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Abstract

Human respiratory syncytial virus (RSV) is a leading ubiquitous respiratory pathogen in newborn infants, young children, and the
elderly, with no vaccine available to date. The viral fusion glycoprotein (RSV F) plays an essential role in the infection process, and
it is a primary target of neutralizing antibodies, making it an attractive site for vaccine development. With this in view, there is a
persistent need to identify selective antiviral drugs against RSV, targeting the major antigenic sites on the F protein. We aimed to
conduct a robust in silico high-throughput drug screening of one million compounds to explore potential inhibitors that bind the
major antigenic site @ and site II on RSV F protein, which are the main target of neutralizing antibodies (NAb). We utilized the
three-dimensional crystallographic structure of both antigenic site @ on pre-F and antigenic II on post-F to screen for potential anti-
RSV inhibitors. A library of one million small compounds was docked to explore lead binders in the major antigenic sites by using
virtual lab bench CLC Drug Discovery. We also performed Quantitative Structure-Activity and Relationship (QSAR) for the lead
best binders known for their antiviral activity. Among one million tested ligands, seven ligands (PubChem ID: 3714418, 24787350,
49828911, 24802036, 79824892, 49726463, and 3139884) were identified as the best binders to neutralizing epitopes site @ and
four ligands (PubChem ID: 865999, 17505357, 24802036, and 24285058) to neutralizing epitopes site II, respectively. These
binders exhibited significant interactions with neutralizing epitopes on RSV F, with an average of six H bonds, docking energy of —
15.43 Kcal'mol ', and minimum interaction energy of — 7.45 Kcal'mol . Using in silico virtual screening, we identified potential
RSV inhibitors that bind two major antigenic sites on the RSV F protein. Using structure-based design and combination-based drug
therapy, identified molecules could be modified to generate the next generation anti-RSV drugs.
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1 Introduction

Human respiratory syncytial virus (RSV) has been a key focus of
the healthcare system worldwide and a high priority for vaccine
development since it was first isolated in 1956 [1]. The virus is a
major cause of lower respiratory tract infection (LRTI) in all age
groups, leading to major clinical problems in young, elderly, and
immunocompromised populations. In the USA alone, infection
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with RSV results in high hospitalization and annual mortality
rates reaching 125,000 cases in children below the age of 5 [2].
With no vaccine nor treatment available, RSV continues to be a
lead agent of infection-induced death and lower respiratory dis-
eases in newborns, including bronchiolitis, pneumonia, and pos-
sibly wheezing and asthma later in life [3—6]. RSV (order:
Mononegavirales; family: Pneumoviridae; genus:
Orthopneumovirus) is a non-segmented, negative-sense RNA
virus, encoding for 11 known proteins: five ribonucleocapsid,
three surface proteins, and two non-structural and one inner en-
velope protein [7, 8]. Surface proteins, attachment (G), and fu-
sion (F) are the main targets of neutralizing antibodies. F protein
particularly is a challenging target for transforming irreversibly
from a metastable (pre-F) to a stable structure (post-F) through
the rearrangement of its refolding regions 1 and 2 (RRI and
RR2) at F1 peptide, located after F2 and p27 peptides [9].
Development of RSV vaccine has been unsuccessful, and previ-
ously developed vaccine was ineffective and in some cases
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resulted in enhanced-disease illness [10, 11]. In addition to sup-
portive care, ribavirin and palivizumab are currently the only
approved agents for RSV treatment and prophylaxis, respectively
[12, 13]. Palivizumab is a monoclonal antibody targeting shared
epitopes between both conformations of the fusion protein (pre-F
and post-F) and is mostly given to high-risk infants but provides
low levels of protection in treated patients (less than 50%) [14].
Recent advances in structural biology have enabled a better un-
derstanding of F protein, identifying pre-F glycoprotein as the
main target for neutralizing antibodies (NAb) [15, 16].

Consequently, pre-F has become an attractive target for vac-
cine development and treatment intervention [11, 17]. However,
how soon a safe and effective vaccine will be accessible to the
public is still questionable. Accordingly, there is an urge to dis-
cover alternative antiviral drugs to control RSV infections. The
pre-F structure holds several antigenic sites with promising neu-
tralizing potencies, such as site @ and site IV [15, 18-20], which
can serve as targets for new inhibitors. Importantly, site @ is on
the top of the pre-F structure, occupying the amino acid (AA)
residues 62-69 and 196-209, and binds to D25 and 5C4 mAbs
[21]. Additionally, site I, situated between AA 255 and 275, is
the target of monoclonal antibodies palivizumab and
motavizumab and is a common neutralizing epitope between
pre-F and post-F conformations. Previous studies attempted to
screen for new RSV entry inhibitory molecules such as
imidazopyridine derivatives, cyclopiazonic acid (CPA),
benzimidazole-based compounds, GPAR-3710, and JMN3-003
[14, 22-24]. These diverse molecules showed a successful RSV
entry inhibition through docking analysis, particularly when
bound to active F antigenic sites and hydrophobic cavities. Yet,
none of the aforementioned or nonmentioned inhibitors had fruit-
ful outcomes in clinical trials. Notably, many of these com-
pounds were tested before the stabilized pre-F structure was
revealed.

Herein, we used CLC Drug Discovery Workbench 3.02 to
virtually screen about a million compounds from different input
libraries for their binding properties and kinetics to two major
antigenic sites (site @ and site I regions) on the F protein.
According to a strict criteria program, we identified several mol-
ecules that bind these epitopes with a high number of hydrogen
(more than six) bonds and minimum docking scores (negative
value) [25, 26]. Identified molecules could be further modified
and tested in vitro and in vivo as potential therapeutic agents
against RSV.

2 Materials and methods
2.1 Preparation of F-glycoprotein structure

The 3D crystal structures of RSV pre-F in complex with 5C4 Fab
(PDB ID: 5 W23, 2.85 A of resolution; UniProtKB AC:
AO0A097PF39) and post-F trimeric protein (PDB ID: 3RRR,
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2.85 A of resolution; UniProtKB AC: AOA097PF39) protein
were retrieved from the Data Bank [27]. The macromolecules
were then refined with the H bond (HB) assignment (water ori-
entations, at neutral pH), and energy was minimized with the
Merck molecular force field 94 (MMFF94) force field [28].
The structure was then refined, making a minimization of the
conformational energy to generate 3D molecule structures on
imports [29]. The post-processing step was applied for small
molecules with no rotatable bonds with an energy window of 5
Kcal/mol [30].

2.2 Ligands

Input libraries of one million drugs were chosen from different
sources for virtual screening. This includes 9270 anti-RSV tested
active drug-like compounds reported from literature [31], 54,525
compounds from Chemical Entities of Biological Interest
(CheBi) database [32], 50,000 compounds from Diverse p-
library [33], 50,000 compounds from Natural database [34],
1000 compounds from MTiOpenScreen [35] and 550,000 com-
pounds from PubChem chemical directory [36]. Ligands
downloaded in simplified molecular-input line-entry system
(SMILES) string were converted to Spatial Data File (SDF) for-
mat for ligand preparation. CLC Drug Discovery Workbench
was applied to import ligands using the freely available program
“Balloon,” which is used for the 3D structure generation [37].

