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ABSTRACT 

 HPV is the most common sexually transmitted infection in the world. In high-risk 

types, HPV infection is associated with virtually all cervical cancers and a significant 

proportion of anogenital and oropharyngeal cancers. Neutralizing antibodies can prevent 

HPV infection with their effectiveness depending on the way they interact with HPV capsid 

proteins. The ability of antibodies to attach to capsid proteins is influenced by pH 

variations, which can impact the characteristics and stability of both the viral capsid and 

the antibody. In this thesis, we apply a computational simulation pipeline to predict the pH-

dependent binding energies in HPV capsid-antibody interactions. Our results predict that 

there is a strong preference for binding to antibody 28F10 for HPV subtypes 6, 16, 18, 33, 

and 58 while A12A3 shows a strong preference for HPV 35 and 59. The results also predict 

that both antibodies bind non-preferentially to the HPV 11 capsid. 
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CHAPTER I 

INTRODUCTION 

 Despite the fact that viruses are extremely tiny biological particles, they can have a 

significant impact on human health and well-being [35]. Human papillomavirus (HPV) is 

a small double-stranded DNA virus that has over 200 variants and is a common sexually 

transmitted virus [2]. HPV is associated with various types of cancer, specifically cervical 

cancer (Figure 1) [34]. One of the challenges facing the world concerning HPV is that there 

is still no effective treatment for it [6]. Although there are vaccines available to protect 

against HPV, they offer limited protection against only specific types of the virus, typically 

up to nine, and are most effective when administered within a specific age range [36]. 

 

 

Figure 1. This chart shows the number of cancers caused by HPV in the United 

States each year. 
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In the past, the knowledge to analyze protein-protein interactions was limited. Due 

to the early stages of molecular biology during that time, methods for studying protein-

protein interactions and the development of techniques have emerged at a slow pace [37]. 

However, with the advent of computational methods, they have become a topic of great 

interest in bioinformatics because they provide the ability to predict protein-protein 

interactions and validate experimental outcomes [38]. Research in protein-protein 

interaction (PPIs) has become more efficient using computational methods leading to new 

ideas and proposals [39]. These developments have contributed significantly to the 

invention and development of treatments and vaccines, particularly in the study of viruses 

[40].  

 This thesis aims to investigate the interactions between each of two antibodies and 

the capsid protein of several HPV variants/types. The study will predict the binding energy 

of both antibodies to each type of HPV across pH levels and compare their efficacy in 

protecting against each type of HPV.  
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CHAPTER II 

BACKGROUND 

 In this chapter, we introduce related topics to this project to give more information 

for better understanding of this study. It starts with HPV, HPV vaccines, the structure of 

HPV, and the pipeline that is applied to this work.  

Human Papillomavirus 

Human papillomavirus (HPV) is the most common sexually transmitted infection 

(STI). HPV can affect more than 300,000 people per year worldwide. HPV can not only 

affect women, but it can also affect men. It is a virus that causes diseases that vary from 

minor like warts to a high level of disease risk like cancer [1].  

HPV has more than 200 types, it is grouped into low-risk types and high-risk types. 

Low risk types do not cause disease in most cases, but it may cause warts in some parts of 

the body like the genitals, anus, mouth, or throat. On the other hand, high-risk types can be 

the main cause of various cancers specifically cervical cancer. High-risk types encompass 

around 14 types which are: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, and 68, but 16 

and 18 are the most dangerous types that cause cancers. [2] 

HPV can transmit through skin to skin contact as well as sexual contact like vaginal, 

anal, or oral sex [1]. There is a small possibility for the transmission of HPV from the 

mother to her newborn during childbirth [3]. HPV typically does not manifest with overt 

symptoms, and many carriers remain unaware of their infection [1]. In instances of low-

risk HPV types, skin and genital warts may develop [2]. In women, the presence of HPV 

is often detected through routine pap smear screenings, which may reveal abnormal cells 

and frequently test positive for high-risk HPV strains [4]. HPV can lie dormant for 
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prolonged periods of time unless there are obvious signs such as genital warts [5]. Also, 

HPV is associated with multiple cancers, not only causing cervical cancer but also cancer 

of the vulva, vagina, penis, anus, and oropharynx [2].  

