
Intelligent Pharmacy 2 (2024) 495–504
Contents lists available at ScienceDirect

Intelligent Pharmacy

journal homepage: www.keaipublishing.com/en/journals/intelligent-pharmacy
In-silico design of novel 2-((4-chloro-6-methoxy-1H-indol-3-yl)
thio)-N-(2-ethoxyphenyl)acetamide derivatives as potential inhibitors of
influenza neuraminidase protein receptor

Mustapha Abdullahi a,b,*, Adamu Uzairu a, Gideon Adamu Shallangwa a, Paul Andrew Mamza a,
Muhammad Tukur Ibrahim a, Anshuman Chandra c, Nagendra Singh d

a Faculty of Physical Sciences, Department of Chemistry, Ahmadu Bello University, P.M.B. 1044 Zaria, Kaduna State, Nigeria
b Faculty of Sciences, Department of Pure and Applied Chemistry, Kaduna State University, Tafawa-Balewa Way, Kaduna State, Nigeria
c School of Physical Science, Jawaharlal Nehru University, New Delhi, 110067, Delhi, India
d School of Biotechnology, Gautam Buddha University, Greater Noida, U.P., 201312, India
A R T I C L E I N F O

Keywords:
Neuraminidase
Active cavity
Hydrogen bonds
Reactivity
Bioavailability
* Corresponding author. Faculty of Physical scien
E-mail address: mustychem19@gmail.com (M. A

Production and Hosting by Else

https://doi.org/10.1016/j.ipha.2023.12.002
Received 24 October 2023; Received in revised for
Available online 14 December 2023
2949-866X/© 2023 The Authors. Publishing service
(http://creativecommons.org/licenses/by/4.0/).
A B S T R A C T

Influenza virus transmission is largely mediated by its mutation and genome reassortment from distinct strains
resulting in drug-resistances and pandemics. This necessitates the need for the discovery of more potential
influenza inhibitors to prevent future epidemics. An in-silico approach was utilized here to design six new (21a-f)
potential inhibitors of influenza neuraminidase (NA) using a hit compound 21 with good binding affinity, pre-
dicted activity, and pharmacokinetic properties in our previous work. The modeled activities (pEC50) of the newly
designed compounds (ranging between 8.188 and 7.600) were better than that of the hit compound 21 with
predicted activity (pEC50) of 6.0101 and zanamivir (pEC50 of 5.6755) as the standard reference control used. The
MolDock scores (ranging between �189.67 and �142.47 kcal/mol) of these newly designed compounds in the NA
binding cavity were also better than the hit template 21 with a MolDock score of �125.33 kcal/mol and zanamivir
standard drug (�136.36 kcal/mol). In addition, the conformational stability of the best-designed compound 21a
in the NA binding cavity was further studied through the MD simulation of 100 ns. Moreover, the drug-likeness
and ADMET predictions of these designed compounds showed their good oral bioavailability and pharmacoki-
netic profiling respectively. More so, the DFT calculations also revealed the relevance of these designed com-
pounds in view of their smaller band energy gaps from the frontier molecular orbital calculations. This study
could serve as a reliable in-silico perspective for the search and discovery of potential anti-influenza agents.
1. Introduction

One of the primary infectious causes of respiratory tract illnesses in
humans, particularly in elderly individuals, children, and those with pre-
existing medical disorders, is the influenza viral infection.54 There have
been five viral pandemics in the past century, four of which were brought
on by influenza A viruses, while the most recent was brought on by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).59 Ac-
cording to reports, the previous seasonal virus was replaced by the causal
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viral strain of each influenza pandemic.50 The transmission of seasonal
respiratory viruses significantly decreased, which was linked to the
appearance of the new coronavirus 2019 (COVID-19).20 The influenza
virus was listed as one of the most often found non-COVID-19 respiratory
viruses prior to the year 2020.19 However, there was a notable drop in
the virus's spread during the initial COVID-19 pandemic wave in
2020.57,70 The majority of nations reported infrequent influenza detec-
tion to the World Health Organization (WHO), despite the fact that
COVID-19 infections are prevalent in some places.10
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Interestingly, the SARS-CoV-2 outbreak has resulted in a 99%
decrease in influenza virus isolates worldwide.43 There is a possibility
that influenza will reappear and spread following the SARS-CoV-2
pandemic.43 According to WHO prevalence data, there were around
500,000 fatalities worldwide from 2 to 5 million instances of severe
influenza illnesses.24,71 The influenza virus is a member of the Ortho-
myxoviridae family, which is primarily responsible for the high
morbidity and fatality rates seen in people globally.45 The four main
kinds of influenza viruses are A, B, C, and D. Seasonal influenza epi-
demics are brought on by A and B due to their dominating circula-
tion.29,67 The majority of human infections with the influenza A virus
(IAV) have been recorded, and these infections are classified into sub-
types based on the protein reassortments on the viral surface.46 These
proteins are neuraminidase (NA) and hemagglutinin (HA), and the
currently circulating IAV subtypes in humans are H1N1 and H3N2.39 The
2009 pandemic was caused by the H1N1 subtype of the IAV, also known
as A(H1N1)pdm09, where it has gradually supplanted the seasonal
A(H1N1) influenza virus.32 Therefore, only type A viruses are reported to
have caused influenza pandemics.

