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Computational Screening of Neuropilin-1 Unveils Novel
Potential Anti-SARS-CoV-2 Therapeutics

Michael Afiadenyo,*® Latif Adams,*®™ 7 Clement Agoni,’“® ¢ Siobhan Moane,”
Michelle Mckeon-Bennett,” Dorcas Obiri-Yeboah,” and Jasdeep Singh'®

Neuropilin 1 (NRP-1) inhibition has shown promise in reducing
the infectivity of severe acute respiratory syndrome-coronavi-
rus-2 (SARS-CoV-2) and preventing the virus entry into nerve
tissues, thereby mitigating neurological symptoms in COVID-19
patients. In this study, we employed virtual screening, including
molecular docking, Molecular Dynamics (MD) simulation, and
Molecular Mechanics-Poisson Boltzmann Surface Area (MM-
PBSA) calculations, to identify potential NRP-1 inhibitors. From a
compendium of 1930 drug-like natural compounds, we identi-
fied five potential leads: CNP0435132, (CNP0435311,
CNP0424372, CNP0429647, and CNP0427474, displaying robust
binding energies of —8.2, —8.1, —10.7, —8.2, and —8.2 kcal/mol,
respectively. These compounds demonstrated interactions with

Introduction

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
is the virus liable for the disease COVID-19."? The virus spreads
through the aerosols of infected persons upon coughing or
sneezing.”¥ About 300 million confirmed cases have been
recorded with more than 5 million deaths as of 2023
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critical residues Tyr297, Trp301, Thr316, Asp320, Ser346, Thr349,
and Tyr353 located within the b1 subdomain of NRP-1.
Furthermore, MD simulations and MM-PBSA calculations af-
firmed the stability of the complexes formed, with average root
mean square deviation, radius of gyration, and solvent acces-
sible surface area values of 0.118 nm, 1.516 nm, and
88.667 nm?, respectively. Notably, these lead compounds were
estimated to penetrate the blood-brain barrier and displayed
antiviral properties, with Pa values ranging from 0.414 to 0.779.
The antagonistic effects of these lead compounds merit further
investigation, as they hold the potential to serve as founda-
tional scaffolds for the development of innovative therapeutics
aimed at reducing the neuroinfectivity of SARS-CoV-2.

Symptoms shown by infected persons include, fever, cough,
pneumonia, loss of taste, loss of smell, diarrhea, hemoptysis,
and fatigue.'*® COVID-19 has also shown to be a systematic
disease, affecting the central nervous system.®” Symptoms
such as depression, anxiety, and loss of smell and taste are
associated with the nervous system.® SARS-CoV-2 infectivity
and neuronal expression of ACE2 are only found in human
pluripotent stem cells (PSCs)-derived mixed neurons or human
brain organoids, not in human brain tissue.” Earlier studies
have suggested that the olfactory route and the brain-blood
barrier (BBB) are plausible routes utilized by SARS-CoV-2 to get
access to the nerve tissues and the brain.”'”

Neuropilin-1 (NRP-1) has been identified as the receptor
that promotes the entry of SARS-CoV-2 into the nerve tissues
and the brain through the hematogenous route (permeating
the BBB) and the olfactory nerve.®'® This accounts for the
expression of the virion’s protein in the brain of some deceased
COVID-19 patients while some living patients exhibit neuro-
logical symptoms.©"""?

Neuropilins are cell surface proteins that are widely
distributed and participate in a variety of vital cellular signaling
cascades."™"” There are two families of Neuropilins namely,
Neuropilin-1 (NRP-1) and Neuropilin-2 (NRP-2).'®'® Both are
transmembrane proteins with a cytosolic C terminus and an
extracellular N terminus.”® At the amino acid level, NRP-1 and
NRP-2 have about 44% identity."®?" Neuropilins have three
domains namely, extracellular, transmembrane, and cytosolic
domains. Within the extracellular domain lie three subdomains
namely, A (a1-a2), B (b1-b2), and C.*”

Neuropilins have a high affinity to Vascular Endothelial
Growth Factor (VEGF) and class 3 semaphorins (Sema3).”? Due
to their ubiquitous nature, Neuropilins play a critical role in the

© 2023 Wiley-VHCA AG, Zurich, Switzerland
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cardiovascular and nervous systems.??! The B (b1-b2) sub-
domain of the extracellular domain has a core role in specific
ligand binding and competition for many ligands."
SARS-CoV-2 expresses both structural and non-structural
proteins including the spike, envelope, membrane and nucleo-
capsid proteins.?! The spike protein binds to a receptor and
facilitates viral cell invasion. Proteases like Transmembrane
Protease Serine 2 (TMPRSS2) and furin activate the spike protein
during the attachment and cell invasion process.”**® The spike
protein is made up of 2 units namely S1 and S2. Furin cleaves
the spike protein at the S1/52 site while TMPRSS2 cleaves at the
S2 site?” The Receptor Binding Domain (RDB), N-Terminus
Domain (NTD), and C-Terminus Domain (CTD) make up the S1
unit.?””) At the CTD of the S1 unit, is a C-end Rule (RRAR) after
the activation of the spike protein by furin."'?® Due to the b1
subdomain’s high affinity to ligands,”” the C-end Rule binds to
the b1 subdomain of NRP-1 to enhance cell entry (Figure 1).
The C-end Rule interacts with residues Tyr297, Trp301, Thr316,
Asp320, Ser346, Ther349 and Tyr353.'"'2?® Previous studies
have also shown that Trp411, Lys351 and Ser348 are critical
residues in the activity of NRP-15" (Figure 2). It is therefore
imperative to identify small molecules that can interrupt the
interaction between the b1 subdomain and the C-end Rule.®"
Natural products are chemical compounds that are attained
from living things and can be used as drugs due to their
bioactivity.®? Over the years, natural compounds have served
as a hub for drugs and clinical pharmaceuticals utilize natural
products for drugs as about 50% of natural products do not
violate Lipinski’s rule of five (Ro5) for orally available drugs.***
This study aimed to identify novel natural compounds that are