HPV mostly can go away on its own within two years without health problems for 

every 9 out of 10 people [1]. At present, there is no real cure for HPV, but there are 

treatment methods to relieve symptoms resulting from the virus [6]. Surgical removal or 

topical medications can be used to treat warts, like cryotherapy (freezing) and 

electrocautery (burning) [7]. Cancer that is caused by HPV typically necessitates treatment 

with a combination of surgery, radiation, and chemotherapy [8]. 

Consideration of the pH range over which HPV is likely to be stable and infectious 

is important when comparing binding energies across different pH values. Focusing on 

HPV associated with cervical cancer, HPV is primarily transmitted through the cervical 

and vaginal tract. The relevant pH range may be the pH of the cervical tract which ranges 

from 6.5 to 7.5 while pH of the vaginal tract is from 3.3 to 4.5 [41]. 

HPV Vaccines 

Vaccines can prevent certain types of HPV infections. There are three types of HPV 

vaccines that can prevent infection: Cervarix, Gardasil, and Gardasil 9 [9]. Cervarix was 

authorized for use in the United States in October of 2009 [10]. It protects against only 

HPV 16 and 18 from age 9 to 25 years old with two doses [11] [12]. For Gardasil, the initial 

approval of use was in 2006. It is used for ages 9 to 26 years old with three doses. It can 

prevent four types of HPV which are HPV 6, HPV 11, HPV 16, and HPV 18 [13].  Finally, 

Gardasil 9 was approved in the Unites States in 2014 [14]. It can protect against nine types 
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of HPV which are 6, 11, 16, 18, 31, 33, 45, 52, 58 [15]. It is used at the age from 9 to 45 

years old [16] (Table 1). Cervarix and Gardasil are no longer be sold in the United States. 

 

 

Table 1.  Summary of all vaccines of HPV. 

 

Vaccine HPV types protected Age Year of Use 

Cervarix 16 and 18 9 - 25 2009 

Gardasil 6, 11, 16, and 18 9 - 26 2006 

Gardasil 9 6, 11, 16, 18, 31, 33, 45, 52, and 58 9 - 45 2014 

 

 

The Structure of HPV 

HPV is a small, non-enveloped virus and has an estimated size of around 55 nm in 

diameter. The virus consists of a viral genome, a capsid, and some small proteins that play 

a role in viral replication and assembly [17] (Figure 2). The capsid is formed by the major 

structural protein, L1, which self-assembles into a non-enveloped icosahedral shell, as well 

as the minor capsid protein L2 [17] [18]. The L1 protein of HPV is highly immunogenic 

and has been used in the development of HPV vaccines [19]. Virus-like particles (VLPs) 

composed of L1 protein have been shown to be highly effective in eliciting an immune 

response and providing protection against HPV infection [20]. 
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Figure 2. This figure shows the structure of HPV and the components of the virus. 

 

HPV also contains minor proteins that play a role in viral replication and assembly, 

including E1, E2, E4, E5, E6, and E7. These proteins are involved in viral DNA replication, 

regulation of gene expression, and interference with host cell function [17]. 

Pipeline 

 VMD, Modeller, FrodaN, PDB2PQR, and APBS are common tools in 

computational biophysics and bioinformatics. Visual molecular dynamics (VMD) is a 

program for molecular graphics intended for the analysis and presentation of molecular 

complexes, primarily biopolymers including proteins and nucleic acids. VMD has the 

capacity to present multiple structures simultaneously, with a diverse range of rendering 

styles and coloring techniques available [21]. Modeller is a software tool that generates 

three-dimensional protein structures based on the amino acid sequence and/or a related 

protein [22]. FrodaN is a bioinformatics tool that can perform docking and shifting of the 

initial model into the target model [23]. PDB2PQR is a software utility that converts protein 
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structures that are in the Protein Data Bank (PDB) format into input files that can be used 

for Poisson-Boltzmann electrostatics calculations [24] [25]. Adaptive Poisson-Boltzmann 

