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Ionotropic glutamate receptors mediate the majority
of excitatory synaptic transmission in the brain and are
thought to be involved in learning and memory forma-
tion. The activity of a-amino-3-hydroxy-5-methyl-4-isox-
azole propionate (AMPA)-type glutamate receptors can
be regulated by direct phosphorylation of their sub-
units, which affects the electrophysiological properties
of the receptor, and the receptor association with nu-
merous proteins that modulate membrane traffic and
synaptic targeting of the receptor. In the present study
we investigated the association of protein kinase C
(PKC) yisoform with the GluR4 AMPA receptor subunit.
PKCy was co-immunoprecipitated with GluR4 AMPA re-
ceptor subunit in rat cerebellum and in cultured chick
retina cell extracts, and immunocytochemistry experi-
ments showed co-localization of GluR4 and PKCv in cul-
tured chick retinal neurons. Pull-down assays showed
that native PKCy binds the GluR4 C-terminal mem-
brane-proximal region, and recombinant PKCy was re-
tained by GST-GluR4 C-terminal fusion protein, suggest-
ing that the kinase binds directly to GluR4.
Furthermore, GST-GluR4 C-terminal protein was phos-
phorylated on GluR4 Ser-482 by bound kinases, retained
by the fusion protein, including PKCy. The GluR4 C-
terminal segment that interacts with PKCvy, which lacks
the PKC phosphorylation sites, inhibited histone H1
phosphorylation by PKC, to the same extent as the PKC
pseudosubstrate peptide 19-31, indicating that PKCy
bound to GluR4 preferentially phosphorylates GluR4 to
the detriment of other substrates. Additionally, PKCy
expression in GluR4 transfected human embryonic kid-
ney 293T cells increased the amount of plasma mem-
brane-associated GluR4. Our results suggest that PKCvy
binds directly to GluR4, thereby modulating the func-
tion of GluR4-containing AMPA receptors.

Glutamate is the major excitatory neurotransmitter in the
central nervous system. Ionotropic glutamate receptors are
divided into three groups according to their pharmacological
and electrophysiological characteristics: a-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPA)! receptors, kainate re-
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ceptors, and N-methyl-p-aspartate receptors (reviewed in Ref.
1). AMPA-type glutamate receptors are oligomeric structures,
formed by the assembly of four subunits (GluR1-4; Refs. 2—4),
and their diversity is further increased by post-transcriptional
modifications such as alternative splicing and RNA editing
(reviewed in Ref. 1).

GluR4-containing AMPA receptors are specifically expressed
in neurons and glia in several regions of the central nervous
system (5-10), where they are responsible for signal transmis-
sion at high rates (11). In the rat hippocampus, GluR4 subunits
are expressed early in development, and specifically mediate
synaptic delivery of AMPA receptors at early stages (10).
GluR4-containing AMPA receptors are delivered to hippocam-
pal synapses by spontaneous activity, a mechanism that seems
to be subunit specific (10). In fact, targeting of AMPA receptors
to the post-synaptic membrane was described to be specifically
mediated by the subunit composition of the receptors (12).

Targeting of AMPA receptors to the postsynaptic membrane
of excitatory synapses is thought to be mediated through inter-
action of the C termini of AMPA receptor subunits with scaf-
folding proteins. The AMPA receptor-interacting proteins
include PDZ (for PSD-95, Disc Large, and Z0-1) domain-con-
taining proteins, like glutamate receptor-interacting protein
(GRIP) or AMPA-binding protein, protein interacting with pro-
tein kinase C 1 (PICK1), syntenin and synapse-associated pro-
tein 97 (SAP97), and proteins lacking a PDZ domain, like
stargazin and neuronal activity-regulated pentraxin (Narp; re-
viewed in Ref. 13). GluR4 AMPA receptor subunit was reported
to associate with stargazin, GRIP, and syntenin (14, 15). The
plasma membrane protein stargazin is believed to mediate
AMPA receptor targeting to the membrane surface (14),
whereas GRIP was proposed to play a role in receptor stabili-
zation at synapses (16). The role of syntenin, which was also
described to interact with syndecans (17), in addition to
GluR1-3 and GluR2c, is not known. None of the interactions
described for GluR4 so far can account for its specific delivery
to hippocampal synapses following spontaneous synaptic
activity.

AMPA receptors are known to be regulated by protein
phosphorylation (reviewed in Ref. 18). AMPA receptor phos-
phorylation modulates channel conductance (19), peak open
probability of the receptor (20), interaction with PDZ domain-
containing proteins (21, 22), clustering (23), and synaptic

isoxazole propionate; PKC, protein kinase C; TBS, Tris-buffered saline;
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GST, glutathione S-transferase; HEK, human embryonic kidney; GRIP,
glutamate receptor-interacting protein; PKA, cAMP-dependent protein
kinase.
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delivery of the receptors (24). Several phosphorylation sites
have been mapped in the C termini of AMPA receptor subunits,
including GluR4. GluR4 can be phosphorylated on Ser-482 by
PKA, PKC, and calcium/calmodulin-dependent protein kinase
II and on Thr-830 by PKC (25). In hippocampal slices, PKA
activation by spontaneous activity is necessary and sufficient
for delivery of GluR4-containing receptors to postsynaptic sites
(26). Additionally, PKC activation increases Ca%?" influx
through activated AMPA receptor channels in cultured chick
retinal neurons (27), where GluR4 is the main AMPA receptor
subunit expressed (28).