a domain
Exlrac_ellu\ar b domain
domain

Figure 1. The interaction between the (A) spike protein and NRP-1 enabling
the SARS-CoV-2 virus get access to the nervous system. (B) The C-end Rule
interacts with the b1 subdomain of NRP-1.

NRP 1

Figure 2. The structure of NRP-1 showing the active sites (blue) involved in
the interaction between NRP-1 and the C-end Rule. The active sites
constitute the residue lining of the b1 subdomain.
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plausible inhibitors of NRP-1 via molecular docking, MD
simulation, and MM-PBSA calculations.

Results and Discussion

Virtual screening of small molecules against a desired target is
crucial in computer-aided drug design. This is to identify
molecules that bind to a target with high affinity and
specificity.®¥ A total of 1930 compounds were virtually screened
against the b1 subdomain of NRP-1 to identify potential
inhibitors. Protein-ligand interaction, MD simulation, and MM-
PBSA calculations were computed to gain insight into the
mechanism of binding and the stability of the NRP-1-potential
lead complexes >

Molecular docking

A compendium of 1930 compounds, two inhibitors and the C-
end Rule were virtually screened against the b1 subdomain of
NRP-1. The binding energies between the C-end Rule, EG00229,
and EG01377 and NRP-1 were —6.4, —6.5 and —6.6 kcal/mol
respectively. These results corroborate previous studies where
among the three, the C-end Rule had the least binding affinity
followed by EG00229 and finally EG01377.5%¥ 7.0 kcal/mol
has been used as a threshold for choosing potential antiviral
compounds and has also conjointly been shown to tell apart
between putative and non-putative target binders.***" Further-
more, a threshold of —7.23 kcal/mol was utilized in a previous
study where NRP-1 inhibitors were identified“? hence, a
stringent threshold of —8.0 kcal/mol was adopted. A total of 34
hits with binding energies less than —8.0 kcal/mol were
selected. Among the 34 hits was CNP0426052 with the
strongest binding affinity of —11.9 kcal/mol (Table 1).

Assessment of docking protocol

Assessment of docking protocol is important in determining the
performance and efficiency of AutoDock Vina. LigAlign™ script
embedded in PyMOL version 1.3 was employed. LigAlign
employs the superposition of ligands in validating the docking
protocol by determining the root mean square deviation
(RMSD) between the co-crystallized and the redocked ligands.
This technique is widely adopted for structural analysis of the
protein-ligand complex.* An RMSD value of 1.660 A was
obtained. An RMSD value less than or equal to 2.0 A depicts
AutoDock Vina's ability to predict the binding pose of the
ligand in the binding pocket.***

After the superposition of the co-crystallized and the re-
docked structures, 10 residues interact with the C-end rule with
4 being hydrogen bonds and 6 being hydrophobic interactions.
7 out of the 10 residues are the critical residues Tyr297, Trp301,
Thr316, Asp320, Ser346, Thr349 and Tyr353. Asp320, Tyr353,
Thr349 and Ser346 formed hydrogen bonds while Tyr297,
Trp301 and Thr316 formed hydrophobic interactions (Figure 3).
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Table 1. The binding energy and protein-ligand interaction of compounds with binding energy of >-7.5 kcal/mol that formed at least a hydrogen bond.

