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Proteins differ from one another on the basis of their amino acid sequences, display a
different spatial shape and structure, and have different functions. The linear order of amino
acid residues are chained to one another by peptide bond. The ß-strands and α-helices can be
considered as the key components present in the three-dimensional structure of a protein.
There are several bioinformatic methods involved to predict structure and function of protein
such as searching sequencing similarities, multiple sequence alignment, characterisation of
domains, solvent accessibility, and modelling three-dimensional structures at atomic level.
The main focus of this study was to build the three-dimensional structure models and then
compare the homologues regions in different models. 36 reviewed capsid L1 and L2 protein
sequences of human papilloma virus subtypes were selected based on 65% sequences
similarity from Universal Protein database. We utilised several computational algorithms in
this study for the analysis of protein sequences for the evolutionary relationship and
modelled the three-dimensional structures of capsid L1 and L2 proteins of oncogenic human
papilloma virus subtypes. For domains analysis in the protein sequences, we used Simple
Modular Architecture Research Tool algorithms and predicted secondary structure of protein
using Protein Prediction Protein 4.0 tool. I-TASSER Iterative threading assembly refinement
algorithms were utilised for three-dimensional structure modelling of capsid L1 and L2
proteins.
We found out a different evolutionary relationship and conserved residues in capsid L1
protein of human papilloma virus and L2 protein of human papilloma virus, and their
different level of effect on the protein structure. We also predicted three-dimensional
structure models for capsid L2 protein of human papilloma virus subtypes 41 and 13 which
are folded completely differently from the rest L2 proteins.
X-ray crystallography study is suggested for the determination of three-dimensional structure
of L2 protein for understanding their contribution in viral assembly process.
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1.INTRODUCTION
Protein is one of the most extensive and complicated macromolecules in the biological
world(Guruprasad, 2019). Proteins play a key role in the different stages of cell life such as
their role in the DNA replication, signal transduction, catalysing reaction etc. (Guruprasad,
2019). Furthermore, proteins are linear chains of amino acid building blocks and each
precise amino acid is translated into a unique protein to deliver their essential functions
(Shrivastava, 2017). The primary structure of protein folds into a unique three-dimensional
structure (3-D) (Shrivastava, 2017). Therefore, functional protein represents a set of
approximately 50 or more amino acid residues (Damodaran, 2017). The nature of proteins
are varied from one another on the basis of their primary amino acid sequences, which is
why proteins fold into a different spatial shape and 3-D structures (Kuhlman and Bradley,
2019). Naturally, there are 20 different amino acids documented and each particular amino
acid possesses different chemical and physical properties (Alberts, A and Lewis J, 2002). For
example (e.g) polarity, size, charges, hydrophobicity, etc. (Alberts, A and Lewis J, 2002).
The hydrophobic and hydrophilic properties of the side chain of amino acids play a key role
in the determination of the tertiary structure of proteins (Damodaran, 2017).
The protein’s of two or more amino acids and are held together by the chemical bridge called
peptide bond (Guruprasad, 2019). This bond is formed by the action of the carboxyl group of
one amino acid residue when reacted to the amino group of other residues and releasing water
molecules (H2O) (Damodaran, 2017). Long chains of the peptide are known as polypeptides
(Damodaran, 2017). The peptides bond between C=N is not permitted for rotation around the
molecule due to double bond, but the rotation is only allowed around the bonds N-Ca and CaC and freely rotated bonds are denoted by phi (Ø) and psi (Ψ) (Ramakrishnan, 2001). There
are two torsion angles (also known as dihedral angles), which describe the rotation of
polypeptide chains around the two bonds on both side of Ca atom (Ramakrishnan, 2001).

6

1.1 STRUCTURE OF PROTEIN:
Protein structure is divided into 4 levels. The primary structure of the protein is determined
by specific genes located in its DNA (Cooper and Hausman, 2007). Protein primary structure
is generally referred to as the linear order of amino acid residues and these are chained to one
another by peptide bond (Sanger and Thompson, 1953). Moreover, the protein primary
structure is composed of two-terminal regions; the N- terminus located at the beginning of
amino acid residues, and the C-terminus located at the end (Sanger, 1959). The linear order
of amino residues has several conformations and stable polypeptide residues can fold into a
structure pattern which corresponds to the secondary structure of protein (Shrivastava, 2017).
The secondary structure is the result of bonding between a hydrogen molecule of the amino
group and an oxygen molecule of the carboxylic group in the polypeptide backbone (Uzman,
2001). The secondary structure of a protein is composed of regular regions including αhelices and β-strands and irregular regions called coils (Ma, Liu and Cheng, 2018). The βstrands interact with other β-strands through hydrogen bonds even if the sequences of both
strands are distant (Singh, M. 2005). The β-strands and α-helices are very stable and can be
considered as the key components present in the 3-D structure of a protein (Dorn et al.,
2014).
The tertiary structure of a protein is the next level of complexity of protein folding and
represents the distribution of secondary structure components in a 3-D space (Rimoin, Pyeritz
and Korf, 2013). The 3-D shape assumed by a protein is also known as its native structure
(Dorn et al., 2014). The native structure formation is due to the variation of thermodynamic
factors such as hydrogen bonds, covalent interaction, hydrophobic interaction, electrostatic
interaction and van der Waal force (Shrivastava, 2017). The protein`s tertiary structure helps
predict the protein`s functions and makes it possible to recognise the binding and
recombinant sites for other proteins (Dorn et al., 2014). The different polypeptide chains or
subunits in the tertiary structure of a protein form the quarterly structure which is maintained
by the same forces that determine the secondary and tertiary structure (Uzman, 2001).
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Figure 1: shows four levels of protein structure and figure adopted from (Heim, Römer and
Scheibel, 2010).

1.2 BRIEF HISTORY OF PROTEIN:
The basic principles of protein chemistry was decisively recognised in 1943 and it was also
admitted that all proteins are encoded from the amino acid residues and bond together by
peptide bond to form a long poly peptide chain (“The world of peptides; a brief history of
peptide chemistry,” 1992). Fredrick Sanger was awarded a Nobel Prize in 1958 for his
achievement in chemistry and firmly established the polypeptide theory of protein structure
(Sanger, 1959). Furthermore, Sanger and a co-worker used Consden Gorton and Martin’s
chromatography method for fractionating peptides paper chromatograms, and determined the
amino acid sequences of the Phenylalanyl chain of Insulin (Sanger and Thompson, 1953).
During the same period, one more biochemist introduced a more refined method that
transformed the laborious analytical process used by Sanger and colleagues (Edman and
Begg, 1967). Using the Edman degradation method (developed by Pehr Edman) biochemists
were able to sequentially remove residues without damaging peptides or proteins during the
hydrolyzation process (Smith, 2001). The Edman method was a new approach for identifying
and labelling individual amino acids from the amino terminus of the short peptide (Hagen,
2000). The Edman method was a huge improvement over more tiresome methods utilised by
Sanger (Hagen, 2000). Moreover, Christian Anfinsen and collogues conducted research on
the renaturation of fully denatured ribonuclease at the National Institute of Health (NIH),
who denatured the ribonuclease activity and showed that ribonuclease spontaneously regains
and refolds their enzymatic activity (Anfinsen, 1973). Another major contribution in the era
of protein sequencing was by Phred Edman and G. Begg. They designed an automatic
instrument called the Sequenator for the automatic determination of amino acid sequences of
proteins and peptides (Edman and Begg, 1967). The introduction of automation equipment
8

astonished the scientific community and the invention encouraged many laboratories as well
as researchers to commence the sequencing of proteins and speeded up the building of
protein sequences libraries (Hagen, 2000). It was a new beginning for establishing a protein
sequences library. All available scattered information related to protein sequences was stored
in a database and was made accessible to researchers for further evaluation and submition of
new entries (Hagen, 2000). Later on, Margaret O Dayhoff played a leading role in the
establishment of a sequencing database for all available protein sequences of that period,
therefore Dayhoff and Eck published their first Atlas of protein sequences and
structure (Strasser, 2010). The Atlas database consisted of distinguished features from all
previous collections of protein sequences databases (Strasser, 2010). Atlas Database
presented homologous sequences that were not tied to any specific question (Strasser, 2010).
In 1983 an annual publication, Atlas served as the first database for molecular biology and
eventually switched into a main online database known as “The Protein Information
Resources'' (Hagen, 2000). Additionally, several biologists made a great effort to develop a
computer algorithm for determining sequences homology and aligning them (Horn and
Schunck, 1981). The journey of sequencing proteins had been started already and
biochemists contributed to sequencing protein frequently and augmented into databases
(Atlas) (Strasser, 2010). In the era of 1960s, major computational challenges in
Bioinformatics were also noticed because many biochemists did not have good knowledge
and progression about computer programming (Hagen, 2000). However, the development in
computational programming or tools was the time required to utilise the wealthy knowledge
stored in protein databases for the evaluation of protein structure and function (Strasser,
2010). However, a Biophysicist, Cyrus Levinthal and colleagues used the first large timesharing computer at Massachusetts Institute of technology and constructed a 3-D structure
model of cytochrome C (Hagen, 2000). Furthermore, first application of bioinformatics was
introduced around 1970 for the study of comparison of protein sequences (Choong, Tye and
Lim, 2013). Nonetheless, in each era of development, improvement has been seen in different
technologies and methodologies. However, in the advance era, there are several powerful
computers, different algorithms along with other suppurative advance technologies available
for the determination, interpretation and research in the field of genome study or structural
biology.
Today, the term bioinformatics can be broadly divided into two comprehensive categories
including Sequential Bioinformatics which correspond to data analysis of human genome and
data mining, and sequences alignment (Xiong, 2006). The second category is Structural
9

