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Glutathione transferases (GSTs) are major phase Il detoxification enzymes that play central roles in the
defense against various environmental toxicants as well as oxidative stress. Here we report the crystal
structure of an Omega-class glutathione transferase of Bombyx mori, bmGSTO, to gain insight into its cat-
alytic mechanism. The structure of bmGSTO complexed with glutathione determined at a resolution of
2.5 A reveals that it exists as a dimer and is structurally similar to Omega-class GSTs with respect to
its secondary and tertiary structures. Analysis of a complex between bmGSTO and glutathione showed
that bound glutathione was localized to the glutathione-binding site (G-site). Site-directed mutagenesis
of bmGSTO mutants indicated that amino acid residues Leu62, Lys65, Lys77, Val78, Glu91 and Ser92 in
the G-site contribute to catalytic activity.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glutathione transferases [GSTs, EC 2.5.1.18] are ubiquitously
expressed and are responsible for the intracellular detoxification
of diverse xenobiotics and endogenous substances by conjugation
them to reduced glutathione (GSH) [1,2]. Multiple classes of GSTs,
including the Alpha, Mu, Pi, Omega, Sigma, Theta, and Zeta classes
in mammals, are defined according to amino acid sequence differ-
ences [3]. Moreover, Delta, Epsilon, Omega, Sigma, Theta, and Zeta
classes are present in dipteran insects such as Anopheles gambiae
and Drosophila melanogaster [4].

Insect GSTs are particularly interesting because of their role in
insecticide metabolism. In Lepidoptera, the Delta, Omega, Sigma,
Zeta-class and unclassified GSTs of the silkworm Bombyx mori have
been characterized [5-10]. Recently, the three-dimensional struc-
tures of a B. mori Delta-class GST (bmGSTD), Sigma-class GST
(bmGSTS) and unclassified GST (bmGSTu) were determined
[11-13]. Because the silkworm provides a model for studying
Lepidopterans [14,15], comprehensive research on silkworm GSTs
should provide insights into combating those species considered
as agricultural pests.

We found that the mRNA encoding an Omega-class GST of B.
mori (bmGSTO) is induced after exposure to various environmental
stresses such as bacteria, ultraviolet-B light, and three commonly
used chemical insecticides [8,16]. Further, bmGSTO exhibits dehy-
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droascorbate (DHA) reductase, GSH peroxidase, thiol transferase,
and GST activity [16]. GSH peroxidase functions as an antioxidant
by catalyzing the reduction of harmful peroxides by GSH and pro-
tects lipid membranes and other cellular components against oxi-
dative stress. Thiol transferase is responsible for GSH homeostasis
by catalyzing the peroxidation reaction of GSH, resulting in the
production of oxidized glutathione. Evidence indicates that bmG-
STO plays a role in scavenging reactive oxygen species through
its peroxidase activity and induces resistance to oxidative stress
mediated by its DHA reductase and thiol transferase activities [16].

To understand better the molecular basis for substrate
recognition and catalysis by the enzyme, we report here the
three-dimensional crystal structure of recombinant bmGSTO and
the structure-function relationships involved in its catalytic action.

2. Materials and methods
2.1. Protein crystallization and analysis

A cDNA encoding bmGSTO [8] was inserted into the vector pET-
11b (Novagen) and used to transform Escherichia coli strain BL21
(DE3) (TAKARA). Recombinant bmGSTO was purified according to
published methods [8,16] using ammonium sulfate fractionation,
ion-exchange chromatography, and gel filtration chromatography,
and then concentrated using a centrifugal filter (Millipore) to
approximately 10 mg/ml in 20 mM Tris-HCI buffer, pH 8.5, con-
taining 0.2 M NaCl. bmGSTO was co-crystalized with 10 mM GSH
using the sitting-drop vapor diffusion method at 20 °C using Crys-
tal Screen Kits (Hampton Research), including PEG/lon-1 and -2,
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Crystal Screen-1 and -2, and Cryo-1 and -2, as reservoir solutions.
Each drop was formed by mixing an equal (0.2 pl) or two fold
greater volume of protein and reservoir solutions, respectively.
Crystals suitable for X-ray analysis were grown for 3 months in
0.2 M potassium iodide and 20% PEG3350 (w/v).