Compound Binding Hydrogen Bond Length [A] Hydrophobic Interactions

Energy

[kcal/

mol]
CNP0426052 -11.9 Trp301(3.11) Tyr297, Asp320, Thr316, Tyr353
CNP0435138 —-11.4 Trp301 (3.15) Tyr297, Thr316, Tyr353
CNP0427275 —-11.4 Asp320 (3.08) Thr316, Trp301, Tyr353, Tyr297
CNP0425170 111 lle345 (2.97) Arg418, Lys347, Ser346
CNP0425047 —-10.9 Pro311 (3.10), lle345 (2.94) Thr388, Arg418, Lys347, Ser346
CNP0426390 —-10.9 Thr316 (2.84), lle415 (3.23) Gly414, Tyr353, Tyr297, Trp301
CNP0424372 —-10.7 Asp320(3.09,3.14) Gly414, Tyr297, Thr316, Tyr353, Trp301
CNP0426601 -89 lle415 (3.22), Asp320 (3.13) Thr316, Tyr353, Trp301, Tyr297, Gly414
CNP0428817 -85 Trp301 (2.87) Tyr297, Lys351, Thr316, Thr413, Asp320, Tyr353, Thr349
CNP0431473 -84 Asp320 (3.01), Pro317 (3.25) Gly318, Thr316, Tyr353, Glu348, Ser346, Trp301, Tyr297, Glu319
CNP0436773 —83 Tyr297 (3.00), Ser346 (3.17) Tyr353 (2.80, 3.17) Asn300, Thr349, Glu348, Trp301, Asp320, Thr316, Glu319, Gly318
CNP0433083 —83 Tyr353 (2.83), Trp301 (2.88) Thr349, Glu348, Tyr297, Thr316, Glu319, Asp320
CNP0435132 —8.2 Asp320 (3.06) Glu319, Pro317, Thr316, Trp301, Tyr297, Tyr353
CNP0429647 —8.2 Trp301 (3.12) Tyr297, Gly414, Thr316, Asp320, Tyr353, Thr413, Thr349, Glu348
CNP0427474 —8.2 Asp320 (3.07), Ser346 (3.03), Glu348 (2.91) Thr316, Tyr297, Trp301, Tyr353
CNP04432501 —8.2 Asp320 (2.97), Ser346 (3.33), Trp301 (3.05) Gly414, Tyr353, Thr316, Glu348, Thr349, Tyr297
CNP0434819 —8.2 Asp320 (3.07), Ser346 (3.03), Glu348 (2.91) Thr316, Tyr297, Tyr353, Trp301
CNP0435311 —8.1 Trp301 (2.98) Glu348, Thr349, Asp320, Thr316, Tyr353, Tyr297
CNP0429190 -8 Trp301 (3.23), Asp320 (3.04), Thr413 (3.00) Thr349, Glu348, Tyr297, Thr316, Tyr353, Gly414
CNP0430366 -8 Tyr353 (3.16), Thr349 (3.04), Asp320 (2.80) Glu319, Thr316, Ser346, Trp301, Tyr297, Glu348
CNP0435892 -79 Tyr353 (2.99) Trp301, Tyr297, Lys351, Glu319, Asp320, Thr316
CNP0434791 -79 Trp301 (2.81) Thr316, Tyr353, Gly414, Asp320, Tyr297
CNP0429699 -79 Asp320 (3.04) Ser346, Tyr353, Glu319, Pro317, Thr316, Tyr297, Trp301, Thr349
CNP0433536 —-79 Ser346 (3.29), Glu348 (3.30), Trp301 (3.14) Tyr353, Thr316, Asp320, Tyr297, Thr349
CNP0432708 —-79 Ser346 (3.30), Glu348 (3.20), Trp301 (3.01) Thr316, Asp320, Tyr353, Tyr297
CNP0434613 -79 Asp320 (2.89), Trp301 (3.02) Tyr297, Thr316, Tyr353
CNP0433856 -79 Asp320 (3.00), Trp301 (3.14), Ser346 (3.21) Thr316, Gly414, Tyr297, Tyr353, Thr349
CNP0434111 —-79 Trp301 (3.28) Glu348, Tyr297, Asp320, Pro317, Thr316, Tyr353
CNP0430421 —-79 Asp320 (3.12), Trp301 (3.10) Pro317, Glu319, Tyr297, Thr316, Thr349, Ser346
CNP0425385 —-79 Tyr353 (3.18), Glu348 (3.00), Asn300 (3.14,2.80), Ser298 Asp320, Gly414, Thr316, Thr349, Trp301, Tyr297

(3.10)
CNP0425875 —-79 Ser346 (2.77, 2.98), Glu348 (3.03), Thr349 (3.24), Tyr353 Trp301, Tyr297, Thr316
(2.96, 3.15)
CNP0426315 -7.8 Asp320 (3.25) Thr316, Trp301, Tyr353, Thr349, Ser346, Tyr297, Glu319
CNP0433097 -7.8 Asp320 (3.19) Pro317, Thr316, Tyr297, Trp301, Ser346, Tyr353, Lys351, Glu319
CNP0432892 —7.8 Tyr353 (3.13), Ser346 (3.11, 2.97), Glu348 (3.03) Thr349, Trp301, Tyr297, Thr316, Asp320, Glu319
CNP0430138 —7.8 Try353 (3.17), Trp301 (3.18, 2.93) Thr316, Tyr297, Thr349
CNP0433268 —7.8 Asp320 (3.22), Asn300 (3.30) Glu319, Thr349, Glu348, Tyr297, Trp301, Tyr353, Thr316
CNP0425897 —7.8 Trp301 (3.29) Asp320, Tyr297, Thr349, Thr316
CNP0435506 -7.8 Ser346 (2.88) Thr349, Trp301, Tyr297, Tyr353, Pro317, Thr316, Asp320, Glu319,
Glu348

CNP0424610 —-7.8 Tyr353 (2.86), Thr413 (2.88, 2.92), Asp320 (3.00) Gly414, Thr316, Tyr297, Trp301, Thr349, Lys351, Glu348
CNP0424533 —7.8 Asp320 (3.16, 3.32) Glu319, THR316, Trp301, Tyr297
CNP0425464 —7.8 Tyr353 (2.81), Trp301 (3.10) Asp320, Thr413, Thr316, Gly414, Tyr297, Lys351, Asn300, Glu348
CNP0432611 —7.8 Ser346 (3.21), Trp301 (3.12) Thr349, Glu348, Tyr297, Tyr353, Asp320, Thr316
CNP0429474 -7.8 Lys351 (3.33) Thr413, Asp320, Tyr353, Tyr297, Trp301
CNP0433023 —7.8 Glu348 (2.87), Ser346 (3.20) Thr349, Lys351, Tyr353, Thr316, Asp320, Gly318, Glu319, Tyr297,

