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Abstract. Papillomaviruses are non-enveloped, and icosahedral in structure with a double-stranded 
circular DNA. They are responsible for inducing regressing papillomas (warts) on mucosal or keratinized 
epithelia across a diverse range of species including mammals, reptiles, birds and fish. Unlike human and 
bovine papillomaviruses, avian papillomaviruses (AvPV) received little attention in terms of sequence 
analysis and protein structure repository. This may be due to the less severity of morbidity and mortality 
compared to papillomavirus disease manifestations in human. The African Grey Parrot (Psittacus erithacus) 
is the first avian species to have a complete AvPV genome sequenced (PePV). Nonetheless, sequence 
analysis of its genes is limited with no three-dimensional structure reported in Protein Data Bank. 
Therefore, the aims of this study are to analyse the sequence of major capsid protein L1 of PePV, to assess 
its physicochemical properties, to generate its secondary and three-dimensional structures and to elucidate 
the quality of the generated L1 structural models. The PePV L1 capsid protein was analysed using online 
bioinformatics tools namely NCBI GenBank, PaVE, MUSCLE, ProtParam, PSIPRED and SOPMA.  
SWISS-MODEL, RaptorX and C-I-TASSER were implemented for high-quality structural modelling 
prior to comparison using PyMOL and Molprobity. Results demonstrated that the PePV L1 capsid protein 
was slightly acidic and thermally-stable. Additionally, the PePV’s host specificity is closed related to 
Fringilla coelebs papillomavirus (FcPV1) and Serinus canaria papillomavirus (ScPV1), both of which infect 
birds from the Austravales clade. Structure predictions reveal slight structural difference and similarities 
albeit the SWIS-MODEL and C-I-TASSER showed relatively high-quality models which were considered 
as the basis for structural comparison and reliability. Further research on avian major capsid protein L1 of 
PePV is anticipated to improve the current knowledge on AvPV’s structure-function relationship thus 
control the viral transmission in endangered birds. 
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INTRODUCTION 
 
Papillomaviruses belonging to the family 
Papillomaviridae are small, non-enveloped, 
icosahedral, double-stranded circular DNA 
viruses approximately 60 nm in size, responsible 
for inducing regressing papillomas (warts) on 
mucosal or keratinized epithelia across a diverse 
range of species (Najihah et al., 2023). An array of 
findings demonstrated their capacity to infect 
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many animals, including mammals, reptiles, fish, 
and birds (Van Doorslaer et al., 2018), 
nonetheless, the great majority have been 
identified in mammals. The quantity of 
papillomaviruses identified in avian species is 
increasing, particularly due to the emergence of 
metagenomic studies (Truchado et al., 2018), 
which has led to their detection from various 
sample types, including mucosal surfaces of the 
oral cavity, pharynx, choanal slit and cloaca which 
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are common in psittacine birds (Jones et al., 2020). 
According to the International Committee on 
Taxonomy of Viruses (ICTV) classification, the 
virus is classified based on the host infected. 
Hence papillomavirus infecting humans and birds 
are referred to as human papillomavirus (HPV) 
and avian papillomavirus (AvPV), respectively. 
Most papillomaviruses infect humans, and more 
than 200 HPV have been extensively investigated 
because of their role, particularly in cervical cancer 
(Milano et al., 2023); only about 112 animal 
papillomaviruses have been identified up to 2013 
(D’arc et al., 2020).  

AvPV has been isolated from African Grey 
Parrot, Psittacus erithacus ( Gaynor et al., 2015; 
Canuti et al., 2019). The African Grey Parrot is 
among the most intelligent and fascinating avian 
pets, indigenous to the rainforests of West and 
Central Africa, distinguished by its stunning grey 
feathers and vibrant red tail, and known for its 
beautiful appearance and remarkable cognitive 
abilities, problem-solving and communication 
skills. However, the bird was enlisted as an 
endangered species on the International Union 
for Conservation of Nature (IUCN) Red List 
(BirdLife International, 2021).. This may be due 
to wildlife trade (Atoussi et al., 2020), habitat loss, 
and susceptibility to diseases such as AvPV 
(Greenacre, 2005) causing lesions, particularly in 
the cloacal and digestive tracts. A study from 
sampled captive psittacine birds in Seri 
Kembangan, Malaysia, reported a 33% incidence 
of AvPV but none for beak and feather disease 
virus and avian polyomavirus (Padzil et al., 2021). 
This suggests that AvPV possesses a significant 
threat to psittacine birds including African Grey 
Parrot.  

