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A cDNA encoding a novel glucuronyltransferase was
loned from a rat brain cDNA library. The cDNA se-
uence contained an open reading frame encoding 324
mino acids, with type II transmembrane topology.
he amino acid sequence reveled 49% homology to rat
lcAT-P, a glucuronyltransferase involved in the bio-

ynthesis of the HNK-1 carbohydrate epitope of glyco-
roteins, [Terayama et al. (1997) Proc. Natl. Acad. Sci.
SA 94, 6093–6098] and the highest sequence homol-
gy was found in the catalytic region. Northern blot
nalysis indicated that this newly cloned glucuronyl-
ransferase is expressed in the nervous system, consis-
ent with the selective localization of the HNK-1 car-
ohydrate epitope in the nervous system. Transfection
f this cDNA into COS-1 cells induced the expression
f the HNK-1 carbohydrate epitope on cell surfaces,
nd induced the morphological changes in these cells.
hese results indicated that this newly cloned cDNA is
second glucuronyltransferase involved in the bio-

ynthesis of the HNK-1 carbohydrate epitope. © 1999

cademic Press

The HNK-1 carbohydrate epitope, which is recog-
ized by the monoclonal antibody HNK-1 (1), is char-
cteristically expressed on a large number of cell ad-
esion molecules, such as on the neural cell adhesion
olecule (NCAM), L1, myelin-associated glycoprotein

MAG), transiently expressed axonal glycoprotein-1
TAG-1) and PO (2–5), and on some proteoglycans (6)
n the nervous system, all of which are involved in
ell-cell and/or cell-substratum interactions. This
pitope is also expressed on some glycolipids (SGGL-1
nd -2) (7,8). The expression of the HNK-1 carbohy-
rate epitope on these glycoconjugates is spatially and

1 The nucleotide sequence data reported in this paper has been
ubmitted to the DDBJ/EMBL/GenBank databases with the Acces-
ion Number AB010441.
182006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ervous system (9,10). Studies using either the HNK-1
ntibody or HNK-1 reactive glycolipids demonstrated
hat the HNK-1 carbohydrate epitope plays crucial
oles in cell-cell and/or cell-substrate interactions
uch as cell adhesion, migration and neurite extension
11–13).

The HNK-1 epitope has been demonstrated to be
omposed of the sulfated trisaccharides, sulfate-
GlcAb1-3Galb1-4GlcNAc, which is shared with glyco-
ipids and glycoproteins (7,8,14). Since Gal b1-4 GlcNAc
s found commonly in various glycoproteins and glyco-
ipids, glucuronyltransferase is considered to be a
ey enzyme for the biosynthesis of the HNK-1 epitope.
n our previous study, we demonstrated that there
re at least two types of glucuronyltransferases asso-
iated with biosynthesis of the HNK-1 carbohydrate
pitope in the rat brain (15). Recently we purified a
lucuronyltransferase specific for glycoprotein accep-
ors (GlcAT-P) from the rat brain (16), and cloned its
DNA (17).
In this study, we screened a rat brain cDNA library

sing the GlcAT-P cDNA as a probe under low strin-
ency conditions, to obtain other glucuronyltrans-
erase(s) involved in the biosynthesis of the HNK-1
pitope. We succeeded in the cloning of a novel glucu-
onyltransferase cDNA, which encoded a type II mem-
rane protein with four highly conserved motifs found
n GlcAT-P. Transfection of this newly cloned cDNA
nto COS-1 cells induced the formation of HNK-1 car-
ohydrate epitopes on the cell surfaces. This novel
lucuronyltransferase was tentatively called GlcAT-S.

ATERIALS AND METHODS

Materials. The mammalian expression vector pEF-BOS (18) was
indly provided by S. Nagata (Osaka Bioscience Institute). The
onoclonal antibody M6749 (19) was a generous gift from H. Tanaka

Kumamoto University). The Chinese Hamster Ovary mutant cell



line, Lec2, and a hybridoma cell line producing the HNK-1 antibody
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ere purchased from the American Type Culture Collection.

