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The crystal structures of CsGST in two different space groups revealed that Asp26 and His79 coordinate a
zinc ion. In one space group, His46 of an adjacent molecule participates in the coordination within 2.0 A.
In the other space group, Asp26, His79 and a water molecule coordinate a zinc ion. The CsGST-D26H
structure showed that four histidine residues — His26 and His79 from one molecule and the same resi-
dues from a symmetry-related neighboring molecule - coordinate a zinc ion. The coordinated zinc ions
are located between two molecules and mediate molecular contacts within the crystal.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glutathione S-transferases (GSTs) are well-known enzymes that
play a key role in enzymatic detoxification. They catalyze the
nucleophilic addition of the thiol group of glutathione to a wide
variety of electrophilic endo- and xeno-substrates [1,2]. The gluta-
thione-conjugated substrates are more water-soluble and can be
easily discharged from cells. GSTs are ubiquitously found in wide
range of bio-organisms from mammals to bacteria. Based on their
cellular localization, GSTs can be divided into the following three
subgroups: mitochondrial, microsomal, and cytosolic [3]. Cytosolic
GSTs are classified into several classes on the basis of substrate
specificity, sequence and structural similarity as follows: alpha,
mu, pi, kappa, omega, and theta classes in mammals and sigma,
zeta, beta classes, fungi, plants, insects, and helminths in non-
mammals [4]. The structural and functional characteristics of a
number of GSTs have been well studied. The three-dimensional
structures of GSTs have been determined and revealed that GSTs
exist as homo or hetero-dimers, and each monomer of GSTs is com-
posed of two domains, a smaller N-terminal o/ domain and a lar-
ger C-terminal o.-domain [1,5,6]. The N-terminal domain, in which
GSH is bound, adopts a thioredoxin-like fold that consists of four B-
strands and three a-helices. The C-terminal domain shares all o-
helices and serves as the binding site for a range of substrates
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[5,6]. Although GSTs share this common folding pattern, the struc-
tures of each class have characteristic features, particularly con-
cerning the substrate-binding site.

The crystal structures of some GSTs have been determined from
the helminths Schistosoma japonicum (SjGST), Fasciola hepatica
(FhGST) and Necator americanus (Na-GST) [7-11]. The SjGST and
the FhGST are classified as mu class, but they lack the mu loop be-
tween the B2 strand and o2 helix that is characteristic of mamma-
lian mu class structures. Enzymatic detoxification has been
classified into three distinct phases in mammals. The cytochrome
P-450 system is primarily responsible for phase I and turns xeno-
biotics into epoxide-containing compounds. GSTs play a major role
in phase II detoxification by catalyzing the conjugation of endoge-
nous GSH to the xenobiotics activated by phase I [4]. In helminths,
because cytochrome P-450-dependent detoxification is absent,
GSTs carry out most of the detoxification process [12-14]. Detoxi-
fying enzymes have been considered as potential chemo- and im-
muno-therapeutic targets [15,16]. Inhibitors of SjGST have been
developed as anti-parasite agents [17].

SjGST is widely used as a fusion partner in mammalian and bac-
terial expression systems [18]. It is reported that the human GST
M1-1 and A1-1 isozymes have been altered to induce nickel-bind-
ing affinity by introducing adjacent histidine residues, and a gluta-
mate to histidine mutation of SjGST resulted in increased nickel-
binding affinity [19-21].

In this study, we determined the crystal structures of Clonorchis
sinensis 26 kDa GST (CsGST) in complex with GSH. The structures
are very similar to that of SjGST and harbor a zinc ion in one mono-
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mer. Mutation of Asp26 to histidine alters zinc ion coordination
and crystal packing. The substituted histidines participate in zinc
coordination.

2. Material and methods
2.1. Cloning and site-directed mutagenesis

The coding gene for CsGST was amplified by PCR using the for-
ward primer 5-GTCGAATTCCATGGCTCCCGTATTGGGCTAC-3' and
the reverse primer 5'-AACTCG AGGTTATTTCGGAGGAGCATCGC-
CAC-3' from the template described previously [23,22]. The PCR
products were ligated into pET25b plasmids from which the pelB
leader sequence had been removed and that were treated with
the endonuclease BamHI and Xhol.

In order to mutate CsGST Asp26 to His, the above construct was
modified by site-directed mutagenesis with the forward primer 5’-
CTGGAGTACGTCGGTCATAGTTACGAAGAAC AT-3' and the reverse
primer 5-ATGTTCTTCGTAACTATGACCGACGTACTCCAG-3' using
the QuikChange site-directed mutagenesis kit (Stratagene) follow-
ing the manufacturer’s instructions.

