
HNK-1 Glyco-epitope Regulates the Stability of the
Glutamate Receptor Subunit GluR2 on the Neuronal
Cell Surface*□S

Received for publication, May 21, 2009, and in revised form, August 9, 2009 Published, JBC Papers in Press, September 3, 2009, DOI 10.1074/jbc.M109.024208

Ippei Morita‡1, Shinako Kakuda§1, Yusuke Takeuchi§, Satsuki Itoh¶, Nana Kawasaki¶, Yasuhiko Kizuka‡,
Toshisuke Kawasaki�, and Shogo Oka§2

From the ‡Department of Biological Chemistry, Graduate School of Pharmaceutical Sciences, and §Department of Biological
Chemistry, Human Health Sciences, Graduate School of Medicine, Kyoto University, Kyoto 606-8507, the ¶Division of Biological
Chemistry and Biologicals, National Institute of Health Sciences, Tokyo 158-8501, and the �Research Center for
Glycobiotechnology, Ritsumeikan University, Shiga 525-8577, Japan

HNK-1 (human natural killer-1) glyco-epitope, a sulfated glu-
curonic acid attached to N-acetyllactosamine on the nonreduc-
ing termini of glycans, is highly expressed in the nervous system.
Our previous report showed that mice lacking a glucuronyl-
transferase (GlcAT-P), a key enzyme for biosynthesis of the
HNK-1 epitope, showed reduced long term potentiation at hip-
pocampal CA1 synapses. In this study, we identified an �-ami-
no-3-hydroxy-5-methylisoxazole propionate (AMPA)-type glu-
tamate receptor subunit, GluR2, which directly contributes to
excitatory synaptic transmission and synaptic plasticity, as a
novel HNK-1 carrier molecule. We demonstrated that the
HNK-1 epitope is specifically expressed on the N-linked gly-
can(s) on GluR2 among the glutamate receptors tested, and the
glycan structure, including HNK-1 on GluR2, was determined
using liquid chromatography-tandem mass spectrometry. As
for the function of HNK-1 on GluR2, we found that the GluR2
not carrying HNK-1 was dramatically endocytosed and
expressed less on the cell surface comparedwithGluR2 carrying
HNK-1 in both cultured hippocampal neurons and heterolo-
gous cells. These results suggest thatHNK-1 stabilizesGluR2 on
neuronal surface membranes and regulates the number of sur-
faceAMPA receptors.Moreover, we showed that the expression
of the HNK-1 epitope enhanced the interaction between GluR2
and N-cadherin, which has important roles in AMPA receptor
trafficking. Our findings suggest that the HNK-1 epitope on
GluR2 regulates cell surface stability of GluR2 by modulating
the interaction with N-cadherin.

HNK-1 glyco-epitope (HSO3-3GlcA�1–3Gal�1–4GlcNAc)
is characteristically expressed on some cell adhesion molecules
(NCAM,L1, andMAG, etc.) and extracellularmatrixmolecules
(tenascin-R and phosphacan, etc.) in the nervous system (1). It

has been reported thatHNK-1mediates the interaction of these
adhesion molecules, thereby controlling their functions,
including cell-to-cell adhesion (2), migration (3), and neurite
extension (4). The unique structural feature of the HNK-1
epitope is the sulfated glucuronic acid, because sialic acids are
usually attached to the terminal galactose residue of the inner
N-acetyllactosamine structure (Gal�1–4GlcNAc) on various
glycoproteins. HNK-1 is sequentially biosynthesized by one of
two glucuronyltransferases (GlcAT-P or GlcAT-S)3 (5, 6) and a
sulfotransferase (HNK-1ST) (7). These enzymes are thought to
localize and function in the Golgi apparatus, especially the
trans-Golgi to trans-Golgi network, like most sialyltransferases
and galactosyltransferases (8).
We previously demonstrated that mice deficient in GlcAT-P

showed an almost complete loss of HNK-1 expression in the
brain and exhibited reduced LTP in hippocampalCA1 synapses
(9). Similarly, HNK-1ST-deficient mice also exhibited a reduc-
tion of LTP, and several other studies also revealed that HNK-1
is associated with neural plasticity (10–12). A recent study
showed that �4-galactosyltransferase-2 synthesizes the glycan
backbone structure of HNK-1, Gal�1–4GlcNAc. The mice
lacking �4-galactosyltransferase-2 showed decreased HNK-1
expression in their brains and also exhibited impaired learning
and memory (13). Overall, these studies suggest that HNK-1
plays unique functional roles in some types of neuronal plastic-
ity, but the molecular mechanisms of HNK-1 remain unclear.
AMPA-type glutamate receptors mediate most of the fast

excitatory synaptic transmissions in the mammalian brain and
control synaptic strength. The regulated trafficking of AMPA
receptors to the postsynaptic membrane is thought to be a
major mechanism contributing to long lasting changes in syn-
aptic strength, including LTP and long term depression (14,
15). AMPA receptors are mainly heterotetrameric channels
assembled from the subunits GluR1 to GluR4, and all subunits
have 4–6 potential N-glycosylation sites in their extracellular
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N-glycosylation in AMPA receptors. Some investigations
showed thatAMPA receptor subunits expressed at both the cell
surface and synaptic sites possess themature glycosylated form
(17, 18), but it is generally accepted that N-glycosylation is not
essential for their channel function or ligand binding (19, 20).
In this study, we searched for a candidate molecule(s)