Solver (APBS) is a software application for calculating the electrostatic properties of 

biomolecules using the Poisson-Boltzmann equation [26]. 
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CHAPTER III 

METHODS 

The Template of Capsid, Antibody, and Complex 

5Y9C [27] and 5Y9F [27] crystal structures from Protein Data Bank (PDB) [28] 

were used as complex templates to perform all the simulations. 5Y9C was used for the 

capsid-antibody A12A3 and 5Y9F was used for the capsid-antibody 28F10.  

Figure 3. Crystal structure of 5Y9C, with Capsid L1 chains A B C D E and the antibody 

A12A3 has light chains H and heavy chains L. 
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Figure 4. Crystal structure of 28F10 with Capsid L1 chains A B C D E F G H I J and the 

antibody 28F10 has light chains K M O Q S U W Y a c and heavy chains L N P R T V X 

Z b. 

 

VMD [21] was used to split both the 5Y9C and 5Y9F crystal structure into a 

structure of capsid, antibody, and complex by selecting the specific chains for each one as 

well producing the capsid and antibody apart from one-another.  
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Generating the Models 

 For building a model of a capsid protein and the antibody, using the template in the 

previous step and the sequences, preparation of modeling requirements was performed as 

follows. First, retrieving the sequences of the capsid protein and the antibody from the 

Protein Data Bank (PDB) [28] in FASTA format. These sequences serve as the basis for 

building the models. Creating sequence-only files to make those files used as input for the 

processing of sequences using a sequence processing script for both the capsid and the 

antibody. Alignment files for each sequence were obtained by processing them with 

Modeller. The chain identifiers were modified by updating them in the alignment files to 

match the corresponding chain identifiers in the template structures. This ensures that the 

correct chains are used for modeling both capsid and antibody.  

Links to the template PDB files were made to be used as a basis for the modeling. 

This step simplifies the file management and makes it easier to reference the templates 

during the modeling process by Modeller [22]. Finally, running a Modeller script 

performed the modeling and generated models using the processed sequences and the 

template structures. The s-align tool was executed to align the capsid of the HPV variant 

structure to the same location as the HPV’s capsid template. Also, the same pattern was 

performed with both antibodies to make the model of the antibody aligned in the location 

of the antibody template producing new aligned models.  
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Model Docking Approach 

The new aligned models of both capsid and antibody were concatenated to be used 

by FrodaN [23]. The concatenated model was prepared for FrodaN as an initial model, 

while the template of the capsid-antibody complex was used as a target model. In this step, 

FrodaN ensures to make the capsid and antibody docked and fit together to form a stable 

complex. 

Binding Energy 

 Converting PDB models to PQR format by PDB2PQR [24] is required to determine 

the binding energy. PDB2PQR ensures that PQR models contain the necessary information 

for calculating the electrical interaction. PQR files of capsid, antibody, and complex were 

produced across the evaluated pH values. Also, the concatenated file was converted to PQR 

format to apply the psize tool to it. Psize can determine the finite element grid needed for 

performing the APBS calculation [26]. APBS was executed to calculate the binding energy 

across all evaluated pH values. The binding energy was calculated by computing the 

difference between the electrostatic energy of the capsid-antibody complex and the sum of 

the individual electrostatic energies of the capsid and the antibody for each specific pH 

value which are (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0). 

Data Analysis Protocol 

All figures in the results chapter show the plot of binding energy. The plotting was 

created to represent the data. Each binding energy datapoint was visualized as a circle 

marker and solid line. Python [32] with its visualization library Matplotlib [33] was used 
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to represent the data analysis. The plot function was used to draw markers and a line from 

point to point in the graphs.  