PKC has been implicated in a variety of neuronal functions,
including modulation of ion channel activity and synaptic
transmission (reviewed in Ref. 29). PKCy expression is devel-
opmentally regulated, and PKCy is expressed postnatally in
the rat brain (30), playing a role in both long term potentiation
and in learning and memory (31-33).

Because GluR4 AMPA receptor subunit is phosphorylated
and its phosphorylation may mediate synaptic delivery (26),
early in development, we studied the biochemical interaction of
GluR4 with PKCy. Our work shows that PKCvy interacts with
GluR4 AMPA receptor subunit, both in rat brain and in chick
retina cultured neurons, and that bound PKCv is able to pref-
erentially phosphorylate GluR4 on Ser-482, relatively to other
substrates. Furthermore, co-transfection of PKCy with GluR4
in human embryonic kidney (HEK) cells increases GluR4 sub-
unit surface expression. Together these results indicate that
the association between PKCy and GluR4 plays a role in reg-
ulating the function of GluR4-containing AMPA receptors.

EXPERIMENTAL PROCEDURES

Materials—Trypsin was purchased from Invitrogen (Paisley,
Scotland), and basal Eagle’s medium, penicillin, and streptomycin were
obtained from Sigma (Madrid, Spain). PGEX4T-2 and pGEX-1AT vec-
tors, glutathione-Sepharose 4B, protein A-Sepharose CL-4B, anti-GST
antibody, alkaline phosphatase-conjugated goat anti-mouse and goat
anti-rabbit secondary antibodies, and [y-*2P]ATP, were all obtained
from Amersham Biosciences (Uppsala, Sweden). Rabbit anti-goat alka-
line phosphatase-conjugated antibody was from Zymed Laboratories
Inc. (San Francisco, CA). Fetal calf serum was from Biochrom KG
(Berlin, Germany), the pET23b vector was from Novagen (Madison,
WI), the pBK-CMV vector was from Stratagene (Amsterdam,
Netherlands), and nickel-nitrilotriacetic acid-agarose was from Qiagen
(Hilden, Germany). Isopropyl-1-thio-B-galactopyranoside was from Pro-
mega (Madison, WI). Histone H1, phorbol 12-myristate 13-acetate
(PMA), and the PKC pseudosubstrate peptide 19-31 were from Calbio-
chem (San Diego, CA). Complete Mini protease inhibitor mixture and
microporous polyvinylidene difluoride membranes were obtained from
Roche Diagnostics GmbH (Switzerland, Basel). UltraLink™ Plus im-
mobilized streptavidin gel and EZ-Link™ Sulfo-NHS-SS-Biotin were
from Pierce. The rabbit polyclonal anti-GluR4 antibody was purchased
from Chemicon (Temecula, CA), and the mouse monoclonal anti-PKCy,
anti-PKCe, and anti-PKAca antibodies were from Transduction Labo-
ratories (Lexington, KY). The anti-rabbit secondary antibody conju-
gated to Alexa 488 and the Texas Red-conjugated anti-mouse antibody
were from Molecular Probes (Leiden, Netherlands).

Chick Retinal Cultures—Monolayer primary cultures of chick retina
amacrine-like cells were prepared from 8-day-old chick embryos as
previously described (34, 35). After treatment with trypsin (0.1%, 15
min, 37 °C) in Hanks’ balanced salt solution, the cells were plated on
tissue culture dishes (at a density of 1.35 X 108 cells/cm?) for cell extract
preparation, or on glass coverslips (at a density of 0.75 X 10° cells/cm?)
for immunocytochemistry. Chick retina amacrine-like neurons were
maintained in basal Eagle’s medium, buffered with 25 mm HEPES and
10 mMm NaHCO,, pH 7.4, and supplemented with 5% heat-inactivated
fetal calf serum, penicillin (100 units/ml), and streptomycin (100 ug/ml).
The cells were kept at 37 °C in a humidified incubator of 5% CO, and
95% air, for 5 days.

Recombinant Proteins—cDNA fragments coding for the intracellular
C-terminal domain of GluR4, or fractions of the C-terminal domain,
were amplified by PCR, using GluR4 ¢cDNA as a template. PCR prod-
ucts were subcloned into the pGEX4T-2 vector (via BamHI and EcoRI
sites for the whole C-terminal length; via BamHI and Sall sites for the
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truncated constructs) or into the pGEX-1AT vector (BamHI and EcoRI
sites, for the constructs coding amino acids 815-828 and amino acids
829-882 of GluR4). The entire coding sequence of PKCy was amplified
by reverse transcription-PCR from total RNA isolated from rat brain
cortex, using the specific primers 5'-agcagctagcatggegggtet-3’' and 5'-
cegetegageatgacgggeacag-3’, which include the restriction sites for Nhel
and Xhol, respectively. PKCy ¢cDNA was subcloned into pBK-CMV
vector restriction endonuclease sites Nhel and Xhol (for HEK 293T cell
transfection) or a His tag was added to the C terminus of PKCy by
subcloning PKCy ¢cDNA in frame into restriction endonuclease sites
Nhel and Xhol in the pET23b vector. Recombinant proteins were ex-
pressed in BL21 Escherichia coli transformed with the constructs de-
scribed above. Bacteria grown to Ag,, = 0.8 were induced with isopro-
pyl-1-thio-B-galactopyranoside (100 um) for 2 h, and then lysed with
phosphate-buffered saline (PBS) containing 1% Triton X-100 and a
protease inhibitor mixture. The cells were sonicated and shaken for 30
min at 4 °C, and the insoluble fraction was then removed by centrifu-
gation at 12,000 X g, for 10 min at 4 °C. GST fusion proteins were
purified by glutathione-Sepharose affinity chromatography, and His-
tagged PKCy was purified using nickel-nitrilotriacetic acid-agarose ac-
cording to the protocol of the manufacturers. Recombinant proteins
were dialyzed overnight against Tris-buffered saline (TBS).

