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Glycosylation is a major post-translational protein modification, especially for cell
surface proteins, which play important roles in a variety of cellular functions,
including recognition and adhesion. Among them, we have been interested in HNK-1
(human natural killer-1) carbohydrate, which is characteristically expressed on a
series of cell adhesion molecules in the nervous system. The HNK-1 carbohydrate
has a unique structural feature, i.e. a sulfated glucuronic acid is attached to the non-
reducing terminal of an N-acetyllactosamine residue (HSO3-3GlcAp1-3Galfl1-4GlcNAc-).
We have cloned and characterized the biosynthetic enzymes (two glucuronyltrans-
ferases and a sulfotransferase), and also obtained evidence that the HNK-1
carbohydrate is involved in synaptic plasticity and memory formation. In this
review, we describe recent findings regarding the expression mechanism and
functional roles of this carbohydrate.

Key words: enzyme complex, glucuronyltransferase, HNK-1, long-term potentiation,
substrate specificity.

Abbreviations: AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; ASOR, asialo-
orosomucoid; CAl, cornu ammonis 1; EPSP, excitatory post-synaptic potential; GlcAT, glucuronyltran-
sferase; HNK-1, human natural killer-1; HNK-1ST, HNK-1 sulfotransferase; LTP, long-term potentiation;
NCAM, neural cell adhesion molecule; PI, phosphatidylinositol; PN, perineuronal net; SGGL, sulfoglu-

curonyl glycolipid; SM, sphingomyelin; TRP, transient receptor potential.

In the nervous system, various types of cells recognize and
interact with each other to form a precise neural network.
During these processes, carbohydrates expressed on
proteins cause the structural diversity of their carrier
proteins, resulting in the regulation of cell-cell recogni-
tion, interaction and cell migration (). Among these
carbohydrates, the HNK-1 (human natural killer-1)
carbohydrate is one of the most characteristic glycoepi-
topes in the nervous system (2). The HNK-1 carbohydrate
has a unique structural feature, i.e. a sulfated glucuronic
acid is attached to the non-reducing terminal of an
N-acetyllactosamine residue (Fig. 1) (3). This carbohy-
drate is carried by limited kinds of molecules such as cell
adhesion molecules (NCAM, L1, PO, etc.), extracellular
matrix proteins (tenascin-R, phosphacan, etc.) and glyco-
lipids (SGGL-1 and SGGL-2) (4, 5). The expression of the
HNK-1 carbohydrate is associated with neural crest cell
migration, neuron to glial cell adhesion and the outgrowth
of astrocytic processes (6). During the course of investiga-
tion of the HNK-1 carbohydrate biosynthetic pathway, we
cloned three related enzymes, that is, two glucuronyl-
transferases (GlcAT-P and GlcAT-S) (7, 8 and a sulfo-
transferase (HNK-1ST) (9). The gene cloning of these
enzymes allowed us to manipulate them genetically and
provided us with new knowledge about the functions of
the HNK-1 carbohydrate.

*To whom correspondence should be addressed. Tel: +81 75 751
3959, Fax: +81 75 751 3959, E-mail: shogo@hs.med.kyoto-u.ac.jp

Vol. 143, No. 6, 2008 719

ENZYMATIC PROPERTIES AND ACCEPTOR
SPECIFICITIES OF GLcAT-P AND GLcAT-S

The biosynthesis of the HNK-1 carbohydrate is mainly
regulated by two glucuronyltransferases (GIcAT-P and
GlcAT-S) and a sulfotransferase (HNK-1ST) (Fig. 1). We
purified GIcAT-P from 2-week post-natal rat forebrains,
and cloned the GIcAT-P ¢cDNAs from rat, mouse and man
(7,10, 11). The primary structure deduced from the mouse
cDNA sequence predicted a type II transmembrane
protein comprising 347 amino acid residues. Using this
cDNA as a probe, we cloned the second glucuronyltrans-
ferase (GlcAT-S) cDNAs from rat and mouse (8, 12). The
predicted amino acid sequence of mouse GlcAT-S consists
of 324 amino acid residues and is about 50% identical to
that of mouse GIcAT-P, respectively. Human GlcAT-P and
GIcAT-S are named B3GAT1 and 2, respectively.

