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ABSTRACT

Developing an efficacious vaccine to SARS-CoV-2edtion is critical to stem COVID-19
fatalities and providing the global community witmmune protection. We have used a
bioinformatic approach to aid in the design of pitape peptide-based vaccine against the spike
protein of the virus. Five antigenic B cell epitepeith viable antigenicity and a total of 27
discontinuous B cell epitopes were mapped out ttrally in the spike protein for antibody
recognition. We identified eight CDE cell 9-mers along with 12 CDA cell 14-15-mer as
promising candidate epitopes putatively restriddgda large number of MHC-I and Il alleles
respectively. We used this information to constarctn silico chimeric peptide vaccine whose
translational rate was highly expressed when clangdET28a (+) vector. The vaccine construct
was predicted to elicit high antigenicity and cakdiated immunity when given as a
homologous prime-boost, with triggering of tolldikreceptor 5 by the adjuvant linker. The
vaccine was characterized by an increase in IgMi@8dand an array of Thl and Th2 cytokines.
Uponin slico challenge with SARS-CoV-2, there was a decreasantigen levels using our

immune simulations. We therefore propose that piatlevaccine designs consider this approach.

Keyword: Covid-19, SARS-CoV-2, Epitope Vaccine, Bese Vaccinology, Molecular dynamics

simulation
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I ntroduction

An unprecedented pneumonia disease outbreak wastedpin late December 2019, after
several deaths were recorded in Wuhan, CHiharhere was a rapid spread of the disease from
the city of Wuhan to many countries including theitedd States with thousands infected and
many dying within months of initial spread, [2]. On the 3 of December 2019, the disease
outbreak was traced to a novel strain of corona\itly which was later termed SARS-CoV-2
and the disease COVID-19 by the WHi) 4]. Reports showed that as of"Léune 2020, there
have been at least 440,421 confirmed deaths ane than 8,144,359 confirmed caSés.
SARS-CoV-2 been identified as a new strain fromrugr@B Coronaviruses, with approximately
70% genetic similarity to SARS-CoV, from the 200@thoeak[4]. The virus has a 96%
similarity to a bat coronavirus, so it is widelyspected to originate from baf6, 7]. The
pandemic has resulted in travel restrictions artbmaide lockdowns in several countries and
resulted in economic mayhefd]. In the search for solutions, genome sequences haen

deposited in several online repositories, and dgved) a universally available vaccine is critical.

Coronaviruses are group of viruses that generallyses disease in mammals and Aves. In the
case of humans, coronaviruses are responsiblegpiratory tract infections that can range from
mild, such as cases of the common cold and lowrfeaed others that can be lethal, such
as SARS, MERS, and COVID-14]. Cases have shown that symptoms can vary depending
the host where for example, upper respiratory tract disdzese been found in chickens and
diarrhea in cows and pigs6]] The Coronavirus is grouped under the subfamily
Orthocoronavirinae, in the family Coronaviridae, order Nidoviralgs, 6]. They are positive-

sense single stranded RNA virus with nucleocapdichaical symmetry. They are also
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enveloped with spike proteins and the genome dimeamy of the coronaviruses range from 27-

34 kilobases, the largest among known retrovir{8les

The current zoonotic jump to humans is of concexrnha upper respiratory tract infection can
lead to fatal disease in some individuals. Thergeitsto be an effective vaccine to prevent or

treat any human coronavirus infections.

Structural analysis has revealed that the SpikdeproS1 attaches the virion to the cell
membrane by interacting with ACE2 and CLEC4M/DC-8R5receptors. The Internalization of
the virus into the endosomes of the host cell ieduconformational changes in the S
glycoprotein[9]. Proteolysis by cathepsin may unmask the fusigtigee of S2 and activate
membranes fusion within host endosomes. Spike ipr&@2 mediates fusion of the virion and
cellular membranes by acting as a class | viralofugprotein. Under the current model, the
protein has at least three conformational statesfysion native state, pre-hairpin intermediate
state, and post-fusion hairpin st§@. During viral and target cell membrane fusion, toded
regions (heptad repeats) assume a trimer-of- magfpuctures, positioning the fusion peptide in
close proximity to the C-terminal region of theasiimain[10]. The formation of this structure
appears to drive apposition and subsequent fusioviral and target cell membranes. Spike
protein S2'acts as a viral fusion peptide whiclunsnasked following S2 cleavage occurring
upon virus endocytosigl0]. The cellular receptor of SARS-CoV-2 and the rémepinding
domain (RBD) on the S protein has been identifte 12]. Previous studies have shown that
the RBD in the S1 region plays a critical role ieutralizing antibody induction, angiotensin-
converting enzyme 2 (ACE2) binding and virus eipti3j. Depletion of RBD-specific antibodies
from sera significantly reduced serum-neutralizicepability, indicating that this domain is

dominant in neutralizing antibody inductidqd4]. The pivotal role of the S protein in viral
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infection has made it a top candidate for vaccimmgpction. There are currently over 90 SARS-
CoV-2 vaccine candidat¢$] and an epitope-based vaccine may provide a usefuplimentary
approach that would steer immunity to immunogemaopes on the S protein. With the
immuno-informatics, it is now possible to evaluétie immunogenic properties of proteins via
computational methodsn(silico) with high efficiency and confidenc&g-17]. We used such an
approach to design an epitope peptide-based vaegamst SARS-CoV-2 spike glycoprotein

and thenn silico mimic the range of responses in a prime-boostasaan

Materialsand Methods
Dataretrieval, Structural and Physiochemical Analysis of SARS-CoV-2 Spike Protein

The protein sequence from different geographicgiores was retrieved from the NCBI
repository with their corresponding accession nusibéNVuhan, China (Genbank ID:
QHD43416.1), Japan (Genbank ID: BEA61.1), California, USA (Genbank ID:
QHQ71963.1), Washington, USA (Genbank ID: QHO60%B4and Valencia, Spain (Genbank
ID: QIQ08790.1). The protein structure of the SAR&Y-2 spike (PDB: 6VSB) was
downloaded from the protein data bank. The physiogbal properties of the protein sequence
such as the GRAVY (Grand average of hydropathicitglf-life, molecular weight, instability
index, aliphatic index, and amino acid atomic cosifian was bio-computed via an online tool

Protparam _(http://web.expasy.org/protpangia].

Prediction of B Céll Linear and Discontinuous Epitopes

The Bepipred server from the Immune-Epitope-Databasd Analysis-Resource (IEDB)
database was used for this prediction was usedetdify B cell linear epitopesl9]. Bepipred-
2.0 is based on a random forest algorithm traine@mtopes annotated from antibody-antigen

protein structures1P]. This method is superior to other available tofds sequence-based
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epitope prediction with regards to both epitopeadd¢rived from solved 3D structures and a
large collection of linear epitopes downloaded frtme IEDB databasel9]. The following
criteria such as the specificity at 75% and 14-Esafresidues) was assumed to bind to MHC.
Several conditions such as antigenicity, accedyibif surface, flexibility, hydrophilicity is
imperative for the prediction of the B cell lineapitope. These conditions are taken into
consideration when making predictions with the Begul linear epitope prediction and Parker

hydrophilicity prediction algorithms.

