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Abstract

The COVID-19 crisis, incited by the zoonotic SARS-CoV-2 virus, has quickly escalated into a catastrophic public health
issue and a grave threat to humankind owing to the advent of mutant viruses. Multiple pharmaceutical therapies or biolog-
ics envision stopping the virus from spreading further; however, WHO has voiced concerns about the variants of concern
(VoCs) inability to respond. Nanobodies are a new class of antibody mimics with binding affinity and specificity similar to
classical mAbs, as well as the privileges of a small molecular weight, ease of entry into solid tissues, and binding cryptic
epitopes of the antigen. Herein, we investigated multiple putative anti-SARS-CoV-2 nanobodies targeting the Receptor
binding domain of the WHO-listed SARS-CoV-2 variants of concern using a comprehensive computational immunoinfor-
matics methodology. With affinity maturation via alanine scanning mutagenesis, we remodeled an ultrapotent nanobody
with substantial breadth and potency, exhibiting pico-molar binding affinities against all the VoCs. An antiviral peptide with
specificity for ACE-2 receptors was affixed to make it multispecific and discourage viral entry. Collectively, we constructed
a broad-spectrum therapeutic biparatopic nanobody-peptide conjugate (NPC) extending coverage to SARS-CoV-2 VoCs
RBDs. We PEGylated the biparatopic construct with 20kD maleimide-terminated PEG (MAL-(PEG)n-OMe) to improve its
clinical efficacy limiting rapid renal clearance, and performed in silico cloning to facilitate future experimental studies. Our
findings suggest that combining biparatopic nanobody conjugate with standard treatment may be a promising bivariate tool
for combating viral entry during COVID-19 illness.
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Introduction

Since the introduction of COVID-19, the world has already
gone in face of three deadly outbursts of the pandemic
wave, becoming the prime cause of the global health crisis
of the twenty-first century. The World Health Organization
(WHO) initially familiarized the Severe Acute Respira-
tory Syndrome Coronavirus 2 (SARS-CoV-2) or COVID-
19 in Wuhan City, Hubei Province, China, on December
30, 2019, quoting it as unusual viral pneumonia of unclear
etiology. It is already successful in spreading across 226
countries, raising the death toll to more than 6.3 million
deaths. Reports have acknowledged the emergence of seven
coronaviruses that infect the human host, of which SARS-
CoV-2 has proven to be fatal. Throughout this pandemic, the
zoonotic SARS-CoV-2 has continuously evolved by under-
going genetic mutations during its replication cycle, thereby
circulating nationwide. With the advent of the Global Initia-
tive on Sharing All Influenza Data (GISAID), it has become
easy to access the viral genomic database, which is grow-
ing exponentially [1]. This scheme keeps real-time surveil-
lance of the international viral transmission, which helps
to keep track of the epidemiological situation of emerging
SARS CoV-2 variants and the associated mutation, which
boosts the pathogen's virulence. The scientific community
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is consistently recording the amino acid changes acquired by
the evolving SARS CoV-2 virus accounting for expanding
epidemiological features since December 2019.

Given the dynamic nature of the SARS-CoV-2 variants,
WHO convened a group of authorities to classify these vari-
ants based on increased impact and risk caused to public
health into- variants of concern (VOC), Variants of Interest
(VOI), and Variants under monitor (VUM) [2]. Primarily
the Variant of Concerns is known to stagnate the COVID-
19 outburst, evidenced by increased transmissibility, disease
severity, fall in the neutralization ability by the antibodies,
and decreased effectiveness of the administered vaccine
and diagnostic failures. Currently reported VoCs include
Alpha (B. 1. 1. 7), Beta (B. 1.351), Gamma (P.1), Delta
(B.1.617.2), and Omicron (B.1.1.529) and its sub-lineages
[BA.1, BA.2, BA.3 (recombinant XE)]. Mutants designated
as Variants of Interest or Variants under Monitoring have a
potent force in the anti-SARS CoV-2 clinical interventions
or have long been severe and transmissible but have vanished
in the current scenario, hence don’t pose any looming threat
to the global public crowd.

COVID-19 is an alarming situation where the rise
in the death toll and the mounting infection cases have
called for a plausible therapeutic alternative competent
against all the SARS-CoV-2 VoCs. To make the vision
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of nullifying the pandemic more accurate, the focus has
shifted from active immunization to passive immuniza-
tion. In the era where passive immunotherapy, such as
monoclonal antibody therapy, is trusted over other treat-
ment options to curb the disease, the scalability for such
a massive population is questionable in the long run.
Despite these mAbs dominating medical interventions,
they face issues penetrating the solid tissues, which
limits their performance in a few diseases [3]. With sig-
nificant effort, researchers have put forward an antibody
mimic that imitates conventional antibodies and solves
the manufacturing issue. The antibodies of these kinds
are referred to as Nanobodies or VHH (Variable Heavy
chain domains of Heavy-chain) antibodies derived from
camelid immunoglobulin. These Nanobodies have the
added advantage of being small, lacking the light chain,
able to withstand high temperatures, easy scalability, and
permit various modes of administration such as intrana-
sal, intravenous injections, etc., and thus have the poten-
tial to substitute the monoclonal antibody. This class of
single-chained antibody-Nanobody, has already paved its
way in the FDA-approved drug library for the treatment of
thrombocytopenic purpura and is commercialized under
the name of Caplacizumab [4]. This has given an insight
into designing Nanobody-based therapeutics utilizing
anti-SARS-CoV-2 nanobodies for curbing the COVID-19
infection. The Receptor Binding Domain presents SARS-
CoV-2 spike glycoprotein is the crucial part of the virus
to dock against the hACE2 receptors to enter the host cell.
This could be measured as the prime target for design-
ing Nanobody-based therapeutics. Since the RBD is the
chief hotspot for different mutations that give rise to the
emergence of variants, it’s important for a nanobody to
bind the RBD of other VoCs to neutralize the circulating
variants. Literature has already proven Nbs to tolerate the
novel sprouting variants with a significant binding affin-
ity and neutralization capability in many cell-based- and
orthotropic animal models [5-7].

In a similar line, the present study was designed to
demonstrate the rapidness of the advancing computational
immunoinformatics in screening an already documented
nanobody for constructing a biparatopic Nanobody-based
antiviral against the viral spike RBD of the VoCs. Moreo-
ver, affinity maturation and PEGylation of the nanobody
construct were accomplished to promote its therapeutic
efficiency further. Subsequently, an antiviral peptide
was introduced to block the hACE-2 receptor, ensuring
a shield between the host and virus. Thereby, it would
give an outline for making the class of Nbs a plausible
alternative for subsisting anti-SARS-CoV-2 therapy, thus,
proposing a precise treatment option for perspective pan-
corona viruses (Fig. 1).

Methodology

Sequence and structure retrieval of SARS-CoV-2
VoCs RBD

To prevent any ambiguity in the data collection, a com-
plete set of genomic sequences was picked for SARS-
CoV-2 wild type and other SARS-CoV-2 VoCs, viz.,
Alpha (GISAID accession no. EPI_ISL_679974), Beta
(GISAID accession no. EPI_ISL_2493065), Gamma
(GISAID accession no. EPI_ISL_978506), Delta (GISAID
accession no. EPI_ISL_1663516) and Omicron (BA.1,
BA.2, BA.3) (GISAID accession no. EPI_ISL_6854348,
EPI_ISL_8128463, EPI ISL 9,092,427) from the Epi-
CoVTM database coordinated by the Global Initiative on
Sharing All Influenza Data (GISAID)( https://www.gisaid.
org/) [1].

The amino acid sequence of SARS-CoV-2 wild-type
(Wuhan-Hu-10) spike RBD was obtained from the NCBI
database (https://www.ncbi.nlm.nih.gov/) (GenBank
accession no.: NC_045512.2; PDB: 70LZ_A) [8, 9]. The
multiple sets of genomic sequences of the VoCs were sub-
jected to ClusterOmega (https://www.ebi.ac.uk/Tools/msa/
clustalo/) for multiple alignment to extract the sequence
of the segment coding for the RBD in the spike glyco-
protein in accordance with WT spike RBD, and visual-
ized using Espript (Easy Sequencing in PostScript) server
(https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) server
[10, 11]. Further, the identified RBD protein sequences
analogous to SARS-CoV-2 VoCs were utilized for gener-
ating 3D models of VoCs RBD structures by the SWISS-
MODEL server (https://swissmodel.expasy.org/inter
active) [12]. SWISS-MODEL server is one of the most
extensively used and cited tool for homology modelling
of proteins as compared to other modelling tools to date.
Later, the structure was refined using the GalaxyRefine2
tool (https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=
REFINE2) to advance the quality of the overall protein
structure for downstream analysis [13].

Anti-SARS-CoV-2 nanobody library preparation
and physiochemical profiling

The University of Oxford sponsors a publicly accessed
Corona Virus Antibody Database, CoV-Abdab (http://
opig.stats.ox.ac.uk/webapps/covabdab/), which gives a
detailed account of all the drafted/patented neutralizing
antibodies and nanobodies sampled against the SARS-
CoV-2 wild type and other beta coronaviruses. As of April
21, 2022, the database shows 5,252 entries [14]. For the
present study, amid a bunch of 636 nanobodies, we sorted

@ Springer


https://www.gisaid.org/
https://www.gisaid.org/
https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE2
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE2
http://opig.stats.ox.ac.uk/webapps/covabdab/
http://opig.stats.ox.ac.uk/webapps/covabdab/

2580

Molecular Diversity (2023) 27:2577-2603

PEGylation
*Delayed renal
clearance
*Repel opsosin protein
*More circulation time
*Increased solubility

Blood factors and
proteases cleaves

Biparatopic Nanobody -
Peptide-Conjugate

_’HERAPEUTIC EFFICIENCY mmnhOhii

-I-f.|.