Trp301
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Table 1. continued

Compound Binding Hydrogen Bond Length [A] Hydrophobic Interactions
Energy
[kcal/
mol]
CNP0424522 —7.8 Lys351 (3.21), Asp320 (2.98) Glu319, Thr316, Trp301, Tyr297, Tyr353
CNP0431265 —7.8 Asn300 (3.20), Trp301 (3.21, 2.87) Tyr297, Tyr353, Thr316, Glu348
CNP0427137 —7.7 Asp320 (3.02) Tyr353, Trp301, Tyr297, Thr316, Gly414
CNP0429848 —7.7 Asp320 (3.07), Ser346 (2.87), Glu348 (2.93), Trp301 Glu319, Thr349, Tyr297, Thr316
(2.97)
CNP0431416 —7.7 Thr413 (3.22), Asp320 (3.07) Glu319, Gly318, Ser346, Trp301, Tyr353, Thr316, Tyr297
CNP0430001 —7.7 Trp301 (2.80) Thr349, Tyr353, Tyr297, Asp320, Gly318, Thr316
CNP0425191 —-7.7 Trp301 (2.91) Tyr297, Pro317, Gly318, Glu319, Asp320, Thr413, Lys351, Tyr353,
Thr316
CNP0430243 —7.7 Asp320 (3.11, 3.08) Glu319, Thr316, Tyr353, Trp301, Tyr297
CNP0430629 -7.7 Asn300 (2.96), Trp301 (3.30) Pro317, Thr316, Asp320, Tyr297, Glu348, Thr349, Tyr353
CNP0428673 —-7.7 Asp320 (2.98) Thr413, Lys351, Gly414, Tyr353, Thr316, Trp301, Tyr297, Gly318,
Pro317, Glu319
CNP0436671 -77 Tyr353, Trp301 Asp320, Thr316, Tyr297, Ser298, Asn300, Glu348, Ser346, Thr349
CNP0426537 —-7.7 Thr413 (3.32), Tyr353 (2.90, 3.08), Thr349 (2.98), Ser346 Trp301, Tyr297, Thr316, Asp320
(3.06)
CNP0424487 —7.7 Tyr353 (3.00, 2.85), Asn300 (3.24) Tyr297, Thr349, Trp301, Glu348, Thr316, Asp320
CNP0435084 —7.6 Trp301 (3.02) Asp320, Tyr353, Thr316, Tyr297
CNP0427078 —7.6 Asp320 (3.07) Glu319, Tyr297, Tyr353, Trp301, Thr316, Pro317
CNP0428129 —7.6 Trp301 (2.95) Asp320, Thr316, Tyr297, Thr349, Ser346
CNP0428690 —7.6 Trp301 (3.07) Thr316, Thr349, Thr413, Asp320, Tyr297, Tyr353
CNP0426556 76 Asp320 (2.85) Glu319, Gly318, Tyr297, Trp301, Tyr353, Thr316, Glu319
CNP0434073 —7.6 Asp320 (3.09, 3.04) Glu319, Tyr297, Thr349, Ser346, Trp301, Thr316, Tyr353
CNP0436112 —7.6 Asp320 (3.22) Glu319, Pro317, Thr349, Ser346, Glu348, Tyr297, Thr316, Trp301,
Tyr353, Gly318
CNP0432838 —7.6 Glu348 (3.05), Trp301 (3.03, 2.85), Ser346 (2.76) Asn300, Thr349, Tyr297, Asp320, Glu319, Thr316, Pro317
CNP0436788 —7.6 Pro317 (2.86) Glu319, Tyr297, Trp301, Thr316, Ser346, Tyr353, Thr413, Asp320
CNP0433836 -76 Asp320 (3.06), Thr413 (2.77), Tyr353 (2.79), Lys (2.99) Tyr297, Thr316, Ser346, Gly414, Trp301
CNP0434686 -76 Asn300 (3.31, 2.81) Glu348, Thr349, Ser346, Trp301 Asp320, Tyr297, Thr316 Tyr353
CNP0424603 —7.6 Trp301 (3.12), Tyr353 (2.70), Asp320 (3.05) Glu319, Glu348, Ser346, Tyr297, Thr316
CNP0431117 —7.6 Tyr297 (3.10), Asn300 (2.85), Glu348 (3.01, 300), Trp301 Glu319, Gly318, Asp320, Thr316, Tyr353
(2.86)
CNP0433323 —7.6 Asp320 (3.06, 3.18) Thr349, Tyr297, Trp301, Thr316, Tyr353, Gly318, Glu319
CNP0432515 —-7.5 Trp301 (3.12), Glu348 (3.06) Thr316, Tyr297, Asp320, Tyr353
CNP0434409 —-7.5 Asn300 (3.23), Trp301 (2.96), Tyr297 (3.07) Glu348, Thr349, Thr316, Tyr353
CNP0426246 -75 Ser346 (3.31) Trp301, Thr349, Tyr297, Asp320, Glu319, Pro317, Thr316, Tyr353
CNP0436152 -75 Ser346 (2.95) Thr349, Tyr297, Asp320, Thr316, Tyr353, Trp301
CNP0424683 —7.5 Trp301 (3.05), Asp320 (2.93) Glu348, Ser346, Thr349, Tyr297, Glu319
CNP0434023 -75 Tyr353 (2.71) Glu319, Asp320, Thr316, Tyr297, Trp301
CNP0428145 -7.5 Pro317 (3.25) Asp320, Glu319, Tyr353, Thr316, Glu348, Trp301, Ser346, Tyr297
CNP0431895 —-75 Ser346 (3.19), Tyr353 (3.05) Tyr297, Asp320, Thr316, Trp301, Thr349, Lys351
CNP0424402 —-75 lle415 (3.30) Tyr353, Asp320, Glu348, Thr349, Trp301, Ser346, Tyr297, Thr316
CNP0424427 —-7.5 Trp301 (2.97) Glu348, Tyr297, Asp320, Thr316, Tyr353
CNP0434660 —-7.5 Asp320 (3.06) Trp301, Thr316, Glu319, Gly318, Pro317, Tyr297, Tyr353

