J$lalc

Japan Society of
Histochemistry and Cytochemistry

Established 1959

Acta Histochem. Cytochem. 39 (6): 173—181, 2006
doi:10.1267/ahc.06025

Spatiotemporal Analysis of the Molecular Interaction between PICK1 and PKC
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PICK1 is a protein which was initially identified as a protein kinase Ca (aPKC) binding pro-
tein using the yeast two-hybrid system. In addition to aPKC, the PICK1 complex binds to and
regulates various transmembrane proteins including receptors and transporters. However, it
has not been clarified when and where PICK1 binds to aPKC. We examined the spatio-
temporal interaction of PICK1 and PKC using live imaging techniques and showed that the
activated aPKC binds to PICK1 and transports it to the plasma membrane. Although the
membrane translocation of PICK1 requires the activation of aPKC, PICK1 is retained on the
membrane even after PKC moves back to the cytosol. These results suggest that the inter-
action between aPKC and PICK1 is transient and may not be necessary for the regulation
of receptors/transporters by PICK1 or by aPKC on the membrane.
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I. Introduction

Protein kinase C (PKC) plays a pivotal role in many
signaling pathways and the existence of multiple subtypes
suggests that different isoforms have various functions.
The PKC superfamily consists of at least 10 subtypes and is
divided into three groups, classical PKC (cPKC; a, BI, BIL,
1), novel PKC (nPKC:; 9, €, 1, 0), and atypical PKC (aPKC;
€, VL), based on their structures [20, 21, 25, 26]. Each PKC
subtype has differential sensitivity to activators and shows
tissue- and cell-specific expression, suggesting that each
subtype plays an subtype-specific role in various signal
transduction pathways and in the regulation of numerous
cellular processes [20—22]. The subtype-specific function of
PKC, however, has not been clarified by conventional bio-
chemical techniques due to the low substrate specificity
among family members. Recent technical developments
enabled us to monitor the movement of PKC in living cells
using PKC fused with green fluorescent protein (GFP) [23,
29]. Reports using GFP-tagged PKC subtypes have demon-
strated that PKC translocation varies depending on the PKC
subtype and on the kind of stimulation [1, 15, 18, 19, 23, 32,
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39, 40]. These results suggest that the correct spatiotemporal
translocation of each PKC subtype is necessary for its acti-
vation and phosphorylation of the specific substrates.
Analysis of subtype- and stimulus-specific PKC transloca-
tion provides a way to study their individual role in cell sig-
naling pathways.

A characteristic and important feature of central ner-
vous system synapses is the clustering of receptors and
signaling molecules at both postsynaptic and presynaptic
sites, which underlies an efficient synaptic transmission in
the brain. For instance, at the glutamate excitatory synapses
of the hippocampus, both ionotropic glutamate N-methyl-
D-aspartate (NMDA) and o-amino-3-hydroxy-5-methyl-
soxazole-4-propionate (AMPA) receptors are concentrated
at postsynaptic sites [36], whereas the G protein-coupled
metabotropic glutamate receptor mGluR7a is specifically
targeted to the presynaptic active zone of nerve terminals
[31]. Recent studies have shown the importance of PDZ
domain-containing proteins in mediating the specific synap-
tic clustering of neurotransmitter receptors and in regulating
receptor signaling at synapses [5, 10, 11].

Among the protein interacting with protein kinase C
(PKC), PICK1 is a PDZ domain protein originally cloned
on the basis of its interaction with PKC by a yeast two-
hybrid screening [33]. PICK1 selectively binds to aPKC
through interaction with the QSAYV sequence at the extreme
COOH-terminus of oPKC [34]. The carboxylate-binding
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loop within the PDZ domain of PICK1 is required for the
interaction [34]. PICK1 has subsequently been shown to
interact with the Eph receptor tyrosine kinases and ephrin-B
ligands [37], GluR2/3/4c subunits of the AMPA receptor [6,
41], mGluR7a receptor [3, 7], and dopamine and norepi-
nephrine transporters [38]. PICK1 forms a triple complex
containing oPKC and mGIluR7 in neurons [7].

In the present study, we examined the spatio-temporal
interaction between PICK1 and oPKC in cells by live
imaging techniques to elucidate the functional role of PKC
as a binding partner for PICK1.

II. Materials and Methods

Materials

12-O-tetradecanoylphorbol 13-acetate (TPA), PKC
inhibitor (G66983), and uridine triphosphate (UTP) were
purchased from Sigma Chemical Co. (St. Louis, MO). All
other chemicals were of analytical grade.

