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Abstract

Over the past decade glucuronyltransferases (GICATS)
involved in the biosynthesis of the HNK -1 carbohydrate epitope
have been identified and cloned successively. The structure of
the HNK-1 carbohydrate epitope is characterized by terminal
sulfated glucuronic acid, and GICATs are thought to be the key
enzyme in the biosynthesis pathway of this epitope. Following
isolation of several GICAT cDNAS, structural comparison of
GIcATs has proposed a new glucuronyltransferase family char-
acterized by four conserved modulesin the catalytic region. In
mammals GIcAT-P and GIcAT-S areinvolved in the biosynthe-
sis of the HNK-1 epitope, and their expression were mainly lo-
calized in the neural tissues. These two enzymes however ex-
pressed in the different region of the neural tissues and exhibit
different acceptor specificity. Cloned cDNAs of these GICATs
are able to induce expression of the HNK-1 epitope on the sur-
face of HNK-1 negative cells. GIcATs are powerful tools for
investigating the biological function of the HNK-1 carbohydrate

epitope.
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A. Introduction

The HNK-1 carbohydrate epitope recognized by a mono-
clonal antibody HNK-1 was originally reported as a specific
antigen for human natural killer cells (1). The HNK-1 epitopeis
expressed on a series of neural cell adhesion molecules such as
NCAM, PO, L1, MAG, telencephalin, and others (2-5), as well
as on some glycolipids (6, 7) in the nervous system over awide
range of species from insects (8) to mammals. The expression
of the HNK-1 epitope is spatially and temporally regulated in
the nervous system (9, 10). This carbohydrate epitope is pre-
sumed to be involved in cell-to-cell and cell-substrate interac-
tions such as cdll adhesion, migration, and neurite extension (11—
14). The structure of the HNK-1 epitope is demonstrated to be
a sulfated trisaccharide HSO,-3GIcAB1-3Gal31-4GlcNAcC,
which is shared with glycolipid and glycoprotein epitope (6, 7,
15). Since Gal1-4GIcNAciscommonly found on various gly-
coproteins and glycolipids, glucuronylransferase or
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O Glycoalipid
HSO0,-3GIcAB1-3Gal B1-4GIcNACB1-3Gal B1-4GIcB1-1Cer .................. SGGL-1 (Ref. 6)
O Glycoprotein 0
HSO;-3GIcAB1-3GaIB1-4GICNAGB1-2Many 1 ¢
GIcNACB1-4Man-GIcNAC-GICNAC-ASN -..-..... PO (Ref. 15)
GleNAcBL.2Mat @13 al-6
CNACB-2Man Fuc
Gal31- 4GIcNAC---------- R
| B1,3-Glucuronyltransferase (GIcATs)
GlcAB1-3Galp1- 4GIcNAC---------- R
01 Sulfotransferase (HNK1-ST)
HSO4-3GIcAB1-3GalB1- 4GIcNAC---------- R... HNK-1 Epitope

Fig. 1. Structureand biosynthesis of the HNK-1 carbohydr ate epitope.

sulfotransferase is considered to be a key enzyme for the bio-
synthesis of the HNK-1 epitope (Fig. 1).

Recently a glucuronyltransferase (GICAT-P) whichis as-
sociated with the biosynthesis of the HNK-1 epitope was iso-
lated from rat brain (16). Based on the partial amino acid se-
guences, afull length cDNA encoding GICAT-P was cloned (17).
The database search revealed that GICAT-P had no detectable
overall similarity with any other proteins of known functions,
including glucuronyltransferases involved in the glucuronide
conjugation in the liver (18) and olfactory epithelium (19).

More recently, our group and others have cloned a sec-
ond HNK-1 glucuronyltransferase (GICAT-S, GICAT-D) using
GICcAT-P cDNA as a probe (20, 21). Furthermore HNK-1
sulfotransferase (HNK1-ST) has been cloned using the expres-
sion cloning method (22). Our group also succeeded in cloning
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Tablel. Membersof GICAT family

Enzyme Species (Ref.) Acceptor substrate Product 2:2?2?%? Accession number
rat (17) . D88035

GICAT-P . HNK-1 epitope

human (23) Galp1-4GIcNac-R (glycoproteins) 98 % AB029396

GIcAT-S (D) rat (20,21) Gapl-4GlcNac-R (glycoproteins and glycolipids) HNK-1 epitope 49 % AB010441, AF106624

h 24 56 % AB009598
GIcAT-I uman (24) GAG-protein linkage 0

hamster (25) 56 % AF113703

ZK1307.5/SQV-8 C. elegans (48, 51)

S mansoni (27) ?