SVMTriP (http://sysbio.unl.edu/SVMTrilPAvas also used in the prediction of the B celédin

epitopes. The SVMTrIP is a Support Vector Machinethrod used to predict linear antigenic
epitopes which combine the Tri-peptide similaritypda Propensity scores (SVMTTriP).
Application of SVMTriP to non-redundant linear BHogpitopes extracted from IEDB achieved
a sensitivity of 80.1% and a precision of 55.2%hwiive-fold cross-validation. For antigenicity
testing, these epitopes were subjected VaxijeqZP We further predicted the discontinuous
epitopes which possesses greater attributes than litlear epitopes and discovery of
discontinuous B-cell epitopes is a major challeimgeaccine design. Previous epitope prediction
methods have mostly been based on protein sequandese not very effectivel herefore, the
DiscoTope server was used to predict the surfacesaiility and amino acids that form
discontinuous B cell epitopes found from X-ray taylegraphy of antigen/antibody protein
buildings. Pymol was utilized to examine the posi§i of forecast epitopes on the 3D structure of

SARS-CoV-2 proteind1].
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Prediction of epitopesrestricted by class| Human L eukocyte Antigen (HLA) CD8+ (CTL)
and class|l HLA CD4+ T cells(HTL)

For de novo prediction of Covid-19 spike glycoprotein CDB cell epitopes (peptides), we used

IEDB MHC | binding prediction algorithms_(http:/&s.iedb.org/mhgi This method integrates

the prediction of epitopes restricted to a largeber of MHC class | alleles and proteasomal C-
terminal cleavage, using artificial neural netwaplication. For better predictive accuracy,
other software such as artificial neural networlN{, stabilized matrix method (SMM), MHC
binding energy covariance matrix (SMMPMBEC), NetMp#D, pickpocket, and
NetMHCstapan, were adopted for this purpose. Alhese predictive tools are archived on the
IEDB (Immune-Epitope-Database and Analysis-ResqQutatabase with mathematical threshold
before best-fit epitopes are selected from eacimeskerver. To predict the CDZ cell epitopes

(peptides), we used the MHC Il binding predictiaas| (http://tools.iedb.org/mhc)i/found in

the IEDB database. First, we selected the epitapese binding diversities with the different
HLA serotypes were higher, and we further subjetitede epitopes to Vaxijen 2.0 server to test
for their antigenicity at a recommended threshdl@.@. We also considered for further analysis,
by subjecting the top-scoring predicted epitopemfeach tool that had been predicted by five or
more different methods and submitted them to IEDBeN Class | Immunogenicity predictor

(http://tools.iedb.org/immunogenici}y/ Results were given in descending score values.

However, the table can also be sorted by clickingir@ividual column headers. The higher

score indicates a greater probability of elicitalgimmune response.

Profiling of the selected T cells Epitopes

Following the selection of HLA-restricted CD8nd CD4 T cell epitopes, critical features such

as peptide toxicity predicted from the ToxinPredsse (http://crdd.osdd.net/raghava/toxinpjed/

allergenicity, predicted from AllergenFP 1.0 andedition predicted from protein digest server

7
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were made. All of these criteria were considerereethe final selection of the T cell epitopes.
Epitopes with no toxicity were selected. Antigetyidesting was conducted through the Vaxijen

v2.0 server (http://www.ddgpharmfac.net/vaxijen/Max/VaxiJen.html [20], which operate

based on auto- and cross-covariance transformafidine input protein sequence into uniform
vectors of principal amino acid properties. Thagatticity index is generated at a threshold of

0.7.

Epitope Conservancy in related SARS-CoV-2 Spike protein from different geographical
locations

Conservation analysis of selected epitopes isrdmtion of a protein sequence that contains the
epitope, while the identity is the degree of cqvmwlence (similarity) between the sequences.
The degree of epitope conservancy was computednwiitie SARS-CoV-2 spike glycoprotein

sequence and set at a given identity level of Hd@guthe IEDB conservation-analysis-tool.

The HLA-A 0201 Allelic Affinity of the CD8" T cell epitopes

The Molecular docking of the antigenic epitopic f#gs was conducted with the alleles they
were mostly restricted to, of which the HLA-A 02*@illele was included. The X ray crystal
structure of the molecule was retrieved from th&tgan data bank (PDB: 4U6Y) and dock with
the epitopes. The refined binding free and dissimtiaenergies were determined from the

docked complex.

Population Coverage Analysisof CD8+ and CD4+ T cell epitopes.

The selected epitopes from the HLA class | andsclagamilies together with their respective
binding leukocyte antigens were subjected to IEDBopwation Coverage tool

(http://tools.iedb.org/population/ This calculated the distribution or fraction wfdividuals

predicted to show a response to the selected egitayith known HLA background. The tool
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also computes the average number of epitope his/allele combinations recognized by the
entire population and the maximum and minimum nunatbepitope hits recognized by 90% of
the selected population. The HLA genotypic frequencre calculated and T cell epitopes
gueried based on the area, ethnicity and counting dntire world population was selected,
followed by subcontinents and countries. For caastiike Nigeria and Ghana with no deposited

information on the IEDB database, they were inalude part of the West African population.

Designing of Multi-Epitope Vaccine Construct

Selected antigenic epitopes were scrutinized teerdebe which could potentially induce
different Thl and Th2 cytokines. Those with thigrilbtite were selected for the vaccine
construct. To construct a multi-epitope vaccine finally selected CTL, HTL, and B cell linear
epitopes that were linked together with the helpAalY, GPGPG, and KK linkers, respectively.
To boost the immunogenic profile of the selectedfifg epitopes, an adjuvant would be
required. The outer membrane protein A (OmpA) (GamnB AFS89615.1) was retrieved for this
purpose, because its serves as agonist to the hiamame receptor by interacting with antigen
presenting cell§22]. The adjuvant was putatively added through the BKAinker, with the B
and HTL epitopes which were linked together throtigh GPGPG linkers. These complexes
were subsequently added to the CTL epitopes thrthgAAY linkers. The tag (6xHis-tag) was
added at the C terminal end of the vaccine corstitee 6xHis-tag is one of the simplest and
most widely used purification tags, with six or moconsecutive histidine residues. These
residues readily coordinate with transition metaisi such as Ki or C&* immobilized on beads
or resin for purification[23]. The intrinsic solubility properties of the vaceipeptide were
conducted using the CamSol tool, which yields alsbty profile where regions (residues) with

scores greater than 1 signifies soluble regionslewdtores lesser than -1 represents poorly
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soluble regiong24]. An overall score is generated for the entire seaqa, as these amino

residue scores are ranked based on their levelubisity.

