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The nucleocapsid (N) protein of SARS-COV-2, a virus responsible for the current COVID-19 pandemic, is consid-
ered a potential candidate for the design of new drugs and vaccines. The protein is central to several critical
events in virus production, with its highly druggable nature and rich antigenic determinants making it an excel-
lent anti-viral biomolecule. Docking-based virtual screening using the Asinex anti-viral library identified binding
of drugmolecules at three specific positions: loop 1 region, loop 2 region and β-sheet core pockets, the loop 2 re-
gion being the most common binding and stable site for the bulk of the molecules. In parallel, the protein was
characterized by vaccine design perspective and harboured three potential B cell-derived T cell epitopes:
PINTNSSPD, GVPINTNSS, and DHIGTRNPA. The epitopes are highly antigenic, virulent, non-allergic, non-toxic,
bind with good affinity to the highly prevalent DRB*0101 allele and show an average population coverage of
95.04%. Amulti-epitope vaccine ensemblewhichwas 83 amino acids longwas created. Thiswas highly immuno-
genic, robust in generating both humoral and cellular immune responses, thermally stable, and had good phys-
icochemical properties that could be easily analyzed in in vivo and in vitro studies. Conformational dynamics of
both drug and vaccine ensemble with respect to the receptors are energetically stable, shedding light on
favourable conformation and chemical interactions. These facts were validated by subjecting the complexes to
relative and absolute binding free energy methods of MMGB/PBSA and WaterSwap. A strong agreement on the
system stability was disclosed that supported ligand high affinity potential for the receptors. Collectively, this
work sought to provide preliminary experimental data of existing anti-viral drugs as a possible therapy for
COVID-19 infections and a new peptide-based vaccine for protection against this pandemic virus.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The ongoing COVID-19 pandemic caused by SARS-COV-2 is a highly
infectious disease posing a severe threat to worldwide public health
[1–4]. SARS-COV-2 has the incredible potential of human to human
spreading, contributing to rapid global dissemination [5,6]. To date,
the virus has been reported to cause 24,357,067 cases with 830,150
deaths and 16,890,125 recoveries. Despite tremendous efforts done on
mitigating the virus transmission and developing therapeutics in almost
every country around the globe, we still have no specific treatment and
cure yet [6–9]. This prompted us to devise highly accepted in silico ap-
proaches with the ultimate aim to assist in the rapid design of new clas-
ses of drugs and vaccines for SARS-COV-2.

SARS-COV-2 is a single-stranded 30 kb long RNA genome virus
[6,10,11]. The main region of the genome, named ORF1a/b, covers 2/3
of the length and codes nonstructural proteins (nsp) [12]. The remaining
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genome encodes four essential structural proteins which include a
small envelope (E) protein, a matrix (M) protein, a nucleocapsid
(N) protein, and a spike (S) glycoprotein [6,13,14]. The current corona-
virus anti-viral regime primarily targets 3c-like (3CL) protease, papain-
like (PLP) protease, and the S protein [15,16]. As protease inhibitors
may act nonspecifically on the host homologous protease, there is a
risk of associated host cell toxicity and can induce severe side effects.
The S protein is highly vulnerable to mutations, enabling this protein
to acquire a different pattern of host cell receptor binding, which in
turn, aid in the protein escape from targeted therapeutics [15]. Consid-
ering this, novel strategies are obligatory to curtail infections caused by
SARS-COV-2.

The N protein of SARS-COV-2 binds to leader RNA and plays several
pivotal roles in RNA transcription and replication, and thus is considered
an attractive pharmacological target [17–19]. Its primary function is to
produce a ribonucleoprotein (RNP) complex, key to the formation of
highly ordered RNA conformation essential for viral RNA replication
and transcription andmodulatingmetabolism of infected cells [19]. Ad-
ditionally, this protein regulates host-pathogen interactions that in-
volve reorganization of actin, the progression of the host cell cycle and
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apoptosis [20]. From an architectural point of view, the protein is com-
posed of three distinct but highly conserved portions; the C-terminal
domain (CTD), the N-terminal domain (NTD), and Ser/Arg (SR) rich
linker [17]. CTD functions as a dimerization domain, whereas NTD and
SR are responsible for binding to RNA and direct phosphorylation, re-
spectively [6,21]. The crystal structure of the NTD from SARS-COV-2
(PDB ID: 6M3M) has been found to interact with 3′ end of the SARS-
COV-2 genome through several key residues mediating infectivity and
give specific electrostatic distribution [17]. Such structural information
is essential for accelerating drug discovery against this appealing drug
target to block SARS-COV-2 production. Furthermore, the N protein
has high expression during infection, is highly immunogenic and has
the potential to induce protective immune responses targeting SARS-
COV-2 [22,23].

Herein, we adopted a comprehensive in silico methodology to iden-
tify potent anti-viral leads, protective antigens and diagnostic markers
against SARS-COV-2 N protein. Findings of this study may promote the
discovery of new anti-viral drugs and vaccination strategies against
this high priority virus.

2. Materials and methods

The complete methodology used in the presentwork is summarized
in Fig. 1.

2.1. SARS-COV-2 N protein preparation

The study commencedwith the retrieval of the crystal structure of N
protein from the PDB database available with a PDB tag of 6M3M [17].
The structure was determined by X-ray diffraction up to a resolution
of 2.70 Å. The 3D structure was then treated in UCSF Chimera [24] for
structure editing to optimize receptor energy. During the process, the
Fig. 1. Flow of steps used
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protein first underwent processing using a steepest descent algorithm
keeping the step size to 0.02 Å and number of cycles to 100. Afterwards,
the conjugate gradient algorithm was applied on the structure for the
default ten steps. Both algorithms tended to clean the structure by im-
proving local interactions, fine-tuning widespread structural errors
and moving the structure towards local minima. Next, missing hydro-
gen atoms were added to the receptor and charges to standard and
non-standard residues were assigned by mean of AMBER ff14SB [25]
and AM1-BCC [26], respectively. Both initial crystal N protein and
post-treated minimized structures were examined using a PDBSum
PROCHECK analysis [27] to assist in the selection of starting receptors
in a high throughput anti-viral scaffold screening process.

