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Abstract

Short synthetic peptide molecules which bind to a specific target protein with a high affinity to exert its function are known
as peptide aptamers. The high specificity of aptamers with small-molecule targets (metal ions, dyes and theophylline; ATP)
is within 1 pM and 1 pM range, whereas with the proteins (thrombin, CD4 and antibodies) it is in the nanomolar range
(which is equivalent to monoclonal antibodies). The recently identified coronavirus (SARS-CoV-2) genome encodes for
various proteins, such as envelope, membrane, nucleocapsid, and spike protein. Among these, the protein necessary for
the virus to enter inside the host cell is spike protein. The work focuses on designing peptide aptamer targeting the spike
receptor-binding domain of SARS-CoV-2. The peptide aptamer has been designed by using bacterial Thioredoxin A as the
scaffold protein and an 18-residue-long peptide. The tertiary structure of the peptide aptamer is modeled and docked to
spike receptor-binding domain of SARS CoV2. Molecular dynamic simulation has been done to check the stability of the
aptamer and receptor-binding domain complex. It was observed that the aptamer binds to spike receptor-binding domain of
SARS-CoV-2 in a similar pattern as that of ACE2. The aptamer—receptor-binding domain complex was found to be stable in
a 100 ns molecular dynamic simulation. The aptamer is also predicted to be non-antigenic, non-allergenic, non-hemolytic,
non-inflammatory, water-soluble with high affinity toward ACE2 than serum albumin. Thus, peptide aptamer can be a novel
approach for the therapeutic treatment for SARS-CoV-2.
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AMD Age-related macular degeneration

ATP Adenosine triphosphate

CD4 Complementary determining region 4

CHARMM Chemistry at Harvard macromolecular
mechanics

DeepCNF Deep convolutional neural fields

DNA Deoxyribose nucleic acid

GRAVY Grand average of hydropathicity

GROMACS  GROningen MAchine for Chemical
Simulations

HCV Hepeatitis C virus

I-TASSER Iterative threading assembly refinement

NS3 Non-structural protein 3

PRODIGY Protein-binding energy prediction

PSIPRED Position-specific iterated blast-based sec-
ondary structure prediction

PSI-BLAST  Position-specific iterated-basic local align-
ment search tool

RBD Receptor-binding domain

RNA Ribonucleic acid

SARS-CoV-2 Severe acute respiratory syndrome corona-
virus 2

SELEX Systematic evolution of ligands by expo-
nential enrichment

siRNA Small interfering ribonucleic acid

SPC/E Extended simple point charge

TrxA Thioredoxin A

MM-PBSA Molecular mechanics Poisson—Boltzmann
surface area

HSA Human serum albumin

Introduction

Short synthetic peptide or oligomolecules that bind to a spe-
cific target protein with the high affinity that differs from
natural riboswitches to exert its function were aptamers.
Nucleotide aptamers are 15—70 nucleotides, whereas peptide
aptamers are 5-20 residues long [1]. The high specificity of
aptamers with the target (metal ions, dyes, and theophylline;
ATP) was brought by interactions in three-dimensional fold-
ing through hydrogen bonding, hydrophobic, columbic and
van der Waals forces within 1 pM and 1 pM range, whereas
with the proteins (thrombin, CD4 and antibodies) it is in the
nanomolar range (which is equivalent to monoclonal anti-
bodies) [2]. Their working principle is similar to the lock-
and-key hypothesis for the detection of specific molecules,
such as antibodies. Oligonucleotide aptamers are chemically
synthesized using systematic evolution of ligands by expo-
nential enrichment (SELEX), which are relatively easy with
higher affinity and have better specificity inexpensive and
lower immunogenicity and nonspecific cross-reactivity to
their targets [3—5]. Pegaptanib is a chemically synthesized
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nucleotide aptamer for the treatment for age-related macu-
lar degeneration (AMD). Peptide aptamers reveal many
advantages, such as detection of toxic compounds or even
non-immunogenic targets [6]; they are heat stable, pH stable
and more resistant to organic solvents [7-9]. Aptamers can
be linked to ribozymes termed as aptazymes to knock out
gene expression [10, 11]. They were chemically coupled to
fluorophores and radioisotope reporters at 5’ or 3’ end on
the DNA backbone for diagnosis and therapy [12, 13]. The
disadvantage is a short half-life time, and due to their small
size, they promote renal clearance and nuclease degrada-
tion [14]. Applications include biotechnology [15], toxicol-
ogy [16], short-term test for cocaine [15], diagnostics [16],
drugs, ophthalmology [17], oncology [18] and anticoagulant
therapy [19-21]. The functioning of NS3 helicase domain of
the hepatitis C virus (HCV) was inhibited by RNA aptamers
[22, 23].