X-ray diffraction data were acquired with cryo-cooled crystals
using synchrotron radiation at beamlines BL-5A at the Photon Fac-
tory (The High Energy Accelerator Research Organization, Tsukuba,
Japan) and BL44XU in the SPring-8 (Japan Synchrotron Radiation
Research Institute (JASRI), Hyogo, Japan) under cryogenic condi-
tions. Crystals were scooped with a nylon loop and transferred to
cryoprotectant solution containing 25% (v/v) ethylene glycol before
freezing in liquid nitrogen. The diffraction data were collected from
a single crystal at 90 K in a stream of nitrogen gas and were pro-
cessed using the programs DENZO and SCALEPACK as implemented
in HKL-2000 program package [17].

2.2. Determination of structure

The initial phase of bmGSTO was determined using the molec-
ular replacement method aided by the program MOLREP [18] using
the human Omega-class GST (hGSTO1-1, PDB ID: 1EEM[19]) as a
search model. The structures of bmGSTO complexed with GSH
were refined using the program PHENIX [19] against the data from
32.8 to 2.5 A. Manual adjustments of the structure were carried out
using the program Coot [20]. The stereochemical quality of the final
model was assessed using the program MolProbity [21]. Crystallo-
graphic parameters and refinement statistics are summarized in
Table 1. Figures were prepared using the program PyMOL (http://
pymol.sourceforge.net).

The atomic structure of bmGSTO complexed with GSH has been
deposited in the Protein Data Bank (PDB ID: 3WD6). Alignment of
deduced amino acid sequences was performed using GENETYX-
MAC (ver. 14.0.12).

2.3. Measurements of enzyme activity

Recombinant wild-type bmGSTO was overexpressed and puri-
fied as described above. Final protein preparations were subjected
to SDS-PAGE using a 15% polyacrylamide slab gel containing 0.1%
SDS [22] followed by staining with Coomassie Brilliant Blue R250.
Protein concentration was measured using a Protein Assay Kit (Bio-
Rad Laboratories) with bovine serum albumin as a standard. GST
activity using the substrates 1-chloro-2,4-dinitrobenzene (CDNB)
and GSH was measured spectrophotometrically [11]. Briefly,
0.01 ml of test solution was added to 1 ml of 50 mM sodium phos-
phate buffer, pH 6.5, containing 0.5 mM CDNB and 5 mM GSH.
Changes in absorbance (340 nm/min) were monitored at 30 °C
and converted into moles CDNB conjugated/min/mg protein using
the molar extinction coefficient of the resultant 2,4-dinitrophenyl-
glutathione (340 = 9600 M~! cm™!). Alternatively, 4-hydroxynon-
enal (4-HNE), ethacrynic acid, or 4-nitrophenyl acetate was used
instead of CDNB. The concentrations of substrates were varied to
determine kinetic parameter (K,), which were calculated using a
nonlinear least-squares data-fitting algorithm (KaleidaGraph, Syn-
ergy Software). Thiol transferase activity was measured using
hydroxyethyl disulfide as a substrate [23], and glutathione-depen-
dent DHA reductase activity was determined spectrophotometri-
cally with DHA [23]. GSH peroxidase activity was measured by
determining the oxidation of NADPH at ODs4q in the presence of
GSH, glutathione reductase, and H,0, as substrates [24].