To determine how the two distinct glucuronyltrans-
ferases are involved in the biosynthesis of the HNK-1
carbohydrate, we compared the enzymatic properties of
the two enzymes (13). Both GIcAT-P and GIcAT-S
transferred glucuronic acid (GlcA) not only to a glycopro-
tein acceptor, asialo-orosomucoid (ASOR), but also to a
glycolipid acceptor, paragloboside. However, they showed
different acceptor specificities. Thus, GIcAT-P strictly
recognized the N-acetyllactosamine (Galp1-4GlcNAc)
structure at the terminals of acceptor substrates. In
contrast, GlcAT-S recognized not only the terminal
Galp1-4GlcNAc structure but also the lacto-N-biose
(Galp1-3GlecNAc) structure, and showed the highest
activity toward triantennary N-linked oligosaccharides
(13). It should be noted that the activities of these
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GalB1-4GlcNAc----R
Glucuronyltransferase (GlcAT-P, GIcAT-S)
GIcBA 1-3GalB1-4GlcNAc----R

Sulfotransferase (HNK-1 ST)

| HSO3-GlcAB1-3GalB1-4GlcNAcl---R
HNK-1 carbohydrate

Fig. 1. Biosynthesis and structural features of the HNK-1
carbohydrate.

enzymes are affected by phospholipids. That is, the
activity of GlcAT-P was enhanced in the presence of
sphingomyelin (SM), but this effect was not observed for
GlcAT-S. The activities of GIcAT-P and GlcAT-S towards a
glycolipid acceptor substrate were only at detectable levels
in the presence of phospholipids such as phosphatidylino-
sitol (PI). These results suggest that the expression of
the HNK-1 carbohydrate could be regulated not only by
the expression level of the enzyme protein but also by the
micro-environment around the enzyme, especially by the
presence of SM and PI.

CRYSTAL STRUCTURES OF GLcAT-P AND GLcAT-S

To elucidate how GlcAT-P and GlcAT-S recognize acceptor
substrates at the atomic level, we determined the X-ray
crystal structures of the recombinant soluble forms of
human GlcAT-P and GIcAT-S (14, 15). As a result, it was
revealed that the structures of the overall apo-forms of
GlcAT-P and GlcAT-S were very similar, and both of them
formed a tight homodimer. This structure consists of 12
B-strands and 6 o-helices, and can be divided into two
regions that constitute the donor and acceptor substrate-
binding sites. The two regions are connected by a DXD
motif, which is conserved in many UDP-sugar-dependent
glycosyltransferases (16). All residues involved in donor
substrate binding are conserved in GlcAT-P and GlcAT-S.
On the other hand, there are marked differences in the
manners they recognize their respective acceptor sub-
strates. Phe245 is one of the most important GlcAT-P
residues for the recognition of acceptor Galpl-4GlcNAc.
Upon acceptor binding, the side chain of Phe245 moves
closer to GlcNAc and undergoes a parallel stacking
interaction, but GlcAT-S has Trp234 at this position and
the stacking interaction is tilted by 30 degrees. Computer-
aided model building of the substrate—enzyme complexes
revealed that the aromatic ring of Phe245 of GlcAT-P
was stacked on the GleNAc ring of Galp1-3GlcNAc much
more poorly than that of Galf1-4GlcNAc. In addition, the
C-terminal long loop of the neighbouring molecule serves
as the key in the recognition of Galpl-4GlcNAc. For
example, Val320 and Asn321 interacted with the GlcNAc
moiety through a hydrophobic interaction and a hydrogen
bond, respectively, but these interactions are absent in the
Galp1-3GlecNAc bond model. These results suggested that
Phe245, Val320 and Asn321 play important roles by
distinguishing two different glycosidic linkages, $1-4 and
B1-3. To support this, we performed the site-directed
mutagenesis of GlcAT-S. Thus, the amino acid residues,
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i.e. Trp234 and Ala309, associated with the acceptor
substrate recognition of GlcAT-S were doubly replaced
with the corresponding amino acid residues, i.e. Phe245
and Val320, of GlcAT-P. The double mutant showed
reduced activity towards a lacto-N-biose (Galfl-
3GlcNAc) substrate (15). These lines of evidence indicate
that GlcAT-P and GIcAT-S have similar but significantly
different acceptor specificities, suggesting that they may
synthesize functionally and structurally different HNK-1
carbohydrates in the nervous system.

