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A B S T R A C T   

The discovery of a new SARS-CoV-2 virus strain in South Africa presents a major public health threat, therefore 
contributing to increased infections and transmission rates during the second wave of the global pandemic. This 
study lays the groundwork for the development of a novel subunit vaccine candidate from the circulating strains 
of South African SARS-CoV-2 and provides an understanding of the molecular epidemiological trend of the 
circulating strains. A total of 475 whole-genome nucleotide sequences from South Africa submitted between 
December 1, 2020 and February 15, 2021 available at the GISAID database were retrieved based on its size, 
coverage level and hosts. To obtain the distribution of the clades and lineages of South African SARS-CoV-2 
circulating strains, the metadata of the sequence retrieved were subjected to an epidemiological analysis. 
There was a prediction of the cytotoxic T lymphocytes (CTL), Helper T cells (HTL) and B-cell epitopes. 
Furthermore, there was allergenicity, antigenicity and toxicity predictions on the epitopes. The analysis of the 
physicochemical properties of the vaccine construct was performed; the secondary structure, tertiary structure 
and B-cell 3D conformational structure of the vaccine construct were predicted. Also, molecular binding simu
lations and dynamics simulations were adopted in the prediction of the vaccine construct’s stability and binding 
affinity with TLRs. Result obtained from the metadata analysis indicated lineage B.1.351 to be in higher cir
culation among various circulating strains of SARS-CoV-2 in South Africa and GH has the highest number of 
circulating clades. The construct of the novel vaccine was antigenic, non-allergenic and non-toxic. The Instability 
index (II) score and aliphatic index were estimated as 41.74 and 78.72 respectively. The computed half-life in 
mammalian reticulocytes was 4.4 h in vitro, for yeast and in E. coli was >20 h and >10 h in vivo respectively. The 
grand average of hydropathicity (GRAVY) score is estimated to be − 0.129, signifying the hydrophilic nature of 
the protein. The molecular docking indicates that the vaccine construct has a high binding affinity towards the 
TLRs with TLR 3 having the highest binding energy (− 1203.2 kcal/mol) and TLR 9 with the lowest (− 1559.5 
kcal/mol). These results show that the vaccine construct is promising and should be evaluated using animal 
model.  

* Corresponding author. Department of Computer Science and Information Technology, Sol Plaatje University, 8301, Kimberley, South Africa. 
E-mail address: olugbenga.oluwagbemi@fulbrightmail.org (O.O. Oluwagbemi).  

Contents lists available at ScienceDirect 

Informatics in Medicine Unlocked 

journal homepage: www.elsevier.com/locate/imu 

https://doi.org/10.1016/j.imu.2022.100845 
Received 31 October 2021; Received in revised form 28 December 2021; Accepted 1 January 2022   

mailto:olugbenga.oluwagbemi@fulbrightmail.org
www.sciencedirect.com/science/journal/23529148
https://www.elsevier.com/locate/imu
https://doi.org/10.1016/j.imu.2022.100845
https://doi.org/10.1016/j.imu.2022.100845
https://doi.org/10.1016/j.imu.2022.100845
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imu.2022.100845&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Informatics in Medicine Unlocked 28 (2022) 100845

2

1. Introduction 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 
(also known as COVID -19) is currently a global pandemic affecting 
different continents of the world. Initially, in 2019, the virus emerged 
from Wuhan, China [1,2]. In December 2019, the virus was first detected 
in a pneumonia-infected patient in Wuhan, China. The diagnosis stipu
lated that it was a newly identified strain of coronavirus (β-coronavirus 
(nCoV)) [3,4]. Globally, the virus has been extensively transmitted to 
over 140 countries. United States of America, India, and Brazil, amongst 
others, are some of the badly affected countries. SARS-Cov-2 virus 
infection has resulted in many deaths globally. In South Africa, rates of 
infection of COVID -19 are the highest, leaving thousands of people dead 
[5]. Situation reports from the World Health Organization (WHO), as at 
2:00 a.m., March 30, 2021, revealed that South Africa had more than 1.5 
million COVID -19 cases, which represented 50.87% of all 3,039,220 
cases within Africa [6,7]. Similarly, records from the South African 
department of health, as of March 30, 2021, revealed that the total 
number of COVID-19 cases stood at 1545,979 [7]. In year 2020, the 
20H/501Y.V2 or B.1.351 strain of the virus (now called the beta 
β-variant), was discovered in South Africa. The variant became rapidly 
virulent, transmissible, and largely predominant [8]. It also contributed 
to rapid infection and transmission rates during the pandemic’s second 
wave in South Africa [8]. A grave concern is that the Beta (β) strain is not 
effectively neutralized by convalescent plasma, and the sera of people 
who have been inoculated with different vaccines in development 
[8–11]. This fear could create a tough situation in which the COVID-19 
strains from South Africa may be too difficult to combat with existing 
vaccines. [12]. SARS-CoV-2 beta (β), delta (δ) and alpha (α) variants are 
some of the variants of concern. Our focus in this research article is on 
the Beta (β) variant because it was one of the pioneer variants that was 
virulent, very easy to transmit and more contagious, when it emerged. 
Thus, the continual emergence of other new SARS-CoV-2 virus strains in 
South Africa is an issue of great concern and risk to public health [12]. 
Consequently, we ask the following pertinent research questions: how 
will the new Beta (β) virulent strain of SARS-CoV-2 virus in South Africa 
be combated? What computational methods can be implemented to 
design and develop effective, efficient, and suitable vaccine candidates 
for South Africa, based on the old and the new Beta (β) virus strains? The 
aim here is to computationally construct a glycoprotein multi-epitope 
subunit vaccine candidate for existing and SARS-CoV-2 Beta (β) virus 
strains of South-Africa by focusing on genome data spanning the year 
2020 to early year 2021. The motivation to develop this vaccine 
candidate stems from the fact that, most of the existing vaccines that 
have been developed are less effective and less potent in specifically 
addressing this new Beta (β) South African SARS-CoV-2 virus strain. This 
study provides a viable platform for discovering novel vaccine candi
dates for this new strain of SARS-CoV-2 virus. This will offer the op
portunity to develop a country-specific vaccine for South Africa towards 
tackling the menace of the SARS-CoV-2 virus pandemic. 

Many scientific literatures have adopted the knowledge of compu
tational genomics and immunoinformatic to proffer solutions to 
different diseases [85–87]. Many pieces of scientific literature have been 
published on the computational design of glycoprotein multi-epitope 
subunit vaccine candidates [13–30], but none has been specifically 
focused yet on the computational design of vaccine candidate for the old 
and new variants of the entire South African SARS-CoV-2 virus data 
strains from the year 2020–2021 [13–30]. Our preference for adopting a 
spike-like glycoprotein as a potential choice for vaccine design is due to 
its capacity to produce vaccine candidates that are potent, efficacious, 
effective, and characterized by the absence of allergic reactions. More
over, another justification for the choice of this vaccine candidate design 
is that in humans, coronavirus infections involve the interactions be
tween spike glycoprotein(S-protein) of CoV and the host cell’s receptor’s 
angiotensin-converting enzyme 2 (ACE2). Existing literature shows that 
the coronavirus S-protein determines the entry of virus into the cells of 

hosts [31–33]. This research manuscript is structured as follows: Intro
duction is the subject of section 1. The focus of section 2 is the meth
odology. Results are the subject of section 3. Discussion is the focus of 
section 4. Conclusion is the subject of section 5. 

2. Methodology 

2.1. Sequence retrieval 

To generate a data set that indicates various mutant strains of 
coronavirus circulating in South Africa, data of all the whole-genome 
nucleotide sequences submitted between December 1, 2020, and 
February 15, 2021, which can be found in the GISAID Database (http 
s://www.gisaid.org/), were collected. The data were sorted based on 
the following criteria: (a) availability of complete genomes, (b) coverage 
level that is high, (c) Low coverage exclusion, and (d) human hosts only 
(there was no host such as cell and animal culture, or environmental 
samples present). Four hundred seventy-five whole-genome nucleotide 
sequences from South Africa were retrieved based on the criteria 
mentioned earlier, along with their metadata. A reference SARS-CoV-2 
genome sequence of a Wuhan isolate, that has an accession number 
NC_045512.2, and was deposited on the January 17, 2020, was recov
ered from NCBI (https://www.ncbi.nlm.nih.gov), to utilize genome 
annotation to refine the alignment between the genomes later. See 
Supplementary material 1. 

