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Abstract: The pandemic COVID-19, caused by SARS-COV-2, has been a global concern and burden since April 2020
due to high contagiousness and pathogenesis. A great effort is being devoted to identify and investigate different
druggable targets for SARS-COV-2 drug discovery. At least three targets have been identified among them is the spike
glycoprotein which facilitates viral entry by binding to angiotensin converting enzyme (ACE-2 receptor) in host cell. In
the current study, different computational tools were used to design potential cell entry inhibitors targeting spike
glycoprotein. The essential pharmacophoric features were identified by e-pharmacophore mapping and fragments virtual
screening was run using three different libraries. Docking scores were used to select the best fragments which were
linked to afford novel molecules. The designed molecules were filtered via molecular docking, MM-GBSA free energy
calculation, ADMET, drug-like properties and DFT calculations. Moreover, synthetic feasibility of the best ligands was
studied. These ligands would be envisioned as potential leads for SARS-COV-2 cell entry inhibition and could be
explored further towards COVID-19 drug discovery and development.
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INTRODUCTION

A novel strain of Corona virus, so-called SARS-COV-2,
identified at the end of 2019 in Wuhan, China has put the
entire world on an alert (Giofre et al., 2021). The virus
has been recognized to be the causative agent of COVID-
19 pandemic (Lai et al., 2020) which resulted in nearly 5
million deaths worldwide (Agrawal et al., 2021). Since
WHO first announcement of COVID-19 as pandemic in
March 2020 (Bassi and Hwenda, 2020), extensive
literature in COVID-19 has been published covering
clinical presentations, diagnosis, pathogenicity,
epidemiology, transmission, treatment protocols and
vaccines’ development (Kaur and Gupta, 2020, Kyriakidis
et al., 2021, Munir et al., 2021, Rahman et al., 2021).
There are now several COVID-19 vaccines that are in use,
nonetheless, their efficacy and long-lasting immunity is
questionable specially against newly developed variants
(Lopez et al., 2021, Tartof et al., 2021). Furthermore,
unequitable distribution of these vaccines to low-income
countries along with vaccine hesitancy and other
obstacles have been addressed in the literature (Massinga
Loembé and Nkengasong, 2021, Mesa-Vieira et al.,
2021). Thus, the need for effective drugs has always been
mandatory. To this end, a great effort has been devoted to
identify and investigate different druggable targets for
SARS-COV-2 drug discovery. The viral spike (S) protein

*Corresponding author: e-mail: maelhussein@ju.edu.sa

has been reported as a potential drug target for COVID-19
drug discovery (Toor et al., 2021). The ability of SARS-
COV-2 to infect human cells relies primarily on the
recognition of the human receptor angiotensin-converting
enzyme 2 (ACE2) by the receptor-binding domain (RBD)
of S protein promoting viral entry (Ahsan and Sajib,
2021, Ameen et al., 2021, Cecon et al., 2021, Zhang et
al., 2021). Spike protein is made up of two subunits, S1
subunit that contains RBD region which is responsible for
initial attachment to host receptors and S2 subunit that
undergoes several conformational arrangements to form
6-helix bundle (6HB) mediating membrane fusion process
(fig. 1) (Gobeil et al., 2021, Zeng et al., 2021). Thus,
targeting SARS-COV-2 S protein is a potential host cell
entry inhibitory mechanism that would prevent infection
at early stage as a front-line therapeutic target (Sakkiah et
al., 2020).

Being time consuming, conventional drug discovery
might not be the proper approach for COVID-19 drug
discovery. Fortunately, in silico drug discovery has
become an interesting strategy that cuts short the time
needed to come up with a potential lead in terms of
activity and drug-like properties (Mohamed et al., 2017).
Fragment-based drug discovery (FBDD) is a
powerful strategy to discover potent  small  molecule
compounds based on fragments that bind weakly to
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targets (Li, 2020). The numerous advantages of FBDD
over high-throughput drug screening campaigns make it
an effective strategy for drug discovery (Choudhury,
2021). With such a strategy, it is easier to screen large
number of low molecular weight molecules in a shorter
period of time using a variety of biophysical methods
(Wilson III et al., 2021, Wollenhaupt et al., 2020).
A wide range of biologically active compounds have been
developed using this method. The FDA approved
anticancer vemurafenib, for instance, was developed
using FBDD (Gupta et al., 2021). The current report
reveals a new FBDD-based study targeting SARS-COV-2
spike protein for de novo design of viral cell entry
inhibitors as promising leads for SARS-COV-2 drug
discovery.