Drosophila ?

Galp1-3Gd-R (> Galp1l-4GIcNAC-R)

GAG-protein linkage

0,
( HNK-1 epitope ?) B%

Z47358, AJ005864

? 38 %
? 39%

U30260
AL033125
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human GIcAT-P and it was mapped to g25 region of human
chromosome 11 (23). The deduced amino acid sequences of
GlIcATsis highly conserved between GICAT-P and GICAT-S or
among the species. Based on the strong homology found in the
C-terminal catalytic domain between two enzymes, GIcAT-I,
another glucuronyltransferase involved in the biosynthesis of
the linkage region of proteoglycans, was cloned (24, 25). In-
cluding enzymesin C. elegans (26) and S. mansoni (27) that
exhibit high homology to GICAT-P, the idea of a novel GICAT
family has been proposed (Table ).

Transfection of GICAT-P or GICAT-S cDNAsinto COS-
1 cells could induce expression of the HNK-1 epitope on the
cell surface. Surprisingly, marked morphological changeswith
long and branched processes were a so induced (17, 20). These
results indicated that GICAT-P and GICAT-S regulate expression
of the HNK-1 epitope on cell adhesion molecules and modify
their biological function.

This review summarizes our current understanding of
the structures, the enzymatic properties, and the biological func-
tions of GICATs and the applications of the cloned GICATs for
investigation of the biological function of the HNK-1 epitope.

B. Glucuronyltransferase Activitiesin Mammalian Brain

Glucuronyltransferase involved in the biosynthesis of the
HNK-1 epitope is defined as the enzyme transfers glucuronic
acid from uridine 5’ -diphosphoglucuronic acid (UDP-GIcA) to
theterminal N-acetyllactosamine structure of glycoproteins and
glycolipid. Since this enzyme requires high specificity to the
N-acetyllactosamine structure (Gal1-4GIcNAC) as an accep-
tor, it is distinguishable from another glucuronyltransferase in-
volved in the glucuronide conjugation in the liver (18) and ol-
factory epithelium (19). 1n 1991 andin 1992, embryonic chicken
and rat brain extracts were shown to contain the
glucuronyltransferase activity involved in the biosynthesis of
the HNK-1 epitope, which transfers glucuronic acid from UDP-
GlcA to glycolipid acceptors (28-30). A glycolipid
neol actotetraosylceramide (nLc-Cer) was used as an acceptor
in the assay.

Thereafter our group established assay systems for mea-
suring the glucuronyltransferase activity to glycoprotein accep-
tors as well as glycolipid acceptors, and also showed that the
glucronyltransferase activity in ra brain extract could be sepa-
rated into two groups by UDP-GIcA-Sepharose CL-6B column
chromatography (31). The effluent fraction mainly contained
the enzyme activity to transfer glucuronic acid to glycolipid
acceptors, whereas the activity recovered in the eluate fraction
with IM NaCl transferred glucuronic acid predominantly to gly-
coprotein acceptors. This result implied that two or more
glucuronyltransferases exist in rat brain and exhibit different
acceptor specificity. The glucuronyltransferase specific for gly-
coproteins recovered in the eluate fraction was termed GIcAT-
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P. Using asialoorosomucoid (ASOR) as an acceptor, the distri-
bution of GICAT-P activity in rat tissues was examined (31). The
whole brain showed the highest activity followed by sciatic nerve
fibers, whereasthe thymus, spleen, lung, kidney, and liver showed
only very weak or undetectable activity. GICAT-P required Mr?*
for the enzymatic activity and the optimum pH of GICAT-P ac-
tivity was pH 6-6.5 (31).

The glucuronyltransferase activity toward glycolipids
recovered in the effluent fraction was also characterized (30).
Divalent cations were essential for the enzymatic activity and
Mn? at 10mM gave the highest activity. This enzymatic activ-
ity exhibited dual pH optimum at pH 4.5 (MES or sodium ac-
etate buffer) and at 6.0 (sodium cacodylate buffer). Thisen-
zyme was highly specific for neolactoglycolipid as an acceptor.
This enzymatic activity was localized specifically in the brain,
and barely detected in other tissues including sciatic nerve fi-
bers. Phosphatidylinositol and phosphatidylserine stimulated
the enzymatic reaction, while phospatidylcholine affected the
reaction negatively. The glucuronyltransferase activity toward
glycolipidsin cerebral cortex increased rapidly to a maximum
at two weeks after birth, and decreased gradually thereafter. The
activities in the cerebellum reached maximum just after birth
and then disappeared rapidly (30).