The recently identified novel coronavirus (SARS-CoV-2),
the seventh coronavirus, known to infect humans is origi-
nated from Wuhan (China) in December 2019 [24] which
consists of a single-stranded RNA genome with a lipid coat
about 100-120 nM [25]. The genome encodes for various
proteins, such as encapsulated envelope (E) protein, outer
membrane (M) protein, inner nucleocapsid (N) protein and
projected spike (S) protein. Among these, the protein nec-
essary for the virus to enter inside the host cell is the spike
protein (S), a homotrimeric 1273 amino acids [26]. Spike
protein-dependent entry inside the cell involves the attach-
ment of the virus to the host; alteration of protein conforma-
tion; proteolysis; release of S2 subunit of the spike protein;
and endocytosis [27, 28]. Using co-immunoprecipitation
technique, the role of angiotensin-converting enzyme 2
(ACE2) as a receptor in SARS-CoV infections was studied
[29, 30]. Spike protein binds to ACE2 receptor of host sur-
face through S1 subunit of receptor-binding domain (RBD)
[31-33] which exposes cleavage site on S2 subunit that is
acted on by host cell proteases to initiate the process of cel-
lular entry [26, 34]. The RBD binds to the carboxypepti-
dase domain of ACE2 and moves like a hinge between up
and down to expose or hide [35], and cleavage occurs first
through priming then activation [27, 28]. The cleavage site
between S1 and S2 of SARS-CoV-2 occurs at Arg-Arg-Ala-
Arg residue between 682 and 685 amino acid regions, which
are essential to activate the protein for membrane fusion.
Viral spreading also occurs through receptor-dependent cel-
lular fusion to the host [36]. ACE2 is a type 1 transmem-
brane protein with a zinc-binding domain and expressed in
the lung, heart, kidney, testis and gastrointestinal tract [37,
38]. The lung ACE2 [39] appears to have distinct physiologi-
cal functions from ACE [37, 40].

Since ACE2 and RBD of S-protein interaction are
important for SARS-CoV-2 entry into the host cell, pep-
tide aptamer mimicking ACE2 can be used to inhibit the
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interaction between ACE2 and RBD of S-protein. For
designing a peptide aptamer, there is a need for scaffold
protein, which does not affect solubility, folding and aggre-
gation properties, and is highly preferred. For conformation-
ally constrained peptides, bacterial Thioredoxin A (TrxA)
was designed [41]. Thioredoxin A is 12 kDa oxidoreductase
enzyme involved in thiol/disulfide equilibrium in E. coli. Its
active site has Cys-Gly-Pro-Cys stretch that accommodates
preferably long peptide insertions with the loss of enzy-
matic function [42]. It consists of a B-strand surrounded by
a-helices with an active site on the surface [43].

In this paper, we propose to study the interaction between
peptide aptamer and RBD of the S-protein of CoV2 in sil-
ico. The peptide aptamer can be injected directly into the
bloodstream of the host or can be administered through the
nasal cavity. Interaction of the peptide aptamer with S-pro-
tein receptor-binding domain will inhibit the interaction of
S-protein with ACE2. This will in turn inhibit viral entry to
the host cell. Thus, peptide aptamer can be a novel therapeu-
tic approach in SARS-CoV-2 infection.

Materials and methods
Designing of the peptide aptamer

Peptide aptamer consists of two parts: a scaffold protein and
a 5-20 residue peptide sequence binding to a particular tar-
get. Bacterial Thioredoxin A (UniProt ID POAA25 and PDB
ID 1KEB) was selected as a scaffold protein. The active site
of Thioredoxin A consisting of the sequence CGPC was the
point of insertion of the peptide aptamer. The SARS-CoV-2
spike protein binds to ACE2 through the receptor-binding
domain. The region of ACE2 involved in binding to the
SARS-CoV-2 receptor-binding domain was selected as an
aptamer. The aptamer sequence is 18 residues long consist-
ing of the sequence N-AKTFLDKFNHEAEDLFYQ-C and
inserted between CGPC motifs of Thioredoxin A.