Cell culture

HEK?293 cells and were purchased from Riken Cell
Bank (Tsukuba, Japan). CHO-K1 cells were purchased from
Health Science Research Resources Bank (Osaka, Japan).
HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium, and CHO-K1 cells in Ham’s F-12 medium (Invit-
rogen, Grand Island, NY) at 37°C in a humidified atmo-
sphere containing 5% CO,. All media were supplemented
with 10% fetal bovine serum, penicillin (100 units/ml) and
streptomycin (100 pg/ml). The fetal bovine serum used was
not heat-inactivated. For transfection experiments, HEK293
cells and CHO-K1 cells were trypsinized and seeded at a
density of 1x10° cells/3.5-mm on glass-bottomed culture
dishes (MatTek Corp., Ashland, MA) and incubated for 16—
24 hr before transfection.

Transfection of plasmids into cultured cells

CHO-K1 and HEK293 cells were transfected using 3 pl
of FUuGENETM 6 Transfection Regent (Roche Molecular
Biochemicals) and 1 pg of DNA according to the manufac-
turer’s protocol. For co-expression of plasmids, the same
amount of each plasmid was mixed and transfected. Experi-
ments were performed 24—48 hr after the transfection.

Construction of plasmids encoding the DsRed2-PKCs and
GFP-PICK]1 fusion protein

BS1043 was a plasmid encoding DsRed2-aPKC fusion
protein in which aPKC (BS611) and DsRed2 were bound at
the N-terminus of aPKC. BS1085 was a plasmid encoding
DsRed2-yPKC fusion protein in which yPKC in pTB701
(BS55) and DsRed2 were bound at the N-terminus of
yPKC. BS1104 was a plasmid encoding DsRed2-yPKC-
CTa fusion protein. A cDNA fragment of yYPKC in pTB701
(BS55) with a HindIII site in the 5'-terminus and an EcoRI
site in the 3'-terminus was produced by a PCR with cDNA
for yPKC in pTB701 (BS55) as the template. The sense
and antisense primers were 5'-TTAAGC TTCCATGGCG-

GGTCTGGGTCCTG-3' and 5-TTGAATTCTCATACTG-
CACTTTGCA AGATTGGGTGCACGAAGTCCGG GTT-
CAC-3', respectively. The PCR product of yPKC was first
subcloned into a TA cloning vector, pPCRTM2.1 (Invitrogen,
San Diego, CA). The plasmid was digested with HindIII
and EcoRI then subcloned into the HindIIl and EcoRI site
in pDsRed2-C1 (Clontech Laboratories, Inc). GFP were
bound at the N-terminus of PICK1 to produce GFP-PICK1
(BS 1001). Plasmids encoding GFP-PICK1-T82A, -T227A
and -T249A) was constructed by the mutation of each threo-
nine to alanine.

Observation of translocation of GFP- or DsRed2-fused
protein

Transfected cells were spread onto glass-bottomed cul-
ture dishes (MatTek) and cultured for at least 24 hr before
observation. The culture medium was replaced with normal
HEPES buffer composed of 135 mM NaCl, 5.4 mM KClI,
1 mM MgCl,, 1.8 mM CaCl,, 5 mM HEPES, and 10 mM
glucose, pH 7.3. The fluorescence of the fusion proteins was
monitored by confocal laser scanning fluorescence micros-
copy (model LSM 510 invert; Carl Zeiss, Jena, Germany).
GFP-fused protein was monitored at 488-nm argon excita-
tion using a 510- to 535-nm band pass barrier filter. DsRed-
fused protein was monitored at 543-nm HeNel excitation
using a 590-nm-band pass barrier filter. DsRed and GFP
were monitored simultaneously using multitracking soft-
ware which alternately detects each fluorescence by switch-
ing quickly between laser and filter system.

Immunoprecipitation

GFP-aPKC c¢cDNA was transiently transfected into
HEK?293 cells (1x10° cells/dish) by FuGENETM 6 Trans-
fection Reagent (Roche, Mannheim). After transfected cells
were cultured at 37°C for 16 hr, and then harvested with 5 ml
of homogenate buffer (250 mM sucrose, 10 mM EGTA,
2 mM EDTA, 20 mM Tris-HCI, 20 pg/ml leupeptin, and
1 mM phenylmethylsulfonyl fluoride, pH 7.4) containing
1% Triton-X 100. After the sonication (UD-210 Tomy
Seiko, Tokyo, Japan) (output, 5; duty, 50%; 10 times at
4°C), samples were centrifuged at 400,000xg for 30 min at
4°C (Hitachi, Tokyo, Japan), and supernatant was collected.
The supernatant was rotated with an anti-GFP polyclonal
antibody (diluted 1:50) (Molecular Probes, Eugene, OR) for
2 hr at 4°C and then with protein A-Sepharose for an addi-
tional 2 hr. Samples were centrifuged at 2,000xg for 5 min at
4°C, and pellets were washed three times with phosphate-
buffered saline without Ca?* and Mg?* (PBS(-)). Finally, the
pellet was suspended in 50 pl of PBS(-) and used for kinase
assays or immunoblot.

