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Abstract

The present study has been performed for sequencing and analysis, tertiary structure prediction along
with evolutionary characterization of Cytochrome C Oxidase Subunit [ (COI) from the highly
endangered Southeast Asian turtle species under the genus Pangshura and compared with the
sequence data of Batagur. The study represents the application of comparative modelling method for
protein 3D structure prediction. The evolutionary analyses showed that the P. smithii and P. tentoria
are the sister species followed by P.tecta and P. sylhetensis as their successive sister-taxa. The overall
Quality factors for the predicted 3D structures are more than 95% as predicted by ERRAT
verification programme. After successful verification of the coordinate files, the structures were
deposited to PMDB Protein Model Database of University of Rome and available for further uses.
The present study also provides an indispensable groundwork for future conservation and genetic
analysis of other turtle genera.
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INTRODUCTION

The turtle family Geoemydidae, mostly the freshwater turtles comprises of several highly
endangered Southeast Asian turtle species (Van Dijk ef al., 2000; IUCN, 2016). This family
occupies wide range of habitats from highly aquatic (Pangshura) to terrestrial (Geoemyda).
The genus Pangshura having maximum shell length of 20-26.5 cm (Das et al., 2010),
comparatively smaller than Batagur (maximum shell lengths 48—58 cm) is characterized by
sexual dimorphism (Ernst ef al., 2000; Sarma, 2007), now placed in two distinct genera (Das,
2001). It is quite relevant that molecular understanding at species and sub-species level of the
Pangshura group in particular and the turtle group in general to formulate conservation
strategies for many of the endangered turtle group.

The present study has been performed for sequencing of mitochondrial COI gene, analysis,
tertiary structure prediction and evolutionary characterization of Cytochrome c oxidase
subunit-I proteins from the highly endangered Southeast Asian turtle species under the genus
Pangshura and its closely related genus Batagur (Testudines: Geoemydidae: Pangshura and
Batagur).

Although there are translated sequence information in the Protein Knowledgebase
(UniProtKB/Swiss-Prot) from the genus Pangshura, yet structural, functional and
evolutionary information are still lacking and the molecular mechanism of their functions are
yet to be fully understood. The present study has been conducted to identify the structural and
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evolutionary properties of Cytochrome ¢ oxidase subunit-I and to test whether the sequence
polymorphism and evolutionary profile of COI within the genus Pangshura correspond well
with distinct clades. Understanding of differentiation of these turtles at molecular level would
significantly contributc to develop more powerful conservation formulation. The present
analysis was performed using translated coding sequences generated from first hand
sequencing data along with the sequence data from Protein Knowledgebase (UniProtKB)
(Table 1).

Table 1. Currently recognized species and subspecies of Pangshura and Batagur analyzed in
the present study (According to Fritz and Havas, 2007)

Genus Species Translated GenBank  sequence code/
UniProtKB Accession Number
P. tecta (Gray 1831) ESLSTS
Pangshura P. sylhetensis (Jerdon 1870) | P12
Grayl856  ["p " smithii (Gray 1863) ESL5T4
P. tentoria (Gray 1834) ESL5T6
B. dhongoka (Gray1835) E5L5R3
Batagur B. kachuga (Gray 1831) E5SL5R4
Gray 1856 p ™ iska (Gray 1831) E5SL5R1
Out group - Cyclemys dantata (ESL5R6)

MATERIALS AND METHODS

PCR amplification and sequencing

PCR amplification of the proteins coding COI gene was performed using primer pairs as
listed in Table 2. The primers were synthesized (Le et al., 2007; Spinks and Shaffer, 2007)
and the PCRs were carried out in 25 pL of rcaction volume containing, with 1.5 U Tag
polymerase (Bangalore Genei, Bangalore, India), 0.25 mM of dNTP’s (Bangalore Genei), 2.0
mM of MgCl2, 1 pL of 0.5 mg/ml of BSA, 0.1 M (Sigma) of each primer and 20 ng of
genomic DNA. The condition for amplification was an initial denaturation temperature 94 C
for five mins., followed by 35 cycles of 45 seconds at 94 'C, then by 45 seconds at
appropriate annealing temperature (Table 2) followed by 2 min at 72 °C and lastly by a final
extension step for 7 min at 72 "'C. PCR products were purified using QIAquick PCR
Purification kit (Qiagen) and sequences were obtained commercially from MWG Biotech
Pvt. Ltd. (Bangalore).