Physiochemical properties and solubility prediction

Physiochemical properties such as pl, half-life, amino acid
arrangement, instability and aliphatic index are the molecu-
lar weight of the construct and are predicted using Prot-
Param web server (https://web.expasy.org/protparam/).
Grand average of hydropathicity (GRAVY) is calculated
in GRAVY Calculator web server (http://www.gravy-calcu
lator.de/).

Secondary structure prediction

PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) and RaptorX
Property [44] are used for the secondary structure prediction

of the peptide aptamer. PSIPRED involves incorporating
two feed-forward neural networks in which analysis output
was obtained from PSI-BLAST (position-specific iterated-
BLAST). A template-free approach using the RaptorX Prop-
erty web server was further used to predict the secondary
structure properties of the peptide aptamer. The server is
enhanced by a machine learning model called DeepCNF
(deep convolutional neural fields) to simultaneously pre-
dict secondary structure, solvent accessibility and disorder
regions.

Three-dimensional structure prediction

Tertiary structure modeling of peptide aptamer was carried
out using I-TASER (Iterative Threading ASSEmbly Refine-
ment) server [45—47] that is an integrated platform for auto-
mated protein structure and function prediction. -TASER
generates three-dimensional (3D) fragments of atomic
models from the primary sequence by multiple threading
alignments and then reassembles into full-length models by
replica-exchange Monte Carlo simulations.

Refinement of the tertiary structure

The three-dimensional model obtained for the peptide
aptamer was refined in the GalaxyRefine server [48] which
can improve the quality of both global and local tertiary
structures that start with rebuilding side chains, repacking
and then performing molecular dynamic simulation for over-
all structure relaxation.

Three-dimensional structure validation

Three-dimensional structure validation detects errors
in predicted three-dimensional models performed using
SAVES v5.0 server (https://servicesn.mbi.ucla.edu/SAVES
/). SAVES v5.0 server gives ERRAT score to analyze non-
bonded atom—atom interactions compared to reliable high-
resolution crystallography structures. A Ramachandran plot
was obtained to visualize dihedral angles psi (y) and phi (¢p)
of amino acid. Verifying three-dimensional score obtained
from this server determines the compatibility of an atomic
model (3D) with its primary sequence (1D).

Molecular docking for peptide aptamer
and SARS-CoV-2 S-protein RBD

Molecular docking for peptide aptamer and SARS-CoV-2
S-protein RBD (PDB ID 6M0J) is performed using ClusPro
2.0 web server to evaluate the interaction between the two
proteins [49]. ClusPro 2.0 web server generates billions of
complexes from which the clusters with the best electro-
static and desolvation energies are filtered, and the docked
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complex is visualized in the Biovia Discovery Studio R2
software package. The binding free energy of the docked
complex was calculated in PRODIGY (protein-binding
energy prediction) web server (https://bianca.science.uu.nl/
prodigy/) which is a collection of web services focused on
the prediction of binding affinity in biological complexes
as well as the identification of biological interfaces from
crystallographic one.

Molecular dynamic simulation

The aptamer—RBD complex then underwent 100 ns molec-
ular dynamic simulation using GROMACS 4.6.5 software
packages [50]: CHARMM forcefield and SPC/E water
model. The simulation system was neutralized by adding
a suitable number of Na*/Cl™ ions. The solvated system
was energy minimized in 1000 steps using steepest descent
method iterations. After setting the temperature at 300 K
and pressure at 1 bar, production simulation was run for
100 ns to evaluate dynamics of peptide aptamer, RBD of
S-protein of SARS-CoV-2 as well as the aptamer—RBD com-
plex. RMSD profile of peptide aptamer, RBD of S-protein
of SARS-CoV-2 and aptamer—-RBD complex and hydrogen-
bonding profile of aptamer—-RBD complex were studied.

MM-PBSA method of calculating binding energy

Binding free energy calculation was done in g_mmpbsa tool
[51] for the last 10 ns of the production run. Results are
calculated as average with standard deviation. The peptide
aptamer in the aptamer—RBD complex is considered as a
ligand.

