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Prostaglandin E synthase (PGES) catalyzes the isomerization of PGH, to PGE,. We previously reported the
identification and structural characterization of Bombyx mori PGES (bmPGES), which belongs to Sigma-
class glutathione transferase. Here, we extend these studies by determining the structure of bmPGES
in complex with glutathione sulfonic acid (GTS) at a resolution of 1.37 A using X-ray crystallography.
GTS localized to the glutathione-binding site. We found that electron-sharing network of bmPGES
includes Asn95, Asp96, and Arg98. Site-directed mutagenesis of these residues to create mutant forms
of bmPGES mutants indicate that they contribute to catalytic activity. These results are, to our knowledge,
the first to reveal the presence of an electron-sharing network in bmPGES.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Prostaglandins (PGs) are synthesized from arachidonic acid and
influence a variety of physiological and pathological processes in
mammalians. There are a number of prostaglandin isomers such
as PGH,, PGD,, and PGE; [1-3]. PGH, is an intermediate and is con-
verted by prostaglandin E synthase [PGES, EC 5.3.99.3] to a metab-
olite, PGE,. PGES’s of mammals are homologs of Sigma-class
glutathione transferases [4,5].

The PGES of Bomyx mori (bmPGES) is a member of the Sigma-
class of glutathione transferases [GSTs, EC 2.5.1.18] [6] that are
ubiquitously expressed and function to detoxify diverse xenobiot-
ics and endogenous substances by conjugating them to reduced
glutathione (GSH) [7,8]. Multiple classes of GSTs, including Alpha,
Mu, Pi, Omega, Sigma, Theta, and Zeta in mammals, are defined
according to differences in amino acid sequences [9]. Moreover,
Delta, Epsilon, Omega, Sigma, Theta, and Zeta classes have been
identified in dipteran insects such as Anopheles gambiae and

Abbreviations: GSH, glutathione; GST, glutathione transferase; GSTS, Sigma-
class GST; GTS, glutathione sulfonic acid; PG, prostaglandin; PGDS, prostaglandin D
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Drosophila melanogaster [10]. Because the silkworm is a model
animal for studying lepidopteran insects [11,12], which include a
number of agricultural pests, comprehensive study of silkworm
GSTs will be indispensable for devising strategies for their control.

GST catalyzes a major step in the xenobiotic detoxification
pathway. Insect GSTs are of particular interest given their role in
insecticide metabolism [13,14]. The silkworm Bombyx mori pro-
duces Sigma, Omega, Zeta, Delta-class, and unclassified GSTs of
[15-20]. Recently, the three-dimensional structures of the Sigma,
Omega, Delta-class and unclassified B. mori GST were determined
[6,21-23]. There are similarities between the structures of bmPGES
and prostaglandin D synthase [6]. Because we found that bmPGES
converts prostaglandin H, into its E; form, we were interested in
determining the active sites in bmPGES to better understand the
structural basis for this activity. Here we report the high resolution
(1.37 A) crystal structure of bmPGES complexed with glutathione
sulfonic acid (GTS). Identifying the amino acid residues involved
in catalytic function should provide insights into mechanism of
prostaglandin E synthase activity, and may facilitate the develop-
ment of more effective and safe insecticides.

2. Materials and methods
2.1. Protein crystallization and analysis

Recombinant bmPGES was purified according to published
methods [6,16,17] that employ ammonium sulfate fractionation,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.10.001&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.10.001
mailto:yamamok@agr.kyushu-u.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2013.10.001
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