2.4. Site-directed mutagenesis

Amino acid-substitution mutants of bmGSTO were constructed
using a plasmid containing the coding sequences of wild-type
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Table 1
Data collection and refinement statistics.
Parameter bmGSTO
Space group P2242,4

a=75.86, b=89.89, c=182.2
PF BL-5A

1.0

32.8-2.50 (2.64-2.50)
224,155 (6843)

43,880 (1522)

45 (5.1)

41 (11.0)

30.0 (12.5)

98.4 (99.8)

32.8-2.50

83,052/4160
20.8/25.6

0.009/1.088

41.0/7963
36.8/117
32.6/342

95.9
3.2
0.9

? Rmerge = >_(I— (I))/ >((I)),where [ is the intensity measurement for a given
reflection and (I) is the average intensity for multiple measurements of this
reflection.

P Values in parentheses indicate the highest-resolution shell.

€ Rwork = Y_|Fobs — Feall[>_Fobs, Where Fops and F, are observed and calculated
structure-factor amplitudes.

9 Riree Value was calculated using only an unrefined, randomly chosen subset of
reflection data (5%) that were excluded from refinement.

¢ Small molecules include glutathione, iodide ion, potassium ion, polyethylene
glycol and 1,2-propanediol.

bmGSTO and the Quick-Change Site-Directed Mutagenesis Kit
(Agilent Technologies, Wilmington, DE, USA) according to the
manufacturer’s recommendations. The nucleotide sequence of
the full-length mutant cDNA was determined by DNA sequencing.
Sequence alignments were performed using GENETYX-MAC (ver.
14.0.12, GENETYX Corporation).

3. Results and discussion
3.1. Structural determination and refinement

The substrate specificity of GST is conferred by the G-site
(where GSH binds) and the H-site (where the hydrophobic sub-
strate binds). The diversity of amino acids at both GST binding sites
is associated with substrate selectivity.

The crystallographic space group is P22,2; with unit cell dimen-
sions of a=75.86 A, b=89.89 A, and c = 182.2 A. The final X-ray dif-
fraction data and structural refinement statistics are presented in
Table 1. The structural refinement against the data up to 2.5 A res-
olution converged to an Ry factor of 20.8% and Rgee factor of
25.6%. The root-mean-square deviations for bond lengths and
angles are 0.009 A and 1.088°, respectively. In Ramachandran plot
95.9% of the residues were located in the most preferred regions,
3.2% in the allowed regions, and 0.9% in the outlier regions.

3.2. Crystal structure of bmGSTO

The crystal structure of bmGSTO was solved using the molecu-
lar replacement method. This B. mori protein shares 40% sequence
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identity with the query model human GSTO1-1 (hGSTO1-1) [PDB
ID: 1EEM]. Secondary structural elements of bmGSTO were defined
using the DSSP program [25]. Each bmGSTO monomer includes 10
a-helices as follows: a1 (residues 39-50), o2 (residues 69-72), o3
(residues 92-102), a4 (residues 113-124), o5 (residues 127-138),
o6 (residues 145-165), o7 (residues 177-189), a8 (residues 206-
216), o9 (residues 219-222) and 10 (residues 228-238). The loca-
tions of the four B-strands are as follows: p1 (residues 30-34), p2
(residues 55-60), B3 (residues 80-84) and B4 (residues 87-90)
(Fig. 1). Its globular shape is similar to other Omega-class GSTs
[26-28]. The structure can be divided into two major domains.
The N-terminal thioredoxin-like domain comprises four B-strands
and 2o-helices, whereas the other a-helices are located in the
C-terminal domain. The N-terminal domain resembles the typical
BpapaB motif of a thioredoxin fold and has a unique extension of
unknown function (Fig. 1) compared with other cytosolic GSTs.