Structural Modelling, Assessment, and Validation
All the predicted peptides 3D structures were medelia PEPFOLD server at RPBS MOBYL

portal [25]. PEP-FOLD is ale novo approach aimed at predicting peptide structui@s famino
acid sequenceg9, 26, 27]. This method, based on structural alphabet S&reto describe the
conformations of four consecutive residues, coutilegpredicted series of SA letters to a greedy
algorithm and a coarse-grained force fied®,[26]. The predicted models are in cluster ranks
which are defined according to their scores. Thstel representatives correspond to the models
of the clusters having the best scores, i.e. ighldwest SOPEP energy (representing the highest
tm value)[25]. The PSIPRED v4.0 server was adopted for the giiedi of the vaccine’s
secondary structurf28], while the Swiss dock online tool was used for téiary structure
prediction of both the vaccine construct and them& HLA class Il histocompatibility antigen,
DR alpha chain. To validate the generated proteuctire, Procheck online tool together with
Ramachandran plot analysis was generf28H The plot analysis was able to show the allowed
and disallowed dihedral angles pg) énd phi (1) of an amino acid which is calculated based on
van der Waal radius of the side chain. The cornedipg percentage value of both the allowed
and disallowed region of the separate plots of iglyand proline residues of the modeled

structure was generated.

Molecular Docking Studies

10
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One of the best ways to access the immune respomiseted by the epitopes is by studying their
binding affinity characterizing their molecular eén&ction with the human HLA class | and |
molecules. The binding pockets on the HLA-classid # molecules and the human immune

receptor (TRL5) was predicted using the CASTp seltp://sts.bioe. uic.edu/castp/The

CASTp server provides comprehensive and detaileshtifative characterization of topographic
features of a protein. The geometric modeling mplecinvolves the calculation strategy of
alpha-shape and discrete-flow methods that arelemppbd the protein binding site, also the
measurement of pocket-size by the progf@@). The protein pocket atom is identified and then
the volume and area are calculafddl, 32]. The program also identifies the atoms forming the
rims of pocket mouth, computes how many mouth apgnfor each pocket, predict the area and
circumference of mouth openings, finally locatesvittes and calculates their size. The
secondary structures were calculated by DEBP32]. The predicted structure of the HLA class
| and class Il allele protein were utilized for mallar docking analysis with the selected
epitopes (peptides) to evaluate their binding @ffis. The protein structure was chemically
manipulated by expulsion of water and ligand mdiesuFor the peptide-protein interaction,

HPEPDOCK (http://huanglab.phys.hust.edu.cn/hpepflaeés utilized for this purposé&3). It

uses a hierarchical algorithm and instead of ruprengthy simulations to refine peptide
conformations, HPEPDOCK also considers peptidalfiity. UCSF Chimera and Pymol tools
were utilized to produce figures of docked compdex#DOCK servef34] was adopted for the
molecular docking between the multiple epitope usEmeptides and the human immune
receptor (PDB: 3J0A). ZDOCK is based on the rigidhp docking program that predicts

protein-protein complexes and symmetric multimgBOCK achieves high predictive accuracy

11
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on protein-protein docking benchmarks, with >70%cgss in the top 1000 predictions for rigid-

body[35].

Molecular Dynamics Simulation Studies

The biological molecules in a solution of the peptvaccine construct was studied, using the
small -and wide-angle X-ray scattering (SWAXSp]. The generated curves require accurate
prediction from the structural model. The predictiare complicated by scattering contributions
from the hydration layer and by effects from therfhectuations. The MD simulations provide a
realistic model for both the hydration layer an@ #xcluded solvent, thereby avoiding any
solvent-related fitting parameters, while naturallycounting for thermal fluctuatiori86]. To
determine the protein compactness, the radiusratigy of the biomolecule through the Guinier
analysis was also conducted. The interacting campitween the vaccine and the toll-like
receptor (PDB: 3J0A), was thoroughly accessed bageithe existing coordinates between the
docked protein complex. Parameters considered theraleformability, B factor, eigenvalues
associated with the normal mode which represergsnibtion stiffness. Its value is directly
related to the energy required to deform the atrectThe lower the eigenvalue, the easier the
deformation. The covariance matrix was also comsdidor the simulation. It indicates the
coupling between the pairs of residues. The cdroelamatrix is computed using theaC

Cartesian coordinate$he elastic network of the docked complex was atsaputed 36].

In Silico Codon Adaptation and Cloning

For the maximum expression of the vaccine in thst,h® codon optimization was conducted.
This was done using the Java Codon Adaptation {&0ht), with the aim of boosting the
vaccine translational rate iE. coli K12. Restriction enzymes cleavage sites, prokaryot

ribosomal binding site, and finally rho-independé&anscription termination, were all avoided

12
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during the option selection. Codon adaptation in@@4l) value and GC content of the adapted
sequence was obtained and compared with the ideger The obtained refined nucleotide was

cloned into the pET28a (+) vector, utilizing theaene 4.2 tool.

Immune Simulation of the Chimeric Peptide Vaccine

The entire predicted conjugate vaccine peptide a@essed for their immunogenicity and

immune response attributes using the C-ImmSim enliserver (http://150.146.2.1/C-

IMMSIM/index.php [37]. The server uses a machine-learning basis in ginegithe epitopes

and the associated immune interactions. It autaalfti simulates three anatomical

compartments which include: (i) bone, where the dtepoietic stem cells are stimulated and
myeloid cells are produced, (ii) the lymphatic argand (iii) the thymus where naive T cells are
selected to avoid autoimmunity. Three injectionataming the designed peptide vaccine was
administered at an interval of four weeks. From deéault parameters, each time step were
positioned at 1, 84, and 168 meaning that eachstemeis 8hours and time step 1 is the injection
administered at time zero. So, three injectionsewadministered at four weeks interval.

However, eight injections were administered fouekgapart to stimulate repeated exposure to
the antigen. In this scenario, the T cell memoryl wndergo continuous assessment. The

Simpson index was graphically interpreted fromplod analysig37].

Results

Linear and Discontinuous B cell Epitopes
There were 5 promising linear B cell epitopes witbn-allergenic attributes. The peptide

“VRQIAPGQTGKIAD” comparatively had the highest aggnic index than the other predicted
B cell epitope candidates. A characteristic nonetopeptide attribute makes the selected
antigenic epitopes safe for vaccine design. Thggyamtconservancy of the epitopes across the
retrieved spike protein from different geographicahtions was 100%fble 1].
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Table 1: B cells linear epitopes 05ARS-CoV-2 Spike glycoproteimnd their immunogenic
properties.

No. | Start | End Peptide Length | Antigenicity | Toxicity | Allergenicity | Conservancy
1 407 | 420 VRQIAPGQTGKIAD 14 1.261 Non-toxic | Non-allergen 100
2 18 32 LTTRTQLPPAYTNSF 15 0.79 Non-toxic | Non-allergen 100
3 4 18 FLVLLPLVSSQCVNL 15 0.8302 Non-toxic | Non-allergen 100
4 749 762 SNLLLQYGSFCTQL 14 0.800 Non-toxic | Non-allergen 100
5 1056 | 1069 | PHGVVFLHVTYVPA 14 0.806 Non-toxic | Non-allergen 100

NB: All of the selected B cell are tagged B1-B5.

Graphically, using the Kolaskar and Tongaonkargamicity scale, Emini surface accessibility,
and the Chou and Fasman beta-turn predictionspniegiith viable immunogenic properties
were determined. The scale was able to shanfdlorable regions across the protein that are
potentially antigenicqupplementary data: Figure sla-slc]. The resulting B cell linear epitopes
were mapped out from the spike protffingure 1a]. The predicted discontinuous epitopes were
selected from the entire protein chain componen®BAand C) of the virus spike protein (PDB:
6VSB), and ranked based on their propensity scérastal of 27 discontinuous epitopes were
mapped out from the protein structure as showrigare 1b. Across thaliscontinuous epitopes
of the protein chain components, the maximum comamber was 10, and the least was 7. The
chain C component of the spike protein had a highenber of contact residuesipplementary

data: S-Table 2].

