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Abstract

The AMPA-type glutamate receptor (AMPAR), which is a tetrameric complex composed of
four subunits (GluA1-4) with several combinations, mediates the majority of rapid excitatory
synaptic transmissions in the nervous system. Cell surface expression levels of AMPAR
modulate synaptic plasticity, which is considered one of the molecular bases for learning
and memory formation. To date, a unique trisaccharide (HSO3-3GIcAR1-3GalB1-4GIcNAc),
human natural killer-1 (HNK-1) carbohydrate, was found expressed specifically on N-linked
glycans of GIuA2 and regulated the cell surface expression of AMPAR and the spine matu-
ration process. However, evidence that the HNK-1 epitope on N-glycans of GIuA2 directly
affects these phenomena is lacking. Moreover, it is thought that other N-glycans on GIuA2
also have potential roles in the regulation of AMPAR functions. In the present study, using a
series of mutants lacking potential N-glycosylation sites (N256, N370, N406, and N413)
within GluA2, we demonstrated that the mutant lacking the N-glycan at N370 strongly sup-
pressed the intracellular trafficking of GIuA2 from the endoplasmic reticulum (ER) in
HEK293 cells. Cell surface expression of GluA1, which is a major subunit of AMPAR in
neurons, was also suppressed by co-expression of the GluA2 N370S mutant. The N370S
mutant and wild-type GIuA2 were co-immunoprecipitated with GluA1, suggesting that
N370S was properly associated with GluA1. Moreover, we found that N413 was the main
potential site of the HNK-1 epitope that promoted the interaction of GluA2 with N-cadherin,
resulting in enhanced cell surface expression of GluA2. The HNK-1 epitope on N-glycan at
the N413 of GIuA2 was also involved in the cell surface expression of GluA1. Thus, our data
suggested that site-specific N-glycans on GluA2 regulate the intracellular trafficking and cell
surface expression of AMPAR.
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Introduction

Glycosylation is one of the major post-translational protein modifications with important
roles in the structural and functional diversity of proteins. Among them, the human natural
killer-1 (HNK-1) glyco-epitope is highly expressed on several cell adhesion molecules and
extracellular matrix molecules in the nervous system [1]. This carbohydrate epitope, which
exhibits a unique trisaccharide structure, (HSO3-3GlcA831-3Galf31-4GlcNAc), is biosynthe-
sized sequentially by galactosyltransferase (84GalT2) [2,3], one of two glucuronyltransferases
(GIcAT-P and GIcAT-S) [4], and a sulfotransferase (HNK-1ST) [5]. We reported previously
that GIcAT-P gene-deficient mice, which showed an almost complete loss of HNK-1 expres-
sion in the brain, exhibited an aberration in spatial learning and memory formation and a
reduction of long-term potentiation in the hippocampal CA1 region [6]. These phenotypes
might be due to abnormal dendritic spine morphogenesis [7]. Subsequently, we identified a
candidate HNK-1-carrier protein, which is responsible for the defects in synaptic plasticity
observed in GIcAT-P-deficient mice, as GluA2, a subunit of the AMPA-type glutamate recep-
tor (AMPAR) [8].

AMPAR, one of the ionotropic glutamate receptors, a hetero- or homo-tetrameric complex
composed of various combinations of four subunits (GluA1-4), mediates the majority of excit-
atory synaptic transmissions in the mammalian brain. Thus, the number of postsynaptic
AMPARSs contributes to long-lasting changes in synaptic strength and dendritic spine enlarge-
ment [9]. We previously showed that loss of the HNK-1 epitope greatly increases internaliza-
tion of AMPARSs in cultured hippocampal neurons and in heterologous cells, which indicates
the HNK-1 epitope is an important factor in controlling the cell surface expression of the
AMPAR [8]. However, as the HNK-1 epitope is expressed on several molecules, such as
N-CAM, MAG, P0, and phosphacan [10,11], determining whether the HNK-1 epitope on
GluA2 directly modifies cell surface expression of AMPAR is difficult. Moreover, GluA2 has
four potential N-glycosylation sites in its extracellular domain (Fig 1A). Therefore, questions
regarding the particular N-glycosylation sites on GluA2 that dominantly possess the HNK-1
epitope and whether other N-glycans have a role in regulating the cell surface expression of
GluA2 remain unanswered.

In the present study, we generated mutants in the potential GluA2 N-glycosylation sites
(N256S, N370S, N406S, and N413S) to demonstrate the roles of N-glycans, including the
HNK-1 epitope, in regulating the cell surface expression of GluA2. We demonstrated that N-
glycan at N370 was involved in the intracellular trafficking of GluA2 and co-transfected
GluA1l. We also found that the HNK-1 epitope was mainly expressed on N-glycan at N413
and that the HNK-1 epitope on GluA2 regulated the cell surface expression of co-transfected
GluA1l. Taken together, our results demonstrated that the site-specific N-glycosylation of
GluA2 (the HNK-1 epitope at N413 and N-glycan at N370) is required for the intracellular
trafficking and cell surface expression of GluA1 and GluA2.

