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The glycosylation of glycoproteins and glycolipids is impor-
tant for central nervous system development and function.
Although the roles of several carbohydrate epitopes in the cen-
tral nervous system, including polysialic acid, the human natu-
ral killer-1 (HNK-1) carbohydrate, a2,3-sialic acid, and oligom-
annosides, have been investigated, those of the glycan backbone
structures, such as Galg1-4GlcNAc and GalB1-3GlcNAc, are
not fully examined. Here we report the generation of mice defi-
cient in B4-galactosyltransferase-II (4GalT-II). This galacto-
syltransferase transfers Gal from UDP-Gal to a nonreducing ter-
minal GIcNAc to synthesize the Gal B1-4GlcNAcstructure, and
itis strongly expressed in the central nervous system, In behav-
ioral tests, the B4GalT-II™/~ mice showed normal spontaneous
activity in a novel environment, but impaired spatial learning/
memory and motor coordination/learning. Immunohistochem-
istry showed that the amount of HNK-1 carbohydrate was mark-
edly decreased in the brain of $4GalT-II™'~ mice, whereas the
expression of polysialic acid was not affected. Furthermore,
mice deficient in glucuronyltransferase (GlcAT-P), which is
responsible for the biosynthesis of the HNK-1 carbohydrate,
also showed impaired spatial learning/memory as described in
our previous report, although their motor coordination/learn-
ing was normal as shown in this study. Histological examination
showed abnormal alignment and reduced number of Purkinje
cells in the cerebellum of B4GalT-117'~ mice. These results sug-
gest that the Galg1-4GlcNAc structure in the HNK-1 carbohy-
drate is mainly synthesized by B4GalT-II and that the glycans
synthesized by B4GalT-II have essential roles in higher brain
functions, including some that are HNK-1-dependent and some
that are not.

The glycosylation of glycoproteins, proteoglycans, and glyco-
lipids is important for their biological activities, stability, trans-
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port, and clearance from circulation, and cell-surface glycans
participate in cell-cell and cell-extracellular matrix interac-
tions. In the central nervous system, several specific carbo-
hydrate epitopes, including polysialic acid (PSA),® the
human natural killer-1 (HNK-1) carbohydrate, «2,3-sialic
acid, and oligomannosides play indispensable roles in neu-
ronal generation, cell migration, axonal outgrowth, and syn-
aptic plasticity (1). Functional analyses of the glycan back-
bone structures, like lactosamine core (GalB1-4GlcNAc),
neolactosamine core (Galpl-3GlcNAc), and polylac-
tosamine (GalpBl-4GlcNAcB1-3) have been carried out
using gene-deficient mice in B4-galactosyltransferase-1
(B4GalT-I) (2, 3), B4GalT-V (4), B3-N-acetylglucosaminyl-
transferase-II (83GnT-II) (5), B3GnT-III (Corel-B3GnT)
(6), B3GnT-V (7), and Core2GnT (8). However, the roles of
these glycan backbone structures in the nervous system have
not been examined except the olfactory sensory system (9).

B4GalTs synthesize the GalBl-4GlcNAc structure via the
B4-galactosylation of glycoproteins and glycolipids; the
B4GalTs transfer galactose (Gal) from UDP-Gal to a nonreduc-
ing terminal N-acetylglucosamine (GlcNAc) of N- and O-gly-
cans with a 3-1,4-linkage. The S4GalT family has seven mem-
bers (84GalT-1 to VII), of which at least five have similar
GalpB1-4GlcNAc-synthesizing activities (10, 11). Each B4GalT
has a tissue-specific expression pattern and substrate specificity
with overlapping, suggesting each B4GalT has its own biologi-
calrole as well as redundant functions. 84GalT-l and B4GalT-11
share the highest identity (52% at the amino acid level) among
the 84GalTs (12), suggesting these two galactosyltransferases
can compensate for each other. f4GalT-L is strongly and ubig-
uitously expressed in various non-neural tissues, whereas
B4GalT-11 is strongly expressed in neural tissues (13, 14).
Indeed, the B4GalT activity in the brain of f4GalT-I-deficient
(B4GalT-1""") mice remains as high as 65% of that of wild-type
mice, and the expression levels of PSA and the HNK-1 carbo-
hydrate in the brain of these mice are normal (15). These results

*The abbreviations used are: PSA, polysialic acid; HNK-1, human natural kill-
er-1; p4GalT, B4-galactosyltransferase; GIcAT-P, glucuronyltransferase;
mAb, monoclonal antibody; DG, dentate gyrus; BrdUrd, 5-bromo-2'-de-
oxyuridine; HRP, horseradish peroxidase; PBS, phosphate-buffered saline;
NCAM, neural cell adhesion molecule.
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suggest B4GalTs other than B4GalT-l, like B4GalT-1I, are
important in the nervous system.

Amongthe f4GalT family members, only f4GalT-1""" mice
have been examined extensively; this was done by us and
another group. We reported that glycans synthesized by
B4GalT-I play various roles in epithelial cell growth and differ-
entiation, inflammatory responses, skin wound healing, and
IgA nephropathy development (2, 16-18). Another group
reported that glycans synthesized by $4GalT-I are involved in
anterior pituitary hormone function and in fertilization (3, 19).
However, no other nervous system deficits have been reported
in these mice, and the role of the B4-galactosylation of glyco-
proteins and glycolipids in the nervous system has not been
fully examined.

In this study, we generated B4GalT-II "/~ mice and exam-
ined them for behavioral abnormalities and biochemical and
histological changes in the central nervous system. B4GalT-
II"/" mice were impaired in spatial learning/memory and
motor coordination/learning. The amount of HNK-1 carbohy-
drate was markedly decreased in the 4GalT-II"/" brain, but
PSA expression was not affected. These results suggest that the
Galpl-4GIcNAc structure in the HNK-1 carbohydrate is
mainly synthesized by f4GalT-II and that glycans synthesized
by B4GalT-II have essential roles in higher brain functions,
including ones that are HNIC-1 carbohydrate-dependent and
ones that are independent of HNK-1.

EXPERIMENTAL PROCEDURES

Generation of P4GalT-II""" Mice—The strategy for the
B4GalT-II gene targeting was to replace exons 1 and 2 and part
of exon 3 with the neomycin resistance gene (20). Because exon
2 contains the translation initiation codon, ATG, as well as the
Golgi retention signal, the deletion of exon 2 was expected to
result in null function. A targeting vector with an upstream
DT-A cassette (21) was used to transfect E14-1 embryonic stem
cells (22) by electroporation, and the transformed cells were
selected with G418 (2). Disruption of the 84GalT-II gene was
verified by Southern blot hybridization using external 5’ and 3’
probes. Chimeric mice were generated by the aggregation
method (23) and mated to C57BL/6 mice to confirm germ line
transmission. The absence of 84GalT-1I gene expression in the
homozygous mutant mice was confirmed by Northern blot
hybridization using a specific probe and by reverse transcrip-
tion-PCR with a primer set that detected the deleted region.
The mice used for the experiments were obtained by cross-
breeding male homozygous and female heterozygous mutant
mice. In most cases, mice backcrossed to the C57BL/6]J strain
for eight generations were used in the behavioral analyses, and
other experiments were carried out using mice of a mixed 129/
Ola X C57BL/6] background. The exceptional cases are
described under “Results.”

Preparation of Brain Homogenate and Membrane Fraction—
Whole brains from postnatal day 0 (P0), 2-week-old, and
11-week-old mice were homogenized with a Polytron homog-
enizer in 9 volumes of 20 mum Tris-HCl (pH 7.4) containing 150
mM NaCl, 1 mm EDTA, and protease inhibitors (Nacalai
Tesque, Kyoto, Japan). The homogenate was spun at 1,000 X g
for 10 min at 4 °C to remove the nuclei and then spun again at
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105,000 X gfor 1 h at 4°C, and the resulting pellet was used as
the membrane fraction. After being resuspended in PBS, the
protein concentration in the homogenate and membrane frac-
tion was measured using the DC-Protein Assay Reagent (Bio-
Rad), according to the manufacturer’s protocol.

SDS-PAGE, Western Blot, and Lectin Blot—W estern blotting
and lectin blotting were carried out as described previously
(24). Proteins were separated by 5-20% gradient SDS-PAGE
using the Laemmli buffer system and then transferred to nitro-
cellulose membranes. For Western blots, after being blocked
with 5% skim milk (or, for the detection of PSA, 2% bovine
serum albumin) in PBS containing 0.05% Tween 20, the mem-
branes were incubated with primary antibodies followed by
incubation with HRP-conjugated secondary antibodies. For
lectin blots, after being blocked with 0.1% Tween 20 in TBS
(T-TBS), the membranes were incubated with HRP- or biotin-
conjugated lectins in T-TBS. To detect biotinylated lectins, we
used the Vectastain-ABC kit (Vector Laboratories), according
to the manufacturer’s protocol. Protein bands were detected
with SuperSignal West Pico (Pierce) using a Luminoimage
Analyzer LAS-3000 (Fuji, Tokyo, Japan). In these analyses, an
anti-HNK-1 monoclonal antibody (mAb) was purchased from
American Type Culture Collection, Manassas, VA; the anti-
polysialicacid mAb (clone 12E3) was a generous gift from Dr. T.
Seki (Juntendo University). The rat anti-mouse neural cell
adhesion molecule (NCAM) mAb (clone H28) was kindly pro-
vided by Dr. K. Ono (National Institute for Physiological Sci-
ences). The fluorescein isothiocyanate-conjugated anti-mouse
IgM was purchased from Cappel Laboratories, and the HRP-
conjugated anti-mouse IgM, anti-rabbit IgG, and anti-rat IgG
were obtained from Zymed Laboratories Inc.. Biotinylated lec-
tins (Maackia amurensis agglutinin and Sambucus sieboldiana
agglutinin} and HRP-conjugated lectins (concanavalin A and
RCA120) were purchased from Seikagaku Corp., Tokyo, Japan,
Concanavalin A, RCA120 (Ricinus communis agglutinin), M,
amurensis agglutinin, and S. sieholdiana agglutinin recognized
mannose, GalBl-4GlcNAc, Siaa2-3Gal, and Siaa2-6Gal,
respectively.