MATERIALS AND METHODS

All computation work was conducted using Maestro
interface v 12.8 of Schrdodinger suite.

Protein retrieval and preparation

The crystallographic structures of SARS-COV-2 S protein
with access code (6LZG) and angiotensin-converting
enzyme -2 (ACE-2) with access code (1R4L) were
downloaded from the PDB database RCSB
(http://www.rcsb.org). The crystal 3D structure of each
protein was preprocessed by Protein Preparation Wizard
incorporated in Maestro. This step is very critical in
ensuring that the protein is well prepared for molecular
docking studies as it resolves any problem in the protein
such as missing atoms, loops or side chains in addition to
removal of undesirable elements and rectifying bond
orders (Sastry et al., 2013). The grids required for ligand
docking on RBD were set and boxed up using Glide
Receptor Grid Generation tool.

Fragment library preparation

A total of 629774 fragments were retrieved for three
libraries namely, Enamine, Asinex and FCH. These
fragments were prepared with the aid of Glide LigPrep
panel, using default parameters, to minimize the 3D
structures, optimize chiralities, produce different
protonation sates and generate different conformers
(Fadaka et al., 2020).

E-pharmacophore model generation and
pharmacophore based virtual screening

The amino acid residues at ACE2 binding site of RBD of
S protein were selected to build an e-pharmacophore
hypothesis using ‘Develop a Pharmacophore from
Receptor Cavity’ option in PHASE application of
Schréodinger (Dixon et al., 2006). Pharmacophore-based
screening was conducted against the Glide generated
library, 1184350 fragments, in order to retrieve S protein
inhibitors with desired chemical features. Fragments were
required to match 4 sites on generated e-pharmacophore
hypothesis. Those which matched the set hypothesis were
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then docked to the S protein using Glide. The docking
process was performed in three consecutive steps; first, all
fragments were included in high throughput virtual
screening (HTVS). Next, SP docking was run for
fragments which had docking score < -6.00 kcal/mol.
Finally, the top best fragments with SP docking score < -
6.00kcal/mol were subjected to XP docking which uses a
more sophisticated scoring function that is harder than SP

Glide score.

Fragment linking and de novo molecules synthesis
Towards de novo synthesis of novel chemical molecules,
the Maestro Breed panel was used for direct linking the
top hits fragment, with XP docking score <—6.00
kcal/mol, that bound to the active site essential residues in
the sub pocket of S protein. The generated new molecules
were then prepared using LigPrep for docking process and
binding free energy calculations (Fadaka et al., 2020).

Molecular docking and binding free energy calculation
of the new hybrid compounds

Molecular docking was carried out using Glide
application (Friesner et al., 2006). The prepared
molecules, following Breed de novo hybridization, were
run through different levels of docking filters based on the
precision of the resultant docking scores against S protein.
The top ligands with XP docking score less than —7.00
kcal/mol were also subjected to XP docking against ACE-
2 (PDB ID: 1R4L). Candidates with <=7.00 kcal/mol
were further processed on Prime module of Schrodinger
for Molecular Mechanics-Generalized Born Surface Area
(MM-GBSA) to calculate ligands’ free binding energies
(Jacobson et al., 2004).

In silico ADMET prediction

The best ligands, in terms of XP docking scores and MM-
GBSA findings, were submitted to Schrodinger Quik Prop
module to predict their physicochemical properties,
pharmacokinetic profiles and cardiotoxicity. Candidates
which revealed satisfactory drug like properties were
chosen for molecular dynamic (MD) simulation analyses,
density functional theory (DFT) calculations and synthetic
accessibility studies (Elbadwi et al., 2021).

