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Protein Data Bank accession numbers

The atomic coordinates and structure factors of the complex with
Cibacrone Blue and the complex with APAS have been deposited
with the RCSB Protein Data Bank as 3VI7 and 3VIS, respectively.

In mast and Th2 cells, hematopoietic prostaglandin
(PG) D synthase (H-PGDS) catalyses the isomeriza-
tion of PGH, in the presence of glutathione (GSH)
to produce the allergic and inflammatory mediator
PGD,. We determined the X-ray structures of
human H-PGDS inhibitor complexes with 1-amino-4-
{4-[4-chloro-6-(2-sulpho-phenylamino)-[1,3,5]triazin-
2-ylmethyl]-3-sulpho-phenylamino}-9,10-diox0-9,10-
dihydro-anthracene-2-sulphonic acid (Cibacron Blue)
and 1-amino-4-(4-aminosulphonyl) phenyl-anthraqui-
none-2-sulphonic acid (APAS) at 2.0 A resolution.
When complexed with H-PGDS, Cibacron Blue had
an ICs, value of 40nM and APAS 2.1pM. The
Cibacron Blue molecule was stabilized by four hydro-
gen bonds and n—n stacking between the anthraquinone
ring and Trp104, the ceiling of the active site H-PGDS
pocket. Among the four hydrogen bonds, the Cibacron
Blue terminal sulphonic group directly interacted with
conserved residues Lys112 and Lys198, which recognize
the PGH, substrate a-chain. In contrast, the APAS
anthraquinone ring was inverted to interact with
Trp104, while its benzenesulphonic group penetrated
the GSH-bound region at the bottom of the active
site. Due to the lack of extended aromatic rings,
APAS could not directly hydrogen bond with the two
conserved lysine residues, thus decreasing the total
number of hydrogen bond from four to one. These fac-
tors may contribute to the 50-fold difference in the ICsq
values obtained for the two inhibitors.

Keywords: anti-allergy/crystal structure/hematopoi-
etic prostaglandin (PG) D synthase (H-PGDS)/
inhibitor/structure—function relationship.

Abbreviations: APAS, 1-amino-4-(4-aminosulphonyl)-
phenyl-anthraquinone-2-sulphonic acid; BSPT, 2-(2'-
benzothiazolyl)-5-styryl-3-(4'-phthalhydrazidyl)

tetrazolium chloride; Cibacrone Blue, 1-Amino-4-{4-
[4-chloro-6-(2-sulpho-phenylamino)-
[1,3,5]triazin-2-ylmethyl]-3-sulpho-phenylamino}-
9,10-diox0-9,10-dihydro-anthracene-2-sulphonic acid;
EDTA, cthylenediaminetetraacetic acid; EGTA,
ethylene glycol tetraacetic acid; GSH, glutathione;
H-PGDS, hematopoietic prostaglandin D synthase;
PG, prostaglandin; PGD,, prostaglandin D,; PGH,,
prostaglandin H,.

Prostaglandin D, (PGD,), a metabolite of arachidonic
acid (1, 2), is a lipid mediator involved in sleep patterns
(3, 4) and inflammatory responses (5). PGD5 activates
two different types of receptors: DP1 (6) and DP2 [also
known as CRTH2 (7)]. PGD, regulates sleep (4, §) and
pain (9) via DPI1 receptors in the central nervous
system. This prostanoid also causes contraction of
smooth airway muscle via DP1 receptors (/0) and me-
diates chemotaxis of eosinophils and basophils into the
lung via DP2 receptors (/1) in the peripheral blood.
Hence, PGD, coordinates and regulates allergic reac-
tions, especially airway inflammation, via these two
receptors (/7).

Hematopoietic PGD synthase (H-PGDS) is isomer-
ized from PGH, to produce PGD», which is an allergic
mediator (/2—14). Overproduction of PGD, has been
shown to exacerbate asthmatic reactions, in an
ovalbumin-challenged asthma model of human
lipocalin-type PGDS- (/5—18) and in H-PGDS-
transgenic mice (/9). However, asthmatic reactions
were shown to be weakened in a prostanoid-specific
G-protein coupled receptor (DP receptor) gene-
knockout mouse model (/0). Thus, human H-PGDS
appears to be a promising target for the design of
anti-allergic and anti-inflammatory drugs.

