Molecular Diversity (2021) 25:421-433
https://doi.org/10.1007/511030-020-10135-w

ORIGINAL ARTICLE q

Check for
updates

Identification of potential inhibitors of coronavirus
hemagglutinin-esterase using molecular docking, molecular dynamics
simulation and binding free energy calculation

Chirag N. Patel'® . Sivakumar Prasanth Kumar?® - Himanshu A. Pandya’® - Rakesh M. Rawal?

Received: 18 June 2020 / Accepted: 18 August 2020 / Published online: 29 September 2020
© Springer Nature Switzerland AG 2020

Abstract

The pandemic outbreak of the Corona viral infection has become a critical global health issue. Biophysical and structural
evidence shows that spike protein possesses a high binding affinity towards host angiotensin-converting enzyme 2 and
viral hemagglutinin-acetylesterase (HE) glycoprotein receptor. We selected HE as a target in this study to identify potential
inhibitors using a combination of various computational approaches such as molecular docking, ADMET analysis, dynam-
ics simulations and binding free energy calculations. Virtual screening of NPACT compounds identified 3,4,5-Trihydroxy-
1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihydro-2 H-chromen-2-yl]benzo[ 7]annulen-6-one, Silymarin, Withanolide D, Spiro-
solane and Oridonin as potential HE inhibitors with better binding energy. Furthermore, molecular dynamics simulations for
100 ns time scale revealed that most of the key HE contacts were retained throughout the simulations trajectories. Binding
free energy calculations using MM/PBSA approach ranked the top-five potential NPACT compounds which can act as
effective HE inhibitors.
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Introduction

Coronaviruses (CoV) are a single (+)-stranded RNA con-
taining a virus that appears as an oval-shaped envelop
with spike-like protrusions [1, 2]. The first form of CoV
has emerged in the Middle East which caused respiratory
tract disease called the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV) [3, 4]. The recent outbreak which
created the global health threat is caused by a new form
of CoV called CoV-2. The initial spread is traced to Hubei
province, Wuhan, Republic of China. CoV infection devel-
ops asymptomatically as fever, cough, and severe shortness
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of breathing, nausea, vomiting and diarrhea symptoms [5].
The envelope of SARS-CoV composed of various types of
proteins including envelope, membrane, nucleocapsid, rep-
licase, spike glycoprotein, and other accuracy proteins 3a,
6, 7a and 7b [6-12].

Recent reports by Vankadari and Wilce, 2020 [13] and
Wrapp et al., 2020 [14] showed that glycosylation occurs
between the spike protein of coronaviruses and human host
cells [15]. This spike protein recruits S1 (N-terminal half)
and S2 (C-terminal half) fusion peptides [16] along with
hemagglutinin-acetylesterase (HE) glycoprotein to interact
with angiotensin-converting enzyme 2 (ACE2) [2], a surface
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receptor protein expressed in lungs, heart, kidneys, and intes-
tine [17-22] cell adhesion and virulence [23, 24]. Studies
also showed that the ectodomain possesses ~ 15 nM affinity
towards the ACE2 receptor [23]. Various reports deduced
that CoV-2 utilizes ACE2 for inserting viral particles into
human cells [25-28]. After establishing a connection for
sugar elements on cell membranes, the hemagglutinin—acet-
ylesterase (HE) inserts messenger RNA and performs the
replication process [29]. The World Health Organization
(WHO) bulletin on COVID-19 pandemic reports 20,405,695
confirmed cases and 743,487 deaths in more than 215 coun-
tries, areas, or territories with COVID-19 cases as of 13 Aug
2020, 1.53 p.m. [30].