Density functional theory (DFT) calculation

A couple of molecular and atomic electrostatic
characteristics were calculated for the best three
compounds (Breeds 1-3) using Jaguar version 12.5 of
Schrodinger. The overall quantum-chemical calculations
were obtained via the hybrid B3LYP-6-31G** (Becke’s
three parameters hybrid functional with Lee-Yang-Parr
correlation functional LYP at 6-31G** basis set)
(Bochevarov et al., 2013).

Molecular dynamics (MD) simulation study

Academic Desmond v 6.5, developed by D. E. Shawn
Research, was used to run MD studies on the protein-
ligand complexes. Solvation was affected in TIP3P water
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model box of 10 A in size. Appropriate counter ions and
0.15 M NaCl were added to neutralize the system which
was minimized and heated then thermally relaxed using
the system builder default parameters, where force field
was set to OPLS3e, simulation time was 50 nanoseconds
and temperature (300 K) and pressure (1.01325 bar) were
kept constant throughout the process by Nose-Hoover
thermostat and  Martyna-Tobias-Klein  barostat,
respectively. During the simulation process, 5208 frames
were collected for each system (Bowers et al., 2006).
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Fig. 1: Role of spike protein in viral cell entry.

Novelty and synthetic accessibility of the best ligands
Zinc Drug-like and ChEMBL (activity <10uM) databases
were explored using SwissSimilarity server (Zoete et al.,
2016) to evaluate novelty of the best ligand Breed 5. In
addition, synthetic feasibility was also evaluated in terms
of accessibility score (1 to 10) with 1 being very easy and
10 very difficult. Reaction Based Enumeration panel of
Schrodinger was used to identify potential retro-synthetic
routes for Breed 5 (Konze et al., 2019).

RESULTS

Based on the amino acid residues at ACE-RBD interface
of S protein, described by Ortega group (Ortega et al.,
2020), PHASE predicted a seven featured pharmacophore
hypothesis (ADDRRN); consisting of one acceptor (A),
two donors (D), two aromatic rings (R) and negative
charge (N) (fig. 2). Fragments’ preparation, using Glide,
resulted in a library of 1184350 fragments. Screening of
these fragments against four features of the
pharmacophore hypothesis revealed 8000 matching
fragments. Nearly one eighth of these fragments (110)
exhibited docking scores < -6.00 kcal/mol and they were
filtered further by SP and XP docking modes in the named
order to come up with 81 fragments with XP docking
scores < -6.00 kcal/mol. De novo synthesis gave 1848
new ligand hybrids of which 8 ligands (fig. 3) showed
promising XP docking scores (< -7.00 kcal/mol) with
interesting binding interactions at S protein active site.
ADMET studies revealed that none of the 8 ligands
violated Lipinski rule of five nor showed cardiotoxicity.
Furthermore, partition coefficient, aqueous solubility and
blood brain permeability parameters were within the

accepted limits (table 1). Calculation of binding free
energies of ligand-protein complexes of the top 8 breeds
using Prime MMGBSA revealed varying outcomes for S
complexes compared to ACE-2’s (table 1). MD simulation
showed that Breed 5 was the most stable among the top 8
ligands as indicated by RMSD values.

DISCUSSION

Four features of the pharmacophore hypothesis were
screened against the Glide prepared fragments library
(1184350 fragments). Fragments that matched the
pharmacophore hypothesis were docked against S protein
using Glide HTVS mode.

