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In our previous study (Y. Kimura et al, Biosci.
Biotechnol. Biochem., 69, 137-144 (2605)), we found that
plant complex type N-glycans harboring Lewis a epitope
are linked to the mountain cedar pollen allergen
Jun a i, Jun a 1 is a glycoprotein highly homologous
with Japanese cedar pollen glycoallergen, Cry j 1.
Although it has been found that some plant complex
type N-glycans are linked to Cry j 1, the occurrence of
Lewis a epitope in the N-glycan moiety has not been
proved yet. Hence, we reinvestigated the glycoform of
the pollen allergen to find whether the Lewis a epitope(s)
occur in the N-glycan moiety of Cry j 1. From the cedar
pollen glycoallergen, the N-glycans were liberated by
hydrazinolysis and the resulting sugar chains were N-
acetylated and then coupled with 2-aminopyridine.
Three pyridylaminated sugar chains were purified by
reversed-phase HPLC and size-fractionation HPLC.
The structures were analyzed by a combination of exo-
and endo-glycosidase digestions, sugar chain mapping,
and electrospray iounization mass spectrometry (ESI-
MS). Structural analysis clearly indicated that Lewis a
epitope (Galf1-3(Fucal-4)GIlcNAcfl-), instead of the
Galf1-4(Fucal-6)GIcNAc, occurs in the N-glycans of
Cryjl.

Key words: N-glycan; Lewis a epitope; pollen allergen;
Japanese cedar pollen; Cry j 1

In our previous study,’’ we found that Lewis a epitope
(GalpB1-3(Fuca1-4)GIcNAcS-) occurs in the N-glycan
moiety of mountain cedar pollen allergen, Jun a 1. Such
plant complex type N-glycans bearing Lewis a epitope
in addition to a combination of §1-2 xylosyl and «1-3
fucosyl residues have been found among several plant
glycoproteins.>™ In the case of the Japanese cedar
pollen allergen Cry j 1, although some structures of N-
glycans linked to this glycoallergen have been pro-
posed,5”) the Lewis a epitope has not been found in the
N-glycan moiety. Midoro-Horiuti er al. have cloned a
cDNA of Jun a 1 and found that Jun a 1 possesses a
high level of amino acid sequence homology with
Cry j 1.9 This finding suggests that the N-glycan moiety
of Jun a 1 might be homologous with that of Cry j I.
Hence, we started a reinvestigation of glycoform of
Cry j 1 to confirm the occurrence of the Lewis a epitope.
Structural analysis clearly indicated that the Lewis a
epitope does occur in the N-glycan moiety of Cry j 1,
showing that the N-glycan moiety of Cry j 1 is also
homologous with that of Jun a 1.

Materials and Methods

Materials. Cry j 1 was purified from Japanese cedar
pollen as described in previous papers.5” An Asahipak
NH2P-50 column (0.46 x 25c¢m) was purchased from
Showa Denko (Tokyo, Japan), and a Cosmosil 5C18-AR

* This work was supported in part by grants from the Ministry of Education, Science, Sports, and Culture of Japan (Basic Research (C),

No. 17580300 for Y.K).

¥ To whom correspondence should be addressed. Fax: +81-86-251-8388; E-mail: yosh8mar@cc.okayama-u.ac jp

Abbreviations: PA-, pyridylamino; RP-HPLC, reverse-phase HPLC; SF-HPLC, size-fractionation HPLC; ESI-MS, electrospray ionization mass
spectrometry; Hex, hexose; HexNAc, N-acetythexosamine; Deoxhex, deoxyhexose; Pen, pentose; MFX, Xyl51-2Manf1-4GlcNAcS1-4(Fucal-
3)GIcNAc-PA; M3FX, Manol-6(Manal-3)}(Xylf1-2)ManB1-4GlcNAcB1-4(Fuce1-3)GlcNAc-PA; GNIM3FX, GlcNAc1-2Manx1-6(Mana!-
3)(XylB1-2)Manp1-4GlcNAc f1-4(Fuca 1-3)GIcNAc-PA; GN2M3FX, GlcNAcg1-2Manal-6(GleNAcgl-2Mana 1-3)(Xyl1-2)Manp1-4GIcNAcB1-
4(Fucer1-3)GlcNAc-PA; GFGN2M3FX, Gal,Fuc,GlcNAc,Man;XylyFuc)GleNAc;-PA; G2F2GN2M3FX, Gal,Fuc, GleNAc; Man; Xyl Fuc, Gle-
NAc2-PA
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Fig. 1. HPLC Profiles of PA-Sugar Chains from Cry j 1 and Exoglycosidase Digests.

A, RP-HPLC of PA-sugar chains from Cry j 1. The PA-sugar chains were pooled as indicated by the horizontal bars. B, SF-HPLC of PA-sugar
chains pooled in A. 1, PA-sugar chains obtained in A; I, &1-3/4 specific fucosidase digest of I; I1l, A1-3/6 specific galactosidase digest; 1V, the
diplococcal 8-N-acetylglucosaminidase digest of IH; V, jack bean a-mannosidase of 1V. Dotted lines (a, b, ¢, d, and e) indicate the elution
positions of authentic PA-sugar chains: a, MFX; b, M3FX; ¢, GN2M3FX; d, GFGN2M3FX; e, G2F2GN2M3FX.

column (0.6 x 25cm) from Nacalai Tesque (Kyoto).
GN2M3FX and M3FX were prepared from the glyco-
proteins of oil palm pollens and ricin D.!%! GN1IM3FX
was prepared from glycoproteins of oil palm pollens'?
and Ginkgo biloba pollens.!® o-Mannosidase (jack
bean) and B1-3/6 specific p-galactosidase (recombinant
expressed in E. coli) were purchased from Sigma (St.
Louis, MO). g-N-acetylglucosaminidase (Diplococcus
pneumonia) was purchased from Boehringer (Man-
nheim, Germany). «1-3/4 Specific a-fucosidase (Strep-
tomyces sp. 142) and Lacto-N-biosidase (Streptomyces
sp. 142) were purchased from Takara (Kyoto, Japan).