AntiViral Blood cleavable
Peptide linker

Nb c NI

maturation

NanoEody

targeting the
spike trimer at its

Camelid
species

the cleavable linker

ALPHA
B.1.1.7

SARS-CoV-2
VARIANTS OF CONCERN

Fig. 1 Schematic illustration depicting the design of a biparatopic
Nanobody Peptide Conjugate (NPC) to block the receptor bind-
ing domain of SARS-CoV-2 variants of concern with the hACE-2
receptor. (1) Construction of a biparatopic Nanobody-based antiviral
by redesigning the monomeric nanobody by affinity maturation (by
mutagenesis), multimerization (di-), and the insertion of an antivi-
ral peptide that inhibits viral entry into the host cell to improve the
therapeutic efficacy overall. (2) Modification of the biparatopic NPC

nanobodies on the following criteria: (A) The nanobody
must be able to target the SARS-CoV-2 spike RBD, (B)
The Nanobody experimental crystal structure has been
resolved, and could be mined from the Protein Data Bank,
[15] (C) A nonrepetitive entry (D) No missing amino acid
residue should be present in the Nb structure. The desired
nanobody structures were scrutinized and extracted from
the Protein Data Bank, followed by the PyMol visualiza-
tion tool, and refined using the GalaxyRefine2 web inter-
face [16, 17].

Later, we attempted to know the physiochemistry of
the chosen Nanobodies, taking a brief account of differ-
ent metrics such as molecular weight, pI, thermostabil-
ity, hydrophobicity, solubility, and stability. First, the
ExPASy-ProtParam tool (http://web.expasy.org/protp
aram/) was computed to obtain the molecular weight and
pl for the Nbs, which was trailed by determining the ther-
mostability of the Nbs by the SCooP web interface (http://
babylone.ulb.ac.be/SCooP/) in terms of Tm (melting tem-
perature). For stability and hydrophobicity prediction HLP
server (http://crdd.osdd.net/raghava/hlp/help.html) was
picked, and lastly, we assessed the solubility of the Nbs
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by PEGylating it to increase its half-life, solubility and stability. (3)
When the NPC encounters blood, proteases and blood factors split
the blood cleavable linker into two distinct entities: a nanobody dimer
and an antiviral peptide. (4) Nanobody binds to the spike glycopro-
tein's receptor binding region, effectively inhibiting the virus's major
attachment point. (5) The antiviral peptide blocks the ACE2 recep-
tor on the host cell's cellular surface, limiting viral penetration for all
SARS-CoV-2 variants of concern (VoC)

by the Protein sol server (http://protein-sol.manchester.ac.
uk) [18-20].

Epitope mapping of conserved and mutable
residues in VoCs RBD

With the rapid proliferation of variants, the odds of encoun-
tering novel escape mutations that can evade the host anti-
body-mediated response are also escalating. Thus, for an Nb
to target both current and prospective circulating variants,
it is critical to focus on the conserved residues in the spike
RBD as a target. We used the ConSurf server (https://consu
rf.tau.ac.il/) to map significantly conserved epitopes in the
spike RBD of distinct VoCs using site-specific conserva-
tion scores. It calculates the degree of conservation at each
amino acid, with color codes ranging from cyan to purple
marking the range of 0-9 from highly variable to extremely
conserved regions [21]. Brief pathogenicity analysis was
performed for the mutations undergone by the currently
reported VoCs using a consensus web server known as Pre-
dictSNP (http://loschmidt.chemi.muni.cz/predictsnp) to pin-
point the deleterious and neutral mutations [22].
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Molecular docking and assessment of energy
variables

The panel of nanobodies was further described and analyzed
for their ability to bind to the RBDs of interest for all the
VoCs. However, before nanobody, and RBD docking, both
the structures, i.e., Nbs and the VoCs RBD, are refined first
using GalaxyRefine2, and the best-refined model with the
highest RC plot values and RMSD (<2 angstroms) was
chosen as the optimized input files for docking [13]. Using
the CLUSPRO 2.0 webtool (https://cluspro.bu.edu/login.
php?redir=/home.php), each nanobody was docked against
the RBD of SARS-CoV-2 (Wild type/Alpha/Beta/Gamma/
Delta/OmicronBA.1/ BA.2/BA.3) utilizing its Antibody
mode masking the non-CDR regions wherein the Nbs PDB
was laid as receptor while the VoCs RBD as the ligand. The
three computational steps used by the CLUSPRO server are
rigid body docking using the fast Fourier transform (FFT)
algorithm in billions of confirmations, clustering using the
root mean square deviation of 1,000 of the lowest energy
structures to classify the most likely model complex, and
energy refinement of the overall complex structure. In FFT
algorithm-based docking, the ligand (protein) is tethered on
a moveable grid, while the receptor protein is placed at the
origin of the coordinate system on a fixed grid. The binding
energy terms are calculated, generating a scoring function.
This helps the docking server produce structures that are
more accurate and closely mirror native structures [23]. To
predict the affinity with which Nbs bind with spike RBD,
the top Nb-RBD model with the lowest binding energy of
all the VoCs was sorted out. Then, their binding affinity was
characterized by diverse benchmarking metrics to quantify
the intermolecular strength in dissociation constants (Kd)
and change in Gibbs free energy (AG) between the Nb-RBD
complex. We dissected the ISLAND (In silico protein affin-
ity predictor) (https://island.pythonanywhere.com/welcome/
default/index#) server to access the binding affinity of the
protein—protein complexes in terms of Kd and AG [24].

CDR delimitation and elucidation of contact
residues in RBD-Nb complex.

The AbRSA web server (http://cao.labshare.cn/AbRSA/)
was used to map the CDR regions regarded as the antigen-
binding region of the given Nb. This server allows the num-
bering of the Nb and delimits the CDR region present in
the molecule [25]. Later, the validation of individual CDR
regions was executed using the IMGT/Collier-de-Perles tool
(http://imgt.cines.fr), which permits a 2D graphical illus-
tration of immune system proteins with color codes with a
FASTA file as an input [26].

Further, the interacting residues for the best Nbs in the
Nb-RBD complex were manually checked using PyMol

and later validated in depth using LigPlot +extension DIM-
PLOT. PDBsum generates a schematic 2-D diagram for pro-
tein—protein interaction [27].

Molecular dynamics simulation of the best docked
Nb

For the perceptive complex dynamics, we employed Simlab
initiated WebGro (https://simlab.uams.edu/index.php) online
server, in which we hired the best selected Nb with the RBD
complexes of wild type and VoCs [28]. The complexes were
simulated in ‘Protein in water simulation’ under online tools,
and trajectory time was set to 20 ns with a temperature of
300 K to analyze the trajectories [29, 30].

Computational alanine scanning mutagenesis
and docking studies with mutant Nb

To optimize the binding affinity of the Nb-RBD complex
of each VoC, affinity maturation was performed by alanine
scanning of the interacting site residues of the best-docked
Nb. Drug Score PPI (https://cpclab.uni-duesseldorf.de/
dsppi/) was utilized for computational alanine scanning of
the Nb in the protein—protein interface of the Nb-RBD com-
plex to identify the hotspot residues for mutagenesis [31].
The highest AAG predicted free energy denoting the hot-
spots residues of Nb favorable for the mutation to Ala was
then used for constructing a single mutant and subsequently
multimutated library in all possible combinations via the
PyMol Wizard mutagenesis tool. Then the mutant library
was screened based on its binding affinity by docking the
designed single, double, and triple mutants against the VoCs
RBDs in round 1, round 2, and round 3 affinity maturation,
respectively, through the HDOCK docking server (http://
hdock.phys.hust.edu.cn/) [32]. The top-scoring mutant Nb
docking against all the VoC’s RBD was chosen for advanc-
ing workflow.

Screening of anti-viral peptide targeting hACE2
receptor

Spike glycoprotein's RBD domain interfaces with the ACE2
(EC number 3.4.17.23) receptor to allow it to enter the
human body. This receptor must be considered the prime
target to restrict SARS-CoV-2 from causing disease. We
did this by screening an antiviral peptide library against
the ACE2 receptor using the Antiviral Peptide Database
(AVPdb) (http://crdd.osdd.net/servers/avpdb). The peptides
having a role in inhibiting the viral entry were picked, which
enumerate 650 peptides in the AVPdb library [33]. Vari-
ous filters were employed to find the candidate peptide to
sort the best AVP, such as length, allergenicity, antigenic-
ity, toxicity, and physiochemical. Based on a few published
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studies, the peptide length was fixed to 15 aa long. For the
allergenicity of each AVP, the Algpred server (http://www.
imtech.res.in/raghava/algpred/) was used then the antigenic-
ity of the AVP was evaluated using the VaxiJen 2.0 server
(http://www.ddgpharmfac.net/vaxijen) and the toxicity of the
AVP was screened by ToxiNPred server (http://crdd.osdd.
net/raghava/toxinpred/) [34-36]. For the physiochemical
screening, first, the stability of the AVP was assessed using
an HLP web server that gives the result in the form of half-
life charge, pK, hydrophobicity, and charge [19]. Finally, the
AVP's solubility was calculated using PepCalc.Com (https://
pepcalc.com/peptide-solubility-calculator.php) computa-
tional server [37].

