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ABSTRACT: PICK1 (protein interacting with C kinase 1) contains an Low phosphorylation
N-terminal protein binding PDZ domain and a C-terminal lipid binding BAR
domain. PICKI plays a key role in several physiological processes, including
synaptic plasticity. However, little is known about the cellular mechanisms
governing the activity of PICK1 itself. Here we show that PICKI is a substrate
in vitro both for PKCa (protein kinase Cc), as previously shown, and for
CaMKIla (Ca**-calmodulin-dependent protein kinase Ila). By mutation of SR FickL B domsin
predicted phosphorylation sites, we identify Ser77 in the PDZ domain as a
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major phosphorylation site for PKCa. Mutation of Ser77 reduced the level of

PKCa-mediated phosphorylation ~50%, whereas no reduction was observed

upon mutation of seven other predicted sites. Addition of lipid vesicles increased the level of phosphorylation of Ser77 10-fold,
indicating that lipid binding is critical for optimal phosphorylation. Binding of PKCa to the PICK1 PDZ domain was not
required for phosphorylation, but a PDZ domain peptide ligand reduced the overall level of phosphorylation ~30%. The
phosphomimic S77D reduced the extent of cytosolic clustering of eYFP—PICK1 in COS7 cells and thereby conceivably its lipid
binding and/or polymerization capacity. We propose that PICK1 is phosphorylated at Ser77 by PKCa preferentially when bound
to membrane vesicles and that this phosphorylation in turn modulates its cellular distribution.

ICK1 (protein interacting with C kinase 1) is a scaffolding
protein first identified as an interaction partner for PKCa
(protein kinase Ca)." Functional studies have suggested that
PICKI1 plays a key role in molecular mechanisms underlying
synaptic plasticity.” Furthermore, PICK1 has been implicated i in
diverse pathophysiological processes. such as schlzophrema,
neuropathlc pain,”® cocame addlctlon, addiction relapse,® cerebral
ischemia,”'® breast cancer,'’ and defects in spermatogenesis. 12,13
PICK1 contains an N-terminal protein binding PDZ (PSD-
95/Discs-large/Z0-1) domain and a C-terminal lipid binding
BAR (Bin/amphiphysin/Rvs) domain.'* The PDZ domain of
PICK1 has been reported to interact with more than 40 proteins
in addition to PKCa.">'® Most of the known ligands are the
C-termini of different membrane proteins such as the GluA2/A3
subunits of the AMPA (a-amino-3-hydroxy-S-methyl-4-isoxazo-
lepropionic acid)-type ionotropic glutamate receptor,'” the
metabotropic glutamate receptor mGluR7,'® kainate-type
ionotropic glutamate receptors,19 ASIC (acidic sensing ion
channel) I and II,*° and various neurotransmitter transporters,
including the dopamine transporter (DAT)*"** and the GLT1b
glutamate transporter.2
BAR domains represent dimeric a-helical modules that
possess a distinctive capability to both sense and impose membrane
curvature.”*>® Thus, PICKI is likely to exert its function in
relation to its several PDZ binding partners via curvature-
dependent lipid membrane interactions. Interestingly, the PDZ
domain itself has been implicated in mediating lipid membrane
binding.”” There is also strong evidence that the lipid binding
capacity of the PICK1 BAR domain is autoinhibited and that
release of this inhibition requires binding of ligand to the PDZ
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domain in conjunction with membrane recruitment of
PICK1.>** The PICK1 BAR domain mediates moreover
dimerization of PICKI and in doing so allows the protein to
bring two PDZ domain binding partners into the proximity of
each other.'

A growing number of studies have provided improved insight
into the cellular mechanisms underlying the various functions
of PICK1. In synaptic plasticity, PICK1 is believed to mediate a
decrease in the level of surface expression of postsynaptic
GluA2-containing AMPA receptors, a key process in LTD
(long-term depression). 3931 PICK1 is also thought to mediate
the presynaptic clustering of mGluR7*> by facilitating phos—
phorylation and surface stabilization of mGIuR7 by PKCa.”?
In relation to ASICs, PICK1 seems critical for the PKCa-
mediated re§ulat10n of ASIC currents and plasma membrane
expression.>**> ASICs are 1nv01ved in the processes underlying
hippocampal synaptic plasticity®® and in patophysiological
processes such as hyperalgesia.>” PICK1 has furthermore
been thought to regulate surface expression of other interaction
partners such as GLT1b and DAT.*"*

