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Abstract The transmembrane receptor Neuropilin-1

(NRP-1) was reported to serve as a host cell entry factor for

the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), the causal agent of COVID-19 disease.

Therefore, molecular compounds interfering with SARS-

CoV-2 binding to NRP-1 seem to be potential candidates as

new antiviral drugs. In this study, NRP-1 receptor was

targeted using a library of 1167 compounds previously

analyzed in COVID-19 related studies. The results show

the effectiveness of Nafamostat, Y96, Selinexor, Ebastine

and UGS, in binding to NRP-1 receptor, with docking

scores lower than - 8.2 kcal/mol. These molecules inter-

act with NRP-1 receptor key residues, which makes them

promising drugs to pursue further biological assays to

explore their potential use in the treatment of COVID-19.
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Introduction

Since the first identification of SARS-CoV-2, the drug

discovery community is racing against time to find an

active drug against this new virus. However, there is still

no drug molecules that showed a therapeutic potential in

COVID-19 disease treatment.

Besides severe acute respiratory syndrome coronavirus

(SARS-CoV) and Middle-East respiratory syndrome

(MERS-CoV), SARS-CoV-2 is the new member of

Coronaviridae family and among coronaviruses that infect

humans [30]. The genome of coronaviruses is composed of

a large positive-sense and single-stranded RNA of

approximately 30 kb. It encodes four structural proteins;

the spike (S) protein, the nucleocapsid (N) protein, the

membrane (M) protein, and the envelope (E) protein, all

necessary for the production of complete infectious virus

particle [18]. Moreover, the SARS-CoV-2 genome com-

prises 16 functional non-structural proteins (nsp1 up to

nsp16) implicated in the proteolytic cleavage and synthesis

and processing of RNA [21].

Different SARS-CoV-2 proteins have attracted attention

of scientists working on the development of new small

molecules inhibitors using computer-aided drug design and

discovery approaches. The spike (S) is the most important

structural protein, it interacts with the Human ACE2

receptor (angiotensin 2 converting enzyme) as an entry

point into cells [8, 14]. The nsp5 non-structural protein,

known to be the coronavirus main protease (Mpro). It plays

a critical role in the life cycle of the coronavirus as its

enzymatic activity cleaves polyproteins to produce func-

tional proteins [1]. Among these functional proteins, the

nsp12 (RNA-dependent RNA polymerase) plays an

essential role in the replication and transcription of SARS-

CoV-2 RNA genome [6].
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Instead of targeting viral proteins, some researchers

have focused on the human receptors involved in the

SARS-CoV-2 virus entry into host cells. The angiotensin-

converting enzyme 2 (ACE2) receptor plays a principal

role in the binding and fusion of the virus with the host cell

membrane. During the cell entry of the viral particles, the

SARS-CoV-2 spike (S) proteins are cleaved by Furin

protease into receptor binding subunit S1 and membrane

fusion subunit S2. The S1 subunit specifically binds into

ACE2 receptor via its receptor-binding domain (RBD),

while S2 subunit mediates the cell fusion after proteolytic

activation by the transmembrane protease serine 2

(TMPRSS2) [11, 19].

Proteolytic cleavage of S1-S2 junction in the spike

(S) protein by Furin generated a conserved C-terminus

amino acid motif 682-RRAR-685[4]. This motif conforms

to the C-end terminal rule (CendR) which is characterized

by the following configuration [R/K]XX[R/K] (where R is

arginine that can be substituted by lysine (K) and X can be

any amino acid)[12]. Serval studies showed that CendR

peptides can interacts with the b1 domain of the Neu-

ropilin-1 (NRP1) transmembrane receptor [7, 15, 22].

Recently, cumulative evidences coming from different

studies has suggested that NRP-1 receptor may facilitate

the entry of SARS-CoV-2 into the host cell, through the

interaction between its B1 domain and the S1 subunit of the

spike (S) glycoprotein [3, 4]. Thus, NRP-1 receptor may

represent a potential therapeutic target for antiviral drugs

against COVID-19 disease.

Computer aided drug discovery and design approaches

such as molecular docking and virtual screening enables

analyzing the affinity between a huge number of chemical

compounds and a protein target in relatively short time.

Thus, the use of these computational methods allows sci-

entists to save time and reduce the cost of drug design

workflows. The aim of this paper is to identify new inhi-

bitors against NRP-1 receptor to inhibit the binding of the

spike (S) protein and subsequent reduction of the viral

infectivity of SARS-CoV-2.

