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Kainate receptors are widely expressed in the brain, and are
present at pre- and postsynaptic sites where they play a promi-
nent role in synaptic plasticity and the regulation of network
activity. Within individual neurons, kainate receptors of differ-
ent subunit compositions are targeted to various locations
where they serve distinct functional roles. Despite this complex
targeting, relatively little is known about the molecular mecha-
nisms regulating kainate receptor subunit trafficking. Here we
investigate the role of phosphorylation in the trafficking of the
GluR6 kainate receptor subunit. We identify two specific resi-
dues on the GluR6 C terminus, Ser®*® and Ser®®®, which are
phosphorylated by protein kinase C (PKC) and dramatically reg-
ulate GluR6 surface expression. By using GluR6 containing
phosphomimetic and nonphosphorylatable mutations for these
sites expressed in heterologous cells or in neurons lacking
endogenous GluR6, we show that phosphorylation of Ser®*® or
Ser®®® regulates receptor trafficking through the biosynthetic
pathway. Additionally, Ser®*® phosphorylation dynamically reg-
ulates endocytosis of GluR6 at the plasma membrane. Our find-
ings thus demonstrate that phosphorylation of PKC sites on
GluR6 regulates surface expression of GluR6 at distinct intracel-
lular trafficking pathways, providing potential molecular mech-
anisms for the PKC-dependent regulation of synaptic kainate
receptor function observed during various forms of synaptic
plasticity.

Kainate receptors are ionotropic glutamate receptors, which
are expressed at both pre- and post-synaptic sites throughout
the central nervous system. Postsynaptic kainate receptors
mediate a slow EPSC (1-3), whereas presynaptic kainate recep-
tors regulate neurotransmitter release (4 —6). Due to their syn-
aptic localization and regulation of both glutamatergic and
GABAergic transmission, kainate receptors play a major role in
defining network activity. For example, kainate receptors
strongly influence the CA3 and CA1l networks in the hip-
pocampus and are critical for development of hippocampal
spontaneous rhythmic activity patterns (7, 8). Furthermore,
pathologies such as epilepsy involve dysfunction of kainate
receptors (9, 10). In addition, kainate receptors play a promi-
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nent role in long-term synaptic plasticity in the hippocampus
(11-14) and neocortex (15, 16). Thus kainate receptors play
vital roles in synaptic plasticity and network function.

Kainate receptors are tetramers made up of GluR5-7 and
KA1-2 subunits. GluR5-7 can form functional homomers; in
contrast, KA1-2 do not form functional ion channels unless
assembled as heteromers with GIluR5-7 (17-19). Kainate
receptor subunits are widely expressed in the mammalian brain
and their expression is developmentally and regionally regu-
lated (20, 21). In addition, presynaptic and postsynaptic kainate
receptors typically differ in their subunit composition. For
example, in hippocampal CA3 pyramidal neurons, heteromeric
GluR6/KA2 kainate receptors are targeted to dendrites (6, 10),
whereas GluR5-containing kainate receptors are selectively tar-
geted to axon terminals (4, 22, 23). Therefore, mechanisms exist
for regulated and subunit-specific trafficking and targeting of
kainate receptors. A prominent candidate for such a mecha-
nism is receptor phosphorylation, which regulates trafficking of
NMDARSs (24-26) and AMPARs (27, 28). However, relatively
little is known about the phosphorylation of kainate receptor
subunits and the role it plays in kainate receptor trafficking in
neurons.

Here we directly address the role of phosphorylation of
GluR6, one of the most prominently expressed kainate receptor
subunits in the brain. We show that the GluR6 C terminus is
phosphorylated by PKC” at two different sites, Ser®*® and
Ser®*®. Phosphorylation of these sites regulates GluR®6 traffick-
ing by at least two distinct mechanisms. First, phosphorylation
of either Ser®*® or Ser®®® strongly reduces the ER exit of GluR®6,
thus decreasing surface expression of GluR6. Second, the phos-
phorylation of Ser®*®, but not Ser®*®, mediates a dynamic endo-
cytosis of surface-expressed GluR6. Thus the direct phosphor-
ylation of GluR6 on two residues plays distinct roles in
regulating GluR6 trafficking and surface expression in neurons.

EXPERIMENTAL PROCEDURES

Cells—HeLa cells (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum,
1% L-glutamine. Hippocampal or cortical neurons were isolated
from P0O-1 mouse pups or E18 mouse embryos, respectively, and
cultured according to the manufacturer’s protocol (Invitrogen).
Cultures were maintained in neurobasal medium (Invitrogen)

2 The abbreviations used are: PKC, protein kinase C; ER, endoplasmic reticu-
lum; GFP, green fluorescent protein; FACS, fluorescence-activated cell sort-
ing; PBS, phosphate-buffered saline; GST, glutathione S-transferase; PMA,
13-0O-acetylphorbol 12-myristate; WT, wild-type; KO, knock-out; NMDA,
N-methyl-p-aspartic acid; AMPAR, a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid receptors.
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supplemented with glutamine and B-27 supplement (Invitro-
gen) and analyzed at 14 days in vitro.