The sialidase enzyme called influenza neuraminidase breaks down
the sialic acid groups in the glycoproteins on the surface of the influenza
virus.56 It is crucial for the release and distribution of viral progeny
particles following the intracellular replication cycle.34 The NA protein
structure allows it to be a desirable molecular target for the development
of new influenza virus inhibitors due to the highly conserved binding
site.69 The majority of FDA-approved NA inhibitors, including zanamivir
(Relenza) and oseltamivir (Tamiflu), are now being used for clinical
Tables 1
Design derivatives of template 21 with predicted pIC50 and MolDock scores (kcal/mo

S/N R1 R2

Designed 21a

Designed 21b -H -OH
Designed 21c

Designed 21d

Designed 21e

Designed 21f

Template 21 – –

Zanamivir – –
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application in influenza therapy.28,69 Their putative mechanism of action
involves inhibiting the active site of neuraminidase and leaving
uncleaved sialic acid residues on the surfaces of host cells and influenza
virus envelopes.

Basic and acidic groups found in the catalytic cavity of the targeted
protein are the two critical active pharmacophores of NA inhibitors.28

Besides, several researchers have recently been intrigued by the presence
of drug-resistant variants of influenza viruses due to their genetic
mutability.68 This necessitates the quest for the development of more
effective NA inhibitors. Yet, the experimental trial-and-error technique
used in traditional drug discovery and development is time-consuming,
costly, and labor-intensive.42,47,48

In medicinal chemistry and rational drug design, the use of theoret-
ical models and computational tools has been demonstrated to solve
these constraints throughout the years.27 Many quantum chemical
models have been constructed and are effectively used to forecast a wide
range of molecular attributes, including binding energies, relative
conformational energies, electron affinities, transition barriers, complex
reaction pathways, and drug molecule interactions.26,49,62,63 The
structure-based drug design (SBDD) method, however, is a widely used
computer-aided drug design technique that relies on the availability and
understanding of the 3D crystallographic structure of the protein target
to design compounds with greater binding potencies.41,58 Compound 21
was identified as the most potent hit with an pEC50 value of 6.2366 in
previous studies on 2-((1H-indol-3-yl)thio)-N-phenyl-acetamide scaf-
folds as novel anti-influenza A virus inhibitors, and can be used as a
template for future in-silico design.5 Hence, the current work employs
l) (Template 21).

aPredicted pIC50 MolDock score (kcal/mol)

8.188 �189.67

8.061 �142.47
7.847 �168.45

7.633 �188.49

8.052 �172.85

7.600 �185.61

6.0101 �125.33
5.6755 �136.36
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this most active template scaffold (compound 21) to design some po-
tential analogs through our in-silico designing strategy, and their activ-
ities were predicted using our developed QSAR model. Subsequently, the
designed analogs were virtually screened in the NA binding site using
molecular docking, and the best-designed analog was further subjected to
Molecular dynamics simulation of 100 ns for conformational stability
analysis. In addition, the pharmacokinetic and frontier molecular orbital
properties of the designed analogs were also investigated for molecular
understanding of their druggable potency and chemical reactivities
respectively.