2.2. Protein expression and purification

The Escherichia coli BL21(DE3) expression strain was trans-
formed by the plasmids harboring recombinant CsGST and the
CsGST-D26H mutant gene and cultured at 37 °C in LB media. Pro-
duction of the recombinant protein was induced by adding isopro-
pyl B-p-1-thiogalactopyranoside (IPTG) to the culture medium at
an Agoo of 0.7 to a final concentration of 1 mM, and the cultures
were held at 20 °C overnight. After harvesting by centrifugation,
the cells were resuspended in 20 mM potassium phosphate buffer
pH 7.0 and 5 mM EDTA and lysed by sonication. The supernatants
were loaded onto a GSH affinity column and eluted with 15 mM
GSH [22]. The eluted CsGST and CsGST-D26H mutant were applied

to a Superdex 75 16/60 gel-filtration column (GE Healthcare) pre-
equilibrated with 20 mM potassium phosphate buffer pH 7.0 and
100 mM NaCl. Fractions containing the CsGST and CsGST-D26H
mutant were concentrated to 14 mg/ml for crystallization.

2.3. Crystallization, data collection and structure determination

One native crystal was obtained in the described method [22].
The other crystals and the CsGST-D26H crystals were grown in
0.1 M Tris pH 8.5 solution containing 5mM zinc sulfate and
2.0 M ammonium sulfate. These crystals were soaked in cryopro-
tectant solution containing glycerol at a final concentration of
18% (v/v) and flash cooled in the nitrogen stream at 100 K. X-ray
diffraction data of CsGST and CsGST-D26H were collected using
the ADSC Quantum 315r and Quantum210 CCD detector with syn-
chrotron radiation at Pohang Accelerator Laboratory (PAL) beam-
line 4A and beamline 6C (Pohang, Korea). All data sets were
integrated and scaled using HKL2000 [23] and iMosflm [24]. The
structure of CsGST was calculated by molecular replacement using
MOLREP [25] and SjGST (PDB ID: 1M9A) as the search model. The
initial model was built with COOT [26] and refined with REFMAC5
[27]. A strong peak in the electron density was determined to be a
zinc ion based on the metal ion geometry.

X-ray data collection and refinement statistics are provided in
Table 1. The coordinates of two structures of CsGST and the
CsGST-D26H mutant have been deposited in the RCSB Protein Data
Bank with accession codes 3ISO, 4L5L and 4L50, respectively.

3. Results
3.1. Structural features
CsGST crystals were obtained from solutions containing 0.1 M

MES pH 6.5, 5 mM zinc sulfate, and 10% PEG MME 550 and 0.1 M
Tris pH 8.5, 5 mM zinc sulfate, and 2.0 M ammonium sulfate. The

Table 1
Data collection and refinement statistics.
Native 1 Native 2 D26H
Data collection
Space group P2:2:24 P3,21 P3,21

Unit cell parameters
a, b, c(A)

66.27, 67.45, 120.70

a, B,y (°) 90, 90, 90

Wavelength 1.23985

Resolution (A) 50.0-2.2

Rmerge 0.052 (0.172)*

Completeness (%) 99.0 (98.5)

Redundancy 5.4 (4.4)

No. of unique reflections 28,185

Ijo(I) 19.2
Refinement

Resolution (A) 50.0-2.2

Rwork/Rfree 0]88/0253

No. of atoms

Protein 3524

Ligand 40

lon 26

Water 187

B-factors

Protein 26.66 (A), 38.46 (B)

Ligand 36.89

Ion 41.05 (Zn)
51.33 (MES)

Water 36.157

R.M.S. deviations

Bonds (A) 0.021

Bond angles (°) 2.019

96.39, 96.39, 115.42

98.37, 98.37, 178.50

90, 90, 120 90, 90, 120
1.00000 1.00000
50.0-1.9 59.5-2.09
0.058 (0.130) 0.193 (1.928)
99.9 (100) 100 (99.9)
10.5 (10.2) 5.9 (5.7)
49,367 60,028

20.0 7.2

50.0-1.9 50.5-2.09
0.179/0.226 0.201/0.249
3540 5296

40 60

42 32

253 255

18.61 (A), 16.71 (B)

41.00 (A), 41.88 (B), 35.41 (C)

19.50 4415
22.77 (Zn) 53.19 (Zn)
46.14 (S04) 63.73 (S0.)
24.71 40.19
0.030 0.016
2.187 1.771

2 Values in parentheses refer to the highest-resolution shell.
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crystals grown in MES pH 6.5 belong to the orthorhombic space
group P2,2:2; with unit cell parameters a =66.272, b= 67.455,
€=120.701 A, o = =y =90°. One dimer occupied the non-crystal-
lographic asymmetric unit. The crystals obtained in the Tris pH 8.5
solution belonged to the trigonal P3,21 space group with unit cell
parameters a = b = 96.390, c = 115.428 A, y = 120°. A non-crystallo-
graphic threefold axis generates one dimer per asymmetric unit.
The structures of CsGST from different crystal systems were solved
by molecular replacement (MR) using the program MOLREP [25]
with SjGST (PDB ID: 1M9A) as the search model. The models were
refined in REFMACS5 [27] to an R-factor 18.8%, R-free 25.3% at 2.2 A
in the orthorhombic crystal system, and an R-factor 17.9% and R-
free 22.6% at 1.9 A in the trigonal crystal system (Table 1).