Preparation of pyridylaminated N-glycans from
Cry j 1. N-Glycans were released by hydrazinolysis
(100°C, 12h, in 200ul of anhydrous hydrazine)
from lyophilized glycoallergens (about 50 mg). After
N-acetylation of the hydrazinolysate with saturated
ammonium bicarbonate (400ul) and acetic anhydride
(20 ul), the acetylated hydrazinolysate was desalted
using Dowex 50 x 2 resins. Pyridylamination of the
sugar chains was done by the method of Natsuka and
Hase.!® Separation of PA-sugar chains was done by
HPLC on a Jasco 880-PU HPLC apparatus with a Jasco
821-FP Intelligent Spectrofiuorometer, using the Shodex
Asahipak NH2P-50 column (0.46 x 25cm) and the
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Cosmosil 5C18-AR column (0.6 x 25cm). On the
Cosmosil 5C18-AR column, the PA-sugar chains were
eluted by increasing the acetonitrile concentration in
0.05% TFA linearly from 0 to 10% at a flow rate of
1.2 ml/min. In the case of size-fractionation HPLC
using the Asahipak NH2P-50 column, the PA-sugar
chains were eluted by increasing the water content in the
water-acetonitrile mixture from 36 to 62% linearly in
60 min at a flow rate of 0.7 ml/min.

Electrospray ionization (ESI) mass spectrometry.
ESI-MS analysis of PA-sugar chains was done as
described in our previous reports,!¥ using a Perkin
Elmer Sciex API-II triple-quadrupole mass spectrom-
eter with an atmospheric-pressure ionization ion source.

Glycosidase digestion of PA-sugar chains. Digestion
with jack bean w-mannosidase, diplococcal S-N-acetyl-
glucosaminidase, and Lacto-N-biosidase was done using
about 200pmol of the PA-sugar chains under the
conditions described in a previous report.” Digestion
with the a-fucosidase was done using 200 pmol in
25 mmM Na-citrate buffer, pH 5.0 for 16 h. The resulting
glycosidase-digests were analyzed by SF-HPLC using
an Asahipak NH2P-50 column (0.46 x 25cm).
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Fig. 2. ESI-MS Spectra of PA-Sugar Chains 1, 2, and 3.
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1, PA-sugar chain 1 (GlcNAc2Man3Xyl1FuclGlcNAc2-PA); 11, PA-sugar chain 2 (GallFuclGlcNAc2Man3Xyl1FuciGleNAc2-PA); 111,

PA-sugar chain 3 (Gal2Fuc2GlcNAc2Man3Xyl1Fucl GlcNAc2-PA).

Results and Discussion

ESI-MS analysis and exoglycosidase digestion of
PA-Sugar chains from Cry j 1

First the PA-sugar chains from Cry j 1 were partially
purified by RP-HPLC, as shown in Fig. 1A. The PA-
sugar chains were pooled as indicated by the horizontal
bar. When other peaks observed on the chromatograms
were analyzed by SF-HPLC, almost all the peaks were
recovered in the run-through fraction. Hence we judged
that these peaks were not N-glycans. As shown in
Fig. 1B, three PA-sugar chains (peak-1, peak-2, and
peak-3) from Cry j | were separated from the N-glycan
fraction on the ODS column. The elution position
of peak 1 coincided with that of GN2M3FX (from
Jun a 1), peak 2 with that of Gal,Fuc;GlcNAc,Mans-
Xyl Fuc;GIcNAcy-PA (from Jun a 1), and peak 3 with
that of GalyFuc,GlcNAc;ManiXyl;Fuc;GleNAc,-PA

(from Junal) on SF-HPLC, suggesting that the
component of N-glycan of Cry j 1 is very similar to
that of Jun a 1. These results, obtained from this
preliminary analysis, agreed well with those of previous
reports,>” except for the absence of Gal;Fuc;GlcNAc,-
Man;Xyl;GlcNAc,, found as a minor component in a
previous report.?

ESI-MS analysis of peak 1 showed a single signal at
m/z 837.0 [(M + 2H)**1, suggesting that this PA-sugar
chain consists of (HexNAc);(Hex)s(Deoxyhex);(Pen);-
(HexNAc-PA) or GlcNAc,Man3 Xyl Fuc;GlcNAc,-PA
(Fig. 2I). ESI-MS analysis of peak 2 showed a major
signal at m/z 2004.0 [(M + Na)*} (n/z 1982.5 [(M +
H)*] as a minor signal), suggesting that this PA-sugar
chains consists of (Hex);(HexNAc);(Deoxyhex),-
(Pen);(HexNAc-PA) or Gal;Fuc;GlcNAc,MansXyl;-
FuciGlcNAc,-PA  (Fig. 2II). ESI-MS analysis of
peak 3 showed single signal at m/z 1154.0 [(M +
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Fig. 3. SF-HPLC of Lacto-N-biosidase and o-Fucosidase Digests of
PA-Sugar Chains 2 and 3 in Fig. 1B L.

1, PA-sugar chain 2; 11, the lacto-N-biosidase digest of I; I,
PA-sugar chain 2; IV, the lacto-N-biosidase digest of IIl. Dotted
lines (a, b, ¢, and d) indicate the elution positions of authentic
PA-sugar chains: a, M3FX; b, GNIM3FX; ¢, GFGN2M3FX; d,
G2F2GN2M3FX.