Immunocytochemistry—Chick retinal cells were kept in culture for 5
days and were then fixed with 2% paraformaldehyde for 30 min at room
temperature. Cells were washed in PBS after fixation, permeabilized
with 0.3% Triton X-100 for 10 min at 4 °C, and blocked in 0.2% bovine
gelatin in PBS for 1 h at room temperature. Cells were incubated with
a rabbit polyclonal anti-GluR4 antibody (10 ng/ml) and a mouse mono-
clonal anti-PKCy (5 pg/ml) antibody for 1 h, at room temperature.
Neurons were washed with 0.1% bovine gelatin in PBS with 0.1%
Tween 20 and incubated with anti-rabbit secondary antibody conju-
gated with Alexa 488 and Texas Red-conjugated anti-mouse antibody.
Images were obtained with a Zeiss confocal microscope.

Extract Preparation and Immunoprecipitation—Cultured chick reti-
nal neurons were washed with ice-cold PBS, scraped with lysis buffer
(20 mm Tris, 2 mm EGTA, 2 mm EDTA, and a protease inhibitor
mixture) containing 1% Triton X-100, sonicated, and centrifuged at
1000 X g, for 10 min at 4 °C. The supernatants containing soluble
proteins were used to immunoprecipitate the GluR4 AMPA receptor
subunit. Rat cerebellum membranes were prepared according to the
procedure described by Luo and colleagues (36). Membrane proteins
were then diluted 1:1 with lysis buffer containing 1% Triton X-100 (for
Triton X-100 extracts), or with lysis buffer containing 1% Triton X-100
and 2% SDS, and boiled for 30 s (for SDS extracts), to disassemble
oligomeric receptor complexes. These samples were diluted 7 times with
lysis buffer containing 1% Triton X-100 before immunoprecipitation.
GluR4 and GluR1 immunoprecipitates were obtained by incubation of
2.5 pg of anti-GluR4 polyclonal antibody with chick retina extracts, or
membranes obtained from rat cerebellum, and by incubation of 1 ul of
GluR1 polyclonal antibody (a kind gift from Dr. Richard Huganir) with
rat cerebellum membranes, overnight at 4 °C. These samples were then
incubated for 90 min with 100 ul of protein A-Sepharose beads (50%)
and extensively washed (twice with TBS containing 1% Triton X-100,
twice with TBS containing 1% Triton X-100 and 0.5 M NaCl, and twice
more with TBS). The immunoprecipitated proteins were eluted by boil-
ing in 1X Laemmli sample buffer and were separated by SDS-PAGE.

GST Binding Assays—Extracts of cultured chick retina cells were
prepared as described above. Whole rat brain extracts were prepared by
homogenizing the tissue in lysis buffer with 1% Triton X-100 followed
by centrifugation at 1000 X g, for 10 min at 4 °C. The resulting super-
natant was re-centrifuged at 1000 X g, for 10 min at 4 °C, and the
soluble brain proteins were used for binding studies. Ten ug of fusion
protein was incubated with chick retinal extracts, rat brain homoge-
nates, or recombinant His-tagged PKCvy overnight at 4 °C. The mixture
was incubated with 50% glutathione-Sepharose beads for 30 min at
4 °C. Beads were washed extensively with TBS containing 1% Triton
X-100 and 0.5 M NaCl, and binding proteins were eluted with 1X
Laemmli sample buffer. Samples were analyzed by Western blotting.

Gel Electrophoresis and Immunoblotting—Samples were resolved by
SDS-PAGE in 12% acrylamide gels. For immunoblot analysis, proteins
were transferred onto a polyvinylidene difluoride membrane by electro-
blotting (40 V, overnight, at 10 °C). The membranes were blocked for 45
min with 5% (w/v) nonfat dry milk plus 0.1% (v/v) Tween 20 in TBS, and
probed during 1 h at room temperature with anti-PKCy (0.05 ug/ml),
anti-PKCe (0.05 pg/ml), anti-GluR4 (0.5 ug/ml), anti-GluR1 (1:5000),
anti-GST (1:2000), or anti-PKAca (0.25 pug/ml) antibodies. Following
several washes, the membranes were incubated for 1 h, at room tem-
perature, with alkaline phosphatase-conjugated goat anti-mouse sec-
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ondary antibody for anti-PKCy, anti-PKCe, and anti-PKAc staining,
with alkaline phosphatase-conjugated goat anti-rabbit secondary anti-
body for anti-GluR1 and anti-GluR4 antibodies, or with alkaline phos-
phatase-conjugated rabbit anti-goat secondary antibody for anti-GST
staining. The blots were washed again, and immunostaining was visu-
alized by the enhanced chemifluorescence method on a Storm 860 gel
and blot imaging system (Amersham Biosciences).

Phosphorylation Assays—GST pull-down assays were performed us-
ing GluR4 C-terminal fragments fused to GST and whole rat brain
extracts. GST fusion proteins and interacting proteins were pulled
down with glutathione-Sepharose beads, which were washed exten-
sively with TBS containing 1% Triton X-100 and 0.5 M NaCl, and
incubated in a phosphorylation buffer containing 100 mm Hepes, 20 mMm
MgCl,, 250 um ATP, 5 uCi of [y->P]ATP, 200 um CaCl,, and phosphati-
dylserine/diacylglycerol (50 ug/ml/5 pg/ml) for 30 min, at 30 °C. The
bound proteins were eluted from beads with 1X Laemmli sample buffer
and separated by SDS-PAGE in 12% acrylamide gels. Polyacrylamide
gels were stained with Coomassie Blue R, destained, and then exten-
sively washed with ultrapure H,O and 10% glycerol. Gels were then
dried for 45 min, at 80 °C, exposed to a storage Phosphor Screen
(Eastman Kodak Co.) and analyzed on a Storm 860 gel and blot imaging
system.

