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Glutathione transferases (GSTs) play an important role in the detoxification of insecticides, and as such,
they are a key contributor to enhanced resistance to insecticides. In the housefly (Musca domestica), two
epsilon-class GSTs (MdGST6A and MdGST6B) that share high sequence homology have been identified,
which are believed to be involved in resistance against insecticides. The structural determinants control-
ling the substrate specificity and enzyme activity of MdGST6s are unknown. The aim of this study was to
crystallize and perform structural analysis of the GST isozyme, MdGST6B. The crystal structure of
MdGST6B complexed with reduced glutathione (GSH) was determined at a resolution of 1.8 A. MdGST6B
was found to have a typical GST folding comprised of N-terminal and C-terminal domains. Arg113 and
Phe121 on helix 4 were shown to protrude into the substrate binding pocket, and as a result, the entrance
of the substrate binding pocket was narrower compared to delta- and epsilon-class GSTs from Africa
malaria vector Anopheles gambiae, agGSTd1-6 and agGSTe2, respectively. This substrate pocket narrowing
is partly due to the presence of a m-helix in the middle of helix 4. Among the six residues that donate
hydrogen bonds to GSH, only Arg113 was located in the C-terminal domain. Ala substitution of Arg113
did not have a significant effect on enzyme activity, suggesting that the Arg113 hydrogen bond does
not play a crucial role in catalysis. On the other hand, mutation at Phe108, located just below Arg113
in the binding pocket, reduced the affinity and catalytic activity to both GSH and the electrophilic
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co-substrate, 1-chloro-2,4-dinitrobenzene.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Cytosolic glutathione transferases (GSTs) comprise a large mul-
tifunctional enzyme family found in a wide variety of organisms
from microbes to higher animals. One of the major biological roles
for GSTs is to catalyze the conjugation of electrophilic xenobiotics
to glutathione (GSH), which increases their water solubility and al-
lows them to be more easily excreted [1]. In insects, some mem-
bers of the GST family are believed to be involved in resistance
against insecticides [2].

In the housefly (Musca domestica), GSTs have been divided into
two immunologically distinct classes, class 1 and class II. As
sequence data of GSTs from various insects including Drosophila
melanogaster, Anopheles gambiae, and Anopheles dirus have been
compiled, it has become difficult to assign some GSTs to either
class I or class II. Therefore, the nomenclature system of mamma-
lian GSTs was adopted for insect enzymes, in which GSTs are clas-
sified based on their amino acid sequences. Among the classified
enzymes, delta and epsilon classes are unique to insects [3,4].
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MdGST1, a member of the delta GST class that was cloned for
the first time from the housefly, has been suggested to contribute
to elevated resistance against insecticides [1,2]. Other isozymes of
the delta-class GST, MdGST2-MdGST4, were cloned and character-
ized by Syvanen et al. [5], and MdGST3 was proposed as a candi-
date GST that endows the housefly with insecticide resistance
[5,6]. Furthermore, Wei et al. [7] demonstrated that additional
housefly isozymes (MdGST6A and MdAGST6B) belonging to the
epsilon class function as key enzymes in the detoxification of
insecticides such as methyl parathion and lindane. It was sug-
gested that the detoxification capability of housefly GST against
insecticides is correlated to its catalytic activity with 1,2-di-
chloro-4-nitrobenzene (DCNB) rather than 1-chloro-2,4-dinitro-
benzene (CDNB) [8]. CDNB is known to serve as a good substrate
for both delta and epsilon GSTs from the housefly, but DCNB is
effectively accepted only by the epsilon GST class [7]. Therefore,
elucidation of the structural basis for different substrate recogni-
tion by housefly delta and epsilon GSTs would greatly contribute
to our understanding of the molecular mechanisms involved in
insecticide resistance. While there have been some reports of crys-
tal structure analyses of delta- and epsilon-class GSTs from a vari-
ety of insects, no crystal structures of housefly GSTs have been
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disclosed. In this study, crystallization and structural analysis of
MdGST6B was performed, and the epsilon class GST was demon-
strated to have high activity toward DCNB as well as CDNB.

