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Lipocalin-type prostaglandin D synthase (L-PGDS) is a highly glycosylated member of
the lipocalin gene family and is secreted into various human body fluids. We compara-
tively analyzed the structures of asparagine-linked sugar chains of human L-PGDS pro-
duced by recombinant Chinese hamster ovary cells and naturally occurring human
urine and amniotic fluid. After the sugar chains were liberated by hydrazinolysis fol-
lowed by N-acetylation, they were derivatized with 2-aminobenzamide. All of the sugar
chains of three L-PGDSs occur as biantennary complex-type sugar chains. Most of the
sugar chains of three samples were fucosylated on the inner most N-acetylglucosamine
residue. Although the sugar chains of the recombinant L-PGDS do not contain any
bisecting N-acetylglucosamine residues, 58% and 34% of the fucosylated-sugar chains of
amniotic fluid and urine L-PGDSs, respectively, contain bisecting N-acetylglucosamine
residues. The sialic acid residues occur solely as Sina2—+3Gal groups of the recombinant
L-PGDS; the sialic acid residues of other L-PGDS occur as both Siaa2—+3Gal and
Siaa2—+6Gal groups. Variations in L-PGDS glycosylation may prove useful as markers to
further elucidate the role of L-PGDS glycoforms in different tissues.

Key words: amniotic fluid, carbohydrate structure, CHO recombinant, prostaglandin D

synthase, urine.

Lipocalin-type prostaglandin (PG) D synthase (L-PGDS,
EC 5.3.99.2) catalyzes the isomerization of PGH,, a com-
mon precursor of various prostanoids, to produce PGD,, an
endogenous sleep-promoting substance (I). L-PGDS is a
unique member of the lipocalin superfamily composed of
various secretory lipophilic ligand-carrier proteins, because
it was the first enzyme to be recognized in this superfamily
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(2, 3). A possible function as a transporter of hydrophobic
molecules, such as retinoids (4), thyroids, biliverdin, and
bilirubin (5), has been suggested. Immunohistochemistry
and in situ hybridization of L-PGDS have revealed that the
enzyme is produced in the leptomeninges of the central
nerve system (6), pigmented epithelium of the retina (7),
male genital organs (8, 9), where it is secreted into the cere-
brospinal fluid (CSF), interphotoreceptor matrix, and semi-
nal plasma. In these cases, the enzyme is produced at
barrier sites, i.e., the blood-brain, blood-retinal and blood-
testicular barriers, and secreted into closed compartments
separated from the systemic circulation. On the other
hand, it is also detectable in various other body fluids, such
as serum, amniotic fluid and urine (10, 11). The biosynthe-
sis of L-PGDS in the human heart and atherosclerotic
plaques in blood vessels, and its secretion into serum have
been demonstrated (12). However, the origins of L-PGDS in
the amniotic fluid and urine have not yet been identified.
The human enzyme was identified as B-trace protein (B-TP)
(13-16), a major protein in human CSF (17).

Among members of the lipocalin family, L-PGDS is
unique because it is glycosylated. In addition, all cDNAs for
L-PGDS so far isolated from many mammalian species ex-
clusively conserve two N-glycosylation sites (18). This con-
servation among mammals is of potential importance. Ad-
ditionally, it has been suggested that the presence of sugar
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chains might modulate the interaction of L-PGDS with
other molecules in ways that differ from the rest of the
lipocalins (19). Therefore, the structural characteristics of
the sugar chains are important to understand their func-
tional aspects. The structure of the carbohydrate of B-TP
purified from CSF was elucidated only recently to be of the
“brain-type” (15, 20). This means that all biantennary
asparagine-linked sugar chains are of the complex type and
have a high degree of fucosylation, large amounts of bisect-
ing N-acetylglucosamine, and sialic acid in a2—3 or a2—6
linkages. In contrast to these characteristics of B-TP in
CSF, partial structures of the carbohydrates of B-TPs from
urine and hemofiltrate have been reported (21) as bisecting
N-acetylglucosamine residues detected in 20% of the sugar
chains, and sialic acid is found predominantly in «2-»3
linkages.

Although organ-specific glycosylation is well known (22,
23), its biological meaning is not clear. Since L-PGDS is
present in various organs and tissue fluids, it is an interest-
ing target molecule to reveal the relationship between
sugar chaing and their functional relevance. In this study,
we compared asparagine-linked sugar chains of human L-
PGDS produced by recombinant Chinese hamster ovary
(CHO) cells and naturally occurring human urine and
amniotic fluid. We show that each L-PGDS contains a set of
asparagine-linked sugar chains different from those of L-
PGDS in human CSF.

MATERIALS AND METHODS

Enzymes—Arthrobacter ureafaciens sialidase and bovine
epididymal a-fucosidase were purchased from Nacalai
Tesque (Kyoto) and Sigma Chemicals (St. Louis, MO, USA),
respectively. NANase I, a recombinant sialidase specific for
a2—3 linked N-acetylneuraminic acid, was purchased from
Glyco (Novato, CA, USA). Diplococcal B-galactosidase and
B-N-acetylhexosaminidase were purchased from Boehrin-
ger Mannheim (Mannheim, Germany). Jack bean B-N-ace-
tylhexosaminidase and a-mannosidase, and snail 8-manno-
sidase were purchased from Seikagaku (Tokyo).

Plasmid and Stable Transfection—A plasmid containing
full-length human L-PGDS was obtained as follows: L-
PGDS cDNA was excised with EcoRI from full-length L-
PGDS c¢DNA (24) and ligated into the EcoRI site of pd KCR-
dhfr (25). L-PGDS cDNA was transfected into CHO dhfr(—)
cells (26) by LIPOFECTAMINE™ reagent (GIBCO BRL,
Life Technologics, Rockville, MD, USA). Cell lines grown in
alpha-modified Eagle’s medium lacking ribonucleosides and
deoxyribonucleosides [«MEM(—)] supplemented with dia-
lyzed 5% fetal calf serum, 1% proline, 2 mM glutamine
were analyzed for L-PGDS expression by Northern blotting
and Western blotting with monoclonal antibody 6F5. High
expressing cell lines thus obtained were subcloned after the
gene expression was amplified with methotrexate (MTX).
Finally, a clonal CHO cell line expressing stably transfected
human L-PGDS was cultured in «MEM(—) supplemented
with dialyzed 5% fetal calf serum, 1% proline, 2 mM glu-
tamine, and 5 pM MTX.

Purification of I-PGDS—An immunoaffinity column was
prepared as described previously (11). In brief, 100 mg of
monoclonal anti-PGDS antibody (6F5) in 20 ml of 0.2 M
NaHCO,, 0.5 M NaCl, pH 8.3, was applied to a column
packed with 5 ml of HiTrap NHS-activated (Amersham
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Pharmacia Biotech, Tokyo). The antibody solution was re-
circulated through the column overnight using a peristaltic
pump. The column was washed with PBS until the absor-
bance at 280 nm fell to baseline. The remaining active sites
were blocked by incubation with 0.5 M ethanolamine, 0.5
M NaCl, pH 8.3. The column was then washed extensively
with phosphate-buffered saline (PBS), pH 7.4.

