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Hematopoietic prostaglandin (PG) D synthase (H-PGDS) is responsible for the pro-
duction of PGD2 as an allergy or inflammation mediator in mast and Th2 cells. We
determined the X-ray structure of human H-PGDS complexed with an inhibitor, 2-(2′-
benzothiazolyl)-5-styryl-3-(4′-phthalhydrazidyl) tetrazolium chloride (BSPT) at 1.9 Å
resolution in the presence of Mg2+. The styryl group of the inhibitor penetrated to the
bottom of the active site cleft, and the tetrazole ring was stabilized by the stacking
interaction with Trp104, inducing large movement around the α5-helix, which caused
the space group of the complex crystal to change from P21 to P1 upon binding of
BSPT. The phthalhydrazidyl group of BSPT exhibited steric hindrance due to the
cofactor, glutathione (GSH), increasing the IC50 value of BSPT for human H-PGDS
from 36.2 µM to 98.1 µM upon binding of Mg2+, because the Km value of GSH for human
H-PGDS was decreased from 0.60 µM in the presence of EDTA to 0.14 µM in the pres-
ence of Mg2+. We have to avoid steric hindrance of the GSH molecule that was stabi-
lized by intracellular Mg2+ in the mM range in the cytosol for further development of
structure-based anti-allergic drugs.

Key words: anti-allergic drug, hematopoietic prostaglandin D synthase, inhibitor
complex, structure-based drug design, X-ray structure.

Abbreviations: PG, prostaglandin; H-PGDS, hematopoietic prostaglandin D synthase; BSPT, 2-(2′-benzothia-
zolyl)-5-styryl-3-(4′-phthalhydrazidyl) tetrazolium chloride; PGD2, postaglandin D2; GST, glutathione S-trans-
ferase; GSH, glutathione.

In the arachidonate cascade, prostaglandin D2 (PGD2) is
a lipid mediator (1, 2) that functions as an allergy and
inflammation mediator (3, 4), and is produced by mast (3)
and Th2 (5) cells in a variety of human tissues. PGD2 is
formed from PGH2, a common precursor for all PGs and
thromboxanes, by hematopoietic PGD synthase (H-
PGDS) (6, 7) in mast (8) and Th2 (5) cells.

Overproduction of PGD2 exacerbates asthmatic reac-
tions, as shown by an ovalbumin-challenged asthma
model of human lipocalin-type PGDS- or H-PGDS-trans-
genic mice (9). On the other hand, asthmatic reactions
are weak in prostanoid-specific G-protein coupled recep-
tor (DP receptor) gene-knockout mice (4). The DP recep-
tor, specific for PGD2, is constitutively expressed in
human basophils and eosinophils, and is induced in pul-
monary and airway epithelial cells on allergic inflamma-
tion (4). PGD2 also acts as a ligand for an orphan recep-
tor, CRTH2 (10), which is expressed in human Th2 cells,
eosinophils and basophils, and mediates the chemotaxis
of these cells with PGD2. Aerosolized PGD2 increased not

rophages, but also the levels of IL-4 and IL-5 in broncho-
alveolar lavage fluid. It has also been found to accelerate
Th2 type inflammation through induction of macro-
phage-derived chemokine (11). Therefore, the PGD2 pro-
duced by H-PGDS in human mast cells and Th2 cells is
considered to accelerate allergic and inflammatory reac-
tions by stimulating DP and CRTH2 receptors in auto-
crine and paracrine manners, respectively. Thus, human
H-PGDS is a promising target for the design of anti-aller-
gic and anti-inflammatory drugs.

We previously demonstrated that H-PGDS is the first
identified vertebrate homologue of the σ-type of GSH S-
transferase (GST) (12–14), and also reported the 2.3 Å
resolution structure of rat H-PGDS (12). We then deter-
mined the crystal structures of Ca2+- and Mg2+-bound
human H-PGDS with the space group of P21, finding that
recombinant human H-PGDS was activated by Mg2+ with
an EC50 value of 50 mM. The affinity of human H-PGDS
for GSH was increased more than 4-fold in the presence
of Mg2+ (Km = 0.14 mM), compared with in the presence of
EDTA (Km = 0.60 mM) (15). We thus started to determine
the structure of the inhibitor complex of human H-PGDS
to obtain structural information that may be helpful for
the further development of anti-allergic drugs.

The isolation and purification of human H-PGDS were
carried out by the methods reported previously (14, 15).
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H-PGDS activity was measured, up to 40 µM [1-14C]
PGH2, in a solution comprising 0.1 M Tris-HCl (pH 8.0), 2
mM GSH, and 0.1 mg/ml IgG, in the presence of EDTA/
EGTA or Mg2+ with various concentrations of the inhibi-
tor, BSPT (12). Fig. 1b shows the results of inhibition of
the enzymatic activity of human H-PGDS by BSPT. The
IC50 value was determined to be 36.2 µM in the presence
of EDTA, however, it was 98.1 µM in the presence of
Mg2+.