FUNCTIONAL COMPLEX FORMATION OF HNK-1
CARBOHYDRATE-SYNTHESIZING ENZYMES

Almost all of the structures of HNK-1 carbohydrate so far
reported are sulfated in the nervous system (4), suggest-
ing that sulfation occurs as soon as the step of transfer of
glucuronic acid to the non-reducing terminal of N-acet-
yllactosamine during biosynthesis. Besides, an increasing
number of recent reports have revealed the existence of
complexes of glycosyltransferases in the Golgi apparatus
(17), and some of these complexes allow them to have
higher catalytic activities than those of the single enzymes
(18) or maintenance of the proper subcellular localization
in the ER or Golgi apparatus (19). These facts led us to the
hypothesis that a glucuronyltransferase (GIcAT-P or
GlcAT-S) and the sulfotransferase (HNK-1ST) form an
enzyme complex, followed by efficient biosynthesis of the
HNK-1 carbohydrate epitope. Based on this assumption,
we demonstrated by co-immunoprecipitation analyses
that both GIcAT-P and GlcAT-S bind with HNK-1ST in
cells using a transient expression system (20). Moreover,
specific interaction of these HNK-1-related enzymes was
shown by the finding that a sialyltransferase (ST3GallV)
or other sulfotransferase belonging to the HNK-1ST
family (C4ST-1 or GalNAc4ST-1) was (were) not co-
precipitated with HNK-1 carbohydrate-synthesizing
enzymes in similar experiments. To our surprise, how-
ever, we found that GlcAT-I, which is known to be the
glucuronyltransferase responsible for the biosynthesis of
the linkage tetrasaccharide (GlcAB1-3GalB1-3Galp1-4Xyl-R)
of glycosaminoglycan (21), also interacted with HNK-1ST.
We think that this interaction has some physiological
significance because of the following two experimental
facts. (i) HNK-1ST is expressed in various tissues where
GlcATs (GIcAT-P and GIcAT-S) and the HNK-1 carbohy-
drate are not present. (ii) The sulfated linkage tetra-
saccharide (SO4-3GlcAB1-3GalB1-3(+/-Sian2-6)Galf1-4Xyl)
has actually been found in human urine (22). Therefore,
HNK-1ST maybe functions as a sulfotransferase that
regulates the expression of the sugar chains of glyco-
saminoglycans such as part-time proteoglycans.

Next, we investigated the binding regions for these
enzymes by means of pull-down assays using purified
C-terminal catalytic domains. As a result, it was clearly
demonstrated that each C-terminal region was sufficient
for direct binding, while the formation of some glycosyl-
transferase-complexes was mediated by their transmem-
brane domains or the adjacent stalk region (17).
Involvement of the catalytic domain in the GlcATs—
HNK-1ST interaction suggested that their -catalytic
activities were influenced by the formation of complexes.
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cytosol

Golgi lumen

Gal-GIcNAc- GlcA-Gal-GlcNAc- HS03-GlcA-Gal-GlcNAc!

HNK-1ST
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Fig. 2. Schematic diagram of the enzyme complexes.
Glucuronyltransferases (GIcAT-P and GIcAT-S) and HNK-1ST
form a complex in cells, resulting in efficient biosynthesis of the
HNK-1 carbohydrate.

Actually, an in vitro activity assay revealed that the
catalytic activity of HNK-1ST was up-regulated by the
co-existence of either GlcAT-P or GIcAT-S, while glucuro-
nyltransferase activities were unchanged even after the
formation of complexes with HNK-1ST. These results
indicated that efficient transfer of the sulfate group
occurred soon after glucuronylation by GlcATs, which is
consistent with our hypothesis described above (Fig. 2).
Furthermore, for cells, we obtained results indicating
that the acitivities of GlcATs are up-regulated by the
co-existence of HNK-1ST, although the in vitro activities
of GlcATs were not influenced by HNK-1ST. More
complicated events probably occur during the carbohy-
drate biosynthetic process except for the complex forma-
tion from GlcATs and HNK-1ST. We expect that in future,
other enzyme complexes will be discovered, leading to
detailed clarification of the mechanism of carbohydrate
biosynthesis.

