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Abstract 
 

Zika virus is a global concern and a public health emergency proclaimed by WHO due to its 

dangerous repercussions after the infection. Since it poses a significant threat to emerging again, 

competent and adequate action must be taken to develop an efficient vaccine. The object of this 

study was to construct a multi-peptide vaccine against the deadly ZIKA virus by using a 

computational approach of immunoinformatic and bioinformatics. Three structure proteins 

(capsid, envelope, membrane) were selected due to their precious target in the host cell. The helper 

and cytotoxic T cells (CTL, HTL) and B cells were predicted as epitopes and fused with the 

propitious linkers and adjuvants molecules as promising vaccine constructs. These ZIKV vaccine 

constructs were checked thoroughly to inspect the highest immunogenicity and physiological 

properties. All the primary constructs were non-allergenic, non-toxic, and highly antigenic. The 

validation and selection criteria helped to choose the stronger candidates with considerable 

features to induce a high immunogenic response. The docking and structural simulation of the 

vaccine constructs with TLR4 receptor confirmed the binding stability and affinities to a great 

extent. MD simulations of the vaccine-TLR4 complex were performed to appraise the efficacy of 

the structural stability and integrity to find the only suitable candidate among all the primary and 

secondary selections. However, the in-vivo and in-vitro testing and clinical trial are required to 

justify the aim of the study. 

 
Keywords: ZIKA, immunoinformatic, multi-epitope, genome, vaccine, MD simulation. 
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1.1) Introduction of ZIKV 
 

A virus is somewhat of an infectious particle without fundamental biological activity. A virus can 

infect many people despite its small dimensions and lack of complexity compared to bacteria and 

cells. The capsids of these infectious particles are little more than a protein encasing their genetic 

instructions. Upon encountering a live host cell, they change their latent state remarkably. The tiny 

intruders take control of the cell's machinery and make it replicate themselves. Disruption of the 

host by this viral takeover frequently results in illness. While some viruses are simple, others hide 

behind lipids that they borrowed. But their goal is one and only: to proliferate and remain alive by 

preying on the very life they jeopardize. The point is that even the tiniest intruders may cause a 

major stir, and these little nightmares serve as a reminder that life can take many shapes and sizes 

(Louten, 2016). 

The genetic material of most viruses is a little fragment of single- or double-stranded DNA or 

RNA. A capsid is a protein encasement that encases nucleic acid. A virion is a completely 

infectious viral particle. An envelope encases the whole viral particle in certain viruses (Y. Wang 

et al., 2022). 

The Zika virus, which belongs to the Flaviviridae family and, more specifically, the Flavivirus 

genus, is referred to by the acronym ZIKV. After being taken from a monkey in 1947, it was 

discovered for the first time in 1948 that mosquitoes spread across Africa (Sharma & Lal, 2017). 

A. Ageptie CHIKV, WNV, DENV, YFV, HIV, Ebola, and other members of the same family are 

near relatives of ZIKV. There are two distinct strains of the Zika virus: one from Asia and one 

from Africa. Eighty percent of people infected with the Zika virus do not show any symptoms at 

all (Bullard-Feibelman et al., 2017). Concerns have been reignited because of recent rare outbreaks 

and growing occurrences in particular locations. This comes after the virus gained importance in 

the Americas and Pacific despite sporadic human infections over the course of fifty years. In 2015, 

an epidemic of Zika virus (ZIKV) caused severe microcephaly in infants in Brazil, drawing global 

attention to the disease. Rapid global dissemination allowed this pandemic to engulf the Americas 

and numerous Pacific and Southeast Asian islands. Reports of a 19% increase in Guillain Barre 

syndrome (GBS) and a 20-fold increase in parental microcephaly in 2015 compared to the previous 

year caused a situation of alarm (Wiwanitkit, 2016). The Zika virus was proclaimed a public health 

emergency by the World Health Organization (WHO) in February 2016 because of its link to 
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congenital deformities. There will be a sustained effort to combat the Zika virus, even if the 

"Emergency" designation was withdrawn in November 2016 (Ruivinho & Gama-Carvalho, 2023). 

So far, vaccines against YFV, TBEV, JEV, and DNEV have been produced and are effective. 

There is currently no ZIKA virus vaccine that has reached the clinical trial stage. There is currently 

no vaccination available to protect against the ZIKA virus. Sofosbuvir is the sole medicine the 

FDA has approved for inhibiting Zika virus infection in a non-human model. However, the 

challenge posed by ZIKV today is too great for this medicine to manage. Comparing the vaccine 

against the Zika virus with those of related species may be helpful in creating a vaccine against 

the Zika virus. 

Acetaminophen and ibuprofen are two types of medications that can help manage symptoms like 

fever and pain. Unfortunately, there is no specific cure for the Zika virus infection. It is important 

to focus on prevention to prevent the spread of the epidemic. The best way to do this is by taking 

measures to avoid getting bitten by mosquitoes. To protect ourselves from mosquitoes, it is 

important to use insect repellents that are registered with the EPA. We should also wear long 

sleeves and pants to cover our skin, and avoid areas where mosquitoes are likely to breed, such as 

places with standing water near houses (Dar et al., 2016). However, these approaches do have a 

few disadvantages. Eliminating all potential breeding places can be challenging, especially in 

densely populated areas. Additionally, repellents may be uncomfortable as they must be applied 

frequently. It is not a promising idea to wear certain types of clothing when it is really hot outside 

(Bullard-Feibelman et al., 2017). 

Taking preventative measures is extremely important because pregnant women face a significantly 

higher risk. You should consider doing more monitoring because there is a risk of microcephaly 

and other birth problems. The applicable procedures are still the same. However, it is important to 

note that while condoms can help lower the risk of sexual transmission, they are not perfect and 

have their limitations. It would be ideal if pregnant women could avoid going to places where there 

is currently an outbreak of Zika. This brings attention to a basic limitation: complete avoidance 

may not always be possible, especially for people who live close to sensitive areas. It is important 

to keep researching Zika because we do not have a vaccine or specific treatment for it (Dikhit et 

al., 2016). 
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1.2) Zika Virus Throughout History 
 

In 1947, the Zika virus was first found in monkeys in the Zika forest in Uganda. Since then, not 

much study has been done on this virus because it was thought to be safe. The first major spread 

happened almost sixty years after it was first found. 

● The first case was found on Yap Island in Micronesia in 2007; 70% of the people who lived 

there were affected (Nicolson et al., 1981) 

● In 2013, it spread to French Polynesia. 

● New Caledonia got Zika in 2014. 

● The Zika virus was identified in Brazil in May 2015, and it was linked to a sharp rise in 

microcephaly and GBS. 

● In January 2016, the Zika virus had spread to many countries in the Americas, such as the 

Republic of Cabo Verde, Colombia, Ecuador, El Salvador, French Guinea, Guadeloupe, 

Guatemala, Guyana, Haiti, Honduras, Martinique, Mexico, Panama, Paraguay, Saint 

Martin, Samoa, Suriname, and Venezuela. 

 
 

Figure 1.1: Transmission of ZIKV around the world and major events according to WHO and 

Lancaster University. 

The WHO and the CDC say that Zika could spread everywhere. They put countries in various parts 

of the world into different risk groups. Based on a study reviewed by the WHO, the CDC, and the 

European CDC as of March 2018, these are the countries: 
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Asia: Bangladesh, Burma (Myanmar), Cambodia, India, Indonesia, Laos, Malaysia, Maldives, 

Pakistan, Philippines, Singapore, Thailand, Timor-Leste (the Democratic Republic of Timor- 

Leste), Vietnam. 

The Pacific Islands: Fiji, Marshall Islands, Papua New Guinea, Samoa, Solomon Islands, Tonga. 

The Caribbean: Anguilla; Antigua and Barbuda; Aruba; Barbados; Bonaire; British Virgin 

Islands; Cuba; Curaçao; Dominica; Dominican Republic; Grenada; Haiti; Jamaica; Montserrat; the 

Commonwealth of Puerto Rico, a US territory; Saba; Saint Kitts and Nevis; Saint Lucia; Saint 

Martin; Saint Vincent and the Grenadines; Sint Eustatius; Sint Maarten; Trinidad and Tobago; 

Turks and Caicos Islands; US Virgin Islands. 

North America: Mexico. 

Central America: Belize, Costa Rica, El Salvador, Guatemala, Honduras, Nicaragua, Panama. 

South America: Argentina, Bolivia, Brazil, Colombia, Ecuador, French Guiana, Guyana, 

Paraguay, Peru, Suriname, Venezuela. 

Africa: Angola, Benin, Burkina-Faso, Burundi, Cameroon, Cape Verde, Central African 

Republic, Chad, Congo, Côte d’Ivoire, Democratic Republic of the Congo (Congo-Kinshasa), 

Equatorial Guinea, Gabon, Gambia, Ghana, Guinea, Guinea-Bissau, Kenya, Liberia, Mali, Niger, 

Nigeria, Rwanda, Senegal, Sierra Leone, South Sudan, Sudan, Tanzania, Togo, Uganda (Nicolson 

et al., 1981). 

Using distance matrix analysis on the viral E protein, NS1, NS2a, NS2b, and NS3, it was found 

that the Brazilian sample (BR_ZIKA_AB_ES) was at least 12.2% different from several strains 

from Africa. Once more, the highest rate of difference between the Brazilian isolate and some 

Asian strains was found to be 1.9%. This makes it noticeably clear that the Asian lineage has turned 

harmful and is causing major health issues all over the world. 

 
1.3) Zika Virus, It’s Classification and Replication Cycle Based on Genetic Evidence 

 

Based on the process in which their mRNA is produced, there are seven primary categories of 

viruses. The Baltimore Classification is the name of this order. Since the process known as 

"Transcription" or mRNA synthesis plays a significant role in the way that various viruses live, it 

is of utmost importance to determine how the virus managed to survive (Borucki et al., 2019). The 

Baltimore Classification includes all the following categories: 
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Figure 1.2: The Baltimore classification system is based on genome type and replication 

strategy. 

 

 
Despite the wide variety of viruses, their life cycles can be broadly defined using the following 

terms in sequential order: entry, latency, transcription, replication, and exit (Lazear & Diamond, 

2016). Since it is a positive strand RNA virus, Zika follows the regulations of the fourth class. The 

plus-sense RNA genome is thus identical to the messenger RNA genome. Thus, it can be translated 

into distinct proteins by means of the cellular machinery once it is uncoated in the cell, which 

results in the production of a single polyprotein. One such protein is the viral polymerase protein, 

which is an RNA-dependent RNA polymerase. It produces complementary minus-sense RNA by 

copying the plus-sense genomic RNA. The process by which viral translation transitions to 

transcription utilizing the same genomic RNA as a template remains a mystery. Synthesis of new 

plus-sense strands begins with new minus-sense strands (Nicolson et al., 1981). There are separate 

ways that viruses can act even when they are in the same stage of their life cycle. There are eight 

ways to get across the host barrier, eleven ways to copy their DNA, and more than four ways to 

get out of the cell. 

If the exact steps of the Zika virus life cycle are given, they can be summed up as: 

● Attachment 

● Apoptotic Mimicry 

● Viral endocytosis 

● Fusion with host endosomal membrane 
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● Viral factory 

● Ds RNA templated transcription and replication 

● Cytoplasmic Capsid Assembly 

● Viral budding by host ESCRT complexes 

● Viral budding by exocytosis 

 
 

ss (+) RNA virus replication usually occurs in membrane pockets in the host cell's cytoplasm. It 

has been found that Zika antigens are present in the nuclei of host cells, which suggests that Zika 

virus replication may be different from that of other flaviviruses. 

 
1.4) Viral Structure of Zika Virus 

 

Its diameter is approximately 60 nanometers, and its shape is spherical. Its positive-strand RNA 

molecule contains approximately 10,800 nucleotides (Ramacciotti et al., 2019). Three structural 

proteins (C protein, M protein, E protein) and seven non-structural proteins (NS1, NS2a, NS2b, 

NS3, NS4a, NS4b, NS5) are generated from the RNA polyprotein that is transcribed into a single 

polyprotein (Shragai et al., 2017). The length of the Zika virus polyprotein is approximately 3400 

amino acids. 

The image presented herein illustrates the structural configuration of the genetic material and 

structural proteins of the ZIKA virus. Additionally, the sequential arrangement of the genetic codes 

is illustrated. The Zika virus generates ten structural and non-structural proteins via transcription 

of this mRNA. 
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Figure 1.3: Structural and Functional components of ZIKV and their locations (Zhou et al., 

2017). 

 

 
The Zika virus is a 10794 base long positive sense single stranded RNA molecule. It has two non- 

coding regions on either side, which are called the 5' NCR and the 3' NCR. The Zika vc virus's 

open reading frame looks like this: A polyprotein is coded for by 5′-C-prM-E-NS1-NS2A-NS2B- 

NS3-NS4A-NS4B-N S5-3′. This polyprotein is then cut into capsid (C), precursor membrane 

(prM), envelope (E), and non-structural proteins (NS). The E protein makes up most of the surface 

of the virion and helps with replication by sticking to host cells and fusing membranes. NS1, NS3, 

and NS5 are big proteins that are remarkably like each other. NS2A, NS2B, NS4A, and NS4B are 

smaller proteins that do not like water. There are 428 nucleotides in the 3' NCR that may help with 

translation, RNA packaging, cyclization, genome stability and recognition. The 3' NCR makes a 

loop, and the 5' NCR lets a methylated nucleotide cap, or a genome-linked protein do the 

translation. It has two non-coding regions on either side, which are called the 5' NCR and the 3' 

NCR. This is what the Zika virus's open reading frame looks like. A polyprotein is coded for by 

5′-C-prM-E- NS1-NS2A-NS2B-NS3-NS4A-NS4B-N S5-3′. This polyprotein is then cut into 

capsid (C), 
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precursor membrane (prM), envelope (E), and non-structural proteins (NS). The E protein makes 

up most of the surface of the virion and helps with replication by sticking to host cells and fusing 

membranes. NS1, NS3, and NS5 are big proteins that are like each other. NS2A, NS2B, NS4A, 

and NS4B are smaller proteins that do not like water. 428 nucleotides can be found in the 3' NCR. 

They may help with translation, RNA packaging, cyclization, genome stability and recognition. 

The 3' NCR makes a loop, and the 5' NCR lets a methylated nucleotide cap, or a genome-linked 

protein do the translation. 

Structural and non-structural proteins play an important part in controlling the Zika virus's life 

cycle and how it spreads. Here is a list of what they are and what they do: 

 
Table 1.1: Functions and Locations of Zika Virus Proteins (Rawal et al., 2016) 

 

Protein Location Function 

Structural Protein 

Capsid Structural Core protein Nucleocapsid formation by binding to viral RNA 

Precursor Membrane Structural Surface Protein E protein stabilization, Host Cell fusion 

Envelope Structural Surface Protein Host Receptor binding, Host cell fusion, Viral 

entry 

Non-structural Proteins 

Mediate viral transcription and mitigate host antiviral responses 

NS1  Virus replication 

NS2a  Virus Transcription,Virus assembly 

NS2b  NS3 cofactor for appropriate serine protease 

function 

NS3 Encoded by viral RNA 

but transcribed via host 

cellular machinery. 

Serine protease activity, Helicase activity, 

Triphosphatase activity 

NS4a  Viral replication 

NS4b  Viral replication 

NS5  Viral RNA dependent,Polymerase activity,RNA 

capping,Methyl Transferase Activity 
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1.5) Vectors and Host Range of Zika Virus: 
 

The most common way for ZIKV to spread is through mosquito bites. The most important 

mosquito that spreads ZIKV is Aedes (Stegomyia), but the virus can also be spread by Anopheles, 

Culex, Mansonia, and Hermaphrodites. ZIKV was first found in Aedes africanus, which is an 

important part of the ZIKV sylvatic transmission cycle. The Aedes Aegypti and Aedes Albopictus 

mosquitoes are more important in the urban spread cycle because they live in more places. Figure 

1.4 shows the pattern of how the ZIKV virus is spread from infected to healthy people by mosquito 

bites. The reservoir host-mosquito-reservoir host transfer cycle takes between 2 and 5 days for the 

reservoir host and between 5 and 7 days for the mosquito transmission without a vector, which can 

happen through sexual contact, blood transfer, or the placenta. Other ways that viruses can be 

passed are through breast milk, saliva, or urine but there is no solid proof that ZIKV can be 

transmitted this way. More in-depth research is needed to determine how likely it is that ZIKV can 

be transmitted uniquely. At this point, these routes that are not spread by vectors are not getting as 

much study attention as those that are spread by mosquitoes. The methods used to get rid of Ae. 

aegypti are still not working because there are a lot of mosquitoes around. It looks like these plans 

were made as a public health reaction to a ZIKV epidemic. To use these methods, the vector's life 

cycle must be stopped in its native environment, susceptible people must be exposed to the vector 

less, the vector's source must be limited to urban populations, the vector must be eliminated, and 

infected mosquitoes must not bite people. Because of these things, this mosquito is an ideal vector 

for spreading dangerous viruses like Zika, Dengue, West Nile, and Yellow Fever. 
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Figure 1.4: Modes of ZIKV transmission between infected and uninfected persons through 

mosquito bite and mode of TBVs in preventing and controlling ZIKV infection. 

 
1.6) Mode of Transmission: 

 

Figure 1.5: How ZIKV enters the human population (Garcez et al., 2017). 

 

 
Aedes Aegypti and Aedes Albopictus mosquitoes infected with the Zika virus are the main ways 

the disease gets spread. In warm and subtropical areas, these mosquitoes do very well. When a 

mosquito bites a person who has Zika, it gets the virus. The most biting times of the day for Aedes 

mosquitoes are early in the morning and late afternoon or evening. The Zika virus can also be 

passed from a pregnant woman to her unborn child through sexual interaction, blood transfusions, 

and organ transplants. 
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Figure 1.6: Mode of transmission of Zika virus infection (Sager et al., 2018). 