Plants are the main source of medication since Ancient
times worldwide due to its medicinal values with less toxic-
ity. Various scaffolds of phytochemicals including alkaloids,
flavonoids, phenols, chalcones, coumarins, lignans, polyke-
tides, alkanes, alkenes, alkynes, simple aromatics, sapo-
nins, peptides, terpenes, and steroids, are shown to exhibit a
variety of medicinal properties such as antiviral, antibacte-
rial, anticancer among others. Various diseases are being
treated by plants and demonstrated to have no harmful side
effects in the Ayurveda system of practice. In the drug dis-
covery and development process, the immense therapeutic
properties of plants enable researchers to utilize as starting
lead molecules for developing drug-like natural molecules.
Nowadays, lots of plant data repositories are available for
researchers to exploit [31, 32]. For example, Kumar et al.,
2018 [31] developed an indigenous plant database of Utta-
rakhand State, India depositing taxonomy, common names,
location, medicinal uses, metabolites, interactions, targets,
traditional knowledge, etc. Various studies already showed
that the plant-based study could be an effective place for
finding novel leads for COVID-19 drug discovery. Kumar
et al. [32] screened natural metabolites against the main pro-
tease (Mpro) of COVID-19. Qamar et al. [33] performed
the molecular docking and molecular dynamics simulations
study of SARS-CoV-2 3CLpro target using phytochemicals.
Pandey et al., 2020 carried out in silico analysis on SARS-
CoV-2 spike protein using naturally occurring phytochemi-
cals [34].

To combat the first line of infection developed due to CoV
spike and ACE2 complex formation, effective strategies are
needed to prevent this complex formation by developing
small molecules that can target at its complex interface site.
In this study, we employed virtual screening approach to
screen NPACT (Naturally occurring Plant-based Anti-cancer
Compound activity-Target database) compounds against HE
target [32, 35] and the best-scoring molecules were validated
using molecular dynamics simulations analysis to better
understand the interactions and conformational changes to
inhibit HE target [36, 37].

Materials and methods
Molecular data set and its preparation

Different molecular modeling techniques were employed in
this study viz, molecular docking, Absorption, Distribution,
Metabolism, Excretion and Toxicity (ADMET) prediction,
molecular dynamics simulations, and binding free energy cal-
culations to obtain new leads from NPACT compounds [38].
NPACT compounds have diverse pharmacological effects
with natural drug-like characteristics. These compounds pos-
sess desirable ADMET properties which leads to determining
the potential drug candidates for the drug discovery process
[35]. Figure 1 illustrates the workflow of this study.

We selected CoV-2 hemagglutinin-acetylesterase (HE)
glycoprotein as the target responsible for connecting sugar
moieties (4, 9-O'-diacetyl sialic acid) on cell membranes of
the receptor [39-42]. The HE acquires flexibility to bind with
O-acetylated sialic acids which demolish the receptor and its
membrane by working as HE fusion protein [43]. The X-ray
crystal structure of Bovine coronavirus HE in complex with
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4,9-0'-diacetyl sialic acid (PDB ID:3CL5; 1.80 A resolu-
tion) was chosen as the receptor for virtual screening [2, 32].
To identify natural product-based drug leads, 1574 natural
compounds were retrieved from the NPACT database [44].
These structure files were prepared using YASARA Struc-
ture (academic license) clean module such as removing crys-
tallographic waters, adding polar hydrogens and assigning
charges to titratable amino acids [45] followed by atom typ-
ing using Amber03 force field, and geometry optimization
using the steepest gradient approach (100 iterations) [46, 47].

Virtual screening upon HE target

Virtual screening was performed on CoV-2 HE target
receptor with 1574 NPACT compounds as ligand set using
YASARA Structure package (version 19.12.14; academic
license). YASARA Structure implements AutoDock Vina as
the dock pose search algorithm and AMBERO3 force field
for scoring receptor-ligand interactions [48]. Initially, the
docking procedure was validated by re-docking the co-crys-
tal ligand of HE target 4,9-O’'-diacetyl sialic acid with the
20%20%20 A grid box size (dock site) The re-docked ligand
was evaluated using root mean square deviation (RMSD)
measure. The NPACT compounds were sorted based on the
highest docking score to select top-scoring best compounds
for further study. YASARA Structure employs its scoring
function to identify best poses and high positive values indi-
cate a better affinity of the ligand to receptor according to
YASARA scoring conventions [49]. The binding energy was
calculated using the following empirical equation:

AG = AG g + AGypon + AGye + AG,, + AGd,

elec tor esol

where AG 4w = van der Waals term for docking energy;
AGy0nq =H bonding term for docking energy; AG,,..=elec-
trostatic term for docking energy; AG,,=torsional free
energy term for the compound when the compound transits
from unbounded to bounded state; AG.,;, = desolvation
term for docking energy [49].

