicases. The drugs that are so far predicted to be repurposed for the
treatment of COVID-19 include anticoagulants (dabigatran), antifungals (itraconazole),
anti-bacterials (lymecycline, cefsulodine and rolitetracycline), diuretics (canrenoic) and
anti-HIV-1 drugs (saquinavir) [8,10,33]. Computer-aided drug discovery, design and
development of small molecules against viral protein targets, therefore, offers a fast-paced,
cost-effective approach [34]. Among the viral protein targets required for the design of
small-molecule agents with inhibitory activity, SARS-CoV-2 helicase (nsp13) is of particular
interest due to its highly conserved genomic sequences across coronaviruses, besides
its unique function, and characteristic active site [35]. Given all this, using different
applications of computational drug design herein we virtually screened Medicinal Plant
Database for Drug Designing (MPD3) database [36] against SARS-CoV-2 helicase to identify
new phytochemicals with improved binding, pharmacokinetics, non-toxicity and easily
available for experimentalists for in vitro and in vivo testing.

2. Materials and Methods

A summary of the methodology flow used in this study for the identification of hit
and stable molecules against SARS-CoV-2 helicase is presented in Figure 1.

h

07 I I
v & Trajectory

é? :: Analysis [[FENCRS E

S J§3e g

S5 ES L2

/,__,__,a Pre- 8.8.3;
y \ processing

Toxicity Analysis

JWissADM, ©

Drug likeness, Lead
=" likeness,
4" Pharmacokinetics

y

Binding Sites and

Ligand: Interactional
igands . | .
Library Docking Analysis Analysis .
Preparation « AutoDock * UCSF Chimera

¢ Discovery Studio
Visualizer

* Molecular
Operating
Environment

Figure 1. Flowchart of the methodology employed in the present study.
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2.1. Preparation of the SARS-CoV-2 Helicase Structure

The study commenced with the retrieval of SARS-CoV-2 helicase enzyme crystal
structure (PDB ID, 6ZSL) available at a good resolution of 1.94 A. Immediately, the structure
was treated in UCSF Chimera, alpha version 1.15 [37] minimization phase where its
geometry was optimized, loops and side chains were fixed and hydrogen atoms were
added. All co-crystalized ligands were deleted and the structure energy was minimized
via two-step process to remove high energies. It was noticed that minimization of 500 steps
of steepest descent steps and 500 conjugate gradient steps at step size of 0.02 A are enough
to get high stereo-chemical quality of the enzyme close to the native structure.

2.2. Phytochemicals Library Preparation

For virtual screening, MPD3 (https://www.bioinformation.info/index.html) accessed
on 10 September 2020 was used [36]. This database is freely available, downloadable
and contains information pertaining to phytochemicals, their structures and activities
and test targets. Currently, the MPD3 contains 12,281 phytochemicals which are grouped
into several categories, i.e., aromatics, alkaloids, steroids, saponins, flavonoids, etc. The
complete library was downloaded and imported to the PyRx virtual screening package
0.8 [38] where all compounds were energy minimized and converted to pdbqt format.
Nilotinib, which is a tyrosine kinase inhibitor, was used as a control molecule. This
molecule has been demonstrated to inhibit SARS-CoV-2 in vitro [39] and interacts with
SARS-CoV-2 helicase enzyme [19].

2.3. Binding Conformational Analysis

AutoDock 4.2 [40] was utilized to dock the control inhibitor (nilotinib) as well as
library of phytochemicals from Nsp13 helicase enzyme protein towards the whole protein
surface. The grid box was centered at x: —13.62, y: 26.04 and z: —70.09 coordinates, with
the dimensions of the grid points set to 69.75 x 86.68 x 68.21. The grid spacing for this
enzyme was adjusted to 0.375 A. The Lamarckian genetic algorithm (LGA) was then used
for the molecular docking with its specified parameters set to default as follows; initial
population size; 150 individuals, maximum number of generations: 27,000, maximum
number of energy evaluations: 2,500,000, with 0.02 gene mutation rate, cross over rate
of 0.8 with number of runs set to 100 GA. The root mean square deviation (RMSD) [41]
having a threshold value of 2.0 was used for binding conformational studies, with the
lowest inhibition constant values and the lowest binding energy considered as the most
favorable binding conformation. UCSF Chimera, alpha version 1.15 [37], Discovery Studio
Visualizer [42] and Molecular Operating Environment (MOE) [43] programs were used
to analyze the conformational binding and molecular basis of interactions between the
enzyme and ligands. Drug-likeness, pharmacokinetics, and toxicity profiles of hits were
then unraveled through SwissADME [44] and PreADMET [45].