Human amniotic fluid specimens were collected from
patients with polyhydramions at term by Dr. Yoshihiro
Tokugawa (Osaka University Medical School). Two hun-
dred milliliters of human amniotic fluid diluted with 500
ml of PBS was loaded onto the anti-PGDS immunoaffinity
column constructed above, and the column was washed
sequentially with PBS containing 1 M NaCl (30 ml), PBS
containing 0.05% Triton X-100 (30 ml), and PBS (50 ml).
The absorbed proteins were eluted with 0.5 M sodium cit-
rate, pH 3.0 (20 ml). The eluate was titrated to pH 7.4 with
1 M Tris-HC], pH 9.0 (11 ml). The sample containing L-
PGDS was concentrated and then fractionated on a Super-
dex 200 HR 10/30 gel-filtration column (10 X 300 mm,
Amersham Pharmacia Biotech) using PBS at a flow rate of
0.5 ml/min. Fractions containing L-PGDS were pooled and
concentrated. Urinary L-PGDS was purified from 500 ml of
human urine by the same procedures as for amniotic L-
PGDS. CHO recombinant human L-PGDS was purified
from 100 ml of culture medium by immunoaffinity chroma-
tography alone.

The purity of each L-PGDS was confirmed by SDS-PAGE
performed according to Laemmli (27). Samples were incu-
bated in sample buffer at 100°C for 3 min and loaded onto a
Mini-PROTEAN I Dual Cell (Bio-Rad Laboratories, Rich-
mond, CA, USA) with a 2.5% stacking gel and 12.5% sepa-
rating gel (5 cm). The gel was electrophoresed at a constant
150 V for 1 h. After electrophoresis, the protein in the gel
was visualized with Silver Stain II Kit Wako (Wako Pure
Chemical Industries, Osaka).

Release of Asparagine-Linked Sugar Chains from L-
PGDS—Purified L-PGDS (500 pg) was thoroughly dried
over P,O; in vacuo and subjected to hydrazinolysis at 100°C
for 9 h. The liberated oligosaccharides were N-acetylated
and purified as described previously (28). This procedure
releases the asparagine-linked sugar chains of glycopro-
teins quantitatively as oligosaccharides. Following N-acety-
lation, the sample was separated by paper chromatography
using 1-butanol:ethanol:water (4:1:1, v/v) for 18 h. To iso-
late the asparagine-linked oligosaccharides, the area of the
paper from the origin to the migration position of authentic
lactose was extracted with water.

2-Aminobenzamide (2AB) Derivatization of Oligosaccha-
rides—The total asparagine-linked oligosaccharides ob-
tained above were labeled with 2-aminobenzamide (2AB)
as described previously (29, 30). To detect the 2AB-labeled
oligosaccharides, fluorescence emission was monitored at
420 nm with excitation at 330 nm.

Oligosaccharides—Galpl—+4GlcNAcp1-+2Manal—6-
(Galp1—+4GleNAcB1—2Manal—3)ManB1—+4GlecNAcpl—
4GlcNAc-2AB (Gal,-GleNAc, Man,-GleNAc-GlcNAc-2AB,
NA2), Galg1—+4GlcNAcBl—2Manal—6(Galpl—+4GlecNAc-
Bl—2Manal—+3)ManpB1—+4GlcNAcB1l—+4(Fucal—6)Glc-
NAc-2AB (Gal,-GleNAc,-Man,-GlcNAc-Fuc-GleNAc-2AB,
NA2F) and Galp1—+4GleNAcBl—2Manal—6(Galpl—
4GlcNAcB1—+2Manal—+3)(GlcNAcB31—+4)ManB1—+4Glec-
NAcB1—4(Fucal—+6)GlcNAc-2AB (Gal,-GleNAc,-Man,.
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GleNAc-Man-GleNAc-Fuc-GleNAc-2AB, NA2FB) were pur-
chased from Oxford GlycoSciences (Rosedale, NY, USA).
Manal—-6(Manal—3)Manf1—+4GlcNAcB1—+4GlcNAc-2AB
(Man,-GlcNAc-GlcNAc-2AB, M3), and Manal—+6(Manal
—+3)ManB1—+4GlcNAcBl—+4(Fucal—6)GlcNAc-2AB
(Man,-GlcNAc-Fuc.GlcNAc-2AB, M3F) were obtained by
digestion of NA2 and NA2F with a mixture of diplococeal B-
galactosidase and B-N-acetylhexosaminidase, respectively.

Analytical Methods—Anion-exchange chromatography of
2AB labeled asparagine-linked oligosaccharides was car-
ried out on an HPLC apparatus equipped with a Mono Q
HR5/5 column. The column was eluted with water for 10
min, then with a linear gradient from 0 to 600 mM ammo-
nium acetate (pH 4.0) during 35 min at a flow rate of 1 ml/
min at room temperature.

Neutral- and asialo-oligosaccharides were subjected to
HPLC using an LA-AAL (Aleuria aurantia lectin) column
(Seikagaku). After elution of the unbound oligosaccharides
with 10 ml of 10 mM ammonium acetate buffer, pH 7.3, the
bound oligosaccharides were eluted with the same buffer
containing 5 mM L-fucose at a flow rate of 0.5 ml/min at 25°C.

Reversed-phase HPLC was carried out on a Cosmosil
5Cg-AR column (Nacalai Tesque) equilibrated with 100
mM ammonium acetate buffer, pH 4.0, and eluted with a
gradient of 1-butanol (0.25-1%) during 120 min at a flow
rate of 1 ml/min at 55°C.

Normal-phase HPLC was carried out on a GlycoSep N
column (Oxford GlycoSciences) by elution with a 250 mM
ammonium acetate-acetonitrile gradient solvent system at
a flow rate 1 ml/min at 30°C. The 250 mM acetate—acetoni-
trile ratio was changed linearly from 20:80 to 53:47 (v/v)
during 132 min. The column was calibrated using 2AB-
labeled glucose oligomer, the elution positions of which
were used to obtain the glucose unit (gu) values for each
glycan.

Determination of the Molecular Mass of 2AB Labeled Oli-
gosaccharides by Matrix-Assisted Laser Desorption Ioniza-
tion Fourier Transform Mass Spectrometry (MALDI-
FTMS)—2,5-Dihydroxybenzoic acid (DHBA) was pur-
chased from Sigma Aldrich and used as the matrix. It was
dissolved to a concentration of 10 mg/ml of 30% aqueous
ethanol. The dried 2AB labeled oligosaccharide was dis-
solved in the matrix solution (2 pmol/ul). Aliquots of the
resulting mixtures (5 pl) were placed onto probe tips and
dried at room temperature. The molecular masses of the
oligosaccharides were determined using a BicAPEX 47e
(4.7-T, Bruker Daltonics GmbH, Bremen, Germany) FTMS.