Materials and Methods
Expression Plasmids

To yield the plasmid pcDNA3.1/GluAl, the EcoRI-EcoRI GluA1 fragment derived from
pKC24/GluAl (mouse), donated by Dr. M. Mishina (Tokyo University) [12], was cloned into
pcDNA3.1/myc-HisB (Invitrogen). Constructs of the plasmid pcDNA3.1/GluA2 and pIRES/
GIcAT-P-IRES-HNK-1ST were described previously [8,13]. A series of GluA2 mutants in
which the asparagine (Asn) residue in the consensus sequence (N-X-S/T) was mutated to ser-
ine (Ser) (N256S, N370S, N406S, and N413S) were constructed using QuickChange Lightning
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Fig 1. N-glycan at N370 is essential for cell surface expression of GluA2. (A) GIuA2 is composed of NTD (pink), LBD (blue), transmembrane domains,
and a cytoplasmic domain. NTD includes two N-glycosylation sites (N256 and N370), and N406 and N413 are located in the linker between NTD and LBD.
The amino acid number was counted from the first methionine of the signal sequence. (B) A cell biotinylation assay was applied to HEK293 cells expressing
GluA2 wild-type (WT) or N-glycosylation site mutants (N256S, N370S, N406S, or N413S). Biotinylated GluA2 was immunoblotted with anti-GluA2/3
polyclonal antibody (Surface). The lysates were also immunoblotted for loading control (Total). (C) HEK293 cells expressing WT or mutants were doubly
immunostained. Cell surface GIuA2 was stained with anti-GluA2 N-terminal monoclonal antibody (red) under nonpermeabilizing conditons. Intracellular
GluA2 was subsequently stained with anti-GluA2/3 polyclonal antibody (green) after cell permeabilization.

doi:10.1371/journal.pone.0135644.9001

site-directed mutagenesis kit (Stratagene) with the following primers: (N256S; cagtttggag
gagcaagtgtctctggatttcag, N370S; ccagaacggaaaacgaataagctacacaattaa
catcatgg, N406S; agctcccctctggaagtgacacatcectggget, N413S; catctgggett
gaatcaaaaactgtggttgtcacc;and the respective reverse complementary primers),
employing pcDNA3.1/GluA?2 as a template. The pcDNA3.1/N-cadherin was a generous gift
from Dr. A. Kinoshita (Kyoto University) [14].
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Cell Culture and Transfection

HEK?293 cells purchased from the American Type Culture Collection were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum at 37°C until reaching
50-80% confluency. For transfection, cells were plated on 60-mm tissue culture dishes or four-
well chamber slides, grown overnight, and then transfected with various expression plasmids
(2 pg/dish) using FuGENES transfection reagent (Roche Applied Science).

Cell Surface Protein Biotinylation Assay

At 48 h post-transfection, HEK293 cells were treated with 1 mg/ml EZ-Link Sulfo-NHS-SS-
biotin (Thermo Fisher Scientific) in phosphate-buffered saline (PBS) for 30 min at 4°C. The
cells were solubilized with lysis buffer (1% TritonX-100, 0.5% deoxycholate, 20 mM Tris-HCl
(pH7.4), 150 mM NaCl, 1 mM EDTA, and protease inhibitor mixture). Cell surface-biotiny-
lated proteins were pulled down with Immobilized Streptavidin Agarose Resin (Thermo Fisher
Scientific).

Immunoprecipitation

At 48 h post-transfection, HEK293 cells were solubilized with lysis buffer. For immunoprecipi-
tation, primary antibodies (final concentration 4 ug/ml) and Protein G-Sepharose 4 Fast Flow
(GE Healthcare) were added to the solution and rotated for 2 h at 4°C.

SDS-PAGE and Immunoblotting

Biotinylated or immunoprecipitated proteins and cell lysates were separated using 7% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with the Laemmli buffer sys-
tem and then transferred to nitrocellulose membranes. After blocking with 5% nonfat dried
milk in PBS containing 0.05% Tween 20, the membranes were incubated with specific pri-
mary antibodies (final concentration 1 ug/ml) followed by appropriate horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (final concentration 1 pg/ml). Proteins were
then detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Sci-
entific) using a Luminoimage Analyzer LAS-3000 (FujiPhoto Film). The antibodies used in
the immunoblotting (or immunoprecipitation) were as follows: HNK-1 monoclonal antibody
(a hybridoma cell line was purchased from the American Type Culture Collection), anti-
GluA1l polyclonal antibody (Enzo Life Sciences), anti-GluA2/3 polyclonal antibody (Enzo
Life Sciences), anti-N-cadherin monoclonal antibody (BD Biosciences). Each immunoblot-
ting experiment was replicated two or three times, and representative figures are shown for
each experiment.