The CTL and HTL Epitopes

The spike protein sequence was scanned acrospi@uiLA class 1 alleles. The peptides were

selected based on their percentage rankings andutiméer of alleles they potentially bind to.

14
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319  Additionally, the peptides were subjected to amtigiy test using Vaxijen 2.0. Based on the
320 antigenicity scores, 16 epitopes were selectethionext stage of screening. The most important
321  peptides are those with the capacity of bindindhwaithigher number of HLA class | molecules
322 and showing a non-allergenic attribute. Before iwazcdesign can be considered, the
323  allergenicity prediction is crucial, as there ipassibility of vaccine candidates eliciting a Type
324 1l hypersensitivity reaction. Allergen 1.0 onlineasv adopted for this analysis and the
325 allergenicity scores show that these epitopes wereallergenic. The non-toxicity attribute of
326 the peptides also makes them suitable for vacaiogugtion. Eight peptides were allergenic and

327  eight were also non-allergenic.

328 The non-allergenic peptides were: GAEHVNNSY which putatively restricted to HLA-
329 A*01:01, HLA-B*15:01, and HLA-C*02:02, KTSVDCTMY daches to 5 alleles: HLA-
330 A*01:01, HLA-B*15:01, HLA-C*02:02, HLA-A*03:01, HLAA*30:01, TTEILPVSM would be
331 able to bind to 3 alleles: HLA-A*01:01, HLA-C*02:QHLA-C*01:02. Other selected epitopes
332 had similar putative restricted attachments sucHLld&3ITPCSF”’ with an antigenicity score of
333 1.184 and potentially attaches to 7 alleles: HLAOA01, HLA-C*04:01, HLA-C*02:02, HLA-
334 C*01:02, HLA-B*15:01, HLA-A*02:01, HLA-B*13:01. Thepeptide GVYFASTEK would be
335 able to bind to 3 alleles: HLA-A*03:01, HLA-A*30:01HLA-C*02:02, GVYYHKNNK,
336 ASANLAATK, VLKGVKLHY had the same similar attributef binding to two, three and five

337 alleles respectivelyl[able 2].

338 Table2: MHC-I T cell epitopes of SARS-CoV-2 spike glycopiot

Lengt
Alldes Start | End h Peptide Allergenicity | Antigenicity
HLA-A*01:01, HLA-B*15:01, HLA-
C*02:02 652 660 9 GAEHVNNSY* | Non-allergen 0.9
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HLA-A*01:01, HLA-B*15:01, HLA-

C*02:02, HLA-A*03:01, HLA-A*30:01 733 741 KTSVDCTMY* | Non-allergen 1.1824
HLA-A*01:01, HLA-C*02:02, HLA-
C*01:02
723 731 TTEILPVSM* | Non-allergen 1.2262
HLA-A*01:01, HLA-C*04:01, HLA-
C*02:02, HLA-C*01:02, HLA-B*15:01,
HLA-A*02:01, HLA-B*13:01 584 592 ILDITPCSF Non-allergen 1.184
HLA-A*01:01, HLA-B*15:01
441 449 LDSKVGGNY Allergen 0.7814
HLA-A*02:01, HLA-C*02:02, HLA-
C*01:02, HLA-B*13:01, HLA-C*04:01,
HLA-A*30:01, HLA-B*15:01, HLA-
B*08:01, HLA-B*07:02
417 425 KIADYNYKL Allergen 1.664
HLA-A*02:01, HLA-C*02:02, HLA-
C*01:02, HLA-A*30:01, HLA-B*08:01,
HLA-C*04:01, HLA-B*13:01
1060 | 1068 VVFLHVTYV Allergen 1.512
HLA-A*02:01, HLA-B*08:01, HLA-
C*04:01, HLA-C*01:02, HLA-C*02:02,
HLA-A*01:01, HLA-B*13:01, HLA-
B*07:02
109 117 TLDSKTQSL Allergen 1.0685
HLA-A*03:01, HLA-A*30:01, HLA-
C*02:02
89 97 GVYFASTEK* | Non-allergen 0.7112
HLA-A*03:01, HLA-A*30:01
142 150 GVYYHKNNK* | Non-allergen 0.8264
HLA-A*03:01, HLA-A*30:01, HLA-
C*02:02
1020 | 1028 ASANLAATK* | Non-allergen 0.7014
HLA-A*03:01, HLA-A*30:01
409 417 QIAPGQTGK Allergen 1.8297
HLA-A*03:01, HLA-A*30:01, HLA-
B*15:01, HLA-C*02:02, HLA-A*01:01
1264 | 1272 VLKGVKLHY* | Non-allergen 1.2378
HLA-A*03:01, HLA-A*30:01, HLA-
C*02:02 Allergen
349 357 SVYAWNRKR 0.765
HLA-A*03:01, HLA-A*30:01
725 733 EILPVSMTK Allergen 1.6842
HLA-A*03:01, HLA-A*30:01
378 386 KCYGVSPTK Allergen 1.4199