2. Materials and methods

2.1. Template scaffold selection and modification strategy

In this study, the hit compound 21 (2-((4-chloro-6-methoxy-1H-indol-
3-yl)thio)-N-(2-ethoxyphenyl)acetamide) was selected as the template
for the structural modification in line with the findings of our prior in-
vestigations.5 The template selection of the molecule was guided on the
basis of its lower binding energy, good pharmacokinetic profile, better
predicted inhibitory activity and it is within the applicability domain of
our QSARmodel.5 The designing strategy involved attaching some active
pharmacophores at the 2nd and 5th position of the N-phenyl-acetamide
moiety of the template scaffold respectively. Thus, the Scaffold Grow
Fig. 1. Optimal cavities for the NA protein with co-crystallized Zana
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Module of Discovery Studio was used to design the new compounds
(21a-f), and their predicted pIC50 and MolDock scores are presented in
Table 1.
2.2. Geometry optimization and docking procedure

The 2D structures of these newly designed compounds were also
drawn using ChemDraw software, then further transformed to 3D
structure for full geometry optimization at the density functional level of
theory and Becke three-parameter hybrid exchange potentials of Lee-
Yang-Parr correlation potential (DFT/B3LYP) using 6-31G* basis set in
vacuum.3,64 On the other hand, the 3D-crystal structure of the NA target
from A/California/04/2009 (H1N1) strain of 2009 pandemic H1N1
(PDB: 4B7Q) was used as the receptor for the docking study. The com-
pounds were docked with the protein target using Molegro Virtual
Docker (MVD) to review their binding scores and interactions with the
active residues in the binding cavity of the target. The software utilizes a
multi-functional search algorithm, called a guided differential evolution
algorithm. This algorithm combines its function through evolution
optimization and active cavity detection.53 The best active cavity of the
protein receptor with the highest surface and volume was identified in
the NA target at a default parameterization as shown in Fig. 1. However,
the detected cavity was within a 15 Å radius of a constraint sphere with a
dimension center of X: 23.29, Y: 21.75, Z: �42.10 for PDB ID (4B7Q) for
mivir (PDB: 4B7Q), volume: 69.632 Å3, surface area: 204.8 Å2.



Table 2
Model descriptor values and the predicted pEC50 of the newly designed compounds.

S/No ATSC7i SpMin1_Bhm AVP-0 L2m E1e Predicted pEC50

Designed 21a 8.7053 1.9950 0.6211 1.4779 0.4294 8.1880
Designed 21b 2.3024 1.9849 0.5956 3.0013 0.6376 8.0605
Designed 21c �3.0417 1.9965 0.6603 5.9531 0.4791 7.8472
Designed 21d �3.1871 1.9954 0.6105 3.3416 0.4916 7.6326
Designed 21e �1.5737 1.9894 0.6280 3.9024 0.5298 8.0519
Designed 21f �5.2524 2.0035 0.6271 4.8680 0.4841 7.5999
Template 21 3.8491 1.8953 0.6275 2.5325 0.5781 6.0102
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the docking simulation. The MolDock (Grid) score was initiated for 10
independent runs at a default grid of 0.3 Å as demonstrated in our pre-
viously published articles.4,13
Fig. 2. Docking view of template compound 21 and designed 21a in the binding ca
complex 21, (B) 2D binding interactions in the complex 21, (C) 3D H-bond surface
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2.3. Molecular dynamics (MD) simulation

For the purpose of studying the conformational stability of the best
protein-ligand complex, the MD simulation was performed using the
vity of pH1N1 neuraminidase receptor (PDB: 4B7Q): (A) 3D H-bond surface of
of complex 21a, (D) 2D binding interactions in the complex 21a.



Table 3
Resisdual interaction details of template 21 and complex 21a.

Complex Distance (Å) Residual interaction type From Chemistry To Chemistry

21-4B7Q 2.4015 Hydrogen Bond A:ARG293 H-Donor 21 H-Acceptor
2.5991 Hydrogen Bond A:ARG368 H-Donor 21 H-Acceptor
2.6407 Hydrogen Bond A:ARG368 H-Donor 21 H-Acceptor
2.0368 Hydrogen Bond 21 H-Donor A:GLU119 H-Acceptor
3.0181 Carbon Hydrogen Bond 21 H-Donor A:ILE149 H-Acceptor
2.4211 Carbon Hydrogen Bond 21 H-Donor A:ASP151 H-Acceptor
2.5016 Carbon Hydrogen Bond 21 H-Donor A:GLU119 H-Acceptor
3.2514 Electrostatic (Pi-Cation) A:ARG118 Positive 21 Pi-Orbitals
4.2980 Electrostatic (Pi-Cation) A:ARG152 Positive 21 Pi-Orbitals
4.8169 Electrostatic (Pi-Cation) A:ARG293 Positive 21 Pi-Orbitals
3.7692 Electrostatic(Pi-Anion) A:ASP151 Negative 21 Pi-Orbitals
3.0885 Electrostatic(Pi-Anion) A:ASP151 Negative 21 Pi-Orbitals
3.2916 Electrostatic(Pi-Anion) A:GLU278 Negative 21 Pi-Orbitals
3.8104 Electrostatic(Pi-Anion) A:GLU278 Negative 21 Pi-Orbitals
5.6940 Hydrophobic (Pi–Pi Stacked) 21 Pi-Orbitals A:TYR402 Pi-Orbitals
4.2120 Hydrophobic (Alkyl–Alkyl) 21 Alkyl A:ARG118 Alkyl
5.2159 Hydrophobic (Alkyl–Alkyl) 21 Alkyl A:ILE149 Alkyl
4.8648 Hydrophobic(Pi-Alkyl) 21 Pi-Orbitals A:ILE427 Alkyl
4.3188 Hydrophobic(Pi-Alkyl) 21 Pi-Orbitals A:PRO431 Alkyl

