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Abstract

Artificial insemination has great applicability in the dairy industry globally. However, poor semen quality with
subfertility in bulls is a major challenge to increase the conception rate following insemination. Glutathione-S-transferase
M1 (GSTM1) is an important gene that regulates semen quality in a bull. The bovine GSTM1 protein sequence was
retrieved; its three-dimensional structure was predicted and validated ir silico in this study. The three-dimensional
protein structure was predicted using Modeller 9.24, I-TASSER, Phyre 2 and Swiss Model. Structure validation was done
by observing the Ramachandran Plot, Hydrophobicity Plot considering amino acid residues in the favored region and
several other tools. The model predicted by Modeller 9.24 was the best model with 98.1% residues in the favored region,
0.5% in the allowed region and 1.4 % in the outlier region. The predicted structure was docked with glutathione as ligand
using PatchDock, and docked poses were analyzed using Ligplot plus. Interactomic analysis with STRING database
reveals its interaction with other variants of Glutathione-S-transferase and cytochromeP450 family genes. Prediction of
the structure of GSTM1 protein will improve our understanding of its function to determine bull semen quality. Also, the
study will be a significant theoretical resource to conduct future studies aiming to develop candidate gene markers for
selecting superior quality bulls.
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INTRODUCTION

The widespread application of artificial
insemination (AI) in dairy animals has a
profound impact on the optimization of dairy
productivity. The technique ensures rapid
dissemination of superior genetic trait(s) while
decreasing the economic burden of maintaining
bulls. The genomic selection was introduced
into dairy cattle development projects, with the
goal of increasing rates of genetic gain,
particularly for traits with low heritability like
fertility and longevity (Garcia-Ruiz et al., 2016).
Umpteen number of factors contributed by the
male, female and/or management and/or
environment may be the cause of sub/in-fertility
in bulls. A thorough understanding of genomic,
proteomic and metabolomic landscapes of
spermatozoa through advanced in silico analysis

and experimental validation is extremely
required to elucidate the underlying
mechanisms regulating sperm quality (Byrne
et al., 2012; Jodar et al., 2015; Selvaraju et al.,
2017).

Glutathione-S-transferases (GST; EC
2.5.1.18) are key cellular enzymes that catalyze
the conjugation of glutathione with reactive
intermediates, contributing to the cellular
defence against oxidative stress in semen
(Ketterer et al., 1983). The role of GST genes
in determining semen quality (Olshan et al.,
2010) and genetic susceptibility of infertility
with impaired spermatogenesis in men (Xu
et al., 2013; Ying et al., 2013) have been
studied earlier. Several studies have pointed out
the association between structural variations in
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GSTs genes with oligoazoospermia,
azoospermia and idiopathic male infertility risk
(Aydemir et al., 2007; Wu et al., 2008; Finotti
et al., 2009; Roshdy er al., 2014) or DNA
damage of sperm exposed to air pollution
(Rubes et al., 2007). In bulls also, Glutathione-
S-transferase Mul isoform (GSTMI) is
supposed to have a role in determining semen
quality as a non-synonymous mutation has
been associated with sperm motility and ATP
content in frozen-thawed semen (Hering et al.,
2015).

Progress in computer algorithms and tools
has made it possible to explore the molecular
structure of proteins and bigger molecular
assemblies in depth (Chatron et al., 2017;
Srivastava et al., 2018). Computational
prediction of the 3D structure of a protein is
useful in many areas of biomedicine, ranging
from approximate family assignments to drug
designing (Zhang, 2009). GSTMI1, a key
molecular regulator of bull semen quality, is a
25.8 kDa protein present in the cytosol. We
hypothesize that in silico prediction of GSTM1
gene structure and function will add to the
existing knowledge of underlying regulatory
mechanism of bull sperm quality and fertility.
Considering the importance of GSTM I gene and
its possible role as a candidate gene in bull
semen quality, the present study has attempted
to accurately predict the three-dimensional
structure of GSTMI1 protein in bovine.