Before attaching AVP to the Nb, it is vital to confirm the
attachment of AVP to the ACE2 receptor. Based on numer-
ous published studies, it is shown that the ACE2 interacts
with the spike RBD hotspots via interacting residues, viz.
Ser19, GIn24, Tyr83, Lys31, Glu35, His34, Asp38, Glu37,
Tyr41, and Lys353. To achieve this, we did a site-specific
docking using the HDOCK server (http://hdock.phys.hust.
edu.cn/), where we docked the top physiochemical screened
AVP with ACE2 by specifying the interacting residues sites.
The best-docked AVP with the lowest binding energy was
selected for subsequent studies [32].

Nanobody dimerization and structural assembly
with antiviral peptide

Multimerization/multivalent format of Camelid-derived
Nanobodies has been widely documented to improve the
binding affinity and thus neutralizing potency against SARS-
CoV-2, as per available literature [38]. With this in mind, a
homodimer of chosen Nb was constructed, linking the two
entities of Nb with (GGGGS); flexible linker and subse-
quently evaluating its binding affinity with the VoCs RBD
using HDOCK. This was followed by adding the singled-out
anti-viral peptide to the non-CDR portion of the dimer. To
ensure the attachment of the best-docked AVP, it is essen-
tial to tie the peptide with a blood-cleavable linker. Next to
cleavage, two fused proteins/peptides are detached to func-
tion independently. Chen et al. designed an in-vivo cleav-
able disulfide (LEAGCKNFFPRSFTSCGSLE) that was
created using a dithiocyclopeptide with an intramolecular
disulfide bond formed between two cysteines (Cys) resi-
dues on the linker and a thrombin-sensitive sequence (PRS)
between both the Cys residues [39]. We used this linker to
fuse nanobodies with the AVP, which could later separate
at their site of action. We also used the PROSPER (http://
lightning.med.monash.edu.au/PROSPER/) and PeptideCut-
ter (https://web.expasy.org/cgi-bin/peptide_cutter/peptidecut
ter.pl) server to locate the protease targeting cleavable sites
of Dithiocyclopeptide [40, 41]. We assembled the dimer Nb,
linker, and the finalized AVP using the I-TASSER server
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(https://zhanggroup.org/I-TASSER/) to generate a full-
length 3D conjugated Biparatopic Nb model prediction in
the PDB format. The model selection was based on bench-
marked scoring systems such as the confidence score, esti-
mated TM score and RMSD to quantitatively evaluate the
quality of the I-TASSER model [42]. To validate the cor-
rectness of the final construct, the ProSA web server of the
3D model and SWISS Model located the constructs residue
in the Ramachandran plot. Lastly, the flexibility of the NPC
was determined by simulating the structure in CABSFlex
server [43-45].

Physiochemistry, toxicity & pegylation
of biparatopic nanobody-peptide-conjugate

The final biparatopic Nb-peptide-conjugate was evaluated on
physiochemical grounds, including solubility, thermostabil-
ity, and molecular weight calculated using the previously
used Protein sol, SCooP, and ExPaSy server, respectively. In
contrast, toxicological parameters were checked using Tox-
iNPred, Algpred, and VaxiJen 2.0 in the order of toxicity,
allergenicity, and antigenicity [18, 20, 34-36, 46].

In general, small-sized Nb-conjugate is susceptible to
rapid renal clearance. To reimburse this constraint, stud-
ies have evidenced the Nb format’s PEGylation -PEG ( EC
Number 500-038-2) that has ultimately improved its solu-
bility, reduced immunogenicity, prevented proteolysis, and
permitted retention time that allows low-dosing frequency
[47]. Hence, PEGylation was carried out by attaching 20
kDa linear maleimide (EC Number: 208-787-4) -terminated
PEG (MAL-(PEG),-OMe) to the Cysteine residue at the N
terminal of one of the Nb.

Codon optimization and in-silico cloning

Codon optimization and reverse translational to Nb coding
sequence were carried out with the goal of cloning and in
silico engineering, the final Biparatopic nanobody constructs
in the eukaryotic yeast-surface display expression vector.
The protein sequence of the nanobody construct was used
as the input sequence in the VectorBuilder tool (https://
en.vectorbuilder.com/tool/codon-optimization.html). To
ensure a high expression rate, the host organism was chosen
as a Human (Homo sapiens) cell line, and the sites for two
restriction enzymes, Acc651 and Xbal, were blocked. For
the query Nb construct, the server returns a cDNA output
along with parameters such as codon adaptive index (CAI)
and GC content for the protein sequence. The availability
of any commercially available restriction cleavage sites for
the GOI was checked using NEBcutter [48]. The restric-
tion sites Acc651 and Xbal were then introduced to the N-
and C-terminal ends, respectively. We used the SnapGene
restriction cloning software (www.snapgene.com) to clone
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the Nb construct GOI into yeast, specifically the Pichia pas-
toris expression vector Ppicza, which has proven to yield
6-13.6 times greater expression than E.coli without any gly-
cosylation sites detected [49].

Results

Homology modelling and structural refinement
of VoCs RBD

Since RBD is the primary site of contact between the
viral pathogen and the host, to generate the RBD models
of individual VoCs and the wild type of SARS-CoV-2, the
FASTA sequences were obtained from GISAID and NCBI,
respectively. All the sequences were subjected to multiple
sequence alignment concerning the WT RBD, whose output
was visualized using ESPript. SWISS-MODEL generated
homology models for RBD of each described variant using
the extracted RBD sequences from different alignments pin-
pointing the highlighted mutant residues. GalaxyRefine2
optimization was applied to the best models with (>90%)
RC favorable, moderately substantial QMEAN and GMQE,
and the highest sequence identity. Further to the generated

models, the model with criteria, i.e., low RMSD (> 2 ang-
strom) and (>95%) RC favorable was chosen, which ensured
that the computational pipeline we applied for model gen-
eration shows minimum deviation from the experimentally
determined models and reliable for advancing steps.

Physiochemical screening of SARS-CoV-2
neutralizing Nbs

Our analysis from the CoV-Abdab database targeting the
SARS-CoV-2 WT and VoCs obtained 636 Nbs, of which
45 Nbs had experimentally derived crystallized PDB struc-
tures (Supplementary Table 1). Using PyMol, Nb 3D models
was extracted followed by structure refinement using Gal-
axyRefine2. For the refined models, we chose the models
with low RMSD (> 2 angstroms) and high RC fair values.
The preliminary screening of the Nb based on various phys-
icochemical properties like molecular weight and pl were
calculated using ExPasy-Protparam, which deduced the
Nbs molecular weight ranging from 13.5 to 15 kDa (unlike
mAbs ~ 150 kDa) (Fig. 2a), and pl ranging 4.7-9.4 where the
majority of the Nbs had 8-9 pI which is considered adequate
therapeutic Nbs administration (Fig. 2b). Nb is known to
show thermoresistance, and the Tm value measured from
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measured using the ProteinSol server (>0.45 score considered to be
soluble). The data for the physiochemical profiles of the nanobody
was visualized using GraphPad Prism v.9 software
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«Fig.3 Epitope mapping of conserved residues and pathogenic-
ity analysis. a Consurf prediction of conserved spike RBD epitopes
of SARS-CoV-2 VoCs colored coded based on their conservation
scores where the color cyan represents low scores representing highly
mutable/variable residues and the color purple with high scores por-
tray highly conserved residues in the cyan through purple color bar.
b A Schematic Venn diagram (obtained using http://bioinformatics.
psb.ugent.be/webtools/Venn/) illustrating shared mutations between
SARS-CoV-2 variants of concern

the SCooP webserver denoted the 45 Nbs to have Tm in the
range of 55-70°, which shows agreement with this notion
(Fig. 2c). The half-life measured in seconds establishes the
peptide stability in direct relation to the half-life, i.e., the
higher half-life greater the peptide stability (Fig. 2d) and
hydrophobicity (Fig. 2e), where the HLP tool showed har-
mony with the high stability of all the 45 Nbs. Solubility
assessment of Nbs pays equal importance rendering to its
clinical application. Protein sol predicted 40 out of 45 Nbs
to have high water solubility featured on the table (Fig. 2f).
To screen the panel of Nbs further, a comparison was made
based on its binding affinity described in the upcoming
sections.

Identification of conserved and mutable epitopes
of VoC’s RBD

The ConSurf server estimated the evolutionary rate of the
amino acid epitopes of the spike RBD of each VOC. The
color schemed purple region depicts the highly conserved
residues of individual RBDs. The MSA results and the
conservation scores are summarized in the figure (Fig. 3a).
Briefly scrutinizing the pieces of literature and WHO pro-
files, reported the mutations sustained by the spike RBD
of VoCs,- Alpha (N501Y); Beta (K417N, E484K, N501Y);
Gamma (K417T, E484K, N501Y); Delta (L452R, T478K);
Omicron BA.1 (G339D, S371L, S373P, S375F, K417N,
N440K, G446S, S477N, T478K, E484A, Q493R, G496S,
Q498R, N501Y, Y505H); Omicron BA.2 (G339D, S371F,
S373P, S375F, T376A, D405N, R408S, K417N, N440K,
S477N, T478K, E484A, Q493R, Q498R, N501Y,Y505H),
and Omicron BA.3 (G339D, S371L, S373P, S375F, D405N,
N440K, G446S, S477N, T478K, E484A, Q493R, Q498R,
N501Y, Y505H). The shared mutations in these VoCs are
represented in the Venn diagram (Fig. 3b).