2.4. Molecular Dynamics (MD) Simulation

To understand and assess the chemical, biological, physical, as well as structural
stability, it was crucial to analyze the conformational behavior of the screened ligand and
its complexes with the SARS-CoV-2 helicase enzyme [46]. The AMBER18 program [47] with
the general AMBER force field [48] for ligands preparation and the ff14SB force field [49] for
enzyme preparation were used during the molecular simulation to evaluate the dynamic
and structural profiles of ligands docked into the binding sites of the target protein of
interest. After initial preparation, each system was subjected to 500 steps of steepest
descent and conjugate gradient minimization steps. The immersion of top-selected docking
complexes was performed in TIP3P water box (the spacing between the edge box and
complex was adjusted at 12.0 A. Counterion treatment was done for system neutralization.
The NVT ensemble was run for 20 ps to heat the system to a target temperature set to
310 K. Consequently, NPT ensemble was applied to the system for approximately 40 ns
to equilibrate the system, followed by 50 ns of production simulation. The pressure was
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maintained at an average of 1 atm using isotropic position scaling. Temperature controlled
was accomplished via Langevin dynamics allowing the collision frequency of 1 ps~! [50].
For non-bonded interactions, a cutoff of 8 A was used, while for long range electrostatic
interaction, Particle Mesh Ewald (PME) method was employed [51]. The hydrogen bonds
were constrained by SHAKE method [52]. Lastly, the generated MD trajectories were
analyzed through CPPTRA] [53] and Visual Molecular Dynamics (VMD) v.1.9.3 [54].

2.5. Free Binding Energy Calculations via MMPB/GBSA

The binding free energy calculations were performed using a force field-based ap-
proach through a MMPB/GBSA method [55]. This is used to calculate the difference in
binding free energy resulting from the interactions between the ligands (small molecules),
protein (macromolecular target) and the solution complex free energies [56]. These inter-
molecular activities between the small molecules and their ability to bind to the target
protein is mathematically equated as follows:

L+P—LP

Where the symbols ‘L’ and ‘P’ represent the ligand and target protein and the complex
is represented by ‘LP’. In principal, this in silico approach provides useful details on the
assessment of the free energy of this reaction as represented by AGp;ng. Thereby, predicting
the binding affinity of any drug without the need to experimentally synthesize it first. The
following equation is computed for the calculation of free binding energy:

AGping = Grp — (Gp + Gr)

The mathematical relationship between the free energy associated with the ligand,
proteins and their complexes, with their decomposition state into the gaseous phase, MM
energy, including the nonpolar and polar solvent and entropy are represented by the
following formula:

AG = AEpm + AGgoy — T-AS = AEgat + AE vdW + AE coul + AG solv,p + AG solv,np — T-AS

The sum of bond, torsion and angle terms in the force field are collectively denoted by
Epart, and Eypv, whereas Eygqw, and E oy represent the van der Waals term and Coulombic
term, respectively. The generalized-Born (GB) approximation is used for the estimation of
the solvation free energy, where G,y np denotes the nonpolar solvation free energy, which
is a linear function of a computational interface; solvent-accessible surface area (SASA).
Then, the VSGB 2.0 solvation model/ MMPB/GBSA energy model was used to calculate
the binding energies of ligand-protein complexes, neglecting the entropy term [57]. The
net MMPB/GBSA energy associated with each screened compound which is estimated
through the 100-trajectory frames collected per simulation run.

3. Results and Discussions
3.1. Virtual Screening of MPD3 Database

The proposed study involved the virtual screening of MPD3 phytochemical library
against SARS-CoV-2 helicase enzyme through a combination of docking, MD simulations
and MMPB/GBSA methods. Approximately 1131 compounds were shortlisted based on
their excellent molecular docking (binding affinity < —7 kcal/mol) with the target protein
structure. Subsequently, the PubChem CID: 110143421, ZINC database ID: ZINC257223845,
eMolecules: 43290531 or (3-(1,2 4-triazolidin-4-yl)phenyl) (5,5’ ,8'-trimethyl-4’,4a’,5",10b’-
tetrahydro-2'H-spiro[azetidine-3,3'-pyrano[3,2-c]Jchromen]-1-yl)methanone small molecule
inhibitor (binding energy; —10.2 kcal/mol) was ranked as best binder to the ATP binding
site of SARS-CoV-2 helicase enzyme. In compare, the control, nilotinib has a scoring value
of —9.6 kcal/mol during the docking procedure. The 2D structure of the hit molecule is
shown in Figure 2.
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5',5',8"-trimethyl-4',4a’,5',10b"-tetrahydro-2'H-
spiro[azetidine-3,3"-pyrano[3,2-c]lchromene]