Bioinformatics focusing on the prediction of 3-D structure of macromolecule and its
structural-functional relationship (Xiong, 2006).

1.3 DETERMINATION OF PROTEIN 3-D STRUCTURE:
There are two major different tedious experimental methods available for the determination
of a protein’s 3-D structure.

1.3.1 X-RAY CRYSTALLOGRAPHY:

X-ray crystallography is one of the incredible technique used for the determination of 3-D
structure of biological macromolecules (Huxford, 2013). X-crystallography has discovered
the structure and function of many biological macromolecule such as drugs, vitamins, protein
and nucleic acids (Ryu, 2017). X-ray crystallography has played a dominant role in the last
five decades in interpreting the molecular mechanism of almost all biological processes (Shi,
2014). The principle of X-ray crystallography for the determination of protein 3-D structure
uses a crystalised protein and the crystal is exposed to intense synchrotron X-ray beam, the
available electron in protein scattered the X-ray into a specific pattern then after used to
calculate the electron density, where fitted amino acids in protein generated a protein 3-D
structure (Smyth and Martin, 2000). In last two decades, major advances have been seen in
software upgrades used for X-ray data collection and processing (Shi, 2014).

1.3.2 NUCLEAR MAGNETIC RESONANCE (NMR):

It is a spectrometry and one of the most significant analytical methods, and only biophysical
techniques which deliver high-resolution structures of biological molecules such as nucleic
acids, proteins and their complexes at atomic resolution (Mishra et al., 2017). The application
of NMR technique is also useful for the determination of a protein’s 3-D structure ranging
from 5 to 50kDa (Sattler and Heidelberg, 2004). The principle of NMR is spinning and
electrically charged nuclei when placed in the strong magnetic field, the energy transfer from
base level to high levels, wavelength of energy corresponding to radio frequencies, the
transferred energy can be measured by different ways in order to yield NMR spectrum (Chen
and Cohen-Adad, 2018).
However, X-ray crystallography method is relying on the crystallized protein and NMR
technique is limited to molecular weight of protein (Smyth and Martin, 2000). Both methods
are tedious and have several other limitations, such as expensive, time and power
consumption and other technical limitations for different protein targets (Dorn et al.,
2014). Due to tiresome and having several limitations of Experimental Methods, the research
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community introduced advanced computational approaches for determination of protein 3-D
structure, which are fast, inexpensive, and accessible (Pevsner, 2009). The introduction of
bioinformatic tools and programming into biological sciences is increasing interest in the
study of modelling protein structures and genome study for different purposes (Pevsner,
2009).

1.4 COMPUTATIONAL APPROACHES FOR THE DETERMINATION OF PROTEIN
3-D STRUCTURE:
There are hundreds of computational tools and databases that have been introduced in the
past decades and deployed to the advantage of protein structure prediction and modelling by
the computational structural biology community (Bourne and Weissig, 2005). The purposes
of using computational algorithms is to understand the flow of information from the primary
structure of protein into a 3-D structure of proteins (Venkatesan et al., 2013). There are
several algorithms and approaches that have been designed to understand the flow of
biological information from genome sequences to protein 3-D structure and these different
computational algorithms are exploring the key information store in the genome sequences or
protein sequences. (Dorn et al., 2014). Different methods exist as the solution for predicting
3-D structures of proteins and are divided into four categories: (1) Comparative modelling
methods, (2) fold recognition and threading methods (3) first principle methods with
databases and (4) first principle methods without databases (Floudas et al., 2006). The first
three methods are template based methods used for the prediction of protein 3-D structure
when the known template structures and folds libraries are available, while the four method is
a template free based method predicting 3-D structure for native protein without a known
template (Dorn et al., 2014).

1.4.1 COMPARATIVE OR HOMOLOGY MODELLING METHODS:

In comparative modelling, the protein structure is predicted by comparing its amino acids
sequence to sequences for which 3-D structure is already known (Fiser, 2010). Comparative
modelling methods are based on the observation that sequence similarities imply structural
similarities (Floudas et al., 2006). Nonetheless, Comparative modelling methods or
homology methods for protein prediction 3-D structure consist of four steps. I), Template
selection, ii), target templet and alignment, iii), model building, iv), model evaluation
(Centeno, Planas-Iglesias and Oliva, 2005). Each and every individual step of modelling
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requires great expertise in structural biology and knowledge of computer programs. (Kopp
and Schwede, 2004). If the target and template share more than 50% similarities of their
sequences, the predictions are usually of high quality and have been shown to be as accurate
as x-ray predictions, if the template and target shares homology less than 30% then it
possibly contains a significant error (Floudas et al., 2006).

1.4.2 FOLDING AND THREADING METHODS:

Fold recognition methods are used for the prediction of protein 3-D folded structure from
amino acids sequences for which comparative modelling methods provide no reliable
prediction (Chou and Fasman, 1974). Fold recognition methods are used for the prediction of
new folds in protein only for known polypeptides sequences without any information
available about their structures (Jaroszewski et al., 1998). Numerous different fold structures
of proteins have already been recorded in the Protein Data Bank (PDB) (described in the next
section) and PDB have enough structures to cover a small protein structure up to 100 residues
in length (Berman et al., 2002). Moreover, fold recognition methods attempt to recognise
folds for a given target among the known folds even when no similarity between sequences
can be spotted (Floudas et al., 2006). The general purpose of threading methods is to fit the
protein sequences correctly against the structure model (Dorn et al., 2014). Furthermore, the
threading methods are an essential representative of folding methods and searching for a
suitable sequence in fold libraries to fit a target sequence with known structure (Floudas et
al., 2006). Anyhow, comparative model approaches are used for sequence–sequence
comparison while threading methods are usually employed for structural information to assist
alignment (Xu, Jiao and Yu, 2007).

1.4.3 FIRST PRINCIPLE BASE METHOD WITH DATA INFORMATION:

These are not called actual methods, but generally it is a role which is used in the prediction
of the 3-D structure of proteins (Trabanino et al., 2004). For the prediction of protein
structure, the information is obtained against the query sequence from different protein
databases (Trabanino et al., 2004). By using this method Fragments of sequences are
compared against the known fragments of protein structure instead of comparing sequences.
(Fiser, 2004).

1.4.4 TEMPLATE -FREE BASE METHOD:

As mentioned above that first principle method without database information - also called
‘Ab Initio’ methods (Lee, Wu and Zhang, 2009). Ab Initio method is applied when the
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structural homologue does not exist in the PDB database against the query protein (Lee, Wu
and Zhang, 2009). It is one of the unsolved problems after several decades to generate the 3D models of native proteins from its amino acid sequence (Lee, Wu and Zhang, 2009). Ab
Initio method is based on the thermodynamics hypothesis proposed by Anfinsen (Hardin,
Pogorelov and Luthey-Schulten, 2002). Moreover, Ab Initio methods are designed on the
base of potential energy functions that describe the physics of existing conformational state,
and only potential function energy is utilised for the searching of native protein structure
(Lee, Wu and Zhang, 2009).