K. Yamamoto et al./Biochemical and Biophysical Research Communications 440 (2013) 762-767

ion-exchange chromatography, gel filtration chromatography. The
purified enzyme was concentrated using a centrifugal filter (EMD
Millipore, Billerica, MA, USA) to approximately 10 mg/ml in
20 mM Tris-HCI buffer, pH 8.5, containing 0.2 M NaCl. Crystalliza-
tion was performed using the sitting-drop vapor diffusion method
at 20 °C using Crystal Screen Kits (Hampton Research, Aliso Viejo,
CA, USA) as reservoir solutions. Each drop was formed by mixing
an equal (0.2 pl) or two-fold greater volume (0.2:0.4 pl) of protein
and reservoir solutions, respectively. Crystals suitable for X-ray
analysis were grown for 2 month in 0.1 M HEPES, pH 7.5, 30%
PEG400 (w/v), and 20% 1,2-propanediol (v/v), and were then
soaked in the same reservoir solution containing 10 mM GTS
before analysis. X-ray diffraction data were acquired from analysis
of cryo-cooled crystals using synchrotron radiation at beamlines
BL-5A at the Photon Factory (The High Energy Accelerator Research
Organization, Tsukuba, Japan) and BL44XU in the SPring-8 (Japan
Synchrotron Radiation Research Institute (JASRI), Hyogo, Japan)
under cryogenic conditions. Crystals were scooped with a nylon
loop and frozen in liquid nitrogen. The diffraction data were
collected from a single crystal at 90 °K in a stream of nitrogen
gas and were processed using DENZO and SCALEPACK algorithms
as implemented in HKL-2000 software package [24].

2.2. Determination of structure

The molecular replacement method was conducted using MOL-
REP software [25] and the apo-form of bmGSTS1 (PDB ID: 3VPT [6])
as a search model. The structures of bmPGES complexed with GTS
were refined using PHENIX [26] to analyze data from 50.5 to 1.37 A.
Model rebuilding was performed using Coot [27]. The stereochem-
ical quality of the final model was assessed using MolProbity [28].
The results of data collection and refinement statistics are summa-
rized in Table 1. Figures were prepared using PyMOL (http://
pymol.sourceforge.net).

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

2.3. Enzyme assays

Final bmPGES preparations were subjected to SDS-PAGE analy-
sis using a 15% polyacrylamide slab gel containing 0.1% SDS [29]
followed by visualization with Coomassie Brilliant Blue R250.
Protein concentration was measured using a Protein Assay Kit
(Bio-Rad Laboratories, Hercules, CA, USA) with bovine serum albu-
min as a standard. PGES activity was measured using 10 uM
["C]PGH, as substrate in a solution (50 ul) containing 100 mM
Tris—-HCl, pH 8.0, 1 mM GSH, and 0.1 mg/ml IgG [30]. After incuba-
tion at 25°C for 0.5 min, 300 ul of stop solution (diethylether:
methanol: 1 M citric acid = 30:4:1 (by volume)) was added to the
reaction mixture, and the organic phase containing fatty acids
was dehydrated by adding Na,SO, powder. The products were
separated using thin layer chromatography at —20 °C with a dieth-
ylether: methanol: acetic acid = 90:2:1 (v/v/v) mobile phase. The
conversion rate of “C-labeled substrate to '“C-labeled products
was calculated using a radioimaging plate system (Fujifilm, Tokyo,
Japan). GST activity using 1-chloro-2,4-dinitrobenzene (CDNB) and
GSH levels were measured spectrophotometrically [6]. 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 (¢340 = 9600 M~! cm™!) of the product 2,4-
dinitrophenyl-glutathione.
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Table 1
Data collection and refinement statistics.
Parameter bmPGES-GTS
Space group P6522

a=b=574,c=209.7

a=4=90,7=120

Photon factory BL-5A
1.0

50.5-1.37 (3.69-1.36)

904,421

44,634 (1738)

20.3 (14.7)

5.6 (40.4)

34.4 (4.8)

98.6 (100.0)

27.7-1.37

71,808/3615
15.6/18.2

0.013/1.6

18.2/3259
24.0/76
30.0/278

97.5
2.0
0.5

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

" Values in parentheses indicate the highest-resolution shell.

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

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

¢ Small molecules include GTS, and polyethylene glycol.