2. Materials and methods
2.1. Cloning and expression of MdGST6B

MdAGST6B (GenBank accession No., AF147206) was cloned by
RT-PCR using total RNA as a template prepared from the abdomens
of an organophosphorous insecticide-resistant housefly strain, Ya-
chiyo, that was maintained in our laboratory. MdGST6B cDNA was
obtained by reverse transcription using Superscript III (Invitrogen)
with an oligo (dT) primer followed by PCR using Taq DNA polymer-
ase (QIAGEN) with gene specific primers. The amplified DNA was
ligated into the Ndel-HindllII site of pET21a and pET28a (Novagen)
to obtain the enzyme with and without an N-terminal His-tag,
respectively. The resulting plasmids were then transferred into
Escherichia coli, BL21 CodonPlus(DE3)-RIL (Stratagene). Expression
of GST was performed by adding isopropyl-p-D-thiogalactopyrano-
side at a concentration of 1 mM followed by overnight incubation
at 20 °C with vigorous aeration. The cells were pelleted by centri-
fugation (3500g for 5 min) and then re-suspended in 5 mL of a
solution of 10 mM Na,HPO,, 1.8 mM KH,PO,4, 140 mM NacCl, and
2.7 mM KCl (pH 7.3). The cells were disrupted by sonication on
ice (several 20-s pulses at a power setting of 100 W). The soluble
protein fraction was recovered by collecting the supernatant after
centrifugation at 15,000g for 10 min. The wild type GST was loaded
onto a GSTrap FF column (GE Healthcare) equilibrated in 10 mM
Tris-HCl, pH 7.4, and after washing non-specifically bound pro-
teins with the same buffer, GST was eluted with 50 mM Tris-HCl,
pH 8.0, containing 10 mM of reduced glutathione (GSH). The N-ter-
minal His-tagged protein was purified by metal chelation chroma-
tography. The soluble fraction was applied to a HisTrap HP column
(GE Healthcare) charged with Ni?* and equilibrated in 20 mM
phosphate buffer, pH 7.4, containing 0.5 M NaCl and 10 mM imid-
azole. After washing the column with the same buffer containing
0.5 M NaCl and 60 mM imidazole, the GST was eluted by increasing
the concentration of imidazole to 300 mM.

2.2. Site-directed mutagenesis

GST mutants were generated by an inverse-PCR based method
using MdGST6B genes in pET28a (mentioned above) as templates.
The primer sets used for PCR were as follows: F108G,
5'-ggtcagggaggtttacgcaacatta (forward) and 5'-
taagacaccagcttcgaagtacatg (reverse); R113A, 5’-aacattaccgccc-
cattgttcttt (forward) and 5’-ggctaaacctccctgaaataagac (reverse).
The reaction was carried out using PrimeStar Max DNA polymerase
(Takara Bio) with denaturing at 98 °C and annealing and polymer-
ization at 68 °C. The resulting blunt-end DNA fragment was puri-
fied by agarose-gel electrophoresis followed by phosphorylation
and self-ligation using the BKL Kit (Takara Bio). The product was
then transferred into DH5a. After sequence verification, the plas-
mid was introduced into BL21 CodonPlus (DE3)-RIL.

2.3. Enzyme assay

The enzyme activity of GST was measured spectrophotometri-
cally according to the method of Habig et al. [9]. The kinetic param-
eters for CDNB were determined by varying its concentration with
a constant GSH concentration of 1 mM, and the parameters for GSH
were determined by changing the GSH concentration with a con-
stant CDNB concentration of 0.5 mM. The data were fit to the
Michaelis-Menten equation using SimaPlot (SPSS).

2.4. Crystallization and structure determination

For crystallization, 10 mg/ml of the purified MdGST6B (without
the N-His-tag) in 10 mM Tris-HCl (pH 8.0) and 10 mM GSH were
mixed in a 1:1 ratio with a reservoir solution containing 0.1 M
HEPES-NaOH, pH 7.0, and 1.2 M Na citrate. Crystals were prepared
by the hanging drop vapor diffusion method at 20 °C, that grew to
dimensions of 0.3 x 0.2 x 0.2 mm in a couple of days.

Diffraction data for MdGST6B were collected with beamline 5A,
at the Photon Factory. The crystals were quick-soaked in a mixture
of the reservoir solution and 7 M sodium formate in a 1:1 ratio and
flash frozen in a cold stream of nitrogen gas at 100 K. The datasets
were merged and processed with the programs MOSFLM [10] and
SCALA [11], respectively, in the CCP4 suite [12]. The initial struc-
ture of MdGST6B was solved by molecular replacement using the
program MOLREP [13] in the CCP4 suite using the coordinates of
mosquito glutathione transferase (PDB code: 1JLV) as a target
model. Refinements for both structures were carried out first with
the program CNS [14] without using NCS because the electron den-
sity was well defined, and thereafter, with the program REFMAC5
[15] in the CCP4 suite.