responsible for the defects in synaptic plasticity seen in GlcAT-
P-deficient mice. We found that the HNK-1 epitope is mainly
expressed on a specific molecule in the hippocampal postsyn-
aptic density (PSD) fraction. We focused on the molecule and
identified a subunit of AMPA-type glutamate receptors, GluR2,
as a novel HNK-1 carrier protein. Furthermore, we showed that
the loss ofHNK-1 epitope onGluR2 greatly increases both con-
stitutive and regulated endocytosis of GluR2, resulting in a
decrease in the amount of surfaceGluR2 in cultured hippocam-
pal neurons and CHO cells. This is the first report demonstrat-
ing that the N-glycan on GluR2 regulates its protein function,
and our results suggest that HNK-1 epitope on GluR2 is an
important factor for synaptic plasticity.

EXPERIMENTAL PROCEDURES

Expression Plasmids—The following mammalian expression
plasmids have been described. The 3.2-kb XhoI-XbaI GluR2
fragment derived from pKC24 (pBluescript)-GluR2, which was
donated by Dr.M.Mishina (Tokyo University) (21), was cloned
into pcDNA3.1/myc-HisB (Invitrogen) to yield the plasmid
pcDNA3.1-GluR2. The pIRES-GlcAT-P-HNK-1ST and pEF-
BOS-GlcAT-P plasmids were described previously (5, 22). The
pcDNA3.1-N-cadherin was a generous gift from Dr. A.
Kinoshita (Kyoto University) (23).
Biochemical Subcellular Fractionation—Biochemical sub-

cellular fractionation was performed according to the method
of a previous report (24) with minor modifications. The hip-
pocampi of C57 BL/6 mice were homogenized with 15 strokes
at 800 rpm in 9 volumes of ice-cold homogenizing buffer (10
mM Tris-HCl (pH 7.4), 0.32 M sucrose, 1 mM EDTA, and prote-
ase inhibitor mixture (Nacalai Tesque)), and the homogenate
was centrifuged at 1,000 � g for 20 min to remove nuclei and
large debris. The supernatant fluid (S1, postnuclear fraction)
was centrifuged at 10,000 � g for 20 min to pellet a crude syn-
aptosome fraction (P2). The supernatant above the P2 fraction
was centrifuged at 125,000 � g for 1 h, and the pellet was des-
ignated as the light membrane fraction (P3). The P2 fraction
was lysed hypo-osmotically and centrifuged at 25,000� g for 30
min to obtain the synaptosomal membrane fraction (LP1). The
LP1 fraction was then suspended in 0.5% Triton X-100 in
homogenizing buffer for 15 min and centrifuged at
125,000 � g for 1 h to obtain the PSD fraction. All biochem-
ical experiments were carried out on ice or at 4 °C. The pro-
tein concentration of each fraction was measured with DC
protein assay kit (Bio-Rad).
Purification and Identification of Glycoproteins Bearing

HNK-1 Epitope—HNK-1 carrier glycoproteins from the P2
fraction of the hippocampi were partially purified with HNK-1
antibody-conjugated beads. The purified proteinswere isolated
by SDS-PAGE and stained with Coomassie Brilliant Blue. The
�100-kDa protein bandwas digestedwith trypsin, and the pep-
tide fragments were identified by LC/MS/MS as reported pre-

viously (25). Proteinswere identified by searching Swiss Protein
Database (mouse) using the Mascot (Matrixscience) and Tur-
boSequest search engines (Thermo Fisher Scientific).
SDS-PAGE, Immunoblot, and ImmunoprecipitationAnalysis—

Proteins were separated by SDS-PAGE with the buffer system
of Laemmli (26) and then transferred to a nitrocellulose mem-
brane. After blocking with 5% nonfat dried milk in phosphate-
buffered saline containing 0.1% Tween 20, the membrane was
incubated with primary antibodies. Horseradish peroxidase-
conjugated secondary antibodies and ECL (Pierce) were used
for protein detection. For immunoprecipitation under denatur-
ing conditions, the PSD fraction was solubilized with 1 volume
of 10 mM Tris-HCl (pH 7.4) buffer containing 1% SDS and
boiled for 5 min, and then 5 volumes of immunoprecipitation
buffer (20mMTris-HCl (pH 7.4), 2%Triton X-100, and 300mM

NaCl) and 4 volumes of H2O were added to the sample. For
immunoprecipitation under native conditions, HEK 293 cells
were lysed with extraction buffer (20mMTris-HCl (pH 7.4), 1%
Triton X-100, 0.5% deoxycholate, 150 mM NaCl, 1 mM EDTA,
and protease inhibitor mixture). Primary antibodies were used
at 4 �g/ml, and 20 �l of protein G-Sepharose 4 Fast Flow (GE
Healthcare) were added to precipitate the immunocomplexes
for 2 h at 4 °C. The antibodies used in the immunoprecipitation
and immunoblot analyses are listed as follows: HNK-1 mono-
clonal antibody (a hybridoma cell line was purchased from the
American Type Culture Collection); anti-actin N terminus
(Sigma); anti-PSD-95 (Chemicon); anti-GluR1 N terminus
and anti-GluR2 N terminus (Zymed Laboratories Inc.);
GluR2/3 (Upstate); anti-NR1 (Upstate); anti-NR2A (Upstate);
anti-synaptophysin (FabGennix); and anti-N-cadherin (BD
Biosciences).
N-Glycosidase F Digestion—The immunoprecipitates

