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Abstract: Mitochondria is a cellular source of energy, playing an essential role in cellular stress
induced by environmental stimuli. The genetic diversity of mitochondrial genes involved in
oxidative phosphorylation affects the production of cellular energy and regional adaptation to
various ecological (climatic) pressures influencing amino acid sequences (variants of protein).
However, a little is known about the combined effect of protein changes on cell-level metabolic
alterations in simultaneous exposure to various environmental conditions, including mitochondrial
dysfunction and oxidative stress induction. Present study was designed to address this issue by
analyzing the mitochondrial proteins in Fasciola species including Cytochrome C oxidase (COX1,
COX2, COX3 and CYTB) and NADH dehydrogenase (ND1, ND2, ND3, ND4, ND5 and ND6).
Mitochondrial proteins were used for a detailed computational investigation using available
standard bioinformatics tools to explore structural and functional relationships. Our analysis shows
that the mitochondrial protein family of Fasciola species are extensively diversified in all species
studied, showing an extending role in various biological processes The results showed that the
protein of COX1 of F. hepatica, F. gigantica and F. jacksoni consist of 510, 513 and 517 amino acids
respectively. The alignment of proteins showed that these proteins are conserved in the same
regions at ten positions in COX and CYTB proteins while at twelve locations in NADH. Three
dimensional structure of COX, CYTB and NADH proteins were compared and the differences in
additional conserved and binding sites in COX and CYTB proteins as compared to NADH were
found in three Fasciola species. These results, based on the amino acid diversity pattern, were used
to identify sites in the enzyme and the variations in mitochondrial proteins among Fasciola species.
This study provides valuable information for future experimental studies including identification
of therapeutics, diagnostics and immunoprophylactic interests with novel mitochondrial proteins.
Keywords: Cytochrome oxidase; NADH dehydrogenase; F. hepatica; F. gigantica; COX; CYTB