1,2,4-triazolidine

benzaldehyde

Figure 2. Structural dissection of the hit molecule virtually screened against SARS-CoV-2 helicase enzyme.

3.2. Comparative Binding Sites and Conformational Analysis

The top ranked compounds and controls were examined for their natural tendency
of binding to the SARS-CoV-2 helicase enzyme. In all docking iterations, the top ranked
compound demonstrated to show binding at different sites of triangular based collectively
formed by RecA domains (1A and 2A) and 1B domain (Figure 3). The control (black stick), on
the other side, prefers docking only at the ATP binding region of the triangular base. Among
the docked sites for the virtually screened PubChem CID, 110143421 compound, the hotspot is
the ATP binding site (binding site 2) like that of control. The 4-phenyl-1,2,4-triazolidine group
of the compound is posed to the cavity between Rec1A and Rec2A domains where its 1,2,4-
triazolidine titled more towards Rec2A domain. The opposite 5,5 ,8'-trimethyl-4’,4a’,5’,10b’-
tetrahydro-2'H-spiro[azetidine-3,3'-pyrano[3,2-c[chromene]-1-carbaldehyde chemical struc-
ture of the compound accommodates itself at the ATP binding site of Rec1A domain. The
three other binding sites of the compound are at the interface cavity between Rec1A and
1B domains with stalk at the base (binding site 3 and 4), and ReclA loop (between helix 14
and helix 15) at the base of Rec2A and adjacent to 1B domain (binding site 1). At the Rec1A
and 1B domains interface, the compound was observed aligned either vertically along the
pocket or horizontally alongside the base stalk.

Rec2A Domain

QSited
P site-2
Y site-3

) 4
/\’V‘ gzite:‘ |

Figure 3. The different binding sites and conformation of the top ranked compound filtered in this
study. Control binding site is also provided.
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3.3. Comparative Chemical Interactions Analysis

Next, molecular-level interactions involved in binding the compound/control at
different sites of the SARS-CoV-2 helicase enzyme were investigated to decipher the key
chemical forces crucial for intermolecular binding and stability of complexes. The control
Nilotinib at the ATP binding site is reported to form strong hydrogen bonds, in particular
with the enzyme H9 helix residues (Gly287, Lys288, and Ser289) at Rec1A domain via its
(trifluoromethyl)benzene. The rest of the compound structure stabilization is provided by
medium and long range van der Waals and other hydrophobic interactions (Figure 4). The
lowest binding energy conformation of the compound at site 1 is anchored at the H14-H15
helix Rec1A domain loop, with further chemical stabilization by dual hydrogen bonds with
Asnb57 of Rec2A via 1,24-triazolidine ring (Figure 5A). The predominant ATP binding
site (binding stie 2) of the hit compound involved mainly van der Waals bonding and alky
interactions at the binding site of Rec1A and Rec2A domains throughout the length of the
compound (Figure 5B). At binding site 3, the conformation of the compound produces
two hydrogen bonds through its 1,2,4-triazolidine ring with Glu142 stalk H5 helix, the
acetophenone is attached to Rec1A domain through a single hydrogen bond with Asn361,
and 3,3,5,5,8-pentamethyl-2,3,4,4a,5,10b-hexahydropyrano[3,2-c]Jchromene also formed a
hydrogen bond with Arg339 Rec1A H11-H12 loop. The remaining compound structure
established multiple van der Waals, sigma and alkyl interactions with Rec1A, stalk and
1B domains (Figure 5C). In the least determined binding conformation (binding site 4),
1,2 4-triazolidine ring again engaged Glu142 of the stalk H5 helix in hydrogen bonding
while the remaining chemical moieties are hydropophically attached with ReclA, stalk and
1B domains (Figure 5D).