Glycosidase Digestion—Oligogaccharides were incubated
with one of the following mixtures for 18 h at 37°C: (i) A.
ureafaciens sialidase (25 mU) in 30 pl of 500 mM ammo-
nium acetate buffer, pH 5.0; (ii)) NANase I (10 mU) in 20 pl
of 50 mM ammonium acetate buffer, pH 6.0; (iii) diplococcal
B-galactosidase (12.5 mU) in 50 pl of 300 mM citrate phos-
phate buffer, pH 6.0; (iv) diplococcal B-N-acetylhexosamini-
dase (5 mU) in 50 pl of 300 mM citrate phosphate buffer,
pH 6.0; (v) jack bean B-N-acetylhexosaminidase (0.5 U) in
40 ul of 300 mM citrate phosphate buffer, pH 5.0; (vi) a-
mannosidase (1 U) in 50 pl of 50 mM sodium acetate
buffer, pH 4.5; (vii) B-mannosidase (10 mU) in 50 ul of 50
mM citrate phosphate buffer, pH 4.0; (vii1) a-fucosidase (10
mU) in 40 pl of 200 mM citrate phosphate buffer, pH 6.0.
One drop of toluene was added to all reaction mixtures to
inhibit bacterial growth during incubation. Digestions were
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terminated by heating the reaction mixture in a boiling
water bath for 3 min. Digested samples were desalted by
HPLC using a Cosmosil 5C,;-AR column for neutralized
2AB-labeled oligosaccharides. As for samples treated with
A. ureafaciens sialidase or NANase I, ammonium acetate
was removed by extensive evaporation.

RESULTS

SDS-PAGE of Purified Human L-PGDS—The human
recombinant L-PGDS purified from CHO cells showed con-
siderable heterogeneity with a major protein band at about
M_ 28,000 and two minor bands at about 23,000 and 19,500
(Fig. 1, lane 1). Since human L-PGDS has two potential N-
glycosylation sites (2, 18), we estimated that the sample
from recombinant CHO cells contained three isoforms;
non-, mono-, and diglycosylated forms. It is noteworthy that
B-TP in CSF from patients with congenital glycoprotein-Ia
(CDG-Ia) disorders due to phosphomannomutase II defi-
ciency show three protein bands corresponding to the di-
(24 kDa), mono- (22 kDa), and non-glycosylated (20 kDa)
isoforms (31). On the other hand, the L-PGDSs purified
from amniotic fluid and urine migrated on SDS-PAGE as a
single band of about 28 kDa representing the diglycosy-
lated isoform (Fig. 1, lanes 2 and 3).

Fractionation of Oligosaccharides by Anion-Exchange
Column Chromatography—The 2AB-labeled oligosaccha-
ride mixtures obtained from human L-PGDS produced by
recombinant CHO cells and naturally occurring human
urine and amniotic fluid by hydrazinolysis were separated
into one neutral (N) and two acidic (Al and A2) fractions by
anion-exchange chromatography on a Mono Q HR5/5 col-
umn (Fig. 2). Fractions Al and A2 were eluted at the same
positions as 2AB-derivatized monosialo- and disialo-bian-
tennary sugar chains obtained from human transferrin,
suggesting that fractions Al and A2 contain one and two
sialic acids, respectively. The percentage molar ratio of oli-
gosaccharides in fractions N, A1, and A2, calculated on the
basis of their fluorescence intensity is summarized in
Table 1.

123 4
(KDa)
— 67
— 43
as M S T 30
b
cr - 20.1
b 14.4

Fig. 1. SDS-PAGE analysis of purified human L-PGDS. Recom-
binant L-PGDS, human amniotic fluid L-PGDS, and urine L-PGDS
were purified as described in “MATERIALS AND METHODS.” Lane
1, recombinant L-PGDS in transfected CHO cells; lane 2, L-PGDS
from amniotic fluid; lane 3, L-PGDS from urine; lane 4, molecular
mass standards. The migration positions of L-PGDS are indicated by
arrows; a, diglycosylated isoform; b, monoglycosylated isoform; c,
nonglycosylated isoform. The migration positions of the molecular
mass standards are indicated on the right side.
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By exhaustive A. ureafaciens sialidase digestion, all
acidic fractions were completely converted into neutral oli-
gosaccharides, indicating that only sialic acids are included
among the acidic residues in these oligosaccharides. The
neutral oligosaccharide fractions obtained from Al and A2
were named AIN and A2N, respectively. In order to dis-
criminate the sialyl linkages of oligosaccharides in fractions
Al and A2, the following experiments were performed.
NANase I is very useful for determining the sialic acid link-
ages, because it cleaves Siaa2-+3Gal linkages, but not the
Siaa2—+6Gal linkages (32). When fraction Al and fraction
A2 of recombinant L-PGDS were incubated with NANase I,
most of both fractions was completely converted into neu-
tral oligosaccharides (Table II), indicating that only
Siaa2—+3Gal linkages are included in recombinant L-
PGDS. This is consistent with previous analyses of CHO
cellderived glycoproteins. On the other hand, when frac-
tion Al of amniotic fluid and urine L-PGDSs was incubated
with NANase I, 47.2 and 43.9% remained unchanged
(Table II). In the case of fraction A2 of the three L-PGDSs,
9.7 and 12.2% remained unchanged, 40.3 and 37.0% was
converted into the monosialooligosaccharide fraction, and
the remaining 50.0 and 50.8% was neutralized (Table II).
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Fig. 2. Anion-exchange column chromatography of 2AB-la-
beled asparagine-linked sugar chains from L-PGDS. 2AB-la-
beled oligosaccharides were subject to HPLC on a Mono Q HR5/6
column. After elution of the neutral oligosaccharides with 10 ml of
water, the acidic oligosaccharides were eluted with a 0~600 mM gra-
dient of ammonium acetate, pH 4.0, at a flow rate of 1 ml/min at
room temperature (dotted line). (A) Oligosaccharides from recombi-
nant L-PGDS in transfected CHQ cells; (B) oligosaccharides from
human amniotic fluid L-PGDS; (C) oligosaccharides from human
urine L-PGDS. The molar ratio of each fraction is shown in Table 1.
N, Al and A2 indicate neutral, monosialo, and disialo oligosaccha-
ride fractions, respectively.
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These results indicate that acidic oligosaccharides of amni-
otic fluid and urine L-PGDSs contain both Siaa2—3- and
Siaa2—+6Gal linkages; the distribution of the Siaa2—3- and
Siaa2—+6Gal linkages in each fraction A2 is summarized in
Table II.

Fractionation of Neutral Oligosaccharides by Aleuria
aurantia Lectin Column (LA-AAL) Chromatography—An
AAL column can be used effectively to separate oligosac-
charides based on their binding specificities. All complex-
type asparagine-linked sugar chains containing an a-fuco-
syl residue linked at the C-6 position of the proximal N-
acetylglucosamine residue of their trimannosyl core bind to
the AAL column, while those without fucose residues do
not (33, 34).

When fraction A2N of recombinant CHO L-PGDS was
subjected to LA-AAL-column chromatography, 93.5% of the
fraction was retained on the column and eluted with 5 mM
L-fucose. The retained fraction was named A2NAAI(+F)
while the unretained fraction was named A2NAAL(-F).
AlIN and N were also separated into two fractions on an
LA-AAL-column; retained [AINAAI(+F) and NAAIL(+F)],
and unretained {AINAAT(—F) and NAAIL(-F)l. Three frac-
tions each obtained from amniotic fluid and urine L-PGDSs
were also separated by the same procedures. The percent-
age of each retained fraction on the LA-AAL-column can be
summarized as follows: CHO, NAAL(+F) 96.6%, AINA-
AL(+F) 93.4% A2NAAL(+F) 935%: amniotic fluid,
NAAI(+F) 82.0%, AINAAI(+F) 89.1%, A2NAAIL(+F)
88.9%; urine, NAAL(+F) 85.4%, AINAAIL(+F) 91.2%, A2-
NAAIL+F) 87.6%. The results indicated that most of the
oligosaccharides in the three samples were fucosylated.