2.3 Active site prediction

Active site regions for both site @ and site Il were based on
contact residues targeted by NAb on both pre-F and post-F gly-
coproteins. The contact residues of site @, as determined by
stabilized pre-F structure by mAb5C4, include AA residue 62—
69 and 196209 AA [38]. In specific, this includes residues loop
between (32-strand and «1-helix (SER62, ASN63, ILE64,
LYS65, GLU66, ASN67, LYS68, CYS69) located in F2 C-
terminal and residues from o4-helix (LYS196, ASN197,
TYR198, ILE199, ASP200, LYS201, GLN202, LEU203,
LEU204, PRO205, ILE206, VAL207, ASN208, and LYS209)
located in F1 N-terminal [38]. On the other hand, the contact
residues of site II-specific epitope (palivizumab epitope) com-
prises residues located at o6 and o7 helix 255 to 275 AA
(ASN254, SER255, GLU256, LEU257, LEU258, SER259,
LEU260, LYS261, ASN262, ASP263, MET264, PRO265,
ILE266, THR267, ASN268, ASP269, GLN270, LYS271,
LYS272, LEU273, and MET274) [39]. Contact residues on an-
tigenic of site @ and site II are depicted in Fig. 1.

2.4 Virtual screening with CLC Drug Discovery
Workbench

CLC Drug Discovery Workbench was then used to generate
ten best poses for each conformation of the best docking
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antigenic site O
a (MAD D25/5C4 Binding site)

RSV F protein (pre-F structure)
PDB:5W23

antigenic site IT (\f
(Palivizumab/ Motavizumab
Binding site)

RSV F protein (post-F structure)
PDB:3RRT

Fig. 1 Structure and neutralizing epitopes on RSV F protein. a The left
panel shows the overall structure of the pre-F structure confirmation of
RSV F protein (PDB: 5 W23) in a burgundy color and post-F structure
(PDB: 3RRT) in cyan color. Two protomers are shown as a cartoon in
both representation, and one protomer highlighted with their contact res-
idues is shown as surface representation. Both the contact residues in

energy (DE) based on scoring functions [28]. Docking wizard
was used by applying the default MolDock optimizer algo-
rithm with the following docking parameters, including 200
number of runs, maximum iterations 2000, crossover rate
0.90, scaling factor 0.50, and RMSD thresholds for similar
cluster poses were set as 1.00 [28]. The best-ranked com-
pounds were selected based on HB (more than six HB),
docking score (DS) (minimum negative score), and interaction
energy (IE)/binding affinity (BA) with smaller dissociation
constants (Kd) indicating better binding. Additional docking
tool YASARA (Yet Another Scientific Artificial Reality
Application), an AutoDock-based tool for molecular docking
and virtual screening, was used for analyzing dissociation
constant (Kd) and binding energy of the docked complexes
[40, 41].

2.5 Pharmacokinetics structure-activity relationship

The selected best binders were considered to evaluate
their physicochemical properties and their relation with

Antigenic site @

Located in F2 C terminal Located in F1 N terminal

Epitopes for SER62 LYS196 LEU204
D25/5C4 ASNG3 ASN197 | PRO205
(antigenic site @) ILE64 TYR198 ILE206
:> LYs65 ILE199 | vaLo7
GLU66 ASP200 ASN208
ASN67 1Ys201 1Y5209

LYS68 GLN202

CYs69 LEU203

Epitopes for
Palivizumab/
5 Motavizumab

Antigenic site Il
Located in F1 N terminal

(antigenic site IT) ASN254 ASN262 GLN270
SER255 ASP263 Lvs271
GLU256 MET264 Lvs272
LEU257 PRO265 | w273
LEU258 ILE266 MET274
SER259 THR267
LEU260 ASN268
1vs261 ASP269

antigenic site @ and II are shown in green color (surface). b The middle
panel shows the structure turned 90° and shown looking down at the viral
membrane with an antigenic epitope of D25/5C4 in pre-F structure and
epitopes of palivizumab/motavizumab binding site in post-F structure. ¢
The right panel denotes tables with contact residues in antigenic site @
and 11

biological activities [42]. The Quantitative Structure-
Activity Relationships (QSAR) predicts the compound’s
biological expected response according to its chemical
structure [42]. VEGA-QSAR is an independent Java-
based web program that predicts QSAR properties and
screens similar compounds in a read-across strategy.
Mutagenicity (Ames test) CONSENSUS model 1.0.3,
carcinogenicity model (CAESAR) 2.1.9, carcinogenicity
inhalation classification model (IRFMN) 1.0.0, develop-
mental toxicity model (CAESAR) 2.1.7, skin sensitiza-
tion model (CAESAR) 2.1.6, hepatotoxicity model
(IRFMN) 1.0.0, ready biodegradability model (IRFMN)
1.0.9, and LogP Prediction [Log Units] models were
evaluated by publicly well-known open and commercial
QSAR prediction software package VEGA [43]. Spatial
data file (SDF) files were used as input formats of the
2D structures of the ligands from PubChem. Results
evaluated by VEGA models could be adequate to deter-
mine the physicochemical characteristics of the selected
compounds [42]
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3 Results

3.1 Virtual screening and selection of hit leads for pre-
F (site @) and post-F proteins (site Il)

In order to efficiently screen and identify the best inhibitors
against major antigenic sites, ¥ and II, we employed a multi-
step screening framework. X-ray crystallography structure of
pre-F harboring antigenic site @ and post-F harboring antigen-
ic site II were prepared as per the protein preparations men-
tioned in CLC Drug Discovery Workbench [28]. Information
about the targeted epitopes was collected from the available
literature [39]. Figure 2 illustrates the overall workflow of the
structure-based virtual screening of one million compounds
(from different sources) against RSV F antigenic sites. Prior
to performing a virtual screening, a selection of the chemical
library of one million compounds was applied by considering
the Lipinski rules [44]. Furthermore, the following multistep
strategy was employed to sort hit compounds. Firstly, com-
pounds that showed no interaction with the active sites in site
@ and site 11 were excluded. Secondly, compounds that
formed at least six HB with a minimum number of IE and
DS were selected as the best binders.

To lessen the inconsistency of the docked results, we per-
formed repeated docking analyses using YASARA [40]. Fig.
2 represents filtration and distribution of ~one million
screened compounds over a range of DS (scores are in
Kcal/mol), HB interaction, and IE/BA scores (scores are in
Kcal/mol). Through the computational screen, we propose
the best binders to have high HB binding with lower the BA

antigenicsite O
(MAD D25/5C4 Binding site)

Diverse p-library | \

50,000

Natural database
50,000

Post-F confirmation
PDB:3RRT

Pre-F confirmation
PDB:5W23

Protein Preparation

Fig. 2 The overall workflow of the structure-based virtual screening of
one million compounds library against RSV F antigenic sites @ and site
1I. a Three-dimensional X-ray crystallography structure of RSV F protein
structure in pre-F and post-F confirmations. The protein structures were
prepared using CLC Drug Discovery Workbench, and the selected anti-
genic site @ and site Il are represented in green and pink space- filled CPK
structures, respectively. b Library selection from different sources
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adequate high IE and binding score. Using these criteria, a
minimal number of seven chemical compounds were identi-
fied as suitable binders of antigenic site @ and four com-
pounds as good binders of antigenic site I1.