Arg
-

H .
.'.“"'H@ N + N+
RN TN

i

""" > sidechain acceptor O solvent residue ©Q arene-arene
O acidic < sidechain donor O metal complex ©H arene-H
basic --* backbone acceptor - solvent contact ©@+ arene-cation
greasy ¢ backbone donor metal/ion contact
o, proximity ® ligand @) receptor
- contour exposure — exposure

Figure 4. Binding interaction network of the control with SARS-CoV-3 helicase enzyme.
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@) polar ~* sidechain acceptor
acidic  + sidechain donor
O basic = backbone acceptor
O greasy - backbone donor
. proximity ligand

“ contour exposure

O solvent residue arene-arene
O metal complex ~ @H arene-H

solvent contact @+ arene-cation
~ metal/ion contact

receptor

exposure

Figure 5. Binding interactions of the top ranked compound docked at different binding sites of the SARS-CoV-2 helicase
enzyme. (A). Site 1, (B). Site 2, (C). Site 3, and (D). Site 4.

3.4. SwissADME Analysis

SwissADME is an online server used to compute different physicochemical descrip-
tors along with predictions of drug-like nature, ADME parameters, medicinal chemistry
friendliness and pharmacokinetic properties to assist drug discovery. Detail results of each
term for the hit molecule described above are listed in Table 1. The oral bioavailability radar
of the compound is presented in Figure 6. Physicochemically, the compound properties
are within the range of drug-likeness and do not violate any of the Lipinski rule parame-
ters. Topological polar surface area (TPSA), which is the surface sum of all polar atoms,
is commonly used metrics to optimize drug capacity to penetrate the blood barrier [58].
Moreover, the compound has good lipophilicity thus maximizing its transportation and
reaching to the target site [59]. Additionally, the compound has good gastrointestinal
absorption and does not inhibit the majority of the cytochrome P450 isoforms that are
significant in drug elimination through the process of metabolic biotransformation. The
compound was also demonstrated to fulfill all requirements of the prominent Lipinski [60],
Veber [58], Egan [61] and Muegge [62] druggability rules. The bioavailability score of the
compound is 0.55. This predicts the compound probability to be at least 10% bioavailable.
From a synthetic chemistry perspective, the compound synthesis is easy. The molecule also
predicted not to contain Pan-assay interference compounds (PAINS) alerts and will not
interact non-specifically with multiple biological targets but rather react with one specific
desired target [63]. More importantly, the compound is non-toxic.
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LIPO

FLEX SIZE

INSATU POLAR

INSOLU

Figure 6. Oral bioavailability radar of the compound (shown by red line). The pink color zone repre-
sents a suitable physicochemical space for oral bioavailable drugs. INSATU (instauration), POLAR
(polarity), INSOLU (insolubility), LIPO (lipophility), FLEX (flexibility), and SIZE (molecular weight).

Table 1. SwissADME and preADMET analysis of the hit molecules screened in this study.

Physicochemical Properties Pharmacokinetics
Formula C26H32N403 GI absorption High
Molecular weight 448.56 g/mol BBB permeant Yes
Num. heavy atoms 33 P-gp substrate Yes
Num. arom. heavy atoms 12 CYP1A2 inhibitor No
Fraction Csp3 0.5 CYP2C19 inhibitor No
Num. rotatable bonds 3 CYP2C9 inhibitor No
Num. H-bond acceptors 5 CYP2D6 inhibitor Yes
Num. H-bond donors 2 CYP3A4 inhibitor Yes
Molar Refractivity 140.83 Log K} (skin permeation) —6.77 cm/s
TPSA 66.07 A2 Druglikeness
Lipophilicity Lipinski Yes; 0 violation
Log Py /v (iLOGP) 3.5 Ghose No; 1 violation: MR > 130
Log P,/ (XLOGP3) 3.19 Veber Yes
Log Py /w (WLOGP) 1.37 Egan Yes
Log Py /v (MLOGP) 2.92 Muegge Yes
Log P,y (SILICOS-IT) 2.68 Bioavailability Score 0.55
Consensus Log P/, 2.73 Medicinal Chemistry
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Table 1. Cont.