3. Results and discussion
3.1. The overall structure of MdGST6B

The structure of MdGST6B (without an N-terminal His-tag) was
refined at 1.8 R/Rgec-factors of 17.8/20.6%. Detailed statistics for
the data collection and refinement are given in Table 1. The atomic
coordinates of TaGlulb were deposited in the Protein Data Bank
under the code 3VWX. The structure of the functional dimer of
MdAGST6B is shown in Fig. 1A and its subunit is shown in Fig. 1B.
MdGST6B adopted the canonical GST fold with two domains con-
nected by a short linker segment (residues 80-89). The N-terminal
domain (residues 1-79) consisted of four B-strands and three

Table 1
Data collection and refinement statistics.
GST6B
PDB ID 3VWX
Data collection
Beamline PF-5A
Wavelength (A) 1.0000
Space group P34
Cell unit (A, °) a=b=87.55,¢c=131.88
Number of subunits per ASU 4

Resolution range (A) 75.81-1.80 (1.90-1.80)

Completeness (%) 98.3 (97.4)

Ijo () 7.5 (2.0)
Redundancy 5.5 (5.4)

Rimerge" 0.065 (0.372)
Number of unique reflections 102983 (14869)
Refinement

Resolution (A)
Number of reflections

65.82-1.80 (1.847 - 1.8)
97850 (7102)

R/Rfrec” 0.164/0.191 (0.229/0.277)
Number of atoms

Protein 6924

Solvent 948

RMSD from ideality

Bond length (A) 0.014

Bond angle (°) 1.370

Average B factor (A2)

Protein 25.76

Solvent 36.88

The numbers in parentheses are given for the highest resolution shells.

? Rmerge = ZhZXi|[i(h) - <I(h)>|ZhZXili(h), where [(h) is the ith measurement.

> A subset of the data (5%) was excluded from the refinement and was used to
calculate Rgee.
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Fig. 1. Tertiary structure of MdGST6B. (A) a ribbon diagram representation of the functional MdGST6B dimer. Each subunit is depicted in cyan or pink. (B) a ribbon diagram
representation of the MAGST6B monomer. The N-terminal and C-terminal domains are drawn in light orange and purple, respectively, and the linker region is drawn in cyan.
(C) the lock and key structure at the subunit interface. Residues participating in the lock and key motif are represented in a sphere. Note that the structure is drawn from the
point of view opposite to A. In A and B, GSH is shown in a stick model with nitrogen, oxygen, and sulfur atoms indicated in blue, red, and yellow, respectively. (For
interpretation of color in Fig. 1, 2 and 4, the reader is referred to the web version of this article.)

a-helices: the central four B-strands were flanked on one side by
two o-helices and on the other side by one helix. This domain
was arranged in the Bopappo motif, and the mixed B-sheet
adopted a —1+2+1 topology. The C-terminal domain was
comprised of a right-handed bundle of four a-helices. Helix 4
was slightly bent in the middle, similar to the other known GSTs.
At the subunit interface, the lock-and-key motif that is required
for stabilization of the dimer was observed (Fig. 1C). This motif is
common for various classes of GST [16]. The residues Asn67,
His69, and Tyr101 in the MdGST6B monomer function as a ‘key’,
and the residues Ala70, Met100, Tyr101, and Ala104 in the other
subunit function as a ‘lock’.

For A. gambiae, 12 delta-class and 8 epsilon-class GST genes
have been identified [17]. Crystals of GSTs from the both classes
have been obtained and their structures have been compared with
each other [18,19]. MdGST6B shares 45% amino acid-sequence
identity with agGSTe2, an epsilon-class GST from A. gambiae that
possesses high detoxification activity toward DDT, and 38% iden-
tity with agGSTd1-6, a delta-class GST from A. gambiae whose con-
tribution to DDT detoxification is considered to be much smaller
than agGSTe2. In Fig. 2A, the structure of MdGST6B was superim-
posed onto those of agGSTe2 and agGST1-6 to compare their struc-
tures. The backbones of the N-terminal domains are almost