Among them, the mutations N501Y, L452R, and Y505H
were predicted to be deleterious, and the rest of the muta-
tions had neutral effects regarding pathogenicity. At the
same time, few servers have shown the mutations G496S
in BA.1 and T376A in BA.2 to be disease-causing. All the
VoCs share the mutation N501Y, and the mutation L452R
is responsible for the pathogenic behavior of the Delta vari-
ant. The final table was prepared by taking the results from
highly reliable PredictSNP with percentages denoting the

accuracy of prediction along with the overall extended
results from all the six servers (PredictSNP, PolyPhenl,
PolyPhen-2, SIFT, SNAP, PANTHER. The pathogenicity
was established based on a manually designed confidence
score defining the likelihood of a mutation deleterious
(Table 1).

Molecular docking analysis of Nbs-VoCs RBD
complex and evaluation of binding affinity

The preoptimized homology-modeled PDB structures were
chosen relying on MolProbity scores (lower MolProbity
value, more the mechanically realistic model) and lower
RMSD scores; they were subjected to protein—protein
molecular docking. CLUSPRO docking server was oper-
ated for docking the pane of 45 Nbs with RBDs of WT and
individual VoCs. The best 9 Nbs-RBD model with the low-
est binding energy showing significant interaction between
Nbs and RBD epitopes was preferred for further analysis.
The Nbs Re5D06 (PDB:70LZ), WNb-2 (PDB:7LDJ),
MR17_K99Y (PDB:7CAN), N3113 (PDB:7VNB), N3113.1
(PDB:7VNE), VHH_W (PDB:7KN7), Nb36 (PDB:7ME]J),
WNb-10 (PDB:7LXS5), Sb23 (PDB:7A25), and NRL-N-E2
(PDB:7NOI) exhibited effective binding with the RBD of
VoCs with binding energy scores mostly above -290 kcal
which could be graphically examined by the heat map at
(Fig. 4a) [5, 9, 50-55]. Taking the wild-type RBD as the
control, the binding energy for Nbs VHH_W, Nb36, MR17_
K99Y, WNb-2, Re5D06, N3113 complexed with the VoCs
RBD had increased binding energy for all or majority
of the RBDs. It can also be noted that the Nb VHH_W,
MR17_K99Y, and Nb 36 showed remarkably stronger bind-
ing affinity to the RBD of the Omicron sub-lineages. We
also observed that despite the Nb Re5D06 having improved
affinity towards the Omicron RBD, the trend reduced for
other VoCs RBD such as Alpha, Beta, and Gamma. For a
nominee Nb, we were interested in selecting the Nb hav-
ing ample affinity towards all the existing VoCs for further
analysis. Their greater binding effectiveness, evidenced
by their docking score, suggests that they could be used in
mutational investigations to develop a more efficient anti-
viral nanobody.

Computational techniques may generate multiple cri-
teria for predicting binding affinity in protein—protein
complexes, and mispredictions may affect the accuracy
of future analysis and interpretations. We took the pre-
dicted dissociation constant (Kd) and change in Gibbs
free energy (AG), denoting the binding affinity point of
reference against the Nb-RBD complexes. Many stud-
ies have suggested the inverse relationship between Kd
and binding affinity, where smaller Kd depicts stronger
binding affinity and vice versa. Usually, for an antibody-
like molecule (Nb in the present context), the Kd ranges
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Table 1 Pathogenicity estimation of Spike RBD substitutions (mutation) using PredictSNP server

S. SARS-CoV-2 VOCs MUTATIONS(WHO) PredictSNP Predicted type Overall Pathogenicity Con- Predicted type
no. fidence score (PredictSNP,

PolyPhen1, PolyPhen-2,

SIFT, SNAP, PANTHER) (%)

ALPHA N501Y 0.63 Neutral 33.34 Neutral
2 BETA K417N 0.83 Neutral 0.00 Neutral
E484K 0.83 Neutral 0.00 Neutral
N501Y 0.51 Deleterious 66.67 Deleterious
3 GAMMA K417T 0.83 Neutral 0.00 Neutral
E484K 0.83 Neutral 0.00 Neutral
N501Y 0.51 Deleterious 66.67 Deleterious
4 DELTA L452R 0.52 Deleterious 66.67 Deleterious
T478K 0.83 Neutral 0.00 Neutral
5 OMICRON (BA.1) G339D 0.83 Neutral 0.00 Neutral
S371F 0.79 Deleterious 100 Deleterious
S373P 0.63 Neutral 33.34 Neutral
S375F 0.63 Neutral 33.34 Neutral
K417N 0.65 Neutral 33.34 Neutral
N440K 0.74 Neutral 33.34 Neutral
G446S 0.55 Neutral 33.34 Neutral
S477N 0.63 Neutral 33.34 Neutral
T478K 0.83 Neutral 0.00 Neutral
E484A 0.6 Neutral 50.00 Possibly deleterious
Q493R 0.75 Neutral 16.67 Neutral
G496S 0.55 Deleterious 83.34 Deleterious
Q498R 0.63 Neutral 33.34 Neutral
N501Y 0.63 Deleterious 66.67 Deleterious
Y505H 0.87 Deleterious 100 Deleterious
6 OMICRON (BA.2) G339D 0.83 Neutral 0 Neutral
S371F 0.79 Deleterious 100 Deleterious
S373pP 0.63 Neutral 33.34 Neutral
S375F 0.63 Neutral 33.34 Neutral
T376A 0.55 Deleterious 83 Deleterious
D405N 0.52 Deleterious 83 Deleterious
R408S 0.6 Neutral 50 Possibly deleterious
K417N 0.65 Neutral 33.34 Neutral
N440K 0.74 Neutral 16.67 Neutral
S477N 0.63 Neutral 33.34 Neutral
T478K 0.83 Neutral 0 Neutral
E484A 0.6 Neutral 50 Possibly deleterious
Q493R 0.75 Neutral 16.67 Neutral
Q498R 0.63 Neutral 33.34 Neutral
N501Y 0.63 Neutral 33.34 Neutral
Y505H 0.87 Deleterious 100 Deleterious
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Table 1 (continued)

S. SARS-CoV-2 VOCs MUTATIONS(WHO) PredictSNP Predicted type Overall Pathogenicity Con- Predicted type
no. fidence score (PredictSNP,
PolyPhen1, PolyPhen-2,
SIFT, SNAP, PANTHER) (%)
7 OMICRON XE (BA.3) G339D 0.83 Neutral 0 Neutral
[Stealth] S371L 0.61 Neutral 33.34 Neutral
S373P 0.63 Neutral 33.34 Neutral
S375F 0.63 Neutral 33.34 Neutral
D405N 0.52 Deleterious 83 Deleterious
N440K 0.74 Neutral 16.67 Neutral
G446S 0.65 Neutral 33.34 Neutral
S477N 0.63 Neutral 33.34 Neutral
T478K 0.83 Neutral 0 Neutral
E484A 0.6 Neutral 50 Possibly deleterious
Q493R 0.75 Neutral 16.67 Neutral
Q498R 0.63 Neutral 33.33 Neutral
N501Y 0.63 Neutral 33.33 Neutral
Y505H 0.87 Deleterious 100 Deleterious
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Fig.4 Analyzing Nb-RBD docking results a Heatmap represent-
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from 107% to 10~ The AG is a scoring function giving
a vague idea about the extent to which the docking pose
is favorable for interaction. According to the results of
the ISLAND server, the binding affinity of the Nbs such
as VHH_W, MR17_K99Y, and WNb-10 have shown
increased binding affinity with the majority of SARS-
CoV-2 VoCs RBDs. We took the wild type or Wuhan-
Hu-1 strain as the reference interaction.

For designing a clinically relevant drug candidate,
binding affinity holds considerable importance, attrib-
uted to its specificity, selectivity, and neutralization activ-
ity. Kd in the picomolar range is accounted significant in
catering to the antigen—antibody interaction and could be
subjected as a high-affinity Nb fragment, which amplifies
the interactions to various folds. ISLAND server-driven
output channelized the workflow towards sorting an Nb
binding all the VoCs RBD, and thus we sized our study on
Nb VHH W having a picomolar ranged binding affinity
with all the VoCs strains [56]. Figure shows the graphical
representation of binding energy and pKd (calculated by
taking the log of Kd) of Nb VHH W (Table 2, Fig. 4b).

Contacting residues at the RBD-Nb interface
and their propensity with Nb CDRs

To map the hypervariable-CDR loops of the nanobody
VHH W, the preliminary analysis was made by the AbRSA
tool in IMGT antibody (nanobody) numbering. Subse-
quent validation was achieved for the delimitation made by
IMGT/Colliers de Perles that uses the Nb VHH W FASTA
to highlight the CDR1, CDR2, and CDR3 loops of the nano-
body governing the key antigen recognition role (Fig. 5).
SARS-CoV-2 variants include myriads of RBD mutations
that impair mAb or Nb binding, underscoring the need for
antivirals resistant to viral escape. To ensure a robust bind-
ing affinity against all the VoCs included in the study, we
identified the cryptic epitopes of RBD directing the interac-
tions with Nb CDR. To assess the extent to which the pre-
sented Nb VHH W shows competence to target the critical
conserved site and block the existing reported mutations in
RBD of VoCs by the competitive inhibition with hACE-2,
a meticulous analysis of the interacting residue performed
at residue level manually for Nb VHHW-RBDs complexes
with the PyMol visualization tool. Further particular focus
was made on the contacting residues of the Nb VHH
W-RBD complex involving CDR regions of the Nb and the

Table 2 Binding affinity of the Nbs-RBD complex calculated in terms of Kd and AG using ISLAND server