Table 2. Primers used in this study

Primer Primer sequence (5-3") Gene | Temper | Reference

name name | ature

L-turtCOIc | 5'-TACCTGTGATTTTAACCCGTTGAT-3' COlI 59 C Spinks and
Shaffer, 2007

H-turtCOIlc | 5'-TGGTGGGCTCATACAATAAAGC-3' COlI 59 C Spinks and
Shaffer, 2007
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Acquisition and alignment of sequences

The coding region of COI gene sequences and available GenBank sequences for closely
related genus Batagur are included in the present study. The sequences were translated into
amino acids prior to analysis using EMBOSS Transeq programme (Mackey ef al., 2002) and
they could not show any stop codons suggesting that all are functional copies. Further, the
analysis included the sequence information of the out group sequences for respective protein
for molecular evolutionary studies, extracted from Protein Knowledgebase (UniProtKB)
which were acquired both by database keyword search and by BLASTp (Altschul et al.,
1997) and FASTA (Pearson, 1991) searches (Table 1). The sequences were simultaneously
aligned using ClustalW (Higgins ef al., 1994) and Modeller (Fiser et al., 2000) programs.
Data mining and Sequence analysis

The study was extended to data mining and sequence analysis of Cytochrome c oxidase
subunit-I from the genus Pangshura and its closely related Batagur. The statistical analyses
were performed using the CLC Genomics Workbench 4.0 (CLC Bio, Hyderabad, India) and
ProtParam (Gasteiger et al., 2005). The important calculations for the amino acid
composition, atomic composition, theoretical pl, molecular weight, formula, Extinction
cocfficients, half-life, Instability index, aliphatic index, hydrophobicity, charge vs pH,
proteolytic cleavage pattern were carried out under sequence analysis.

Three-dimensional structure prediction

Comparative (Homology) modelling was conducted by using Modeller9v2 program (Marti-
Renom et al., 2000). The final 3D structures of each protein were evaluated (Giorgetti ef al.,
2005) by ERRAT (Colovos and Yeates, 1993) and ProCheck (Laskowski er al., 2003). All
the graphic presentations of the 3D structure were prepared using Chimera (Pittersen ef al.,
2004).

Functional annotation

Preliminary investigations of function of the modelled proteins were performed from the 3D
structure using ProFunc (Laskowski et al., 2005). A number of databases like Pfam,
PROSITE, PRINTS, ProDom, InterProScan (Zdobnov and Apweiler, 2001) were used for
functional characterization.

Molecular evolutionary analysis

Evolutionary analyses were conducted in MEGAS (Tamura ef al., 2011). The evolutionary
history was inferred by using Maximum Likelihood (Jones et al., 1992) and Neighbor-Joining
(Saitou and Nei, 1987) methods. The tree is predicted to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) is shown next to the branches (Felsenstein, 1985).

RESULTS

Data mining and Sequence analysis of Cytochrome c oxidase subunit I

The Cytochrome ¢ oxidase subunit I sequence analyzed in the present study has 216 amino
acid residues for all the Pangshura species. However, The Cytochrome c oxidase subunits I
of P. tecta and P. sylhetensis have a molecular weight of 23.014 kDa where as P. smithii and
P. tentoria have 23.028 kDa. The aliphatic index is 120.602 in P. fecta and P. sylhetensis and
121.065 in P. smithii and P. tentoria. (Table 3, Figures 1-4).
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Table 3. Protein statistics of Cytochrome ¢ oxidase subunit I

Protein statistics P. tecta P. sylhetensis | P. smithii P. tentoria
Number of amino acids 216 216 216 216
23.014 kDa | 23.014 kDa 23.028 kDa 23.028 kDa
Molecular weight
5.26 5.26 5.26 5.26
Isoelectric point
Total number of negatively | 9 9 9 9
charged residues (Asp +
Glu)
Total number of positively | 4 4 4 4
charged residues (Arg +
Lys)
Aliphatic index 120.602 120.602 121.065 121.065
Total number of | 150 150 150 150
Hydrophobic residues
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Figure 1. Distribution of amino acids in Cytochrome ¢ oxidase subunit I in Pangshura (P.

sylhetensis)
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Figure 2. Plot of local Hydropathy for Cytochrome ¢ oxidase subunit I of Pangshura (P.

sylhetensis)
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Figure 3. Electrical charge as a function of pH for Cytochrome ¢ oxidase subunit I of (P.

sylhetensis)
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Figure 4. Sequence alignment Cytochrome ¢ oxidase subunit [ between the genera Pangshura

and Batagur. A variation observed at position 175.