HPV Capsid Models 

The protocols above were used for all HPV variants by using the specific crystal 

structure from the PDB for each HPV variant, but utilizing the same files for both 

antibodies when we make the interaction for the HPV variants.  

6L31 [42] was used as the structure of HPV 6 capsid L1 (Figure 5). 2R5K [29] was used 

as the structure of HPV 11 capsid L1 (Figure 6). 2R5H [29] was used as the structure of 

HPV 16 capsid L1 (Figure 7). 2R5I [29] was used as the structure of HPV 18 capsid L1 

(Figure 8). 6IGE [30] was used as the structure of HPV 33 capsid L1 (Figure 9). 2R5J [29] 

was used as the structure of HPV 35 capsid L1 (Figure 10). 5Y9E [27] was used as the 

structure of HPV 58 capsid L1 (Figure 11). 5J6R [31] was used as the structure of HPV 59 

capsid L1 (Figure 12).  
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Figure 5. Crystal structure 6L31 of HPV 6 capsid L1 with chains A, B, C, D, E, and F, 

which was before [Figure 5.A] and after [Figure 5.B] using VMD to choose the only 

chains B, C, D, E, and F. If A was chosen instead of F the crystal structure would be like 

in [Figure 5.C]. 

A 

C 

B 
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Figure 6. Crystal structure 2R5K of HPV 11 capsid L1 with chains A B C D E. 
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Figure 7. Crystal structure 2R5H of HPV 16 capsid L1 with chains A, B, C, D, E, F, G, 

H, I, J, K, L, M, N, and O, which was before [Figure 7.A] and after [Figure 7.B] using 

VMD to choose the only chains A, B, C, D, and E. 

A B 
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Figure 8. Crystal structure 2R5I of HPV 18 capsid L1 with chains A, B, C, D, E, F, G, H, 

I, J, K, L, M, N, and O, which was before [Figure 8.A] and after [Figure 8.B] using VMD 

to choose the only chains A, B, C, D, and E. 

A B 
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Figure 9. Crystal structure 6IGE of HPV 33 capsid L1 with chains A, B, C, D, E, F, G, 

H, I, and J, which was before [Figure 9.A] and after [Figure 9.B] using VMD to choose 

the only chains A, B, C, D, and E. 

A B 
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Figure 10. Crystal structure 2R5J of HPV 35 capsid L1 with chains A, B, C, D, E, F, G, 

H, I, J, K, L, M, N, and O, which was before [Figure 10.A] and after [Figure 10.B] using 

VMD to choose only the chains A, B, C, D, and E. 

 

A 

B 
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Figure 11. Crystal structure 5Y9E of HPV 58 capsid L1 with chains A B C D E. 
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Figure 12. Crystal structure 6IGE of HPV 59 capsid L1 with chains A, B, C, D, E, F, G, 

H, I, and J, which was before [Figure 12.A] and after [Figure 12.B] using VMD to choose 

the only chains A, B, C, D, and H. If E was chosen instead of H the crystal structure 

would be like in [Figure 12.C]. 

A 

C 

B 
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CHAPTER IV 

RESULTS 

 

Figure 13. HPV 6 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. This 

figure represents the binding energies ranging from -5000 to 35,000 kilojoules per mole 

(kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 

6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

The energy values of the antibody A12A3 decrease, reaching the lowest energy at 

pH 6.5 and then increase at higher pH levels. Unlike A12A3, the antibody 28F10 has the 

two lowest energies at pH 4.5 and 6.5 levels. The antibody A12A3 binds best to HPV 6 at 

higher pH levels. In the 28F10 antibody, at pH levels 4.5 and 6.5, it has relatively strong 

binding energies to the HPV 6 capsid. Comparing the two antibodies, HPV 6 prefers 

binding to 28F10, as shown by the low energies at 4.5 pH values for 28F10 compared to 

A12A3. This indicates that 28F10 is a suitable candidate for protecting against this variant 

at vaginal pH levels. Based on this evidence, the antibody 28F10 would provide better 

protection against this HPV 6 variant from genital warts (Figure 13). 
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Figure 14. HPV 11 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -5000 to 35,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