Histological Procedisres—Two-week- and 11-week-old and
2-month-and 6-month-old mice were deeply anesthetized with
diethyl ether and perfused with PBS containing 0.1% heparin
and then with 4% paraformaldehyde in PBS. The brain was
post-fixed overnight and then sunk in 30% sucrose solution or
embedded in paraffin. Cryo- or paraffin sections were cutin the
sagittal or coronal plane. For a broad morphologic investiga-
tion, Kluver-Barrera’s stain was used with 0.1% Luxol Fast Blue
and 0.1% Cresyl Violet solutions.

Immunohistochemistry—Immunohistochemistry was used
to investigate the morphologic features of neural cells, the
number of each cell type, and their glycosylation status, The
primary antibodies were as follows: anti-HNK-1 mAb (TIB-20;
ATCC, Manassas, VA); anti-PSA mADb (12E3); anti-NeuN mAb
(MAB377; Chemicon, CA); anti-Nestin mAb (MAB353;
Chemicon, CA); and anti-calbindin D-28K mAb (CB-955;
(9848, Sigma). Sections were incubated with primary antibod-
ies overnight at 4 °C, rinsed twice in PBS, and then incubated
with Alexa Fluor-488- or fluorescein isothiocyanate-conju-
gated secondary antibody for 2 h at room temperature. Immu-
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FIGURE 1. Generation of B4GalT-1l-deficient mice by gene targeting. A, schematicfigure of the targeting strategy. Exon 1 (E1), exon 2 (E2), and part of exon
3 (£3) of the S4GalT-ll gene were replaced by the neomycin resistance gene cassette (PGKneobpA). ATG, translation initiation codon; TM, transmembrane
domain; DT-A, diphtheria toxin Afragment cassette. 8, Southern blot hybridization analysis. Genomic DNA from the liver of each mouse was digested with Sact
and hybridized with the 5 probe shown in A. wt, wild type; mt, mutant. C, Northern blot hybridization analysis. [34GalT-Il mRNA was not detected in the brain

of the 84GalT-II"/" mouse.

nofluorescence was evaluated by confocal microscopy (LSM 5
Pascal, Zeiss, Oberkochen, Germany; Fluoview laser confocal
microscope system, Olympus Corp., Tokyo, Japan). For the cal-
bindin D-28K immunohistochemical staining, the number of
calbindin-positive cells in the 4th and 5th cerebellar lobules was
counted manually. Disturbed alignment of cerebellar Purkinje
cells was evaluated by counting the number of disturbed lobules
using the sections in which apparent eight lobules were
observed. For this quantitative analysis, five sagittal sections
(0.12—0.84 mm lateral to the midline) (25) per animal were
investigated, and the total number of 40 lobules in an animal
(five sections by eight lobules) was examined. For the assess-
ment of BrdUrd incorporation, 100 mg/kg BrdUrd solution was
injected once a day intraperitoneally for 5 days, and the animals
were perfused intracardially 24 h after the last injection. BrdUrd
immunostaining was carried out using a BrdUrd labeling and
detection kit IT (Roche Diagnostics), and the sections were
counterstained with nuclear fast red.

Behavioral Tests, General Procedures—Three-month-old
male B4GT-II"/" mice (n = 15), B4GalT-Il "/ littermates
(n = 13), GIcAT-P "/ " mice (# = 11), and GlcAT-p™/" mice
(7 = 9), kept under specific pathogen-free conditions at the
Institute for Experimental Animals (Advanced Science

Il
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Research Center, Kanazawa University), were used for behav-
ioral analyses. The subjects were housed individually with ad
libitum access to food and water 1 week before the behavioral
testing. All tests were conducted during the light period of the
light/dark cycle (08:45-20:45 h). To evaluate the behavioral
responses in every test situation, the products of O'Hara & Co,,
Ltd. (Tokyo, Japan) were used. In addition, for the quantitative
analysis in the open field and Morris water maze test, we used
Image] LD4 (O’Hara & Co., Ltd.), a modified software based on
the public domain Image] program (developed at the National
Institutes of Health and available on line at www.nih.gov). Each
animal was subjected to a battery of the following five behav-
ioral paradigms withan -~ 1-week rest period between each test.
The animal experiments were conducted according to Funda-
mental Guidelines for Proper Conduct of Animal Experiment
and Related Activities in Academic Research Institutions under
the jurisdiction of the Ministry of Education, Culture, Sports,
Science and Technology of Japan, and to the safety guidelines
for gene manipulation experiments at Kanazawa University. All
efforts were made to minimize both the number and the suffer-
ing of the animals used.

Open Field Test—The general activity of animals in a novel
environment was measured in an open field situation. The open
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FIGURE 2. Morphology of the brain. A, brain weight was significantly reduced in $4GalT-Il' " mice at 6-9
months old (*, p < 0.05, t test). The whole brain weight of each PO (-, n = 4; -/, n = 4), 2-month-old (=, n =
2; /-, n = 4),and 6 -9-month-old (:z:, n = 5; -/~ n = 5) mouse was measured. B, Kluver-Barrera's staining of
coronal sections of the cerebral cortex. Reduced cortex (arrow) and enlargement of the lateral ventricle (arrow-
head) were seen in the 34GalT-1I" /" mice at 8 months old. In the cerebellum (O, no morphologic differences

was used. Animals were tested in
three trials per day for 3 consecutive
days with a 300-s accelerating pro-
gram (from 5 to 40 rpm). The
latency to fall from the rod was
recorded. On day 4, the number of
hind limb steps at 7 rpm was meas-
ured to examine whether there was
a motility defect.

Balance Beamn Test—Motor coor-
dination and balance were evalu-
ated by a balance beam apparatus
(28). The beam consisted of a 100-
cm-long horizontal steel bar (28 or
11 mm in diameter) placed 50 cm
above the floor. Following the habit-
uation trials, the mice were placed at
the starting point of the bar. The
number of hind limb slips off the
beam before reaching an enclosed
goal box was counted. Every mouse
was tested using both bar diameters.

Statistical Analysis—In the be-
havioral experiments statistical
significance was determined by

were observed among the genotypes.

field chamber (60 X 60 X 40 cm) was made of gray vinyl chlo-
ride, and the illumination of the center of the floor was kept at
50 lux by white LEDs set just above the chamber. The mice were
allowed free exploration of the apparatus for 10 min per day on
3successive days. The moving distance, speed, staying area, and
number of rearing were analyzed.

Morris Water Maze Task—The Morris water maze task (26)
was used to evaluate spatial learning. The apparatus consisted
of a pool (100 cm in diameter) filled with opaque water (23 =
2 °C) and containing a submerged hidden goal platform (10 cm
in diameter) 1 cm below the surface of the water. Mice were
given six training trials (inter-trial interval, 10 —15 min) per day
for 8 consecutive days. The trials were initiated from each of
four possible start locations in a randomized manner, and the
mice were required to reach the platform within 60 s. Following
2 days of extinction trials, a “landmark task,” with a visible cue
on the platform was carried out to determine visual impair-
ment. The latency to reach the platform and the length of the
swimming pass were analyzed as learning performance.

Passive Avoidance Response—The passive avoidance appara-
tus consisted of a vinyl chloride chamber (30 X 10 X 9 cm) with
a steel-grid floor that was divided into dark and light compart-
ments. In the test trial, mice were placed ‘n the light room and
received scrambled electrical foot shocks (0.22 mA) for 5 s
through the grid floor of the dark room when they entered it. To
test memory retention, each animal was again placed into the
light room 24 h after the training. The step-through latency was
measured without electric foot shocks as an indicator of the
memory of shock experience. An upper cutoff of 300 s was set.

Rota-rod Test—To investigate the motor coordination/mo-
tor learning abilities, the accelerating rota-rod paradigm (27)

MAY 1, 2000-VOLUME /84 NUMEBER 12 NASHMB\

two-way analysis of variance fol-
lowed by a post hoc protected least
significant difference test or unpaired ¢ test. Performance in
the open field test and Morris water maze task was analyzed
by two-way analysis of variance in which the trial/day effect
was a within-subject factor and genotype was a between-
subject factor. In the other behavioral tests, the effect of
genotype was verified by the ¢ test.

RESULTS

Generation of P4Gall-Il '~ Mice—The targeting strategy
for the deletion of the S4GalT-1I gene is shown in Fig. 14. The
targeting vector was introduced into E14-1 embryonic stem
cells by electroporation, and G-418-resistant colonies were
picked up. Three embryonic stem clones were selected by
Southern blot screening of 600 colonies and were verified to
have the desired homologous recombination by Southern blot
analysis (data not shown). 84GalT-1I '~ mice were generated
from two independent embryonic stem clones, and behavioral
experiments were conducted using mice that had been back-
crossed to C57BL/6 mice for eight generations. The targeted
deletion of exons 1 and 2 of the B4Gall-I] gene and the loss of
B4GalT-II mRNA in the brain were confirmed by Southern
(Fig. 1B) and Northern (Fig. 1C) blot analyses, respectively. In
the heterozygous cross-breeding, B4GalT-II 7 mice were
born at the expected Mendelian frequency, were fertile (data
not shown), and exhibited no obvious behavioral phenotypes in
an ordinary home-cage environment.

Histological Features of the Brain—The brain weight of
B4GalT-I1 mice on a C57BL/6 genetic background was
nearly identical to that of the B4GalT-11 /" mice at least until 2
months of age. However, the brain weight was significantly
reduced in the $4GalT-II * mice at 6 -9 months of age (Fig.
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FIGURE 3. Immunohistochemical analysis of the brain. A, NeuN-positive neurons located in the cerebellar granular cell layer (gc), cerebellar nuclei (cn), and
CAreglon/dentate gyrus (DG) of the hippocampus. 8, Nestin-positive cells in the DG (feft) and rostral migratory stream near the olfactory bulb (OB} (right) were
the same in both genotypes. G, calbindin-positive Purkinje cells in the cerebellum. The section from a BAGalT-lI"/" mouse shows ectopic Purkinje cells
(arrowheads) and their disturbed alignment (circed area). D, upper, ratio of disturbed cerebellar lobules (total 40 lobules per a mouse) was counted (+/ -, n =
4; /-, n = 4). The B4GalT-Il "/~ mice had significantly more disturbed cerebellar lobules (*, p <. 0.05). D, lower, number of Purkinje cells was significantly
reduced in the mutant mice(4 / ,n = 4 ~/-, n = 4,* p < 0.05). E BrdUrd-labeled cells (arrowhead) in the subventricular zone (SV2) and DG,
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FIGURE 4. HNK-1 carbohydrate expression in the brain, Sections of the brain from p4GalT-li /% and 24GalT-Il 7 of 2-week-old (4) and 11-week-old mice (B)
were immunostained with an anti-HNK-1 mAb (bar, 100 1zm). HNK-1-positive signals were markedly decreased in the hippocampus, cerebral cortex, and
cerebellar lobules but not in the cerebellar nuclei of the 34GalT-Il "/~ mice, at both developmental stages. C, brain membrane fractions from postnatal day 0,
2-week-old, and 11-week-old mice were subjected to SDS-PAGE and then to Coomassie Brilliant Blue (CBB) staining (left panel) or to Western blotting with the
anti-HNK-1 mAb (middie panel) or with an anti-NCAM mAb (right panel). The HNK-1 immunoreactivity was decreased in the BAGalT-I™"" mice at all three ages.
Twenty micrograms of protein were loaded in each lane.