 
1.7) Symptoms and Complications by Zika Virus: 

 

The first signs of Zika can show up 3 to 12 days after an infected mosquito bites a person, but it 

can be shorter or longer for some. Most people who have the Zika virus do not have any signs. If 

someone gets the Zika virus, they usually only get sick for two to seven days and feel fine. Some 

of the following signs and symptoms may point to an infection with the Zika virus: 

 
● Rash 

● Itching or pruritus 

● Fever 

● Headache 

● Arthralgia or arthritis 

● Myalgia 

● Conjunctivitis 

● Lower back pain 

● Retro-orbital pain 

 

Zika symptoms are like those of dengue (which is caused by a related flavivirus) or chikungunya 

(which is caused by an alphavirus). These viruses often spread together in places where Zika virus 

is present. To make the right determination, lab tests are needed. 
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Figure 1. 7: Symptoms of Zika Virus. 

 
1.8) Complications of Infection: 

 

Guillain-Barré syndrome (GBS) is an extremely rare but potentially fatal consequence of Zika 

infection. It occurs when the immune system mistakenly targets its own nerve cells. Rare as it is, 

the disorder can weaken the muscles that govern respiration and, in the worst instances, the 

muscles that control the arms and legs. Gonorrhea symptoms often last for weeks or months. Some 

patients may experience long-term nerve damage, but the majority will make a full recovery. In 

rare cases, GBS can be fatal. At this time, there is no vaccine that can protect against the ZIKA 

virus. This is the only medicine that the FDA has allowed to stop the Zika virus from infecting 

animals other than humans. ZIKV, on the other hand, is too much for this medicine to oversee 

right now. To make a vaccine against the Zika virus, it might help to look at how it differs from 

viruses that are linked to it. 

Acetaminophen and ibuprofen are two types of painkillers that can help you deal with signs like 

fever and pain. Unfortunately, there is no known way to get rid of the Zika virus. To stop the 

disease from spreading, it is important to focus on stopping it. Taking steps to avoid getting bitten 

by bugs is the best way to do this. If we want to stay safe from mosquitoes, we should only use 

bug sprays that have been approved by the EPA. Also, we should cover our skin with long sleeves
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and pants and stay away from places where mosquitoes like to breed, like still water near homes 

(Dar et al., 2016). Nevertheless, there are some problems with these methods as well. It can be 

hard to get rid of all places for breeding, especially in areas with many people. Also, repellents 

may be uncomfortable to use because they need to be put on so often. Some kinds of clothes should 

not be worn when it is hot outside. 

Because pregnant women are at a much higher risk, it is particularly important to take precautions. 

There is a chance of microcephaly and other birth problems, so you might want to do more 

tracking. The steps that need to be taken are still the same. However, it is important to remember 

that condoms are not perfect and have their limits, even though they can help lower the risk of 

SST. For the sake of their health, pregnant women should stay away from places where Zika is 

spreading. Another crucial point that is brought up is that people may not always be able to avoid 

everything, especially if they live near sensitive places. Zika needs more study because there is not 

a vaccine or a specific way to treat it (Dikhit et al., 2016). 

In the past few years, bioinformatics works on the ZIKA virus have become immensely popular. 

Some of those studies gave us ideas for this one. The study found B Cell epitopes for the Zika 

virus vaccine. A small number of B cell studies on the Zika virus were found. However, many 

studies have tried to guess what T cell epitopes are in ZIKV polyprotein. They found 23 epitopes 

of MHC I molecules and 48 epitopes of MHC II molecules in one study (Byler et al., 2016). The 

forecast and analysis of possible antigenic CTL epitopes in the Zika virus were done in a different 

study. The immune-informatics method was used to look for possible major histocompatibility 

complex classes. I restricted epitopes that might be able to make a human cell-mediated immune 

reaction. After searching for a long time, 63 epitopes were found that bind strongly to all 42 types 

of human leukocyte antigens (A. K. Gupta et al., 2016). Molecular docking was used in another 

study to find plants that fight ZIKA. The virus protease, methyltransferase, and RNA-dependent 

RNA pole were modeled and matched with a collection of phytochemicals that we had on hand. 

Finally, 43 chemicals worked on the targets like drugs (Z. Wang & Ma’ayan, 2016). 
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1.9) Aims and Objectives: 
 

● To learn more about the Zika virus and its effects right now. 

● The goals are to find out what the Zika virus can do and to compare it to other viruses that 

are similar. 

● To find the conserved regions of all related viruses that stay the same and describe what 

they do. 

● To construct a full vaccine with suitable epitopes that can fight the Zika virus. 
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Chapter – 2 

Materials and Methods 
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Figure 2.1: Overview of the Methodology 
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2.1) Retrieval of Genome sequence and analysis 
 

We took the complete genome of Zika virus sequences from the BV-BRC server (https://www.bv- 

brc.org/) (Olson et al., 2023) including Asian and African variants. The variants were checked 

against the Genome Detective Virus tool 

(https://www.genomedetective.com/app/typingtool/virus/) (Vilsker et al., 2019) to confirm the 

origin of the virus. A phylogenetic tree was generated by the Iqtree2 tool and visualized with the 

iTOL (https://itol.embl.de/tree/103133140163172171706901924) (Letunic & Bork, 2021) server. 

The genome sequences were annotated using VAPiD to polyprotein and later from the polyprotein, 

capsid, membrane, and envelope protein were extracted using Samtools. Multiple Sequence 

alignments were done using Clustal Omega ( https://www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira 

et al., 2022) to find the common and conserved region of the sequence. 

 
2.2) Physicochemical properties of protein sequences 

 

The stability index was then checked using the Protparam tool (https://web.expasy.org/protparam/) 

(Duvaud et al., 2021). signifying the score for capsid protein as stable along with the aliphatic 

index and Grand Average of hydropathicity (GRAVY). The Glycoprotein or membrane protein is 

also classified as a stable protein with standard antigenic value. Envelope protein instability index 

computed and classified as table protein with moderate antigenic value. The weight of the Half- 

life of the respective protein was checked. 

Antigenicity and allergenicity are some of the most important factors to check hence the 

constructed vaccines were checked by VaxiJen 2.0 (https://www.ddg- 

pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) (Doytchinova & Flower, 2007) since the Antigenic 

properties of vaccines assure an immune response and Allerprot (https://allercatpro.bii.a- 

star.edu.sg/) (Nguyen et al., 2022) were used to check the antigenicity. 

Solubility analysis was also checked via the Protein-Sol online server https://protein- 

sol.manchester.ac.uk (Hebditch et al., 2017); it checks the solubility from the sequence scaled 

solubility value (QuerySol) as the predicted solubility. The average for the experimental dataset 

(PopAvrSol) is 0.45, and therefore any scaled solubility value greater than 0.45 is predicted to 

have a higher solubility, and any protein with a lower scaled solubility value is predicted to be less 

soluble, so we only took the value more than 0.45 for the selected vaccines and analyzed further 

because of their stability. To Check the protein stability, hydrophilic or hydrophobicity of the 

https://www.bv-brc.org/
https://www.bv-brc.org/
https://www.genomedetective.com/app/typingtool/virus/
https://itol.embl.de/tree/103133140163172171706901924
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://web.expasy.org/protparam/
https://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://allercatpro.bii.a-star.edu.sg/
https://allercatpro.bii.a-star.edu.sg/
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constructed vaccines, Protparam was again used for the accurate predictions. The physical and 

chemical parameters of the given sequence of the protein are calculated. The tool can measure the 

molecular weight, theoretical Pi, amino acid compositions, estimated half-life, instability index, 

aliphatic index, and GRAVY, which stands for the Grand Average of Hydropathicity. All these 

indicate a better candidate for vaccines. 

 
2.3) Prediction of CTL, HTL, and B cell epitope. 

 

The cytotoxic T cells potentially kill the virus and eliminate germs, regenerate immune response 

and decrease the proportion of the pathogens. Hence, a prominent vaccine must contain the CTL 

to perform a better immune response against the vaccine. (The Immune Epitope Database) IEDB 

(https://www.iedb.org/) (Vita et al., 2019) server was used to predict the CTL epitopes as MHC-I 

selecting the HLA total set. Tools of IEDB are delineated to host the epitope prediction and analyze 

it in the context of human and other animal species with reference to infectious disease. Helper T 

cells are crucial for adaptive immunity and are key in generating antibodies and antigen-presenting 

cells. Both prominently required vaccines were also predicted using the IEDB online server. The 

best functional epitopes were selected using the threshold value of 0.8. A few criteria were chosen 

to identify the best epitopes. ToxinPred ( 

https://webs.iiitd.edu.in/raghava/toxinpred/multi_submit.php) (S. Gupta et al., 2013) was used to 

determine the toxicity. The epitopes must not show allergenicity. As a result, AllerProt was used 

to predict the epitopes' allergenicity. Again, VaxiJen is used to calculate the antigenicity for 

antigen classification, which depends on physicochemical characteristics. Additionally, The B cell 

plays a key role in adaptive immune response, which is in charge of humoral immunity. Bepipred 

2.0 (http://tools.iedb.org/bcell/), (Chou & Fasman, 2006) The sequential B cell epitope Prediction 

tool predicted the specific B cell epitope from a protein sequence. Later, the selected epitopes were 

used to generate a three-dimensional structure using PyMOL. (The PyMOL Molecular Graphics 

System, 2010) tool. 

 
2.4) Population coverage analysis of the epitopes 

 

The IEDB server was employed to calculate the population coverage and determine the individual 

and multi-epitope impact on the population. The server allows the analysis and prediction of the 

overall coverage of the infected patient population earmarked by the selected uni-peptide or multi- 

https://www.iedb.org/
https://webs.iiitd.edu.in/raghava/toxinpred/multi_submit.php
http://tools.iedb.org/bcell/
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peptide-based vaccines by determining peptides with multiple and different HLA binding 

specificities. The targeted MHC-I and MHC-II were selected, and the allelic frequency was used 

to predict correlated epitopes. Class I and Class II have been done both individually and combined. 

MCH population studies employing the population coverage tool by IEDB 

(http://tools.iedb.org/population/) (Bui et al., 2006) showed descriptive statistics on population 

coverage. The world population of the class covers average hits, and Pc90 is the analysis done all 

over the world, selecting both African, Asian, and African separately. The highest coverage was 

seen on many continents at the same time. 

 
2.5) Multiepitope Vaccine Construction 

 

The objective of the study was to construct the best candidate for a vaccine against the Zika virus 

and assess them based on their efficiency. The adjuvants for an increased immune response have 

been used in the vaccine constructs. Selected adjuvants and linkers are. 

 
Table 2.1: Selected adjuvants and linkers. 

 

NAME SEQUENCE 

Beta Defensin-3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK 

 
50s ribosomal protein 

MSITKDQIIEAVAAMSVMDVVELISAMEEKFGVSAAAAVAVAAG 

PVEAAEEKTEFDVILKAAGANKVAVIKAVRGATGLGLKEAKDLV 

ESAPAALKEGVSKDDAEALKKALEEAGAEVEVK 

Linker EAAK 

PADRE AKFVAAWTLKAAA 

MHC- I AAY and GGGGS 

MHC- II GPGPG 

B CELL KK 

Histidine HHHHHH 

http://tools.iedb.org/population/


37  

2.6) Structure prediction, and validation 
 

The secondary structure was predicted using NetSurfP -3.0 

(https://services.healthtech.dtu.dk/services/NetSurfP-3.0/) (Høie et al., 2022) server to understand 

the protein surface accessibilities, secondary structure, and dihedral angles. Moreover, tertiary 

structure prediction widens the ability to understand and analyze the protein structural data 

analysis. Therefore, the three-dimensional vaccines were predicted from the online server Rosetta 

Fold (https://robetta.bakerlab.org/myqueue.php). Then, PyMOL was used to generate a three- 

dimensional image. It analyzes the protein sequence and investigates how the protein’s amino 

acids work and interact based on the three-track network; it accurately images the submitted 

protein’s three-dimensional structure. Statistics and principles from ab initio progress evaluate the 

helix, coil, side chain, and other structural properties. 

The validation process helps to enhance the 3d model quality of the selected protein sequence. 

Then, after that, validation was checked via saves v6.0 (https://saves.mbi.ucla.edu/) (Baek et al., 

2021). The ERRAT, verify 3D, PROcheck, and whatcheck algorithms were used for each vaccine 

construct. 

 
2.7) Molecular docking 

 

The molecular docking was performed by using the Cluspro server (https://cluspro.org) (Desta et 

al., 2020) that uses high-throughput proteomics to calculate the interaction between two proteins 

or ligands. It uses the three computational steps, which include sampling many confirmations that 

are close to billions, generating the best models of the complex by root-mean-square (RMSD) 

based clustering structure that consists of the lowest energy, and refining the structure with energy 

minimization. We submitted the Protein Bank Data (PDB) of the vaccine as a ligand and receptor 

TLR4 PDB file. 

Binding affinities for the constructed vaccines against the receptor TLR4 were done by a prodigy 

server (https://wenmr.science.uu.nl/prodigy/) (Honorato et al., 2021) which calculated the Gibbs 

free energy for each selected vaccine. The server allows us to predict the binding affinities for the 

submitted vaccine complex and determine the molecular interfaces from crystallographic ones. 

Gibbs free energy plays a significant role in understanding the thermodynamics of protein 

structure. 

https://services.healthtech.dtu.dk/services/NetSurfP-3.0/
https://robetta.bakerlab.org/myqueue.php
https://saves.mbi.ucla.edu/
https://cluspro.org/
https://wenmr.science.uu.nl/prodigy/
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The residue Interaction Network Generator (RING) (https://ring.biocomputingup.it) (Clementel et 

al., 2022) can indicate the protein’s atomic non-covalent interactions by processing the multi-state 

structure, including molecular dynamic and structural ensembles. It calculates linearly with the 

input size and generates the statistically probabilistic network and conformation-dependent contact 

maps for each interaction. It enables the defining the hydrogen atom donors and acceptors, the 

addition or deletion of hydrogen atoms with accurate labeling and arrangements, the identification 

of generalized aromatic rings, novel interactions that cover Pi-hydrogen bonds, Vaccine 

constructions with more than three hydrogen bonds in terms of intermolecular interactions 

demonstrate a stable protein. 

 
2.8) Immune simulation 

 

The vaccine candidates were set to perform the immune stimulation by C-immsim 

(https://kraken.iac.rm.cnr.it/C-IMMSIM/) (Rapin et al., 2010). It administered immunoglobulin 

and immune complexes. By submitting the sequence, the increase of the b-cell population, T-cell 

population, and coverage throughout the vaccination, count of active dendritic cell and 

macrophage population after a single shot of vaccination, it also includes the changes of 

concentration of several other types of cytokines throughout the three injections. 

 
2.9) Structural simulation 

 

For the structural simulation of the targeted vaccine, we used the online server CABS-FLEX 2.0 

(https://biocomp.chem.uw.edu.pl/CABSflex2/submit) (Kuriata et al., 2018). It stabilized the 

constructed structure to be constant and overlooked the functionalities of the vaccine construct. 

The expression level of any protein, depending on its location, structure, and interactions, provides 

important insights into the function and efficiency of the vaccine. The simulation is done 

automatically by analyzing and processing the trajectory and regenerating all the atom 

representations to make the structure as accurate as possible with a spatial resolution that includes 

a C-alpha chain format. Also, the K-medoids approach was used for trajectory clustering, which 

enables the understanding of multi-step reconstruction with higher optimization. Selected four 

vaccines were submitted to generate the individual and clustered models, contact maps, fluctuation 

plots, and other project information. 

https://ring.biocomputingup.it/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://biocomp.chem.uw.edu.pl/CABSflex2/submit
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2.10) Molecular Dynamic simulation 
 

To run the molecular dynamics simulation GROMAC (H. Bekker et al., 1993). Open-source 

software was used to calculate and analyze various parameters of the vaccines. RMSF (root mean 

square fluctuation), RMSD (root mean square deviation), RG (radius of gyration), SASA (solvent 

accessible surface area), and Hydrogen bond were generated for the simulation by GROMAC. A 

force field was added, and solvation was done by adding SPCE216 as a water molecule. The 

charm27 captured the vaccine in a dodecahedron box that was added to centralize the vaccine 

protein. Na+ and Cl- ions were added to the neutralization of charges of the protein, and energy 

minimization was conducted with the input algorithm. The thermodynamic analysis was inclined 

and adjusted to the temperature, pressure, and volume. The system used NVT and NPT in a default 

steepest descent algorithm with 500000 steps. All the non-bounds, surface, and hydrogen bond 

interactions were conducted under the algorithm, and finally, 50000 picosecond simulation was 

done with the TLR4-vaccine complex. 
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3.1) Genome Sequence Retrieval 
 

Zika Virus genome sequence was retrieved from the BV BRC server by selecting genome type as 

complete genome sequence. The collection year was selected as the most recent to discover 

neoteric variants. No backdated viruses were chosen due to the possibility of getting lost due to 

the fast evolution capabilities of RNA viruses. Fifteen viruses of recent time were checked and 

selected. Using the genome detective virus tool, all selected Zika variants were checked again; 15 

of them were originally from Asia, and 3 of them were from Africa. It can be understood that later 

variants spread firmly around the world. Later, the genomes sequences were annotated and 

converted to protein sequences for later analysis. Lastly, the capsid, envelope, and membrane 

proteins were extracted to generate epitopes against them. 

 
3.1.1) Phylogenetic tree 

 

 
 

 
Figure 3.1: Phylogenetic tree of the Zika variants 

Phylogeny is the study of how distinct groups of creatures, like species or populations of a species, 

have changed over time. A phylogenetic tree is a graphical representation of phylogeny that shows 

how intricately linked organisms are to each other and how far apart they are in terms of evolution. 

There are six main parts of a phylogenetic tree: the root, the branch, the nodes, the leaves, and the 

clades. 

In an evolutionary tree, branch length is an important measure that shows how many changes have 

happened in the branch. 
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You can use either distance-based or character-based ways to build a phylogenetic tree. The 

distance-based methods, on the other hand, are more common and work better. 

The Zika virus transmitted to humans though mosquitoes and the most recent variants we choose 

are from Asia which caused the most suburban-urban transmission. In the multifurcating tree, 3 

recent Zika viruses MN025403, OLA414716, MK105975 colored in green. from Africa and the 

other 12 Asian variants colored in red, descendants arrived from each of the interior nodes, all 

connected to one root. 

 
3.1.2) Analysis of the retrieved Complete Genome sequences of Zika Virus 

After retrieving the genome sequences from BV-BRC the, it is again checked by Genome 

Detective Virus Tool Version 2.72 for origin of the variants of the Zika virus. After annotating the 

sequence to the protein sequence, the instability, GRAVY, and aliphatic index were checked for 

further analysis. The table below shows the accession number of the retrieved genome sequence, 

type, and the origin of them. 