The L1 capsid protein of Psittacus erithacus 
AvPV (PePV) is a structural protein that gives the 
icosahedral architecture to papillomavirus; it 
possesses the ability to self-assemble 
independently into an immunogenic structure 
(virus-like particle, VLP) that mimics the true 
external structure of the virus even in the absence 
of chaperones, facilitating viral attachment and 
entry into host cells (Schiller & Lowy, 2012). The 
immunogenicity of this protein is well established 
due to its conserved gene which is also useful for 
classification and construction of the phylogenetic 
tree (Bernard et al., 2010; Buck et al., 2013, ), 
demonstrating its potential to elicit high titre-

neutralizing immune responses important for 
vaccine development (Kirnbauer et al., 1992; 
Lowy & Schiller, 2006). Nonetheless, appreciable 
information on the phylogeny and structure of the 
L1 and other PePV proteins is relatively limited 
despite being the first complete AvPV genome 
extracted from this species (Tachezy et al., 2002). 
There are only 52 records of AvPV in public 
database UniProt (https://www.uniprot.org/), in 
which 9 of them are on L1 capsid protein, while 
none was found in the Protein Data Bank (PDB, 
https://www.rcsb.org/). As a comparison, 
bovine papillomavirus generated 1095 records in 
UniProt and 13 structure predictions on PDB  as 
at 12 October, 2024.      

Therefore, this study examines the L1 protein 
of the AvPV identified from African Grey Parrot, 
utilizing computational techniques to elucidate its 
phylogenetic relationships and structural 
characteristics. The research advances the 
scientific understanding of papillomaviruses 
originated from birds and aids conservation 
efforts for endangered species by addressing viral 
diseases that may affect their population. 
 
 

MATERIALS AND METHODS 
 
 
Sequence data information and retrieval 
The whole genome nucleotide sequence of PePV 
was obtained from NCBI GenBank 
(https://www.ncbi.nlm.nih.gov/genbank/) with 
accession number NC_003973.1. The major 
capsid L1 protein sequence was also obtained 
from the same database with the accession 
number NP_647590.1. 
 
Multiple sequence alignment 
BLASTp (https://blast.ncbi.nlm.nih.gov/Blast. 
cgi?PAGE=Proteins) search server was used to 
obtain similar protein sequences. The PaVE 
database (https://pave.niaid.nih.gov/) was also 
recruited to obtain other AvPV that were not 
listed in the BLASTp search results. The 
sequences were screened and selected to reduce 
the bias on gull papillomavirus and kittiwake 
papillomavirus. Sixteen protein sequences, 
including PePV1, were chosen for multiple 
sequence alignment by MUSCLE (Edgar, 2004) 
using sums-of-pair scores and k-tuples to calculate 
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the distances between sequences. A default 
parameter was used in the alignment, followed by 
manual adjustment. Duplicates were eliminated 
by computing the pairwise identity using a 
number of difference method, and the quality was 
assessed by “Pairwise amino acid identity” and 
“GUIDANCE2” with the amino acids 
substitution model and p-distance model 
parameters (Sela et al., 2015). “Compute Overall 
Mean Distance” (COMD) was also employed 
(Blackburne & Whelan, 2012) to measure the 
average distance between sequences and assess 
divergence and identity and a confidence score 
was obtained from the aligned amino acids 
sequences. 
 
Phylogenetic tree reconstruction 
The phylogenetic tree of PePV with other 
papillomavirus species was reconstructed by 
utilizing the earlier multiple sequence alignment 
obtained. The phylogenetic analysis used 16 
amino acid sequences of the L1 major capsid 
protein of papillomavirus with only complete 
sequences, which were extracted from NCBI 
GenBank. The maximum likelihood method 
(Felsenstein, 1981) and best fitting substitution 
model (Le & Gascuel, 2008; Zou et al., 2024) were 
employed with an optimal evolutionary model and 
evaluated by the built-in model selection feature 
of MEGAX. For further evaluation of the 
reliability of the model, bootstraps of 100 
replicates were performed.   

Additionally, four non-AvPV sequences were 
extracted from the GenBank and included to 
further elucidate the evolutionary relatedness of 
AvPV and non-AvPV and the methods were 
repeated to reconstruct the phylogenetic tree 
using MEGAX. 