Antibodies and DNA Constructs—Anti-FLAG M2 antibody
was purchased from Sigma. Antibody against GluR6/7 was pur-
chased from Millipore. Green fluorescent protein (GFP)-Rab5
and Rab9 were obtained as a gift from Dr. Juan Bonifacino
(NICHD, National Institutes of Health) and GFP-Rab11 was
obtained as a gift from Dr. James Goldenring (Vanderbilt Uni-
versity, Nashville, TN). GIuR6 in the pRK5 mammalian expres-
sion vector was obtained as a gift from Dr. P. Seeburg (Max
Planck, Heidelberg, Germany). The FLAG epitope was inserted
after the signal sequence of GIuR6 by site-directed mutagenesis,
and as with all other mutations in GIuR6, it was engineered
according to the QuikChange protocol (Stratagene). The
sequences of all mutants were confirmed by automated
sequence analysis. For fluorescence-activated cell sorting
(FACS) analysis, an IRES-EGFP sequence was introduced into
each mutant construct.

Immunostaining for Co-localization, Surface Expression, and
Internalization in HeLa Cells and Neurons—Cells grown on
glass coverslips were transfected with the cDNAs indicated as
previously described (29) and analyzed 24 h later. Transfected
live cells were washed once in PBS and labeled with anti-FLAG
antibody for 30 min on ice for HeLa cells and at room temper-
ature for neurons. For internalization assays, after being
washed with PBS, cells were incubated at 37 °C for the indicated
amount of time in medium containing leupeptin to allow the
internalization of labeled GluR6. Cells were then fixed in 4%
paraformaldehyde in PBS for 15 min at room temperature.
After being washed with PBS, the cells were labeled with fluo-
rescence-conjugated secondary antibody (Alexa 488-conju-
gated secondary antibody for surface expression analysis in
HelLa cells or Alexa 568-conjugated secondary antibody for sur-
face expression analysis in neurons and internalization assays;
Molecular Probes) for 45 min at room temperature for visual-
izing surface-expressed GluR6 and then with anti-mouse IgG
(1:50; Sigma) for 1 h at room temperature for staining the
remaining unlabeled GIuR6 on the cell surface. After being per-
meabilized in 0.2% Triton X-100 in PBS for 5 min, cells were
incubated with fluorescence-conjugated secondary antibody
(Alexa 488-conjugated secondary antibody for internalization
assay or Alexa 568-conjugated secondary antibody for co-local-
ization assay; Molecular Probes) for visualizing internalized
GluRé. For the surface expression assay, the cells were again
labeled with anti-FLAG antibody for 45 min at room tempera-
ture. After being washed with PBS, the cells were then labeled
with fluorescence-conjugated secondary antibody (Alexa 568-
conjugated secondary antibody; Molecular Probes) for visual-
izing intracellular GluR6. The coverslips were washed and then
mounted with ProLong Antifade Kit (Molecular Probes). A
series of optical sections were collected using a Zeiss LSM510
confocal microscope (Carl Zeiss Microlmaging). Figures show
maximum projections. The fluorescence intensity of the sur-
face expressed GluR6 was normalized with the fluorescence
intensity of total GIuR6 in each cell. The fluorescence intensity
of internalized GluR6 was normalized with the fluorescence
intensity of the surface expressing plus internalized GIuR6 in
each cell.
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Glycosidase Treatment and Immunoblotting—HeLa cells
were transfected with the cDNAs indicated. After 24 h (*indi-
cated treatment), cells were lysed in lysis buffer (TBS: 2 mm
EDTA, 0.1 mm 4-(2-aminoethyl)benzenesulfonyl fluoride, 1
pg/ml of leupeptin, and 5 mm iodoacetamide). The lysates were
incubated for 1 h at 4 °C and centrifuged at 20,000 X g for 20
min. Fifty ug of supernatants of each sample were treated in
three ways: (i) untreated; (ii) endoglycosidase Hf (endo Hf)
(1,500 units); or (iii) PNGase F (750 units). All samples were
incubated at 37 °C for at least 4 h and then resolved by SDS-
PAGE, transferred onto polyvinylidene difluoride membranes,
and probed with anti-GluR6/7 (1:5,000) antibody. The blots
were incubated with anti-rabbit horseradish peroxidase sec-
ondary antibodies (1:5,000; Amersham Biosciences), followed
by detection with ECL reagents (Pierce).