formed with the anti-GluR1 and anti-GluR2 antibodies were
denatured with 20 mM sodium phosphate buffer (pH 7.2) con-
taining 0.5% SDS, 1% 2-mercaptoethanol, and 4 mM EDTA. To
reduce the concentration of SDS, we diluted the samples with 4
volumes of 20mM sodiumphosphate buffer (pH7.2) containing
0.5% Nonidet P-40. Two units of N-glycosidase F (Roche
Applied Science) were added to the solution, and the solution
was incubated for 16 h at 37 °C.
Purification ofGluR2—Anti-GluR2 antibodywas raised from

a rabbit immunized with a 20-mer peptide (QNFATYKEGYN-
VYGIESVKI) corresponding to the C terminus ofmouseGluR2
and purified with an antigen peptide affinity column. The puri-
fied anti-GluR2 antibody (3mg)was coupled to 1.5ml of CNBr-
activated Sepharose 4B (GE healthcare), and the resin was
packed into a column. The P2 fractions from4-week-oldmouse
hippocampi were extracted with extraction buffer containing
1% n-dodecyl-�-D-maltopyranoside. The extracted material
was slowly applied to the anti-GluR2 antibody column. After
washing the column with Tris-buffered saline containing 0.1%
n-dodecyl-�-D-maltopyranoside, GluR2 proteins bound to the
resin were eluted with the elution buffer (50 mM diethylamine
(pH 11.0), 150 mMNaCl, and 0.1% n-dodecyl-�-D-maltopyran-
oside). This eluate was immediately neutralized with 0.5 M

NaH2PO4 (pH 4.5). The purified GluR2 was concentrated and
subjected to SDS-PAGE.
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LC/MS/MS of N-Linked Oligosaccharides—The bands of
purified GluR2 (�100 kDa) were excised and cut into pieces.
The gel pieces were destained and dehydrated with 50% aceto-
nitrile. The protein in the gel was reduced and carboxymethy-
lated by incubation with dithiothreitol and sodium mono-
iodoacetate (27).N-Glycans were extracted from the gel pieces
as reported (28) and reduced with NaBH4. The borohydride-
reduced glycans were desalted with Envi-carb (Supelco).
LC/MS/MS was carried out on a quadrupole linear ion trap/
Fourier transform-ion cyclotron resonance mass spectrometer
(FT-ICRMS) (Thermo Electron Corp) connected to a NanoLC
system (Michrom BioResource, Inc.). The eluents were 5 mM

ammonium acetate (pH 9.6), 2% CH3CN (pump A), and 5 mM

ammonium acetate (pH 9.6), 80%CH3CN (pump B). The boro-
hydride-reduced N-linked oligosaccharides were separated on
a Hypercarb (0.1 � 150 mm, 5 �m; Thermo Electron Corp.)
with a linear gradient of 5–20%of pumpB (0–45min), 20–50%
of pumpB (45–90min), 50–70% of pumpB (90–90.1min), and
70% of pumpB (90.1–130min). A fullMS scan (m/z 700–2000)
by FT-ICR MS followed by data-dependent MS/MS for the
most abundant ion was performed in the positive ion mode.
Cell Culture and Transfection—Primary hippocampal cul-

tures were prepared from postnatal day 0 mouse brains. Hip-
pocampi were trypsinized for 10min at 37 °C. Dissociated neu-
rons were plated on BD Biocoat Poly-D-lysine Cellware 4-well
culture slide (BD Biosciences) at 1.0 � 105 cells per well coated
with 2 �g/ml laminin in Neurobasal medium (Invitrogen) sup-
plemented with 2% B-27 (Invitrogen) and 500 �M L-glutamine.
Every 7 days, the cultures were fed by replacing half of the
medium with feeding medium. HEK 293 cells were cultured in
Dulbecco’s modified Eagle’s mediumwith 10% fetal calf serum,
andCHOcellsweremaintained inminimumEagle’s�-medium
supplementedwith 10% fetal calf serum.These cells were trans-
fected using FuGENE 6 transfection reagent (Roche Applied
Science).
Immunofluorescence-based Internalization Assays—Live

hippocampal neurons were prelabeled with 10 �g/ml anti-
GluR2 N terminus antibody for 15 min at 37 °C. After washing
out the antibody, the neurons were incubated with or without
100�MAMPA treatment (in the presence of 50�M D-2-amino-
5-phosphonopentanoic acid) for 20min at 37 °C to allow endo-
cytosis of GluR2. To stain GluR2 remaining on the cell surface,
neurons were fixed in 4% paraformaldehyde, 4% sucrose for 10
min at room temperature and incubated with Alexa 488-con-
jugated secondary antibody (Molecular Probes) for 1 h at room
temperature. The neurons were fixed withmethanol at�20 °C,
and Alexa 546-conjugated secondary antibody (Molecular
Probes) was used for internalized GluR2 staining. Internalized
and surface GluR2 fluorescence intensity was quantified using
FluoView (Olympus) imaging system.
Cell Surface Protein Biotinylation Assay—Hippocampal cul-

tured neurons and CHO cells were reacted with 1 mg/ml EZ-
Link Sulfo-NHS-SS-biotin (Pierce) in phosphate-buffered
saline for 30 min at 4 °C. Before surface biotinylation, neurons
were incubatedwith orwithout 100�MAMPA treatment for 20
min at 37 °C. These cells were lysed with extraction buffer, and
cell surface-biotinylated proteins were pulled down with