3.2 The predicted hit compounds of antigenic site @ of
RSV pre-F protein

Using the computational docking approach and targeting an-
tigenic site @ of the pre-F, seven best binders exhibited the
maximum number of H bond (all had six predictable HB)
interactions with minimum BA score best electrostatic inter-
action. These lead molecules include PubChem ID: 79824892
(compound A), 49828911 (compound B), 24787350 (com-
pound C), 3714418 (compound D), 3139884 (compound E),
24802036 (compound F), and 49726463 (compound G). The
binding characteristics of the seven molecules, as well as mAb
D25 to site @ on Pre-F, are summarized in Table 1. The
docking conformations of the abovementioned lead binders
are illustrated in Fig. 3. Compound D exhibited the best atom-
ic interaction with residues in SER62, ASN63 (2), ILE64 (2),
and ASN67 (1), with a minimum IE of — 11.76 Kcal/mol and a
DS of = 9.67 Kcal/mol (Fig. 3d). Compounds B and C record-
ed second best IE with an average of — 10.98 Kcal/mol (Fig. 3
b and e). Compound B showed potential interaction with
ILE206 (2), GLU66 (2), GLN202 (1), and LYS201 (1) with
a DS of — 10.75 Kcal/mol. Furthermore, compound C an-
chored with CYS69 (2), LYS68 (2), and ASN67 (2) with a
DS of — 8.75 Kcal/mol. Apart from their efficient interaction,
we observed that compounds A, F, and B complexed different

Ligand
optimization

—— Focused docking

— Filtered based on
molecular interaction

) - o B ey
___, Hitselection (>6 HB,
minimum docking and
interaction energy)

550,000

Ligand library (Number of compounds)

comprising 1,000,000 million compounds in total. The compounds were
downloaded in SDF format and imported as PDB format for virtual
screening. ¢ Denotes virtual screening workflow, which includes ligand
preparation and initial filtration by using CLC Drug Discovery
Workbench. The compounds with molecular interaction with a cut-off
HB score of 6 and with a minimum docking and interaction energy
(negative score) were selected as hit compounds
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Table 1

In silico screening analysis between libraries of one million compounds interacted with antigenic site @ region and their intermolecular

docking values presented with interaction energy, H bond energy, docking score, number of H bond interaction, and the interacting residues

S. Compound PubChem Interaction Number of Residue interactions Docking score

No. 1D energy H bonds (Kcal/mol)
(Kcal/mol)

1 A 79824892 —9.43 6 CYS69(2), ILE206(1), PRO205(1), GLN201(1), LEU203(1) —10.65

2 B 49828911 —10.43 6 ILE206(2), GLU66(2), GLN202(1), LY S201(1) —10.75

3 C 24787350 —11.54 6 CYS69(2), LYS68(2), ASN67(2) —-8.75

4 D 3714418 —11.76 6 SER62(1), ASN63(2), ILE64(2), ASN67(1) -9.67

5 E 3139884 —8.43 6 ASN67(2), LYS68(2), CYS69(2) —-11.34

6 F 24802036 —9.43 6 ASN208(3), CYS69(1), ASN67(2) —9.65

7 G 49726463 —8.73 6 LYS68(2), CYS69(2), ASN67(2) —10.65

Control MAbs

8 D25 - —3.68 11 SER62(1), ASN63(1), ILE64(1), LYS65(1), GLU66(1), ASN67(1), —2.78

LYS68(1), TYR198(1), ILE199(1), ASP200(1), LYS201(1)

orientation binding modes (or mechanisms) compared to the
rest of the molecules. More precisely, the molecules, as men-
tioned above, anchored HB with the a4-helix (F1 residues:
196-210) and F2 C-terminal (AA 62—69) between (32-x1
loop, respectively. However, compounds A and B extended
surplus interactions at o4-helix residues (F1 N-terminal) com-
pared to F2 C-terminal in antigenic site . Compound A an-
chored in strand a4-helix at F1 N-terminal to residues ILE206
(1), PRO205 (1), GLN205 (1), and LEU203 (1) and at F2 C-
terminal to CYS69 (2) (Fig. 3a). Likewise, potential interac-
tions of compound B took place at F1 N-terminal residues
ILE206 (2), GLN202 (1), and LYS201 (1) and F2 C-
terminal residue GLU66 (2) (Fig. 3b). Moreover, compound
F established an interaction at site ASN208, but with an inter-
molecular interaction of three H bonds (Fig. 3f). Besides,
compound F established a contact with residues CYS69 (1)
and ASN67 (2) at a minimum IE of — 9.43 Kcal/mol and a DS
of — 9.65 Kcal/mol. Conversely, lead compounds D, E, and G
formed favorable interactions only in contact with site &, be-
tween (32-«1 loop residues (AA 62—69). In detail, the predict-
ed binding pose of compounds E, G, and C demonstrated
intermolecular HB with residue LYS68 in the loop region,
which is recognized as one of the D25-targeted quaternary
epitopes [20]. Similarly, compound D interacted with F2 res-
idue ASNG63, which is also recognized as one of the D25-
targeted quaternary epitopes (Fig. 3d). The average IE and
DS of compounds E, G, and C were — — 9.56 Kcal/mol IE
and — 10.58 Kcal/mol (Fig. 3 e, g, and c). Notably, compounds
E, F, and G extended HB interactions with residue CYS69,
which is proposed to link the C-terminal F1 and the N-
terminal F2 subunits in a single disulfide bridge, and play
important roles in the folding and functioning of the molecule
[45]. Another noteworthy observation was the interaction of
these compounds (compounds C, D, E, F, and G) specifically
to the ASN67 AA region located in o4-helix and the (32-1

loop with an average IE of — 9.56 Kcal/mol and DS of — 10.58
Kcal/mol. In addition to their efficient binding, these lead
compounds anchored several linear and discontinuous resi-
dues located around the antigenic site @.

3.3 The predicted hit compounds of antigenic site Il of
RSV post-F protein

Using a computational docking approach targeting antigenic
site I of the post-F protein, we next evaluated the remaining
four best binders interacted with a maximum number of HB
(all had six predictable HB) interactions and a minimum BA
score. These four lead binders include PubChem ID: 865999
(compound H), 17505357 (compound I), 24787350 (com-
pound J), and 24285058 (compound K). The docking confor-
mations of the lead binders H-K are illustrated in Fig. 4.
Compound H exhibited the best atomic interaction with resi-
dues MET274, LYS272, LYS271, ILE261 (2), and LEU258
(1), with a minimum IE of -8.49 Kcal/mol and a DS of — 9.67
Kcal/mol (Fig. 4a). Compound I ranked as a second best bind-
er with six HBs: THR267 (2), ILE266 (1), and SER259 (2) of
the F1 N-terminal in the «6 and «7 helix (Fig. 4b).
Interestingly, compound I anchored with common unique res-
idues to palivizumab binding epitopes. Moreover, all the best
binders adopted maximum HB in the «6 and o7 conformation
compared to the loop region. All three compounds H, J, and K
extended an HB interaction with LYS272 residue, located at
F1 N-terminal (x6 and &7 helix). LYS272 is identified as AA
of escape mutant that changes preferably (to GLU272 or
THR272) to avoid palivizumab, mAb1129 mAb binding
(Fig. 4 a, c, and d) [46]. On average, these compounds formed
an average of — 8.12 Kcal/mol IE and — 8.57 Kcal/mol DS
(Fig. 4d). Compound K anchored with AA residues ILE261
(2), LEU258 (1), LYS272 (2), and ASN262 (1) in the F1 N-
terminal. The binding characteristics of the four molecules, as
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Compound A

PubChem ID:79824892

antigenic site O
(MAb D25/5C4 Binding site)

‘Antigenic epitopes

Compound B
PubChem 1D:49828911

c . d 74
At ¥ Oy
Compound C Compound D

PubChem ID:24787350 PubChem 1D:3714418

Contact residues of mAbs highlighted
in green strand
1E:-9.43 Kcal/mol
DS:-10.65 Kcal/mol
No. of HB: 6

IE:
DS

Compound E
PubChem ID:17505357

RSV F protein (pre-F structure)
PDB:5W23

Contact residues of mAbs highlighted in
green strand
1E:-8.43 Kcal/mol
DS:-11.34 Kcal/mol
No. of HB: 6

Fig. 3 Computational docking confirmation of the seven best binders to
antigenic site @ on pre-F protein. The analysis was done with CLC Drug
Discovery Workbench while considering the important parameters, in-
cluding DS, IE, and HB interaction. The left panel shows the overall
structure of the pre-F structure confirmation of RSV F protein (PDB: 5
'W23) in burgundy color with major antigenic epitopes in site @ shown as
surface (green color). Green colored surface denotes a selective grid gen-
erated by CLC Drug Discovery Workbench for focused binding. The
right panel depicts the binding characteristics of seven small molecules

well as mADb palivizumab to site II on post-F, are summarized
in Table 2.