Cloning of a novel glucuronyltransferase cDNA. A lgt11 18th day
at embryonic cDNA library (CLONTECH, 5 x 105 phages) was
creened using the catalytic domain of GlcAT-P as a probe (a 832 bp
ragment from nucleotide number 222 to 1053 of the GlcAT-P cDNA
17)). The membranes with transferred phage DNA were hybridized
t 42°C in 5x SSC, 50mM NaH2PO4, pH7.0, 0.5% non-fat dried milk,
.1% SDS, 100 mg/ml yeast RNA and 50% formamide overnight, and
hen washed under low stringency conditions at 42°C in 2x SSC and
.1% SDS. Seventeen positive clones were detected under these
onditions. The membranes were further washed under high strin-
ency conditions at 65°C in 0.2x SSC and 0.1% SDS. Positive clones
etected under high stringency conditions were found to be GlcAT-P
DNA. Two clones which were positive under low stringency condi-
ions and negative under high stringency conditions were isolated.
pon sequence analysis one was identified to be GlcAT-P cDNA, and

he other was found to be a novel cDNA. The 59 end of the coding
egion, which was absent in the cloned cDNA, was directly amplified
nd determined by the cloning strategy of rapid amplification of
DNA ends using cerebral cortex mRNA from 2-week-old rats as a
emplate.

DNA sequencing. DNA sequences were determined by the
ideoxynucleotide chain termination method (20) with an Applied
iosystems model 373 DNA sequencer.

Northern blot hybridization. Total RNA was extracted by the
cidic guanidium thiocyanate/phenol/chloroform method (21). Equal
mounts of total RNA (10 mg in each lane) from various adult rat
issues were size-fractionated in a 1.2% agarose-formaldehyde gel
nd blotted onto nylon membranes (Hibond N1, Amersham). The
lots were hybridized with 32P-labeled GlcAT-S cDNA overnight at
5°C in 0.5M NaH2PO4, pH7.2, containing 7% SDS, 1mM EDTA and
% BSA (22), and then washed in 0.1x SSC, and 0.1% SDS at 65°C.
adioactivity was visualized using an image analyzer (Fuji Photo
ilm, BAS2000).

Construction of an expression vector containing the full length
DNA. A DNA fragment of 1024 bp of the newly isolated cDNA
rom nucleotide number -30 to 994 was amplified by the polymerase
hain reaction from cDNAs transcribed from the total RNA of 19th
ay embryonic rat cerebellum, using primers (59-CCTTCTAGA-
GGTGGTGTCCGAGACGCTGGGA-39 and 59-TTCTCTAGACAGC-
GCTGCTCCTGGTGGCTACACCT-39) containing XbaI sites (un-
erlined). Polymerase chain reactions were carried out using Tth
olymerase, with 38 cycles at 94°C for 30 sec and at 68°C for 180 sec.
he amplified DNA fragments were digested with XbaI, and cloned

nto the XbaI site of pEF-BOS. Several clones were isolated and
equenced, and a clone containing the correct sequence was used in
he following experiments.

Cell culture and cDNA transfection. COS-1 and Lec2 cells were
aintained in Dulbecco’s Modified Eagle’s Medium (DMEM) and
inimum Essential Medium Alpha Medium (alpha MEM) contain-

ng 10% fetal bovine serum, respectively. Tissue culture dishes (60
m) were seeded with Lec2 or COS-1 cells trypsinized 24 hr before

ransfection with 3 mg of GlcAT-S cDNA and GlcAT-P cDNA in
EF-BOS, or an equal amount of the empty vector using lipo-
ectAMINE (Life Technologies) according to the instructions pro-
ided by the manufacturer. These cells were used for flow cytometry
nalysis, immunostaining and immunoblot analysis 48 hr after
ransfection.

Flow cytometry analysis. Transfected Lec2 cells were collected in
BS containing EDTA and incubated with the monoclonal antibody
6749 (10 mg/ml) for 1hr on ice. After washing with PBS, the cells
ere incubated with fluorescein isothiocyanate (FITC)-conjugated
oat anti-mouse IgM antibodies (Cappel) for 1hr on ice, and then
nalyzed by flow cytometry with a FACScan (Becton Dickenson,
ountain View, CA).
183
OS-1 cells were seeded on cover glasses immersed in culture dishes.
he transfected COS-1 cells were fixed with methanol at 220°C for
0 min. The fixed cells were treated with 3% BSA in PBS and then
ncubated with the HNK-1 antibody (10 mg/ml) for 90 min at room
emperature. After washing with PBS, the cells were visualized with
ITC-conjugated goat anti-mouse IgM antibodies (Cappel), and ob-
erved with a confocal laser scan microscope, Fluoview (Olympus,
okyo, Japan).

Western blot analysis. For immunoblot experiments, the mem-
rane fraction of the transfected COS-1 cells were extracted with 10
M/HCl buffer, pH7.5, containing 1% SDS and 5% b-mercapto-

thanol. Proteins were separated by 5-20% gradient SDS-polyacryl-
mide gel electrophoresis with the buffer system of Laemmli (23)
nd transferred onto nitrocellulose membranes. After blocking with
% non-fat dried milk in PBS, the membranes were incubated with
he HNK-1 antibody (10 mg/ml) followed by HRP-conjugated goat
nti-mouse IgM antibodies, and protein bands were then visualized
ith the 3,39-diaminobenzidine tetrahydrochloride dihydrate (DAB)

ubstrate.

