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Abstract

Glutathione S-transferases (GSTs) appear to be ubiquitous in plants and have defined roles in herbicide detoxification of a wide variety of
xenobiotic compounds. A newly discovered plant GST subclass has been intensively studied in numerous stress responses, including those
arising from oxidative stress, pathogen attack and heavy metal toxicity. In the current study, we investigated a comprehensive role of the
GSTs in Triticum aestivum L. using in silico analytical approaches. The motifs predicted in GST classes were aligned to generate the
position weight matrix and information content by using perl script. cis-acting regulatory elements present within the 5° regulatory region
of the wheat GSTs, were identified using Plant CARE and PLACE databases. Prediction of folding state of wheat GSTs indicated that
only PhiGST have disordered amino acid residues. Considerable degree of homology was seen in alignment of all available GST
sequences in different cereal crops by ClustalW2 and Neighbour-joining method. In addition, we discovered expression profile pattern of
Tau and Phi classes using the available EST information of wheat GST genes. We described the structure model for both Phi and Zeta
classes using homology model, essential for defining the active site and also for designing, improving docking of small ligands to the
complex target protein. This study revealed the possible role of cis-acting regulatory elements in the expression and regulation of GST
gene families in T. aestivum during cellular development or environmental stress conditions.

Keywords: GSTs, cis-regulatory elements, Structure prediction, Expression profile.

Abbreviations: Glutathione S-transferases GSTs; Transcription factors (TFs); ABA responsive element (ABRE); light responsive cis-
elements (LRES); 5’ untranslated region (5” UTR); isoelectric point (pl); Multiple sequence alignment (MSA); Expressed sequence tags
(ESTs); coding domain sequence (CDS); Digital differential display (DDD); Gene ontology (GO); Neighbor-joining (NJ); Position
weight matrices (PWMs); Cytosolic GSTs (cGSTSs).

Introduction

Bread wheat, Triticum aestivum L, is an allohexaploid plant. It Board et al., 2000). Plant GSTs also act as glutathione
is cultivated throughout the world’s temperate regions in the peroxidases (Bonjean et al., 2001; Buetler and Eaton, 1992),
Southern and Northern hemispheres and is one of the most protect cells from oxygen toxicity and suppress apoptosis
important crops in the world in terms of planting area (Bonjean (Coelho et al., 2010) and detoxication. The most widely
and Angus, 2001). Throughout their lives, plants respond to examined role of GSTs is their function as detoxification
different kinds of biotic and abiotic stresses such as insect enzymes, where they catalyze the nucleophiles attack of
attack by expressing specific genes that are required to adapt glutathione (GSH) on electrophilic substrates, thereby
defend against those stresses and attacks (Halliwell and decreasing their reactivity with cellular macromolecules
Gutteridge, 2006). The glutathione S-transferases (GSTs, EC (Armstrong, 1997). Based on sequence similarity and gene
2.5.1.18), a multigene family enzymes are involved in the organization, plant GSTs can be divided into four main classes
cellular detoxification of a broad range of electrophilic (phi, zeta, tau and theta). The phi (F) class GSTFs and the tau
xenobiotics and reactive endogenous compounds of the (U) class GSTUs are mainly plant-specific whereas, the zeta
oxidative metabolism. The interest in plant GSTs may be and theta classes are more phylogenetically widespread.
attributed to their agronomic value, since it has been However, the activities of different GSTs have been detected
demonstrated that glutathione conjugation for a variety of and characterized in many plants, including maize (Dixon etal.,
herbicides is the major resistance and selectivity factor in 1997), wheat (Edwards and Cole,1996), tobacco (Droog et al.,
plants. This group of enzymes is a diverse protein family group 1995), soybean (Andrews et al., 1997), barley (Romano et al.,
encoded by multi gene families (Wilce and Parker, 1994; 1993), chickpea (Hunatti and Ali, 1990), peanut ( Lamoureux et
Edwards et al., 2000; Dixon et al., 2002). GST activities have al., 1981), sorghum (Dean et al., 1991), and sugarcane (Singhal
been identified in both eukaryotes and prokaryotes (Wilce and etal., 1991). Cytosolic GSTs (cGSTs) are most abundant GST
Parker, 1994). Some functions of GSTs include herbicide subfamily found in all aerobic organisms (Frova, 2006). cGSTC
detoxification, signal transduction, plant protection against are actively involved in the detoxification of generally nonpolar
ozone damages and heavy metals (Esmaeili et al., 2009). The compounds that contain an electrophilic carbon, nitrogen, or
role of plant GSTSs has also been proposed in the transport and sulfur atom (Hayes et al., 2005). The development of different
metabolism of secondary compounds (Blackburn et al., 2001; cell types from an unchanging set of genes is ruled by
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physiological and biochemical processes that control gene
activity. The selective expression of this set of genes directs
plant development, cellular differentiation and responses to
environmental stimuli  (Franklin and Cande, 1999).
Transcription in gene expression is the most essential step and
has been extensively studied in cell and molecular biology
(Wyeth and Albin, 2004). Gene specific regulation of
transcription is of great significance for all phases of cellular
functions. Transcriptional gene regulation is important for the
function and development of all organisms. DNA binding
transcription factors (TFs) are one of the important components
of this network. Transcription is created by the interaction
between TFs that usually bind to the cis-acting regulatory
elements in the gene with some additional co-factors to activate
or repress gene transcription in response to change in the
environment, as well as during development. A single TF rarely
controls gene expression, but precise combinations of many
TFs are essential for the differential gene expression in higher
organisms (Lloyd et al., 2001). This usually occurs on the
promoters of each gene close to the transcription start site (Qui,
2003). Therefore, understanding of the cis-acting regulatory
region bound by TFs that control gene expression will offer the
essential information to build transcriptional regulatory systems
(Qui, 2003). As well acknowledged, abiotic and biotic stress
causes major losses in crop productivity worldwide. In plants,
multiple signaling pathways regulate stress responses, and these
often overlap with one another in response to different stresses.
As an example, fungal infestation on plant gene expression
profiles was found to overlap with those obtained for wounding
(Durrant et al., 2000).Stress induced genes occur mostly at
transcription levels, and their temporal and spatial expression
regulatory patterns are vital part of the plant stress response
system (Rushton and Somssich,1998). Usually strongly related
TFs have the possibility to activate or suppress the transcription
of genes by interacting with the cis-acting regulatory sequences
that respond to a particular stress. Plants have been attested to
devote a large portion of their genome capacity to transcription,
with the Arabidopsis genome coding in excess of 1500
transcription factors (Riechmann et al., 2000). In this study, the
establishment of an extensive picture of GST gene family in
wheat was attempted. To date, no work has been published on
the cis-acting regulatory elements that regulate the expression
of GST genes. Therefore, the aim of this study was the
prediction of available computational tools to depict a
comprehensive account on cis-acting regulatory elements that
are present within the 5’regulatory region of the DNA
sequences of GST gene families in wheat as a source of
potentially useful information for the prediction of expression
and regulation of these genes. To understand the sequence and
structure correlation, we have carried out bioinformatics
analysis to deduce theoretical pl, conserved domain sequences,
subcellular locations, recombinant proteins solubility and
folding states. In order to see the evolutionary relationship
among the wheat GST proteins, we performed a phylogenetic
analysis based on their protein sequence and developed 3-D
models for the Tau, Phi and zeta GSTs for structural
comparison. Using the available EST information as a source of
expression data, GST genes from wheat were detected in as
many as ten wheat tissues.