C. Purification and Characterization of Rat GICAT-P

Recently Terayama et al. succeeded in purifying the
GlcAT-Pinvolved in the biosynthesis of the HNK -1 epitope from
rat brain to an apparent homogeneity (16). The GICAT-P was
extracted with Nonidet P-40 from microsomal fraction of 2-week
postnatal rat forebrain and purified by sequential chromatogra-
phies on CM-Sepharose CL-6B cation exchange chromatogra-
phy, UDP-GIcA-Sepharose 4B, asial oorosomucoid-Sepharose
4B, Matrex gel Blue A, Mono Q, HiTrap chelating, and HiTrap
heparin columns. By mean of these chromatographies, GIcAT-
P was purified with 1,200,000-fold purification and 4.0 % over-
all recovery. The molecular weight of the purified GICAT-P was
estimated to be 45 kDa by SDS-PAGE under reducing condi-
tions, but GICAT-P was eluted as a 90-kDa protein on Superose
gel filtration in the presence of NP-40, suggesting that this en-
zyme exists as homodimers under non-denatured conditions.
GIcAT-P transferred glucuronic acid to various glycoprotein
acceptors bearing terminal N-acetyllactosamine structure such
as asiadloorosomucoid, asiaofetuin and asialo-NCAM. This en-
zyme exhibited high specificity for the terminal N-
acetyllactosamine structure of the glycoprotein acceptors be-
cause the enzymatic activity was almost completely inhibited
by N-acetyllactosamine (Gal31-4GIcNAc) while lacto-N-biose
(Gap1-3GIcNAC) had no effect on the activity (16).

During purification of GICAT-P from rat brain, we no-
ticed that the enzyme had lost most of its catalytic activitiy.
However, the addition of alipid extract of rat brain to the assay
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mixture restored the activity completely (16). Further studies
indicated that sphingomyelin (SM) is required for the expres-
sion of the enzymatic activity. As for the length of the acyl
group, stearol-SM(18:0) was the most effective, followed by
pa mitoyl-SM (16:0) and lignoceroyl-SM (24:0). More inter-
estingly, activity was demonstrated only for SM with saturated
fatty acid, i.e. not for that with an unsaturated faty acid, regard-
less of the length of the acyl group (16).

D. cDNA cloning of GICAT-P

Based on the amino acid sequences determined by se-
guencing tryptic peptides of the purified GICAT-P protein, the
full length cDNA encoding rat GICAT-P was cloned (17). 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. Thisis consistent with the apparent mo-
lecular mass of purified enzyme estimated previoudy from SDS-
PAGE of 45 kDa. Hydropathy analysis indicated that GICAT-P
isatypica type Il transmembrane protein aswell as many other
glycosyltransferases (32). GIcAT-P has a short N-terminal re-
gion, which is a putative cytoplasmic tail, a hydrophobic trans-
membraneregion and alarge C-termina catalytic domain. About
60 amino acid residues next to the transmembrane region were
characterized by their high proline content (15%), asit seenin
several other glycosyltransferases (33, 34). A database search
revealed that GICAT-P has high homology (overall amino acid
identity of 35% and 38%, respectively) with putative proteins
encoded in chromosome |1 of C. elegans (26) and that in S.
mansoni (27). The computer alignment of these three sequences
revealed that four highly conserved motifs, modulesI-1V, were
present in the large catalytic region. In particular modules |V of
all three species contain a conserved cystein residue that is
thought to be essential for the activity (Fig. 2).

Northern blot analysis of GICAT-P in adult rat tissues
showed that GICAT-P transcripts are detected as major 4.0 kb
and minor 9.1 kb bands. The expression is localized specifi-
caly in the neural tissues such as the whole brain, cerebral cor-
tex and cerebellum but not in other tissues such as the lung,
liver, kidney, ileum, testis, lymphoid nodule, thymus, spleen,
heart, and macrophages (17). In situ hybridization analysis of
rat postnatal day 8 brain revealed that GICAT-P mRNA expressed
widely in rat brain and strongly in the cereberal cortex, olfac-
tory bulb, hippocampus and pontie nuclei (unpublished result).