Histone Phosphorylation Assays—Histone H1 (20 pg) was incubated
with purified protein kinase C from rat brain, in a phosphorylation
buffer containing 100 mm Hepes, 20 mm MgCl,, 250 um ATP, 5 uCi of
[y-*?P]ATP, 200 um CaCl,, and phosphatidylserine/diacylglycerol (50
ng/ml/5 pg/ml), in the presence of equimolar amounts of GST (8.0 ug),
GST fused to GluR4 C-terminal fragments corresponding to amino
acids 815—-828 (8.6 pg) or to amino acids 815-838 (9.0 ug), or in the
presence of the PKC pseudosubstrate peptide 19-31 (RFARKGAL-
RQKNYV; 0.62 pg), for 30 min, at 30 °C. Reactions were stopped with
Laemmli sample buffer, and the samples were separated by SDS-PAGE
followed by autoradiography (as described above). Histone H1 phospho-
rylated bands were quantified using ImageQuant (Amersham Bio-
sciences) software and plotted.

Transfection of Cultured HEK 293T Cells—HEK 293T cells main-
tained at 37 °C in a humidified incubator of 5% CO,, 95% air were
transiently transfected with 10 ug of cDNA (pBK-CMV- PKC+y and/or
pGW1-GluR4), using the calcium phosphate coprecipitation method, as
previously described (25).

Receptor Surface Expression—Cultured HEK 293T cells were stim-
ulated with 200 nm PMA, for 10 min, 48 h after transfection. After
stimulation the cells were washed with culture medium and then incu-
bated at 37 °C in a humidified incubator of 5% CO,, 95% air for 3 h.
Cells were washed twice with PBS/Ca®*/Mg?* (PBS supplemented with
0.5 mm MgCl, and 1 mm CaCl,) and incubated with 1 mg/ml EZ-Link™"
Sulfo-NHS-SS-Biotin in PBS/Ca?*/Mg?* for 30 min at 4 °C. Cells were
then washed twice with PBS/Ca®"/Mg?" supplemented with 0.1% bo-
vine serum albumin, and once with PBS/Ca®"/Mg?* and scraped with
lysis buffer containing 1% Triton X-100 and 0.1% SDS. The cells were
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then sonicated and centrifuged at 1000 X g, for 10 min at 4 °C. Aliquots
of the supernatants containing soluble proteins (4% of total) were used
to determine expression of total GluR4 and the remaining samples
incubated with UltraLink™ Plus immobilized streptavidin gel for 2 h
at 4 °C (according to the protocol of the manufacturers). Streptavidin
beads were extensively washed, twice with TBS containing 1% Triton
X-100, once with TBS containing 1% Triton X-100 and 0.5 M NaCl, and
once more with TBS. The biotinylated proteins were eluted by boiling in
1X Laemmli sample buffer and were analyzed by immunoblotting. The
digital images were quantified using ImageQuant software (Amersham
Biosciences). Surface receptor expression was determined from the
surface biotinylated/total receptor ratio.

RESULTS

PKCvy Associates with GluR4 in Vivo—To examine whether
PKCyis associated with GluR4 in vivo, the interaction of PKCy
with GluR4 was tested in rat cerebellum and in primary chick
retina cultures, where GluR4 is highly expressed (11, 28, 37).
Immunoprecipitation of GluR4 from rat cerebellum membrane
extracts or from cultured chick retina cells resulted in specific
co-immunoprecipitation of PKCy (Fig. 1). Pre-absorption of the
GluR4 antibody with its antigen blocked the co-immunoprecipi-
tation of PKCry in the retina cell extracts (Fig. 1B), confirming
the specificity of the association. In contrast, PKCe, which is
also expressed in this preparation (28), did not co-immunopre-
cipitate with GluR4 AMPA receptor subunit (Fig. 1B). Rat
cerebellum membrane extracts prepared in 1% SDS and boiled,
to ensure disassembly of tetrameric AMPA receptor complexes
(2—4), were also tested. Immunoprecipitation of either GluR4
or GluR1 from rat cerebellum membranes, solubilized in SDS,
also specifically co-immunoprecipitated PKCvy (Fig. 14). Immu-
nocytochemistry experiments using an antibody that specifi-
cally recognizes GluR4 showed a punctuate distribution of
GluR4-containing AMPA receptors, along the dendrites, in cul-
tured chick retina cells (Fig. 2). Double labeling with anti-
GluR4 and anti-PKCvy antibodies revealed that some of the
GluR4 punctuate distribution is co-localized with PKCy
(Fig. 2).