Immunofluorescence Staining

At 36 h post-transfection, HEK293 cells were washed with PBS. To detect GluA2 on the cell
surface membrane, cells were fixed in 4% paraformaldehyde in PBS for 10 min at room tem-
perature and incubated with anti-GluA2 N-terminus monoclonal antibody (Millipore, final
concentration 5 ug/ml) in PBS containing 3% bovine serum albumin (BSA) for 1 h at room
temperature (nonpermeabilizing conditions). To detect the intracellular GluA2, the cells were
then fixed in methanol for 15 min at -20°C and incubated with anti-GluA2/3 polyclonal anti-
body (Enzo Life Sciences, final concentration 5 pg/ml) in PBS containing 3% BSA for 1 h at
room temperature (permeabilizing conditions) followed by incubation with AlexaFluor488-
conjugated anti-rabbit IgG antibody and AlexaFluor546-conjugated anti-mouse IgG antibody
(Molecular Probes, final concentration 5 pg/ml) in PBS containing 3% BSA for 1 h at room
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temperature. Intracellular and cell surface GluA2 were observed using the FluoView imaging
system (Olympus).

Results
Loss of N-glycan at N370 reduced cell surface expression of GIuA2

We previously determined that the HNK-1 epitope was attached to the non-reducing terminus
of N-glycans on GluA2 [8], but it remains unclear at which N-glycosylation site(s) the HNK-1
epitope is expressed. To investigate the N-glycosylation site(s) of HNK-1 on GluA2, we first
constructed mutants lacking each N-glycan on GluA2 by replacing the Asn residues of four
potential N-glycosylation sites with Ser (N256S, N370S, N406S, and N413S) (Fig 1A). The
wild-type (WT) and mutants were transfected into HEK293 cells, and the surface expression
level was examined using a biotinylation assay. We found the cell surface expression of N370S
was almost completely abolished but equivalent to WT in the other mutants (Fig 1B). Next, to
investigate the subcellular localization of WT and mutants, immunofluorescence staining was
initially performed under nonpermeabilizing conditions to detect the cell surface GluA2; it was
subsequently performed under permeabilizing conditions to detect the intracellular GluA2.
Almost all N370S were distributed primarily in intracellular sites, which may represent the
endoplasmic reticulum (ER) (Fig 1C). However, other mutants and WT showed both cell sur-
face and intracellular localizations. These results indicated that, of the four potential N-glyco-
sylation sites, the N-glycan at N370 strongly affected the cell surface expression of GluA2.

HNK-1 epitope dominantly expressed on N-glycan at N413

To investigate the HNK-1 expression sites on GluA2, we transfected WT or N-glycosylation
site mutants with HNK-1-synthesizing enzymes (GlcAT-P and HNK-1ST) into HEK293 cells
and immunoprecipitated GluA2 with anti-GluA2/3 polyclonal antibodies. Then, the HNK-1
expression level on each mutant was analyzed with an HNK-1 monoclonal antibody. When the
HNK-1 and GluA?2 expression levels on each cell lysate were almost equal (Fig 2A, lower panel
and Fig 2B), the HNK-1 expression level on N256S was similar to that on WT, whereas the
HNK-1 expression on N370S was almost completely abolished. Additionally, N406S and
N413S exhibited modest reductions in HNK-1 expression, respectively (Fig 2A, upper panel).
This result suggested the HNK-1 epitope was not equally expressed on all four N-glycosylation
sites but was expressed on limited sites. N370S, which was not transported from the ER to the
Golgi apparatus (Fig 1), showed no HNK-1 expression, because the GIcAT-P responsible for
the expression of HNK-1 localizes in the Golgi apparatus.

HNK-1 epitope at N413 enhanced cell surface expression of GIuA2

As the HNK-1 epitope is widely expressed on a series of cell adhesion molecules and extracellu-
lar molecules other than GluA2 [1], whether the HNK-1 epitope on GluA2 directly regulates
the cell surface expression of GluA2 is unclear. To investigate this issue, we used N413S because
the expression of HNK-1 was the most reduced (Fig 2). Additionally, we used N256S as a con-
trol because this mutant showed similar HNK-1 expression as WT. These mutants and WT
were transfected with or without HNK-1-synthesizing enzymes into HEK293 cells and a cell
surface biotinylation assay was applied. Consistent with our previous report [8], the expression
of the HNK-1 epitope increased the cell surface expression levels of WT and N256S (Fig 3A,
upper panel and Fig 3B). However, in the case of the N413S mutant, the cell surface expression
level was not increased by HNK-1 epitope expression (Fig 3A, upper panel and Fig 3B). Con-
sidering that the total HNK-1 expression level of the N413S-transfected cells was similar to
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Fig 2. The HNK-1 epitope is preferentially expressed on N-glycan at N413. GluA2 (WT, N256S, N370S, N406S, or N413S) was transfected into HEK293
cells with HNK-1-synthesizing enzymes (GIcAT-P and HNK-1ST). Afterimmunoprecipitation (IP) with anti-GluA2/3 polyclonal antibody, immunoprecipitates
were immunoblotted with an HNK-1 monoclonal antibody and anti-GluA2/3 polyclonal antibody (A). The cell lysates were immunoblotted with an HNK-1

monoclonal antibody (Input) (B).

doi:10.1371/journal.pone.0135644.9002

N256S (Fig 3A, lower panel), this result indicated that the HNK-1 epitope on GluA2 (especially
at N413) was required for enhancing the cell surface expression.