This was to analyze the common residues the ligands interact
with for both complexes. This further validates AutoDock Vina's
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ability to predict the binding pose of a ligand in the binding
pocket of a receptor.
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Figure 3. Aligning of the ligands of the co-crystallized complex (cyan) and
the redocked complex (green) (A) The co-crystallized and redocked ligands
align to determine the RMSD (B) The co-crystallized and redocked complexes
superimposed in LigPlot + to identify the common interacting residues in
both complexes.

Characterization of protein-ligand interaction

Hydrophobic and hydrogen bonding, which are crucial for
ligand stability,” were employed to analyze the binding
processes of the 34 hits. Out of the 34 hits, 20 interacted with
at least one of these residues: Tyr297, Trp301, Thr316, Asp320,
Ser346, Ther349 and Tyr353 (Table 1 and Figure 4). These 20
hits formed at least a hydrogen bond and several hydrophobic
interactions. These residues are the active sites of NRP-1 hence
an inhibitor of NRP-1 must interact with them.">*® |In addition,
Asp320 has also been shown to be a critical residue in the
activity of NRP-15" (Figure 4). Therefore, compounds that
interact with Asp320 might inhibit NRP-1. The C-end Rule
interacted with Tyr297, Glu414, and Thr316 via hydrophobic
interaction and hydrogen bond with Ser346, Thr349, Tyr353

(a)

and Asp320 (Figure S3). CNP0427474 formed hydrogen bonds
Asp320 and Glu348 while forming hydrophobic interactions
with Thr316, Tyr297, Trp301 and Tyr353. CNP0435132 formed
hydrogen bond with Asp320 and hydrophobic interactions with
Glu319, Pro317, Thr316, Trp301, Tyr297 and Tyr353.
CNP0424372 formed hydrogen bond with Asp320 and hydro-
phobic interaction Gly414, Tyr297, Thr316, Tyr353 and Trp301.
CNP0435311 interacted with Trp301 via hydrogen bond and
hydrophobic interactions with Glu348, Thr349, Asp320, Thr316,
Trp353 and Tyr297. CNP0429647 formed hydrogen bond with
Trp301 and hydrophobic interactions with Tyr297, Gly414,
Thr316, Asp320, Tyr353 and Thr413 (Table 1). All the potential
leads interacted with Asp320, Thr316, Ser346 and Tyr353,
implying their plausibility to inhibit the interaction between the
C-end Rule and NRP-1."*¥ Studies have shown that compounds
that interact with these residues might hinder the interaction
between the C-end Rule and the b1 subdomain of NRP-1 which
might lead to its inhibition.*”

Antiviral and BBB permeability prediction

NRP-1 is expressed by the brain cells*” It has also been
established that SARS-CoV-2 permeates the BBB in order to get
access to the brain."” It is imperative for NRP-1 inhibitors to
permeate the BBB in order to inhibit the interaction between
the C-end Rule and NRP-1.

COVID-19 is a viral disease hence drug candidates for
COVID-19 must be antiviral®™ Prediction for Activity for
Substance Spectra (PASS) is an online server that utilizes
Quantitative Structure-Activity Relationships (QSAR) of about
31,000 biologically active substances to predict the activity of
small compounds.®" Six hits were predicted to be both BBB
permeate and antiviral with probability of active (Pa) values
ranging from 0.414 to 0.779 (Table 2).

CNP0435132 and CNP0427474 belong to the class of
compounds carboxylic acid renowned for their antiviral poten-

(8)

Figure 4. 2D of Protein-ligand interaction of illustrating the types of bonds formed between (A) CNP0435132 and (B) CNP0427474 and the b1 subdomain.
Green dashes indicate hydrogen bond and red dashes indicate hydrophobic interactions.
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MD simulation.

Table 2. The 6 hits and 2D structure. Among the 20 compounds, these 6 were predicted to be antiviral and BBB permeate. The first 5 hits were selected for

Compound BBB Permeation Antiviral 2D Image
Pa Pi
CNP0427474 Yes 0.779 0.003
CNP0435132 Yes 0.750 0.004
CNP0429647 Yes 0.668 0.008
CNP0424372 Yes 0414 0.077
CNP0435311 Yes 0.470 0.009
OH
CNP0429190 Yes 0.663 0.008

HO o

tial. An analog of CNP0435132 has demonstrated effectiveness
against both RSV LONG and A2 strains, with ICs, values of 2.3
and 2.8 uM, respectively.*? CNP0427474, characterized as a
carboxylic acid and quinoline carboxylic derivative, has exhib-
ited notable antiviral properties, with an EC;, value of 2 nM
against VSV influenza.”® Furthermore, CNP0427474 is structur-
ally similar to vinorelbine, a therapeutic for influenza B.
CNP0424372 is structurally similar to strychnine, an experimen-
tal drug for the central nervous system against convulsion. In
addition, CNP0424372, an alkaloid, has demonstrated activity
against the dengue virus, with an ECs, value of 8.8 ug/mol.””
Furthermore, triterpenes such as CNP0435311 are well-recog-
nized for their antiviral properties® with CNP0435311 being
structurally similar to Phlorizin an active compound against
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measles virus.*® CNP0429647, a derivative of anthraquinones
have been reported to possess antiviral activity.””