2H,0 + 2H)**], suggesting that this PA-sugar chain
consists of  (Hex)s(HexNAc)s3(Deoxyhex)s(Pen)-
(HexNAc-PA) or GalFuc,GlcNAcyMans Xyl Fucy-
GlIcNAc,-PA  (Fig. 2IH). These results obtained by
ESI-MS analysis support the deduced structures describ-
ed above.

When a mixture of three N-glycans was treated with
al-3/4 fucosidase, as shown in Fig. 1B II, peak 1 was
not digested but peaks 2 and 3 were, suggesting that the
fucosyl residues are bound by an «l-3 or «1-4 linkage.
When the «1-3/4 fucosidase digest was treated with
diplococcal p-galactosidase, galactosyl residue was not
released (data not shown). On the contrary, the de-
fucosylated PA-sugar chains from peaks 2 and 3 were
digested by B1-3/6 specific galactosidase and the elution
position of the galactosidase digests converged on that of
GN2M3FX (Fig. 1B III). These results indicated that the
galactosyl residues were bound to outer GlcNAc resi-
due(s) by a B1-3 or B1-6 linkage. The de-galactosylated
product was converted to M3FX by diplococcal §-N-
acetylglucosaminidase digestion (Fig. 1B IV), suggest-
ing that two GlcNAc residues were bound to the M3FX
structure by S1-2 linkage. Finally, the 8-N-acetylglu-
cosaminidase digest was converted to MFX by jack bean
a-mannosidase digestion, as shown in Fig. 1B V.

Endoglycosidase digestion of PA-sugar chains of

peaks 2 and 3
To determine the linkage mode of the galactosyl
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residue, peaks 2 and 3 were treated with mixture of
al-3/4 fucosidase and lacto N-biosidase. It has been
reported that the latter enzyme can release the Galpgl-
3GIcNAc unit but not the GalB1-4GlcNAc unit from
galactose-containing complex type N-glycans.'” As
shown in Fig. 311, the product obtained from peak 2
by the endoglycosidase digestion was eluted at the
elution position of GNIM3FX, indicating that one
GalB1-3GIcNAc unit was released. On the other hand,
the product obtained from peak 3 by endoglycosidase
digestion was eluted at the elution position of M3FX,
indicating that two GalB1-3GlcNAc units were released.
These results suggest that peaks 2 and 3 carry a S1-3
galactosy residue(s) and an «l-4 fucosyl residue(s)
rather than a B1-4 galactosy residue(s) and an «l-3
fucosyl residue(s), suggesting that the Lewis a epitope(s)
harbor in the N-glycan moiety of Cry j 1.

Comparison of N-glycan structures between Cry j 1
and Jun a ]

From the results of sugar chain mapping, ESI-MS
analysis, and exo- and endo-glycosidase digestion, we
found that Lewis a epitope (Galpl-3 (Fucal-4)-
GlcNAcBl-), instead of the Galgl-4 (Fucal-6)-
GlcNAcpg1- unit, does occur in N-glycan moiety of
Cry j 1. The proposed structures of N-glycans are shown
in Table 1. Concerning the structure of peak 2, from
these results, it is difficult to determine which mannosyl
residue («1-6 arm Man or «1-3 arm Man) harbors the
Lewis a epitope. But in previous reports,>” it was
reported that the Gal;Fuc;GlcNAc; unit is bound to
the @1-6 arm mannosyl residue, and hence the structure
of peak 2 might be Galgl1-3 (Fucal-4)GlcNAcpg1-
2Mana1-6(GIlcNAcS1-2Mana1-3)ManS1-4GIlcNAcg!1 -
4GlcNAc. Comparing the oligosaccharide structures
of Cry j ! and Jun a 1, basically both glycoallergens
bear very similar N-glycan compositions (the Lewis a
epitope-containing type and the typical biantennary
plant complex type N-glycan (GlcNAc;ManzXyl;-
Fuc;GlcNAc?)). As shown in Table 1, in the case of
Cry j 1, Lewis a epitope-containing structures (peaks 2
and 3) account for about 50% of total N-glycans. On the
other hand, in the case of Jun a 1, such complex type
structures account for 25% of total N-glycans. This
observation suggests that expressions of wl-4 fucosyl
and pBl-3galactosyl transferases or some (trimming
glycosidases (B-galactosidase and S-hexosaminidase)
working in the vacuole or cell wall might be slightly
different in two kinds of pollen (the mountain cedar
and the Japanese cedar), since Cry j 1 and Jun a | are
highly homologous protein.®

Although the physiological importance of the Lewis a
epitope in the N-glycan moiety of Cry j 1 and Jun a 1
remains to be understood, it is reasonable to assume that
the glycan moiety might be involved in plant cellular
communication in analogy with the Lewis a epitope
occurring in animal cells.
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Table 1.

Comparison of N-Glycan Structure between Jun a 1 and Cry j |

Proposed Structures

Relative amount (%)

Junal Junal

Cryj i
Mana1-6
GicNAcp1-2 Mana1-4GIcNAcf1-4GlcNAc g 3 d
Manal-3 2 3 n - n
XylBl Fucel
GlcNAcS1-2 Manexl-6
Manf1-4GlcNAcS1-4GlcNAc 75 26 47
GlcNAcB1-2 Mana1-3 2 3 Peak 1
Xylpi Fucal ca
GleNAcS1-2Mano1-6
Fuce1-4
Mang1-4GlcNAcS1-4GlcNA
Galpl-3 anp1-4GleNAc1-4GleNAe 23 21 38
GlcNAcgS1-2Mana1-3 2 3
Xylpl Fuce'l Peak 2
Fucel
4
GalB1-3GIcNAcS1-2Mana 1-6
Manpg1-4GlcNAcS1-4GlcNAc ) g 15
GalB1-3GIcNAcg1-2Mana1-3 2 3 n Pea 3
4 XylBl Fuce'l ¢
Fucal