The GSH-dependent H-PGDS was first isolated
from rat spleen (/2). The 198 amino acid residue pro-
tein is a Sigma class member of the glutathione
S-transferase (GST) superfamily with a molecular
mass of 23 kDa (20). The 2.3 A resolution X-ray struc-
ture of rat H-PGDS revealed that the protein has a
high level of structural similarity to o-type GST from
squid (21, 22). H-PGDS has the three pockets named
Pocket 1 (consists of Met99, Phel02 and Trpl04),
Pocket 2 (consists of Argl4, Asp96, Tyrl52 and
Ile155) and Pocket 3 (consists of Lys112 and Lys198)
at the active site; however, the enzymes of other GST
family members do not have pocket 3 (21, 23).
Mutation of residues around the active site pocket
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revealed that Trp104, a residue located at the ceiling of
the active site pocket, was critical for structural integ-
rity of the catalytic centre of GST and PGDS activity
(24). Further analysis showed that Lys112 and Lys198,
which were located at Pocket 3, were involved in rec-
ognition of the PGH, a-chain (24). We determined
that the Ca*"- and Mg**-bound human H-PGDS
native structures had resolutions of 1.8 and 1.7A,
respectively (25). We also explored the mechanism
by which human H-PGDS was activated by Ca®"
and Mg>" divalent cations by measuring their ECs
values; they were 400 and 50 uM, respectively (295).
We next obtained the first H-PGDS inhibitor
complex using 2-(2'-benzothiazolyl)-5-styryl-3-(4'-
phthalhydrazidyl)  tetrazolium  chloride  (BSPT)
(25, 26) The 1.9 A resolution structure of the BSPT
complex demonstrated how the inhibitor activity was
influenced by the presence or absence of divalent metal
ions (26). In further experiments, we determined the
H-PGDS complex structure with the specific inhibitor
HQL-79 (27). This inhibitor has shown a therapeutic
effect when used in animal models of allergic disecase
(28, 29), neuroinflammation (30) and muscular necro-
sis (31).

Like other GSTs, H-PGDS can also be inhibited by
non-substrate ligands, such as haematin, organotin
compounds and Cibacron Blue (1-Amino-4-{4-[4-
chloro-6-(2-sulpho-phenylamino)-[1,3,5]triazin-2-
ylmethyl]-3-sulpho-phenylamino}-9,10-dioxo0-9,10-
dihydro-anthracene-2-sulphonic acid); the ICsy value
of the latter being 30 nM for chicken H-PGDS (32).
Recent biochemical and structural characterization
of novel inhibitors including Cibacron Blue and
Nocodazole have determined the ICsy value for
Cibacron Blue at of 200nM [as calculated from the
rates of conjugation activity in the presence of
I-chloro-2,4-dinitro benzene (CDNB)] (33). We
report here on the measurement of the inhibitor
activities of Cibacron Blue and 1-amino-4-(4-
aminosulphonyl)  phenyl-anthraquinone-2-sulphonic
acid (APAS), two inhibitors of human H-PGDS,
using PGH, as substrate. Both inhibitors are derived
from the same compound, anthraquinone, but APAS
lacks two aromatic rings. We found that the inhibitor
activity of Cibacron Blue was ~50-fold higher than
APAS, with an ICs, value of 40 nM. We discuss how
correlations between X-ray structure and inhibitor ac-
tivity profiles can provide valuable insight into design
strategies for development of anti-allergy or anti-
inflammatory therapeutic agents.

CB
cl
A
HO,S H/Q\N/(HN

HO5S
Fig. 1 Structure formulas of Cibacron Blue (CB) and APAS.
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Experimental Procedures

H-PGDS inhibitor assays

All reagents containing Cibacron Blue and APAS were of analytical
grade (Fig. 1A and B). Isolation and purification of human H-PGDS
was carried out using previously reported methods (23, 34).
H-PGDS activity was measured using 40 pM [1-'*C] PGH, as sub-
strate in a solution containing 0.1 M Tris—HCI (pH 8.0), 2mM GSH
and 0.1 mg/ml IgG, in the presence of ethylenediaminetetraacetic
acid (EDTA)/ethylene glycol tetra-acetic acid (EGTA) or Ca’*,
with various concentrations of Cibacron Blue and APAS inhibitors.
The products were separated by thin layer chromatography. The
conversion rate for “C-labelled substrate to '“C-labelled products
was calculated using an imaging plate system (GE Healthcare).
Kinetic constants were determined using Lineweaver—Burk plots
prepared with SigmaPlot software (version 10.0 for Windows;
Systat Software, Inc.).