Molecular dynamics (MD) simulation

The top 5 hits’ complexes, the EG00229 complex, the C-end
Rule complex and the unbound protein were subjected to a
200 ns MD simulation. MD simulation gives insight into the
folding of the protein due to conformational changes with
respect to time, utilizing Newton’s laws of motion.”**" Root
Mean Square Deviation (RMSD), Root Mean Square Fluctuation
(RMSF), Radius of Gyration (Rg) and Hydrogen bond (H-bond)
plots were computed. This was to identify scaffolds that
manage to stay with the binding cleft and maintain steady
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interaction with critical residues Asp320, Tyr353, Ser346, Tyr297
and Thr349."

The RMSD time trajectory displays how a protein structure
differs from a reference structure over time.*? This gives an
insight into stability as it undergoes conformational changes.
The RMSD value of a residue typically represents the local
flexibility of a protein. It represented an atom’s mobility along
the track of the simulation.®**” As a result, a larger residue
RMSD value means that the mobility is higher, while a lower
residue RMSD value means that the mobility is lower.®>* This
then gives more insight into how the atoms of the protein and
the complexes displace from the backbone.”” The RMSD plot
for the NRP-1 complexes and the unbound protein revealed
that the complexes and the apo protein converged at about
8 ns (Figure 5). Subsequently, both the apo protein and the
corresponding ligand complexes displayed a favorable stability

RMSD
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Figure 5. RMSD of the unbound protein (black) and the C-end Rule (red),
EG00229 (green), CNP0435132 (blue), CNP0435311 (yellow), CNP0424372
(brown), CNP0429647 (grey) and CNP0427474 (violet) complexes.
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Figure 6. Radius of Gyration of the unbound protein (black) and the C-end
Rule (red), EG00229 (green), CNP0435132 (blue), CNP0435311 (yellow),
CNP0424372 (brown), CNP0429647 (grey) and CNP0427474 (violet) com-
plexes.
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throughout the simulation (Figure 5), with overall average
values of 0.112, 0.121, 0.115, 0.119, 0.118, 0.122, 0.114, and
0.120 nm for apo-NRP-1, eg00229, C-end rule, CNP0427474,
CNP0429647, CNP0424372, CNP0435311 and CNP0425132 re-
spectively (Table S1). Previous studies where inhibitors of NRP-1
were identified reported a similar RMSD pattern, showing that
the compounds stayed well bound to NRP-1 and formed stable
complexes. #8668

Rg gives insight about the compactness of a macromolecule
hence determining the folding of the macromolecule.”*”" The
change of the Rg over time (Figure 6) indicates the unfolding of
a protein and a stable Rg depicts compactness and folding.”?
For all the complexes and the unbound protein, a stable Rg was
observed ranging from 1.513 to 1.521 nm (Table S1). Overall, an
average Rg of about 1.516 nm was observed corroborating an
earlier study where an average Rg of 1.511 nm was obtained,
suggesting compactness upon ligand binding.*"”

Analysis of RMSF determines the volatility of the residues of
the protein.”¥ Residues with less fluctuation indicate that those
residues are involved in binding.” The RMSF of all the
complexes and unbound protein was similar with fewer
fluctuations at the active site residues (Figure 7) as indicated by
Sabki et al, 2023. This corroborates results from previous studies
where the b1 subdomain has been shown to be suitable for
ligand binding.””

Analysis of hydrogen bonds is essential for predicting the
protein-ligand complex’s stability. The stability of the protein-
ligand complex increases with the amount of intermolecular
hydrogen bonds.”® The number of hydrogen bonds established
throughout the simulation was evaluated to assess the
interactions between the NRP-1 and the ligands. CNP0435132
formed a maximum of 4 hydrogen bonds and an average of 3
hydrogen bonds throughout the simulation time. CNP0427474
formed a maximum of 3 hydrogen bonds and an average of 1
hydrogen bond. CNP0435311, CNP0424372 and CNP0429647
formed a maximum of 2 hydrogen bonds and an average of 1
hydrogen bond (Figure 8). This implies that continuous inter-
actions formed between the binding sites and the potential.””

RMS fluctuation

0.6 T T T T

— NRPI

= NRPI - Cend rule
gl NRPI - ¢g00229

’ — NRPI - CNP0435132
U NRPI - CNPO435311 [
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04l NRPL - CNP0429647 ||
— NRPI - CNP0427474

L | L
300 330 400
Residue

Figure 7. RMSF of the unbound protein (black) and the C-end Rule (red),
EG00229 (green), CNP0435132 (blue), CNP0435311 (yellow), CNP0424372
(brown), CNP0429647 (grey) and CNP0427474 (violet) complexes.
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Figure 8. Hydrogen bonds formed over the simulation time CNP0435132
(blue), CNP0435311 (yellow), CNP0424372 (brown), CNP0429647 (grey) and
CNP0427474 (violet) complexes.