2.2. Ligands preparation

The Asinex anti-viral library delivers a meaningful starting point by
arranging chemical entities of potent anti-viral activities and good
safety profile for the discovery of new powerful leads. The compounds
are also easy to access and purchasable for testing in experimental as-
says. The anti-viral library was retrieved in SDF format and subse-
quently filtered in PyRx software [28] to select compounds that fulfil
the Lipinski rule of five [29]. As per this rule, only compounds with mo-
lecular weight ≤ 500 Da, MlogP ≤4.15, N or O ≤ 10, and NH or OH ≤ 5 are
selected. The primary library had 6827 compounds that, after deletion
of molecules violating Lipinski rule of five, reduced to 4860. This new
list of compounds was minimized for energy minima and converted to
.pdbqt format to be ready for docking study.

2.3. Uncovering potential epitopes for SARS-COV-2 N protein

The amino acid sequence of the SARS-COV-2 N protein was scanned
for potential B and T cell epitopes capable of evoking strong but
in the current study.
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protective immunological responses. To accomplish this objective, we
employed the Immune Epitope Database (IEDB) [30] where first linear
B cell epitopes were predicted using Bepipred Linear Epitope Prediction
2.0 setting cutoff score of >0.5. In parallel, T cell epitopes were also pre-
dicted starting with MHC-I alleles using IEDB recommended 2020.04
(NetMHCpanEL 4.0) considering a reference set of alleles (S-Table 1).
The epitopes were sorted on IC50 score basis, and those with
score < 500 nM were selected. The MHC-II alleles prediction was ac-
complished by selecting IEDB 2.22 method and full HLA reference set
(S-Table 1). Each of the predicted epitopes was then evaluated for
their potential of evoking immunological response by scanning the epi-
topes in VaxiJen (cut off antigenic score ≥ 0.4) [31]. Next, the shortlisted
immunodominent candidates were checked for allergenicity via
AllerTOP version 2.0 [32]. Non-allergens were then toxicity filtered
using ToxinPred [33] to opt for non-toxic epitopes. Additionally, the
non-homologic and virulent nature of the epitopes was verified by
using the epitopes in Blastp search against human (Homosapien:
9606) and VirulentPred [34], respectively. Lastly, IFN-gamma inducing
epitopes were filtered via IFNepitope web server [35].

2.4. Epitope conservation and population coverage

All entries of the SARS-COV-2N protein available in theNCBI COVID-
19 datahub were retrieved and used to examine predicted IFN epitopes
conservation through an online IEDB conservancy analysis tool [36]. It
was important to include population coverage of the epitopes in the
study as it gave clear directions about the percentage of a specific pop-
ulation likely to respond to the epitopes. This was achieved by
employing the IEDB epitope conservation analysis tool [37].

2.5. Construction of vaccine ensemble

The final set of conserved epitopes that provided the greatest
population coverage were fused to each other, followed by addition
of an adjuvant molecule to the epitope peptide. The 3D structure of
the full ensemble was created ab initio using 3Dpro [38]. Loops of
the model structure were refined to strengthen structural stability
using GalaxyRefine version 2 [39]. Quality assessment of the ensemble
3D model was made employing free available tools: Ramachandran
plot of PDBsum [27], ERRAT [40], VERIFY-3D score [41], PROSA Z-score
[42]. Then, the structure was minimized to the local energy minima
and passed through downward analysis of vaccine design. Different
physicochemical parameters of the vaccine were predicted using
Table 1
Immunological analysis of SARS-COV-2 N protein.

B cell T Cell MHC I MHC II

GSRPQGLPNNTAS GSRPQGLPN 1.6 48
RPQGLPNNT 0.35 22
QGLPNNTAS 0.28 7.4

QHGKEDLKFPRGQGVPINTNSSPDDQIG PINTNSSPD 15 15
HGKEDLKFP 2 31
QGVPINTNS 11 15
TNSSPDDQI 2.3 17
INTNSSPDD 2.6 22
KFPRGQGVP 0.04 23
KEDLKFPRG 3.2 35
GKEDLKFPR 2 35
FPRGQGVPI 0.04 11
GVPINTNSS 9 15
DLKFPRGQG 7.6 16

RIRGGDGKMKDL RIRGGDGKM 0.42 20
TGPEAGLPYGANK TGPEAGLPY 0.56 2.7
GALNTPKDHIGTRNPANN DHIGTRNPA 7.8 12

IGTRNPANN 8.2 12
LNTPKDHIG 14 52
ALNTPKDHI 0.87 37

3

ProtParam [43]. Solubility and aggregation-prone regions of the vaccine
were predicted using Protein-Sol [44] and Aggrescan3D 2.0 [45],
respectively.

2.6. MHC clustering analysis and immune simulation of the vaccine
ensemble

During the vaccine design process, identification of candidates
showing an optimized affinity for a wide range of MHC HLA alleles is
fundamental. The MHC clustering analysis was performed using
MHCcluster v2.0 [46]. Further, the immune response profile of the vac-
cine construct was understood using an agent based immune simulator
- the C-ImmSim server [47]. The server employed a position specific
scoring matrix to spot immune dominant epitopes and machine learn-
ing methods to elucidate immune interactions. Most of the simulation
parameters were treated as default: adjuvant= 100, number of antigen
injection = 1000, random seed chosen = 12,345, and the vaccine was
injectedwith non LPS. The 1000 units of antigen are considered suitable
to induce an appropriate immune response to the viral antigen [48]. The
simulation steps allowed are 1100 and volume to 110. C-ImmSim server
has been successfully applied in several studies to understand host im-
mune system dynamics in response to an antigen [49–53].