GLcAT-P GENE-DEFICIENT MICE

To elucidate the function of the HNK-1 carbohydrate
in vivo, we generated and analysed mice with a targeted
deletion of the GIcAT-P gene, GIcAT-P being a major
glucuronyltransferase in the nervous system. The GlcAT-
P-deficient mice exhibited normal birth and growth, and
there was no significant difference in their appearance or
body weight. Furthermore, no abnormal histological
structures of the cerebral cortex, hippocampus and
cerebellum were observed on Nissl staining. However, on
western blot analysis and immunochemical staining, the
expression of HNK-1 carbohydrate in GlcAT-P-deficient
mice (—/—) was considerably reduced in the whole brain
including the hippocampus (Fig. 3A) (23).

To examine the effect of the HNK-1 carbohydrate
deficiency on synaptic plasticity, we analysed LTP (long-
term potentiation) in the hippocampal CA1l region of
GlcAT-P-deficient and wild-type mice, because the HNK-1
carbohydrate is commonly expressed on a series of cell
adhesion molecules (CAMs) such as the neural cell
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cortex cerebellum

hippocampus

Wild-type

GIcAT-P —/-

Analyses Phenotype (GIcAT-P deficient mice)
Reduction of LTP

(Synaptic plasticity )

Long-term potentiation (LTP)
in hippocampal CA1 region

Morris water maze test Longer escape latency

(Learning and memory { )

Water-filled multiple T maze test Longer escape latency

(Learning and memory { )

Longer time in open arms
(Anxiety )

Elevated plus maze test

Fig. 3. Expression of the HNK-1 carbohydrate in mouse
brain. (A) Coronal brain sections from 11-week-old wild-type
and GlcAT-P-deficient (—/~) mice were immunostained with
HNK-1 mAb. Images of three regions (hippocampus, cortex
and cerebellum) are shown. Scale bars, 100 pm. (B) Phenotypes
of GlcAT-P-deficient mice.

adhesion molecule (NCAM), L1, telencephalin and tenas-
cin-R (1, 4, 5). Moreover, these cell adhesion molecules are
known to be involved in the formation and maintenance
of the synapse structure or synaptic plasticity (24, 25). We
monitored excitatory post-synaptic potentials (EPSPs),
which were evoked by stimulating afferent fibres in
the stratum radiatum of the CA1l region, using the
extracellular field potential recording technique. High-
frequency stimulation of afferent fibres gave rise to LTP of
excitatory synaptic transmission in the wild-type mice,
while the magnitude of LTP in the GlcAT-P-deficient mice
was significantly reduced compared with that in the wild-
type ones. These results indicate that loss of the HNK-1
carbohydrate in the hippocampus decreases the synaptic
plasticity (Fig. 3B). Furthermore, we examined the input—
output relationship of the AMPA-mediated synaptic
response in the CA1l region, but significant differences
were not seen, suggesting that the basal synaptic
transmission in GlcAT-P-deficient mice is not affected.
In addition, the results of other experiments on pre-
synaptic short-term plasticity, such as ones involving
paired pulse facilitation and post-tetanic potentiation,
suggested that the impairment of LTP in GlcAT-
P-deficient mice is not due to pre-synaptic changes.
Next, considering the reduced LTP, two types of
behavioural tests (Morris water maze test and water-
filled multiple T-maze test) were carried out (23). The
Morris water maze is well known as the most popular
behavioural test that assesses spatial navigation and
hippocampus-dependent memory formation. In the Morris
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water maze test, the time taken to reach the hidden
platform (escape latency) was significantly longer for
GlcAT-P-deficient mice than wild-type ones during 4
days of training. In the water-filled multiple T-maze
test, GlcAT-P-deficient mice also showed increased escape
latencies as to the goal arm compared to wild-type mice
(Fig. 3B). These lines of evidence indicate the involvement
of the HNK-1 carbohydrate in higher order brain
functions such as synaptic plasticity, learning and
memory. This was confirmed by analyses of HNK-1
sulfotransferase (HNK-1ST)-deficient mice. Similar
to GlcAT-P-deficient mice, the HNK-1ST-deficient mice
showed no morphological defect in the brain, while
impairment of LTP in the CA1 region of the hippocampus
was observed (26). In addition, GlcAT-P-deficient mice
spent a significantly longer time in open arms than the
wild-type mice in the elevated plus maze test, suggesting
reduction of anxiety-like behaviour (Fig. 3B).