Lipinski’s rule and ADMET prediction

SwissADME webserver was used for computing ADMET prop-
erties of top-scoring compounds such as Lipinski rule of 5 [50],
gastro-intestinal (GI) absorption, blood—brain barrier (BBB)
permeant, cytochrome inhibition [51, 52]. The SMILES format
of these compounds was submitted to SwissADME webserver.

Molecular dynamics simulations of top-scoring
molecules with HE target

Molecular dynamics simulations were carried out in Des-
mond (Schrodinger Release 2019-3) package [48] with the

@ Springer

best-scoring, top-five NPACT compounds of HE target as
starting structures. We also performed simulations on the
HE crystal structure in complex with 4,9-O'-diacetyl sialic
acid (cognate ligand) to utilize it as control. The simulations
were performed until 100 ns and plotted various metrics to
verify whether structures were stable. For structural com-
pliance under the Schrodinger interface, we again prepared
the starting structures using Protein Preparation Wizard.
The following tasks were carried out: addition of hydro-
gens, bond orders assignment and fill-in missing amino
acid side chains and loops with optimization of hydrogen-
bond assignment, and sampling of water orientations (pH
7.0). The simulation periodic box was generated using the
System Builder module and solvated using a single point
charge (SPC) water model [53] with Optimized Potentials
for Liquid Simulations (OPLS) all-atom force field [54].
The system was minimized using the steepest descent
technique for 1000 iterations. After equilibration, the unre-
strained production phase was running under NPT (num-
ber of atoms, pressure and temperature were kept constant)
ensemble for 100 ns at 300 K temperature and 1.01325 bar
pressure. Nosé—Hoover thermostat (relaxation time =1 ps)
and the isotropic Martyna—Tobias—Klein barostat (relaxation
time =2 ps) was applied. Short-range interactions (cutoff =9
A) and long-range Coulombic interactions were evaluated
using the smooth particle mesh Ewald (PME) method (PME)
with RESPA integrator. The conformations captured in the
simulation trajectories were exported at every 5 ps. After
the completion of simulations, the stability of the system
was assessed using RMSD, root mean square fluctuations
(RMSF), Hydrogen bond analysis, radius of gyration (Rg),
histogram for torsional bonds [52, 55-58].

Binding free energy calculations of top-scoring
molecules with HE target

The single trajectory approach was used for calculating the
binding free energy using the Molecular Mechanics/Pois-
son—Boltzmann Surface Area (MM/PBSA) using YASARA
Structure. AMBER14 force field with APBS (Adaptive
Poisson—Boltzmann Solver) was used to calculate solvation
energy and treat electrostatics. 100 ns long simulation tra-
jectory of top-five rank NPACT compounds and co-crystal
ligand was supplied as input. The binding free energy was
calculated using the following equations:

AGbind = AGcomplex(minimized)
- [AGligand(minimized) + A(;receptor(minimized)]

and

AGying = AGyy + AGpg + AGga 1as
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Fig.2 Docked poses of a 4,9-O'-diacetyl sialic acid, b 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihydro-2 H-chromen-2-yl]
benzo[7]annulen-6-one, ¢ Silymarin, d Withanolide D, e Spirosolane and f Oridonin

where Arpg is the conformation entropic contribution, and
AGyy, is the molecular mechanics interaction energy (elec-
trostatic + van der Waals interaction) between protein and
ligand. AGpg and AGg, depict the polar solvation energy
and the nonpolar solvation energy, respectively [49].

Results and discussion
Virtual screening of HE target

Virtual screening exercise was carried out to identify best
NPACT compounds with the potential to inhibit the CoV-2
HE glycoprotein. The docking procedure was first vali-
dated by re-docking the co-crystal ligand, 4,9-O’'-diacetyl

sialic acid into its binding site and calculated the RMSD
between the bound and docked conformations. The best
dock pose (binding energy =5.23 kcal/mol) with RMSD of
1.84 A was obtained which depicted the robustness of the
docking procedure to develop native-like poses as close
as possible. The re-docked pose had captured 3 H-bonds
(Leu212, Ser213 and Asn214) and 4 hydrophobic (Tyr184,
Phe211, Leu266 and Leu267) crystal contacts. An exhaus-
tive search to find poses less than 1 A RMSD was unsuc-
cessful since most of the crystal contacts were not retained
and did not secure better binding energy. This unsuccess-
ful attempt may be attributed to 13 torsional angles with
symmetrical acetyl moieties of the co-crystal ligand. This
re-docking validation with acceptable dock pose-ability
promoted the task to dock 1574 lead-like NPACT com-
pounds within the binding site of the CoV-2 HE target.