 
Physicochemical properties and secondary 
structure prediction 
The physicochemical property predictions of the 
L1 protein of PePV were analysed using an online 
web server, ProtParam (https://web.expasy.org/ 
protparam/), to assess the protein function, 
stability and structure prediction. The secondary 
structure was predicted using PSIPRED 
(http://bioinf.cs.ucl.ac.uk/psipred/) (McGuffin 
et al., 2000; Buchan & Jones, 2019)  and SOPMA 
(https://npsa-prabi.ibcp.fr/NPSA/npsa_sopma. 

html) to analyse the composition of the alpha 
helix, strands and coil (Sawal et al., 2023). 
 
Three-dimensional (3D) protein structure 
prediction and validation 
The 3D prediction of the protein structure was 
modelled by three web servers, SWISS-MODEL 
(Waterhouse et al., 2018), RaptorX  (Wang et al., 
2016), and C-I-TASSER (Yang et al., 2015).  The 
sequence of the L1 major capsid protein of PePV 
was submitted separately to the tools, and the 
structures were predicted and compared for high-
quality prediction. The models generated from the 
three servers were compared using PyMOL 
(DeLano, 2002) “Superimpose” function. The 
differences were analysed and validated by using 
Molprobity (Williams et al., 2018) and “SAVES 
6.0” (integrated server containing ERRAT, 
Verify3D, PROCHECK, WHATCHECK, and 
PROVE). The best structure was chosen based on 
the Ramachandran distribution of the residues in 
the most favoured and generally allowed region of 
the plot with consideration of individual ERRAT 
and VERIFY3D scores. 

 
 

RESULTS AND DISCUSSION 
 
 
Multiple sequence alignment 
The BLAST nucleotide search reveals three 
results with 100% of query coverage and identity 
to PePV with accession numbers NC_003973.1, 
AF420235.1 and AF502599.1. The NC_003973.1 
was chosen for protein sequence analysis 
(accession number NP_647590.1). To obtain 
similar protein sequences, BLASTp is performed 
with default parameter and arranged according to 
E value. The generated 100% query coverage and 
percentage of identity indicate same organization 
in the sequence and high similarities and 
relationship between the query and the sequences. 
Sixteen amino acid sequences were selected and 
aligned using MUSCLE method in MEGAX 
(Table 1).  PePV-1 is of the genus 
Thetapapillomavirus, and the order of host is 
Psittaciformes. It shares 58.23 % identity with 
FlPV-1 from francolin, and 62.24 % identity with 
AplaPV-1 from duck. The assessment of the 
multiple sequence alignment revealed a reliable 
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alignment (Figure 1) with overall mean distance 
(p-distance) of 0.4. A p-distance less than 0.7 
value reveals reliability of alignment (Shen et al., 
2022). GUIDANCE2 evaluated the multiple 
sequence alignment score as 96.0852. An 
alignment score more than 0.93 was considered 
acceptable (Penn et al., 2010).  
 
Phylogenetic tree reconstruction of L1 major 
capsid proteins of AvPV 
This phylogenetic analysis uses 16 amino acid 
sequences of L1 major capsid proteins of PV with 
only the complete sequence, which was extracted 
from NCBI GenBank. Based on the maximum 
likelihood tree, there are 11 clades that separate 
the AvPV. In this phylogenetic analysis, PePV1 is 

forming a single clade and is equally closely related 
to FcPV1 and ScPV1, which have 52.93% and 
55.27% amino acid sequence identity, 
respectively. Both FcPV-1 and ScPV-1 form a 
monophyletic clade with a confidence of 100 
bootstrap score. Cross-species transmission was 
also observed in the same order of host 
(Charadriformes), such as LsmiPV-3 (Gull 
papillomavirus 3) is more closely related to 
RtriPV-1,-2,-3 (Kittiwake papillomavirus) than 
LsmiPV-1 and LmPV-2 (Gull papillomavirus 1 
and 2). FgPV-1 position also revealed distant 
relations with other AvPV (Figure 2a) but closely 
related to reptile papillomavirus (CcPV-1 and 
CmPV-2) (Figure 2b). 

