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The C terminus (ct) of protein kinase C-� (PKC�) has a
type I PDZ binding motif, whereas GluR2 has a type II
PDZ binding motif. Both motifs are recognized by the
PDZ domain of protein interacting with protein kinase
C (PICK1), and PICK1-PKC�-controlled phosphoryla-
tion regulates the synaptic expression and function of
GluR2. Here, we show that a specific mutation within
the carboxylate-binding loop of the PDZ domain of
PICK1 (K27E; PICK1-KE) results in a loss of interaction
with GluR2 but not with PKC�. In GST pull-down stud-
ies, PICK1-WT (wild type) but not PICK1-KE was re-
tained by GST-ct-GluR2. Furthermore, PICK1-WT co-im-
munoprecipitated both PKC� and GluR2, whereas
PICK1-KE only co-immunoprecipitated PKC�. In heter-
ologous cells, PICK1-WT, but not PICK1-KE, clustered
GluR2 and also clustered GluR1 in a GluR2-dependent
manner. However, neither PICK1-WT nor PICK1-KE al-
tered the distribution of PKC�, even after phorbol ester-
induced redistribution of PKC� to the membrane. Fi-
nally, PICK1-KE showed no mislocalization when
compared with PICK1-WT in neurons. Taken together, it
appears that the PDZ domain of PICK1 is less sensitive
to mutations for PKC� when compared with GluR2 bind-
ing. These results suggest that the PDZ domain of PICK1
has distinct PKC� and GluR2 binding subsite(s).

�-Amino-3-hydroxy-5-methylisoxazole-4-propionate glutamate
receptors (AMPARs)1 mediate a majority of excitatory synaptic
neurotransmission in the central nervous system. They are cru-
cially involved in synaptic plasticity events such as long term
potentiation and long term depression, which are thought to be
the molecular basis underlying learning and memory (1). AM-
PARs are hetero-oligomers comprised of GluR1–4 subunits (2),
and in the hippocampus, AMPARs are thought to be primarily
composed of GluR1/GluR2 or GluR2/GluR3 subunits (3).

The AMPA receptor subunits GluR1 and GluR2 contain type
I and type II PDZ binding motifs, respectively, that interact
with different sets of proteins to regulate the synaptic expres-
sion of AMPARs (4). Although the C-terminal (ct)-GluR1 inter-
acts with PDZ domain-containing proteins such as SAP97 (5,
6), the extreme C-terminal ct-GluR2 interacts with PDZ do-
main proteins such as protein interacting with protein kinase C
(PICK1) (7, 8), the glutamate receptor-interacting protein
(GRIP) (9), and AMPAR-binding protein (ABP) (10). N-ethyl-
maleimide-sensitive fusion protein and the clathrin adaptor
protein AP2 also bind ct-GluR2 via a non-PDZ interactions
(4, 11–14).

PICK1 was first identified as a PDZ domain protein inter-
acting with the PDZ binding motif of PKC� (15, 16). Since then,
PICK1 has been shown to interact with a variety of proteins,
including GluR2, the mGluR7 metabotropic glutamate receptor
subtype, Eph receptor tyrosine kinases and their ephrin li-
gands, and many others. PICK1 can form dimers via its coiled-
coil motif, leaving its PDZ domain free for protein interaction
(7, 8, 17–21).

The interplay between GluR2-interacting proteins to regu-
late membrane expression appears complex and is still only
partially understood. In simple terms, N-ethylmaleimide-sen-
sitive fusion protein is thought to insert GluR2-containing
AMPARs into the membrane, increasing AMPAR currents and
playing a role in N-methyl-D-aspartate receptor-dependent
long term depression (11, 13, 22). ABP and GRIP appear to
anchor GluR2-containing AMPARs to the synaptic membrane
and/or intracellular stores (9). PICK1 is thought to target
PKC� toward its interacting proteins, for example, GluR2 (23)
and mGluR7 (18). The PICK1-directed PKC� phosphorylation
of the PDZ binding motif of GluR2 seems to inhibit GluR2
binding to ABP and GRIP, releasing GluR2 from the synapse
and leading to AMPAR endocytosis and long term depression
(23–30).