Analysis of the PKCvy Binding Domain in GluR4—To map
the amino acid segment in GluR4 AMPA receptor subunit that
binds PKCvy, GST fusion proteins with the C-terminal domain
of GluR4 were produced, because this region is the main intra-
cellular domain of the receptor subunit (see Fig. 3D; Refs. 1, 38,
and 39). GST fused to full-length GluR4 C terminus or to
partial segments of GluR4 C terminus were used to pull down
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Fic. 2. Co-localization of GluR4-containing AMPA receptors with PKCy in cultured neurons. Cultured chick retina cells were
double-labeled with rabbit anti-GluR4 and mouse anti-PKCy antibodies, followed by Alexa 488-conjugated anti-rabbit IgG and Texas Red-
conjugated anti-mouse IgG. Merged images show a partial co-localization of GluR4 punctuate staining and PKCy immunoreactivity. Arrowheads

indicate areas of co-localization, and the scale bar represents 5 pm.
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Fic. 3. PKCy interacts with GluR4 C-terminal sequence. A rat brain extract (A), an extract of cultured chick retina neurons (B), or purified
recombinant PKCy (C) was incubated with GST fused to GluR4 C-terminal peptides (GST-full-length GluR4 C terminus or GST fused to GluR4
C-terminal amino acids 815-852 (GST-GluR4 (815-852)), 815-838 (GST-GluR4 (815-838)), 815-828 (GST-GluR4 (815-828)), or 829-882
(GST-GluR4(A815-828)), as indicated. Glutathione-Sepharose beads were used to pull down GST fusion proteins (detected with anti-GST
antibody; Fig. 1A). Analysis of the pull-down samples with an anti-PKCy antibody showed that PKCy was present when the extracts were
incubated with GST fusion proteins containing GluR4 C-terminal amino acids 815-828 (A and B). Experiments with recombinant PKCy show
direct interaction of recombinant PKCy with GluR4 C-terminal fragment (C). D, topology and C-terminal sequence of GluR4 AMPA receptor
subunit. Whole rat brain lysates were used as a positive control in immunoblot staining (A-C).

interacting proteins, present either in Triton X-100 solubilized
rat brain homogenates (Fig. 3A) or cultured chick embryo ret-
inal amacrine-like neurons (Fig. 3B). We found that PKCy
present both in the rat brain (Fig. 3A) and in the chick retina
culture extracts (Fig. 3B) binds full-length GluR4 C terminus
and the C-terminal fragments corresponding to amino acids
815-852 and 815-838. GST fused to the protein segment cor-
responding to amino acids 815-828 of GluR4 also bound PKCy
in GST pull-down assays using rat brain homogenates (Fig.
3A). However, the fusion protein lacking amino acids 815-828
was unable to bind PKCy (Fig. 3A). This result suggests that
the membrane-proximal region between amino acids 815 and
828 in the C terminus of GluR4 is important for the interaction
with PKCy.

Because there are several scaffolding proteins described to
interact with glutamate receptors (reviewed in Ref. 40) and, in
some cases, known to mediate the interaction of AMPA recep-
tors with kinases and phosphatases (41), we investigated
whether PKCy can directly bind to the C terminus of GluR4

AMPA receptor subunit or whether an adaptor protein is re-
quired. Purified recombinant PKCy with a C-terminal His tag
was incubated with GST fused to the GluR4 C-terminal seg-
ment containing amino acids 815—838. Again, glutathione-
Sepharose was used to pull down GST fusion proteins and the
presence of PKCvy in these samples was analyzed by immuno-
blotting with a monoclonal anti-PKC+y antibody. As shown in
Fig. 3C, recombinant PKCy was detected in pull-down samples,
indicating that it directly binds the C-terminal domain of
GluR4.

Phosphorylation within GluR4-PKCvy Complexes—Previous
work (25) showed that the GluR4 AMPA receptor subunit is
phosphorylated by PKC at the C-terminal domain, mainly on
Ser-482. Our results demonstrating that PKCy binds directly
to the GluR4 AMPA receptor subunit suggest that bound PKCvy
may facilitate GluR4 AMPA receptor phosphorylation. To test
this hypothesis, we performed GST pull-down assays from rat
brain extracts and, after extensively washing beads, incubated
immobilized GST fused to GluR4 C-terminal segments and
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Western blotting analysis using a monoclonal antibody that recognizes the catalytic domain of PKA (PKAca) showed that PKAca was not present
in GluR4 C-terminal complexes (lower panel). Whole rat brain lysates were used as a positive control. B, sequence alignment of PKCy
pseudosubstrate domain and GluR4 C-terminal amino acids 815—-828. Homologous amino acids (box) and conserved pseudosubstrate amino acids
(*) are indicated. C, histone H1 was incubated with [y->2P]ATP and purified protein kinase C, for 30 min at 30 °C, in the absence or presence of
GST-GluR4 C-terminal proteins or the PKC pseudosubstrate peptide 19-31, as indicated. Samples were subjected to SDS-PAGE, and the gels were
stained with Coomassie Blue R (middle panel) and autoradiographed (top panel), to detect histone phosphorylation. Histone H1 phosphorylated
bands were quantified using ImageQuant software (Amersham Biosciences) and plotted (bottom graphic). Results are presented as means + S.E.
of three independent experiments. Statistical significance was determined by analysis of variance followed by Dunnett’s test.

interacting proteins, including bound PKCy (Fig. 4A, middle
blot), in the presence of [y->2P]ATP. Eluted samples were then
analyzed by SDS-PAGE, and autoradiography. GluR4 C-termi-
nal fusion protein was phosphorylated by bound kinases (Fig.
4A, upper panel). The S842A GluR4 C-terminal fusion protein,
which lacks the major GluR4 phosphorylation site, was not
phosphorylated by bound kinases, but binds PKCy (Fig. 4A).
T830A GluR4-GST protein, lacking a minor PKC phosphoryl-
ation site on GluR4, was still phosphorylated in pull-down
samples. Deletion of GluR4 C terminus after amino acid 828
did not disrupt its binding to PKC+, but eliminated the phos-
phorylation sites (Thr-830 and Ser-482) on GluR4 and there-
fore prevented its phosphorylation (Fig. 4A). Our results sug-
gest that PKCy bound to GluR4 phosphorylates Ser-482 in
GluR4.