As described earlier, the HNK-1 carbohydrate has
almost completely disappeared in GlcAT-P-deficient
mice. However, further studies revealed that a trace of
HNK-1 immunoreactivity was present in some limited
regions (Fig. 3A). The staining pattern of the remaining
HNK-1 carbohydrate was similar to that of so called
perineuronal nets (PNs), and we confirmed the
co-localization of the remaining HNK-1 carbohydrate
and the signal of WFA lectin, a well-known marker of
the PNs structure. It is known that chondroitin sulfate
proteoglycans, one of the major components of the PNs
structure, are involved in reactivation of ocular dom-
inance plasticity in the adult visual cortex (27), and the
HNK-1 carbohydrate is also expressed with chondroitin
sulfate proteoglycans such as neurocan and phosphacan
(28). It is possible that this remaining HNK-1 carbohy-
drate could be associated with other types of neural
plasticity. At present, it remains unclear which enzyme
(including GlcAT-S) synthesizes the remaining HNK-1
carbohydrate.

A series of studies demonstrated that the HNK-1
carbohydrate regulates synaptic functions. So far, how-
ever, how the HNK-1 carbohydrate is involved in the
nervous system and what role GIcAT-S in the brain plays
remain unclear. We hope that the detailed molecular
mechanisms by which the HNK-1 carbohydrate controls
synaptic plasticity will be revealed in the near future.

BIOSYNTHESIS OF NON-SULFATED TYPE OF HNK-1
EPITOPE BY GLcAT-S IN MOUSE KIDNEY

During the course of investigation on the intrinsic role of
GlcAT-S different from that of GIcAT-P in vivo, we noticed
that GlcAT-S mRNA was expressed more highly in mouse
kidney than that in brain despite the highly neural
specific expression of GIcAT-P mRNA (29). Moreover, the
lack of expression of HNK-1ST in kidney forced us to
consider that the non-sulfated HNK-1 carbohydrate was
synthesized by GlcAT-S in kidney. In fact, we verified the
expression of this carbohydrate epitope (GlcAB1-3Galp1-4-
GlcNAc-) in kidney through immunochemical analyses
with M6749 mAb, which recognizes the HNK-1 carbohy-
drate epitope with or without a terminal sulfate group
at the 3-position of glucuronic acid. Two major carrier
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proteins were affinity-purified from a kidney membrane
extract with M6749 mAb and identified as two metallo-
proteases (meprin-alpha and CD13/aminopeptidase-N)
residing on the apical membranes of the proximal tubules
in the renal cortex (29). In addition, mass-spectrometry
analysis of N-glycans released from meprin-alpha clearly
confirmed that the expected non-sulfated HNK-1
carbohydrate was actually expressed on complex type
N-glycans in mouse kidney. As to the biosynthetic path-
way for this carbohydrate in kidney, in situ hybridization
analysis revealed that GlcAT-S mRNA expression had
occurred in the renal cortex, which is consistent with the
area of expression of the product carbohydrate, while
GlIcAT-P mRNA was not detected anywhere in kidney.
These results strongly indicated that the non-sulfated
HNK-1 carbohydrate in mouse kidney was biosynthesized
not by GIcAT-P but by GlcAT-S. Immunohistochemical
staining revealed that expression of the non-sulfated
HNK-1 epitope had occurred on the proximal tubules in
the cortex, where meprin-alpha and CD13/aminopepti-
dase-N are expressed. Curiously, however, the non-
sulfated HNK-1 epitope was also detected in the thin
ascending limb in the kidney inner medulla, where GlcAT-
S and the two identified carrier molecules were not
considered to be expressed. Although the details of the
biosynthetic process and the carrier molecule(s) in this
area remain unclear at present, recently there was a
notable report that chondroitin- or heparan-sulfate pro-
teoglycan in the thin-ascending loop of Henle was
modified so as to have the HNK-1 carbohydrate in rat
kidney (30). Although the same carrier proteoglycan may
be expressed and may bear the non-sulfated HNK-1
carbohydrate in the thin ascending limb also in mouse
kidney, further investigation is required for complete
clarification.