Structural Study of Oligosaccharides in Fractions
AAL(—F)—The same results were obtained in structural
studies of each fraction AAI(—F). Therefore, the expeni-
mental results obtained for fraction AINAAIL{~F) of recom-
binant L-PGDS will be given below.

When fraction AINAAL(-F) of recombinant L-PGDS
was subjected to chromatography on a Cosmosil 5C;-AR
column, a major component with the same elution position
as authentic NA2 was obtained (Fig. 3A). As shown in Fig.

TABLE 1. Fractionation of asparagine-linked sugar chains
released from L-PGDS recombinantly expressed in CHO or
purified from amniotic fluid and urine by anion-exchange
chromatography.

Fraction Molar ratio (%)

r CHO Amniotic flud Urine
Neutral (N) 15.4 289 12.1
Monosialo (Al) 38.1 48.3 41.1
Disialo (A2) 46.5 22.8 46.8

TABLE II Distribution of sialic acid linkages of asparagine-
linked sugar chains from three L-PGDSs.

Fraction Linkage Molar ratio (%)
CHO Amniotic fluid Urine
Al a2-3 100 52.8 56.1
a2-6 — 472 43.9
a2-3,a2-3 100 50.0 50.8
A2 a2-3,a2-6 — 40.3 37.0
a2-6,a2-6 — 9.7 12.2

* Not detected.
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3Ba, this component was also eluted at the same position
as authentic NA2 on normal phase HPLC (7.3 gu). These

Fig. 3. Reversed phase and normal phase
HPLC of the component in fraction AINAAL-
(=F) of recombinant L-PGDS, and its proposed
structure. (A) The AINAAIL(~F) fraction was ap-
plied to a Cosmosil 5C,;-AR column equilibrated
with 100 mM ammonium acetate buffer, pH 4.0, and
eluted with a gradient of 1-butanol (0.25-1%) during
120 min at a flow rate of 1 mi/min at 55°C (dotted
line). (B, a) The major fluorescent component in A
was applied to a GlycoSep-N column and eluted by a
250 mM ammonium acetate—acetonitrile gradient
solvent system at a flow rate 1 ml/min at 30°C. The
250 mM acetate—acetonitrile ratio was changed lin-
early from 20:80 to 53:47 (v/v) during 132 min; (B, b)
the component in (B, a) after digestion with diplococ-
cal B-galactosidase; (B, c) the component in (B, b) af-
ter digestion with diplococcal B-N-acetylhexosamin-
idase. Peaks were assigned gu values by comparison
with the 2AB-labeled glucose oligomer ladder shown
at the top of each panel. (C) Proposed structure of
nonfucosylated asparagine-linked sugar chains ob-
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results suggest that AINAAI(—F) is a complex-type nonfu-
cosylated biantennary oligosaccharide as shown in Fig. 3C.
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the top of A indicates the elution position of the
2AB-labeled authentic oligosaccharide standard,
NAZ2. The open triangle at the top of Ba indicates the elution position of the standard, NA2, and the closed triangle in Bc indicates the position
of standard M3.
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Fig. 4. Reversed phase HPLC of components in the AAL(+F)
fractions. Nine AAI{+F) fractions were applied to a Cosmosil 5C,,-
AR column, which was conditioned as described for Fig. 3A. (A, D, and
G) Fractions N, A1N, and A2N from recombinant L-PGDS; (B, E, and

Qaift . 4GIoNACH— 2dana1
H) from amniotic fluid L-PGDS; (C, F, and I) from urine L-PGDS The
open triangles Y and Z at the top of A, D, and G indicate the elution
positions of the 2AB-labeled authentic oligosaccharide standards of
NAZF and NA2FB, respectively. Their structures are shown in (J).
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In order to confirm these findings, the component in Fig.
3Ba was subjected to sequential exoglycosidase digestion
and analyzed by HPLC. When it was incubated with diplo-
coccal B-galactosidase, which cleaves only Galp1—+4GlcNAc
linkages (35), two galactose residues were removed com-
pletely from the component in Fig. 3Ba (Fig. 3Bb). The com-
ponent in Fig. 3Ba was resistant to B-N-acetylhexosamin-
idase digestion (data not shown). When the component in
Fig. 3Bb was incubated with diplococcal 3-N-acetylhexos-
aminidase, which cleaves only GlcNAcR1—+2Man linkages
(36), it was converted to a component with the same mobil-
ity as authentic M3 (4.5 gu) with the release of two N-ace-
tylglucosamine residues (Fig. 3Bc). The component in Fig.
3Bc was confirmed by sequential digestion with jack bean
a-mannosidase, B-mannosidase, and jack bean B-N-acetyl-
hexosaminidase. The small component eluted at about 33
min in Fig. 3A could not be identified due to the limited
amount of the sample.

Since the components obtained from NAAL(—F) and
A2NAAIL(-F) of recombinant L-PGDS, and the component
from each fraction AAL{—F) of the amniotic fluid and urine

H. Manya et al.

enzymes gave the same results, they will not be repeated
here. Based on these results, the proposed structure of the
component of each fraction AAI(—F) is shown in Fig. 3C.
Structural Study of Oligosaccharides in Fraction AAL-
(+F)—When nine AAI{+F) fractions from three L-PGDSs
were chromatographed on a Cosmosil 5C,;-AR column, sev-
eral components were obtained (Fig. 4). Each AAI(+F)
fraction from recombinant L-PGDS yielded a major single
component: component a from fraction NAAL(+F) (Fig.
4A), component d from fraction AINAAI(+F) (Fig. 4D),
and component f from fraction A2NAAI(+F) (Fig. 4G). The
remaining six AAL(+F) fractions gave three components
from fractions NAAIL{+F) of amniotic fluid L-PGDS (com-
ponents g, x, and ¢ in Fig. 4B) and urine L-PGDS (compo-
nents a, b, and ¢ in Fig. 4C) and two components from
fractions AINAAI(+F) (components d and e in Fig. 4, E
and F) and fractions A2NAAI{+F) (components f and g in
Fig. 4, H and I) of both enzymes. These components were
subjected to further structural analysis, and were sepa-
rated by normal phase HPLC. The elution profiles are
shown in Fig. 5, and finally eleven components were
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1
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y ’
9
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d 1
50 60 70 80 90 50 60 70 80 80 50 60 70 80 80
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Fig. 5. Normal phase HPLC of components in the AAL(F+)
fractions. The fluorescent components a to g in Fig. 4 were applied to
a GlycoSep-N column and eluted in a 250 mM ammonium acetate-ac-
etonitrile gradient solvent system at a flow rate 1 ml/min at 30°C. The
250 mM acetate—acetonitrile ratio was changed linearly from 20:80 to
53:47 (v/v) during 132 min. (A, D, and G) Fractions N, A1N, and A2N

from recombinant L-PGDS; (B, E, and H) from amniotic fluid L-
PGDS; (C, F, and I) from urine L-PGDS. Peaks were assigned gu val-
ues by comparison with the 2AB-labeled glucose oligomer ladder
ghown at the top of each panel. The open triangles Y and Z are the
same as in Fig. 4.
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obtained. Only component x in Fig. 4B could not be deter-
mined, although it was eluted at 2.6 gu by normal phase
HPLC (data not shown). Panels A, D, and G (Fig. 5) gave
fractions NAAL(+F), AINAAI(+F), and A2NAAI(+F)
from recombinant I-PGDS, and panels B, E, and H and
panels C, F, and I yielded the corresponding fractions from
amniotic fluid L-PGDS and urine L-PGDS, respectively.