The enzymatic activity of the GICAT-P cDNA product
was confirmed by the transient expression of the gene fragment
encoding from Asp-75 to lleu-347 was expressed as a fusion
protein with protein A in COS-1 cdlls. The glucuronyltransferase
activity was detected in the culture medium using
asialoolosomucoid as an acceptor. The fusion protein could be
purified from the medium by 1gG-Sepharose column. Expos-
ing the purified enzyme to the SH-blocking agent, N-
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Fig. 2. Sequence alignment of GICAT family. The following sequences are compared: putative protein of C.elegans, S.
mansoni, and Drosophila melanogaster, rat GICAT-P, human GIcAT-P, rat GIcAT-S and human GIcAT-I. Black and meshed back-
grounds indicate completely conserved amino acid and homol ogous substitution, respectively. Dashes indicate gaps introduced for

maximal alignment. Locations of conserved modules I-1V are indicated by arrows.

ethylmaleimide, completely inhibited the enzymatic activity in-
dicating that a free Cys-317 may be essential for the catalytic
activity (17).

To investigate the enzymatic activity of cDNA in liv-
ing cells, Lec2 cdlsaretransfected thefull length GICAT-P. Lec2,
a CHO mutant, cells have little activity to transport CMP-sialic
acid into the Golgi apparatus and express glycoproteins bearing
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N-acetyllactosamine residue without terminal siaic acid on the
cell surface (35). The transfected cells were analyzed by flow
cytometer after staining with HNK-1 (36) and M 6749 (37) mono-
clonal antibodies. M6749 can react with terminal nonsulfated
glucuronic acid aswell as sulfated GIcA. Lec2 cellstransfected
with the GICAT-P cDNA were stained with M6749, indicating
that cloned cDNA encodes GIcAT-P, which isindeed activein
theliving cells. However, the transfected cells were not stained
with HNK-1 antibody, indicating that Lec2 cells lack the
sulfotransferase which transfers sulfate to the glucuronyl-N-
acetyllactosamine residues (17).

In contrast to Lec2 cells, COS-1 cells transfected with
GIcAT-P cDNA were stained not only with M6749 but also HNK -
1. These results suggest that COS-1 cells express the
sulfotransferase which is involved in the biosynthesis of the
HNK-1 epitope. Surprisingly, COS-1 cells, with induced ex-
pression of the HNK-1 epitope by the transfection of GICAT-P
cDNA, exhibited adramatic morphological change. The HNK-
1 expressing cells had long and branched processes with anum-
ber of microspikes, such shapes are apparently unusual com-
pared with mock-transfected COS-1 cells (17). A series of re-
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Fig. 3. Structural and sequence comparison of rat and human GICAT-P. A, methionine (M) in the Cytoplasmic tail are indicated.
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of rat and human GIcAT-P cDNA.. Insertion sequence (17 bp) is underlined. The transcription initiation sites are shown by arrows.

199

©2001 FCCA (Forum: Carbohydrates Coming of Age)



sultsrevealed that cloned cDNA isindeed GIcAT-P and involved
in the biosynthesis of the HNK-1 carbohydrate epitopein living
cells. Furthermore the HNK-1 epitope induced by GICAT-P was
supposed to have the ability to modulate the cell-substratum in-
teraction and reorganize cytoskeletal proteinsin cells.

Our group also cloned the human GIcAT-P by screening
of human brain cDNA library (23). Comparison of deduced
amino acid sequences between rat and human GIcAT-P reveded
that only 6 amino acids are different from each other, therefore
human GIcAT-Pis98.2% identical with rat GICAT-P at theamino
acid level. GIcAT-P is highly conserved between rodent and
human, suggesting the biological importance of this enzyme.

However the N-terminal region as cyotoplasmic tail of
human GIcAT-P was found to be 13 amino acids shorter than
that of rat GICAT-P (23). Alignment of the nucleotide sequences
around initiation sites of human and rat GICAT-P cDNA indi-
cates that an extra 17 nudeotides, which are not observed in rat
GIcAT-P cDNA, are inserted in the upstream of the initiation
codon of human GIcAT-P cDNA. Because of thisinsertion, a
stop codon appears at 10 bp downstream of the trandlation ini-
tiation codon corresponding to that of rat GICAT-P cDNA, thus
human GIcAT-P is transcribed from the next initiation codon
(Fig. 3). RT-PCR analysis of human cerebellum mRNA reveals
that two forms of transcripts of GICAT-P gene exist in human
brain. The major one has the 17 bp insertion and its product is
the enzyme with shorter cytoplasmic region. The minor one
doesn’t have such an insertion, and its product should be the
longer enzyme in the cytoplasmic region asin rat GICAT-P (23).
The existence of two such isoforms that differ in the length of
their cytoplasmic region by 13 amino acid is also well-known in
B1,4-GaTase (GaAT-I) (38). Asthetwo isoformsof GalT-1 were
proposed to exhibit different functions or distribution in cells,
the two isoforms of GICAT-P may also differ in biological func-
tion.