PKA was previously described to phosphorylate GluR4 on
Ser-482 (25), and it has been reported to interact with GluR1,
through A kinase anchor protein, via SAP97 (41). Therefore, to
exclude the hypothesis of GluR4 phosphorylation by PKA even-
tually present in GluR4 complexes, we looked for the presence
of PKA in pull-down samples. As shown in Fig. 4A, no PKA
immunoreactivity was detected in GluR4 C-terminal complexes
using an antibody against the catalytic fragment of PKAa (an
ubiquitously expressed PKA isoform).

The GluR4 C-terminal segment that interacts with PKCy is
homologous to PKCy pseudosubstrate sequence (Fig. 4B), and

its interaction with PKCy may mimic the pseudosubstrate in-
teraction. In the activated state of the kinase, the pseudosub-
strate is displaced from the catalytic groove that enables it to
interact with substrates. GluR4, through its C-terminal mem-
brane-proximal segment, which presents homology to the
pseudosubstrate, might preferentially occupy the vacated cat-
alytic site. To test this hypothesis, we tested the effect of PKC
interaction with GluR4 C terminus on the kinase activity on
another substrate. GluR4 C-terminal amino acids 815-828 and
815-838, which were shown to bind PKCv, inhibited histone
H1 phosphorylation by purified protein kinase C from rat brain
to the same extent as the PKC pseudosubstrate peptide (Fig.
4C). This result supports the hypothesis that PKCy bound to
GluR4 C terminus preferentially phosphorylates GluR4, to the
detriment of other substrates.

PKCvy Activation Increases GluR4 Surface Expression—It
was recently shown that, early in development, rat hippocam-
pal GluR4 Ser-482 phosphorylation by PKA is necessary and
sufficient for GluR4-containing AMPA receptors delivery to
synapses (26). Additionally, stimulation of GluR4-expressing
HEK cells with PMA resulted in Ser-482 phosphorylation (25).
To evaluate the contribution of GluR4 Ser-482 phosphorylation
by PKCy to the expression of GluR4-containing AMPA receptor
at the plasma membrane, we transfected HEK 293T cells with
GluR4, or co-transfected cells with GluR4 and PKCy. Cells
were then stimulated with 200 nm PMA for 10 min. Three
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Fic. 5. GluR4 surface expression in transfected HEK 293T
cells. Cultured HEK cells were transfected with GluR4 or co-trans-
fected with GluR4 and PKCy, as indicated. Cells were biotinylated
following stimulation with 200 nm PMA, for 10 min, and surface versus
total GluR4 bands were quantified using the ImageQuant software
(Amersham Biosciences) and plotted. Results are presented as means +
S.E. of three independent experiments. Statistical significance was
determined by the ¢ test.

hours after the stimulus, cells were incubated with a biotiny-
lation reagent that reacts with the extracellular domains of
membrane proteins. Proteins extracted from HEK 293T cells
were then incubated with streptavidin gel, which allowed the
purification of biotinylated proteins. Surface and total GluR4
were compared using quantitative immunoblotting. Co-trans-
fection of PKCy with GluR4 resulted in increased GluR4 sub-
unit surface expression following stimulation with PMA (Fig.
5), indicating that phosphorylation by PKC targets GluR4 to
the plasma membrane.

DISCUSSION

Phosphorylation of AMPA receptors is critical in the control
of synaptic function and plasticity (reviewed in Ref. 18). In this
study we found that PKCy associates with GluR4 AMPA re-
ceptor subunit in vivo and in vitro. Our results further suggest
that this interaction localizes the kinase in close proximity to
GluR4, facilitating receptor phosphorylation, and that phos-
phorylation by PKC targets the receptor to the plasma
membrane.

Co-immunoprecipitation experiments showed that the
AMPA receptor subunit GluR4 associates with the y conven-
tional isoform of PKC, both in rat cerebellum and in chick
retinal cultures (Fig. 1, A and B). Additionally, PKCy and
GluR4 showed partial overlapping distributions in chick em-
bryo retina cultures (Fig. 2). Recombinant and native PKCy
were retained by GST-GluR4 C terminus, and deletion analysis
showed that the membrane-proximal region of GluR4 C termi-
nus (conserved among AMPA receptor subunits), from amino
acids 815828, is crucial for the binding of GluR4 to PKCy (Fig.
3, A-C). The corresponding sequence in GluR1 was described to
interact with the protein 4.1N, the neuronal homologue of the
erythrocyte membrane cytoskeletal protein 4.1 (42). PKCy
binding to the GluR4 C-terminal sequence may bring close
together the kinase and its substrate, thereby influencing re-
ceptor phosphorylation.

In contrast to the direct interaction between GluR4 and
PKCy, reported here, AMPA receptors have been shown to
associate with protein kinases mainly through adaptor pro-
teins (reviewed in Ref. 18). PICK1, which interacts with PKCa,
is now known to associate with GluR2/3 and GluR4c (43).

PKCv Interaction with GluR4

PICK1 is co-localized with PKCa and AMPA receptors at exci-
tatory synapses and was described to homo-oligomerize
through its PDZ domain. In an heterologous expression system,
PICK1 was shown to induce AMPA receptor clustering (44).
PICK1 dimers may target PKCa to AMPA receptors, thus
providing a mechanism for selective phosphorylation of AMPA
receptors. GluR2 was determined to be phosphorylated on Ser-
880 by PKC (22), and activation of this kinase increases phos-
phorylation of GluR2 Ser-880 and induces long term depression
in the cerebellum (21, 45). Moreover, long term depression
induction in cultured Purkinje cells resulted in Ser-880 phos-
phorylation and in a long lasting disruption of GluR2 clusters
(23). PICK1 was also reported to form a complex with the
mGluR7a metabotropic glutamate receptors and PKCa. In this
case, PICK1 was shown to play an inhibitory role on PKC«
phosphorylation of mGluR7a (46).