In this study, we have investigated the modulation of PICK1-
PKC� and PICK1-GluR2 interactions. We show that PKC� and
GluR2 binding to PICK1 can be independently regulated. Us-
ing a novel PICK1 mutant, we reveal that the PDZ domain of
PICK1 can be altered such that it still interacts with type I
PDZ binding motifs (PKC�) but not type II PDZ binding motifs
(GluR2). We propose that the PDZ domain of PICK1 contains
overlapping or allosteric binding sites for PKC� and GluR2
that sterically hinder each other’s binding. Alternatively, the
PKC� and GluR2 binding sites could be essentially similar but
with one or more of the subsite(s) differing. The PICK1-KE
mutant represents an important tool for further investigating
the role(s) of PICK1.
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EXPERIMENTAL PROCEDURES

Molecular Biology—The C-terminal domain of GluR2 was fused to
glutathione S-transferase (GST) by subcloning into pGEX-4T-1 (Amer-
sham Biosciences), FLAG was tagged to the N terminus of PICK1 and
then subcloned into pCIneo (Promega), and hemagglutinin (HA)-PKC�
was created by subcloning PKC� into pTB701-HA (see Ref. 7 for further
information). Point mutations in the PDZ domain of PICK1 were con-
structed by PCR. The pCITE-EGFP was created by subcloning CITE
(IRES) from pCITE4c(�) (Novagen) into pEGFP-N1 (Clontech). FLAG-
PICK1-digested fragments from pCIneo (either wild type or KE mutant)
were subcloned into pCITE-EGFP. FLAG-PICK1 was always under the
more efficient cap-dependent expression, and EGFP was under the less
efficient IRES-dependent expression (31). The FLAG-PICK1-IRES-
EGFP (either wild type or KE mutant)-digested fragments were sub-
cloned from pCITE-EGFP into pSinRep5 (Invitrogen). RNAs for pSin-
Rep5 constructs were prepared by in vitro translation (Invitrogen) and
electroporated into baby hamster kidney cells together with the helper
DH(265). Sindbis virus was made according to manufacturer’s instruc-
tions (Invitrogen catalog number K750-01) and used to infect hippocam-
pal cultures. Integrity of constructs was verified by DNA sequencing
(Applied Biosystems/PerkinElmer Life Sciences), and RNA quality was
visualized on agarose gels.

GST Pull-down and Co-immunoprecipitation—GST pull-down or co-
immunoprecipitation experiments were performed using glutathione-
Sepharose 4B (Amersham Biosciences) or anti-FLAG M2-agarose affin-
ity gel (Sigma), respectively, as described elsewhere (7, 18). GST or
GST-ct-GluR2 were expressed and extracted from Escherichia coli
strain BL21. Native full-length GluR2, FLAG-PICK1 (wild type and KE
mutant), and HA-PKC� were (co-)expressed and solubilized from Lipo-
fectAMINE (Invitrogen) transiently transfected COS-7 cells. GST pull-
down or co-immunoprecipitation samples were separated by electro-
phoresis on 9 or 10% SDS-polyacrylamide gels (SDS-PAGE). The
amount of GluR2, FLAG-PICK1, or HA-PKC� bound to GST-coated
glutathione-Sepharose 4B or anti-FLAG M2-agarose affinity gel was
determined by Western blotting. Primary antibodies (Abs) were anti-
FLAG M2 monoclonal mouse Ab (Sigma), anti-HA polyclonal rabbit Ab
(Santa Cruz Biotechnology), and anti-ct-GluR2 polyclonal rabbit Ab
(Upstate Biotechnology). Secondary antibodies were alkaline phospha-
tase-conjugated and were goat anti-rabbit or anti-mouse IgG (Pro-
mega). Immunoreactivity was visualized as a blue-purple color. All
antibodies were used at dilutions recommended by the manufacturer.
Protein concentrations were determined using the Bio-Rad assay kit
with bovine serum albumin as standard (Bio-Rad).

Immunocytochemistry—COS-7 cells were grown using Dulbecco’s
modified Eagle’s medium culture media (9.5 g/liter Dulbecco’s modified
Eagle’s medium, 3.5 g/liter glucose, with 0.2 g/liter sodium bicarbonate
and 0.6 g/liter L-glutamine) supplemented with 10% dialyzed fetal bo-
vine serum and 1% penicillin/streptomycin and maintained at 37 °C, 5%
CO2. At 70–80% confluency, COS-7 cells were transfected in OPTI-
MEM (serum-free media) with appropriate constructs using Lipo-
fectAMINE (Invitrogen). Transiently transfected COS-7 cells were im-
munostained, and immunoreactivity was observed as described
previously (7). Low density hippocampal cultures were prepared from
E18 Sprague-Dawley rats. Briefly, hippocampi were dissected and then
dissociated using trypsin for 10 min at 37 °C. After a wash procedure,
cultures were plated onto poly-L-lysine-coated glass coverslips and
maintained at 37 °C, 5% CO2 until required. Neurons were used after
7–21 days in vitro and were incubated with or without virus for 22 h,
after which cells were collected for biochemistry or fixed using 3.7%
paraformaldehyde for immunocytochemistry. FLAG-PICK1 expression
was detected using anti-FLAG M2 monoclonal mouse antibody (Sigma),
and for endogenous PICK1, an anti-PICK1 rabbit antibody was used
(18). Secondary antibodies were Alexa Fluor 568-conjugated and were
either goat anti-rabbit or goat anti-mouse IgG (Molecular Probes). Flu-
orescence was visualized using a Leica confocal microscope.