Materials and methods

Database of compounds

To support research efforts in development of new treat-

ments against the SARS-CoV-2 virus, the PubChem data-

base provides a compiled list of information related to

COVID-19 and SARS-CoV-2. This aggregated data helps

PubChem users understand compounds have already been

reported to have a potential effect against COVID-19.

Three-dimensional structure of 1167 compounds involved

with COVID-19 related studies (vivo and in vitro studies,

SARS-CoV-2 clinical trials, COVID19-related PDB

structures) were downloaded from PubChem in SDF file

format. In addition, the SDF files of two previously

described inhibitors of NRP-1 receptor (EG00229 and

EG01377) were also downloaded from PubChem. All these

ligands were prepared and saved in PDBQT file format

using OpenBel software.

Preparation of receptor

The crystal structure of the b1b2 domains from human

Neuropilin-1 receptor (PDB ID: 2QQI) was downloaded

from the protein databank. Co-crystallized ligand and water

molecules were selected and removed using Chimera

software. The preparation of receptor protein was done

using the AutoDockTools 1.5.6 (ADT).

Docking

The AutoDock Vina software was used to carry out a

virtual screening analysis against a library of compounds to

finding novel and potent inhibitor of the Neuropilin-1

receptor. The docking grid box parameters were set to

cover all key residues responsible for contacting the CendR

motif (Y297, W301, T316, D320, S346, T349 and Y353).

Thus, the grid box center was set to X = 19.836,

Y = 29.418 and Z = 42.159, and the dimensions of the box

were set as 16 9 16 9 18 Å with a spacing of 1 Å

between the grid’s points. The best docking complexes

having the minimal binding energy were considered for

further analyzes using Discovery Studio software.

In-silico drug-likeness analysis

Drug-likeness analysis is an important step in the drug

discovery workflow, which helps scientists to make a

decision on whether a candidate drug can be safely

administered to human body or not. Lipinski’s rule of five

evaluate the drug-likeness of a chemical molecule based on

some key pharmacological properties (molecular weight,

hydrogen bonding and lipophilicity). According to this

rule, a chemical compound can be orally absorbed if it has

no more than one violation of the following properties:

molecular weight B 500 daltons, hydrogen bond accep-

tors B 10, hydrogen bond donors B 5 and octanol/water

partition coefficient B 5. The drug-likeness analysis was

performed using ADMETlab 2.0 web server [26]. The

input SMILES strings of all compounds were obtained

from PubChem database.
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Ligand-binding pockets comparison

The comparison of ligand-binding sites was performed

using PocketAlign v1.1 algorithm [29] that provides a

detailed alignment between binding pockets and best resi-

due correspondences.

Compound clustering

Potential Neuropilin-1 protein inhibitors identified in this

work were compared to those reported in two published

studies. The first study proposed 10 compounds (N1 to

N10) with high probability of interacting with Neuropilin-1

receptor based on molecular docking predictions. The

second study, demonstrated using an enzyme linked

immunosorbent assay (ELISA) that the compounds 2, 4, 5,

8, 9 and 17 can effectively inhibit Neuropilin-1.

The compounds dataset was clustered based on simi-

larities between chemical structures using the K-Means

classification algorithm implemented in ChemMine tools

[2]. Data were input into this Web-based cheminformatics

tool using SMILES format.

Results

In the present study, a virtual screening analysis was per-

formed using a database of 1167 compounds against the

NRP1 receptor. The selection criteria of the best drug

candidates was based on their Autodock Vina binding

scores and (lower scores indicate stronger binding affini-

ties) interactions with the active site key residues. The

docking scores and interaction modes of the top five

selected compounds are summarized in Table 1, Figs. 1

and 2.

The docking results revealed that Nafamostat (Pubchem

ID: CID4413) drug showed the highest binding affinity to

the NTP1 protein with a binding energy of - 8.6 kcal/mol.

The Nafamostat is stabilized by four hydrogen bonds in

which two interactions were observed with the active

residues Asp320 and Tyr353. This compound forms also

Table 1 Docking scores and structures of top five compounds

Compound ID Compound Name 2D structure AutoDock 
Vina score 
(kcal/mol) 

CID4413 Nafamostat -8.6 

CID154815735 5-[(E)-
(hydroxyimino)methyl]-
2-methyl-N-[(1R)-1-
(naphthalen-1-
yl)ethyl]benzamide 
(Y96) 

-8.4 

CID71481097 Selinexor -8.4 

CID3191 Ebastine -8.3 

CID146037575 N-(4-methoxypyridin-2-
yl)-2-(naphthalen-2-
yl)acetamide (UGS) 

-8.2 
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two hydrophobic interactions with key residues Tyr297 and

Trp301 (Fig. 1a).