The energies of both antibodies increase as the environment's pH becomes lower 

and higher from least value at pH 6.0. The graph represents the same pattern across both 

antibodies A12A3 and antibody 28F10 predicting binding best at the middle to this HPV 

11 capsid. There is less preference for low-pH environments, so neither antibody is the best 

candidate for protecting from HPV 11 (Figure 14). 
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Figure 15. HPV 16 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -15,000 to 20,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

The energy values of the antibody A12A3 decrease, reaching the lowest energy at 

pH 7.0 then increasing at higher pH levels. Unlike A12A3, the antibody 28F10 has the two 

lowest energies at pH 4.5 and 6.5. The antibody A12A3 binds best to HPV 16 at higher pH 

levels. In the 28F10 antibody, at pH levels 4.5 and 6.5, it has relatively strong binding 

energies to the HPV 16 capsid. Comparing the two antibodies, the predicted binding 

energies for antibody A12A3 are generally higher than those for antibody 28F10 across all 

pH levels. However, there is a preference for binding to 28F10 as shown by the low 

energies at 4.5 and 6.5 pH for 28F10 compared to A12A3. This indicates that 28F10 is a 

suitable candidate for protecting against this variant at vaginal and cervical pH levels. 

Based on this evidence, the antibody 28F10 would provide better protection against this 

HPV 16 variant (Figure 15). 
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Figure 16. HPV 18 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -23,000 to 15,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

 

The energy values of the antibody A12A3 decrease, reaching the lowest energy at 

pH 6.0 then increasing at higher pH levels. Unlike A12A3, the antibody 28F10 has the two 

lowest energies at pH 4.5 and 6.0. The antibody A12A3 binds best to HPV 16 at higher pH 

levels. In the 28F10 antibody, at pH levels 4.5 and 6.0, it has relatively strong binding 

energies to the HPV 18 capsid. Comparing the two antibodies, there is a preference for 

binding to 28F10 as shown by the low energies at 4.5 and 6.0 pH for 28F10 compared to 

A12A3. This indicates that 28F10 is a suitable candidate for protecting against this variant 

at vaginal and cervical pH levels. Based on this evidence, the antibody 28F10 would 

provide better protection against this HPV 18 variant (Figure 16). 
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Figure 17. HPV 33 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -10,000 to 42,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

The binding energies values increase and decrease showing some fluctuations 

between the A12A3 antibody and the HPV virus. The energy values of the antibody 28F10 

values decrease, reaching the lowest energy at pH 6.5 then increasing at higher pH levels. 

The antibody A12A3 does not bind best to HPV 33. The 28F10 antibody binds best at pH 

levels 6.5 and has relatively strong binding energies to the HPV 33 capsid. Comparing the 

two antibodies, the antibody 28F10 prefers binding to HPV 33 shown by the low energies 

at 6.5 pH values for 28F10 compared to A12A3. This indicates that 28F10 is a suitable 

candidate for protecting against this variant at cervical pH levels. Based on this evidence, 

the antibody 28F10 would provide better protection against this HPV 33 variant (Figure 

17). 
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Figure 18. HPV 35 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -23,000 to 25,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

The energy values of the antibody A12A3 decrease, reaching the lowest energy at 

pH 7.5, then increasing at higher pH levels. The binding energies values increase and 

decrease showing some fluctuations between the 28F10 antibody and the HPV virus. The 

antibody A12A3 shows relatively strong binding energies to the HPV 35 capsid at 7.5. 