 
Table 1. L1 amino acid sequence of avian papillomavirus extracted from NCBI Genbank 
(https://www.ncbi.nlm.nih.gov/genbank/) 

Type of Virus Genus of Virus Host Order of host Accession number 

PePV-1 Thetapapillomavirus 1 Psittacus erithacus timneh 
(African Grey Parrot) 

Psittaciformes NP_647590.1 

AplaPV-1 Unclassified Anas platyrhynchos 
(Duck/Mallard) 

Anseriformes QBR99472.1 

FcPV-1 Etapapillomavirus 1 Fringilla coelebs Passeriformes NP_663767.1 
FgPV-1 Treiszetapapillomavirus Fulmarus glacialis Procellariiformes YP_009041476.1 
FlPV-1 Dyoepsilonpapillomavirus 1 Francolinus leucoscepus Galliformes YP_003104804.1 
PaPV-1 Treisepsilonpapillomavirus 1 Pygoscelis adeliae Sphenisciformes YP_009022077.1 
PaPV-2 Treisepsilonpapillomavirus Pygoscelis adeliae Sphenisciformes ATL23484.1 
ScPV-1 Etapapillomavirus Serinus canaria Passeriformes YP_009551921.1 
FarcPV-1 
 

Unclassified Fratercula arctica  
(Atlantic puffin) 

Charadriiformes QBR99465.1 

LsmiPV-3 strain 
NL15_H1356 

Unclassified Larus smithsonianus 
(American Herring Gull) 

Charadriiformes QBR99520.1 
 

LsmiPV-1 strain 
NL15_H1392 

Unclassified Larus smithsonianus 
(American Herring Gull) 

Charadriiformes QBR99501.1 
 

LmPV-2 strain 
NL15_G1519 

Unclassified Larus marinus (Great 
Black-backed Gull) 

Charadriiformes QBR99511.1 
 

RtriPV-6 Unclassified Rissa tridactyla (Kittiwake) Charadriiformes QBR99529.1 
RtriPV-2 Unclassified Rissa tridactyla (Kittiwake) Charadriiformes QBR99486.1 
RtriPV-3 Unclassified Rissa tridactyla (Kittiwake) Charadriiformes QBR99512.1 
RtriPV-1 Unclassified Rissa tridactyla (Kittiwake) Charadriiformes QBR99521.1 

 
 

 
Figure 1. Multiple sequence alignment for 16 papillomaviruses using MUSCLE in MEGAX. 
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Figure 2a. Phylogenetic Analysis of PePV1 using L1 protein alignment of 16 AvPV with GenBank 
accession numbers in categories:  Kittiwake Rissa tridactyla papillomavirus (RtriPV) 1 (QBR99521.1), 
RtriPV2 (QBR99486.1), (RtriPV) 3 (QBR99512.1), RtriPV6 (QBR99529.1), Larus smithsonianus (Lsmi) PV1 
(QBR99501.1), LsmiPV3 (QBR99520.), LmPV2 (QBR99511.1), Fratercula arctica papillomavirus (FarcPV) 
1 (QBR99465.1), Pygoscelis adeliae (PaPV) 1 (YP_009022077.1), PaPV2 (ATL23484.1), Anas platyrhynchos 
PV1 (QBR99472.1), Francolinus leucoscepus PV1 (YP_003104804.1), PePV1 (NP_647590.1), Fringilla coelebs 
PV1 (NP_663767.1), Serinus canaria PV1 (YP_009551921.1), Fulmarus glacialis PV1 (YP_009041476.1). 

 
 

 
Figure 2b. Phylogenetic Analysis of PePV1 using L1 protein alignment of 16 AvPV and non-avian 
(mammalian and reptilian) papillomaviruses with GenBank accession numbers in categories;   Kittiwake 
papillomavirus RtriPV1 (QBR99521.1), RtriPV2 (QBR99486.1), RtriPV3 (QBR99512.1), RtriPV6 
(QBR99529.1), Gull papillomavirus LsmiPV1 (QBR99501.1), LsmiPV3 (QBR99520.), LmPV2 
(QBR99511.1), FarcPV1 (QBR99465.1), PaPV1 (YP_009022077.1), PaPV2 (ATL23484.1), AplaPV1 
(QBR99472.1), FlPV1 (YP_003104804.1), PePV1 (NP_647590.1), FcPV1 (NP_663767.1), ScPV1 
(YP_009551921.1), Fulmarus glacialis papillomavirus FgPV1 (YP_009041476.1) and the non-avian RaPV1 
(YP_717913.1), HPV (AYA94151.1), CcPV1 (YP_002308363.1) and CmPV1 (ACD39811.1). 
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Physicochemical properties and secondary 
structures 
The ExPASy-Protparam server and Psipred and 
SOPMA revealed that the physicochemical 
properties of the L1 protein of PePV is 57263.90 
kg mol-1 in molecular weight and 5.88 in 
theoretical pI (isoelectric point) (Table 2). The pI 
value is less than seven and this indicates the 
protein is slightly acidic in nature. The extinction 
coefficient values for L1 PePV at 280 nm range 
from 80790 to 81665 M-1cm-1. The smaller value 
is with the assumption of no cystine. The result of 
the primary analysis demonstrated that the L1 
protein of PePV is slightly hydrophilic in nature 
with a negative value of GRAVY (-0.327) due to 
the higher content of non-polar residues (Chang 
& Yang, 2013). It also composed of 51.2% of 
non-polar residues and 48.9% of polar residues. 
The amino acid residue with the highest 
percentage in the protein was proline (9.6%), 
followed by alanine (8.5%) and leucine (8.3%), 
which indicates that it is slightly unstable in vitro 