HNK-1 epitope at N413 enhanced the interaction of GluA2 with N-
cadherin

GluA2 interacts with N-cadherin via the extracellular N-terminal domain, and this interaction
regulates the cell surface diffusion, intracellular trafficking, and cell surface expression of
AMPAR on neuronal membranes [15,16]. Moreover, we previously demonstrated that the
interaction between GluA2 and N-cadherin was regulated in an HNK-1-dependent manner in
GIcAT-P-deficient mice and heterologous cells [8]. However, it remains unclear whether the
HNK-1 epitope expressed on N-glycan of GluA2 is responsible for enhancing the interaction of
GluA2 with N-cadherin. Therefore, we transfected WT or N413S and N-cadherin with or with-
out HNK-1-synthesizing enzymes. After immunoprecipitation with anti-GluA2/3 polyclonal
antibody, N-cadherin was immunoblotted to compare the amount of N-cadherin associated
with GluA2. Consistent with our previous report [8], HNK-1 expression increased the amount
of N-cadherin co-immunoprecipitated with WT (Fig 4A, upper panel and Fig 4C). However,
HNK-1 expression had a minimal effect on the amount of N-cadherin co-immunoprecipitated
with N413S (Fig 4A, upper panel and Fig 4C). Although the total HNK-1 expression level of
N413S-expressing cells was higher than that in WT, the HNK-1 epitope expression in N413S
was lower than that in WT (Fig 4B, lower panel and Fig 4A, middle panel). Therefore, other
HNK-1-carrier proteins had little or no effect on the interaction of GluA2 with N-cadherin, sug-
gesting that the HNK-1 epitope on N-glycan at N413 has a major role in enhancing the interac-
tion with N-cadherin.
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Fig 3. The HNK-1 epitope on N-glycan at N413 enhances cell surface expression of GIuA2. (A) A cell
biotinylation assay was applied to HEK293 cells expressing GIuA2 (WT, N256S, or N413S) with (+) or without
(-) HNK-1-synthesizing enzymes (GIcAT-P and HNK-1ST). Biotinylated GluA2 was immunoblotted with anti-
GluA2/3 polyclonal antibody (Surface). The cell lysates were also immunoblotted with the same polyclonal
antibody (Total) and an HNK-1 monoclonal antibody. (B) Relative intensities of surface expression levels of
GluA2 (surface/total) were calculated and normalized with that of WT without the HNK-1 epitope.

doi:10.1371/journal.pone.0135644.9003
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Fig 4. The HNK-1 epitope on N-glycan at N413 promotes interaction with N-cadherin. N-cadherin and GIuA2 (WT or N413S) were transfected into
HEK293 cells with (+) or without (-) HNK-1-synthesizing enzymes (GIcAT-P and HNK-1ST). After immunoprecipitation (IP) with anti-GluA2/3 polyclonal
antibody, immunoprecipitates were immunoblotted with anti-N-cadherin and HNK-1 monoclonal antibodies and anti-GluA2/3 polyclonal antibody (A). The cell
lysates were immunoblotted for loading control (Input) (B). (C) Relative intensities of co-immunoprecipitated N-cadherin levels (N-cadherin/GluA2) were
calculated and normalized with that of WT without the HNK-1 epitope.

doi:10.1371/journal.pone.0135644.g004

Loss of N-glycan at N370 downregulated the intracellular trafficking of
GIuA1

The majority of AMPARs in the nervous system function as hetero-tetramers composed of
GluA1 and GluA2 [17]. There is a distinct trafficking mode in two subunits; GluA1 shows con-
stitutive trafficking from the ER to the Golgi, whereas GluA2 is retained in the ER and shows
slow forward trafficking in hippocampal neurons [18,19]. However, the identity of the subunits
that dictate the AMPAR exiting the ER and the issue of whether N-glycosylation on GluA2
affects the trafficking of GluA1 remain unclear. To investigate how the exiting and intracellular
trafficking are governed by N-glycosylation on GluA2, we first examined whether the N-glyco-
sylation site mutants of GluA2 could associate with GluA1. Thus, GluA2WT or mutants
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(GluA2N256S, GluA2N370S, and GluA2N413S) were transfected with GluA1 into HEK293
cells and GluA1 or GluA2 was immunoprecipitated with anti-GluA1 or anti-GluA2/3 poly-
clonal antibodies, respectively. Then, the amount of co-immunoprecipitation was evaluated
using immunoblotting analysis with each antibody. GluA1 equally immunoprecipitated with
GluA2WT and each mutant and vice versa (Fig 5A), indicating each mutant could associate
with GluA1 as well as GluA2WT.