1.5 CRITICAL ASSESSMENT OF PROTEIN STRUCTURE PREDICTION
EXPERIMENTS (CASP):
If we are discussing the protein 3-D structure prediction methods, then of course we need to
shed a light on the activity and key role of CASP. CASP is the organisation that organises
community wide experiments to measure the state-of-the-art modellings in protein structure
from amino acids sequences (Moult et al., 2014). The first experiment of CASP was held in
1994 at the University of Maryland and after that CASP experiments were held once every
two years (Deng, Jia and Zhang, 2018). The participants of CASP modelled 3-D structure of
protein from amino acid sequences by using different programs and algorithms
(Kryshtafovych et al., 2019). The participants need to submit their models for comparison
with experimental methods by independent assessors and participants do not have access to
experimental structure and as well as assessor also does not have an idea about the identity of
those submissions (Moult et al., 2016). The latest CASP13 meeting was held in 2019, total
198 research groups were participated from 21 different countries (Kryshtafovych et al.,
2019). They tested 185 modelling methods and submitted approximately 57, 000 3-D model
predictions into different categories (Kryshtafovych et al., 2019).

1.6 BIOLOGICAL DATABASES:
A biological database establishes the data layer of Molecular biology and Bioinformatics and
is becoming a key component of some emerging fields like personalised medicine, translation
medicine, and clinical bioinformatics (Kasabov, 2014). The rapid emergence of biological
databases is due to a major improvement of DNA sequencing technology that generated a
huge sequencing data at an affordable cost (Eugene V Koonin and Michael Y Galperin.,
2010).
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The biological databases are comprised of two types of data: raw data, and curated or
annotated data (Zou et al., 2015). The first established database is Genbank that contains
DNA and protein sequences which are publicly accessible and jointly maintained by the
National Institute of Health (NIH) and National Center of Biotechnology Information (NCBI)
(Benson et al., 2005). Genbank database opened a gateway for the Human Genome Project
(HGP) (1990-2003) and HGP took several years and a million dollars to map the human
genomes or genetic blueprint for life (Cooray, 2012). Moreover, the databases are broadly
grouped into structural databases and sequence databases (Zou et al., 2015). Structural
databases consist of biological macromolecules, including protein structures. Sequence
databases consist of nucleotides and protein sequences (Zou et al., 2015). Additionally,
databases are further classified into primary databases, which store information about
nucleotide sequences, protein sequences and macromolecule structures, which are derived
through experimentally methods (Stoesser et al., 2002). Examples of primary databases are
Swiss Prot and PIR (Protein Information Resources), which contain protein sequences data
and Genbank, EMBL (European Molecularbiology Laboratory) and DDBJ (DNA Data Bank
Japan) which store nucleotides data (Stoesser et al., 2002). Additionally, PDB database
contains macromolecules structures such as protein 3-D structure data which are derived
through experimental methods (Selzer, Marhöfer and Rohwer, 2008). The secondary
databases consists of information derived from primary databases, the information store in
them are conserved sequences, signature sequences, and active site residues (Selzer,
Marhöfer and Rohwer, 2008). Furthermore, the PDB database resources are further classified
secondary databases, e.g, SCOP (Structure Classification of Protein). Cambridge University
contains a wide-ranging description about structural and evolutionary relationships between
all known protein structures (Chandonia, Fox and Brenner, 2017), CATH (Classical,
Architecture, Topology, Homology) the University collage of London, provides a
hierarchical classification of protein domains based on the deposited PDB database (Orengo
et al., 1997). eMOTIF at Stanford has stored highly specific protein sequence motifs data that
represent conserved biochemical properties and biological functions (Huang, 2001).
Moreover, Prosite database of the Swiss Institute of Bioinformatics is comprised of the huge
collection of biologically meaningful signature and uses two types of signature e.g patterns
and general profiles (Hulo et al., 2008). All signatures are linked to an annotation document
where users can find important information about the protein family, domains and specific
sites recognised by signatures (Hulo et al., 2008).
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Protein databases are the collection of sequences and structures that are derived from several
sources such as translation from annotated coding regions in Genbank, Refseq, SwissProt,
PIR and PDB (Chen, Huang and Wu, 2017). PIR is an integrated and publicly accessible data
set that support genomic and proteomic research studies (Hulo et al., 2008). For more than
30 years, PIR has been providing databases with tools for the organisations and scientific
community to analyse the protein sequences data (Barker et al., 2000). PIR data base further
modified into PIR-International Protein Sequences Databases (PSD) and contained with
comprehensive, annotated and non-redundant protein sequences of prokaryotic and
eukaryotic organism (Barker et al., 2000). Only protein sequences of super family
classification belong in the PIR-PSD database. (Barker et al., 2000). The existed information
in the PIR-PSD database originated from The Atlas of protein sequences and structures that
contained highly annotated protein sequences and structures with their functions (Barker et
al., 2000). Swiss Prot database is a well-known and highly annotated proteins sequence
database that serves as a hub of biomolecular information (Herbert et al., 2007). Swiss-Prot
databases distinguished from others based on minimum redundancy, annotation, and
integration to other specialised databases (Apweiler et al., 2004). Moreover, Swiss-Prot
databases describe the protein sequences, name of the protein and description, taxonomic,
and cited information (Boutet et al., 2007). Different advanced technologies have been used
in different genome projects and generated a large number of sequences data, and Swiss-Prot
had confronted to many challenges mostly including processing time needed for manual
annotation (Herbert et al., 2007). Therefore, with the joint collaboration of European Institute
of Bioinformatics (EBI) and Swiss-Port databases established one more new database, now
called TrEMBL (Translation of EMBL Nucleotides Sequences Databases) (Herbert et al.,
2007). TrEMBL is composed of computer annotated entries obtained from the translation of
all coding regions of the Nucleotides database (Hancock, Zvelebil and Zvelebil, 2004)
(UniProt Consortium, 2018). Furthermore, EBI, SIB and PIR jointly developed one more
advance database for the centralisation of all proteins resources into a single platform and
well known database is known by name Universal Protein Resource database
(UniProt)(Hancock, Zvelebil and Zvelebil, 2004). The UniProt database is the central
platform for depositing and interconnecting information from massive and desperate sources
and most widespread catalog of protein sequence and functional annotation (Apweiler, 2008).
Furthermore, UniProt database is divided into three important and valuable branches such as
UniProt Archive (UniParc) is the collection of key sequences and comprehensive repository
that reveal the history of all proteins sequences (Apweiler, 2008). The UniProtKB is a
15

partially curated protein database and further categorised into two more sections such as
UniProtKB/Swiss-Prot and UniProtKB/TrEMBL (Apweiler et al., 2004). UniProtKB/SwissProt contains reviewed and manual annotation entries and existed information curated by
experts and hence connects the users with external databases and provides access to
additional valuable information (Boutet et al., 2007), and UniProtKB/TrEMBL is a computer
based annotation entries and unreviewed, and store house of translated coding sequences
present in the Genbank/EMBJ/ DDBJ databases (Boutet et al., 2007) (Apweiler, 2008). The
latest statistics of UniProtKB and TrEMBL is updated on March 19. 2020 and the total
number of entries 18.5million were recorded. see figure 2. The fourth branch of UniProt is
UniProt References (UniProtRef) provide clustered set of sequences from UniProtKB and
selected UniParc records in order to get the complete coverage of sequences space at several
resolution (Suzek et al., 2007). Furthermore, UniProtRef categorized into three sets of
clusters such as UniRef100 generated in 3 steps, in first step, with the help of CD-HIT
algorithm clustered all sequence with 100% identity threshold and then remove those
clusters with gaped alignments (Suzek et al., 2007). Finally, CD-HIT algorithm is not
processing short fragments of less than 11 residues in length. Therefore, short fragments of
amino acids are tested for the sequence’s identity and clustered (Suzek et al., 2007).
UniRef90 clusters are created from UniRef100 seed sequences with 90% identity and
similarly, UniRef50 clusters are created by using UniRef90 seed sequences with 50% identity
threshold with help of CD-HIT program (Suzek et al., 2007). However, UniProt protein
database provides wealthy knowledge about protein sequences and also provides multiple
tools to the users for the utilization of databases, such as Blast, multiple sequence alignment,
proteomic tools and bibliographic cited etc (Hancock, Zvelebil and Zvelebil, 2004).
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Figure 2: shows the number of entries in the database over time (graph adopted from
https://www.uniprot.org/statistics/TrEMBL)
The next level of protein database is organized for the biological macromolecule 3-D
structures (Markosian et al., 2018). The single and worldwide repository of structural data for
the macromolecule 3-D structure is called Protein Data Bank (PDB) (Berman et al., 2002).
The PDB was established in 1971 by Brookhaven National Laboratories (BNL) as an archive
for the crystal structure of biological macromolecule (Berman et al., 2002). In the early ages
of PDB archives contained only seven structures, and later, the number of deposited
structures increased dramatically in 1980 (Berman et al., 2002). The main reason behind the
dramatic expansion in the PDB was to improvements made in different technologies and for
all other aspects which are related to protein structure determination methods such as X- ray
crystallography method, NMR method and High-throughput technologies for genome
sequencing (Choong, Tye and Lim, 2013) (Berman et al., 2002). PDB Europe (PDBe) is the
founded member of Worldwide Protein Data Bank (wwPDB) and Research Collaboratory
Structural Bioinformatics Protein Data Bank (RCSB), PPDBJ and Biological Magnetic
Resonance Bank (BMRB) are their major partners (Armstrong et al., 2020). All partners are
fully cooperated in the area of deposition, curation, dissemination and validations (Armstrong
et al., 2020). The major goal of PDB is to provide information or wealthy knowledge to the
scientific community and understand the structural biology of macromolecules including 3-D
structure of protein, nucleic acids and complex assemblies (Markosian et al., 2018). The RCB
PDB provides multiple tools for users to utilize against structure query, browsing, analysis
and molecular visualisation (Rose et al., 2017). Till 2019, 150,000 structures were deposited
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into PDB and research community utilizes the appreciated knowledge for the drug discovery
and protein engineering (Armstrong et al., 2020). The overtime statistics of PDB database is
shown in the figure 3:

Figure 3: Adopted from link https://www.rcsb.org/stats/growth/growth-released-structures
and describes the total number of structures and total number of entries/year

1.7 PRIMARY STRUCTURE ANALYSIS:
The protein sequence can be analysed for different purposes to identify their important and
hidden functions. Protein domain is one of major conserved segments of the protein that
provide important information about protein function prediction (Wang et al., 2018). There
are one or multiple domains that can be existing in the protein sequence and each one can
perform their particular function (Ingolfsson and Yona, 2008). There are several databases
available with information about protein secondary function (Finn et al., 2014). These are
Simple Modular Architecture Research tools (SMART), Prosite, Protein family (pfam)
CATH and SCOP existed with different knowledge beside the 3-D structure of the protein,
such as domain structure, domain function, domain sequence etc. (Finn et al., 2014). There
are different types of algorithms and a statistical methods had also been developed for the
identification of the domains or motifs locations in the primary sequence of the protein
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(Yoon, 2009). Hidden Markov Models (HMM) a statistical model and is widely used for the
biological sequence analysis (Yoon, 2009). There are several biological databases that have
adopted the HMMs model for the sequence alignment (Yoon, 2009). Furthermore, HMMs
models are used for different purposes such as pair wise alignment and multiple sequences
alignment, prediction of secondary structure, domain prediction and their location in amino
acid sequence, etc. (Yoon, 2009). SMART is the Web-based tool and database used for the
detection and analysis of domain within protein sequence (Schultz et al., 1998). SMART uses
the HMMs statistical model for building multiple sequence alignment for the detection of
domain architecture, transmembrane region and coiled-coiled region in the query protein
sequences (Schultz et al., 1998).

1.8 PROTEIN SECONDARY STRUCTURE PREDICTION:
The prediction of secondary structure of a protein is one of the most common challenges in
the field of Bioinformatics and it is the intermediate step toward the construction of the
protein 3-D structure model (Ma, Liu and Cheng, 2018). Therefore, several web-based tools
algorithms and machine learning approaches have been designed (Kuhlman and Bradley,
2019). It is reported in several studies that PSIPRED (PSI-based Secondary Structure
Prediction), JPred v.4 and Protein-Prediction (PR) methods are most commonly used for the
secondary structure prediction to provide acceptable accuracy (Drozdetskiy et al., 2015). The
most common and cutting-edge tool is PSIPRED used for the protein prediction of secondary
structure and noticed a significant improvement in the algorithms with passage of time
(Buchan and Jones, 2019). PSIPRED4 is the upgraded version, and the major changes
implemented is a deep neural network architecture with two hidden layers rather than one.
(Buchan and Jones, 2019). Furthermore, the prediction accuracy of the PSIPRED4 is 84.2%
reported (Buchan and Jones, 2019). The JPred 3 is also one of the invaluable methods and is
used for the prediction of secondary protein structure (Buchan and Jones, 2019). JPred4 is the
latest version of the popular JPred server powered by Jnet algorithm (Version 3.2.1) It is
claimed to be one of most accurate methods for the prediction of secondary protein structure
and its accuracy rate is 81.5% reported (Drozdetskiy et al., 2015). Furthermore, JPred also
makes the prediction of solvent accessibility of coil-coiled regions and performs their task by
merging with many high-quality methods to produce a consensus prediction (Edwards and
Cottage, 2003). Moreover, JPred used PSI-BLAST algorithms for generating multiple
sequence alignments for each sequence (Edwards and Cottage, 2003). PP approach, the third
most accurate automatic server that searches for up to date sequences in different sequence
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databases, creates alignments, and predicts secondary structure and function features of the
target sequence (Rost, Yachdav and Liu, 2004). PP meta server widely used and expanded
their services to 139 countries for the protein structure, transmembrane helices and solvent
accessibility (Yachdav et al., 2014). Several other tools and algorithms are also available for
the Prediction of secondary structure of protein based on template free methods (Yachdav et
al., 2014).

1.9 MODELLING PROTEIN 3-D STRUCTURE:
Predicting 3-D structure models is one of the hardest challenges in structural bioinformatics
despite the advances made in algorithms and computer strategies (Borguesan et al., 2015).
Predicting folded structures of protein only from its polypeptides residues remain as an
unsolved problem (Borguesan et al., 2015). Nonetheless, significant improvement has been
seen in past two decades in computer algorithms or programming used for the prediction of
protein structure measured by the community wide blind CASP experiment (Yang and
Zhang, 2015b). Now there are several reputable computational tools developed for the
prediction of protein 3-D structure of protein from its polypeptide chains (Zhang, 2008).
Furthermore, the advances in the computer algorithms make it possible to generate protein 3D structure models with high accuracy comparable to human guided modelling (Yang and
Zhang, 2015). The I- TASSER (Iterative threading assembly refinement) is a web-based tool
developed by KU center for Bioinformatics (Zhang, 2008), one of the invaluable algorithms
is use for the automated prediction of 3-D structure of protein (Zhang, 2008). I-TASSER
algorithm for structure prediction consists of threading-based fold recognition, followed by
fragment reassembly and refinement simulation (Zheng et al., 2019). The protocol of ITASSER is comprised of three steps, including structural template identification, iterative
structure assembly and structure-based function annotation (Zhang, 2008). Starting from
amino acid sequence of the query, I-TASSER searches and identifies the homologues
templates or super secondary structures in the PDB databases (Yang and Zhang, 2015b). ITASSER uses Local Meta- Threading Server (LOMET) and LOMET is a Meta server that
contains multiple threading programs and can generate tens of thousands of template
alignments (Wu and Zhang, 2007). Furthermore, the output of each query of the I-TASSER
contains up to five full-length models including confidence-score, (C-score) TM-score and
Root Means Square deviation (RMSD) (Zhang, 2008). C-score estimates the quality of
predicted models and TM-score defines the topological similarity between two protein
structures. Standard values rank from 0 to 1. Higher value represent better models (Zhang,
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2008). RMSD is usually used for the quantitative measurement of similarity between two
superimposed atomic coordinates (Kufareva and Abagyan, 2012). It is reported that the ITASSER online server has generated full-length 3-D structure models and functional
predictions of more than 20, 0000 proteins provided by 5000+ users from 117 countries
(Yang and Zhang, 2015a). furthermore, I-TASSER consecutively ranked as the top method in
the CASP experiment for accurately predicting 3-D structures (Zheng et al., 2019).