with an instability index of 40.06 against the cut-
off value of 40. However, it is thermally stable due 
to the high content of aliphatic side chains with an 
aliphatic index of 73.35. 

The secondary structure of L1 PePV 
predicted by PSIPRED server shows 14.62% of 
helix, 16.54% of beta sheet and 68.85% of coil. 
There are 8.08% disordered protein binding 
region and 2.69% disordered region in L1 PePV 
secondary structure. Similarly, in SOPMA 
secondary structure analysis, the highest 
component is coil with 52.5% followed by strand 
(22.50%) and alpha helix (19.23%) (Table 3). The 
existence of disordered regions of protein 
increased the difficulties in protein structure 
prediction, as they lack fixed structures and have 
flexible conformations during their native state 
(Forman-Kay & Mittag, 2013; Babu, 2016). 
However, this could be advantageous in protein 
binding and posttranslational modifications (Liu 
& Huang, 2014). 

 
 
Table 2. Physicochemical properties of L1 PePV as predicted by ProtParam server. 

Physicochemical Properties Value 

Molecular Weight 57263.90kg mol-1 
Theoretical pI 5.88 
Total number of negatively charged residues (Asp + Glu)  57 
Total number of positively charged residues (Arg + Lys) 52 
Extinction coefficient (assuming that all cysteine residues appear as half cystines) 81665 M-1cm-1 
Extinction coefficient (assuming that no cysteine appears as half cystine) 80790 M-1cm-1 
Instability index 40.06 
Aliphatic index 73.35 
Grand average of hydropathicity (GRAVY) - 0.327 

 
 
Table 3. Comparison of secondary analysis results from PSIRED and SOPMA. 

Secondary Structure PSIPRED SOPMA 

Alpha Helix 76 (14.62%) 100 (19.23%) 
Strand 86 (16.54%) 117 (22.50%) 
Beta Turn - 30 (5.77%) 
Coil 358 (68.85%) 273 (52.5%) 
Disordered protein binding 42 (8.08%) - 
Disordered 14 (2.69%) - 
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Three-dimensional (3D) protein structure 
prediction 
The three-dimensional structure prediction by the 
three prediction modelling tools, the SWISS 
homology model, RaptorX and C-I-ITASSER, 
revealed relatively good quality L1 protein 
structures. SWISS-MODEL builds its model with 
a template 3iyjA with a sequence identity of 
42.31% between the template and the query 
sequence, with a similarity of 0.42. This indicates 
the relationship between the template and query 
sequence is not very close. However, the structure 
is reliable as protein sequence identity with more 
than 35% indicates a similar protein structure 
between protein pairs homology (Krissinel, 2007). 
RaptorX generated 5 model structures and root-
mean-square deviation (RMSD) scores, which 
range between 7.8485 to 9.1270.  Consequently, 
to assess the quality of the prediction for the best 
structure, the least modelled structure with a 
smaller RMSD score was tentatively chosen, 
indicating high similarity for further validations 
(Reva et al., 1998). However, larger proteins with 
more than 200 amino acid residues could have a 
bigger value of RMSD, which makes this indicator 
relatively unreliable (Sargsyan et al., 2017). C-I-
TASSER generates the top 10 predicted 
structures threading templates chosen according 
to their normalized Z-score (Norm. Z-score) 

using the LOMETS2 threading programs such as 
SPARKS-K. A higher Z-score indicates better 
quality; the highest score in the top 10 templates 
is 23.60 (generated by 3iyjA) for chain A of L1 
capsid protein of bovine papillomavirus type 1, 
which is similar to the SWISS-MODEL used 
template. The closest template with the highest 
score was 6bt3I (chain I of L1 capsid protein of 
HPV type 16). 