Results

Conserved motif scanning, Position weight matrices (PWMs),
Information content and analysis

The curated nucleotide sequence data of Tau (TaGSTU), Phi
(TaGSTF) and Zeta (TaGATZ) GSTs were retrieved in FASTA
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format (Table 1) and subjected to MEME tool
(http://meme.sdsc.edu/meme/meme-intro.html)fortheelucidation
of motifs (Supplementary Table S1) in wheat GST classes.
Single motif was predicted in the N’-terminal of the TaGSTU
ranged between 492-515bp. PWM had four rows (one for each
of A, C, G and T) and the number of columns was equal to the
length of the motif. The PWMs for these motifs were derived
by the perl script (http://www.perl.org/) and we found that start
position (1-5) and end position (12-14) were highly conserved
in the entire TaGSTU motif whereas positions 6, 7, 8,9 and 15
has a strong preference for nucleotide T (Fig 1A).We measured
the positions of high information content in the motif and
plotted graph by using information theory. Information content
of Tau motif exhibits that there was a higher degree of
information content from position 1 to 5 and 12 to14 with 0
values whereas position 6 to 11 and 15 had lower information
content value ranging from 1 to 1.2 (Fig 1C; Supplementary
Table S2a). The consensus sequence for a PWM was
constructed by choosing the nucleotide with the highest
frequency of occurrence at each position. Finally CGAGTCCC
TCATCAT was the strongly conserved sequence with bigger
log odd score among all predicted motif sequence for Tau class
(Supplementary Table S3a). A single Phi motif ranges from
587-634bp, in which 10-15 position were highly conserve for
nucleotide T and G whereas 4 and 5 having 100% probability
for nucleotide A. Rest of the position had maximum probability
for nucleotide G (Fig 1B). The information content for the Phi
motif was maximum at position 3 (1), 6 (0.6) and 9 (1.6)
leading to low degree of conservation (Fig 1D; Supplementary
Table S2b). GTGAAGGCCTGG TGG was the strongly
conserved sequence for Phi GST motif (Supplementary Table
S3b).

cis-acting regulatory elements analysis

The complete nucleotide sequence and the coding domain
sequence (CDS) of the GST gene family in wheat (Table 1)
were computationally examined to identify the cis- regulatory
region. In TaGSTU gene family, the core elements: AACGG,
CAAT, CAAACAC and ACGT motifs which are closest to the
translational start site (ATG) were found to be very close to one
another. However, RAV1AAT was found at the distal part of
the 5’ regulatory region in all of the genes. Conversely in
TaGSTF gene family; AACCAA, CAAT, CCTTTTG,
TTTCTTCTCT, CTCTT and CCAACC motifs were closest to
the translational site and found to be very close to one another
in several of the genes (Table 2). MYB family motifs were
found in the regulatory regions of TaGST1A, TaGSTUZ2,
TaGSTF5, TaGSTF3 and TaGSTZ gene families whereas Erd1
was present in TaGSTU3 gene and CAAACAC were present in
TaGSTULC. ABA responsive (ABRE) element found in
TaGSTF3 has been functionally identified in the 5’regulatory
region of several genes that are induced or regulated by ABA.
The W-box motif was only present TaGSTZ gene family;
whereas WRKY was present TaGSTF6b and TaGSTZ. The
GARE and P-box motif was found within the regulatory regions
of TaGSTF2, whereas TaGSTF1 gene contained 5’UTR Py-rich
stretch and TCA regulatory elements, involve d in high
transcription levels and salicylic acid responsiveness. TCA, a
cis-acting regulatory element involved in salicylic
responsiveness. GATA-box and Splmotif were located at
TaGSTU3 gene, known as light responsive cis-elements
(LREsS). SORLIP5AT, REALPHALGLHCB21,
CACTFTPPCAL, CURE, RHERPATEXPATY were present in
TaGST6b. WRKY710S was present in TaGSTZ and TGST6b,
while CTCTT and ACACGA motifs in TaGSTF5 and
TaGSTF4, respectively.
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Table 1. The complete nucleotide sequence and the coding domain sequence (CDS) of the GST gene family in wheat.