Next, to analyze the effect of N-glycosylation, especially N-glycan at N370, on the traffick-
ing of GluAl, GluA1l and GluA2 (GluA2WT, GluA2N256S, or GluA2N370S) was co-trans-
fected into HEK293 cells, and each cell surface expression level was evaluated using a cell
surface biotinylation assay. The cell surface expression of GluA1 appeared to be downregu-
lated by co-expression of GluA2WT and GluA2N256S (Fig 5B, left lower panel). This propen-
sity is also shown in Fig 6A. In contrast, GluA2WT and GluA2N256S were not altered by
GluAl expression. (Fig 5B, left upper panel). This suggested that the forward trafficking of
GluA1l might be controlled by GluA2. Moreover, the cell surface expression of GluA1 was
prominently downregulated by co-expressing GluA2N370S (Fig 5B, left lower panel). In addi-
tion, the reduced cell surface level of GluA2N370S remained evident even when GluA1l was
co-expressed (Fig 5B, left upper panel). These results suggest that GluA2 controlled the intra-
cellular trafficking of GluA1 in HEK293 cells and that N-glycan at N370 of GluA2 was respon-
sible for this trafficking.

HNK-1 epitope on GluA2 enhances cell surface expression of GIuA1

We previously showed that the HNK-1 epitope was specifically expressed on GluA2 but not on
GluA1 in vivo and that it was involved in the cell surface expression of GluA2 [8]. In the pres-
ent study, we showed that the HNK-1 epitope on GluA2 but not on other proteins is essential
for enhancing the cell surface expression of GluA2 (Fig 3). Moreover, N-glycan at N370 of
GluA2 is necessary for the intracellular trafficking of GluA2 and GluA1 (Fig 5). Based on these
results, we hypothesized that the HNK-1 epitope on GluA2 also regulates the cell surface level
of GluA1l. Therefore, we transfected GluA1l or GluA2 with or without HNK-1-synthesizing
enzymes into HEK293 cells. Next, we performed the cell surface biotinylation assay. Consistent
with Fig 5B, the cell surface expression of GluA1 was reduced by co-expression with GluA2
(Fig 6A, lower panel). Under these conditions, the HNK-1 expression increased the cell surface
expression of GluAl as well as GluA2 (Fig 6A, upper and lower panels and Fig 6C). The HNK-
1 epitope did not affect the cells expressing GluA1 alone (Fig 6A, lower panel); thus, the HNK-
1 epitope on GluA2 regulated the cell surface expression of GluA1. These results suggest the
HNK-1 epitope on GluA2 could be involved in the cell surface expression of the AMPAR com-
plex formed by GluA1 and GluA2.

Discussion

GIcAT-P-deficient mice lacking almost all the HNK-1 epitope in the brain showed aberrations
in synaptic plasticity [6]. This might be due to the immature spine morphology responsible for
the reduction in the cell surface expression of AMPAR [7]. We previously demonstrated that
the HNK-1 epitope was expressed on the N-glycan nonreducing terminal of GluA2, the sub-
unit of which has four potential N-glycosylation sites [8]. The HNK-1 expression increased the
interaction of GluA2 with N-cadherin, a binding partner of GluA2, resulting in the stable cell
surface expression of AMPAR. Thus, the HNK-1 epitope plays important roles in modulating
synaptic plasticity. However, evidence that the HNK-1 epitope on GluA2 directly regulates

the neuronal functions including the synaptic plasticity is lacking because the involvement

of the HNK-1 epitope on other molecules cannot be excluded. In the present study using the
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Fig 5. N-glycan at N370 of GIuA2 regulates the intracellular trafficking of GluA1. (A) GluA1 and GIuA2 (WT, N256S, N370S, or N413S) were transfected
into HEK293 cells. GluA1 and GluA2 were immunoprecipitated with anti-GluA1 (right) and anti-GluA2/3 (middle) polyclonal antibodies, respectively, and then
immunoblotted with each antibody. The cell lysates were also immunoblotted for loading control (Input) (left). (B) A cell biotinylation assay was applied to
HEK293 cells expressing GluA1 and/or GluA2 under several conditions: GluA1 alone, GIUA2WT alone, GluA1 and GIuUA2WT, GluA1 and GIuA2N256S, or
GluA1 and GIuA2N370S. Biotinylated GluA1 and GluA2 were immunoblotted with anti-GluA1 and anti-GluA2/3 polyclonal antibodies, respectively (Surface).
The cell lysates were also immunoblotted for loading control (Total).

doi:10.1371/journal.pone.0135644.9005

N-glycosylation site mutants of GluA2, we showed that N413 of GluA2 was the major potential
site of the HNK-1 epitope (Fig 2). Furthermore, the HNK-1 epitope at N413 directly regulated
the cell surface expression of AMPAR and the interaction with N-cadherin (Figs 3, 4 and 6). It
is considered that the up-regulation of cell surface expression of GluA2 caused by the HNK-1
epitope at N413 (Fig 3) may be attributed to the enhancement of the interaction with N-cad-
herin (Fig 4). Therefore, the reduction in the cell surface expression of AMPAR observed in
GIcAT-P-deficient mice was probably responsible for the loss of the HNK-1 epitope on GluA2
but not on other HNK-1-carrier proteins.