The C-I-TASSER also provides the C-score 
of the top 5 best models for confidence level. C-
score range between -5 to 2 (Zhang, 2008), giving 
credence to the structure quality for the templates 
3iyjA and 6bt3I for bovine and human PV and 
relatively similar to our query sequence for PePV 
which was not listed in the PDB (Table 4). In 
addition, the TM-score of 0.89±0.07 was obtained 
for our query sequence (TM ranged from 0 to 1), 
which also indicated the similarity of the structure 
with the native structure (template), which may be 
indirectly connected to its gene ontology and 
biological function, such as endocytosis and 
virion attachment for icosahedral capsid virus. 
This result supports the function of the L1 major 
capsid protein of PePV as helping the binding of 
the virus to the hosts, guiding the entry of the viral 
genome into the host nucleus (DiGiuseppe et al., 
2017; Van Doorslaer et al., 2018). 

 
Table 4. Top ten threading templates for L1 PePV protein structure prediction. 

No PDB hit ID1 ID2 Cov Norm. 
Zscore 

C-score Threading 
program 

1 7kzfF 0.43 0.40 11.62 4.86 1.25 SPARKS-K 
2 3iyjF 0.41 0.36 10.65 5.14 0.25 FFAS-3D 
3 predicted 0.42 0.38 11.13 23.60* -1.03 HHpred 
4 3iyjA 0.40 0.37 10.88 3.72 -2.76 MUSTER 
5 6bt3I 0.44 0.39 11.32 9.49* -3.17 CNFpred 
6 3iyjA 0.42 0.38 11.24 3.70 ND HHsearch-2 
7 3iyjA 0.40 0.37 10.78 6.51 ND Neff-PPAS 
8 3iyjA 0.41 0.37 10.93 5.93 ND HHsearch 
9 1dzla 0.44 0.38 11.25 4.27 ND PROSPECTOR2 
10 3iyjA 0.40 0.36 10.61 8.64 ND SAM 

Key: ID1 and ID2 indicate identity between template and query sequence. Cov represents coverage. (*) 
represent closely related template structure to L1 PePV. 
 
 
 
 

  



34     AsPac J. Mol. Biol. Biotechnol. Vol. 32 (4) (Special), 2024 Sequence analysis and structural modelling of L1 

 

 

Structure evaluation and comparison of L1 
major capsid of PePV models  
The structural validation of the L1 major capsid 
of PePV predicted template’s structure used by 
both SWISS-MODEL and C-I-TASSER was 
evaluated by web servers using SAVES 6.0, which 
consists of ERRAT, VERIFY3D, PROVE, 
PROCHECK and WHATCHECK. The results 
indicated relatively high quality and close 
agreement with the SWISS homology model and 
C-I- TASSER in this study with 85.8% and 70.5% 
of the residue distribution in the most favoured 
region of the Ramachandran plot, 85.75 and 82.49 
ERRAT scores respectively; hence were 
considered as the basis for comparison and 
reliability (Table 5) but with slight structural 
differences and similarities (Figure 3). In the 
Molprobity evaluation, Chain A of the SWISS-
MODEL revealed the best among the three 
models in terms of Molprobity score. The 
molprobity score of lower values and higher 
percentiles, indicates the high stereochemical 
quality of protein structure, combines all-atom 
contacts (clash score) and protein geometry 
(rotamers and Ramachandran) into a single score 
(Davis et al., 2007). 

This aspect of the study therefore establishes 
a connection between structural findings and 
biological implications of L1's role in host-virus 
interactions, particularly for its possible functions 
in virion attachment and immune evasion. A 
corresponding study on HPV have also focused 
on the L1 main capsid protein forming the 
icosahedral surface of the virion, that 
recombinant L1 proteins can autonomously self-
assemble into highly immunogenic structures that 
closely resemble the natural surface of the native 
HPV virions giving a baseline for preventive 
vaccine targeting HPV. 
 