FACS Analysis of Cell Surface Protein—HeLa cells grown in
6-cm dishes were transiently transfected with FLAG-GIuR6-
IRES-EGFP (WT, S846A, S846D, S868A, and S868D) by Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Transfected live HeLa cells were rinsed twice with
ice-cold PBS containing 5 mm EDTA (PBS/EDTA) and then
incubated with ice-cold PBS/EDTA for 10 min on ice. Detached
1 X 10° cells were transferred to polystyrene test tubes (VWR
Scientific) and labeled with anti-FLAG antibody for 30 min on
ice. Cells were then washed 3 times with ice-cold PBS and incu-
bated with phycoerythrin-conjugated anti-mouse IgG, second-
ary antibody (Caltag) for 30 min on ice. Cells were washed 3
times and suspended in ice-cold PBS. The cells were immedi-
ately analyzed using a dual-laser FACSVantage SE flow cytom-
eter (BD Biosciences). Cell Quest Acquisition and Analysis soft-
ware (BD Biosciences) was used to acquire and quantify the
fluorescence signal intensities and graph the data as bivariate
dot density plots. Fluorescence emissions of individual fluoro-
phores were initially corrected for spectral overlap using “sim-
ple” single color controls and appropriate electronic compen-
sation. The background fluorescence was determined using
HeLa cells transfected with empty vector and stained as
described above. In parallel, the total expression level of GluR6
was analyzed by FACS. Briefly, harvested cells as described
above were first fixed with 4% paraformaldehyde in PBS for 15
min and permeabilized with 0.2% Triton X-100 in PBS for 5
min. The fixed cells were then incubated with anti-FLAG anti-
body for 30 min at room temperature. After being washed with
PBS, cells were incubated with phycoerythrin-conjugated anti-
mouse IgG,; secondary antibody for 30 min at room tempera-
ture and then the total expression level of GIuR6 was analyzed
by FACS as described above.

Fusion Protein Production and in Vitro Phosphorylation—GST
fusion proteins for GluR6 wild type (WT), S846A, and S868A were
purified as previously described (30). The purified fusion proteins
were phosphorylated in 20 mm HEPES, pH 7.4, 1.67 mm CaCl,, 1
mu dithiothreitol, 10 mm MgCl,, 200 mm cold ATP, 1 pmol of
[y->*P]ATP (3000 Ci/mmol) with 25 ng of purified PKC (Pro-
mega) at 30 °C for 30 min. The reactions were stopped by adding
SDS-PAGE sample buffer, and the samples were boiled for 5 min.
The phosphorylated proteins were resolved by SDS-PAGE and
transferred to nitrocellulose membrane (Schleicher & Schuell).
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The bands were visualized by autoradiography and excised for in
vitro phosphopeptide mapping.

Two-dimensional Phosphopeptide Mapping—Peptide map-
ping was performed as previously described (30). Briefly, phos-
phorylated proteins were resolved by SDS-PAGE and trans-
ferred to nitrocellulose membranes. The relevant bands were
excised and soaked for 1 h in tubes containing 1 ml of 1% poly-
vinylpyrrolidone-40 in 100 mM acetic acid. After washing with
0.4% NH,HCOj,, the proteins on the membrane were digested
with trypsin overnight at 37 °C. Supernatants containing the
tryptic digestion products were dried in a SpeedVac, washed
twice with 900 ul of H,O with repeated drying, and resus-
pended in 5 ul of H,O. One or two ul of the dissolved phos-
phopeptides were spotted onto a cellulose thin layer chroma-
tography plate (Merck). The phosphopeptides were resolved in
the first dimension by electrophoresis in buffer containing 2.5%
formic acid and 7.8% acetic acid. Separation by ascending chro-
matography in the second dimension was performed using
buffer containing 62.5% isobutyric acid, 4.8% pyridine, 1.9%
butanol, and 2.9% acetic acid. The thin layer chromatography
plate was air-dried, and the peptide map was visualized by
PhosphorImager analysis.

In Vitro Phosphorylation of Immunoprecipitated GluR6—
Cortical neurons (14 days in vitro) were treated with the PKC acti-
vator, 13-O-acetylphorbol 12-myristate (PMA), or vehicle (di-
methyl sulfoxide) for 10 min. Cell lysates were prepared as
described above. GluR6 was immunoprecipitated with anti-GluR6
antibody using Protein G-Sepharose beads. The beads were
washed with lysis buffer 3 times, and with PKC phosphorylation
buffer twice. The immunoprecipitates were in vitro phosphoryla-
ted as described above and visualized by PhosphorImager analysis.

RESULTS

Because PKC activity regulates GluR6-containing kainate
receptors (31), we began to characterize the direct phosphory-
lation of GluR6 by PKC. Like all ionotropic glutamate receptors,
GluR6 has an intracellular C-terminal domain, which is acces-
sible to protein kinases. In addition, the GluR6 C terminus can
be phosphorylated by PKC in vitro (32). To define specific phos-
phorylation sites in this region, we generated a GST fusion pro-
tein containing the GluR6 intracellular C-terminal domain
(GST-GluR6) and performed in vitro phosphorylation by incu-
bating fusion protein with [y->**P]ATP and purified PKC. We
subjected the phosphorylated fusion proteins to SDS-PAGE,
digested the proteins with trypsin, and resolved the resulting
peptides in two dimensions. We visualized the resulting phos-
phopeptide map (Fig. 1A4), which revealed that WT GluR6 con-
tained multiple phosphopeptides or spots (Fig. 14, left panel),
consistent with the GIuR6 C terminus having several PKC
phosphorylation sites. To define the precise residues, we gen-
erated point mutations of several candidate residues, which are
part of PKC consensus motifs based on the NetPhos program,
including Ser®*° and Ser®®®. Phosphopeptide maps of GST-
GluR6 S846A and GST-GluR6 S868A each showed the disap-
pearance of one or two phosphopeptides compared with maps
of GST-GluR6 WT (Fig. 14), indicating that these two residues
are directly phosphorylated by PKC. In addition, we performed
mass spectrometry of PKC-phosphorylated GST-GIuR6, which
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identified Ser®®® as a PKC phosphorylation site (supplemental
Fig. S1). All of the other spots described above in Fig. 1A are
thought to be phosphorylated peptides of the GST-GIuR6
fusion protein.