“Reference 1).
nd, not detected.
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Abstract

We previously showed that ramatroban (Baynas™), a thromboxane A; (TxA;) antagonist, had inhibited prostaglandin D, (PGD,)-stimulated
human eosinophil migration mediated through activation of chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2).
However, detailed pharmacological characterization of its inhibitory activity has not been described. In the present study, we showed that [°H]
ramatroban bound to a single receptor site on CRTH2 transfectants with a similar K, value (7.2 nM) to a TxA, receptor (8.7 nM). We also
demonstrated that ramatroban inhibited PGD,-, 15-deoxy-A'> '"*-PGJ, (15d-PGJ,)- and indomethacin-induced calcium responses on CRTH2
transfectants in a competitive manner with similar pA, values (8.5, 8.5, and 8.6, respectively). This is the first report showing the evidence for
direct binding of ramatroban to CRTH2, revealing its competitive inhibitory effects and another interesting finding that PGD,, indomethacin and

15d-PGJ, share the same binding site with ramatroban on CRTH2.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Ramatroban; CRTH2 (Chemoattractant receptor-homologous molecule expressed on Th2 cells); Indomethacin; 15d-PGJ, (15-deoxy—A”’ Y.pGL);

Competitive inhibitory effect

1. Introduction

Ramatroban (Baynas™, (+)-(3R)-3-(4-fluorobenzensulfo-
namido)-1,2,3,4-tetra-hydrocarbazole-9-propionic  acid), is
a potent antagonist of the thromboxane A, (TxA;) receptor
(prostanoid TP receptor), and has been used for the treatment of
allergic rhinitis in Japan. It was reported that ramatroban
antagonizes the contraction of human, guinea-pig, rat and ferret
airway smooth muscle induced by the prostanoid TP receptor
agonist, 9, 11-dideoxy-9a, 1lo-methanoepoxy PGF;, (U-
46619) (McKenniffet al., 1991), and prostagrandin D, (PGD,)-
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mediated human bronchoconstriction (Johnston et al., 1992) via
prostanoid TP receptor antagonism (Johnston et al., 1992),
However, the lack of evidence for functional prostanoid TP
receptor expression on eosinophils (Monneret et al., 2001)
suggests that the significant antagonism of eosinophil
infiltration into the nasal space and nasal obstruction in
allergen-challenged patients suffering from perennial rhinitis by
ramatroban (Terada et al., 1998) was not caused solely by
prostanoid TP receptor antagonism by ramatroban. We reported
that ramatroban inhibited eosinophil migration by interacting
with chemoattrantant receptor-homologous molecule expressed
on Th2 cells (CRTH2) (Sugimoto et al.,, 2003). There are,
therefore, potentially two mechanisms through which
ramatroban can block eosinophil migration into the nasal space.
One is that ramatroban inhibits thromboxane-induced adhesion
molecule expression on endothelial cells via prostanoid TP
receptor antagonism, and another is that ramatroban directly
inhibits their migration by CRTH2 antagonism. However, there
are no repotts describing the comprehensive characterization of
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the interaction of ramatroban with the prostanoid TP receptor
and the CRTH2 receptor.

PGD,, a predominant prostanoid produced by activated
mast cells has been implicated in the pathogenesis of allergic
asthma and atopic dermatitis (Lewis et al,, 1982). PGD, is
generated by cyclooxygenase (COX)-1 and COX-2 from
arachidonic acid and exerts its effects through two G-protein
coupled receptors, the PGD, receptor (prostanoid DP receptor)
(Boie et al.,, 1995) and CRTH2 (Nagata et al., 1999; Hirai et
al., 2001). The prostanoid DP receptor is coupled to Gg-type
G proteins (Gg), and increases intracellular cyclic AMP
(cAMP) and calcium (Hirata et al., 1994), which mediate both
inflammatory and anti-inflammatory events (Matsuoka et al,,
2000), and inhibition of colonic granulocyte infiltration in the
rat (Ajuebor et al., 2000). CRTH2 is coupled to Gi-type
G proteins (G;), and inhibits cAMP production and increases
intracellular calcium (Hirai et al., 2001), which mediate pro-
inflammatory effects including migration or degranulation of
eosinophils (Hirai et al., 2001; Gervais et al., 2001). It is also
known that PGD, induces the contraction of human isolated
bronchial smooth muscle via a prostanoid TP receptor
(Coleman and Sheldrick, 1998). The prostanoid TP receptor
couples to G,-type G proteins (G,), activates phospholipase
C (PLC) and subsequently increases inositol triphosphate (IP3),
diacylglycerol (DAG) and intracellular calcium concentrations
(Hirata et al., 1991). Thus, PGD, induces both inflammatory
and anti-inflammatory effects via three different G-protein
coupled receptors; prostanoid DP receptors, CRTH2 and
prostanoid TP receptors.

Recently, it was described that 15-deoxy A'> '“-PGJ, (15d-
PGJ,), a metabolite of PGD,, and indomethacin bound to
CRTH2 and induced migration or degranulation of eosinophils
(Hirai et al., 2002; Monneret et al., 2002). 15d-PGJ, is known as
an agonist of the peroxisome proliferator-activated receptor
(PPAR)~y (Forman et al., 1995), which plays a central role in the
adipogenesis, enhances the sensitivity to insulin, and inhibits
inflammatory responses (Murphy and Holder, 2000).

In the present study, we showed, using human CRTH2
transfectants, that ramatroban bound to CRTH2 with high
affinity comparable to the prostanoid TP receptor, and that
ramatroban antagonized CRTH2 in a competitive manner.
Furthermore, we examined the effects of ramatroban on CRTH2
activities induced by 15d-PGJ, and indomethacin, also recently
identified as CRTH2 agonists.