MATERIALS AND METHODS

Retrieval and analysis of primary protein
sequence: The primary protein sequence of
bovine GSTM1 protein (Accession no:
AAI34566.1) was retrieved from the NCBI
database to use as a reference for homology
search. ProtParam tool (http://web.expasy.org/
protparam/) was employed for the calculation
of different physicochemical properties such as
theoretical isoelectric point (pI), molecular
weight, the total number of positively and
negatively charged residues, and instability and
aliphatic indices of GSTMI1 protein (Gasteiger
et al., 2007). Protein domain families were

searched from the Uniprot database
(www.uniprot.org). The CELLO2GO web
server (http://cello.life.nctu.edu.tw/cello2go/)
was used for finding the probable subcellular
localization and functional annotations of the
predicted protein (Yu et al., 2014).

Three-dimensional structure prediction: The
secondary structure of GSTM1 protein was
predicted using Phyre2 (Kelley et al., 2015).
The three-dimensional models were generated
using Modeller 9.24, I-TASSER, Phyre 2, and
Swiss Model. A suitable template, 1XW6
(Glutathione-S-Transferase of Homo sapiens),
was identified for bovine GSTM1 based on
maximum identity and query coverage using
DELTA-BLAST tool (Boratyn et al., 2012). The
Modeller 9.24 predicted ten prototypes of three-
dimensional structural forms using this template
(Marti-Renom et al., 2000). Out of the
generated models, the best model for GSTM1
was chosen based on the lowest DOPE (Discrete
Optimized Protein Energy) score. I-TASSER
(Iterative Threading ASSEmbly Refinement) is
a hierarchical approach to protein structure and
function prediction. It can construct full-length
atomic models using iterative template-based
fragment assembly simulations (Roy et al.,
2010). SWISS-MODEL template library
(SMTL) annotates biologically relevant ligand
molecules, and a modeling machine uses this
annotation to build the high-quality quaternary
structure (Waterhouse er al., 2018). Protein
structure prediction was done using Phyre 2,
an advanced distant homology identification
approach. This can predict ligand-binding sites
and assess the impact of amino acid
substitutions. (e.g., non-synonymous SNPs
(nsSNPs)) for a given protein sequence (Kelley
et al., 2015).

Model validation: The best models were
predicted with this software, and the structures
were refined using the GalaxyRefine server
(http://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE) (Heo et al., 2013).
The stereochemical stability of the predicted
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model was further assessed using different
protein quality based parameters such as the
Ramachandran plot. The plot that evaluates the
percentage residues lying in favored and
allowed regions, the number of glycine and
proline residues and orientation of dihedral
angles including phi (®) and psi (y) and
backbone conformation was analyzed by
PROCHECK module (https://servicesn.mbi.
ucla.edu/PROCHECKY/) of the PDBSum server
(Laskowski et al., 2005), and also confirmed
using the RAMPAGE server (Lovell et al.,
2003). ProTSAV score (http://www.scfbio-
iitd.res.in/software/proteomics/protsav.jsp) i.e.
a combined value of the quality assessment at
various interfaces were determined.
Identification of different regions in the protein
structure with respect to aromatic receptor
surface, hydrogen bonds, hydrophobic regions,
regions for inter-polar charges, ionizability were
executed using Discovery Studio (Biovia).

Molecular docking and docking complex
visualization: The GSTM1 model protein was
selected, and glutathione was chosen as a ligand
from the drug bank database. The chosen ligand
was docked using the PatchDock docking server
(Mashiach et al., 2010). PatchDock is a
geometry-based, rigid molecular docking
algorithm that operates by object recognition
and image segmentation techniques used in
Computer Vision. The recommended clustering
root-mean-square deviation (RMSD) of 4.0A
was used as the default setting for PatchDock
analysis. The data of 500 docked complexes

were chosen from the solution list. The poses
generated were visualized with UCSF Chimera,
Discovery Studio (Biovia) and receptor-ligand
interaction was analyzed by Ligplot plus
(Wallace et al., 1995).

