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ABSTRACT The HNK-1 carbohydrate epitope is charac-
teristically expressed on a series of cell adhesion molecules
and also on some glycolipids in the nervous system over a wide
range of species from insect to mammal. The HNK-1 epitope
is involved in cell-cell and/or cell-substrate interaction and
recognition during the development of the nervous system. In
this study, we isolated a novel glucuronyltransferase from rat
brain, which is a key enzyme of the biosynthesis of the HNK-1
epitope on glycoproteins. Based on the partial amino acid
sequences, we isolated cDNA encoding the glucuronyltrans-
ferase. The primary structure deduced from the cDNA se-
quence predicted a type II transmembrane protein with 347
amino acids and had no detectable similarity with any other
proteins of known functions, including glucuronyltransferases
of the liver and olfactory epithelium. Expression of a soluble
recombinant form of the enzyme in COS-1 cells produced an
active glucuronyltransferase. The selective expression of the
glucuronyltransferase gene in the nervous system was con-
sistent with the almost exclusive localization of the HNK-1
epitope in the nervous system. Transfection of the glucuro-
nyltransferase cDNA into COS-1 cells induced not only ex-
pression of the HNK-1 epitope on the cell surface but also
marked morphological changes of the cells, suggesting that the
HNK-1 epitope associates with the cell-substratum interac-
tion.

Cell surface carbohydrates modulate a variety of cellular
functions, including recognition and adhesion (1, 2). The
HNK-1 carbohydrate epitope, which is recognized by the mAb
HNK-1 (3), is characteristically expressed on a series of cell
adhesion molecules, including neural cell adhesion molecule,
myelin-associated glycoprotein, L1, PO, telencephalin, and
others (4-7), and also on some glycolipids (8, 9) in the nervous
system. The HNK-1 epitope is spatially and temporally regu-
lated during the development of the nervous system (10, 11),
and characteristic expression of this epitope is observed in
migrating neural crest cells (12), rhombomeres (13), and
cerebellum (14). The HNK-1 epitope associates with neural
crest cell migration (15), neuron-to-glial cell adhesion (16),
outgrowth of astrocytic processes and migration of cell body
(17), and the preferential outgrowth of neurites from motor
neurons (18). HNK-1 epitope binds to laminin, and the binding
was completely abolished by desulfation of this epitope (19).
The epitope also binds to L- and P-selectins (20). These lines
of evidence indicate that the HNK-1 epitope plays important
roles in cell-cell and cell-substrate interaction during the
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development of the nervous system. The antibody HNK-1,
which also is known as CD 57, originally was raised against a
human T cell line and is reactive with a subset of human
lymphocytes (3), but its functional significance in the immune
system is currently unclear. The structure of HNK-1 epitope is
demonstrated to be the sulfated trisaccharide SO4-3GIcAB1-
3GalB1-4GIcNAc, which is shared with glycolipid and glyco-
protein epitope (8, 9, 21). Because the inner structure, Galp1-
4GIcNAc, is found commonly in various glycoproteins and
glycolipids, glucuronyltransferase is supposed to be a key
enzyme for the biosynthesis of the HNK-1 epitope. Several
years ago, we and others demonstrated a HNK-1-associated
glucuronyltransferase activity using neolactotertaosylceram-
ide as a glycolipid acceptor in chicken and rat brain (22-24).
A little later, we also found a glucuronyltransferase activity
using asialoorosomucoid (ASOR) as a glycoprotein acceptor
in rat brain (25). Using these assay systems, we demonstrated
that respective glucuronyltransferases are involved in biosyn-
thesis of the HNK-1 epitope on glycoproteins (GIcAT-P) and
glycolipids (24, 25).

In the present study, we purified the GIcAT-P from rat brain
to apparent homogeneity. Based on the partial amino acid
sequences of the purified GIcAT-P, a ¢cDNA encoding rat
GIcAT-P was isolated by PCR-based cloning method. Trans-
fection of the GIcAT-P cDNA in COS-1 cells not only induced
expression of the HNK-1 epitope on the cell surface but also
marked morphological changes of the cells.