ESULTS

loning of the cDNA for a Novel
Glucuronyltransferase (GlcAT-S)

Previous studies had indicated that there are at least
wo glucuronyltransferases in the rat brain, which are
ssociated with the biosynthesis of the HNK-1 carbo-
ydrate epitope (15). Recently, we purified a GlcAT-P
hich is specific for glycoprotein substrates (16). The
lcAT-P cDNA was cloned using its partial amino acid

equence information (17). In this study, we screened a
at brain cDNA library to look for other glucuronyl-
ransferase(s) involved in the biosynthesis of the
NK-1 carbohydrate epitope, using the cDNA corre-

ponding to the catalytic domain of GlcAT-P as a probe.
e found one positive clone with a sequence similar to

ut distinct from that of GlcAT-P. Because of the lack
f the 59 end of the coding region in this cloned cDNA,
t was directly amplified and determined by the rapid
mplification of cDNA ends strategy using cerebral
ortex mRNA from 2-week-old rats.

rimary Structure of the Novel GlcAT cDNA

The sequence of the cloned cDNA indicated an open
eading frame of 972-bp, encoding a protein of 324
mino acids including two potential N-glycosylation
ites (Fig. 1). The expected molecular weight of this
rotein is 37,219 Da. Two potential initiation codons
re found within the first 66 nucleotides. However,
nly the first methionine at nucleotide position 1 is in
favorable context for translation initiation (24). Hy-

ropathy analysis revealed a single potential trans-
embrane region consisting of 17 amino acid residues,

nd the protein appeared to have type II transmem-
rane orientation characteristics, like many other gly-
osyltransferases cloned to date (data not shown) (25).
he newly cloned cDNA encoded a proline-rich domain
ext to the transmembrane region (from Asp-26 to
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ro-81), as is seen in several other glycosyltrans-
erases, including rat GlcAT-P (17,26). Amino acid se-
uence comparison of GlcAT-S and GlcAT-P is shown
n Fig. 2. The overall identity was 49%, and the highest
dentity was found in the COOH-terminal catalytic

FIG. 1. The nucleotide and deduced amino acid sequence of the n
s shadow boxed. Two potential N-glycosylation sites are indicated by
rom the first initiation codon.

FIG. 2. Comparison of the predicted amino acid sequence of the
ovel glucuronyltransferase (GlcAT-S) and GlcAT-P. Conserved
mino acids between the two sequences are indicated by asterisks,
nd gaps are introduced for maximal alignment by dashes. The
mino acid sequences of four highly conserved regions, named motifs
-IV (17) are indicated by double underlines.
184
omain containing the previously identified four highly
onserved motifs (I-IV), following the proline-rich re-
ion (amino acids from Pro-81 to Val-324 overlap with
8.6% homology). This sequence conservation strongly
uggests that the newly cloned cDNA encodes a novel
lucuronyltransferase. We tentatively called this
ewly cloned cDNA GlcAT-S (the second HNK-1 asso-
iated GlcAT).

issue Distribution of the Novel
Glucuronyltransferase mRNA

To study tissue-specific expression of the GlcAT-S
RNA in the adult rat, total RNAs from various tis-

ues were subjected to Northern blot analysis using a
DNA fragment corresponding to the catalytic domain
f the GlcAT-S cDNA (Asp-62 to Val-324) as a probe. As
hown in Fig. 3, two transcripts of 2.3 kb and 1.1 kb
ere detected in the cerebral cortex (lane 1), cerebel-

um (lane 2) and whole brain (lane 3), in which the
NK-1 carbohydrate epitope was specifically ex-
ressed. On the other hand, no bands were detected in
NK-1 negative tissues, such as in the lung, liver,
idney, ileum, testis, lymphoid nodule, thymus, spleen,
eart and macrophages (lanes 4–13). Tissue expres-
ion patterns of GlcAT-S mRNA were in good agree-
ent with that of the HNK-1 carbohydrate epitope,

l glucuronyltransferase cDNA. The putative transmembrane region
owheads. The sequences are numbered at the right and left, starting
ove
arr



s
t
H

T

G
t
a
c
a
a
t
w
w
s
L
s
t
G
i

T

H
f
t
f
p
n
b
G
d
H
c
w
s
s
h

for the transfection of GlcAT-P cDNA (17). Western
b
m
f
c
b
t
p
s
f
b

D

g
s
(
b
p
p
r
t
a
a
l
i
c
t
s
w
a
m
t
T
f
h
n
t
H

L
c
l
fl

p
t
f
c
k
t
T

Vol. 255, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
uggesting that GlcAT-S encodes a novel glucuronyl-
ransferase which is involved in the biosynthesis of the
NK-1 carbohydrate epitope.