Biocompatibility prediction of the designed peptide
aptamer

To predict the biocompatibility of the peptide aptamer, solu-
bility prediction, hemolytic probability, anti-inflammatory
potential and plasma protein binding were studied. Solubility
prediction was performed in Protein-Sol server [52]. The
average solubility of the experimental dataset used in the
server is 0.45. Protein with a value higher than 0.45 will be
considered as a soluble protein. Since the aptamer will be
circulated via the bloodstream, there will be a frequent col-
lision between plasma proteins and the aptamer. To study
the impact of these collisions, a docking study of human
serum albumin (the most abundant plasma protein) and
peptide aptamer was performed in ClusPro 2.0 server [49].
The structure of human serum albumin (HSA) was retrieved
from RCSB PDB with ID 1A06. Red blood cells consti-
tute about half of the blood volume. Hemoglobin is a well-
known protein localized in the red blood cells. Hemolysis
is a term used to describe the destruction of red blood cells,
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and agents that cause hemolysis are called hemolytic agents.
Since the aptamer will be released into the bloodstream, the
hemolytic probability of the aptamer has been predicted in
HemoPI server [53]. The anti-inflammatory potential of the
peptide aptamer was predicted using the AIPred server [54].

In silico cloning optimization of the peptide
aptamer

The designed peptide aptamer is expressed in a suitable
prokaryotic host. Codon optimization is necessary due to
codon biasness for the expression of the protein in a prokary-
otic host and performed using Java Codon Adaptation Tool
(JCat) server (http://www.prodoric.de/JCat) for expression in
E. coli K12 host. Transcription termination, ribosome-bind-
ing site, and restriction enzyme cleavage sites are avoided
during the process. Codon adaptation index (CAI) and per-
centage GC content were also received as output along with
the optimized nucleotide sequence. The optimized nucleo-
tide sequence of the peptide aptamer was cloned into the E.
coli pET-28a (+) vector using the SnapGene tool, and Nde
I and Bgl II restriction sites were introduced to the N- and
C-terminals of the sequence, respectively.

Results
Peptide aptamer and its physiochemical properties

The peptide aptamer was designed using bacterial Thiore-
doxin A (Fig. 1a, b), and the region of ACE2 binds to SARS-
CoV-2 RBD. The designed peptide aptamer consisted of 127
amino acids (14.005 kDa) with an isoelectric point (pI) of
4.08. The protein was predicted to be slightly acidic, and
half-life was estimated to be 30 h in mammalian reticulo-
cytes in vitro, >20 h in yeast and > 10 h in E. coli in vivo.
An instability index (II) was predicted to be 13.65, indicat-
ing that aptamer is stable. The estimated aliphatic index was
predicted to be 96.14, indicating that the aptamer is thermo-
tolerant. The predicted GRAVY was —0.092, indicating that
the protein is hydrophilic and interacts with water molecules.

Two-dimensional structure prediction

The peptide aptamer is predicted to contain 41% a-helix,
22% p-strand, and 36% random coil. In addition, 40% of
the residues were predicted to be solvent-exposed, 27%
exposed to medium and 31% buried inside. A total of five
residues (3%) were predicted to be disordered domains by
the RaptorX Property server. The secondary structure was
predicted by PSIPRED as shown in Fig. 2a. The sequence
similarity of aptamer and ACE2 is shown in Fig. 2b. Since
the scaffold of the aptamer is a bacterial protein Thioredoxin
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Fig.1 a Primary sequence of the peptide aptamer. b X-ray crystal-
lographic structure of bacterial Thioredoxin A (PDB ID 1KEB),
the scaffold protein. ¢ Modeled structure of peptide aptamer. The
sequence AKTFLDKFNHEAEDLFYQ was represented in yel-

A, the scaffold does not share any sequence similarity with
ACE2. The only similar sequence between peptide aptamer
and ACE2 is the sequence of ACE2 inserted in the scaffold
protein while designing the aptamer.

Tertiary structure modeling

Tertiary structure prediction by I-TASSER server pre-
dicted five three-dimensional structure models of the
peptide aptamer. A ten threading templates were used for
the prediction, in which 3dxbD, 1t00A, 6ib1, Shr3A and
2trxA were the best templates. All the templates showed
good alignment as per Z-score values, ranging from 1.01 to
4.73 and calculated C-score ranging from —0.27 to —2.54
which is generally between — 5 and 2; the higher the value
, the higher the confidence [55]. Thus, the model with the
highest C-score was selected for further studies (Fig. 1c¢).
This model had a TM score of 0.68 +0.12 with an estimated
RMSD of 5.0+2.3 10\, which is the measure of structural
similarity between two structures [55]. A value greater than
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0.5 indicates a model of correct topology and less than 0.17
indicates random similarity [55].