SAP97 binds GluR1 AMPA receptor subunit and was re-
ported to be important for recruitment of PKA, PKC, and
protein phosphatase PP2B through AKAP79/150. This protein
forms a complex with SAP97 that directs PKA (41) or protein
phosphatase PP2B (47) to GluR1, facilitating GluR1 Ser-845
phosphorylation or dephosphorylation. However, it has re-
cently been reported that the interaction between GluR1 and
SAP97 occurs predominantly in the biosynthetic and secretory
pathway (48), raising the question of whether the kinase and
phosphatase in the complex can regulate receptor activity at
synapses.

Having established that GluR4 directly assembles with
PKCy, we searched for functional consequences of this interac-
tion. Previous work showed that GluR4 is phosphorylated on
Ser-482 by PKA, PKC, and calcium/calmodulin-dependent pro-
tein kinase II (25). Our results showed that GST fused to
GluR4 C terminus pulled down PKCy, and that there was
phosphorylation of GluR4 Ser-482 within those complexes (Fig.
4A). In addition, incubation of the GluR4 C-terminal domain,
which binds PKCy, with histone H1 (1:3 molar ratio) and
purified PKC inhibited histone phosphorylation (Fig. 4C). Se-
quence alignment of PKC+y pseudosubstrate domain and GluR4
C-terminal amino acids 815828, the crucial peptide for PKCy
binding, shows sequence homology (Fig. 4B). This suggests that
interaction of PKC with the GluR4 C-terminal region, through
the catalytic domain of the kinase, may prevent histone H1
phosphorylation. PKC pseudosubstrate domain contains sev-
eral basic residues, and it was suggested that this domain
binds to an acidic sequence of the PKC catalytic domain (49,
50), distinct from the ATP-binding core and the phosphate
transfer region. GluR4 may bind this region in PKC through its
membrane-proximal segment, analogous to the pseudosub-
strate, thereby positioning the phosphorylation site for prefer-
ential phosphorylation by PKC.

We have previously found that PKC up-regulates AMPA
receptor activity in chick embryo retinal cultures, where GluR4
is the main AMPA receptor subunit expressed (27, 28). Recent
work showed that in the rat hippocampus GluR4 Ser-482 phos-
phorylation by PKA, activated by spontaneous activity early in
development, is necessary and sufficient for GluR4-containing
AMPA receptors delivery to synapses (26). PKC also phospho-
rylates GluR4 Ser-482 in transfected HEK 293T (25). Our
results show that PKCy expression in GluR4 transfected HEK
293T cells increase GluR4 surface expression upon stimulation
with PMA, when compared with PKCy-deficient cells (Fig. 5).
Our results argue for a role for anchored PKCy in GluR4
receptor subunit phosphorylation and targeting to the plasma
membrane.

Acknowledgments—We are grateful to Maria Carmo-Fonseca and
Teresa Carvalho for confocal microscope images.



—

o

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.

26.

PKCv Interaction with GluR4

REFERENCES

. Hollmann, M. (1999) Handbook Exp. Pharmacol. 141, 4-98
. Rosenmund, C., Stern-Bach, Y., and Stevens, C. F. (1998) Science 280,

1596-1599

. Mano, I., and Teichberg, V. I. (1998) Neuroreport 9, 327-331
. Robert, A., Irizarry, S. N., Hughes, T. E., and Howe, J. R. (2001) J. Neurosci.

21, 5574-5586

. Ghosh, K. K., Haverkamp, S., and Wassle, H. (2001) J. Neurosci. 21,

86368647

. Grunder, T., Kohler, K., and Guenther, E. (2000) Invest. Ophthalmol. Vis. Sci.

41, 3600-3606

. Ravindranathan, A., Donevan, S. D., Sugden, S. G., Greig, A., Rao, M. S., and

Parks, T. N. (2000) «J. Physiol. 523, 667—684

. Vandenberghe, W., Bindokas, V. P., Miller, R. J., Robberecht, W., and Brorson,

J. R. (2001) Eur. J. Neurosci. 14, 305-314

. Condorelli, D. F., Dell’Albani, P., Corsaro, M., Barresi, V., and Giuffrida, A. M.

(1993) J. Neurosci. Res. 36, 344-356

Zhu, J. J., Esteban, J. A., Hayashi, Y., and Malinow, R. (2000) Nat. Neurosci.
3, 1098-1106

Mosbacher, J., Schoepfer, R., Monyer, H., Burnashev, N., Seeburg, P. H., and
Ruppersberg, J. P. (1994) Science 266, 1059—-1062

Shi, S., Hayashi, Y., Esteban, J. A., and Malinow R. (2001) Cell 105, 331-343

Song, 1., and Huganir, R. L. (2002) Trends Neurosci., 25, 578588

Chen, L., Chetkovitch, D., Petralia, R., Sweeney, N., Kawazaki, Y., Wenthold,
R., Bredt, D., and Nicoll, R. (2000) Nature 408, 936-943

Hirbec, H., Perestenko, O., Nishimune, A., Meyer, G., Nakanishi, S., Henley,
J. M., and Dev, K. K. (2002) J. Biol. Chem. 277, 15221-15224