As shown in Fig. 5, components 1, 6, and 10 were eluted
at the same position as authentic NA2F (7.8 gu, indicated
by Y) from normal phase HPLC, suggesting that these com-
ponents are complex-type fucosylated digalactosyl-bianten-
nary oligosaccharides (Fig. 4J, Y). Components 2, 7, and 11
eluted at the same position as authentic NA2FB (7.9 gu,
indicated by Z), suggesting that these are complex-type fuc-
osylated bisected digalactosyl-biantennary oligosaccha-
rides (Fig. 4J, Z).

Information about the molecular weights of these compo-
nents is helpful for interpreting the HPLC results obtained
above and the results of sequential exoglycosidase digestion
as described later. Therefore, the molecular weights of com-
ponents 10 and 11 were determined by MALDI-FTMS. The
observed [M+Na]* ion peaks of components 10 and 11
were at m/z 1,930.8 and 2,133.7, respectively (Fig. 6). The
observed molecular mass values were consistent with those
expected: 2AB labeled fucosylated digalactosyl-biantennary
sugar chains (1,929), and 2AB labeled fucosylated bisected
digalactosyl-biantennary sugar chains (2,132).

Those findings were confirmed by sequential exoglycosi-
dase digestion as follows. When component 10 was incu-
bated with diplococcal B-galactosidase, two galactose re-
sidues were removed completely (6.2 gu) (Fig. 7A). When
the component in Fig. 7A was incubated with diplococcal B-
N-acetylhexosaminidase, it was converted to a component
with the same mobility as authentic M3F (5.0 gu) with the
release of two N-acetylglucosamine residues (Fig. 7B). The
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Fig. 6. MALDI-FTMS analysis of 2AB labeled oligosaccha-
rides. (A) Component 10; (B) component 11. Both spectra were col-
lected using DHBA as the matrix.
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component in Fig. 7B was confirmed by sequential diges-
tion with jack bean a-mannosidase followed by B-mannosi-
dase, jack bean B-N-acetylhexosaminidase, and a-fuco-
sidase. The same results were obtained from components 1
and 6 by sequential exoglycosidase digestions. Based on
these results, the proposed structures of components 1, 6,
and 10 are concluded to be as shown in Table I1I.

To confirm the findings, components 2, 7, and 11 were
subjected to sequential digestion. Component 11 released
two galactose residues by diplococcal B-galactosidase diges-
tion (6.4 gu) (Fig. 7C) and three N-acetylglucosamine resi-
dues by subsequent jack bean (3-N-acetylhexosaminidase
digestion and co-eluted with authentic standard M3F (5.0
gu) (Fig. 7D). On the other hand, the component in Fig. 7C
released only one N-acetylglucosamine residue by diplococ-
cal B-N-acetylhexosaminidase digestion (6.1 gu) (Fig. 7E).
These results indicate that the structure of the component
in Fig. 7C is GleNAcB1—+2Manal—6(GlcNAcf1—+2Man-
al—3XGlcNAcpl—4)ManBl—4GlcNAcB1—+4(Fucal —6)-
GlcNAc-2AB. As reported previously (36), diplococcal B-N-
acetylhexosaminidase cleaves only the GleNAcB1—+2Man

Fluorescence —

—_—

40 50 60 70 80

Time (min)
Fig. 7. Sequential glycosidase digestion of components 10,11,
and 8. (A) Component 10 in Fig. 5 after digestion with diplococcal B-
galactosidase; (B) the component in (A) after digestion with diplococ-
cal B-N-acetylhexosaminidase; (C) component 11 in Fig. 5 after di-
gestion with diplococcal B-galactosidase; (D) the component in (C)
after digestion with jack bean B-N-acetylhexosaminidase; (E) the
component in (C) after digestion with diplococcal B-N-acetylhexos-
aminidase; (F) component 3 in Fig. 5 after digestion with diplococcal
B-galactosidase. The open triangle at the top of B indicates the elu-
tion position of the 2AB-labeled authentic oligosaccharide standard,
M3F.
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linkage on the Manal—3 arm from the above oligosaccha-
ride. The same results were obtained for components 2 and
7 by sequential exoglycosidase digestions. Based on these
results, the proposed structures of components 2, 7, and 11
are summarized in Table ITI.

As shown in Fig. 5, components 3 and 8, and components
4 and 9 co-eluted from normal phase HPLC. Component 3
(7.1 gu) released only one galactose residue by diplococcal
B-galactosidase digestion (6.4 gu) (Fig. 7F). The results of
sequential exoglycosidase digestions of the component in
Fig. 7F and component 5 (6.4 gu, in Fig. 5C), which was

H. Manya et al.

found only in urine sample, were the same as that of the
component in Fig. 7C. In brief, three N-acetylglucosamine
residues were released by jack bean B-N-acetylhexosamini-
dase digestion, while one N-acetylglucosamine residue was
released by diplococcal B-N-acetylhexosaminidase diges-
tion. The same results were obtained from component 8 by
sequential exoglycosidase digestions. Therefore, compo-
nents 3 and 8 were fucosylated bisected monogalactosyl-
biantennary,- and component 5 was fucosylated bisected
nongalactosyl-biantennary oligosaccharides, as shown in
Table II1.

TABLE III. Proposed structures and their percent molar ratios of fucosylated asparagine-linked sugar

chains obtained from three human L-PGDSs.

Molar ratio (%)
Component Structures . . .
CHO Amniotic fluid Urine
NAAL®H+
(+F) Fucar
Gelp > AQIcHACHT- 2Manal , H
1 caps o > SMarg1 -+ 4GICHACST- 4GICNAC — 248 15.9 5.5 2.7
G-+ 4GICNACS - ZManal "“"“;‘
123 - -
2 e 13“@]}4&:\31 4GICNACB 1+ AGICNAC —2AB a 16.0 29
¥ Gaip1» 4GICNACHT-> Manat F"'°°£
3,4 GUCHACHT- 4Manp1 » 4GICNACSt 4GICHAC — 248 . 7.0 3.5
7 Gaif1> 4GICNACS 1+ 2Manat
GlcNACH T+ 2Manal, Fueat
5 GICNACHT-> 4ManB1 -+ 4GICNACE T+ 4GINAC — 2AB i ) 36
GicNACp 1+ 2Manal 3 )
AINAAL(+F)
Fucad
Gaif1+ 4GIcNACB 1> ZManal y, M
6 asipts "~ \ aManfil > 4GICNACHTs 4GIcNAC—2AB 37.9 23.5 27.1
Gatf1+ 4GIcNACS1-+ 2Manal | | Fucal
7 GICNACH1-> 4Mans1 - 4GICNACE 1> 4GHNAC —2AB ) 20.3 11.2
Galf1-+ 4GICNACS1-+ 2Manal ) )
* Qa1+ AGIcHACS 1> Manat Fucal
8,9 GICNACS 1+ 4ManS1 » 4GICNACH H 4QICNAC — 2AB 49 3.4
3 Qi1+ AGICNACH 1+ 2Manal ” ) : :
A2NAAL(+F)
Fucat
Gaip1+ 4GKNACHT- ZManal \, | M
10 anpr " y SManp1 -+ 4GICNACS ' 4GIcNAC—2AB 46.2 13.4 36.4
Gaip1+ AGIcNACH1- ZManat "ms
11 GICNACS1-> 4Mang1 -+ 4GICNACS 1 4GICNAC —2AB ) 95 98