Physicochemical Properties Pharmacokinetics
Water Solubility PAINS 0 alert
Log S (ESOL) —4.7 Brenk 0 alert
. 8.91 x 1073 mg/mL; . PR
Solubility 1.99 x 10~5 mol/L Leadlikeness No; 1 violation: MW > 350
Class Moderately soluble Synthetic accessibility 5.04
Log S (Ali) —4.25 Toxicity and Mutagenicity
. 2.53 x 1072 mg/mL; . .
Solubility 5.64 % 105 mol /L Carcino Mouse Negative
Class Moderately soluble Carcino Rat Negative
Log S (SILICOS-IT) —6.44 Daphnia 0.08

Solubility

1.64 x 10~* mg/mlL;

3.66 x 107 mol/L hERG Inhibition

Medium risk

Class

Poorly soluble Ames test Mutagen

3.5. MD Simulation of the Docked Models for Structural Stability Analysis

With the docked model having the highest stability profile, MD simulation was
conducted with a run-time of 50 ns. Then, using root-mean-square deviation (RMSD) of
the SARS-CoV-2 helicase and control/compound as shown in Figure 7A,B, the structural
stability analysis were performed on the docked models. The mean RMSDs and standard
deviations of the enzyme structure in all complexes are as; control (2.86 A + 0.33), binding
site 1 (3.84 A + 0.66), binding site 2 (3.07 A + 0.53), binding site 3 (2.52 A + 0.31) and
binding site 4 (3.26 A + 0.52). Furthermore, ligands mean RMSDs and standard deviations
values in these complexes are; control (1.04 A £0.19), binding site 1 (0.99 A +0.15), binding
site 2 (1.19 A =+ 0.33), binding site 3 (0.37 A + 0.08) and binding site 4 (2.34 A 4 0.17). The
conformations derived from the VMD analysis revealed the inhibitors were constantly
attached to the binding sites of target proteins in the complex. Furthermore, any changes of
residues as well as the similar patterns with fluctuations within complexes were identified
using root mean square fluctuations (RMSF) (Figure 7C). RMSD analysis indicated that
the binding site 2 (ATP) binding site is more comparable to the control and has the same
stability pattern. In contrast, the complex of the enzyme and compound at binding site 3
demonstrated high residual flexibility. The compound binding site at 4 was observed to
induce more residual flexibility but still highly within the acceptable range. The highly
fluctuating regions revealed the residues Thr228-Val570 present towards the active site with
highly flexible loops, as shown in (Figure 4C). Hence, the stability of the docked models
were confirmed by both the RMSD and RMSF analyses. Similarly, the helicase enzyme
in all complexes is highly compact and can be concluded to enjoy structural stability in
the enzyme presence (Figure 7D). The mean ROG values for the complexes are; control
(27.50 A =+ 0.11), binding site 1 (27.57 A + 0.15), binding site 2 (27.52 A + 0.14), binding
site 3 (27.22 A + 0.11) and binding site 4 (27.82 A + 0.27).
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Figure 7. MD simulation-based analysis of structural and stability complexes. (A). Enzyme RMSD analysis, (B). Ligand
RMSD analysis, (C), Enzyme RMSF analysis and (D), Enzyme ROG analysis.

3.6. Protein-Inhibitor Stability Involving Hydrogen Bond Interactions

The MD simulations were also performed to study the effect of hydrogen bond
interaction by measuring the distances between the hydrogen bond (usually heavy atoms)
donors and acceptors [64]. This further provided the number and specific binding patterns
between the control/compound and enzyme as shown by the active sites given in Figure 8.
The control was inferred to be engaged in a network of strong hydrogen bonds (maximum 3)
with close distances from the ATP site throughout the simulation time, in particular getting
stronger towards the end. Likewise, the predominant ATP binding site of the compound
(site 2) seems to follow the same binding pattern of control and demonstrated favor
formation of close distance hydrogen bonding. At the binding site 3, it was observed
during the simulation procedure that the number of hydrogen bonding and distances were
fluctuating, such alterations, however, did not influence the interaction capacity of the
binding compound. The binding site 4 of the compound was found the most unstable in
terms of hydrogen bonds and the binding patterns seemed highly fluctuating.

3.7. Determining Binding Free Energies

The MD trajectories were utilized to estimate the total and residual binding free
energies associated with the interactions between the control/compound and the enzyme.
During the trajectory analysis, the main interacting residues involved in inhibitor-bound
conformation were determined. From the 100 frames of MD trajectories, all complexes
including the control had similar and stable net binding energy values indicating stable
binding of the control as well as that of the compound at different binding sites of the
SARS-CoV-2 helicase triangular base. Comparatively, in the case of MMGBSA, the control
compound complex had better net binding energy value. On the contrary, the filtered
high affinity binding at site 1 had the stronger binding, followed by site 4th, 3rd and
predominant ATP binding site. In all these complexes, higher contribution was found from
the gas phase with significant stability provided by van der Waals energy and sufficient by
electrostatic energy. For the stronger binding, the nonpolar energy was also demonstrated
to play some role in the complex binding.
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Figure 8. Hydrogen bond analysis for control/hit complexes in the last 10 ns of MD simulation trajectories.