 
Table 3.1: Accession number of the retrieved genome sequence, type, and the origin. 

 

Accession no Organism Sequence type Origin 

KY765324 Zika virus strain Complete genome. Asian 

KY765327 Zika virus strain polyprotein gene, complete cds. Asian 

MK238037 Zika virus strain polyprotein gene, complete cds. Asian 

MK238038 Zika virus strain polyprotein gene, complete cds. Asian 

KY967711 Zika virus strain polyprotein gene, complete cds. Asian 

OQ661919 Zika virus strain complete genome. Asian 

KY241724 Zika virus strain polyprotein gene, complete cds. Asian 

KY241768 Zika virus strain polyprotein gene, complete cds. Asian 

MF664436 Zika virus strain polyprotein gene, complete cds. Asian 

KY003153 Zika virus strain polyprotein gene, complete cds. Asian 

KX447513 Zika virus strain polyprotein gene, complete cds. Asian 
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KX806557 Zika virus strain complete genome. Asian 

MK105975 Zika virus strain complete genome. African 

MK241416 Zika virus strain complete genome. African 

MN025403 Zika virus strain complete genome. African 

 

3.1.3) Extraction of protein sequences 

The table contains the start and end positions of the three specific proteins which are envelope, 

capsid and membranes that are used to predict the epitopes for the multipartite vaccine designing. 

 

 
Table 3.2: The start and end positions of the capsid, membrane, and envelope proteins. 

 
 

Protein Accession 
 

Organism 
Capsid Envelop Membrane 

Start End Start End Start End 

MK105975.1 Zika 99 464 969 2468 465 967 

MN025403.1 Zika 93 458 963 2474 459 962 

MT505349.1 Zika 107 177 1691 3202 Not Found 

MT505350.1 Zika 107 172 1691 3202 Not Found 

OK054351.1 Zika 94 459 964 2463 462 962 

OL414716.1 Zika 104 469 974 2485 470 973 

OM522327.1 Zika 107 472 977 2488 473 976 

OM666891.1 Zika 99 464 969 1423 465 968 

OM666892.1 Zika 95 460 965 1419 461 964 

OM666893.1 Zika 98 463 968 1422 464 967 

OM964565.1 Zika 31 396 901 2412 397 900 

OM964566.1 Zika 31 396 901 2412 397 900 

OM964567.1 Zika 31 396 901 2412 397 900 

OM964568.1 Zika 31 396 901 2412 397 900 

ON209935.1 Zika 108 473 978 2489 474 977 



44  

Later, each sequence was evaluated via Expasy-ProtParam tool to computationally calculate the 

diverse types of physical and chemical properties like the Grand Average of Hydropathy value 

(GRAVY) of the protein. Besides, the instability index was checked to acknowledge the 

measurements and determination of given protein. Also, an aliphatic index was calculated to 

predict stability. 

 

 
Table 3.3: Physical and chemical properties of the annotated Protein sequences of capsid, 

envelope, and membrane. 

 

 
Accession 

no 

Capsid Envelope Membrane 

 

GRAVY 
Aliphatic 

index 

 

Stability 
 

GRAVY 
Aliphatic 

Index 

 

Stability 
 

GRAVY 
Aliphatic 

index 

 

Stability 

MK105975.1 0.103 114.43 stable -0.066 80.90 stable -0.186 82.13 stable 

MN025403.1 0.103 114.43 stable -0.060 80.83 stable -0.163 82.44 stable 

MT505349.1 0.452 106.97 stable -0.107 84.31 stable -0.637 60.95 stable 

MT505350.1 0.452 106.97 stable -0.107 84.31 stable -0.637 60.95 stable 

OK054351.1 0.134 110.41 stable -0.077 82.10 stable -0.228 78.86 stable 

OL414716.1 0.074 115.50 stable -0.060 80.83 stable -0.163 82.44 stable 

OM522327.1 0.134 110.41 stable -0.071 82.02 stable -0.202 80.12 stable 

OM666891.1 0.134 110.41 stable -0.100 81.79 stable -0.202 80.12 stable 

OM666892.1 0.134 110.41 stable -0.077 82.10 stable -0.202 80.12 stable 

OM666893.1 0.134 110.41 stable -0.077 82.10 stable -0.202 80.12 stable 

OM964565.1 0.134 110.41 stable -0.071 82.02 stable -0.202 80.12 stable 

OM964566.1 0.134 110.41 stable -0.072 81.97 stable -0.202 80.12 stable 

OM964567.1 0.134 110.41 stable -0.071 82.02 stable -0.202 80.12 stable 

OM964568.1 0.134 110.41 stable -0.071 82.02 stable -0.202 80.12 stable 

ON209935.1 0.134 110.41 stable -0.071 82.02 stable -0.202 80.12 stable 
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After finding these 15 sequences, desired regions like membrane, capsid, or envelope proteins 

were extracted. The conserved regions were checked using the multiple sequence alignment tool 

Clustal Omega. Then, the epitopes from these regions were predicted. 

 
3.2) Epitope prediction 

 

3.2.1) Cytotoxic T-Lymphocyte and Helper T-Lymphocyte Epitopes Prediction 

 
3.2.1) (a) MHC-I and MHC-II for Envelope proteins 

Epitopes are a diverse group of amino acids that are exposed on the exterior part of a molecule and 

cause to generate antigen reactions, and later bind to an antibody. Using the IEDB server, a capping 

threshold of 0.8 for better affinity to the MHC-I or CTL epitopes and MHC-II or HTL was 

predicted for the envelope. 38 MHC-I epitopes for envelope protein were selected primarily. 22 

MHC-II epitopes were selected. Then, it was sorted according to different parameters in the table. 

Later, the peptide sequence went for antigenic, toxicity, and allergenicity tests, respectively. 

 
Table 3.4: MHC-I of the envelope protein. 

 
 

No 
 

Allele 
 

Length 
Peptide 

Sequence 

 

Score 
Antigenicity 

and score 

 

Toxicity 
 

Allergenicity 

 

1 
HLA- 

B*57:01 

 

9 
 

KSLFGGMSW 
 

0.993924 
ANTIGEN 

0.7431 

Non- 

Toxin 

 

Nonallergic 

 

2 
HLA- 

B*58:01 

 

9 
 

KSLFGGMSW 
 

0.992316 
ANTIGEN 

0.7431 

Non- 

Toxin 

 

Nonallergic 

 

3 
HLA- 

A*68:02 

 

9 
 

ETLHGTVTV 
 

0.979822 
ANTIGEN 

0.5422 

Non- 

Toxin 

 

Nonallergic 

 

4 
HLA- 

B*15:01 

 

9 
 

SQHSGMIGY 
 

0.976799 
ANTIGEN 

1.2234 

Non- 

Toxin 

 

Nonallergic 

 

5 
HLA- 

A*01:01 

 

10 
 

YLDKQSDTQY 
 

0.975213 
NON-ANTIGEN 

0.3207 

Non- 

Toxin 

 

Nonallergic 

 

6 
HLA- 

B*40:01 

 

9 
 

QEGAVHTAL 
 

0.963484 
NON-ANTIGEN 

0.0330 

Non- 

Toxin 

 

Nonallergic 
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7 
HLA- 

B*44:03 

 

10 
 

AEMDGAKGKL 
 

0.937879 
NON-ANTIGEN 

0.1803 

Non- 

Toxin 

 

Nonallergic 

 

8 
HLA- 

A*01:01 

 

9 
 

GLDFSDLYY 
 

0.937595 
ANTIGEN 

1.7878 

Non- 

Toxin 

 

Nonallergic 

 

9 
HLA- 

B*44:02 

 

10 
 

AEMDGAKGKL 
 

0.930873 
NON-ANTIGEN 

0.1803 

Non- 

Toxin 

 

Nonallergic 

 

10 
HLA- 

A*01:01 

 

10 
 

ELDPPFGDSY 
 

0.929162 
ANTIGEN 

0.8833 

Non- 

Toxin 

 

Nonallergic 

 

11 
HLA- 

B*15:01 

 

10 
 

YLDKQSDTQY 
 

0.926636 
NON-ANTIGEN 

0.3207 

Non- 

Toxin 

 

Nonallergic 

 

12 
HLA- 

A*02:03 

 

9 
 

GLFGKGSLV 
 

0.919098 
ANTIGEN 

0.8202 

Non- 

Toxin 

 

Nonallergic 

 

13 
HLA- 

A*01:01 

 

10 
 

TGLDFSDLYY 
 

0.91336 
ANTIGEN 

1.8632 

Non- 

Toxin 

 

Nonallergic 

 

14 
HLA- 

A*68:02 

 

9 
 

TTVSNMAEV 
 

0.913108 
 

ANTIGEN0.6972 
Non- 

Toxin 

 

Nonallergic 

 

15 
HLA- 

B*40:01 

 

10 
 

AEMDGAKGKL 
 

0.912437 
NON-ANTIGEN 

0.1803 

Non- 

Toxin 

 

Nonallergic 

 

16 
HLA- 

A*03:01 

 

10 
 

RLKMDKLRLK 
 

0.905263 
NON-ANTIGEN 

-0.4819 

Non- 

Toxin 

 

Nonallergic 

 

17 
HLA- 

B*58:01 

 

9 
 

GADTGTPHW 
 

0.899948 
NON-ANTIGEN 

0.3712 

Non- 

Toxin 

 

Nonallergic 

 

18 
HLA- 

B*40:01 

 

9 
 

KEWFHDIPL 
 

0.891315 
NON-ANTIGEN 

0.0523 

Non- 

Toxin 

 

Nonallergic 

 

19 
HLA- 

B*57:01 

 

10 
 

FKSLFGGMSW 
 

0.884249 
ANTIGEN 

0.5143 

Non- 

Toxin 

 

Nonallergic 

 

20 
HLA- 

B*58:01 

 

10 
 

KSIQPENLEY 
 

0.882521 
ANTIGEN 

1.6902 

Non- 

Toxin 

 

Nonallergic 

 

21 
HLA- 

B*57:01 

 

10 
 

KSIQPENLEY 
 

0.881357 
ANTIGEN 

1.6902 

Non- 

Toxin 

 

Nonallergic 

 

22 
HLA- 

A*02:03 

 

9 
 

SLGKGIHQI 
 

0.878415 
ANTIGEN 

0.4021 

Non- 

Toxin 

 

Nonallergic 
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23 
HLA- 

A*68:01 

 

9 
 

TVSNMAEVR 
 

0.877489 
ANTIGEN 

0.7175 

Non- 

Toxin 

 

Nonallergic 

 

24 
HLA- 

A*68:01 

 

10 
 

TTVSNMAEVR 
 

0.862622 
ANTIGEN 

0.7688 

Non- 

Toxin 

 

Nonallergic 

 

25 
HLA- 

B*07:02 

 

9 
 

TPNSPRAEA 
 

0.856156 
NON-ANTIGEN 

-0.1529 

Non- 

Toxin 

 

Nonallergic 

 

26 
HLA- 

A*02:01 

 

9 
 

SLGKGIHQI 
 

0.855117 
ANTIGEN 

0.4021 

Non- 

Toxin 

 

Nonallergic 

 

27 
HLA- 

B*08:01 

 

9 
 

DAHAKRQTV 
 

0.853751 
ANTIGEN 

0.4481 

Non- 

Toxin 

 

Nonallergic 

 

28 
HLA- 

B*57:01 

 

10 
 

VGDKKITHHW 
 

0.851551 
ANTIGEN 

0.7202 

Non- 

Toxin 

 

Nonallergic 

 

29 
HLA- 

A*30:02 

 

9 
 

SQHSGMIGY 
 

0.849265 
ANTIGEN 

1.2234 

Non- 

Toxin 

 

Nonallergic 

 

30 
HLA- 

A*32:01 

 

9 
 

KSLFGGMSW 
 

0.829265 
ANTIGEN 

0.7431 

Non- 

Toxin 

 

Nonallergic 

 

31 
HLA- 

A*68:02 

 

9 
 

DTAWDFGSV 
 

0.81275 
ANTIGEN 

1.9031 

Non- 

Toxin 

 

Nonallergic 

 

32 
HLA- 

B*58:01 

 

10 
 

AGADTGTPHW 
 

0.810739 
NON-ANTIGEN 

0.3400 

Non- 

Toxin 

 

Nonallergic 

 

33 
HLA- 

A*68:02 

 

9 
 

TAAFTFTKV 
 

0.80816 
ANTIGEN 

0.8764 

Non- 

Toxin 

 

Nonallergic 

 

34 
HLA- 

A*03:01 

 

10 
 

KLFSGHLKCR 
 

0.807871 
ANTIGEN 

0.7229 

Non- 

Toxin 

 

Non-allergic 

 

35 
HLA- 

B*15:01 

 

10 
 

GSQHSGMIGY 
 

0.807045 
ANTIGEN 

0.8890 

Non- 

Toxin 

 

Nonallergic 

 

36 
HLA- 

B*57:01 

 

10 
 

KSLFGGMSWF 
 

0.805493 
NON-ANTIGEN 

0.3525 

Non- 

Toxin 

 

Nonallergic 

 

37 
HLA- 

A*01:01 

 

9 
 

SIQPENLEY 
 

0.803348 
ANTIGEN 

2.1083 

Non- 

Toxin 

 

Nonallergic 

 

38 
HLA- 

B*58:01 

 

10 
 

FKSLFGGMSW 
 

0.801729 
ANTIGEN 

0.5143 

Non- 

Toxin 

 

Non-allergic 
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MHC-II envelope proteins were predicted and represented with length, sequence, score, and 

physiological properties. 

Table 3. 5: MHC-II for envelope protein. 

 

No Allele Length Peptide Sequence Score Antigenicity Toxicity Allergenicity 

 
1 

 

HLA- 

DRB1*07:01 

 
15 

 
AFTFTKVPAETLHGT 

 
0.9028 

NON- 

ANTIGEN 

0.2817 

 

Non- 

Toxin 

 
Non-allergic 

 

2 
HLA- 

DRB1*01:01 

 

15 
 

NLEYRIMLSVHGSQH 
 

0.9534 
ANTIGEN 

0.5466 

Non- 

Toxin 

 

Non-allergic 

 
3 

 

HLA- 

DRB1*04:05 

 
15 

 
TAAFTFTKVPAETLH 

 
0.9190 

NON- 

ANTIGEN 

0.2749 

 

Non- 

Toxin 

 
Non-allergic 

 
4 

 

HLA- 

DRB1*01:01 

 
15 

 
ENLEYRIMLSVHGSQ 

 
0.9302 

NON- 

ANTIGEN 

0.3983 

 

Non- 

Toxin 

 
Non-allergic 

 
5 

 

HLA- 

DRB1*01:01 

 
15 

 
AFTFTKVPAETLHGT 

 
0.9255 

NON- 

ANTIGEN 

0.2817 

 

Non- 

Toxin 

 
Non-allergic 

 
6 

 

HLA- 

DRB1*11:01 

 
15 

 
VGGVFNSLGKGIHQI 

 
0.9045 

NON- 

ANTIGEN 

0.2486 

 

Non- 

Toxin 

 
Non-allergic 

 
7 

 

HLA- 

DRB1*01:01 

 
15 

 
AAFTFTKVPAETLHG 

 
0.9011 

NON- 

ANTIGEN 

0.1991 

 

Non- 

Toxin 

 
Non-allergic 

 
8 

 

HLA- 

DRB1*08:02 

 
15 

 
SDTQYVCKRTLVDRG 

 
0.8598 

NON- 

ANTIGEN 

-0.0058 

 

Non- 

Toxin 

 
Non-allergic 

 
9 

 

HLA- 

DRB1*07:01 

 
15 

 
AAFTFTKVPAETLHG 

 
0.8966 

NON- 

ANTIGEN 

0.1991 

 

Non- 

Toxin 

 
Non-allergic 

 
10 

 

HLA- 

DRB1*08:02 

 
15 

 
DTQYVCKRTLVDRGW 

 
0.8418 

NON- 

ANTIGEN 

0.1207 

 

Non- 

Toxin 

 
Non-allergic 

 

11 
HLA- 

DRB1*04:01 

 

15 
 

NLEYRIMLSVHGSQH 
 

0.8696 
ANTIGEN 

0.5466 

Non- 

Toxin 

 

Non-allergic 
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12 
HLA- 

DRB1*07:01 

 

15 
 

AETLHGTVTVEVQYA 
 

0.8391 
ANTIGEN 

0.9004 

Non- 

Toxin 

 

Non-allergic 

 
13 

 

HLA- 

DRB1*07:01 

 
15 

 
TAAFTFTKVPAETLH 

 
0.8436 

NON- 

ANTIGEN 

0.2749 

 

Non- 

Toxin 

 
Non-allergic 

 
14 

 

HLA- 

DRB1*04:05 

 
15 

 
CTAAFTFTKVPAETL 

 
0.8921 

NON- 

ANTIGEN 

0.0511 

 

Non- 

Toxin 

 
Non-allergic 

 
15 

 

HLA- 

DRB1*04:05 

 
15 

 
LCTAAFTFTKVPAET 

 
0.8770 

NON- 

ANTIGEN 

0.1171 

 

Non- 

Toxin 

 
Non-allergic 

 
16 

 

HLA- 

DRB1*11:01 

 
15 

 
GGVFNSLGKGIHQIF 

 
0.8925 

NON- 

ANTIGEN 

-0.1368 

 

Non- 

Toxin 

 
Non-allergic 

 
17 

 

HLA- 

DRB1*04:01 

 
15 

 
ENLEYRIMLSVHGSQ 

 
0.8250 

NON- 

ANTIGEN 

0.3983 

 

Non- 

Toxin 

 
Non-allergic 

 
18 

 

HLA- 

DRB1*11:01 

 
15 

 
GKAFEATVRGAKRMA 

 
0.8590 

NON- 

ANTIGEN 

0.3411 

 

Non- 

Toxin 

 
Non-allergic 

 
19 

 

HLA- 

DRB1*11:01 

 
15 

 
MQTLTPVGRLITANP 

 
0.8570 

NON- 

ANTIGEN 

0.2260 

 

Non- 

Toxin 

 
Non-allergic 

 
20 

 

HLA- 

DRB1*11:01 

 
15 

 
SVGGVFNSLGKGIHQ 

 
0.8361 

NON- 

ANTIGEN 

0.3172 

 

Non- 

Toxin 

 
Non-allergic 

 
21 

 

HLA- 

DRB1*11:01 

 
15 

 
IGKAFEATVRGAKRM 

 
0.8050 

NON- 

ANTIGEN 

0.3664 

 

Non- 

Toxin 

 
Non-allergic 

 

22 
HLA- 

DRB1*01:01 

 

15 
 

PENLEYRIMLSVHGS 
 

0.8082 
ANTIGEN 

0.4835 

Non- 

Toxin 

 

Non-allergic 

 

 

3.2.1 (b) MHC-I and MHC-II for Capsid proteins 

Capsid proteins are selected to generate epitopes against structural components called 

nucleocapsids, which help package viral genomes. Epitope scores with more than 0.5 were selected 
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for a higher quality affinity for MHC-II, and more than 0.8 were for MHC-I. 6 epitopes were 

selected fundamentally for both MHC-I and MHC-II. The table contains antigenicity, toxicity, and 

allergenicity tests. 