We next examined the phosphorylation efficiency of each
identified site. As shown in Fig. 1B, phosphorylation of GluR6
S846A and GluR6 S868A was less efficient than GluR6 WT.
Furthermore, GluR6 S846A,S868A showed a profound reduc-
tion (87%) in PKC phosphorylation. These results indicate that
Ser®*® and Ser®®® are the major phosphorylation sites within the
GluR6 C terminus. To study the phosphorylation of endoge-
nous GluR6, we performed back phosphorylation of GluR6 in
neurons. Specifically, we treated cultured cortical neurons with
PMA (or vehicle) for 10 min to stimulate PKC phosphorylation
of endogenous GluR6. Receptors were immunoprecipitated
and phosphorylated in vitro with purified PKC. Phosphoryla-
tion of GluR6 isolated from PMA-treated neurons was less
robust than phosphorylation of GluR6 from untreated neurons
(Fig. 1C). This result indicates that endogenous GluR6 is phos-
phorylated by PKC in neurons.

PKC activity is known to regulate GluRé6 trafficking (31);
therefore, we next examined the role of Ser®*® and Ser®*® in
regulating GluR6 surface expression. Because the GluR6 Ser®*®
and Ser®®® phosphospecific antibodies were not suitable for
immunofluorescence microscopy, we used a combination of
phosphomimetic (GluR6 S846D or GluR6 S868D) and non-
phosphorylatable (GluR6 S846 A or GluR6 S868A) mutations to
evaluate the importance of these sites in GluR6 trafficking. We
generated GluR6 constructs containing an N-terminal FLAG
tag to allow specific labeling of the surface-expressed receptor.
We incubated live HeLa cells expressing full-length GIluR6
(WT, S846A, S846D, S868A, S868D, or S846D,S868D) with
FLAG antibodies to label surface-expressed receptor, which
were subsequently stained with Alexa 488-conjugated (green)
secondary antibodies. Following fixation and permeabilization,
we incubated the cells with FLAG antibodies and stained the
cells with Alexa 568-conjugated (red) antibodies to detect
intracellular GluR6. Using confocal imaging to compare surface
and internal pools of GluR6, we observed a dramatic reduction
in the surface-expressed receptor when Ser®*® and Ser®®® were
mutated to aspartic acid, with the double mutation being the
most profound (Fig. 2A4). In contrast, surface expression of
GluR6 S846A or GluR6 S868A was indistinguishable from
GluR6 WT (Fig. 2A).

We next quantified the surface expression of GluR6 WT
compared with GluR6 phosphorylation mutants using FACS
analysis. We used a bicistronic expression construct containing
the coding sequence of FLAG-tagged GluR6 and EGFP (FLAG-
GluR6-IRES-EGFP) to monitor GluR6-transfected cells (GFP
positive cells) and then performed FACS analysis to measure
surface expression of FLAG-GIuR6 in live HeLa cells expressing
GFP. We found that surface expression of GluR6 S846D was
strongly decreased compared with GluR6 WT (Fig. 2B). We
also observed a profound decrease in GluR6 S868D surface
expression compared with GluR6 WT. In addition, the simul-
taneous mutation of both of these serines to aspartic acid
(GluR6 S846D,S868D) resulted in the lowest surface expres-
sion. However, there was no change in overall receptor expres-
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FIGURE 1. Identification of Ser®*® and Ser®5® as PKC phosphorylation sites in the GIuR6 C terminus. A, phosphopeptide map analysis shows that the GIuR6
C terminus is phosphorylated by PKC on multiple peptides (left panel) including Ser®*® and Ser®®®, as indicated by the disappearance of phosphopeptides on
maps of the GIuR6 mutants (middle and right panels). GST-GIuR6 (WT, S846A, and S868A) fusion proteins were phosphorylated with purified PKC in vitro using
[y->?P]JATP and then subjected to two-dimensional phosphopeptide mapping as described under “Experimental Procedures.” A rectangle surrounds the
phosphopeptide that includes phosphorylated Ser®*, Circles surround the phosphopeptides that include phosphorylated Ser®®®, An X in each panel indicates
the origin where the peptides were initially spotted. Representative phosphopeptide maps are shown of 3-4independent experiments. B, Ser®*® and Ser®*® are
the major PKC phosphorylation sites in the GIuR6 C terminus. GST, GST-GIuR6 WT, GST-GIuR6 S846A, GST-GIuR6 S868A, and GST-GIuR6 S846A,5868A were
phosphorylated by PKC in vitro and analyzed by Phosphorlmager. The loaded amount of GST fusion protein was visualized by protein staining. The lower band
in the WT lane is a degradation product of GST-GIuR6. Data represent mean = S.E.M. (error bars) of normalized relative band intensity. *, p < 0.05, Student’s t
test. CCB, Coomassie Brilliant Blue. C, pretreatment of neurons with PMA reduced PKC phosphorylation of GIuR6 in vitro. GIuR6 was immunoprecipitated from
PMA or vehicle-treated neurons, phosphorylated by PKC in vitro, and analyzed by Phosphorlmager. The loaded amount of GIuR6 was visualized by Western
blotting using anti-GIuR6 antibody. Data represent mean = S.E.M. of normalized relative band intensity. *, p < 0.05, Student’s t test.
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expression was evaluated in Hela cells expressing FLAG-GIuR6 (WT, S846A, S846D, S868A, S868D, or S846D,5868D) by immunofluorescence using confocal
microscopy as described under “Experimental Procedures.” B, quantitative FACS analysis shows significantly decreased surface expression of GIuR6 S846D and
GluR6 S868D compared with GIuR6 WT. Hela cells were transfected with FLAG-GIuR6 IRES-EGFP (GIuR6 WT, S846A, S846D, S868A, S868D, or S846D,S868D).
GluRe6 surface expression was analyzed by FACS as described under “Experimental Procedures.” GIuR6 S846D surface expression was decreased by 45%, GIuR6
$868D by 31%, and GluR6 S846D,5868D by 69% compared with GIluR6 WT. Data represent mean = S.E.M. of the fold-increase in surface expression compared
with GIuR6 based on the fluorescence intensity of surface-expressed GluR6 in transfected cells. *, p < 0.01, Student’s t test. C, quantitative FACS analysis shows
that phosphomimetic mutations of GIuR6 do not affect GIUR6 total expression level. Data represent mean =+ S.E.M. of the fold-increase in total expression