2.7. Molecular docking of antiviral ligands and vaccine ensemble

A blind docking approach was applied for docking both anti-viral
ligands with the N protein and vaccine ensemble with TLR3 (PDB
tag: 1ZIW). In the case of anti-viral ligands, docking was performed
with AutoDock4 [54] allowing the central XYZ dimensions search to
be restricted to 9.9921 Å on the X-axis, −3.8536 Å on the Y-axis
and − 12.7487 Å on the Z-axis. This gives dimensions on the XYZ
plane as 31.6231 Å, 46.5257 Å, and 43.2407 Å, respectively, and as net,
the whole surface of the receptor molecule was covered to allow ligand
molecules to bind freely to the hotspot points of the N protein. Each li-
gand molecule was docked 10 times to the receptor and the best bind-
ing pose was selected by looking for the one with best binding affinity
score in kcal/mol (more negative score indicates good binding affinity).
The vaccine ensemble docking with innate immune receptor (as a test
case here we used TLR3) was assessed in Patchdock [55], the generated
complexes were refined with FireDock [56], and the best complex with
minimum global energy was considered for visualization and assay
[57–60]. Both AutoDock4 and FireDock are best for performing blind
docking and generating intermolecular poses that bind best to each
MHCpred Antigenisity Allergenisity Toxicity

93.54 0.3955 (Non-antigen) Non-allergen
43.55 0.5758 (Antigenic) Allergen
79.8 0.0743 (Non-antigen) Allergen
5.6 0.5204 (Antigenic) Non-allergen Non-toxic
20.75 1.1473 (Antigenic) Allergen
23.12 0.3642 (Non-antigenic) Allergen
33.19 0.4559 (Antigenic) Allergen
34.99 0.4458 (Antigenic) Allergen
46.99 −0.1527 Non Antigenic Allergen
47.75 −0.0113 (Non-antigenic) Allergen
60.39 0.7725 (Antigenic) Allergen
61.24 0.7585 (Antigenic) Allergen
62.09 0.7585 (Antigenic) Non-allergen Non-toxic
69.18 −0.0028 (Non-antigenic) Non-allergen
58.48 0.1803 (Non-antigenic) Non-allergen
40.83 −0.0349 (Non-antigenic) Non-allergen
20.23 0.4313 (Antigenic) Non-allergen Non-toxic
30.69 0.3555 (Non-antigenic) Allergen
83.75 −1.2393 (Non-antigenic) Allergen
86.1 −0.8423 (Non-antigenic) Allergen



Fig. 2. Waterbox presentation of drug (top) and vaccine ensemble complex with
respective receptors (colored by yellow cartoon). The drug and vaccine construct is
shown by in green sphere.
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other, hence achieving highly stable complexes. Both sets of software
are the most citable forms of docking software, widely used and are
freely available [56,61–65]. A blind docking approach was used in the
present work by providing the complete surface of receptors (N protein
in case of drug molecules identification and TLR3 in case of vaccine en-
semble docking). This overcomes the limitations of the specific docking
that, in majority cases gives false-positive results [66]. Additionally, we
proved the docking procedure by docking the co-crystalized ligands to
the receptors through the same procedure used in virtual screening of
Asinex antiviral library and vaccine ensemble docking to the TLR3
[67]. Both docking protocols results revealed coherent results, thus val-
idating the docking protocol. Further, we employed widely accepted
andmore accurate molecular dynamics simulation and binding free en-
ergies methods to validate the good affinity of the drug molecules and
vaccine ensemble [68–70].

2.8. Molecular dynamics simulation assay

Molecular dynamics simulations for both top complexes of anti-viral
ligandwith N protein and vaccine ensemble with TLR3were performed
usingAMBER18package [71]. TheNprotein parameterswere generated
using a ff14SB force field [25] whereas an Amber force field (GAFF) [72]
was chosen for anti-viral ligands. To record topology files of both com-
plexes, the leap module [73] was employed. The systems were neutral-
ized by adding an appropriate number of counterions. Next, both
systems were submerged in a TIP3 water box, allowing a padding dis-
tance of 12 Å. The waterbox with submerged N protein-drug complex
and TLR3-vaccine complex are depicted in Fig. 2. Systemsminimization
was achieved by running 1500 rounds of steepest descent and conju-
gate gradient to clean the complexes for unfavorable structural clashes.
Heating of systemswas done for 100 pswith a gradual increase from0K
to 300 K, applying pressure of 1 atm. Afterheat, systems were equili-
brated for a time period of 100 ps at a constant temperature of 300 K.
A production run for each system was completed at time scale of
100 ns. In the process, SHAKE algorithm [74] was applied to constrain
all covalently bondedhydrogen atomsof the systems. Periodic boundary
conditions were used in the solvation box by the canonical ensemble.
Temperature was kept constant at 300 K using a Langevin thermostat
[75] and the non-bounded interaction threshold was treated as 8.0 Å.
Ewald simulations were utilized for long range interactions. Structural
dynamics of the complexes were elucidated through several statistical
parameters analyzed through the CPPTRAJ module [76] of the AMBER.
Visualization of the snapshots was done by means of UCSF Chimera
[24] and VMD software [77].

2.9. Binding free energy estimation

Estimation of binding free energies for biomolecular complexes is a
good way of validating intermolecular strength of interactions and
shedding light on the dominancy of a particular chemical energy con-
tributing to overall stability. The MMPBSA method of AMBER is an
easy and relatively straight forward approach for quantifying binding
free energies of ligand(s) docked to a receptor, though this method
does not account for entropy contribution [78]. The MMPBSA binding
free energy was estimated using equation given below,

ΔGbinding ¼ Gcomplex– Greceptor þ Gligand
� � ¼ ΔGMM þ ΔGsolv

where,
ΔG is the net binding free energy for a given system by subtracting

the sum of receptor and ligand combine binding energy from the com-
plex.ΔGMM is the gas phase energy change estimated bymolecularme-
chanics and consists of van derWaals and electrostatic energy. ΔGsolv is
the solvation free energy change and is the product of polar and non-
polar energy. The latter term is calculated via the solvent accessible sur-
face area (SASA).
4

2.10. Waterswap absolute protein-ligand binding free energies

The Waterswap method implemented in the Sire package permits
estimation of absolute protein-ligand binding free energies [79]. The re-
action coordinate is constructed during the process which swaps the
protein bound ligand to an equivalent volume of water present in the
binding pocket. This method uses all available processing cores of a
computer node, slow in-process and converges the free energy averages
that took at least five days. The average binding free energy is estimated
simultaneously through thermodynamic integration (TI), free energy
perturbation (FEP) and Bennetts Acceptance Ratio (BAR) methods
[70].Waterswapwas run on simulation trajectories of last 10 ns to esti-
mate the absolute binding free energy of the systems.
3. Results and discussion