2A). Kluver-Barrera’s staining (Fig, 2, Band C) revealed thatthe  mice, indicating that the cerebral cortex of these mice atro-
thickness of the cerebral cortex was slightly reduced, and the  phied slightly with age. In the cerebellum, no prominent mor-

lateral ventricle was enlarged in the 8-month-old B4GalT-II *  phological differences were observed between the genotypes.
MAY 1, 2009+-VOLUNE 284-NUMEER 16 \BEBEMBN JUURHAL OF BIOLOGICAL CHERISTRY 12555

—187—

0102 ‘€2 Auenigag uo ‘Ausisamun 010AY| 1e 610 ogl- mmm wioy papecjumog



Supplemental Material can be found at.
hitp7/www.jbe.org/contentsuppl/2009/03/06/M809188200.DC1.html

Learning/Memory impairment in [34GalT-ll-deficient Mice

A

hippocampus

+1+

2-week-old

dentate gyrus

+/+

11-week-old

cerebral cortex cercbellar lobule corpus callosum

CA3 c

CBB PSA NCAM
PO PO

+/+ /- /- +/+ +/- -l-
(kDa)|

J'.‘ 250-..‘

‘ 150- '

100-
75
50

FIGURE 5. PSA expression in the brain. Sections of the brain from 34GalT-ll /¢ and $34GalT-Il "/ of 2-week-old (4) and 11-week-old mice (B) were immuno-
stained with an anti-PSA mAb (bar, 200 12m). C, brain membrane fractions from postnatal day 0 mice were subjected to SDS-PAGE and then to Coomassie
Brilliant Blue (CBB) staining (left panel) or Western blotting with the anti-PSA mAb (niddle panel) or with an anti-NCAM mAb (right panel). Thirty micrograms of

protein were loaded in each lane.

Brain sections from adult mice were immunostained with
several neuronal markers. NeuN-positive mature neurons were
appropriately located in the cerebellar granular cell layer, cere-
bellar nuclei, and CA region/dentate gyrus (DG) of the hip-
pocampus in both the B4GalT-II"/" and B4GalT-I /" mice
(Fig. 34). Nestin-positive neural progenitor cells were present
in the DG and rostral migratory stream near the olfactory bulb
in both genotypes (Fig. 3B). In the cerebellum of the f4GalT-
11"/~ mice, however, several calbindin-positive Purkinje cells
were ectopically located, and their alignment was partially dis-
turbed (Fig. 3C). Quantitative analysis showed that the B4GalT-
11"/ mice had significantly more disturbed cerebellar lobules
than B4GalT-11"/ "~ mice (Fig. 3D, upper). In addition, the num-
ber of Purkinje cells was significantly reduced in the 4th and 5th
cerebellar lobules of the B4GalT-1I"'" mice compared with
B4GalT-II"/ mice (Fig. 3D, lower). In the subventricular zone
and DG of the hippocampus of the B4GalT-II '~ mice, the
pattern of BrdUrd-labeled cells was the same as in the S4GalT -
11" mice (Fig. 3F).
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Reduced Expression of the HNK-1 Carbohydrate in the
B4GalT-11 ~~ Mouse Brain—Because the HNK-1 carbohy-
drate and PSA, which are well known functional carbohydrates
in the nervous system, are expressed on the B4-galactose
epitope, we investigated the expression of these carbohydrates
in the PB4GalT-II"’" mouse brain. Immunohistochemical
staining with an anti-HNK-1 antibody revealed strong and
widespread expression of the HNK-1 carbohydrate in the
2-week-old f4GalT-II*’" mouse brain, including the cerebral
cortex and hippocampus, and comparatively less expression in
the cerebellum (Fig. 44). In contrast, the immunoreactivity of
the HNK-1 carbohydrate in the 2-week-old f4GalT-II" '~ mice
was markedly reduced in the cerebral cortex and hippocampus.
In the 11-week-old B4GalT-11"/ mouse brain (Fig. 48), the
HNK-1 reactivity was barely detectable only in the DG of the
hippocampus, layers 111V of the cerebral cortex, and the cer-
ebellar lobule. In the cerebellar nuclei of the f4GalT-1I ™
mice, no reduction of the HNK- 1 carbohydrate was apparent, in
contrast to the other brain regions.
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By Western blot analysis (Fig. 4C), we further confirmed that
the HNK-1 carbohydrate in the B4GalT-1I™/" mouse brain
largely disappeared, except for faint bands of >250 kDa at
every postnatal stage. On the other hand, the expression of
NCAM, which is one of major carrier proteins of the HNK-1
carbohydrate, did not differ among the wild-type, S4GalT-
11"/, and B4GalT-11 "/ " genotypes.

Expression of PSA Is Not Changed in the B4GalT-11 ~ Mouse
Brain—Immunohistochemical staining with an anti-PSA anti-
body showed that PSA was highly expressed in the hippocam-
pus and corpus callosum and at lower levels in the cerebral
cortex and cerebellar lobule of the 2-week-old 34GalT-11* "
mouse brain (Fig. 54). Weak PSA expression was detected in
the DG and CA3 fields of the hippocampus of the 11-week-old
B4GalT-11"'"" mouse (Fig. 5B). No obvious change in PSA
expression was observed in the f4GalT-I1 7/~ brain (Fig. 5, A
and B). The comparable PSA expression in the mutant was
verified by Western blot analysis (Fig. 5C) using the PO
mouse brain. The expression of NCAM also did not differ
among the wild-type, B4GalT-1I" " ", and B4GalT-11"" " gen-
otypes (Fig. 5C).

To examine the carbohydrate structuresin the f4GalT-11"
brain, lectin blot analysis using concanavalin A, RCA120, S.
sieboldiana agglutinin, and M. amurensis agglutinin was per-
formed. Although a few bands disappeared in the membrane
fractions of the B4GalT-11"/  brain, most of the band patterns
in the B4GalT-II"’" and P4GalT-II ' brains of 2- and
11-week-old mice were comparable (supplemental Fig. 1).

MAY 1, 2000-VOLUME 284-NUMBER 12 ASEMEN_

Spontaneous Activity of p4GalT-
™"~ Mice in the Open Field Test—
To assess their spontaneous activity
in a novel environment, the mice
were subjected to an open field test
for 3 days. Their spontaneous activ-
ity was typically and usually
repressed at the initial phase of day 1
(Fig. 64), probably because the ani-
mals became nervous in a novel
environment. On every trial day, the
greatest distance moved was
recorded during the first phase of
the trial (except for day 1), and this
activity gradually decreased. This
behavioral pattern did not signifi-
cantly differ between the B4GalT-
1*/~ and B4GalT-11"/~ mice. The
B4GalT-1I7/~ mice also showed
similar spontaneous activity in
terms of their speed (Fig. 6C) and
the number of rearing (Fig. 6D) as
their heterozygous littermates,
although the time spent in the cen-
tral area of the chamber was slightly
greater for the B4GalT-Il"/~ mice
(Fig. 6B).

Performance of B4GalT-II""~
Mice Is Impaired in the Morris
Water Maze but Not in the Passive
Avoidance Response Test—In the Morris water maze paradigm,
the swimming latency gradually decreased with the number of
training trials and days for both the f4GalT-11"/~ and B4GalT-
11"/~ mice (Fig. 7A). In the late phase of training, especially
after day 6, the 84GalT-I11"'~ mice showed a significantly pro-
longed escape latency compared with the B4GalT-1I*/~ mice.
We also observed that f4GalT-11"/~ mice tended to swim near
the pool wall (Fig. 7C, statistically not significant) with a partic-
wlar swimming path (Fig. 7B). The swimming latency of the two
genotypes was not different in visible landmark trials (Fig. 74,
+/—,6.02 =048 s; —/—,7.16 * 0.72 5; p = 0.38), suggesting
that swimming ability was normal in 4GalT-II"/~ mice. On
the other hand, in the passive avoidance response, another
learning/memory paradigm, the B4GalT-II"/"~ mice performed
the same as the +/— mice in aretention trial given 24 hafter the
electrical shock trial (Fig. 7D).

B4GalT-1I""~ Mice Show Motor Learning Retardation with
Impaired Motor Coordination but GIcAT-P~'~ Mice Do Not—
Motor function was assessed by the rota-rod and balance beam
tests. Rota-rod performance, in which the latency to fall from
the rod was measured, improved across trials and days for both
the B4GalT-1I"’~ and B4GalT-1I*/~ mice (Fig. 84). However,
although the B4GalT-II"/~ mice showed improved motor
learning, their performance was always poorer than that of the
B4GalT-II"*/~ mice. A relatively poor motor performance by
the 84GalT-II /~ mice was also revealed by the balance beam
test, in which a significantly greater number of hind foot slip-
offs on the narrow {11 mm diameter) beam was observed

\ ’42 3 (trial)

FIGURE 6. Open field test. Spontaneous activity in the open field test. 4, distance moved every 30 s gradually
decreased for both the 34GalT-II" " and B4GalT-Il" /" mice. B, time spentin the central area of the test cham-
ber was slightly greater in the 34GalT-Il /" mice. The mean moving speed (C) and number of rearing (D) were
not different between the genotypes, The spontaneous activity was suppressed normally in the initial phase of
trial 1.
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FIGURE 7. Learmng/memory performance in the Morris water maze task and passive avoidance. A, swimming latency to reach the escape platform. The

latency of the g4GalT-1l"”

mice was significantly prolonged. Asterisks indicate a significant effect of genotype in each trial, by one-way analysis of variance (*,

p <<0.05;%* p << 0.01). B, an example of a swimming path in the probe test without an escape platform. The 34GalT-Il "/~ mice tended to swim near the wall (at
a distance from the platform). The arrowhead indicates the former location of the escape platform. C, swimming duration near the pool wall (10 cm from the
wall). ext., extinction trials (without platform); visi., trial with a visible landmark on the platform. D, passive avoidance response was appropriately formedin both

genotypes.