Tertiary structure refinement

The three-dimensional structure of the peptide aptamer
was refined on GalaxyRefine server that yields five mod-
els. Based on model quality scores for all refined models,
model 1 was found to be the best (Fig. 1¢). The model qual-
ity scores included high-accuracy global distance test (GDT-
HA) score of 0.9803, RMSD score of 0.332, MolProbity
score of 2.577,a clash score of 22.6, poor rotamers score of
2.9 and Ramachandran plot score of 94.4%. This model had
chosen for further analysis.

Three-dimensional structure validation
The quality of the modeled peptide aptamer structure was

validated using Ramachandran plot analysis; it revealed
88.3% residues in the most favored region and 9.9% residues
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Fig.2 a Representation of secondary structure features of peptide aptamer. b Sequence similarity between peptide aptamer and ACE2. The
sequence alignment has been performed in Clustal Omega web server (https://www.ebi.ac.uk/Tools/msa/clustalo/)

in the additional allowed region. Additionally, 0.9% of resi-
dues were predicted in allowed regions and only 0.9% in the
disallowed region (Fig. 1d). The quality and potential errors
in the tertiary structure were verified by ERRAT. The cho-
sen model after refinement had an overall quality factor of
93.2773% with ERRAT. High-resolution three-dimensional
structures generally produce values around 95% or higher
and for lower resolutions (2.5-3A), the overall quality factor
was 91%. Verifying three-dimensional score determines the
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compatibility of an atomic model (3D) with its own amino
acid sequence (1D) which also passed the modeled structure
as 100% of the residues have averaged 3D—1D score >0.2.

Prediction of the antigenicity and allergenicity
of the peptide aptamer

The aptamer has a scaffold protein, Thioredoxin A from
a bacterial source. Thus, the antigenicity of the peptide
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aptamer and allergenicity of the peptide aptamer were
determined. The antigenicity of the aptamer was predicted
to be 0.33 using VaxiJen 2.0 server with a bacteria model
at a threshold of 0.4, and thus non-antigenic. The peptide
aptamer was predicted to be non-allergenic on the AllerTOP
v.2 server.

Docking of peptide aptamer and RBD of S-protein
of SARS-CoV-2

The peptide aptamer docked at the RBD of S-protein of
CoV2 binding energy is calculated to be —11.3 kcal/mol.
The binding energy of ACE2 and RBD of S-protein of CoV2
is calculated to be — 11.9 kcal/mol. Thus, the binding energy
of aptamer and RBD is close to the binding energy of ACE2
and RBD. Comparison of Fig. 3a, b shows a similar orien-
tation of the designed aptamer and ACE2 on the surface of
RBD of S-protein. The comparison of the number of residue
contacts of aptamer—RBD complex and ACE2-RBD com-
plex is given in Table 1.

C

Glu3s

Asp30
Gln24

Leu79
Phe28
Thr27
His34

Fig.3 a X-ray crystallographic structure of ACE2-RBD of S-protein
of SARS-CoV-2 complex (PDB ID 6MO0J). Green color represents
RBD, and cyan color represents ACE2. b Docked structure of pep-
tide aptamer—RBD complex. Green color represents RBD, and cyan

ACE2

Lys31 - - Glnd93

Table 1 Comparison of different types of interactions between two
complexes: ACE2-RBD complex (PDB ID 6M0J) and aptamer—-RBD
complex

Type of contact ACE2-RBD complex  Aptamer—
RBD com-
plex

Charge—charge 3 7

Charge—polar 9 14

Charge—nonpolar 15 24

Polar—polar 3 6

Polar—nonpolar 19 19

Polar—nonpolar 7 17

Molecular dynamic simulation

Molecular dynamic simulation is done to check the stabil-
ity of peptide aptamer and RBD complex. The snapshot
of the complex is taken at O ns and 100 ns of the simula-
tion showed that the peptide aptamer arranged itself on the

RBD Aptamer RBD

Giuss @ @D ™35t
Asnd3 -w‘v«- Tyr449

@D s
@D Phesss
- Tyr4s3
@D Leusss

___Salt Disulphide ___ Hydrogen  Non-bonded
bridges bonds bonds contacts

color represents aptamer. The sequence AKTFLDKFNHEAEDLFYQ
was represented in yellow color. ¢ PDBsum analysis of different inter-
actions in ACE2-RBD complex and aptamer—-RBD complex (after
100 ns molecular dynamic simulation)