3.4 VEGA-QSAR profiling of screened products

All the best binders were then screened through the QSAR
model for their biological activities, including mutagenicity,
sensitivity, biodegradability, toxicity, and carcinogenicity.
Results evaluated by QSAR models denoted that 90% of the
lead binders were non-mutagen and non-toxicant.
Hepatotoxicity model (IRFMN) 1.0.0 toxicant compound in-
cluded compound A, compound B, and compound D.
Toxicant compounds included all identified compounds, ex-
cept B and E, exhibited sensitivity to skin sensitization model
(CAESAR) 2.1.6. Out of the seven compounds, A, B, and D
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Contact residues of mAbs highlighted
in green strand

Contact residues of mAbs highlighted in
green strand
IE:-11.76 Kcal/mol
DS:-9.67 Kcal/mol
No. of HB: 6

Contact residues of mAbs highlighted
in green strand
IE:-11.54 Kcal/mol
DS:-8.75 Kcal/mol
No. of HB: 6

-10.43 Kcal/mol
:-10.75 Kcal/mol
No. of HB: 6

Compound G
PubChem ID:17505357

Compound F
PubChem ID:24802036

Contact residues of mAbs highlighted in
green strand

Contact residues of mAbs highlighted
in green strand

1E:-9.43 Kcal/mol 1E:-8.73 Kcal/mol
DS:-9.65 Kcal/mol DS:-10.65 Kcal/mol
No. of HB: 6 No. of HB: 6

to their target. All compound were retrieved from PubChem including a
PubChem 1D:79824892, b PubChem 1D:49828911, ¢ PubChem
1D:24787350, d PubChem ID:17505357, e PubChem ID:17505357, f
PubChem ID:24802036, and g PubChem ID:17505357 and are shown
as 2D structure. Burgundy ribbon-like structure represents a 5 W23 pro-
tein structure, and the green ribbon structure denotes the antigenic epi-
topes in site @. The anchored HB between the compound and site @
epitope is shown in as black color

had a positive prediction for the hepatotoxicity model.
Compounds C, E, H, and I were predicted to be ready biode-
gradable compared to the remaining others. Predicted values
log P value of the lead binders ranged from 0.25 to 5.99 log
units. This value was observed higher for all the lead com-
pounds except for compound K, which had a log P value less
than 1.00 log unit. Predicted properties for the best binders to
site @ and site II for various models are summarized in sup-
plementary information Table S1 and Table S2.

4 Discussion

RSV is still the leading cause of lower respiratory tract disease
in infants, to which neither vaccines nor treatments are
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Table 2 In silico screening analysis between libraries of one million compounds interacted with antigenic site II region and their intermolecular
docking values presented with interaction energy, H bond energy, docking score, number of H bond interaction, and the interacting residues
S.  Compound PubChem Interaction Number  Residue interactions Docking
No. ID energy of H score
(Kcal/mol) bonds (Kcal/mol)
1.I. H 865999 - 8.49 6 LEU258(1), ILE261(2), LYS271(1), LYS272(1), MET274(1) —9.67
22. 1 17505357 —8.12 6 SER259(2), ILE266(2), THR267(2) - 8.11
33.J 24802036 —17.99 6 LEU258(3), LYS271(2), LYS272(1) -8.03
44. K 24285058 —17.77 6 LEU258(1), ILE261(2), ASN262(1), LYS272(2) -7.93
Control mAbs
5.5. Palivizumab 46506637 —0.53 12 SER255 (1), GLU256(1), LEU258(1), SER259(1), LYS261(1), - 1.56

ASN262(1), ILE266(1), THR267(1), ASN268(1), ASP269(1),
LYS271(1), LYS272(1)

available [47]. Further, RSV affects all age groups [48] and
causes repeated infections without significant changes in the
antigenic sites [49, 50]. Therefore, there is a significant need
to identify or develop efficacious therapeutics, including nov-
el small molecules, to control RSV infections.

The fusion (F) protein is a class I fusion glycoprotein and
has been identified as a major target for antiviral drugs and
vaccine development [49, 51]. Until recently, the develop-
ment of an efficient vaccine has been hurdled by the limited
understanding of the conformational rearrangement between
metastable pre-F and stable post-F [52, 53]. Nonetheless, solv-
ing the crystal structural of the pre-F protein revealed major
neutralizing epitopes, additional to those present in the post-F
conformation [20]. Among these, site @ represents the major
target for neutralizing antibodies, accounting for 35% and
47% of the overall response in RSV-A and RSV-B, respec-
tively [19]. Additionally, site II is present on both conforma-
tions and is the target for the traditionally prophylactic anti-
body palivizumab [20, 54]. However, there are several limita-
tions in using palivizumab [55]. For example, it is recom-
mended to only treat premature infected infants, but it is not
advised to treat those with congenital heart disease and other
selected populations [54]. On the other hand, the recently
structurally defined antigenic site @ on pre-F has a neutraliza-
tion potency 10- to 100-fold greater than palivizumab [38].
Considering all the above, we designed this in silico analysis
to screen for inhibitors that can interfere with both sites and
could be potentially tested as antiviral drugs in the future.

To do so, we used a similar approach to what we have re-
cently reported with influenza [56] and ran a high-throughput
computational screening of one million selected by using the
CLC Drug Discovery Workbench. Firstly, compounds that
showed no interaction with the active sites in site @ and site 11
in the initial screening were excluded. Secondly, compounds
that formed at least six HB with a minimum number of IE and
DS were selected as the best binders. Using this method, we
selected the ten best poses for each conformation of the best
docking energy (DE) based on scoring functions [57]. Using

these criteria, we identified seven and four hit candidates that
target RSV site @ (pre-F) and site II (post-F), respectively. All
the best binders were then screened through the QSAR model
for their biological activities, including mutagenicity, sensitivi-
ty, biodegradability, toxicity, and carcinogenicity. Results eval-
uated by QSAR models denoted that 90% of the lead binders
were non-mutagen and non-toxicant. Our analysis outperforms
previously reported approaches [58] by using structurally de-
fined models to target specific neutralizing epitopes.