(Fig. 8B). In contrast, the hind paw movement of the 4GalT-
11"/ mice was not impaired in a low speed rota-rod paradigm
(7 rpm), as shown in Fig. 8C,

To clarify whether GIcAT-P™/" mice also had impaired
motor function, these mice were subjected to the same tests.
Unlike in the Morris water maze, the GlcAT-P /" mice showed
the same performance in both the rota-rod and balance beam
tests as the GIcAT-P*/* mice (Fig. 8, D and E).

DISCUSSION

In this study, we generated the first f4GalT-II /" mice and
analyzed their behavior, the histology, and immunchistochem-
ical characteristics of their central nervous system. The
B4GalT-II"’" mice grew normally and were fertile with no
overt phenotypes, probably because 84GalT-I could compen-
sate for the B4GalT activity in most tissues. However, spatial
learning/memory and motor coordination/learning as well as
the expression of the HNK-1 carbohydrate in the brain, where
BAGalT -1 is barely expressed, were severely impaired in the
B4GalT-1I""" mice. Surprisingly, the amount of HNK-1 carbo-
hydrate was markedly decreased in the cerebral cortex and hip-
pocampus, moderately decreased in the cerebellar lobules, and
unchanged in the cerebellar nuclei of the 4GalT-1I""" mice
compared with their f4GalT-11"/" littermates. In Western blot

12558 JOURNAL OF BIOLOGICAL CHEMISTRY

analysis of whole-brain lysates, the HNK-1 carbohydrate was
barely detectable in the B4GalT-II ~/~ mice, except as >250-
kDa bands, although the NCAM expression was unchanged.
The HNK-1 carbohydrate is mostly expressed on the GalB1-
4GlcNAc backbone, which can be synthesized by some
B4GalTs. Our results indicate that 84GalT-I1 is indispensable
for the expression of the HNK-1 carbohydrate in the brain. [tis
possible that B4GalT-Ilis solely responsible for the synthesis of
GalB1-4GlcNAc in the brain, even though B4GalT-III and -V
are also expressed there (10, 13, 14). However, this is unlikely
because RCA120-reactive bands, corresponding to GalBl-
4GlcNAc, were detected in the B4GalT-I1"/" brain lysates at
levels comparable with those in wild-type brain lysates (supple-
mental Fig. 1). Another possibility is that only the GalBl-
4GlcNAc that is synthesized by B4GalT-II can serve as a sub-
strate for the HNK-1 carbohydrate, because of an unknown
mechanism. In contrast, PSA expression in the brain was not
affected in the B4GalT-11 "/~ mice, suggesting that 84GalT-1I is
dispensable for PSA expression. It is interesting that NCAM is
glycosylated normally with PSA, but much less glycosylated
with the HNK-1 carbohydrate in the B4GalT-II"/~ mice,
although NCAM is known to be modified with both carbohy-
drates. Among six putative N-glycosylation sites on NCAM,
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FIGURE 8. Rota-rod and balance beam tests, A, motor learning was consistently retarded in 4GalT-Il'/~ mice in the accelerating (5-40 rpm) rota-rod
paradigm. B, in the balance beam test, the 34GalT-ll /" mice showed an increased number of hind limb slip offs compared with the 34GalT-i */~ mice (**,p <
0.01; t test). C, number of hind limb steps was not different between the two genotypes in a low speed rota-rod test (7 rpm). D, rota-rod performance; £, balance
beam test in GlcAT-P deficient mice. Their motor coordination was not impaired.

two of them (Asn-441 and Asn-470) and four of them (Asn-297,
Asn-329, Asn-441, and Asn-470) could be modified by PSA and
the HNK-1 carbohydrate, respectively (29). Our results suggest
that 4GalT-Il and other B4GalTs are responsible for the syn-
thesis of N-glycans with the HNIK-1 carbohydrate and N-gly-
cans with PSA, respectively. If each B4GalT discriminates
N-glycosylation sites on the same protein, it will be interesting.

The spontaneous activity of f4GalT-I1""" mice in a novel
environment, assessed by the open field test, was comparable
with that of control mice. Our results indicated that the
B4GalT-11"/" mice had normal locomotor activity and could
habituate to a novel environment with improvement seen in a
single day and across days. In contrast, the performance of the
B4GalT-II""" mice in the Morris water maze was inferior to
that of the controls. Taking into account their normal sponta-
neous activities in the open field situation, normal paw move-
ment in the low speed rota-rod paradigm, and the same escape
latency in the visible landmark water maze paradigm, impaired
Morris water maze performance indicates impaired spatial
learning/memory but not motor deficit in 84GalT-II /" mice.
In contrast, B4GalT-I1"/" mice formed an appropriate passive
response, another hippocampus-dependent paradigm, as well
as the control mice. Thus, their learning/memory impairment
was specific for spatial information processing and was not a
broad spectrum learning/memory impairment.

There are previous findings showing the importance of
HNK-1 carbohydrate and HNK-1-dependent relief in the hip-
pocampal synaptic plasticity (30-32) and hippocampus-

MAY 1, 2009+-VOLUME 284+ NUMBER 18

dependent learning/memory (33, 34). We and others expanded
these previous studies using the mice deficient in GIcAT-P and
HNK-1 sulfotransferase, which are responsible for glucuronic
acid transfer and sulfate group transfer of the HNK-1 carbohy-
drate, respectively. These mutant mice exhibit a spatial learn-
ing/memory defect, as evaluated by the Morris water maze task,
and also show reduced long term potentiation at the Schaffer-
collateral-CA1 synapses, indicating that the HNK-1 carbohy-
drate plays a pivotal role in the synaptic plasticity of the hip-
pocampus (35, 36). Based on these previous reports, the
impaired spatial learning/memory of the f4GalT-II"/" mice in
this study can be accounted for by the reduced expression of the
HNK-1 carbohydrate in the brain of the mice, especially in the
hippocampus.

Neural cell adhesion molecules, including NCAM, L1, tena-
scin-R, and telencephalin, play important roles in neuronal
generation, cell migration, axonal outgrowth, and synaptic
plasticity, and their functions are regulated by glycosylation
structures such as the HNK-1 carbohydrate and PSA. NCAM,
one of the best characterized members of the Ig superfamily,
and the functions of PSA on NCAM have been extensively
examined using NCAM-, ST8Siall-, and ST8SialV-deficient
mice (37-39). Some neuronal functions are dependent on PSA,
and some others depend on NCAM. ST8Siall and ST8SialV
double-deficient (PSA-deficient), but not NCAM-deficient
mice, die as neonates; this lethality is because of abnormal
homophilic binding of NCAM in the absence of the negatively
charged PSA (40). Because the HNK-1 carbohydrate is also neg-
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atively charged and expressed on NCAM, a similar mechanism
might be at work in mice deficient in HNK-1 carbohydrate
production.

Motor coordination/learning, evaluated by the rota-rod and
balance beam tests, was also impaired in the S4GalT-1I"/"
mice. Although the 4GalT-11"/" mice showed improved per-
formance in the rota-rod test during successive trials and days,
the latency to fall was always shorter than that of the control
mice. The hind paw movement of the B4GalT-I1"/" mice in the
7-rpm rota-rod test was no different from that of the +/— mice,
suggesting that their motor ability was normal, at least in this
low speed paradigm. These results suggest that the $4GalT-
II"/" mice had retarded motor learning that was based on
impaired motor coordination, although they had normal paw
movement. In contrast, the GlcAT-P™/" mice performed nor-
mally in the rota-rod and balance beam tests. Therefore, the
impaired motor coordination/learning of the B4GalT-II o
mice was independent of the HNK-1 carbohydrate, unlike the
impairment in spatial learning/memory. Because the band pat-
terns of lectin blot (supplemental Fig. 1) were slightly different
between the B4GalT-II*/* and B4GalT-11~/~ mice, carbohy-
drate structures of some proteins could be altered in the
B4GalT-11"/~ brains. Unknown functional carbohydrates
other than the HNK-1 carbohydrate and PSA are likely to play
an important role in motor coordination/learning.

Although the NeuN-positive mature neurons in the cerebel-
lar granular cell layer and hippocampus and the Nestin-positive
neural progenitor cells in the DG and rostral migratory stream
near the olfactory bulb appeared normal, the Purkinje cells in
the cerebellum of the B4GalT-II"/~ mice showed abnormali-
ties. The number of Purkinje cells in the cerebellum was signif-
icantly reduced, and their alignment was partially disturbed in
these mutant mice. These abnormalities in the Purkinje cells
might be responsible for the impaired motor coordination/
Jearning of the 4GalT-11"/~ mice. Unknown functional car-
bohydrates synthesized by f4GalT-II could be involved in the
development and maintenance of Purkinje cells.

The brain weight of the 84GalT-II~/~ mice became signifi-
cantly reduced at 6-9 months old, and the cerebral cortex
showed slight atrophy at 8 months old. Because the present
behavioral analysis was performed when the mice were
between 3 and 6 months old, the reduction of brain size might
occur during the behavioral tests. It is, however, unclear
whether reduced brain size affected the behavioral perform-
ance of the B4GalT-11"/~ mice. Previous studies reported that
NCAM modified by PSA and PSA itself are important in cellu-
lar migration/lamination in the cerebral cortex and in the dif-
ferentiation of neural precursors (41). However, neither PSA
expression nor BrdUrd incorporation was altered in the brain
of the 4GalT-I1"/~ mice in this study. Another possibility is
that other adhesion molecules, which could be glycosylated,
have key roles in brain formation and behavioral output. For
example, mutations in the human L1 gene cause a severe neu-
rological disease termed CRASH (acronym for corpus callosum
hypoplasia, retardation, adducted thumbs, spastic paraplegia,
and hydrocephalus) (42) and mouse mutations in the L1 gene
also develop malformations of the nervous system (43, 44).
Although the severity of brain malformations of L1 '/~ mice is

12560 JOURNAL OF BIOLOGICAL CHEMISTRY

different depending on genetic background, L17/~ mice with
milder phenotypes display dilated lateral ventricles and
reduced brain size as well as impaired Morris water maze per-
formance (44). It might be possible that aberrant glycosylation
of L1 changes L1 functions, resulting in dilated lateral ventricles
and reduced brain size in $4GalT-1I"/~ mice. Further in vivo
and ix vitro analyses will be needed to address this issue.