@ Springer



164

Molecular Diversity (2022) 26:157-169

RBD of S-protein of CoV2 (Fig. 4a, b). These arrangements
took place probably due to the cumulative action of solvent
and ions present in the simulation environment. Due to the
rearrangement in the binding pattern, residues of aptamer
involved in the formation of bonds with RBD have also
changed. After 100 ns of simulation, the residues of aptamer
involved in bond formation are Lys36, Leu39, Phe42, Asn43,
His44, Ala46, Glu47 and Asp48. It was also observed that
when the peptide aptamer and the RBD of S-protein of

CoV-2 were simulated separately, there were many fluctua-
tions in the RMSD. But when the aptamer—RBD complex
was simulated, there was no fluctuation in the RMSD for
100 ns (Fig. 4c). The number of hydrogen bonds was var-
ied throughout the simulation. There was a maximum of
15 hydrogen bonds at some points. During 55-60 ns, the
complex experienced the lowest number of intermolecular
hydrogen bonds (Fig. 5). The change in residual contact
before and after 100 ns simulation is shown in Fig. 6. Thus,

A B
C os
0.5 h
o) AW P S g
=
Q 03 1 RBD of S-protein of Cov2
2 - “W’“MNMMFMWM‘ " '\.v’:-"‘f"‘* o A'Nt N My “W Peptide aptamer
; NN T Y L T A il Peptide aptamer-RBD complex
0.1 My’ b
0
0 10 20 30 40 50 60 70 80 90 100

Time (ns)

Fig.4 a Aptamer-RBD complex at 0 ns. b Aptamer—-RBD complex
at 100 ns. Green color represents RBD and cyan color represents
aptamer. The sequence AKTFLDKFNHEAEDLFYQ was represented
in yellow color. ¢ RMSD profile of aptamer, RBD of S-protein of
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SARS-CoV-2 and aptamer—RBD complex. d Conformation of Lys31,
His34, Glu35 and Glu37 of ACE2 upon binding to RBD. e Confor-
mation of Lys41, His44, Glu45 and Glu47 of aptamer upon binding
to RBD.
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Fig.5 Number of intermolecular hydrogen bonds between peptide aptamer and RBD of S-protein during 100 ns molecular dynamic simulation

A

Residue Index
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Residue Index
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Fig.6 Residual contact plot between peptide aptamer and RBD of S-protein a at 0 ns and b at 100 ns molecular dynamic simulation

the aptamer and RBD complex was stable in an aqueous
environment.

The residues of the peptide aptamer involved in the
interaction with RBD after molecular dynamic simula-
tion are Lys41, Phe42, Asn43, His44, Glu45 and Glu47
(Fig. 3c). The residues of the ACE2 involved in the
interaction with RBD are GIn24, Thr27, Phe28, Asp30,
Lys31, His34, Glu35, Glu37, Asp38, Tyr41l and Glu42
(Fig. 3c). Thus, four of the RBD-interacting residues of
ACE2 (Lys31, His34, Glu35 and Glu37) also interacted
with RBD when presented as an aptamer. The residues

of ACE2 (Lys31, His34, Glu35 and Glu37) have been
numbered as Lys41, His44, Glu45 and Glu47 in the pep-
tide aptamer during modeling. These residues, however,
have different conformations when in ACE2 and aptamer.
In ACE2, His34 and Glu35 are facing toward opposite
direction, but, in aptamer, His44 and Glu45 are facing in
the same direction. Lys31 and His34 are in close proxim-
ity in ACE2 but Lys41 and His44 are a little far away.
Due to alpha-helical conformation, His34 and Glu37 are
in close proximity in ACE2. However, in aptamer, His44
and Glu47 are far apart.
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Binding free energy calculation using MM-PBSA gave
an average binding energy of — 173.019 + 15.612 kcal/
mol for the last 10 ns of the simulation. Different energy
parameters that contributed to the binding energy were
also calculated. The van der Waals energy was found to
be —74.7522 +13.846 kcal/mol, electrostatic energy was
found to be —222.668 + 16.734 kcal/mol, polar solvation
energy was found to be 124.402 +9.640 kcal/mol and nonpo-
lar solvation energy was found to be —53.8351+12.116 kcal/
mol.