compared with GIuR6 WT based on the fluorescence intensity of total GIuR6 in transfected cells.

sion for GluR6 S846D, GluR6 S868D, or GluR6 S846D,S868D
compared with GluR6 WT (Fig. 2C). For both of these PKC
sites, the robust reduction in surface expression was consis-
tently observed only for the phosphomimetic mutations
(GluR6 S846D or GluR6 S868D). In contrast, the non-phos-
phorylatable mutations (GluR6 S846A or GIuR6 S868A)
resulted in little or no change in GluR6 surface expression.
We also examined GluR6 surface expression in neurons. To
specifically monitor surface expression of GluR6 WT versus
GluR6 containing mutations of the PKC phosphorylation sites,
we expressed exogenous GluR6 in neurons prepared from
GluR6 knock-out (KO) mice. Thus, we could avoid potential
oligomerization of recombinant GluR6 containing mutations
of the critical phosphorylation sites with endogenous GluR6
WT. We imaged surface-expressed receptor using immuno-
fluorescence confocal microscopy and observed a significant
decrease in GluR6 surface expression when Ser®*® and/or Ser®®®

JANUARY 22, 2010-VOLUME 285-NUMBER 4 \ASEMB

was mutated to aspartic acid (Fig. 3, A and B). However, surface
expression of GIuR6 was unchanged when either Ser®*° or
Ser®®® was mutated to alanine to eliminate phosphorylation of
those residues. These findings support a specific role for phos-
phorylation of these two PKC sites in regulating GluR6 surface
expression in neurons just as we found for GluR6 expressed in
heterologous cells (Fig. 2).

Receptor surface expression is determined by a balance of
distinct trafficking events, which include protein transport
through the biosynthetic pathway and exo-/endocytosis at the
plasma membrane. To examine if PKC phosphorylation plays a
role in regulating GluR6 trafficking through the ER/cis-Golgi,
we utilized a glycosidase assay to test if GluR6 phosphorylation
alters ER egress. Lysates from HeLa cells expressing GluR6
(WT, S846A, S846D, S868A, or S868D) were collected, treated
with glycosidases (endo H or PNGase F), and proteins were
resolved by SDS-PAGE and immunoblotted with GIuR6/7 anti-
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FIGURE 3. GluR6 surface expression in neurons was reduced when either
Ser®4¢ or Ser®® was mutated to mimic phosphorylation. A, cultured hip-
pocampal neurons derived from GIuR6 KO mice were transfected with FLAG-
GluR6 (WT, S846A, S846D, S868A, S868D, or S846D,5868D). Surface-expressed
and total GIuR6 were visualized by immunostaining as described under
“Experimental Procedures.” B, quantification of surface-expressed GIUuR6 in
GluR6 KO neurons using Metamorph software. The surface expression of
GluR6 S846D, GluR6 S868D, and GIuR6 S846D,5868D were significantly
decreased compared with GIuR6 WT (60% reduction for GIuR6 S846D and
35% reduction for GIuR6 S868D). Data represent mean * S.E.M. of the fold-
increase in surface expression compared with GIuR6 WT based on the relative
fluorescence intensity of surface-expressed GIUR6 to that of total expressed
GIuR6. *, p < 0.01, Student’s t test.
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ER than GIuR6 WT. Hela cells were transfected with FLAG-GIUR6 (WT, S846A,
S846D, S868A, or S868D). Cell lysates were prepared and subjected to a gly-
cosidase assay as described under “Experimental Procedures.” Proteins were
immunoblotted with GIuR6 antibody. A, GIuR6 S846D and GIuR6 S868D were
more endo H sensitive than GIuR6 WT, GIuR6 S846A, or GluR6 S868A. Endo
H-sensitive fractions were quantitated by measuring the band intensity of the
endo H-sensitive fraction compared with the band intensity of endo H-resist-
ant fraction using NIH Image software. Error bars indicate S.E.M. *, p < 0.05,
Student’s t test. B, PKC activation increases ER retention of GIuR6. Twenty-
four hours after transfection, cells were treated with PMA (1 pum) and
MG132 (20 um) for the indicated time. GIuR6 from PMA-treated cells was
more endo H sensitive, as detected by a change in the ratio of immature
GIuR6 (lower band) to mature GIUuR6 (upper band) following endo H treat-
ment. WB, Western blot.