More recently, Chang et al. (31) reported that klotho,
known as a protein related to aging (32), hydrolysed the
beta-glucuronic acid of N-glycans in a cation channel,
TRPVS5, to entrap this channel in the plasma membrane in
kidney. They reported that the klotho—TRPV5 interaction
regulates the Ca®* transport activity and permeability via
the beta-glucuronic acid on N-glycans. Although our
results indicated that the TRPV5 channel is not a major
carrier protein of the non-sulfated HNK-1 carbohydrate
epitope in mouse kidney, TRPV5 may express the non-
sulfated HNK-1 carbohydrate (i. e. terminal glucuronic
acid on N-glycans) to regulate calcium homoeostasis
in vivo. The generation and analysis of GlcAT-S-deficient
mice will shed light on this issue.

FUTURE PERSPECTIVE

In this review, we described the expression mechanism
and functional properties of the HNK-1 carbohydrate,
focusing on biosynthetic enzymes GlcAT-P, GlcAT-S and
HNK-1ST. However, there are some unsolved questions at
present. In particular, it would be interesting but difficult
to elucidate the molecular mechanism underlying
the involvement of this carbohydrate in high-order
brain functions such as synaptic plasticity, learning
and memory. Besides, we are now trying to clarify how
the non-sulfated HNK-1 carbohydrate synthesized by
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GlcAT-S regulates its carrier protein’s function. To resolve
these unknown issues, further investigation is required.
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Project, and by a Grant-in-Aid for Creative Scientific
Research from the Ministry of Education, Culture, Sports
and Technology.

10.

11.

12.

13.

14.

. Schwarting,

. Voshol,

. Seiki, T., Oka, S,

. Bakker,

REFERENCES

. Kleene, R. and Schachner, M. (2004) Glycans and neural

cell interactions. Nat. Rev. Neurosci. 5, 195-208

G.A., Jungalwala, F.B.,, Chou, DK,
Boyer, A.M., and Yamamoto, M. (1987) Sulfated glucuronic
acid-containing glycoconjugates are temporally and spatially
regulated antigens in the developing mammalian nervous
system. Dev. Biol. 120, 65-76

H., wvan Zuylen, C.W., Orberger, G,
Vliegenthart, J.F., and Schachner, M. (1996) Structure of
the HNK-1 carbohydrate epitope on bovine peripheral
myelin glycoprotein PO. J. Biol. Chem. 271, 22957-22960

. Liedtke, S., Geyer, H., Wuhrer, M., Geyer, R., Frank, G.,

Gerardy-Schahn, R., Zahringer, U., and Schachner, M.
(2001) Characterization of N-glycans from mouse brain
neural cell adhesion molecule. Glycobiology 11, 373-384

. Saghatelyan, A.K., Gorissen, S., Albert, M., Hertlein, B.,

Schachner, M., and Dityatev, A. (2000) The extracellular
matrix molecule tenascin-R and its HNK-1 carbohydrate
modulate perisomatic inhibition and long-term potentiation
in the CA1 region of the hippocampus. Eur. J. Neurosci. 12,
3331-3342

. Bronner-Fraser, M. (1987) Perturbation of cranial neural

crest migration by the HNK-1 antibody. Dev. Biol. 123,
321-331

. Terayama, K., Oka, S., Seiki, T., Miki, Y., Nakamura, A.,

Kozutsumi, Y., Takio, K., and Kawasaki, T. (1997) Cloning
and functional expression of a novel glucuronyltransferase
involved in the biosynthesis of the carbohydrate epitope
HNK-1. Proc. Natl Acad. Sci. USA 94, 6093-6098
Terayama, K., Imiya, K., and
Kawasaki, T. (1999) Molecular cloning and expression of a
second glucuronyltransferase involved in the biosynthesis of
the HNK-1 carbohydrate epitope. Biochem. Biophys. Res.
Commun. 255, 182-187