Kinase assay of recombinant GFP-aPKC

GFP-oPKC was immunoprecipitated from HEK293
cells transfected with GFP-oaPKC cDNA. The immuno-
precipitated samples (10 pul of suspended pellet) were used
for in vitro kinase assays. The kinase activity was assayed
by measuring the incorporation of 3?Pi into MBP from
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[y-**P]ATP as described previously [24].

Data analysis

The time course of translocation was recorded as a time
series of 30—50 images for each experiment. Image analysis
was performed using the Zeiss LSM 510 software, and the
membrane fluorescence ratio was calculated. This was
defined as the plasma membrane fluorescence intensity/
cytoplasm fluorescence intensity in 1-7 pm? region of inter-
est (ROI). ROIs were circles for cytoplasm and rectangles
for the plasma membrane. For each time point, the mem-
brane fluorescence was calculated from at least 5 different
ROIs. These values were averaged and plotted to generate a
time course of translocation.

III. Results

Intense fluorescence of DsRed2-aPKC was observed
in the perikarya of the transfected HEK293 cells which
express DsRed2-aPKC alone, and faint fluorescence was

seen in the nuclei (Fig. 1A lower row). The treatment with
1 uM TPA induced the obvious translocation of DsRed2-
oPKC from the cytosol to the plasma membrane. The trans-
location began at 5 min and was completed by 15 min after
TPA stimulation (Fig. 1A). The fluorescence remained on
the plasma membrane for at least 25 min after TPA treat-
ment and did not return to the cytoplasm in the cells tested.
The DsRed2-aPKC in the nuclei did not appear to be trans-
located. Intense fluorescence of GFP-PICK1 was observed
in the perikarya of the transfected HEK293 cells which
express GFP-PICK1 alone, and faint fluorescence was seen
in the nuclei (Fig. 1A upper row). In contrast, the fluores-
cence of GFP-PICK1 did not translocate after 1 pM TPA
stimulation.

Then we investigated the translocations of PKC and
PICK1 when co-expressed in the same cells. Co-expression
of DsRed2-aPKC with GFP-PICK1 did not alter the diffuse
distribution of each fluorescent protein (Fig. 1B). When the
cells were stimulated with 1 uM TPA, both GFP-PICK1
and DsRed2-aPKC translocated from the cytosol to the

A TPA 1uM C TPA 1uM
before 15min 25min before Jmin 2omin
o - . .
TPA 1uM
before 15min 25min
BIPKC
aPKC
B TPA 1uM D TPA 1uM
] " -
before 20min 30min 35min before 15min 25min
- .. o . ..
- ... h ...
Fig. 1. A: The translocation of GFP-PICK1 or DsRed2-aPKC, when expressed alone in HEK293 cells. GFP-PICK1 was observed throughout

the cytoplasm in transfected HEK293 cells. The fluorescence of GFP-PICK1 was not translocated by 1 uM TPA at 37°C. In contrast, | uM TPA
induced the obvious translocation of DsRed2-aPKC from the cytosol to the plasma membrane. B: TPA-induced translocation of GFP-PICK1
when co-expressed with DsRed2-aPKC in HEK293 cells. Both GFP-PICK1 and DsRed2-aPKC were observed throughout the cytoplasm in
transfected HEK293 cells. Activation of PKC by 1 uM TPA induced the obvious translocation of GFP-PICK1 and DsRed2-aPKC. Transloca-
tion was completed within 20 min after the treatment with TPA. C & D: TPA-induced translocation of GFP-PICK1 when co-expressed with
DsRed2-BIPKC (C), or DsRed2-yPKC (D). GFP-PICK1 fusion protein was not translocated by TPA when co-expressed with BIPKC or yPKC.
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Fig. 2. A: Role of C-terminal region of aPKC for TPA-induced translocation of PICK1 in HEK293 cells. Activation of PKC by 1 uM TPA
induced the obvious translocation of GFP-PICK1 and DsRed2-yPKC which had the C-terminal region of aPKC (DsRed2-yPKC-CTa) from the
cytosol to the plasma membrane. B: Effects of aPKC activity on PICK1 translocation. Pretreatment with 7 nM G66983 (37°C for 15 min) abol-
ished the TPA-induced translocation of GFP-PICK. C: Effect of T82A mutation of PICK1 on its translocation. Substitution of threoine82 of
PICK1 to alanine abolished TPA-induced translocation of the mutant PICK1 but not on that of aPKC. D: Effect of T227A mutation of PICK1
on its translocation. Substitution of threoine227 of PICK1 to alanine did not alter either the TPA-induced translocation of the mutant PICK1 or
aPKC. E: Effect of T249A mutation of PICK1 on its translocation. Substitution of threoine249 of PICK1 to alanine did not alter either the TPA-

induced translocation of the mutant PICK1 or aPKC.

membrane within 15-20 min after the stimulation (Fig.
1B), although GFP-PICK did not respond to TPA when
expressed alone. These results suggest that translocation of
GFP-PICK1 was induced by the activation and translocation
of exogenous aPKC.