In terms of site @, the seven compounds reflected the po-
tential to bind with a minimum of six HB and less than—11.76
Kcal/mol IE. These include PubChem ID: 79824892 (com-
pound A), 49828911 (compound B), 24787350 (compound
C), 3714418 (compound D), 3139884 (compound E),
24802036 (compound F), and 49726463 (compound G).
Among all, only compounds A and B extended more HB in
F1 N-terminal compared to the F2 C-terminal of the pre-F
protein structure. More specifically, compound A interacted
with ILE206 (1), PRO205 (1), GLN205 (1), and LEU203 (1)
in F1 N-terminal and CYS69 (2) in F2 C-terminal with a
minimum IE of — 9.43 Kcal/mol and a DS of — 10.65
Kcal/mol. Likewise, compound B interacted with residues
ILE206 (2), GLN202 (1), and LYS201 (1) in F1 N-terminal
and GLUG66 (2) in F2 C-terminal, with minimum IE of — 10.43
Kcal/mol and a DS of — 10.75 Kcal/mol. On the other hand,
the rest of the lead binders to site @ (compounds C, D, E, and
G) formed favorable interactions among residues in the loop
between (32-strand and ol-helix loop in F2 C-terminal (AA
62—69). These bindings mimic the binding of D25 and 5C4
that buries a high fraction of the accessible surface area on the
oé-helix, including the majority of the accessible surface area
[27]. Biologically, the interior position of the F2 C-terminus is
suggested to play a role in triggering the prefusion F confor-
mation [59]. Another noteworthy observation was the interac-
tion of compounds C, D, and E to ASN67 residue, which is
located between the «4-helix and the 32-x1 loop with an
average interaction energy (IE) of — 9.56 Kcal/mol and
docking score (DS) of — 10.58 Kcal/mol. Such interaction
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Compound H
PubChem ID:865999

antigenic site I1
. (Palivizumab/ Motavizumab 2V .

I Binding site)
Compound I
PubChem ID:17505357
Hit selected
compounds c
'
Compound J
PubChem 1D:24802036

RSV F protein (post-F structure)
PDB:3RRT

Compound K
PubChem ID:24285058

Fig. 4 Computational docking confirmation of the four best binders to
antigenic site II RSV F protein. The analysis was done with CLC Drug
Discovery Workbench. The analysis was done by considering the
important parameters, including DS, IE, and HB interaction. a The left
panel shows the post-F structure of RSV (PDB:3RRR) in cyan color with
major antigenic epitopes in site Il is shown as a green surface. Green
colored surface denotes a selective grid generated by CLC Drug
Discovery Workbench for focused binding. b The middle panel shows

has been demonstrated to influence the movement of o4-
helix (F1 AA 196 to 210), where RR1 is overlapping (AA
137 to 216), thereby arresting and preventing the fusion
peptide from refolding [9]. Residue ASN67 in the 32-«l
loop has been selected for site-directed mutagenesis for
being less antigenically important than the charged resi-
dues at positions 65, 66, and 68 [9]. The ASN67 side chain
does not have a fixed position and can reach «1- and «4-
helix, forming a three-helices bundle with «5. Therefore,
the interaction of lead molecules at ASN67 hydrophobic
residue may prevent x4-helix from moving and hanging,
which could have implications on improving the interac-
tion with ol and x4 that could stabilize the apex region of
the protein [9].
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Antigenic epitopes

protein

Contact residues of mAbs
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the best four binders screened considering parameters, including DS, IE,
and HB interaction. The following are the compounds selectively: a
PubChem ID:865999, b PubChem ID:17505357, ¢ PubChem
1D:24802036, and d PubChem 1D:24285058. ¢ The right panel denotes
interaction within the binding pockets. The cyan colored ribbon-like
structure represents 3RRR protein structure, and the green ribbon struc-
ture denotes the antigenic epitopes in site @. The anchored HB between
the compound and site @ epitope is shown in as black color

Following the same approach, we identified four lead mol-
ecules that exhibit promising anti-RSV-site II activity. These
include PubChem ID: 865999 (compound H), 17505357
(compound I), 24787350 (compound J), and 24285058 (com-
pound K). Importantly, compounds H, J, and K extended HB
interaction at residue LY S272, which has been identified as a
vulnerable site to escape palivizumab neutralization [46].
Likewise, the same compounds extended other HB interac-
tions with residue LEU258, another crucial site for AA alter-
nation to escape palivizumab neutralization [60]. Additional
interactions were also observed with residue ILE261, adja-
cent to the 32-l loop region. For instance, compound K
interacted with residue N262, which is reported as a
mutation-sensitive residue, rendering RSV resistant to
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neutralization by palivizumab, as shown in cell culture and
cotton rat models [61].

Collectively, our identified drug-like molecules are
found to make strong HB (in addition to hydrophobic
interactions) with known crucial active residues of anti-
genic sites @ and II. Accordingly, binding of these mole-
cules to F protein is likely to neutralize the virus through
both sites, potentially disrupt its conformational change
needed for viral internalization through common residues
of site @ with RR1, and possibly recognize escape muta-
tions at site II (better than palivizumab). Interestingly,
lead compounds A—G, interacting with site @, displayed
lower IE and DS than the highly potent D25 mAb.
Similarly, the lead compounds H-K showed lower ID
and ES scores in their potential binding to site II. These
observations probably suggest that each of the identified
compounds could have a high binding affinity to its cor-
responding antigenic sites @ or II. Displaying these mol-
ecules in a multivalent format (nanoparticle or so) could
further enhance their binding affinity [62-65].
Importantly, these small molecules have a better capacity
to reach and bind their target without being very immu-
nogenic [66]. Still, these assumptions require further val-
idations using in vitro and in vivo experimentations.

A recent computational screening study from Kamal Kant
et al. identified natural phytochemicals such as rutin,
schaftoside, and apigenin as potential anti-RSV drugs.
Although these phytochemicals compounds were also
screened in our study, they displayed limited interaction with
both site @- and II-targeted epitopes [67]. Accordingly, these
compounds would be binding somewhere else on the F pro-
tein, away from the crucial neutralizing epitopes.
Interestingly, a previous study by Aurelio Bonavia et al. dem-
onstrated a broad-spectrum activity of natural phytochemicals
that exceeds RSV to other viruses such as influenza virus and
HCYV [68]. The broad-spectrum activity of these natural com-
pounds highly suggested interruption of de novo pyrimidine
biosynthesis (essential for cell survival), a common cellular
pathway involved in their mechanism of action against
positive- and negative-sense RNA, and retroviruses. In vitro,
these inhibitors had a toxic effect on dividing B and T cells,
but not on primary human bronchial epithelial cells [68].

Using a similar approach, Cancellieri et al. also followed a
computer-aided approach to screen a library of “small frag-
ments series of zinc-reacting compounds” as potential inhibi-
tors of RSV replication [58]. This study demonstrated a library
of ~ 12,000 zinc-chelating moieties, along with 30 com-
pounds designed sharing a common dithiocarbamate moiety,
which was prepared to target the zinc finger motif of the RSV
M2-1 protein [69]. The most active compounds from
Cancellieri et al. were also considered in this study, but results
did not show any potential interactions. This may be due to the
chemical structure of the compounds that specifically target

zinc protein M2-1 in RSV that is involved in the control of
viral polymerase processivity. The above study by Cancellieri
et al. was based on a recent report by Boukhvalova et al. that
demonstrated that infectivity of retroviruses such as HIV-1
and MuLV can be abrogated by compounds targeting zinc
finger motif in viral nucleocapsid protein (NC), involved in
controlling virus infectivity and the processivity of reverse
transcription. Although RSV is a member of the different viral
family, it was possible that zinc finger-reactive compounds
that inactivate retroviruses would have a similar effect against
RSV by targeting RSV M2-1 protein [69].