Protein tertiary structures
A. The predicted 3D Structure of Cytochrome c oxidase subunit-1

This model is based upon the coordinates of PDB entry 1v54.pdb chain A (oxidoreductase).
The motif analysis by ProMotif revealed that the 3D structure Cytochrome ¢ oxidase subunit
I has 1 sheet, 1 beta hairpin, 2 strands, 11 helices, 20 helix-helix interacs and 8 beta turns
both in P. sylhetensis and P. tecta. However, P. tentoria and P. smithii has 11 helices, 20
helix-helix interacs, 7 beta turns. Cytochrome ¢ oxidase subunit I in Batagur kachuga and B.
dhongoka has 1 sheet, 1 beta hairpin, 2 strands, 11 helices, 20 helix- helix interacs and 7 beta

turns (Figures 5 and 6).
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Table 4. The PMDB Protein Model DataBase ID assigned to the submitted structures of
Cytochrome c oxidase subunit I

Taxon Protein name with PMDB Protein Model DataBasc ID
P. tecta PMO0077614
P. sylhetensis PM0077616
P. smithii PMO0077615
P. tentoria PMO0077613
B. dhongoka PMO0077634
B. kachuga PMO0077635
B. baska PMO0077633
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Figure 6. Secondary structure assignment of the predicted three-dimensional model of
Cytochrome c oxidase subunit I (P. sylhetensis).
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Figure 7. 3D structure verification of Cytochrome c oxidase. A. Ramachandran analysis of the
backbone dihedral angles PSI (W) and PHI (¢) for the final structure ; B. ERRAT verification for the
overall quality factors of the predicted 3D structure

Verification of protein structures

Procheck verification proved that the models are of good quality as judged by Ramachandran
Plot (Figure 7A; Ramachandran and Sasisekharan, 1968). The overall quality factors
predicted by ERRAT verification programme for the predicted 3D structures are around 95%
(Figure 7B). After fruitful verification of the coordinate files, the structures were successfully
deposited to PMDB Protein Model Database (Tiziana ef al., 2006) of University of Rome
and now available for download. Each 3D structure has been assigned a unique PMDB ID for
the coordinate entry (http://mi.caspur.it/PMDB ) (Table 4).

Functional annotation
The preliminary functional annotation results are listed in the Table 5.

Table 5. Summary of predicted function with ProFunc score (shown within parenthesis)

Name of | Protein name terms Gene Ontology (GO) terms
the Protein Cellular Biological Biochemical
component process function
Cytochrom | oxidase (21.73) integral to | aerobic cytochrome\-c
e c oxidase | cytochrome (21.21) membrane (0.8 | respiration (0.80) | oxidase
subunit | cytochrome 0)  cell (0.80) | oxidation activity (0.80) iron
oxidase (20.42) cell part (0.80) | reduction (0.80) ion binding (0.80)
fragment (9.63) membrane (0.8 | cellular metabolic | electron carrier
reduced state (2.37) 0) process (0.80) activity (0.80) heme
binding (0.80)

Molecular evolution in Pangshura and Batagur

The evolutionary tree of COI protein supports the fact that P.tecta, P. smithii and P. tentoria
are sister groups, while P. sylhetensis is their successive sister taxon. Batagur dhongoka is
found to be an intermediate species of the two genera that belongs to genus Batagur.

14
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Table 6. Maximum-likelihood model parameters for data sets as estimated in Modeltest

(Posada and Crandall, 1998)

Parameter Data set of Cytochrome c oxidase
subunit I
Amino acids 216
Model MtREV24
Parameter 13
Bayesian Information Criterion (BIC) scores 1354.4
Akaike Information Criterion, corrected (AICc) value 1283.7
Maximum Likelihood value (/nL) -628.75
Gamma distribution () n/a
invariable (/) n/a
Total positions in the final dataset 216

L. Evolution of Cytochrome ¢ oxidase subunit I in Pangshura and Batagur:

The analysis involved 8 amino acid sequences. All positions containing gaps and missing
data were eliminated. There were a total of 216 positions in the final dataset. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches (Felsenstein, 1985) (Figure 8).

. The evolutionary history was inferred by using the Maximum Likelihood method based on
the General Reversible Mitochondrial model (Adachi and Hasegawa, 1996) as stated above
(Table 6). The evolutionary rate differences among sites [5 categories (+G, parameter =
38.9859)]. The rate variation model allowed for some sites to be evolutionarily invariable

[(+]), 0.0000% sites].