Complex crystals of human H-PGDS with BSPT were
obtained by a soaking method involving native crystals
obtained as previously reported (14, 15). Namely, crystals
of H-PGDS were first grown by the hanging-drop vapor-
diffusion method with PEG6000 as the precipitant at
20°C in the presence of 5 mM Mg2+, and the native crys-
tals were then soaked in the precipitant solution with a
saturating concentration of BSPT for 2 weeks.

The X-ray diffraction data set for the BSPT-bound com-
plex was collected at SPring-8 beam-line 40B2 (Table 1).
The data were integrated and scaled with DENZO and
SCALEPACK (16), and structure analysis was carried
out using the Mg2+-bound native structure as the starting
model with the molecular replacement program of
AMORE (17). Model re-building was performed with O
(18) and TURBO-FRODO (19), and the complex struc-
ture was refined with the CNS program (20): 5% of the
reflections were set aside for Rfree calculations (21).
Ordered water molecules were included by selecting
peaks based on Fobs–Fcalc difference Fourier maps con-
toured at 2.5σ, and 2Fobs–Fcalc maps contoured at 1.2σ.
The quality of the models was assessed by means of Ram-
achandran plots, and analysis of the model geometry was
carried out with PROCHECK (22). The results of data
collection and refinement of the complex structure with
BSPT are summarized in Table 1.

We obtained triclinic P1 crystals of human H-PGDS in
the presence of Mg2+ and BSPT at pH 8.4, and deter-
mined the structure at 1.9 Å resolution. The complex
crystals contained 2 dimer molecules, Mol-A and Mol-D,
and Mol-C and Mol-B, in an asymmetric unit with a P1
lattice like the Mg2+-bound native crystals; however, the
packing structure was different from that of the Mg2+-
bound native form (Fig. 2a). In particular, the local two-

fold axis of the second dimer, Mol-B and Mol-C, in the
complex crystal was different from that in the native one
by 169 degrees. Mol-A and Mol-B on the outside and Mol-
C and Mol-D on the inside of the asymmetric unit showed
small averaged root mean square (r.m.s.) deviations of
0.13 Å and 0.05 Å, respectively, for all the Cα carbon
atoms. On the other hand, the r.m.s. deviations for super-
imposing of other combinations were calculated to range
from 0.41 to 0.42 Å.

Fig. 1. The structure of 2-(2′-benzothiazolyl)-5-styryl-3-(4′-
phthalhydrazidyl) tetrazolium chloride (BSPT) (a), and inhi-
bition of PGDS activity as a function of the concentration of

BSPT added (b). The concentrations of BSPT up to 100 µM were
examined in the presence of 1 mM EDTA or 2 mM Mg2+.

Table 1. Data collection and refinement statistics for the H-
PGDS complexed with BSPT.

Values in parentheses refer to outermost shells (1.97–1.90 Å).
aRmerge = ΣjΣh|Ih,j – <Ih>| / ΣjΣh <Ih>. bRcryst = Σ ||Fo| – |Fc|| /
Σ|Fo| calculated from 95% of the data, which were used during the
course of the refinement. cRfree = Σ ||Fo| – |Fc|| / Σ|Fo|, calcu-
lated from 5% of the data, which were used during the course of the
refinement.

Data set
Metal ion Mg2+

Space group P1
X-ray source SPring-8 BL40B2
Detector Quantum 4R
Max resolution (Å) 1.9
No. of flames 250
Oscillation angles (deg.) 1.2
Measured/Unique reflections 426,168/67,589
Redundancy 6.3
Cell dimentions (Å, deg.) a = 47.3, b = 49.2, c = 94.5

α = 93.25, β = 89.98, γ = 90.01
Completeness (%) 95.8 (92.7)
Mean <I/sigma-I> 10.5
Rmerge

a (%) 6.3 (25.4)
Refinement statistics

Resolution range (Å) 35.1–1.90
No. of GSH/BSPT 4/4
No. of water/glycerol 1462/6
Rcryst

b (%)/Rfree
c (%) 19.5/21.5

Average B-factor (Å2)
GSH/BSPT 32.6/37.3
Stereochemistry

Favorable/Allowed regions (%) 94.0/6.0
Rmsd bonds (Å)/angles (deg.) 0.008/1.1
J. Biochem.
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The dimer formation of human H-PGDS was essen-
tially the same as those of other GSTs, i.e. rat and human
H-PGDS (12, 15). However, superimposing of the Mg2+-
bound dimer structures of the complex and the native
form revealed that a remarkable structural change had
occurred around the α5-helix in each monomer in the
dimer structure (Fig. 2b). The r.m.s. deviations of the Cα

carbon atoms of Mol-A and Mol-D between the complex
and the native form were 0.42 and 0.58 Å, respectively.
Induced-fitting of the α4- and α5-helices obviously
occurred upon the binding of BSPT in the presence Mg2+,
increasing the distance between the Cα(Gln109) carbon
atoms of Mol-A and Mol-D from 24.3 to 27.0 Å (Fig. 2b).
This movement broke the hydrogen bond between
Tyr122 in Mol-A and His87 in the neighboring molecule,
which had previously been found in Ca2+- or Mg2+-bound
native crystals. This could have been the cause of the
change of the space group from P21 to P1.