 
Table 3. 6 : MHC-I for capsid protein 

 
 

No 
 

Allele 
 

Length 
 

Peptide 
Sequence 

Score 

Antigenicity 

and Score 

 

Toxicity 
 

Allergenicity 

 

1 
HLA- 

A*68:02 

 

9 
 

TTVSNMAEV 
 

0.913108 
Antigen 

0.6611 

 

Non-toxic 
 

Non-allergic 

 

2 
HLA- 

A*68:01 

 

9 
 

TVSNMAEVR 
 

0.877489 
Antigen 

0.7175 

 

Non-toxic 
 

Non-allergic 

 

3 
HLA- 

A*68:01 

 

10 
 

TTVSNMAEVR 
 

0.862622 
Antigen 

0.7688 

 

Non-toxic 
 

Non-allergic 

 

4 
HLA- 

A*01:01 

 

9 
 

MAEVRSYCY 
 

0.719988 
Antigen 

1.2831 

 

Non-toxic 
 

Non-allergic 

 

5 
HLA- 

B*15:01 

 

9 
 

SQKVIYLVM 
 

0.707585 
Antigen 

0.6601 

 

Non-toxic 
 

Non-allergic 

 

6 
HLA- 

A*03:01 

 

9 
 

LLGSSTSQK 
 

0.719988 
Antigen 

0.7202 

 

Non-toxic 
 

Non-allergic 

 

MHC-II capsid proteins were predicted and represented with length, sequence, score, and 

physiological properties. 

Table 3. 7: MHC-II capsid protein. 

 

 
No 

 
Allele 

 
Length 

 
Sequence 

 
Score 

 
Antigenicity 

 
Toxicity 

 
Allergenicity 

 
1 

 

HLA- 

DRB1*12:01 

 
15 

 

TKHLIKVEN 

WIFRNP 

 
0.6482 

NON- 

ANTIGEN 

-0.0851 

 
Non-Toxin 

 
Non-allergic 

 
2 

HLA- 

DRB1*04:05 

 
15 

VRSYCYEAS 

ISDMAS 

 
0.6101 

ANTIGEN 

0.7147 

 
Non-Toxin 

 
Non-allergic 
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3 

 

HLA- 

DRB1*15:01 

 
15 

 

TKHLIKVEN 

WIFRNP 

 
0.5799 

NON- 

ANTIGEN 

-0.0851 

 
Non-Toxin 

 
Non-allergic 

 
4 

HLA- 

DRB1*04:05 

 
15 

EVRSYCYE 

ASISDMA 

 
0.5465 

ANTIGEN 

1.0152 

 
Non-Toxin 

 
Non-allergic 

 
5 

HLA- 

DQA105:01/ 

DQB103:01 

 
15 

 

IFRNPGFAL 

VAVAIA 

 
0.5311 

 

ANTIGEN 

0.6476 

 
Non-Toxin 

 
Non-allergic 

 
6 

 

HLA- 

DRB1*12:01 

 
15 

 

YTKHLIKVE 

NWIFRN 

 
0.5256 

NON- 

ANTIGEN 

0.0807 

 
Non-Toxin 

 
Non-allergic 

 

 

3.2.1) (c) MHC-I and MHC-II for Membrane proteins 

Eleven epitopes were selected against the membrane proteins that scored more than 0.8. Membrane 

proteins are especially involved in cellular procedures. Seven MHC-II epitopes were generated 

based on the same peptide score, which is more than 0.8. Both were then evaluated for later 

analysis for antigenicity, toxicity, and allergenicity. 

Table 3. 8: MHC-I membrane protein. 

 
 

No 

 

Allele 

 

Length 
Peptide 

Sequence 

 

Score 
Antigenicity 

and score 

 

Toxicity 

 

Allergenicity 

 

1 
HLA- 

B*15:01 

 

9 

 

SQHSGMIGY 

 

0.976799 
ANTIGEN 

1.2234 

Non- 

Toxin 

 

Nonallergic 

 
2 

 

HLA- 

A*01:01 

 
10 

 
YLDKQSDTQY 

 
0.975213 

NON- 

ANTIGEN 

0.3207 

 

Non- 

Toxin 

 
Nonallergic 

 

3 
HLA- 

A*01:01 

 

9 

 

GLDFSDLYY 

 

0.937595 
ANTIGEN 

1.7878 

Non- 

Toxin 

 

Nonallergic 

 
4 

 

HLA- 

B*15:01 

 
10 

 
YLDKQSDTQY 

 
0.926636 

NON- 

ANTIGEN 

0.3207 

 

Non- 

Toxin 

 
Nonallergic 

 

5 
HLA- 

A*02:03 

 

9 

 

GLFGKGSLV 

 

0.919098 
ANTIGEN 

0.8202 

Non- 

Toxin 

 

Nonallergic 
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6 

 

HLA- 

B*58:01 

 
9 

 
GADTGTPHW 

 
0.899948 

NON- 

ANTIGEN 

0.3712 

 

Non- 

Toxin 

 
Nonallergic 

 
7 

 

HLA- 

B*40:01 

 
9 

 
KEWFHDIPL 

 
0.891315 

NON- 

ANTIGEN 

0.0523 

 

Non- 

Toxin 

 
Nonallergic 

 
8 

 

HLA- 

B*07:02 

 
9 

 
TPNSPRAEA 

 
0.856156 

NON- 

ANTIGEN 

-0.1529 

 

Non- 

Toxin 

 
Nonallergic 

 

9 
HLA- 

A*30:02 

 

9 
 

SQHSGMIGY 
 

0.849265 
ANTIGEN 

1.2234 

Non- 

Toxin 

 

Nonallergic 

 
10 

 

HLA- 

B*58:01 

 
10 

 
AGADTGTPHW 

 
0.810739 

NON- 

ANTIGEN 

0.3400 

 

Non- 

Toxin 

 
Nonallergic 

 

11 
HLA- 

B*15:01 

 

10 
 

GSQHSGMIGY 
 

0.807045 
ANTIGEN 

0.7666 

Non- 

Toxin 

 

Nonallergic 

 
 

MHC-II membrane proteins were predicted and represented with length, sequence, score, and 

physiological properties. 

Table 3. 9: MHC-II of membrane protein. 

 
 

No 

 
Allele 

 
Length 

Peptide 

Sequence 

 
Score 

Antigenicity and 

score 

 
Toxicity 

 
Allergenicity 

 

1 
HLA- 

DRB1*01:01 

 

15 
NLEYRIMLS 

VHGSQH 

 

0.9534 
ANTIGEN 

0.5466 

 

Non-Toxin 
 

Non-allergic 

 

2 
HLA- 

DRB1*01:01 

 

15 
ENLEYRIM 

LSVHGSQ 

 

0.9302 
NON-ANTIGEN 

0.3983 

 

Non-Toxin 
 

Non-allergic 

 

3 
HLA- 

DRB1*04:01 

 

15 
NLEYRIMLS 

VHGSQH 

 

0.8696 
ANTIGEN 

0.5466 

 

Non-Toxin 
 

Non-allergic 

 

4 
HLA- 

DRB1*08:02 

 

15 
SDTQYVCK 

RTLVDRG 

 

0.8598 
NON-ANTIGEN 

-0.0058 

 

Non-Toxin 
 

Non-allergic 

 

5 
HLA- 

DRB1*08:02 

 

15 
DTQYVCKR 

TLVDRGW 

 

0.8418 
ANTIGEN 

0.8202 

 

Non-Toxin 
 

Non-allergic 
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6 
HLA- 

DRB1*04:01 

 

15 
ENLEYRIM 

LSVHGSQ 

 

0.8250 
NON-ANTIGEN 

0.1207 

 

Non-Toxin 
 

Non-allergic 

 

7 
HLA- 

DRB1*01:01 

 

15 
PENLEYRIM 

LSVHGS 

 

0.8082 
ANTIGEN 

0.4104 

 

Non-Toxin 
 

Non-allergic 

 

 
 

3.2.2) B cell Epitopes prediction 

 
3.2.2) (a) B cell epitope prediction for Envelope 

The envelope protein sequence was given as input, and the B cell epitope was predicted using the 

BepiPred2.0 server of IEDB. Eighteen epitopes were predicted, but lengths less than ten amino 

acid sequences were automatically disdained. The predicted score and length are shown in the 

table and are later assessed for antigenicity, toxicity, and allergenicity. 

Table 3. 10: B cell epitope prediction for envelope protein. 

 
 

No 
 

Peptide sequence 
 

Length 
 

Antigenicity 
 

Toxicity 
 

Allergenicity 

 

1 
 

GVSNRDFV 
 

8 
ANTIGEN 

1.3853 

 

Non-Toxin 
 

Nonallergic 

2 S 1 No result No result  

3 E 1 No result No result 
 

 

4 
SDMASDSRCPTQGEAYLDKQS 

DTQYVCKRTLVDRGWGN 

 

38 
NON-ANTIGEN 

0.2545 

 

Non-Toxin 
 

Nonallergic 

5 G 1 No result No result  

 

6 
 

SQHSGMIGYETDEN 
 

14 
ANTIGEN 

0.8727 

 

Non-Toxin 
 

Nonallergic 

7 P 1 No Result No result  

8 TGLD 4 No Result No result  

 

9 
FHDIPLPWHAGADTGTPHWN 

NKE 

 

23 
ANTIGEN 

0.9099 

 

Non-Toxin 
 

Nonallergic 

10 AHA 3 No result No result  
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11 AKGK 4 No result No result Nonallergic 

 

12 
 

TFTKVPAETL 
 

10 
NON-ANTIGEN 

-0.4575 

 

Non-Toxin 
 

Nonallergic 

13 TDG 3 No Result No result  

14 MQTL 4 No Result No result  

15 STEN 4 No result No result Nonallergic 

 

16 
 

KITHHWHRSGSTIGK 
 

15 
NON-ANTIGEN 

0.3983 

 

Non-Toxin 
 

Nonallergic 

17 EA 2 No result No result  

 

18 
 

WDFGSVGG 
 

8 
ANTIGEN 

2.2400 

 

Non-Toxin 
 

Nonallergic 

 

3.2.2 (b) B cell epitope prediction for Capsid 

The capsid protein sequence was given as input and predicted the B cell epitope using the 

BepiPred2.0 server of IEDB. Four epitopes were generated based on the capsid protein sequence, 

and less than ten peptide sequences were cut off. The predicted score and length are shown in the 

table and are later assessed for antigenicity, toxicity, and allergenicity. 

 

 
Table 3. 11: B cell epitope prediction for capsid. 

 

No Peptide Length Antigenicity and score Toxicity Allergenicity 

1 SSTSQ 5 No Result No Result No Result 

 

2 
 

RCIGVSNRDFVEGMSG 
 

16 
ANTIGEN 

1.2515 

 

Non-Toxin 
 

Non-allergic 

3 MAE 3 No Result No Result No Result 

4 IS 2 No Result No Result No Result 
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3.2.2) (C) B cell epitope prediction for Membrane 

Using the BepiPred2.0 service of IEDB, the membrane protein sequence was used as input to 

predict the B cell epitope. Four epitopes were produced based on the capsid protein sequence, and 

fewer than ten peptide sequences were removed. The table displays the anticipated score and 

duration, which is subsequently assessed for allergenicity, toxicity, and antigenicity. 

 
Table 3. 12: B cell epitope prediction for membrane. 

 

No. Peptide Length Antigenicity Toxicity Allergenicity 

 

1 
 

EWFHDIPLPWHAGADTGTPHWNNK 
 

24 
ANTIGEN 

0.6397 

Non- 

Toxin 

 

Nonallergic 

 

2 
 

G 
 

1 
 

No result 
No 

result 

 

No result 

 

3 
 

GSQHSGMIGYETDEN 
 

15 
ANTIGEN 

0.7170 

Non- 

Toxin 

 

Nonallergic 

 

4 
 

RTGLD 
 

5 
 

No Result 
No 

Result 

 

No result 

 
5 

 
TQGEAYLDKQSDTQYVCKRTLVDRGWGN 

 
28 

NON- 

ANTIGEN 

0.1243 

 

Non- 

Toxin 

 
Nonallergic 

 

6 
 

W 
 

1 
 

No result 
No 

result 

 

No result 

 

 
3.2.3) Selected Epitopes 

The best candidates for the epitopes were selected for further analysis based on the highest 

antigenic values, non-allergenicity, and non-toxicity. The table below contains the types of 

proteins: Capsid, envelope, and membrane. Name epitopes are MHC-I, MHC-II, and B cell, with 

length and 3D figure to better understand the inspection. 

The selected epitopes are shown in the table below. 
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Table 3. 13: Selected CTL, HTL, and B-cell epitopes. 

 

Capsid 

CTL (MHC-1) HTL(MHC-II) B CELL 

1 TVSNMAEVR VRSYCYEASISDMAS RCIGVSNRDFVEGMSG 

2 LLGSSTSQK EVRSYCYEASISDMA  

3 MAEVRSYCY IFRNPGFALVAVAIA  

Envelope 

CTL (MHC-1) HTL(MHC-II) B CELL 

1 SIQPENLEY HAKRQTVVVLGSQEG GVSNRDFV 

2 KSLFGGMSW AETLHGTVTVEVQYA SQHSGMIGYETDEN 

3 SQHSGMIGY AHAKRQTVVVLGSQE FHDIPLPWHAGADTGTPHWNNKE 

4 ELDPPFGDSY  
WDFGSVGG 

5 GLFGKGSLV   

6 TGLDFSDLYY   

7 GLDFSDLYY   

8 KSIQPENLEY   

9 SQHSGMIGY   

10 DTAWDFGSV   

11 TAAFTFTKV   
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12 GSQHSGMIGY   

Membrane 

CTL (MHC-1) HTL(MHC-II) B CELL 

1 SQHSGMIGY NLEYRIMLSVHGSQH GSQHSGMIGYETDEN 

2 GLDFSDLYY   

3 GLFGKGSLV   

4 TGLDFSDLYY   

5 KSIQPENLEY   

6 GSQHSGMIGY   

7 SIQPENLEY   

 

 
 

3.2.4) Three-dimensional structure of selected epitopes. 

Three-dimensional structures were generated using the PyMOL tool to visualize the system and 

shape of the selected peptide structure. 

Table 3.14: 3D structure of the selected epitopes. 

 

Type of 

Proteins 

Name of 

epitopes 

 
Sequence 

 
Length 

 
Figure 

 
Capsid 

 
MHC-I 

 
TVSNMAEVR 

 
9 
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LLGSSTSQK 

 

 
 

9 

 

 

 

 

 
MAEVRSYCY 

 

 
9 

 

 

  

 

 

 

 

 

 

 

 
MHC-II 

 

 

VRSYCYEASISDMAS 

 

 

15 

 

 

 

 

EVRSYCYEASISDMA 

 

 

15 

 
 

 

 

 
IFRNPGFALVAVAIA 

 

 
15 

 

 

  

 
B cell 

 

 
RCIGVSNRDFVEGMSG 

 

 
16 
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Envelope 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
MHC-I 

 

 
 

SIQPENLEY 

 

 
 

9 

 

 

 

 
KSLFGGMSW 

 

 
9 

 

 

 
 

SQHSGMIGY 

 
 

9 

 

 

 

 
ELDPPFGDSY 

 

 
10 

 

 

 

 

 

GLFGKGSLV 

 

9 

 

 

 

 
TGLDFSDLYY 

 

 
10 

 

 

 

 
GLDFSDLYY 

 

 
9 
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KSIQPENLEY 

 

 
10 

 
 

 

 

SQHSGMIGY 

 

9 

 

 

 

DTAWDFGSV 

 

9 

 

 

 

TAAFTFTKV 

 

9 

 

 

 
GSQHSGMIGY 

 
10 

 

 

 

 

 

 

 

 

MHC-II 

 

HAKRQTVVVLGSQEG 

 

15 

 

 

 

 
AETLHGTVTVEVQYA 

 

 
15 

 
 

 

 
AHAKRQTVVVLGSQE 

 
15 
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Bcell 

 

GVSNRDFV 

 
 

8 

 

 

 
 

SQHSGMIGYETDEN 

 
 

14 

 

 

 

FHDIPLPWHAGADTGTP 

HWNNKE 

 

 
23 

 

 

 

 

WDFGSVGG 

 

 

8 

 

 

 

   
 

SQHSGMIGY 

 
 

9 

 

 

 

GLDFSDLYY 

 

9 

 

 

 
GLFGKGSLV 

 
9 
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Membrane 

 

 

 

 

 

 

 

 

 

 
MHC-I 

 

 
TGLDFSDLYY 

 

 
10 

 

 

 

 
KSIQPENLEY 

 
10 

 

 

 

GSQHSGMIGY 

 

10 

 

 

 

 
SIQPENLEY 

 

 
9 

 

 

 

 
MHC-II 

 
 

NLEYRIMLSVHGSQH 

 

 
15 

 

 

 

 

 
 

B cell 

 

 

GSQHSGMIGYETDEN 

 

 
 

15 

 

 

 

3.3) Result Population Coverage 
 

Population coverage was done for the MHC-I and MHC-II epitopes to visualize the effect of the 

consensus epitopes. It is the most important analysis to construct a multi-epitope vaccine. 