The bmGSTO amino acid sequence is 40% and 36%, and 30%
identical to those of hGSTO1-1 and human GSTO2-2 (hGST02-2)
(PDB ID: 3Q18), respectively. We found that the secondary struc-
tures of bmGSTO and hGSTO1-1 and hGSTO2-2 are highly con-
served (data not shown). According to the B. mori draft genome
sequence, there are at least four Omega-class GSTs. For one of
the B. mori isozymes (bmGSTO3-3)[26], the crystal structure was
analyzed (PDB ID: 3RBT). The bmGSTO amino acid sequence is
30% identity to that of bmGSTO3-3. The structural comparison
with bmGSTO3-3 reveals that one helix (from 183 to 216) is spe-
cific to bmGSTO3-3, but it is not present between o7 and a8 of
bmGSTO (Fig. 2).

3.3. Amino acid residues responsible for catalysis

Comparison between bmGSTO and hGSTO1-1 shows a promi-
nent cleft between N-terminal and C-terminal domains (Fig. 1).
The liganded bmGSTO structure shows that GSH is present in the
active site located in the deep cleft between the two domains
(Fig. 1). Each monomer in dimer has one molecule of GSH in the
active site. The active site can be divided into two subsites, the
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G-site and the H-site. The GSH-bmGSTO structure indicates that
GSH is tightly secured in the G-site formed by the residues
Cys38, Pro39, Tyr40, Arg43, Leu62, Lys65, Lys77, Val78, Glu91l
and Ser92 of bmGSTO (Fig. 3); these are superimposed on the cor-
responding residues of hGSTO1-1 as follows: Cys32, Pro33, Phe34,
Arg37, Leu56, Lys59, Leu71, Val72, Glu85 and Ser86.

GSH binds to the G-site with its y-glutamyl region forming
hydrogen bonds with the side chain of Glu91 (Glu85 in hGSTO1-
1), the hydroxyl group, and the main chain of Ser92 (Ser86 in
hGSTO1-1) (Fig. 3). The cysteinyl moiety of GSH forms a mixed
disulfide bond with the side chain of Cys38 (Cys32 in hGSTO1-1)
and forms hydrogen bonds with the Lys77 (Leu71 in hGSTO1-1)
backbone and the side chain of Val78 (Val72 in hGSTO1-1) (Fig. 3).
The glycyl moiety of GSH interacts with the side-chain of Lys65
(Lys59 in hGSTO1-1). Arg37 in hGSTO1-1 forms a salt bridge with
the glycyl moiety of GSH. The equivalent Arg43 in bmGSTO is far
to form the salt bridge (Fig. 3). Our results reveal that GSH tightly
binds to the GSH-binding site (G-site) of bmGSTO. We compared
the structures of bmGSTO with those of the hGSTO2-2 and bmG-
STO3-3 and found that the G-site of hGSTO2-2 is similar (7/9 and
5/9 G-site residues are present in hGSTO2-2 and bmGSTO3-3,
respectively).

Winayanuwattikun and Ketterman [29] proposed that the elec-
tron-sharing network contributes to the catalytic activity of GST
and can be divided into networks called type I and I1 [29]. The type
I networks, exemplified by the GSTs of Delta, Theta, Omega and Tau
classes, contain an acidic amino acid residue at position 64,
whereas the type II networks (GSTs of Alpha, Mu and Pi classes)
have a polar amino acid residue (glutamate) capable of interacting
with the y-glutamyl portion of GSH. Glu91 is conserved in the
sequence of bmGSTO, which resembles a member of the type I net-
work. In bmGSTO, Arg43, Glu91 and Ser92 could participate in the
electron sharing network, which is characteristic of Omega-class
GST type I networks.