21a-4B7Q 4.8588 Electrostatic (Attractive charge) 21a Positive A:GLU119 Negative
4.8107 Electrostatic (Attractive charge) 21a Positive A:ASP151 Negative
2.3005 Hydrogen Bond A:ARG152 H-Donor 21a H-Acceptor
1.6676 Hydrogen Bond A:ARG293 H-Donor 21a H-Acceptor
2.4667 Hydrogen Bond A:ARG368 H-Donor 21a H-Acceptor
2.3009 Hydrogen Bond 21a H-Donor A:TYR402 H-Acceptor
2.6565 Hydrogen Bond 21a H-Donor A:ASP151 H-Acceptor
2.3696 Hydrogen Bond 21a H-Donor A:GLU119 H-Acceptor
2.7072 Hydrogen Bond 21a H-Donor A:THR148 H-Acceptor
2.0526 Hydrogen Bond 21a H-Donor A:ILE149 H-Acceptor
2.5304 Carbon Hydrogen Bond A:ARG368 H-Donor 21a H-Acceptor
2.4011 Carbon Hydrogen Bond A:PRO431 H-Donor 21a H-Acceptor
3.0120 Carbon Hydrogen Bond 21a H-Donor A:TRP179 H-Acceptor
3.3063 Electrostatic (Pi-Cation) A:ARG118 Positive 21a Pi-Orbitals
3.7526 Electrostatic (Pi-Cation) A:ARG293 Positive 21a Pi-Orbitals
3.9193 Electrostatic (Pi-Anion) A:ASP151 Negative 21a Pi-Orbitals
3.5554 Electrostatic (Pi-Anion) A:ASP151 Negative 21a Pi-Orbitals
3.4743 Electrostatic (Pi-Anion) A:GLU278 Negative 21a Pi-Orbitals
3.8453 Electrostatic (Pi-Anion) A:GLU278 Negative 21a Pi-Orbitals
5.4439 Hydrophobic (Alkyl–Alkyl) A:ARG368 Alkyl 21a Alkyl
3.5980 Hydrophobic (Alkyl–Alkyl) 21a Alkyl A:ILE427 Alkyl
3.5564 Hydrophobic (Alkyl–Alkyl) 21a Alkyl A:PRO431 Alkyl
5.3426 Hydrophobic(Pi-Alkyl) 21a Pi-Orbitals A:ILE427 Alkyl
4.3684 Hydrophobic(Pi-Alkyl) 21a Pi-Orbitals A:PRO431 Alkyl
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Desmond MD program on Ubuntu 18.04 LTS operating system of HP
desktop computer (HP Z2 G2 workstation) having a graphics processing
unit (GPU) of 4 GB, with an NVIDIA Quadro 6000.55,65 Thus, the complex
was imported to the Maestro Schrodinger software interface in the
orthorhombic box shape.11,18 To mimic the physiological conditions, the
simulation box was solvated by adding single-point water molecules, and
appropriate counter ions (Naþ Cl�) salt was added using the system
builder module. Then, the system energy of the box was minimized at 1
kcal/mol convergence for 2000 iteration cycles to remove the electronic
constraints in the protein structures using the OPLS3e force field.25,51

The trajectory production of the MD simulation was run for 1000 steps at
300 K and 1 bar at isobaric-isothermal ensemble conditions.21,52 Hence,
the trajectory result files of the studied complex in out.cms were assessed
for the conformational stability plots such as the root mean square de-
viation (RMSD) and root mean square fluctuation (RMSF) using the SID
(Simulation Interaction Diagram) module (SID) tool.