MATERIALS AND METHODS

Materials. Mammalian expression vectors pEF-BOS and
pGIR201protA were kindly provided by S. Nagata (Osaka
Bioscience Institute) and H. Kitagawa (Kobe College of
Pharmacy), respectively. mAbs M6749 and H11 were generous
gifts from by H. Tanaka (Kumamoto University) and T. Taki
(Tokyo Medical and Dental University), respectively. A mu-
tant cell line of Chinese hamster ovary cell, Lec2, and a
hybridoma cell line producing HNK-1 antibody were pur-
chased from American Type Culture Collection.

PCR-Based Cloning of GIcAT-P cDNA. A glucuronyltrans-
ferase that is involved in the biosynthesis of HNK-1 epitope on
glycoproteins, GIcAT-P, was purified from rat brain to appar-
ent homogeneity mainly by means of affinity chromatography
using acceptor (ASOR)- or donor-conjugated Sepharose. De-
tails of the isolation procedure and enzymatic properties of

Abbreviations: GIcAT, glucuronyltransferase; GIcAT-P, glycoprotein-
specific GIcAT; ASOR, asialoorosomucoid.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. D88035).
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GIcAT-P will be described elsewhere (K. Terayama, S.O., T.S.,
AN., and T.K., unpublished data). The purified GIcAT-P was
digested with trypsin in 50 mM Tris-HCI buffer, pH 9.0, at 37°C
overnight. The digested peptides were separated by reverse-
phase HPLC and sequenced by protein sequencer. Calculated
molecular weight of the sequence was confirmed by matrix
assisted laser desorption ionization time-of-flight MS. Based
on the sequences, degenerate oligonucleotides pr.l1-s [5'-
GTICC(TCAG)AA(TC)(TC)T(TCAG)CA(TC)TGG-3'],
pr.l-ao [5'-TA(TCAG)GT(AG)TT(AG)TC(AG)TC(AG)
TC-3'], pr.1-ai [5'-TC(AG)TC(AG)TC(TCAG)GC(A-
G)AA(AG)TA-3'], pr.2-so [5'-TA(TC)TT(TC)GC(TC-
GA)GA(TC)GA(TC)GA-3'], pr.2-si [5'-TT(TC)GC(TCAG)
GA(TC)GA (TC)GA(TC)AA-3'], and pr.2-a [5'-AC(TCAG)
GC(AG)AA(TCAG)CC(TCAG)GCCAT-3'] were synthesized
(Fig. 14). PCR proceeded with pr.1-s and pr.1-ao or pr.2-so
and pr.2-a using a pool of cDNA prepared from total RNA
derived from the cerebral cortex of 2-week-old rats as a
template. Amplification proceeded by 35 cycles of 94°C for 30
sec, 45°C for 60 sec, and 72°C for 90 sec. Aliquots of the PCR
products were used as templates for second-step PCR with
pr.1-s and pr.l-ai or pr.2-si and pr.2-a. Amplification pro-
ceeded by 20 cycles of 94°C for 30 sec, 45°C for 60 sec, and 72°C
for 90 sec. Specific bands of 260 bp (pr.1-s and pr.1-ai) and 210
bp (pr.2-si and pr.2-a) were detected and cloned into the
pCRII (Invitrogen). After sequencing, two specific oligonu-
cleotide primers (pr.a and pr.b), corresponding to the inner
positions of pr.1-s and pr.2-a, were synthesized and used for
PCR. The amplified PCR fragment (gf.a) was used as a probe
for screening a Agt 11 cDNA library constructed from the
mRNA obtained from the brain of embryonic day 18 Sprague—
Dawley rats (CLONTECH). The screening yielded 17 positive
plaques, from which eight independent clones were isolated.
The complete DNA sequence of gf.b was determined for both
strands of the eight clones. The 5'-flanking region of the cDNA
was directly amplified from cerebral cortex mRNA derived
from 2-week-old rats. The cDNA was prepared by reverse
transcription with pr.b and polyadenylylation of the 3'-end.
Amplification was first carried out by PCR with oligo(dT)-
primer and pr.c-1, then followed by a second amplification with
oligo (dT) and pr.c-2 using an aliquot of first PCR products as
a template. A fragment of about 600 bp (gf.c) was amplified
and subcloned into pCRII (Invitrogen). Several clones were
sequenced to compensate for misreading by Tag polymerase.