The protein surface’s exposure to solvent molecules is
measured by the Solvent Accessible Surface Area (SASA). By
analyzing the impact of the solvent environment, it may
provide insight into the molecule’s stability and compactness.
The more exposed the proteins’ hydrophobic amino acid
residues are, the lower the SASA value, and the more stable the
system is.®"%7778 Average SASA values ranging from 86.433 to
89.410 nm? (Table S1) were observed with the NRP-1-Cend Rule
complex displaying the highest SASA value of 89.410 nm?
suggesting more protein compactness and stability upon ligand
binding (Figure S1).

Molecular mechanics-Poisson Boltzmann surface area (MM-
PBSA) calculation

Molecular mechanics-Poisson Boltzmann surface area (MM/
PBSA) is a widely used approach to determine the binding free
energy between a ligand and a macromolecule.” It has been
shown that simulation-based binding affinities are more precise
than computational-based binding affinities such as molecular
docking.”® The binding free energies of 7 protein-ligand
complexes were computed. The results obtained had a similar
trend to AutoDock Vina’s results. NRP-1 inhibitor, EG00229 had
a higher binding affinity than the C-end Rule. This has also

been observed in previous studies where EG00229 had a higher
binding affinity to NRP-1 than the C-end Rule.?® The 5 potential
leads had higher binding affinity to NRP-1 than both the C-end
Rule and EG00229 (Table 3). This corroborates the results from
the docking. High binding affinity indicates a high plausibility of
inhibition® hence, the potential leads are plausible inhibitors
of the interaction between NRP-1 and the C-end Rule.

To further validate the MM-PBSA and the docking results,
PRODIGY web server®® was employed. The last 5 ns frame of
the MD simulations of the C-end Rule and the 5 potential leads
were extracted, and their binding energies were estimated. C-
end Rule, CNP0435132, CNP0435311, CNP0424372, CNP0429647
and CNP0427474 had average binding energies of —5.9, —7.1,
—6.0, —6.4, —6.6 and —6.0 kcal/mol respectively.

Energy decomposition per residue is a measure of the
energy each residue in a protein-ligand complex contributes to
ligand interaction with a receptor.®” Residues that contribute
energy less than —5 kJ/mol or greater than 5 kJ/mol have been
reported to be critical residues in the ligand interaction with a
receptor.®™ For the NRP-1-CNP0435132 complex, Asp320 con-
tributed 5.8 kJ/mol, implying its crucial role in ligand binding to
NRP-1 (Figure S2). This corroborates earlier studies where
Asp320 was reported as a critical residue in the ligand binding
of NRP-1.B9

Conclusions

In this study, we harnessed virtual screening to pinpoint
potential inhibitors of NRP-1, an emerging target exploited by
SARS-CoV-2 for neural system entry. Our meticulous examina-
tion of 1930 drug-like compounds, in accordance with Lipinski's
Rule of Five, led us to identify five novel potential leads:
CNP0435132, CNP0435311, CNP0424372, CNP0429647, and
CNP0427474. These compounds exhibited promising binding
energies; —8.2, —8.1, —10.7, —8.2, —8.2 kcal/mol, respectively
and displayed interactions with critical residues Asp320, Tyr297,
Ser346, Thr349, and Tyr353. An in-depth exploration of their
pharmacokinetic properties revealed permeability through the
blood-brain barrier, along with potential antiviral activity, as
indicated by probable active values ranging from 0.414 to
0.779. MD simulation and MM-PBSA calculation further bol-
stered our findings, confirming the stability and compactness of

Table 3. The average energy terms of the 5 potential leads, C-end Rule and Eg00229 with their deviation in kJ/mol.
Compound van der Waals energy Electrostatic energy Polar solvation energy Nonpolar energy Binding energy
[kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol] [kJ/mol]

C-end-rule —38.600 + 3.960 —138.164+15.785 241.250+23.213 —6.833 £0.691 58.334+3.504
eg00229 —52.658+2.909 —173.506 +9.949 256.231+£12.598 —8.524+£0.445 21.697 £2.645
CNP0435132 —41.784+2.574 —35.633+2.919 59.026 +£4.823 —6.350£0.410 —24.598 +2.406
CNP0435311 —30.019+2.162 —3.536+£0.477 15.513+2.529 —4.272+£0.303 —22.381+2.389
CNP0424372 —50.852+2.431 —15.728 £1.091 47.603+3.175 —7.054+0.321 —25.789+1.957
CNP0429647 —29.677 +£2.434 —2.807 £0.608 12.913+2.767 —3.939+0.299 —23.664 +2.962
CNP0427474 —39.678+2.427 —9.582£1.016 34.211+£3.079 —5.647 £0.335 —20.611+2.368
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the complexes formed between these natural compounds and
NRP-1, consistent with earlier studies.

In conclusion, these natural compounds can therefore be
experimentally be investigated and could serve as promising
scaffolds for the development of NRP-1 inhibitors, holding
significant potential for therapeutic interventions aimed at
mitigating the neuroinfectivity associated with SARS-CoV-2.