PKC� Trafficking Studies—The effects of TPA on PKC� membrane
expression were determined as described previously with some modifi-
cation (32). COS-7 cells were split into 6-well dishes and grown for 24 h
(70–80% confluency) before treatment with or without 1 �M TPA (di-
luted in OPTIMEM) for 30 min at 37 °C. After treatment, cells were
washed twice with phosphate-buffered saline at room temperature and
scraped in 400 �l of protein lysis buffer (50 mM Tris, pH 7.4, 2 mM

EDTA, 2 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 20 �g/ml
leupeptin, 80 �g/ml aprotinin, 100 �g/ml soya bean trypsin inhibitor,
0.1% 2-mercaptoethanol). Exactly 350 �l of protein lysis buffer-resus-
pended cells were transferred into 1.5-ml Eppendorf tubes and soni-

cated for 10 s. The sonicated cells (300 �l) were transferred into 1.5-ml
Ultracentrifuge tubes and centrifuged at 100,000 � g for 60 min (Beck-
man Instruments, Ultracentrifuge TL 100). The supernatant (cytoplas-
mic fraction) was separated from the pellet (membrane fraction). The
pellet was resuspended into 300 �l of protein lysis buffer containing
1.2% Triton X-100 and sonicated. Both cytoplasmic and membrane
fractions were measured for protein content by Bio-Rad assay kit with
bovine serum albumin as standard (Bio-Rad). Samples were frozen at
�80 °C until Western blotting.

RESULTS AND DISCUSSION

The PICK1-KE Mutant Does Not Interact with GluR2—The
binding characteristics of PICK1-WT and PICK1 carrying a
double PDZ domain mutation KD27/28AA (PICK1-AA) have
been reported previously; PICK1-WT binds both GluR2 and
PKC�, whereas PICK1-AA binds neither of these proteins (7, 8,
15, 16, 18, 23). Here, we examined the binding properties of a
PICK1 mutant in which the lysine 27 residue of the carboxy-
late-binding loop is mutated to glutamate (K27E; PICK1-KE).
Using PICK1 from either virally transduced hippocampal cul-
tures or transiently transfected COS-7 cells, GST-GluR2 pull-
down assays were used to examine the binding properties of
PICK-WT and PICK1-KE mutant (Fig. 1). Western blot anal-
ysis showed that PICK1-WT, but not PICK1-KE, was retained
by GST-ct-GluR2 (Fig. 1), indicating that PICK1-KE does not
interact with GluR2.

The PICK1-KE Mutant Retains Interaction with PKC�—The
PDZ domain of PICK1 has the capacity to accept several dif-
ferent PDZ binding motifs as recently described by GST pull-
down studies (33) and as predicted by computer modeling (23).
To test the ability of PICK1-KE to bind PKC� and to analyze
whether type I and type II interactions could be independently
modulated, we simultaneously tested the binding properties of
PICK1-KE to GluR2 (-ESVKI; type II) and PKC� (-LQSAV;
type I) in co-immunoprecipitation experiments. In these exper-
iments, we found that although PICK1-WT interacted with
both GluR2 and PKC�, the PICK1-KE co-immunoprecipitated
with PKC� but showed no interaction with GluR2 (Fig. 2).
These results suggest that the type I (PKC�) PDZ interactions
are more tolerant of alterations in the PICK1 PDZ domain than
type II (GluR2) PDZ interactions. Thus, we propose that PICK1
has the ability to differentially recognize the PDZ binding
motifs of PKC� and GluR2 and that there are independent

FIG. 1. Mutated PICK1-KE does not bind GluR2. A, a schematic
showing the position of the amino acid substitution in the mutant form
of PICK1-KE. N, N terminus; C, C terminus. B, using the same input
(top panel), Western blots show that solubilized FLAG-PICK1-WT but
not FLAG-PICK1-KE obtained from transiently transfected COS-7 cells
or viral-infected hippocampal cultures is retained by GST-ct-GluR2
(bottom panel) but not by GST alone (middle panel). sn, cell-solubilized
supernatant.
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binding sites or subsite(s) within the PICK1 PDZ domain for
PKC� and GluR2 ligands.