Northern Blot Analysis. Total RNA was extracted by the
acidic guanidinium thiocyanate/phenol/chloroform method
(27). Equal amounts of total RNA (10 ug each lane) from
various adult rat tissues were size-fractionated in 1% agarose/
formaldehyde gel and blotted onto nylon membrane (Hybond
N*, Amersham). The blot was hybridized with 3?P-labeled
GIcAT-P ¢cDNA overnight at 65°C in 0.5 M NaH,PO4 (pH 7.2)
containing 7% SDS, 1 mM EDTA, and 1% BSA (28). Final
washing conditions were 0.1X standard saline citrate, 0.1%
SDS, and 65°C. Radioactivity was visualized using an image
analyzer (Fuji Photo Film, Bas 2000).

Construction of Expression Vector Containing a Soluble
Form of GIcAT-P. A truncated form of GIcAT-P, lacking the
first 74 amino acids of GIcAT-P ORF, was amplified with
cloned GIcAT-P cDNA as template by PCR using 5" primer
(5'"-TCCGAATTCTGACATCGTGGAGGTGGT-
GCGCACA-3') containing an in-frame EcoRI site and a 3’
primer containing a BamHI site (5'-ATTGGATCCTGTG-
TAGTTTCAGATCTCCACCGA-3") located 18 bp down-
stream of the stop codon. The amplified fragment was sub-
cloned into EcoRI-BamHI sites of pGIR201protA (29), re-
sulting in fusion of GIcAT-P to insulin signal sequence and the
protein A present in the vector. Several clones were isolated
and sequenced, then a clone containing correct sequence was
selected. A Nhel fragment containing the fusion protein was
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inserted into the Xbal site of the expression vector pEF-BOS
(30).

Expression of the Soluble Form of GIcAT-P in COS-1 Cells.
The expression plasmid (8.2 ng) or an equal amount of the
empty vector pEF-BOS was transfected into COS-1 cells on
100-mm plates using Lipofectamine (Life Technologies, Grand
Island, NY). Five days after transfection, the culture medium
was collected and concentrated with rabbit IgG-conjugated
Sepharose. The beads were washed, resuspended in assay
buffer, and assayed for glucuronyltransferase activity using
ASOR as an acceptor (25).

Construction of Expression Vector Containing a Full-
Length GIcAT-P ¢cDNA. A DNA fragment of 1,091 bp from
nucleotide —30 to 1,061 was amplified with cDNA reverse-
transcribed from total RNA of 2-week-old rat brain using a
5'primer (5'-ATC AGGCCGGACTCTGCAAACCT-3") and
a3’ primer (5'-ATTGGATCCTGTGTAGTT TCAGATCTC-
CACCGA-3'"). The amplified DNA fragment was blunted and
subcloned into pEF-BOS, which had been digested with Bs¢XI,
blunted, and dephosphorylated. Several clones were isolated
and sequenced, then a clone containing correct sequence was
used in the following experiment.

Expression of Full-Length GIcAT-P cDNA in Lec2 and
COS-1 Cells. Tissue culture dishes (60 mm) were seeded with
Lec2 cells trypsinized 24 hr before transfection with 3 ug of a
full-length GIcAT-P cDNA in pEF-BOS or an equal amount
of the empty vector pEF-BOS using Lipofectamine. After 72
hr, Lec2 cells were collected in PBS containing 1 mM EDTA
and incubated with 10 ug/ml of various first antibodies for 1
hr at 4°C. After washing with PBS containing EDTA, the cells
were visualized with fluorescein isothiocyanate-conjugated
anti-mouse IgM antibody, then analyzed by FACS. COS-1 cells
were seeded on tissue culture dishes (60 mm) precoated with
laminin. After 24 hr, the cells were transfected with 3 ug of a
full-length GIcAT-P cDNA in pEF-BOS or an equal amount
of empty vector using Lipofectamine. After 72 hr, COS-1 cells
were fixed with 3% paraformaldehyde in PBS and incubated
with 10 pg/ml M6749 or HNK-1 for 2 hr at room temperature,
then visualized with fluorescein isothiocyanate-conjugated
anti-mouse IgM.