S.no. Nanobody Wild type Alpha Beta Gamma

Kd (M) at AG (kcal Kd (M) at AG (kcal Kd (M) at AG (kcal Kd (M) at AG (kcal

25.0°C mol-1) 25.0°C mol—1) 25.0°C mol—1) 25.0°C mol—1)
1 Re5D06 4.80E—-09 —11.33 9.85E—-09 —11.31 5.0423-09 — 1091 9.85E—-09 — 1091
2 WNb-2 7.50E—-09 —-11.07 7.30E—-09 - 11.09 7.23E-09 —11.10 7.24E—-09 —11.10
3 MR17_K99Y 8.25E-09 —-11.02 7.96E—09 —11.04 7.89E—-09 —11.05 7.89E—-09 —11.04
4 N3113 2.68E—09 —11.68 2.74E-09 —11.67 2.60E—09 - 11.69 2.68E—09 - 11.70
5 N3113.1 2.95E-09 —11.63 3.02E-09 —11.61 2.91E-09 —11.64 2.90E-09 —11.64
6 VHH_W 5.03E-09 —11.31 4.84E—-09 —-11.33 4.80E—-09 —-11.34 4.80-09 —-11.34
7 Nb36 1.30E-08 -10.71 1.35E-08 -10.73 1.33E-08 - 10.73 1.33E-08 -10.73
8 WNb-10 4.80E-07 —-11.34 4.93E-09 —-11.32 4.75E-09 —11.35 4.75E-09 —-11.34
9 Sb23 2.61E—-09 - 11.70 2.67E—09 —11.68 2.57E-09 -11.71 2.57E-09 —-11.71
S.no. Nanobody Delta Omicron (BA.1) Omicron (BA.2) Omicron (XE)

Kd (M) at AG (keal Kd (M) at AG (keal Kd (M) at AG (keal Kd (M) at AG (keal

25.0°C mol—1) 25.0°C mol—1) 25.0°C mol—1) 25.0°C mol—1)
1 Re5D06 9.85E—09 — 1091 1.37E-08 - 10.72 4.27E-09 — 1141 1.24E-08 —10.78
2 WNb-2 6.85E—09 —11.13 1.25E-08 -10.77 6.98E—09 —11.12 1.20E-08 —10.80
3 MR17_K99Y 7.41E-09 —11.08 1.39E-08 —10.71 4.89E—09 —11.33 1.18E-08 —10.81
4 N3113 2.82E—-09 —11.65 2.83E—09 —11.65 3.24E-09 —11.57 1.00E—-08 —10.90
5 N3113.1 3.10E-09 —11.60 3.11E-09 —11.59 3.55E-09 —11.52 1.11E-08 —10.84
6 VHH_W 5.18E—09 —-11.29 8.30E—09 —11.01 3.86E—09 — 1147 8.01E-09 —11.04
7 Nb36 1.20E-08 -10.79 2.26E—08 —-10.42 6.40E—09 —11.17 1.19E-08 —10.80
8 WNb-10 3.39E-09 —11.55 5.02E-09 —11.31 5.71E-09 —11.24 1.35E-08 - 10.73
9 Sb23 2.75E-09 - 11.67 2.76E—09 - 11.67 3.15E-09 - 11.59 1.90E-08 -10.71
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Fig.5 CDR delimitation of

Nb VHH W in IMGT number-
ing featuring the three CDRs

CDR Delimitation of Nb VHH W
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conserved RBD epitopes at the interface. Since deleterious
mutations have been known to subdue the binding affinity of
Nb, the CDR paratopes of the Nb binding with neutral (non-
deleterious) mutations (and RBD hotspot residues) could be
counted as effective in barricading the communication of
RBD to ACE-2 in the existing VoCs (Fig. 6).

# Critical analysis of RBD-Nb interacting residues

When it comes to processing an Nb-based drug candidate,
the Nb VHH-W might be thought of as the one with an affin-
ity for all variations and many residue interactions in its
CDR for conjugate drug creation. Nb VHHW CDR3 loop
encompasses residues 104 to 118, CDR2 loop 55to 66, and
CDRI loop 26 to 39. A comprehensive investigation of the
contacting interface residues in the Nb-RBD complex was
performed using Dimplot + extension of Ligplot +and PDB-
sum produced diagrams.

VHH W-WT RBD

Scrutinizing the interactions of VHH W with the wild-type
SARS-CoV-2, out of a total of 9 interacting residues of
VHH W, we found that it could simply employ 8 of its resi-
dues from the CDR3 and CDRI1 region for interaction with
Wild type RBD. Four CDR3 residues and one CDR1 bind
to the highly conserved residues of WT RBD as Argl14/
ARG 457, Glu110/GIn409, Asp112/Tyr421, Tyr113/Thr415;
and GIn38/Tyr489, respectively, with Consurf conservation
score of 8-9 indicating highly conserved residue (Fig. 6a).

VHH W-ALPHA RBD

Briefing on the interaction between Nb VHH W with the
RBD of Alpha type, with the interaction of 9 Nb residues
of which four CDR3 residues and two CDR1 residues par-
ticipate as contacting residue. The CDR3-RBD contacting
residues involving conserved epitopes present in the pur-
ple region depicting conserved residue of RBD are con-
stituted as (CDR3 Nb residues/conserved RBD residues)
Glu110/GIn409. At the same time, the CDR1 interaction
goes as Phe26/Tyr 489, and Thr 27/Asn 487 (Fig. 6b).

VHH W-BETA RBD

Observations were then made in the case of Nb-beta RBD,
where the 9 Nb VHH W contacting residue protruded its
CDR arms. None of the interactions found included the
non-CDR region. The CDR region of VHH W Beta RBD
had interactions as (CDR3 Nb residues/conserved RBD
residues) Tyr111/Cys 480; and (CDR1 Nb residues con-
served RBD) Asp29/11e468. The conserved RBD residues
targeted by the Nb CDR indicate the prospective effect of
the neutralizing Nb even in the case of any RBD mutations
in the upcoming variants (Fig. 6¢).
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CONTACT RESIDUES AT Nb VHH W - RBD INTERFACE

Nb VHH W-RBD WILD TYPE INTERFACE RESIDUESl Nb VHH W-RBD ALPHA INTERFACE RESIDUES |

Chain A Chain B

Nb VHH W-RBD BA.3 INTERFACE RESIDUES |

S
4 ;
; e .'

| Wk Ok

L @@t

: :I\m.
s

1 uu Al
!

@ Springer



Molecular Diversity (2023) 27:2577-2603

2591

«Fig. 6 Interacting residues at the Nanobody VHH W- RBD inter-
face in SARS-CoV-2 VoCs. The surface depiction of Nanobody
VHH W (Blue) in complex with a Wild type (Green), b Alpha vari-
ant (Pink), ¢ Beta variant (Orange), d Gamma variant (Red), e Delta
variant (Yellow), f Omicron BA.1 (Cyan), g Omicron BA.2 (Olive),
h Omicron BA.3 (Violet). The close-up stick diagram of the interact-
ing amino acids of complexes is a result of molecular docking per-
formed using CLUSPRO server and visualized in PyMol. The 2D
Ligplot +extension Dimplot diagram within the circular boxes high-
lights the conserved RBD residues interacting with the CDR loops of
the Nb VHH W where the green line indicates the hydrogen bonds.
The pictorial illustration extracted from PDBsum server shows all the
interface contacting residues between Chain A (RBD) and Chain B
(Nb VHH W) where the blue line represents H bond, yellow repre-
sents the disulfide bond, red line represents the hydrophobic inter-
action and dotted orange line shows the nonbonded residues. (The
reader is directed to the Web version of this article for an explanation
of the colour references in this figure legend)

VHH W-GAMMA RBD

The Gamma variant’s RBD is targeted by 7 Nb VHH W
residues where the CDR3 region project one residue to
RBDArg114/Asn487-Tyr489, but CDR1 binds as Asp29/
Thr500which are found evolutionarily conserved (Fig. 6d).

VHH W-DELTA RBD

A sum of 7 interacting amino acids of Nb VHH W forms a
bond with the Delta strains. Of which, three conserved RBD
residues attach to Nb CDR3 paratope as Argl14/Asn487,
and CDRI interact through Tyr30/Tyr 449 (Fig. 6e).

VHH W-OMICRON BA.1 RBD

For the unprecedented mutation-prone Omicron variant
(BA.1), the chosen Nb VHH W displayed affinity through
CDR3 and framework region only. Structurally, there are 4
Nb residues utilizing its CDR3 to bind with RBD- Asp112/
Asn487, Tyr 113/Tyr 489. In addition, this Nb perfectly tar-
gets the existing mutations where the Nb VHH W could
compete with the hACE2 for binding to the RBD (Fig. 6f).

VHH W-omicron BA.2 RBD

Only three CDR3 residues were able to bind the RBD
non-mutable epitopes in the latest Omicron BA.2 subvari-
ant, out of a total of nine Nb VHH W paratopes involved:
Argl14/Asn487, Tyr111/Ty489, and His109/Gly485. The
inclusion of the mutation N501Y culminates in a seven-
fold greater binding affinity to the hACE?2 receptor as
compared to the original wild-type SARS-CoV-2 virus.
The Tyr mentioned above mutation produces considerable
virulence in highly transmissible Omicron variants. In the
current context, the selected Nb VHH W might consider-
ably bind and restrict the N501Y via Ser 101, a framework

region derivative. This means that by undergoing competi-
tive inhibition, it can potentially limit Omicron BA.2 vari-
ant invasion by halting attachment to the central hACE2
receptor. We could also speculate that CDR3 restricts the
hACE2 binding hotspot present in RBD(Tyr 489) with
the help of Tyr111. As a result, this Nb would be able to
negate any existing BA.2 subvariants. On the other hand,
several residues target RBD's conserved residues, provid-
ing the Nb a futuristic edge (Fig. 6g).