2. Materials and methods
2.1. Reagents

Ramatroban was synthesized at Bayer Yakuhin Ltd. (Shiga,
Japan).[’H]ramatroban and (E)-5-[[[(3-pyridinyl)[3-(trifluor-
omethyl)phenyl]-methylen]amino]oxy] pentanoic acid (rido-
grel) were prepared at Bayer AG. (Wuppertal, Germany).
PGD, was purchased from Sigma-Aldrich (St. Louis, MO).
13, 14-dihydro-15-keto-prostaglandin D, (13, 14-dihydro-15-
keto-PGD»), 15R-methyl-prostaglandin D, (15R-methyl-PGD,),
15-Deoxy-A'? -prostaglandin J, (15d-PGJy), 7-[3-[[2-[(phe-
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nylamino)carbonyl] hydrazino]methyl}7-oxabicyclo[2.2.1]hept-
2-y1-,[15-{1a, 2e(Z), 3, 40]}-15-heptenoic acid (SQ29548) and
5-(6-Carboxyhexyl)-1-(3-cyclohexyl-3-hydroxypropyl) hydan-
toin (BW245C) were purchased from Cayman (Ann Arbor, MI).
9, 11-dideoxy-9n, 1la-methanoepoxy PGF,, (U46619) and
3-isobutyl-1-methylxanthin (IBMX) were purchased from
BIOMOL Research Labs Inc. (Plymouth Meeting, PA). Fluo-
3AM and pluronic F-127 were purchased from Molecular
Probes (Eugene, OR).

2.2. Generation of human CRTH?2 transfectants

The human CRTH2 stable transfectants were generated as
described previously (Sugimoto et. al., 2003). Briefly, the
pEAK 10 expression vector containing human CRTH?2 gene was
transfected into L1.2 cells (a kind gift from Prof. Eugene
Butcher, Stanford, CA) by electroporation (250V/1000 puF;
Gene Pulser II, Bio-Rad, Hercules, CA). Stable transfectants
were selected in the presence of puromycin (I ug/ml, P7255,
Sigma-Aldrich) and maintained in RPMI-1640 medium (Gibco
BRL, Scotland, U.K.) supplemented with 10% heat-inactivated
fetal calf serum (JRH Biosciences, KS), 292 pg/mli L-glutamine,
100 1U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen,
St. Louis, MO).

In preliminary experiments, the concentrations of dimethyl
sulfoxide (DMSO) in working dilutions used in this study
(<0.1%) were shown to have no effect on receptor binding,
Ca** mobilization, cAMP production and cell migration assays.
We also confirmed that there were no functional prostanoid DP
or TP receptors on CRTH2-transfected L1.2 cells (Sugimoto et
al., 2003).

2.3. Receptor binding assay

CRTH2 transfectants were suspended in binding buffer (50
mM Tris-HCI, pH 7.4, 40 mM MgCl,, 0.1% bovine serum
albumin, 0.1% NaNj). Cell suspension (2 x 10° cells) and [*H]
ramatroban were mixed in a 96-well U-bottom polypropylene
plate and incubated for 60 min at room temperature. After
incubation, the cell suspension was transferred to a filtration
plate (#MAFB, Millipore, Bedford, MA) and washed 3 times
with binding buffer. Scintillant was added to the filtration plate,
and radioactivity remaining on the filter was measured by
a scintillation counter, TopCount (Packard Bioscience,
Meriden, CT). For saturation binding experiments, non-specific
binding was determined by incubating the cell suspension in the
presence of 100 puM wunlabeled ramatroban. Competitive
binding experiments were performed in the presence of 2.5 nM
[*H]ramatroban and various concentrations of competitive
ligands.

2.4. Ca®" mobilization assay

Ca*" loading buffer was prepared by mixing 1 pM of Fluo-
3AM and pluronic F-127 in Ca®* assay buffer (20 mM HEPES,
pH 7.6, 0.1% bovine serum albumin, | mM probenecid, Hanks'
solution). The CRTH2 transfectants were suspended in Ca®"
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loading buffer at 6% 10 cells/ml, and incubated for 60 min at
room temperature. After the incubation, cells were washed and
resuspended in Ca®" assay buffer, then dispensed into
transparent-bottom 96-well plates (#3631, Costar, NY) at
2x10° cells/well. Cells were incubated with various con-
centrations of ramatroban for 5 min at room temperature.
Fluorescence was measured with emission at 480 nm on
a FDSS6000 fluorometer (Hamamatsu Photonics, Hamamatsu,
Japan).

2.5. cAMP production assay

CRTH2 transfectants were suspended in cAMP assay buffer
(20 mM HEPES, pH 7.4, 0.1% bovine serum albumin, 250 mM
IBMX, Hanks' solution) at 5 x 10° cells/well and incubated with
various concentrations of ramatroban for 5 min at room
temperature. After stimulation with 10 pM of forskolin for
5 min, cells were incubated with various ligands for 30 min at
37 °C, 5% CO,. The cAMP content was determined using
cAMP-Screen™ System (Applied Biosysytems, Foster City,
CA). Maximal inhibition of forskolin-stimulated cAMP
production was determined in the presence of 1 pM PGD;. In
preliminary experiments, the production of cAMP was not
observed after pre-incubation with ramatroban alone.