H., Friedmann, I., Oka, S., Kawasaki, T.,
Nifant’ev, N., Schachner, M., and Mantei, N. (1997)
Expression cloning of a ¢cDNA encoding a sulfotransferase
involved in the biosynthesis of the HNK-1 carbohydrate
epitope. J. Biol. Chem. 272, 2994229946

Yamamoto, S., Oka, S., Saito-Ohara, F., Inazawa, J., and
Kawasaki, T. (2002) Molecular cloning and genomic analysis
of mouse glucuronyltransferase involved in biosynthesis of
the HNK-1 epitope. J. Biochem. 131, 337-347

Mitsumoto, Y., Oka, S., Sakuma, H., Inazawa, J., and
Kawasaki, T. (2000) Cloning and chromosomal mapping of
human glucuronyltransferase involved in biosynthesis of the
HNK-1 carbohydrate epitope. Genomics 65, 166-173

Imiya, K., Ishizaki, T., Seiki, T., Saito, F., Inazawa, J.,
Oka, S., and Kawaski, T. (2002) ¢cDNA cloning, genomic
structure and chromosomal mapping of the mouse glucur-
onyltransferase-S involved in the biosynthesis of the HNK-1
carbohydrate epitope. Gene 296, 29-36

Kakuda, S., Sato, Y., Tonoyama, Y., Oka, S., and
Kawasaki, T. (2005) Different acceptor specificities of
two glucuronyltransferases involved in the biosynthesis of
HNK-1 carbohydrate. Glycobiology 15, 203-210

Kakuda, S., Shiba, T., Ishiguro, M., Tagawa, H., Oka, S.,
Kajihara, Y., Kawasaki, T., Wakatsuki, S., and Kato, R.
(2004) Strucutural basis for acceptor substrate recognition
of a human glucuronyltransferase, GlcAT-P, an enzyme

Vol. 143, No. 6, 2008

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

723

critical in the biosynthesis of the carbohydrate epitope
HNK-1. J. Biol. Chem. 279, 22693-22703

Shiba, T., Kakuda, S., Ishiguro, M., Morita, I., Oka, S,
Kawasaki, T., Wakatsuki, S., and Kato, R. (2006) Crystal
structure of GIcAT-S, a human glucuronyltransferase,
involved in the biosynthesis of the HNK-1 carbohydrate
epitope. Proteins 65, 499-508

Breton, C., Snajdrova, L., Jeanneau, C., Koca, J., and
Imberty, A. (2006) Structures and mechanisms of glycosyl-
transferases. Glycobiology 16, 29R-37R

de Graffenried, C. L. and Bertozzi, C. R. (2004) The roles of
enzyme localisation and complex formation in glycan
assembly within the Golgi apparatus. Curr. Opin. Cell.
Biol. 16, 356-363

Seko, A. and Yamashita, K. (2005) Characterization of a
novel galactose betal,3-N-acetylglucosaminyltransferase
(beta3Gn-T8): the complex formation of beta3Gn-T2 and
beta3Gn-T8 enhances enzymatic activity. Glycobiology 15,
943-951

McCormick, C., Duncan, G., Goutsos, K. T., and Tufaro, F.
(2000) The putative tumor suppressors EXT1 and EXT2
form a stable complex that accumulates in the Golgi
apparatus and catalyzes the synthesis of heparan sulfate.
Proc. Natl Acad. Sci. USA 97, 668-673

Kizuka, Y., Matsui, T., Takematsu, H., Kozutsumi, Y.,
Kawasaki, T., and Oka, S. (2006) Physical and functional
association of glucuronyltransferases and sulfotransferase
involved in HNK-1 biosynthesis. J. Biol. Chem. 281,
13644-13651