ransfection of GlcAT-S cDNA into Lec2 Cells

To prove the enzymatic activity of the newly cloned
lcAT-S cDNA product in situ, full-length cDNAs were

ransfected into Lec2 cells that lack the CMP-sialic
cid transporter (27). This mutation results in an in-
rease of N-acetyllactosamine termini in glycoproteins
nd glycolipids, which are good substrates for HNK-1
ssociated glucuronyltransferase. The transfer of GlcA
o N-acetyllactosamine termini on Lec 2 cell surfaces
as studied using the M6749 antibody, which reacts
ith non-sulfated GlcA transferred to N-acetyllacto-

amine residues. As shown in Fig. 4, about half of the
ec2 cells transfected with GlcAT-S cDNA were
tained with the M6749 antibody, whereas mock-
ransfected cells were negative, indicating that
lcAT-S cDNA produce active glucuronyltransferases

n situ.

ransfection of the Newly Cloned GlcAT cDNA into
COS-1 Cells

We previously reported that the expression of the
NK-1 epitope on cell surfaces was observed by trans-

ection of GlcAT-P cDNA into COS-1 cells, indicating
hat COS-1 cells have a sulfotransferase(s) that trans-
ers sulfate to glycoconjugates bearing GlcA, to com-
lete the HNK-1 epitope (17). To demonstrate that the
ewly cloned GlcAT-S is an enzyme involved in the
iosynthesis of the HNK-1 carbohydrate epitope,
lcAT-S cDNA was transfected into COS-1 cells. Two
ays after transfection, the cells were stained with the
NK-1 antibody. As shown in the Fig. 5A, GlcAT-S

DNA transfected COS-1 cells were intensely stained
ith the HNK-1 antibody, while mock transfected cells

howed no staining with this antibody (data not
hown). COS-1 cells expressing the HNK-1 epitope ex-
ibited morphological changes as previously reported

FIG. 3. Expression of GlcAT-S mRNA in adult rat tissues. Sam-
les (10 mg) of total RNA were electrophoresed and hybridized using
he catalytic domain of GlcAT-S as a probe. The source of total RNA
rom adult rat tissues were as follows: lane 1; cerebral cortex, lane 2;
erebellum, lane 3; whole brain, lane 4; lung, lane 5; liver, lane 6;
idney, lane 7; ileum, lane 8; testis, lane 9; lymphoid nodule, lane 10;
hymus, lane 11; spleen, lane 12; heart and lane 13; macrophages.
he positions of marker RNAs are indicated on the left.
185
lot analyses using the HNK-1 antibody (Fig. 5B), of
embrane fractions prepared from COS-1 cells trans-

ected with either the GlcAT-S cDNA or GlcAT-P
DNA, both showed similar profiles of several protein
ands ranging from 70 kDa to over 200 kDa, indicating
hat the acceptor specificity of GlcAT-S towards glyco-
roteins is similar with that of GlcAT-P. These results
uggest that GlcAT-S is a second glucuronyltrans-
erase involved in the biosynthesis of the HNK-1 car-
ohydrate epitope on glycoproteins.

ISCUSSION

Our previous results indicated that two respective
lucuronyltransferases are involved in the biosynthe-
is of the HNK-1 carbohydrate epitope on glycoproteins
GlcAT-P) and glycolipids (GlcAT-L) (15,28). On the
asis of glucuronyltransferase activity toward glyco-
rotein acceptors, we had previously been successful in
urifying GlcAT-P to apparent homogeneity from the
at brain (16). The purified GlcAT-P showed little ac-
ivity toward glycolipid acceptors. Using the partial
mino acid sequence of the purified GlcAT-P, we were
ble to clone GlcAT-P cDNA from a rat brain cDNA
ibrary (17). In order to clone other GlcAT cDNAs,
ncluding the GlcAT-L cDNA, we screened a rat brain
DNA library using GlcAT-P cDNA corresponding to
he catalytic region of GlcAT-P as a probe, under low
tringency conditions. We obtained a novel cDNA clone
hich had 49% identity with GlcAT-P cDNA at the
mino acid sequence level. The highest sequence ho-
ology was observed in the catalytic region containing

he previously identified four highly conserved motifs.
his cDNA was shown to encode a glucuronyltrans-

erase involved in the expression of the HNK-1 carbo-
ydrate epitope on the surface of COS-1 cells. Thus, the
ewly cloned GlcAT proved to be a novel glucuronyl-
ransferase responsible for the biosynthesis of the
NK-1 carbohydrate epitope. In order to study