@ Springer
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Table 1 The calculated binding energy, hydrogen bonds, ligand efficiency and contacting receptor residues of co-crystal ligand and top-five

NPACT compounds using YASARA structure

Name Binding Hydro-  Ligand Efficiency  Contacting receptor residues
energy [kcal/ gen [kcal/(mol * Atom)]
mol] Bonds

4,9-0O'-diacetyl sialic acid 5.23 3 0.1945 Thr 114, Thr 159, Leu 161, Ala 176, Arg 177,
Tyr 184, Phe 211, Leu 212, Ser 213, Asn
214, Phe 245, Leu 266, Leu 267

3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihy- 7.66 1 0.1868 Cys 113, Thr 114, Thr 115, Thr 159, Leu 161,

droxy-3,4-dihydro-2H-chromen-2-yl]benzo[7] Lys 163, Ser 164, Ala 176, Arg 177, Tyr
annulen-6-one 184, Phe 211, Leu 212, Ser 213, Asn 214,

Leu 267

Silymarin 7.33 4 0.2095 Thr 114, Ser 116, Gly 117, Thr 159, Leu 161,
Ala 176, Arg 177, Tyr 184, Phe 211, Leu
212, Thr 242, Thr 243, Phe 245, Leu 267

Withanolide D 7.29 1 0.2145 Ala 156, Gln 157, Thr 159, Leu 161, Ala 176,
Arg 177, Glu 178, Ala 179, Phe 181, Tyr
184, Leu 267

Spirosolane 7.25 0 0.2503 Ser 155, Ala 156, GIn 157, Thr 159, Leu 161,
Ala 176, Arg 177, Ala 179, Tyr 184, Phe
211, Ser 213, Leu 266, Leu 267

Oridonin 7.22 3 0.2777 Thr 114, Ser 116, Phe 207, Lys 210, Phe 211,

Leu 212, Thr 242, Thr 243, Phe 245

Table 2 Molecular pharmacokinetic properties of co-crystal ligand and top-five NPACT compounds computed using SwissADME webserver

Molecule 4,9-0'- 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy- Oridonin ~ Silymarin Spirosolane ~ Withanolide D
diacetyl sialic 3,4-dihydro-2H-chromen-2-yl]benzo[7]annulen-
acid 6-one
MW (g/mol) 407.37 566.51 364.43 482.44 400.66 470.6
Fraction Csp3 0.75 0.28 0.85 0.24 1 0.79
Rotatable bonds 11 2 0 4 0 2
HBA 11 12 6 10 1 6
HBD 4 9 4 5 1 2
TPSA (Az) 177.92 217.6 107.22 155.14 25.84 96.36
XLOGP3 -1.78 0.8 0.08 1.9 7.92 3.12
ESOL Log S -0.52 —4.05 —2.15 —-4.14 -7.31 -4.59
Table 3 ADMET properties of co-crystal ligand and top-five NPACT compounds computed using SwissADME webserver
Molecule 4,9-0'-diacetyl sialic acid 3,4,5-Trihydroxy- Oridonin ~ Silymarin Spirosolane Withanolide D
1,8-bis[(2R,3R)-3,5,7-trihydroxy-
3,4-dihydro-2H-chromen-2-yl]
benzo[7]annulen-6-one
ESOL solubility (mg/ml) 1.24e+02 mg/ml 5.06E-02 2.58E+00 3.46E—-02 1.95E-05 1.21E-02
GI absorption Low Low High Low High High
BBB permeant No No High Low Yes No
Pgp substrate Yes No No No No Yes
CYP1A2 inhibitor No No Yes No No No
CYP2C19 inhibitor No No No No No No
CYP2C9 inhibitor No No No No No No
CYP2D6 inhibitor No No No No No No
CYP3A4 inhibitor No No No Yes No No
Log Kp (cm/s) -9.19 —8.47 —17.89 -3.12 -6.96
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Fig.3 RMSD plot of HE target with co-crystal ligand and top-five
NPACT compounds as a function of simulation time. a 4,9-O'-
diacetyl sialic acid, b 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-tri-
hydroxy-3,4-dihydro-2H  chromen-2-yl]benzo[7]annulen-6-one, ¢