2.2. Annotation of retrieved sequences 

The retrieved whole-genome nucleotide sequences were annotated 
using the Wuhan SARS-CoV-2 reference isolate (accession number: 
NC_045512.2) to select the spike glycoprotein coding region. EMBOSS 
tool (https://www.ebi.ac.uk/Tools/psa/emboss_needle/), was used to 
carry out an alignment process of the sequence. EMBOSS transeq (https 
://www.ebi.ac.uk/Tools/st/emboss_transeq/), was used to carry out the 
translation of the annotated coding regions to protein sequences. See 
Supplementary material 1. 

2.3. Metadata analysis for clades and lineages 

The metadata retrieved from GISAID was subjected to epidemio
logical analysis using R Studio to obtain the distribution of the clades 
and lineages for the downloaded sequences. 

2.4. Antigenicity prediction, cytotoxic T lymphocytes (CTL), helper T 
lymphocytes (HTL) and B-cell epitopes prediction 

Vaxijen online server software was used to predict the spike glyco
protein’s antigenicity. This can be accessed through http://www.ddg-ph 
armfac.net/vaxijen/VaxiJen/VaxiJen.html [34]. The default threshold 
for viral antigens (0.4) was used as the criterion for the screening. 
Likewise, the CTL epitopes of the sequences were predicted using 
NetCTL 1.2 server (https://services.healthtech.dtu.dk/service.php? 
NetCTL-1.2), [35]. The server predicted the CTL epitopes utilizing the 
proteasomal C-terminal cleavage, Transport associated with antigen 
processing (TAP) efficiency, and Major Histocompatibility Class I 
(MHC-I) affinity parameters. The value for weights on C-terminal 
cleavage was 0.15, TAP transport efficiency was 0.05, and the threshold 
value for epitopes was 0.75. Furthermore, Immune Epitope Database 
(IEDB) was used to predict HTL epitopes. IEDB can be found in the 
weblink: http://tools.iedb.org/mhcii. These mouse alleles, H2-IAb, 
H2-IEd, H2-IAd, and the IEDB recommended prediction method that 
utilizes the best approach for a given MHC molecule, were selected for 
the epitope prediction. [36]. Epitopes with two lowest percentile ranks 
for each allele were chosen for further processing. 

Also, the server with acronym BCPREDS, is for B-cell Epitope Pre
diction, with weblink: (http://ailab-projects1.ist.psu. 
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edu:8080/bcpred/index.html)was used for predicting the B-Cell epi
topes [37]. The length and specificity of each epitope were set at 20 and 
75%, respectively. The first four non-overlapping epitopes with the 
highest score were selected. 

2.5. Selection of overlapping epitopes for CTL, HTL, and B cells 

All the predicted epitopes in the previous steps were inspected to 
determine the epitopes that overlapped in each HTL, CTL, and B cells 
pool. Epitopes with a frequency of overlap occurring 60 times and above 
in each pool were selected for further processing. 

2.6. Antigenicity and allergenicity prediction of overlapped epitopes 

The selected epitopes that occurred 60 times or more in each pool of 
epitopes were subjected to antigenicity and allergenicity tests for the 
CTL and HTL epitopes and allergenicity tests for the B-cell epitopes. 
Antigenicity and allergenicity predictions were performed using Vaxijen 
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) and 
Allertop (https://www.ddg-pharmfac.net/AllerTOP) servers, respec
tively. The model used by AllerTOP is dependent on the auto cross- 
covariance (ACC) modification of sequences of proteins into equal- 
length vectors. The model uses a classification by a k-nearest neighbor 
algorithm (kNN, k = 1), with a training set consisting of 2427 known 
allergens and 2427 non-allergens from different species. 

2.7. Multi-epitope sequence construction 

GPGPG and AAY linkers were used to link antigenic CTL and HTL 
epitopes and non-allergenic B-cell, CTL, and HTL epitopes. 

AAY was used to link the CTL epitopes, while the GPGPG linker was 
used to link HTL and B cell epitopes. 

2.8. Antigenicity, allergenicity and toxicity testing of multi-epitope 
construct 

Epitopes were linked Vaxijen, AllerTOP, and ToxinPred (http://crdd. 
osdd.net/raghava/toxinpred/) servers were used to predict the toxicity, 
allergenicity and antigenicity of the multi-epitope vaccine construct. 
ToxinPred make use of dataset comprising of 1805 toxic peptides from 
35 or less residues to test/predict the toxicity of query peptides [38]. 

2.9. Physicochemical properties of vaccine construct 

There are many Physicochemical properties associated with vaccine 
construct. These include: the composition of the amino acid, the theo
retical protrusion index (PI), aliphatic index, atomic composition, co
efficient of extinction, weight of the molecule, grand average of 
hydropathicity, estimated half-life and the instability index. ProtParam 
(https://web.expasy.org/protparam/), was used to determine these 
properties (in vitro and in vivo). ProtParam is an Expasy suite that 
consists of bioinformatics tools [39]. 

2.10. Prediction of the secondary structure of multi-epitope construct 

The secondary structure of the vaccine construct was predicted using 
the Self-Optimized Prediction Method (SOPMA) (https://nspa-prabi.ib 
cp.fr/cgi-bin/nspaautomat.pl?page=nspa sopma.html). The conforma
tional states assessed by SOPMA were the helices, sheet, turn and coil of 
the construct [40]. 

2.11. Tertiary structure prediction of multi-epitope construct 

RaptorX (http://raptorx.uchicago.edu/) was employed for the pre
diction of the tertiary structure of the vaccine construct. The server 
predicts functional annotation, disordered regions, solvent accessibility, 

protein tertiary structures, contact and distance map, and binding sites. 
These parameters are checked for quality using the global distance test, 
p-value, un-normalized global distance test, and the modeling error that 
occurs at each residue. 

2.12. Prediction of B-Cell 3D conformational structure 

The B-cell 3D conformational structure utilizing the already pro
jected tertiary structure of the vaccine construct was determined by 
using Ellipro (http://tools.iedb.org/ellipro/). Each predicted epitope 
was designated with a PI (Protrusion index) value that was averaged 
over the epitope residue. The discontinuous epitopes on the protein 
structure were visualized using an open-source molecular viewer Jmol 
[41]. 

2.13. Tertiary structure refinement and validation 

GalaxyRefine tool of the GalaxyWeb server (http://galaxy.seoklab.or 
g/cgi-bin/submit.cgi?type=REFINE) was employed for refinement of 
the tertiary structure of the vaccine construct obtained from the pre
ceding step. GalaxyRefine performs structure perturbation multiple 
times, and subsequently, the overall structural relaxation by molecular 
dynamics simulation [42]. The proSA server was used for the validation 
of the tertiary structure. The proSA server (https://prosa.services.came. 
sbg.ac.at/prosa.php) uses the atomic coordinates of the inputted struc
ture to compute an overall quality score and validate the structure of the 
protein input [43]. 

2.14. Disulfide engineering 

A design web server known as Disulfide (http://cptweb.cpt.wayne. 
edu/DbD2/), was used to the disulfide engineering of the vaccine 
construct to confer stability and strength on the protein. The server 
works by rapidly assessing residue pairs in the input for their proximity 
and geometry consistence for disulfide formation, on the assumption 
that all residues were mutated to cysteine. The procedure not only 
proves useful for increasing the stability of proteins, but also for the 
investigation of protein dynamics and interactions [44]. 