Northern blot analysis revealed that human GIcAT-P ex-
pressed specifically in the brain, but aweak expression is also
detected in the liver (23). The biologica significance of GICAT-
P expression in human liver is unclear. The HNK-1 carbohy-
drate epitope was originally reported as a specific antigen for
human natural killer cells and called CD57 in immunology (1).
Asit hasbeen reported that CD57* T cell subset is present mainly
in the bone marrow and liver (39), human GICAT-Pin liver may
be responsible for the biosynthesis of HNK-1 epitope on CD57*
T cédls.

Furthermore human GIcAT-P was found to be located on
human chromosome 11 (region 11g25) by fluorescent in situ
hybridization (FISH) analysis using human GIcAT-P cDNA asa
probe (23).
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E. Cloning of HNK1-Sulfotransferase. |1s GICAT-P a Key

Enzymein the Biosynthesis of the HNK -1 Epitope?
Following cDNA cloning of rat GICAT-P, two groupsin-
dependently succeeded in cloning rat (40) and human (22)
sulfotransferase (HNK 1-ST) involved in the biosynthesis of the
HNK-1 epitope. In both cases, the expression cloning strategy
with Lec2 cells (or its derivative line, CHOP2) was used for the
cloning of HNK1-ST cDNA. The brain cDNA library was
cotransfected with GICAT-P cDNA, then HNK-1 expressing cells
were screened and HNK1-ST cDNA was isolated. Cloned
HNK1-ST was shown to add a sulfate group to the terminal glu-
curonic acid on both glycoproteins and glycolipids (22, 40).
The characteristic structure of the HNK-1 carbohydrate
epitopeisthetermina sulfated glucuronic acid, astheinner struc-
ture, N-acetyllactosamine, is very common on the cell surface.
HNK1-ST, aswell as GICAT, isalso essentia for the biosynthe-
sis of the HNK-1 carbohydrate epitope (Fig. 1). Which
glycosyltransferase is the key enzyme in the biosynthesis of the
HNK-1 epitope? Following the cloning of HNK1-ST, its ex-
pression in human tissues was investigated (22). HNK1-ST
MRNA was strongly detected in various tissues including the
brain, testis, ovary and spleen, while the expression of GICAT-P
MRNA was almost specific for the nervous system. Thisresult
suggeststhat the expression pattern of GICAT-P corresponds more
to that of the HNK-1 epitope almost specific in the neural tis-
sues. The expression patterns of GICAT-P, HNK1-ST and HNK-
1 epitope were investigated in rat embryo (41) and postnatal
brain (unpublished result). In situ hybridization analysis and
immunostaining at the limb bud level of the rat embryo revealed
that the GICAT-P expression was localized in the HNK-1 posi-
tive cells but HNK1-ST was ubiquitously observed and not cor-
responding to the HNK-1 epitope (41). In postnatal day 8 brain,
strong expression of GICAT-P was al so detected in the same spe-
cific regions corresponding to the expressi on pattern of the HNK -
1 epitope, though HNK1-ST was ubiquitously expressed
throughout the brain. These lines of evidence suggested that
the expression of HNK -1 carbohydrateisregulated by the GIcAT-
P expression, and that GIcATs including GICAT-P, rather than
HNK1-ST, are the key enzyme in the biosynthesis of HNK-1

epitope.

F. Structure-Function Relationship of GICAT-P

As described above, GICAT-P contains four conserved
regionsin the catalytic domain, named modules |-V, which are
presumed to be required for the enzymatic activity (17). To
understand the biological significance of these modules, our
group investigated the structure-function relationship of GIcAT-
P by the combination of site-directed mutagenesis and computer
3D-modeling (42).

A series of substitution mutants of the GST-GIcAT-P fu-
sion protein was prepared. For each mutation, an amino acid
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with a polar side chain of GIcAT-P was substituted with alanine.
Twenty-seven substitutions were tested, and the activities of the
mutants were compared to that of the wild-type GICAT-P fusion
protein. Most of the substitutions within four modules dramati-
cally reduced the transferase activity to less than 5%, and all of
the essential amino acids for the activity were conserved across
species from nematoda to vertebrates. On the other hand, the
substitutions in non-conserved regions between modules had no
significant effect on the activity. These results indicated that
the amino acid residues required for the catalytic activity were
widely distributed in these four modulesin C-terminal catalytic
domain. Thesefour modules must equally contribute to the mini-
mum activity of GICAT-P (42). Furthermore, these substitution
mutants were subjected to the acceptor substrate binding assay
using ASOR. Theresultswere consistent with those of the trans-
ferase activity test, suggesting that most of the polar amino ac-
ids within the four modules contribute to either the interaction
with ASOR or the proper folding of the catalytic domain (42).