We sought NPACT compounds better than co-crystal
ligand in terms of binding energy and key receptor contacts
(Fig. 2). The threshold for binding energy was set to 6 kcal/
mol to select NPACT compounds better than co-crystal
ligand (5.23 kcal/mol). The top-five compounds were
chosen whose binding energy ranged between 7.22 and
7.66 kcal/mol (Table 1). The ligand efficiency of top-five
compounds was also in a similar range 0.18 to 0.27 com-
pared to co-crystal ligand 0.19 which illustrated that the
binding energy contributed by per atom of the compounds
is nearly similar with the need to develop key contacts
with CoV-2 HE target. Table 1 indicates that compound
3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-di-
hydro-2H-chromen-2-yl]benzo[7]annulen-6-one showed
highest binding energy of 7.66 kcal/mol, followed by Sily-
marin, Withanolide D, Spirosolane and Oridonin. The most
shared key residues which developed Hydrogen bonds,
hydrophobic contacts, pi-stacks, pi-alkyl and alkyl contacts
in all the top-five compounds were The 114, Thr 159, Leu
161, Ala 176, Arg 177, Tyr 184, Phe 211, Leu 212, Ser 213,
Asn 214 and Leu 267. The importance of each key contact
in docking and molecular dynamics simulations of top-five
compounds is separately discussed in the later section.

Lipinsky’s rule and ADMET prediction of top-five
NPACT compounds

The ADMET properties of top-five NPACT compounds as
well as the co-crystal ligand (4,9-O'-diacetyl sialic acid) were

@ @
Time (nsec)

£ £
Time (nsec)

Silymarin, d Withanolide D, e Spirosolane and f Oridonin. Color leg-
ends: Ca (blue color), side chains (green color), heavy atoms (yellow
color), ligand with protein (dark pink color), ligand with ligand (pink
color)

calculated using SwissADME web-service. The pharmacoki-
netic properties of top-five compounds were close to co-crystal
ligand (Table 2). We discussed earlier that the co-crystal ligand
contains 13 torsional angles in its structure, 11 rotatable bonds
were noted in co-crystal ligand in comparison to 2 to 4 rotat-
able bonds present in top-ranking NPACT compounds repre-
senting the rigidity of the molecular structure. The Hydrogen
bond acceptor (HBA) and donor (HBD) profiles of co-crystal
ligand were close to only two NPACT hits, 3,4,5-Trihydroxy-
1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihydro-2 H-chromen-
2-yl]benzo[7]annulen-6-one and Silymarin. Noteworthy, the
counts of HBA and HBD highlighted the ability to establish
key Hydrogen bonds. It appears that the other three top-scoring
NPACT compounds which achieved the top places in the rank
list will be attributed to its shape and hydrophobic contacts.
The entire compound set passed the ADMET prediction
(ESOL Solubility (mg/ml, GI absorption, BBB permeant,
Pgp substrate, a CYP1A2 inhibitor, CYP2C19 inhibitor,
CYP2C9 inhibitor, CYP2D6 inhibitor and CYP3A4 inhibi-
tor; Table 3) with few instances of low GI absorption and
low BBB permeability. This observation highlights that
there is a potential need to optimize molecules by simultane-
ously improving target interactions and ADMET properties.

Molecular dynamics simulations of top-five ranked
compounds with HE target

To investigate the dynamic properties of the HE glycoprotein
with top-ranked NPACT compounds necessary for structural
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changes related to the inhibition mechanism, molecular
dynamics simulations of HE protein target in complex with
top-ranked NPACT compounds were carried out for the
100 ns time scale using Schrodinger Desmond package.
The simulations of co-crystal ligand served as the control
for comparative study. The stability of these six docked
complexes was evaluated using protein-ligand RMSD,
protein-ligand contacts, secondary structural changes, and
ligand RMSF among others.