The process ofde novo molecular designinvolves
generation ofnovel chemical structures that satisfy a
desired molecular profile (Meyers et al., 2021). The
contribution of de novo molecular design strategies in
drug discovery is increasing because large chemical
spaces could be explored at relatively short time when
compared to other computational tools (Walters and
Murcko, 2020). Thus, with these top hit fragments in
hand, it was now decided to accomplish de novo synthesis
of new chemical entities using Breed ligand panel. This
resulted in 1848 new ligand hybrids which were
submitted to SP docking against S protein. A docking
score of < -7.00 kcal/mol was used as a cut-off and thus
only 217 ligands were promoted to the next filtering point
that was XP docking to reveal 140 ligands with docking
scores < -7.00 kcal/mol. A spike glycoprotein / ACE2 dual
antagonist could bind to RBD, and compete with the
binding of SARS-COV-2 to ACE2 to prevent the virus
entry by two mechanisms. Some natural products were
reported to possess better spike protein and ACE2
inhibitory activity (Yu and Li, 2021). In the current study,
the potential target dual inhibitory activity was assessed.
The ligands were docked against ACE-2 protein using XP
mode. The study findings revealed that 8 ligands (fig. 3)
could act as potential dual inhibitors with a docking
scores range of -7.098 to -8.604 kcal/mol, good binding
interactions and favorable pharmacokinetics and drug
likeness (table 1).

The amino acids in the active site of S protein which
interacted with the 8 ligands via hydrogen bonds, as donor
or acceptor, were GLN 493, SER 494, GLY 496, ARG
403, GLU 406, TYR 505. Zeng et al reported different
amino acids involved in the stabilization of the complex
formed between S protein and Esculentoside A (Zeng et
al., 2021). This different binding interaction pattern could
be attributed at least to the different chemical nature of
interacting ligands. However, similar interaction pattern
with most of the aforementioned amino acids residues
were observed for some natural products used in Chinese
traditional medicine (Yu and Li, 2021). Except for Breed
3, all ligands participated in zn-m interactions with TYR
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Table 1: Docking scores, MM-GBSA binding free energies and ADMET profiles of the top 8 ligands against S and
ACE-2 proteins.

Spike protein (6LZG) ACE (1R4L)
Dockin dGging Dockin dGginq | QPlog | QPlog | QPlog | Q Plog e
Entry scoresg (kcal/mol) scoresg (kcal/mol) | Po/w* s HER® BB Rule of Five
(kcal/mol) (kcal/mol)
Breed | -8.533 -60.16 -8.235 -57.61 -2.186 | -1.479 | -3.154 | -1.534 0
Breed 2 -8.048 -56.78 -7.849 -44.26 -2.354 | -1.611 | -3.169 | -1.868 0
Breed 3 -7.971 -48.07 -7.846 -37.26 -2.423 | -1.376 | -2.965 | -1.628 0
Breed 4 -8.335 -58.12 -7.788 -48.23 -2.377 | -1.38 | -3.086 | -1.522 0
Breed 5 -7.864 -54.75 -7.638 -37.86 -1.162 | -2.428 -3.7 -1.371 0
Breed 6 -8.123 -46.91 -7.466 -24.94 -2.615 | -1.402 | -2.827 -1.6 0
Breed 7 -7.531 -51.06 -7.358 -23.27 0.644 | -2.48 | -2.369 | -2.553 0
Breed 8 -8.604 -54.63 -7.098 -10.37 -2.983 | -1.109 | -2.85 -1.963 0
*Predicted octanol/water partition coefficient log P (acceptable range -2.0 to 6.5).
PPredicted aqueous solubility in mol/L (acceptable range -6.5 to 0.5).
“Predicted ICs value for blockage of HERG K+ channels (concern below 5.0).
“Predicted blood brain barrier permeability (acceptable range -3 to 1.2).
°Lipinski rule of five
Table 2: Quantum chemical properties of best three compounds.
Compounds HOMO (ev) LUMO (ev) HLG (ev) Solvation energy (kcal/mol)
Breed 3 -0.22373 -0.07358 0.15015 -25.62
Breed 5 -0.23253 -0.07415 0.15833 -23.30
Breed 6 -0.23337 -0.05720 0.17617 -25.62
~) =TSR I
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Fig. 2: (A) The two chains of Spike protein (B) Binding site at ACE-RBD interface of S protein (C)
Pharmacophore hypothesis at ACE-RBD interface of S protein.
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Fig. 3: Top 8 potential SARS-COV-2 entry inhibitors.
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Fig. 4: 2D and 3D interactions of (A) Breed 1 (B) Breed 2 (C) Breed 3 (D) Breed 4 (E) Breed 5 (F) Breed 6 (G) Breed
7 (H) Breed 8 with ACE2-RBD interface of S protein.
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Fig. 5: RMSD plots S protein-ligand interactions of top three stable complexes. (A) Breed 3 (B) Breed 5 (C) Breed 6.
The blue color represents backbone protem RMSD. Red color represents hgand RMSD.
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Fig. 6: A1-3: Interactions of Breeds 3, 5 and 6, respectively, with ACE2-RBD interface of S protein; B1-3: Stability of
protein ligand contacts for Breeds 3, 5 and 6, respectively (darker color indicates strong contact); C1-3: 2D protein-
ligand interactions for Breeds 3, 5 and 6, respectively.
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Fig. 7: HOMO-LUMO and electrostatic potential calculations for Breeds 3, 5 and 6.

