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Introduction:-

Glutathione S-transferases (GSTs) are multifunctional superfamily found widely in all organisms. It plays an
important role in cellular physiological activities such as detoxifying insecticides, a, b-unstaturated carboyl
compounds, xenobiotic compounds, arene oxide, quinines and biosynthesis of hormones (Motoyama and
Dauterman, 1980; Clark and Shamaan, 1984; Vontas et al., 2001; Hayes et al., 2005). GSTs are ubiquitous enzymes,
conjugating hydrophobic, electrophilic compounds with glutathione by covalent binding and also function against
oxidative injury (Singh et al., 2001).

According to the GSTs cellular location, it has been categorized into microsomal, mitochondrial and cystolic GSTSs.
So far only microsomal and cystolic GSTs have been determined in the insects. Mitochondrial GSTs are found in
mammalian peroximes and mitochondria, but are not present in insects (Lander et al., 2004; Morel et al., 2004).
Mostly microsomal GSTs comprises of 150 amino acid residues and belongs to memberane associated proteins in
eicosanoid and glutathione metabolism (MAPEG) superfamily (Jakobsson et al., 1999).
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With the recent advent of several insect genome sequencing projects, GSTs were identified in the Drosophila,
Anopheles, Apis and Bombyx mori as 37, 28, 8 and 23 respectively .The Cystolic GSTs was categorized into seven
classes such as Delta, Epsilon, Omega, Theta, Zeta and as well as unclassified GSTs based on the sequence
homology, immunological relationships, substrate specifity and inhibitor sensitivity (Chelvanayagam et al., 2001;
Ranson et al., 2001, 2002; Ding et al., 2003). Among these classes, epsilon and delta classes present only in insects
and additionaly, Alpha, Mu and Pi have been identified in mammalian species (Sheehan et al., 2001).

In insects, several studies showed the significant GST activities towards the detoxification of compounds. In fall
armyworm, organophosphate and pyrethroid resistant strains showed the increased GST activities against the model
substrates 1-chloro-2,4-dinitro benzene (CDNB) and 1,2-dichloro-4-nitrobenzene (DCNB) (Yu, 1992). In
Helicoverpa armigera, phoxim resistant varities exhibit the increased GST level against the OP phoxim (Wu et al.,
1997). Also, GST3 of Plutella xylostella and diamondback moth shows more activities toward DCNB and OP
(Chiang and Sun, 1993; Ku et al., 1994; Huang et al., 1998).

It’s highly essential to understand the metabolic pathways of silkworm related to the degradation of xenobaitics.
Hence, we characterized the silkworm cytosolic GSTs, UDP-glucuronosytransferases (UGTs) and carboxyeterases
which are the phase | enzymes related to the degradation of xenobaitics. Further, the characterization of these
enzymes and the evolutionary analsysis of GSTs were carried out and the functional annotation of these enzymes
and their interaction network was created. This study helps to provide preliminary insights into the silkworm Phase |
enzymes function against the xenobiotic agents.

Material and Methods:-

Data resources:

A total of 23 GST sequences of silkworm were retrieved from the NCBI database. Further, these 23 sequences were
classified into six classes such as 4 delta, 8 epsilon, 4 omega, 2 sigma, 1 theta, 2 zeta and 2 unclassified GST (Yu et
al., 2008). The xenobiotics biodegradation and metabolism pathway genes of silkworm were analyzed using the
information of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Kanehisa et al., 2004).
The protein-protein interaction data of silkworm were utilized from the SilkPPI database (Sumathy et al., 2014).

Characterization of GSTs:

The multiple sequence alignment of silkworm GSTs were carried out using the clustal omega program (Sievers et
al., 2011). Further, the phylogenetic tree of silkworm GSTs was created using the MEGAG6 software (Tamura et al.,
2013). The GSTs of silkworm were analyzed for the conserved domain using the HMMER program (Eddy 1998).
Further, the motif anlaysis of the silkworm GSTs were carried out using the MEME software (Bailey et al., 2009).

Interaction studies of the pathway:

The GSTs and their related proteins of xenobiotics biodegradation and metabolism pathway were identified. The
identified proteins of the pathway were utilized to study about their interacting proteins using the SilkPPI dataset
which was identified using the computational methods. The interaction network of interacting proteins was created
and vizualized using the Cytoscape program (Shannon et al., 2003). The functional annotation of these interacting
proteins was analysed using Gene ontology information.

Result and Discusion:-

In cellular detoxification, GSTs plays a vital role by catalyzing the conjugation of glutathione (GSH) with a various
endogenous and xenobiotic alkylating agents, including environmental toxins, products of oxidative stress and
therapeutic drugs. Hence, it is highly essential to characterize the silkworm GSTs. The GST sequences of silkworm
were mapped with the conserved domains and the superfamily. It contains the thioredoxin_like and GST_C_family
superfamily along with the GST active site. The GST active site is consists of a specific GSH binding site (G-site)
and a nonspecific substrate binding site (H-site), dimer interface, C-terminal domain interface and N-terminal
domain interface. Additionally, the Epsilon and Delta type of GSTs contains GST_N_Delta_Epsilon and
GST_C_Delta_Epsilon. All GSTs includes G-site while the H-site varies between different classes and isotypes
(Aceto et al., 1997; Dragani et. al., 1997; Stenberg et.al., 2000; Cocco et al., 2001). Dimer interface formed by the
C-terminal alpha helical domains and N-terminal TRX-fold residue. The N-capping box has a primary role in the
formation and stability of a-helices (Harper and Rose, 1993; Aurora and Rose, 1998). N-capping box contains a
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reciprocal backbone-side-chain hydrogen bond interaction between the N3 (Glu/Asp) and N-cap (Ser/Thr) and
regions.