Crystallography

Crystals of human H-PGDS, complexed with Cibacron Blue or
APAS were obtained by co-crystallization using inhibitor concentra-
tions of up to 100 uM in the presence of 5mM Ca*" at 20°C. No
crystal comglex of sufficiently high quality was obtained in the pres-
ence of Mg”". The X-ray diffraction data sets for the crystal com-
plexes with either Cibacron Blue or APAS were collected at SPring-8
beam-lines 38B1 and 44XU, respectively (Table I). Cibacron Blue
and APAS diffraction data were integrated and scaled with
HKL2000 (35) and d*TREK (36), respectively. The molecular
replacement method for structure analyses was conducted using
the Ca®*-bound native structure as the starting model with the
AMoRe program (37). Model re-building was performed using
COOT (38), and the complex structure was refined by the CNS
(39) and refmac5 (40): 5% of the reflections were set aside for R
calculations (47). Ordered water molecules were included by select-
ing the peaks based on F,ps— Feye difference Fourier maps con-
toured at 2.5¢ and 2F,ps — Feae maps contoured at 1.2c. The
quality of the models was assessed from Ramachandran plots, and
the model geometry analyses conducted using PROCHECK (42).
The results of the data collection and refinement of the Cibacron
Blue and APAS structure complexes are summarized in Table 1.

Results

Effect of Ca®" on the inhibitor activities of Cibacron
Blue and APAS

Table II shows the effect of Ca*>* on the 1Cs, values of
Cibacron Blue and APAS. While the ICsy value of
Cibacron Blue was 40nM in the presence of EDTA/
EGTA, the value 150 nM was recorded in the presence
of Ca’* (Fig. 2A). In contrast, the ICs, values for
APAS were 2.1 and 3.2pM in the presence of
EDTA/EGTA and Ca*", respectively (Fig. 2C). The
ICsy values of both Cibacron Blue and APAS
increased in the presence of Ca>". Comparison of the
structure formulas of Cibacron Blue and APAS indi-
cates that the additional two aromatic rings present in

APAS
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Table 1. Data collection and refinement statistics for the complex of Cibacron Blue and APAS.

Cibacron Blue APAS
Inhibitor
Metal ion Ca®" Ca*t
Space group P2, Pl
X-ray source . SPring-8 BL38B1 SPring-8 BL44XU
Max resolution (A) 2.0 2.0
No. of flames 250 400
Oscillation angles (deg.) 1.1-1.5 0.5
Measured/unique reflections 212,706/57,344 116,777/53,869
Redundancy ) 2.1 (2.1) 2.1 (2.0)
Cell dimensions (A, deg.) a=49.0, b=474, c=184.9 a=47.3,b=49.0, c=91
B=97.4 a=95.8, =91.0, y=90.1
Completeness (%) 98.1 (99.2) 97.0 (91.6)
Mean <//X/I> 19.5 (4.8) 9.1 (2.2)
Rinerge” (%) 6.8 (28.3) 5.3 (18.3)
Refinement statistics _

Resolution range (A) 45.9-2.00 33.9-2.00
No. of GSH/inhibitor 42 2/2
No. of water/glycerol 743/0 699/1
Rcrys[b (%)/Reree” (%) 17.4/23.3 17.6/24.9
Average B-factor (A?%)

GSH/inhibitor 32.8/81.0 40.6/52.4
R.m.s.d. deviation from ideal structures

Bonds length (A) 0.024 0.024

Angles (deg.) 1.9 1.8

Values in parentheses refer to the outermost shells (Cibacron Blue, 2.07—2.00 A; APAS, 2.07-2.00 A).

iRmcrgc = E/Eh ‘]/z,/‘ - <[h>|/2j2/z <Ih>-

Reryst =T || F,| — | F||/Z|F,| calculated from 95% of the data, which were used during the course of the refinement.
“Riee =2 ||F,| — |F.||/Z|F,|, calculated from 5% of the data, which were used during the course of the refinement.