2.15. Protein-Protein docking using ClusPro web server 

Protein-Protein docking was performed to assist with the predicting 
the interaction between the Toll-like Receptors (TLRs) of the innate 
immune system and the vaccine construct. The protein data bank (PDB) 
files for TLRs 2, 3, 4 and 9 were retrieved from PDB (https://www.ww 
pdb.org/) and fed into the ClusPro server (https://cluspro.org/login. 
php?redir=/qeueue.php) together with the vaccine construct, one at a 
time for each TLR. The procedure enables prediction of both the binding 
energy between the ligand and receptor, as well as the site of interaction 
in the formation of receptor-ligand complex [45]. 

2.16. Stability prediction of receptor-ligand complex 

The iMOD server (http://imods.chaconlab.org/) was utilized for the 
prediction of the stability of interaction between the toll-like receptors 
and construct. The stability of the complex was interpreted from output 
parameters from the server, such as deformability, eigenvalues, and 
covariance [46]. 

2.17. Immune response simulation 

C-ImmSim (http://150.146.2.1/C-IMMSIM/index.php) was used for 
simulation of humoral and cell-mediated immune response to the vac
cine construct. Many of the existing vaccines require a minimum time 
interval between taking dose 1 and dose 2 to be four (4) weeks (over 28 
days) apart [102]. However, some existing vaccines such as Janssen 
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Pharmaceuticals vaccine (Johnson and Johnson) require a single dose 
[103–107]. Our simulation for this procedure took 1000 time-steps 
(with a time step of about 8 h), a random seed was set to 12,345, 
simulation volume and steps to 1000, and all other parameters [47]. The 
immune simulations we carried out was for a single dose of the vaccine 
[102], which has produced a good performance. 

2.18. Computational cloning of vaccine construct 

Cloning of the vaccine construct was simulated using SnapGene (http 
s://www.snapgene.com/) after Java Codon Adaptation Tool (JCat, 
http://www.jcat.de/) was used for adaptation of the vaccine construct 
to the E.coli and Drosophila melanogaster expression system [48]. 

3. Results 

3.1. Lineage of South African isolates 

From Fig. 1a that there were 28 different circulating lineages of 
SARS-CoV-2 under which the analyzed nucleotide sequences obtained 
could be classified. This is to provide us with an understanding of the 
lineages circulating in South Africa. The lineages are as follows; (Beta) 
B.1.351 (175), B.1 (33), B.1.381 (31), B.1.237 (30), B.1.1.54 (24), 
B.1.1.34 (16), B.1.1.53 (11), B.1.1.57 (10), B.1.1.74 (9), B.1.1.75 (8), 
C.1 (6), H.1 (6). B.1.1.4, B.1.1.40, and B.1.1.62 have four lineages each, 
and B.1.1.117 has 3. B.1.1.254, B.1.1.317, B.1.106, and B.1.417 all have 
two lineages while A, B.1.1.1, B.1.1.220, B.1.1.269 and B.1.1.273 has 
one lineage each. 

It could be deduced that GH has the highest number of circulating 
clades, with a total of 174 (44.6%), followed by GR with a sum of 114 
(29.2%). G has 97 (24.9%), while both GV and S have 4 (1.0%) and 1 
(0.3%), respectively, as shown in Fig. 1b below. 

3.2. Prediction of cytotoxic T lymphocytes (CTL) epitopes, helper T 
lymphocytes (HTL, MHC-II) epitopes, and B-cells epitopes 

The predicted spike glycoprotein was antigenic, by subjecting to 
different servers B-cell, HTL and CTL epitopes were predicted. The result 
of CTL which showed 9mer was displayed with numerous epitopes and 
which was within the threshold of 0.75. HTL epitopes were predicted, 
and low percentile was the basis of selection. Furthermore, there was a 
selection of the B-cell epitopes, and all the epitopes were used for 

vaccine construction. 

3.3. Overlapping epitopes selection, antigenicity and allergenicity 
prediction for CTL, HTL and B cells epitopes 

The result of the epitopes gotten for CTL, HTL and B cells was 
numerous so overlapping occurred, therefore, epitopes with a frequency 
of overlap occurring 60 times and above was the criteria used to screen 
down the epitopes, and these were the epitopes that was selected for 
further analysis. Also, the antigenicity and allergenicity test done for the 
selected epitopes of CTL, HTL and B cell reduced the epitopes to 5, 3 and 
5 respectively, and these was subjected to further analysis. 

3.4. Multi-epitope subunit vaccine construction 

Five CTL epitopes, three HTL epitopes, and five B-cell epitopes were 
chosen to construct the vaccine, and these met the criteria of binding 
affinity. Linkers were utilized in the epitopes linking process, and to aid 
the efficacy of the vaccine, an adjuvant was linked to the construct. 
GPGPG linkers were utilized to join HTL and B-cell epitopes, AAY was 
used to connect CTL epitopes, and EAAAK was utilized for the attach
ment of the adjuvant to the whole design. This design is the ultimate 
vaccine construct with its schematic presentation depicted in Fig. 2. 

3.5. Antigenicity, allergenicity, and toxicity prediction of the vaccine 
construct 

The antigenicity, allergenicity, and toxicity of the vaccine construct 
were screened, and the construct as reported on VaxiJen 2.0 and 
ANTIGENpro server was antigenic (which means the vaccine can stim
ulate an antigenic reaction). AllerTOP and Algpred server also revealed 
that the construct was non-allergenic. ToxinPred revealed its non- 
toxicity. Furthermore, it was revealed that there was insignificant sim
ilarity between the vaccine and the proteome when BLASTp server 
analysis was conducted. 

3.6. Physicochemical properties results 

The computed value for the molecular weight of the vaccine 
construct was 27998.35Da the theoretical isoelectric point (pI) value of 
10.18 was predicted, the molecular formula for the construct was 
C1287H1986N348O344S5. It also estimated the Instability index (II) score 

Fig. 1a. Result showing the Lineages of South African Isolates. This result shows the lineage distribution of the SARs-CoV-2 South African isolates. This is 
Fig.1a legend. 

O.O. Oluwagbemi et al.                                                                                                                                                                                                                        

https://www.snapgene.com/
https://www.snapgene.com/
http://www.jcat.de/


Informatics in Medicine Unlocked 28 (2022) 100845

5

and aliphatic index as 41.74 and 78.72, respectively. The moderate 
aliphatic index obtained here reveals that the protein has stability in a 
broad temperature spectrum [83]. 

The computed half-life in mammalian reticulocytes was 4.4 h in 
vitro, for yeast and in E. coli was >20 h and >10 h in vivo. The grand 
average of hydropathicity (GRAVY) score is estimated to be − 0.129, 
signifying that protein is hydrophilic in nature. It is very important for 
proteins to be hydrophilic to allow them to be easily dispersed and 
moved around. The negative value of the GRAVY value also indicates 
that better interaction of the protein is promoted with surrounding 
molecules of water [82]. This also reveals that the protein has stable and 
soluble characteristics which are very significant properties for 
epitope-based vaccine design. All these characteristics makes this vac
cine construct a potential success against the old and new South African 
SARS-CoV-2 virus. See Table 2 for the physicochemical properties 
results. 

Other previous studies with similar results such as the research 
conducted by Chukwudozie and colleagues [80] revealed that the mo
lecular weight of their vaccine was 60728.51 Da, while the theoretical pI 
was 9.30 with an estimated half-life of 30 h. The instability index of their 
results was 27.84 which showed that the vaccine is stable in a solvent 
environment, while the aliphatic index is 88.21, with a negative value 
GRAVY score of − 0.056. 

In another research [42], insilico analysis results revealed that all the 
proteins of the SARS-CoV-2, apart from nsp-16 encoded by orf1ab, were 
predicted as antigen. S protein was chosen as better vaccine candidate 
protein. The results from the research [42] revealed a negative GRAVY 
value. The S protein is hydrophilic, with an aliphatic index that is of 

moderate value, and thus a better potential vaccine candidate. 
Some researchers [81], conducted an immunoinformatics and 

genome-wide analysis on the Indian SARS-CoV-2 genome sequence to 
extract conserved regions towards designing an epitope-based synthetic 
vaccine. The results of their research produced MHC-I and MHC-II 
restricted T-cell and B-cell epitopes which were used in designing the 
epitope-based synthetic vaccines. 