Population coverage is a crucial part of the analysis that uses the HLA genotype frequencies for 

specific populations that predict the highest and lowest coverage. 
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3.3.1) The MHC-I tables’ statistics 

 

Table 3.: MHC-I population coverage 

 

population /location Coverage Average hit pc 90 

World 88.09% 5.07 0.84 

South America 63.13% 2.4 0.27 

North America 89.18% 4.73 0.92 

Central America 5.69% 0.18 0.11 

East Africa 78.94% 4.4 0.47 

North Africa 81.44% 4.15 0.54 

Central Africa 71.11% 2.78 0.35 

South Africa 75.27% 4.36 0.4 

West Africa 79.41% 3.65 0.49 

Southeast Asia 60.72% 3.35 0.25 

Northeast Asia 61.18% 3.28 0.26 

East Asia 63.13% 2.67 0.27 

South Asia 68.03% 4.05 0.31 

Europe 95.65% 6.57 1.44 

West indies 91.28% 5.26 1.08 

Oceania 53.21% 2.68 0.21 
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Figure 3.2: MHC-I population coverage-1 
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Figure 3. 3: MHC-I population coverage- 2 

 

The numbers show that the population spread, average hit rates, and PC90 values differ in distinct 

parts of the world. Notably, the World has an 88.09% reach rate, with an average hit rate of 5.07 

and a PC90 of 0.84; the next high coverage region is South America, with a spread of 63.13%, an 

average hit rate of 2.4 and a PC90 of 0.27. Central America, however, has the lowest coverage, at 

5.69%, with an average hit of 0.18 and PC90 of 0.11. This shows that there are significant problems 
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with usability in that area. It covers 78.94% of the continent, with an average hit rate of 4.4 and a 

PC90 of 0.47. North Africa covers 81.44% of the continent, with an average hit rate of 4.15 and a 

PC90 of 0.54. Northeast Asia has a coverage rate of 61.18%, an average hit rate of 3.28, and a 

PC90 of 0.26, which means it is moderately accessible. East Asia and Southeast Asia have 

coverage rates of 63.13%, with average hits of 2.67 and 3.35 and PC90 values of 0.27 and 0.25, 

respectively. 

The coverage rate in South Asia is 68.03%, the average hit rate is 4.05, and the PC90 is 0.31. The 

coverage rate in West Africa is 79.41%, the average hit rate is 3.65, and the PC90 is 0.49. With an 

average hit rate of 4.73 and a PC90 of 0.92, North America has one of the highest coverage rates 

at 89.18%. This shows that much work has been put into making things accessible. Europe has the 

best coverage, with an impressive 95.65%, an average hit rate of 6.57, and a PC90 of 1.44, showing 

that they take mobility very seriously. The coverage in Central Africa is 71.11%, the average hit 

is 2.78, and the PC90 is 0.35. The coverage in South Africa is 75.27%, the average hit is 4.36, and 

the PC90 is 0.4. West Indies has a coverage rate of 91.28%, an average hit rate of 5.26, and a PC90 

of 1.08; Oceania has a coverage rate of 53.21%, an average hit rate of 2.68, and a PC90 of 0.21. 

When we look at the MHC-II sample, East Asia has 80.97% coverage, an average hit of 3.91, and 

a PC90 of 0.53. Northeast Asia has 94.69% coverage, an average hit of 4.05, and a PC90 of 2.02. 

With a coverage rate of 99.22%, an average hit rate of 5.57, and a PC90 of 2.57, Southeast Asia 

has a coverage rate of 70.09%, an average hit rate of 2.06, and a PC90 of 0.33, With a coverage 

rate of 99.9%, an average hit rate of 6.35, and a PC90 of 2.98, Europe has the highest coverage. 

Central Africa has a coverage rate of 97.21%, an average hit rate of 4.64, and a PC90 of 2.32. 

Southwest Asia has a coverage rate of 68.48%, an average hit rate of 1.92, and a PC90 of 0.32. 

The West Indies have an average hit rate of 3.37, a coverage rate of 84.04%, and a PC90 of 0.63. 

North Africa has an average hit rate of 81.9% on the year. With an average hit rate of 6.07 and a 

PC90 of 3.09, North America has one of the highest coverage rates at 99.99%. This shows that a 

lot of work has gone into making things accessible. The coverage in Central America is 84.31%, 

the average hit is 2.51, and the PC90 is 0.64. The coverage in South America is 96.79%, the 

average hit is 4.61, and the PC90 is 2.19. A PC90 of 2.08 and a coverage rate of 96.07% are seen 

in Oceania. 
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3.3.2) MHC-II tables’ statistics 

 

Table 3. 15: MHC-II population coverage. 

 

Population/Location Coverage Average hit PC90 

World 84.11% 3.35 0.63 

South America 96.79% 4.61 2.19 

North America 99.99% 6.07 3.09 

Central America 84.31% 2.51 0.64 

East Africa 97.77% 4.94 2.41 

North Africa 81.9% 3.02 0.55 

Central Africa 97.21% 4.64 2.32 

West Africa 99.19% 5.32 2.9 

Southeast Asia 70.09% 2.06 0.33 

East Asia 97.77% 4.94 2.41 

Northeast Asia 94.69% 4.05 2.02 

South Asia 99.22% 5.57 2.57 

Southwest Asia 68.48% 1.92 0.32 

Europe 99.9% 6.35 2.98 

West Indies 84.04% 3.37 0.63 

Oceania 96.07% 4.25 2.08 
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Figure 3. 4: MHC-II population coverage-1 
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Figure 3. 5:  MHC-II population coverage-2 
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The data table represented population coverage, average hit rates, and PC90 numbers in various 

parts of the world. Notably, South Asia has the best coverage, at 99.22%, with a high average hit 

rate of 5.57 and a PC90 value of 2.57. Southeast Asia, on the other hand, has a coverage rate of 

only 70.09%, an average hit rate of 2.06%, and a PC90 value of 0.33. Europe has excellent 

coverage at 99.9%, with a strong average hit rate of 6.35 and a PC90 score of 2.98. More 

research shows North America has almost complete coverage (99.99%), an average hit rate of 

6.07, and a PC90 value of 3.09. Central America, on the other hand, only gets 84.31% covered, 

with an average hit rate of 2.51 and a PC90 value of 0.64. 

 
3.4) Vaccine Formulation 

 

The vaccines were constructed using the specific linkers, adjuvants, and epitope sequences from 

the selected epitopes. Nineteen vaccines were constructed with the selected epitope that has been 

analyzed before. 

 
3.4.1) Primary construction of 19 vaccines 

The secondary structure was predicted using the NetSurf-3.0 server tool to observe the amino acid 

sequences and the arrangements of the residues. It was done to predict the structure for the 

function, local conformation, and further analysis. Later, with the help of Pymol, tertiary 

structures were generated. All 19 different vaccines have primary differences like separate 

adjuvants, different linkers, and discrete protein sequences. Based on the other physicochemical 

properties, structure analysis, molecular docking, and in-depth simulation, a suitable candidate 

was chosen. 

 
● To add linkers with the epitope PADRE sequences were used. 

● EAAAK was used to link the adjuvants with the rest sequence. 

● GGGGS and AYY both were used as CTL linkers. 

● GPGPG was used as HTL epitopes linker. 

● KK was used as a B cell epitope linker. 

● Histidine (HHHHHH) was tagged. 
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3.4.2) physiological properties of 19 selected vaccines. 

Constructed 19 vaccines were evaluated for the antigenic value by Vaxijen server and all showed 

to be antigenic. The values for each vaccine were respectively 0.8492, 0.7877, 0.8169, 0.7668, 

0.7829, 0.8157, 0.7781, 0.7628, 0.7702, 0.6699, 0.7041, 0.7528, 0.7260, 0.6738, 0.7953, 0.8427, 

0.7595, 0.9075, 0.9101 showed in the table with other values as the physiological properties. All 

the vaccine constructs showed stability along with that, molecular weight, solubility, GRAVY, 

and length are also shown. No significant hits were observed, and the threshold E-value was 0.001 

which means all of them were non-allergenic. Moreover, they are highly soluble and have more 

than 0.45 threshold. These values are 0.537, 0.456, 0.566, 0.606, 0.629, 0.479, 0.581, 0.549, 0.531, 

0.635, 0.505, 0.583, 0.571, 0.590, 0.584, 0.482, 0.509, 0.490, 0.479. 

 
 

Table 3. 16: Physiological properties of 19 selected vaccines. 

 

 
No 

 
Antigenicity 

 
Allergenicity 

 
Solubility 

 
Length 

Grand average of 

hydropathicity 

(GRAVY) 

 

Molecular 

weight 

1 Antigenic non-allergenic Soluble 274 -0.259 29649.54 

2 Antigenic non-allergenic Soluble 448 -0.249 47407.36 

3 Antigenic non-allergenic Soluble 468 -0.363 48097.51 

4 Antigenic non-allergenic Soluble 350 -0.011 36783.54 

5 Antigenic non-allergenic Soluble 368 -0.126 36873.11 

6 Antigenic non-allergenic Soluble 452 -0.292 48017.89 

7 Antigenic non-allergenic Soluble 454 -0.360 46821.16 

8 Antigenic non-allergenic Soluble 356 -0.065 37606.39 

9 Antigenic non-allergenic Soluble 351 -0.185 36844.66 

10 Antigenic non-allergenic Soluble 316 -0.297 33378.15 

11 Antigenic non-allergenic Soluble 326 -0.366 34806.62 

12 Antigenic non-allergenic Soluble 310 -0.295 33110.77 

13 Antigenic non-allergenic Soluble 322 -0.394 34185.85 
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14 Antigenic non-allergenic Soluble 311 -0.305 32986.53 

15 Antigenic non-allergenic Soluble 311 -0.348 32886.39 

16 Antigenic non-allergenic Soluble 316 -0.437 34065.62 

17 Antigenic non-allergenic Soluble 318 -0.453 34461.11 

18 Antigenic non-allergenic Soluble 310 -0.449 33501.88 

19 Antigenic non-allergenic Soluble 310 -0.428 33616.00 

 

 
 

3.4.3) Secondary Structure Prediction of Vaccine Constructs 

For the comparative analysis for each vaccine constructed secondary structure was analyzed to see 

the Helix, coil, disorders, and sheets. For each vaccine construction a 3D image was generated to 

inspect in depth study of the structure. Moreover, each structure gave a clear representation of the 

relative surface accessibility and disorders. Based on the structure and the comparative analysis of 

the physiochemical values of the sequences, 10 best candidates were chosen for further analysis. 

The primary, secondary and tertiary structure of 19 constructed vaccines is shown below. 
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Figure 3. 6: Structure of vaccine 1. (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 



74  

 

 

Figure 3. 7: Structure of vaccine 2 (A). Primary structure, (B). Secondary structure, (C). Tertiary 

structure. 
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Figure 3. 8: Structure of vaccine 3 (A). Primary structure, (B). Secondary structure, (C). Tertiary 

structure. 
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Figure 3. 9: Structure of vaccine 4 (A). Primary structure, (B). Secondary structure, (C). Tertiary 

structure. 
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Figure 3.10: Structure of vaccine 5 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 11: Structure of vaccine 6 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 12: Structure of vaccine 7 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 13: Structure of vaccine 8 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 14: Structure of vaccine 9 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 15: Structure of vaccine 10 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 16: Structure of vaccine 11 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 17: Structure of vaccine 12 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 18 : Structure of vaccine 13 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 19 : Structure of vaccine 14 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 20: Structure of vaccine 15 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 21: Structure of vaccine 16 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 22: Structure of vaccine 17 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 23 : Structure of vaccine 18 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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Figure 3. 24: Structure of vaccine 19 (A). Primary structure, (B). Secondary structure, (C). 

Tertiary structure. 
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3.5) Selected vaccine analysis 
 

To calculate the accuracy of the constructed vaccine sequence ERRAT and validation were 

checked by Structure Analysis and Verification Server (saves 2.0) to inspect the quality of the 

three-dimensional structure for a quantitative analysis to validate the native conformation state of 

each one and determine the errors. Ramachandran plots were also measured subsequently and 

fundamentally depict the torsional angles, dihedral angles, and steric hindrance along with the 

favored region. 

 
3.5.1) Validation, ERRAT and Ramachandran favored and disallowed region 

Table 3. 17: Ramachandran plot and ERRAT value of 10 selected vaccines. 

 

Selected 

Vaccine no 

 

Name 
ERRAT 

value 

Ramachandra Chandran 

favored Region 

Ramachandra Chandran 

Disallowed region 

2 A-rsp2 94.279% 98.1% 1.3% 

4 B-rso8 83.33% 96.7% 2.3% 

5 C-rsp1 94.97% 98.6% 1.4% 

6 D-rsn6 89.5928% 97.9% 1% 

8 E-rso6 93.1953% 98.4% 1.6% 

9 F-rsh1 91.0714% 99.4% 0.3% 

11 G- rsh5 86.901% 98.5% 0.4% 

12 H-rsh6 87.5839% 98.8% 0.8% 

16 I-rsg7 91.1184% 94.6% 1.9% 

18 J-rso7 85.4167% 98.5% 1.2% 

 
3.5.2) Ramachandran Plot analysis 

According to the PDBsum PROcheck if the protein structure of the selected vaccine has more than 

20% R-factor and has over 90% residues in the most favored region, it is recognized and predicted 

to be a stable protein. The atoms were used for close contact to inspect the structure for each 

conformation. less than 2% of disallowed regions are expected to be good. The disallowed region 

produces steric hindrance between chains. All 10 selected vaccines were checked and analyzed 
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through Ramachandran plot to find the most favored region, hence, to find the most stable vaccine 

constructs. 

 
 

Figure 3. 25: Ramachandran Plot 
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Figure 3. 26: Ramachandran Plot 

 

 
A. Vaccine 2 has 98.1% residues in most favored regions and disallowed regions are 1.3%. That 

makes the Total number of residues are 448 amino acids. 

B. Vaccine 4 has 96.7% of the most favored region which also includes residues in disallowed 

regions 7 2.3% and the total number of residues are 350 amino acids. 

C. Vaccine 5 has 98.6% residues in most favored regions and disallowed regions 1.4%. Total 

number of residues 368 amino acids. 
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D. Vaccine 6 has 97.9 % favored region along with 1% disallowed region. It has a total number 

of residues of 452 amino acids. 

E. Vaccine 8 has 98.4% most favored regions and residues in disallowed regions is only 1.6%. 

Total number of residues 356 amino acids. 

F. Vaccine 9 has 99.4% most favored region and only residues in disallowed regions are 0.6%. 

Total number of residues 351 amino acids. 

G. Vaccine 11 has the 98.5% most favored region according to the plot and the residues in 

disallowed regions are 0.4% also the total number of residues 326 amino acids. 

H. Vaccine 12 has the Residues in most favored regions which is 98.8% and residues in disallowed 

regions are 0.8% and the total number of residues are 310 amino acids. 

I. Vaccine 16 has 94.6% of favored region and Total number of residues 316, The disallowed 

region includes 1.9%. 

J. The vaccine 18 has 98.5% of the favored region and 1.2% of the disallowed region. It has a 

total number of residues of 310 amino acids. 

Both the Ramachandran and ERRAT values were used to evaluate an overall quality of the 

construction vaccine structure which was based on atomic interactions, residual errors, and 

backbone conformation. 

 
3.6) Molecular Docking 

 

The docking server Cluspro 2.0 was employed for molecular docking against TLR4 (Toll Like 

receptors 4). TLR receptor has the pivotal role in immune response and is frequently expressed. 

After retrieving the PDB data from UniProt it was used to dock against the ligand (vaccine). It 

predicted the attachment of the molecules and mathematically calculated the average and the 

lowest score for each model. The lower docking energy was considered the better and more stable 

model. However, the tool gave 10 models for each vaccine. Later the prodigy server measured the 

Binding energy. This server predicted the energy score between the interaction of receptor and the 

ligand. Lower binding energy contemplated higher stability. The figure below is the docking of 10 

selected vaccine models. 
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Figure 3. 27: Molecular Docking of Vaccine 16,18,12,11,9 with Receptor TLR4 
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Figure 3. 28: Molecular Docking of Vaccine 8,6,5,4, 2 with Receptor TLR4 

 
3.6.1) Target receptor and vaccine binding energy 

Docking and Gibbs free energy was predicted to find out the lowest energy for higher stability 

among the selected vaccines. After that, intermolecular hydrogen bonds were also calculated as 
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Table 3. 18: Docking and Binding energy. 

 
 

Selected 

Vaccine No 

 
Target 

 
Representative 

Docking 

Score 

(weighted) 

 

Gibbs Free energy 

ΔG (kcal mol-1) 

 

Hydrogen 

bond 

 
2 

 
TLR4 

Center -1166.7  
-15.6 

 
18 

Lowest Energy -1370.5 

 
4 

 
TLR4 

Center -952.4 
-16.3 4 

Lowest Energy -1270.6 

 
5 

 
TLR4 

Center -968.7  
-10.5 

8 

Lowest Energy -1072.4 

 
6 

 
TLR4 

Center -1040.2  
-9.5 

8 

Lowest Energy -1133.1 

 
8 

 
TLR4 

Center -1198.3  
-15.5 

 
7 

Lowest Energy -1275.8 

 
9 

 
TLR4 

Center -1032.2  
-16.1 

4 

Lowest Energy -1032.2 

 
11 

 
TLR4 

Center -1043.7  
-14.3 

 
17 

Lowest Energy -1132.9 

 
12 

 
TLR4 

Center -989.7  
-13.1 

7 

Lowest Energy -1395.8 

 
16 

 
TLR4 

Center -987.3  
-11.9 

 
8 

Lowest Energy -1111.5 

 
18 

 
TLR4 

Center -1172.1  
-15.6 

 
14 

Lowest Energy -1260.0 
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3.6.2) Surface, Hydrogen, and non-bound Interaction analysis during docking 

 

Molecular dockings predict the surface level interaction of ligand receptors by scoring function 

and algorithms. Additionally, it predicts the bonded and non-bonded interactions too. 