In summary, the above observations spotlight an effective
mechanism of HB interaction to the defined antigenic sites,
which has implications for their mechanisms of neutralization.
Among one million tested ligands, seven ligands (PubChem
ID: 3714418, 24787350, 49828911, 24802036, 79824892,
49726463, and 3139884) were identified as the best binders
to neutralizing epitopes site @ and four ligands (PubChem ID:
865999, 17505357, 24802036, and 24285058) to neutralizing
epitopes site II. Results evaluated by QSAR models also de-
noted that 90% of the lead binders were non-mutagen and
non-toxicant. These binders exhibited significant interactions
with neutralizing epitopes on RSV F, with an average of six H
bonds, docking energy of — 15.43 Kcal'mol ', and minimum
interaction energy of — 7.45 Kcal'‘mol . The binding of these
molecules to F protein is likely to neutralize the virus through
both sites, potentially arresting and preventing the fusion pep-
tide from refolding needed for viral internalization. The inter-
action of the best binders may lead to the disruption of pre-F
conformations’ crucial functions, thereby inhibiting RSV in-
fectivity. Also, the screened best binders could be provided in
the form of combinational therapy to treat high-risk patients of
all age groups broadly. Although further studies are required
to prove the mechanism of action of these compounds, these
results represent an auspicious starting point for the develop-
ment of a novel class of RSV inhibitors.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s42247-021-00213-6.

Authors’ contributions Conceived and designed the experiments: SMM,
HMY

Performed the experiments: SMM

Analyzed the data: SMM

Contributed reagents/materials/analysis tools: HMY, SMM

Wrote and revised the manuscript: SMM, ST, AE, AA, and HMY

Funding Open access funding provided by the Qatar National Library.

Data availability Data are available as a supplementary file and video
file.

Declarations

Conflict of interest  The authors declare no competing interests.

ool

QATAR UNIVERSITY @ Springer



https://doi.org/10.1007/s42247-021-00213-6

emergent mater.

References

10.

11

12.

13.

14.

15.

16.

17.

Springer

C.B. Hall, Respiratory syncytial virus and parainfluenza virus. N.
Engl. J. Med. 344(25), 1917-1928 (2001)

H. Nair, D.J. Nokes, B.D. Gessner, M. Dherani, S.A. Madhi, R.J.
Singleton, K.L. O'Brien, A. Roca, P.F. Wright, N. Bruce, Global
burden of acute lower respiratory infections due to respiratory syn-
cytial virus in young children: a systematic review and meta-anal-
ysis. Lancet 375(9725), 1545-1555 (2010)

B.S. Graham, J.A. Rutigliano, T.R. Johnson, Respiratory syncytial vi-
rus immunobiology and pathogenesis. Virology 297(1), 1-7 (2002)
R.B. Sawadkohi, I. Mohammadzadeh, A. Mohammadpour-Mir,
M.P. Nasrollah, M. Valipour, F. Hosseinzadeh, F. Saeedi,
Prevalence of acute lower respiratory tract infections due to respi-
ratory syncytial virus in Amirkola Children's hospital, Northern
Iran during March 2008-March 2010. Iran Red Crescent Med J
14(10), 1 (2012)

S. Basha, N. Surendran, M. Pichichero, Immune responses in neo-
nates. Expert. Rev. Clin. Immunol. 10(9), 1171-1184 (2014)
A.C. Langedijk, R.J. Lebbink, C. Naaktgeboren, A. Evers, M.C.
Viveen, A. Greenough, T. Heikkinen, R.T. Stein, P. Richmond, F.
Martinon-Torres, M. Nunes, M. Hosoya, C. Keller, M. Bauck, R.
Cohen, J. Papenburg, J. Pernica, M.P. Hennus, H. Jin, D.E. Tabor,
A. Tovchigrechko, A. Ruzin, M.E. Abram, D. Wilkins, J.G.
Wildenbeest, L. Kragten-Tabatabaie, F.E.J. Coenjaerts, M.T.
Esser, L.J. Bont, Global molecular diversity of RSV — the
“INFORM RSV” study. BMC Infect. Dis. 20(1), 450 (2020)

E. Rey-Jurado, A.M. Kalergis, Immunological features of respira-
tory syncytial virus-caused pneumonia—implications for vaccine
design. Int. J. Mol. Sci. 18(3), 556 (2017)

K. Kant, U. Lal, M. Ghosh, Computational breakthrough of natural
lead hits from the genus of <i > Arisaema against</i > human respira-
tory syncytial virus. Pharmacogn. Mag. 13(52), 780-785 (2017)

A. Krarup, D. Truan, P. Furmanova-Hollenstein, L. Bogaert, P.
Bouchier, 1.J. Bisschop, M.N. Widjojoatmodjo, R. Zahn, H.
Schuitemaker, J.S. McLellan, A highly stable prefusion RSV F
vaccine derived from structural analysis of the fusion mechanism.
Nat. Commun. 6, 8143-8143 (2015)

J.C. Blanco, M.S. Boukhvalova, K.A. Shirey, G.A. Prince, S.N.
Vogel, New insights for development of a safe and protective
RSV vaccine. Human Vaccines 6(6), 482-492 (2010)

S.A. Taleb, A.A. Al Thani, K. Al Ansari, HM. Yassine, Human
respiratory syncytial virus: pathogenesis, immune responses, and
current vaccine approaches. Eur. J. Clin. Microbiol. Infect. Dis.,
1-11 (2018)

L. Utidjian, A. Hogan, J. Michel, A. Localio, D. Karavite, L. Song, M.
Ramos, A. Fiks, S. Lorch, R. Grundmeier, Clinical Decision Support
and Palivizumab. Appl. Clin. Inform. 6(04), 769-784 (2015)

K.R. Ventre, Adrienne, Ribavirin for respiratory syncytial virus
infection of the lower respiratory tract in infants and young chil-
dren. Cochrane Database Syst. Rev. 1(1), CD000181 (2007)

S. Feng, D. Hong, B. Wang, X. Zheng, K. Miao, L. Wang, H. Yun,
L. Gao, S. Zhao, H.C. Shen, Discovery of imidazopyridine deriva-
tives as highly potent respiratory syncytial virus fusion inhibitors.
ACS Med. Chem. Lett. 6(3), 359-362 (2015)

M.S. Gilman, S.M. Moin, V. Mas, M. Chen, N.K. Patel, K. Kramer,
Q. Zhu, S.C. Kabeche, A. Kumar, C. Palomo, Characterization of a
prefusion-specific antibody that recognizes a quaternary, cleavage-
dependent epitope on the RSV fusion glycoprotein. PLoS Pathog.
11(7), 1005035 (2015)

L. Anderson, P. Dormitzer, D. Nokes, R. Rappuoli, A. Roca, B.
Graham, Strategic priorities for respiratory syncytial virus (RSV)
vaccine development. Vaccine 31, B209-B215 (2013)

B.S. Graham, Vaccine development for respiratory syncytial virus.
Curr. Opin. Virol. 23, 107-112 (2017)

orrrco g o aools

QATAR UNIVERSITY

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

A.-M. Steff, J. Monroe, K. Friedrich, S. Chandramouli, T.L.-A.
Nguyen, S. Tian, S. Vandepaer, J.-F. Toussaint, A. Carfi, Pre-
fusion RSV F strongly boosts pre-fusion specific neutralizing re-
sponses in cattle pre-exposed to bovine RSV. Nat. Commun. 8(1),
1085 (2017)

J.O. Ngwuta, M. Chen, K. Modjarrad, M.G. Joyce, M. Kanekiyo,
A. Kumar, H.M. Yassine, S.M. Moin, A.M. Killikelly, G.-Y.
Chuang, Prefusion F—specific antibodies determine the magnitude
of RSV neutralizing activity in human sera. Sci. Transl. Med.
7(309), 309ral62 (2015)

J.J. Mousa, N. Kose, P. Matta, P. Gilchuk, J.E. Crowe Jr., A novel
pre-fusion conformation-specific neutralizing epitope on the respi-
ratory syncytial virus fusion protein. Nat. Microbiol. 2, 16271
(2017)