The protein—-ligand RMSD plots for all too-scoring
molecules showed the stability of the docked complexes
attained only after 17 ns. This profile viewpoint is similar
to co-crystal ligand which attained stability around 17 ns
(Fig. 3). Notably, the RMSD fluctuations were ~3 A for
all compounds. Similar to RMSD plots, the protein RMSF
fluctuations were higher in the residue index window of
120 to 170 residue positions since some of the amino acid
residues present in this window were pocket residues
facilitating ligand binding (Figs. S1 to S6). The secondary
structure elements corresponding to pocket residues exhib-
ited intactness in the p-sheets and loop regions (Figs. S7
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to S12). Visual inspection of the fluctuating residues of
RMSD plots in this window is enriched with loop elements
which showed up peaks of around ~3 A in its plots. The
ligand RMSD plot (Fig. 4a) showed the co-crystal ligand
and 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-
3,4-dihydro-2H-chromen-2-yl]benzo[7]annulen-6-one
experienced fluctuations of 0.3 A to 1 A. Other ligands
did not display large deviations of RMSD values. The
compactness deduced by radius of gyrations measure
revealed similar notion for co-crystal ligand as well as
3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-di-
hydro-2H-chromen-2-yl]benzo[7]annulen-6-one (Fig. 4b).
Intramolecular hydrogen bonding was observed in Silyma-
rin and Oridonin compounds (Fig. 4c) which accounted
more than 30% preserved contacts in its respective sim-
ulation trajectories. The molecule surface area (MSA)
of 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-
3,4-dihydro-2H-chromen-2-yl]benzo[7]annulen-6-one
was around 410 to 440 A2 in most of the frames in the
trajectory (Fig. 4d). The solvent accessible surface area
(SASA) and polar surface area (PSA) for Silymarin was
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Fig.5 Various intermolecular interactions made by HE pocket resi-
dues with co-crystal ligand and top-five NPACT compounds, cap-
tured during molecular dynamics simulations. a 4,9-O’-diacetyl sialic
acid, b 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihy-

more than 500 A? in most of the intervals (Fig. 4e, 1).
The 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-
3,4-dihydro-2H-chromen-2-yl]benzo[7]annulen-6-one
was better-docked in the HE glycoprotein target whereas
Silymarin did not developed strong contacts even its PSA
did not contribute strong hydrogen bonding and often are
solvent exposed in most of the frames.

Preservation of intermolecular contacts
in molecular dynamics simulations

Crystal structure of HE with 4,9-O'-diacetyl sialic acid
revealed that its ligand-binding site is composed of two
adjacent hydrophobic pockets to accommodate 5-N-acetyl
and 9-O’-acetyl moieties. The 5-N-acetyl group is held
tightly by creating a hydrogen bond with Leu 212 residue
whereas 9-O’-acetyl group is held close to Tyr 184 residue
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dro-2H-chromen-2-yl]benzo[7]annulen-6-one, ¢ Silymarin, d Witha-
nolide D, e Spirosolane and f Oridonin. Bar colors: hydrogen bond
(green), hydrophobic contacts (purple) and water-bridge (blue)

with strong hydrophobic contacts. It is well-established that
the 9-O’-acetyl moiety is vital for receptor binding and acts
as a switch for visual particle attachment. Two water-bridges
and other two hydrogen bonding centers were also present.
These include threonines at 114th and 215th position (water-
mediated contacts), Ser 213 and Asn 214 (hydrogen bonds).
Figure 5 plots the different types of intermolecular interac-
tions (hydrogen bond, hydrophobic and water bridges) made
by each pocket residue with its bound ligand. The 2D inter-
action maps of re-docked and top-five NPACT molecules
depicting the preservation of contacts throughout the simula-
tion trajectory is given in Fig. 6.