FIG. 4. Transient expression of GlcAT-S cDNA in Lec2 cells.
ec2 cells transfected with the vector alone (A) or with GlcAT-S
DNA in pEF-BOS (B) were stained with the M6749 antibody, fol-
owed by FITC-conjugated anti-mouse IgM, and then subjected to
ow cytometric analysis.
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hether this new GlcAT can transfer GlcA to glycolipid
cceptors or glycoprotein acceptors or both, a soluble
orm of the enzyme was generated by replacing the
-terminal 23 amino acids of GlcAT-S with protein A.
he fusion protein expressed in COS-1 cells was
bsorbed on IgG-Sepharose beads, and the enzyme-
ound beads were used as the enzyme source under
tandard glucuronyltransferase assay conditions de-
cribed previously (15,28). The soluble form of GlcAT-S
xhibited glucuronyltransferase activity toward asialo-
rosomucoid, a glycoprotein acceptor (417 pmol/ml
edium/h) but no detectable activity toward paraglo-

oside, a glycolipid acceptor (,1 pmol/ml medium/h).
n addition, Western blot analyses of the membrane
ractions of COS-1 cells transfected with GlcAT-S
DNA indicated that the enzyme is able to induce the
xpression of the HNK-1 epitope on various glycopro-
eins (Fig. 5). Taken together, these results, indicate
hat the new GlcAT is a second enzyme involved in the
iosynthesis of the HNK-1 carbohydrate epitope on
lycoproteins.
Upon screening of a cDNA library by plaque hybrid-

zation under low stringency conditions using GlcAT-P
DNA as a probe, seventeen positive clones were de-
ected. One of them was the GlcAT-S cDNA, and the
est were all GlcAT-P cDNA. These results indicated
hat the content of GlcAT-S in the rat brain at embry-

FIG. 5. (A) Transient expression of GlcAT-S cDNA in COS-1 ce
escribed under Materials and Methods. Indirect immunofluorescen
IC image (a). COS-1 cells transfected with GlcAT-S were intensely
). Scale bar, 50 mm. (B) Immunoblot analysis of COS-1 cell lysates
ells transfected with the vector alone (lane 1), GlcAT-S cDNA in
mmunoblot analysis with the HNK-1 antibody as described under M
n the left.
186
nic day 18 is much less than that of GlcAT-P. Fur-
hermore, the Northern blot signals of GlcAT-S mRNA
etected in the adult rat brain were weaker than those
f GlcAT-P. These results suggest that GlcAT-P is the
ajor glucuronyl-transferase involved in the biosyn-

hesis of the HNK-1 carbohydrate epitope in the adult
at brain and/or that GlcAT-S might be expressed in
estricted brain regions. Our preliminary in situ hy-
ridization results using sections of the adult rat brain
upports this idea.
A PCR-based cloning approach directed towards

ighly conserved regions in primary amino acid se-
uences has so far been successful for the cloning of
any sialyltransferases (29,30) and galactosyltrans-

erases (31). These glycosyltransferases have been
emonstrated to form a large gene family (32,33). Re-
arding the glucuronyltransferases, this approach has
een successful for the cloning of a novel glucuronyl-
ransferase (GlcAT-I) involved in the biosynthesis of
he glycosaminoglycan-protein linkage region of pro-
eoglycans (34). The presence of GlcAT-S in the rat
rain suggests that the glucuronyltransferases also
orm a gene family.

The reason as to why two different glucuronyltrans-
erases (GlcAT-P and GlcAT-S) are involved in the
iosynthesis of the HNK-1 epitope on glycoproteins in
he rat brain is not clear at the moment. In order to

COS-1 cells were transfected with GlcAT-S cDNA in pEF-BOS, as
staining of the HNK-1 epitope (b) and the corresponding Nomarski
ined with the HNK-1 antibody and had altered morphologies (a and
ng the HNK-1 antibody. membrane fractions prepared from COS-1
F-BOS (lane 2), and GlcAT-P cDNA in pEF-BOS were used for

erials and Methods. The positions of marker proteins are indicated
lls.
ce
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understand the function of the respective GlcATs
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nd/or the biological roles of the HNK-1 epitope which
re formed by respective GlcATs in the nervous sys-
em, it is essential to investigate the acceptor specific-
ties and expression patterns of GlcAT-P and GlcA-S in

ore detail.
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