1. Introduction
Liver fluke (Fasciola hepatica) is a parasite of cattle and other ruminants, and less frequently,
human. It belongs to the class Trematoda [1]. Numerous wild mammals, especially ungulates,
rodents and hares, contribute to the maintenance of the natural Fascioliasis emphases in various
regions [2]. Human Fascioliasis occurs mostly in South America, North Africa, Iran and Western
Europe [3, 4]. Fascioliasis is an economically significant animal disease affecting more than 300
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million animals (cattle, sheep, buffalo and goats) [5, 6]. The WHO recognizes it as an important
neglected tropical disease with estimates ranging from 2.4 to 17 million infected people [7]. Helminth
parasites F. gigantica and F. hepatica, commonly referred to as tropical and temperate liver flukes,
respectively are the causative agents of this disease. F. gigantica is widespread all over Asia and Africa
[8]. The origins of members of the Fasciolinae particularly F. hepatica and F. gigantica are more
challenging to discern. F. gigantica is common and prevalent in Africa, Asia, and Hawaii, and F.
hepatica is likely of Eurasian origin given its host preference for L. truncatula of that region, while F.
jacksoni is a parasite of the Indian elephant [9]. It seems likely that a host switch from planorbids to
lymnaeids occurred in Eurasia and that this favored the emergence of the Fasciolinae, with
colonization of Africa occurring secondarily, both by F. gigantica and an apparent ancestor of F.
nyanzae in hippos and T. tragelaphi in sitatungas, both hosts sharing common habitats [10]. Global
economic losses attributed to Fasciolosis are estimated to exceed US$3 billion per annum [6].
Economic losses driven by F. gigantica infections alone are estimated at US$2.4 billion and US$0.84
billion in Asia and Africa, respectively [5]. Millions of people are estimated to be infected worldwide,
and more than 180 million people worldwide are at risk for this disease [11]. To date, there is no
available effective vaccine for Fascioliasis. Morphological characteristics such as body shape and
perimeter and the length to width ratio are usually used to identify adult Fasciola worms [12].
Because of considerable variation and overlap in measurements between Fasciola species such
phenotypic criteria, however, are unreliable for specific identification and differentiation [13].
Mitochondrial markers have been used for phylogenetic characterization and tracking the dispersal
route the dispersal route of the Fasciola species [14].
Disease diagnosis requires different aspects of research including serological methods, imaging
and clinical findings [15]. Consideration has been paid on the proteome assessment of the affected
person to overcome the diagnostic complications [16]. Because of the parasite’s genetic diversity its
control in the endemic regions is challenging. Certain geographic areas of the world, however, have
achieved degrees of success [17]. It is, thus, necessary to explore all the aspects of the disease
including vital proteins, strain specifications and affinity to specific targets for organs [18, 19]. New
approaches including bioinformatics analyses, which are remarkable tools to understand the
pathogenicity and to identify the particular strain affinity to a target organ, should be considered to
understand various aspects of genes and proteins, especially the protein models [20]. Bioinformatics
is an interdisciplinary investigation approach that has been used to comprehend the biological and
molecular functions of genes and proteins in living systems including biological macromolecules
such as DNA, RNA and proteins [21, 22]. Use of computer-assisted methodologies help the
investigators to understand the association between protein function and structure and to find
precise targets for drugs and vaccines [23]. These approaches have been recognized to identify the
dominant vaccine epitopes, interactions between function and structure and metabolic and putative
protein roles [24]. Several proteins of the Fasciola species have been investigated in different studies.
Regardless of other proteins in the Fasciola species, Cytochrome C oxidase, and NADH
dehydrogenase (NADH) with oxidoreductase activity have been less investigated. This study aimed
to explore the discrepancies in mitochondrial (COX, CYTB, and NADH) and associated proteins of
Fasciola spp. using bioinformatics. A comprehensive study of the primary, secondary and tertiary
structures of mitochondrial proteins of Fasciola species was performed to reveal the structural and
functional configuration of the different domains present in correlation among Fasciola species. A
thorough analysis shows that many of the basic amino acids that control the structural and functional
topographies in Fasciola species are conserved.
2. Materials and Methods
2.1. Retrieval of sequences and analysis
The amino acid sequences of mitochondrial proteins of F. hepatica, F. gigantica and F. jacksoni were
retrieved from Genbank and UniProt database [25]. The homologous sequences for these proteins
were searched and selected using standard parameters and were envisaged using the open-source
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tool, Aliview [26]. Multiple sequence alignment of mitochondrial proteins and the selected
orthologues were performed using ClustalOmega [27] from EMBL EBI Web server. The secondary
structure of these proteins was generated by PSIPRED [28] and the intrinsically disordered structure
was predicted using CSpritz [29].
2.2. Prediction of the protein-ligand binding site and docking analysis
Protein-ligand binding sites were analyzed to predict the number of drug binding sites in order
to comprehend the interaction of proteins and the ligands by using LPIcom’s webserver. The server’s
analytics module can recognize preferred sites in interaction and binding motif for a given ligand.
The evaluation unit of the server permits multi-ligand protein-binding residues to comprehend the
relationship among ligands based on their binding residues [30]. The online servers COACH [31] was
used to recognize the number of binding residues and their positions using I-Tasser. COACH is a
meta-server for predicting ligand binding sites by using two relative TM-SITE methods [32] and SSITE. Furthermore, BioLiP protein function database was used to identify the ligand binding residues
in mitochondrial proteins of Fasciola species [33].
2.3. 3D protein modeling and structural analysis
Online programs Phyre2 (http:/www.sbg.ic.ac.uk / phyre2 / html) and the Swiss model
(http:/swissmodel.expasy.org) were used to generate the crystal structure of COX, CYTB and ND
proteins [34]. Modeling method for homology was used to predict the structures. The I-TESSAR
and Swiss modelling approaches [35] predicted the three-dimensional (3D) structures of these
proteins to predict appropriate structures. Using the conjugate gradient algorithm and the Amber
force field in UCSF Chimera 1.10.1 [36], the constructed target proteins have been minimized. Besides
this, the ProSA webserver [37] was used to assess the stereo-chemical characteristics of the predicted
mutated structures. To predict their theoretical PIs, extinction coefficients, aliphatic and instability
indices, and GRAVY values, the ProtParam tool was applied [38, 39].
2.4. Prediction of Post-translation modification (PTM) sites
The post-translation modification sites were identified by using the ModPred
(http:/www.modpred.org/) webserver within the mitochondrial proteins of Fasciola species. This
determines the potential PTM residues within the target proteins (post-translational modification)
based on sequences. This web server comprises of 34 sets of logistical regression models
accomplished discretely with the group of 126,036 non-redundant sites which are experimentally
validated for various polymorphism obtained from the public databases [40].
2.5. Analysis of KEGG enrichment
To investigate the molecular and biological significance of these proteins involved in various
pathways, we used the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
using the KOBAS 2.0 webserver and Fisher’s exact statistical test [41].
3. Results
In this study, the structural and functional characteristics of the mitochondrial proteins,
including cytochrome c oxidase (COX1, COX2, COX3 and CYTB) and NADH dehydrogenase (ND1,
ND2, ND3, ND4, ND5 and 143 ND6) were explored. Homologs of these proteins were identified
through analyzing the amino acid sequences, using a comprehensive BLASTP search approach.
3.2. Protein domain analysis
The SMART [42], an online program, was used to recognize the domains of the selected proteins.
To understand the working principle of these proteins, the structures of the predicted protein
domains were analyzed by data mining from the Prosite database of proteins domains and the
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families available at URL https://prosite.expasy.org. Moreover, we used DOG.2 software for concise
presentation of the picture [43]. We identified the terminal domains in cytochrome c oxidase proteins
(Figure 1). In contrast, in dehydrogenase proteins, NADH-dehydrogenase, proton-conducting
membrane transporter and NADH-ubiquinone domain were identified (Figure 2). This domain can
also be found in the subunit (CI-B8) 1.6.5.3 of mitochondrial NADH-ubiquinone oxidoreductase B8.
It is not yet clear whether oxidoreductase only or they are also part of ribosomal proteins. Moreover,
the positioning of active binding sites was identified on conserved domains. The crystal structures of
mitochondrial proteins of F. hepatica were used as the reference sequence and binding positions were
shown onto the crystal structure using UCSF Chimera tool. Several residues in the COX1 domain that
contains the ligand-binding sites were identified as well.