The co-crystal ligand, 4,9-O'-diacetyl sialic acid pre-
served almost all entire set of crystal contacts viz. Leu 212
(5-N-acetyl moiety, 98%), Asn 214 (Carboxylate group,
76%), Thr 215 (water-bridges, 56%). Ser 213 preferred to
develop hydrogen bond with terminal carboxylate group
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Fig.6 Preserved contacts of co-crystal ligand and top-five NPACT
compounds with HE target, captured during molecular dynam-
ics simulations. a 4,9-O'-diacetyl sialic acid, b 3,4,5-Trihydroxy-

Fig.7 Binding free energy 301
calculations of co-crystal 201
ligand and top-five NPACT
compounds with HE target. The
co-crystal ligand of HE target,
4,9-0'-diacetyl sialic acid, is
shown in orange color bar. The
NPACT compounds are repre-
sented in blue colour bars

4,9-0’-diacetyl sialic acid

Free Binding Energy [kJ/mol}

-38.56

(98%) instead of hydroxyl group attached at 6th carbon
atom of sialic acid. Two new contacts were established
which were noteworthy. Thr 215 developed water-mediated
hydrogen bond with 4-N-acetyl moiety due to its proximity
to carboxylate group (53%). Arg 177 also developed hydro-
gen bond directly or through water bridges in certain frames
(Figs. 5a and 6a). All these contacts were indeed captured
in the dock pose (Fig. 2a) boosting the robustness of the
docking procedure. The best-scoring NPACT molecule,
3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-di-
hydro-2H-chromen-2yl]benzo[7]annulen-6-one developed
n-stack with Phe 211 residue (5-N-acetyl pocket) and m-alkyl
contact with Leu 267 (9-O'-acetyl pocket) in its dock pose
(Fig. 2b). The former crystal contact was preserbed in 37%
of the time scale whereas the latter contact was traced below

@ Springer

3,4,5-Tri...one

1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihydro-2H-chromen-2-yl]
benzo[7] annulen-6-one, ¢ Silymarin, d Withanolide D, e Spirosolane
and f Oridonin

22.85

Silymarin Spirosolane Oridonin

Withanolide D

-57.144

-61.088

30% (Figs. 5b, 6b). Surprisingly, the new hydrogen bond
contact of Lys 163 generated by docking was lost in the
dynamics which replaced by a new hydrogen bond by Ile
175 (39%).

Silymarin in its dock conformation created two crystal
contacts (n-stack with Phe 211 and hydrogen bond with Thr
114) and the new contacts (n-stack by Phe 245 and hydrogen
bond with Ser 116 and Arg 177) (Fig. 2c). As discussed
above in the intramolecular hydrogen bonding measure,
Silymarin developed intramolecular hydrogen bond between
its hydroxyl and carbonyl group in 33% of the simulation
time. Although absent in its dock pose, three crystal contacts
by Leu 212, Asn 214 and Thr 215 residues mediating direct
hydrogen bond and through water bridges were noted in the
histogram (Figs. 5c and 6¢). It should be accounted more
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than 30% of the frames captured in the simulation trajec-
tory. Withanolide D made a new hydrogen bond contact with
Arg 177 residues in its dock pose (Fig. 2d) which were lost
during the dynamics simulation. The interaction histogram
plot found Phe 211 residue forming hydrophobic contacts.
Either of any crystal contacts or new contacts were captured
in more than 30% of the frame. It is evident that Withanolide
D surface is hydrophobically enclosed in the ligand-binding
site. A new hydrophobic interaction by Phe 207 were also
observed (<30%) (Figs. 5d, 6d).

Spirosolane developed a sole m-alkyl crystal contact
with Phe 211 (5-N-acetyl pocket) in its docking calcula-
tions along with two new alkyl contacts with Leu 161 and
Ala 176 (Fig. 2e). Fortunately, a water-bridges was formed
with Tyr 184 residue (9-O’-acetyl pocket) in 36% frames.
Two hydrophobic crystal contacts (Tyr 184 and Phe 211)
were plotted in the histogram in addition to two new con-
tacts (Arg 177: hydrogen bond and hydrophobic; Phe
207-hydrophobic) (Figs. S5e and 6e). Similar to Spirosolane,
Oridonin established only a w-alkyl crystal contact with Phe
211 residue (Fig. 2f). It also developed two intramolecu-
lar hydrogen bonds with its hydroxyl and carbonyl group
(hydroxyl-carbonyl hydrogen bond: 89%; hydroxyl-hydroxyl
hydrogen bond: 36%). A combination of new contacts with
varied interaction types were observed viz hydrogen bond
(Tyr 55), water-bridges (Arg 53, Tyr 55), and hydrophobic
contacts (Tyr 55, Tyr 343). Crystal hydrogen bond with Leu
212 were also noted. Finally, the comparison of contacts
developed in the dock pose and subsequent preservation in
the dynamics simulation provides strong evidence about
the optimal binding of the NPACT top-scoring compounds.
Indeed, selected NPACT compounds retained certain crystal
contacts in addition new contacts (Fig. S13).