1.10 SEQUENCES ALIGNMENT:
It is the process of identifying similar regions in protein sequences that may have significance
for structural, functional and evolutionary relationships (Zielezinski et al., 2017). In the field
of Bioinformatics, it is the most important step for understanding the molecular phylogeny of
unknown sequences (Pearson, 2013). Multiple sequence alignments (MSA) is one of the most
important and widely used procedures in computational biology for biological sequences
analysis (Daugelaite, O’ Driscoll and Sleator, 2013). MSA approach can be used for several
different tasks, such as comparing the homologues sequences, generated of phylogenetic tree
for evolutionary relationship, analysis of protein secondary, tertiary structure, and protein
function prediction analysis (Daugelaite, O’ Driscoll and Sleator, 2013). There are several
alignment-based tools and algorithms are developed for MSA such tools are called
Homology tools, e.g, Basic Local Alignment Sequences Tool (BLAST), Fast Adoptive
Shrinkage Threshold Algorithm (Fasta) and Position Specific Iterative PSI-BLAST
(Zielezinski et al., 2017). Multiple Sequence aligners including ClustalW, MUSCLE,
MAFFT, and Iterative alignment progression PRRP, MUSCLE, SAGA and T-COFFE
(Zielezinski et al., 2017). However, the accurate alignments describes the relationship and
homology between two different sequences and generated meaningful information that are
useful to further identify new members of the protein families (Daugelaite, O’ Driscoll and
Sleator, 2013). Furthermore, many significant algorithms have been introduced for MSA but
due to computational challenges and biological complexity such as, no available MSA
algorithms generate an accurate alignment result (Do and Katoh, 2008). However, there are
more approachable MSA algorithms available which are developed by Feng and Doolittle
also known as Progressive alignments (Do and Katoh, 2008). The progressive alignment
works by constructing full alignment progressively, in the first step, completing pairwise
alignment by using algorithms including Needleman-Wunsch, Smith-Waterman, K tuple and
then sequences are clustered together to describe the relationship between them with help of
mBed and k-means methods (Do and Katoh, 2008). The similarity score is converted to
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distance score and guide tree are contracted by using guide building tree methods including
Neighbour Joining and Unweighted Pair Group Method with Arithmetic Means (Do and
Katoh, 2008).
Similarly, Pairwise alignment methods can be divided into two branches, global
alignment considering the similarity in full extent of sequences and local alignment focuses
on the region similarity in the sequences (Lambert et al., 2005). These two approaches
provide a different kind of information like, global alignments are provide information
regarding evolutionary similarity in the sequences while local alignments are more useful for
the structural prediction and comparison of sequences that share only similarity in a part of
sequences (Lambert et al., 2005).

1.11 SEARCHING FOR SEQUENCES AND STRUCTURES IN THE DATABASES:
Different databases contain thousands of sequences and structures and therefore that requires
a fast and powerful algorithm to search sequences or structures against the query in the
sequence and structural databases. A different kind of program was developed with powerful
algorithms for searching sequences and structures in the sequence databases, for example,
BLAST has one of the most accurate and simple algorithms at searching for highest scoring
locally optimal matches between a query and a database (Yang and Tung, 2006).
Furthermore, BLAST versions contains Blastp for comparing amino acids sequences against
protein database (Sansom, 2000). Blastn compares sequences of nucleotides against nucleic
acid databases (Sansom, 2000). Blastx translates the nucleotides sequences in all six reading
frames and then compares each translation against the protein databases and Tblastn
compares the query protein sequences against the nucleic acids databases (McGinnis and
Madden, 2004) (Sansom, 2000). Additionally, PSI-BLAST is the extension of the BLAST
algorithm which is an extremely sensitive method of determining the homologous protein
sequences and discovers more homologies than fasta and BLAST (McGinnis and Madden,
2004). FASTA is another advance algorithm used for sequence searching and can scan all
sequence databases for those fragments which are best matched to the query sequence
(Pearson, 1990). Besides BLAST and FASTA, there are several updated programs also
available in the world of bioinformatics used for the searching of query sequence, but their
uses are limited. For example, Blitz algorithm and Sequence Search (SSEARCH) uses SmithWaterman algorithms mostly for pairwise alignments (Pearson, 1996).

1.12 ONCOGENES AND ONCOGENIC HUMAN PAPILLOMA VIRUS (HPV):
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Oncogenes are parts of the eukaryotic genome having a capacity to become a dominant
oncogenes in tumorigenesis (Maloy and Hughes, 2013). It has been reported in several
studies that a small set of cellular genes has appeared to be targeted for a genetic alteration
that leads cells into neoplastic transformation (Anderson et al., 1992). For the development of
neoplasia, alteration is required in at least two classes of cellular genes termed as a protooncogene and tumor-suppressor genes (Anderson et al., 1992). The proto-oncogenes are the
mutant alleles of cellular genes that preserve evolution and have major physiological activity
in normal cells (Maloy and Hughes, 2013). Proto-oncogenes protein are the products of
signal transduction cascade containing hormone receptor, growth factor, protein kinases, G
protein, or transcriptional factors regulating fundamental cellular activity such as growth,
differentiation proliferation, apoptosis and metabolism (Maloy and Hughes, 2013). There are
several mechanisms or factors involved in oncogenic activation of proto-oncogenes which
revoke normal cellular regulation and leads to tumorigenesis such factors and mechanism are,
transcriptional activation by insertional mutagenesis, retroviral transduction or oncogenic
virus, chromosomal translocation, a somatic mutation in exon region and DNA amplification
(Maloy and Hughes, 2013).
Human oncogenic viruses are classified into two groups: DNA onco-viruses and RNA oncoviruses and both have been extensively investigated (Zheng, 2010). HPV is reported in the
previous investigation as the most causative agent of several types of cancer such as cervical
cancer, oropharyngeal cancer, anal cancer, vulvovaginal cancer, and penile cancer (Bansal,
Singh and Rai, 2016). HPV is a small non-enveloped double-stranded DNA virus and the
genotypes of HPV categorised into five genera including alpha, beta, gamma, mu, and nu on
the base of their genomic polymorphism (Zheng and Baker, 2006). Furthermore, HPV
subtypes are subdivided based on the tropism for either cutaneous or mucosal epithelium and
their association with cancer or benign tumor (Wang and Roden, 2013). The cutaneous types
of HPV typically are low risk as their infection are asymptomatic or self-limited but benign
tumor is reported in gamma types including HPV1 and HPV2 that causes Wart infection
(Wang and Roden, 2013). HPV5 and HPV8 belong to beta group and are asymptomatic but
have been associated with non-melanoma squamous cell carcinoma. Most of mucosal HPV
types HPV6 and HPV11 are reported as benign and majority of oncogenic HPV infection are
self-limited due to immune system. Persistent of HPV infection is highly risk factor for the
development of several types of cancer such as cervical, anogenital and oropharyngeal cancer
and HPV16 and 18 reported for 20-50% for cervical cancer (Wang and Roden, 2013).
Furthermore, HPV16 is more predominant 90% in other anogenital (anal and cervical cancer)
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and oropharyngeal malignancy (squamous cell carcinoma) (Wang and Roden, 2013). The
genome of HPV expresses two types of genes one is called early genes expression which are
coded different viral products and helpful for the virus replication and interaction with the
host machinery, such genes are E1, E2, E3, E4, E5, E6, and E7 (Zheng and Baker, 2006).
The second types of gene expressed by HPV are called late genes expression which are the
viral capsid genes encoding L1 and L2 proteins (Zheng and Baker, 2006). L1 is the major
capsid protein and L2 is a minor capsid protein of HPV, Therefore, both L1 and L2 gene
products play an essential role in viral encapsidation, virion assembly as well in viral
pathogenesis (Buck, Day and Trus, 2013). The molecular weight of HPV capsid L1 protein is
55kD and can self-assemble into virus-like particles (VLP). The VLP of HPV is considered
as a strong immunogen and discovery further helped in the development of vaccine which are
highly effective against certain serotypes of HPV including HPV16 and HPV18 (Buck, Day
and Trus, 2013), because L1 protein of capsid shows significant polymorphism among all
HPV subtypes (Yadav, Zhai and Tumban, 2019). Furthermore, there are several and essential
roles played by capsid L1 protein of HPV, such as, interaction with the host cell and bind
with the glycoprotein receptors known as heparan sulphate proteoglycan (HSPG) and induced
the conformational changes in the host cell (Letian and Tianyu, 2010). and L2 capsid protein
of HPV reported more conserved (Yadav, Zhai and Tumban, 2019). Following these
confirmational changes, it is reported in several studies that the VLP is also associated with
the number of non-HSPG secondary receptors such as tetraspanin, growth factors, integrin
and Annexin, and all these receptors play a role in the cell internalization process (Letian and
Tianyu, 2010). On other hand, minor capsid L2 protein basically under 500 amino acids in
length and molecular weight is approximately 55KDa (Wang and Roden, 2013). There are
several function plays by capsid L2 protein such as, binding with the Dynein motor proteins
transporting cell cargos and moving along the microtubules and transportation of virion into
the host nucleus (Pappa et al., 2018). During the viral reproductive phase, L2 protein
interacts with L1 protein and assembles the viral DNA into virion (Darshan et al., 2004).
The structural relationship between L1 and L2 is under observation (Pappa et al., 2018). It
is also reported that L2 protein exposed minimal at the surface on the mature virion as well as
immature virion (Finnen et al., 2003). Furthermore, it is reported that L2 protein of HPV16
directly interacts with Nuclear import receptors including kapβ2 and kapβ3 (Darshan et al.,
2004). Nonetheless, due to several involvement of L1 and L2 proteins, it is concluded that
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both proteins play an essential role in the virus replication, viral pathogenesis and virion
assembly.