495, the most, and/or TYR 453. In addition, Breed 5
exhibited n-cation interaction with ARG 403 (fig. 4).
Having identified top 8 potential dual cell entry inhibitors,
attention was next directed to estimate the interaction
strength of each ligand with S and ACE-2 proteins
separately. While energies for ACE-2 complexes were
inconsistent ranging from -10.37 kcal/mol to -57.61
kcal/mol they were comparable for spike’s (-46.91
kcal/mol to -60.16 kcal/mol). It appeared that cell entry
inhibitory activity of the new designed molecules would
not be mediated through dual inhibition of both S and
ACE-2 proteins and it was thus decided to continue the
study targeting only S protein.

Conventional docking has a limitation of receptor
flexibility and thus resultant protein-ligand complexes’
reliability is always questionable. Docking findings can
be significantly improved when combined with
the expensive, but more accurate molecular dynamic
(MD) simulation techniques (Santos et al., 2019). MD
simulation is a study to assess stability of an investigated
ligand when it comes in contact with the active site of its
protein target. The study is carried out under movable and
dynamic conditions of biological systems promoting
powerful interaction of the ligand with its target
(Hollingsworth and Dror, 2018). Complex stability is
evaluated with reference to Root Mean Square Deviation
(RMSD) where a value of 1-3 A is usually acceptable for
small globular proteins. In the current study, MD
simulation in water was conducted on S protein
complexes of the top 8 ligands (Breeds 1-8) which were
selected based on their high XP docking scores, good
physiochemical characteristics and favorable binding free

energies. RMSD values indicated that the ligand-protein
complex for Breed 5 was the most stable and the ligand
remained bound to protein binding pocket throughout the
simulation that lasted for 50ns. Although the
ligand—protein complexes for Breeds 3 and 6 were
relatively more stable than the rest, small to high
fluctuations were recorded in their RMSD plots (fig. 5).

Ligand interactions with the residues in ACE-2-RBD of S
protein supported further the RMSD findings that Breed 5
was the best among the three molecules. During
simulation, Breed 5 interacted with most of the residues in
the target active site via hydrogen, ionic and hydrophobic
bonds (fig. 6). The direct hydrogen bond and pi-cation
interaction with TYR 505 remained stable during 75%
and 57%, respectively, of all simulation time accounting,
most probably, for the unique stability of Breed 5 when
compared to 3 and 6. Moreover, GLY 496 also appeared
to have a role in stabilizing the complex mediated by
direct hydrogen bond and water bridges up to 24ns during
simulation time. In addition, ASN 501 interacted with
Breed 5 through relatively weaker water bridges which
remained stable for nearly one third of the total time.
Breed 3 complex with S protein displayed both
hydrophilic and hydrophobic interactions during the
process. Residues THR 500 and ASN 501 formed very
stable hydrogen bonds and water bridges with Breed 3
accounting very much, with nearly equal contribution, for
the complex stability. Furthermore, GLY 502 and GLN
498 helped stabilizing the complex for a short while as
they bound Breed 3 via relatively weaker hydrogen bonds
and water bridges. Very weak hydrogen bonds were
observed in the interaction of Breed 3 with residues GLY
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496, TYR 449, GLY 446 and VAL 503. The amino acid
TYR-505 interacted with Breed 3 via hydrophobic
bonding (fig. 6). The two major amino acids that bound
Breed 6 were TYR 499 and GLY 496 through direct
hydrogen bond and water bridges. In addition, TYR had
hydrophobic interaction with Breed 6 (fig. 6).