In summary, the expression of the HNK-1 carbohydrate was
markedly reduced in the brain of f4GalT-II"/~ mice, suggest-
ing that the expression of the HNK-1 carbohydrate, but not of
PSA, was dependent on B4GalT-II. B4GalT-II™/~ mice were
impaired in spatial learning/memory and motor coordination/
learning, indicating that carbohydrates synthesized by
B4GalT-1I play important roles in these higher brain functions.
The spatial learning/memory could be dependent on the
HNK-1 carbohydrate, but the motor coordination/learning was
independent of it. Further investigation will be necessary to
elucidate the roles of these and other carbohydrates in higher
brain functions.
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A neural glycotope, human natural killer-1 carbohydrate, is
involved in synaptic plasticity. The key biosynthetic enzyme is a
glucuronyltransferase, GIcAT-P, a type II membrane protein
comprising an N-terminal cytoplasmic tail, transmembrane
domain, stem region, and C-terminal catalytic domain. Previ-
ously, we reported that GlcAT-P has two isoforms differing in
only the presence or absence of the N-terminal 13 amino acids
(P-N13) in the cytoplasmic tail, but the functional distinction of
these two isoforms has not been reported. Herein, we show
that when expressed in Neuro2A cells, short form GleAT-P
(sGIcAT-P) exhibited significantly higher glucuronylation
activity than the longer form (IGIcAT-P), despite their compa-
rable specific activities in vitro. In addition, sGIcAT-P was
strictly localized in Golgi apparatus, whereas IGIcAT-P was
mainly localized in Golgi but partly in the endoplasmic reticu-
lum. We demonstrated that the small GTPase, Sar1, recognized
a dibasic motif in the cytoplasmic tail near P-N13 that was
important for exiting the endoplasmic reticulum, and Sarl
interacted with sGlcAT-P more strongly than 1GlcAT-P. Finally,
the attachment of P-N13 to another glycosyltransferase, poly-
sialyltransferase-I (ST85ia-1V), had similar effects, such as
reduced activity and entrapment within endoplasmic reticulum.
These results suggest that P-N13 can control glycosyltrans-
ferase transport through Sar1 binding interference.

A number of reports have revealed that glycosylation plays
diverse roles in many biological events, such as development
and disease progression (1). During glycan biosynthesis, ER-?
and Golgi-resident glycosyltransferases catalyze reactions in a
stepwise manner to construct diverse glycoconjugates (2).
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Among glycan epitopes (glycotopes), we have been investigat-
ing the functions of human natural killer-1 (HNK-1) carbohy-
drate, which is highly expressed on several cell adhesion mole-
cules in the nervous system (3). This carbohydrate epitope,
comprising a unique trisaccharide structure, HSO,-3GlcAB1-
3GalBl-4GlcNAc-, is sequentially biosynthesized by one of
two glucuronyltranferases (GlcAT-P and GlcAT-S) and by a
specific sulfotransferase (HNK-15T) (4~-6). We generated and
analyzed GIcAT-P gene-deficient mice and revealed that the
marked loss of the HNK-1 carbohydrate in the nervous system
caused the impairment of hippocampal synaptic plasticity,
learning, and memory (7). These results indicated that
GIcAT-P is the main HNIK-1-synthesizing enzyme in the brain
and that this carbohydrate is important to maintain proper
neural function. Therefore, elucidation of the regulatory mech-
anism for the HNK-1 biosynthesis will lead to the clarification
of how this carbohydrate controls neural function, Recently, we
reported that an enzyme complex consisting of GlcAT-P (or
GIcAT-S) and HNK-1ST positively regulates the efficiency of
HNK-1 biosynthesis (8). In addition, it was reported that other
glycosyltransferases and glycosylation-related proteins were
associated in cells to regulate glycoconjugate biosynthesis (9).
Therefore, it is evident that not only the expression of a glyco-
syltransferase but also its regulation mechanism, including
enzyme complex formation, is indispensable to understand the
overall glycosylation system in vivo.

Most glycosyltransferases are commonly type II membrane
proteins, comprising a short N-terminal cytoplasmic tail, trans-
membrane domain, stem region, and large C-terminal catalytic
domain (10). Most of them reside at a specific location in the
Golgi apparatus (11), where specific glycosylation occurs.
The currently supported concept is that the region comprising
the N-terminal cytoplasmic tail to the stem domain is sufficient
for the Golgi retention of glycosyltransferase and that the
C-terminal domain is responsible for the catalytic reaction. In
fact, some chimeric enzymes consisting of an N-terminal
region (from the N terminus to stem) fused with a fluorescent
protein like green fluorescent protein exhibited appropriate
localization in the Golgi apparatus (12), whereas recombinant
soluble catalytic domains showed enzymatic activities with
high substrate specificities i1 vitro (13). In recent years, how-
ever, a growing number of findings have revealed that the
N-terminal cytoplasmic tail of glycosyltransferases plays vari-
ous roles in cells. For instance, 81,4-galactosyltransferase-1
(B4GalT-1) has two forms differing in their cytoplasmic tail
length, and it was shown that the longer form was localized
both in the Golgi apparatus and on the cell surface, whereas the
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shorter form resided only in the Golgi (14), and that the cycling
between the trans-Golgi cisterna and the trans-Golgi network
was mediated by a signal contained in the longer cytoplasmic
tail (15). Maccioni's group (16) reported that the basic amino
acid motifs commonly found in the cytoplasmic tails of some
glycosyltransferases were required for their exit from ER to the
Golgi apparatus. More recently, it was reported that Vps74p
recognized and bound to the cytoplasmic tails of many glyco-
syltransferases and functioned to retain them in the Golgi appa-
ratus in yeast (17, 18). These reports underscore the impor-
tance of the cytoplasmic tail of glycosyltransferases, especially
for their appropriate localization in cells.

Previously, we reported that GICAT-P mRNA has two alter-
native splicing variants in mouse, rat, and human brains (19,
20). A 16-bp insertion was found soon after the initiation codon
in the longer mRNA in mice (20), and a similar 17-bp insertion
was found in humans (19) (Fig. 14). Since the insertion created
a new stop codon in frame, the second ATG (Fig. 14, under-
linted) was probably used as an alternative initiation codon. As a
result, the longer mRNA was translated into a shorter protein.
Therefore, the alternative splicing generates the long and short
forms of the enzyme, and these two isoforms are considered to
be identical except for the additional N-terminal 13 amino
acids in the cytoplasmic tail (Fig. 1B, IGIcAT-P and sGlcAT-P).
However, no functional difference between these two isoforms
has yet been clarified. In this study, we found significant differ-
ences in intracellular activity and localization between the two
isoforms, probably caused by the distinct rate of export from
ER. These data suggest a unique Golgi localization mechanism
of GlcAT-P involving the cytoplasmic tail.

EXPERIMENTAL PROCEDURES

Materials—Monoclonal antibody (mAb) M6749 was a gen-
erous gift from Dr. H. Tanaka (Kumamoto University). Mouse
anti-FLAG M2 mAb was purchased from Sigma. Rabbit anti-
GlcAT-P pAb (GP2) was raised in a rabbit against the recom-
binant human GlcAT-P catalytic region expressed and purified
from Escherichia coli. Rabbit anti-P-N13 (corresponding to the
N-terminal 13 amino acids of IGIcAT-P) pAb was raised against
a synthetic peptide (MGNEELWAQPALE). Mouse anti-PSA
mAb (12E3) was kindly provided by Dr. T. Seki (Juntendo Uni-
versity). Mouse anti-T7 mAb was purchased from Novagen
(Madison, WI). Mouse anti-GM130 mAb was purchased from
BD Biosciences. Rabbit anti-human IgG-Fc pAb was from Jack-
son ImmunoResearch Laboratories (West Grove, PA). Biotiny-
lated wheat germ agglutinin was from Seikagaku Corp. (Tokyo,
Japan). Horseradish peroxidase-conjugated anti-mouse IgG,
anti-mouse IgM, and anti-rabbit IgG were purchased from
Zymed Laboratories Inc. (South San Francisco, CA). Alexa
Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor 546-con-
jugated anti-mouse IgG were obtained from Molecular Probes,
Inc. (Eugene, OR). Rhodamine-conjugated Avidin D was from
Vector Laboratories (Burlingame, CA). Protein G-Sepharose
TM4 Fast Flow was purchased from GE Healthcare.