RESULTS AND DISCUSSION

Isolation of the GIcAT-P from Rat Brain. In our previous
studies, we demonstrated that rat brain Nonidet P-40 extract
contains two types of glucuronyltransferases (GlcATs), one is
specific for glycoprotein acceptors (GIcAT-P) and the other is
specific for glycolipid acceptors (GIcAT-L), and the respective
GIcATs are partially separated each other by using a donor
(UDP-GIcA)-conjugated Sepharose column (25). As an ex-
tension of these studies, GIcAT-P was isolated mainly by means
of affinity chromatography using acceptor (ASOR)- or donor-
conjugated Sepharose from the forebrains of 2,400 2-week-old
rats over 1-million-fold purification. The isolated enzyme had
the specific activity of 4 units/mg of protein. Upon SDS/
PAGE under reducing conditions, purified GIcAT-P migrated
as a single major band of 45 kDa, indicating the high purity of
the enzyme. The enzyme specifically transferred GIcA from
UDP-GIcA to the terminal N-acetyllactosamine residue of
acceptor glycoproteins such as ASOR and neural cell adhesion
molecule, but not of acceptor glycolipids such as paraglobo-
side. Details of the isolation procedure and enzymatic prop-
erties of GIcAT-P, including substrate specificity for various
acceptors, branch specificity for acceptor sugar chains, and the
absolute requirement of sphingomyelin for the catalytic activ-
ity, will be described elsewhere (K. Terayama, S.O., T.S., A.N.,
and T.K., unpublished data).

Nucleotide Sequence of Rat GIcAT-P ¢cDNA and Its Deduced
Amino Acid Sequence. To isolate the GIcAT-P cDNA, the
amino acid sequence of the protein was partially determined
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Fic. 1. (A) Strategy for full-length GIcAT-P cDNA cloning. The upper bar is the overall structure of the GIcAT-P cDNA. Thin line and column
indicate the noncoding and coding regions, respectively. The peptides used for generating degenerated primers are shown as shaded boxes in the
column. Based on the amino acid sequences, six mixed oligonucleotide primers (prs.1-s, 1-ao and -ai, and prs.2-so, si, and 2-a) were designed. Hocked
arrows (pr.a, pr.b, pr.c-1, and pr.c-2) indicate the positions and directions of completely matched primers. The nucleotide sequences of these primers
are shown in B. gfs a, b, and c indicate partial cDNA fragments of GIcAT-P. (B) Nucleotide and deduced amino acid sequences of the GIcAT-P.
Amino acid residues determined by the peptide sequencer are underlined. The putative transmenbrane region is boxed. The potential
N-glycosylation sites are indicated by arrow heads. The dashed arrows indicate the position and direction of primers used for the cDNA cloning.
(C) Hydropathy analysis of the GIcAT-P. The distribution of hydrophobic and hydrophilic regions were analyzed by the method of Hopp and Woods
(26). The predicted domain structure is described on the top of the figure.