Motif and phylogenetic analysis:

The GSTs were analyzed for the motif using the Multiple Entropy for Motif Elicitation and found ten conserved
motifs with zero or more occurrences per sequence of GSTs. The pictorial representation of the ten motifs given in
the Figure 1. Some of the motifs vary in N terminal region or C terminal regions that are considered to be as partial
GSTs. Each Conserved motifs are shown in different colors with the E-value. The Multiple sequence alignment of
the GSTs was carried out, and the phylogentic tree was constructed using the Neighbor-joining method of MEGA
software with 1000 bootstrap value. It was shown that GSTs were grouped according to the type of GSTS, ie. delta,
epsilon, omega, sigma, theta, zeta (Figure 2).

Xenobiotics biodegradation and metabolism pathway:

In silkworm, xenobiotics biodegradation and metabolism pathway play an important role in detoxification of the
system. In xenobiotic metabolism, several metabolic enzymes such as GST, cytochrome P450 monooxygenases
(P450s), esterases, etc involved in various compounds degradation i.e. styrene, benzoate, toluene, caprolactam,
Bisphenol, Aminobenzoate, naphthalene, ethylbenzene, chloroalkane degradation and various Xenobiotics.
Therefore, all the Xenobiotics biodegradation and metabolism pathway genes of silkworm were studied to
understand the mechanisms. Most of the identified genes of silkworm from the Xenobiotics biodegradation and
metabolism belong to glutathione S-transferase, glucuronosyltransferase, carboxylesterase, dihydropyrimidine
dehydrogenase, dihydrodiol dehydrogenase, carbonyl reductase etc.

Interaction Studies:

Here, we identified the GST and related genes of xenobiotics metabolic pathways and their interactions with the
other proteins were studied using the protein-protein interaction information of silkworm. Previously, the protein-
protein interactions of silkworm were computationally identified using the interlog method with the available model
organisms i.e Drosophila, yeast, (Sumathy et al., 2014). Around 128 protein-protein interactions of silworm were
maped in this dataset with the criteria of the directerectly interacting pair (Figure 3). The identified interactions were
retrieved with their respective interaction score and p-value. In Silkworm PPI dataset, each of the predicted protein-
protein interaction pairs was verified using the microarray data and the Gene annotation information. Hence,
interactions were computationally identified using the orthologs information of model organisms that shown the
experimentally verified interaction. The predicted protein-protein interactions were visualized using the cytoscape
program. In this interaction network, the number of edges represents the degree of a node. Here, 112 nodes were
mapped in this network that includes 15 self loops and 4 isolated nodes. This network obeys the power law, i.e. few
nodes have more degree and larger nodes have less degree.

Functional annotation:

Further, the GSTs of silkworm and their interaction proteins were functionally annotated based on the homology
similarity with other proteins using Gene Ontology Database [http://www.geneontology.org] and Gene Ontology
(GO) terms were assigned to the proteins. The functional annotation was classified into the biological process,
cellular component and molecular function (Figure 4). The biological process includes etc. The Functional
enrichment analysis was carrired out using Gostat progam that was shown in Table.1. The high level GO terms
were mapped namely macromolecular complex, nuclear import, protein import into nucleus, protein transporter
activity, intracellular protein transport, protein targeting, nuclear transport, nucleocytoplasmic transport, Protein
import, protein transport, the establishment of protein localization, protein localization, macromolecule localization.

Conclusion:-

In this present study, the silkworm GSTs were characterized and xenobiotics biodegradation and metabolism
pathway were well studied. Further, interaction proteins of the pathway were analyzed and vizualized. The
functional annotation of the interacting proteins was identified. This study will be helpfull to understand the
mechanism beneath the xenobiotics biodegradation and metabolism pathway and the interactions among GSTs with
other proteins in mulberry silkworm.
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Figure 1:- Schematic representation of Silkworm GSTs conserved motifs
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Figure 2:- Phylogenetic analysis of silkworm GSTs.
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Figure 3:- Interaction network of silkworm GSTs and their interactions proteins.
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Table 1:- Functional encrichment of GSTs and their interacting proteins

GO _id GO_Description Count Total count p-value
G0:0032991 macromolecular complex 17 371 0.000191
GO:0051170 Nuclear import 4 11 0.00155
G0:0006606 protein import into nucleus 4 11 0.00155
GO:0008565 protein transporter activity 5 23 0.00155
GO:0006886 intracellular protein transport 7 62 0.00185
G0:0006605 proteintargeting 5 26 0.00185
GO:0051169 nuclear transport 4 14 0.00185
G0:0006913 nucleocytoplasmic transport 4 14 0.00185
G0:0017038 Protein import 4 17 0.00378
G0:0015031 protein transport 7 79 0.00511
G0:0045184 establishment of protein localization 7 82 0.00589
G0:0008104 protein localization 7 85 0.00677
G0:0033036 macromolecule localization 7 87 0.00723
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Figure 4:- Functional annotation of silkworm GSTs and their interactions proteins.
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