Biocompatibility of the peptide aptamer

Any drug molecule, whether it is small molecules, antibod-
ies or aptamers, circulated through the bloodstream. Water
constitutes the majority of the blood plasma. The designed
aptamer is predicted to be soluble with a solubility score
of 0.69, which is higher than the experimental data set
(Fig. 7a). Plasma protein is another constituent of blood
plasma, and serum albumin is a major plasma protein. The
peptide aptamer binds with the HSA with a binding energy
of — 6.6 kcal/mol, which is much higher than the binding
energy of aptamer—RBD of S-protein complex (— 11.3 kcal/
mol). It can be predicted that the peptide aptamer will have
a higher affinity towards the S-protein of SARS-CoV-2 than
HSA. Red blood cells constitute more than half of the blood
cells. But, these cells are prone to hemolysis when they come
in contact with hemolytic agents. The designed aptamer has
0 (probability range 01, 1 being highly probable) hemolytic

Solubility
1.0 (4408) AsiSI - Pvul
(4282) Smal

(4280) TspMI - Xmal

0.8

Aptamer

(4099) BspDI - Clal
(4065) Nrul

0.6
Experimental
dataset

0.4

(3754) Acul

Calculated value

0.2

(3622) AMWNI

(3379) BssSal
0.0 (3206) Pl

(3090) BspQI - Sapl
(3010) Tatl

bom
(2977) BstZ171

(5109) Dralll
(4981) Psil

probability, thus classifying it as a non-hemolytic peptide.
The designed aptamer is also predicted as an anti-inflamma-
tory with a probability score of 0.4930 (probability range
0-1, 1 being highly probable).

Codon optimization of the peptide aptamer

The peptide aptamer had to express in a suitable host for
in vitro and in vivo studies. E. coli (strain K12) is a suitable
host for the expression of peptide aptamer. Thus, for codon
optimization in E. coli K12 host, the Java Codon Adaptation
Tool (JCat) used and optimized codon sequence length was
581 nucleotides. The CAI was 1.0 which indicates nucleo-
tide sequence contains the most frequently occurring codons
[56]. The average GC content of the optimized sequence
was 50.91% and a higher value denotes better expression in
prokaryotes [57, 58]. The optimized nucleotide sequence
was inserted into the pET28a (4) vector using SnapGene
software (Fig. 7b).

Discussion

Aptamers had been developed as alternatives to antibodies
[1]. Aptamers work in a similar mechanism as that of anti-
bodies. Aptamer gains an advantage over antibodies in ease
of production. Antibodies produced by our body in response
to a foreign particle are the primary source of defense.
This is the basis of vaccination, where a dead or inactive

T7 terminator BipI (80)
PaeR71 - PspXI - XhoI (140)
Alel (142)
Eagl - NotI (148)
HindIII (155)
Sall (161)
EcoS3kI (170)
Sadl (172)
EcoRI (174)
BamHI (180)
Z Nhel (213)
BmtI (217)

~gpod M Ndel (220)
’ I

BgIII (383)
SgrAl (424)
Sphl (580)
lacl promoter

BStAPI (788)
Miul (1105)
Ball* (1119)
BStEIT (1286)
NmeAIII (1311)
PsSpOMI (1312)
Apal (1316)
BssHII (1516)
EcoRV (1555)
Hpal (1611)

ka,w

pet28a+
5351 bp

©

PshAI (1950)

Bgll (2169)
Fspl - FspAI (2187)
PpuMI (2212)

(2951) PAIFI - Tth111I

Fig. 7 a Solubility prediction of the designed aptamer as compared to an experimental data set. b In silico cloning of the designed aptamer
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microorganism or a part of microorganism was injected into
the body to generate an immune response. Another way of
vaccination is the administration of antibodies (for exam-
ple, snake antivenom immunoglobulins). In this method, the
antibodies produced in a different host in response to the
foreign particle are purified, stored and then injected when
required. The method of vaccination requires both time and
money, and there is an added risk of hyperallergic reac-
tion. To overcome the time limit, cost and associated health
risks, aptamers had been developed. Nucleic acid aptamers
were synthesized chemically and peptide aptamers can be
expressed in a bacterial host. The aptamers bind specifically
to targets from the picomolar to micromolar range.