Gene Accession Number of base CDS region 5> UTR before
number pairs ATG
TaGSTU1A gene AJ414697.1 1085 46- 714 1-45
TaGSTU1B gene AJ414698.1 1051 42-710 1-41
TaGSTULC gene AJ414699.1 1008 54-722 1-53
TaGSTUZ2 gene AJ414700.1 926 66-76 1-65
TaGSTU3 gene AJ414701.1 1043 39-770 1-38
TaGSTF6b gene AJ441055.1 904 69-725 1-68
TaGSTF4 gene AJ440793.1 721 21-689 1-20
TaGSTF2 gene AJ440791.1 865 54-728 1-53
TaGSTF1 gene AJ440796.1 927 72-710 1-71
TaGSTF5 gene AJ440794.1 866 45-686 1-44
TaGSTF3 gene AJ440792.1 930 60-728 1-59
TaGSTZ gene AF109714.1 2947 17-98,603-647,1111-
1196,1298-1369,1558-1611,
1719-1794,2036-2097,2314- 1-16
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Fig 1. PWMs for (A) TaGSTU and (B) TaGSTU from wheat. We used color-coded vertical bars stacked one over the other to represent
the percentage of each nucleotide, Green (A), Blue (C), Black (G) and Red (T). The bars are ordered by their percentages. Information
content graph for (C) TaGSTU and (D) TaGSTU showed high degree of conservation at the start and end position of the in the motif

sites.
Functional characterization of GST protein

The folding state of wheat GST was predicted by the FoldIndex
program (Prilusky et al., 2005). The TaGSTF class showed
small unfolding. The highest percentage of disordered residue
was achieved 14.28% in TaGSTF2 followed by 5.40 % in
TaGSTF4 (Fig 2). However, other two classes of GST were
completely stable. Sub-cellular location result showed
mitochondrial targeting peptide in TaGSTU3 and chloroplast-
targeting peptide in case of TaGSTZ, whereas, Phi family
members lack such peptide signal .The statistical model used
for the prediction of protein solubility assuming the protein is
being over-expressed in Escherichia coli. The result showed
that the TaGSTU and TaGSTZ has less than 60%, chance of
solubility when overexpressed in E. coli while Phi has more
than 60% chance. The values of theoretical pl for Tau class was
same for TaGSTU1A, TAGSTU1B and TaGSTU2 (pl=6.34)
whereas TaGSTU1C and TaGSTu2 had pl value less than 6.
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All TaGSTF had theoretical pl less than 6 except for
TaGSTF6B (pl = 6.5). Zeta class with single sequence had 6.5
theoretical pl values.

Gene ontology

Gene ontology (GO) annotation was performed using the
AmiGO annotation tool and GST sequences were classified into
three categories, namely, biological process, cellular component
and molecular function. Molecular function assignment
revealed members of broad range of categories (Table 2)
including TaGSTZ genes with putative catalytic activity,
protein binding, oxidoreductase activity, transferase activity,
isomerase activity, glutathione transferase activity, and
peroxidase activity whereas, TaGSTU and TaGSTF were found
to be involved in glutathione transferase activity and
peroxidase activity. The differentially regulated TaGSTZ gene
was member of variety cellular components with a large



Table 2. Cis regulatory element in 5” regulatory region of the GST class in wheat.

Gene Accession number  Factor name Position Function
TaGSTUL1A AJ414697.1 2SSEEDPROTBANAPA 1 CAAACAC Important for high activity of the napA
gene promoter
ARRI1AT 24 NGATT Response regulators operate as
transcriptional activators
MYBCORE 34 CNGTTR Induced by dehydration stress and its gene
product binds to the conserved MYB
recognition sequence
DPBFCOREDCDC3 4 ACACNNG Encodes a bZIP transcription
TaGSTU1B AJ414698.1 ARE 10 TGGTTT Cis-acting regulatory element essential for
gene the anaerobic induction
CAAT 14 CAAT Common cis-acting element in promoter and
enhancer regions
TaGSTULC AJ414699.1 2SSEEDPROTBANAPA 9 CAAACAC Important for high activity of the napA
gene promoter
RAV1AAT 4 CAACA Protein contain AP2-like and B3 like
domains
TaGSTU2 AJ414700.1 ACGTATERD1 15 ACGT required for etiolation-induced expression
gene of erdl
MYBCOREATCYCBL1 31 AACGG able to activate reporter gene without
leading to M-phase-specific expression
GTGANTG10 28 GTGA cis-regulatory elements within the
promoter
TaGSTU3 AJ414701.1 Spl 16 CC(G/A)CCC light responsive element
gene GATABOX 11 GATA Molecular light switches for plant genes
Erdl 33 ACGT required for etiolation-induced
DE expression of erd1
CACTFTPPCA1 9 YACT mesophyll-specific gene expression inthe C4
plant
TaGSTF6b AJ441055.1 WRKY710S 5 TGAC encodes a transcriptional repressor of the
gene gibberellin signaling pathway in aleurone
cells
SORLIP5AT 32 GAGTGAG involved in the network of phytochrome A-
regulated gene
REALPHALGLHCB21 55 AACCAA closely defined phytochrome regulatory
elements
CACTFTPPCA1 34 YACT key component of Mem1
CURE 47 GTAC copper-sensing signal transduction
TaGSTF4 AJ440793.1 RHERPATEXPA7 5 KCACGW Root Hair Cell-Specific cis-Element
gene
TaGSTF2 AJ440791.1 CAAT-box 12 CAAT common cis-acting element in promoter and
gene enhancer regions
GARE-motif 35 AAACAGA gibberellin-responsive element
P-box 43 CCTTTTG gibberellin-responsive element
TaGSTF1 AJ440796.1 S5UTR Py-rich stretch 26 TTTCTTCTC cis-acting element conferring  high
gene T transcription levels
TCA-element 17 GAGAAGAA cis-acting element involved in salicylic acid
TA responsiveness
TaGSTF5 AJ440794.1 MYBCORE 9 CNGTTR flavonoid biosynthesis;
gene KW leaf; shoot;
OSE2ROOTNODULE 32 CTCTT activated in infected cells of root nodules
TaGSTF3 AJ440792.1 ABRE 1 MACGYGB as Ca2+-Responsive
gene CACTFTPPCA1 30 YACT key component of Mem1
MYB1AT 43 WAACCA promoters of the dehydration-responsive
gene
MYBPZM 54 CCWACC controls pigmentation
TaGSTZ AF109714.1 WBOXHVISO1 9 TGACT participates in sugar signaling
WRKY710S 10 TGAC a transcriptional repressor of the

gibberellin signaling pathway
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Fig 2. Foldindex plotted with window size 51, for three GST
classes, the plot showed that only TaGSTF2 and TaGSTF2
contain unstructured regions in its native state. Positive and
negative numbers represent ordered and non-ordered protein,
respectively. Amino acids suggested as being ordered is shown
in green and unordered in red respectively.