Figure 1. Domain composition of COX and CYTB proteins. The domain compositions of each protein
are indicated along the amino acid sequence of each protein by specifying the start and the endpoint
of the functional domain. Different colors are used to show several domains in a protein.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 November 2020

doi:10.20944/preprints202011.0294.v1

5 of 21

3.2. 3D structure predictions and modeling
The amino acid sequences of mitochondrial proteins were downloaded from NCBI and crystal
structure
was
generated
by
online
web
servers
including
Swiss
modelling
(http://swissmodel.expasy.org) and Phyre 2 (http://www.sbg.bio.ic.ac.uk/phyre2/html). Only top
interacting and strongly bonded ligand were selected and the results of docking are shown with
interacting residue showing protein-ligand sites at positions 24, 54, 56, 61, 69, 124, 379, 391, 423, and
436 that were identified in COX1 protein by ligand prediction in I-TESSAR. Six binding sites in COX2,
eleven residues in COX3 and fourteen in CYTB proteins were found (Figure 1). Furthermore, we
identified the binding residues in ND proteins but not in ND6 (Figure 2).
3.3. Motif prediction
The calculated sequence alignment of the most common residues of nucleotides or amino acids
found at each position is called the consensus sequence. Protein sequences were aligned with
MEGA6 [44] and ENDscript [45] and photographs were captured using GenDoc [46] and Modeller
9.14 [47]. A BLAST search using the PDB as a query sequence against the database of COX, CYTB,
and NADH proteins was performed. The consensus alignment of these proteins showed that these
are conserved in the same regions at ten positions in COX and CYTB proteins and at twelve locations
in NADH. Three dimensional structure of COX, CYTB and NADH proteins were compared and the
differences in additional conserved and binding sites in COX and CYTB proteins as compared to
NADH are shown (Supplementary data). The sequences were compared through the multiple
alignments and the similar sequence motifs were calculated. The motif distribution analysis was
performed using MEME tool which identified the motifs in protein sequences. This pooled high
patterns of conservation from motifs one to five (Figure 3; Table 1). All patterns were observed in
protein sequences of all Fasciola species. It was found that pattern 1-4 were absent in F. hepatica, F.
gigantic, and F. jacksoni in COX3, whereas motifs 2 and 3 were absent in all three species in COX1
(Figure 3). The absence of motifs in different species mean the divergence of the characteristics of the
structural gene concerning exon-intron relations. These analyses showed that the variances in the
sharing of motifs in these proteins of Fasciola species during adaptive evolution may have deviated
from the functions of those genes.
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Figure 2. Domain composition of NADH proteins. The domain compositions of each protein are
indicated along the amino acid sequence of each protein by specifying the start and the endpoint of
the functional domain. Different colors are used to show several domains in a protein.
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Figure 3. Phylogeny and motif distribution pattern of mitochondrial proteins within the Fasciola
species. These are predicted using an amino acid sequence-based MEME suite
(http:/meme.nbcr.net/meme/). Five conservative color motifs separate all sequences.
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Table 1. Details of motifs predicted using MEME suite based on amino acid sequences.