2.4. Prediction of Lipinski's rule and ADMET properties

The initial valuation of ADMET properties of potential drugs is very
crucial at the early stage of the drug discovery which assists in rolling out
all critical effects.14 Therefore, an effective machine-learning platform
known as SwissADME and pkCSM online webserver was used to predict
the pharmacokinetic, drug-likeness, and toxicity of the studied
compounds.16,35
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2.5. Frontier molecular orbital (FMO) analysis

The DFT analysis is a crucial quantum mechanical method of calcu-
lating the electronic structure of an atom which also aids in studying the
chemical reactivity of compounds through the frontier molecular orbital
(FMO) energies. These energies include ELUMO (the lowest unoccupied
molecular orbital energy) and EHOMO (the highest occupied molecular
orbital energy).23,37 In this regard, several quantum descriptors were
computed from the FMO energies which are, (i) Ionization potential (IP
¼ � EHOMO), (ii) Electron affinity (EA ¼ � ELUMO) index, (iii) Energy gap
(ΔE ¼ ELUMO�EHOMO), (iv) Electronegativity χ ¼ � (ELUMO þ EHOMO)/2,
(v) Chemical hardness (η¼ (ELUMO � EHOMO)/2), and (vi) Chemical
softness (S ¼ 1/η). Additionally, the molecular electrostatic potential
(MEP) surfaces of the studied compounds was also generated.

3. Results and discussion

3.1. Activity modeling prediction and molecular docking of newly designed
compounds

The predictive capacity of the GFA-MLR model developed in our
previous study (Eq. (1)) was further utilized to predict the activity
(pEC50) of the newly designed compounds in this study. The prominent
validation parameters of the reported GFA-MLR model include Friedman
Lack-of-Fit (LOF) value¼ 0.1235, R2

(training set)¼ 0.8861, R2
adj¼ 0.8525,



Fig. 3. MD simulation plots of complex 21a, (A) RMSD (Protein RMSD is shown in grey while RMSD of designed 21a is shown in red), (B) Protein RMSF, (C) Protein-
ligand contact analysis,(D) Ligand properties.
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Q2 ¼ 0.7864, RMSE 0.1350, R2
test ¼ 0.7230, and R2

pred ¼ 0.6872.5,31

pEC50¼ �0:0366412*ðATSC7i Þþ33:188*ðSpMin1 BhmÞ
þ 38:741 *ðAVP 0Þ � 0:624116 *ðL2mÞþ9:18281*ðE1eÞ�84:7877

(Eq. 1)

From Tables 1 and 2, the predicted pEC50 of these newly designed
compounds by themodel (range between 8.188 and 7.600) were found to
be better than that of the hit compound 21 with predicted activity
(pEC50) of 6.0101 and zanamivir (pEC50 of 5.6755) as standard reference
control used in this study. In addition, the prominent increase in the
values of the topological descriptors of molecular mass (SpMin1_Bhm)
and connectivity (AVP-0) was observed for the designed compounds
which leads to the increase in their activities as depicted by the GFA-MLR
and their mean effect scores.5

The protein-ligand docking approach was done on chain A of the NA
target (PDB: 4B67Q) as earlier stated. The best pose of the designed
compounds was reported based on the MolDock (kcal/mol) scores
ranging from �189.67 to �142.47 kcal/mol in comparison to the Mol-
Dock scores of compound 21 (template scaffold) and zanamivir standard
drug. To validate the precision of the docking protocol, the
co-crystallized ligand was re-docked into the same binding cavity, and
the best binding pose parameters such as MolDock (kcal/mol), and RMSD
score were computed for the studied complexes. Out of the 10 binding
poses obtained for the co-crystalized ligand, the RMSD score of the top
pose of zanamivir was computed as 1.2659 Å having a MolDock score of
�126.56 kcal/mol as reported in our previous studies.6 However, the
designed 21a compound with the highest predicted pEC50 and MolDock
scores of 8.1880 and�189.27 kcal/mol was selected as the best-designed
compound amongst others.

For the residual analysis, complex 21 formed four (4) conventional H-
bonds, three (3) Carbon H-bonds, seven (7) electrostatics, and five (5)
500
hydrophobic interactions with various active amino acid residues within
the binding site of the targeted NA protein receptor as shown in Fig. 2(A-
B) and Table 3. The –NH of the 4-chloro-6-methoxy-1H-indole fragment
of template 21 behaves as an H-bond donor to the oxygen atom of A:
GLU119 to form an H-bond with an interaction distance of 2.0368 Å. The
sulfur and carbonyl oxygen atoms (C¼O) of template 21 act as H-bond
acceptors to form the H-bond interactions with A: ARG293, and A: ARG
368 residues at interaction distances of 2.4014 and 2.5991 Å respec-
tively. The amino acid residues, such as A: ILE149, A: ASP151, and A:
GLU119 act as the H-acceptors to form the CH-bond interactions. The
delocalized pi-orbital (ring) of the compound interacted with residues
such as A: ARG118, A: ARG152, and A: ARG293 to form 3 electrostatic
interactions of pi-cation types while the remaining 4 interactions with A:
ASP151 and A: GLU278 residues were due to Pi-Anion types. For the
hydrophobic interactions, the various alkyl groups of the compound
interact with the alkyl groups of A: ARG118 and A: ILE149 for 2
alkyl–alkyl hydrophobic interactions while the 4 residual π-alkyl hy-
drophobic bonds were formed with A: TYR402, A: ILE427, and A:
PRO431 respectively.