Expression Plasmids—The subcloning of rat IGlcAT-P
¢DNA into pEE-BOS (pEF-BOS/IGIcAT-P) was performed as
described previously (4). Rat sGlcAT-P ¢cDNA (including a
16-bp (GTGGGTGTGAGCGCTG) insertion right after the
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initiation codon for 1GIcAT-P) was subcloned into pEF-BOS
(pEF-BOS/sGIcAT-P) in the same way as for pEF-BOS/
1GIcAT-P. The insertion of IGlcAT-PAstem cDNA into pEF-1/
V5-His A (Invitrogen) was performed as follows. Two frag-
ments were amplified by PCR using pEF-BOS/IGIcAT-P as a
template with the two sets of primers listed below to create a
5'-EcoRI site in the shorter fragment and a 3'-Notl site in the
longer fragment. After the fragments had been digested with
EcoRI or Notl, respectively, the ends of both fragments were
phosphorylated with polynucleotide kinase. Then the two frag-
ments were simultaneously ligated to pEF-1/V5-His A, which
had been double-digested with EcoRI and NotI. The expression
plasmid for 1GIcAT-P-AAA (pEF-BOS/IGIcAT-P-AAA) was
constructed using QuikChange Lightning = site-directed
mutagenesis kits (Stratagene, La Jolla, CA) according to the
manufacturer’s protocol employing the primers listed below,
with pEF-BOS/IGIcAT-P being used as a template. GlcAT-P-Fc
(P-long-Fc, P-short-Fc, and P-AAA-Fc) expression plasmids
were constructed as follows. A fragment was amplified by PCR
using pEF-BOS/IGIcAT-P, pEF-BOS/sGlcAT-P, or pEF-BOS/
IGIcAT-P-AAA as a template with the primers listed below to
create a 3'-Spel site. After the resulting fragment had been
digested with Spel, it was ligated to pEF-Fc, which had been
double-digested with EcoRV and Spel. The G-N13-GlcAT-P
expression plasmid was constructed as follows. A fragment was
amplified by PCR using pEF-BOS/IGIcAT-P as a template with
the primers listed below to create a 3'-NotI site. After the frag-
ment had been digested with Notl, it was phosphorylated with
polynucleotide kinase. An annealed oligonucleotide corre-
sponding to human B4GalT-I N-terminal 13 amino acids with a
5'-EcoRI stub was prepared using the synthetic oligonucleo-
tides listed below. These two fragments were simultaneously
ligated to pEF1/V5-HisA, which had been double-digested with
EcoRl and Notl. The expression plasmid for G-N13AA-
GlcAT-P was constructed using QuikChange Lightning site-
directed mutagenesis kits employing the primers listed below,
with pEF-1/V5-HisA/G-N13-GlcAT-P being used as a tem-
plate. cDNA of the mouse PST (ST8Sia-IV)-coding sequence
was amplified by PCR with the primers listed below using
reverse-transcribed mouse brain total RNA as a template to
create 5'-HindIlI and 3'-Xbal sites. The fragment was ligated to
p3XFLAG-CMV-14 (Sigma), which had been double-digested
with the same enzymes. Construction of the P-N13-PST and
G-N13-PST expression plasmids was performed as follows. A
fragment was amplified by PCR using the PST expression con-
struct as a template with the primers listed below to create a
3'-Xbal site. After the fragment had been digested with Xbal, it
was phosphorylated with polynucleotide kinase. An annealed
oligonucleotide corresponding to the IGIcAT-P N-terminal 13
amino acids or those from human B4GalT-I with a 5'-HindIII
stub was prepared using the synthetic oligonucleotides listed
below. These two fragments were simultaneously ligated to
p3XFLAG-CMV-14, which had been double-digested with
HindIIl and Xbal.

Prisers and Oligonucleotides—Primers and nucleotides
were listed as follows: 1GIcAT-PAstem for the longer fragment,
TCCGACACGCTGCCCACCAT and TGAGCGGCCGCT-
CAGATCTCCACCGAGGGGT (primer 1), for the shorter
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fragment, CATGAATTCGGACTCTGCAAACCTGCTGC
and GCTCTGGTGCCAGACGGTGA; IGIcAT-P-AAA, GGC-
GCAGCCAGCCTTGGAGATGCCGGCGGCAGCGGACA-
TCCTCGCEG and the complementary sequence; P-long-Fc and
P-AAA-Fc, GCCACCATGGGTAATGAGGAGCTGTG and
CCGACTAGTACTCACCCACCACCTCCACGATGTCAC
(primer 2); P-short-F¢, GCCACCATGCCGAAGAGAAG-
GGACAT and primer 2; G-N13-GlcAT-P primers, ATGC-
CGAAGAGAAGGGACAT and primer 1; G-N13-GIcAT-P
oligonucleotides, AATTGCCACCATGAGGCTTCGGGAG-
CCGCTCCTGAGCGGCAGCGCCGLG and CGCGGCGC-
TGCCGCTCAGGAGCGGCTCCCGAAGCCTCATGG-
TGGC (oligonucleotide 1); G-N13AA-GIcAT-P, GGTGGAA-
TTGCCACCATGGCGCTTGCGGAGCCGCTCCTGAG-
CGGC and the complementary sequence; PST, TTTAAGCT-
TCACCCAAGATGCGCTCAATT and TGTICTAGATTG-
CTTCATGCACTTTCCTG (primer 3); P-N13-PST primers,
ATGCGCTCAATTAGAAAACG and primer 3, oligonucleo-
tides, AGCTGCCACCATGGGTAATGAGGAGCTGTGGG-
CGCAGCCAGCCTTGGAG and CTCCAAGGCTGGCTGC-
GCCCACAGCTCCTCATTACCCATGGTGGC, G-N13-PST
oligonucleotides, AGCTGCCACCATGAGGCTTCGGGAG-
CCGCTCCTGAGCGGCAGCGCCGCG and oligonucleotide
1. Underlining indicates restriction sites.

Cell Culture and Transfection—Neuro2A cells were cultured
in minimum Eagle’s medium supplemented with Earle’s salts,
nonessential amino acids, and 10% fetal bovine serum. For
transfection, cells, plated on 6-cm (or 10-cm) tissue culture
dishes, were transfected with 1 ug (4 pg in the case of 10-cm
dishes) of each expression vector using FUGENEG transfection
reagent (Roche Applied Science) according to the manufactur-
er’s protocol. After a 6-h incubation, the culture medium was
replaced with serum-free Opti-MEM I (Invitrogen) in the case
of analyzing proteins secreted into the medium. Cells and
media were collected at 24 h post-transfection, The collected
culture medium was ultracentrifuged at 105,000 X g for 20 min
to exclude contamination by cellular membranous compo-
nents, and proteins secreted into the culture medium were pre-
cipitated with ethanol and then solubilized in Laemmli sample
buffer.

SDS-PAGE and Western Blotting—SDS-PAGE and Western
blotting were carried out as described previously (8). In the case
of PSA detection, 2% BSA in PBS containing 0.05% Tween 20
was used for blocking and antibody dilution. For the other anti-
bodies, 5% skim milk in PBS containing 0.05% Tween 20 was
used. Protein bands were detected with SuperSignal West Pico
(Pierce) using a Luminoimage Analyzer LAS-3000 (Fuji Film,
Tokyo, Japan).

N-Glycosidase F Digestion—Proteins (50 ug) were denatured
with PBS containing 0.5% SDS, 1% 2-mercaptoethanol, and 4
mm EDTA. After the solution had been diluted with 4 volumes
of PBS containing Nonidet P-40 (final concentration, 0.5%), 5
units of N-glycosidase F (Roche Applied Science) was added,
followed by incubation for 12 h at 37 °C.

Immunofluorescence Staining—At 24 h post-transfection,
cells were washed with PBS, fixed with ice-cold methanol, and
then incubated with primary antibodies followed by incubation
with Alexa Fluor-conjugated secondary antibodies. For DsRed?
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detection, cells were fixed at 48 h post-transfection with 4%
paraformaldehyde in PBS and blocked with 3% bovine serum
albumin in PBS containing 0.1% Triton X-100. Cells were visu-
alized with a Fluoview laser confocal microscope system
(Olympus, Tokyo, Japan).

Glucuronyltransferase Assay—Glucuronyltransferase activ-
ity toward asialo-orosomucoid was measured as described pre-
viously (8). As an enzyme source, a Neuro2A cell lysate or con-
centrated conditioned medium was prepared. Neuro2A cells
were plated on 10-cm culture dishes and then transfected with
the expression plasmid, followed by medium replacement with
Opti-MEM I after a 6-h incubation. Cells were collected at 48 h
after transfection and lysed with 500 pl of Tris-buffered saline
containing 1% Triton X-100 and a protease inhibitor mixture
(Nacalai Tesque, Kyoto, Japan), and after centrifugation, the
clarified lysate was used. The culture medium was ultracentri-
fuged, as described above, and then used after concentration to
500 ul withan Amicon Ultra centrifugal filter device (Millipore,
Bedford, MA). 5 ul of each solution was used as an enzyme
source.

Co-precipitation Experiment—We performed a co-precipita-
tion experiment in which we referred to a method used in an in
vilro binding experiment between Sarl and immobilized cyto-
plasmic tail peptides of glycosyltransferases (16). Human
recombinant full-length Sarl protein fused to T7 tag at its N
terminus was purchased from Abcam (Cambridge, MA).
Neuro2A cells, plated on 6-cm culture dishes, were transfected
with the expression plasmid encoding P-long-Fc, P-short-Fc, or
P-AAA-Fc and then lysed with 300 ul of Tris-buffered saline
containing 1% Triton X-100 and protease inhibitors. After cen-
trifugation at 15,000 X g for 10 min, 1.2 ug of T7-tagged Sarl
was added to the supernatant, and then the mixture was incu-
bated for 30 min at 4 °C. A fraction of the mixture was recov-
ered for Western blotting, with Protein G-Sepharose TM4 Fast
Flow being added to the rest of the mixture, followed by incu-
bation for 2 h. The beads were precipitated and washed three
times with an excess volume of the buffer (Tris-buffered saline
containing 0.5% Triton X-100). Proteins bound to the beads
were eluted by boiling in Laemmli sample buffer.