representation from the cytosolasm. In biological process, GO
assignment illustrated that TaGSTU genes involved in
oxidation-reduction process, toxin, toxin catabolic process,
aromatic amino acid familyand metabolic process. However, no
information was available for TaGSTF and TaGSTZ for both
cellular and biological GO (Table 3).

Multiple sequence alignment, structural analysis and
phylogenetic tree construction

To clarify the relationship among Tau, Phi and Zeta classes of
wheat GST, the multiple sequence alignment (MSA) of T.
aestivum, O. sativa, H. vulgare, Z. mays and G. max, (Fig 3A
&B) was carried out, MSA revealed a large number of
conserved residues in the N-terminal domain of the sequences.
The GST fold contains an N’-terminal TRX-fold domain and a-
helical domain at C’-terminal. The predicted N’-terminal
domain (approximately residues 1 to 80) was classified as part
of the thioredoxin superfamily fold. This domain revealed to
consists of a/p structure with the folding topology Bofapfo.
The core domain was consisting of three layers with the B-sheet
sandwiched between a-helices (a/p/a). Furthermore sequences
alignment analysis showed that residue at N’-terminal were
more conserved as compared to the C’-terminal (86-220
residues) and the three GSTclasses share somewhat same
secondary structure. Analysis of the 5’ regulatory regions
revealed that TaGSTF genes were more divergent (16.90% -
44.2% identity) than TaGSTU (23.08-71.70% identity;
Supplementary Table S4a). The coding regions of the TaGSTF
gene appeared to be poorly conserved (46.64-77% identity),
whereas the coding region for the TaGSTU genes appear to be
more conserved (47.93-93%identity; supplementary Table
S4b). The analysis of the protein sequences of wheat GST
classes revealed higher conservation in the sequences. A 41—
99% identity was obtained for the TaGSTU protein sequences
(Supplementary Table S5) while 38—-79% identity was obtained
for TaGSTF (Supplementary Table S6). To evaluate the
evolutionary relationships of the wheat GST gene family and
GSTs homologous from different plant species, phylogentic
study was constructed. Phylogentic analysis of GST has been
done earlier with different cereal crops (Mohsenzadeh et al.,
2011). In this analysis, we included newly sequenced monocot
model plant Brachypodium distachyons —which revealed close
evolutionary relationship and better conservation of micro-
colinearity between wheat and Brachypodium orthologous

LRKHKPELLGSGSPESAAMVY
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regions than between wheat and rice. This is in agreement with
an earlier study (Bossolini et al., 2007). Phylogenetic analysis
of Tau, Phi and Zeta wheat GST formed two distinct clusters.
Cluster I comprised of sequences from TauGST and cluster |1
included sequences from Phi class and both clusters were
supported by high bootstrap value (Fig 4A). The Zeta class
formed an out group. Phylogenetic analysis of amino acid
sequence of GSTs homologous from different plant species
revealed four GST families, clustered separately in the
phylogenetic analysis. Cluster I include TauGST sequences,
Cluster 1l comprised of sequences from Zeta and Theta-GST
and cluster 1l comprised of PhiGST sequences and both
clusters were supported by high bootstrap value (Fig 4B).
B. distachyon was phylogenetically most closely TaGSTU3
whereas TaGSTU2 was closely related to O. sativa (supported
by 56% bootstrap value) and shared a common evolutionary
path. Comparison of the deduced amino acid sequences of the
three GST genes showed that the TaGSTU1A, TaGSTU1B and
TaGSTULC proteins were 96% identical and formed a clade
with H. vulgare, Z. mays and B. distachyon supported with 52%
bootstrap value. TaGST6B showed relatedness with H. vulagre
with high bootstrap value of 87% and TaGSTF4 illustrate
relatedness with O. sativa and H. vulagre Phi whereas
TaGSTF2 and TaGSTF1 showed relationship with Z. mays Phi.
TaGSTF5 showed closeness with O. sativa as well as with Z.
mays, Phi supported by 60% bootstrap value. TaGSTZ was
closely related to O. sativa which and share a common
evolutionary relationship.

Analysis of 3D-structure of Tau, Phi, and Zeta GSTs

The 3D-structure of Tau, Phi and Zeta was predicted by
homology modeling. TaGSTU showed 68% identity with PDB
code 10YJ (Crystal Structure Solution of Rice Gstl). Similarly,
TaGSTF showed 48% identity with 1BYE (glutathione-S-
transferase | from mains in complex with atrazine glutathione
conjugate) and Zeta revealed 52% identity with 1E6B (structure
of a zeta-class glutathione S-transferase from A. thaliana).
Sequence alignment between query and template indicated that
the catalytic residue, metal binding site and ligand binding site
are well conserved in Tau- and Phi-classes as shown in figure 5.
Specifically, Serl7 (when aligned with template, the position
shifted to 12) of the plant specific Phi and Tau have a crucial
role in the catalytic activation of GSH (Fig 6). By using site-
directed mutagenesis, the Ser residues have proven catalytically
essential in GST catalysis in different organisms (Oztetik,
2008) was well conserved in both template and target.
Ramachandran plot showed 94.2%, 91.8% and 90.2%, residues
in most favoured regions in Tau, Phi and Zeta respectively.
Only in Zeta-class, 1.6 residues were in disallowed regions
(Table 4).