immobilized streptavidin (Pierce) and immunoblotted with
anti-GluR2 antibody.
Cross-linking Experiment—Hippocampal P2 fractions and

transfected HEK 293 cells were cross-linked with 2 mM 3,3�-
dithiobis(sulfosuccinimidyl propionate) (DTSSP) (Pierce) in
phosphate-buffered saline at room temperature for 30min, and
the reaction was quenched by the addition of 50 mM Tris-HCl
(pH 7.4). The cross-linked P2 fractions were solubilized with
extraction buffer and centrifuged at 125,000 � g for 1 h to
separate into two distinct fractions (1% Triton X-100-soluble
and -insoluble fractions). The Triton X-100-insoluble fraction
was solubilizedwith 10mMTris-HCl (pH7.4) buffer containing
1% SDS. Both insoluble and soluble fractions were subjected to
immunoprecipitation analysis.
Quantification and Statistical Analysis of Immunoprecipita-

tion Experiment—For the immunoblot analysis, a luminoimage
analyzer LAS-3000 (Fuji Film) was used for the detection of
protein bands. Densitometry of these bands was performed
using image analysis software ImageGauge (Fuji Film). Calibra-
tion curves of protein bands for GluR2 andN-cadherin showed
good linearity (r2 � 0.97072 (N-cadherin) and 0.95566
(GluR2)). To quantify the strength of interaction between
GluR2 and N-cadherin, the intensity of co-immunoprecipi-
tatedN-cadherin or GluR2was normalized by immunoprecipi-
tated GluR2 or N-cadherin, respectively. Results are shown as
percent of value relative to the wild-type or control cells. The
statistical analyses performed are listed in the individual figure
legends, and values are expressed as the means � S.E.

RESULTS

Expression of HNK-1 Glyco-epitope in the Mouse Hippo-
campus—To search for a novel HNK-1 carrier protein(s)
responsible for synaptic plasticity, we first examined the
expression of HNK-1 glyco-epitope in P2 (crude synaptosome)
fractions obtained frommouse hippocampi at several develop-
mental stages (Fig. 1A). The expression of HNK-1 was barely
detected at embryonic day 16. After birth, it reached a peak at
postnatal day 14 (P14), which coincided with themajor postna-
tal synaptogenic period, and gradually decreased in adulthood.
The expression of HNK-1 epitope was almost abolished in
GlcAT-P-deficient mice (Fig. 1A), indicating that the biosyn-
thesis ofHNK-1 in brains ismainly regulated by a brain-specific
glucuronyltransferase (GlcAT-P). Next, we performed bio-
chemical fractionation ofmouse hippocampi and examined the
subcellular distribution of the HNK-1 epitope by immunoblot
analysis. HNK-1 carrier proteins were detected in a wide range
of molecular mass, from 100 to 250 kDa or higher (Fig. 1B,
upper panel), and an �100-kDa HNK-1-positive band was
highly enriched in the P2 and PSD fractions, showing a similar
distribution profile to the postsynapticmarker PSD-95 (Fig. 1B,
lower panel). We also examined the subcellular localization of
theHNK-1 epitope in cultured hippocampal neurons at 19 days
in vitro. The immunoreactivity against the HNK-1 antibody
was diffusely distributed on dendritic shafts and spine heads
(supplemental Fig. 1). The punctate staining pattern forHNK-1
on the spines was co-localized with PSD-95 and apposed to the
presynaptic marker synaptophysin. These results indicated the
presence of HNK-1 carrier protein(s) at postsynaptic sites, and
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we focused on the specific HNK-1 carrier molecule enriched at
postsynaptic sites to examine the role of HNK-1 in synaptic
plasticity.
HNK-1 Glyco-epitope Is Expressed on the AMPA-type Gluta-

mate Receptor Subunit GluR2—To identify the�100-kDa can-
didate glycoprotein, we purified HNK-1 carrier proteins from
the P2 fractions of mouse hippocampi using HNK-1 antibody-
conjugated beads. The purified proteins were isolated by SDS-
PAGE and stained with Coomassie Brilliant Blue. A piece of
polyacrylamide gel containing the �100-kDa glycoprotein was
excised and digested with trypsin. Using LC/MS/MS, we iden-
tified the novel HNK-1 carrier molecule as GluR2, which is an
AMPA-type glutamate receptor subunit (supplemental Fig. 2).
To further confirm these results, we immunoprecipitated
GluR1 and GluR2 by subunit-specific antibodies from the PSD
fractions of hippocampi under denaturing conditions and then
immunoblotted them with HNK-1 antibody (Fig. 2A). HNK-1
epitope was specifically detected on GluR2 but not on GluR1.
Furthermore, the HNK-1 epitope on GluR2 was completely

removed by N-glycosidase F treatment, indicating that it is
attached to the nonreducing terminus ofN-glycan(s) onGluR2.
We also examined the expression of HNK-1 on N-methyl-D-
aspartic acid (NMDA) receptor (composed of NR1 and NR2
subunits), which is another ionotropic glutamate receptor (Fig.
2B). Neither NR1 nor NR2 carried the HNK-1 epitope. These
results suggest that the HNK-1 epitope is specifically expressed
on GluR2 and may regulate the function of GluR2.
LC/MS/MS of N-Linked Oligosaccharides on GluR2—To