by a sequencer using tryptic peptides obtained from the
purified enzyme. Based on these sequences, a full-length
GIcAT-P cDNA clone was isolated as described in Fig. 14. The
c¢DNA and deduced amino acid sequence of GICAT-P are
shown in Fig. 1B. The initiation site was assigned at nucleotide
1 based on Kozak’s rules (31) and the termination site at

nucleotide 1,041. The mature protein is composed of 347
amino acid residues of a predicted molecular mass of 39,706 Da
with three potential N-glycosylation sites. This is in agreement
with the apparent molecular mass estimated from SDS/PAGE
of 45 kDa. All (14) peptide sequences determined were found
in the deduced protein sequence. Hydropathy analysis indi-
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cated that the GIcAT-P is a typical type II transmembrane
protein (Fig. 1C) and that it has a domain profile similar to that
of many other glycosyltransferases (32). It has a short N-
terminal region (19 amino acids), which is a putative cytoplas-
mic tail, a hydrophobic transmembrane region (17 amino
acids), and a large C-terminal catalytic domain. A database
search revealed that GIcAT-P has no detectable overall sim-
ilarity with any other proteins of known functions, including
glucuronyltransferases of the liver (33) and olfactory epithe-
lium (34). However, a couple of characteristic motif-like
structures were detected in the sequence. About 60 residues
next to the transmembrane region (from Trp-37 to Pro-97)
were characterized by their high proline content (15%), as is
seen in several other glycosyltransferases (35, 36). Interest-
ingly, the GIcAT-P has high homology (overall amino acid
identity of 35% and 38%), respectively) with a putative protein
encoded in chromosome II of Caenorhabditis elegans (product
name, ZK1307.5; accession number Z47358) and that in
Schistosoma mansoni (accession number U30260). As shown
in Fig. 2, computer alignment of these three sequences re-
vealed the presence of four highly conserved motifs (I-IV) in
the large catalytic region following the proline-rich region
(from Pro-97 to Glu-335). Although the significance of each
motif is not clear at the moment, motif IV contains Cys-317,
which is shown to be associated with the catalytic activity of the
enzyme (see below). Because the HNK-1 epitope in C. elegans
is expressed on glycoproteins (K. Nomura, Kyushu University;
personal communication), we speculate that the C. elegans
protein is a glucuronyltransferase involved in the biosynthesis
of the HNK-1 epitope on glycoproteins. Thus, the GIcAT-P
appears to be phylogenetically conserved and the HNK-1
epitope may have some common important roles in the
nervous system over a wide range of species from nematoda to
vertebrate.

Expression of GlcAT-P mRNA in Adult Rat Tissues. We
investigated GIcAT-P gene expression in various adult rat
tissues by Northern blotting using the full-length GIcAT-P
c¢DNA as a probe. As shown in Fig. 3, two transcripts of 4.0 kb
(major) and 9.1 kb (minor) were detected in the whole brain
(lane 3), cerebral cortex (lane 1), and cerebellum (lane 2) of
adult rat. Signals detected in the cerebral cortex were more
intense than those in the cerebellum, corresponding to the
distribution of GIcAT-P activity in the brain (unpublished

LEMPKRRDEILAIVLIVLPWTLLT LAPLLAVHKI
C. elegans 1 MFPSRLLERWWLRAFIALVIFFVWQLFYAINRVQSLEEERATLQATIEVLTRKSDGLRTQ
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rat GlcAT-P 1
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zat GleAT-P 121 [N ETIR L tRE ke RE AT D C A T PSR K AR DI Ry

c. elegans 121 pliSiggIiRERBAEDE: f o RRAKT] 37 pERe K DR D E U 3
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o

rat GlcAT-P 181 HOLRIBSIRT
C. elegans 181 EPLERISILAT -
5. mansoni 150 LeYRINGHELD

rat GlcAT-P 241 Bh-BRVNGASKIGWEK
C. elegans 239 PF-HILERK fEE

S. mansoni 210 EGCVTSKNRTORRMWSY
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— 1
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Fic. 2. Sequence alignment of GIcAT-P with putative proteins in
C. elegans and S. mansoni. Black and meshed backgrounds indicate
identical and similar residues, respectively. Dashes indicate gaps
introduced for maximal alignment. Boxes indicate transmembrane
regions. The amino acid sequence of S. mansoni was deduced from the
cDNA sequence registered in a DNA data bank (GenBank). Four
highly conserved regions were named as motifs I-IV, and their
locations are indicated by arrows.

Proc. Natl. Acad. Sci. USA 94 (1997)

A 1 2 3 45 6 7 8 910111213

6.6 —

36 — |-
26 —
19 —

288 — | S .