Methods
Target Retrieval and Preparation

An exhaustive search was conducted at the Research Collabo-
ratory for Structural Bioinformatics (RCSB) Protein Data Bank
(PDB).®” Twenty-four structures of NRP-1 were found. The 3D X-
ray crystallographic structure of NRP-1 in a complex with the C-
end rule (PBD ID: 7JJC) was selected for this study. The protein
was viewed using PyMOL (PyMOL Molecular Graphics System,
Version 2.5.0, Schrodinger, LLC) GROningen MAchine for
Chemical Simulations (GROMACS) version 2018.8%® was used to
minimize the energy of the protein. This was done by creating a
topology file of the structure which contains all required
information such as atom masses, bond length, and angles was
created at a reasonable force field (Optimized Potentials for
Liquid Simulations (OPLS)/All Atom (AA) force field)®.

Small Molecules Retrieval and Preparations

An integrated library of 1930 compounds from the COCONUT
(COlleCtion of Open NatUral ProducTs) database® that do not
violate both Lipinski’s rule of five (RO5)®" and Veber rule® and
are predicted to be non-toxic, two known inhibitors of NRP1,
EG01377 and EG00229 and Cend Rule of the spike protein of
SARS-CoV-2 were employed for this study. An Open Babel
2.4.0°" was used to convert the structure data file (sdf) format
of the 1930 compounds into AutoDock files format (pdbqt).
Prior to the conversion, the energies of the compounds were
minimized using the Universal Force Field (UFF).”"

Molecular Docking

AutoDock Vina 1.1.2°9 was employed for the molecular
docking. A grid box of dimensions 21.374, 28.274 and
23.5115 A® centered at 23.367, 43.539 and 40.982 A in accord-
ance with the x y, and z coordinates (around the b1
subdomain) was used. AutoDock Vina’'s threshold of —7.0 kcal/
mol can discriminate between putative specific and non-specific
protein-ligand bonds®® hence a more stringent threshold of
—8.0 kcal/mol was utilized to identify compounds with higher
binding affinity to NRP-1. Compounds with binding energies
higher than —8.0 kcal/mol were not selected. PyMOL version
2.5.0 was used to visually inspect the results to select the best
docked ligands.

Chem. Biodiversity 2023, €202301227 (9 of 11)

Assessment of Docking Protocol

LigAlign™ was used to validate the docking protocol. The
ligand co-crystallized structure of NRP-1 was removed and
redocked. The co-crystallized complex and the redocked
complex were superimposed with LigAlign to determine the
Root Mean Square Deviation (RMSD) between the ligand of the
co-crystallized structure and the redocked structure. The co-
crystallized and the re-docked complex were then super-
imposed using LigPlot + version 1.4.5.°7

Protein-Ligand Interaction Characterization

The protein-ligand interaction of the complexes was analyzed
using LigPlot+ version 1.4.5°” The 2D protein-ligand inter-
actions generated showed hydrogen bonds and hydrophobic
interactions. The best pose of the hits was saved in “.pdb” file
format and visualized in PyMOL (PyMOL Molecular Graphics
System, Version 2.5.0, Schrédinger, LLC) before serving the
complexes as input for LigPlot+. The hydrogen bonds were
denoted as green dashed lines and the arcs with spokes
radiating towards the ligands as hydrophobic interactions.

Antiviral and BBB Permeability Prediction

The antiviral activity of the hits was determined using
Prediction of Activity Spectra for Substances (PASS)."” The
Simplified Molecular Input Line-Entry System (SMILES) format of
the compounds served as inputs. The structural-activity link
between the compound of interest and a training set of over
31,000 compounds with known biological activities is used by
PASS to determine the relevant biological activities of com-
pounds. PASS predicts the probability of active (Pa) and
probability of inactive (Pi) for each given chemical, with both
values ranging between 0.000 and 1.000 for a predicted activity.
When the Pa is more than the Pi for a chemical activity and Pa
>0.3, the pharmacological activity should be investigated.®**”
The BBB permeation of the hits was determined by
SwissADME," an online tool to evaluate the pharmacokinetic
properties and druglikeness of a compound.

Molecular Dynamics Simulation and Molecular Mechanics-
Poisson Boltzmann Surface Area (MM-PBSA) Calculations

The unbound protein and 7 protein-ligand complexes were
subjected to a 200 ns Molecular Dynamics (MD) simulation
using GROningen Machine for Chemical Simulation (GROMACS)
2018 version.®™ The ligands’ topology was generated by
employing SwissParam"®" while CHARMM 27 all atoms force
field was used to generate the topology of the protein after
which the system was placed in cubic simulation box with a
distance of 1 nm from the edges. lons of concentration 0.15 M
were added to neutralize the system before the energy of the
system was minimized for 5,000 nsteps for relaxation. The
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system was then equilibrated at a temperature of 300 K and
density of 1,020 kg/m® for nsteps of 5,000. Xmgrace version
5.1.11 was used to analyze the results. Finally, the grid box size
and center were set exactly the same for NRP-1 and the
complexes.”*”

Molecular Mechanics-Poisson Boltzmann surface Area (MM-
PBSA) calculations were carried out to determine the binding
free energy (AG) of the complexes using g-mmpbsa,'® a tool
for high-throughput MM-PBSA calculations. The free binding
energy (AG) was calculated using the equation below.

AGMM—PBSA = AGcomplex - (AGprotein + AGligand)
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