3.4. Prediction of ligand binding sites and interaction of amino acids with ligands
In Fasciola species, the binding sites in mitochondrial proteins were predicted using the
accessible FTSite server at (http:/ftsite.bu.edu/) to determine the epitope or binding regions in those
proteins. The FTSite server executes energy-based processes and has 94 percent experimental
accuracy for identifying ligand binding residues. For the target proteins the FTSite server was used
to identify the ligand binding sites. For this native proteins were used to recognize ligand binding
sites. It was found that the ligand binding site one has arg-99, ser-98, Val-107, leu-113, his-226, try229, leu-445 and Val-447, ligand binding site 2 has ser-98, leu-101, cys-108, his-226 and ser-446 and
ligand site 3 has ser-191, leu-378, Ile-389, Val-394 and leu-400 (Figure 4).
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Figure 4. FT website forecast showing ligand binding sites. The first, second and third ligand binding
sites are rose, green, and blue colored mesh.

To further validate the reliability of the predicted structure the protparam program was used to
compute the physicochemical parameters of the predicted structures of the target proteins. By doing
so, the values for physicochemical parameters including theoretical pI, estimated half-life, aliphatic
index, and extinction coefficients were obtained. The principle of pK values was considered for
computing the PI score of the target proteins. PI scores of 6.69, 5.9, 6.52 and 5.8 were obtained for
COX1 proteins in F. hepatica, F. gigantic, and F. jacksoni, respectively. These results are comparable
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to ranges of PI values (Table 2) reported for the proteins in earlier literature [48]. This shows that the
current predicted values are in a standard range (Table 2). The GRAVY values, a measure of
hydropathy characteristics of the residues of the particular proteins [49], were determined. The
negative values show that they are more hydrophobic and the positive value indicates that they are
more hydrophilic in nature [50] as presented in Table 2.
Table 2. Physiochemical analyses of the predicted structures.

Protein
COX1

COX2

COX3

ND1

ND2

ND3

ND4

ND5

ND6

CYTB

Species
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni
F. hepatica
F. gigantica
F. jacksoni

Amino
Acids
510
513
517
200
200
200
213
213
214
300
300
300
288
288
289
118
118
118
423
422
426
522
521
522
150
150
149
370
370
370

Molecular
weight (D)
56463.95
56932.57
57588.28
22695.37
22725.39
22757.43
24264.92
24538.25
24359.19
34357.25
34279.12
34388.4
32365.07
32292.96
32540.24
14027.74
14057.68
14035.83
47367.06
47364.91
47289.93
58377.86
58284.73
57672.2
16366.63
16302.46
16281.78
41544.67
41701.84
41589.57

ERRAT
score
94.12
94.83
95.06
96.5
97.23
96.48
97.56
98.04
98.63
89.62
96.56
90.06
93.59
95.58
94.55
88.06
92.55
90.24
96.37
88.16
97.62
85.47
95.29
94.9
96.5
92.67
95.48
88.78
92.45
96.13

VERIFY
3D (%)
76.73
87.09
78.39
83.73
94.4
89.48
93.7
91.81
88.3
97.58
77.24
91.51
90.07
93.36
78.15
78.39
86.9
84.61
94.17
96.81
77.15
92.64
96.54
96.88
81.97
95.34
88.16
96.35
93.64
97.45

Theoretical
pI
6.69
5.9
5.86
4.42
4.39
4.46
4.73
4.7
5.43
8.42
5.86
8.32
7.95
7.36
6.01
5.64
5.64
6.03
6.18
5.93
5.15
5.31
5.16
7.34
5.3
4.3
5.2
7.05
7.05
6.69