185 — [ e B9 §

F1G.3. Northern blots of GIcAT-P mRNA. (4) Autoradiograms of
blots probed with the GIcAT-P ¢cDNA. Two GIcAT-P mRNAs were
specifically expressed in rat cerebral cortex (lane 1), cerebellum (lane
2), and whole brain (lane 3). No signals were detected in the lung (lane
4), liver (lane 5), kidney (lane 6), ileum (lane 7), testis (lane 8),
lymphoid nodule (lane 9), thymus (lane 10), spleen (lane 11), heart
(lane 12), and macrophage (lane 13). The positions of maker RNAs are
indicated on the left. (B) The same blots were stained with methylene
blue. The positions of ribosomal RNA are indicated on the left. An
aliquot (10 ug) of total RNA was applied to each lane.

data). No mRNA signal was detected in HNK-1 negative
tissues such as the lung, liver, kidney, ileum, testis, lymphoid
nodule, thymus, spleen, heart, and macrophages (25). In
contrast to our previous demonstration of a significant GI-
cAT-P activity in sciatic nerve fibers, no signal was detected in
sciatic nerve fibers by Northern blotting under the same
conditions. The reason for this apparent discrepancy is cur-
rently unclear. It should be noted, however, that a specific band
was detected by reverse transcription-PCR using specific
primers, indicating the lower expression (about 1% that of the
brain) of the GIcAT-P message in sciatic nerve fibers. These
results suggest that the differential expression of the HNK-1
epitope on glycoproteins in the developmental stages of the
nervous system may be regulated at the level of GIcAT-P gene
transcription, although the level of the sulfotransferase, which
transfers sulfate to the glucuronylated N-acetyllactosamine
structure, can also be an important regulatory factor. In this
respect, it should be noted that expression of the biological
functions of this epitope seems to require the completed
HNK-1 structure (see discussion in the next experiment).

Transfection of GIcAT-P ¢cDNA in COS-1 and Lec2 Cells. To
prove the enzymatic activity of the cDNA product, a gene
fragment encoding the C-terminal portion of the enzyme from
Asp-75 to Ileu-347 was expressed as a fusion protein with
protein A in COS-1 cells. We could detect the active enzyme
in the medium at levels of 70 microunits per ml upon 5-day
incubation as measured using ASOR as the acceptor (25). In
contrast, that of the mock transfection was less than 0.7
microunit per ml, confirming that the isolated cDNA encodes
the purified enzyme, GIcAT-P. In addition, the fusion protein
was, in fact, isolated from the medium by a rabbit IgG-
conjugated Sepharose column. Interestingly, exposing the
isolated fusion protein to the SH-blocking agent, N-
ethylmaleimide, completely inhibited the enzymatic activity,
indicating that a free cysteine residue at 317 is associated with
the catalytic activity of the enzyme and that there is no
intrachain disulfide loop between Cys-70 and Cys-317 in the
active enzyme.

To prove in situ enzymatic activity of the cDNA product
within the cells, the full-length GIcAT-P cDNA was transfected
into Lec2 cells (Fig. 4). The use of this cell line was designed
to eliminate the possible competition between the tranfer of
GIcA and that of sialic acid to the common endogenous
acceptors, N-acetyllactosamine residues on glycoproteins.
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F1G. 4. Transient expression of the GIcAT-P cDNA in Lec2 cells.
Mock transfected and transfected cells were incubated with normal
mouse IgM (4 and E), H11 (anti-paragloboside antibody, IgM) (B and
F), M6749 (IgM) (C and G), and HNK-1 (IgM) (D and H), followed
by fluorescein isothiocyanate-conjugated anti-mouse IgM. About 50%
of the cells transfected with a GIcAT-P cDNA carried in mammalian
expression vector pEF-BOS were stained with M6749 (G), but not at
all with HNK-1 (H). No immunoreactivity was detected in mock-
transfected cells (C and D). The immunoreactivity of Lec2 cells to
anti-paragloboside antibody was not changed by transfection with
GIcAT-P cDNA (B and F).