2.4. Site-directed mutagenesis

Site-directed mutagenesis of a plasmid containing the coding
sequences of wild-type bmPGES was performed using the Quick-
Change Site-Directed Mutagenesis Kit (Agilent Technologies, Wil-
mington, DE, USA) according to the manufacturer’s recommenda-
tions. The nucleotide sequence of the full-length mutant cDNA
was determined.

3. Results and discussion
3.1. Structural determination and refinement

The bmPGES monomer comprises N-terminal and C-terminal
domains [6]. The N-terminal domain contains the GSH-binding site
(G-site), and the C-terminal domain contains the binding site for
hydrophobic substrate and PGH, (H-site). The diversity at the
G- and the H-sites of GST determines substrate selectivity [13,14].

In the present study, we determined the tertiary structure of
bmPGES at high resolution (1.37 A). The crystallographic space
group is P6s22 with unit cell dimensions of a=b=57.4A, and
€=209.7 A. The final X-ray diffraction data and structural refine-
ment statistics are presented in Table 1. Values of Ry =15.6%
and Ry = 18.2% were determined for the refined model with reso-
lutions between 50.5 A and 1.37 A. Root-mean-square deviations
for bond lengths and angles were 0.013 A and 1.6°, respectively.
Ramachandran analysis showed that 97.5% of the dihedral angles
were present in the most preferred regions, 2.0% in the allowed re-
gions, and 0.5% in the outlier regions.
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3.2. Amino acid residues involved in GTS-binding

Comparison of unliganded and liganded bmPGES structures did
not reveal detectable changes in the main and side chains of bmP-
GES (Fig. 1). Analysis using Superpose [31] shows structural simi-
larity between apo-bmPGES and GTS-bmPGES with a root-mean-
square deviation of 0.885 A/203 residues (all residues), whereas
that between apo-bmPGES and GSH-bmPGES was 0.445 A/195 res-
idues (all residues) [6]. The deviation between Co carbons between
of apo-bmPGES and GTS-bmPGES was 0.349 A/203 residues, sug-
gesting that ligand binding did not significantly affect the three-
dimensional fold. GTS bound to the G-site was located in the deep
cleft between the two domains (Fig. 1). One molecule of GTS bound
the active site of each bmPGES monomer (Fig. 1).

The GTS-bmPGES structure indicates that the GTS formed
hydrogen bonds with residues Tyr8, Trp39, Lys43, GIn50, Met51,
GIn63, and Ser64 (Fig. 1). GSH bound to six of seven residues
(Tyr8, Trp39, Lys43, GIn50, Met51, and Ser64) [6]. We identified
a residue, GIn63, which interacts with the y-glutamyl region of
GTS forming hydrogen bonds with a water molecule. GTS interacts
with its y-glutamyl moiety to form hydrogen bonds with the side
chains of GIn63, the hydroxyl group, and the main chain of Ser64
(Fig. 1). The cysteinyl moiety of GTS forms hydrogen bonds with
the main chain of Met51 and the hydroxyl group of Tyr8 (Fig. 1).
The glycyl moiety of GTS that interacts with the side chain of
Lys43 contacts the side chain of Trp39 (Fig. 1).

3.3. Residues that contribute to the electron-sharing network

An electron-sharing network is essential for glutathione
ionization in reactions catalyzed by GSTs [32]. In Anopheles dirus
glutathione transferase D3-3, the configuration of the glutamyl
a-carboxylate group of glutathione, together with the G-site resi-
dues Ser-65, Arg-66, Asp-100, Thr-158, and Thr-162 comprise a
possible an electron-sharing network that distributes the charge
of either a proton or an electron. Electrostatic interaction between

Lys43

/294

Ser64

Tyr8

Fig. 1. Amino acid residues near the GSH binding site of bmPGES. Carbon atoms in
bmPGES and GTS are green and magenta, respectively. Colors of other atoms are as
follows: oxygen (red), nitrogen (blue), and sulfur (yellow). Hydrogen bonds are
indicated by black dotted lines. The dotted lines within the orange circle indicate
hydrogen bonds formed with a water molecule (orange star). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

the GSH glutamyl and carboxylic Glu64 as well as with Arg66 and
Asp100 extends the electron-sharing motif identified previously
[32]. This network comprises a functionally conserved motif and
can be divided into types I and II [32].