Table I1. ICsq values of the inhibitor compounds.

Cibacron Blue APAS
2mM EDTA 40.4+2.6 (nM) 2.14+0.31 (uM)
2mM Ca** 150+ 11 (nM) 3.240.27 (uM)

the Cibacron Blue molecule may have been responsible
for the dramatic changes observed in the inhibition
activity of this compound.

Kinetic analysis of H-PGDS inhibition against GSH
by Cibacron Blue or APAS

Kinetic analysis using the human H-PGDS in the pres-
ence of 2mM Ca’" revealed that Cibacron Blue inhib-
ited the H-PGDS activity in a non-competitive manner
against GSH, giving a K; of 87.5nM (Fig. 2B). On the
other hand, APAS inhibited the H-PGDS in a com-
petitive manner against GSH with a K; of 2.5uM
(Fig. 2D). These results indicate that Cibacron Blue
did not bind to the GSH-binding site, but APAS
bound to the GSH-binding site.

Structure of the Cibacron Blue—human H-PGDS
complex

We obtained the crystal of human H-PGDS complexed
with Cibacron Blue in a monoclinic space group of P2,
like the Ca®*-bound native crystal at pH 8.4 (25), and
determined the complex structure at a resolution of
2.0 A. The structure showed that two dimer molecules
were contained in an asymmetric unit. From the

viewpoint of the crystal packing, Mol-A (Mol-A")
and Mol-B (Mol-B’) categorize the outside molecules
of each of the dimers, whereas Mol-C (Mol-C’) and
Mol-D (Mol-D’) are the inside molecules of it (26).
While one GSH molecule was found in each of the
active sites derived from four independent molecules,
the Cibacron Blue molecule was only found in the out-
side molecules, Mol-A’ and Mol-B’; some weak
residual electron density from the inhibitor was appar-
ent in the inside molecules, Mol-C' and Mol-D’ (26).
The superimposition between the outside molecules
(Mol-A" and Mol-B’), and between the inside mol-
ecules (Mol-C" and Mol-D’) showed small averaged
root mean square (r.m.s.d.’s) deviations of 0.27 and
0.35 A, respectively, for the whole C, carbon atoms;
the rm.s.d.’s for the other combinations increased to
0.48 A. The Cibacron Blue-bound Mol-A/Mol-D and
Mol-B/Mol-C ~ complexes were  heterogeneous
(Fig. 3A).

Inspection of the electron density map showed that
the benzenesulphonic group adjacent to the anthra-
quinone hydrogen bonded with both the amido
group of GSH and GIn36 through a water molecule
(Fig. 3B and C). Cibacron Blue was also stabilized by
hydrogen bonds between the terminal sulphate group
and Lys112 and Lys198, but the electron density was
poor (Fig. 3C and D). Moreover, the Cibacron Blue
molecule was stabilized by a m—r interaction between
the anthraquinone ring and Trpl04. In contrast, the
following four van der Waals contacts were observed;
(i) between Ne (Argl4) and the l-amino group, (ii)
between Ne (Argl4) and the quinone group, (iii) be-
tween the NHI1 (Argl4) and the quinone group and
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Fig. 2 Kinetic analysis of H-PGDS inhibition by Cibacron Blue (CB) and APAS. Enzyme activities were determined in the presence of various
concentrations of CB (A) and APAS (B). H-PGDS activity was measured in the presence or absence of 2mM CaCl,. Lineweaver—Burk plots of
H-PGDS activity in the presence of various concentrations of CB (C) or APAS (D).

(iv) between the carbonyl group of GSH and the
2-sulphonic group in the anthraquinone ring.
However, these four hydrogen bonds and the m—n
interaction contribute to the lowest ICsy value
observed in the presence of EDTA/EGTA (i.e.
40nM; Fig. 2C).