VHH W-omicron BA.3 RBD

Ultimately, the recently identified recombinant stealth var-
iant termed XE (BA.3) subvariant has mutations from both
BA.1 and BA.2 and can bind a maximum of conserved XE
RBD epitopes. The Nb interface extends 12 residues to
address the XE RBD. Out of which nine residues belong to
the CDR3 region, one belongs to the CDR1 region explic-
itly targeting the conserved RBD residues, i.e., Trp108/
Tyr489, His109/Arg493, Argl14/Ala475-Asn4d77, Tyr113/
Tyr421; and Asp29/Arg408 respectively (Fig. 6h).

# It's worth noting that Lys 484 is one of the WHO-
reported mutations in Gamma and Delta SARS-CoV-2
variants, which has been linked to immunological inva-
sion, which amplifies the interaction between ACE2 and
RBD by a factor of ten. The Nb VHH W paratopes Glu110
in Gamma and His109 and Glul10 in Delta may block the
Lys 484 from additional contact with the host receptor
and other coreceptors involved with increased infectivity.

# As per what we know about the Tyr 501 (Y501) muta-
tion, from literature review and PredictSNP results, which
is prevalent in Alpha, Beta, Gamma, and Omicron forms, it
is liable for more significant interaction between RBD and
ACE?2. Tian et al. and coauthors employed FACS assays,
surface plasmon resonance, and molecular dynamics to
establish the more arduous interaction in RBD caused by
the N501Y mutation, leading to increased transmissibil-
ity in SARS-CoV-2 VoCs [57]. Taken together, we might
speculate that the Nb VHHW can effectively impede the
binding residue Tyr501, reducing the likelihood of an
RBD-hACE2 complex forming.

# Kumar et al., attempted to conduct a pathogenic-
ity analysis and resolve the electrostatic surface poten-
tial of spike glycoprotein, which established that among
the many Omicron mutations, one of the mutations, i.e.,
His505 (Y505H) present in all the Omicron sub-lineages
is assumed to be highly deleterious owing to highly posi-
tive electrostatic surface potentials [58]. Our interaction
and pathogenicity analysis revealed the His 505 interac-
tion with Nb paratopes, which could be thought of as the
possible outcome to reduce the affinity of RBD for ACE-2
receptors in the human body.
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«Fig. 7 Molecular Dynamics Simulation of Nb VHH W- RBD com-
plex using WebGro web interface. a RMSD plots for all the VoCs
RBD forming complex with Nb VHH W. b RMSF plot of Nb VHH
W-RBD complexes. ¢ Number of H-bonds present in the Nb VHH
W —RBD complexes d Radius of Gyration of Nb VHH W-RBD com-
plexes e SASA plot for the Nb VHH W —RBD complexes

Molecular dynamics simulation of Nb VHH W-VoC'’s
RBD

Molecular dynamics simulations made feasible by the Web-
GRO server investigate macromolecular dynamics, such as
protein—protein systems. MD simulations for 20 ns at 300 K
temperature were undertaken on the Nb VHH W-RBDs
complexes extracted from the CLUSPRO docking server for
all of the chosen variants, and the data were compared [29].
To determine the stability and fluctuations of the aforemen-
tioned complexes, MD trajectories were analyzed in terms of
RMSD (Root Mean Square Deviation), RMSF (Root Mean
Square Fluctuation), RG (Radius of gyration), and SASA
(Solvent Accessible Surface Area).

The RMSD of the protein backbone atoms is plotted
against time in the graph to determine changes in structural
conformation. Except for VHH W-Beta variant, RMSD
graphs show that the other Nb-RBD complexes have the
lowest variations in their RMSD below 0.5 nm and have
attained a stable state during their dynamics' final stages.
This depiction clearly shows the Nb's stability against the
RBD of individual VoCs, while the complex underwent
minor structural changes during the simulations (Fig. 7a).

RMSF is another significant criterion to consider that is
used to investigate how the behavior of target protein amino
acid residues changes when it binds to the RBD of the spike
protein in the present case. The RMSF values for the Ca
atoms were calculated and recorded against the residues.
The Nb-RBD complexes RMSF pattern indicated similar
fluctuations with a range below 0.5 nm, chiefly for Alpha,
Gamma, Delta, and Omicron. The Nb VHH W in complex
with the XE (BA.3) subvariant evidenced maximum fluc-
tuation up to 2.5 nm during the dynamics of its interface
residues in the RMSF plot. The fluctuations from 1 to 125
residues account for the Nanobody VHH W, whereas from
333 to 528 indicate the fluctuation for RBDs in the recorded
complexes (Fig. 7b).

The concentration of H bonds at the proteins interface
plays a critical role in governing the connection between two
proteins together. Throughout the simulation, the number
of H bonds at the Nb VHH W, and RBD-spike contact was
displayed, revealing a wide range of H-bonds in the range
from 180 to 200 in all the VoCs RBD complexes (Fig. 7¢).
In addition, the Radius of gyration was also determined to
assess the compactness of the complex where a higher value
indicates less compressed/compact packing and a lower

value denotes tight, compact packing. During the simulation,
the Nb VHH W/BA.2 RBD had fluctuations to higher val-
ues indicating the least compactness, whereas the Alpha and
beta variant complex with Nb VHH W had the most compact
packing with values below 2.5 nm throughout the simula-
tion (Fig. 7d). Lastly, all the complexes were computed for
a Solvent Accessible Surface Area (SASA) analysis for the
interface residues of the complex for exploring the scope
of receptor exposure to the surrounding solvent molecules
where higher SASA values define for more exposed surface
and vice versa. In a broad sense, the SASA plot revealed
the highest score for Omicron BA.2 (above 160 nm?), and
other complexes were 145-160 nm? depicting the shift in
the area in contact with the solvent. The variance in amino
acid side chains and the pattern of amino acid composition
at protein—protein interfaces culminated in a diverse number
of interactions (Fig. 7e).

Affinity maturation by alanine scanning
mutagenesis and assessment of binding affinity
of mutant Nb

To advance the binding affinity of the Nb-RBD complex,
affinity maturation was performed of the selected Nb VHH
W through the in-silico alanine scanning mutagenesis exper-
iment. All the contacting interface residues were preliminar-
ily checked by mutating each to Ala, which was carried out
using the DrugScore PPI server. The server did identify the
critical hotspot ranking in terms of favorable AAG score.
Of the predicted mutations in the Nb VHH we selected,
D29A, Y102A, and Y111A exhibited the most favorable
AAG scores (Supplementary Fig. 1). Additionally, it must
be noted that D29A and Y111A belonged to CDR regions
among the three selected mutants, while the Y102A was
mapped at the framework region of Nb. To classify the
mutant best suited for increasing the binding efficacy of Nb
VHH W, single, double, and triple mutants were designed
using the Wizard Mutagenesis tool of PyMol.

Further screening of the results in the CLUSPRO server
for the three rounds of affinity maturation revealed that the
single mutant Y111A exhibited a remarkable increase in
affinity with better specificity to all the VoCs RBD as a tar-
get. Similar results were obtained in validation through the
HDOCK server (Fig. 8, Table 3).

Physiochemical assessment and selection
of antiviral peptide targeting ACE2 receptor

A large body of evidence suggests that small molecules such
as peptides, neutralizing antibodies, nanobodies, or natural
substances can efficiently mediate interaction with human
ACE-2, making them a possible therapy option for COVID-
19 patients. First, the 650 anti-viral peptides picked from the
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Fig.8 Graphical account of the
docking scores for the Alanine
scanning mutagenesis generated
mutant library for both CLUS-
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Table 3 Binding energy of the Nb VHH W mutant library post Alanine scanning against VOCs RBD using CLUSPRO docking server and vali-

dated by HDOCK docking server

Roundno  Mutants WT Alpha Beta Gamma
CLUSPRO HDOCK CLUSPRO HDOCK CLUSPRO HDOCK CLUSPRO HDOCK
Round 0 Control(No mutation)  — 300.5 —256.99 —308.5 —243.55 —-304.1 —249.04 -319.7 —249.04
Round 1 Y102A —-327.2 —256.99 —320.1 —258.07 —-3094 —275.6 —339.8 —275.6
Y111A —359.3 —-261.2 —331.5 —287.2 —348.9 —290.6 —-329.1 —290.6
D29A —358.5 —24493 —-3384 —250.82  —340.7 —261.6 —337.8 —261.6
Round 2 Y102A Y111A — 3284 —239.81 —-309.9 —239.81 —-307.7 —-272.62 —337.7 —272.62
Y102A D29A —322.8 —251.5 —303.1 —250.9 -305.9 —243.69 —-3272 —243.69
Y111A D29A —348.8 —251.5 -3229 —279.28 —344.1 —25045 —-3319 —250.45
Round 3 Y102A Y111A D29A  —323.1 —-27092 -303.4 —26521 —299.8 —250.9 —3225 —250.9
DIMER VHHW-VHHW —496.7 —306.48 —420 -317.77 —4447 —330.82 —449 —330.82
Round no  Mutants Delta Omicron (BA.1) Omicron(BA.2) Omicron(BA.3)
CLUSPRO HDOCK CLUSPRO HDOCK CLUSPRO HDOCK CLUSPRO HDOCK
Round 0 Control(No mutation)  — 339.4 —24489 —346.8 —283.62 —3334 —25849 —346.5 —254.61
Round 1 Y102A —308.9 —267 —318.8 —271.64 —3242 —27598 —3419 —273.43
YI11A —341.1 —257.8 —3494 —287.69 —352.8 —30843 —362.2 —270.8
D29A —348.3 —24442 —-13555 —281.79 —3533 —27774 —358.6 —271.34
Round 2 YI02A Y111A —297 —25098 —13275 —25098 —326.5 —294.8 —324.6 —267.47
Y102A D29A —293.9 —243.67 —326.5 —27893 —325.7 —27349 —-3246 —259.67
Y111A D29A —3315 —25444 —-3449 —29491 —3424 —278.72 —342.1 —255.26
Round 3 Y102A Y111A D29A  —293.9 —230.9 —3243 —27893 —3234 —262.53 —321.1 —271.31
DIMER VHHW-VHHW —464.9 —338.84 —464.2 —303.54 —4512 —32046 —478.8 —328.41