determine the glycan structure, including HNK-1 glyco-
epitope on GluR2, GluR2 was immunopurified from P2 frac-
tions and separated by SDS-PAGE (Fig. 3A). The GluR2 band
(�100 kDa) was excised and treated with N-glycosidase F. The
extractedN-linked oligosaccharides were reduced with NaBH4
and subjected to LC/MS/MS. Fig. 3B shows the base peak chro-
matograms obtained by a full MS scan (m/z 700–2000) by FT-
ICR MS. The major molecular ions detected by a full MS scan
were subjected to data-dependent collision-induced dissocia-
tion-tandem mass spectrometry automatically. From all the
MS/MS spectra, only those of oligosaccharides carryingHNK-1
or nonsulfated HNK-1 motifs were sorted out using HNK-1
diagnostic ion, GlcA-Gal-GlcNAc� (m/z 542) (Fig. 3B, lower
panel). The carbohydrate structure of the HNK-1 and nonsul-
fated HNK-1 oligosaccharides (peaks 1–6) was deduced from
the m/z values of precursor ions detected by FT-ICR MS and
product ions obtained byMS/MS (Fig. 3C). As a typicalMS/MS
spectrum, the product ion spectrum of peak 3 is shown in Fig.
3D. Peak 3 was assigned to a bisected biantennary N-glycan
carrying the HNK-1 motif based on the product ions, such as
GlcA-Gal-GlcNAc� (m/z 542), SO3-GlcA-Gal-GlcNAc� (m/z
622), and [M-SO3-GlcA-Gal-GlcNAc � H]� (m/z 1319).
Together with the immunoprecipitation experiment shown in

FIGURE 1. HNK-1 is expressed in the PSD fraction from mouse hip-
pocampi. A, developmental expression of HNK-1 glyco-epitope in mouse
hippocampi. Hippocampal P2 fractions (5 �g of proteins) obtained at the
indicated developmental stages (E16, embryonic day 16; P7 to P210, postnatal
day 7–210) were immunoblotted (IB) with HNK-1 monoclonal antibody. Note
that the expression of HNK-1 completely disappeared at P14 in the GlcAT-
P�/� mice (right lane). B, biochemical fractionation of HNK-1 carrier proteins
and PSD-95 in hippocampi. (S1, postnuclear supernatant; P2, crude synapto-
some; P3, light membrane). Five micrograms of proteins obtained from dif-
ferent fractions were immunoblotted for HNK-1 and PSD-95.

FIGURE 2. Immunoprecipitation analysis of the PSD fractions from mouse
hippocampi. A, GluR1 and GluR2 were immunoprecipitated (IP) with GluR1-
and GluR2-specific antibodies under SDS-denaturing conditions, respec-
tively. The immunoprecipitates were treated with (�) or without (�) N-gly-
cosidase F and then immunoblotted (IB) for HNK-1 (upper panel) and GluR1 or
GluR2 (lower panel). B, NR1 and NR2 were immunoprecipitated and immuno-
blotted with HNK-1 antibody (upper panel), NR1 (middle panel), and NR2
(lower panel).
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Fig. 2, these data show that HNK-1 is actually expressed on
N-glycans of GluR2 in the brain.
HNK-1 Glyco-epitope on GluR2 Regulates the Endocytosis of

GluR2 in Hippocampal Neurons—Numerous recent studies
have strongly suggested that the mechanism underlying acti-
vity-dependent synaptic plasticity is related to the redistribution
of GluR2 between intracellular components and the synaptic
membrane (15). GluR2 is internalized by clathrin-dependent
endocytosis, and two distinct types of GluR2 endocytosis are
known, constitutive (under basal conditions) and regulated
endocytosis (under stimulation by a reagent such as AMPA,
N-methyl-D-aspartic acid, and insulin) (29). Moreover, we
revealed that HNK-1 is specifically expressed on GluR2 (Fig. 2)
and that loss of HNK-1 in the brain impairs the synaptic plas-

ticity (8). Taken together, we hypothesized that HNK-1 expres-
sion on GluR2 regulates its intracellular distribution. To evalu-
ate the influence of HNK-1 epitope on GluR2 endocytosis, we
performed a fluorescence-based internalization assay (30)
using hippocampal neurons derived from wild-type or GlcAT-
P-deficient mice. In this assay, the surface GluR2 subunits on
living neurons at 18 days in vitro were labeled with 10 �g/ml
antibody against the extracellular epitope of GluR2, and then
antibody-labeled neurons were incubated for 20 min at 37 °C
to allow endocytosis either in the absence or presence of 100�M

AMPA to determine constitutive or regulated GluR2 endocy-
tosis, respectively. The antibody-labeled GluR2 remaining on
the cell surface and the GluR2 internalized into intracellular
vesicles were independently immunostained under nonperme-