Gaif1-> 4GIcNACB1-+ 2Manal ~

* not detected.
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Components 4 and 9 were eluted 0.1 gu larger than com-
ponents 3 and 8, respectively (Fig. 5). Each component also
released only one galactose residue by diplococeal B-galac-
tosidase digestion, and eluted at the same position as the
component in Fig. 7C. The structure was confirmed by the
same procedures described already. Therefore, these results
suggest that components 4 and 9 were monogalactosyl
bisected biantennary. The reason for the difference in the
elution positions between components 3 and 8 and compo-
nents 4 and 9 in Fig. 5 is unclear, but probably due to the
difference in the galactosyl arm on Manal—3 or Man-
al—6. Based on these results, we conclude that compo-
nents 3, 4, 8, and 9 were fucosylated bisected mono-
galactosyl-biantennary, and component 5 was fucosylated
bisected nongalactosyl-biantennary oligosaccharides, as
shown in Table III.

DISCUSSION

In the present study, the asparagine-linked sugar chains of
human L-PGDS produced by recombinant CHO cells and
naturally occurring human urine and amniotic fluid were
elucidated. In summary, all of the sugar chains of the three
L-PGDSs occur as biantennary complex-type sugar chains.
Most of the sugar chains of the three samples are fucosy-
lated on the inner most N-acetylglucosamine residue.
Although the sugar chains of recombinant L-PGDS do not
contain any bisecting N-acetylglucosamine residues, 58 and
34% of the fucosylated-sugar chains of amniotic fluid and
urine L-PGDSs, respectively, contain bisecting N-acetylgiu-
cosamine residues. The sialic acid residues occur solely as
Siaa2—+3Gal groups in recombinant L-PGDS; the sialic
acid residues of other L-PGDS occur as both Siac2—+3Gal
and Siaa2—+6Gal groups. It should be noted that mono- and
non-galactosyl sugar chains were found only in the bisected
form and not in the non-bisected form. This supports the
notion that the addition of bisecting N-acetylglucosamine
residues modulates the processing pathway of asparagine-
linked sugar chains, including B-galactosylation (37), and
that the activity of B-galactosyltransferase toward the
bisected biantennary is lower than toward the non-bisected
one (38).

Recently, many glycoproteins have been produced by
recombinant techniques and their carbohydrate structures
have been analyzed in detail (39). Among the cells used as
hosts, CHO cells have been used most frequently for the
expression of various recombinant glycoproteins. Compara-
tive studies of the sugar moieties of these glycoproteins
revealed both qualitative and quantitative differences in
their sugar patterns. These differences must be due to the
peptide moiety, because CHO cells have the same sets of
glycosylation machinery, including the glycosyltransferases
and glycosidases that act on glycoprotein biosynthetic
intermediates. However, we found the common characteris-
tics of all glycoproteins so far expressed in CHO cells even
in this study: a lack of bisecting N-acetylglucosamine resi-
dues and the exclusive occurrence of Siaa2—+3Gal groups.
An interesting but obscure phenomenon is that different
glycosylated isomers were found in recombinant L-PGDS
(Fig. 1). It is stressed here that the ratio in the three iso-
forms is highly reproducible. It will be tmportant to deter-
mine whether or not different glycosylation patterns affect
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the binding affinity and/or specificity of unidentified hydro-
phobic molecules that are transferred by L-PGDS. It is also
noteworthy that non- and mono-glycosylated p-TPs, in ad-
dition to the diglycosylated isoform, were found in the CSF
of patients with congenital glycoprotein-la (CDG-Ia) disor-
ders due to phosphomannomutase II deficiency, although
its relevance to the disease is not yet clear (31, 40).

The carbohydrate structure of fibronectin present in
human amniotic fluid has been reported by Krusius et al.
(41) and by us (42). The results in these studies differ in
several points: (i) the ratio of tri- and bi-antennary sugar
chains; and the detection of (ii) bisected sugar chains and
(iii) polylactosamine-type sugar chains. Based on the pre-
sent data, it is suggested that the glycosylation of fibronec-
tin may change during gestation, because Krusius et al.
isolated fibronectin from second trimester amniotic fluid,
while we used term fluid. There has been a report showing
that developmental changes take place in the sugar chains
of placental fibronectin during gestation (43). Since we per-
formed structural studies on L-PGDS obtained from term
fluid, it remains to be determined whether the carbohy-
drate changes in L-PGDS occur during gestation or not. It
is worth noting that the biosynthesis of L-PGDS in amni-
otic fluid has not yet been identified, while its concentration
in fluid has been proposed to be associated with fetal ab-
normalities (44).

The urinary concentration of L-PGDS is considered to be
a potential diagnostic marker for renal diseases (21). How-
ever, the origin of urinary L-PGDS has not yet been identi-
fied. Although a “brain-type” structure (20, 4547), trun-
cated, fucosylated, bisected biantennary sugar chain (com-
ponent 5 in Table III), was found for urinary L-PGDS, it is
impossible to conclude that part of the urinary L-PGDS is
derived from the CSF (brain). We can not completely ex-
clude the possibility that the partial degradation of sugar
chains of urinary L-PGDS occurs during purification, in-
cluding the collection and preservation of urine. However,
such degradation would be rare because galactose-deficient
sugar chains were found only in the bisect form. Since
organ-specific differences in glycosylation are well known
(22, 23), the accumulation of carbohydrate data of L-PGDSs
from various organs is required to reach a conclusion.

What is the functional role of the sugar chains on L-
PGDS? Since recombinant L-PGDS produced by Escheri-
chia coli show full enzymatic activity (48, 49), sugar chains
are not necessary for enzymatic activity. One possible func-
tion in the transfer of an unidentified hydrophobic mole-
cule, such as retinoid (50), thyroids, -or bile pigments (5),
has been suggested. Although the mRNA of L-PGDS could
not be detected in neurons, it has been detected immuno-
histochemically (51), suggesting that L-PGDS produced in
the leptomenings (6) and secreted into the CSF is incorpo-
rated into developing neurons. This is of interest because
hydrophilic sugar chains are attached to L-PGDS, which
may transport the hydrophobic molecules. One of the well-
known functions of sugar chains is acting as “tags” to
deliver molecules to target tissues or cells (22, 23). If L-
PGDS present in different tissues transports different mol-
ecules, tissue-specific glycosylation differences may be of
functional relevance. Further studies are necessary to iden-
tify the hydrophobic molecules transported by L-PGDS.