* The selected epitopes
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341 For the HLA class Il T cells epitopes, the spiketpin sequence was also scanned through a
342 large number of the MHC-II alleles. Twelve epitopesre selected based on their antigenic
343  properties. All of these selected non-allergenidopes are capable of eliciing an immune
344 response by inducing either or all of IRN-IL-4 and IL-10 cytokines. The peptide
345 “GYFKIYSKHTPINLV” was the only candidate to induadl of the three cytokines, which was
346  intriguing. Selection of these epitopes was alsatered on their putative bindings to a large
347 number of MHC-II alleles. The peptide “FAMQMAYRRWith an antigenicity score of 1.0278,
348 attaches to 8 HLA alleles: -DRB1*01:02, -DRB1*01;04DRB1*01:03, -DRB1*01:01, -
349 DRB1*01:05, -DRB1*07:01, -DRB1*04:01, and -DRB1*@3.. The epitope “FRVQPTESI",
350 with an antigenicity score of 0.9396, is also restricted8tdHLA alleles: -DRB1*04.01, -
351 DRB1*01:01, -DRB1*01:05, -DRB1*07:01, -DRB1*01:03pRB1*01:02, -DRB1*03:01, and -
352 DRB1*01:.04. The HLA-DRB1 is the most common andsatiie MHC-II molecule. The entire
353 putative attachments of the selected epitopeswarenairized[ Table 3]. The conservancy level
354  of the epitopes across the retrieved spike praegquences from different geographical location
355  was 100%.
356  Table3: MHC class Il T-cell Epitopes of SARS-CoV-2 spikg@gbprotein
S/ | Corepeptides | Peptides Star | End | Lengt | Allergenic | IFN- | IL | IL MHC 11 Antigenicit
N t h ity Y -4 - Alleles y
10
1. | FAMQMAYR | IPFAMQMAYRFNGIG | 896 | 910 | 15 Non- + DRB1*01:02, 1.0278
F allergenic DRB1*01:04,
DRB1*01:03,
DRB1*01:01,
DRB1*01:05,
DRB1*07:01,
DRB1*04:01,
DRB1+*03:01
2. | FRVQPTESI | IYQTSNFRVQPTESI | 312 | 326 | 15 Non- + + DRB1*04:01, 0.9396
allergenic DRB1*01:01,
DRB1*01:05,
DRB1*07:01,
DRB1*01:03,
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DRB1*01:02,
DRB1*03:01,
DRB1*01:04
3. | FQTRAGCLI | STGSNVFQTRAGCLI | 637 | 651 | 15 Non- + - | + | DRB1*01:03 1.7332
allergenic
4. | CVLGQSKRV | KMSECVLGQSKRVDF | 1028 | 104 | 15 Non- - + | - | DRB1*01:03 0.9083
2 allergenic
5. | FLHVTYVPA | VVFLHVTYVPAQEKN | 1060 | 107 | 15 Non- + - | + | DRB1*04:01, 1.3346
4 allergenic DRB1*07:01,
DRB1*01:01,
DRB1*01:05
6. | LQIPFAMQM | ALQIPFAMQMAYRFN | 893 | 907 | 15 Non- - + | - | DRB1*01:02, 1.0680
allergenic DRB1*01:04,
DRB1*01:03,
DRB1*01:01,
DRB1*01:05
7. | IGINITRFQ | IGINITRFQTLLALH 231 | 245 | 15 Non- - - | + | DRB1*03:01 1.3386
allergenic
8. | VFQTRAGCL | NVFQTRAGCLIGAEH | 641 | 655 | 15 Non- - - | + | DRB1*07:01, 1.7094
allergenic DRB1*01:01,
DRB1*01:05
9. | FTISVTTElI | TNFTISVTTEILPVS 716 | 730 | 15 Non- - + | + | DRB1*07:01, 0.8535
allergenic DRB1*04:01,
DRB1*01:05,
DRB1*01:01
10. | YFKIYSKHT | GYFKIYSKHTPINLV | 199 | 212 | 15 Non- + + | + | DRB1*01:03, 0.9056
allergenic DRB1*01:02,
DRB1*04:01,
DRB1*01:01,
DRB1*01:05,
DRB1*07:01,
DRB1*01:04
12. | AALQIPFAM | AALQIPFAMQMAYRF | 892 | 906 | 15 Non- - + | - | DRB1*01:02 0.7747
allergenic
13. | VLSFELLHA | RVVVLSFELLHAPAT | 509 | 523 | 15 Non- + + | - | DRB1*01:02 1.0776
allergenic
357  +induced, - non-induced. Antigenicity thresholdat
358
359  Population Coverage of the CTL and HTL Epitopes
360 HLA allelic distribution differs among diverse geaghical regions and ethnic groups around
361 the globe. It is therefore imperative to consides population coverage in designing a viable
362 epitope-based vaccine relevant for global poputatioThe selected CDST cell epitopes
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exhibited a higher individual percentage cover wheeried with the entire world population.

The HLA hits across the entire population revealledt approximately 81% of the world

individuals are capable of responding to a medféh@TL epitopesTable 4].

Table 4: Coverage of individual epitope (MHC class |) in therld

HLA allele Tot
Coverag I
€ (genotypic frequency (%)) T]L/
it
Epitope HLA- | HLA- | HLA- | HLA- | HLA- | HLA- | HLA- | HLA- | HLA-
A*01:0 | A*020 | A*03:0 | A*30:0 B*13:.0 | B*15.0 | C*01.0 | C*02.0 | C*04:0
Class| 1 1 1 1 1 1 2 2 1
(10.09) | (2439 | 9.77) | (218 | @57) | (565 (6.1) (552) | (11.93)
ILDITPCSF 73.40% + + - - + + + + + 7
KTSVDCTMY 46.77% + - + + - + - + - 5
VLKGVKLHY 46.77% + - + + - + - + - 5
TTEILPVSM 33.48% + - - - - - + + - 3
GAEHVNNSY 31.54% + - - - - + - + - 3
GVYFASTEK 27.95% - - + + - - - + - 3
ASANLAATK 27.95% - - + + - - - + - 3
CVYYHINN 1 20350 | - : " + ) i ] ) i 2
Epitope set 81.05% 5 1 5 5 1 4 2 7 1 31

+: restricted

-: not restricted

shaded column: genotypic frequency of this allel@ (sero)
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376 However, the population coverage for the CDR cell epitopes was comparatively lower
377 compared to the CDS8T cell epitopes, with average population covera§es5.23% and

378  recognition of a median of 2 epitopdsaple 5].

379

380
381

382

383

384  Table5: Coverage of individual epitope (MHC class II) iretivorld

Cove HLA allde To
rage (genotypic frequency (%)) tﬂ
Epitope HLA- | HLA- | HLA- | HLA- | HLA- | HLA- | HLA- | HLA- | L
Class| DRB1 | DRB1 | DRB1 | DRB1 | DRB1 | DRB1 | DRB1 | DRB1 | A
T *01:01 | *01:02 | *01:03 | *01:04 | *01:05 | *03:01 | *04:01 | *07:01 | hit
(665 | (1.8) | (0.92 | (0.01) (0) (10.47) | (6.46) | (1072 | °
IPFAMQMA | 55.23
YRFNGIG % * * * * * * * |8
IYQTSNFRV | 55.2¢
QPTES| % + + + + + + + + 8
GYFKIYSKH | 41.83
TPINLV % + + + + + - + + 7
VVFLHVTY [ 38.05( R R . 4
VPAQEKN % i i i i
TNFTISVTT | 38.05| ) ) ) N ) N . 4
EILPVS %
NVFQTRAG | 28.63| ) ) ) N ] ] . 3
CLIGAEH %
IGINITRFQT | 17.8¢ R 1
LLALH % i i i i i i i
ALQIPFAM | 16.07
QMAYRFN | % * * * * * J J - 5
AALQIPFA 3.19 ] . ] ] ] ] ] ] 1
MQMAYRF %
RVVVLSFEL | 3.19 ] . ] ] ] ] ] ] 1
LHAPAT %
KMSECVLG | 1.64 ] ] R ] ] ] ] ] 1
QSKRVDF %
STGSNVFQT| 1.64 ] ] R ] ] ] ] ] 1
RAGCLI %
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55.23

e oo a oo ]e |7 [e

+: restricted
-2 not restricted
The genotypic frequency of this allele is O (zero)

Based on the selection of the continents and cesnthe European populace would likely show
a significant response to the selection of putatited class | restricted epitopes. England,
France, United States, Italy, and Oceania had tgkebkt population coverage of 92.31%,
85.75%, 82.22%, 80.39%, and 75.07% respectivdiyle thePakistan population had the lowest
population coverage at 35.8%. The population céwethe MHC class Il epitopes in contrast to
the MHC class | epitopes was considerably lowere $triking observation was 0% coverage

exhibited by the Pakistan populatigfigure 2].

Binding Orientations of the CTL and HTL Epitopes in HLA-A*02:01 and HLA-
DRB1*01:01 Groove.