3.1. SARS-COV-2 N protein and anti-viral library minimization

A primary phase of protein minimization was applied to SARS-COV-
2 N protein to lower its overall potential energy. This was necessary to
make protein conformation as close as possible to natural biological sys-
tems that are dynamic and low in potential energy to ease spontaneous
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interactions. However, a minimization event may introduce bad con-
tacts in the structure and disturb the conformation of the molecule,
which in turn might affect the compound ranking in the docking-
based virtual screening process. The minimization process revealed
that minimized N protein is a bit better compared to the pre-
minimized original N protein structure. Ramachandran plot investiga-
tion showed that both original and energy minimized structures have
the same percentage of residue distribution in all four quadrants as
can be seen in S-Fig. 1. Statistically, both structures secured 89.4% and
10.6% of residues in themost favoured and additionally allowed regions
whereas no residue was plotted in generously allowed and disallowed
regions. According to the G-factor assay, the minimized protein had a
better overall G-factor score of 0.06, reflecting no unusual features in
the structure opposed to the original structure (G-factor score of
−0.14). Secondly, the PROSA Z-score was calculated which indicated
overall good quality and a non-erroneous structure of the minimized
N protein. The Z-score for pre-minimized N protein was −5.06 while
it was −5.16 for the minimized form. Based on this evidence, we used
the minimized N protein structure in the downward framework.

3.2. Virtual screening

High throughput structure-based virtual screening was per-
formed using SARS-COV-2 N protein as a receptor and drug-like
molecules from the Asinex anti-viral library as ligands in the pro-
cess. As a blind docking strategy was employed, the entire surface
of the protein was exposed for binding of the drug molecules. The
molecules bound to three different binding pockets of loop region
1, β-sheet core, and loop region 2 of the enzyme as shown in
Fig. 3. The majority of the molecules tended to interact with the
pockets of the loop 2 region compared to the loop 1 region and
β-sheet core pockets. Top 5 complexes were picked based on the
binding affinity of the molecules for the pockets and analyzed. The
2D structures of the compounds are provided in S-Fig. 2. The high
affinity top 1 compound with binding energy of −8.9 kcal/mol dem-
onstrated binding to the front pocket of a loop 2 region. This pocket
is the result of the long loop of β6 connecting to β7, and β2 ending
at the N-terminal site through β1. The bulk of the compound
Fig. 3.Docked pose of different classes of anti-viral inhibitors at different pockets of the SARS-CO
2 (cyan), top 3 (pink), top 4 (aquamarine), and top 5 (deep pink).(For interpretation of the refe
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structure (2,5,5,7,9-pentamethyl-2,3,4,4a,5,10b-hexahydropyrano[3,2-
c]chromene-3-carboxylic acid) aligned horizontally inside the long
loop originating from β6 of the β-sheet core, covering 310 helix at
the acidic wrist of the protein and ending at the carboxyl site. This
chemical moiety formed weak van der Waals, pi-pi stacked, and pi-
alkyl interactions with the loop of β6. The 4-isopropylphenol moiety
was deep in the cavity, making both hydrogen and hydrophobic con-
tacts with the loops. Compound 3 (binding energy: −8.6 kcal/mol)
and 5 (binding energy: −8.2 kcal/mol) followed the same pattern
of binding with minimal interaction from strong hydrogen bonding
and maximum interaction from weak hydrophobic binding. Com-
pound 2 (binding energy: −8.7 kcal/mol) binding mode was stable
at loop region 1 and produced a rich network of hydrogen and van
der Waals contacts. The 1-(3-(1,2,4-triazolidin-4-yl)phenyl)ethanone
part of the molecule mainly drove the interactions of strong hydrogen
bonding with Thr92 and Arg94 β5 of β2 and Asp129 of β6 loop. Com-
pound 4 (binding energy:−8.4 kcal/mol) favoured binding to the back
pocket of loop region 2, collectively formed by loops of β2, β5 and β6.
The 4-formyl-6-methyl-3-methylene-2,3-dihydroisoxazolo[5,4-b]
pyridin-7-ium chemical moiety made hydrogen bonds with Pro74 and
Asn76 of β2. The rest of the chemical portion reacted with all three
loops through van der Waals bonding. The chemical interactions of the
compounds are illustrated in Fig. 4.

3.3. SARS-COV-2 N protein epitopes prediction

A complete protein sequencewasfirst analyzed for continuous B cell
epitopes that predicted 6 epitopes ranging in length from 7mer to
28mer of score greater than default cut off (0.5). Such B cell epitopes
are the recognition and binding sites of the adaptive immunity B cells.
Once activated, the B cell transformed into a mature form, differentiate
and produce soluble antibodies. Afterward, the antibodies bind to the
epitopes and activate humoral adaptive immunity by triggering forma-
tion of neutralizing toxins, labeling the pathogen for destruction via T
cell immunity. Therefore, B cell epitopes mapping holds a central role
in vaccine designing [80]. The predicted B cell epitopes were examined
for T cell epitopes. T cell vaccine induces protective cellular immunity
and are significant in targeting mutating viruses like SARS-COV-2.
V-2 N protein. The color order of the top 5 ligands is in the following order: top 1 (tan), top
rences to color in thisfigure legend, the reader is referred to theweb version of this article.)