The SARS-CoV-2 outbreak in December 2019 has
attracted the attention of worldwide researchers. Research-
ers are trying to study the effect of small molecules (FDA-
approved drugs, natural molecules) on SARS-CoV-2 infec-
tion. In silico approach helps in the identification of unique
peptides from viral proteins, which were used as the means
of strategy for SARS-CoV-2 infection [59]. Several proteins
encoded by SARS-CoV-2, such as 3-chymotrypsin-like pro-
tease (3CLpro), Spike, RNA-dependent RNA polymerase
(RdRp) and papain-like protease (PLpro), were targeted for
efficient drug design using computational approaches [60].
The early detection of the virus could be achieved by using
biosensors, and the usage of nanovaccines efficiently reduces
virus; thus, nanomedicine could be one such strategy for an
efficient way of reducing virus [61]. Alternatively, there are
extensive researches going on in search of a vaccine. A few
vaccine candidates are at different stages in the clinical trial
phase. Considering the amount of time taken to develop a
vaccine candidate, peptide aptamer has been designed and
can be used as an alternate therapy. Although some antiviral
drugs, such as remdesivir and baricitinib, are being used, the
time taken to repurpose those drugs could not be ignored.
Thus, in a pandemic situation, aptamers could be useful as
it takes very less time to be produced. The scaffold protein
used in the aptamer is already validated for its compatibility
with host. Although aptamer research is in a very initial
stage, aptamers can become an important therapy in several
diseases including viral infections.

In this paper, we have focused on designing of pep-
tide aptamer to inhibit the binding of SARS-CoV-2 spike
protein to host ACE2 and allowed the genetic material
of the virus to enter inside the host. Peptide aptamer was
designed by inserting an 18-residue-long amino acid
sequence N-AKTFLDKFNHEAEDLFYQ-C into a scaf-
fold protein, that is, bacterial Thioredoxin A. This inserted
sequence in the region of ACE2 is involved in the interac-
tion with RDB of S-protein of SARS-CoV-2. The pep-
tide aptamer was modeled using [-TASSER. Secondary
structure prediction of the peptide aptamer revealed 41%
a-helix, 22% B-strand, and 36% coil in the aptamer. In

addition, 40% of the residues were predicted to be sol-
vent-exposed, 27% medium-exposed and 31% buried. The
quality of the tertiary structure was assessed by generat-
ing a Ramachandran plot, and it was revealed that 88.3%
are present residues in the most favored region and 9.9%
residues in the additional allowed region. The designed
peptide aptamer was predicted to be non-antigenic and
non-allergenic.

The peptide aptamer was docked at the RBD of S-protein
of CoV2 with a binding energy of — 11.3 kcal/mol, which
is close to the binding energy of ACE2 and RBD of S-pro-
tein of CoV2 (—11.9 kcal/mol). The residues of the peptide
aptamer involved in the interaction with RBD are Lys41,
Phe42, Asn43, His44, Glu45 and Glud7. These residues
are also present in ACE2, and they interacted with SARS-
CoV-2 S-protein RBD. Molecular dynamic simulation of
100 ns in an aqueous environment revealed a positional
rearrangement of peptide aptamer and RBD complex. After
100 ns of simulation, the residues of aptamer involved in
bond formation are Lys36, Leu39, Phe42, Asn43, His44,
Ala46, Glu47 and Asp48. It was also observed that the
aptamer—RBD complex was stable in 100 ns simulation.
Hydrogen-bonding pattern of aptamer and RBD of S-protein
revealed a formation of maximum of 14 hydrogen bonds.
The calculation of energy parameters using MM-PBSA gave
average binding energy of — 173.019 + 15.612 kcal/mol for
the last 10 ns of the simulation. The van der Waals energy
was found to be —74.7522 + 13.846 kcal/mol, electrostatic
energy was found to be —222.668 + 16.734 kcal/mol, polar
solvation energy was found to be 124.402 +9.640 kcal/mol
and nonpolar solvation energy was —53.8351 + 12.116 kcal/
mol. The peptide aptamer is also predicted as soluble, non-
hemolytic and anti-inflammatory. Molecular docking with
HAS showed that the peptide aptamer has a lower affinity
for HAS (plasma protein) as compared to RBD of S-protein.

Therefore, the peptide aptamer could be a potential
inhibitor of S-protein of SARS-CoV-2 and host cell ACE2
interaction. The scope of the present study is to design
a peptide aptamer that can be used as an alternative to
the vaccine. The study is not only limited to designing
the aptamer but also includes necessary predictions of the
biophysical characteristics of the aptamer. The only limi-
tation of the present study is molecular dynamic simula-
tions where only the RBD of S-protein has been used. The
peptide aptamer will be cloned into pET28a(+) vector fol-
lowed by expression and purification. In vitro and in vivo
studies with the purified aptamer will be carried out for
further validation.
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