Other researcherss [79], conducted research to identify T and B-cell 
epitopes and to determine potential vaccine candidate against 
SARS-CoV-2. The functional amino acids of S protein were also analyzed 
in their research. The Physicochemical constituents from the analysis of 
the S protein from their research results revealed that: there were 1273 
amino acids(aa); the molecular weight was 141178.47 kDa. Their results 
produced a 6.24 value for the theoretical isolelectric point (pI) of subject 
protein. Their result produced a negatively charged protein because the 
isoelectric point is under 7. Other research works are those of Safavi and 
colleagues [84,88]. 

Further works include that of Wang and colleagues [94], that focused 
on the immunoinformatic analysis of the vaccine design of SARS-CoV-2. 
Their focus on was on the T-cell and B-cell epitopes. Rahman and col
leagues [25], conducted immunoinformatic analysis on vaccine design 
by focusing on the surface glycoprotein epitopes. Feng and colleagues 
[95], conducted immunoinformatics analysis towards producing a vac
cine design of the SARS-CoV-2 isolated from Wuhan-Hu-1. Mukherjee 
and colleagues [96], conducted immunoinformatic analysis to identify 
immunodominant epitopes as potential vaccine targets from the whole 
genome sequence and proteome of SARS-CoV-2 from different 
geographical locations via the NCBI database. Tahir Ul Qamar and 

Fig. 1b. Results showing the Clades of South African Isolates. This result shows the clades of the SARs-CoV-2 South African isolates. This is Fig.1b legend.  

Fig. 2. Vaccine construct. This figure shows the multi-epitope vaccine construction.  
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colleagues [30], adopted insilico approaches to design multi-epitope 
vaccine against SARS-CoV-2. Oliveira and colleagues [97] conducted 
insilico analysis on the Nucleocapsid Protein of SARS-CoV-2 to design 
vaccine targets. The research conducted by Sarkar and colleagues [98], 
also engaged in designing epitope-based vaccines against SARS-CoV-2. 
Chakraborty and colleagues [99], adopted immunoinformatic 
approach to develop peptide-based vaccines against SARS-CoV-2. 
Fathollahi and colleagues also engaged in immunoinformatics ap
proaches for vaccine design [100]. 

3.7. The prediction of the secondary structure 

The SOPMA server predicted the constructed vaccine secondary 
structure. Other information provided by this server includes 25.19% 
alpha (α) helix, 45.74% Random coil, 1.55% Beta (β) turn, and 27.52% 
Extended strand. All these are represented in Fig. 3(a and b) below: 

3.8. Prediction of 3D configuration and conformational B-Cell epitopes] 

The prediction of the 3D structure modeling of the vaccine construct 
was achieved by using RaptorX server (http://raptorx.uchicago.edu/St 
ructPredV2/predict/). 

The predicted 3D model showed an estimated RMSD (Å) 8.5787. The 
predicted 3-class secondary structure revealed that the alpha helix was 
more predominant, and for the individual residue at position 241, it 
displayed 87.8% helix, 9.2% coiled, and 3 β as shown in Fig. 4a. Also, the 
Ellipro server was used in identifying the conformational B-Cell epitopes 
for the vaccine construct. Fig. 4b. 

3.9. Tertiary structure refinement 

For the consistency enhancement and configuration refinement of 
the vaccine, GalaxyRefine web-server was employed. On the basis of 

Table 2 
Antigenic, allergenic, and physicochemical characteristics of the vaccine 
construct.  

S/ 
N 

Properties Discovery Remarks and reference 

1 Molecular weight 27,998.35 kDa Average 
2 Theoretical pI 10.18  
3 Chemical formula C1287H1986N348O344S5  

4 Estimated half-life 
(mammalian 
reticulocytes, in vitro) 

4.4 h in vitro  

5 Estimated half-life 
(yeast-cells, in vivo) 

>20 h in vivo  

6 Estimated half-life 
(E. coli, in vivo) 

>10 h in vivo  

7 Instability index of 
vaccine 

41.74  

8 Aliphatic index of 
vaccine 

78.72 that the protein has 
stability in a broad 
temperature spectrum 
(Shey et al., 2019); 

9 Grand average of 
hydropathicity 
(GRAVY) 

− 0.129 This signifies that protein 
is hydrophilic in nature. It 
is very important for 
proteins to be hydrophilic 
to allow them to be easily 
dispersed and moved 
around. The negative 
value of the GRAVY value 
also indicates that better 
interaction of the protein 
is promoted with 
surrounding molecules of 
water (Droppa-Almeida 
et al., 2018).  

Fig. 3. Secondary structure Prediction of the vaccine construct; (a) indicating the score of alpha-helix, extended strand, random coil, and beta structure and (b) 
OMPL predictions of the secondary structure depicted by different colors. Blue color represents alpha-helix, and green color represents Beta strands, red color 
represents extended strand, and yellow color represents random coil. 
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structure quality and several significant factors, which are GDT-HA 
(0.9593), RMSD (0.384), MolProbity (2.137), Clash score of 13.6, 
Poor rotamers of 1.4 and Rama favored (94.5), model 3 as shown in 
Fig. 5 was chosen out of five models displayed. 

3.10. Tertiary structure validation 

A Ramachandran plot was used to analyze the refined structure, by 
using the PROCHECK web-server. It was revealed that 88.6% was in 
favored regions, 10.9% in the allowed regions, and 0.5% in the dis
allowed regions (See Fig. 6b in supplementary material). For the vaccine 
model inputted, a Z-score of − 3.79 was predicted by proSA web (as 
shown in Fig. 6a and b), and 83.871% score was revealed by ERRAT 
online server. The following previously published scientific research 
papers adopted this method for validation [23,28,30,93]. 

See supplementary file for Fig. 6b Ramachandran plot. 

3.11. Disulfide engineering 

To improve and aid how stable the structure of the refined vaccine 
will be, disulfide engineering was conducted by using the Design v2.0 
server. Out of 22 pair of residue suitable for disulfide engineering, 4 pair 
of residues which are Gln 43-Arg 49, Val 64-Gly83, Phe 65-Glu 80, and 
Asn249-His255, were chosen based on their energy, Chi3 value, and 
high B-factor as indicated in Fig. 7. 

3.12. Molecular docking 

Molecular docking was performed by using ClusPro 2 [92], for this 
vaccine. ClusPro2 is based on the PIPER docking algorithm. PIPER de
picts energy interactions between proteins using an expression or 
equation of the form: E = w1Erep + w2Eattr + w3Eelec + w4EDARS, where 
Erep and Eattr, to represent the repulsive and attractive contributions to 

Fig. 4a. Showing predicted distribution for each residue as arrow goes towards each residue.  

Fig. 4b. The conformational B-cell epitopes of the final vaccine construct, grey sticks represent the bulk of the polyprotein, and a yellow surface represents the 
conformational B cell epitopes. 
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the van der Waals energy interactions. Where Eelec is the electrostatics 
energy, and EDARS is a pairwise structure-based potential constructed by 
the Decoys as the Reference State (DARS) approach. The significance of 
the equation of this PIPER docking algorithm within ClusPro 2 cannot be 
underestimated. The coefficients within the equation define the weights 
of the terms, depicted as w1, w2, w3, and w4. The weights within the 
equation can be optimally applied for different types of docking prob
lems. Molecular docking was conducted to assess and estimate the in
teractions between the refined model and the toll-like receptor (TLR). 
TLR2 (2z82), TLR3 (3CIG), TLR4 (2z64) and TLR9 (3WPG) individually 
as the receptor for the vaccine, generated different models from which 
the selected model for each receptor met desired criteria. This process 
was based on their binding energy weight, as shown in Fig. 8a, b, 8c and 
8d. 