Expression model with wheat GST genes

There are approximately one million wheat EST deposits in the
GenBank. These partial length genes encoding sequence
provided useful bioinformatics source. To demonstrate the
patterns of expression of these GST genes from wheat, we
performed gene expression analysis in ten wheat tissues, callus,
cell culture, crown, inflorescence, leaf, flower, root, stem,
sheath and seed (Fig 5). Our results showed that TaGSTU2C
and TaGSTU3 genes were detected in most of the tissues. It is
noteworthy that a relatively very high expression level of
TaGSTU2C was found in stem tissues and TaGSTU3 in root
tissues (Fig 6A). The lowest level of expression was shown in
the majority of tissues examined in case of in TaGSTU1A and
TaGSTU2. All genes expressed in each one or two tissues were
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Table 3. Gene Ontolgy of three classes of TaGST.

Cellular component Biological process Biochemical function
TaGSTU cytoplasm response to stress catalytic activity
cytosol oxidation-reduction process protein binding
response to toxin oxidoreductase activity
toxin catabolic process transferase activity
aromatic amino acid family metabolic process isomerase activity
response to stress peroxidase activity
oxidation-reduction process glutathione transferase activity
response to toxin catalytic activity
toxin catabolic process protein binding
TAGSTF glutathione transferase activity
transferase activity
TaGSTZ glutathione transferase activity

transferase activity

N-termmal TRX-fold doman C-terminal doman

U R

OHAXON

IRFAALDGVREV]
FGELCAPEXVL YVERRCACWAAAGAAMAASES 1
YOFIGLLEERYGIE
ICLLEREYGIE

SICENRVAIALNLEGG YEYE VN

Fig 3. Multiple sequence alignment using amino acid sequence of (A) TaGSTU and (B) TaGSTF and (C) TaGSTZ from different cereal
crop. Conserved amino acids are shown in black boxes. Protein structural features are indicated above the alignment. Alpha helix and beta
strands are elements of secondary structure represented as rods and arrow. The GST sequence comprised of N’-terminal TRX-fold domain
and C’-terminal a-helical domain.
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showing much higher levels than in other tissues with the
exception that TaGSTU3 preferentially expressed in callus,
stem and root. In phi-GST, the expression level was only in
three or four tissues for TaGSTF2 and TaGSTF3. The
TaGSTF5 and TaGSTF4 showed expression in nine tissues
while TaGSTF4 showed equal expression in sheath and root
(Fig 6B). However, higher expression of TaGSTF6B was
detected in 10 tissues with highest expression in sheath, root,
cell culture and flower.

Discussion

Plants have to respond to biotic and abiotic stresses and
environmental stimuli during their growth and developmental
periods. Precise gene regulations play essential roles in these
processes. Plant gene expressions display accurate location,
when and where the exact expression occurs is well regulated.
GSTs are multifunctional proteins involved in diverse
intracellular events such as primary and secondary
metabolisms, stress metabolism, herbicide detoxification and
plant protection against ozone damages and heavy metals. To
date, the crystal structures of over 200 soluble GSTs, present in
the main classes of plants, animals and bacteria have been
resolved. At present, structural information about plant GSTs is
available for phi GST from Arabidopsis (Reinemer et al., 1996),
a tau class from wheat (Thom et al., 2002), rice GST1
(OsGSTU1) (Dixon et al., 2003) and maize (Neuefeind et al.,
1997), and for a zeta-class GST from Arabidopsis (Thomet al.,
2001). In this study we have extended the comprehensive role
of phi, theta and zeta GSTs in wheat especially. Motif discovery
operation was performed separately through motif discovery
tool MEME on GST classes. The N’-terminal domain was less
conserved than the C’-terminal domain (Offen et al., 2006;
Shao et al., 2005). Thus, C-terminal motif was selected for
constructing position weight matrix. A stretch of nucleotide,
CGAGTCCCTCATCAT and GTGAAGGCCTGGTGG wasthe
strongly conserved between TaGSTU and TaGSTF sequences
with bigger log odd score. The information content is a measure
of the degree of conservation in motif sequences, with lower
information content corresponding to a higher degree of
conservation, and vice versa (Hertz and Stormo 1999;
Schneider and Stephens, 1990). Using position weight matrix
and information content of the Tau and Phi motifs, we
identified a higher degree of conservation at the start and end
position of the in the motif sites (value from 0-0.6), which is
important as it might be the splice site junction between the
exon and intron with conserve start and end sites (Lim and
Burge , 2001) . Finally the consensus sequences obtained for
TaGSTU and TaGSTF on the basis of the log odd score further
used for determining other regulatory motifs such as
transcription factor binding site, splice site and signal
recognition site. cis-acting regulatory elements analysis was
performed to identify the presence of several cis-acting
regulatory elements, which are known to be involved in
transcription regulation of plant genes and which could possibly
be controlling the expression of the GST genes in wheat . This
region was used in present study as no introns were detected
upstream of the translational start site of the studied genes, and
thus possible regulatory information within the 5* untranslated
region (5> UTR) be identified. Several functional significant
cis-acting regulatory elements that are associated with plant
development, hormonal regulation and stress response were
identified in the upstream region of the GST gene families. The
names of the identified cis-acting elements and their predicted
functions are summarized in Table 2. CAAT boxes as well as
other potentially important cis-acting regulatory elements that
are required for minimal promoter GST activity in plants.
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MYB and Erd1 family motifs cis-elements have been reported
to be required for the binding of transcriptional factors that are
required for drought inducible gene expression. MY B-proteins
play crucial roles in cell proliferation and differentiation
(Luscher and Eisenman, 1990). W-boxes have been found to
interact with zinc-fingered WRKY proteins; a family of TFs
that are involved in response to pathogen infection and other
plant stresses (Ross et al., 2007). The CAAACAC motif is
conserved in many storage protein gene promoters and
important for high activity of the napA promoter (Stalberg et al.
1996). ABRE is also an example of an extended cis-element
that contain the G-box core sequence [(C/A) ACG
(T/C)G(T/CIG)] (Busk and Pages, 1998). Garciarrubio et al.
(1997) found that ABA affects the germination of mature seeds
and growth of young seedlings of Arabidopsis by limiting the
availability of nutrients. It might be possible that ABA may
regulate the expression of GST gene, required for cellular and
metabolic activities. Gibberellin responsive element (GARE)
sequence plays a fundamental function in GA action because
changes within this sequence caused a huge reduction in GA-
driven gene expression (Gubler and Jacobsen, 1992). GARE
have been found in most genes responsible for synthesis,
transport and signaling of other hormones, but the role of
GARE is yet to be clarified, although uncharacterized crosstalk
between GA and other hormones have been proposed (Ogawa
et al., 2003). Plant genes which are induced by one or more
forms of stress (Goldsbrough et al., 1993). TCA, a cis-acting
regulatory element involved in salicylic acid responsiveness is
known to be present in the non-translated regions of many
monocot and dicot plant genes which are induced by one or
more forms of stress (Goldsbrough et al., 1993). GATA-box
and Splmotif is known as light responsive cis-element (LRES)
are found in the regulatory region of light-regulated genes,
apparently essential for light-controlled transcriptional activity
(Lamm and Chua, 1989; Gilmartin et al., 1990). Deletion or
mutation of these LRE sequences compromises the ability of
the regulatory region respond to light and ultraviolet radiation.
Presence of these sequence elements in wheat GSTU3 gene
regulatory regions demonstrate that GSTU3 gene expression
may be well regulated by light, whereas 5'-UTR Py-rich
stretch, cis-acting element conferring high transcription levels.
CTCTT, one of the consensus sequence motifs of organ-
specific elements (OSE) is characteristic of the promoters
activated in infected cells of root nodules and in the arbuscule-
containing cells of mycorrhizal roots (Vieweg et al., 2004)
RHERPATEXPA7 was the root-hair-specific cis-element
(Murray et al., 2007) in angiosperms, whereas SORLIP5AT and
REALPHALGLHCB21 were cis-regulatory elements involved
in the network of phytochrome A-regulated gene (Degenhardt
and Tobin, 1996). WRKY710S encodes a transcriptional
repressor of the gibberellin signaling pathway in aleurone cells
(Gomez-Cadenas et al, 2001). Family members of WRKY
transcription factors appear to be involved in the regulation of
various physiological programs that are unique to plants,
including pathogen defense, senescence, trichome development
plant growth and development. The rice WRKY gene
superfamily has also been implicated in the regulation of
abscisic acid signaling in aleurone cells (Xie et al., 2005).
DPBFCOREDCDC3 encodes a bZIP transcription and ARE
cis-acting regulatory element essential for the anaerobic
induction. The CuRE motif has been associated with genes that
require copper for their expression, through copper-response
elements associated with them (Quinn et al., 2000). These
include photosynthetic genes such as: plastocyanin; an electron
transfer protein in the thylakoid lumen, plastid CuZn-
superoxide dismutase, polyphenol oxidase; also in the thylakoid
lumen, mitochondrial cytochrome oxidase, extracellular