body. The majority of GluR6 WT was endo H resistant, as
detected by the predominant higher molecular weight band
following endo H treatment (Fig. 44). However, PMA, but not
forskolin, treatment of the cells increased the amount of the
endo H-sensitive fraction of GIuR6 (Fig. 4B). Furthermore, both
GluR6 S846D and GluR6 S868D showed a dramatic increase in
endo H sensitivity as detected by a decrease in the ratio of

YasEN8 VOLUME 285+ NUMBER 4+ JANUARY 22, 2010



Regulation of GIuR6 Surface Expression

A Surface Internalized

Merge

No treatment

GluR6
WT

PMA + Leupeptin

'_.
B Surface Internalized C = .
z
GluR6 O 1.5F
WT -
©
x
S 1F
(O]
°
GIuR6 Qost
S846D =T
=
9
= GIuR6 GIuR6
WT S846D
D E 2 os * *
Internalized ~ Rab9 Merge 3 j
O
5 o4
GluR6 S 5 *
WT 5 0.2
2o
N o1
(]
8 o
GIuR6 S o 5 K o & %
S84D S EF FE P
GIluR6 GluR6
WT S846D

FIGURE 5. Phosphorylation of Ser®*® accelerates GIuR6 internalization in HelLa cells. A, PMA treatment
increases GIuR6 internalization. GIuR6 internalization was measured as described under “Experimental Proce-
dures.” After surface labeling with anti-FLAG antibody, cells were incubated at 37 °C to allow labeled GIuR6 to
internalize for 60 min. Cells were fixed and incubated with fluorescence-conjugated secondary antibody for
visualizing surface-expressed GIuR6. After permeabilization, the cells were labeled with fluorescence-conju-
gated secondary antibody for visualizing internalized receptors. PMA treatment with leupeptin increased the
accumulation of internalized GluR6. B, constitutive endocytosis of GIuR6 S846D was more robust than GIuR6
WT without PMA treatment. The brightness was adjusted equally across all panels in this figure to allow a direct
comparison between GluR6 WT and GIluR6 S846D. C, quantification of internalized GIuR6 in HelLa cells was
conducted using Metamorph software. GIuR6 S846D showed a 1.5-fold increase in the normalized amount of
internalized GIuR6 compared with GIuR6 WT. Error bars indicate S.E.M. *, p < 0.01. D, internalized GluR6 S846D
was highly co-localized with a late endosomal marker, Rab9 in Hela cells. HeLa cells were transfected with
FLAG-GIUR6 (WT or S846D) together with GFP-Rab9. Internalization assay of GIuR6 (WT or S846D) in Hela cells
was performed following leupeptin treatment (60 min), and co-localization of internalized GluR6 with GFP-
Rab9 was analyzed by immunocytochemistry. E, colocalization analysis was performed using LSM510 software
(Zeiss). Values represent the mean = S.E.M. of Pearson’s correlation. *, p < 0.05.

mature receptor (upper, endo H resistant band) to immature

To evaluate the role of Ser

being the same as with GluR6 WT
(Fig. 4A). These results suggest that
PKC phosphorylation of GIluR6
retains GIuR6 in the ER.

Although phosphomimetic mu-
tations of Ser®*® or Ser®®® decrease
ER egress of GluR6, there is still a
substantial pool of surface-ex-
pressed receptor. Because PKC
phosphorylation is implicated in
kainate receptor endocytosis (31),
we specifically evaluated GIuR6
endocytosis. First, using immuno-
fluorescence microscopy, we found
that GluR6 endocytosis is increased
following PMA treatment (Fig. 5A).
In addition, treatment with leupep-
tin, a lysosomal inhibitor, increased
the accumulation of internalized
GluR6 (Fig. 54). We also treated
cells with PMA combined with
MG132, a proteasome inhibitor,
and evaluated GluR6 internalization
and obtained similar results (data
not shown). To examine the role of
the two PKC phosphorylation sites
on GIuR6 in receptor endocytosis,
we next performed internalization
assays of GluR6 WT compared with
GluR6 containing phosphomimetic
mutations of Ser®*® or Ser®®®, We
found that GIuR6 S846D underwent
robust endocytosis compared with
GluR6 WT (Fig. 5, B and C). In
contrast, we observed no change
in GluR6 S868D endocytosis com-
pared with WT (data not shown).
To determine the post-endocytic
trafficking pathway of GIluR6
S846D, we co-expressed GFP-
Rab9 as a marker for late endo-
somes. We observed colocaliza-
tion of GluR6 S846D with the late
endosomal marker, Rab9, after 60
min of internalization (Fig. 5, D
and E). From all of these data, we
conclude that a portion of GluR6
traffics to the degradation path-
way following Ser®*¢ phosphoryla-
tion-induced internalization.