See Table S1; The interaction and the selected docked model’s 
binding energy weights. 

3.13. Molecular dynamic simulation 

The simulation study was conducted to determine the stability, 
mobility as well as atoms and molecules movements in the vaccine 
construct. The results of normal mode analysis (NMA), the molecular 
dynamics simulation of the vaccine construct, and TLR2 (2z82), TLR3 
(3CIG), TLR4 (2z64) and TLR9 (3WPG) docked complexes are illustrated 
as obtained from the iMODS server. For the TLR2, TLR3, TLR4 and 
TLR9, Eigenvalue for the vaccine-receptor complexes were 2.27e-05, 
2.06e-06 and 1.53e-05 for TLR2, TLR3, TLR4 and TLR9 respectively 

Fig. 9a, b, 9c, and 9d. Our results are similar to the results obtained in 
other existing studies [28,110], and [99],where an eigenvalue of 
2.129046e-05 was predicted for the vaccine-TLRs complex and it 
implied the stability of the vaccine-TLRs complex (See Figs. 10-15). 

3.14. Immune simulation 

The C-ImmSim server (http://150.146.2.1/C-IMMSIM/) [47] was 
used to reveal the successful system of immune response and how 
candidate vaccine half-life increased. Many of the existing vaccines 
require a sminimum time interval between taking dose 1 and dose 2 to 
be four (4) weeks (over 28 days) apart [102]. Fig. 16a – 16n shows the 
results obtained from the presentation of computational immune 
simulation of the projected vaccine peptide using C-ImmSim server. 

Interpretation of these results are as follows: Fig. 16a shows the 
production of immunoglobulin in response to antigen injections; here, 
certain subclasses are depicted as colored peaks. Fig. 16b shows the B- 
cell population evolution after the injections. Fig. 16c shows the T- 
helper cells’ population after injections. Fig. 16d shows the helper’s cell 
evolution. Fig. 16e reveals the depiction of TR (Regulatory) cell popu
lation per state and the depiction of the Natural Killer cells’ population 
after injections. Fig. 16f depicts of TH cell population. The diagram in 
Fig. 16g reveals the Depiction of TH cell population per state. Fig. 16h 
shows a depiction of TC cell population (cells per mm3). Fig. 16i depicts 
the plot of ng/nl versus days. Fig. 16j shows the representation of MA 
population cells per state (cells per mm3). The diagram in Fig. 16k shows 
NK cell population (cells per mm3). Fig. 16l reveals PLB cell population 
(cells per mm3). Fig. 16m depicts DC population per state (cells per 

Fig. 5. Showing the refined tertiary structure showing predicted distribution 
for each residue as arrow goes towards each residue. 

Fig. 6. Showing (a) Z-score graph and (b) Ramachandran plot.  

Fig. 7. Disulfide engineering showing disulfide adherence by disulfide by 
design 2. 
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mm3). Fig. 16n depicts EP population per state (cells per mm3). Results 
obtained in our study are similar in pattern to the results obtained in the 
following works [101,108,109] in which a similar approach was 
adopted. 

3.15. Codon modification and computational cloning 

E.coli was used to express the COVID-19 vaccine candidate by using 
the JCAT and SnapGene server. The GC content of the improved 
sequence 53.61% and the Codon Adaptation Index (CAI) of 1.0 were 
predicted after the adaptation of the vaccine into the Escherichia coli 
strain k12. Adapting the vaccine into E. coli strain predicted the GC 
content of 53.61%, Codon Adaptation Index (CAI) of 1.0; and back- 
translated the protein sequence to a E. coli codon compatible nucleo
tide. The back-translated nucleotide was adapted into the E.coli 
expression. 

4. Discussion 

The elongated duration and consequences of the SARS-CoV2 
pandemic beyond the world’s imagination have left humans and scien
tists alike in a state of confusion and despair. Ever since the declaration 
of a new strain of the coronavirus breed, scientists all over the globe 
have been tirelessly involved in various research to put an end to the 
menace. The goal first to curb its spread and to make it extinct. Vaccine 

has over the years proved to be a means of infectious disease prevention 
and considering the varying case mortality rate of (0.9%–15.44%) [49], 
infection rate (estimated 40–81%), and the degree of infection fatality 
(0.9% or 1%) [50] of the SARS-CoV 2, it was necessary to find a means to 
curtail its propagation. In South Africa, however, the proportion of cases 
is 50.87% [51], representing the highest burdened in Africa. 

The advent of the computational approach in research has helped 
improve research turnaround time, which has aided many vaccine de
velopments and the COVID 19 vaccine in circulation. We employed this 
computational approach to develop a glycoprotein multi-epitope vac
cine for all the variants of SARS-CoV 2 in South Africa, particularly the 
B.1.351(which WHO renamed as Beta variant), which is a variant of 
concern noted for its virulence (8). As it stands, the world does not know 
when this pandemic will come to an end, for the earth to be in a state of 
rest. Although vaccines have been developed, yet some nations have 
been reported to be experiencing the third wave [52]; hence it is 
necessary to be prepared as many have predicted that the third wave 
may cripple African health care [53], with South Africa leading in the 
total number of the reported cases from the continent. The government 
is on the race to ensure vaccination among the population in a bid to 
return the world to normalcy because people have relented in the effort 
of not getting infected by neglecting the precaution guides. 

More than 320 variants and lineages of SARS-CoV-2 have been 
described globally [54], and the most occurring strain of SARS-CoV 2 
from this study is the lineage B.1.351 (beta variant) (Fig. 1a), which is 

Fig. 8. Showing Molecular docking of the construct with TLR: (a) Docked complexes for vaccine-TLR2 complex with vaccine colored blue and TLR2 colored red.(b) 
Docked complexes for vaccine-TLR3 complex with vaccine colored blue and TLR3 colored red. (c) Docked complexes for vaccine-TLR4 complex with vaccine colored 
blue and TLR4 colored red. (d) Docked complexes for vaccine-TLR9 complex with vaccine colored blue and TLR9 colored red. 
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within the GH clades (Fig. 1b) circulating in the South-African isolates 
recovered from GISAID database. The variation in a lineage occurs when 
there is a deletion or insertion along the stretch of the nucleotide se
quences, which differs from the parent isolate. These changes in the 
order of the nucleotide allow grouping into class and family, which is 

also the basis of speciation. Positively stranded RNA viruses such as 
SARS-CoV-2 are characterized by the constant mutations occurring in 
their genome, which is attributed to the lack of proofreading capacity of 
its open reading frame. The resulting variants are referred to as 
quasi-species. The clade GH and GR are the most frequent clade in this 

Fig. 9. Spin prediction result of the Molecular energy simulation: (a) Vaccine–TLR2 interaction spin prediction. (b) Vaccine–TLR3 interaction spin prediction. (c) 
Vaccine–TLR4 interaction spin prediction (d) Vaccine– TLR9 interaction spin prediction. 

Fig. 10. Molecular energy simulation Eigenvalue result: (a) The Vaccine–TLR2 interaction’s Eigenvalue. (b) The Vaccine – TLR3 interaction’s Eigenvalue. (c) The 
Vaccine–TLR4 interaction’s Eigenvalue. (d) TheVaccine–TLR9 interaction’s Eigenvalue. 
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study and are similar to [55], who reported that the GH and GR clade is 
the most common in the world. Howbeit, the B.1.351(beta) strain was 
first reported in South Africa and continues to be the greater part in 
circulation. This is suggestive that some of the SARS-CoV-2 variants may 
downplay the immune response and negatively contribute to the effi
cacy of the available vaccines against COVID-19 [56], reported that 
most population of viral clade belongs to the G, GR, or GH; this is true 
regarding the most occurring clade in our study. The lowest reported 
lineage and clade from our isolates were C2 and S, respectively. 