EC
83310
145800
147290
45880
47370
45880
69495
69370
59400
93110
147290
98735
94140
87275
86120
26930
26930
27055
117895
114915
103915
156770
148280
142540
17920
24910
23420
83810
93320
83685

AI
120.41
119.94
119.57
102.55
101.6
102.1
135.31
130.19
136.45
113.87
119.57
117.13
130.1
126.04
125.61
131.95
119.49
126.95
131.58
127.94
135.02
121.72
122.88
126.93
127.73
125.13
143.02
122.59
119.65
120.41

II
35.95
32.48
33.01
33.25
39.55
36.64
38.18
36.42
21.32
34.01
33.01
33.8
33.06
36.91
36.19
35.96
33.96
41.46
33.39
31.84
34.13
29.78
31.22
29.61
26.58
33.38
27.89
40.02
37.66
35.95

3.5. Consensus analysis of mitochondrial proteins
Consensus structural alignment of COX, CYTB and NADH proteins was carried out using
ENDscript. The structural aliments were produced by comparing with top 20 homology structures.
The ENDscript result was alternatively visualized by PyMOL 3D visualization software. The results
were justified by the color displayed in the structural consensus alignment graph and the thickness
of the tubes.

GRAVY
1.065
1.008
0.974
0.517
0.505
0.451
1.22
1.271
1.236
1.152
0.974
1.131
1.486
1.481
1.464
1.165
1.136
1.114
1.319
1.306
1.33
1.313
1.316
1.319
1.549
1.511
1.742
1.084
1.055
1.065
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Figure 5. Predicted consensus structural alignment of COX, CYTB and NADH proteins. The color of
the tubes indicates the level conservations. Red tube signifies low conservation.

3.6. Ligand consensus module
Ligands play a vital role in the expression and regulation of a protein. Three-dimensional
structure of the protein is changed because of the ligand-binding interaction. The ligand binding
follows the intermolecular binding forces such as ionic bonds, hydrogen bonds, hydrophobic
interaction and Vander-Waals forces. These modifications in the conformational state of the protein
may inhibit or activate some functions of the protein. Ligand binding interaction analysis was, thus,
performed using a web server (http://crdd.osdd.net/raghava/lpicom) based on the physiochemical
characteristics of amino acids. It was found that the COX1 protein has six ligands and two interacting

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 November 2020

doi:10.20944/preprints202011.0294.v1

12 of 21

ions that interact with different ligands. The results have shown that four ligands (HEA, OXY, PEK
and PDV) were interacting with critical residues such as alanine, cysteine, aspartic acid, glycine,
histidine, lysine, leucine, arginine, serine, threonine, tryptophan, tyrosine and valine. The charged
residues, particularly the basic amino acid residues, are more favored in HEA, OXY, PEK and PDV
interaction compared to DMU and CUA interaction (Figure 6). The smaller and polar residues are
correspondingly characterized in all ligands. Whereas in CYTB, five ligands were interacting with
various amino acid sites, and four ligands (NAP, FMN, SEF and SF4) were showing interaction with
critical residues (Figure 6).

Figure 6. The clustering of interacting amino acid residues. This displays the composition of different
ligand binding residues (left) and clustering of amino acids based on the physicochemical features of
ligand-interacting residues.
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3.7. Predicted protein-protein interaction evidence view
Protein-protein interaction (PPI) is one of the essential molecular networks known to affect a
multitude of biological functions. Protein-protein interaction analysis of all target proteins was
undertaken to assess the information flow networks among these mitochondrial and other proteins.
The interaction analysis was performed online STRING software (http://string91.embl.de/) [51] and
visualized by Cytoscape software [52]. The interaction networks are justified by nodes and colored
lines between nodes. In the PPI network COX, CYTB and NADH are interacting with the other key
proteins which are co-expressed (Figure 7).

Figure 7. The protein-protein interaction (PPI) network built by STRING database. Line thickness
indicates the strength of the interaction. The lengths of the connectors indicate the farness or closeness
of the flow of information. Red node shows target protein; Empty nodes exhibit unknown proteins;
Filled node shows known or predicted proteins; color lines between nodes indicate different types of
biological interactions between proteins. .