Also, the 28F10 antibody binds best at pH levels 7.0. Comparing the two antibodies, the 

antibody A12A3 prefers binding to HPV 35 as shown by the negative energy at 7.5 pH 

values for A12A3 compared to 28F10. This indicates that A12A3 is a suitable candidate 

for protecting against this variant at cervical pH levels. Based on this evidence, the 

antibody A12A3 would provide better protection against this HPV 35 variant (Figure 18). 
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Figure 19. HPV 58 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -11,000 to 42,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

 The binding energies values increase and decrease showing some fluctuations 

between the A12A3 antibody and the HPV virus. The energy values of the antibody 28F10 

values decrease, reaching the lowest energy at pH 6.0 - 6.5, then increasing at higher pH 

levels. The antibody A12A3 does not bind best to HPV 58. The 28F10 antibody binds best 

at pH levels 6.0 - 6.5 and has relatively strong binding energies to HPV 58 capsid. 

Comparing the two antibodies, the antibody 28F10 prefers binding to HPV 58 shown by 

the low energies at 6.0 - 6.5 pH values for 28F10 compared to A12A3. This indicates that 

28F10 is a suitable candidate for protecting against this variant at cervical pH levels. Based 

on this evidence, the antibody 28F10 would provide better protection against this HPV 58 

variant (Figure 19). 
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Figure 20. HPV 59 capsid-antibodies A12A3 and 28F10 binding energy vs pH level. 

This figure represents the binding energies ranging from -15,000 to 40,000 kilojoules per 

mole (kJ/mol) across the pH values, which are determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 

6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

 

 

The energy values of the antibody A12A3 decrease, reaching the lowest energy at 

pH 7.5 then increasing at higher pH levels. Unlike A12A3, the antibody 28F10 has the 

lowest energy at pH 5.5 level. The antibody A12A3 binds best to HPV 59 at higher pH 

levels. The antibody 28F10 has relatively strong binding energies to HPV 59 capsid at pH 

5.5 level. Comparing the two antibodies, the antibody A12A3 prefers binding to HPV 59 

shown by the low energies at pH cervical levels specifically at 7.5 pH value for A12A3 

compared to 28F10. This indicates that A12A3 is a suitable candidate for protecting against 

this variant at cervical pH levels. Based on this evidence, the antibody A12A3 would 

provide better protection against this HPV 59 variant (Figure 20). 
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Figure 21. The antibody A12A3 (A) and 28F10 (B) binding energy to all capsid of HPVs 

vs pH level. This figure represents the binding energies across the pH values, which are 

determined into 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0. 

  

The binding energy of all HPV’s capsid to the antibody A12A3 has shown 

strongly for HPV 35 and 59 Figure (21.A). On the other hand, the antibody 28F10 shows 

a strong binding energy to HPV 6, 16, 18, 33, and 58. 

A 

B 
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CHAPTER V 

DISCUSSION AND FUTURE WORK 

 In this thesis, a computational pipeline was applied to predict the binding energies of 

two antibodies, the antibody A12A3 and the antibody 28F10, interacting with the capsid 

proteins of different HPV types: 6, 11, 16, 18, 33, 35, 58, and 59. Antibody A12A3 showed 

strong binding energy and favorable interactions with HPV types 35 and 59, suggesting it 

is a preferable candidate for these specific HPV strains. On the other hand, antibody 28F10 

represented strong binding energy and interactions with HPV types 6, 16, 18, 33, and 58, 

indicating its effectiveness against these strains. Moreover, this work provided predictions 

that both antibody A12A3 and antibody 28F10 have a good protection against those HPV 

types from cervical cancer or genital warts. Furthermore, this thesis highlights the 

importance of computational approaches in understanding antibody-capsid of HPV 

interactions and their pH-dependence, providing valuable insights into the development of 

effective antibodies against specific HPV strains. 

Future Work 

 Experiments could be performed in the laboratory to validate some of the results with 

the interactions across pH levels. Also, new computational studies or pipelines may be 

applied to these capsid proteins of HPV and the antibodies. On the other hand, applying 

this pipeline to other HPV proteins like E6 and E7 and predicting the binding energy 

between them and the antibodies A12A3 and 28F10 is another potential research direction. 

Furthermore, exploring the results of this thesis in more detail is another research direction 

by conducting studies of relationships with the other cancers and comparing the antibodies 

with pH for their locations such as anal, penile, and oropharyngeal cancers. 
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