1.13 AIM OF STUDY:
L1 and L2 are the capsid protein of HPV subtypes and play an essential role in virion
assembly and viral pathogenesis. Several studies reported that interaction and structural
relationship between L1 and L2 is still under observation. Here, we have used different
computational algorithms in this study to achieve the goal. The aim of the study is following.
1) Prediction of secondary structures for L1 and L2 proteins of HPV subtypes.
2) Searching for domains in L1 and L2 protein sequences of HPV subtypes.
3) Multiple sequence alignment for L1 protein sequences and L2 protein sequences of
HPV subtypes to identify the homologues residues and generate the phylogenetic tree
for evolutionary relationship.
4) Modellling of 3-D structures for L1 protein subtypes and L2 protein subtypes of HPV.
5) Generating 3-D structure based phylogenetic trees to identify the structure folding
similarities of L1 protein and L2 protein of HPV subtypes.
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2 MATERIALS AND METHODS
2.1 EXTRACTION OF PROTEIN SEQUENCES:
We searched for the reviewed protein sequences of Human Papilloma virus at UniProt
database https://www.uniprot.org/ accessed 10.06.2020 and then filtered and selected only L1
and L2 protein sequences of HPV by using a trivial Python script. After the filtering, there
were 73 L1 sequences and 71 L2 sequences.
To reduce the size of the data sets, we clustered the sequence data by using CD-HIT program
to remove redundancy and to concentrate data set down to 65% sequence similarity.
The sequences data sets of L1 and L2 protein of HPV were saved in the fasta format into
local file system. The sequences of L1 and L2 proteins divided into two set called L1 Protein
sequences and L2 Protein sequences. After the clustering the total number of L1 Protein
sequences were 13 and belonged to different HPV subtypes included CPV01 (Chimpanzee
papilloma virus), HPV1, HPV4, HPV18, HPV19, HPV27, HPV32, HPV34, HPV41, HPV43,
HPV50, HPV51 and HPV60. Similarly, the total number of L2 Protein sequences were 23
and with also different HPV subtypes including HPV01, HPV03, HPV04, HPV13, HPV16,
HPV23, HPV25, HPV26, HPV34, HPV37, HPV39, HPV40, HPV41, HPV42, HPV48,
HPV50, HPV54, HPV56, HPV57, HPV58, HPV60, HPV62 and HPV63.

Entry No

HPVsubtypes

Length

P03099

01

508aa

Q02274

01

502aa

Q02050

19

546aa

P06794

18

568aa

P36736

27

594aa

P36737

32

503aa

P36738

34

528aa

P50815

531

531aa

P50818

50

515aa

P26536

51

504aa

P50821

60

508aa

Table 1: shows entry No. of L1 protein sequences belonging to HPV subtypes and number of
amino acids at Universal Protein Database. Q02274* sequence belongs to Chimpanzee.
26

Entry No

HPVsubtypes

Length

P03105

01

507aa

P36744

03

473aa

Q07862

04

521aa

Q02275

13

463aa

P0307

16

473aa

P50797

23

519

P36753

25

520

P36754

26

472

P36758

34

472

Q80905

37

534

P24839

39

470

P36740

40

467

P27558

41

554

P27235

42

477

Q80925

48

502

Q80932

50

506

Q81023

54

470

P36765

56

464

P22164

57

465

P26538

58

472

Q80946

60

525

Q676U7

62

475

Q07863

63

504

Table 2: shows entry No. of L2 protein sequences belonging to HPV subtypes and number of
amino acids at Universal Protein Database.
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2.3 ANALYSIS OF PRIMARY STRUCTURE OF L1 AND L2 PROTEINS:
We scanned L1 and L2 protein sequences of HPV subtypes for the domain analysis, we
providing single sequence of both L1 and L2 proteins to the SMART automatic server
http://smart.embl-heidelberg.de/ in the fasta format. First, we copied and pasted L1 protein
sequences of HPV subtypes into SMART box and then clicked on run button, after few
moments we obtained a pfam analyzed report and downloaded the reports into local system.
Similarly, we repeated the same procedure for L2 protein sequences of HPV subtypes.
SMART identified only one domain along with location and low complexity region and
transmembrane region in few but not in all in the query sequences.

2.4 SECONDARY STRUCTURE PREDICTION:
There are several accurate bioinformatic tools and algorithms used for the prediction of
secondary structure of protein. We chose best algorithms based on their good accuracy
reported in CASP13. We used PSIPRED 4.0 algorithms (Buchan and Jones, 2019) for the
prediction of secondary structures of L1 and L2 proteins of HPV subtypes. We provided a
protein sequence of L1 protein into PSIPRED algorithms (http://bioinf.cs.ucl.ac.uk/psipred/)
(Jones, 1999) for the prediction of secondary structures of L1 proteins of HPV subtypes. The
similar process was also repeated for L2 protein of HPV subtypes. After predicted the
secondary structure of L1 and L2 protein of HPV subtypes. We downloaded the secondary
structure of L1 and L2 from server to local computer. The details about secondary structures
of L1 and L2 are shown in the results chapter later.

2.5 SEQUENCES ALIGNMENT:
Global sequences alignments were carried out for both L1 and L2 protein sequences by using
tools pairwise sequences alignment https://www.ebi.ac.uk/Tools/psa/ (EMBOSS needle
algorithms). The default matrices BLOSUM30 was selected as scoring matrices. In first
phase, we uploaded L1 protein sequences of all 13 HPV subtypes in FASTA format into
webserver for the sequences alignment. In second phase, we uploaded L2 protein sequences
of 23 HPV subtypes into automatic server for the sequences alignment. After the MSA file
was generated, A phylogenetic trees were constructed for total 13 different subtypes of L1
protein and 23 subtypes of L2 protein of HPV in order to determine the evolutionary
relationship between the subtypes of HPV. In the first step, we generated a phylogenetic tree
for L1 protein of HPV subtypes by uploading L1 MSA file in the FASTA format to web28

server Phylogene.fr algorithms (Dereeper et al., 2008). In the second step, the above
procedure was repeated for L2 MSA file. Phylogeney.fr is a web based server used for
reconstructing and analysing evolutionary relationship between the molecular sequences. The
algorithms of Phylogeny.fr connects with several bioinformatics programs to reconstruct a
robust phylogenetic tree from the sequences set (Dereeper et al., 2008). For further analysis,
we used wasabi (integrated server for evolutionary sequence and analysis and data
visualisation) with PAGAN aligner http://was.bi/w9Jj2P (Veidenberg, Medlar and Loytynoja,
2016) for observing and visualise the conserved residues in both L1 protein subtypes and L2
protein subtypes of HPV.

2.6 MODELLING OF 3-D STRUCTURES:
Similarly, there are different reputable programs and algorithms available for the modelling
of 3-D structures of macromolecules. Therefore, we used I-TASSER algorithms
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) for the 3-D modelling of L1 and L2
proteins of HPV-subtypes. In the first step we copied/pasted one by one protein sequence of
L1 protein of HPV subtypes in the FASTA format from local computer to I-TASSER server
and ran the program. I-TASSER predicted one 3-D structure model in several days, therefore
we repeated the same procedure for each L1 and L2 protein sequence until the job was
completed. I-TASSER predicted modelling sent the results back to our email ID in a tar.file.
We downloaded tar-file of best predicted models out of five from the I-TASSER server into
local machine for further study. I-TASSER utilized X-ray crystallography structure of Bovine
papilloma virus type1 outer capsid (PDB: 3IYJ) as template from PDB base for all L1 protein
of HPV subtypes and X-ray crystallography structure of PSCD region of the cell wall protein
pleuralin-1 (PDB: 2NBIA) utilized as template for all L2 protein of HPV subtypes except L2
protein of HPV41. I- TASSER utilized crystallography structure of Pig gastric H+/K+ATPase complexed with aluminum fluoride (PDB: 3IXZ) as template for L2 protein of
HPV41 and the poly C9 component of the complement membrane attack complex (PDB:
5FMW) utilized as template for L2 protein of HPV13. We chose the best 3-D models based
on their C-score for each L1 and L2 protein of HPV subtypes out of five for further study.