Staudinger et al. reported that PICK1 interacts with the
PDZ binding site in the C terminus of oPKC through a PDZ

domain within PICK1 [33, 34]. To elucidate the subtype-
specificity of PKC for interaction with PICK 1, we examined
the translocation of GFP-PICK1 in the cells which simulta-
neously express YPKC or BIPKC. As shown in Figure 1C
and 1D, TPA failed to translocate GFP-PICK1 to the plasma
membrane, while the TPA-induced translocation of YPKC or
BIPKC was evident, suggesting that the translocation of
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PICK1 is related with the expression of aPKC but not yPKC
or BIPKC. As it was supposed that aPKC binds to PICK1
through its C terminal with PDZ domain of PICK1, the bind-
ing domain of aPKC to translocate with PICK1 was further
examined by using YPKC having C terminal of aPKC. The
four amino acid residues at the C terminal of aPKC have
been shown as a PDZ-binding site. The last four amino
acids of YPKC were substituted with PDZ-binding sequence
of aPKC (yPKC-aCT) and co-expressed with PICK1. As
shown in Figure 2A, the simultaneous translocation of GFP-
PICK1 with yPKC-oCT to the plasma membrane was
observed after TPA treatment.

To study whether not only the binding of aPKC to
PICK1 but also the phosphorylation of PICK1 by aPKC is
necessary for the TPA-induced translocation of PICK1, we
examined the effect of a PKC inhibitor (G66983) on the
PICK1 translocation in the HEK293 cells expressing GFP-
PICK1 and DsRed2-aPKC (Fig. 2B). In the presence of 7
nM G66983, neither the cytosolic localization of PICK1 nor
that of aPKC was altered. G66983, however, blocked the
translocation of GFP-PICK1, while DsRed2-aPKC showed
membrane translocation. The results indicate that the TPA-
induced translocation of PICK1 requires both the aPKC
activation in addition to the binding of aPKC to PICK1.

Three potential PKC phosphorylation sites, R/KXXS/T
or R/KXS/T were found in the amino acid sequence of
PICK1 [27]. We further studied whether or not PICK1 is
phosphorylated by aPKC after its binding to active aPKC
and whether or not the phosphorylation is necessary for the
TPA-induced translocation of PICK1. We constructed three
mutants of PICK1 (PICK1-T82A, T227A, T249A) in which
potential PKC phosphorylation sites was mutated and exam-
ined their translocation in response to TPA. Mutation of
threonine 82 to alanine (T82A) of PICK1 blocked the trans-
location of PICK1 by TPA (Fig. 2C), although PICKI-
T227A (Fig. 2D) and PICK1-T249A (Fig. 2E) showed evi-
dent membrane translocation. Translocation of aPKC was
evident after TPA treatment in all HEK293 cells expressing
these PICK 1 mutants. These results suggested that the TPA-
and aPKC-dependent translocation of PICK1 to the plasma
membrane requires the phosphorylation of threonine 82
(T82).

As shown above, TPA-induced translocation of aPKC
was slow and irreversible. Therefore, it is difficult to detect
the temporal difference of the translocation between aPKC
and PICK 1. We used UTP stimulation to translocate aPKC,
which induces a rapid and reversible translocation [32].
Activation of aPKC through G protein-coupled receptor
stimulation induced rapid and reversible translocation of
both DsRed2-aPKC and GFP-PICK1 but the time course of
the membrane targeting differed between DsRed2-aPKC
and GFP-PICK1 (Fig. 3). The temporal difference of the two
translocations is shown in Figure 3A. The fluorescence of
DsRed2-aPKC translocated from the cytosol to the mem-
brane within 30 sec and redistributed from the membrane to
the cytosol within 150 sec. In contrast, the translocation of
GFP-PICK1 was evident at 60 sec, still localized on the

membrane at 150 sec and redistributed from the membrane
to the cytosol within 300 sec after stimulation with 100 pM
UTP. The intensity of the fluorescence on the membrane and
in the cytoplasm was measured and the membrane/cytosol
ratio of the fluorescence was quantified (Fig. 3B). Figure 3B
shows that the membrane translocation of aPKC precedes
that of PICK1, and that PICK1 is retained on the membrane
longer than oPKC. These findings suggested that once
PICK1 is targeted to the plasma membrane by the associa-
tion with the activated aPKC, it is not necessary for PICK1
to associate with aPKC.

The relation between the kinase activity of aPKC and
its binding to PICK1 was further analyzed (Fig. 4). The time
course of PKC activity was assayed by measuring the incor-
poration of *Pi from [y-*P]ATP into MBP at each time
point after the addition of the activators, PS/DO/Ca*" as
described in Materials and Methods. aPKC was signifi-
cantly activated 10 sec after the treatment with PS/DO/Ca*
and the kinase activity of aPKC was progressively increased
at least until 180 sec. However, pulldown assay using anti-
GFP antibody showed that the maximal interaction of
PICK1 with GFP-aPKC was found 60 sec after the activa-
tion of GFP-aPKC, while the interaction was very faint
before the stimulation. Interestingly, the interaction was
decreased at 180 sec when the kinase activity was still
increasing. This strongly suggested that PICK1 does not
bind to aPKC continuously even when oPKC is in active
state.