Table 2 shows the MMGBSA statistical analysis achieved through all MD trajec-
tory frames during the simulations, which maintained the stability of the interactions
between the control/compound and the target protein. These stable interactions are
—57.72 4 2.20 kcal /mol for control, —51.75 + 2.84 kcal /mol for site 1, —36.17 + 4.07 kcal /mol for
site 2, —44.84 + 2.87 kcal/mol for site 3, and —47.54 + 3.43 kcal/mol for site 4, all indicat-
ing higher binding interactions.

Table 2. Binding free energy results for control and top ranked compounds at different binding sites.

Method Energy Component Control Binding Site1  Binding Site2 Binding Site3 Binding Site 4
van der —66.6851 —65.4398 493253 —58.7992 —58.3329
Waals Energy
Electrostatic Energy —53.9084 —12.9283 —21.8973 —14.2816 —8.3200
POlalf: Solvation 69.4213 32.2840 39.1614 33.5678 24.6442
MMGBSA nergy
Non-polar Solvation
—6.5520 —5.6700 —4.1186 —5.3352 —5.5330
Energy
Gas Phase Energy ~120.5934 —78.3681 —71.2226 —73.0808 —66.6529
Solvation Energy 62.8693 26.6139 35.0428 28.2325 19.1112
Total Binding Energy _57.7241 —51.7542 ~36.1798 —44.8483 —47.5417
van der —66.6851 —65.4398 493253 —58.7992 —58.3329
Waals Energy
Electrostatic Energy —53.9084 ~12.9283 ~21.8973 ~14.2816 ~8.3200
Polar Solvation 83.5288 36.4641 42.6764 42,5941 31.4819
MMPBSA Energy
Non-polar Solvation
—4.4635 ~3.8817 ~3.6419 —3.6784 ~3.9953
Energy
Gas Phase Energy —120.5934 —78.3681 —71.2226 —73.0808 —66.6529
Solvation Energy 79.0654 32.5824 39.0346 38.9157 27.4866

Total Binding Energy —41.5280 —45.7857 —32.1881 —34.1651 —39.1663
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The given Table 1 also showed that the average MMPBSA binding energy value
(—41.52 +£ 5.29 kcal/mol) for control, was found to be lower at site 1 of the compound
(—45.78 + 3.54 kcal/mol). While, the binding free energy for site 2, site 3 and site 4 are
—32.18 £ 4.52 kcal/mol, —34.16 £ 4.40 kcal/mol, —39.16 & 4.04 kcal/mol, respectively. A
similar trend of higher van der Waals and less electrostatic contribution as reported in the
MMGBSA was also seen in the MMPBSA. Again, the net gas phase energy is dominated by
both the control and compound binding to the SARS-CoV-2 helicase enzyme in contrast to
the non-favorable role of the solvation energy.