Y96 (CID154815735) and Selinexor (CID71481097)

were both ranked at the second positions with a binding

energy of - 8.4 kcal/mol. Y96 formed two hydrogen

bonds with Asn313 and the active residue Tyr297. In

addition, three hydrophobic interactions were formed

between Y96 and the key residues Tyr353, Trp301 and

Tyr297. The contact mode showed that hydrogen bonds

were formed between Selinexor and active residues Thr316

and Thr349. Furthermore, Trp301, Tyr297 and Tyr353

keys residues also interact with Selinexor through

hydrophobic interactions (Fig. 1b, c).

Among the selected best hits, Ebastine (CID3191) and

UGS (CID146037575) were ranked at the fourth and fifth

positions with binding energies of - 8.3 and - 8.2 kcal/-

mol, respectively. The Ebastine established two

hydrophobic interactions with active amino acids Tyr353

and Trp301, and one hydrogen bond with Tyr353. UGS

interact with active amino acids through two hydrogen

Fig. 1 The best predicted binding poses of Nafamostat (a), Y96 (b) and Selinexor (c) compounds in the Neuropilin-1 active site
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bonds (Ser346 and Try353) and three hydrophobic inter-

actions (Try353, Trp301 and Tyr297) (Fig. 2a, b).

All the top five compounds showed binding affinities

better than the reference compounds EG00229

(- 6.6 kcal/mol) and EG01377 (7.1 kcal/mol) (Table 2).

The output of in-silico drug-likeness analysis is presented

in Table 3. The five compounds are in concordance with

Lipinski’s rule. Two compounds violated only one criteria,

Nafamostat has more than 5 hydrogen bond donors and

Ebastine has a partition coefficient higher than 5. In con-

trast, both reference compounds EG00229 and EG01377

violated the Lipinski’s rule.

Discussion

Structure-based drug design is a computer aided drug dis-

covery approach, which use the three-dimensional structure

of a target protein to identify potential active chemical

compounds. During this pandemic situation of COVID-19,

computational screening of large libraries of small mole-

cules can accelerate the process of antiviral drug discovery

and allow scientists to find the most promising inhibitors

that specifically target SARS-CoV-2 cell entry pathway,

virus RNA genome replication and maturation of viral

particles. The study of SARS-CoV-2 cell entry mecha-

nisms demonstrated that the Neuropilin-1 (NRP1) receptor

can interact with the spike (S) protein and participate in the

host cell entry mechanisms. Thus, this protein may be

considerate as therapeutic target for the development of

adjuvant drugs to interfere with SARS-CoV-2 cell entry.

In the current coronavirus outbreak, many in silico drug

discovery studies were based on repurposing strategy to

identified safe and effective medicines for COVID-19

treatment. This approach of scientific research is based on

the use of drugs already approved for other diseases, to

accelerate the response to health emergencies. In this

context, we performed a molecular docking using 1167

compounds to interact we residues (Y297, W301, T316,

D320, S346, T349 and Y353) implicated in the interaction

between the spike (S) protein and NRP1 receptor. The

screened compounds were retrieved from the PubChem

database, which provides additional information on com-

pounds that have been investigated in COVID-19 related

studies. We found the molecular compounds Nafamostat,

Y96, Selinexor, Ebastine and UGS to be the most suit-

able inhibitors for the NRP1 receptor. The molecular

docking results showed that the binding energies of these

Fig. 2 The best predicted binding poses of Ebastine (a) and UGS (b) compounds in the Neuropilin-1 active site
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ligands are lower than - 8.2 kcal/mol, and the predicted

protein–ligand interactions involved many key residues.

Nafamostat is a serine protease that is commonly used in

Japan for the treatment of acute pancreatitis [5]. A previous

study reported that Nafamostat exhibits a potential antiviral

activity against the Middle East Respiratory Syndrome

Coronavirus (MERS-CoV), by targeting the host protease

TMPRSS2 that plays an essential role in the membrane

fusion [28]. Recent reports suggested that Nafamostat can

also inhibits the SARS-CoV-2 cell fusion and viral infec-

tion of human lung cells [9, 27]. We compared ligand

binding pockets of NRP1 and TMPRSS2 proteins to

identify structural and functional similarities that may

justify the interaction with NAFAMOSTAT drug. Pocket-

Align software showed that the biding pockets of the two

proteins share 8 similar residues (Fig. 3). Furthermore, a

molecular docking analysis was conducted to study the

interaction of the top 5 hits with the TMPRSS2 protein

active site. All compounds showed good binding scores,

ranging from - 6.0 to - 7.5 kcal/mol. These results sug-

gest that this list of ligands could be considered as good

inhibitors for NRP1 and TMPRSS2 proteins (Supplemen-

tary data, Table S1).