The selected CTL and HTL antigenic epitopes werekeld individually with the alleles they
were highly restricted to, which was HLA-A*02:01rfthe CTL epitopes and HLA-DRB1*01
for the HTL epitopes. The differential binding matts of the CTL epitopes were examined
[Figure 3ai-3aix]. Major class histocompatibility class Il aminoicdacsequences are highly
polymorphic within a population, and correlate witdividual differences in response to
infectious agents and vaccines. It is thereforeedignt to structurally examine how the CD4+
epitopes recognize peptide fragments of antigeaslit in the antigen groove of the MHC-II
protein. The protein structure of the retrieved huntHLA class Il histocompatibility antigen,
DRB1 beta chain (human leukocyte antigen DRB1, HDRB1*01:01) (PDB: 1AQD) was

retrieved for the molecular docking of the HTL epies because it was the most occurring allele
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408 that the peptides were restricted to. The HTL gm@$owith good population cover were chosen
409  for molecular docking with HLA-DRB1*01:01.
410 The peptides: IPFAMQMAYRFNGIG, IYQTSNFRVQPTESI, VVRVTYVPAQEKN,
411  TNTTISVTTEILPVS, and GYFKIYSKHTPINLV, were the saied epitopes. The binding free
412  energy characterizing the HLA-DRB1 antigenic birgdigroove and the interacting epitopes
413  alongside the corresponding amino residues wasua@eml. The epitopes exhibited different
414  binding pattern with the MHC class Il groove. Fefittee binding peptides had a flanking region
415 outside the groove. Amino acids that are outsidief‘core” peptide region extends out of the
416 open MHC-II binding groove formingthe peptide flanking regions at both the N- and C-
417  terminus [Figure 3bi-3biv]. The epitope “IYQTSNFRVQPTESI” had the most exteas
418 flanking non-binding region with some of part oktpeptide protruding completely out of the
419 groove. IPFAMQMAYRFNGIG had the best binding freenesgy score, with
420  TNTTISVTTEILPVS with the least binding energjyable 6].
421  Table 6: Docking properties of HLA-DRB1*01:01 restricted &mes
Epitopes Binding free energy Interacting residues of the MHC |1 protein
(kcal/mol)

a. IPFAMQMAYRFNGIG -18.92 PHE 15, GLN 146, PHE 152, PHE 14, VAL 88

b. IYQTSNFRVQPTESI -26.59 TRP 58, TRP 6, LEU 8, LEU 64, TYP 57

C. VVFLHVTYVPAQEKN -28.34 ARG 45, LEU 24, ARG 36,AL 41, VAL 47

d. TNTTISVTTEILPVS -30.89 SER 123, LYS 9, VAL 126, HIS 13, LEU 144

e. GYFKIYSKHTPINLV -14.48 ILE 124, LEU 144, VAL 139, ALA 137, SEHR

141

422
423 Construction of the Peptide Vaccine
424  The multiple epitope peptide vaccine consists & &Bino residues from 25 selected antigenic
425 B and T cells epitopes, covalently linked with ammuno-adjuvantHigure 4a]. The tertiary
426  structure of the multiple epitope vaccine was adbbained[Figure 4b], and the structural
427 validation was assessed using ProSA-web which giedhe overall quality of the model
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indicated in the form of z-score. If the z-scoréshe predicted model are outside the range of
the characteristic for native proteins, it indicatbe erroneous structure. The Z-score was -2.32
for the vaccine predicted model indicating a rgkl{i good model figure 4c]. Before the
addition of the OmpA protein adjuvant, the conjegiavaccine was highly antigenic with a score
of 0.8 after subjecting it to Vaxijen server, sigmg that the vaccine is viable at inducing
cellular and humoral immune response without tdeoden adjuvant. However, an adjuvant was
added to further boost the immunogenic properted.85. A structural appraisal of the
secondary structure of the vaccine revealed 14¥%adhglix, 41% beta strand and the disordered

region was 17%.

Physiochemical, Solubility and Solvation properties of the Vaccine

The physicochemical parameters and solubility prtogeeof a vaccine candidates help to define
the efficacy and effectiveness of the vaccine. Miodecular weight of the vaccine was 60728.51
Da and the bio-computed theoretical pl was 9.3@h &n estimated half-life of 30 hours. The
instability index was 27.84, signifying that theceme is stable in a solvent environment (>40
signifies instability). The aliphatic index is cootpd to be 88.21, with a GRAVY score of -
0.056. The intrinsic vaccine solubility at a neut@H 7 revealed the hydrophilic and
hydrophobic core of the vaccine constrfiEtgure 4d]. The overall solubility value of the
vaccine was2.632908 signifying hydrophilic property. The stabiof the vaccine construct
was assessed considering the radius of gyratiorsalveént density. The solvent density of the
vaccine is 334 e/nt) the envelope distance is 7 A, number of q valeeR)1 and the heavy

atoms is a total of 1589. The protein contains 34dl8tes atoms and 14365 water molecules.
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451  The solute has zero charges with the distance wlepe from the solute at 0.7nm while the

452  maximum diameter of the solute is 7.3673 [Higur e 4¢].

453  Molecular Docking between the Adjuvant Linker of the vaccine and the Toll-like receptor
454 (TLR5)

455  TLR5 was selected due to its immunomodulatory sid trigger IFNS as well as activation of
456  type | IFN responses. This was clearly attestedusisselected CD4+ epitopes elicited the Thl
457 and Th2 cytokinesThe molecular interaction between the vaccine aedliLR5 (PDB: 3J0A),
458 was evaluated considering their refined bindingrgies and various interacting residues. The
459  conformational triggering of the TLR5 receptor waftuenced by the adjuvant linker and not the
460  conjugated epitopes. The adjuvant linker bind$ 1A chain monomer of the toll-like receptor.
461  The interface amino residues of the receptor weiR© 20, GLN 21, VAL 22, LEU 23, ASN 24,
462 THR 25, PRO 45, and PHE 46 respectively from thehAin, forming a hydrogen bond with the
463  interacting adjuvant residues: ASN 91, GLN 143, 8% ALA 117, LEU 118, VAL 119, ARG
464 120, THR 142 and SER 14Eigure5]. The binding energyAG) and dissociation constant{K
465  predicted values of the protein-protein complexevet2.2 kcal mot and 1.0E-09 at 25°0

466  respectively.

467  Molecular dynamics simulations

468  The rigidity of the peptide vaccine system was erach by evaluating the radius of gyration
469 (Rg) values. The analyzed data shows that the gedRg value was 21.0067 nm, indicating that
470  the protein system retained its stability throughibxe 85.5 ns time span of the MD simulation
471  [Figure 6a], as this signifies that the peptide vaccine istnetly stable. The molecular
472  interaction between the vaccine peptide and theSI'wBs screened for their protein stability, B
473  factor mobility, and deformity. This analysis ralien the associated coordinates of the docked
474  protein compleXFigure 6b-6f]. The eigenvalue found for the complex was 5.8129%2 The
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475 low eigenvalue for the complex signifies easiemd®ftion of the complex, indicating that the
476  docking analysis between the vaccine and the TLRb activate immune cascades for

477  destroying the antigens.