Analysis of protein-protein interaction
network: The STRING (Search Tool for the
Retrieval of Interacting Proteins) analysis was
carried out (https://string-db.org/) with a
minimum required interaction score of 0.700
to find out the network of interaction with other
proteins (Franceschini et al., 2013).

RESULTS

Retrieval and analysis of primary protein
sequence: Bovine GSTMI1 is a 218 amino acid
residues long protein with 25.78 kDa molecular
weight and mainly demonstrated slightly acidic
characteristics with 6.60 theoretical pl value
(Table 1). CELLO2GO server confirmed that
the protein is present in the cytoplasm,
associated with the glutathione metabolism
process and having transferase activity (84%)

(Fig. 1)

Three-dimensional structure prediction of
GSTM1 and model validation: The three-
dimensional structure of GSTMI1 protein was
predicted by Modeller 9.24, I-TASSER, Phyre
2 and Swiss Model. From the input sequence
and the given template molecule, Modeller 9.24
predicted a total of 10 structural prototypes. The
individual DOPE score of each prototype was
calculated by Modeller 9.24, and structure

Table 1. Physicochemical parameters of bovine GSTM1 protein

Physical and chemical parameters GSTM1
Number of amino acids 218
Theoretical pl 6.60
Molecular weight 25779.82
Instability index 37.01
Aliphatic index 81.93
Total number of negatively charged residues (Asp + Glu) 32

Total number of positively charged residues (Arg + Lys) 31

Grand average of hydropathicity (GRAVY) -0.416
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(Model 3, DOPE score: -28162.236328) having
the lowest DOPE score was chosen. The best
structures predicted by Modeller 9.24, I-
TASSER, Phyre 2, and Swiss Model were
further refined by the GalaxyRefine server (Fig.
2). The Ramachandran Plot analysis (Table 2)
revealed that the model predicted by Modeller
9.24 was the best model as it had a maximum
of 99.54% residues [98.14% in favored region
+ 1.4% in allowed region] remaining in favored
region compared to 97% in favored region and
2.6% 1in the allowed region of the
experimentally solved and X-ray resolved
template structure (1XW6). ProTSAYV score i.e.
a combined value of the quality assessment at
various interfaces, revealed that the predicted
protein was stable and had RMSD values in the
range of a good model (at the green-yellow
interface) (Fig. 3). The RMSD deviation on
superposition along the protein carbon
backbone was 0.35A. Different regions in the
GSTMI1 protein structure with respect to
aromatic receptor surface, hydrogen bonds,
interpolated charges and hydrophobicity were
calculated (Fig. 4).

Molecular docking: The model built using
Modeller 9.24 was used for docking analysis
using glutathione as a free ligand. The ligand
was docked with the bovine GSTM1 model
protein using PatchDock software (Fig. 5A). A
Ligplot plus analysis of Glutathione (purple in
colour) showing H-bond and hydrophobic
interactions with the bovine GSTMI1 are
demonstrated in Fig. 5B and 5C. Ligplot plus
analysis shows hydrogen bonding inter-actions
between the hydrogen atom of the -OH group
of the active site amino acid residues Thr186
and —COOH group of Glul89 in this docked

complex. PatchDock was used to create many
docked structures for the GSTM1-Glutathione
complex, which were ranked based on
geometric shape complementary score,
interface area, and atomic contact energy. The
highest-ranked structure had a geometric shape
complementarity score of 3602, an approximate
interface area of 410.50 A and atomic contact
energy (ACE) of the approximate interface area
of -47.83 kcal/mol as shown in Fig. SA. Further,
the generated results were refined using the
FireDock server.

Protein-protein interaction: Protein-protein
interaction study done by STRING analysis
showed 10 probable interacting partners of
bovine GSTM1 viz. GSTA4 (Gltathione-S-
Transferase A4), GSTM2 (Gltathione-S-
Transferase M2), GSTM3 (Gltathione-S-
Transferase M3), GSTO1 (Gltathione-S-
Transferase O1), GSTO2 (Gltathione-S-
Transferase 02), GSTT1 (Gltathione-S-
Transferase T1), GSTT3 (Gltathione-S-
Transferase T3), CYP1A1 (Cytochrome P450
1A1), CYP2E1 (Cytochrome P450 2E1) and
LOC785216 (Fig. 6).