3.8. Pathway analysis of mitochondrial proteins
The pathway enrichment analysis was performed and retrieved from KEGG pathway molecular
interaction enrichment database found at http://www.genome.jp/kegg/pathway.html to understand
the overall signaling pathway of oxidative phosphorylation through which the Cytochrome C
oxidase and dehydrogenase enzymes are performing cellular processes. These mitochondrial
proteins are enriched in complex signaling pathway and subcellular pathway of dehydrogenases and
ATP synthesis. The KEGG pathway analysis revealed that mitochondrial proteins are one of the core
signaling pathways regulating proteins thereby controlling several cellular processes including
oxidative phosphorylation, cellular respiration and ATP synthesis (Figure 8). The subunit of
cytochrome oxidase is the constituent of the respiratory chain catalyzing the reduction of oxygen into
the water. Subunits 1-3 constitute the functional nucleus of the enzyme complex. Subunit-2 transfers
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the electrons from cytochrome C to the catalytic subunit’s bimetallic center via its binuclear copper
center. The complex b-c1 mediates the transfer of electrons from ubiquinol to cytochrome C (by
similarity). The NADH dehydrogenase complex IV contributes to proton gradient generation
throughout the mitochondrial membrane which is used for ATP synthesis. A core NADH
dehydrogenase subunit (Complex I) with mitochondrial membrane respiratory chain is thought to
be a part of the minimal assembly needed for catalysis.