Structure of the APAS—human H-PGDS complex
We obtained an APAS-bound complex that had a dif-
ferent crystal form with Pl in the presence of Ca®",
and determined the complex structure at a resolution
of 2.0 A. From this crystal complex, we detected two
dimer molecules, i.e. Mol-A and Mol-D, and Mol-C
and Mol-B, in an asymmetrical unit (26). The averaged
r.m.s.d.’s for all of the C, carbon atoms between the
outside molecules, Mol-A and Mol-B, and the inside
molecules, Mol-C and Mol-D, were calculated at 0.28
and 0.10 A, respectively. However, values of more than
0.45 A for other combinations amongst the four inde-
pendent molecules (Mol-A/Mol-B and Mol-C/Mol-D)
were obtained. We found that the inhibitor molecules
predominantly bound to the inner molecules of Mol-C
and Mol-D, even when some weak residual electron
density of the inhibitor was found in the outside mol-
ecules of Mol-A and Mol-B. Heterogeneity of the
structures between the protomers in the dimer was
also observed (Fig. 4A).

Superimposition between the inner and the outer
molecules of the APAS-bound complex showed that
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a movement had occurred around the a5-helix upon
APAS binding (Fig. 5). The C, (GIn109) atomic dis-
tance between the inner and the outer molecules was
1.6 A, whereas C,, (Vall99) was 0.13 A. The movement
of GInl09 is remarkable because of the small
averaged r.m.s.d. of 0.45A for the superimposition.
Interestingly, the GIn109 (C,)—Vall199 (C,) atomic dis-
tance changed from 17.8 A to 16.1 A upon binding of
APAS. The closure of the active site was due to the
movement of the oS5-helix containing GInl09. The
GIn109 movement was also observed in the Cibacron
Blue bound complex (2.1 A); however, the change of
the crystal form from P2; to P1 was only observed
upon binding of APAS in the presence of Ca®". This
change may be because APAS, which is smaller than
Cibacron Blue, may have only been able to bind to the
inside molecules.

The electron density profile of the APAS molecule is
shown in Fig. 4B. It is apparent that the inhibitor mol-
ecule is stabilized by the hydrogen bond between the
2-sulphonic group and Lys112 through a water mol-
ecule, and by the stacking interaction with Trpl104
(Fig. 4C and D). Two van der Waals contacts between
Ne (Argl4) and the quinone group, and between NH1
(Argl4) and the quinone group, were observed. The
benzenesulphonic group was affected by steric hin-
drance with the bound GSH molecule, reducing the
electron density for GSH within the inside molecules
of Mol-C and Mol-D. The complex structure also
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Fig. 3 The structure of the Cibacron Blue-bound complex. (A) The
Cibacron Blue inhibitor molecule binds to the outside molecule,
Mol-A (cyan), not to the inside molecule, Mol-D (green), while the
GSH cofactor molecule binds to both molecules in the dimer.

(B) The (2F, — F.) omit map around the Cibacron Blue inhibitor is
represented at the 1.2c-level. (C) A close-up view of the active site
structure showing that the inhibitor was stabilized by a n—n stacking
interaction between the anthraquinone ring and Trp104, and also by
four hydrogen bonds (dotted orange line). However, van der Waals
contacts were also found (dotted black line). (D) The hydrogen bond
network around the Cibacron Blue molecule has been drawn
schematically.

Hematopoietic prostaglandin D synthase inhibitor complexes
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Fig. 4 The structure of the APAS-bound complex. (A) The APAS
inhibitor molecule and GSH cofactor molecule bind to Mol-D
(green) and Mol-A (cyan), respectively. (B) The (2F, — F,) omit map
around the APAS inhibitor is contoured at the 1.2c-level. (C) A
close-up view of the active site structure. The APAS anthraquinone
ring is in an oppositely bound configuration to the H-PGDS active
site compared to the same ring in Cibacron Blue. The APAS ben-
zenesulphonic group has steric hindrance with GSH, making the
GSH molecule appear to disappear from the H-PGDS active site.
The inside monomer, Mol-D, only binds to APAS, not to GSH;
conversely, the outside monomer, Mol-A, only binds to GSH, not to
APAS. The inhibitor is stabilized by a n—n stacking interaction be-
tween the anthraquinone ring and Trpl04, and by a salt-bridge be-
tween the 2-sulphonic group and Lysl12 via a water molecule
(dotted orange line). (D) The interactions between the APAS mol-
ecule and the H-PGDS active site are schematically drawn.
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Fig. 5 Stereo figures of the structural comparison between the monomers in the APAS-bound complex. Mol-D in the APAS bound complex (green)
was superimposed on Mol-A (grey) showing that the Co atom of GIn109 moved by 1.6 A because of the induced-fit of the a5-helix upon binding

of APAS. The figure shows a view from the left-hand side of Fig. 4C.