The type I electron-sharing networks exemplified by the GSTs of
delta, theta, omega and tau classes contain an acidic amino acid
residue at position 64, whereas the type Il networks (GSTs of alpha,
mu, pi and sigma classes) include a polar amino acid residue (Glu)
capable of interacting with the y-glutamyl moiety of GSH. GIn63 is
conserved in the sequence of bmPGES, which resembles a member
of the type II network and interacts with the y-glutamyl moiety of
GTS through hydrogen bond formation with a water molecule.
Further, bmPGES-Asp97 may participate in an ionic interaction
characteristic of type Il networks.

A stereo view of the electron-sharing type II network of GST
(human Pi hGSTP1-1) [32] shows that the type Il network contains
Arg13, GIn64, Ser65, Glu97, Asp98, and Cys101 in human Pi
hGSTP1-1, which superimpose upon Leul4, GIn63, Ser64, Asn96,
Asp97, and Arg99 in bmPGES. Analysis of the high-resolution
structure of bmPGES, reveals Asn96, Asp97, and Arg99 as putative
electron-sharing network residues (Fig. 2). To determine the resi-
dues that contribute to catalytic activity via the electron-sharing
network in bmPGES, three residues were each converted to Ala
using site-directed mutagenesis to create the mutants designated
N96A, D97A, and R99A. Proteins purified from Escherichia coli mi-
grated as a single band upon SDS-PAGE. The specific activities of
the bmPGES mutants were compared with those of the wild-type
enzyme using PGH, (Fig. 4A) and 1-chloro-2,4-dinitrobenzene
(CDNB) (Fig. 4B). Compared with wild-type, the specific activities
of all mutant proteins for PGH, and CDNB were significantly re-
duced. In a previous study, Ala substitutions for Leu14, GIn63,
and Ser64 of bmPGES exhibited reduced PGES and GST activities
[6]. The mutations disrupted the electron distribution network
and may have caused the loss from the network of several stabiliz-
ing hydrogen bonds. Our present results suggest that these resi-
dues form an electron-sharing network for the distribution of a
charge requiring either a proton or an electron. Similar results
were obtained for Pi-class GSTs in that mutations of amino acid
residues forming electron-sharing network altered catalysis [33].
The replacement of Argl15, which is a structural component of
the electron-sharing network in the human alpha-class GST
(hGSTA1-1), caused a significant reduction in specific activity [34].

Other crystal structures for Sigma-class GST from fruit fly (PDB
ID: 1MOU), squid (2GSQ), and human (3EE2) were used to compare
electron-sharing networks. Fruit fly GST possesses identical amino
acid residues, whereas three of six residues are conserved in squid
GST (Arg13, GIn62, Ser63, GIn95, Asp96, and Asn99) and in human
GST (Arg14, GIn63, Ser63, Asp96, Asp97, and Ser100). GIn63, Ser64,
and Asp97 of bmPGES were identical in other Sigma-class GSTs.
The side chain of GIn63 interacts directly with the y-glutamyl
moiety of GSH (Fig. 1) similar to those of the electron-sharing type
Il networks of Alpha, Mu, Pi and Sigma-class GSTs.