DISCUSSION

Three-dimensional structure prediction of
GSTMI1 protein and its validation: Ten best
structures were predicted by Modeller 9.24
along with DOPE score of each prototype.
Graph of DOPE score was obtained for ten
possible structures and the structure with more
negative value was considered to be the best.
The possible structures were predicted by I-
TASSER, Phyre2 and SWISS-MODEL also
(Fig. 2). All these models were further validated
by analyzing the Ramachandran plot (Table 2).

Table 2. Evaluation of residues in Ramachandran Plot as prepared from RAMPAGE

Protein structure Favored region(%)

Allowed region(%)

Outlier region (%)

MODELLER 98.14
I-TASSER 97.7
Phyre2 96.3

SWISS-MODEL 96.3

1.4 0.5
1.4 0.9
2.8 0.9
2.8 0.9
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Fig. 1. Functional annotation of the bovine GSTMI1 protein was measured in the form of gene
ontology enrichment analysis. The three ontological terms used were the molecular function,
biological process involved, and cellular location. The subcellular localization of the protein
was shown as a big pie chart and was retrieved by CELLO2GO webserver.

MODELLER 9.24

PHYRE2 SWISS MODEL

Fig. 2. Predicted three dimensional structures of bovine GSTM1 after refinement by Galaxy Refine
server. Predictions were done by Modeller9.24, I-TASSER, Phyre2 and Swiss-Model. The
structure predicted by Modeller9.24 was the best structure based on Ramachandran Plot
analysis and other methods of validation.
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Fig. 3. The qualitative assessment of the modelled protein (bovine GSTM1) based on ProTSAY score.
The ProTSAY assessed the predicted model structures, based on some popular online servers
and standalone tools, and furnishes with a single quality score in case of individual protein
structure, along with a graphical representation and ranking in case of multiple protein
structure assessment. In our results, the ProTSAV score was found close to green-yellow

interface signifying that the model has reasonable stability and accuracy in terms of
qualitative and quantitative parameters.
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Fig. 4. Different regions in the GSTM1 protein structure with respect to (A) Aromatic Receptor
Surface, (B) Hydrogen Bonds, (C) Interpolated charges and (D) Hydrophobic interaction



Indian Journal of Animal Health, December, 2021

Computational insight into bovine GSTM1 gene

A. GSTM1-ligand interaction B. H-bond interaction C. Hydrophobic interaction

*Pra20g

Bovine GSTM1 3 Bovine GSTM1

Fig. 5. (A) Prediction of bovine GSTM1-ligand interaction by PatchDock and FireDock server. This
is the highest ranked structure based on their geometric shape complementary score,
interface area, and atomic contact energy. (B) Ligplot plus analysis shows hydrogen bonding
interactions between the hydrogen atom of the -OH group of the active site amino acid
residues Thr186 and COOH group of Glul89 in this docked complex. (C) Ligplot plus
analysis shows hydrophobic interactions formed between the ligand and Asp165, Argl68,

Lys182,11e185, Thr186, Glu189, Met198, Phe203 and Pro205.

Fig. 6. Interacting partners of bovine GSTM1 protein revealed by STRING analysis
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Ramachandran plot assesses ® and y backbone
torsion angles of each residue in a protein. The
more the number of amino acid residues in the
favored regions, the protein structure will be
more stable (Lovell et al., 2003).
Ramachandran Plot analysis by RAMPAGE
server grouped the amino acid residues, and
maximum stability was observed in protein
structure predicted by Modeller 9.24 (Table 2).
Considering all the structures predicted by
different structure prediction tools, the structure
predicted by Modeller 9.24 was selected as the
most acceptable model of bovine GSTMI1
protein. This was also confirmed from the
ProtSAV score values (Fig. 3) as all the
qualitative parameters measured, the predicted
model lying in the zone of good resolution (2.0-
5.01&). ProTSAYV is a meta-server with a set of
model quality evaluation algorithms. It analyses
a protein’s quality and accuracy of the protein
structural model. It calculates a global quality
score for the input structure that has been
supplied. This global quality score is generated
from the user’s judgment of the quality of
several validation tools (modules).