N-glycosylation sites of N406 and N413 are located on the linker region between the N-
terminal domain (NTD) and the ligand-binding domain (LBD) (Fig 1A). A previous report
showed that N-glycans located on the linker region of GluA4 did not influence cell surface
expression of GluA4 in HEK293 cells [20]. This is in agreement with our results (Fig 1) show-
ing the cell surface expression level of N406S and N413S mutants was similar to that of WT in
HEK?293 cells. However, we demonstrated that N-glycan at N413 of GluA2 was important for
cell surface expression when the HNK-1 epitope was expressed (Figs 3 and 6). Although we did
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Fig 6. The HNK-1 epitope expressed on GluA2 enhances cell surface expression of GluA1. A cell biotinylation assay was applied to HEK293 cells
expressing GluA1 with (+) or without (-) GluA2 or HNK-1-synthesizing enzymes (GIcAT-P and HNK-1ST) as indicated. Biotinylated GluA1 and GIuA2 were
immunoblotted with anti-GluA1 and anti-GluA2/3 polyclonal antibodies, respectively (Surface) (A). The cell lysates were also immunoblotted with the same
polyclonal antibodies (Total) and an HNK-1 monoclonal antibody (B). (C) Relative intensities of surface expression levels of GIuA2 or GluA1 (surface/total)
were calculated and normalized with or without the HNK-1 epitope.

doi:10.1371/journal.pone.0135644.g006

not examine whether the HNK-1 epitope was expressed on GluA4 in vivo, the extracellular
domain of GluA4 were more similar to GluA2 than to GluA1, suggesting the HNK-1 epitope
could be expressed on GluA4 and may control cell surface expression.

Reportedly, the region responsible for the interaction between N-cadherin and GluA2 is
that of the first 92 N-terminal amino acids of the extracellular domain of GluA2 [15], but the
N-cadherin region involved in this interaction remains undetermined. In this study, we showed
that the HNK-1 epitope on N413 of GluA2 enhanced the interaction with N-cadherin (Fig 4).
However, it is unlikely that the HNK-1 epitope on N413 regulates the interaction with N-cad-
herin through the 92 amino acids because N413 is distant from the N-terminal region. Poten-
tially, a different domain on N-cadherin would interact with an HNK-1 epitope other than the
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92 N-terminal amino acids. Another possibility is that N-glycan at the N413 of one subunit
may affect the interaction of the 1-92 region of a neighboring subunit because AMPAR is pres-
ent as a tetramer. We cannot currently exclude this possibility. In any case, it is important to
identify the N-cadherin regions participating in these interactions.

Of the four potential N-glycosylation sites, the N370S mutant showed almost complete
reduction in cell surface expression (Fig 1). We also analyzed its glycosylation pattern and
found N370S had only high-mannose type N-glycan (unpublished observation), which is a
characteristic of glycoproteins in the ER indicating that N370S exists primarily in the ER.
Therefore, N-glycan at N370 of GluA2 is crucial for the intracellular trafficking of GluA2 from
the ER to the Golgi. Currently, the reason that GluA2 lacking N-glycan at N370 was retained in
the ER remains unclear. Possibly, the N370S was trapped in the ER as a misfolded protein by
quality control systems. However, because N370S interacted with GluA1 (Fig 5A) and sup-
pressed the cell surface expression of GluA1 (Fig 5B), the N-glycan at N370 may be directly
involved in intracellular forward trafficking but not with GluA2 protein folding. Therefore,
the N-glycan at N370 might be directly involved in intracellular forward trafficking but not in
GluA?2 protein folding.

Because most AMPARSs in neurons exert their function as hetero-tetramers GluA1/GluA2
[17], the trafficking mode has been studied, but the subunits that regulate exiting the ER
remain unclear. For example, depending on neuronal activity, the trafficking of GluA1/GluA2
to the cell surface membrane is dictated by the GluA1 C-terminus [21]. Conversely, the GluA2
C-terminus is also an important factor for the trafficking of GluA2 from the ER when Ca*" is
released from the ER following Ca**/Calmodulin-activated kinase IT (CAMKII) activation
[22]. However, in this study, we showed the cell surface expression of GluA1 was suppressed
by co-expression with GluA2WT and reduced in the presence of GluA2N370S (Fig 5). There-
fore, the intracellular trafficking of GluAl1 is considered constitutively controlled by GluA2 and
by its N-glycan at N370, at least in HEK293 cells. Examining whether this trafficking mode is
also formed in neurons or whether N-glycans on GluA2 actually dictates the trafficking of
GluA1 in vivo is important. In this respect, GluA2 used in this study is likely unsuitable for
the experiment using primary cultured neurons, because it is difficult to distinguish between
endogenously expressed GluA2 and transfected GluA2. The development of suitable epitope-
tagged GluA2 mutants would also enable us to demonstrate that the HNK-1 epitope on GluA2
directly functions in spine formation.