A GluR2-PICK1-PKC� Complex Is Not Found in the Presence
of High Amounts of GST-GluR2—Truncations of PICK1 that
lack the PDZ domain (residues 1–121; PICK1-�121) or the
negatively charged C terminus (residues 379–416), in addition
to PICK1-AA, have been shown to dimerize with PICK1-WT (8,
23). In contrast, PICK1 fragments lacking a portion (residues
165–416) or all of the coiled-coil (residues 135–416) did not
interact with PICK1-WT (23). These results indicate that the
coiled-coil motif, but not the PDZ domain or the C terminus of
PICK1, is responsible for PICK1 dimerization (23). Each of the
two PDZ domains present in a PICK1-PICK1 dimer are avail-
able to interact with PDZ binding motifs. Such dimer-PDZ
interactor complexes could be a molecular basis for target-
ing PKC� to PICK1-interacting proteins, assisting their phos-
phorylation and regulating trafficking, surface expression, and
function.

We therefore attempted to examined the possibility of the
formation of a triple complex involving PICK1, PKC�, and
GluR2 using GST-ct-GluR2 pull-downs. In these GST pull-
down assays, any retention of PKC� by GST-ct-GluR2 would
presumably occur via a PICK1-PICK1 dimer. We reasoned that
if GluR2-PICK1-PKC� complexes exist, we should pull-down a
PICK1-PKC� heteromer using GST-ct-GluR2. However, GST-
ct-GluR2 did not pull-down PKC� in either a PICK1-dependent
or -independent manner (Fig. 3). We were initially surprised by
these results since we have previously shown the complex
formation of PKC�-PICK1-mGluR7 proteins by co-immunopre-
cipitation (18), and it has been reported that a GluR2-PICK1-
PKC� macro-protein complex can exist (23). There are several
possible explanations why we did not detect a GluR2-PICK1-
PKC�: 1) Such a complex either does not occur or is highly
transient and unstable. For example, it is possible that PKC�
and GluR2 bind to PICK1 dimers sequentially rather than
simultaneously. 2) The conditions of the pull-down experiments
were not optimal, so it is possible that the activation state of
PKC� (for example, by TPA) and/or conformation of PICK1 is a

key determinant for whether a complex occurs. 3) A technical
limitation of these experiments is the very high levels of im-
mobilized GST-ct-GluR2. The large excess of GluR2 type II
PDZ ligand is likely to occupy all or most of the PICK1 PDZ
domains and prevent PKC� interaction with PICK1. Thus,
these pull-down data are not definitive. Based on previous
studies, we believe it likely that GluR2-PICK1-PKC complexes
occur, but we cannot rule out the possibility that in neurons,
the three proteins do not complex at all, or that if they do, the
co-assembly is too transient to be detected.

PICK1-WT but Not Mutant PICK1-KE Forms Clusters with
AMPARs—The interaction of PICK1 to GluR2 has previously
been reported to induce perinuclear clusters of GluR2 in het-
erologous cells and also synaptic clusters in neurons (7, 8, 23).
Here, we found that PICK1-KE had a similar distribution
pattern to that observed for PICK1-WT (Fig. 4A) and
PICK1-AA (23). However, in contrast to PICK1-WT, the mu-
tant PICK1-KE showed no clustering when expressed with
GluR2 (Fig. 4B). These results are consistent with our biochem-
ical studies showing that PICK1-KE does not interact with
GluR2. To further confirm our biochemical data that both
PICK1 and PICK1-KE interacted with PKC�, we looked for
protein clusters of both PICK1-PKC� and PICK1-KE-PKC�.
No obvious protein clustering was observed when expressing
PKC� and PICK1 or PICK1-KE (Fig. 4C). Since one attractive
explanation of our GST pull-down data is that high levels of
GluR2 inhibit PKC� binding to the PDZ domain of PICK1, we
reasoned that transient overexpression of GluR2 together with
PICK1 and PKC� (triple transfections) would not result in
PICK1-PKC� clusters. Therefore, since TPA has been sug-
gested to augment PICK1-PKC clusters (23), we determined
whether TPA would induce PICK1-PKC� clusters in our sys-
tem. However, despite observing TPA-induced movement of
PKC� from cytosolic to membrane fractions in COS-7 cells (Fig.
4C), the TPA-stimulated conditions did not result in PICK1-
PKC� clusters (data not shown). Although our results differ
from an earlier study (23), they are in agreement with a recent
report (34).