2.6. Migration assay

CRTH2 transfectants were suspended in migration buffer (20
mM HEPES, pH 7.6, 0.1% bovine serum albumin, Hanks’
solution) at 4x10° cells/ml. Fifty micro liters of the cell
suspension (2x10° cells/well) was then dispensed into the
upper chamber and 30 pl of ligand solution was added to the
lower chamber of a 96-well type migration chamber
(diameter=35 pum, #106-5, Neuro Probe, Gaithesburg, MD).
Cells were pre-incubated with various concentrations of
ramatroban for 10 min at 37 °C. The migration assay was
performed in a humidified incubator at 37 °C, 5% CO, for 4 h.
The number of cells migrated into the lower chamber was
counted by a fluorescence activated cell sorter (FACS), as
described previously (Palframan et al., 1998).
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3. Results
3.1. Binding profile of [°HJramatroban to CRTH2

Receptor binding assays were performed to investigate the
binding profile of [*H]ramatroban to CRTH2. [*H]ramatroban
bound to CRTH2 transfectants in a concentration-dependent
and saturable manner but not to non-transfected parental cells
(Fig. 1A). From a Scatchard plot analysis, the Ky and B«
values were calculated as 7.2 nM and 92.5 pM (a number of
27,800 binding sites/transfectant), respectively (Fig. 1B). Hill
plot analysis showed a slope of 1.00, signifying a non-
cooperative bimolecular interaction between ramatroban and
CRTH2 (Fig. 1C). In competitive binding assays, non-labeled
ramatroban inhibited the binding of [*H]Jramatroban to CRTH2
in a concentration-dependent manner with a K; value of 41 nM
(Fig. 2B). The binding of [*H]ramatroban to CRTH2 was
inhibited by CRTH2 agonists such as PGD,, 13, 14-dihydro-15-
keto-PGD, or 15R-methyl-PGD, with K; values of 23, 40, and
1.2 nM, respectively, but not by the prostanoid TP receptor
agonist, U46619, or prostanoid DP receptor agonist, BW245C,
up to 10 uM (Fig. 2A). Indomethacin also inhibited the binding
of [*Hlramatroban to CRTH? in a concentration-dependent
manner with a K; value of 890 nM, which was 20-fold lower
affinity than that of ramatroban (Fig. 2B). Prostanoid TP
receptor antagonists, SQ29548 and ridogrel did not show any
effects up to 10 uM (Fig. 2B).

3.2. Effects of ramatroban on various CRTH2 agonists-induced
Ca*™ mobilization in CRTH2 transfectants

At first, we confirmed that neither PGD, nor U46619
induced Ca®" mobilization in empty vector-transfected or in
non-transfected parental cells. This suggests that there are no
functional CRTH2, prostanoid DP or TP receptors on parental
cells. We also confirmed that U46619 did not induce Ca®"
mobilization in CRTH2-transfectants and BWA868C did not
inhibit PGD,-induced Ca®* mobilization in CRTH2 trans-
fectants. These results suggest that there are no functional
prostanoid TP or DP receptors on CRTH2-transfectants. Then,
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Fig. 1. The binding of [°H]ramatroban to CRTH2 tansfectants. (A) Saturation binding of [*H}ramatroban to CRTH2 transfectants. (B) Scatchard plot of [’H]
ramatroban binding to CRTH2 transfectants. (C) Hill plot of [PH]ramatroban binding to CRTH2 transfectants. Various concentrations of [3H]ramatroban were
incubated with CRTH?2 transfectants as described in the Methods. Non specific binding was obtained by incubating with 100 uM unlabeled ramatroban. Data represent

mean values+S.E.M. of S independent experiments.

94



H. Sugimoto et al. / European Journal of Pharmacology 524 (2005) 30-37 33

A B
@ 150 - o 150
£ g
T 125 o 3 125 AA
a :g bl PGD £~

£E 1 . y g g 100 @ ramatroban
88 A DK-PGD, 2 ] o rar |
£ "; @ 15RM-PGD, o0 indomethacin
g 7 25 J

Eg 2 O 46619 g ¥ O $G29548
£ 251 A BW245C g 951 A ridogrel
& =
= 01 L o

-12-11-10 -9 -8 -7 -6 -5 -4
tnhibitor (loght}

-12-11-10-9 -8 -7 -6 5 -4
Inhibitor (logii)
Fig. 2. Effects of ramatroban on [3H}ramatroban binding to CRTH2 transfectants. (A) CRTH2 transfectants were incubated with 2.5 nM [*Hlramatroban together with

various agonists such as PGD, (n=5), 13, 14-dihydro-15-keto-PGD, (DK-PGD,, n=9), 15R-methyl-PGD, (15RM-PGD,, n=3), U46619 (n=4) or BW245C (n=4).
(B) CRTH2 transfectants were incubated with 2.5 nM [PHjramatroban together with various antagonists such as ramatroban (2=9), indomethacin (n=3), SQ29548

(n=5) or ridogrel (n=2). Data represent mean values=S.E.M.

we evaluated the effects of various CRTH2 agonists on CRTH2
by using CRTH2-transfectants.

Various CRTH2 agonists, such as PGD,, 13, 14-dihydro-15-
keto-PGD, and 15R-methyl-PGD,, induced Ca>" mobilization
in CRTH2 transfectants with ECsq values of 1.2, 3.1, and 1.6
nM, respectively (Fig. 3A). These agonist-induced Ca®"
responses were inhibited by ramatroban in a concentration-
dependent manner with ICso values of 160, 110, and 760 nM,
respectively (Fig. 3B).

The PPAR<y agonist, 15d-PGJ, and a COX inhibitor,
indomethacin also induced Ca®" responses in CRTH2 trans-
fectants and this was confirmed in our study with ECsq values of
110 and 49 nM, respectively (Fig. 3A). However, 15d-PGJ,
induced a greater Ca®" response at higher concentrations
compared to other CRTH2 agonists (Fig. 3A). Ramatroban
inhibited 15d-PGJ,- and indomethacin-induced Ca®'* mobi-
lization in a concentration-dependent manner with 1Csq values
of 46 and 37 nM, respectively (Fig. 3B).