FIGURE 3. LC/MS/MS of N-linked oligosaccharides on GluR2. A, GluR2 from the P2 fraction of hippocampi was purified using an anti-GluR2 antibody column.
The purified GluR2 was digested with N-glycosidase F, and the extracted N-linked oligosaccharides were analyzed by LC/MS/MS. B, peak chromatogram
obtained by a full MS scan (m/z 700 –2000) of borohydride-reduced N-linked oligosaccharides released from the gel-separated GluR2 (upper panel). Extracted
ion chromatogram (m/z 542) was from a data-dependent MS/MS scan, and m/z values of precursor ions were obtained by FT-ICR MS (lower panel). C, deduced
structures of peaks 1– 6 and their theoretical masses as shown in B. D, MS/MS spectrum of peak 3 as shown in B.
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abilizing and permeabilizing conditions, respectively (Fig. 4A).
The total fluorescence (surface and internalized fluorescence)
of all four conditions was unchanged (Fig. 4B). The “internal-
ization index” represents the ratio of internalized fluorescence/
total fluorescence and was compared with wild-type neurons
under basal and AMPA-stimulated conditions (Fig. 4C). Under
basal conditions, GluR2 in GlcAT-P-deficient neurons showed
a higher degree of intracellular accumulation than GluR2 in
wild-type neurons (wild-type, 11.7� 1.35; GlcAT-P�/�, 25.1�
1.87; **, p � 0.01) (Fig. 4, A and C). Under AMPA-stimulated
conditions, the amount of intracellular GluR2 in GlcAT-P-de-
ficient neurons was more greatly increased than that in wild-
type neurons (wild type, 43.7� 2.09; GlcAT-P�/�, 72.5� 1.49;
**, p � 0.01). Next we performed a cell surface biotinylation
assay to test the surface levels of GluR2 in cultured hippocam-
pal neurons. The amount of surface GluR2 in GlcAT-P-defi-
cient neurons was slightly decreased to 82.5� 3.5% of wild type
under the basal conditions (**, p � 0.01) (Fig. 4,D and E). After

AMPA treatment, the surface
expression levels of GluR2 both in
wild-type and GlcAT-P-deficient
neurons were decreased, but the
surface expression in GlcAT-P-de-
ficient neurons was decreased more
than that in wild type (wild type,
58.1 � 2.6%; GlcAT-P�/�, 35.5 �
4.5; **, p � 0.01). These results from
two independent experiments were
consistent with each other and
revealed thatGluR2 inGlcAT-P-de-
ficient neurons showed facilitated
endocytosis or instability on the cell
surface under both basal and stimu-
lated conditions.
HNK-1 Epitope Is Involved in the

Interaction between GluR2 and
N-cadherin—A recent report has
shown that the extracellular N-ter-
minal domain of GluR2 interacts
with N-cadherin and that the inter-
action plays important roles in the
surface diffusion of GluR2 on neu-
ronal membranes (31). It was also
reported that the association be-
tween GluRs and N-cadherin reg-
ulates the trafficking and surface
expression of AMPA receptors (32).
As described above, it seems that
HNK-1 deficiency leads to destabi-
lization of GluR2 on the neuronal
cell surface. To determine whether
the HNK-1 epitope on the N-termi-
nal domain is involved in the inter-
action of GluR2 with N-cadherin,
we compared the amount of N-
cadherin associated with GluR2
between the wild-type and GlcAT-
P-deficient mice by means of a co-

immunoprecipitation experiment. In brief, the P2 fraction pre-
pared from hippocampi was treated with DTSSP for protein
cross-linking and then solubilized with 1% Triton X-100. The
GluR2-containing complex was immunoprecipitated from the
TritonX-100-soluble and -insoluble fractions using anti-GluR2
antibody, and the cross-linking was then reversed and analyzed
by immunoblot analysis with antibodies against GluR2 and
N-cadherin, respectively. Because of the existence of synapto-
physin andPSD-95 (Fig. 5A, input,middle and lower panels), we
refer to the soluble and insoluble fractions as the pre- and
postsynaptic protein-rich fractions, respectively. In the presyn-
aptic protein-rich fraction (soluble fraction), the interaction
between GluR2 and N-cadherin was hardly detected (Fig. 5A).
GluR2 interacted with N-cadherin in the postsynaptic protein-
rich fraction (insoluble fraction) from wild-type and GlcAT-P-
deficient mice (Fig. 5A). However, the amount of N-cadherin
co-immunoprecipitatedwithGluR2 inGlcAT-P-deficientmice
significantly decreased to 64.8 � 6.4% that in wild-type mice

FIGURE 4. Intracellular and surface GluR2 under basal and AMPA-stimulated conditions in cultured hip-
pocampal neurons. A, representative images of neurons stained for surface and internalized GluR2, following
20 min of incubation in conditioned medium or incubation in conditioned medium containing 100 �M AMPA
plus 50 �M D-2-amino-5-phosphonopentanoic acid. B, quantification of total GluR2 fluorescence (surface �
internalized GluR2) normalized to the value of GluR2 in wild-type neurons under the basal conditions (n �
17–26 for each condition). C, quantification of intracellular accumulation of GluR2, measured as the ratio of
internalized fluorescence/total fluorescence (internalization index). **, p � 0.01 (two-tailed t test). D, biotiny-
lation assay of surface GluR2. Under basal or AMPA-stimulated conditions, the cell surface proteins on hip-
pocampal neurons were biotinylated, and biotinylated GluR2 was precipitated with streptavidin beads and
immunoblotted (IB) with anti-GluR2 antibody. E, quantification of surface GluR2. The amount of surface GluR2
as shown in D was measured by band intensity and normalized to inputs, respectively (n � 3). **, p � 0.01
(two-tailed t test). Error bars indicate S.E.
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(Fig. 5B, **, p� 0.01), although the amounts of total N-cadherin
and immunoprecipitated GluR2 exhibited no difference
between wild-type and GlcAT-P-deficient mice. This result
indicates that HNK-1 epitope enhances the interaction
between GluR2 and N-cadherin at the postsynaptic mem-
branes. To further corroborate this, N-cadherin and GluR2
expression plasmids were co-transfected into HEK 293 cells in
the presence or absence of a plasmid containing HNK-1-syn-
thesizing enzymes (GlcAT-P and HNK-1ST) for the produc-
tion of GluR2 with or without the HNK-1 epitope. In both
HNK-1-positive and -negative cells, the GluR2-N-cadherin
interactionwas detected (Fig. 5C). In theHNK-1-negative cells,
the amount of N-cadherin co-immunoprecipitated with GluR2
decreased to 58.3 � 8.4% (**, p � 0.01) that in the HNK-1-
positive cells (Fig. 5, C andD), and in a reverse experiment, the
amount ofGluR2 co-immunoprecipitatedwithN-cadherinwas
reduced to 78.4� 6.9% (*, p� 0.05) that in the HNK-1-positive
cells (Fig. 5, C and D). These results indicate that HNK-1
epitope enhances the physical interaction of GluR2 with
N-cadherin.
HNK-1 Glyco-epitope Enhances the Surface Expression of