AVPdb database were tested to determine that they specifi-
cally prevented viral entry. Several factors were considered
while sorting a desirable AVP, including length, antigenicity,
allergenicity, toxicity, solubility in water, and stability. The
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first parameter we used was the length; we chose 15-amino-
acid peptides. Following that, we ensured that the peptides
we chose were non-allergenic, non-toxic, and antigenic. In
the VaxiJen 2.0 server, the cutoff score for antigenicity was
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set to > 0.5. Ultimately, the peptide must be water-soluble
and exceedingly stable, considering all of the preceding
factors. In the end, we were left with five peptides whose
FASTA sequences were preserved for docking against the
hACE-2 receptor.

Prior to AVP docking and assemblage to the Nb, a
dithiocyclopeptide linker was picked from the docu-
mented studies for linking the AVP to the Nb. The dithi-
ocyclopeptide linker (LEAGCKNFFPRSFTSCGSLE)
is a disulfide blood cleavable linker that could leave as
soon as the Nb construct encounters the blood proteases
and enzymes. Hence, the protease cleavage site was first
detected with the help of PEPTIDE CUTTER and PROS-
PER web servers. The results revealed the cleavage site in
LEAGCKNFFPRS*FTSCGSLE, between S(Ser) and F
(Phe), which could be cleaved by the Metalloprotease and
Thrombin serine protease. The protease mediates cleavage in
its C-terminal direction towards the right side of the marked
amino acid. As a result, the FTSCGSLE component of the
linker is anticipated to remain linked to the AVP once the
proteases have cleaved it. Looking at the whole picture, the
peptide model was created, and docking was performed
using HDOCK. The HDOCK protein—protein docking server
offers a rich media to accept PDB and FASTA input files and
perform template-based modeling, which allowed us to feed
the partly-linker-added-AVP to dock with the ACE-2 PDB
structure (7WBL)[59].

This was implemented for each of the five AVP contest-
ants, and the model with the lowest binding energy was cho-
sen for future investigation. S19, Q24, K31, H34, E35, E37,
D38, Y41, Y83, and K353 are ten primary amino acid resi-
dues interacting with the spike RBD hotspot. The docking
was done site-specific, with the AVP targeting the ACE-2
hotspot residues. As a result, the critical interacting ACE-2
interface residues were also accepted as selection criteria
in addition to the binding energy. We chose the AVP0725
peptide, which was used to block ACE-2 and SARS-CoV-2
RBD interactions and was further integrated with the Nb
utilizing a blood cleavable linker (Table 4).

Designing and validation of biparatopic nanobody
peptide construct

We introduced a second mutant Nb VHH W with the sin-
gle mutant Nb VHH W intending to further boost the Nb's
potency against all the VoCs RBD. The homodimer was
generated by joining the entities with (GGGGS); flexible
linkers. Ultimately, the whole construct was achieved by
arranging the FASTA sequence of each component in the
series from N’ to C* as mutant Nb VHH W-(GGGGS); flex-
ible linker- mutant Nb VHH W-Dithiocyclopeptide blood
cleavable linker-Antiviral peptide AVP075 and feeding it to
the I-Tasser modeling tool. The model assembly was created,

Table 4 List of top 5 Antiviral peptides taken from AVPdb and their docking assessment with hACE-2 receptor

Binding energy Interacting ACE-2

FTSCGSLE + AVP

Half-life
(stabil-
ity)

AVPred ID Sequences (15 amino Physiological target Allergenicity Antigenicity Solubility

S.

hotspots

acid)

no.

K31, E35, Y83

6.347 FTSCG- -121.48

Good water solubil-

ity

Non allergen Antigen

Viral entry

EQSRKPPNPT-
PPPPG

AVP0771

1

SLEEQSRKPP-
NPTPPPPG

H34, E37, K353

FTSCGSLEAAPTG- -98
DPKPKKNKKP

FTSCGSLED-

6.347

Good water solubil-

ity

Non allergen Antigen

Viral entry

AAPTGDPKPK-
KNKKP
DMELKPA-

AVP0691

2

Q24, K31, H34, E35,

-132.38

Good water solubil-  2.191

ity

Non allergen Antigen

Viral entry

AVP0725

3

D38, Y83, K353

MELKPA-

NAATRTSR

NAATRTSR
FTSCGS-

Q24, K31, E35, D38,

-138.83

0.791

Good water solubil-

ity

Non allergen Antigen

Viral entry

TRDAIEPCT-

AVP0799

4

Y83

LETRDAIEPCT-
VGHRRY

VGHRRY

E35, E37, D38, Y83,

S19, Q24, K31, H34,
K353

FTSCGSLERVDLG- -87.31
DCIGKDARDA

0.646

Good water solubil-

ity

Non allergen Antigen

Viral entry

RVDLGDCIGKD-
ARDA

AVP0759

5
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so neither the linker nor the AVP interfered with the CDR
region of the selected Nb. The selection of the 3D model was
based on the benchmarked scoring system, such as the con-
fidence score. It estimated the TM score, which was meas-
ured as — 2.32 and 0.440 + 14, respectively, to evaluate the
I-TASSER model's quality. We obtained a 3D biparatopic
Nb-peptide conjugate in.pdb format. Next, the final construct
with Nb dimer was docked against the RBDs to validate the
increase in its binding efficiency. CLUSPRO and HDOCK

servers both revealed a substantial rise in their scores, indi-
cating a significant improvement in binding energy over
many folds (Fig. 8, Table 3). The quality of the model was
validated by evaluating various structural aspects determin-
ing the quality of the model. The ProSA web server depicts
that the more significant portion of the energy plot lies in the
highly negative region, suggesting negligible problematic or
error regions in the structural model. In addition, the Z score
graph determined by the X-ray and NMR spectroscopy gives

Fig.9 3D Model validation for
the biparatopic NPC a ProSA
web generated I) Z plot showing
-7.08 score and II) Energy plot
of the predicted structure for

all residues. b Ramachandran
plot showcasing the presence

of amino acid residues in the
favoured, allowed, and outlier
zones. ¢ (I) CABS-Flex derived
Root Mean Square Fluctuation
(RMSF) during simulation. (;II)
Contact map representing the
frequency of contacts of the
trajectory profiles of the bipara- B S T S S
topic NPC

A

I) Overall model quality

Z-Score: -7.08
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the location of the Z score to be — 7.08, which lies in the
range of native conformation and represents a good quality
model (Fig. 9a (I) (I)). The structure assessment was done
using the SWISS-MODEL tool, where the RC plot analysis
showed 82.47% favored residues (Fig. 9b). Lastly, the anti-
viral Nb flexibility is the crucial aspect of its performance;
hence, to predict the structural protein flexibility, simula-
tions in CABSflex were run at 1.4 °C temperature with 50
cycles. Our biparatopic conjugate showed an elevated level
of fluctuations at the residue index 286, 296, and 304, which
was documented to be 5.606 A, 9.48 A, and 10.43 A in that
order. In addition, the server also provided the contact map
where each dot represents the frequency of contacting pairs
of the trajectory final complex. Based on the frequency of
occurrence, the darker color code signifies high probability
(1), and the lighter color represents low probability (0) of
residue contacts in a binary fashion (Fig. 9¢ (I) (II)).

PEGylation, physiochemical, and toxicological
validation of final construct

The biparatopic Nb-peptide-conjugate was compared to the
existing Nb VHH W taken as a control for physiochemi-
cal and toxicological traits, which could be used in in vitro
investigations to eliminate any off-target or side effects.
Impressively, the built biparatopic Nb outperformed the
conventional nonmutated Nb on all calculated metrics such
as molecular weight, thermostability, pl, solubility, and
half-life of the construct in blood, toxicity, antigenicity,
and allergenicity. It's worth noting that the proposed bipara-
topic NPC has a longer half-life of 1498.01 s, a higher pI
of 5.63, and a thermostability of 67.9 °C, all of which are
considerable improvements over regular Nb just except for
the reduced solubility. The mutant Nb VHH biparatope
has been reported. The mutant Nb VHH W biparatope was

shown to be antigenic, non-allergenic, and non-toxic and
have advanced immunogenic qualities (Table 5).

Lastly, PEGylation of the whole construct gave the
insight to amplify the existing biparatopic Nb peptide con-
jugate to many folds, thus limiting its rapid renal clearance
and other stability constraints. A 20 kDa linear maleim-
ide-terminated PEG (MAL-(PEG), -OMe) linker is com-
monly used as a PEGylating agent to increase the efficacy
and specificity of antibody-like format. We specifically
attached the PEG linker to the Cysteine 22 at the second
Nb VHH W on its N terminal end to overall stabilize the
entity. Visualization of the construct after all the modifica-
tions was done using Schrodinger Maestro software [60]
(Fig. 10a).