3.3. Competitive inhibitory effects of ramatroban on CRTH2
activation

To further examine the inhibitory effects of ramatroban on
CRTH2 activation, we performed PGDy-induced Ca®*
mobilization assays in CRTH2 transfectants in the presence of
various concentrations of ramatroban. Ramatroban caused
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a concentration-related rightward shift of the PGD, con-
centration—response curves with a pA, value of 8.5 and slope
value of 0.81 as assessed by Schild plot (Fig. 4A), suggesting
that ramatroban is a competitive antagonist for human CRTH2.
Ramatroban also shifted the concentration—response curves of
13, 14-dihydro-15-keto-PGD, and 15R-methyl-PGD, to the
right with pA, values of 8.1 and 7.8, with slope values of
0.81 and 0.83, respectively (data not shown). Furthermore,
ramatroban caused a concentration-related rightward shift of the
15d-PGIJ, and indomethacin concentration—effect curves with
PA; values of 8.5 and 8.6, and slope values of 0.81 or 0.76,
respectively (Fig. 4B, C).

3.4. Effects of ramatroban. on cAMP production stimulated by
indomethacin and 15d-PGJ; in human CRTH?2 transfectants

Another functional assay, cAMP production, was measured
to investigate the effects of ramatroban on 15d-PGJs-or
indomethacin-treated CRTH2 transfectants. Various CRTH2
agonists such as PGD,, 13, 14-dihydro-15-keto-PGD, and
15R-methyl-PGD, reduced forskolin-induced cAMP pro-
duction in CRTH2 transfectants with ECs, values of 0.24,
2.8, and 0.43 nM, respectively (Fig. 5A). These effects by
PGD,, 13, 14-dihydro-15-keto-PGD, and 15R-methyl-PGD,
were reversed by ramatroban in a concentration-dependent
manner (Fig. 5B). 15d-PGJ, and indomethacin also reduced
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Fig. 3. Effects of ramatroban on Ca”" mobilization in CRTH2 transfectants. (A) Concentration-response of Ca™ mobilization in CRTH2 transfectants induced by
PGD; (n=4), 13, 14-dihydro-15-keto-PGD, (DK-PGD», n=4), 15R-methyl-PGD; (15RM-PGD5, n=3), 15d-PGJ, (n=3) or indomethacin (n=3). (B) Effects of
ramatroban on Ca** mobilization in CRTH2 transfectants induced by 10 nM PGD, (n=4), 13, 14-dihydro-15-keto-PGD, (DK-PGD,, n=4), 15R-methyl-PGD,
(15RM-PGD», n=3) or 100 nM 15d-PGJ, (n=3), indomethacin (n=3). Data represent mean values+S.E.M.
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Fig. 4. Competitive inhibitory effects of ramatroban on CRTH2. CRTH2 transfectants were incubated with various concentrations of ramatroban and Ca®* mobilization
induced by various concentrations of PGD, (A. n=4), 13, 14-ditydro-15-keto-PGD, (DK-PGD,, n=4), 15R-methyl-PGD, (15RM-PGD,, n=3), 15d-PGl, (B. n=3)
or indomethacin (C. n=3) were monitored. pA, values were calculated by Schild plots.

forskolin-induced cAMP production in CRTH2 transfectants
with ECsp values of 49 and 4.5 nM, respectively (Fig. SA).
These effects by 15d-PGJ, and indomethacin were reversed by
ramatroban in a concentration-dependent manner (Fig. 5B).

3.5. Effects of ramatroban on indomethacin- and 15d-PGJ,-
mediated migration of CRTH2 iransfectants

It is well known that cells such as eosinophils expressing
CRTH2 migrate in response to PGD,. We investigated the
effects of ramatroban on CRTH2 ligand-induced migration
using human CRTH2 transfectants. PGD,, 14-dihydro-15-
keto-PGD, and 15R-methyl-PGD,-stimulated transfectants
demonstrated characteristic bell-shaped concentration-depen-
dent migration responses. The half maximal responses (ECsg
values) were achieved at 0.5, 1.3, and 0.2 nM, respectively (Fig.
GA). 15R-methyl-PGD, produced three-fold greater response in
the number of cells migrated when compared with PGD, and 14-
dihydro-15-keto-PGD,. Ramatroban completely blocked the
migration of CRTH2 transfectants induced by sub-optimal
concentrations of PGD, (I nM), 14-dihydro-15-keto-PGD,
(3 nM), or 15R-methyl-PGD, (1 nM), in a concentration-
dependent manner with ICsq values of 140, 140, or 43 nM,
respectively (Fig. 6C). Indomethacin and 15d-PGJ, similarly
demonstrated bell-shaped dose—response curves in migration
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assays. Compared with 15R-methyl-PGD,, both indome-
thacin and 15d-PGJ, were less potent, with ECs, values of
40 and 32 nM, respectively (Fig. 6B). The maximal response of
indomethacin was similar to that of 15R-methyl-PGD, but the
response of 15d-PGJ, was far greater than that of 15R-methyl-
PGD,. Ramatroban completely blocked the migration of
CRTH2 transfectants induced by sub-optimal concentrations
of indomethacin (100 nM) and 15d-PGJ, (100 nM) in
a concentration-dependent manner with ICsq values of 120 and
60 nM, respectively (Fig. 6D).