identical although there is a slight difference in helix 2. On the
other hand, the structures of the C-terminal domains seem to be
more diverse, especially in helix 4 and helix 8. Disparities in helix
4 and helix 8 were prominent in the latter halves of both helices
(upper sides of helix 4 and helix 8 in Fig. 1B and Fig. 2A) that con-
tain substrate binding pockets. Furthermore, helix 8 of the two
epsilon-class GSTs (MdGST6B and agGSTe2) protruded into the en-
trance of the substrate binding pockets compared to that of the
delta-class GST. When the amino acid sequences were aligned,
the epsilon-class GSTs had longer C-terminal ends than the delta-
class GST (Fig. 3). The C-terminal regions of both epsilon GSTs
did not have a clear secondary structure and extended outward to-
ward solvent (Fig. 2A). The significance of this region is still
unclear.

3.2. The structure around the substrate binding site and effects
of site-directed mutagenesis

In the structure of MdGST6B, the mode of GSH binding at the
substrate binding site was clearly defined. Direct hydrogen bonds
between GSH and the enzyme through Ser12, His53, Val55,
Asp67, Ser68, and Argl113 were detected (Fig. 4A). Among these
six residues, only Argl13 resided in the C-terminal domain
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Fig. 2. Comparison of the structures of MdGST6B with epsilon- and delta-class mosquito GSTs. (A) a stereo view of MdGST6B (purple), agGSTe2 (cyan; PDB ID, 2IMI), and
agGSTd1-6 (yellow; PDB ID, 1PN9). (B) close up views of the substrate binding pockets. Phe120 and Phe121 in MdGST6B and the corresponding residues in agGSTe2a and
agGSTd1-6 are shown in green. Arg113 and Arg112 in MdGST6B and agGSTe2, respectively, are shown in orange. Another subunit is drawn in light gray in each panel. GSH is
shown as a stick model.
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Fig. 3. Sequence alignments of epsilon- and delta-class GSTs from M. domestica and A. gambiae. The MdGST6B sequence is data obtained in the present study. The Ala at
position 70 is replaced by Pro in the sequence in the database (accession number: AF147206). The accession number of MdGST1 is X61302. The sequences of the two
mosquito GSTs are based on the sequences deposited in the PDB database. The secondary structures of MdGST6B are indicated above the alignment: Ser12 (catalytic center),
Phe108, Arg113, Phe120, and Phe121 of MdGST6B are indicated by asterisks.
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Fig. 4. Architecture of the substrate binding site. (A) a stereo view of the GSH binding site of MdGST6B. Residues forming hydrogen bonds with GSH are shown. Nitrogen,
oxygen, and sulfur atoms are depicted in blue, red, and yellow, respectively. Hydrogen bonds are drawn as dashed lines. (B) the interface of the N-terminal and C-terminal
domains of the MdGST6B monomer. The side chains of Ser12 (catalytic center), Phe108, and Arg113 are shown as stick models. C, regional structures of helices 4 of MAGST6B
(pink) and agGSTe2 (cyan). Note that the backbone amino groups of Arg113 and Phe108 donate hydrogen bonds to the backbone carbonyl groups of Phe108 and Glu103,

respectively.

(Fig. 3), which is similar to the case of the mosquito epsilon-class
GST, agGSTe2 [18]. Ser12 is known to be highly conserved among
delta and epsilon GSTs and to have a role in activating the thiol
group of GSH [20]. The oxygen atom in the side chain of Ser12
was located at a distance of 3.06 A from the sulfur atom of GSH.
Furthermore, substitution of this residue with Ala resulted in a loss
of enzymatic activity (data not shown), indicating that this residue
functions at the catalytic center of the enzyme.

The entrance to the substrate binding pockets of the epsilon
GSTs from housefly and mosquito (MdGST6B and agGSTe2, respec-
tively) were narrower than that of the delta-class GST from mos-
quito, agGSTd1-6 (Fig. 2B). Narrowing of the substrate entrance
was mainly effected by residues Arg113, Phe120, and Phe121 of
the epsilon GSTs. In MdGST6B, the side chain of Phe121 blocks
the entrance to a larger extent than in agGSTe2, making it difficult
for substrates to access an appropriate position in the binding
pocket. Therefore, slight conformational changes of these side
chains would be required to accommodate substrates, not only
GSH, but also other co-substrates.