GluA2 controls the critical biophysical properties of the AMPAR and plays pivotal roles in
forming long-term synaptic plasticity [23]. Previously, GluA2 was shown to interact with its
intracellular and extracellular binding partners, but the role of glycosylation in the interaction
has not been studied. Herein, we showed that site-specific glycosylation of GluA2 (N-glycan at
N370 and the HNK-1 epitope on N-glycan at N413) was involved in the intracellular trafficking
and cell surface expression of AMPAR. Overall, our present report may help elucidate additional
AMPAR functions, such as interactions with other proteins, trafficking of other subunits, and
roles in synaptic plasticity.

Author Contributions

Conceived and designed the experiments: YT JM IM HT SO. Performed the experiments: YT
JM IM. Wrote the paper: YT JM SO.

References

1. KizukaY, Oka S. Regulated expression and neural functions of human natural killer-1 (HNK-1) carbo-
hydrate. Cell Mol Life Sci. 2012; 69: 4135—4147. doi: 10.1007/s00018-012-1036-z PMID: 22669261

PLOS ONE | DOI:10.1371/journal.pone.0135644 August 13,2015 12/14


http://dx.doi.org/10.1007/s00018-012-1036-z
http://www.ncbi.nlm.nih.gov/pubmed/22669261

@’PLOS ‘ ONE

N-Glycans Regulate Surface Expression of AMPA Receptors

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Yoshihara T, Sugihara K, Kizuka Y, Oka S, Asano M. Learning/memory impairment and reduced
expression of the HNK-1 carbohydrate in beta4- galactosyltransferase-lI-deficient mice. J Biol Chem.
2009; 284: 12550-12561. doi: 10.1074/jbc.M809188200 PMID: 19265195

Kouno T, Kizuka Y, Nakagawa N, Yoshihara T, Asano M, Oka S. Specific enzyme complex of beta-1,4-
galactosyltransferase-Il and glucuronyltransferase-P facilitates biosynthesis of N-linked human natural
killer-1 (HNK-1) carbohydrate. J Biol Chem. 2011; 286: 31337-31346. doi: 10.1074/jbc.M111.233353
PMID: 21771787

Terayama K, Oka S, Seiki T, Miki Y, Nakamura A, Kozutsumi Y, et al. Cloning and functional expression
of a novel glucuronyltransferase involved in the biosynthesis of the carbohydrate epitope HNK-1. Proc
Natl Acad Sci USA. 1997; 94: 6093-6098. PMID: 9177175

Bakker H, Friedmann I, Oka S, Kawasaki T, Nifant'ev N, Schachner M, et al. Expression cloning of a
cDNA encoding a sulfotransferase involved in the biosynthesis of the HNK-1 carbohydrate epitope. J
Biol Chem 1997; 272: 29942-29946. PMID: 9368071

Yamamoto S, Oka S, Inoue M, Shimuta M, Manabe T, Takahashi H, et al. Mice deficient in nervous sys-
tem-specific carbohydrate epitope HNK-1 exhibit impaired synaptic plasticity and spatial learning. J Biol
Chem 2002; 277:27227-27231. PMID: 12032138

Morita I, Kakuda S, Takeuchi Y, Kawasaki T, Oka S. HNK-1 (human natural killer-1) glyco-epitope is
essential for normal spine morphogenesis in developing hippocampal neurons. Neuroscience. 2009;
164: 1685-1694. doi: 10.1016/j.neuroscience.2009.09.065 PMID: 19796667

Morita I, Kakuda S, Takeuchi Y, Itoh S, Kawasaki N, Kizuka Y, et al. HNK-1 glyco-epitope regulates the
stability of the glutamate receptor subunit GluR2 on the neuronal cell surface. J Biol Chem. 2009; 284:
30209-30217. doi: 10.1074/jbc.M109.024208 PMID: 19729452

Kopec CD, Li B, Wei W, Boehm J, Malinow R. Glutamate receptor exocytosis and spine enlargement
during chemically induced long-term potentiation. J Neurosci. 2006; 26: 2000-2009. PMID: 16481433

Kleene R, Schachner M. Glycans and neural cell interactions. Nat Rev Neurosci. 2004; 5: 195-208.
PMID: 14976519

Morise J, Kizuka Y, Yabuno K, Tonoyama Y, Hashii N, Kawasaki N, et al. Structural and biochemical
characterization of O-mannose-linked human natural killer-1 glycan expressed on phosphacan in
developing mouse brains. Glycobiology. 2014; 24: 314—324. doi: 10.1093/glycob/cwt116 PMID:
24352591

Sakimura K, Bujo H, Kushiya E, Araki K, Yamazaki M, Yamazaki M, et al. Functional expression from
cloned cDNAs of glutamate receptor species responsive to kainate and quisqualate. FEBS Lett. 1990;
272:73-80. PMID: 1699805