Table 4. Ramachandran’s plot statistics of models generated by MODELLER after energy minimization.

Glutathione Transferases

Server Ramachandran’s plot statistics Tau Phi Zeta
Residues in most favored region 94.2% 91.8% 90.2%
Residues in additionally allowed region 3.7% 6.7% 7.1%
Modeller9v8 Residues in generously allowed region 1.6% 1.5% 1.1%
Residues in disallowed region 0.0 0.0.% 1.6%
100 223504739 TaGSTF2
&6 e 2023504741| TaGSTF3
s1 e 123504 743|TaGSTF 4
99 20233572872 TaGSTF6B
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—

Fig 4. Phylogenetic trees of GST genes studied in this work. (A) Phylogenetic analysis among the Tau, Phi and Zeta of wheat GST
showed two large clusters. Cluster | containing of sequences from TauGST (GSTU) and cluster Il included sequences from Phi class
(GSTF) and Zeta formed an out group. Bootstrap values are indicated against each branch; (B) Phylogenetic analysis of Tau, Phi and Zeta
class of GST homologues from different plant species constructed by the Neighbor-joining method using the MEGA 4 program with
bootstrap values are indicated against each branch.
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laccase; involved in lignifications, and several oxidases
(Hansch and Mendel, 2009). High numbers of stress associated
cis-elements were found in all GST gene families in wheat. In
present investigation, stress associated cis-elements were found
highest in TaGSTF6b and TaGSTU3 and lowest in TaGSTU1B
and TaGSTF5; (Table 4). These observations infer that the
expression of GST might be well linked to and regulated by
environmental stress conditions and could potentially represent
good candidates for further systematic experimental
evaluations. Though these sequence patterns require
experimental validation nevertheless, our current findings may
open new avenues for studying the regulation of gene
expression in cereal crops. The folded or unfolded structure of
wheat GST protein has not been studied clearly till now. It is
now possible to predict extended disordered regions in gene
sequences with a high degree of accuracy (Prilusky et al.,
2005). In this study, we noticed highest percentage of
disordered residue was noticed in TaGSTF2 followed by
TaGSTF4 (Fig 1). However, other two classes of GST were
completely stable. The results obtained in this investigation
could be used to estimate the local and general probability for
the provided protein sequences, under specific conditions to
fold.These differences of folding state amongst GST classes are
our future research targets. Estimating the amount of protein
distributed in each subcellular location is essential for
quantitative understanding and modeling of protein dynamics
and to study their effect on cell behaviours (Coelho et al.,
2010). Sub-cellular localization result showed mitochondrial
targeting peptide in TaGSTU3 and chloroplast-targeting peptide
in case of Zeta-GST, whereas, Phi family GST members lack
such kind of peptide signal , though differential NRNA splicing
leads to the majority of the derived transcripts lacking this
signal, giving cytosolic protein (Thatcher et al., 2007).
Alternatively, it is also possible that these GSTs associate with
different sub-cellular fractions as a consequence of their
association with other proteins or substrates and as such an
understanding of their sub-cellular localization could be very
important in unraveling their endogenous function . Protein
solubility is an important pre-requisite for structural and
biophysical studies. This will help in selection of proteins with
high solubility based on a statistical solubility model of in E.
coli, has been a successful approach to expressing a target
insoluble protein in soluble form as part of a fusion protein
(Harrison, 1999) we showed that TaGSTU and TaGSTZ has
less than 60%, chance of solubility when over-expressed in E.
coli ,while Phi has more than 60% chance.