IV. Discussion

The present study investigated the detailed mechanism
of PKC-dependent translocation of PICK1 in living cells.
TPA did not translocate exogenous PICK1, when PICKI
alone was overexpressed in HEK293 cells, while PICK1 was
translocated when co-expressed with aPKC. PICK1 translo-
cated to the plasma membrane within 30 min in response to
TPA as aPKC was translocated. This PKC-dependent trans-
location of PICK1 was aPKC-specific, although other PKC
subtypes such as PKC and yPKC showed TPA-induced
translocation similar to that of aPKC. It is suggested that the
subtype specific interaction of aPKC with PICK1 is caused
by the binding of PDZ domain of PICKI1 to the PDZ-
binding site (QSAV) at the COOH terminus of aPKC [34].
Indeed, TPA-induced translocation of PICK1 to the plasma
membrane was observed when YPKC which has a QSAV
sequence at C-terminal was co-expressed, indicating that the
PDZ-binding sites of aPKC, QSAV, is necessary for PKC-
dependent translocation of PICK1. However, TPA failed
to translocate PICK1 without overexpression of aPKC,
although aPKC is expressed endogenously in HEK293
cells. Significant amounts of aPKC are perhaps necessary
for the evident translocation of GFP-tagged PICK1.

TPA-induced translocation of PKC was first visualized
by using GFP-tagged PKCs in living cells [29]. TPA
induced slow and irreversible translocation of PKC and the
translocation did not depend on the PKC activity as PKC
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Fig. 3. A: Simultaneous observation of UTP-induced translocation of GFP-PICK1 and DsRed2-aPKC. Change in the fluorescence of GFP-
PICK1 and DsRed2-aPKC expressed in CHO-K1 cells by 100 uM UTP at 37°C. Activation of PKC by 100 uM UTP induced the obvious trans-
location of DsRed2-aPKC fluorescence from the cytosol to the plasma membrane within 30 sec and retranslocation to the cytosol was seen
within 120 sec. In contrast, the GFP-PICK 1 moved to the plasma membrane at 60 sec and reversed to the cytosol at 180 sec. B: Membrane/cyto-
sol ratio of GFP-PICK1 and DsRed2-aPKC after UTP stimulation. Membrane/cytosol ratio of DsRed2-aPKC peaks at 30 sec, while that of

GFP-PICKI1 at 70 sec.

inhibitor does not alter the translocation [29]. As shown in
Figure 2, the pretreatment with a PKC inhibitor did not
inhibit the translocation of aPKC-GFP, but simultaneous
translocation of PICK1 was completely blocked by 7 nM
G066983, a PKC inhibitor. These findings show that TPA-
induced translocation of PICK1 requires the activation of
aPKC in addition to the overexpression of aPKC. Why is
the activation of aPKC necessary? One possibility is that the
phosphorylation of PICK1 by PKC is required for the trans-
location of PICK1 accompanied with aPKC. The other pos-
sibility is that the QSAV sequence at the extreme COOH-
terminus of aPKC may become accessible to the PDZ bind-
ing domain of PICK1 once aPKC is activated and has an
open conformation. As PICKI1 has three potential PKC-
phosphorylation sites, we mutated the phosphorylation sites
(T82, Y227 and T249) to alanine residues and examined
the TPA-induced translocation of the PICK1 mutants. The

mutation of T82 but not that of T227 or T249 abolished the
translocation of PICK1, suggesting that the phosphorylation
of T82 was important. However, as T82 is localized in the
PDZ binding domain of PICK1, the mutation of T82 may
inhibit the translocation of PICK1 by disturbing the interac-
tion between the PDZ binding domain of PICK1 and aPKC
but not by the inhibition of the phosphorylation-dependent
process. If the phosphorylation of T82 is responsible for the
translocation of PICK1, PICKI1-T82E, which mimics the
phosphorylated form of PICKI1, could be translocated by
TPA. Substitution of T82 to glutamate in PICK1 also abol-
ished the TPA-induced translocation of PICK1 accompanied
with aPKC (data not shown). These results suggested that
T82 might be important for the interaction between PICK1
and oPKC, although the necessity of T82 phosphorylation
remains to be controversial.