The G-site resides in the N-terminal domain of each monomer
(Fig. 3) bind 1 molecule of GSH inside the pocket formed by resi-
dues Cys38, Pro39, Tyr40, Arg43, Leu62, Lys65, Lys77, Val78,

ob5

C-terminal domain

Fig. 1. Tertiary structure of bmGSTO. The o-helices and B-strands are indicated by magenta and blue and labeled with o and B. N-terminal and C-terminal amino acid residues
are indicated N and C. Carbon atoms in GSH are green. Colors of other atoms are as follows: oxygen (red), nitrogen (blue), and sulfur (yellow). N- and C-terminal domains are
indicated by the dashed circles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Tertiary structure superposition of bmGSTO with bmGSTO3-3. The carbon atoms of the amino acid residues of bmGSTO and bmGSTO3-3 are green and yellow,
respectively. The location of a-helix (from 183 to 216) in bmGSTO3-3 is indicated by the dashed circle. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Fig. 3. Amino acid residues near the G-site of bmGSTO. Coloring schemes for GSH are as described in the legend for Fig. 1. The carbon atoms of the amino acid residues of
bmGSTO are pink. Colors of other atoms are as follows: oxygen (red), nitrogen (blue), and sulfur (yellow). Hydrogen bonds are indicated by black dotted lines. The dashed
orange line indicates a mixed disulfide bond. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Glu91 and Ser92 of bmGSTO (Fig. 3). To determine which residues
contribute to the catalytic activity of bmGSTO, five residues were
converted to Ala by using site-directed mutagenesis, and the
resulting mutants were named K65A, K77A, V78A, E91A and
S92A, respectively. SDS-PAGE analysis revealed that each protein

migrated as a single band. The K, values of the bmGSTO mutants
were compared with those of the wild-type enzyme using CDNB
as substrate (Table 2). The most prominent change was the dimin-
ished affinities of E91A and V78A. The bmGSTO exhibited DHA
reductase, GSH peroxidase, and thiol transferase activities. The
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Table 2
Comparison of kinetic data (Ky,) for bmGSTO against various substrates.
wild K65A K77A V78A E91A S92A
CDNB 0.67 (0.06) 0.85 (0.06) 0.39 (0.04) 1.42 (0.12) 4.77 (0.55) 0.31 (0.03)
4-HNE 0.006 (0.001)* NA NA NA NA NA
Thiol transferase 0.15 (0.03)* NA NA NA NA NA
DHA reductase 0.64 (0.08) ® NA NA NA NA NA
GSH peroxidase 0.32 (0.05) ? NA NA NA NA NA

¢ These values were obtained previously (Yamamoto et al., 2010). The value of K, is expressed as the mean (SD) of three independent experiments. K, is expressed as mM.
NA means “undetectable activity”. CDNB, 1-chloro-2,4-dinitrobenzene; 4-HNE, 4-hydroxynonenal; DHA, dehydroascorbate; GSH, glutathione.

Fig. 4. Putative ascorbic acid binding sites. Carbon atoms in bmGSTO are green. Colors of other atoms are as follows: oxygen (red) and nitrogen (blue). Ascorbic acid is shown
in magenta. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

K, values with the substrate 4-HNE, and the thiol transferase, DHA
reductase, and GSH peroxidase activities of all mutants were
significantly low (Table 2).

3.4. Putative substrate-binding sites

The superposition of the backbones of bmGSTO and hGSTO1-1
revealed that both possess an N-terminal domain that includes
the G-site as well as a C-terminal domain that includes the H-site.
Their secondary structures are comparable, particularly at the
G-site. Variations in H-site structures of GSTs are responsible for
their different substrate specificities. The H-site of hGSTO1-1
contains Phe31, Cys32, Pro33, Arg184, Met187, Trp222, Phe225,
Leu226 and Tyr229 [27]. In the sequence of bmGSTO, we found
that 5 residues, Cys38, Pro39, Arg188, Phe234 and Tyr238 corre-
spond to those of hGSTO1-1. The proline following this cysteine,
as Pro39 follows Cys38 of bmGSTO, promotes optimal positioning
of the Cys38 thiol for stabilizing the thiolate form [27]. We found
that bmGSTO included a conserved amino acid residue (Cys38) in
the G-site, which is one of specific features of Omega-GSTs. This
Cys residue, which is essential for catalysis, is absent in another
silkworm Omega-class GST isozyme (bmGSTO3-3). The Cys residue
was replaced by Asn residues in bmGSTO3-3, suggesting that the
bmGSTO3-3 H-site differs. When the H-site of hGSTO2-2 (Phe31,
Cys32, Pro33, Arg184, Tyr188, Phe223, Phe226, Leu227 and
Tyr230) is co-localized with the equivalent site in bmGSTO, we also
found that the five residues corresponded in their positions.