J.S. McLellan, M. Chen, S. Leung, K.W. Graepel, X. Du, Y. Yang,
T. Zhou, U. Baxa, E. Yasuda, T. Beaumont, Structure of RSV
fusion glycoprotein trimer bound to a prefusion-specific neutraliz-
ing antibody. Science 340(6136), 1113-1117 (2013)

R. Cui, Y. Wang, L. Wang, G. Li, K. Lan, R. Altmeyer, G. Zou,
Cyclopiazonic acid, an inhibitor of calcium-dependent ATPases
with antiviral activity against human respiratory syncytial virus.
Antivir. Res. 132, 38-45 (2016)

D.Ji, W. Ye, H. Chen, Revealing the binding mode between respi-
ratory syncytial virus fusion protein and benzimidazole-based in-
hibitors. Mol. BioSyst. 11(7), 1857-1866 (2015)

D. Yan, S. Lee, V.D. Thakkar, M. Luo, M.L. Moore, R.K. Plemper,
Cross-resistance mechanism of respiratory syncytial virus against
structurally diverse entry inhibitors. Proc. Natl. Acad. Sci. 111(33),
E3441-E3449 (2014)

Y. Yang, C.-Y. Shi, J. Xie, J.-H. Dai, S.-L. He, Y. Tian,
Identification of potential dipeptidyl peptidase (DPP)-IV inhibitors
among Moringa oleifera phytochemicals by virtual screening, mo-
lecular docking analysis, ADME/T-based prediction, and in vitro
analyses. Molecules 25(1), 189 (2020)

S. Cosconati, S. Forli, A.L. Perryman, R. Harris, D.S. Goodsell,
A.J. Olson, Virtual screening with AutoDock: theory and practice.
Expert Opin. Drug Discovery 5(6), 597-607 (2010)

D. Tian, M.B. Battles, S.M. Moin, M. Chen, K. Modjarrad, A.
Kumar, M. Kanekiyo, K.W. Graepel, N.M. Taher, A.L. Hotard,
M.L. Moore, M. Zhao, Z.Z. Zheng, N.S. Xia, J.S. McLellan, B.S.
Graham, Structural basis of respiratory syncytial virus subtype-
dependent neutralization by an antibody targeting the fusion glyco-
protein. Nat. Commun. 8(1), 1877 (2017)

T.A. Halgren, Merck molecular force field. III. Molecular geome-
tries and vibrational frequencies for MMFF94. J. Comput. Chem.
17(5-6), 553-586 (1996)

M.J. Vainio, M.S. Johnson, Generating conformer ensembles using
a multiobjective genetic algorithm. J. Chem. Inf. Model. 47(6),
2462-2474 (2007)

A.E. Cleves, A.N. Jain, ForceGen 3D structure and conformer gen-
eration: from small lead-like molecules to macrocyclic drugs. J.
Comput. Aided Mol. Des. 31(5), 419-439 (2017)

RSV-bioassay, 2018. https://pubchem.ncbi.nlm.nih.gov/#query =
Respiratory%20Syncytial%20Virus&tab = bioassay. (Accessed
August 8th 2018).

Chemical Entities of Biological Interest 2021. https:/www.ebi.ac.
uk/chebi/. (Accessed September 10th 2018).

TimTec's Diversity Analysis, 2021. https://www.timtec.net/
diversity-compound-libraries.html. (Accessed September 20th
2018).

X. Zeng, P. Zhang, W. He, C. Qin, S. Chen, L. Tao, Y. Wang, Y.
Tan, D. Gao, B. Wang, Z. Chen, W. Chen, Y.Y. Jiang, Y.Z. Chen,
NPASS: natural product activity and species source database for
natural product research, discovery and tool development. Nucleic
Acids Res. 46(D1), D1217-D1222 (2017)


https://pubchem.ncbi.nlm.nih.gov/%23query%20=%20Respiratory%20Syncytial%20Virus&tab%20=%20bioassay
https://pubchem.ncbi.nlm.nih.gov/%23query%20=%20Respiratory%20Syncytial%20Virus&tab%20=%20bioassay
https://www.ebi.ac.uk/chebi/
https://www.ebi.ac.uk/chebi/
https://www.timtec.net/diversity-compound-libraries.html
https://www.timtec.net/diversity-compound-libraries.html

emergent mater.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

MTiOpenScreen, 2021. https://bioserv.rpbs.univ-paris-diderot.ft/
services/MTiOpenScreen/. (Accessed September 20th 2018).
Chemexper, 2021. https://pubchem.ncbi.nlm.nih.gov/source/
ChemExper%20Chemical%20Directory. (Accessed September
25th 2018).

C.R. Corbeil, C.I. Williams, P. Labute, Variability in docking suc-
cess rates due to dataset preparation. J. Comput. Aided Mol. Des.
26(6), 775786 (2012)

J.S. McLellan, M. Chen, S. Leung, K.W. Graepel, X. Du, Y. Yang,
T. Zhou, U. Baxa, E. Yasuda, T. Beaumont, A. Kumar, K.
Modjarrad, Z. Zheng, M. Zhao, N. Xia, P.D. Kwong, B.S.
Graham, Structure of RSV fusion glycoprotein trimer bound to a
prefusion-specific neutralizing antibody. Science (New York, N.Y.)
340(6136), 1113-1117 (2013)

J.S. McLellan, Neutralizing epitopes on the respiratory syncytial
virus fusion glycoprotein. Curr. Opin. Virol. 11, 70-75 (2015)

E. Krieger, G. Vriend, YASARA View - molecular graphics for all
devices - from smartphones to workstations. Bioinformatics 30(20),
2981-2982 (2014)

O. Trott, AJ. Olson, AutoDock Vina: improving the speed and accu-
racy of docking with a new scoring function, efficient optimization, and
multithreading. J. Comput. Chem. 31(2), 455-461 (2010)

H. van de Waterbeemd, E. Gifford, ADMET in silico modelling: to-
wards prediction paradise? Nat. Rev. Drug Discov. 2(3), 192-204
(2003)

Virtual models for property Evaluation of chemicals within a
Global Architecture, 2014. https://www.vegahub.eu/portfolio-
item/vega-gsar/. (Accessed December 12th 2018).

C.A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feeney,
Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings. Adv.
Drug Deliv. Rev. 46(1-3), 3-26 (2001)

S. Twata, A.C. Schmidt, K. Titani, M. Suzuki, H. Kido, B. Gotoh, M.
Hamaguchi, Y. Nagai, Assignment of disulfide bridges in the fusion
glycoprotein of Sendai virus. J. Virol. 68(5), 32003206 (1994)

Q. Zhu, J. M. McAulifte, N.K. Patel, F.J. Palmer-Hill, C.-f. Yang,
B. Liang, L. Su, W. Zhu, L. Wachter, S. Wilson, R.S. MacGill, S.
Krishnan, M.P. McCarthy, G.A. Losonsky, J.A. Suzich, Analysis
of respiratory syncytial virus preclinical and clinical variants resis-
tant to neutralization by monoclonal antibodies palivizumab and/or
motavizumab. J. Infect. Dis. 203(5), 674682 (2011)

S.M. Wheeler, S. Dotters-Katz, R.P. Heine, C.A. Grotegut, G.K.
Swamy, Maternal Effects of Respiratory Syncytial Virus Infection
during Pregnancy. Emerg. Infect. Dis. 21(11), 1951-1955 (2015)
E. Goodwin, M.S.A. Gilman, D. Wrapp, M. Chen, J.O. Ngwuta, S.M.
Moin, P. Bai, A. Sivasubramanian, R.I. Connor, P.F. Wright, B.S.
Graham, J.S. McLellan, L.M. Walker, Infants infected with respiratory
syncytial virus generate potent neutralizing antibodies that lack somatic
hypermutation. Immunity 48(2), 339-349.e5 (2018)