PDZ domain proteins can organize signaling com-
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Fig. 4. Time course of PKC activity and interaction between PICK1 and aPKC after PKC activation. A: FLAG-PICK1 and GFP-aPKC were
co-expressed in HEK293 cells and the homogenate of the HEK293 cells was treated with PS/DO/Ca?*. The complex of PICK1 and aPKC was
immunoprecipitated with anti-GFP antibody at each time point after the treatment with PS/DO/Ca?*. The amount of complex was analyzed by
western blotting using anti-PICK1 antibody (upper row). The expression of FLAG-PICK1 was confirmed by western blot analysis of the cell
extracts using anti FLAG antibody (lower row). B: For kinase assay, oPKC was immunoprecipitated with anti GFP antibody at each time point
after the treatment with PS/DO/Ca?*. The kinase activity of aPKC was assayed as described in Materials and Methods. All results represent the
means and standard errors of more than three determinations. The data obtained are summarized in B.

plexes and regulate channel activity, trafficking, and local-
ization [2, 11, 12, 17, 30]. PICK1 was first identified as a
binding partner of aPKC [33, 34] and has since been shown
to interact with many receptors, channels, and transporters
[3, 4, 7-9, 14, 35, 37, 41]. Although PICK1 has only one
PDZ domain, PICK1 oligomerization through its coiled-coil
region [34, 41] enables it to cross-link with different binding
partners. PICK1 interacts with the C terminal of AMPA
receptors [6, 41] and has been implicated in the internaliza-
tion or stabilization of internal pools of AMPA receptors
during cerebellar and hippocampal long term depression
[13, 16, 28, 42]. Perez et al. [28] suggested that PICK1 func-
tions as a targeting and transport protein that directs the
activated form of aPKC to GluR2 in spines, leading to the
activity-dependent release of GluR2 from synaptic anchor
proteins and the PICK 1-dependent transport of GluR2 from

the synaptic membrane [28]. The present study, however,
demonstrated that aPKC targeted PICK1 to the membrane,
and that this transport occurred through the phosphorylation
of PICK1. The binding of PICK1 and aPKC appeared to be
transient, since PICK1 was separated from aPKC after the
phosphorylation by aPKC.

Real time imaging can reveal when and where aPKC
binds to PICK1. However, as TPA induced the slow and
simultaneous translocation of aPKC and PICK1 from cyto-
sol to membrane, it was difficult to determine whether the
binding of aPKC with PICK1 precedes their translocation to
the plasma membrane, or whether the translocation precedes
their binding. Therefore, we examined the temporal differ-
ence between the translocations of aPKC and PICK1 after
the stimulation with UTP which induced the transient mem-
brane translocation of aPKC (Fig. 3). UTP translocated
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oPKC earlier than PICK1 and subsequently aPKC was
released from the plasma membrane earlier than PICKI,
suggesting that UTP induces the activation and translocation
of aPKC, the binding of the activated aPKC with PICK1,
the phosphorylation of PICK1, and finally the dissociation
of PICK1 from aPKC. Although the activation of aPKC is
necessary for PICK1 to translocate to the plasma membrane
as shown in Figure 2, the binding of o PKC to PICK1 did not
continue during the localization of PICK1 on the plasma
membrane. Figure 4 revealed that once PICK1 was translo-
cated to the plasma membrane, its interaction with aPKC
was no longer necessary for the membrane localization of
PICK1. It is possible that the phosphorylation of PICK1 by
oPKC is responsible for the association of PICK1 with
unknown proteins on the plasma membrane such as recep-
tors. But once PICK1 is anchored on the membrane, the
binding to aPKC is no longer necessary for PICK1 and the
unbound PICK1 can then regulate the receptors/transporters
on the membrane.

V. Acknowledgments

This work was supported in part by the 21st Century
Center of Excellence Program of the Ministry of Education,
Culture, Sports, Science, and Technology of Japan, grants
from the Ministry of Education, Culture, Sports, Science,
and Technology of Japan, and grants-in-aid for scientific
research on priority areas “Molecular Brain Science”.

V1. References

1. Babwah, A. V., Dale, L. B. and Ferguson, S. S. G. (2003) Protein
kinase C isoform-specific differences in the spatial-temporal
regulation and decoding of metabotropic glutamate receptorla-
stimulated second messenger responses. J. Biol. Chem. 278;
5419-5426.

2. Bezprozvanny, 1. and Maximov, A. (2001) PDZ domains: More
than just a glue. Proc. Natl. Acad. Sci. U S A 98; 787-789.

3. Boudin, H., Doan, A., Xia, J., Shigemoto, R., Huganir, R. L.,
Worley, P. and Craig, A. M. (2000) Presynaptic clustering of
mGluR7a requires the PICK1 PDZ domain binding site. Neuron
28; 485-497.

4. Cowan, C. A., Yokoyama, N., Bianchi, L. M., Henkemeyer, M.
and Fritzsch, B. (2000) EphB2 guides axons at the midline and is
necessary for normal vestibular function. Neuron 26; 417-430.

5. Craven, S. E. and Bredt, D. S. (1988) PDZ proteins organize
synaptic signaling pathways. Cell 93; 495-498.

6. Dev, K. K., Nishimune, A., Henley, J. M. and Nakanishi, S.
(1999) The protein kinase C alpha binding protein PICKI inter-
acts with short but not long form alternative splice variants of
AMPA receptor subunits. Neuropharmacology 38; 635—644.