3.4. Putative substrate binding sites

The active site of prostaglandin D synthase (H-PGDS) expressed
by hematopoietic cells comprises three pockets (Pockets 1, 2 and 3)
[5,35]. In human H-PGDS, Met11, Trp104, Ala105, Leu199, and GSH
form Pocket 1, Gly13, Arg14, Met99, and Tyr152 form Pocket 2, and
Lys107, GIn109, Lys112, and Lys198 form Pocket 3. The superposi-
tion of the backbones of bmPGES and human H-PGDS reveal that
bmPGES possesses the three pockets. We found that 11 residues,
including Pocket 1 (Val10, Tyr106, and Leu203), Pocket 2 (Ala12,
Leul3, Arg98, and Val154), and Pocket 3 (Lys108, Glul10,
Lys113, and Glu202) of bmPGES correspond to those of human
H-PGDS. The structure of human HPGDS complexed with its
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Leul4

GTS

GIn63

Arg99

Asn96

Ser64

Fig. 2. Superimposed structures of bmPGES and hGSTP1-1 showing amino acid residues of the electron-sharing network. The coloring schemes for bmPGES and GSH are as
described in the legend of Fig. 1. The carbon atoms of the amino acid residues of hGSTP1-1 are cyan, except for the regions of oxygen (red), nitrogen (blue), and sulfur (yellow).
Symbols of amino acid residues for bmPGES and hGSTP1-1 are shown in green and cyan, respectively. (For interpretation of the references to colour in this figure legend, the

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

Vall55
Met159

Leul4

Tyr8

Glu203

WA

Lys114
Tyr107

Fig. 3. Putative BSPT-binding site. Carbon atoms in bmPGES and H-PGDS are green and cyan, respectively. BSPT is shown in magenta. Oxygen, nitrogen, and sulfur atoms are
red, blue, and yellow, respectively. Symbols of amino acid residues of bmPGES and hGSTP1-1 are green and cyan, respectively. (For interpretation of the references to colour in

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

inhibitor ~ 2-(2’-benzothiazolyl)-5-styryl-3-(4’-phthalhydrazidyl)
tetrazolium chloride (BSPT) (PDB ID: 1V40) has been determined
[35]. BSPT interacts with amino acid residues Tyr8, Argl4,
Trp104, Lys112, Tyr152, Cys156, and Lys198 [35]. Superposition
of human HPGDS with bmPGES reveals that the equivalent bmP-
GES residues are Tyr8, Leul4, Tyr107, Lys114, Val155, Met159,
Glu203 (Fig. 3). The Lys113 residue of bmPGES is located 10.19 A
from the inhibitor. The stacking interaction of BSPT with Tyr106

was observed in the structure of bmPGES (Fig. 3). Tyr106 of bmP-
GES (Tyr104 in human HPGDS) occupies Pocket 1. The structures of
HPGDS complexed with inhibitors such as 4-benzhydryloxy-1-[3-
(1H-tetrazol-5-yl)-propyl]-piperidine, cibacron blue and 1-amino-
4-(4-aminosulfonyl) phenyl-anthraquinone-2-sulphonic acid were
determined [35,36]. Superposition of bmPGES with these struc-
tures show that they are located within the active site pockets of
bmPGES (data not shown). Four residues (Tyr107, Cys110,
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Fig. 4. Specific activities of bmPGES mutants in reactions with PGH, (A) and CDNB (B). The activities of wild-type (WT) and mutants (N96A, D97A, and R99A) are shown. Data

represent the mean values of three independent experiments.

Phe112, and Cys113) were proposed to reside in the active site of
microsomal PGES type 2 [37], although they are not conserved in
the amino acid sequence of bmPGES.

In vertebrates, PGE, controls biological activities such as
smooth muscle dilation and contraction [3], body temperature
[2], and the physiological sleep-wake cycle [1]. In invertebrates,
PGE; signaling is involved in the immune response and oogenesis
[38,39]. Thus, the structure of the inhibitor complex of bmPGES
may be helpful for the further development of novel insecticides
that specifically inhibit PGE, production.

In summary, we describe here the crystal structure of a bmPGES
complexed with GTS at high resolution (1.37 A). By preparing com-
plexes and generating mutant enzymes, we identified the amino
acid residues involved in the type II electron-sharing network with
GSH required for the catalytic activity of bmPGES. The putative
substrate-binding sites were conserved in bmPGES. We are cur-
rently pursuing cocrystallization of bmPGES with a suitable inhib-
itor-GSH conjugate to aid in the rational design of more effective
pesticides.
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