HOMO-LUMO gap has a crucial role in stabilizing the
interactions between a drug and its target protein (Zheng
et al., 2013). The HOMO and LUMO distributions,
energies, and energy gaps along with electrostatic
potential maps of the top three breeds (3, 5 and 6) were
calculated in the current study and reported herein (table
2; fig. 7).

The lowest excitation energy of a molecule is related to
HOMO-LUMO energy gap which is directly proportional
to the chemical stability and hardness of the molecule
(Miar et al., 2021). In this study, frontier molecular
orbitals (FMOs) calculation studies on Breeds 3, 5 and 6
revealed energy ranges of (-0.22373 to -0.23337 ev) and
(-0.05720 to -0.07415 ev) for HOMO and LUMO,
respectively. Moreover, HOMO-LUMO energy gap
ranged from 0.15015 eV to 0. 0.17617 ev indicating
potential chemical reactivity which would be useful for
bioactivity-guided structural derivatization. In fig. 7,
molecular electrostatic potential (MESP) maps indicate
the accessible regions for electrophiles and nucleophiles
by red and blue color, respectively. Taking into
consideration that HOMO, being occupied by electrons, is
the electron donor whereas the acceptor is LUMO, it is
believed that both orbitals control the mode by which a
drug binds its receptor. During the binding process, the
drug’s HOMO could share orbital interactions with the
LUMO of adjacent residues (Hagar et al., 2020).
Interestingly, Breed 5, the best ligand based on MD
studies, interacted with some residues in S protein active
site via hydrogen bonds involving three nitrogen atoms
where HOMOs are located. The amino nitrogen atom
(N10) exhibited hydrogen bonds with Tyr 505 and GLY
496. Hydrogen bonds were also observed for nitrogen
atoms 1 and 6 with ARG 403 and GLY 496, respectively.

Exploration of Zinc and ChEMBL databases revealed that
Breed 5, being the best ligand that showed good stability
during simulation, is a novel compound and it did not
match any of the screened drugs, bioactive molecules or
commercially available compounds. Thus, addressing
synthetic accessibility of Breed 5 is critical to validate,
experimentally, the revealed activity (Ertl and
Schuffenhauer, 2009). Reaction based enumeration
Pathfinder has been a useful Schrodinger tool that retro-
synthetically predicts pathways for synthesis of any
compound. Breed 5 was subjected to retro-synthetic
analysis using Pathfinder resulting in a variety of potential
synthetic pathways. Fortunately, SwissSimilartity server
demonstrated that synthesis of Breed 5 is feasible

(synthetic accessibility score = 3.69) (Zoete, Daina et al.,
2016).

CONCLUSION

A pharmacophore hypothesis was generated based on the
amino acid residues in the receptor binding domain of
SARS-COV-2 spike protein. Exploring three fragments’
libraries revealed 80000 pharmacophore matching
fragments which were virtually screened against spike
protein. De novo synthesis of fragments exhibiting XP
score <-6 kcal/mol resulted in 1848 ligand hybrids, 140 0f
which had XP docking scores <-7 kcal/mol which were
filtered further via molecular docking, MM-GBSA free
energy calculation, ADMET, drug-like properties and
DFT calculations. The study findings revealed 8 top
ligand hybrids (Breeds 1-8) which were subjected to
molecular dynamic simulation. The novel molecule Breed
5 formed the most stable interactions with the active site
of spike protein. It is therefore reported, herein, as a new
SARS-COV-2 host cell entry inhibitor lead which would
be a good start towards COVID-19 drug discovery and
development.
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