B.S. Graham, Vaccines against respiratory syncytial virus: the time
has finally come. Vaccine 34(30), 3535-3541 (2016)

J.A. Soto, N.M.S. Galvez, G.A. Pacheco, S.M. Bueno, A.M.
Kalergis, Antibody development for preventing the human respira-
tory syncytial virus pathology. Mol. Med. 26(1), 35 (2020)
M.S.A. Gilman, P. Furmanova-Hollenstein, G. Pascual, A.B. van’t
Wout, J.P.M. Langedijk, J.S. McLellan, Transient opening of tri-
meric prefusion RSV F proteins. Nat. Commun. 10(1), 2105 (2019)
B.R. Murphy, G.A. Prince, E.E. Walsh, H.-W. Kim, R.H. Parrott,
V.G. Hemming, W.J. Rodriguez, R.M. Chanock, Dissociation be-
tween serum neutralizing and glycoprotein antibody responses of
infants and children who received inactivated respiratory syncytial
virus vaccine. J. Clin. Microbiol. 24(2), 197-202 (1986)

H.W. Kim, S.L. Leikin, J. Arrobio, C.D. Brandt, R.M. Chanock, R.H.
Parrott, Cell-mediated immunity to respiratory syncytial virus induced
by inactivated vaccine or by infection. Pediatr. Res. 10(1), 75-78
(1976)

54.

55.

56.

57.

8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

A.L. Rogovik, B. Carleton, A. Solimano, R.D. Goldman,
Palivizumab for the prevention of respiratory syncytial virus infec-
tion. Can. Fam. Physician 56(8), 769772 (2010)

B. Resch, Product review on the monoclonal antibody palivizumab
for prevention of respiratory syncytial virus infection. Hum.
Vaccin. Immunother. 13(9), 2138-2149 (2017)

S. Mathew, A.A. Al Thani, H.M. Yassine, Computational screening
of known broad-spectrum antiviral small organic molecules for
potential influenza HA stem inhibitors. PLoS One 13(9),
¢0203148-¢0203148 (2018)

C.A. Lipinski, F. Lombardo, B.W. Dominy, P.J. Feeney,
Experimental and computational approaches to estimate solubility
and permeability in drug discovery and development settings1PII
of original article: S0169-409X(96)00423-1. The article was orig-
inally published in Advanced Drug Delivery Reviews 23 (1997) 3—
25.1. Adv. Drug Deliv. Rev. 46(1), 3-26 (2001)

M. Cancellieri, M. Bassetto, 1. Widjaja, F. van Kuppeveld, C.A.M.
de Haan, A. Brancale, In silico structure-based design and synthesis
of novel anti-RSV compounds. Antivir. Res. 122, 46-50 (2015)
J.S. McLellan, M. Chen, M.G. Joyce, M. Sastry, G.B. Stewart-
Jones, Y. Yang, B. Zhang, L. Chen, S. Srivatsan, A. Zheng, T.
Zhou, K.W. Graepel, A. Kumar, S. Moin, J.C. Boyington, G.Y.
Chuang, C. Soto, U. Baxa, A.Q. Bakker, H. Spits, T. Beaumont,
Z. Zheng, N. Xia, S.Y. Ko, J.P. Todd, S. Rao, B.S. Graham, P.D.
Kwong, Structure-based design of a fusion glycoprotein vaccine for
respiratory syncytial virus. Science 342(6158), 592-598 (2013)

K. Hashimoto, M. Hosoya, Neutralizing epitopes of RSV and
palivizumab resistance in Japan. Fukushima J. Med. Sci. 63(3),
127-134 (2017)

Q. Zhu, N.K. Patel, J.M. McAuliffe, W. Zhu, L. Wachter, M.P.
McCarthy, J.A. Suzich, Natural polymorphisms and resistance-
associated mutations in the fusion protein of respiratory syncytial
virus (RSV): effects on RSV susceptibility to palivizumab. J. Infect.
Dis. 205(4), 635-638 (2011)

C. Tassa, J.L. Duffner, T.A. Lewis, R. Weissleder, S.L. Schreiber,
AN. Koehler, S.Y. Shaw, Binding affinity and kinetic analysis of
targeted small molecule-modified nanoparticles. Bioconjug. Chem.
21(1), 14-19 (2010)

M. McKenzie, S.M. Ha, A. Rammohan, R. Radhakrishnan, N.
Ramakrishnan, Multivalent binding of a ligand-coated particle: role
of shape, size, and ligand heterogeneity. Biophys. J. 114(8), 1830—
1846 (2018)

S. Wang, E.E. Dormidontova, Nanoparticle targeting using multivalent
ligands: computer modeling. Soft Matter 7(9), 4435-4445 (2011)
M.R.W. Scheepers, L.J. van IJzendoorn, M.W.J. Prins, Multivalent
weak interactions enhance selectivity of interparticle binding. Proc.
Natl. Acad. Sci. 117(37), 22690-22697 (2020)

S. Sachdeva, H. Joo, J. Tsai, B. Jasti, X. Li, A Rational approach for
creating peptides mimicking antibody binding. Sci. Rep. 9(1), 997
(2019)

K. Kant, U.R. Lal, M. Ghosh, Computational breakthrough of nat-
ural lead hits from the genus of Arisaema against human respiratory
syncytial virus. Pharmacogn. Mag. 13(Suppl 4), S780-S785 (2017)
A. Bonavia, M. Franti, E. Pusateri Keaney, K. Kuhen, M.
Seepersaud, B. Radetich, J. Shao, A. Honda, J. Dewhurst, K.
Balabanis, J. Monroe, K. Wolff, C. Osborne, L. Lanieri, K.
Hoffmaster, J. Amin, J. Markovits, M. Broome, E. Skuba, I.
Cornella-Taracido, G. Joberty, T. Bouwmeester, L. Hamann, J.A.
Tallarico, R. Tommasi, T. Compton, S.M. Bushell, Identification of
broad-spectrum antiviral compounds and assessment of the
druggability of their target for efficacy against respiratory syncytial
virus (RSV). Proc. Natl. Acad. Sci. 108(17), 6739-6744 (2011)
M.S. Boukhvalova, G.A. Prince, J.C.G. Blanco, Inactivation of
respiratory syncytial virus by zinc finger reactive compounds.
Virol. J. 7(1), 20 (2010)

orrco g ll 1ha dools

QATAR UNIVERSITY @ Springer



https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/
https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/
https://pubchem.ncbi.nlm.nih.gov/source/ChemExper%20Chemical%20Directory
https://pubchem.ncbi.nlm.nih.gov/source/ChemExper%20Chemical%20Directory
https://www.vegahub.eu/portfolio-item/vega-qsar/
https://www.vegahub.eu/portfolio-item/vega-qsar/

	In silico virtual screening of lead compounds for major antigenic sites in respiratory syncytial virus fusion protein
	Abstract
	Introduction
	Materials and methods
	Preparation of F-glycoprotein structure
	Ligands
	Active site prediction
	Virtual screening with CLC Drug Discovery Workbench
	Pharmacokinetics structure-activity relationship

	Results
	Virtual screening and selection of hit leads for pre-F (site Ø) and post-F proteins (site II)
	The predicted hit compounds of antigenic site Ø of RSV pre-F protein
	The predicted hit compounds of antigenic site II of RSV post-F protein
	VEGA-QSAR profiling of screened products

	Discussion
	References