Kitagawa, H., Tone, Y., Tamura, J., Neumann, KW,
Ogawa, T., Oka, S., Kawasaki, T., and Sugahara, K.
(1998) Molecular cloning and expression of glucuronyltrans-
ferase I involved in the biosynthesis of the glycosaminogly-
can-protein linkage region of proteoglycans. J. Biol. Chem.
273, 6615-6618

Wakabayashi, H., Natsuka, S., Mega, T., Otsuki, N.,
Isaji, M., Naotsuka, M., Koyama, S., Kanamori, T,
Sakai, K., and Hase, S. (1999) Novel proteoglycan linkage
tetrasaccharides of human urinary soluble thrombomodulin,
S04-3GlcAbetal-3Galbetal-3(+/-Siaalpha2-6)Galbetal-4Xyl.
J. Biol. Chem. 274, 5436-5442

Yamamoto, S., Oka, S., Inoue, M., Shimuta, M.,
Manabe, T., Takahashi, H., Miyamoto, M., Asano, M.,
Sakagami, J., Sudo, K., Iwakura, Y., Ono, K. and
Kawasaki, T. (2002) Mice deficient in nervous system-
specific carbohydrate epitope HNK-1 exhibit impaired
synaptic plasticity and spatial learning. J. Biol. Chem.
2717, 27227-27231

Bukalo, O., Fentrop, N., Lee, A.Y., Salmen, B., Law, JW.,
Wotjak, C.T., Schweizer, M., Dityatev, A., and
Schachner, M. (2004) Conditional ablation of the

neural cell adhesion molecule reduces precision of spatial
learning, long-term potentiation, and depression in the
CA1l subfield of mouse hippocampus. J. Neurosci. 24,
1565-1577

Law, JW. Lee, AY. Sun, M. Nikonenko, A.G.,
Chung, S.K.,, Dityatev, A., Schachner, M., and
Morellini, F. (2003) Decreased anxiety, altered place
learning, and increased CA1l basal excitatory synaptic
transmission in mice with conditional ablation of the
neural cell adhesion molecule L1. <. Neurosci. 23,
10419-10432

Senn, C., Kutsche, M., Saghatelyan, A., Bosl, M.R,,
Lohler, J., Bartsch, U., Morellini, F., and Schachner, M.
(2002) Mice deficient for the HNK-1 sulfotransferase show
alterations in synaptic efficacy and spatial learning and
memory. Mol. Cell Neurosci. 20, 712-729

Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S.,
Fawcett, J.W., and Maffei, L. (2002) Reactivation of ocular
dominance plasticity in the adult visual cortex. Science 298,
1248-1251

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

724

28.

29.

30.

Maeda, N., Hamanaka, H., Oohira, A., and Noda, M. (1995)
Purification, characterization and developmental
expression of a brain-specific chondroitin  sulfate

proteoglycan, 6B4 proteoglycan/phosphacan. Neuroscience
67, 23-35

Tagawa, H., Kizuka, Y., Ikeda, T., Itoh, S., Kawasaki, N.,
Kurihara, H., Onozato, M.L., Tojo, A., Sakai, T.,
Kawasaki, T., and Oka, S. (2005) A non-sulfated form of
the HNK-1 carbohydrate is expressed in mouse kidney.
J. Biol. Chem. 280, 2387623883

Allory, Y., Commo, F., Boccon-Gibod, L., Sibony, M.,
Callard, P., Ronco, P., and Debiec, H. (2006) Sulfated

31.

32.

I. Morita et al.

HNK-1 epitope in developing and mature kidney: a new
marker for thin ascending loop of Henle and tubular injury
in acute tubular necrosis. J. Histochem. Cytochem. 54,
575-584

Chang, Q., Hoefs, S., van der Kemp, A.W., Topala, C.N.,
Bindels, R.J., and Hoenderop, J.G. (2005) The beta-
glucuronidase klotho hydrolyzes and activates the TRPV5
channel. Science 310, 490-493

Torres, P.U., Prie, D., Molina-Bletry, V., Beck, L., Silve, C.,
and Friedlander, G. (2007) Klotho: an antiaging protein
involved in mineral and vitamin D metabolism. Kidney Int.
71, 730-737

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