 
 

Figure 3. 29: Vaccine5, A) Surface interaction B) Hydrogen Bond C, D) Non-bonded 

Interaction 
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Figure 3. 30: Vaccine 12, A) Surface interaction B) Hydrogen Bond C, D) Non-bonded 

Interaction 
 

Figure 3. 31: Vaccine 16, A) Surface interaction B) Hydrogen Bond C, D) Non-bonded 

Interaction 
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Figure 3. 32:   Vaccine 18, A) Surface interaction B) Hydrogen Bond C, D) Non-

bonded Interaction 
 
 

Figure 3. 33: Vaccine 11, A) Surface interaction B) Hydrogen Bond C, D) Non-bonded 

Interaction 
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3.7) Structural Simulation 

 

3.7.1) Fluctuation plot analysis 

For structural simulation CABS-flex 2.0 was used to model the protein structure and run for 

efficient simulation that allowed the selected vaccines to have large scale conformational 

transitions. The Root Mean Square Fluctuation (RMSF) value was measured through the 

fluctuation graph for each vaccine both for chain A and chain B. The results showed that each 

residue fluctuates during the simulation. Lower RMSF value most favorably lower than 4 angstrom 

allows a vaccine structure to be well defined and stable. Fluctuations plot for each vaccine below 

showed the RMSF values that were plotted for both the chain A and B residue index. 
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Figure 3. 34: Fluctuation Plot of vaccine-receptor complex 
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Figure 3. 35: Fluctuation Plot of vaccine-receptor complex 
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Vaccine 2 – The graph shows that vaccine 2 led to a high fluctuation for both the chain B and A. 

Hence, it was considered as an unstable protein due to the possibilities of aggregation and 

misfolding of the structure. Also, the fluctuation crossed 120 angstrom RMSF which means the 

native conformation had changed. 

Vaccine 4 –The residue index of the chain A and B both had a moderate and stable fluctuation, 

but Chain A residue 301 crossed 5 angstroms, and from Chain A residue 102 to Chain B residue 

312, the fluctuation plot was high, which means it could misfold. 

Vaccine 5 – The graph shows an incredibly good fluctuation throughout the residue index; only 

chain A601 to chain A651 were slightly above 5 angstroms. 

Vaccine 6 – The graph shows inflated fluctuation points for both chains A and B in the residue 

index; it signifies that the protein sequence had unstable native conformational change, which led 

to the possibility of a misfolded sequence. 

Vaccine 8 – The RMSF value crossed 90 angstroms for chain A resides, and chain B residues 

showed high fluctuations, indicating a very unstable protein. 

Vaccine 9 – It showed a good plot where all the residues were under 4 angstrom and predicted to 

have good stability in conformational changes. 

Vaccine 11 – Here, maximum residues’ RMSF were under 4 angstroms but chain A251, A801 to 

chain B12, and chain B112 to b312 had inflated fluctuations. 

Vaccine 12 – The graph shows that vaccine 12 resulted in great stability and firmness, which was 

paramount, with less than 4 angstroms, and it is denoted as a good structure. 

Vaccine 16 – The result of the fluctuation plot also signifies a very formed and balanced structure 

due to the low RMSF value for both chains A and B. 

Vaccine18 – It showed that a considerable amount of the residues for both chains A and B are well 

stout and stable, and the sub-intentional proportion had less than 4-angstrom RMSF value, which 

predicted a good and unchanged native conformational situation. 

 
From the fluctuation plots, vaccines 4, 5,9,11,16, and 18 showed a prominent structure and were 

predicted to be stable in their native conformation state. 
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3.7.2) Contact Map analysis 

To analyze interactions between the receptor, which was TLR4and the ligand, which was our 

vaccine, and its residues for every construction, a contact map was generated by RING to measure 

the backbone of the protein and the interaction residues. The table below represents the binding 

interactions between chain A and chain B. 

 
 

Figure 3. 36: Residue Contact Map of vaccine 16,18,12,11,9. 
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Figure 3. 37: Contact Map of vaccine 8,6,5,4,2. 
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Table 3. 19: Interactive regions for chain A and B. 

 

Vaccine Chain A 

Receptor binding region 

Chain B 

Vaccine binding regions 

2 758-GLN,762-SER,756-THR,791-ARG,755- 

GLN,752-GLU,756-THR,782-GLN,653- 

LYS,657-HIS,653-LYS,641-VAL,645- 

SER,652-TYR,653-LYS,752-GLU,745- 

ARG,787-ARG,84-GLU,787-ARG,780-ARG 

149-GLU,156-GLU,190-TYR,192-SER,193- 

ILE,194-GLN,194-GLN,196-GLU,199- 

GLU,204-ASP,341-ASN,352-LYS,352- 

LYS,362-LYS,366-ASN,367-ARG,384- 

ASP,415-ALA,417-ALA,417-ALA 

4 652-TYR, A/666-LYS, A/666-LYS, A/745- 

ARG, A/745-ARG 

257-ASN,259-GLU,194-ASP,195-MET 

5 651-VAL,652-TYR,655-TYR,657-HIS,659- 

MET,666-LYS,666-LYS,666-LYS 

231-LEU,122-GLU,52-LYS,193-SER,235- 

GLU,198-PRO,199-GLY,200-PRO 

6 637-SER,655-TYR,666-LYS,666-LYS 411-ASN,238-PRO,228-ASP,232-ASP 

8 668-GLY,669-ARG,669-ARG,672- 

ASN,763-ARG,763-ARG,763-ARG 

257-ASN,254-GLN,256-GLU,259- 

GLU,176-GLY,257-ASN,259-GLU 

9 653-LYS,664-CYS,669-ARG,763-ARG 149-GLU,2-SER,10-GLU,7-GLN 

11 30-VAL,31-GLU,39-GLN,41-MET,42- 

GLU,42-GLU,362-LYS,382-ARG,382- 

ARG,409-ASN,433-ASN,435-LYS,458- 

HIS,505-GLN,507-GLN,616-GLN 

15-GLY,17-ARG,14-ARG,39-LYS,12- 

ARG,39-LYS,280-GLY,278-ASP,283- 

HIS,285-ASN,285-ASN,288-GLU,285- 

ASN,142-ARG,178-GLY,260-ARG 

12 650-LEU,654-PHE,666-LYS,5-GLN,75-PH 143-TYR,143-TYR,107-ASP,179-GLY,308- 

HIS 

16 664-CYS,665-ILE,759-PHE,760-LEU,762- 

SER,762-SER,763-ARG 

14-ARG,9-TYR,17-ARG,22-SER,15- 

GLY,17-ARG,14-ARG 

18 645-SER,652-TYR,653-LYS,653-LYS,653- 

LYS,655-TYR,658-LEU,665-ILE,666- 

LYS,666-LYS,832-ASN,834-GLN,835- 

GLU,839-ILE 

94-GLU,70-ARG,166-GLU,167-ALA,168- 

SER,121-TYR,165-TYR,293-LYS,15- 

GLY,122-TYR,17-ARG,17-ARG,14- 

ARG,204-ARG 
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3.8) Immune Simulation 
 

The immune simulation was done by the C-Immsim server via a computational approach to predict 

the cellular interaction of the selected vaccine in the immune system. However, the selected 

vaccines were administered in a single dose, and the result was observed for 30 to 35 days. 

Additionally, the B cell and T helper cell populations were checked via the antibodies, and memory 

cell production alongside immunoglobulin, immune complexes, cytokines, and interleukins were 

also checked. Based on the highest production of the antigen in the immune system, the best 

candidates were selected. All the candidates showed a stranded immune response for the first shot. 

Hence, we set a threshold value for the selected vaccine, which is that the vaccine must produce 

more than 10,000 antibodies during the first administration. 

 
Vaccine 2 

Figure A) below shows the B-cell population. During the first few days, the number of antibodies 

was increasing, and during 5 to 10 days, it was the highest, with between 500 to 600 cells, and the 

memory cells were 200. It was in a stagnant position. In the Next graph, Figure B), the 

administration of vaccine 2 showed the highest number of T helper cells, which was between 4500- 

5000, and it slowly degraded after 5 to 10 days after administration, and the Memory cell count 

was 200 to 250. C) The simulation below of vaccine 2 administration showed that IgM+IgG 

antigen count was close to 700000 in 15 days. After that, it gradually dropped. The antibody titer 

was also more than 7000 and close to 8000 of IgM, IgG1, and IgG2. It also showed that the number 

of D) cytotoxic T was highest, close to 80000 counts, but it lowered after that and was between 

400000-450000 after the first injection. 
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Figure 3. 38 : Vaccine 2 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 4 

In Figure A) below the b cell population, during the first few days, the number of antibodies was 

increasing, and during 5 to 10 days, it was the highest, which is between 400 to 500 cells, and the 

memory cells were more than 200 and close to 300. It was in a stagnant position. In the Next graph, 

figure B), the administration of vaccine 4 showed the highest number of T cells, which was 

between 4500-5000, but after 10 days, it was 5000 antibodies for 35 days. And the memory cell 

count was 350. The simulation below of vaccine 2 administration showed in Figure C) that 

IgM+IgG antigen count was between 600000-700000 for 10 days, which was the highest after that. 

It gradually lowered. After 35 days, the antibody peaked at slightly higher but close to 10000 

counts. Then it lowered to 5000 to 6000 counts of IgM, IgG1 and IgG2. The next f igure D) of 
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cytokines and interleukins showed the IFN-g was slightly more than 400000 during 10 to 15 days, 

and after 20 days, it gradually decreased. 

Figure 3. 39: Vaccine 4 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 5 

Figure A) below shows the b cell population. During the first 4 days the number of antibodies 

increased and after that, during 5 to 10 days it was the highest, which is between 500 to 600 

antibodies and the memory cells were more than 200 and close to 250. It was in a stagnant position. 

In the Next graph figure B) the administration of vaccine 5 showed the highest number of T helper 

cell cells which was between 5000-5500 antibodies but after 10 days it was static for memory cells 

400 for the remaining 35 days. The simulation below figure C) administration showed IgM+IgG 

antigen count was between 500000-600000 for 10 days, it was the highest after that it gradually 

lowered, and the antigen was at peak during the first 5 days which was more than 12000 count. 

And before 35 days the antibody titer was at peak which is more than slightly more than 12000 
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counts then after 20 days it reduced to 4000 to 6000 of IgM, IgG1 and IgG2. Besides, the next 

figure D) also showed that the number of IFN-gamma cells was between 40000-450000 counts 

during 10 to 15 days and after 20 days it gradually decreased. 

 

Figure 3. 40: Vaccine 5 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 6 

Figure A) below shows the b cell population. During the first 4 days the number of the antibodies 

increased and after that, during 5 to 10 days it was the highest, which is between 500 antibodies 

and the memory cells were slightly greater than 200. It was in an inert position. In the Next graph 

figure B) the administration of vaccine 6 showed the highest number of T helper cell cells which 

was between 4500-5000 antibodies but after 10 days it was static for memory cells 350 for the 

remaining 35 days. The simulation below from the figure C) administration showed IgM+IgG 

antigen count was between 600000-700000 between 10 to 15 days, it was the highest after 16 days 
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and that it gradually lowered, and the antigen was at peak during the first 5 days which was only 

700000 count. And before 35 days the antibody titer was 7000 and lowered to 4000 for IgM+IgG 

or IgM, IgG1 and IgG2. Besides, the figure D) also showed that the number of IFN-gamma cells 

was slightly above 400,000 counts during 10 to 15 days and after 20 days it gradually decreased. 

 

Figure 3. 41: Vaccine 6 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 8 

Figure A) below shows the b cell population. During the first 4 days the number of the antibodies 

were increasing and after that, after 5 days of the administration it was the highest, which was 

standing at 500 antibodies and the memory cells were 200 and in the next figure, the graph figure 

B) the administration of vaccine 8 showed the gradual increment antibodies and the highest 

number of T helper cell cells which was a static 5000 antibodies after 10 days but after that it was 

steady for memory cells which was 400 counts for the remaining days. Figure C) below is showing 

the simulation of vaccine 8 administration showed IgM+IgG antigen count was between 600000- 
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700000 between 10 to 15 days, it was the highest then it gradually lowered and the antigen was at 

peak during the first 5 days which was 9000 and reduced to 5000 counts for IgM+IgG of IgM, 

IgG1 and IgG2. Besides, the next figure D) also showed that the number of IFN-gamma cells was 

slightly above 40000 counts during 10 to 15 days and after 20 days it gradually reduced. 

 

Figure 3. 42: Vaccine 8 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 9 

Figure A below shows the b cell population. During the first few 600 antibodies of the antibodies 

were increasing and after that, after 5 days of the administration it was the highest, which was 

between 500-600 antibodies and the memory cells were slightly lower than 250 and In the next the 

graph B) the administration of vaccine 9 showed the gradual increment antibodies and the highest 
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number of T helper cell cells which was more than 4500 but a static 5000 antibodies after 10 days 

but after that it was steady for memory cells which was 400 counts for the remaining days. Figure 

C) below showing the simulation of vaccine 8 administration showed IgM+IgG antigen count was 

between 600000-700000 between 10 to 15 days, it was the highest then it gradually lowered, and 

the antigen was at peak during the first 5 days. And before 35 days the antibody titer was more 

than 8000 but then decreased to 5000 to 6000 counts for IgM+IgG or IgM, IgG1 and IgG2. Besides, 

the next figure D) also showed that the number of IFN-gamma cells was slightly above 40000 

counts during 10 to 15 days and after 20 days it gradually reduced. 

 

Figure 3. 43: Vaccine 10 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 11 

Figure A) below shows the b cell population. During the first few days the number of the antibodies 

increased and after that, it was the highest, which was between 500-600 antibodies and the memory 
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cells were slightly lower than 250 but more than 200. and In the next figure B), the graph the 

administration of vaccine 9 showed the gradual increment antibodies and the highest number of T 

helper cell cells which was between 5000 5500 antibodies after 5 days but after that it was steady 

for memory cells which little above than 350 and close to 400 counts for the remaining days. Figure 

C) below is showing the simulation of vaccine 11 administration showed IgM+IgG antigen count 

was between 600000-700000 between 10 to 20 days, it was the highest on day 15th then it 

gradually lowered, and the antigen was at peak during the first 5 days which was close to 700000 

count. And before 35 days the antibody titer was exceedingly high which was above 10000 and 

close to 12000 counts then it reduced to 4000 to 6000 counts for IgM+IgG of IgM, IgG1 and IgG2. 

Besides, the next figure D) also showed that the number of IFN-gamma cells was slightly above 

400000 counts and stayed the same during 10 to 15 days, and after 20 days it gradually reduced. 

 

Figure 3. 44: Vaccine 11 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 
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Vaccine 12 

figure A) below shows the b cell population for vaccine 12 administration. During the first few 

days the number of the antibodies increased and after that it was between 500-600 antibodies but 

in a stagnant position and the memory cells were slightly lower than 250 but more than 200. and 

in the next figure B) the graph the administration of vaccine 12 showed the gradual increment of 

antibodies immediately and the highest number of T helper cell cells which was 5000, it was steady 

for memory cells which was 400 counts for the remaining days. Figure C) below is showing the 

simulation of vaccine 12 administration showed IgM+IgG antigen count was between 600000- 

700000 during the first few days. And before 35 days the antibody titer was more than 12000 but 

reduced to 6000 for IgM+IgG of IgM, IgG1 and IgG2. Besides, the next figure D) also showed 

that the number of IFN-gamma cells was moderately above 400000 counts and after 20 days it 

gradually reduced. 

 

Figure 3. 45: Vaccine 12 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 
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Vaccine 16 

Figure A) below shows the b cell population. During the first few days the number of antibodies 

increased and after that, it was the highest, which was 600 antibodies, and the memory cells were 

250 and both were stagnant. In the next figure B), the graph of the administration of vaccine 16 

showed the gradual increment of antibodies and the highest number of T helper cell cells which 

was5000 antibodies after 5 days but after that it was steady for memory cells which was little above 

than 400 counts for the remaining days. Figure C) below is showing the simulation of vaccine 16 

administration showed IgM+IgG antigen count was between 600000-700000 between 5 to 15 

days, it was the highest on day 15th then it gradually lowered, and the antigen was at peak during 

the first 5 days. And before 35 days the antibody titer was more than 12000 and less than 14000 

but then came down to 6000 for IgM+IgG of IgM, IgG1 and IgG2. Besides, the next figure D) also 
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showed that the number of IFN-gamma cells was slightly above 40000 and little close to 450000 

counts and stayed the same during 10 to 15 days, and after 20 days it gradually reduced. 

 

Figure 3. 46: Vaccine 16 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

Vaccine 18 

Figure A) below shows the b cell population. During the first few days the number of the antibodies 

increased and after that, it was the highest, which was 500 after 5 days and the memory cells were 

250. In the next figure B) the graph of the administration of vaccine 18 showed the gradual 

increment of antibodies and the highest number of T helper cell cells which was 6000 antibodies 

after 5-6 days but after that it was steady for memory cells which was 450 counts for the remaining 

days. Figure C) below is showing the simulation of vaccine 16 administration showed IgM+IgG 

antigen count was increasing after 5 days and it was highest which was between 600000-700000 

during 10 to 15 days, and before 35 days the antibody titer was the highest which was 14000 for 
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IgM+IgG or IgM, IgG1 and IgG2. Besides, the next figure D) also showed that the number of IFN- 

gamma cells was slightly above 40000 and little close to 450000 counts and stayed the same during 

10 to 15 days, and after 20 days it gradually reduced. 

 

Figure 3. 47: Vaccine 18 A) concentration of B cell B) Concentration of helper T cell C) the 

immunoglobulins and the immune complexes. D) Concentration of cytokines and interleukins 

 

 
Table below shows the comparative range for the B memory cell, Helper T memory cell, Ag count, 

IgM+IgG and lastly, IFN-g count for ten selected vaccines. 
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Table 3. 20: Concentration of B memory cell, Helper T memory cell, Ag count, IgM+IgG and 

lastly, IFN-g count for ten selected vaccines. 