Interestingly, more residual interactions were observed in the
designed 21a complex as expected after the structural modifications as
can be observed in Fig. 2C-D. Complex 21a formed eight (8) conventional
H-bonds, three (3) carbon H-bonds, eight (8) electrostatics, and five (5)
hydrophobic interactions with various active amino acid residues within
the binding site of the targeted NA protein receptor. By attaching the
guanidine fragment at the meta-position of the N-phenyl acetamide
moiety of complex 21a, more H-bonds were formed in the region in
which the –HN of the di-amino groups behave as H-bond donors to A:
ASP151, A: GLU119, and A: THR148 respectively. The hydroxyl (-OH)
oxygen atom of 4-chloro-6-methoxy-1H-indole fragment acts as H-bond
acceptor to form the H-bond with A: ARG152 at a distance of 2.400 Å,
while the –HN of the indole fragment in the compound also behaves as H-



Table 4
Drug-likeness properties of the designed compounds.

Sr No MW
(Da)

Log P nHA nHD nLV Synthetic
accessibility

21a 501.94 2.29 6 5 1 3.84
21b 392.86 3.11 4 3 0 3.01
21c 520.00 2.16 6 6 2 4.60
21d 514.02 2.10 7 5 1 3.75
21e 495.01 3.39 4 4 0 3.72
21f 520.99 2.81 6 6 2 4.63
Template
21

390.88 3.98 3 2 0 3.04

Zanamivir 330.34 �1.62 7 8 1 5.03
RULE �500 Da �5 �10 �5 �2 �5
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bond acceptor which formed H-bond with A: TYR402 residue at a less
distance of 2.3058 Å. The sulfur atom as a H-bond acceptor of the
compound interacted with A: ARG293, and A: ARG368 residues at
interaction distances of 1.6675 and 2.4667 Å respectively. The electro-
static interaction types of pi-cation and pi-anion were formed between
the compound and some key residues of the NA such as A: ARG118, A:
ARG293, A: ASP151, and A: GLU278 residues. The compound also
formed CH-bond interactions with A: ARG368, A: PRO431, and A:
TRP179 at different distances as shown in Table 3. The alkyl groups
(methyl) of the designed 21a compound relate with the various alkyl
groups of A: ILE427, A: PRO431, and A: ARG368 in forming the 3 alkyl-
alkyl hydrophobic interaction types, while the 2 residual π-alkyl hydro-
phobic interactions were formed with A: ILE427 and A: PRO431
respectively. This shows a clear increase in the number of H-bonds and
electrostatic interactions in complex 21a as compared with the template
compound 21. Furthermore, the dynamic and residual stability of com-
plex 21a was studied through MD simulations for 100 ns.
3.2. MD simulation study

To study the dynamic and conformational stability of the designed
21a in the binding site of the NA target protein (PDB: 4B7Q), the MD
simulation study was performed as depicted earlier. The complex 21a
Table 5
ADMET properties of the newly designed compounds (21a-f).

No. Absorption Distribution Metabo

Human Intestinal absorption (%) Volume of distribution (log L/Kg) Substra

CYP Su

2D6

21a 52.17 �0.146 No
21b 89.82 �0.04 No
21c 53.11 �0.244 Yes
21d 63.15 0.737 No
21e 85.58 0.16 No
21f 54.64 �0.676 Yes
21 88.61 0.30 No
ZMR 3.52 �1.27 No

KEY¼ HIA: Human Intestinal absorption, VD: Volume of distribution, TC: Total Clear

Table 6
Quantum chemical descriptors of designed compounds of series 2.