RESULTS

Enhanced N-Glycan Glucuromylation by sGIcAT-P  in
Neuro2A Cells—Previously, we reported that GlcAT-P mRNA
had two alternatively spliced variants in mouse, rat, and human
brains (19, 20). As described above, a 16-bp insertion in mice or
a 17-bp insertion in humans in the longer mRNA generated a
new stop codon in-frame (Fig. 14). As a result, longer mRNAs
containing the insertion were translated to the short form pro-
teins and vice versa, and the long and short enzymes differed in
only the presence or absence of the N-terminal 13 amino acids
(P-N13) in the cytoplasmic tail (Fig. 24, IGlcAT-P and sGlcAT-
P). We subcloned the rat cDNAs complementary to the two
forms of mRNA using a rat brain ¢cDNA pool and confirmed
that a similar 16-bp insertion was also present in rats (Fig. 14).
To investigate the respective role of these two protein isoforms
in cells, rat cDNAs (1GlcAT-P ¢cDNA and sGlcAT-P cDNA
complementary to the shorter and longer mRNA, respectively)
were transfected into the newroblastoma cell line Neuro2A.
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caused by the higher specific activity
of sGIcAT-P, so we performed an in
vilro activity assay using a Neuro2A
cell lysate to compare the specific
activities of the two GIcAT-P iso-
forms (Fig. 2C). Western blotting of
v the enzyme source extracts used for
the activity assay (Fig. 2C, right)
showed comparable enzyme ex-
pression and distinct product ex-
pression consistent with the results
in Fig. 2B. However, the specific
activities toward a glycoprotein
acceptor substrate of the two iso-

N

g P A L E M

M

catalvtic domain

f=coon

forms were comparable (Fig. 2C,

tong form o o1 frm]  stem
(IGIcAT-P) ‘-{; |1J o |

13, n.:- :

lefi), reflecting the enzyme expres-
sion levels. This excluded the possi-

short form
(SGIeAT-P)

AT T ]

=coon

bility that the higher product bio-

FIGURE 1. Spliced variants of GICAT-P. A, cONA sequences are shown around theinitiation ATG complemen-
tary to the shorter and longer mRNA forms in mice, rats, and humans, and the corresponding amino acid
sequence is depicted just under the respective cDNA sequence. The underlined ATG is a presumed initiation
codon used in the longer mRNA. B, schematic diagram of IGIcAT-P and sGlcAT-P proteins. CT, cytoplasmic tail.

TM, transmembrane domain.

After the cells had been harvested and lysed, they were treated
with peptide:N-glycosidase F (PNGase F) to remove N-glycans
to show the enzyme expression level clearly and then subjected
to Western blotting (Fig. 2B). GP2 is an anti-GlcAT-P pAb
against the GIcAT-P catalytic domain, which showed that
almost equivalent amounts of the long and short isoforms were
expressed (Fig. 2B, top right). In addition, only 1GIcAT-P was
detected with anti-P-N13, which is a rabbit pAb recognizing
P-N13 (Fig. 2B, bottom right panel). To confirm that the second
ATG was actually used as a translation initiation site when
sGlcAT-P ¢cDNA was transfected, we also subcloned GlcAT-P
cDNA starting from the second ATG (Fig. 14, underlined) inte-
grated just downstream of an artificial Kozak sequence,
GCCACC, into an expression vector, pEF1/V5-His A. The
transfection of this construct into Neuro2A cells resulted in the
same enzyme expression as in the case of sGIcAT-P ¢cDNA
regarding the molecular weight, biosynthetic activity, and sub-
cellular localization (data not shown), indicating that in
sGlcAT-P ¢cDNA, including the 16-bp insertion, the second ATG
was actually used as an initiation codon. Therefore, we
employed sGIcAT-P ¢cDNA in subsequent experiments. M6749
mAb, which exhibits similar epitope specificity to HNK-1 mAb,
reacts with the HNK-1 epitope regardless of the terminal sul-
fate group (21). Since no band was detected for mock-trans-
fected Neuro2A cells with M6749 mAb, Western blotting with
this antibody allowed us to determine the amount of carbohy-
drate antigen synthesized by GlcAT-P expressed in the cells
(Fig. 2B, lefi). As aresult, a significantly higher expression level
of the M6749 epitope on N-glycan was found in sGlcAT-P-
expressing cells than in lGlcAT-P-expressing ones, despite the
almost equivalent expression levels of the two enzymes. This
indicates that sGlcAT-P has the ability to biosynthesize more
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synthesis in sGlcAT-P-expressing
cells was due to its higher specific
activity.

Subcellular Localization and Secre-
tion of the Two GICAT-P Isoforms—
Next, we investigated the subcellular localization of the two
GlcAT-P isoforms. Neuro2A cells expressing IGIcAT-P or
sGIcAT-P were immunostained with GP2 pAb and anti-
GM130 mAb (Golgi marker) (Fig. 34). As a result, sGlcAT-P
was found to show strict accumulation in the Golgi apparatus,
whereas IGIcAT-P was localized mainly in the Golgi but partly
in the ER (Figs. 3A and 4B), suggesting that some |GIlcAT-P
remained in the ER, probably due to slow export from the ER.
The results were similar to the two isoforms of a sialyltransfer-
ase, ST6Gal-1 (22). The two isoforms of this enzyme differ in
only a single amino acid in the catalytic domain generated on
RNA editing. The ST6Gal-1 isoforms were differently localized
in cells like those of GIcAT-P (23). ST6Gal-1 is well known to be
cleaved at its stem region and secreted extracellularly as a sol-
uble form (24), and the secretion levels of the two isoforms were
shown to significantly differ (23). Based on these reports, we
investigated whether or not GlcAT-P was cleaved and secreted
(Fig. 3B). As a result, two bands were detected for both
IGIcAT-P- and sGlcAT-P-expressing cell media, and the cleav-
age and secretion level of sGlcAT-P were higher than those of
1GlcAT-P. The in vitro activity assay also confirmed the higher
secretion of sGlcAT-P (Fig. 3C) and indicated that the cleaved
GlcAT-P was catalytically active with an intact catalytic
domain. Since many secreted glycosyltransferases are known to
be generatedin cells through cleavage at their stem regions (25),
a mutant 1GIcAT-P lacking the major part of its stem region
(IGIcAT-PAstem) was expressed to determine whether or not
the mutant enzyme was cleaved. As expected, no cleavage prod-
uct derived from IGIcAT-PAstem was detected in the culture
medium (Fig. 3D), indicating that GlcAT-P was cleaved at its
stem region like other glycosyltransferases.

BSBERIBN  voLnE 284 HULBER 14- APRIL 3, 2009

—197—

0102 ‘€z Arenigey uo ‘Aysisaiun 0104y e Bio gl mmm woyy papeojumoq



Supplemental Material can be found at:
hitpZfwww.jbc.org/contentsuppl/2009/01/30/M807517200.DC1.him|

A N-term C-term
I T I ™ ] stem I Catabytic domain
lome {aril MGNEELWAQPALEMPKRRD
’ r-N13
short form
(sGleAT-P) MPKRRD
B mock _long  short mock  long  short
PNGase ¥~ + - + - &+ (kDwy_-__* - * - 4
S()—]
(kDa) S0 ]
250 e e
150 Rk .
10— GP2
78— Rl
Rovccraz]
37
Rty
M6749 anti-P-N13
N N o A
C <0 \\\\\‘ & SQ‘
(kDa) .
E a0 | 250 g :
2 150-4 4
2 el
= 30} 10—
-
- w} ,
&
£ A0 4
‘é wl M6749
g 50
- "'O-Ol
" 37-
mock long short GP2

FIGURE 2. Biosynthetic and in vitro glucuronylation activities of the two
isoforms of rat GIcAT-P. A, the two isoforms of GIcAT-P (IGIcAT-P and
sGIcAT-P) differ in only the additional 13 amino acids (P-N13) in the N-termi-
nal cytoplasmic tail. B, Neuro2A cells were transfected with the IGICAT-P or
sGIcAT-P expression plasmid or the empty vector (mock). Cells were lysed and
treated with or without PNGase F and then subjected to Western blotting
with M6749 mAb (left), GP2 (anti-GIcAT-P catalytic region) pAb (top right), or
anti-P-N13 pAb (fower right). C, invitro glucuronyltransferase activity toward a
glycoprotein acceptor, asialo-orosomucoid, was measured. Mock treated-,
IGIcAT-P-expressing, or sGIcAT-P-expressing Neuro2A cells were lysed and
used as an enzyme source. The enzyme source solution was also subjected to
Waestern blotting with M6749 mAb or GP2 pAb (right).

Dibasic Motif Essential for Golgi Localization and Intracellu-
lar Activity of GIcAT-P—As for the mechanism responsible for
the distinct localization, secretion, and intracellular activity of
the two isoforms of GlcAT-P, we investigated the role of a diba-
sic motif of glycosyltransferase in its transport. It was reported
that some glycosyltransferases have a [K/RJ(X){K/R] motif in
their cytoplasmic tail proximal to the transmembrane border
and that this motif was recognized by a small GTPase, Sarl, to
transport glycosyltransferases from ER to the Golgi apparatus
{16). They also showed that disruption of the motif caused the
entrapment of glycosyltransferases, such as GalT2 or Gal-
NAcT, in ER. GIcAT-P also has this motif in its cytoplasmic tail
(Fig. 44, KRR). If this motif of GIcAT-P is essential for its trans-
port and localization, P-N13 of IGIcAT-P adjacent to this motif
may affect GIcAT-P transport, leading to the distinct localiza-
tion of the two isoforms. To determine the importance of this
motif, a mutant IGIcAT-P lacking this motif (IGIcAT-P-AAA),
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FIGURE 3. Localization and secretion of the two isoforms of GlcAT-P.
A, Neuro2A cells expressing |GIcAT-P (fop) or sGIcAT-P {bottom) were double-
immunostained with GP2 pAb (green) and anti-GM130 mAb (red). The right
panels show overlaid images. Bar, 10 m. 8, Neuro2A cells were transfected
with the IGIcAT-P or sGIcAT-P expression plasmid or the empty vector (mock).
Cellular proteins and proteins secreted into the culture medium (med) were
treated with or without PNGase F and then subjected to Western blotting
with GP2 pAb. C, in vitro glucuronyltransferase activity toward asialo-oroso-
mucoid was measured. Amock-treated, IGIcAT-P-expressing, or sGIcAT-P-ex-
pressing Neuro2A cell lysate (C) or concentrated culture medium (M) was
used as an enzyme source. Since the same volume of each enzyme source was
used, specific activities in cell lysates and culture medium cannot be directly
compared using the values. D, Neuro2A cells were transfected with the
IGIcAT-P, sGIcAT-P, or GIcAT-PAstem expression plasmid or the empty vector
(mock). Celllysates and proteins secreted into the culture medium were West-
ern blotted with GP2 pAb.

in which the KRR sequence was substituted with AAA, was
expressed (Fig. 44). Immunostaining of the Neuro2A transfec-
tant demonstrated that Golgi localization of 1GIcAT-P-AAA
was significantly disrupted, and the majority of the mutant was
entrapped in ER (Fig. 4B), indicating a fundamental role of this
motif in GIcAT-P. In addition, the disrupted localization of
GlcAT-P led to a significantly low expression of the M6749
epitope compared with the wild-type enzyme (Fig. 4C, lefl), also
confirming the necessity of the motif for GIcAT-P to serve as a
functional glycosyltransferase. [t was noticeable that IGlcAT-P-
AAA was barely secreted (Fig. 4C, right), implying that the
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FIGURE 4. Disruption of Golgi localization and intracellular activity of a
mutant GIcAT-P lacking the dibasic motif. A, in the cytoplasmic tail of
GlcAT-P, a dibasic motif (KRR) exists. IGIcAT-P-AAA is a mutant IGIcAT-P lack-
ing this motif. B, Neuro2A cells were co-transfected with the IGIcAT-P or
IGICAT-P-AAA expression plasmid and with pDsRed2-ER (Clontech). Cells
were immunostained with GP2 pAb (green), and ER was visualized (red). Over-
laid images are shown (right). Bar, 10 pm. C, Neuro2A cells were transfected
with the IGICAT-P or IGIcAT-P-AAA expression plasmid or the empty vector
(mock). Cell lysates were Western blotted with M6749 mAb (leff), and cell
lysates and secreted proteins were Western blotted with GP2 pAb (right).

cleavage of GlcAT-P occurred in the Golgi apparatus or in a
subcellular compartment other than the ER.