478  Codon Optimization and In Silico Cloning

479  The length of the optimized vaccine codon sequevae 1659 nucleotides. The GC content of
480 the cDNA sequence and codon adaptive index wasilesdd as 50.8%, which still falls within
481 the recommended range of 30-70%, for effectivestedional efficiency. The codon adaptive
482 index was calculated as 0.93, falling within thenga of 0.8-1.0, signifying the effective
483  expression of the vaccine constructs in Eheoli. Eagl-Notl and SAll sites were subsequently

484  cloned into the pET28a (+) vector. The estimatedtle of the clone was 7.028 kbgigure 7].

485
486
487  Immune Simulation of the Chimeric Peptide Vaccine

488 At every administration and repetitive exposurdrhe attenuated peptide vaccine, there was a
489  significant increase in the antibody response w&itfimultaneous decrease in the antigen level.
490 This is characterized by an increase in IgM comedioh. The observed increase in
491 immunoglobin activities involving the combinatiorf Gl + 1gG2, IgG + IgM and IgM
492  antibodies components, was another evidence tletvéitcine stimulated a good immune
493  responsgFigure 8a]. This same immune response was observed for tal Population, with
494 increase in the population of B cell memory forroati The subsequent increase in cytokine
495 levels was also induced by the vaccifgéglire 8b]. Similar elevated responses were observed
496  for the CD4 and CDS cells population with a significant increase inmaey formation[Figure

497  8c-8f]. The concomitant increase in dendritic cells aatural killer cells were another good
498 immune response attribute exhibited by the vacidtingure 8g-8j].
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DISCUSSION

The emergence of new coronavirus strain SARS-CoWral diseases is a global threat,
responsible for the death of many across the giolbkjding health care workef&]. Therefore,
there is an urgent need for therapeutics and pteeemeasures that could confer protection
against this enigma. Our study was therefore cedten using an epitope peptide-based vaccine
design against the SARS-CoV-2 spike protein complge successfully developed a peptide
vaccine after a rigorous round of screenings amutlitions in selecting the epitopes, using an
array of immune-informatics tools. Criteria suchthe elicitation of immune response with
lesser or no potential infectious abilities areetakinto consideration before each epitope
selection, using stipulated thresholds. Both theeBand T cell epitopes were predicted in this
study. B cells recognize solvent-exposed antigansugh antigen receptors, named as B cell
receptors (BCR), consisting of membrane-bound inoglobulins[38]. The B cell epitopes
were selected based on surface accessibility, arldskar and Tongaonkar antigenicity scale
methods. Five antigenic B cell epitopes were ptediin the study. The peptide also has a non-

toxicity attribute, making it a safe vaccine carated

The T cell antigenic epitopes capable of bindingrge number of MHC | and MHC Il alleles
were predicted using various tools, and selectimese made based on the recommended
thresholds. T cell epitopes presented by MHC dlasslecules are typically peptides between 8
and 11 amino acids in length, whereas MHC classdlecules present longer peptides, 13-17
amino acids in length3p]. The CD8 T cell recognizes the antigen of a pathogen after
attachment with the MHC | molecules, therefore geigng a cytotoxic response against the
pathogen40]. Eight promising CD8T cell epitopes were predicted. These peptidesapable

of eliciting a cytotoxic response with their resipee antigenic properties.
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Twelve helper T cell epitopes were predicted bamedheir virtual attachments with the beta
chain of antigen-presenting major histocompatipiibmplex class Il (MHC II) molecule. In
complex with the beta chain HLA-DR, the T cell epgs display antigenic peptides on
professional antigen-presenting cells (APCs) fopgaition by alpha-beta T cell receptor (TCR)
on HLA-DRB1-restricted CD4-positive T celld(, 41]. This guides antigen-specific T helper
effector functions, both antibody-mediated immuesponse and macrophage activation, to
ultimately eliminate the infectious agents and sfarmed cells40]. The 12 selected epitopes
were highly antigenic, with each capable of indgcamy of the Thl and Th2 cytokines, which
corroborates the findings that T cell CD4+ is cdpalf inducing an adaptive immune response
in the human cellp4l], as adaptive immunity is articulated by lymphosyt®ore specifically by
B- and T-cells, which are responsible for the humhand cell-mediated immunity4]].
Prediction of peptide binding to MHC Il moleculesadily discriminate CD4 T-cell epitopes, but
cannot tell their ability to activate the respom$especific CD4 T-cell subsets (e.g., Thl, Th2,
and Treg). However, there is evidence that some Tiodll epitopes appear to stimulate specific
subsets of Th cellg!0, 41]. The ability to distinguish the epitopes capaiflénducing distinct
responses is highly imperative in vaccine develogmeéhis study was able to differentiate the

abilities of each MHC class Il epitopes of elicgtiaither the Th1l and Th2 cytokines or both.

The docking scores involving the predicted epitozesl the MHC Il molecules were
comparatively evaluated. Considering the dockingibates of the MHC Il epitopes, they
displayed a varied binding putative attribute. Sahéhe epitopes core peptides had a flanking
region away from the MHC class Il binding grooveer@rally, MHC-Il peptides contain a

central binding motif of nine core amino residulest tspecifically attach to the MHC Il binding
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groove. These core peptides interact with theiallgbecific pockets of the MHCII binding

groove.

Considering the population cover for the MHC-I alhdepitopes, the European population
significantly show a potential response to the etk epitopes, however, we suggest that the
IEDB population coverage tool have less MHC clasantd Il deposition of alleles from
continents like Africa and Asia, compared to thedpe@an and Americans. Immunization of the
MHCII T cell epitopes will confer protection to 8% of the world population, while MHCII T
cell epitopes will confer protection to 55.23%isltimperative to know that specific interactions
with high binding affinity epitope / HLA allele cda Il molecule unleash protective and specific

adaptive immune responszof42].

The designed vaccine construct was predicted tetdigle, soluble (i.e. hydrophilic) and with
increased thermostability, as depicted in its ptoahemical characteristics. The molecular
weight of the vaccine and its high pl value sigrsfithe efficacy as well as the stability of the
vaccine construct since proteins having <110kD md& weight are considerepbod \accine
candidates43, 44]. Apart from size, surface properties like surfat@rge and hydrophobicity
can affect a designed vaccine candidate. Neutrakgatively charged molecules are preferred
and a balance between its hydrophobicity and hydliofy is crucial in designing vaccine

candidates45].

Conclusion

This is a novel approach to predicting SARS-Co\piape peptide-based vaccine targeting the
spike protein, utilizing immune-informatics toolsica immune simulation measures. These

predicted antigenic epitopes would hasten the miimlu of protective vaccine for patients
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around the world whose immune system has been coniped. Our selected epitopes (B and T
cells) will constitute a goodaccine candidate against the spike protein. Inréustudies, other
effective stimulants that could aid the rapid resmof cells to antigens will be considered and

assessed.
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FigureLegends

Figure la: SARS-CoV-2 crystal spike glycoprotein showing thmapped-out B cell linear
epitopes. The linear epitopes are highlighted @ re

Figure 1b: Site of the predicted discontinuous B cell epg®pverlaid on the crystal structure of
SARS-CoV-2 envelope S protein. The discontinuousopps are shown in clusters of red
spheres.