It has been suggested that GluR1 and GluR2 subunits may
have independent trafficking machinery in which the traffick-
ing of GluR1 is regulated by GluR1-interacting proteins such as

FIG. 2. Mutated PICK1-KE still interacts with PKC�. A, a sche-
matic showing PICK1 co-immunoprecipitated complexes. B, the solubi-
lized cell lysates of transiently transfected COS-7 cells are precipitated
using FLAG-M2-agarose beads. Western blots show that both FLAG-
PICK1-WT and FLAG-PICK1-KE can complex with HA-PKCa with
equal ability. In contrast, GluR2 was co-immunoprecipitated with only
FLAG-PICK1-WT.

FIG. 3. High amounts of GST-ct-GluR2 compete with PICK1-
PKC interaction. A, a schematic showing ct-GluR2-dependent GST
pull-down complexes. B, GST-ct-GluR2 can retain FLAG-PICK1-WT
but not FLAG-PICK-KE. GST-ct-GluR2 is likely to inhibit PICK1-
PKC� interaction and was not able to retain PKC� via PICK1. sn,
cell-solubilized supernatant.
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SAP97 (5, 6). For GluR1/GluR2 heteromeric AMPARs, the ct-
GluR1 interactions appear to dominate over GluR2 such that
GluR1-containing AMPARs are inserted into the membrane
during N-methyl-D-aspartate receptor activity-dependent plas-
ticity and long term potentiation (5, 35, 36). In contrast, for
GluR2/GluR3 heteromeric AMPARs, the ct-GluR2 interactions
are believed to dominate and to mediate a continuous activity-
independent cycling (11, 13, 22, 35). The effects of GluR2 sub-
unit-interacting proteins, such as PICK1, on GluR1 localization
have not been demonstrated. Since GluR1 and GluR2 can form
heteromeric AMPARs, we further tested the effects of PICK1
on GluR1 in the presence of GluR2. In heterologous cells, we
found that PICK1 formed clusters with homomeric GluR2 and
heteromeric GluR1/GluR2 AMPAR complexes (Fig. 4C). Triple
transfection of COS-7 cells with GluR1, GluR2, and FLAG-
PICK1 resulted in a redistribution of GluR1 that was depend-
ent upon the presence of GluR2 and followed the same pattern
of PICK-GluR2 clusters (Fig. 4C). These results suggest that in
the absence of GluR1 trafficking machinery (as found in COS-7
cells), GluR2-interacting proteins such as PICK1 could modu-
late the AMPAR complex as a whole (including GluR1). This
mechanism may play an important functional role in neurons,
where GluR1-interacting proteins have been down-regulated.

PICK1-KE Expression in Hippocampal Neurons—The re-
moval of the PDZ domain from PICK1 (i.e. the removal of the
first 121 residues of PICK1; PICK1-�121) has been shown to
result in self-maintaining clusters, whereas PICK1 carrying a
double mutation in its PDZ domain (KD27/28AA; PICK1-AA)
showed similar distribution patterns to those of PICK1-WT
(23). On the basis of these results, it was suggested that PICK1
with either an occupied PDZ domain (filled with either GluR2
or activated-PKC�) or a truncated PDZ domain would form
clusters (23). Since PICK1-�121 showed clusters in spines, the
clustering and/or targeting of PICK1 was suggested to be in-
dependent of the PDZ domain. We studied the distribution

patterns of PICK1-WT and PICK1-KE in cultured hippocampal
neurons. Neurons transduced with a FLAG-PICK1-IRES-GFP
virus vector were identified by dendritic FLAG Ab staining
(Fig. 5). FLAG-PICK1 immunoreactivity was never seen inde-
pendent of nuclear GFP fluorescence (data not shown). Our
results showed no observable differences in the distribution
patterns and expression levels of PICK1-WT and PICK1-KE.
Furthermore, the expression patterns of recombinant ex-
pressed PICK1-WT and PICK1-KE were similar to native
PICK1 (Fig. 5). The FLAG-PICK1-WT protein was distributed
throughout the neuron, and we also saw staining in spines, in
agreement with previous studies (23), and we observed no
protein clusters or protein aggregation for virally expressed
PICK1-WT or PICK1-KE (Fig. 5).
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