GluR2 in an N-cadherin-dependent and -independent Manner—
To corroborate that the interaction betweenGluR2 andN-cad-
herinmodulated by HNK-1 epitope has an effect on the surface

expression of GluR2, we transiently expressed GluR2 and
N-cadherin into CHO cells and performed a cell surface bioti-
nylation assay. Unlike HEK 293 cells, CHO cells did not express
endogenous N-cadherin. Co-expression of N-cadherin slightly
increased the surface expression of GluR2 (119.1 � 8.7%) (Fig.
6, A and B). To examine the effect of HNK-1 on the surface
expression of GluR2, we next expressed the HNK-1 epitope on
GluR2 byGlcAT-P andHNK-1ST in the absence or presence of
N-cadherin. The expression of HNK-1 increased the surface
level of GluR2 even in the absence of N-cadherin (137.4 �
10.1%), but the effect of the HNK-1 was more obvious in the
presence of N-cadherin (238.2 � 34.5%). Taken together, these
results indicated that the surface stability of GluR2 was
enhanced byHNK-1 in both anN-cadherin-dependent and -in-
dependent manner.

DISCUSSION

In the nervous system, various types of cells recognize and
interact with each other to form a precise neural network. Dur-
ing this process, carbohydrates expressed on proteins, espe-
cially cell surface and secreted proteins, give rise to the struc-
tural and functional diversities of carrier proteins. Among
them, HNK-1 glyco-epitope is mainly expressed on immuno-
globulin family cell adhesion molecules (NCAM, L1, P0, etc.)

FIGURE 5. HNK-1 glyco-epitope on GluR2 enhances the interaction with N-cadherin. A, P2 fractions from hippocampi of wild-type and GlcAT-P�/� mice at
P14 were cross-linked with DTSSP and then solubilized with 1% Triton X-100. Both soluble and insoluble fractions were immunoprecipitated (IP) with anti-
GluR2/3 antibodies, and the immunoprecipitate complexes were immunoblotted (IB) for GluR2/3, N-cadherin, and HNK-1. Note that the fractions that contain
synaptophysin or PSD-95 are the pre- and postsynaptic protein-rich fractions, respectively. B, quantification of N-cadherin co-immunoprecipitated with GluR2
in A. N-cadherin associated with GluR2 was normalized to immunoprecipitated GluR2 (n � 5). **, p � 0.01 (two-tailed t test). C, immunoprecipitation analysis
of GluR2 interacting with N-cadherin in HEK 293 cells. HEK 293 cells were overexpressed with GluR2 and N-cadherin in the presence or absence of HNK-1-
synthesizing enzymes (GlcAT-P and HNK-1ST), as indicated. After cross-linking with DTSSP, GluR2/3 or N-cadherin was immunoprecipitated. D, quantification
of GluR2 associated with N-cadherin (left panel) and N-cadherin associated with GluR2 (right panel) in C. The results were normalized by immunoprecipitated
N-cadherin (n � 3). *, p � 0.05; **, p � 0.01 (two-tailed t test). Error bars indicate S.E.
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and extracellular matrix proteins (tenascin-R, phosphacan,
etc.) (12, 33). Thus far, most previous studies have focused on
the adhesive andmorphological functions ofHNK-1 epitope on
these molecules and have shown its relationship to neural crest
cell migration, neuron to glial cell adhesion, and the outgrowth
of astrocytic processes (3). From the aspect of synaptic plastic-
ity, the HNK-1 epitope carried by tenascin-R has been well char-
acterized. Tenascin-R is highly present in the perineuronal nets
surrounding parvalbumin-positive inhibitory interneurons (34,
35). It is proposed thatHNK-1epitopeon tenascin-R is involved in
the regulationofperisomatic inhibitionofCA1pyramidalneurons
via reduction of evoked �-aminobutyric acid release, resulting in
the reduction of LTP in CA1 pyramidal neurons (12, 36). In this
study, we report that theHNK-1 epitope is expressed at excitatory
postsynaptic sites onhippocampal pyramidal neurons (Fig. 1).We
first identified the neurotransmitter receptor subunit GluR2 as a