2.6 3-D STRUCTURES MODELS VISUALISATION:
For the visualisation of 3-D models of L1 and L2 of HPV subtypes, we downloaded a PyMol
2.4 version from the link https://pymol.org/2/ into local system. PyMol is the molecular
graphic visualisation system maintainer distributed by Schrödinger (Schrödinger, 2020). We
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run a PyMol 2.4 at local system and provided I-TASSER predicted 3-D models of each L1
and L2 proteins of HPV subtypes. Through PyMol 2.4 graphic system we generated high
quality 3-D models and coloured secondary structures for all L1 and L2 proteins models.

2.7 PHYLOGENETIC TREE BASED ON 3-D STRUCTURE MODELS:
For obtaining evolutionary relationship based on 3-D structure models of L1 subtypes of
HPV and L2 subtypes of HPV, we contracted a phylogenetic tree based on 3-D Structure
models for L1 protein of HPV subtypes and L2 protein of HPV subtype through Homologues
Structure Finder (HSF) (Ravantti, Bamford and Stuart, 2013). I-TASSER Aligned models file
of 3-D structure models of L1 and L2 proteins submitted to HSF algorithm and generated the
3-D structure based phylogenetic tree for the L1 protein subtypes and L2 protein subtypes of
HPV. HSF works by progressively aligning best matching parts (“core”) of the proteins in
the data set until all structures are in a single tree with a core that appears in all structures.
The parameters used for the HSF clustering were the same as in the original article by
Ravantti et.al.
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3 RESULT AND DISCUSSION
3.1 SEQUENCES ALIGNMENT AND PHYLOGENETIC RECONSTRUCTION:
The evolutionary relationship of L1 and L2 capsid proteins of HPV subtypes are shows in
figures below. We observed different levels of homology scores and observed significant
polymorphism in the sequences of L1 protein of HPV subtypes. In the previous studies
significant variation was reported in the sequences of L1 protein of HPV different subtypes
(Buck, Day and Trus, 2013). We identified several conserved residues in L1 capsid protein of
all 13 HPV subtypes along with gaps in the sequences, we also spotted several conserved
residues in L2 capsid protein of all 23 HPV subtypes. We observed that L2 protein is more
stable and similar than L1 protein. In the previous studies it is reported that L2 protein
contains two highly conserved cysteine residue across all HPV (Wang and Roden, 2013).
Furthermore, the same study also concluded that deletion or point mutation in the highly
conserved region Cysteine 22 and Cysteine 28 of L2 protein did not block the interaction
between L1 and L2 capsid protein (Wang and Roden, 2013). Therefore, Cysteine region are
not remained interested anymore. Further attention is required for the study of L2 protein for
the identification of significant region. It is reported in recent studies and suggested that L2
protein will be the next generation vaccine against HPV subtypes (Yadav, Zhai and Tumban,
2019). The previous studies also supported our result and we observed more conserved
residues in L2 protein in all 23 subtypes of HPV. Our study also suggested that L2 protein of
HPV seems like a good candidate in the contest of vaccine development or good choice for
the medicinal target against HVP infection. The conserved residues are highlighted in same
colours and different location of both L1 and L2 protein of HPV in below figures.
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Figure 4: shows multiple sequences alignment of L2 protein of HPV subtypes. The arrows
sign representing the conserved regions in all 23 subtypes of HPV.

Figure 5: shows multiple sequences of capsid L1 protein of HPV subtypes. The arrows sign
representing conserved residues in all 13 subtypes of HPV.
Figure 6 and 7 describe sequence based evolutionary relationships of L1 protein of HPV
subtypes and L2 protein of HPV subtypes. L1 of HPV subtypes share most known common
ancestor based on time and similarly, L2 HPV subtypes share most known common ancestor
based on time. Both L1 and L2 proteins of HPV subtypes has evolved from the common
ancestor. Each new branch of tree represented the divergence events and length of branches
representing the mismatch between subtypes. The leaves of tree representing the subtypes
followed by family. Furthermore, every clade of tree describes the degree of relatedness
between of L1 protein subtypes and L2 protein subtypes. L1 protein of HPV41 and HPV1 are
the most recent common ancestor. We found that L2 protein of HPV04 is the most recent
ancestor and HPV41 did not share their pedigree with any subtypes.
In contrast of L1 protein, we observed more relatedness and similarities in the residues than
between L2 protein of HPV subtypes.
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Figure 6: shows phylogenetic tree of L1 protein of HPV subtypes. The branches of the tree
are labelled with the confidence value and highest c-value indicates more relatedness
between HPV subtypes.
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Figure 7: shows the phylogenetic tree of L2 protein of HPV subtypes. The branches of trees
are labelled with the confidence value and highest c-value indicates more relatedness
between HPV subtypes.

3.2 DOMAIN ANALYSIS IN PROTEIN SEQUENCES:
Only one domain ”late_protein_L1” was predicted by pfam algorithm in L1 protein sequence
for all 13 subtypes of HPV. We also identified transmembrane region and low complexity
region in few subtypes of HPV. Similarly, only one domain ”Late_protein_ L1” is recognized
in L2 capsid protein sequence in each 23 HPV subtypes. each domain is located in different
region in each L1 and L2 capsid protein of HPV subtypes. Domain in L1 protein of HPV
subtypes16 and domain in L2 protein of HPV subtype 51 are shown in below figures as
representative for all L1 and L2 protein of HPV subtypes.

Figure 8: shows pfam domain Late_protein_L1 in L1 protein sequence of HPV subtype 18.
The left side blue colour indicates the transmembrane region located between 27-49 region in
the protein sequence and domain started from 65 and end point is 563 with e-value 9.4e-230.
The total length of protein sequence is 568 amino acids.

Figure 9: shows pfam domain Late-portein-L2 in L2 protein sequence of HPV subtypes 57.
The domain start point is 06 and end point is 363 with e-value 1.1e-103. And the pink colour
371-381 region indicates the low complexity region along with unknown tail region.
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3.2 SECONDARY STRUCTURE OF L1 AND L2 PROTEIN
The secondary structures of major capsid protein L1 and minor capsid protein L2 of HPV
subtypes were generated through PSIPRED algorithms. We obtained secondary structure of
L1 and L2 protein of HPV subtypes, in which we identified several regions of helices (Pink
color) located in different position, β-strand (Yellow color) and coil regions (Grey color).
From the prediction of secondary structure, we observed that more ß-strands and helices are
found in L1 protein of HPV subtypes than L1 protein of HPV subtypes. The secondary
structure of L1 protein of HPV subtype 01 and L2 protein of HPV subtype 42 are shown in
below figure as a representative for all HPV subtypes. For exact location of each regions see
figure 10.

Figure 10: shows secondary structure of L2 protein of HPV subtype 41 with highlight
different regions at different position.
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Figure 11: shows secondary structure of capsid L1 protein of HPV01 with highlight different
location. Pink colour indicates helices, yellow colour indicates ß-strands and grey color
representing coils in the secondary structure.