Osten, P., Khatri, L., Perez, J. L., Kohr, G., Giese, G., Daly, C., Schulz, T. W.,
Wensky, A., Lee, L. M., and Ziff, E. B. (2000) Neuron 27, 313-325

Grootjans, J. J., Zimmermann, P., Reekmans, G., Smets, A., Degeest, G., Durr,
J., and David, G. (1997) Proc. Natl. Acad. Sci. U. S. A. 94, 13683-13688

Carvalho, A. L., Duarte, C. B., and Carvalho, A. P. (2000) Neurochem. Res. 25,
1245-1255

Derkach, V., Barria, A., and Soderling, T. R. (1999) Proc. Natl. Acad. Sci.
U. S. A. 96, 3269-3274

Banke, T. G., Bowie, D., Lee, H.-K., Huganir, R. L., Schousboe, A., and
Traynelis, S. F. (2000) J. Neurosci. 20, 89-102

Chung, H. J., Xia, J., Scannevin, R. H., Zhang, X., and Huganir, R. L. (2000)
J. Neurosci. 20, 7258-7267

Matsuda, S., Mikawa, S., and Hirai, H. (1999) J. Neurochem. 73, 1765-1768

Matsuda, S., Launey, T., Mikawa, S., and Hirai, H. (2000) EMBO J. 19,
2765-2774

Hayashi, Y., Shi, S. H., Esteban, J. A., Piccini, A., Poncer, J. C., and Malinow,
R. (2000) Science 287, 2262-2267

Carvalho, A. L., Kameyama, K., and Huganir, R. L. (1999) J. Neurosci. 19,
4748-4754

Esteban, J. A., and Malinow, R. (2001) Society for Neuroscience 31st Annual

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

6313

Meeting, November 10-15, San Diego, CA, Society for Neuroscience Ab-
stract (A Molecular Mechanism for the Regulated Synaptic Delivery of
GluR-containing AMPA Receptors), Program no. 15.3

Carvalho, A. L., Duarte, C. B., Faro, C. J., Carvalho, A. P., and Pires, E. V.
(1998) J. Neurochem. 70, 2112-2119

Carvalho, A. L., Correia, S., Faro, C. J., Duarte, C. B., Carvalho, A. P., and
Pires, E. M. (2002) Eur. J. Neurosci. 15, 465-474

Chakravarthy, B., Morley, P., and Whitfield, J. (1999) Trends Neurosci. 22,
12-16

Hashimoto, T., Ase, K., Sawamura, S., kikkawa, U., Saito, N., Tanaka, C., and
Nishizuka, Y. (1988) J. Neurosci. 8, 1678—-1693

Van der Zee, E. A., Compaan, J. C., de Boer, M., and Luiten, P. G. M. (1992)
J. Neurosci. 12, 4808—-4815

Abeliovich, A., Chen, C., Goda, Y., Silva, A. J., Stevens, C. F., and Tonegawa,
S. (1993) Cell 75, 1253-1262

Abeliovich, A., Paylor, R., Chen, C., Kim, J. J., Eehner, J. M., and Tonegawa,
S. (1993) Cell 75, 1263-1271

Duarte, C. B., Ferreira, 1. L., Santos, P. F., Oliveira, C. R., and Carvalho A. P.
(1992) Brain Res. 591, 27-32

Santos, P. F., Carvalho, A. L., Carvalho, A. P., and Duarte, C. B. (1998) Eur.
J. Neurosci. 10, 2723-2730

Luo, J., Wang, Y., Yasuda, R. P., Dunah, A. W., and Wolfe, B. B. (1997) Mol.
Pharmacol. 51, 79—-86

Monyer, H., Seeburg, P. H., and Wisden, W. (1991) Neuron 6, 799-810

Wood, M. W., VanDongen, H. M., and VanDongen, A. M. (1995) Proc. Natl.
Acad. Sci. U. S. A. 92, 4882—-4886

Bennett, J. A., and Dingledine, R. (1995) Neuron 4, 373—-384

Braithwaite, S. P., Meyer, G., and Henley, J. M. (2000) Neuropharmacology 39,
919-930

Colledge, M., Dean, R. A., Scott, G. K., Langeberg, L. K., Huganir, R. L., and
Scott, J. D. (2000) Neuron 27, 107-119

Shen, L., Liang, F., Walensky, L. D., and Huganir, R. L. (2000) /. Neurosci. 20,
7932-7940

Dev, K. K., Nishimune, A., Henley, J. M., and Nakanishi, S. (1999) Neurop-
harmacology 38, 635—644

Xia, J., Zangh, X., Staudinger, J., and Huganir, R. L. (1999) Neuron 22,
179-187

Xia, J., Chung, H. J., Wihler, C., Huganir, R. L., and Linden, D. J. (2000)
Neuron 28, 499-510

Dev, K. K., Nakajima, Y., Kitano, J., Braithwaite, S. P., Henley, J. M., and
Nakanishi, S. (2000) J. Neurosci. 20, 7252-7257

Tavalin, S. J., Colledge, M., Hell, J. W., Langeberg, L. K., Huganir, R. L., and
Scott, J. D. (2002) J. Neurosci. 22, 3044-3051

Sans, N., Racca, C., Petralia, R. S., Wang, Y. X., McCallum, J., and Wenthold,
R. J. (2001) JJ. Neurosci. 21, 7506-7516

Orr, J. W., and Newton, A. C. (1994) J. Biol. Chem. 269, 8383—-8387

House, C., Robinson, P. J., and Kemp, B. E. (1989) FEBS Lett. 249, 243-247