Among the residues in the C-terminal domain of MdGST6B,
Phe108 and Arg113 occupy the space adjacent GSH (Fig. 4B). An

Table 2
Kinetic parameters of MdGST6B.
CDNB GSH?
- (sH
Keat Kn Keat/Km Relative
(s (M) (s7'/uM) efficiency
(%)
Wild type 11.7 6.7 1.73 100 14.0
F108G 0.99 72.8 0.014 0.81 1.13
R113A 8.0 84 0.95 54.9 11.0

@ Catalytic activity toward 3 mM GSH.

ionic bridge interaction and hydrogen bond network (electron-
sharing network) around GSH was proposed to promote formation
of anionic glutathione (GS-) in A. dirus GST [21]. Wang et al. [18]
conjectured that Arg112 in agGSTe2, corresponding to Argl113 of
MdAGST6B (Fig. 3 and Fig. 4C), is involved in an electron-sharing
network that stabilizes the thiolate of GSH. agGSTe2 also possesses
phenylalanine at position 108, a residue believed to be part of the
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putative DDT binding pocket [18], as determined from computer
modeling of a DDT molecule in the pocket. To investigate the role
of Phe108 and Arg113 in MdGST6B, F108G and R113A mutants
were generated and assayed for their activity toward GSH and
CDNB. The N-terminal His-tagged MdGST6B was used for the assay
because of the possibility that mutants could lose affinity for GSH,
which would make the purification process by affinity chromatog-
raphy using glutathione as a ligand impossible, and for conve-
nience in the purification procedure. The activity of MdGST6B
with the N-His-tag toward CDNB (Table 2) was comparable to that
of MdGST6B without the tag (keae: 25.1 57 '; K. 8.8 mM). The mea-
sured kinetic parameters are shown in Table 2. The affinities of
wild-type and mutant MdGST6B toward GSH were too low to
determine K, and k., values precisely. Therefore, the activities
of 3 mM GSH are shown in the table instead of kinetic parameters
for GSH. Surprisingly, no notable changes in the kinetic parameters
toward GSH and CDNB were observed when Arg113 was replaced
by Ala, which suggests the hydrogen bond between Arg113 and
GSH is not crucial for enzymatic activity. On the other hand, substi-
tution of Phe108 with Gly dramatically changed the activity to-
ward both CDNB and GSH. The K, and k.,; values for CONB were
10.9 times higher and 11.8 times lower, respectively, than those
of the wild type enzyme, and the relative efficiency decreased to
0.81% in the mutant. The activity toward GSH (at a concentration
of 3 mM) was 8.1% of that of the wild type. Moreover, the F108G
mutant without an N-terminal His-tag failed to be retained on an
affinity chromatography column using GSH as a ligand (data not
shown), indicating lowered affinity toward GSH. Therefore, hydro-
phobic and aromatic features of Phe108 appear to be necessary for
appropriate arrangement of the functional substrate binding
pocket.

Helix 4 of GST is known to be distorted toward the substrate,
GSH, as mentioned above (Fig. 1B) in part due to the presence of
a 1t-helix in the middle of helix 4. In a “normal” o-helix main chain,
the hydrogen atom of every backbone amino group, n, donates a
hydrogen bond to the backbone carbonyl oxygen of the n—4 amino
acid residue. On the other hand, a mt-helix is defined by main-chain
hydrogen bonds between residues five positions apart in the se-
quence. As shown in Fig. 4C, the m-helix segment was expanded
in MdGST6B compared with agGSTe2. Since m-helices make the
helical secondary structure unstable, they are considered to be lo-
cated at important regions in proteins, such as active sites, through
evolution [22]. This hypothesis appears to be consistent with GST
where the m-helices are located just behind the bound GSH. Both
epsilon-class GSTs from housefly and mosquito have two sequen-
tial phenylalanines at the same position (Phe120 and Phe121) in
the sequence alignment (Fig. 3). However, their actual positions
in the enzymes are not identical because of a sequence shift caused
by different lengths of n-helicies in helix 4 (Fig. 4C). This difference
makes the entrance to the substrate binding site of MdGST6B nar-
rower than that of agGSTe2 (mentioned above).

For identification of structural factors that determine the sub-
strate specificity of housefly GSTs, further analyses including
site-directed mutagenesis and co-crystallization with other sub-
strates such as CDNB and DCNB are required. In addition, informa-
tion about related delta-class GSTs in M. domestica including
MdAGST1 would help to improve the current understanding of the
mechanisms of substrate recognition.
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