3.3 BUILDING 3-D STRUCTURE MODELS:
The 3-D structure models for L1 protein and L2 protein of HPV subtypes were modelled by
I-TASSER by using a meta- server threading approach. We chose the best quality model out
of five based on the C-score because we observed that the correlation of C-score and TMscore were not in the normal range for the rest of the four models. C-score is the confidence
score used to estimate the quality of 3-D models predicted by I-TASER. The normal C-score
value of I-TASSER algorithm remain between -5 to 2 and we obtained C-score in acceptable
range for each 3-D structure models and has shown correct fold. TM-score describes the
topological similarity between two protein structures with the value in range between 0 - 1.
RMSD is usually used for the quantitative measurement of similarity between two
superimposed atomic coordinates. TM-score and RMSD are estimated based on the C-score
and protein length following the correlation observed between these qualities. We observed
that the correlation of RMSD value is not as strong as TM value because of the local
modelling error and resulted in a high RMSD value even when the global topology is correct.
C-score, TM-score and RMSD values for L1 and L2 proteins of HPV are reported in the
Table: 3 and 4.
HPV subtypes

C-score

TM-score

RMSD
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CPV01

1.23

0.88 +/- 0.07

4.7 +/- 3.1Å

HPV01

1.01

0.85 +/- 0.08

5.2 +/- 33Å

HPV04

0.64

0.80 +/- 0.09

6.0 +/- 3.7Å

HPV18

-0.52

0.65 +/- 0.13

8.8 +/- 4.6Å

HPV19

-0.24

0.68 +/- 0.12

8.0 +/- 4.4Å

HPV27

-1.5

0.5.53 +/- 0.15

11.3 +/- 4.5Å

HPV32

1.01

0.85 +/- 0.08

5.2 +/- 3.3Å

HPV34

0.11

0.70 +/- 0.12

7.7 +/- 4.3Å

HPV41

-0.00

0.71 +/- 0.11

7.5 +/- 4.3Å

HPV43

-0.09

0.70 +/- 0.12

7.6 +/- 4.3 Å

HPV50

0.97

0.85 +/- 0.08

5.3 +/- 3.4Å

HPV51

-1.31

0.90 +/- 0.06

4.6 +/- 3.0Å

Table 3: shows prediction score of 3-D structure models of L1 protein of HPV subtypes

HPV subtypes

C-score

TM-score

RMSD

HPV01

-41.34

0.50 +/-0.14

10.5 +/- 4.2 Å

HPV04

-2.28

0.54 +/- 0.14

12.9 +/- 4.2 Å

HPV16

-2.45

0.44 +/- 0.111

11.2 +/- 4.6Å

HPV23

-2.38

0.44 +/- 0.14

13.2 +/- 4.1Å

HPV26

-1.60

0.52 +/- 0.15

10.0 +/- 46Å

HPV34

-1.26

0.55 +/- 0.15

10.1 +/- 4.6 Å

HPV37

-2.29

0.45 +/- 0.14

13.0 +/- 4.2 Å

HPV39

-1.73

0.50 +/- 0.15

11.3 +/- 4.5Å

HPV40

-41.00

0.54 +/- 0.15

10.5 +/- 4.6Å

HPV41

-1.69

0.51 +/- 0.15

11.6 +/- 4.5 Å

HPV42

-1.42

0.56 +/- 0.15

10.1 +/- 4.6Å

37

HPV50

-1.66

0.51 +/-0.15

11.3 +/- 4.5Å

HPV54

-2.24

0.45 +/- 0.15

12.6 +/- 4.3Å

HPV56

-1.35

0.55 +/- 0.15

10.3 +/- 4.6Å

HPV58

-2.26

0.44 +/- 0.14

12.6 +/- 4.3Å

HPV63

-2.26

0.45 +/-0.14

12.8 +/- 4.2Å

Table 4 : Shows prediction score of 3-D structure models of L2 protein of HPV subtypes.
I-TASSER tool was applied for determining the 3-D structure models of L1 protein of HPV
subtypes and L2 protein of HPV subtypes and similarity between their 3-D structure models
is important. Our study indicates that the 3-D structure models of L1 protein of HPV
subtypes folded are very similar to each other. In the previous study it is also reported that
the protein structures diverge slowly when compared to protein sequences (Ravantti,
Bamford and Stuart, 2013). In case of L2 capsid protein of HPV subtypes, we failed to
generate an accurate 3-D structure models for two sequences possibly because of the several
reasons. Firstly,

no X- ray crystallography structure template is available in the PDB

database because one study reported during antibodies binding investigation that L2 protein
located below the surface of native virion, so it is difficult to determine their structures with
the experimental methods (Wang and Roden, 2013). This may be the reason that
experimental methods failed to model some of the 3-D structure of L2 proteins. Secondly, ITASSER algorithms failed to identify any suitable template in the PDB database to predict an
accurate 3-D structure model for L2 protein of HPV subtypes. It is reported in past studies
that several attempts have been made to build the 3-D structure of native L2 protein, but
unfortunately most of the effort failed and only found out a little information about the capsid
L2 protein (Wang and Roden, 2013). Figure 13 shows capsid L2 protein of HPV subtypes
03,04, 13,41. L2 protein of all subtypes are folded similarly except L2 protein of HPV
subtypes 13 and 41 folded differently from the rest. L2 protein of HPV subtypes 03 and 04
are shown as a representatives of remining capsid L2 protein.
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Figure 12: shows structure similarities between 3-D structure models of L1 protein of HPV
subtypes (CPV= Chimpanzee papilloma virus). The structure models of L1 protein of HPV
subtypes show remarkable folded similarity. The cartoons show different regions, cyan
indicates Helices, red indicates the β-sheets and magenta represents the loops in the 3-D
structure models. The models were visualized using PyMol (Schrödinger, 2020).
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Figure 13: shows structure similarities between 3-D structure models of capsid L2 protein of
HPV subtypes. For highly similar structures only two structures were selected.

HPV

subtypes 03 and 04 folded similarly while HPV subtypes 13 and 41 folded completely
differently from the rest. The cartoons show different regions, cyan indicates Helices, red
indicates the β-sheets and magenta represents the loops in the 3-D structure models. The
models were visualized using PyMol (Schrödinger, 2020).

3.4 BUILDING A 3-D STRUCTURES BASED PHYLOGENETIC TREE:
A structure based phylogenetic tree were obtained for both L1 protein of HPV subtype and
L2 protein of HPV subtypes models. If we compare structure based phylogenetic tree with
sequences phylogenetic tree, it shows that most of the protein structure were not folded
similarly to their linear sequences except few but overall structures of L1 and L2 folded
distantly close to each other. The length of tree branches described the structure similarity
level, long branches of tree shows minimum similarity while short branches of tree show
more similarity. The program HSF calculate the structure similarities based on multiple
structural alignment. HSF algorithms calculated the average RMSD score between the C-α
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atoms for L1 protein structures of HPV as 1.24Å and number of fitted or similar residues
were 470 in all 13 protein structures. This means that models of proteins are extremely
similar. For L2 protein structures, in first HSF run for all 23 protein structures, the RMSD
score was 4.67Å and number of similar residues was only 66 and was not so satisfied score
because of two structures HPV41 and HPV13 folded completely differently from all the
other, thus we removed those two structures from the alignment and run HSF program again.
In the second attempt HSF predicted RMSD value for L2 protein structures was 1.88Å and
number of fitted or similar residues were 280 which again means that the structures were
very much similar to each other. However, RMSD score shows that all structures of L1 and
L2 of HPV subtypes are very similar to each other except HPV13 and 41. Furthermore, the
sequences similarities were 65% but I-TASSER program predicted the models perfectly even
the sequence were quite different and most of the structures models are exactly folded
similarly except HPV13 and 41.

Figure 13: Shows phylogenetic tree based 3-D structure models of L1 HPV subtypes. Total
13 structures of L1 protein belongs to HPV subtypes folded distant closely. Each branch of
tree indicates the level of similarity such as short branch shows more similarity while long
branches of tree shows more differences. Each tips of branches represented L1 protein
structure and subtypes of HPV
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Figure 14: Show 3-D model structure based phylogenetic tree of L2 protein of HPV
subtypes. All 23 L2 protein structure folded similarly and found a short distance between
them except VL2-13 and VL-41 structure folded different from the others. Short branches of
tree shows more similarity while long branches of tree shows more differences between L2
protein structure. Each tips of branches represented L2 protein structure and subtypes of
HPV.
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Figure 15: Show 3-D model structure based phylogenetic tree of L2 protein of HPV subtypes
without VL-13 and VL-41. All 21 L2 protein structure folded similarly and found a short
distance between them. Short branches of tree shows more similarity while long branches of
tree shows more differences between L2 protein structure. Each tips of branches represented
L2 protein structure and subtypes of HPV.

4 CONCLUSION
Protein is one of the most important macromolecules in the biological world and plays a
major role in the cell life based on their structure and function. L1 and L2 capsid proteins of
HPV have a crucial role and contribute in the viral assembly and host cell interaction. From
this study we concluded that further study is required to explore the function of conserved
residues identified in both L1 and L2 capsid protein of HPV subtypes. More conserved
residues in the protein sequences of L1 and L2 proteins of HPV subtypes can be placed in
one group for more in depth study for the purpose of medical target or vaccine development.
Experimental methods are more accurate than computational methods and improvement in
computational algorithms is required for increased accuracy. This study addresses the
question whether these three-dimensional structure models are helpful to consider the
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detailed similarity and differences between the protein structure for further drug design or
vaccine development study?
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