 

 

 

Vaccine 

number 

B mem 

cell per mm³ 

TH mem 

cell per mm³ 

Immunoglobulins and immune 

complexes 

count/ml 

 

 

IFN-g 

ng/ml  

Antibody 

count 

 

Memory 

cell count 

 

Antibody 

count 

Memory 

cell 

count 

 
Ag count 

 
IgM+IgG 

2 400-500 200 4500-5000 300-350 700000 7000-8000 400000-450000 

4 400-500 200-250 5000 350 600000 - 700000 5000-6000 400000-450000 

5 600 200-250 5000-55000 400 700000 12000 400000 

6 500 200 5000 350 600000 - 700000 9000 400000 

8 500-600 250 4500-5000 400 600000 - 700000 8000 400000 

9 500-600 250 5000 400 600000 - 700000 8000-9000 400000-450000 

11 500-600 200-250 5000-5500 350-400 700000 10000-12000 400000 

12 500-600 200-250 5000 400 600000 - 700000 12000-14000 400000-450000 

16 600 250 5000 400-450 700000 12000-14000 400000-450000 

18 500 250 6000 450 700000 14000-16000 400000-450000 

 

 

3.9) Molecular Dynamic Simulation 
 

Molecular simulations were done using GROMAC. Later, molecular dynamic simulations were 

done for the selected 5 vaccines. Root Mean Square Fluctuation (RMSF), Root Mean Square 

Deviation (RMSD), Radius of Gyration (RG), Hydrogen bonds and SASA were observed and 

analyzed to find the best and only candidate among vaccine-5,11,12,16 and 18. 
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Figure 3. 48: MD Simulation vaccine-11 A) RMSF B) RMSD  C)H-Bond D)RG E)SAS 



123  

 

 
 

Figure 3. 49: MD Simulation vaccine-5 A) RMSF B)RMSD C)H-Bond D)RG E)SAS 
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Figure 3.50: MD Simulation vaccine-12 A) RMSF B)RMSD C)H-Bond D)RG E)SAS 
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Figure 3. 51: MD Simulation vaccine-16 A) RMSF B) RMSD C) H-Bond D) RG E) SAS 
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Figure 3. 52: MD Simulation vaccine-18 A) RMSF B) RMSD C) H-Bond D) RG E) SAS 
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3.9.1) RMS Fluctuation 

Vaccine-11(figure 3.48 A) showed RMS fluctuation less than 0.7 nm or 7Å. Initial residues 

showed high amount fluctuation and between 300 to 350 residue the peak was high then fluctuation 

got stable and lower for the flexibility and dynamics between 400 to 800 residues then it again 

started to increase, several peaks were noticed during the simulation during 100, 200, around 350 

and 900 residues. Different types of fluctuated points were shown by vaccine-5 where initial 

RMSF was lower than 5Å and it didn’t increase during the simulation period except for 800 

residues where it peaked to 25Å. Vaccine 12 (figure 3.50 A) RMSF analysis showed an increased 

mark during 300 residues and throughout the simulation it was under 0.5nm or 5Å. Vaccine-16 

(figure 3.51 A) showed a similar result that was also between 5Å-6Å. Lastly, Vaccine 18 (figure 

3.52A) highlighted the maximum fluctuation under 6Å, although after 199 residues and 800 

residues it showed two peaks fluctuating to 10Å. Vaccine 5, instead showed a highly fluctuated 

RMSF of 30Å made them slightly unstable vaccine constructs than others. 

 
3.9.2) RMSD 

vaccine 11 showed conformation changes as it is illustrated in (figure 3.48 B). During the 

simulation, the average RMSD was initially 2Å. This demonstrated continuous fluctuation from 

initial structural rearrangements to termination point which was terminally 4.5Å. The vaccine 

construct started to peak and the highest was close to 4.5Å during 20 to 30 ns, after fluctuation. 

Vaccine 5 (figure 3.49 B) initially had 55Å, it showed high fluctuation through the simulation and 

terminally it generated 52Å. Hence, the structure of this construct was distorted. Vaccine 12 (figure 

3.50 B) also showed an extremely high RMSD which was within the range of 47.5 to 49Å. The 

high fluctuation remained in the same range for the whole 50 ns simulation resulting in an unstable 

structure. Vaccine 16 (figure 3.51B) was also in the same range of 47Å to 49Å. Its initial RMSD 

was between 48 to 49Å which was the highest during 10 ns. Lastly, vaccines 18 (figure 3.52 B) 

showed a RMSD less than 8Å, which initiated within the range of 4Å to 6Å and gradually increased 

to 8Å during the 50ns simulation. 

 
3.9.3) Hydrogen Bond 

In the vaccine 11, the illustration (figure 3.48 C) showed the number of the hydrogen bonds 

forming was almost 620, the highest number was during 20000 picoseconds which had more than 



128  

620 bonds. The lowest was seen during 40000 to 50000 picoseconds and terminated within the 

range between 500 to 600 bonds. Vaccine 5 (figure 3.49 C) started within the range of 320 to 340, 

the hydrogen bond number was less than 380 in total the lowest was less than 320 during 10000 

ps. Terminally it showed little more than 360 hydrogen bonds. Vaccine 12 (figure 3.50 C) initially 

generated less than 360 hydrogen bonds within ten thousand picoseconds and the lowest was less 

than 300 which was during 20000 to 3000) picoseconds and it terminated within the range of 320 

to 360. Vaccine 16 (figure 3.51 C) showed results closely like vaccine 12 which started within the 

range of 340 to 360 hydrogen bonds. It formed the lowest number of bonds during 20000 to 30000 

picoseconds. vaccine 18 (figure 3. 52 C) generated the same range of hydrogen bond number 

throughout the 50000 picoseconds simulation, from initial point of to the terminating point which 

was between 300 to 350 bonds. 

 
3.9.4) RG (Radius of Gyration) 

Vaccine 11(figure 3.48 D) started within the range of 33.5Å to 34Å and the lowest was 33Å during 

the 20000 picosecond and highest was 34.5Å during 30000 to 40000 picoseconds. It terminated 

within the same range. Vaccine 5 (figure 3.49 D) the RG was within the range of 29Å to 30Å and 

it was highest which was 32Å during 10000 PS and lowest during 30000 ps and it terminated with 

29Å. Vaccine 12 (figure 3.50 D) fluctuated in the same range which was 32.5Å to 33.5Å. It was 

highest during 10000 ps and 40000 ps and lowest during 10000-20000 ps which was 32Å. Vaccine 

16 (figure 3.51 D) showed the similar result as where the whole simulation of 50000 ns was ranging 

between the RG of 32.5Å to 33.534Å. Vaccine 18 (figure 3. 52D) initially showed the highest RG 

which was during 27Å to 28Å and then it decreased gradually and showed lowest RG in the 

terminating point which was 25.25Å. 

 
3.9.5) SASA 

Vaccine 11 (figure 3.48 E) area started within the range 440 to 470 nm^2 and fluctuated during 

the whole simulation and lowest fluctuation was during 30000 to 40000 ps and the area was 

between 420 to 430 nm^2 and the highest was 470 nm^2. Vaccine 5 (figure 3.49 E) started within 

the range of 330 nm^2 to 350 nm^2 and gradually decreased to the point of 310 nm^2 to 320 nm^2 

during 40000 to 50000. Vaccine 12 (figure 3. 50 E) 290 nm^2 to 310 nm^2 within 50000 ps. The 

highest area was 310 nm^2 during 10000 ps. Vaccine 16 (figure 3.51 E) also started with 300 to 
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310 nm^2 area during 10000 ps time. It ended up ranging between 290 to 300 nm^2. Lastly, the 

SASA of vaccine 18 (figure 3.52 E) was seen to be at peak during the initial simulation time which 

was during 10000 ns it was 310 nm^2 but gradually decreased to 280 nm^2 at terminating point. 

It had the lowest peak during 40000 ns that was close to 279 nm^2 area. 
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Discussion 
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Zika virus is a global health threat and found in more than 85 countries throughout the world most 

abundantly in Africa, America, and Asia that declaration of WHO in 2018, it was clearly stated 

about 159 cases of ZIKV have been detected in the neighboring countries India hence, now 

Bangladesh, also fell into the category of danger for ZIKV as an emerging threat warning (Hossain 

et al., 2019). However, according to the WHO landscape the constructed ZIKV vaccines are still 

on trial, nevertheless, the model vaccine construction would be capable of inducing an 

immunogenic response against the virus after a single administration among all people and must 

include safety and highly effective for the pregnant, child and other patients with any medical 

conditions (Poland et al., 2019). Thus, the study focuses on developing a novel peptide vaccine 

against the ZIKV virus to prevent deadly infections throughout the world that would work 

effectively and safely for people. 

The Zika virus from the Flaviviridae family is capable of transmitting diseases like microcephaly 

or other sexual transmission. It undergoes fast mutation due to RNA-dependent-RNA-polymerase, 

which makes it capable of high adaptation and spreading zoonotic disease, which can cause global 

emergence. However, the single-stranded RNA-encoded protein of the ZIKV genome is later 

translated into the polyprotein, which is then divided into structural and nonstructural proteins. 

Both synonymous and nonsynonymous mutations can occur in the ZIKA, but nonsynonymous 

mutations were seen to be very prevalent during the outbreak. (Borucki et al., 2019). This is why 

the emphasis of understanding should project into the evolution and genome study of the virus, 

which will help to provide a wide perspective of developing a vaccine or any therapeutic targets 

against it. Moreover, the phylogenetic analysis of the virus gave us an important standpoint of the 

geographical region that influenced the origin of the ZIKAV. It was seen within the selected most 

recent 15 variants, only two lineages were observed, 12 of them were Asian, and 3 of them were 

African. However, the phenomenon of some mutations in those variants or sequences of a 

particular clade can be a crucial factor for disease control as the connectivity of the pathogenicity 

of the virus variants with the certain clade is associated, it can also give a potential viewpoint to 

design vaccines (Seabra et al., 2022). 

Additionally, the genes that are subjected to diversification can also be noticed after analyzing the 

variations within the virus genome. Hence, the initial step in developing an in-silico vaccine 

against this virus was to retrieve a genome sequence from the BV-BRC server and annotate it to a 

protein sequence. Later, multiple sequence alignment was done to inspect the conserved region, 
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which was later cut to extract the desired proteins according to the start and end position of the 

capsid, envelope, and membrane (table 3.2). The structural proteins were selected due to their 

significant role of being abundant and easy target antigens in the body. Also, the appropriate 

organization of conserved structural proteins like capsid, membrane, or envelope can vastly induce 

an immune response (Sanami et al., 2021). 

The sequences are assessed computationally for the physicochemical properties (Table 5). 

Epitopes were predicted from the IEDB server. Cytotoxic CD8+ T lymphocytes or CTL epitopes 

are memory responses that help to render the immune reaction persistent. If the vaccine stimulates 

a regulatory CD8+ cell in an effective manner against ZIKA, it can induce a good antibody reaction 

and deliver them for protection. In consequence therapeutic vaccines (Kumaraguru & Woolard, 

2010). The selection of Helper T cells is one of the most important criteria because it plays a key 

role in inducing humoral and cell-mediated immune responses. Therefore, to develop a multi- 

epitope-based vaccine, the selection of HTL receptor-specific epitopes was especially important. 

For further screening, B cell epitopes were selected, which showed broad-spectrum function for 

generating antibodies. It is also known as a determinant of antigen where a B cell receptor 

recognizes a specific antigen, it has two types which are discontinuous or conformational and 

linear or continuous (Ras-Carmona et al., 2022). However, the main purpose of B cell prediction 

for the vaccine construction was to induce specific antibodies; also, it was formulated as peptides 

that synthesize antigen-specific antibody prediction against the ZIKAV. Based on the highest 

antigenicity, T cell epitopes were selected for capsid, envelope, and membrane, but along with 

that, the toxicity, allergenicity, and threshold score were checked simultaneously. Three- 

dimensional image prediction (table 3.14) provides a clear view of the epitopes, which helps to 

enable the construction of a multi-epitope vaccine that consists of the most effective. 

A comparative Population coverage study is done with epitopes based on their binding with the 

human leukocyte antigen (HLA) alleles to see the highest hits and coverage for certain 

geographical areas and the study widens the analysis of the coverage rate of 

immunogenic peptides or epitopes that rendered immunogenic responses in substantial portions 

among the population in the world along with selected geographical areas hence, identifying the 

importance of conceivable factors and for developing our multi epitope-based vaccine (Mukherjee 

et al., 2020). The highest coverage for MHC-I was seen in Europe with 5.26 average hits, and the 

world has an 88.09% coverage with 5.07 hits (Table 3.15); on the other hand, MHC-II has also 
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shown the highest coverage in Europe and South Asia which was 99.9% and 99.22%. The selected 

promiscuous epitope sequences of class I and class II were exerted with their corresponding HLA 

alleles to find the coverage, as the type of HLA differs from ethnicity to ethnicity, and it is 

challenging to predict complete consummate coverage due to the extreme polymorphism against 

antigen (Misra et al., 2011). 

For developing a vaccine, selected epitopes were used along with the best-fitted adjuvants and 

linkers. Notwithstanding, designing a multi-epitope-based vaccine is one of the promising 

advancements in medicine, and the Research purpose of designing a multi-epitope-based vaccine 

is for a better comprehensive immunoinformatic analysis that can avert and fight against the virus 

by generating a large immune response from cytotoxic T cells, helper T cells and B cells. These 

types of vaccines are comparatively more effective due to their stability and potential to produce 

both humoral and cellular immune system responses. Additionally, the in-silico design of such a 

structure is considered to have firm interactions with receptors like TLR4 (Alibakhshi et al., 2024). 

Beta defensin-3, a 50s ribosomal protein (table-1), is used as the adjuvant for the constructed 

vaccines. However, the fusion protein technology to develop such vaccines can improve 

immunogenicity at a high rate. A particularly suitable selection of linkers can enhance the affinity 

and efficacy of the peptides. In this case, β-defensin was used for the vaccine construction for its 

crucial immune efficacy and demonstrated as a potent immune adjuvant for vaccine development 

as well as It is an antimicrobial peptide that can play a role as a first line of defense (Zheng et al., 

2023). Another adjuvant that was used was the 50s ribosomal protein L7/L12. It is an 

immunoadjuvant widely used for vaccine construction due to high recognition by TLR4 and its 

capacity to induce cellular immunity. (Lee et al., 2014). 

Empirical Linkers such as EAAAK hold the importance of constructing stable because of the 

functional and efficient vaccines to make and they often accept linkers for fusion (Chen et al., 

2013). Proteins are used to connect the adjuvant with the rest of the protein regions. It is appended 

to the C-terminal of the adjuvants which are Beta-defensin and 50s ribosomal protein. Also, the 

GGGGS linker has shown immense potential for the stability of the fusion protein technique 

(Shamriz et al., 2016) for the CTL linker. Along with this, the AAY linkers also showed an exciting 

potential to generate a flexible binding site to enhance epitope presentation for joining cytotoxic 

T epitopes (Dong et al., 2020). The helper T cells were combined with each other with the GPGPG 

linker, and KK was used as B cell linkers for the epitope linkers to develop immunogenic multi- 
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epitope-based vaccines. Lastly, 16 of the vaccines were designed to have a Poly histidine tag at 

the c-terminal of the residues because it is used for its small size, and it confers good affinity and 

stability (Skiba et al., 2018). Non-specific binding towards untagged protein residues is one of the 

drawbacks of using a poly-his tag (Bornhorst & Falke, 2000). Among 19 vaccines 3 of the 

constructs did not have a poly-hist tag adjoined at its c-terminal. 

Physicochemical properties (table 3.17) are the ones that influence the vaccine's values and overall 

efficiency. Allergenicity, antigenicity, solubility, and hydrophobicity were the parameters that 

were used to find better candidates among primary ones. Moreover, the solubility of a vaccine is 

a crucial factor when it comes to hypo sensitization or inducing the tolerance of autoantigenic 

properties (Sestak et al., 2014). Often, vaccines are used to make the body identify and respond to 

a specific antigen through the immune system, and the size and particles of the vaccines are 

typically quite small. Therefore, the circulation of these particles from the injection site to the 

entire system depends a lot on the solubility of the vaccine’s peptide sequences. All the constructed 

vaccines had a solubility of more than 0.45, which means all of them were soluble. Nevertheless, 

the allergenicity and antigenicity were checked thoroughly so it turned out all the primary 

constructs were non-allergenic and antigenic. These all are commendatory properties for vaccines. 

Next, The GRAVY values from the designed vaccines were all negative and ranged between -0.01 

to -0.45, this observation indicates that the proteins are very hydrophobic and present a high 

interaction with water molecules (Droppa-Almeida et al., 2018). 

Secondary and tertiary structures of constructed 19 vaccines were predicted to analyze the helices, 

strands, coils in the protein sequences of vaccines. The advantages of helices are they can provide 

stability through hydrogen bonds. (Emberly et al., 2002). On the other hand, coil structures are 

formed due to neutral amino acid residues which do not form the hydrogen bonds; hence, the 

protein structure loses its structural rigidity. Random coils of the vaccine's tertiary structure were 

generated so that all 19 of them could observe the helix, strands, and extended strands closely. 

From the observations, vaccine-2,4,5,6,8,9,11,12,16 and 18 showed moderate antigenicity with 

favorable solubility and GRAVY value along with the stable tertiary structure. To understand 

further, all selected 10 vaccines were used for in-depth analysis by generating a Ramachandran 

plot via the PDBSUM tool (table 3.18). The ERRAT values were also checked for the validation 

of the constructs. However, ERRAT is determined by crystallography, and it is used to find the 

errors in the residues by using the 9-residue window (Pandey et al., 2016). Overall quality depends 
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on how close the value is to 100. Vaccine-2,5,8,9 and 16 showed more than 90% ERRAT value. 

However, the Ramachandran plot was again checked for further observation of the distribution of 

the dihedral phi/Psi angles and the stereochemical quality of the proteins (Elsliger & Wilson, 

2012). It envisioned both the disallowed region and the allowed region to distinguish between the 

poor and stable quality of the homology model. The mediocre quality is usually found more in the 

forbidden region, in the fourth quadrant, due to its steric clashes, structural problems, and bad 

conformation. On the other hand, the favored region or allowed region includes the amino acids 

that do not have steric hindrance and dihedral confirmation of both alpha-helix and beta-sheet 

(Aarthy & Singh, 2022). In the Ramachandran plot, the red regions between the yellow regions of 

the second and third quadrants represent the favored region of the plot, and it resembles 

conformations, which have stability and better dihedral angles. Most of the constructed vaccines, 

like vaccines 2,5,8,9,11,12, and 18, showed more than 98% of the allowed region and less than 

2% of the disallowed region. 