novelHNK-1carriermolecule (Figs. 2 and3).HNK-1regulates the
synaptic functions of GluR2 bymodulating the surface expression
of GluR2 (Figs. 4 and 6). This study provides new aspects for
understanding the role of HNK-1 glyco-epitope in synaptic
plasticity.
Inmature pyramidal neurons,GluR1 andGluR2 are predom-

inantly expressed, and the great majority of AMPA receptors
contain GluR2 subunits. In particular, it is considered that
GluR2 subunit plays pivotal roles in receptor assembly and traf-
ficking (15, 37). GluR1 and GluR2 are synthesized and assem-
bled into tetrameric AMPA receptor complexes in the endo-
plasmic reticulum. After their assembly, the HNK-1 on GluR2
is synthesized by GlcAT-P and HNK-1ST in the Golgi appara-
tus. GluR2 has four N-glycosylation sites in its extracellular
N-terminal domain, and all of them are conserved between
GluR2 and GluR1 (16). Interestingly, although GluR1 and
GluR2 have high homology with respect to their amino acid
sequence and common biosynthesis pathway, HNK-1 is selec-
tively expressed on GluR2 but not on GluR1. This result sug-
gests that HNK-1 regulates the specific function of GluR2 and
influences excitatory synaptic transmissions.
It has beenwidely demonstrated thatGluR2 interacts with its

intracellular and extracellular partners, and these interactions
control AMPA receptor functions such as receptor trafficking
and stabilization on the cell surface (38). Glutamate receptor
interacting protein/AMPA-binding protein and protein inter-
acting with protein kinase C-1 are partners that associate with
the PDZ domain in the intracellular C-terminal tail of GluR2.
The interactions of glutamate receptor interacting protein/
AMPA-binding protein and protein interacting with protein
kinase C-1withGluR2 depend on the phosphorylation status of
the C terminus of GluR2 (including Ser-880 and Tyr-876 resi-
dues) (39–41). Another intracellular partner, N-ethylmaleim-
ide-sensitive fusion protein, binds to the C-terminal mem-
brane-proximal site of GluR2 and plays important roles in the
insertion ofAMPAreceptors into postsynapticmembranes (42,
43). This N-ethylmaleimide-sensitive fusion protein-binding
site overlaps with the binding site of AP2, which is an adaptor
protein for cargo in clathrin-dependent endocytosis (30, 44).
We examined the interactions ofGluR2with these proteins, but
there was no apparent difference between wild-type and
GlcAT-P-deficient mice (data not shown). As for the extracel-
lular N-terminal domain of GluR2, there are few reports about
its functions and interactions with its partners. Passafaro et al.
(45) demonstrated that the overexpression of the GluR2 N-ter-
minal domain exhibited an increase in the number of functional
synapses and enlargement of spine heads in cultured hip-
pocampal neurons. A recent study (31) showed that the inter-
action with N-cadherin is needed for the synapse (spine) pro-
motion activity and stabilization of GluR2 on the neuronal
surface. In this study, the absence of the HNK-1 epitope on
GluR2 reduced its interaction with N-cadherin in vivo and in
vitro (Fig. 5). Corresponding to this, we observed the abnormal
dendritic spine morphogenesis in early postnatal GlcAT-P-de-
ficient mice and in cultured hippocampal neurons.4 During

4 I. Morita, S. Kakuda, Y. Takeuchi, T. Kawasaki, and S. Oka, unpublished data.

FIGURE 6. HNK-1 glyco-epitope enhances the surface expression of GluR2
in an N-cadherin-dependent and -independent manner. A, CHO cells were
overexpressed with GluR2, N-cadherin, and HNK-1-synthesizing enzymes as
indicated. The cell surface proteins on CHO cells were biotinylated, and bio-
tinylated GluR2 molecules were precipitated with streptavidin beads and
immunoblotted with anti-GluR2 antibody (Surface GluR2). The overexpressed
GluR2 (Total GluR2) or N-cadherin in each cell lysate was almost equivalent.
The HNK-1 epitope was expressed on GluR2 when GlcAT-P and HNK-1ST were
overexpressed. B, quantification of the surface expression of GluR2 in A. The
intensity of surface GluR2 was normalized to total GluR2, and the bar graph
shows the percentages compared with control cells (n � 5). *, p � 0.05 (two-
tailed t test). Error bars indicate S.E.
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synaptogenesis (at postnatal day 14), most pyramidal neurons
inwild-typemice possessedmature spineswithmushroom-like
heads, but the majority of dendritic protrusions were long and
thin immature filopodia-like spines inGlcAT-P-deficientmice.
These data led us to suggest that HNK-1 onGluR2 controls not
only AMPA receptor trafficking but also spine morphogenesis.
However, HNK-1 is widely expressed on a series of cell adhe-
sion molecules and extracellular molecules other than GluR2
(Fig. 1). As the HNK-1 on these molecules has almost com-
pletely disappeared in GlcAT-P-deficient mice (Fig. 1), it is dif-
ficult to rule out the involvement of the HNK-1 on other mol-
ecules in spine morphology. Although we reveal in this study
thatHNK-1 onGluR2 is probably involved in synaptic plasticity
by regulating its cell surface expression level through its inter-
action with N-cadherin in vivo, further investigation is neces-
sary to clarify the precise molecular mechanisms of spine for-
mation and synaptic plasticity regulated by the HNK-1
glyco-epitope.
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