4. Discussion

In this report, we showed that [*HJramatroban bound to
CRTH2 with a Ky value of 7.2 oM (Fig. 1). We also
demonstrated that ramatroban caused a concentration-related
rightward shift of the PGD, concentration—response curves
with a pA, value of 8.5 in the PGD,-induced Ca* mobilization
assay (Fig. 4A). The K4 value of ["H]ramatroban binding to the
prostanoid TP receptor on human platelets was reported as 8.7
nM (Theis et al., 1992) and the pA, value for ramatroban
antogonism of U46619 (prostanoid TP receptor agonist)-
induced contractions of human pulmonary vein smooth muscle
was reported as 8.9 (Walch et al., 2001). These results suggest
that ramatroban bound to CRTH2 and the prostanoid TP
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Fig. 5. Effects of ramatroban on cAMP production in CRTH2 transfectants. (A) Concentration-response of 10 uM forskolin (FK)-induced cAMP production in CRTH2
transfectants induced by PGD, (n=6), 13, 14-dihydro-15-keto-PGD, (DK-PGDa,, n=4), 15R-methyl-PGD, (15RM-PGD,, n=4), 15d-PGJ> (n=6) or indomethacin
(n=06). Data represent mean values=S.E.M. (B) Effects of ramatroban on 10 pM forskolin (FK)-induced cAMP production in CRTH2 transfectants induced by 10 oM
PGD, (n=2), 100 nM 13, 14-dihydro-15-keto-PGD;, (DK-PGD», n=2), 10 osM 15R-methyl-PGD, (15RM-PGD,, n=2), 1000 nM 15d-PGJ; (n=2) or 100 nM
indomethacin (n=2).
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Fig. 6. Effects of ramatroban on migration of CRTH2 transfectants. (A, B) Concentration-response of migration of CRTH2 transfectants induced by PGD, (n=5), 13,
14-difydro-15-keto-PGD, (DK-PGD,, n=4), 15R-methyl-PGD; (15RM-PGD,, n=3), 15d-PGJ, (n=5) or indomethacin (#=4). (C, D) Effects of ramatroban on
migration of CRTH? transfectants induced by 1 nM PGD, (n=7), 3 nM 13, 14-dihydro-15-keto-PGD, (DK-PGD,, n=3), 1 nM 15R-methyl-PGD; (15RM-PGD,,
n=4), 100 nM 15d-PGJ, (n=4) or 100 nM indemethacin (n=4). Data represent mean values=S.E.M.

receptor with a similar affinity and its inhibitory effects on
CRTH2 and the prostanoid TP receptor are competitive in
manner. These findings will be critical reference points in
experimental seftings using ramatroban as a research tool, and
in the clinical setting. These results also strongly support our
previous report (Sugimoto et al., 2003). In our previous report,
we showed that ramatroban, which had been thought of as
a specific prostanoid TP receptor antagonist, antagonized
CRTH2 activities with ICsq values of 100, 30 and 170 nM in
[*H]PGD, binding to CRTH2, PGD,-induced Ca**mobilization
in CRTH2 transfectants and PGD;-induced migration of human
eosinophils, respectively. Based on these results, we suggested
that ramatroban antagonizes eosinophil recruitment into tissue
by at least two different mechanisms; via the prostanoid TP
receptor and CRTH2. Through prostanoid TP receptor
antagonism on endothelial cells, ramatroban inhibits eosinophil
adhesion to endothelial cells by mbhibiting the TxA,-mediated
expression of intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) on human
vascular endothelial cells (Ishizuka et al., 1998, our unpublished
data). Through CRTH2 antagonism, ramatroban inhibits
migration of eosinophils directly.

Our present study reveals another interesting results using
indomethacin. Indomethacin is known as an anti-inflammatory
agent for its inhibitory effects on COXs and recently it was
reported that indomethacin was also an activator of CRTH2.
In our experiment, indomethacin completely inhibited the
binding of [*Hjramatroban to CRTH2, although the affinity
was 20-fold weaker (K;=890 nM) than that of ramatroban
(K;=41 nM) (Fig. 2). We further studied the signaling
mechanism of indomethacin and ramatroban through CRTH2
to clarify these mechanisms. Indomethacin induced Ca®"
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mobilization in CRTH2 transfectants with the same efficacy as
PGD, and other CRTH2 ligands such as 13, 14-dihydro-15-
keto-PGD- or 15R-methyl-PGD,, although the potency was 30
to 40-fold weaker than those of CRTH2 ligands. Ramatroban
inhibited indomethacin-induced Ca®" mobilization completely
and caused a concentration-related rightward shift of the
indomethacin concentration—response. These results suggest
that ramatroban inhibits indomethacin-induced Ca®*" mobi-
lization in a competitive mhibitory manner, suggesting that
indomethacin shares the same binding site with ramatroban on
CRTH2.

15d-PGJ, is known to have anti-inflammatory actions
based on its agonistic effects on PPAR~y and it was reported

recently that 15d-PGJ, was also an activator for CRTH2.

Interestingly, 15d-PGJ, induced Ca** mobilization in CRTH2
transfectants with greater efficacy than those of other CRTH2
ligands. This response was inhibited completely by rama-
troban, suggesting that it was mediated via CRTH2. Further-
more, ramatroban also caused a concentration-related right-
ward shift of the 15d-PGJ, concentration—response curves.
This result suggests that ramatorban inhibits 15d-PGJ;-induced
Ca?" mobilization in a competitive manner, suggesting that
15d-PGJ, also shares a similar binding site with ramatroban
on CRTH2.

Furthermore, indomethacin and 15d-PGJ, reduced forskolin-
induced cAMP production, and induced cell migration of CRTH2
transfectants. Ramatroban inhibited all of these responses. Thus,
ramatroban demonstrated antagonistic effects on responses
induced by indomethacin and 15d-PGJ; via CRTH2, which
further compounds the mechanisms by which they exert their
anti-inflammatory action—through inhibition of COXs or
activation of PPARy. While this is counterintuitive it may be one