In order to provide clues as to how the modules are posi-
tioned and function, a3D model of GICAT-P was constructed by
computer simulation with the 3D structure of adenylate kinase
(1AKE) as atemplate (43). Thismodel predicted that the cata-
lytic domain of GICAT-P forms a globular shape with a
Rossmann-fold motif consisting of five a-helix and 3-sheet re-
peats. The putative catalytic pocket consists mainly of modules
-1l and is surrounded by acluster of polar amino acids essen-
tial for the transferase activities and also for the binding to the
acceptor substrate. In the catalytic pocket of this model, UDP-
GlcA isheld viathe interaction with Ser228 and Arg222, and
the N-acetyllactosamine is held via Phe258 by the e-1t stacking
interaction. The catalytic center isassumed to beAsp267. These
four amino acids are sure to be essential residuesin the activity
assay. The second cluster of essential amino acidsis present on
the surface of GICAT-P molecule that is opposite to the catal ytic
pocket. This cluster contains an aspartic acid repeat (DDD)
which is considered to be involved in the common functional
features of many glycosyltransferases (44), such asin the bind-
ing to adivalent cation. Thusthe second cluster may be associ-
ated to interact with essential modulation molecules such asMn?
and membrane phospholipids (42).

More recently, Pedersen et al. reported the crystal struc-
ture of GICAT-1 in the presence of donar substrate product UDP,
Mn?* and the acceptor substrate analog Gal 31-3Gal 1-4Xyl (45).
GlcAT-l isaso 31,3-glucuronyltransferase, exhibits high homol-
ogy to rat GICAT-P (Table 1) and isinvolved in the biosynthesis
of the glycosaminoglycan (GAG)-protein linkage region (24,
46, 47). Intheir report, GICAT-I contains a seven-stranded mixed
[3-sheet, which can be devided into two subdomains and the ac-
tive site exists in a cleft extending across both subdomains.
Residue Glu281 is thought to be the catalytic center and
deprotonating the acceptor substrate. The conserved DDD mo-
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tif is suggested to have direct interaction with the ribose of the
UDP molecules as well as with Mn?* (45).

G.TheCloning of the Second Glucuronyltransferase, GICAT-S

In 1999, our group and others (Shimoda et al.) indepen-
dently succeeded in cloning a second glucuronyltransfrase in-
volved in the biosynthesis of the HNK-1 carbohydrate epitope
and termed GIcAT-S and GICAT-D, respectively (20, 21). How-
ever, the cDNA clones isolated by the two groups were com-
pletely identical. We isolated rat GICAT-S cDNA by screening
of rat embryonic cDNA library using the cDNA corresponding
to the catalytic domain of rat GICAT-P as a probe (20). Rat
GIcAT-Sis composed of 324 amino acids including two poten-
tial N-glycosylation sites. The expected molecular weight of
thisproteinis 37,219 Da. Hydropathy analysisrevealed asingle
potential transmembrane region consisting of 17 amino acids,
and GIcAT-S also appeared to be atypical type Il transmem-
brane protein as well as many other glycosyltransferases (32).
The domain next to the transmembrane region was character-
ized by its high proline content as seen in several
glycosyltransferases including GICAT-P (17, 33, 34). Amino
acid sequence comparison of GICAT-S and GIcAT-P revealed
that the overall identity is 49% and the C-termina cataytic do-
main exhibitsthe highest identity of 58.6%. Moreover theamino
acid sequences of four modulesin the cataytic domain are highly
conserved, suggesting cloned cDNA encodes a novel
glucuronyltransferase (20).

The expression of GICAT-S mRNA in the adult rat tissue
was examined by northern blot analysis. Two transcripts 2.3 kb
and 1.1 kb were detected in the cerebral cortex, cerebellum, and
whole brain, in which the HNK-1 epitope was specifically ex-
pressed. No transcripts were detected in other tissues such as
the lung, liver, kidney, ileum, testis, lymphoid nodule, thymus,
spleen, heart, and macrophages (20). The transfection of the
full length GICAT-S cDNA into Lec? cells (see above) induced
expression of the carbohydrates with the terminal glucuronic
acid, which was recognized by M6749 antibody, on the cell sur-
face. GICAT-S cDNA was also transfected into COS-1 cells.
Transfected COS-1 cellswere intensely stained by HNK-1 anti-
body and exhibited morphological changes as reported for the
transfection of GICAT-P cDNA (17). These results suggest that
GIcAT-S cDNA produces active glucuronyltransferase in living
cellsand that GICAT-Sisasecond glucuronyltransferase involved
in the biosynthesis of the HNK-1 carbohydrate epitope (20).
Membrane fractions prepared from COS-1 cells transfected ei-
ther GICAT-P cDNA or GIcAT-S cDNA were subjected to west-
ern blot analysis using the HNK-1 antibody. Both showed simi-
lar profiles of several bands ranging from 70 kDato over 200
kDa, indicating that the acceptor specificity of GICAT-S toward
glycoproteinsis similar to that of GICAT-P (20).