The mechanism which informed the selection of the spike glyco
protein for vaccine development stems from its ability to initiate im
mune response at the point of SARS-CoV-2 internalization [28]. Spike 

glycoprotein is generally regarded as conserved; however, it is not 
without mutation. Dominant mutation has been reported at D614G 
position on the SARS-CoV-2 genome [57] but not without conservation. 
The epitopes were predicted, and the conserved epitopes were used for 
the construction of the vaccine. Epitopes are referred to as antigenic 
determinants encoding the protein region capable of stimulating 
cell-mediated immunity and are the hallmark of vaccine design [58]. 
Antigen definite T-cell is cell-mediated, Cell-mediated, and innate im
munity is important in the clearance of invasive organisms such as 
SARS-CoV-2. The cell-mediated immune response (CMI) is most effec
tive in destroying virus-infected cells. CMI activates the natural killer 
cells, macrophages, cytotoxic T-lymphocytes that secrete cytokines that 

Fig. 11. Molecular energy simulation deformability B-factor result: (a) deformability B-factor region of the vaccine–TLR2 interaction. (b)Deformability B-factor 
region of the vaccine–TLR3 interaction. (c) Deformability B-factor region of the vaccine–TLR4 interaction. (d) Deformability B-factor region of the vaccine–TLR9 
interaction. 

Fig. 12. Molecular energy simulation variance result: (a) the vaccine–TLR2 interaction’s variance. (b) the vaccine–TLR3 interaction’s variance. (c) the vaccine–TLR4 
interaction’s variance. (d) the vaccine–TLR9 interaction’s variance. 
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Fig. 13. Molecular dynamics simulation elastic network result: (a) the Vaccine–TLR2 interaction’s elastic network. (b) the vaccine–TLR3 interaction’s elastic 
network (c) the vaccine–TLR4 interaction’s elastic network. (d) the vaccine– TLR9 interaction’s elastic network. 

Fig. 14. Molecular dynamics simulation mobility B-factor result: (a) the vaccine–TLR2 interaction’s mobility B-factor’s result. (b) the vaccine–TLR3 interaction’s 
mobility B-factor’s result. (c) the vaccine–TLR4 interaction’s mobility B-factor’s result. (d) the vaccine–TLR9 interaction’s mobility B-factor’s result. 
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can digest invading antigen. Also, B-cells produce antibodies against 
infection after receiving the signal from T-cells; they are effectors of 
humoral immunity defending against pathogens by the process of anti
body production [59,60]. The determinants of adaptive and humoral 
responses are B-cells. The epitopes outlined in this study encompass the 
B-cell, HTL, and CTL, which are necessary to initiate defense against 
invading antigen. The epitopes have proved to be incapable of infection, 
easily generated, and chemically reliable [28]. All selected epitopes in 
the vaccine construct that met the scrutiny were used to build up the 
vaccine. A robust immune response necessitates the use of an adjuvant 
which hones the antigens visibility to identifiable immune response 
using a proven RS 09 adjuvant ([74], and attaching an adjuvant to a 
vaccine necessitates the use of a linker, resulting in the entire vaccine 
design, and between two epitopes, linkers such as EAAAK, AAY and 
GPGPG are inserted to achieve the effective separation required for the 
epitope’s effectiveness; these linkers functions differently for rigidity 
and plasticity in effective vaccine construct [61, [75]. EAAAK linker is a 
rigid α-helix forming peptide, with intramolecular hydrogen bonding 
having a closed packed backbone. Rigid linkers are beneficial over 
flexible linkers by defining the functional sites between the epitopes to 
avoid meddling of their respective functional properties. The GPGPG 
linkers is crucial in decoding the junctional immunogenicity which 
confers expression of epitopes immunogenicity while AAY linker is the 
binding site for the proteasomes in mammalian cells thereby enhancing 
the immunogenicity of the multi-epitope vaccine [76]). A multi-epitope 
vaccine devoid of linkers may yield a new protein with unknown 
properties downstream [76]. The other vaccine component is the 

immunoadjuvant, which serves as supplement agents for the target 
immune response for a vaccine antigen [60,61]. All the elucidated 
characteristics of a good vaccine to be generally regarded as safe were 
tested in the epitopes; it was ascertained to be non-toxic, anti-antigen, 
anti-allergen, and capable of accelerating immunity. In another 
research, [62], it was asserted that all epitopes generated are not capable 
of uniform response despite the frequency of occurrence; nonetheless, 
all the epitopes considered for selection were immune stimulants, and 
the inclusion of an adjuvant resolves weak immunogens. 

Molecule size is a factor to be considered when designing a vaccine, 
as it determines the route of administration. To direct antibodies to the 
lymph nodes, bigger molecules are encouraged, but for better diffusion, 
smaller molecule sizes are encouraged (≤3.5). The molecular weight 
observed in this study was 27.99 kDa and has proved to be soluble when 
expressed, which is similar to the submission of [63] the theoretical 
isoelectric point (pI) value of 10.18 was predicted, implying a basic 
protein and its similar to the work of Safavi and colleagues [84]. The 
grand average of hydropathicity (GRAVY) score is estimated to be 
− 0.129, denoting a hydrophilic protein. 

The analysis of the results obtained by secondary structure server 
SOPMA indicated that the protein consists of α-helix, Random coil, 
β-turn with extended strand which are 25.19%, 45.74%, 1.55%, and 
27.52%, respectively, as shown in Fig. 7, this results especially for the 
random coil is like [64] revealing the copiousness of the random coil 
region determines the stability of the model. The conformational B-Cell 
epitopes for the vaccine construct were also identified to be appropriate. 
A better quality with enhanced structure of vaccine model was produced 

Fig. 15. Molecular energy simulation residue index result: (a) the Vaccine–TLR2 interaction’s residue index. (b) the vaccine–TLR3 interaction’s residue index (c) the 
vaccine–TLR4 interaction’s residue index (d) the vaccine– TLR9 interaction’s residue index. 
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through refinement and validation. Validation of a candidate vaccine 
helps in screening for immunoreactivity over serological study; this is 
one of the principal significances of validation [65]. 

The refined structure revealed the Ramachandran plot analysis, 
which indicated that 88.6% of the residue was in favored regions, 10.9% 
in the allowed regions, and 0.5% in the disallowed regions, as shown in 
Fig. 6 (See Fig. 6 in the supplementary material). The proSA web pre
dicted the Z-score of − 3.79 and 83.871% score and ERRAT online 
server, respectively, to further establish the quality of the model, and 
based on the score given by ERRAT; the model was regarded to be 
suitable. Both proSA and ERRAT server corroborate the quality and the 
detection of potential errors that could arise in the polished model [66]. 
Furthermore, the model was used for several studies which include, 
disulfide prediction for stability when exposed to host system 
biochemical stress. Stability, mobility, atoms, and molecules movements 
were determined in the vaccine construct by using a molecular dynamics 
simulation study. Also, molecular docking was done on ClusPro 2 Fig. 7 
to evaluate the binding efficiency and the interaction between the 
refined model and the toll-like receptor (TLR). 

Toll-like receptor (TLRs) are a vital component of the innate im
munity which include pattern recognition receptors (PPRs) especially 
for the identification of pathogen, they are specialized in distinguishing 
molecular structures that are conserved [67] and plays an essential role 
in the linkage of innate and adaptive immunity. Among different host 
cells, expression of TLRs varies, and the expression and location are 
controlled in response to a specific ligand; the ligands that bind to TLRs 
are efficient in activating specific intracellular signaling flows that will 
instigate host defense reactions [67]. In antiviral immunity, various 
TLRs showed significance. According to [68], out of ten (10), TLRs 
encoded by human innate immunity, four TLRs (TLR 3, 7, 8, and 9) 
recognizes RNA viruses. TLR 2 recognizes structural and non-structural 
viral protein, which stimulates inflammatory cytokine production. An
imal model studies has revealed that TLR 3 activation enables a pro
tective effect against SARS-CoV and MERS [65]. Specific modes of viral 
nucleic acids are responsible for antiviral signaling recognizable by TLR 
2, 3, 4, and 9 to identify genetic materials of virus in the endolysosomal 
pathway. 