816 in regulating endocytosis of

receptor (lower, endo H sensitive band), consistent with
increased ER retention compared with GluR6 WT (1.53-fold
increase for S846D, p < 0.05 (n = 4); 1.44-fold increase for
S868D, p < 0.01 (n = 5), Fig. 4A4). However, GluR6 containing
non-phosphorylatable mutations (GluR6 S846A or GIluR6
S868A) showed no change in trafficking through the biosyn-
thetic pathway, with the ratio of immature to mature receptor

JANUARY 22, 2010+VOLUME 285+NUMBER 4

surface-expressed GluR6 in neurons, we expressed exogenous
GluR6 in cultured neurons derived from GluR6 KO mice.
Briefly, we labeled surface-expressed receptors (GluR6 WT,
GIuR6 S846A, or GluR6 S846D) with FLAG antibodies and then
an incubation at 37 °C for 20 min to allow internalization of the
labeled GluR6. The cells were labeled with Alexa 568-conju-
gated secondary antibody (red) for visualizing surface-ex-
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pressed GluR6. After being permeabilized, cells were incubated
with Alexa 488-conjugated secondary antibody (green) for
visualizing internalized GluR6. We found that GluR6 S846D,
which mimics phosphorylation of GIuR6 at this residue, had a
dramatic increase in endocytosis compared with GluR6 WT or
the unphosphorylatable mutant GluR6 S846A (Fig. 6, A and B).
We next examined PMA-induced internalization of GluR6 in
neurons and found that PMA treatment stimulated internaliza-
tion of GluR6 WT, but not the unphosphorylatable mutant,
GluR6 S846A (Fig. 6C). These findings were consistent with the
phosphorylation of GIuR6 on Ser®*® facilitating receptor endo-
cytosis in neurons.

We also investigated the post-endocytic itinerary of internal-
ized GIuR6 in neurons. We found that internalized GluR6 (WT
and S846D) colocalized with the late endosomal marker Rab9 in
neurons (Fig. 6D), consistent with trafficking to late endosomes
and similar to trafficking of internalized GluR6 in heterologous
cells.

DISCUSSION

GluR6-containing kainate receptors are expressed through-
out the brain and their function and surface expression dynam-
ically regulated by synaptic activity. Although GluR6 endocyto-
sis is regulated by PKC activity, it is not clear if direct
phosphorylation of GluR6 mediates receptor trafficking. We
now show that PKC phosphorylates the GluR6 C terminus on
multiple residues including Ser®*® and Ser®®®. We find that
phosphorylation of either Ser®*® or Ser®°® decreases GIuR6 sur-
face expression in heterologous cells and neurons. In contrast,
the non-phosphorylatable mutations (GluR6 S846A or GIluR6
S868A) resulted in little or no change in GluR6 surface expres-
sion. It is possible that GluR6 basal phosphorylation is very low.
Normally GluR6 is very efficiently expressed on the cell surface
(45), which could explain why under basal conditions, we do
not observe a difference between GluR6 WT and unphosphor-
ylatable mutants. By studying the effects of mutations of these
sites we further demonstrate that phosphomimetic mutations
of either Ser®*® or Ser®®® reduce ER egress. We also show that
phosphorylation of GluR6 on Ser®*® plays a specific additional
role in promoting GluR6 endocytosis from the cell surface. The
ER egress of AMPA, NMDA, and kainate receptor subunits is
regulated by a number of mechanisms. For example, ER exit of
the AMPA receptor subunit GluR2 is regulated by the RNA-
editing state of the receptor (33). Edited GluR2 contains a crit-
ical arginine in the pore lining region of the subunit, which
restricts Ca®>* permeability. Only edited GIuR2 can efficiently
traffic out of the ER, resulting in surface expression of Ca**-
impermeable heteromeric AMPARs. The regulation of ER exit
of NMDA and kainate receptors is determined by specific ER-
retention motifs. For NMDA receptors, an ER-retention motif
prevents ER exit of NR1 subunits unless they are co-assembled
with NR2 subunits (24, 34). Similarly, the kainate receptor sub-
unit KA2 has ER-retention motifs that prevent ER egress unless
this subunit co-assembles with GIuR5-7 (19, 29, 35). ER reten-
tion of individual subunits ensures that only functional hetero-
meric NMDA and kainate receptors are allowed to traffic to the
plasma membrane. Interestingly, ER retention of the NR1 sub-
unit of NMDA receptors is also regulated by phosphorylation.
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ware. GIuR6 5846D showed an almost 2-fold increase in the normalized amount
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0.01. G, mutation of Ser®* to alanine blocks PMA-induced GIuR6 internalization.
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Error bars indicate S.E.M. *, p < 0.05. D, internalized GluR6 S846D was highly co-
localized with the late endosomal marker Rab9 in neurons. Neurons were trans-
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Specifically, PKC and PKA-dependent phosphorylation of NR1
on critical residues overrides the ER-retention motif (24, 25).
We now show that phosphorylation of specific residues on the
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C terminus of GluR6 increases ER retention of kainate recep-
tors. Our data support a model in which PKC phosphorylation
of either Ser®*® or Ser®® increases ER retention of GluR6. Thus
PKC activation can arrest forward trafficking of GluR6, thereby
causing a reduction of surface GluR6 levels. Moreover, this
mechanism also enables the selective trafficking of GluR6 sub-
units dependent on their phosphorylation state.