Shimoda et al. also isolated cDNA encoding GICAT-S,
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they termed GICcAT-D, by PCR strategy using degenarate prim-
ers to conserved modules in the catalytic domain of GICAT-P
(21). Intheir study, the full length of GICAT-S (D) cDNA was
transfected into COS-7 cells and cell homogenate was prepared,
then its glucuronyltransf erase activities toward glyoprotein and
glycolipid were measured using asialo orosomucoid and lacto-
N-neotetraosylceramide as acceptors. As a result, significant
enzymatic activity toward glycolipid was detected in addition
to the activity toward glycoprotein (21), suggesting that GICAT-
S (D) isaglucuronyltransferase with dual specificity for both
glycolipid and glycoprotein acceptors.

Shimoda et al. and our group performed in situ hybrid-
ization and immunohistochemistry of the rat embryonic (21) and
postnatal (unpublished result) brain. Both results revealed that
the regions expressed GICAT-S (D) and/or GICAT-P were always
stained with HNK-1 antibody, suggesting that both GIcATs are
involved in the biosynthesis of the HNK -1 carbohydrate epitope
invivo. The expression patterns of two enzymes were diff erent
from each other. The expression of GICAT-P was detected more
abundantly and more widely, suggesting that GICAT-P isama-
jor GICAT involved in the biosynthesis of the HNK -1 epitope.

In rat embryo GICAT-S was expressed in the pallidal
subventricular zone and retinawhere GIcAT-P was hot expressed
(21). Inrat postnatal day 8 brain, GICAT-S mRNA was local-
ized in the cerebellum, olfactory bulb, hippocampus and thala-
mus. In the cerebellum, GICAT-S mRNA was expressed in the
internal and external granule layers, on the other hand, the ex-
pression of GICAT-P was mainly localized in the purkinje cell
layer, though the HNK-1 epitope was expressed overal in the
cerebellum. These results suggested that GICAT-P and GICAT-S
synthesized the HNK-1 epitope complementarily in specific re-
gions of rat brain.

H. Glucuronytransfer ase Family

Several GIcATs have so far been cloned or identified on
the basis of the homology to rat GICAT-P. They contained four
conserved motifs (module I-1V) in the catalytic domain (Fig. 2).
In the case of siayltransferases, the sialyltransferase family is
postulated and the members are characterized with the sialyl
motif (48). According to this idea, we may postulate the
glucuronyltransferase (GIcAT) family characterized with con-
served modules in the catalytic region. GICAT-B, GICAT-S, and
related enzymes found in D. melanogaster (pointed out in Ref.
21), C. elggans and S. mansoni have been proposed members of
GIcAT family (Table 1). Furthermore, two genes (accession
number AE003625 and AE003545) that exhibit high homology
to rat GICAT-P are found in the database of the drosophila ge-
nome at present.

Recently the cDNA of human GIcAT-I was cloned by
PCR method using degenerated primers based on the sequence
of GICAT-P (24). GIcAT-Il had been partially purified from em-
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bryonic chick brain and characterized as a glucuronyltransferase
involved in the biosynthesis of the glycosaminoglycan (GAG)-
protein linkage region, GIcA(1-3Gal31-3Galf1-4Xyl of
proteoglycans (46, 47). The enzymatic properties of cloned
GIcAT-1 were investigated by two groups (24, 25). They re-
vealed that GIcAT-I transfers the glucuronic acid specifically to
the trisaccharides Gal 31-3Gal 31-4Xyl, which is the character-
istic structure contained in GAG-protein linkage region. GIcAT-
I, however, hasno or only little activity to Gal31-4GIcNAc which
isagood acceptor for GICAT-P (24, 25). Though GICAT-1 ex-
hibited the distinct acceptor specificity from GIcAT-P, deduced
amino acid sequence of human GIcAT-I exhibited 56% identity
to rat GICAT-P, and the highest sequence identity and four con-
served modules were found in the C-terminal catalytic region
(Tablel, Fig. 2). Considering that GICAT-I isindeed the 31,3-
glucuronyltransferase including conserved modules as well as
GIcAT-P and GICcAT-S, GIcAT-I should be regarded as a mem-
ber of GICAT family pronounced here. To compare the sequences
of modules|-1V in these enzymes may provide informetion about
the structures that determine their acceptor specificities.
Furthermore, neither GICAT-P nor GICAT-S was detected
in some regions expressing HNK-1 epitope (41), suggesting that
the possihility of the presence of another GICAT involved in the
synthesis of the HNK-1 epitope existsin the vertebrate brain. It
may be possible to clone such a new member of the GICAT fam-
ily in the future on the basis of the homology to known GICATSs.