Lec2 is a mutant of Chinese hamster ovary cell, which has
markedly reduced transport of CMP-sialic acid into the Golgi
compartment and expresses glycoproteins bearing N-
acetyllactosamine residue without terminal sialic acid on their
surfaces (37). The transfected cells were analyzed by flow
cytometer after staining with the mAbs HNK-1 and M6749.
The latter has binding specificity similar to that of HNK-1.
However, in contrast to HNK-1, which requires sulfated glu-
curonic acid for binding (38), M6749 (39) can react with
terminal nonsulfated GIcA residues as well as sulfated GlcA
residues. Thus, M6749 can bind not only to neural cell adhesion
molecule but also to glucuronylated ASOR, whereas HNK-1
binds to neural cell adhesion molecule but not to glucurony-
lated ASOR. Neither mAb binds to ASOR (T.S., K. Terayama,
S.0., and T.K,, unpublished data). As shown in Fig. 4G, about
half of the Lec2 cells transfected with the GIcAT-P cDNA were
stained with M6749, whereas the mock-transfected cells were
negative (Fig. 4C), indicating that the cloned cDNA encodes
GIcAT-P, which is active in situ. The staining profile of H11,
a mAb specific to paragloboside (40), which is the direct
precursor of the HNK-1 epitope on glycolipids, did not change
before (Fig. 4B) and after (Fig. 4F) transfection, suggesting
that GIcA was not transferred to paragloboside. HNK-1 (Fig.
4 D and H) did not stain the transfected or mock transfected
cells like normal mouse IgM (Fig. 4 A and E), indicating that
Lec2 cells lack the enzyme that transfers sulfate to the
glucuronyl-N-acetyllactosamine residue.

With regard to the biological function of the HNK-1 epitope,
the results of the transfection of the full-length GIcAT-P
c¢DNA into COS-1 cells should be noted. In contrast to Lec2
cells, COS-1 cells upon transfection, were stained not only with
M6749 (data not shown) but also with HNK-1 (Fig. 54). These
unexpected results suggest that COS-1 cells contain an addi-
tional enzyme(s) that transfers sulfate to glycoconjugates
bearing GlcA to complete the HNK-1 epitope. It appears that
the enzyme, which transfers sulfate to glycoconjugates bearing
GIcA, might be distributed rather widely among various type
of cells than GIcAT-P. The mock transfected cells were stained
with neither M6749 nor HNK-1 under the conditions used
(data not shown). More surprisingly, COS-1 cells, which
express HNK-1 epitope, exhibited dramatic changes of the cell
architecture. The HNK-1 expressing cells had long and
branched processes with irregular shapes (Fig. 5 4 and B). A
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F16.5. Transient expression of the GIcAT-P cDNA in COS-1 cells.
COS-1 cells were transfected with the GIcAT-P cDNA in pEF-BOS (4
and B) and with vector alone (C) as described in Materials and
Methods. Indirect immunofluorescence staining of HNK-1 epitope (4)
and corresponding phase-contrast micrograph (B). The GIcAT-P
cDNA transfected cells were heavily stained with HNK-1, but mock
transfected cells (C) were not. HNK-1 positive cells extended long
processes with a number of microspikes. (Bar, 50 wm.)

number of microspikes were observed on the soma and
processes of cells expressing HNK-1. Such processes and
microspikes are very rare in cells transfected with vector alone
(Fig. 5C). The HNK-1 epitope itself may have the ability to
modulate the cell-substratum interaction and to reorganize
cytoskeletal proteins in the cells. This unique function of the
HNK-1 epitope may be associated with its presumptive roles
during development of the nervous system.

In the present study, we isolated a novel cDNA clone
encoding a glucuronyltransferase, the enzyme responsible for
the formation of HNK-1 epitope on glycoproteins. The cDNA
obtained in this study will be a useful molecular tool to open
the way for further steps in the elucidation of the involvement
of this epitope in the development of the nervous system.
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