Molecular docking [89–91,111] was performed to evaluate the af
finity between the vaccine and TLR2, TLR3, TLR4, and TLR9. The TLRs 
(Fig. 8) that were docked with the vaccine indicated a high vaccine-TLR 
binding affinity. 

The mechanism for immune simulation presents a pathogen within 
the organisms’ system, which then gives a glimpse of the body’s defense 
against the invading antigen. It is necessary because it enables us to have 
an idea of the interactions within the immune cells. Non-arguable fact is 
the complexity of the hosts’ reaction to a foreign body [69]. In Fig. 9 
above, in a bid to counteract the introduced antigen, some immune 
components were secreted because of the innate and adaptive immune 
response [74]. Innate immunity acts as the first line of defense against 
encroaching organisms. It operates with the aid of pattern recognition 
receptors (PRR), which stimulates the biochemical flow that promotes 
cellular immune components’ activation [70]. Adaptive immunity, 
however, is antigen-specific, and its optimum activation is by collabo
ration with natural immunity. B-cells differentiate into antigen-specific 
antibodies (immunoglobulins), which are usually activated by the 
T-helper cells. The memory cells of the B-lymphocytes mark the 
fingerprint of the antigen against future exposure [54]. The above 
Fig. 16 b and c show the perceived association result, the memory cells 
upsurge was steady with time, and it also revealed that the B-cell was 
active over the duration. This is indicative that a boost dose might not be 
required. This study proved and satisfied the theory of immune 
response, and it’s similar to the finding of [28]. Several responses were 
generated in the insilico immune analysis; Fig. 15i revealed a striking 
response of IFN-g, an important cytokine in the natural and adaptive 
immunity which activates NK cells, neutrophils, and macrophages [71], 
also Interleukin-2 (IL-2), which modulates leucocytes activities, it en
hances the components of the immune system such as the B-cells, T-cell, 
and NK-cells. Transforming growth factors and macrophages are con
voluted to function properly by the stimuli of IL-2. All the immune se
cretions in this model are the characteristic feature of an established 
immunity. 

The advent of molecular biology has led to advances in deciphering 
developmental regulations within the host. The expression of a gene 
within the cell is pivotal to understanding the effect of therapy. Hence, 

Fig. 16. C-ImmSim presentation of computational immune simulation of the projected vaccine peptide. (a) The production of Immunoglobulin in response to antigen 
injection; certain subclasses are depicted as colored peaks. (b) B-cell population evolution after the injection. (c) T-helper cells’ population after injection. (d) T- 
helper cells evolution (e) Natural Killer cells’ population after injection and depiction of TR (Regulatory) cell population per state (f) Depiction of TH cell population 
(g) Depiction of TH cell population per state (h) Depiction of TC cell population (cells per mm3) (i) depicts ng/nl versus days plot (j) depicts MA population cells per 
state (cells per mm3) (k) depicts NK cell population (cells per mm3) (l) depicts PLB cell population (cells per mm3) (m) depicts DC population per state (cells per mm3) 
(n) depicts EP population per state (cells per mm3). 
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vectors, which are the conveyance of pathogens or genes between two or 
more hosts, are important. Biological vectors such as Escherichia coli 
have been the plasmid vector for most discoveries in genetics. The 
vaccine protein was expressed in Escherichia coli by aligning the codon 
sequences into the expression pattern E. coli (See Fig. 17b) for expression 
by codon adaptation. 

The vaccine proteins were inputted into E. coli k12 strain (JCAT 
server). Predicted GC content was 53.61% which is an immune stimu
lator and similar to the output obtained from the research of Oladipo and 
colleagues [28]) codon Adaptation Index (CAI) 1.0. Restriction enzyme 
XhoI (158) and XbaI (335) was the selected cloning site. Expression 
plasmid pET28A are necessary to stimulate T7 promoter driven 
expression for the massive production of recombinant proteins con
taining 6X His-tag [77,78]). The GC content of the improved sequences 

was 53.61% and codon Adaptation Index (CAI) of 1.0 in E. coli expres
sion system. The advantages of using pET28A is that it produces strong 
expression, and it also produces expressions that are tightly controlled. 
The efficiency of translation, characterization of gene behavior, and 
optimization of DNA vaccines are usually measured by its CAI, which is 
≤ 1 [72]. The codon adaptation reflects the vaccine efficacy within the 
host organism, and enhanced GC content might be a good policy in 
vaccine innovations [73]. 

5. Conclusion 

A glycoprotein multi-epitope subunit vaccine candidate was 
computationally constructed for the old and new variant of the South 
African SARs-CoV-2 virus strains from the South African SARs-CoV-2 

Fig. 17. (a) Adaptation of codon and computational cloning: a graph depicting sequence adaptation (See Fig. 17a in the Supplementary material), (b) computational 
cloning for the adapted vaccine sequence into pET28A (+) vector to ensure the expression of the vaccine protein in an E. coli system. 
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whole genome sequence data obtained from December 1, 2020 and 
February 15, 2021, from the GISAID scientific database. Computational 
genomics and immunoinformatics methods were adopted to analyze and 
process the data to obtain novel vaccine candidates for the South African 
20H/501Y.V2 or B.1.351(Beta) variant. The outcome of this research 
will assist the relevant agencies (Biologists, Government, pharmaceu
tical companies) to transform the vaccine candidates into real-life 
COVID-19 vaccines to effectively manage the new COVID-19 variants 
for South Africa. This will reduce the rate of transmission of the disease. 
Hence, COVID-19 transmissions will be drastically reduced, thus pro
tecting the lives of the uninfected and promoting public health. Future 
work will focus on the collation and the analysis of newer strains of the 
SARs-CoV-2 virus for South Africa to develop future vaccine candidates. 
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Improved designs for pET expression plasmids increase protein production yield 
in Escherichia coli. Commun biol 2020;3(1):214. https://doi.org/10.1038/ 
s42003-020-0939-8. 

O.O. Oluwagbemi et al.                                                                                                                                                                                                                        

https://doi.org/10.3390/vaccines8030423
https://doi.org/10.1186/s40249-020-00752-w
https://doi.org/10.1186/s40249-020-00752-w
https://doi.org/10.1016/j.ijbiomac.2020.07.117
https://doi.org/10.1016/j.imu.2020.100438
https://doi.org/10.1038/s41598-020-77547-4
https://doi.org/10.1371/journal.pone.0244176
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref31
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref31
https://doi.org/10.1074/jbc.C300520200
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref33
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref33
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1186/1471-2105-8-424
https://doi.org/10.1093/nar/gku938
https://doi.org/10.1002/jmr.893
https://doi.org/10.1002/jmr.893
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1371/journal.pone.0073957
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref39
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref39
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref39
https://doi.org/10.1093/bioinformatics/11.6.681
https://doi.org/10.1186/1471-2105-9-514
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref42
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref42
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1186/1471-2105-14-346
https://doi.org/10.1186/1471-2105-14-346
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref45
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref45
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref46
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref46
https://doi.org/10.1371/journal.pone.0009862
https://doi.org/10.1371/journal.pone.0009862
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref48
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref48
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref48
https://doi.org/10.5222/MMJ.2020.98048
https://doi.org/10.5222/MMJ.2020.98048
https://doi.org/10.2471/BLT.20.265892%20Infection%20fatality%20rate%20of%20COVID-19%20inferred%20from%20seroprevalence%20data
https://doi.org/10.2471/BLT.20.265892%20Infection%20fatality%20rate%20of%20COVID-19%20inferred%20from%20seroprevalence%20data
https://doi.org/10.2471/BLT.20.265892%20Infection%20fatality%20rate%20of%20COVID-19%20inferred%20from%20seroprevalence%20data
https://doi.org/10.1097/j.pain.0000000000002097
https://doi.org/10.1097/j.pain.0000000000002097
https://doi.org/10.1016/j.jinf.2021.03.027
https://doi.org/10.1016/j.jinf.2021.03.027
https://doi.org/10.1038/s41591-021-01265-1
https://doi.org/10.1038/s41591-021-01265-1
https://doi.org/10.3389/fmicb.2020.01800
https://doi.org/10.1038/s41598-021-85363-7
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref57
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref57
https://doi.org/10.1016/B978-0-12-809633-8.20248-3
https://doi.org/10.1016/B978-0-12-809633-8.20248-3
https://doi.org/10.1155/2013/827254
https://doi.org/10.1016/j.jconrel.2017.05.014
https://doi.org/10.1016/j.jbi.2014.11.003
https://doi.org/10.1016/j.jbi.2014.11.003
https://doi.org/10.1007/s12026-020-09137-5
https://doi.org/10.1371/journal.pone.0248001
https://doi.org/10.1038/s41598-020-80899-6
https://doi.org/10.1038/s41598-019-55613-w
https://doi.org/10.1186/s42269-019-0227-2
https://doi.org/10.1186/s42269-019-0227-2
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref67
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref67
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref67
https://doi.org/10.1038/s41591-021-01255-3
https://doi.org/10.1038/s41591-021-01255-3
https://doi.org/10.1177/0018726716636945
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref70
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref70
http://refhub.elsevier.com/S2352-9148(22)00002-8/sref71
https://doi.org/10.1186/s12985-016-0599-y
https://doi.org/10.1186/1742-4682-4-39
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1371/journal.pone.0253393
https://doi.org/10.1371/journal.pone.0253393
https://doi.org/10.1080/07391102.2020.1850357
https://doi.org/10.1038/s42003-020-0939-8
https://doi.org/10.1038/s42003-020-0939-8