Glutamate receptor endocytosis is regulated by a number of
mechanisms. AMPA, NMDA, and kainate receptors undergo
clathrin-dependent endocytosis (35-39). For both AMPA and
NMDA receptors, there is evidence that direct phosphorylation
of receptor subunits regulates endocytosis (40 —42). Although
there are several studies implicating phosphorylation as a key
event in regulating kainate receptor trafficking, it has been
unclear whether direct phosphorylation of receptor subunits
regulates endocytosis. Recent studies show that GluR5 and
GluR6 kainate receptor subunits can undergo endocytosis that
is dependent on PKC (31, 43). In the present study we now
identify specific sites on GluR6 as targets of PKC phosphoryla-
tion and show that phosphorylation of one particular site,
Ser®*, specifically increases endocytosis of kainate receptors.
Recent work shows that the C-terminal splice variants, GluR6a,
GluR6b, couple to distinct synaptic signaling cascades (44) and
exhibit differential regulation of their surface expression (45).
Of the two sites that we have identified as regulating GluR6
trafficking, Ser®* is present in both splice variants, but Ser®*®
exists only in GluR6a. This raises the interesting possibility that
differences in GluR6a and GluR6b splice isoform trafficking
and signal transduction are dependent upon differential regu-
lation by phosphorylation at these two sites.

Synaptic kainate receptors are regulated during development
and also acutely during certain forms of long-term synaptic
plasticity. In the neonatal barrel cortex both pre- and postsyn-
aptic kainate receptors are expressed at thalamocortical inputs
to layer 4 and are developmentally down-regulated during the
first postnatal week (15, 46). In addition, postsynaptic kainate
receptors at thalamocortical synapses are rapidly down-regu-
lated during the induction of long term potentiation (15) in a
mechanism that requires PKC (47). In perirhinal cortex layer
2/3 pyramidal neurons, a form of long term depression induced
by kainate receptor activation is expressed as a rapid reduction
in kainate receptor-mediated synaptic transmission, and, inter-
estingly, this form of plasticity also requires PKC (16). At CA1
synapses in neonatal hippocampus, long term potentiation is
associated with a rapid regulation of presynaptic kainate recep-
tor function, switching presynaptic kainate receptors from a
high affinity receptor to a low affinity receptor and producing a
change in the dynamic properties of CA1 inputs (14). Interest-
ingly at this period of development, CA1 long term potentiation
is also dependent upon PKC (48). These studies therefore indi-
cate that PKC activation can lead to the regulation of kainate
receptor function during synaptic plasticity. Our present data
provide a candidate mechanism for this PKC-dependent down-
regulation of kainate receptor function: the PKC phosphoryla-
tion of the ubiquitously expressed GluR6 subunit leading to an
increase in kainate receptor endocytosis.

In this study we have identified a role for direct phosphory-
lation of GIluR6 by PKC in the regulation of two distinct traf-
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FIGURE 7. Phosphorylation of GIuR6 at Ser®*® or Ser®®® inhibits GIuR6 exit
from the ER and traffic to the cell surface. In addition, phosphorylation of
GluR6 at Ser®*® accelerates GIuR6 endocytosis from the plasma membrane
and traffic to late endosomes.

ficking pathways (Fig. 7). Our findings indicate that PKC-de-
pendent phosphorylation of Ser®*® or Ser®®® on the GluR6 C
terminus promotes ER retention of kainate receptors. However,
Ser®*® phosphorylation plays an additional specific role in pro-
moting GIuR6 endocytosis that may underlie the PKC-dependent
regulation of synaptic kainate receptors in certain forms of synap-
tic plasticity. Thus there appear to be multiple mechanisms by
which phosphorylation of kainate receptor subunits lead to the
specific regulation of receptor trafficking. The rapid regulation of
kainate receptor trafficking allows neurons to selectively target
receptors of different subunit compositions to different neuronal
compartments where they serve distinct functional roles (6). It will
be of interest to determine whether additional phosphorylation
sites exist on other kainate receptor subunits that regulate their
trafficking and whether such mechanisms can act in concert to
selectively regulate kainate receptor trafficking and targeting that
is dependent on receptor subunit composition.
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