|. Biological Function of GICATs

As described above, GICAT-P and GICAT-S are the key
enzymesfor the biosynthesis of the HNK-1 carbohydrate epitope,
transfection of these GIcATsinto COS-1 cellsresultsin induc-
ing the expression of the HNK-1 epitope on the cell surface (17,
20). Inthisaspect, GlcATs are regarded as glycosyltransferases
that enable the remodeling of carbohydrates on the cell surface.
Therefore GICATs must be powerful toolsin the investigation of
the biological roles of the HNK-1 epitope. For example, COS-
1 cells transfected of GICAT-P or GICAT-S exhibited dramatic
changes in their morphology (17, 20). These results suggested
that the HNK-1 epitope isinvolved in the cell-substratum inter-
action and reorganization of cytoskeletal proteins.

Recently, several genes that caused abnormality of the
vulval invaginationin C. eleganswere analyzed, and one of them,
sqv-8, was found to be a 31,3-glucuronyltranferase bearing sig-
nificant similarity to rat GICAT-P (49). Previously this gene had
been pointed out as GICAT by Terayama et al (17). Two other
genes, sgv-3 and sgv-7, were similar to vertebrate 1,4-
galactosyltransferase and nucleotide sugar transporter, respec-
tively (49). These genes are thought to be components of a
glycosylation pathway conserved from nematode to vertebrates.
Recent study have demonstrated that human homol ogue of sgv-
3 geneis galactosyltransferase | involved in the biosynthesis of
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the GAG-protein linkage region of proteoglycans (50). Further-
more, Bulik et al. reported that SQV-8 expressed in COS-7 cells
produced glucuronyltransferase activity with higher acceptor
specificity to Galb1-3Gal-R (51). Though the actual structures
of carbohydrates synthesized by these genesin C. elegans til
remain uncertain, the glycan synthesized by SQV-8 must bere-
quired for the vulval invagination and normal oocyte devel op-
ment in C. elegans.

In mammalian brain, the functions of GICAT-P and
GIcAT-S could be different from each other. Each enzyme may
have different acceptor specificity and may be responsible for
the biosynthesis of the HNK-1 epitope on a different acceptor
molecule (21). Nagase et al. reported differential expression of
GIcAT-P and GIcAT-S in the sublineages of the rat myogenic
progenitors (41). In embryonic day 11.5 rat embryo, HNK-1
epitope was observed in myotomal cells and migrating myo-
blast in the limb bud. GIcAT-P gene expression was found in
the myotomal cells, while on the other hand, GICAT-S gene ex-
pression was observed in the limb bud myablast (41). Different
expressions of GICAT genes seemed to relate to migrating or
non-migrating cell properties. These results suggested that the
HNK-1 epitope synthesized by each enzyme has a distinct func-
tion. The HNK-1 epitope may have different roles correspond-
ing to each molecule on which the HNK-1 epitope expresses,
and the cells may select the HNK-1 positive molecules by regu-
lation of the expression of GICAT-P and GICAT-S.

J. Future Per spects

Cloning of GlcATsalowed usto investigate the biologi-
cal function of the HNK-1 carbohydrate epitope in detail. We
can easily prepare cell adhesion molecules or cells expressing
the HNK-1 epitope using these genes. By means of evaluating
the properties of these molecules or cells, the function of the
HNK-1 epitope will be revealed at molecular or cellular level.

Further, as GIcATs are key enzymes in the biosynthesis
of the HNK-1 carbohydrate epitope, a study of the regulation of
GICcATs gene expression will provide information about the
mechanism for the strict regulation of HNK-1 expression.

In order to study the biological function of the HNK-1
epitope in vivo, we are now generating GICAT-P deficient mice
by genetargeting. GICAT-P deficient mice are expected to lack
the HNK-1 epitope widely and should shed new light on the
biological roles of the HNK-1 epitope.
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