Binding free energy calculations of selected NPACT
compounds with HE target

The free energy of binding of top-five NPACT compounds
and HE cognate ligand was computed using MM/PBSA
approach. The simulation trajectory with 100 ns time
scale was supplied to YASARA structure binding energy
macro. The cognate ligand, 4,9-O'-diacetyl sialic acid
secured in — 38.56 kJ/mol whereas the 3,4,5-Trihydroxy-
1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-dihydro-2 H-chromen-
2-yl]benzo[7]annulen-6-one obtained the best binding
for energy of —61.088 kJ/mol (Fig. 7). This observation
highlights that 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-tri-
hydroxy-3,4-dihydro-2H-chromen-2-yl]benzo[7]annulen-
6-one developed better crystal contacts on par with cognate
ligand along with new contacts resulting in securing the top
rank energy among the selected NPACT compounds. If also
3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-trihydroxy-3,4-di-
hydro-2H-chromen-2-yl]benzo[7]annulen-6-one contributes

for creating a new ligand binding hypothesis: nt-stack with
Phe 211 residues and m-alkyl or broadly hydrophobic con-
tacts in 5-N-acetyl and 9-O'-diacetyl pockets, respectively.
Hydrogen bonding with Leu 212 proved to be beneficial.
Oridoin ranked second place with a binding energy of
—57.144 kJ/mol simply due to new contacts generated both
during docking and dynamics simulations. Spirosolane and
Silymarin occupied the next two rank positions. Withanolide
D obtained a positive binding energy of 22.85 kJ/mol imply-
ing no affinity according to MM/PBSA scoring. It is related
to the absence of any dominant intermolecular contacts with
HE target compared to other selected NPACT compounds.

Conclusion

The absence of an effective therapeutic drug or vaccine had
already aggrevated the situation of COVID-19 pandemic
outbreak. Since the first line of viral invasion and infec-
tion is facilitated by prominent interaction between Human
ACE2 and CoV-2 HE proteins, targeting the HE glyco-
protein receptors forms the primary strategy to develop
effective inhibitors guided by computer-aided drug design
approaches. This study prioritizes the lead compounds
against HE complex from NPACT natural compound repos-
itory using a hierarchical procedure of virtual screening,
molecular dynamics simulations and binding free energy
calculations. 3,4,5-Trihydroxy-1,8-bis[(2R,3R)-3,5,7-tri-
hydroxy-3,4-dihydro-2H-chromen-2yl]benzo[7]annulen-
6-one, Silymarin, Withanolide D, Spirosolane and Ori-
donin were the promising natural compounds with better
binding affinity profile. Molecular dynamics simulations
were performed for all the docked complexes for 100 ns
time scale which indicated the structural stability of the
protein—ligand complexes. Various assessment measures
such as RMSD, RMSF, radius of gyration, surface area
measures collectively supported the structural stability
of the complexes. Moreover, crystal contacts of cognate
ligand were also retained in few NPACT compounds in its
simulations trajectories which illustrated that NPACT com-
pounds have a similar binding pattern of 4,9-O’'-diacetyl
sialic acid. Furthermore, MM/PBSA calculations were
employed to calculate the binding free energy of top-five
scoring NPACT compounds revealing that a better inter-
actions at two adjacent hydrophobic binding pockets of
ligand-binding aid in enhancing the binding free energy
while ensuring key receptor contacts. Although this study
provides an important insights in the preliminary level of
HE drug designing, the ligand-binding hypothesis deduced
by molecular docking and molecular dynamics simulations
can be utilized to search and optimize natural molecules
which requires experimental validation through in vitro and
in vivo studies.
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