The calculated isoelectric point (pl) for these three classes of
wheat GST will be useful in purification and separation,
because proteins are separated according to their pl using
isoelectric focusing method. The proteins are insoluble at pl and
will be soluble both below and above this point help in
predicting the pH of the elution buffer system in purification
process (Bjellgvist et al., 1982). Under the GO Annotation
system at the highest level, there are three major gene
properties: cellular component, molecular function, and
biological process. Our result showed that the TaGSTZ was
cellular, molecular and biologicallywell annotated as compared
to TaGSTU and TaGSTF . Analysis of non-coding and coding
region of the GST classes revealed TaGSTF genes were highly
divergent (16.90% - 44.2% identify) than TaGSTU (23.08—
71.70% identity,) in non-coding region whereas coding regions
of the TaGSTF gene appeared to be poorly conserved (46.64—
T7%identity) with respect to TaGSTU genes (47.93-
93%identity). The high divergence identity witnessed in the 5’
regulatory regions of the GST gene families in wheat could be
as a result of loss of common cis-elements from the ancestral
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GST gene. This is in agreement with the degenerative
complementation model, which proposes that after gene
duplication each daughter gene keeps only a fraction of
regulatory elements as compared to the ancestral origin (Lynch
and Force, 2000). Protein sequences analysis of the three
classes of wheat GST in this study revealed higher conservation
in the sequences of TaGSTU than TaGSTF. Structural
alignment of amino acid sequence of T. aestivum, O. sativa,
H. vulgare, Z. mays and G. max, revealed high variable C’-
terminal, the large domain (86-220 residues) with specific
substrate-binding site (H-site) was completely helical. This
implied that differences in the C’-terminal domain might be
accountable for differences in substrate specificity between the
GST classes (Wilce and Parker, 1994). The plant GST family
presents a conundrum for functional genomics. The genome
and EST databases have allowed us to classify GSTs and study
their evolution and sequence diversity, while crystallographic
studies have provided powerful insights into their structural
biology. Phylogenetic tree shows relationship between selective
sequences of GSTs. The phylogenetic tree shows a distinct
class-specific clustering of sequences, indicating clear class
specific-sequences difference. The T. aestivum sequences were
showing similarity with O. sativa and Z. mays in all classes of
GST. However, high sequence similarity was noticed in the
Zeta-GST of plant species. Brachypodium distachyon, a newly
sequenced plant genome showed close evolutionary relationship
with T. aestivum. A positive correlation was observed between
the phylogenetic relationship of members of the GST super
family. The 3D-structure of Tau, Phi and Zeta was predicted by
homology modeling. Three-dimensional structure of the GST is
essential for defining the active site and also for designing,
improving, and docking of small ligands to the complex target
protein. In the absence of the experimental structure, this model
will provide foundation for elucidating structure and functional
relationship amongst wheat GSTs. The expression levels of
GST genes in various tissues were estimated by assessing the
relative number of ESTs per tissue type (Audic and Claverie,
1997). No EST information was available for TaGSTZ. The
TaGSTF5 and TaGSTF4 showed expression in nine tissues
while TaGSTF4 showed equal expression in sheath and root.
Moreover, the expression was the highest for TaGSTF4
expression detected in 10 tissues with highest expression in
sheath, root, cell culture and flower. They are useful for gene
discovery and in the analysis of genes expression patterns
(Clifton et al., 2009). The result revealed that GST genes of
different classes from wheat were controlled strictly in different
organ and growth stages. Therefore, we speculated that these
GST may play an important role in growth and development in
wheat. The molecular characterization of GSTs in wheat using
experimental approaches is in progress in our laboratory.

Materials and methods
Source of data

Nucleotide (ntd) sequences for different GST subclasses were
retrieved from the NCBI (National Center for Biotechnology
Information) nucleotide databank
(http://www.ncbi.nih.nim.gov/). More sequences of wheat GST
gene families were collected by, using the Basic Local
Alignment Tool (BLASTN; http://blast.ncbi.nim.nih.gov/
Blast.cgi). Complete ntd of Tau (TaGSTU), Phi (TaGSTF), and
Zeta (TaGSTZ) GST protein sequences of T. aestivum were
considered for BLAST homology searches against the plant
species.
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(TPM).

Conserved Motif Scanning,
Information Content

Position weight matrices,

MEME (http://meme.sdsc.edu/meme/intro.html ) program was
used to screen a single conserved motif in the GST classes with
default parameters except that the length of the motif was set
more stringently to vary between 8 and 15 bp to limit the
lengths of detected motifs. For each motif, we constructed
corresponding position weight matrix (PWM). The consensus
sequence for a PWM was constructed by choosing the
nucleotide with the highest frequency of occurrence at each
position. Log-odd score for each motif sequence was calculated
by usual method of taking logarithm to base 2 of ratio of
frequencies at each position of the matrix against a background
frequency of 0.25 and to study the variability at each position.
Each position in the motif has an associated information content
that can be derived from the frequencies of the 4 ntd, using
information theory. For a random variable that can take on four
values with four probabilities, pi, the information content is -
> pilgpi. Information content can be used to study the variability
(or level of conservation) at each position, varying from 0 (one
possibility is certain) to 2 (all possibilities are likely equal). All
the above calculation was done with the help of Perl script
generated in the lab. Given a PWM of a given motifs, a log-
odds scoring matrix was constructed to score the motifs.