7. Dev, K. K., Nakajima, Y., Kitano, J., Braithwaite, S. P., Henley, J.
M. and Nakanishi, S. (2000) PICK1 interacts with and regulates
PKC phosphorylation of mGLUR?7. J. Neurosci. 20; 7252-7257.

8. Duggan, A., Garcia-Anoveros, J. and Corey, D. P. (2002) The
PDZ domain protein PICK1 and the sodium channel BNaCl in-
teract and localize at mechanosensory terminals of dorsal root
ganglion neurons and dendrites of central neurons. J. Biol. Chem.
277; 5203-5208.

9. El Far, O., Airas, J., Wischmeyer, E., Nehring, R. B., Karschin,
A. and Betz, H. (2000) Interaction of the C-terminal tail region of

10.

11.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

the metabotropic glutamate receptor 7 with the protein kinase C
substrate PICK1. Eur. J. Neurosci. 12; 4215-4221.

Fanning, A. S. and Anderson, J. M. (1999) Protein modules as or-
ganizers of membrane structure. Curr: Opin. Cell Biol. 11; 432—
439.

Garner, C. C., Nash, J. and Huganir, R. L. (2000) PDZ domains in
synapse assembly and signalling. Trends Cell Biol. 10; 274-280.
Harris, B. Z. and Lim, W. A. (2001) Mechanism and role of PDZ
domains in signaling complex assembly. J. Cell Sci. 114; 3219—
3231.

Iwakura, Y., Nagano, T., Kawamura, M., Horikawa, H., Ibaraki,
K., Takei, N. and Nawa, H. (2001) N-methyl-D-aspartate-
induced alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic
acid (AMPA) receptor down-regulation involves interaction of
the carboxyl terminus of GluR2/3 with Pickl. Ligand-binding
studies using Sindbis vectors carrying AMPA receptor decoys.
J. Biol. Chem. 276; 40025-40032.

Jaulin-Bastard, F., Saito, H., Le Bivic, A., Ollendorff, V.,
Marchetto, S., Birnbaum, D. and Borg, J.-P. (2001) The ERBB2/
HER?2 receptor differentially interacts with ERBIN and PICKI1
PSD-95/DLG/Z0O-1 domain proteins. J. Biol. Chem. 276; 15256—
15263.

Kajimoto, T., Ohmori, S., Shirai, Y., Sakai, N. and Saito, N.
(2001) Subtype-specific translocation of the d subtype of protein
kinase C and its activation by tyrosine phosohorylation. Mol.
Cell. Biol. 21; 1769-1783.

Kim, C.-H., Chung, H. J., Lee, H.-K. and Huganir, R. L. (2001)
Interaction of the AMPA receptor subunit GluR2/3 with PDZ
domains regulates hippocampal long-term depression. Proc. Natl.
Acad. Sci. U S A 98; 11725-11730.

Kornau, H. C., Seeburg, P. H. and Kennedy, M. B. (1997) Inter-
action of ion channels and receptors with PDZ domain proteins.
Curr. Opin. Neurobiol. 7; 368-373.

Maasch, C., Wanger, S., Lindschau, C., Alexander, G., Buchner,
K., Gollasch, M., Luft, F. C. and Haller, H. (2000) Protein kinase
Ca targeting is regulated by temporal and spatial changes in intra-
cellular free calcium concentration [Ca2+]i. FASEB J. 14; 1653—
1663.

Nakhost, A., Kabir, N., Forscher, P. and Sossin, W. S. (2002) Pro-
tein kinase C isoforms are translocated to microtubules in neu-
rons. J. Biol. Chem. 277; 40633-40639.

Nishizuka, Y. (1988) The molecular heterogeneity of protein
kinase C and implications for cellular regulation. Nature 334;
661-665.

Nishizuka, Y. (1992) Intracellular signalling by hydrolysis of
phospholipids and activation of protein kinase C. Science 258;
607-614.

Nishizuka, Y. (1995) Protein kinase C and lipid signaling for sus-
tained cellular responses. FASEB J. 9; 484-496.

Oancea, E., Teruel, M., Quest, A. and Meyer, T. (1998) Green
fluorescent protein (GFP)-tagged cysteine-rich domains from
protein kinase C as fluorescent indicators for diacylglycerol
signaling in living cells. J. Cell Biol. 140; 485—498.

Ohmori, S., Shirai, Y., Sakai, N., Fujii, M., Konishi, H., Kikkawa,
U. and Saito, N. (1998) Three distinct mechanisms for transloca-
tion and activation of the delta subspecies of protein kinase C.
Mol. Cell. Biol. 18; 5263-5271.

Ono, Y., Fujii, T., Ogita, K., Kikkawa, U., Igarashi, K. and
Nishizuka, Y. (1988) The structure, expression, and properties
of additional members of the protein kinase C family. J. Biol.
Chem. 263; 6927-6932.