The CsGST structures share high structural similarity to SjGST.
Each monomer of CsGST consists of two domains, the N-terminal
G-domain (1-79) and the C-terminal H-domain (86-217) con-
nected by a short linker. The G-domain adopts an o/ fold in which
the Baf and BPo motifs are linked by an o-helix. The G-domain
shows high structural conservation in the glutathione (GSH) bind-

ing domain. The H-domain contains six helices (86-195) and a long
loop tail (Fig. 1A).

The G-domain of each monomer contacts the H-domain of the
other monomer to form the dimerization interface. Met94, 11e95,
Met132, Trp133 and Phe136 of the H-domain of one monomer
are clustered and make a concave hydrophobic pocket where the
protruding Leu52 of the other monomer forms a hydrophobic
interaction in a knob-and-hole manner (Fig. 1B).

A structural characteristic of GSTs is a cis-proline residue lo-
cated in the N-terminal domain that participates in the interaction
with glutathione, yGlu-Cys-Gly. The cis-proline is conserved in the
G-domain of GST, which has a thioredoxin-like fold and contrib-
utes to conformation stability, substrate recognition, and catalytic
function [5,28]. CsGST has two cis-proline residues, Pro56 and
Pro202. The cis-conformation of Pro202 in the C-terminal long loop
region is characteristic of helminth GSTs. The cis-Pro56 interacts
with the y-glutamyl moiety of GSH through a water-mediated
hydrogen bond. The adjacent two residues, Asn54 and Leu55, inter-
act with the glycyl and cysteinyl moieties of GSH, respectively. An-

Fig. 1. The structural characteristics of CsGST. (A) The two monomers of CsGST form a dimer. Each monomer consists of two domains, the N-terminal and C-terminal domains.
The two GSH substrates (red stick) bind to the N-terminus of each monomer. A zinc ion (magenta sphere) is coordinated in N-terminal domain. Each monomer is shown in
rainbow color. The N- and C-terminal ends are represented as blue and red, respectively. (B) Hydrophobic interaction in the dimerization interface. The Met94, 11e95, Met132,
Trp133 and Phe136 of the C-terminal domain of one monomer are clustered and form a concave hydrophobic pocket. Leu52 (yellow stick) of the N-terminal domain of the
other monomer forms a hydrophobic interaction in a knob-and-hole manner. (C) The GSH binding site. The GSH (green stick) binds to each N-terminal domain. The N-
terminal domain residues Tyr7, Trp8, Trp41, Asn54, Leu55, and Pro56 and Asp101 of the C-terminal domain of the other monomer interact with GSH. Notably, Pro56 (yellow)
adapts a cis conformation that is characteristic of thioredoxin-like fold proteins. (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. The zinc ion coordination. (A) Asp26, His 79 (white) and His46 (cyan) of the adjacent molecule coordinate a zinc ion (magenta) in space group P2;242;. The three
residues are located 2.0 A from the zinc ion. (B) Asp26, His79 (white) and a water molecule (red) coordinate a zinc ion in space group P3,21. (C) Four histidine residues
coordinate a zinc ion. His79, substituted His26 of one monomer (white) and the two histidine residues of a neighbor molecule (cyan) form a tetrahedral arrangement 2.0 A
from the zinc ion (magenta). The electron density around the zinc ion is represented at 1c. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

other characteristic of mu class GSTs is that the catalytic tyrosine
residue in the N-terminal domain stabilizes the thiol group of
GSH by a hydrogen bond [14]. The hydroxyl group of the Tyr7 side
chain is located 3.2 A away from the thiol group of GSH and forms a
hydrogen bond. Two Trp residues, Trp8 and Trp41, are located
close to Tyr7 and participate in the interaction through the m?
nitrogen atom of the side chain with the cysteinyl carboxyl group
and glycine of GSH, respectively. The carboxyl group of Asp101 of
the opposite subunit forms a salt bridge with the amino group of
the GSH vy-glutamyl (Fig. 1C).

3.2. Zinc coordination

Even though the two crystallization conditions of CsGST are dif-
ferent in pH and precipitant, a small amount of zinc ion was in-
cluded in the both solutions. The zinc ion is essential for the
crystallization of CsGST.