Intra-protein characterization: Intra-protein
characterization of a protein model structure is
necessary to study diverse aspects of the protein
function. Interactions between the aromatic
amino acid residues have a major impact on the
protein structures. Although these interactions
individually contribute little to the
conformational stability of the protein structure,
their combined action act as a major determinant
of the overall structure and conformation of the
protein molecules (Anjana et al., 2012). Fig. 4A
depicts several colour representations of
aromatic residues found on the edges and faces,
as well as at intermediate places. Hydrogen
bonds (H-bonds) confer rigidity to the protein
structure and provide most of the directional
interactions that underpin protein folding, protein
structure and molecular recognition (Sheu et al.,
2003). Different H-bonds donor and acceptor
sites in the bovine GSTMI1 protein structure
underscores stability imparted by H-bonds to the
protein structure (Fig. 4B). Charges are

considered an integral part of protein structure
and function, enhancing solubility and providing
specificity in molecular interactions (Hgjgaard
et al., 2016). Interpolated charges in the modelled
protein structure ranging from -1 to +1 with
different colour configurations have been
depicted in Fig. 4C. Hydrophobic interactions are
a major driving force in protein folding and
stability (Camilloni et al., 2016). Fig. 4D
represents the hydrophobic surface of the protein
structure.

Molecular Docking: In this study, online
protein-ligand interaction tools PatchDock and
FireDock server were used as docking tools for
glutathione with bovine GSTM1 protein.
Glutathione as a ligand was docked against the
3D structure of GSTM1 protein (Fig. 5SA). The
docking run was done using the PatchDock
server, and all the results generated by this
server showed a very high binding affinity score.
Furthermore, the generated results were refined
using the FireDock server, and all the results
strongly support the PatchDock score with
excellent binding energy.

For the effective binding of a ligand to a
protein receptor, the ligand’s affinity for the
protein and the stability of the protein-ligand
complex are two critical requirements. The
previously mentioned atomic contact energy
(ACE), along with the interaction profile
(hydrogen  bonds and  hydrophobic
interactions), ensure the maximum affinity and
stability of ligand with the protein. To gain
insight on the binding modes of glutathione as
per the molecular docking results, H-bond
interactions and hydrophobic interactions were
analyzed and visualized by Ligplot plus analysis
(Fig. 5B and 5C). Interaction profiles were
figured out only for the best possible orientation
of the ligand molecule. For LigPlot plus analysis,
an illustrative figure was generated, describing
bonded as well as non-bonded interactions
between the ligands and protein.

Protein-protein interaction: Fig. 6 shows an
interactomic map of GSTMI protein in bovine.
STRING analysis identified ten functional
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partners with a high confidence score (0.700).
The list of identified interaction partners and
their probable functional roles are summarized
below:
GSTTI1- Glutathione S-transferase, theta 1,
conjugation of reduced glutathione
to a wide number of exogenous
and endogenous hydrophobic
electrophiles. It also binds steroids,
bilirubin, carcinogens and
numerous organic anions.
Glutathione S-transferase, theta 3
Conjugation of reduced
glutathione to a wide number of
exogenous and endogenous
hydrophobic electrophiles
LOC785216- Uncharacterized protein
GSTO1-  Glutathione S-transferase omega 1
GSTM3 - Glutathione S-transferase mu 3
CYP1A1l- Cytochromes P450 is a group of
heme-thiolatemonooxygenases
GSTO2 - Glutathione S-transferase omega 2
CYP2E1- Metabolizes several pre-
carcinogens, drugs, and solvents to
reactive metabolites; belongs to the
cytochrome P450 family.

GSTT3-
GSTA4-

One of the factors limiting the
implementation of genomic selection in the
context of Indian dairy sector is wide genomic
variations among diverse breeds of cattle.
Structural variations of the genes governing the
key economic traits like fertility are of immense
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