Figure 2: Selected continents and countries’ coverage oMHE class | and Il T cell epitopes.
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Figure 3a-e: Differential binding of the HTL epitopes withlLA-DRB1*01:01. The MHC
protein is displayed in surface brown and the @aisoare highlighted in yellow licorice.

Figure 4a. Schematic presentation of the vaccine contaiam@djuvant (green) linked with the
multi-epitope sequence through an EAAAK linker. Ti@nd HTL epitopes are linked together
via the GPGPG linkers while the CTL epitopes amkdd with the help of AAY linkers. The 6x-
His tag at the carboxyl endb: Tertiary structure of the vaccindc: Validation of the structure
with a Z score of —2.324d: Intrinsic solubility profile. Residues lesser thal depicts the
hydrophobic core of the vaccine peptide.

Figure4e: The solute and solvation layer of the vaccine

Figure 5: The molecular interaction of the vaccine and TLRRBeptor. The vaccine chain is
highlighted in red and the toll like receptor iuél

Figure 6a: The radius of gyration of the peptide vacci@lie-6f: Molecular dynamics simulation
of the vaccine-TLR5 complex, showing (a) eigenval(l® deformability; (c) B-factor; (d)
Covariance matrix indicates coupling between pafrsesidues (red), uncorrelated (white) or
anti-correlated (blue) motions. and (e) elastiomoek analysis whichdefines which pairs of
atoms are connected by springs.

Figure 7: In dlico cloning of the final vaccine construct into pET289 expression vector
where the red part indicates the coding gene fwé#tcine surrounded between Eagl-Notl (166)
and SAll (1838) while the vector backbone has shawa black circle. MCS represents the
multiple cloning site.

Figure 8a: Increase in immunoglobin activities and concomitettrease in antigen level in 365
days of vaccination. Antibodies are sub-dividedipetype.

Figure 8b: Concentration of cytokines and interleukins. Dha inset plot is danger signal

Figure 8c-8i: c. B lymphocytes: total count, memory cells, and disded in isotypes IgM,
lgG1 and IgG2.d. CD4 T-helper lymphocytes courg. CD4 T-helper lymphocytes courit.
CD8 T-cytotoxic lymphocytes coung. CD8 T-cytotoxic lymphocytes count per entity-stdte
Natural Killer cells (total count). Dendritic cells.

Figures
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related to the properties of interest. Yellow cotoare above the threshold sharing higher scoreszdhtal red
lines represent the threshold.

Physiochemical analysis of the SARS-CoV-2 Spike Glycoprotein

The sequence of the primary structure of SARS-CoSpike glycoprotein was computed,
analyzed and tabulatdd able 1]. The molecular weight wasstimated atl41178.47 Da. To
calculate the extinction coefficient, wavelengtifiwarying amount (276, 278, 279, 280 and 282
nm) were computed. But wavelength at 280nm is lsudalored because of high protein
absorption. So, the extinction coefficient at 280148960 Mcm™® with respect to the
cysteine, trypsin and tyrosine concentrations. $piée glycoprotein is highly stable as the
instability index was 33.01, because protein intghndex at or above 40 is considered not
stable. The isoelectric point or computed theoadtm of the spike glycoprotein was acidic,
lower than 7. The information on the theoreticalgpliseful in developing buffer system for the
purification of recombinant protein. The total nuenlof negatively charged residues (Asp + Glu)
is 110, while that of positively charged residuésg(+ Lys) is 103. The positively charged
residues are lesser than the negatively chargedt@qarts which signifies that the protein is
intracellular. The half-life of the protein is 3Qlrs, while the aliphatic index which is the
relative volume occupied by aliphatic side chamshsas valine, isoleucine, alanine and leucine,
is 84.67. At such value, the protein has a highntlestability. The Grand Average hydropathy
(GRAVY) of a protein is calculated as the sum ofitopathy values of all amino acids, divided
by the number of residues in the sequence. Theygraue of the spike glycoprotein is -0.079,
depicting its hydrophilic nature, and better intdien with water. The individual amino
composition of the protein is summarizééidure 1]. Every individual amino residue plays a
role in the protein function, structure and signglidepending on their position. The four major
amino residues were leucine, serine, threoninevafide. Serine and threonine majorly perform
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842  the phosphorylation function which is expedienttfeg protein’s signaling pathway, as they 2
843  hydroxyl functional group with affinity for phospteagroup. The least amino residues wero

844  (0.90%), Met (1.10%) and His (1.3%).

845 S-Tablel: Physicochemical properties of SARS-CoV-2 Spikegprotein

Organism | m. wt. Seq. Pi EC EC Half- I Gravy | -R +R Al
length (assuming | (assuming | life

all pairs all cys (hrs)

of Cys residues

residues are

rom reduced)

cysteine)
SARS- 141178.47 | 1273 6.24 148960 146460 30 33.-0.079 | 110 103 | 84.67
Cov-2

846  NB: (m.wt.: molecular weight, pl: isolectric pointCE extinction coefficient at 280nmR: number ¢
847  negatively charged residues, +R: number of podjtiveharged residuesGravy: Grand avera
848  hydropathy, Al: Aliphatic index, II: instability ihex)

849
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851  Figure S2: Percentage of amino acids present in SARS-Co¥yikeSylycoprotein.
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860 S-Table 2: Discontinous B cell epitope contact numbers instbike glycoprotein.
Chain Residue Residue Contact Propensity Discotope
ID ID Name Number Score score
A 809 PRO 8 2.079 -2.909
A 810 SER 7 2.066 -2.786
A 794 ILE 7 2.211 -2.745
A 793 PRO 7 2.483 -2.727
A 560 LEU 7 0.591 -2.39
A 1145 LEU 7 0.714 -1.921
A 491 PRO 6 0.255 -1.434
A 562 PHE 7 0.773 -1.289
A 1146 ASP 6 0.61 -1.017
B 1144 GLU 8 0.918 -3.082
B 811 LYS 9 1.491 -3.009
B 560 LEU 7 0.591 -2.909
B 1145 LEU 7 0.714 -2.786
B 1146 ASP 6 0.61 -2.39
B 809 PRO 8 2.079 -1.921
B 810 SER 7 2.066 -1.434
B 794 ILE 7 2.211 -1.289
B 793 PRO 7 2.483 -1.017
C 792 PRO 10 1.669 -3.331
C 1144 GLU 8 0.918 -3.082
C 811 LYS 9 1.491 -3.009
C 1145 LEU 7 0.714 -2.786
C 1146 ASP 6 0.61 -2.39
C 810 SER 8 1.996 -2.004
C 809 PRO 8 2.079 -1.921
C 794 ILE 7 2.211 -1.289
C 793 PRO 7 2.483 -1.017

861 Residues are shown in three-letter code, and nuoftmemtacts shows the connection of amino acii wit
862  neighbouring groups

863
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865 Figure S3: Diagrammatic representation of secondary stregbwediction of the vaccine construct. Here,fthe
866 strandsg-helix and random coils are indicated by yellomkpand blue colour, respectively.
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Figure $4: Disordered region of the peptide vaccine constidegions (lines) exceeding the threshold o,

was considered disordered.
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