1010

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Tokugawa, Y., Kunishige, I.,

REFERENCES

. Urade, Y. and Hayaishi, O. (1996) Prostaglandin D, and sleep

regulation. Biochim. Biophys. Acta 1438, 606615

. Nagata, A., Suzuki, Y., Igarashi, M., Eguchi, N,, Toh, H., Urade,

Y., and Hayaishi, O. (1991) Human brain prostaglandin D syn-
thase has been evolutionarily differentiated from lipophilic-
ligand carrier proteins. Proc. Natl. Acad. Sci. USA 88, 4020-
4024

. Peitsch, M.C. and Bougski, M.S. (1991) The first lipocalin with

enzymatic activity. Trends Biochem. Sci. 16, 363

. Tanaka, T, Urada, Y., Kimura, H., Eguchi, N., Nishikawa, A_,

and Hayaishi, O. (1997) Lipocalin-type prostaglandin D syn-
thase (B-trace) is a newly i type of retinoid trans-
porter. J. Biol. Chem. 272, 15789-15795

. Beuckmann, C.T,, Aoyagi, M., Okazaki, 1., Hiroike, T., Toh, H.,

Hayaishi, O., and Urade, Y. (1999) Binding of biliverdin, biliru-
bin, and thyroid hormones to lipocalin-type prostaglandin D
synthase. Biochemistry 38, 8006—-8013

. Urade, Y., Kitahama, K., Ohishi, H., Kaneko, T., Mizuno, N.,

and Hayaishi, O. (1993) Dominant expression of mRNA for
prostaglandin D synthase in leptomeninges, choroid plexus,
and oligodendrocytes of the adult rat brain. Proc. Natl. Acad.
Seci. USA 90, 9070-9074

. Beuckmann, C.T,, Gordon, W.C., Kanaoka, Y.,, Eguchi, N,

Marcheselli, V.L., Gerashchenko, D.Y., Urade, Y., Hayaishi, O.,
and Bazan, N.G. (1996) Lipocalin-type prostaglandin D syn-
thase (B-trace) is located in pigmented epithelial cells of rat ret-
ina and accumulates within interphotoreceptor matrix. J. Neu-
rosci. 16, 61196124

. Blédorn, B., Mider, M., Urade, Y., Hayaishi, O., Felgenhauer,

K., and Briick, W. (1996) Choroid plexus: the major site of
mRNA expression for the B-trace protein (prostaglandin D syn-
thase) in human brain. Neurosci. Lett. 209, 117-120

Kubota, Y., Shimoya, K,
Nobunaga, T., Kimura, T., Saji, F., Murata, Y., Eguchi, N., Oda,
H., Urade, Y., and Hayaishi, O. (1998) Lipocalin-type prostag-
landin D synthase in human male reproductive organs and
seminal plasma. Biol. Reprod. 58, 600607

Hochwald, G.M. and Thorbecke, G.J. (1962) Use of an antise-
rum against cerebrospinal fluid in demonstration of trace pro-
teins in biological fluids. Proc. Soc. Exp. Biol. Med. 109, 91-95
Oda, H., Eguchi, N., Urade, Y., and Hayaishi, O. (1996) Quanti-
tative sandwich enzyme-linked immunosorbent assay for hu-
man secretory prostaglandin D synthase (B-trace). Proc. Jpn.
Acad. Ser. B 72,108-111

Eguchi, Y., Eguchi, N,, Oda, H., Seiki, K., Kjjima, Y., Matsu-
ura, Y., Urade, Y., and Hayaishi, O. (1997) Expression of lipoca-
lin-type prostaglandin D synthase (B-trace) in human heart
and its accumulation in the coronary circulation of angina
patients. Proc. Natl. Acad. Sci. USA 94, 14689-14694
Kuruvilla, A.P,, Hochwald, G.M., Ghiso, J., Castano, EM., Piz-
zolato, M., and Frangino, B. (1991) Isolation and aminotermi-
nal sequence of B-trace, a novel protein from human cere-
brospinal fluid. Brain Res. 565, 337-340

Zahn, M., Mider, M., Schmidt, B., Bollensen, E., and Felgen-
hauer, K. (1993) Purification and N-terminal sequence of B-
trace, a protein abundant in human cerebrospinal fluid. Neuro-
sci. Lett. 154, 93-95

Hoffmann, A., Conradt, H.S., Gross, G., Nimtz, M., Lottspeich,
F., and Wurster, U. (1993) Purification and chemical character-
ization of B-trace protein from human cerebrospinal fluid: its
identification as prostaglandin D synthase. J. Neurochem. 61,
451456

Watanabe, K., Urade, Y., M#ider, M., Murphy, C., and Hayaishi,
0. (1994) Identification of 8-trace as prostaglandin D synthase
Biochem. Biophys. Res. Commun. 203, 1110-1116

Clausen, J. (1961) Proteins in normal cerebrospinal fluid not
found in serum. Proc. Soc. Exp. Biol. Med. 107, 170-172

Urade, Y. and Hayaishi, O. (2000) Prostaglandin D synthase:
structure and function. Vit. Horm. 58, 89120

19.

20.

21.

22.

23.

26.

27.

29.

30.

3L

32.

35.

H. Manya et al.

Ganfornina, M.D., Sdnchez, D., and Bastiani, M.J. (1995) Laz-
arillo, a new GPI-linked surface lipocalin, is restricted to a sub-
set of neurons in the grasshopper embryo. Development 121,
123-134

Hoffmann, A, Nimtz, M., Wurster, U, and Conradt, H.S. (1994)
Carbohydrate structures of B-trace protein from human cere-
brospinal fluid: evidence for “brain-type” N-glycosylation. oJ.
Neurochem. 63, 218562196

Hoffmann, A., Nimtz, M., and Conradt, H.S. (1997) Molecular
characterization of B-trace protein in human serum and urine:
a potential diagnostic marker for renal diseases Glycobiology
7, 499-606

Kobata, A. (1992) Structures and functions of the sugar chains
of glycoproteins. Eur. J. Biochem. 209, 483-501

Varki, A. (1993) Biological roles of oligosaccharides: all of the
theories are correct. Glycobiology 3, 97-130

. Urade, Y., Watanabe, K., and Hayaishi, O. (1995) Prostaglandin

D, E, and F synthases. J Lipid Mediators Cell Signalling 12,
257-273

. Oikawa, S., Inuzuka, C., Kuroki, M., Matsuoka, Y., Kosaki, G.,

and Nakazato, H. (1989) Cell adhesion activity of non-specific
cross-reacting antigen (NCA) and carcinoembryonic antigen
(CEA) expressed on CHO cell surface: homophilic and hetero-
philic adhesion. Biochem. Biophys. Res. Commun. 164, 39—45
Urlaub, G. and Chasin, L.A. (1980) Isolation of Chinese ham-
ster cell mutants deficient in dihydrofolate reductase activity.
Proc. Natl. Acad. Sci. USA 77, 42164220

Laemmli, UK. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227, 680—
685

. Takasaki, S., Mizuochi, T., and Kobata, A. (1982) Hydrazinoly-

sis of agparagine-linked sugar chains to produce free oligosac-
charides. Methods Enzymol. 83, 263-268