Kizuka Y, Matsui T, Takematsu H, Kozutsumi Y, Kawasaki T, Oka S. Physical and functional associa-
tion of glucuronyltransferases and sulfotransferase involved in HNK-1 biosynthesis. J Biol Chem. 2006;
281:13644—13651. PMID: 16543228

Uemura K, Kihara T, Kuzuya A, Okawa K, Nishimoto T, Ninomiya H, et al. Characterization of sequen-
tial N-cadherin cleavage by ADAM10 and PS1. Neurosci Lett. 2006; 402: 278-283. PMID: 16687212

Saglietti L, Dequidt C, Kamieniarz K, Rousset MC, Valnegri P, Thoumine O, et al. Extracellular interac-
tions between GluR2 and N-cadherin in spine regulation. Neuron. 2007; 54: 461-477. PMID:
17481398

Nuriya M, Huganir RL. Regulation of AMPA receptor trafficking by N-cadherin. J Neurochem. 2006; 97:
652—-661. PMID: 16515543

Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ, Sprengel R, et al. Subunit composition of synaptic
AMPA receptors revealed by a single-cell genetic approach. Neuron. 2009; 62: 254-268. doi: 10.1016/
j-neuron.2009.02.027 PMID: 19409270

Greger IH, Khatri L, Ziff EB. RNA editing at arg607 controls AMPA receptor exit from the endoplasmic
reticulum. Neuron. 2002; 34:759-772. PMID: 12062022

Greger IH, Khatri L, Kong X, Ziff EB. AMPA receptor tetramerization is mediated by Q/R editing. Neu-
ron. 2003; 40: 763-774. PMID: 14622580

Pasternack A, Coleman SK, Féthiére J, Madden DR, LeCaer JP, Rossier J, et al. Characterization of
the functional role of the N-glycans in the AMPA receptor ligand-binding domain. J Neuorochem. 2003;
84:1184—-1192.

Shi S, Hayashi Y, Esteban JA, Malinow R. Subunit-specific rules governing AMPA receptor trafficking
to synapses in hippocampal pyramidal neurons. Cell. 2001; 105: 331-343. PMID: 11348590

Lu W, Khatri L, Ziff EB. Trafficking of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPA) receptor subunit GluA2 from the endoplasmic reticulum is stimulated by a complex
containing Ca2+/calmodulin-activated kinase Il (CaMKIl) and PICK1 protein and by release of Ca2+

PLOS ONE | DOI:10.1371/journal.pone.0135644 August 13,2015 13/14


http://dx.doi.org/10.1074/jbc.M809188200
http://www.ncbi.nlm.nih.gov/pubmed/19265195
http://dx.doi.org/10.1074/jbc.M111.233353
http://www.ncbi.nlm.nih.gov/pubmed/21771787
http://www.ncbi.nlm.nih.gov/pubmed/9177175
http://www.ncbi.nlm.nih.gov/pubmed/9368071
http://www.ncbi.nlm.nih.gov/pubmed/12032138
http://dx.doi.org/10.1016/j.neuroscience.2009.09.065
http://www.ncbi.nlm.nih.gov/pubmed/19796667
http://dx.doi.org/10.1074/jbc.M109.024208
http://www.ncbi.nlm.nih.gov/pubmed/19729452
http://www.ncbi.nlm.nih.gov/pubmed/16481433
http://www.ncbi.nlm.nih.gov/pubmed/14976519
http://dx.doi.org/10.1093/glycob/cwt116
http://www.ncbi.nlm.nih.gov/pubmed/24352591
http://www.ncbi.nlm.nih.gov/pubmed/1699805
http://www.ncbi.nlm.nih.gov/pubmed/16543228
http://www.ncbi.nlm.nih.gov/pubmed/16687212
http://www.ncbi.nlm.nih.gov/pubmed/17481398
http://www.ncbi.nlm.nih.gov/pubmed/16515543
http://dx.doi.org/10.1016/j.neuron.2009.02.027
http://dx.doi.org/10.1016/j.neuron.2009.02.027
http://www.ncbi.nlm.nih.gov/pubmed/19409270
http://www.ncbi.nlm.nih.gov/pubmed/12062022
http://www.ncbi.nlm.nih.gov/pubmed/14622580
http://www.ncbi.nlm.nih.gov/pubmed/11348590

@’PLOS ‘ ONE

N-Glycans Regulate Surface Expression of AMPA Receptors

from internal stores. J Biol Chem. 2014; 289: 19218-19230. doi: 10.1074/jbc.M113.511246 PMID:
24831007

23. Isaac JT, Ashby M, McBain CJ. The role of the GluR2 subunit in AMPA receptor function and synaptic
plasticity. Neuron. 2007; 54: 859-871. PMID: 17582328

PLOS ONE | DOI:10.1371/journal.pone.0135644 August 13,2015 14/14


http://dx.doi.org/10.1074/jbc.M113.511246
http://www.ncbi.nlm.nih.gov/pubmed/24831007
http://www.ncbi.nlm.nih.gov/pubmed/17582328