Molecules E-HOMO (eV) E-LUMO (eV) ΔЕ (eV)

Template 21 �5.36 �0.66 4.70
Designed 21a �5.26 �0.96 4.30
Designed 21b �5.25 �0.90 4.35
Designed 21c �5.27 �0.77 4.50
Designed 21d �5.28 �0.69 4.59
Designed 21e �5.30 �0.90 4.40
Designed 21f �5.22 �0.88 4.34

501
system was simulated for 100 ns which is enough for the configurations
of the Cα in the targeted receptor. The RMSD and RMSF scores were
calculated to describe the conformational stability of the complex during
the 100 ns simulation period. The RMSD plot shows the overall status of
the simulation, and lower scores of RMSD during the simulation illustrate
better conformational strength of the 21a-complex and vice
versa.1,8,17,61,66 The RMSD plot of the complex 21a is elucidated in Fig. 3.
It was observed that the RMSD scores of designed compound 21a fluc-
tuated in the initial phase of the dynamic simulation for up to 40 ns, then
increased to 2.2 Å before the system equilibrated up to the end of the
simulation. As such, the RMSD plot of the protein revealed conforma-
tional stability from 40 ns to 100 ns with RMSD range from 0.75 to 2.2 Å
as presented in Fig. 3A. The RMSF plot determines the mean deviation for
each protein residue from its original position which describes the
backbone flexibility and mobility during the simulation.15 By implica-
tion, higher scores of RMSF infer better flexibility of the protein back-
bone, while smaller scores of RMSF suggest good dynamic stability. The
RMSF plot of each binding residue of the NA target with designed 21a is
shown in Fig. 3B. The insignificant fluctuations of the binding residues as
portrayed by the RMSF plot are an indication of a minor conformation
change in the 21a complex. The MD simulation results also revealed
other contributing interactions such as hydrophobic, ionic, and water
bridges with the numerous active amino acid residues in the catalytic
pocket of the receptor as presented in Fig. 3C. The ligand properties such
as Ligand RMSD plot, radius of gyration (rGyr) plot, molecular surface
area (MolSA) plot, solvent accessible surface area (SASA) plot, and polar
surface area (PSA) plot were generated for the 100 ns simulation as
revealed in Fig. 3D. However, the results suggest that ligand 21a was
considerably observed to have minute fluctuation throughout the simu-
lation coupled with no intra-molecular hydrogen bond. However, higher
fluctuations for up to 58 ns were observed before stabilizing at the end of
the simulation.

3.3. Drug likeness and pharmacokinetic studies

The drug-likeness and pharmacokinetic properties of the designed
compounds (21a-f) were predicted and compared with template scaffold
21 and zanamivir.5,36 The results revealed non-violation of more than 2
lism Excretion Toxicity

te and inhibitors of CYP Total Clearance AMES

bstrate CYP inhibitors

3A4 1A2 2C19 2C9 2D6 3A4

No No No No No No 0.48 No
Yes Yes Yes Yes No Yes 0.39 No
No No No No No No 0.34 No
Yes No No No No Yes 0.44 No
Yes Yes Yes Yes No Yes 0.34 No
No No No No No No 0.56 No
Yes No Yes Yes No Yes 0.68 No
No No No No No No 0.48 No

ance.

IP (eV) EA (eV) χ (eV) η (eV) S (eV)

5.36 0.66 3.01 2.02 0.50
5.26 0.96 3.11 1.67 0.60
5.25 0.90 3.08 1.73 0.58
5.27 0.77 3.02 1.87 0.54
5.28 0.69 2.99 1.95 0.51
5.30 0.90 3.10 1.75 0.57
5.22 0.88 3.05 1.73 0.58



Fig. 4. FMO energy diagram of the designed compound 21a in comparison with the template scaffold 21 at DFT/B3LYP/6-31G*computations.
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rules of Lipinski's drug-likeness criteria for the designed compounds as
shown in Table 4. This suggests that the newly designed compounds are
predicted to have drug-like properties with good oral bioavailability. In
addition, the designed 21a has a molecular weight (MW) of 501.94 g/mol
with 6 H-bond acceptors (nHA) which are slightly higher than its cor-
responding Lipinski's criteria. However, the n-octanol/water distribution
coefficient (Log P), number of hydrogen bond donors, and synthetic
accessibility (SA) of the designed 21a were predicted as 2.29, 6.0, and
3.82 respectively, which portrayed the druggability of the compound and
could be easier to synthesize than zanamivir with because of its high
synthetic accessibility score of 5.03.