Osada, S., Mizuno, K., Saido, T. C., Suzuki, K., Kuroki, T. and
Ohno, S. (1992) A new member of the protein kinase C family,
nPKC theta, predominantly expressed in skeletal muscle. Mol.
Cell. Biol. 12;3930-3938.

Pearson, R. B. and Kent, B. E. (1991) Protein kinase phosphory-
lation site sequences and consensus specificity motifs: tabula-



28.

29.

30.

31.

32.

33.

34.

35.

36.

Molecular Interaction of PICK1 and PKC 181

tions. Methods Enzymol. 200; 62—81.

Perez, J. L., Khatri, L., Chang, C., Srivastava, S., Osten, P. and
Ziff, E. B. (2001) PICKI1 targets activated protein kinase Calpha
to AMPA receptor clusters in spines of hippocampal neurons and
reduces surface levels of the AMPA-type glutamate receptor sub-
unit 2. J. Neurosci. 21; 5417-5428.

Sakai, N., Sasaki, K., Ikegaki, N., Shirai, Y. and Saito, N. (1997)
Direct visualization of translocation of y-subspecies of protein ki-
nase C in living cells using fusion proteins with green fluorescent
protein. J. Cell Biol. 139; 1465-1476.

Sheng, M. and Sala, C. (2001) PDZ domains and the organization
of supramolecular complexes. Annu. Rev. Neurosci. 24; 1-29.
Shigemoto, R., Kulik, A., Roberts, J. D., Ohishi, H., Nusser, Z.,
Kaneko, T. and Somogyi, P. (1996) Target-cell-specific concen-
tration of a metabotropic glutamate receptor in the presynaptic
active zone. Nature 381; 523-525.

Shirai, Y., Kashiwagi, K., Sakai, N. and Saito, N. (2000) Phos-
pholipase A2 and its products are involved in the purinergic
receptor-mediated translocation of protein kinase C in CHO-K1
cells. J. Cell Sci. 113; 1335-1343.

Staudinger, J., Zhou, J., Burgess, R., Elledge, S. J. and Olson, E.
N. (1995) PICK1: a perinuclear binding protein and substrate for
protein kinase C isolated by the yeast two-hybrid system. J. Cell
Biol. 128; 263-271.

Staudinger, J., Lu, J. and Olson, E. N. (1997) Specific interaction
of the PDZ domain protein PICK1 with the COOH terminus of
protein kinase C. J. Biol. Chem. 272; 32019-32024.

Takeya, R., Takeshige, K. and Sumimoto, H. (2000) Interaction
of the PDZ domain of human PICK1 with class I ADP-ribosyla-
tion factors. Biochem. Biophys. Res. Commun. 267; 149—-155.
Takumi, Y., Matsubara, A., Rinvik, E. and Ottersen, O. P. (1999)

37.

38.

39.

40.

41.

42.

The arrangement of glutamate receptors in excitatory synapses.
Ann. N. Y. Acad. Sci. 868; 474-482.

Torres, R., Firestein, B. L., Dong, H., Staudinger, J., Olson, E. N.,
Huganir, R. L., Bredt, D. S., Gale, N. W. and Yancopoulos, G. D.
(1998) PDZ proteins bind, cluster, and synaptically colocalize
with Eph receptors and their ephrin ligands. Neuron 21; 1453—
1463.

Torres, G. E., Yao, W., Mohn, A. R., Quan, H., Kim, K., Levey, A.
1., Staudinger, J. and Caron, M. G. (2001) Functional interaction
between monoamine plasma membrane transporters and the syn-
aptic PDZ domain-containing protein PICK1. Neuron 30; 121-
134.

Uchino, M., Sakai, N., Kashiwagi, K., Shirai, Y., Shinohara, Y.,
Hirose, K., lino, M., Yamamura, T. and Saito, N. (2004) Isoform-
specific phosphorylation of metabotropic glutamate receptor 5 by
protein kinase C (PKC) blocks Ca2+ oscillation and oscillatory
translocation of Ca2+-dependent PKC. J. Biol. Chem. 279; 2254—
2261.

Wang, Q. J., Bhattacharyya, D., Garfield, S., Nacro, K., Marquez,
V. E. and Blumberg, P. M. (1999) Differential localization of pro-
tein kinase C delta by phorbol esters and related compounds us-
ing a fusion protein with green fluorescent protein. J. Biol. Chem.
274;37233-37239.

Xia, J., Zhang, X., Staudinger, J. and Huganir, R. L. (1999) Clus-
tering of AMPA receptors by the synaptic PDZ domain-contain-
ing protein PICK1. Neuron 22; 179-187.

Xia, J., Chung, H. J., Wihler, C., Huganir, R. L. and Linden, D. J.
(2000) Cerebellar long-term depression requires PKC-regulated
interactions between GIluR2/3 and PDZ domain-containing pro-
teins. Neuron 28; 499-510.