Then, molecular docking was done on the vaccines using CLusPro2.0 against TLR4. TLR4 was 

selected as the receptor for the docking analysis and plays a key role in the immune response. 

(Koike, 2018) TLR4 works as a host immune system and first-line defensive molecule, and it 

assists immunity by enlarging the number of both antigen-processing and antigen-presenting cells. 

Hence, TLR4 gives more stability and better scores during the molecular docking simulation than 

other receptors by allowing better RMSD tolerance (Yahaya et al., 2021). Nevertheless, ligand- 

receptor docking identifies the structural and predominant binding models by successfully 

providing a three-dimensional structure based on the docking score function for each candidate of 

vaccines. (Morris & Lim-Wilby, 2008). From (table 3.19), the docking score is represented by the 

center and lowest energy with the target receptor TLR4. Approximate prediction of both receptor- 

ligand models included the conformation orientation, and interaction of potential sites decoded the 

stability of your vaccine-receptor models. Vaccines 2,4,8,9,18 consecutively showed the lowest 

Gibbs free energy, which was respectively -15.6, -16.3, -15.5, -16.1, and -15.6 kcal/mol calculated 

from the Prodigy web server. However, if the ΔG values which are within the range of -5 to-15 

kcal/mol are commonly perceived as marginally stable that dominate the folding mechanism of 

protein (Kar et al., 2020). 

However, TLR4 can identify the PMPs, and the principal role is to lead the innate to arrange the 

adaptive immune response (Sorokina et al., 2022). Therefore, when the interaction occurs the 

dock. 
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scoring function predicts the binding affinities of the two molecules based on models, clusters, and 

properties. 

The presence of hydrogen bonds between the vaccine and the receptor enhances the binding 

affinity of the ligand, representing the intramolecular strength and its direct association of inducing 

the immune response because of guiding the conformation of helix or sheets of the peptide 

sequences that prompt various immune responses (Reyes et al., 2017). These maximum and 

consistent hydrogen bonds between the vaccine and TLR4 provide a wider inspection of better 

exhibition pf residual interaction and affinity (Moin et al., 2023). 

A fluctuation plot was generated for the structural simulation of the designed vaccine for predicting 

the conformational changes and residues. The RMSF for each residue was represented, and 

residual-fluctuation profiles were envisioned through a graph. Fluctuation occurs due to the 

distances of the residues of the amino acids of the protein, the greater the distances between the 

amino acids, the more distortion, hence, the less native conformation state and instability. The 

vaccine constructed with TLR4 receptor generated several types of fluctuation, nevertheless, both 

rigidity and flexibility of a protein are necessary in terms of understanding the wide view of 

structural fold, dynamic functions, and alterations (Sljoka, 2021). Vaccines 8 and 2 showed a high 

fluctuation for both chain A and B with high degree of RMSF. Their performances showed that 

the native conformations were disrupted and. The individual residue flexibility was absent during 

the simulation and resulted in dissociation. On the other hand, vaccines 5, 19, 12, 16, 18 showed 

less quantity of structural fluctuation. It means, the atoms of those vaccines had similarities to the 

reference structure and less displacement that allowed them to be stable. The fluctuated structure 

of the residues of chain A and B involved in rigid-body alignment which includes the native 

conformational changes (Martínez, 2015). 

To calculate the distances and interaction between the amino acids of the protein sequences, 

analyze the network of the tertiary and secondary interaction of the chain, ten contact maps were 

generated via the RING server. Additionally, interpretation of the residue-residue contact can play 

a crucial role in predicting accuracy of protein threading contact (Bhattacharya & Bhattacharya, 

2020). From the generated contact map for 10 selected vaccines, it was seen that amino acids 

between the area of chain A and chain B interact with the adjacent line. The Y axis was the 

intersection line and the second and fourth quadrant represented the interaction of both Chain A 

and B. (table-3.20) showed the residues of amino acids of chain A and B. 
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Immune simulation was also done by computation approach using C-immsim server and the 

importance of inspecting the immunological process onset of the constructed vaccine is 

exceedingly high. However, the concentration of B cell, helper T cell, immunoglobulins, and 

immune complex and lastly, concentration of cytokines and interleukins were independently 

generated to observe the agents and populations in the server generated and simulated biological 

environment of the body (Rapin et al., 2011). Only one dose of vaccines was selected as a vaccine 

schedule to simulate. 

The vaccine must produce a humoral immune system along with antibody and antibody mediated 

cells. It was seen that B cell antibody count was highest 600 cells/mm³ and memory cell count was 

highest 250 cells per mm³.For every vaccine, the antibody count and the memory count were the 

same average count, which was between 400 and 600 antibodies and 200 to 250 memory cell 

counts. Development of such consistent concentration depicts a stable concentration for B cell 

population. Among vaccine 5, 6, 11, 12 , 16 and 18 was observed to generate steady results for the 

population and induced the same count for B cell population from day 5 to days 35 holding the 

closest 600 count/ml for vaccine 5 and respectively 500, between (500-600), Between (500-600), 

600, 500 cells/mm³ for rest five vaccines and it was the highest. And memory cell count for the B 

memory cell was also very consistent to generate quick antigen identification and induce fast 

response. 

An injection of a single dose vaccine can trigger the immune system by inducing helper T cells 

and can be observed by the adaptive immunity by number of cells count and the memory cell 

induction. The highest helper T cell count was around 6000 cell/mm³ and the lowest was 4500. 

Vaccine 18 only developed a maximum concentration of helper T cells which was 6000 cells/mm³. 

Among 10 vaccines 5, 6, 12, 16 and 18 showed a fixed and strong count of Helper T cell and the 

for the rest 35 days and was around 5000 and 6000 cells/mm³. Other vaccines provoked the cell 

count to be a very stable condition too. The memory cell production was high for the vaccine 16 

and 18 which was 450 cells/mm³. 

Immunoglobulins and the immune complexes play a significant role in the body. It binds to the 

invader and fastens the immune response by advancing the opsonization, activation and 

neutralization. It was observed that the IgM+IgG population count was up to 700000 cells/mm³ 

for the antigen count for 12000. All 10 vaccines had generated the highest amount of 
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immunoglobulins IgM+IgG count between 600000-700000 cells/mm³ count/ml. The antigen count 

was highest for the vaccine 5,11,12,16 and 18 that crossed 10,000 cells/mm³. Hence, it was 

considered as the most effectful candidate. Also, the all ten vaccines that have been selected can 

be selected only if it produced relatively high antigen dose to efficient immune response and 

optimum antibody staters to prevent the virus attack and prevent it from transmitting cell to cell 

(Billeskov et al., 2019) The antigen count was set to identify the best candidate due to the ability 

of the simulation of vast immune response by inducing macrophages, T cells, B cells along with 

this, it generate a wide range of chemical substances like cytokines, interleukins immunoglobulin 

like IgG, IgM and other immune complexes (Chuekwon & Cheng, 2023). The IFN-gamma was 

also checked because it signals instantly balance the spectrum of CD8+ T cells and cytolytic 

capability (Alspach et al., 2019) and the (table 3.21 )showed almost all vaccine showed a perfect 

and moderate amount of IFN-γ that could produce enough amount of helper T cell as immune 

response and the count was between 400000-450000 cells/mm³. 

Based on the result, the best 5 vaccine candidates were chosen according to the validation, immune 

and structural simulation results. Vaccine 5,11,12,16 and 18 were selected. That included ERRAT, 

Ramachandran plot favored region, docking score, Gibbs free energy and hydrogen bond. The 

vaccine 5 had an antigen count of 12000 cells/mm³ count and IgG and IgM count was 700000 

cells/mm³. It also had a moderate RMS fluctuation of amino acids residues index with less than 5 

angstroms. The average center docking energy was -968.7 kcal/mol and Gibbs free energy was - 

10.5 Kcal/mol. It had 8 hydrogen bonds for intramolecular bindings. The vaccine had more than 

98% of the favored region and ERRAT value of 94.97%. Vaccine 11 RMSF was also less than 4 

angstroms with -1132.9 kcal/mol docking score and Gibbs free energy of -14.3 kcal/mol with 17 

hydrogen energy. It has 98.5% allowed region in the Ramachandran plot and 86.9% ERRAT value. 

However, it generated close to 12000 cells/mm³ antigen count. Vaccine 12 resulted in 12000- 

14000 cells/mm³ antigen count with 98.8% favored region of Ramachandran plot. It has the 

docking energy of -1395.8 kcal/mol and -13.1kcal.pol Gibbs free energy. It had 7 hydrogen bonds. 

It showed great stability in the fluctuation plot with less than 4 angstrom RMSF during structural 

simulation. Both 16 and 18 signified higher stability in fluctuation plot and balanced structure by 

generating less than 4 angstrom RMSF that demonstrated unchanged native conformational 

changes. Vaccine 8 had crossed 14000 cells/mm³ antigen count and 98.5% favored region in 

Ramachandran plot with 85.4167% ERRAT value. Additionally, the docking score was -1260.0 
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kcal/mol and the Gibbs free energy was -15.6kcal/mol with 14 hydrogen bonds. However, vaccine 

16 has 94.6% favored region and 91.11% ERRAT value. It had -1111.5 kcal/mol docking score 

with 11.9 kcal/mol Gibbs free energy with 8 hydrogen bonds. 

Root means square fluctuation is analyzed for the effect of the amino acid residues and protein 

flexibility and rigidity function under specific temperature, pressure, and volume over the 

simulation period (Likić et al., 2005). Around 5 peaks were noticed during the simulation under 

7Å. Vaccine 5 peaked at only terminal point, Vaccine 12 (figure 3.50 B) and 16 (figure 3.51 B) 

showed closely similar results with 2 peaks during the range of 200 to 400 residue. (Kalita et al., 

2020) Average rms fluctuation value 3.90Å were considered to be stable in subsequent result 

analysis. vaccine 18 showed only a fluctuating peak that crossed 10Å during the simulation, but 

other residues were compact and stable under 5Å, and it can be concluded, vaccine 11 and 18 had 

better rms fluctuation and exhibited better structural stability. 

To find the stability of the complex of the vaccine with the receptor TLR4, RMSD was conducted 

to determine the different variation of their conformational changes when they undergo 

interactions (Zeyaullah et al., 2023). Higher RMSD value demonstrated the greater deviation in 

protein conformation in the md simulation. Usually greater than 10Å indicates deformation or 

unstable native conformation structure due to small molecules, and structure instability. vaccine 

11(figure 3.48 B) demonstrated continuous fluctuation from initial structural rearrangements to 

termination point which was terminally 4.5Å. Vaccine 5 structure was distorted due to extremely 

elevated levels of RMSD. Vaccine 12 generated a high RMSD of 49Å, with. The high fluctuation 

remained in the same range for the whole 50 ns simulation resulting in an unstable structure. 

Vaccine 16 (figure 3.51 B) showed the same result hence from the trajectories, it had structural 

distortions. Lastly, vaccines 18 (figure 3.52 B) showed a RMSD less than 8Å. Nevertheless, 

vaccine-11 rms deviation of structure showed a stable state and better protein folding performance. 

The RMSD of md simulation emphasize on the deviation for the atoms and molecules of the 

vaccines and logan complex, hence, a high value would be inferencing as highly unstable structure 

and deficient amount in the md simulation through the time (Al-Karmalawy et al., 2021). 

Evaluate the stability and depict the degree of strength and balance of intermolecular and 

intramolecular bindings H-bond is calculated. In the vaccine 11, the illustration (figure 3.48C) 

showed the number of the hydrogen bonds forming was almost 620, the highest number was during 

20000 picoseconds which had more than 620 bonds. The lowest was seen during 40000 to 50000 
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picoseconds and terminated within the range between 500 to 600 bonds. Vaccine 5 (figure 3.49 C) 

started within the range of 320 to 340, the hydrogen bond number was less than 380 in total the 

lowest was less than 320 during 10000 ps. Terminally it showed little more than 360 hydrogen 

bonds. Vaccine 12 (figure 3.50 C) initially generated less than 360 hydrogen bonds within 10000 

picoseconds and the lowest was less than 300 which was during 20000 to 3000) picoseconds and 

it terminated within the range of 320 to 360. Vaccine 16 (figure 3. 51 C) showed results closely 

like vaccine 12 which started within the range of 340 to 360 hydrogen bonds. It formed the lowest 

number of bonds during 20000 to 30000 picoseconds. Vaccine 18 generated the same range of 

hydrogen bond number throughout the 50000-picosecond simulation, from initial point of to the 

terminating point which was between 300 to 350 bonds. 

Radius of gyration is the compactness of the vaccine construct and calculated by the protein 

backbone during the md simulation. It was compact during the simulation when the RG was found 

to be ranging between 21 Å to 22 Å (Rampogu et al., 2022) Vaccine 11 (figure 3.48 D) highest 

was 34.5Å during. However, Vaccine 5 was slightly less, and the RG was within the range of 29Å 

to 30Å. Vaccine 12 (figure 3.50 D) and 16 (figure 3.51 D) fluctuated in the same range which was 

32.5The less3.5Å. Vaccine 18 (figure 3.52 D) initially showed the highest RG which was during 

27Å to 28Å. The less the RG, the more the structural compactness and more the RG, less the 

structural compactness. Comparing the radius to find the more compactness during simulation 

vaccine 18 showed a considerable result. 

The extracellular area on the protein molecule surface which has the most proximal distance to 

access solvent, hence, accessibility of the solute surface to interact the solvent exhibits the degree 

of interactions by calculating SASA (solvent accessible surface area). It is considered to indicate 

the protein stability by predicting the centralized solvent sphere interacting with van der Waals 

connected with the surface (Borjian Boroujeni et al., 2021). Vaccine 11 (figure 3. 48 E) area started 

within the range 440 to 470 nm^2. However, vaccine 5 (figure 3.49 E) started within the range of 

330 nm^2 to 350 nm^2. Vaccine 12 (figure 3.50 E) 290 nm^2 to 310 nm^2 within 50000 ps, hence, 

it occupied less area than vaccine 11. Vaccine 16 (figure 3.51 E) also started with 300 to 310 nm^2 

area during 10000 ps time. Lastly, the SASA of vaccine 18 was generated high but over the time 

it decreased to a considerate level. Standard SASA for the molecular simulation is considered for 

better compactness and stability of the vaccine when it is ranging less than 200 nm^2. The SASA 
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profile of the constructed vaccine showed less flexibility and stability but vaccine 18 achieved a 

better rigidity of binding with ligand molecules than others. 

Based on the results of RMSD, RMSF, Rg, Hydrogen bond and SASA, vaccine 11 and vaccine 18 

showed prominent results. Vaccine 11 had highest hydrogen bonds established as both intra and 

intermolecular implanting better strength. The number was 620 and for vaccine 18 hydrogen bond 

number 400. Vaccine 11 did not cross 7Å rms fluctuation and had less than 5Å rmsd. However, 

vaccine 18 had peaks that crossed 10Å in RMSF calculation during the simulation and had 8Å 

RMSD. The SASA and Rg were respectively 34.5Å and 28Å; 470nm^2 and 310 nm^2 for the 

vaccine 11 and 18. The structural rigidity thus can be considered as better and stable for the variants 

of unchanged native conformations and dynamics for vaccine 11. All the proposed vaccine 

candidates were observed to be simulated for 50ns. The results were satisfactory for some 

parameters among all 5 and few showed pitfalls due to some reasons. The proposed approach must 

include longer simulation time, advanced empirical force-field parameterization required as water 

model structure could be employed at advanced level for the complex constructs. However, the 

MD simulation is computationally intensive so whole protein conformation cannot be sampled in 

one space hence, the result depends on the total simulation time. The improvisation could bring 

better results of the vaccine during md simulation unless, of course, the protein properties do not 

entirely depend on the total time although a large number of MD run can bring better 

reproducibility of molecular system by tracking down the trajectories and individual atoms and 

molecule for more in depth and dynamic experimental data (Cavalcanti da Silveira et al., 2020). 



142  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter – 5 

Conclusion 
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Zika virus, a member of the Flavivirus genus, is a potential threat to humans. After several 

outbreaks quickly transmitted among many continents, it has become an international concern, and 

Bangladesh is at risk due to its long persistence and expanded host range. Hence, the study, an in- 

silico approach to developing a multi-peptide vaccine against the deadly ZIKV, aims to suggest 

the potential adequacy of the constructed vaccine as a novel vaccine candidate against all the recent 

variants of ZIKV worldwide. The unavailability of Zika virus vaccines and the lack of approved 

vaccines after years of research make the study more relevant and important. Structural proteins 

like membranes, envelopes, and capsids were selected to generate the epitopes due to the more 

accessible and efficacious target in the body, resulting in the epitopes being highly antigenic and 

non-allergic. The highest population coverage was also worldwide, covering the maximum 

threshold level. The previous study used the most potent adjuvants and linker molecules to adjoint 

the constructs; all 19 primarily developed vaccines later showed standard physiological properties. 

Furthermore, the secondary and tertiary structure was analyzed for each one to select them as 

suitable candidates based on antigenicity and other physiological factors; consequently, ten 

favored vaccine constructs were selected. In addition to that, the validation ERRAT and 

Ramachandran plots were checked respectively for each of the ten vaccines to compare. After the 

validation, molecular docking was employed with the TLR4 receptor, and each of them showed a 

hand docking score and high binding affinities. Afterward, structural simulations were used to 

study the key function of the protein's interaction and evaluate its stability. A contact map and 

fluctuation plot were generated to analyze each vaccine-receptor complex's atomic motion, 

residual distance, and substantial integrity. Besides, immune stimulation ascertained the vaccines 

that could generate both humoral and cell-mediated immune responses at a high rate and in an 

extended manner by administering only one dose. Finally, based on that, vaccines 5,11,12,16, and 

18 picked as the strong candidates. Lastly, the MD simulation was run. However, 5,12, and 16 

showed high instability, whereas vaccines 11 and 18 showed potential dominance in structural 

integrity over others. After observing rigidity, flexibility, and integrity parameters, vaccine 11 was 

chosen as the best candidate and strongly recommended as the most suitable vaccine construct. 

Nevertheless, predicting the characteristics and properties of the construct computationally can 

only be concluded to have explanatory efficiency if it is analyzed further in vitro and in-vivo 

assessment for the several phases of clinical approval. Only then can it be employed for humans, 

and the study would be a handful.  
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