Fig. 4. Chemical network of interaction of the compounds at respective docked sites. From A to E tags represents compound 1 to 5, respectively. The different color of discs can be
interpreted as residues of the N protein and can be understand as: dark green discs (hydrogen bonding residues), light green discs (van der Waals residues), pink discs (pi-pi stacked
residues), purple discs (pi-sigma residues), and cream discs (alky and pi-alkyl residues).(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Furthermore, T cell vaccines are regarded more effective than conven-
tional B cell epitopes [81,82]. In the present investigation, both B and T
cell epitopes were used to design highly efficacious vaccines. Antigens
that are displayed on the antigen presenting cells bound to the major
histocompatibility complex molecules are recognized by the T cell re-
ceptors present on the surface of T cells. T cell epitopes are surface epi-
topes via two classes: MHC-I and MHC-II, identified by two distinct T
Fig. 5. SurfaceanalysisoffinalsetofTcellepitopeslocalizedatthesurfaceofNprotein.A(PINTNSS

6

cytotoxic and T helper cells. Several T cell epitopes are reported for
each B cell epitopes with IC50 values <50 nM depicting high affinity
for the reference set of MHC alleles. Next, the T cell epitopes were sub-
jected to MHCphred assay to filter only those epitopes that associated
with great affinity with the DRB*0101 allele, a prominent allele in the
human population [83]. All T cell epitopes showed great binding with
the DRB*0101 allele with an IC50 value of <100 nM. T cell epitopes
PD),B(GVPINTNSS)andC(DHIGTRNPA).Theaminoacidsarepresentedbysinglelettercode.
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then analyzed for their ability of provoking the host immune system.
This was achieved by passing the T cell epitopes through the VaxiJen
server and selecting those with predicted score higher than the default
0.4. Antigenic T cell epitopes were subsequently filtered through aller-
genic and toxicity check, and only non-allergenic and non-toxic epi-
topes were picked. The final set of potential epitopes selected for
vaccine ensemble design is listed in Table 1 and their exo-membrane to-
pology is shown in Fig. 5.
Fig. 6. A. Schematic representation of the vaccine, B. 3D structure of the vaccine, C. Ramach
engineering of the vaccine; both original and mutated strucutures are presented, F. In silico clo

7

3.4. Population coverage of T cell epitopes

TheMHCmolecules are extremely polymeric and thousands of MHC
molecules are known that are spread across theworld population and in
different ethnicities. Thus, peptide-based vaccine design that covers the
majority of these alleles could provide a wonderful approach for the de-
sign of a broad spectrumandhighly effective vaccine that does not show
any ethnically biased population coverage. The selected B cell derived T
andran plot of the vaccine, D. Secondary structure elements of the vaccine, E. Disulfide
ning of the vaccine (shown as red) into pET-28a(+) vector.



Fig. 7.Host immune system simulation in response to the vaccine ensemble antigen; production of different immunoglobulin response (top) and cytokines and interleukinswith Simpson
index (bottom).
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cell epitopes are showing average population coverage of 95.04%. This
can be divided up as: Central Africa (94.79%), Central America (53.8%),
East Africa (97.08%), East Asia (97.08%), Europe (99.96%), North Africa
(99.01%), North America (99.89%), Northeast Asia (97.88%), Oceania
(97.88%), South Africa (95.27%), South America (95.15%), South Asia
(98.7%), Southeast Asia (97.66%), Southwest Asia (95.79%), West
Africa (98.43%), and West Indies (99.69%). The number of combined
HLA alleles recognized and cumulative percent of population coverage
of the epitopes are given in S-Fig. 3.

3.5. Construction of a chimeric multi-epitope peptide vaccine

Peptide-based vaccines are weakly immunogenic, therefore, the
final set of epitopeswere fusedwith the help of rigid AYY linkers to pro-
duce a multi-epitope peptide [84,85] (Fig. 6A). AYY linkers aid in keep-
ing the epitopes separated and aid in easy recognition and processing of
the epitopes by the host immune system. Also, an adjuvant in the form
of β-defensin was added to the N-terminal site of the epitope peptide
for further strengthening of the immune provoking ability of the
8

epitope's peptide. β-defensin activates lymphokines production which
in turn results in Ig production specific to the antigen alongwith activa-
tion of cellular immunity [86]. Ligation of the adjuvant with the multi-
epitope peptide was done through a rigid EAAAK linker. This linker is
also rigid and promotes easy immune recognition and processing. The
complete construct structure wasmodelled ab initio as no suitable tem-
plate was available for homology-based modelling (Fig. 6B). The struc-
ture has the majority of its residues (80%) plotted in the most
favoured region, 12.90% in the additional allowed region, 5.70% in the
generously allowed region, and 1.40% in the disallowed regions
(Fig. 6C). From secondary structure point of view, the structure maxi-
mum of alpha helix (53.0%), 9.6% of 3–10 helix, and 37.3% of beta
turns, and gamma turns (Fig. 6D). The overall vaccine ensemble is anti-
genic with a score of 0.5060, soluble with a probability score of 0.940
and does not harbour any transmembrane helices; thus it is a good can-
didate for experimental follow up. The weight of the construct is 8.9
KDa, theoretical PI of 9.36, stability index of 39.9, GRAVY score of
−0.602 and aliphatic index of 53.01. The vaccine ensemble is also pre-
dicted to be highly soluble with predicted scaled solubility value of



Fig. 8. The top figure presents docked conformation of the vaccine ensemble (shown in
dark maroon) at the active pocket of TLR3 (yellow cartoon surface as dot). The bottom
figure illustrates closed view of the vaccine interacting with TLR3 residues (shown in
red bubbles) via hydrogen bonding. The rest of red highlighted regions in sticks are
those involved in van der Waals interactions with the TLR3 residues.
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0.775 (threshold, 0.45) and does not contain any aggregation-prone re-
gions. The average aggregation score of the vaccine is −1.11, which is
far less than the cutoff score of 0.0.

3.6. MHC restricted HLA alleles cluster analysis

The vaccine ensemble molecule interacted with a large numbers of
HLA alleles in MHC I class compared to MHC II class. This infers the in-
creased potential of the designed vaccine ensemble to be recognized
by the vast majority of polymorphic HLA alleles, maximizing many
fold epitopes presentation the immune cells leading to providing strong
immune protection capabilities. The MHC I and MHC II HLA clusters are
tagged as S-Fig. 4 and S-Fig. 5, respectively.

3.7. Loop modelling and refinement of the vaccine ensemble

Loop regions of the vaccine ensemble were modelled/refined to
present its closest possible structure for the downward analysis. The
structure was refined in consecutive rounds covering regions: Arg14-
Ser34, Asn53- Ser57, Gly63- Ser70, Tyr74-Ala83, and Ala47-Ala48. The
output structure was further refined for global and local conformations.
An improved vaccine ensemble structure was revealed in which the
percent of residues in the Rama favoured regions was increased to
96.3% compared to 93.8% in the original model. The clash error score
in the original structure was 29.4 and was found only 2.2 in the refined
model. The MolProbity score is relatively low (1.241) illustrating the
good quality of the refined model. Overall, the galaxy energy of the re-
fined vaccine ensemble is −1744.48 which is significantly less than
the initial structure (132.01), a confirmation of good stability.