Figure 8. Signaling pathways in oxidative phosphorylation generated using KEGG pathways (Source:
https://www.genome.jp/kegg/). Where the differentially expressed genes were marked. The enzymes
recognized in all genes were highlighted green. The enzymes recognized in the acquiesced genes were
highlighted red. The outcomes display that these genes were typically concerted in confined areas of
the pathway.
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4. Discussion
Several studies have shown that Fasciola parasites are the causative agents of animal and human
fascioliasis [53, 54]. The identification of these parasitic species, in previous studies, used to be based
on the morphological and morphometric criteria. Due to morphological similarities and overlap in
the values of most measurements, precise identification of Fasciola species based on the parasite
speciation based on the aforementioned criteria cannot be decisive. In addition to the existence of
F. gigantica and F. hepatica, an intermediate form between them has been reported from many Asian
countries [55-59], which makes further difficulties in identification of Fasciola spp.” Genetic methods
using molecular markers are currently becoming increasingly important in parasite epidemiology
especially when there is no reliable method to distinguish them morphologically [60].
The diversity of pathogens and their pathogenicity require more significant consideration in
relation to various organs and hosts they affect [61]. A very few investigations have been carried out
on COX and NADH proteins of other parasites than Fasciola to unravel their role in the reduction of
oxygen to water in the cellular respiration and oxidoreductase [62]. In this study the differences in
COX, CYTB and NAD protein sequences of F. hepatica, F. gigantica, and F. jacksoni have been
identified. The secondary structure of COX and NAD of F. hepatica, F. gigantica, and F. jacksoni showed
the differences in the construction of the coils, helix and extended enzymes. These results on the
variations in alignment and secondary structures lead to differences in tertiary structures of these
proteins. Tertiary protein structure of COX and NADH, functional protein forms, have been found
to be identical to other NADH protein members in the ultimate function of proteins for drug
susceptibility and vaccine target (Figures 1-3).
To the best of our knowledge, this is the first study on the Fasciola species to analyze the enzyme
structure of COX and NAD. Biochemical analysis of COX and NAD in Fasciola species showed their
index of instability to be below 40 (Table 2), which means that they are stable based on an unstable
index [63]. Additionally, a comparison of the three-dimensional structures of COX proteins in F.
hepatica, F. gigantica, F. Jacksoni showed an extra helix of 21 carboxylate-terminal amino acids. Also,
two conserved binding sites (His145 and His 174) observed in the aforesaid helix. Those COX binding
sites could have different enzyme activity in three species of Fasciola (Figure 5). The in silico analysis
of this study firstly performed 3D structural modeling for mitochondrial proteins of Fasciola species
based on homology modeling principles. The predicted 3D models of COX, CYTB and ND proteins
have shown different structural colors, characteristics, and conformations (Figure 1 and 2). Following
3D structural modeling, validations were carried out for all 3D modelled proteins. Moreover, the
ProSA validation analysis revealed that predicted model of COX and CYTB have shown NMR and
X-ray quality structures. The two properties, suggesting that the structure of the latter two proteins
are not yet determined [64]. VERIFY-3D tool further confirmed the quality of the models and COX1,
COX2, CYTB and ND1 had 92.75%, 94.77%, 89.87%, and 85.96% prediction accuracy, respectively. All
the analyses indicate that the predicted structure can fit for further study.
In attempting to understand the ligands responsible for the functions of the mitochondrial
proteins, the ligands and their binding residues were analyzed [16, 65]. Computational analysis
during this study identified a total of 16 ligands in all target proteins. A total of 7, 5, and 4 ligands
were identified in COX, CYTB and NADH, respectively with different residue lengths. In total, 65
amino acid residues were detected in all target proteins’ ligands with 11, 28, and 26 residues in COX,
CYTB and NADH respectively (Figure 6). Surprisingly, one uncharacterized ligand with unknown
binding residue was detected both in COX1 and NADH indicating the complexity of additional
proteins characterization. The predicted 3D models and generated ligand binding sites of the target
proteins can further be used for the study of antigen-antibody interaction [66] and functional analysis
binding small molecules. It, thus, can also be used as an input for protein docking software [67]. In
this regard, all the target proteins in the current study can be investigated for drug binding analysis.
Ligand-residue interaction analysis has shown that all identified ligands have different residue
preferences. In the prediction analysis, for example, HEA and HEM ligand preferred asparagine and
cysteine residue and SF4 and NAP preferred cysteine and histidine residue (Figure 6). Currently, all
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the detected ligands have shown to be associated with all 20 amino acids residues showing more
preference towards some amino acids than others.
The binding site of unbound structures of COX, CYTB and NADH proteins were predicted by
employing FTSite tool [68] and PyMOL software (Figure 4). In all target proteins, three FT sites were
detected with different amino acids residue compositions suggesting that the potential of
mitochondrial proteins in small binding molecules provide evidence for therapeutic design and
protein engineering [16, 68]. Further, the KEGG pathway analysis was employed to retrieve the
pathway through which the mitochondrial proteins affect cellular functions. KEGG pathway analysis
showed that NADH and its downstream receptors are mainly enriched in oxidative phosphorylation
signaling pathway and guidance to regulate several cellular functions (Figure 8). Multiple sequence
alignments were done by ENDscript software to expand our understanding of mitochondrial protein
sequences and structure homology. The results of MSA alignment of these proteins showed several
identical, similar, and alternate residues, however, only the similar and alternative residues were
observed suggesting that NADH has less conserved residues (Figures A1 and A2). The comparative
analysis of proteins of representative of Fasciola sp., F. hepatica, F. gigantica and using protein
sequence data set exhibited that Fasciola sp. and F. hepatica were closely related than either was to F.
gigantica. These findings were supported by the analysis of COX and NAD sequence data. The use of
mitochondrial genomes could provide understandings in both inter-host and climatic adaptations
developed by the parasites which may have been main factor in driving intergeneric change and
speciation within the Fascioloides genus as seen has been proposed in other trematode species.
5. Conclusions
Our analysis shows that the mitochondrial protein family of Fasciola species are extensively
diversified in all species studied, showing an extending role in various biological processes.
Differences in the cytochrome c oxidase and NADH dehydrogenase sub-units are predicted to be
fundamental to the determination of the specifics substrates that facilitate this functional diversity.
These results propose that the two homologs could attain parallel catalytic and biochemical functions
with the possible activity of oxidative phosphorylation and ATP synthesis. These analyses helped to
understand the structural and functional homology of vital proteins. This work provides the most
comprehensive analysis of these proteins, which will offer a strong background for studying these
genes across model systems in other parasites as well. Fasciola species sequence analysis had
differences in the mitochondrial genes (COX1, CYTB, and NAD1), and related protein models. This
study, thus, provides new insights into the differences in molecular sequences among the species of
Fasciola.
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Appendix A

Figure 1. The result of MSA alignment of these proteins showed several identical, similar, and
alternate residues however in COX and CYTB sequence alignment only similar and alternative
residues were observed suggesting that had less conserved residues.
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Figure A2. The result of MSA alignment of these proteins showed several identical, similar, and
alternate residues however in NADH sequence alignment only similar and alternative residues were
observed suggesting that had less conserved residues.
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