The human intestinal absorption of less than 30% depicts poor ab-
sorption, but the designed compounds were predicted to have over 50%,
which is good though the template had about 88% as presented in
Table 5. Also, the volume of distribution value above 0.45 is usually
suggested to be high, but the designed compounds have lower scores. The
metabolism in the body is an enzymatic process that helps in drug
biotransformation due to the production of numerous metabolites that
Fig. 5. MEP surface distribution of the optimized structures, (A) template 21, (B) desi
¼ zero potential zones).
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are crucial in catalyzing the biochemical reaction with different drug
concentrations.22,40,44 It is necessary to cogitate the metabolism of the
drug molecules, which might have diverse pharmacological and physi-
cochemical properties. Hence, the cytochrome P450 plays a key role in
the metabolic process of the drug molecules. The designed 21a and
zanamivir drugs were consistently predicted to have similar metabolic
processes. Total clearance level is a measure that defines the correlation
between the rate of drug elimination and its concentration in the body.
Thus, it was observed that most of the designed compounds have lower
values of clearance as compared to the template compound. Moreover, it
is essential to inspect whether the predicted molecules are non-toxic in
the cause of drug selection. Interestingly, the designed compounds of the
study were predicted as non-AMES toxicity compounds.

3.4. Frontier molecular orbitals calculation

Frontier molecular orbital (FMO) energies are significant quantum
chemical descriptors of the molecules that specify some crucial features
gned 21a, (Blue ¼ positive potential zones, red ¼ negative potential zones, green
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for interactions involving charge transfer at the binding site of the NA
target enzyme.18 These quantum descriptors for the designed compounds
were calculated at the density functional level of theory as shown in
Table 6. The energy gap/band gap, which describes the difference in
energy between LUMO and HOMO, serves to highlight the molecular
reactivity.9,12,60 Additionally, a smaller energy gap is typically related to
significant reactivity and intermolecular charge transfer of the molecules,
whereas a large energy gap negatively impacts the electrons moving from
the HOMO to LUMO, weakening the affinity of the molecule towards the
protein enzyme.30,38 Harder compounds tend to have larger energy gap
which implies less reactivity while a smaller energy gap depicts softer
and more reactive molecules.33

The E-HOMO for the designed 21a was computed as�5.26 eV while the
E-LUMO was computed as�0.96 eV. The smaller energy gap (ΔE) of 4.3 eV
as emanated from the difference between the E-LUMO and E-HOMO of
designed 21a is an indication of its good chemical stability and tendency
in protein-ligand complex formation. However, the designed compounds
have smaller energy gaps in comparison with the template scaffold which
also justified the relevance of these compounds as better candidates.
Other FMO descriptors for the designed 21awere reported as η (2.15 eV),
IP (5.25 eV), EA (0.96 eV), χ (3.11 eV), and S (0.47 eV) which are also
similar with the values of the template 21 and zanamivir in the study. The
HOMO and LUMO surface diagram of the optimized designed 21a in
contrast with the template were revealed in the FMO energy diagram as
shown in Fig. 4.

Based on the DFT calculations, the 3D polar surface regions of the
designed 21a were elucidated through the molecular electrostatic po-
tential surfaces (MEPS) map.2 The MEPS map reveals the point charge
distribution which aids in relating how the molecule could interact with
others.7

The shape and size of the map signify the electron density as typically
portrayed by the conventional space-filling model in Fig. 5A–B. The
colors represent the qualitative magnitude of the electrostatic potential
map; moving from red to blue depicts locations with positive potential
and vice versa. In comparison to template 21, designed 21a was found to
be surrounded by more red and blue colors that point toward hydrogen
atoms and oxygenated moieties, respectively. Furthermore, the majority
of the hydrogen atoms in the molecule have the potential to function as
electrophiles while the nitrogen and oxygen atoms could exhibit nucle-
ophilic behavior with electron-rich centers. Additionally, the carbon
atoms are predominately green in color, representing zero potential.

4. Conclusion

In conclusion, the in-silico study presents some newly designed com-
pounds (21a-f) as potential inhibitors of influenza neuraminidase re-
ceptors. The predicted pEC50 and molecular docking scores (MolDock) of
these designed compounds were found to be higher than the template
compound and the zanamivir standard drug. The ability of the designed
21a to remain tightly bound with the sialic acid and 430 loop cavities in
the binding site of the NA target was confirmed through MD simulation
for 100 ns? The designed compounds were predicted to have drug-like
properties by not violating more than the 2 filtering thresholds of Lip-
inski's rule. However, the designed compounds were also predicted to
have good pharmacokinetics and smaller band energy gaps in compari-
son with the template compound. Therefore, the results of this study
recommend further synthesis and experimental validation of the studied
inhibitors as potential NA inhibitors for influenza therapy.
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