In the orthorhombic P2,2,2, crystal system, a zinc ion is coor-
dinated by three residues, Asp26, His46 and His79. Asp26 and
His79 are in one monomer of the homo-dimeric GST and the other,
His46, comes from a neighbor molecule in crystal packing (Fig. 2A).
All three residues are located 2.0 A from the zinc atom. Asp26 051,
His79 Ne2 and His46 Ne2 compose the triangular geometry of the
zinc coordination (Fig. 2A). Each subunit of the dimer contains two
zinc-binding regions - one is Asp26 and His79, and the other is
His46. Each binding region contacts two different molecules
through the zinc ion coordination (Fig. 3A). This results in the mol-
ecules being arranged in a 2, screw at three axes.

In the trigonal P3,21 crystal system, a zinc ion is coordinated by
Asp26, His79 and a water molecule (Fig. 2B). Instead of the histi-
dine residue from a symmetry-related molecule, the water mole-
cule coordinates the zinc ion at 2.1 A (Fig. 2B). The coordinated
zinc ions do not influence the crystal packing (Fig. 3B).

The zinc ion is a divalent metal cation found abundantly in pro-
tein structures. Most zinc ions are coordinated by four residues,
either all cysteines or three cysteines and one histidine as electron
donors. In other cases, zinc is often coordinated by coordination
number (CN) three, in which case the most frequent atoms are
the N atom of imidazole, O atom of carboxyl and water. The mean
distances between the zinc and coordinating atoms are 2.07 A for
the imidazole N atom, 2.11 A for the carboxyl O atom, 2.33 A for
the cysteinyl S atom and 2.18 A for water [29].

The zinc ion coordination in CsGST adopts typical CN3
characteristics.

3.3. Mutation of Asp to His

CsGST coordinates the zinc ion in two different combinations,
His-Asp-His and His-Asp-water. Although particular amino acids
- Cys, His, Glu and Asp - are incorporated in zinc coordination,
there are three times more His involved than Asp [29]. To enhance
the contribution of the more frequently utilized amino acid, CsGST
Asp26 was mutated to histidine. CsGST-D26H was crystallized in
the same conditions that yielded a native crystal in the space group
P3,21, but the space group changed to P3;21 (Table 1). The packing

Fig. 3. The molecular arrangement in crystal packing. The three crystal structures contain different crystal systems - P2,2,21, P3,21 and P3;21. All protein molecules contact
adjacent molecules due to crystal packing. In the P2;272; (A) and P3;21 (C) system, the zinc ions (magenta) contact neighbor molecules by coordination. However, the
coordinated zinc ions do not participate in molecular contact in the P3,21 system (B). All C-terminal ends are exposed to solvent and indicated by an arrowhead. The zinc
coordination regions represented in Fig. 2 are indicated as black squares. (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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orientation of CsGST-D26H against the trigonal screw axis in unit
cell changed to the opposite direction to that of space group P3,21.
Except for the zinc coordination, the mutant structure is quite
similar to the native one. Instead of the water molecule coordina-
tion seen in the native crystal, the substituted His26 and His79 of a
neighbor molecule in crystal packing participate in the coordina-
tion of a zinc ion (Fig. 2C). The four histidineresidues coordinate
a zinc ion in a tetrahedral arrangement. Tetrahedral geometry is
found dominantly in examples of zinc coordination in protein
structures due to the equilibrium between the attractive electro-
static metal-ligand forces and the repulsion of the bound residues
[30]. The mutation of Asp26 to histidine changed the zinc coordi-
nation to the most frequent CN and geometry. One zinc ion con-
nects two distinguishable dimers through coordination by
subunits of each dimer in the molecular contact region (Fig. 3C).

4. Discussion

It appears that the zinc ion is necessary for the crystallization of
native and mutant CsGST. We could not generate good orthorhom-
bic crystals of CsGST or CsGST-D26H in the absence of zinc ions.
Interestingly, the zinc ions in the orthorhombic system and the
D26H mutant are located at a molecular contact interface
(Fig. 3A and C). The zinc coordination may induce a reduction in
the distance between two molecules of CsGST and facilitate the
hand-in-hand arrangement of the molecules in a crystalline state.
Although the zinc ions are not in the molecular contact region of
the trigonal system (Fig. 3B), the crystal quality improved in the
presence of zinc ions. Some ugly crystals of the trigonal system be-
came suitable for diffraction after the addition of a small amount of
zinc ion. When Glu26 of SjGST, which corresponds to Asp26 of
CsGST, was mutated to histidine, the nickel ion-binding affinity in-
creased [21]. These data suggested that the harmony of the His79
and the substituted His26 is a putative metal binding site.

Three types of crystals were formed in different crystal systems.
Regardless of the crystal system, all the C-terminal ends are ex-
posed to solvent (Fig. 3). These results reflect that CsGST and
CsGST-D26H mutant crystals have enough solvent space to be use-
ful in fused peptides. We therefore propose that CsGST and CsGST-
D26H could be useful as crystallization carrier proteins in the pres-
ence of zinc ion.
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