The complex structure, consisting of a βαβαββα motif
in the N-terminal domain and four α-helices in the C-ter-
minal domain, was similar to those of the Ca2+- and Mg2+-

bound native structures (15). The inhibitor molecule
BSPT bound in the putative catalytic pockets, which con-
sist of Tyr8, Arg14, Trp104, Lys112, Tyr152, Cys156, and
Lys198 (Fig. 3a). Previously, the active site pockets of H-
PGDS were defined by Kanaoka et al. (12), Trp104,
Met11, Ala105, Leu199 and GSH forming Pocket 1, in
which the tetrazole ring of BSPT is located and in a
stacking interaction with Trp104 (Fig. 3b). The distance
between the indole and tetrazole rings was determined to
be 3.65 Å in the complex structure. Both the benzothia-
zolyl and phthalhydrazidyl groups of BSPT were located
in the pocket, the former being in a van der Waals inter-
action with Met11 and Leu199, and the latter with
Gln36. However, the glycine part of GSH exhibited steric
hindrance due to the phthalhydrazidyl group of BSPT,
being 1.7 Å apart from the inhibitor (Fig. 3a). Along with
movement of the glycine part of GSH, Gln36 and Trp39
residues exhibited conformational changes, resulting the
structural changes in the N-terminal domain of H-PGDS.
Gly13, Arg14, Met99 and Tyr152 formed Pocket 2, in
which the styryl group of the inhibitor penetrated to the

Fig. 2. The packing structure (a), and the dimer
complex structures superimposed on the native
structure (b). Two dimer molecules, Mol-A (cyan) and
Mol-D (green), and Mol-C (yellow) and Mol-B (orange),
exist in the asymmetric unit of the P1 form of the com-
plex crystal; the dimer consisting of Mol-A and Mol-D is
superimposed on the native structure of the asymmetric
unit of the P21 form (gray), showing that the second
dimer molecule consisting of Mol-B and Mol-C is differ-
ently packed from that of the native form. The box shows
the unit cell of the P21 form in the native crystal at dou-
ble size compared with the complex crystal, and the
arrow shows the local 2-fold axis of the second dimer mol-
ecule; arrows in blue and black represent the native and
complex molecules, respectively (a). The magenta ball
shows Mg2+ bound at the dimer interface surrounded by
six aspartates consisting of Asp93, Asp96 and Asp97
from each molecule; and the space-filling model shows
the inhibitor bound at the active site. The inhibitor
induces large movement of the α5-helices in the dimer
molecules (red arrow).
Vol. 135, No. 3, 2004
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bottom of the pocket. The Arg14 residue was 1.85 Å apart
from the styryl group of the inhibitor. It was previously
proposed that Pocket 3 contained the conserved Lys107,
Gln109, Lys112 and Lys198 residues that recognize the
α-chain of the substrate PGH2, however, there is no inter-
action with BSPT in Pocket 3. Although the electron den-
sities for both the GSH and BSPT molecules were
obtained for all four molecules in the complex (Fig. 3c),
the corresponding densities for both the benzothiazolyl
and phthalhydrazidyl rings were poor due to there being
no hydrogen bond with the main or side chains, allowing
free rotation of these functional groups. Free rotation of
these functional groups of BSPT may inhibit the binding
of GSH. The affinity of GSH for the enzyme was
increased by more than 4-fold upon binding of Mg2+. This
may be the reason why the IC50 value of BSPT increased
from 36.2 to 98.1 mM in the presence of Mg2+.

The further development of anti-inflammatory or anti-
allergic inhibitors should be performed without steric
hindrance by GSH, since H-PGDS is activated by intrac-

ellular Mg2+ in the mM order in the cytosol in our Th2
and mast cells.

The atomic coordinates and structure factors (code
1V40) have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ.
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Fig. 3. The complex structure (green) superimposed on the
native form (gray) viewed from the dimer interface (a),
details of the mode of binding of BSPT in the active site
cleft (b), and the structure with an electron density map
(c). When BSPT bound to the active site cleft, the styryl and
phthalimido groups exhibited steric hindrance due to Arg14 and
the glycine part of GSH, respectively. The red circle shows the sig-
nificant movement of the residues upon binding of BSPT (a). The
electron density map around the inhibitor BSPT was calculated
with a coefficient of (2Fo–Fc) at 1.0 σ-level in the active site of the
Mg2+-bound complex.
J. Biochem.
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