The evolutionary history was inferred using the Neighbor-Joining method and the optimal

tree is with the sum of branch length = 0.02777778.

A. [
—
5 —

—

Pangshura smithii
Pangshura tentoria
Pangshura tecta
Pangshura sylhetensis
Batagur kachuga
Batagur dhongoka
Batagur baska
Cyclemys dentata

Batagur dhongoka
Batagur baska
Batagur kachuga
Pangshura sylhetensis
Pangshura tecta
Pangshura smithii
Pangshura tentoria
Cyclemys dentata

Figure 8 (A-B). Evolutionary relationship of Cytochrome c¢ oxidase subunit I among the

species of Pangshura and Batagur.
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All the results presented above strongly suggests that P. smithii and P. tentoria as sister
species followed by P. tecta and P. sylhetensis as their successive sister-taxa. Batagur is a
distinctly separate genus from Pangshura. Sequence analysis revealed highly identical and
conserved regions among P. sylhetensis and P.tecta. Similarly, P. tentoria and P. smithii
shares high sequence identity. The molecular evolutionary analysis results for all the proteins
also strongly supports the fact that P. smithii and P. tentoria as sister species, followed by P.
tecta and P. sylhetensis as their successive sister-taxa.

DISCUSSION

The results are highly consistent with the earlier molecular genetics study involving 12S
rRNA genes (Shaffer et al., 1997) while compared all species of Batagur and Pangshura,
with well-supported clades. The 3D structures generated under the present study could be
helpful in structural biology for further investigations on allocation of amino acid residues in
each fold, prediction of active sites, molecular mechanism of function and structure based
phylogeny. The structures of all the proteins were found to be statistically significant by the
structure verification programs. The present analysis corroborate that the genus Pangshura is
monophyletic. The modeling of proteins from the genus Pangshura gains importance for the
structural biology and even to the conservation genetic research from several angles.

Cytochrome c oxidase subunit I of P. tentoria and P. smithii contains 11 helices and 7 beta
turns while the P. tecta and P. sylhetensis have 11 helices and 8 beta turns. The tertiary
structure of the proteins from the present study clarify that within the genus Pangshura, The
species P. tecta and P. sylhetensis are most closely related followed by P. smithii and P.
tentoria as their successive sister taxa.

The computational models generated from the present study have been deposited to the
Protein Model Database (PMDB) and each of them has been assigned a unique PMDB ID.
The models can be downloaded for further understanding of various functional and
evolutionary aspects.

The molecular evolutionary analysis of Cytochrome c¢ oxidase-I provides a stable
phylogenetic hypothesis for all Pangshura species, with the suggestion that P.smithii and
P.tentoria as sister species followed by P. tecta and P. sylhetensis as their successive sister-
taxa. The present study supports that Batagur is an outgroup and a distinctly separate genus
from Pangshura. The present study provides an indispensable groundwork for future
molecular analysis at the protein level. The choice of molecular data is crucial for
phylogenetic analysis and molecular studies can now be tailored specifically for particular
phylogenetic groups and or questions (Lamb and Lydeard, 1994).

Using diverse molecular markers, the present study has been able to generate a robust
phylogeny with high statistical support values for all nodes, regardless of analysis methods
employed, except for the uncertainty in the relationship between the two sub-species of P.
smithii. The present analysis confirm that the sister relationship between Batagur and
Pangshura although weakly supported in Diesmos et al. (2005).The results are highly
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consistent with earlier molecular genetics study involving 12S rRNA genes (Shaffer et al.,
1997) that within Batagur and Pangshura, all species correspond with well-supported clades.

The structures of all the proteins were found to be statistically significant by the structure
verification programs. The present analysis corroborate that the genus Pangshura is
monophyletic. The modeling of proteins from the genus Pangshura gains importance for the
structural biology and even to the conservation genetic research from several angles.

CONCLUSION

The present study can be used as an additional method for identification of species as well as
for identification of unknown samples with unusual appearances and could be made available
for the identification of confiscated specimens. The predicted 3D structures presented here
can serve as a guide for the allocation of amino acid residues involved in each fold, which is
important for further investigations on molecular mechanism of functions. The molecular
evolutionary analysis underline that further sampling is in dire need for developing effective
conservation strategies. Pangshura represents distinct genera with four well supported
specics. Much is still to be learned about how the protein can manipulate a scquence of basc
pairs in such a peculiar way that results in a fully functional organism.
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