3.8. Residue Wise Energy Contribution

To gain further insight into the role of individual residues in the binding pockets of
the compound/control, the MMGBSA binding free energy was decomposed per residue. It
was observed that the majority of the interacting residues of the control and the screened
compound are located within the hydrophobic pocket towards the binding site and have
shown moderate interactions with the ligand molecule and hence moderate binding affini-
ties as predicted by their docking analysis. In case of control that binds to the ATP binding
site, the strongest residues average free energy were those of Gly518 (—3.41 kcal /mol), Glu355
(—3.15 kcal/mol), Ala293 (—2.94 kcal /mol), GIn384 (—1.98 kcal /mol), Lys268 (—1.90 kcal /mol),
Ser519 (—1.45 keal/mol), Pro264 (—143 keal /mol), Leu297 (—1.13 keal /mol), Ala292 (—1.04 kcal/mol),
and Ser290 (—1.03 kcal/mol). All these mentioned residues are either within the close prox-
imity of the binding site of the control drug or lie within the binding pocket. The control
drug is reported to contribute heavily towards the complex energy and it is —32.39 kcal/mol.
The most prevalent binding site of the filtered high affinity binder which binds to the same
site with that of the control drug had a net binding energy of is —21.63 kcal/mol and sta-
bilized by residues Arg422 (—3.2 kcal/mol), Glu241 (—2.61 kcal /mol), Hie270 (—2.40 kcal),
and Gly267 (—1.93 kcal/mol). Contributing residues of compound binding site 1 were found
to be Asn537 (—2.70 kcal /mol), Arg540 (—2.65 kcal/mol), Hie534 (—2.62 kcal/mol), Pro386
(—2.29 kcal/mol), Leu392 (—1.98 kcal/mol), Leu397 (—1.88 kcal/mol), Thr396 (—1.47 kcal/mol),
Thr393 (—1.14 kcal/mol), Arg389 (—1.02 kcal /mol) while the compound itself had binding en-
ergy of —27.76 kcal/mol. For the binding site 3, the following residues: Arg389 (—2.10 kcal/mol),
Thr390 (—2.09 kcal/mol), Leul30 (—1.96 kcal/mol), Glul134 (—1.82 kcal/mol), Thr360
(—1.78 kecal/mol), Ala387 (—1.65 kcal/mol), Met358 (—1.33 kcal /mol), Lys131 (—1.30 kcal/mol),
Cys289 (—1.28 kcal/mol), Leu391 (—1.09 kcal/mol) were vital in stabilizing the compound
binding. The net binding energy of the compound at this site is —23.85 kcal/mol. Fur-
thermore, the binding site 4 residues Tyr172 (—3.35 kcal/mol), Pro388 (—2.16 kcal/mol),
Ala387 (—1.97 kcal/mol), Glul34 (—1.96 kcal/mol), Thr390 (—1.65 kcal/mol), Met358
(—1.44 kcal/mol), Asn171 (—1.39 kcal/mol), Arg389 (—1.33 kcal/mol), Lys138 (—1.31 kcal /mol),
and Leu391 (—1.02 kcal/mol) played a vital role in inducing the binding affinity of the com-
pound via hydrophobic and electrostatic interactions. At this binding site, the compound
achieved a binding energy of —25.79 kcal /mol.

4. Conclusions

Due to the alarming increase in transmissibility and infectivity rate of SARS-CoV-2, the
development of new antiviral therapies remains a serious and demanding challenge. The
SARS-CoV-2 helicase is an integral part of the virus replication machinery, does not show
any sequence homology and coverage to the human proteome [65], and its crystal structure
has been determined previously through X-ray crystallography. All this make SARS-CoV-2
enzyme an attractive biological target for inhibitory molecules design. Our present in silico
study focused on identifying biologically-active phytochemicals that interact exclusively
and with high affinity with the selected enzyme. To study the nature of these interactions
as well, the insights into vital contributing residues that facilitated binding between the
target protein and the control/compound, docked models were generated. The docking
runs revealed that the top ranked filtered compounds and controls tend to bind to the ATP
binding site of SARS-CoV-2 helicase enzyme. The binding mode of each ligand-protein
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docked complex was then subjected to an extensive molecular dynamic analysis. We then
gathered further computational details to characterize the key residues that contribute
towards binding affinity. The parameters such as the binding free energies associated with
each residue towards their respective active sites were then estimated. Interestingly, it
was found that the binding free energies of the intermolecular hydrogen bonding at the
binding pocket showed relatively weaker contributions to the binding. On the contrary, the
binding free energy derived from the hydrophobic interactions relatively showed a greater
binding strength reflecting stronger interactions between the compounds bound to the
helicase enzyme. Overall, during the docking process, the compounds showed a tendency
of binding to three different sites of the helicase enzyme: the predominant binding site
is the ATP molecule binding site (binding site 2) where both the control drug and hit
compounds of this study bind. The binding site 1 is H14-H15 helix, Rec1A domain loop.
On this site, the compound bounded with high affinity but were seen in fewer docking
runs compared to binding site 2. The 3rd and 4th binding sites between Rec1A and Rec2A,
on the other hand, are the least reported sites for compound binding. Interesting, it was
inferred that the four sites were crucial in enhancing the binding of the compound to the
enzyme without contributing towards the hydrogen bonding. It was further observed
that the complexes are quite stable from an energy perspective, and several residues at the
docked sites of the enzyme are engaging the compound strongly via van der Waals force
and less by hydrogen bonding.
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