Chiba, A., Matsumura, K., Yamada, H., Inazu, T, Shimizu, T,
Kusunoki, S., Kanazawa, 1., Kobata, A., and Endo, T. (1997)
Structures of sialylated O-linked oligosaccharides of bovine
peripheral nerve a-dystroglycan: the role of a novel O-manno-
syl-type oligosaccharide in the binding of a-dystroglycan with
laminin. J. Biol. Chem. 272, 2156-2162

Bigge, J.C., Patel, TP, Bruce, J.A., Goulding, P.N., Charles,
S.M.,, and Parekh, R.B. (1995) Nonselective and efficient fluo-
rescent labeling of glycans using 2-amino benzamide and
anthranilic acid. Anal. Biochem. 230, 229-238

Pohl, S., Hoffmann, A., Riidiger, A., Nimtz, M., Jaeken, J., and
Conradt, H.S. (1997) Hypoglycosylation of a brain glycoprotein
(B-trace protein) in CDG syndromes due to phosphomannomu-
tase deficiency and N-acetylglucosaminyltransferase. Glycobiol-
ogy 7,1077-1084

Kojima, N., Yoshida, Y., Kurosawa, N., Lee, Y-C,, and Tsuji, S.
(1995) Enzymatic activity of a developmentally regulated mem-
ber of the sialyltransferase family (STX): evidence for «2,8-sia-
lyltransferase activity toward N-linked oligosaccharides. FEBS
Lett. 360, 14

. Fukumori, F., Takeuchi, N., Hagiwara, T., Ohbayashi, H., Endo,

T., Kochibe, N., Nagata, Y., and Kobata, A. (1990) Primary
structure of a fucose-specific lectin obtained from a mushroom,
Aleuria aurantia. J. Biochem. 107, 190-196

. Sato, Y., Suzuki, M., Niragawa, T.,, Suzuki, A., and Endo, T.

(2000) Microsequencing of glycans using 2-aminobenzamide
and MALDI-TOF mass spectrometry: Occurrence of unique
linkage-dependent fragmentation. Anal. Chem. 72,1207-1216
Paulson, J.C., Prieels, J.P, Glasgow, L.R., and Hill, R.L. (1978)
Sialyl- and fucosyltransferases in the biosynthesis of aspar
agine-linked oligosaccharides in glycoproteins. Mutually exclu-
sive glycosylation by B-galactoside a2 goes to 6 sialyltrans-
ferase and N-acetylglucosaminide al goes to 3 fucosyltrans-
ferase. J. Biol. Chem. 253, 5617-5624

Yamashita, K., Ohkura, T., Yoshima, H., and Kobata, A. (1981)
Substrate specificity of diplococcal 8-N-acetylhexosaminidase, a
useful enzyme for the structural studies of the complex type
asparagine-linked sugar chains. Biochem. Biophys. Res Com-
mun. 100, 226-232

J. Biochem.



Carbohydrates of Lipocalin-Type Prostaglandin D Synthase

37.

39.

41.

42,

Narashimhan, S., Freed, J.C., and Schachter, H. (1985) Control
of glycoprotein synthesis. Bovine milk UDPgalactose:N-acetyl-
glucosamine P-4-galactosyltransferase catalyzes the preferen-
tial transfer of galactose to the GleNAcB1,2Manal,3-branch of
both bisected and nonbisected complex biantennary aspar
agine-linked oligosaccharides. Biochemistry 24, 1694-1700

. Fujii, S, Nishiura, T, Nighikawa, A., Miura, R., and Taniguchi,

N. (1990) Structural heterogeneity of sugar chains in immuneo-
globulin G: conformation of immunoglobulin G molecule and
substrate specificities of glycosyltransferases. J. Biol. Chem.
265, 60096018

Cumming, D.A. (1991) Glycosylation of recombinant protein
therapeutics: control and functional implications. Glycobiology
1, 115-130

. Gunewald, S., Huyben, K., de Jong, J.G.N., Smeitink, JAM.,

Rubio, E., Boers, G.H.J,, Conradt, H.S., Wendel, U., and Wevers,
R.A. (1999) B-Trace protein in human cerebrospinal fluid: a
diagnostic marker for N-glycosylation defects in brain. Bio-
chim. Biophys. Acta 1455, 5460

Krusius, T, Fukuda, M., Dell, A,, and Ruoslahti, E. (1985)
Structure of the carbohydrate units of human amniotic fluid
fibronectin. J. Biol. Chem. 260, 41104116

Takamoto, M., Endo, T., Isemura, M., Yamaguchi, Y., Okamura,
K., Kochibe, N, and Kobata, A. (1989) Detection of bisected
biantennary form in the asparagine-linked oligosaccharides of
fibronectin igolated from human term amniotic fluid. J Bio-
chem. 108, 228-235

Zhu, B.CR. and Laine, R.A. (1987) Developmental study of
human fetal placental fibronectin: alterations in carbohydrates
of tissue fibronectin during gestation. Arch. Biochem. Biophys.
252, 1-6

Vol. 127, No. 6, 2000

47.

49.

50.

51.

1011

. Melegos, D.N,, Yu, H., and Diamandis, E.P. (1996) Prostaglan-

din D2 synthase—a component of human amniotic fluid and its
association with fetal abnormalities. Clin. Chem. 42, 1042—
1050

. Hoffmann, A, Nimtz, M., Getzlaff, R., and Conradt, H.S. (1995)

‘Brain-type’ N-glycosylation of asialo-transferrin from human
cerebrospinal fluid. FEBS Lett. 359, 164168

. Shimizu, H., Ochiai, K., Tkenaka, K., Mikoshiba, K., and Hase,

S. (1993) Structures of N-linked sugar chains expressed mainly
in mouse brain. J. Biochem. 114, 334-338

Nakakita, S., Natsuka, S., Ikenaka, K, and Hase, S. (1998)
Development-dependent expression of complex-type sugar
chains specific to mouse brain. J. Biochemn. 123, 1164-1168

. Urada, Y., Nagata, A., Suzuki, Y., Fuyjii, Y., and Hayaishi, O.

(1989) Primary structure of rat brain prostaglandin D syn-
thethase deduced from cDNA sequence. J Biol. Chem. 264,
1041-1045

Urada, Y., Tanaka, T., Eguchi, N., Kikuchi, M., Kimura, H., Toh,
H., and Hayaishi, O. (1989) Structural and functional signifi-
cance of cysteine residues of glutathione-independent prostag-
landin D synthase. Identification of Cys® as an essential thiol.
J. Biol. Chemn. 270, 1422-1428

Tanaka, T, Urade, Y., Kimura, H., Eguchi, N., Nishikawa, A.,
and Hayaishi, O. (1997) Lipocalin-type prostaglandin D syn-
thase (B-trace) is a newly recognized type of retinoid trans-
porter. J. Biol. Chem. 272, 15789-15795

Garcia-Fernandez, L.F., Rausell, E., Urade, Y., Hayaishi, O.,
Bernal, J., and Munoz, A. (1997) Hypothyroidism alters the
expression of prostaglandin D2 synthase/B-trace in specific
areas of the developing rat brain. Eur. J. Neurosci. 9, 1566—
1573