3.8. Immune responses simulation of the vaccine ensemble

An in silico immune response model of the vaccine ensemble was
generated that illustrated primary, secondary and tertiary immune re-
sponses are credible in clearing the pathogen (Fig. 7). The IgM + IgG
is critical in showing an immune protection response to the antigen
whereas IgG2 is the least productive. Similarly, significant interleukin
and cytokine reactions are witnessed, IFN-gamma being the most key
immune protective factor (Fig. 7). Formation of different isotypes of
the B cell immunity to the antigen demonstrates a fundamental role of
humoral immunity against the pathogen and subsequent creation of an-
tigen memory. Increased production of cytotoxic and helper T cell pop-
ulations with corresponding memory formation further affirm the role
of T cell immunity complementing B cell immunity in protecting the
host from the pathogen. A high population of dendritic cells, as well as
that of macrophages, makes it evident that the set of epitopes used in
the construction of multi-epitope vaccine ensembles is attractive for ac-
tivation of all components of the host immune system aiding in combat-
ing the pathogen.
Table 2
Top 10 refined TLR3-vaccine solutions ranked on basis of global energy in KJ/mol.

Rank Solution
Number

Global
Energy

Attractive
Van der
Waals
Energy

Repulsive
Van der
Waals
Energy

Atomic
Contact
Energy

Hydrogen
bonding
Energy

1 9 −7.93 −33.10 14.31 15.51 −3.66
2 7 −2.54 −31.03 22.05 14.68 −6.93
3 3 0.83 −7.43 1.96 2.17 −1.19
4 2 1.88 −14.95 2.48 14.70 −5.13
5 6 6.71 −2.19 0.00 3.38 0.00
6 10 17.93 −7.56 13.93 9.32 −2.48
7 5 32.79 −43.26 90.77 14.74 −3.88
8 8 45.32 −18.23 6.96 15.53 −1.49
9 4 123.17 −11.32 142.99 4.43 −2.45
10 1 200.68 −14.32 256.72 5.08 −0.91

9

3.9. Vaccine ensemble docked conformation with TLR3

The vaccine ensemble was docked with TLR3, an immune receptor
from innate immunity that prompts viral recognition and induces type
I interferon production. Blinded protein-peptide docking was per-
formed to predict the predominant orientation of the vaccine ensemble
with respect to the TLR3 receptor. In total, 100 conformations of the vac-
cine ensemblewere generated, followed by refinement of each complex
to opt for the highly stable conformation. Different energy values for the
top 10 refined solutions of the docked vaccine ensemble and TLR3 com-
plexes are presented in Table 2. Solution 9 was ranked as the top solu-
tion due to global energy of −7.93 kJ/mol (attractive van der Waals
energy: −33.10 kJ/mol, repulsive van der Waals energy: 14.31 kJ/mol,
atomic contact energy: 15.51 kJ/mol, and hydrogen bonding energy:
−3.66 kJ/mol). Visual interpretation of solution 9 unveils deep central
docking of the vaccine ensemble at the TLR3 cavity. The vaccine gener-
ates a network of hydrophobic and hydrophilic chemical interactions
with TLR3 residues. Ser387, Glu460, Tyr462, Tyr465, andAsn662 are hy-
drogen bonding contributing residues from the TLR3 with Ser56, Thr68,
Asp59, Tyr62, and Arg12 of the vaccine, respectively. Van der Waals in-
teractions from the TLR3 that played a significant role in binding and an-
choring of the vaccine are: Lys330, Glu363, Tyr383, Ile411, Thr415,
Lys416, Val435, Phe459, Arg484, Arg488, Ile534, His565, Ile566,
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Phe657, and Asn659. From the vaccine, residues Val13, Arg14, Lys50,
Asn55, Ser57, Pro58, Ile66, Ala73, Tyr74, Ile77, and Asn81 participated
in van der Waals interactions. The docked conformation of the vaccine
ensemble with TLR3 can be seen in Fig. 8.

3.10. Disulfide engineering and codon optimization of the vaccine ensemble

Disulfide engineering is a directed approach of introducing disulfide
bonds in a protein, and is a logical approach of emulating molecular in-
teractions stabiilty required in many industrial and biomedical applica-
tions [87]. The chimeric vaccine sequence was subjected to Design 2.0
server which highlighted 5 pairs of residues with high bond energy
ranging from 1.26 kcal/mo to 6.75 kcal/mol. The pairs of residues are:
Ile2-Ala61, Arg17-Cys40, Val20-Cys41, Cys21-Lys26, and Pro51-Pro62
were mutated to enhanced vacine stability (S-Table 2). The original
and mutated vaccine structures are shown in Fig. 6E. Furthermore, the
vaccine sequence was reverse translated to improve the codon usage
of the sequence as per Escherichia coli expression system to get maxi-
mum expression of the vaccine during wet lab experimentation. The
codon adaptation index of the vaccine is 1which is an ideal value for en-
hance expression. Lastly, the vaccine sequence was cloned into pET28a
(+) expression vector (Fig. 6F).