In silico cloning in yeast display expression vector

The study's ultimate purpose was to clone the designed
biparatopic Nb peptide construct (NPC) into a eukaryotic
expression vector, i.e., yeast display vector pPICZaA,
to amplify the yield and express it seamlessly by anyone
[61]. The output obtained from the NEBcutter tool shows
the absence of any commercially available restriction sites.
While the VectorBuilder tool denoted the CAI value for
the biparatopic NPC to be 0.91, which lies within the ideal
range of 0.8—1.0, suggesting a good expression. At the same
time, the sequence's GC content was calculated as 59.59%,
which also falls under the ideal range. The optimized codon
sequence was then reversed, and Acc651 and Xbal restric-
tion site’s introduction to the N- and C-terminal of the opti-
mized sequence complemented the translation direction of
the pPICZaA-Pichia pastoris expression vector. Finally,
the SnapGene tool and restriction cloning performed into
the pPICZaA expression system resulted in a length of

Table 5 Comparing the

- S.no. Parameters (Physiochemis- In-silico Server Nb VHH W Biparatopic Nb
therapel.ltlc efficacy of try/Toxicity) VHH W-peptide-
conventional Nb VHH W vs .

. . . conjugate
prospective Biparatopic Nb
VHH W-peptide-conjugate 1 Molecular Wt ExPasy Protparam  13,379.69 Da 33,097.25 Da
2 Half-life of peptide in pLifePred 148591 s 1498.01 s
blood
3 pl ExPasy Protparam 5.57 5.63
4 Solubility ProteinSol 0.525 0.453
5 Thermostability SCooP 63.2°C 67.9 °C
6 Toxicity ToxinPred Non-Toxic Non-Toxic
7 Allergenicity Algpred NON-ALLER- NON-
GEN (-0.4122545) ALLERGEN
(-0.46132856)
8 Antigenicity Vaxilen 2 Antigen (0.4541) Antigen (0.5102)

5510 base pairs, where our desired GOI (biparatopicNPC)
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Antiviral peptide
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Dithiocyclopeptide
(Srtooyopepasal]. BIPARATOPIC
NANOBODY PEPTIDE
CONJUGATE
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{AVPO75}
Fig. 10 a PEGylation of the Biparatopic Nanobody conjugate with

20 kDa linear maleimide-terminated PEG (MAL-(PEG),-OMe)
linker. b Schematic design of in-silico cloning vector map showing
the insert of biparatopic NPC with specific optimized codons with
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pastoris expression vector (www.SnapGene.com). ¢ The final design

of the biparatopic nanobody-peptide-conjugate prepared using Schro-
dinger Maestro software
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constitutes a 933-base pair (Fig. 10b). Visualization of the
construct after all the modifications was done using Schro-
dinger Maestro software whose output is displayed [60]
(Fig. 10c).

Discussion

The episode of the COVID-19 crisis has introduced the
dynamic nature of the causal pathogen, the SARS-CoV-2
virus. The lethal virus's ability to alter its genetic makeup
at such a tremendous rate, as well as its potential to trigger
epidemics in a multitude of locations, has prompted scien-
tists to seek a substitute cure. The focus is on a subset of
mutants that can undergo mutations, exacerbate the disease
status, and elude the established treatment procedure, ensu-
ing in a spike in death toll figures. Looking at the global
risk quotient, WHO has addressed these mutants as vari-
ants of concern; by now, Alpha, Beta, Gamma, Delta, Omi-
cron, and their sub-lineages have been acknowledged as the
established VoCs originating as outbreak epicenters across
several continents [2, 62, 63].

The earliest mutations were able to be drifted by health-
care experts, but the more recent mutants have rendered the
commonly used monoclonal antibodies and convalescence
sera treatment useless after vaccines. When sources claim
that the Delta variant is more pathogenic or the substan-
tially altered Omicron strain is more transmissible, skepti-
cism about the vaccines' efficacy intensifies [64—66]. Inflam-
matory reactions to vaccination have also been recorded in
a population subgroup. While many of the studies have
already adapted to work with well-documented neutralizing
antibodies, repurposed drugs, antiviral, and peptidomimetics
approaches, the question of whether these approaches will be
enough to mitigate the upcoming threat of a more pathogenic
and transmissible pan coronavirus remains unanswered [67].

Passive immunotherapy, such as monoclonal antibodies
(mAbs), is a promising strategy to combat circulating vari-
ants. Still, it has hit a roadblock since the evolving virus has
begun to accumulate escape mutations. To join these gaps,
we tried to haul antibodies-like nanobodies to assess their
efficacy as a substitute. Thermal stability, ease of synthesis,
stability, and the capacity to be easily conjugated with tiny
druggable molecules, as well as the ability to tailor them
into multimers, qualify them as possible therapeutic options
[68-70].

While much of the research has concentrated on the
virus's spike glycoprotein, which contains the RBD, it is
believed to be a critical viral component that interacts with
the hACE-2 receptor to penetrate the host cell. At the same

time, by undergoing mutation, this RBD can rearrange its
architecture to increase its affinity for the hACE2 receptor,
allowing it to bypass the host immune response.

The perspective of the present study was to uti-
lize the dynamicity of computational immunoinformatics
approaches to remodel a highly effective nanobody centered
on pharmacokinetic properties and binding efficiencies com-
puted against VoC RBDs [71]. Physiochemical characteri-
zation allows for the early preclinical screening of the best
Nb, which can drastically minimize the time and expense
required to de-risk the conjugate drug development process
[72]. The biophysical evaluation of 45 sorted Nb indicated a
sufficient cationic pl (mostly above 6) and high-temperature
resistance (> 60 °C), simplifying manufacture, storage, and
shelf life extension, all of which are desirable properties in
a therapeutic candidate [73]. Next, we used a computational
pipeline in our study to examine the Nbs binding affinity via
antibody-antigen docking studies against the spike RBD for
a panel of SARS-CoV-2 VoCs and a brief comprehension
of its dynamics. The screening procedure facilitated quali-
fying the Nb VHH W as our protagonist for downstream
analysis based on its picomolar binding affinity against all
the VoCs RBDs since immunoglobulins with high affinity
is typically in the picomolar range [74]. The majority of
the conserved epitopes from practically all of the presented
variants could bind to the residue found in the Nb VHH W
CDR loops, which are expanded and exposed in the case
of Nbs, providing a similar or better binding affinity than
mAbs [75]. We reported a striking increment in the binding
energy, binding affinity, and Kd following affinity matura-
tion of the Nb VHH W as a single mutant Y111A against
all the reported VoCs RBD [76]. Thermal stability, ease of
synthesis, stability, and the capacity to be easily conjugated
with tiny druggable molecules, as well as the ability to tailor
them into multimers, qualify them as possible anti-SARS-
CoV-2 therapeutic options. Consequently, it was asserted
that introducing a single mutant Nb VHH W entity to make
an Nb homodimer raised the binding strength by several
magnitudes. One of the homodimer's monomers, Nb, was
computationally conjugated to a relatively small antivi-
ral peptide that might block the ACE-2 receptor's entry.
Later we conjugated this with an AVP0725 anti-viral pep-
tide with the help of a disulphide blood protease cleavable
linker to increase the half-life, stability, and effectiveness
of the conjugate. This could successfully block the hotspot
ACE-2 residues, overall ensuring the obstruction of RBD
attachment to ACE-2 making it multispecific in nature. The
dithiocyclopeptide blood linker fastens the antiviral peptide
with Nb and cleaves as soon as it is released into the blood
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circulation. This attachment breaks after encountering the
proteases in the blood that finally separates the two entities
(Nb dimer & AVP) to their respective targets.

Despite its many advantages, the nanobody is limited in
its ability to excrete quickly due to its small size. As a result,
the framework was PEGylated with a 20 kDa MAL-(PEG)
n-OMe linker to enhance the overall drug's size, restricting
renal clearance and prolonging the biparatopic construct's
lifetime. In addition, in silico cloning was used in this study
to support future neutralizing of NPC’s expression using a
yeast display P. pastoris expression system. The scope of
the designed biparatopic NPC conjugate in the present work
resulted in a therapeutic construct with marked supremacy
over the conventional Nb VHH W in terms of pharmacoki-
netic backgrounds.

As a result, experimental studies on NPC are expected to
show impressive outcomes in blocking viral entry by poten-
tially reducing the risk of SARS-CoV-2 infection progres-
sion, promoting the culture of passive immunotherapy fur-
ther. Undoubtedly, our research provides a great illustration
of utilizing the velocity of computational biology to produce
a highly viable class of nanoscale biologics or nanobodies
to push the pharmacological status of COVID-19 beyond
what's attainable. It might easily be integrated alongside cur-
rent practices to reach the goal of a pan coronavirus therapy
while reducing the overall burden on the pharmaceutical
business in a resource and budget-friendly manner.

Conclusion

The present study gives a good blueprint for systematically
mapping neutralizing epitopes, understanding the structural
basis, and design a candidate Nb construct with multiple
specificities which could uniquely target the spike of the
SARS-CoV-2 VoCs to inhibit the virus and their variants.
The rationale of this study could aid in designing of a pan-
coronavirus therapies and vaccines. While further charac-
terization and investigation are desired, this study drives a
notion of presenting a combinatorial approach in COVID-
19 treatment, which consists of an Nb effective against all
the RBDs of VoCs with AVP, which is effective against the
hACE-2 receptor. The fate of this small biparatopic NPC is
optimistic about the potential outcome of developing cost-
effective, stable, and safe nanobody-based therapeutics
for inhaled use or intravenous routes in formal healthcare
settings.
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