revealed that APAS was competitive with GSH. Some
APAS may also bind to the outside molecules. As a
result, the average B-factor for GSH in the active site
of the outside molecules (Mol-A and Mol-B) was 40.6
A2, a value that is relatively larger than the averaged
B- detOl" for whole structure of the outside molecules.

Discussion

Our experiments show that the inhibitor activity of
Cibacron Blue, at 40 nM, represents a 50-fold increase
over the value obtained for APAS in the presence of
EDTA/EGTA (Table II). We also observed that the
Cibacron Blue terminal sulphonate group was hydro-
gen bonded with the conserved residues of Lys112 and
Lys198. In previous work, we showed that the catalytic
pocket of H-PGDS comprised three distinct pockets.
One of the pockets at the active site, Pocket 3 (con-
taining Lys112 and Lys198), was involved in the rec-
ognition of the PGH, a-chain (23, 24). It is possible,
therefore, that the Cibacron Blue terminal sulphate
group blocks the Lys112 and Lys198 functional resi-
dues. However, the APAS molecule could not directly
interact with the Lys112 and Lys198 in H-PGDS,
because it lacks the two aromatic rings present in
Cibacron Blue. Instead, the 2-sulphonic group inter-
acted with Lysl12 through a water molecule.
Therefore, the structure-based design to acquire
direct hydrogen bonding with Lys112 and Lys198 in
Pocket 3 could result in a potential 50-fold inhibition
of activity improvement.

The ICs value for APAS was measured at 2.1 uM in
the presence of EDTA/EGTA; however, the ICs, value
increased 1.5-fold in the presence of Ca®* (Table II). In
our previous report, the K, value of the substrate,
PGH,, decreased 1.4-fold in the presence of Ca®"
(25). Because APAS competes for binding to PGH,,
the 1.5-fold increase in the /C5, value corresponds well
with the increase in affinity for PGH; in the presence
of Ca**

On the other hand, the data for Cibacron Blue
revealed that the ICsy value for this compound also
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increased in the presence of Ca®". However, the ob-
tained value was higher than that of APAS in the pres-
ence of Ca?* (3.7-fold; Table II). When the Cibacron
Blue anthraquinone group penetrated into the active
site, the break of hydrogen bond network containing
Argl4 was observed (Fig. 6). The distances of NH1
(Argl4)-Oy (Ser100) and NH2 (Argl4)-Oy (Ser64)
were 4.1 and 2.7A, respectively, in the presence of
Cibacron Blue, and those values were 3.8 and 3.4 A
in the presence of APAS, respectively, while those
averaged distances were recorded to be 2.8 and 4.0 A,
respectively, in the Ca’>"-bound native structure. It is
possible, therefore, that the cause of the stronger metal
ion effect on the inhibition activity is related to the
break of the hydrogen bond network found in
Cibacron Blue complex.

A fragment-based drug design approach was
recently examined using a number of new inhibitors
that bind within the active site cavity of H-PGDS
without inducing conformational changes (43).
Nevertheless, our study highlights a novel strategy
that could be exploited for inhibitor design in which
a human H-PGDS inhibitor could interact with
Lys112 and Lys198 in Pocket 3 without any steric hin-
drance against the Argl4 residue and the bound GSH
molecule. Such a strategy may prove useful for further
development of anti-allergic or anti-inflammatory
drugs.
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Fig. 6 Schematic drawing of the Native, APAS-bound and Cibacron
Blue-bound form of H-PGDS around Argl4. Blue balls depict nitro-
gen atoms and red balls oxygen atoms. The unit value is A. Values
shown in parenthesis represent the mean values for the inner (Mol-C
and Mol-D) and those without parenthesis for outer molecules
(Mol-A and Mol-B) in the native protein diagram. The distance
between Ser100 and Argl4 for the native form, APAS-bound form
and CB-bound form are in ascending order according to length.
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