The structure of the hGSTO1-1-C32S mutant with ascorbic acid
(AA) (PDB ID: 3VLN) has been determined [28]. Superposition
between hGSTO1-1-C32S and bmGSTO reveal that the stacking
interaction of AA with Tyr40 could be observed in the structure
of bmGSTO (Fig. 4). Tyr40 of bmGSTO occupies the G-site that
typically binds the y-glutamyl moiety of GSH. AA could contact
the side chain of Lys77, the side-chain hydroxyl of Ser92, and the
backbone carbonyl of Val78 in bmGSTO. The reduction of DHA to
AA is a vital cellular function. AA plays a major role in scavenging
free radicals and specific reactive oxygen species [30]. The results
suggest that bmGSTO functions to regulate the redox balance.
Two isozymes (hGSTO1-1 and hGSTO2-2) with DHA reductase
activity are expressed by human [28]. The structure of a human
GSTO1-1-AA complex has been determined [28]. AA stacks against
a conserved aromatic residue, Phe34 (equivalent to Tyr40 in
bmGSTO). Mutation of Y34 to alanine in hGSTO2-2 eliminates
DHA reductase activity [28].

We determined the tertiary-structure of bmGSTD, bmGSTS and
bmGSTu [11-13]. Comparison of bmGSTO to other B. mori GSTs
showed that their secondary structures, including o-helices and
B-strands, were similar. There is a difference in the number of
o-helices as follows: eight in bmGSTD and bmGSTu, nine in
bmGSTS, and ten in bmGSTO. The identity between bmGSTO and
other B. mori GSTs is 21.8% (bmGSTD), 19.6% (bmGSTS), and
19.0% (bmGSTu). In the GST G-site, certain amino acid residues
are conserved among the silkworm GSTs. The residues that interact
with the y-glutamyl region of GSH, Arg43, Glu91 and Ser92 were
conserved. The cysteinyl moiety of GSH interacts with the con-
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served Val73 and catalytic residue, Cys38, of bmGSTO. The cysteine
residue in the N-terminal region is catalytically essential and is
well conserved in Omega-class GSTs, although bmGSTO3-3 has
Asn the corresponding residue in place of Cys. Serine is a crucial
residue for sigma-class GST activity, and it is replaced by Tyr in
theta-class GSTs [27,28]. The catalytic residue is GST-class specific;
Ser for bmGSTu and bmGSTD, and Tyr for bmGSTS. The Lys65 res-
idue that interacts with the glycyl moiety of GSH is replaced by
Trp39 in bmGSTS, by His52 in bmGSTu and by His53 in bmGSTD.
GIn52 in bmGSTu and GIn51 in bmGSTD, and Trp39 in bmGSTS
also form hydrogen bonds with the glycyl moiety of GSH, whereas
the equivalent residue is not present in bmGSTO. Compared with
the G-sites, the GST H-sites are structurally diverse. Thus, the high-
er-order features among GSTs are similar, whereas the H-sites are
GST-class specific, which likely affects their substrate specificity.

In summary, we describe here the crystal structure of a
bmGSTO and reconstructed its entire architecture by comparing
it with the three-dimensional structure of its human homolog.
By preparing bmGSTO-GSH complexes and generating mutant
enzyme, we identified the amino acid residues involved in
catalysis. We are currently pursuing co-crystallization of bmGSTO
with a suitable inhibitor-GSH conjugate to aid in the rational
design of more effective pesticides.
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