3.11. Evaluation of conformational stability

The conformational stability of theSARS-COV-2Nprotein in complex
withthetopdrugmoleculeandvaccineensemblewasdecipheredbyrun-
ning 50-ns of MD simulations. Structural stability of the systems was
monitored first by calculating carbon alpha distance of superimposed
Fig. 9. Different MD based analysis: protein rmsd (top left), ligand rmsd (top rig

10
50,000 snapshots of the MD simulation (Fig. 9 (top left)). For the
drug complex, a small number of minor structure fluctuations were
noticed in the protein suggesting the structure has endured less con-
formational changes during the course of simulation. The average
rmsd estimated for the drug complex is 1.38 Å with maximum ob-
served is 2.53 Å. The variations were investigated by visualizing snap-
shots at regular intervals (0-ns, 10-ns, 20-ns, 30-ns, 40-ns, and 50-ns)
and superimposed in UCSF Chimera [88] (Fig. 10A). The 3D alignment
revealed an rmsd of 1.3 Å that clearly showed the drug complex sta-
bility. In the process, the compound was seen in different conforma-
tions where 4-isopropylphenol region of the molecule is showing
stability at the initial docked site but the 2,5,5,7,9-pentamethyl-
2,3,4,4a,5,10b-hexahydropyrano[3,2-c]chromene-3-carboxylic acid is
stretching along the length allowing the molecule entry deep in the
cavity with formation of extra van der Waals contacts as depicted by
the binding free energy estimation in section. Further, these move-
ments are the result of flexible loop regions of the N protein that pro-
pel the molecule to alter its conformation by adjusting the molecule
along the channel of the receptor. This depicts binding free energy
methods, with the compound enjoying binding at the cavity site and
is an attempt at shwing stable binding as simulations progress. In
the same way, rmsd analysis of the vaccine ensemble with TLR3 was
carried out (Fig. 9 (top left)). The average rmsd of the TLR3-vaccine
ensemble is 3.34 Å. Variations in the rmsd are mainly because of the
ligand structure move in an attempt to get a highly stable and im-
mune cell recognizable pose, resulting in force applied on the flexible
regions of the TLR3. This was affirmed by taking regular snapshots at
interval of 10-ns and superimposition in UCSF Chimera that revealed
an rmsd of 1.124 Å (Fig. 10B). The receptor rmsd was followed by
ht), protein ROG (bottom left) and hydrogen bonds plotting (bottom right).
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ligand rmsd to affirm the ligand binding stability with the receptors
(Fig. 9 (top right)). An average rmsd of 1.30 Å and maximum of
2.41 Å were reported for the drug compound. Again minor ups and
downs in ligand rmsd were spotted, reflecting conformational moves
as stated earlier, though these adjustments are in favour of the in-
creased system stability. The vaccine ensemble rmsd is very low
(0.15 Å) demonstrating very stable behavior of the vaccine with
TLR3. Next, compactness of the N protein structure was tested using
the radius of gyration tool (Fig. 9 (bottom left)). The average gyration
value of the N protein in the presence of the drug along the simulation
is 14.56 Å and maximum value observed is 14.87 Å. This clearly shows
that the secondary elements are highly compact in the N protein 3D
structure and show stability in the drug molecule presence. The
same compact complex system was noted for the TLR3 and vaccine
ensemble with a mean radius of gyration value of 33.72 Å. The num-
ber of hydrogen bonds formed between the drug/vaccine with the re-
ceptors is shown in Fig. 9 (bottom right). On average, the drug
molecule is in contact with the N protein docked site via 1 hydrogen
bond through the simulation period whereas the vaccine produced a
robust network of hydrogen bonds with TLR3 that, on average, is
higher in each simulation frame.
Fig. 10. A. Binding conformation adjustments of drug molecule (shown in different color sti
conformation adjustments of vaccine (shown in different color cartoons) at the binding poc
(orchid), 30-ns (light green), 40-ns (salmon), and 50-ns (gray).(For interpretation of the refere

11
3.12. Binding free energy calculation

The MMPBSA is now commonly applied on biological systems to
model molecular recognition and is a central focus in molecular simula-
tions [89]. This method uses reasonable computational cost and is in
routine use to estimate binding free energies of small ligand molecules
bound to a large biomolecule receptor [89]. The MMGBSA analysis,
which is complementary to the MMPBSA, revealed binding with con-
siderable affinity to the N protein as depicted by the net total energy
of −30.4504 kcal/mol. This net energy can be split into components
as: complex (−10,452.14 kcal/mol), receptor (−10,414.58 kcal/mol),
and ligand (−7.10 kcal/mol). The gas phase energy and solvation en-
ergy contribution to the net energy of the system are significant; the
latter dominates by polar energy as the favourable (−15.27 kcal/mol)
opposed to minor support from non-polar energy (−4.27 kcal/mol).
The gas phase energy is the attribute of van der Waals energy
(−37.49 kcal/mol) in contrast to the non-favourable part from electro-
static energy (26.60 kcal/mol). The detailed N protein and drug mole-
cule MMGBSA binding energies of the complex, receptor, ligand and
the net energies are provided in S-Table 3. In the MMPBSA method,
the system net total binding energy is −23.59 kcal/mol (delta gas
cks) at the binding pocket of SARS-COV2 N protein (shown by gray surface), B. Binding
ket of TLR3. The colouring pattern can be interpreted as: 0-ns (tan), 10-ns (cyan), 20-ns
nces to color in this figure legend, the reader is referred to the web version of this article.)



Table 3
Hotspot residues with binding free energy values.

Residue/Ligand MMGBSA MMPBSA Residue/Ligand MMGBSA MMPBSA

Drug molecule −13.3381 −10.6936 Vaccine
Ensemble

−22.57 −24.57

Trp5 −3.52555 −2.19901 Ser387 −4.45 −5.67
Thr29 −1.88196 −1.01 Glu460 −3.48 −5.98
Asn30 −3.23374 −1.68084 Tyr462 −2.78 −3.14
Ile94 −1.02521 −1.12 Tyr465 −1.24 −1.78
Ile105 −3.05031 −2.58066 Asn662 −3.65 −4.14
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phase (10.89 kcal/mol) + delta solvation energy (−12.70 kcal/mol)).
Together, both gas and solvation contributions play a balanced role in
the binding affinity of the compound for the receptor. As in MMGBSA,
the solvation energy is the output of a good polar solvation role
(−9.43 kcal/mol) compared to less non-polar energy (−3.27 kcal/
mol) inMMPBSA. The gas phase energy vanderWaals component as re-
ported in the MMGBSA is the prime factor in the compound interaction
(37.49 kcal/mol) with the protein whereas, due to the lack of formation
of ionic moieties that can give the electrostatic nature of interactions,
the columbic interaction is insignificant (26.60 kcal/mol). The complete
data of the MMPBSA analysis for N protein and drug molecule are pre-
sented in S-Table 4. Likewise, the TLR3-vaccine ensemble was highly
stable withMMPBSA net binding energy of−47.96 kcal/mol. The stabi-
lizing factor was revealed to be the gas phase electrostatic energy
(−1359.83 kcal/mol) in the system lower energy state along with
−67.79 kcal/mol of van der Waals energy. The polar solvation energy
is the non-favourable contributor (1390.67 kcal/mol) to the net solva-
tion energy (1379.67 kcal/mol), in contrast to little favourable energy
from non-polar energy (−10.99 kcal/mol). The full data of MMGBSA
and MMPBSA for TLR3 and vaccine ensemble are given as S-Table 5
and S-Table 6, respectively.