Informatics in Medicine Unlocked 28 (2022) 100845

18

[78] Shilling PJ, Daley DO. Implementing novel designs in pET expression plasmids 
that increase protein production. Bio-protocol 2021;11(16):e4133. https://doi. 
org/10.21769/BioProtoc.4133. 

[79] Tohidinia M, Sefid F. Identifcation B and T-Cell epitopes and functional exposed 
amino acids of S protein as a potential vaccine candidate against SARS-CoV-2/ 
COVID-19. Microb Pathog 2020;148(2020):104459. 

[80] Chukwudozie OS, Gray CM, Fagbayi TA, Chukwuanukwu RC, Oyebanji VO, 
Bankole TT, Adewole RA, Daniel EM. Immuno-informatics design of a multimeric 
epitope peptide based vaccine targeting SARS-CoV-2 spike glycoprotein. PLoS 
One 2021;16(3):e0248061. https://doi.org/10.1371/journal.pone.0248061. 

[81] Ghosh N, Sharma N, Saha I, Saha S. Genome-wide analysis of Indian SARS-CoV-2 
genomes to identify T-cell and B-cell epitopes from conserved regions based on 
immunogenicity and antigenicity. Int Immunopharm 2021;91(2021):107276. 

[82] Droppa-Almeida D, Franceschi E, Padilha F. Immune-informatic analysis and 
design of peptide vaccine from multi-epitopes against corynebacterium 
pseudotuberculosis. Bioinf Biol Insights 2018;12. https://doi.org/10.1177/ 
1177932218755337 (2018). 1177932218755337. 

[83] 2019 Mar 13 Shey RA, Ghogomu SM, Esoh KK, Nebangwa ND, Shintouo CM, 
Nongley NF, Asa BF, Ngale FN, Vanhamme L, Souopgui J. In-silico design of a 
multi-epitope vaccine candidate against onchocerciasis and related filarial 
diseases. h Sci Rep 2019;9(1):4409. https://doi.org/10.1038/s41598-019-40833- 
x. PMID: 30867498; PMCID: PMC6416346. 

[84] Safavi A, Kefayat A, Mahdevar E, Abiri A, Ghahremani F. Exploring the out of 
sight antigens of SARS-CoV-2 to design a candidate multi-epitope vaccine by 
utilizing immunoinformatics approaches. Vaccine 2020;38(48):7612–28. https:// 
doi.org/10.1016/j.vaccine.2020.10.016. 

[85] Oluwagbemi O, Olaitan A. A comparative computational genomics of ebola virus 
disease strains: in-silico insight for ebola control. Inf. Med. Unlocked 2018;12: 
106–19. https://doi.org/10.1016/j.imu.2018.07.004. Published by Elsevier 
(Science Direct), 2018. 

[86] Oluwagbemi O, Adewumi A, Misra S, Leon M. MAFODKM: mobile application 
framework for the management of omics data and knowledge mining. J Phys Conf 
2020;1566:1–7. https://doi.org/10.1088/1742-6596/1566/1/012132. 012132, 
2020, https://iopscience.iop.org/article/10.1088/1742-6596/1566/1/0121 
32/meta. 

[87] Olaitan A, Oluwagbemi O, Fatumo S, Makolo A. A comparative analysis of the 
genetic relationships between the pathogens of ebola hemorrhagic fever, marburg 
virus, HIV, hepatitis A, hepatitis B, hepatitis C, hepatitis D, and hepatitis E. ISCB 
Afr ASBCB Conf Bioinf 2015. March 09-11, 2015, Dar es Salaam, Tanzania, 
https://zenodo.org/record/21406#.WCOIxtyko-Y. 

[88] Safavi A, Kefayat A, Abiri A, Mahdevar E, Behnia AH, Ghahremani F. In silico 
analysis of transmembrane protein 31 (TMEM31) antigen to design novel 
multiepitope peptide and DNA cancer vaccines against melanoma. Mol Immunol 
2019;112:93–102. https://doi.org/10.1016/j.molimm.2019.04.030. 

[89] Morris GM, Goodsell DS, Halliday RS, Huey R, Hart WE, Belew RK, Olson AJ. 
Automated docking using a Lamarckian genetic algorithm and an empirical 
binding free energy function. J Comput Chem 1998;19(14):1639–62. 

[90] Rarey M, Kramer B, Lengauer T, Klebe G. A fast flexible docking method using an 
incremental construction algorithm. J Mol Biol 1996;261(3):470–89. 

[91] Muegge I, Martin YC. A general and fast scoring function for protein-ligand 
interactions: a simplified potential approach. J Med Chem 1999;42(5):791–804. 

[92] Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D, Yueh C, Beglov D, Vajda S. 
The ClusPro web server for protein-protein docking. Nat Protoc 2017;12(2): 
255–78. https://doi.org/10.1038/nprot.2016.169. 

[93] Jahangirian E, Jamal GA, Nouroozi M, Mohammadpour A. A reverse vaccinology 
and immunoinformatics approach for designing a multiepitope vaccine against 
SARS-CoV-2. Immunogenetics 2021. https://doi.org/10.1007/s00251-021- 
01228-3. 2021. 

[94] Wang D, Mai J, Zhou W, Yu W, Zhan Y, Wang N, Epstein ND, Yang Y. 
Immunoinformatic analysis of T- and B-cell epitopes for SARS-CoV-2 vaccine 
design. Vaccines 2020;8(3):355. https://doi.org/10.3390/vaccines8030355. 

[95] Feng Y, Jiang H, Qiu M, Liu L, Zou S, Li Y, Guo Q, Han N, Sun Y, Wang K, Lu L, 
Zhuang X, Zhang S, Chen S, Mo F. Multi-epitope vaccine design using an 

immunoinformatic approach for SARS-CoV-2. Pathogens 2021;10(6):737. 
https://doi.org/10.3390/pathogens10060737. 

[96] Mukherjee S, Tworowski D, Detroja R, Mukherjee SB, Frenkel-Morgenstern M. 
Immunoinformatics and structural analysis for identification of immunodominant 
epitopes in SARS-CoV-2 as potential vaccine targets. Vaccines 2020;8(2):290. 
https://doi.org/10.3390/vaccines8020290. 
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