Distinct Interaction of GIcAT-P Isoforms with the Small
GTPase Sari—Previously, the direct binding between Sarl and
the dibasic motif of a certain glycosyltransferase was shown
(16). Therefore, we hypothesized that Sarl also interacts with
the KRR sequon in the GlcAT-P cytoplasmic tail, and P-N13
interferes with this interaction. To show this, we expressed a
chimeric enzyme, GlcAT-P-Fc, whose catalytic domain was
replaced with the human IgG-Fc region (Fig. 54). As shown in
Fig. 5B, these chimeric enzymes were localized in Neuro2A
cells in almost the same way as the corresponding full-length
GlcAT-Ps, indicating that from the N terminus to the stem
region comprised a molecular determinant for the appropriate
localization of this enzyme. Using these chimeric enzymes, the
interaction with Sarl was examined. Neuro2A cells expressing
P-long-Fc, P-short-Fc, or P-AAA-Fc were lysed, and then
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FIGURE 5. Interaction between chimeric GIcAT-Ps and Sar1. A, schematic
diagrams of chimeric GIcAT-Ps are shown. The catalytic domains of these
chimeras were replaced with the human 1gG-Fc region. The N-terminal cyto-
plasmic tails of three chimeras, P-long-Fc, P-short-Fc, and P-AAA-F¢, corre-
spond to those of full-length IGICAT-P, sGIcAT-P, and IGIcAT-P-AAA, respec-
tively. B, Neuro2A cells expressing P-long-Fc (left), P-short-Fc (middle), or
P-AAA-Fc (right) were immunostained with anti-human IgG-Fc pAb, Note that
the staining patterns shown here resembile those of the full-length enzymes
(Figs. 2A and 3B). Bar, 10 um. C, Neuro2A cells were transfected with the
P-long-Fc, P-short-Fc, or P-AAA-Fc expression plasmid or the empty plasmid
(mock). Cells were lysed and incubated with recombinant T7-tagged Sar1,
followed by incubation with Protein G beads. The lysate mixture before pre-
cipitation (leff) and the proteins precipitated with the beads (right) were
Western blotted with anti-human IgG-Fc pAb (top), anti-P-N13 pAb (middle),
oranti-T7 mAb (bottom).

T7-tagged Sarl protein was added to the resultant lysate. After
the precipitation of Fc-tagged enzymes with Protein G beads,
the co-precipitated amount of T7-Sarl was determined by
Western blotting (Fig. 5C). Comparable amounts of the chi-
meric enzymes and an equivalent amount of T7-Sarl existed in
the mixture before precipitation, and anti-P-N13 blotting con-
firmed the expression of the chimeras with or without P-N13,
as expected (Fig. 5C, lefi). In Fig. 5C, the lower right panel clearly
shows that T7-Sarl was co-precipitated with P-short-Fc much
more than with P-long-Fc and that P-AAA-Fc, lacking the diba-
sic motif, was not co-precipitated with T7-Sarl. These results
revealed that the dibasic motif in GIcAT-P was essential for
Sarl binding and that the existence of P-N13 weakened this
interaction.

Chimeric PST (§18Sia-1V) Bearing P-N13—To determine
whether P-N13 had a similar effect on other glycosyltrans-
ferases, a chimeric enzyme, which was a polysialyltransferase,
PST (STSSia-IV), fused with P-N13 at its N terminus, was
expressed in Neuro2A cells (Fig. 64). Polysialic acid (PSA), bio-
synthesized by PST (ST8Sia-IV) or STX (ST8Sia-II) (26, 27), is
also a nervous system-specific carbohydrate, well known to be
almost exclusively expressed on neural cell adhesion molecule,
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FIGURE 6. Intracellular activity and localization of chimeric PST fused
with P-N13. A, schematic diagrams of 3XFLAG-tagged PST and chimeric PST
are shown. The N-terminal cytoplasmic tails are depicted as the amino acid
sequences, B, Neuro2A cells were transfected with the PST or P-N13-PST
expression plasmid or the empty vector (mock). Cells were lysed and treated
with or without PNGase F, followed by Western blotting with anti-FLAG mAb
(left) or anti-PSAmAD (12E3) (right). C, Neuro2A cells expressing PST or P-N13-
PST were co-stained with anti-FLAG mAb (green) and biotinylated wheat
germ agglutinin lectin (WGA; Golgi marker; red). Overlaid images are shown
(right). Bar, 10 zm,

and involved in synaptic plasticity (28). Since it was reported
that Neuro2A cells expressed neural cell adhesion molecule
endogenously (29), we are able to determine the level of PSA
production by exogenously expressed PST in cells using West-
ern blotting with anti-PSA antibodies. In addition, since PST
has a dibasic motif in its cytoplasmic tail like GIcAT-P (Fig. 64,
RKR sequence), we can investigate the general roles of P-N13 in
the regulation of glycosyltransterase localization and intracel-
lular activity. C-terminal 3XFLAG-tagged PST or its chimera
with P-N13at the N terminus was expressed in Neuro2A cells,
and then Western blotting with anti-FLAG or anti-PSA anti-
bodies was performed (Fig. 6B). As shown in Fig. 63 (right),
Neuro2A cells hardly expressed PSA endogenously, and the
overexpression of PST produced PSA on N-glycans. The bio-
synthetic level of PSA was lower in P-N13-PST-expressing
cells than in wild-type PST-expressing cells despite the
higher enzyme expression (Fig. 65). Moreover, co-staining
with anti-FLAG mAb and Golgi marker wheat germ aggluti-
nin lectin (30) showed that PST was mainly localized in
Golgi, whereas P-N13-PST was not (Fig. 6C). These results
were consistent with the intracellular activity and localiza-
tion of sGIcAT-P and IGIcAT-P shown in Figs. 2 and 3, sug-
gesting that the action of P-N13 was not GlcAT-P-specific
but could also apply to other glycosyltransferases.
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Sequence-specific Role of P-N13—As just described, the
attachment of P-N13 to PST had effects on its localization and
biosynthetic activity, as in the case of GIcAT-P (Fig. 6). How-
ever, it was a possibility that any peptide of 13 amino acids in
length was capable of having a similar effect. To examine this
possibility, another set of 13 naturally occurring N-terminal
amino acids derived from the longer B4GalT -l isoform (G-N13)
was attached to PST and sGIcAT-P (Fig. 74). Unlike P-N13-
PST, G-N13-PST exhibited Golgi localization (Fig. 73) and bio-
synthetic activity comparable with that of wild-type PST (Fig.
7C). These results suggested that the effects of P-N13 were
sequence-specific, Moreover, G-N13-GIcAT-P showed tight
Golgi localization similar to sGlcAT-P (Fig. 7D), a relatively
higher intracellular activity than IGlcAT-P (Fig. 7E, left), and
higher production of the cleaved secreted form (Fig. 7£, hottom
right), resembling the sGIcAT-P features. However, G-N13 also
has a dibasic motif near the N terminus (Fig, 7A, RLR sequence,
indicated by dots), and it is possible that G-N13 itself has an
ability to transport glycosyltransferase to the Golgi apparatus.
We expressed a mutant G-N13-GlcAT-P lacking the dibasic
motif near the N terminus (G-N13AA-GIcAT-P) and revealed
that G-N13AA-GIcAT-P exhibited significantly higher enzy-
matic activity in cells than IGIcAT-P (supplemental Fig. 1), indi-
cating that the contribution of the dibasic motif in G-N13 was
considerably lower than the inherent motif near the transmem-
brane border. Judging from these results for G-N13-PST and
G-N13-GlcAT-P, P-N13 plays a specific role in the intracellular
behavior of glycosyltransferase.

DISCUSSION

In the present study, we demonstrated that the two isoforms
of the HNK-1-sythesizing enzyme, GlcAT-P, differing in only
the N-terminal cytoplasmic tail length, showed significantly
distinct behavior, such as in localization, secretion, and HNK-
1-producing activity in cells. Although the two isoforms were
both functional in cells, as shown in Fig. 2B, their different
intracellular activities could be a fine regulator of HNK-1 car-
bohydrate expression in vivo. These two isoforms were gener-
ated through alternative splicing in a conserved way in rodent
and human brains (i.e. insertion right after the initiation codon
generated an in-frame stop codon, resulting in the translation
of the shorter enzyme, sGIcAT-P) (Fig. 1) (19, 20). Previously,
we performed RT-PCR analysis using a brain RNA pool with
primers in which the longer and shorter mRNAs were simulta-
neously and distinctly detected. As a result, although the pre-
cise ratios of the two mRNAs were not quantified, we revealed
that IGIcAT-P is the major isoform in the mouse and rat,
whereas sGIcAT-P is the major form in the human brain (19,
20). We do not know at present why the major isoforms are
different among these species and whether or not the expression
levels of the respective isoforms are regulated upon condition
changes of cells, such as neural development and neurological dis-
order. However, if the proportion of the two isoforms of GlcAT-P
changes under some cellular conditions, this probably results in a
change in HNK-1 expression that can be explained by the different
intracellular activities of the GlcAT-P isoforms.

Regarding the mechanism underlying the distinct localiza-
tion of the two GIcAT-P isoforms, we focused on the ER exit
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