Literature research showed that Selinexor can be con-

sidered as drug candidates for the COVID-19 treatment.

Clinical studies investigating the use of the exporting 1

protein (XPO1) inhibitor Selinexor as treatment of

COVID-19 disease are in progress [23]. The cellular

function of this protein is required for nucleocytoplasmic

transport and it’s inhibition by Selinexor may reduce

SARS-CoV-2 virus replication.

Ebastine is an antihistaminic drug that has been

approved for the treatment of allergic rhinitis. Repurposing

studies showed encouraging results which potentiate

Ebastine as good candidate of the COVID-19 treatment.

In vitro screening of 30 approved medicines reveals that

Ebastine displayed a strong inhibition of the SARS-CoV-2

main protease (Mpro) in infected cells [24]. In addition, a

Table 2 Docking scores of Neuropilin-1 inhibitors EG00229 and EG01377

Compound ID Compound Name 2D structure AutoDock 
Vina score 
(kcal/mol) 

6.6-92200GE72813644DIC

1.7-77310GE279180331DIC

Table 3 Drug likeness analysis

Compound name Molecular weight Num. H-bond acceptors Num. H-bond donors logP Lipinski rule

Nafamostat 347.140 7 7 1.645 Accepted

Y96 332.150 4 2 4.108 Accepted

Selinexor 443.090 8 2 3.749 Accepted

Ebastine 469.300 3 0 6.397 Accepted

UGS 292.120 4 1 3.136 Accepted

EG00229 497.060 12 7 0.630 Rejected

EG01377 586.170 12 9 0.821 Rejected

logP log of the octanol/water partition coefficient
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preprint paper reported the ability of this drug in slowing

the replication process of SARS-CoV-2 in human cells

[17].

Both ligands Y96 and UGS were co-crystallized with

two SARS-CoV-2 proteins, Papain-Like Protease (PDB ID

7KOL) and Mpro main protease (PDB ID 5RGY),

respectively. The inhibition of these enzymes, which plays

an essential in cleavage and maturation of polyproteins,

can disturbs the viral spread [1, 10, 13, 20].

The docking scores and drug-like physico-chemical

properties of the top five small molecules were compared

with the most well-known NRP-1 protein inhibitors;

EG00229 and EG01377. The obtained results showed

that all the analyzed compounds interact with NRP-1

more effectively than both reference compounds

EG00229 and EG01377. Thus, this list of compounds

represents an opportunity to develop more effective

drugs against NRP-1 receptor.

A structural comparison was conducted between the

top 5 five molecules (Nafamostat, Y96, Selinexor,

Ebastine and UGS) with those reported in two published

studies [16, 25]. Based on the K-means algorithm, all

chemical compounds were clustered into three main

groups. The majority of top hits (Nafamostat, Y96,

Selinexor and UGS) belongs to a group that includes two

experimentally validated inhibitors (Compounds 4 and 5)

(Fig. 4).

Conclusion

Until the writing of this paper, the COVID-19 disease is

still representing a public health problem and several

clinical studies are ongoing to identify effective antiviral

drugs. Here, a structure-based docking to screen molec-

ular compounds previously investigated in COVID-19

Fig. 3 Alignment of Nafamostat binding pockets. Binding pocket of

NRP1 protein (a), Binding pocket of TMPRSS2 protein (b), similar

amino acids (c) and distance between similar amino acids (d). All

amino acids located in the binding pocket of NRP1 and TMPRSS2

proteins are colored in red and blue, respectively

Computational screening of potential drugs against COVID-19 disease… 29

123



disease related studies. The obtained result implies that

Nafamostat, Y96, Selinexor, Ebastine and UGS may

emerge as good candidates for the inhibition of the

interaction between the spike (S) protein and NRP1

receptor. These findings are promising and need further

in vitro and in vivo testing of the identified compounds

against the SARS-CoV-2 infection.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1007/s13337-

021-00751-x.
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