 

CONCLUSION 
 
 
The evolutionary analysis of the L1 protein 
sequence suggests that virus-host codivergence 
plays a role in the pathophysiology of avian 
papillomavirus. PePV-1 is closely linked to FcPV-
1 and ScPV-1, indicating that the virus infects 

hosts that are phylogenetically similar, specifically 
Psittaciformes and Passeriformes, which belong 
to the same clade in avian phylogenetic studies. 
Nonetheless, the limited availability of AvPV 
genome sequences in the database may hinder the 
tree's ability to accurately represent the complete 
ecology and evolution of AvPV. The 
physicochemical properties of this protein 
examined by ProtParam, however, reveal slight 
instability in vitro, yet demonstrate thermal 
stability owing to a large concentration of aliphatic 
side chains. The secondary structure of this 
protein examined with both SOPMA and 
PSIPRED web servers indicated that coils are the 
predominant secondary structural configuration 
in the protein structure. This protein is anticipated 
to possess a greater number of coils, hence 
complicating protein structure prediction. 
Consequently, three web servers (SWISS-
MODEL, RaptorX, C-I-TASSER) were selected 
to acquire the optimal and high-quality tertiary 
structure representing the L1 main capsid protein 
of PePV. As of now, no AvPV has been 
submitted to the PDB. The template adopted is 
bovine papillomavirus, identified as the optimal 
model examined by SWISS-MODEL. The 
percentage identity obtained by this tool indicated 
that homology modelling remains a viable method 
for predicting the protein structure of L1 PePV as 
it offers high-quality and accurate structural 
predictions, as the template is sourced from the 
PDB database. The models' quality by SAVES 6.0 
and Molprobity, with SWISS-MODEL, also 
demonstrated superior performance in 
Ramachandran analysis, exhibiting fewer conflicts 
and higher residue accuracy compared to other 
servers. The final structure is often submitted with 
all parameters in SAVES 6.0 and Molprobity and 
regarded as the best protein model relative to 
others, demonstrating significant enhancement in 
Ramachandran analysis and ERRAT score. X-ray 
crystallography and nuclear magnetic resonance 
studies could be employed to validate the 
precision of this protein structure prediction. 
Conversely, C-I-TASSER effectively identifies the 
role of the L1 main capsid protein in the Gene 
Ontology term as facilitating the binding process 
and augmenting the entry of the viral DNA into 
the host nucleus.  
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Table 5. Stereochemical evaluation of template structure by SWISS-MODEL, C-I-TASSER, and RaptorX 
web servers. 

Model ERRAT 
(%)  

VERIFY 
(%) 

PROVE (%) of 
buried protein 

Molprobity 
(%) 

Rama 
Favoured (%) 

SWISS-MODEL   
Homo-hexamer 81.0551 68.01 0 90.4 85.6 
Chain A 85.7494 74.21 8.8 91.30 85.8 

 
C-I-TASSER Model   
Model 1  82.4945 63.08 7.9 77.41 70.5 

 
RaptorX Models    
Model 1 76.6454 71.15 18.4 85.52 74.5 

 
 
 

 
Figure 3. Computationally generated structures of the AvPV L1 gene. Superimpose of SWISS-MODEL 
Chain A (green colour) with C-I-TASSER (cyan colour) in cartoon view (A), the C-I-TASSER amino acid 
from 491 (SER) - 520 (ARG) that is different from SWISS-MODEL Chain A in ball and stick model (B), 
the different folding of loops from amino acid 1-21 of C-I-TASSER (C), comparison of secondary 
structure at SDT 306-307-308 amino acids from C-I-TASSER (helix) and SWISS-MODEL (loop) tools 
(D), comparison of secondary structures in VAD (141-142-143) and LNT (283-284-285), in which SWISS-
MODEL represents in helixes while C-I-TASSER represents in loops (E), and similar sheets (F) and 
helixes (G) structures between SWISS-MODEL and C-I-TASSER. 
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Future studies using a more advanced 
structure prediction tool such as AlphaFold which 
is often at near-experimental resolution, especially 
for single-domain proteins like VLPs, could 
further investigate the function of PePV L1 
protein. Additionally, in vitro experiments 
including crystallographic, cryo-EM or bioasssays 
can be done to empirically validate its structural 
accuracy and biological characteristics for a more 
robust analysis. Therefore, further research on 
avian major capsid protein L1 of PePV is 
anticipated to improve the current knowledge on 
AvPV’s structure-function relationship thus 
control the viral transmission in endangered birds. 
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