3.13. Energy contribution of key receptor residues and ligands

To underline residues that are essential to ligand binding and are
favourable in complex stability, per residue decomposition was per-
formed. Common residues of MMGBSA andMMPBSAwith negative av-
erage binding energy were categorized as essential amino acids and
werevital in interactionswith the ligand (Table3). For instance, residues
suchTrp5,Thr29,Asn30, Ile94, and Ile105weredemonstratedashot spot
residues due to their profound contribution in complex stabilization. For
the TLR3-vaccine, Ser387, Glu460, Tyr462, Tyr465, and Asn662 are
hotspots in anchoring the vaccine ensemble at the docked position.

3.14. WaterSwap absolute binding free energy

To estimate the absolute binding free energy of the system,
WaterSwap was used. Unlike MMPBSA, this uses an explicit water
model thus does not suffers from the shortcomings of the usually ap-
plied MMPBSA method. The binding free energy is calculated by
means of three highly sophisticated approaches including TI, FEP and
BAR. The resultant value is considered good when the mentioned tech-
niques are converged with difference of ≤1 kcal/mol. The drug complex
produced a TI value of−22.314 kcal/mol, FEP of−22.145 kcal/mol, and
BAR of −23.87 kcal/mol. Similarly, the vaccine ensemble in complex
TLR3 was reported to have TI, FEP and BAR values of −47.45 kcal/mol,
−48.74 kcal/mol, and − 48.91 kcal/mol, respectively.

4. Concluding remarks

Efficient development of new vaccines and biologically useful drug
molecules usually take years of research efforts and is amultibillion dol-
lar gamble. The use of available pharmaceutically active and safe anti-
viral agents in silico and in wet lab experiments as a substitute is a
12
swift approach for uncovering medication which may efficiently deal
with deadly and evolving viral infections. The conventional drug discov-
ery pipeline takes a decade for safe anti-viral therapy development
[90,91]. For diseases that are highly contagious like COVID-19, we
don't have enough time and require to speed up the process by screen-
ing available drugs and repurposing them against this new disease
threat in a process called drug repurposing. In an NIH-funded study
published in the journal “Nature”, scientists screened a library of
12,000 existing drugs against SARS-CoV-2 using laboratory-grown
human cell lines and non-human primates. They found 21 drugs that
showed potential to thwart SARS-CoV-2, 13 out of which can be safely
given to people. Most of these drugs have tested clinically against au-
toimmune diseases, HIV, osteoporosis and other complications [92].
Recently, an international team led by Sumit Chanda at Sanford
Burnham Prebys Medical Discovery Institute, together with Yuen
Kwok-Yung's team at the University of Hong Kong, employed a high
throughput method to rapidly screen 1987 compounds from the Re-
FRAME library [93] that shortlisted 100 drugs that reliably hinder the
virus growth by at least 40%. Further, 21 drugs were filtered based on
dose-response relationship. Out of these 21 drugs, one drug was
remdesivir, which is the FDA approved drug originally developed
against Ebola virus, as a possible treatment option against COVID-19
[94]. Additionally, studies on the most potent drugs in the list reduced
the viral load by 65% to 85%. Most potent in the list were apilimod (a
drug in clinical trials to treat rheumatoid arthritis, and Crohn's disease)
and clofazimine (a 70 year old FDA drug for the treatment of leprosy)
(https://directorsblog.nih.gov/2020/08/04/exploring-drug-
repurposing-for-covid-19-treatment/). These findings suggest the use
of existing and experimental drugs has the potential to treat COVID-
19. Likewise, immune-informatics tools can be employed to recognize
immunological active sites in the viral genome for the purpose of de-
veloping epitope-based vaccine candidates. Such vaccines have several
advantages over whole organism-based vaccines as they are safe and
easy to produce [95–97]. Peptide-based vaccines significantly limit
reactogenic and allergenic complications, and triggers stimulation of B
cells and T cells or both simultaneously [96]. There are low batch to
batch differences in peptide-based vaccine production and can be easily
standardized [98]. The peptide structure is well known and structure-
function can be easily correlated in contrast to a traditional vaccine. Fur-
thermore, the peptide can be easily formulated to conjugated structures
and multi-epitope vaccines [98]. Despite the many benefits of using
peptide vaccines, they possess lower immunogenic ability which can
be overcome by fusing adjuvants in peptide vaccine formulations [96].
Such peptide-based vaccines are currently being considered and hold
substantial promise to prevent human viruses like hepatitis C virus
and HIV [96,97]. In the work reported herein, an integrated study of
computational drugs leads to identification and peptide-based vaccine
ensemble design against SARS-COV-2Nprotein is performed. The scien-
tific and medical hunt for COVID-19 drugs and vaccines is in full bloom
to stop the pandemic and subsequentwaves of virus spread. This can be
witnessed by an exponential number of COVID-19 publications in
journals or in preprint archives (around 22, 000 in PubMed and 5000
preprint in BioRxiv/MedRxiv) covering SARS-COV-2 drugs and vaccines
directly or indirectly [99]. Making the process of data sharing and joint
global push is much needed for prioritizing drug and vaccine candi-
dates, clinical trial streamlining. Coordinating on a regulatory process
might be a prompt way of dealingwith this deadly and ghastly virus. Fi-
nally, we acknowledge several limitations of this work due to lack of ex-
perimental support but nevertheless these results are promising and
can save time and resources for scientific personnel involved directly
in experimental therapeutics design. In this way, the translational dis-
tance between preclinical and clinical products might be reduced con-
siderably and will aid in paving a path for rapid practical development
of drugs and the much anticipated vaccine.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molliq.2020.114734.
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