Identification of the 5’ regulatory region of three classes of
wheat GST genes

Protein sequences of TaGSTU, TaGSTF, and TaGSTZ were
retrieved through National Center for Biotechnology
Information (NCBI, http://www.ncbi.nIm.nih.gov/) was used
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for computational analysis. Each GST gene of wheat were
scanned for the presence of putative cis-acting regulatory
elements identical with or similar to the registered in Plant
CARE
(http://bioinformatics.psh.ugent.be/webtools/plantcare/cgi-
bin/CallMat IE55.htpl), and PLACE
(http://www.dna.affrc.go.jp/PLACE/signalscan.html).

Protein characterization and Sub-cellular localization

Based on program of ExPASy,
(http://web.expasy.org/compute_pi/) theoretical pl was
calculated for all the classes of wheat GST. The folding states
were predicted by FoldIindex program (http://bioportal.
weizmann.ac.il/fldbin/findex). Three different protein targeting
prediction programs were used to estimate the putative
subcellular locations of the candidate proteins: IPSORT
(http://hc.ims.u-tokyo.ac.jp/iPSORT/), TARGETP (http://
www.chs.dtu.dk/services/TargetP/), and PREDOTAR
(http://urgi.versailles.inra.fr/predotar/). Proteins solubility was
predicted at web server of University of Oklahoma using the
statistical model assuming the protein is being over expressed
in coli (http://biotech.ou.edu/).

Gene ontology

Gene ontology (GO) annotation was performed by using
AmiGO (http://www.geneontology.org/) on different classes of
GST genes to explore their biological process, cellular
component and molecular functions.


http://www.ncbi.nlm.nih.gov/

Fig 6. (A) Pairwise alignment of Tau from T. aestivum and the PDB ID: 10YJ. (B) Phi GST and the PDB ID: 1BYE, (C) Zeta GST and
the PDB ID: 1E6B. Dash represents insertion and deletion; conserved residues involved in metal binding are in blue, ligand binding
residue are in red and catalytic residue are in yellow. Ser residues are been labeled in the protein structure proven catalytically essential in
GST catalysis. Alpha helix and beta strands are elements of secondary structure represented as rods and arrow.

Multiple sequence alignment and phylogenetic analysis

To study the phylogenic analysis, tree was generated using
homologous GST sequences. The percentage of amino acid
sequence identity was determined using the PRANK
(Loytynojaand Goldman, 2010) and T-Coffee program
(Notredame et al., 2000). When necessary, the alignments were
manually adjusted using the GeneDOC program (Nicholas et
al., 1997). Phylogenetic trees were constructed using the
neighbor-joining (NJ) distance method (Saitou and Nei, 1987)
and diagrams of phylogenetic trees were drawn with MEGA
v4.0 software (Tamura et al., 2007). Evolutionary distances
were calculated following the Poisson correction evolutionary
model, and the excessive gaps/ missing data were handled using
the pair-wise delete option.

Comparison between 3D structures of the Tau, Phi, Zeta
GSTs of wheat

The protein sequence of wheat GST classes was subjected to
Modeller9v8 software (http://www.salilab.org/modeller/) for
3D model prediction. The minimization of the modeled
structure was carried out by GROMOS96 software,
incorporated in Swiss Pdb Viewer (Guex and Peitsch, 1997).
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The stereo-chemical quality and accuracy of the predicted
model was evaluated using Ramachandran plot calculated via
Procheck (Laskowski et al., 1993). Finally the model was
visualized using pymol (DeLano, 2004).

Expression model analysis

The wheat UniGene sets, derived from over one million ESTs
in the NCBI GenBank offer a platform for identifying
differentially expressed genes in wheat tissues. Using a data
mining tool known as Digital Differential Display (DDD), the
expression profile was determined by analyzing the EST counts
based on UniGene of T. aestivum GST classes for the various
tissues

(http://www.ncbi.nlm.nih.gov/UniGene/UGOrg.cgi?TAXID=45
65) on the basis of transcript per million (Eujayl and Morris,
2009). EST profiles show approximate gene expression patterns
as inferred from EST counts and the cDNA library sources. The
EST collection is derived from a variety of different cDNA
libraries, capturing genes expressed in different tissue types and
developmental stages or expressed during pathogen-elicited
responses. Libraries known to be normalized, subtracted, or
otherwise biased were removed, but for a variety of reasons,


http://www.salilab.org/modeller/

EST counts may not be a true indication of gene activity. The
EST expression profile was calculated by

Transcript per million=Gene EST/ ) Total EST in pool
Conclusion

Discovery of cis-regulatory elements in gene promoters is a
highly challenging research issue in computational molecular
biology. This computational analysis focuses on non-coding
regions of GST genes and numbers of putative motifs at the 5’
regulatory regions were identified. This method provides a
competent approach indicating if a gene might be regulated by a
given TF, and a structure for ongoing analysis of the
transcriptional gene regulation network. Though, transcription
is affected by joint involvement of many regulators that affects
the RNA Polymerase |1 selectivity and its binding, in response
to various environmental stimuli (Zhu, 1996; Lloyd et al.,
2001). More significantly, apparent and full knowledge of the
interaction between cis-acting regulatory elements and their
related TFs would allow a better understanding of
transcriptional gene regulation. It also make a foundation for
restructuring of gene regulatory networks which in turn will
help to improve biological research and provide ways to study
and model cell response to various stimuli. The present study
gave a detailed insight into the structural and molecular
evolution of glutathione in wheat. With the assistance of a well-
defined structure and annotations, we can predict protein
functional and binding sites, which can help in understanding
what biological role it fulfils. We used homology modeling to
solve the 3D structure of GST, an important detoxification
enzyme from wheat. Studies on the phylogeny and expression
patterns of Tau, Phi and Zeta GSTs in wheat are becoming one
of the fertile research areas, which could help us to make clear
the molecular genetic basis for the wheat genetic improvement
and also provide the functional gene resources for transgenic
research.
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