Despite the involvement of PICKI in a multitude of different
cellular functions, little is known about the regulatory mechanisms
controlling PICK1 act1v1ty PICK1 has been shown to be a
substrate for PKCa' and thought to become phosphorylated
following activation of Ca*/calmodulin-dependent kinase Ila
(CaMKlla), although direct phosphorylation was not shown.*®
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Here we show that indeed PICK1 is a direct substrate for PKCa
as well as for CaMKlla. By applying a systematic site-directed
mutagenesis strategy, we map Ser77 to the PDZ domain of
PICK1 as the major in vitro PKCa site. We show that the
presence of lipid vesicles dramatically increases the level of PKCa-
mediated PICK1 phosphorylation, whereas binding of the peptide
ligand to the PDZ domain decreases it. Finally, we find that
mimicking the phosphorylated state of Ser77 by mutation of the
residue to aspartate (S77D) markedly reduces the extent of
spontaneous clustering of eYFP (enhanced Yellow Fluorescent
Protein)-bound PICK1 (eYFP—PICK1) in transfected COS7
cells, consistent with the possible impairment of lipid binding
and/or polymerization. Taken together, the data identify a PKCa
phosphorylation site in PICK1 that affects the cellular distribution
of the PICK1 molecule and thus its regulation of PDZ binding
partner function.

B MATERIALS AND METHODS
Molecular Biology. The Quick Change method (Stratagene,

La Jolla, CA) was used for single-amino acid substitutions.
As a template, we used the pET41 plasmid (Stratagene) encoding
GST (gluthathione S-transferase)-coupled rat PICK1 (GST—
PICK1) as previously described®” or the peYFP-CI plasmid
(Clontech) encoding eYFP—PICKI1 as described previously.”®
GST—PICK1(136—416) was generated like GST—PICKI by
amplification of residues 136—416 of rat PICKI1 from a pciNEO
vector (kind gift from K. Dev). The primers introduced an
N-terminal Munl and a C-terminal Avrll site that were used
to clone the fragment into the pET41 vector. All primers were
obtained from DNA technology A/S (Aarhus, Denmark). All
mutant sequences were verified by restriction enzyme mapping
and DNA sequencing and transformed into BL21 DE3 pLysS
(Novagen).

Protein Purification. GST—PICK1 wild type (WT) or
mutants and GST—PICK1(136—416) were purified as described
previously.*® Briefly, S0 mL of LB medium containing 34 yg/mL
chloramphenicol (MP Biomedicals) and SO pg/mL kanamycin
(Invitrogen) was inoculated with Escherichia coli BL21 DE3
pLysS containing the pET41 vector encoding the appropriate
PICKI sequence. The bacteria were grown overnight at 37 °C,
diluted into 1 L of LB medium containing 34 ug/mL
chloramphenicol and 50 pg/mL kanamycin, and grown at
30 °C. When the right OD (0.6—1.0 at 600 nm) was obtained,
protein expression was induced by addition of isopropyl
p-D-thiogalactopyranoside (Sigma-Aldrich) to a final concen-
tration of 0.5 mM. After induction for 3 h at 30 °C, the bacteria
were pelleted at 8000g for 12 min. The pellets were resuspended
on ice in 25 mL of ice-cold lysis buffer [SO mM Tris base (pH
7.4) (Angus Chemicals), 125 mM NaCl (Merck), 1% Triton
X-100 (Sigma-Aldrich), 20 ug/mL DNase 1 (Sigma-Aldrich),
and 1 mM dithiothreitol (DTT) (Sigma-Aldrich)]. The lysates
were frozen for 40 min at —80 °C and thawed again in a 4 °C
water bath, to achieve proper lysis of the bacteria. The cell debris
was subsequently pelleted at 47000g for 30 min, and the
supernatant was transferred to new tubes. For each batch,
0.75 mL of glutathione Sepharose 4B beads (Amersham
Bioscience) was washed three times in wash buffer (50 mM
Tris, 125 mM NaCl, 0.01% Triton X-100, and 1 mM DTT) and
then added to the supernatant. GST-coupled proteins were
allowed to bind to the glutathione beads during incubation for
90 min at 4 °C under continuous rotation. Next, the beads were
pelleted at 3000g for S min and washed three times with wash
buffer. Triton X-100 (0.1%) was used in wash buffer instead of
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0.01% for proteins purified for the fluorescence polarization
assay. To cleave the protein from the GST domain and the
coupled beads, the beads were resuspended in 0.5 mL of wash
buffer containing 0.3 unit of thrombin (Novagen), transferred to
Bio-Spin disposable chromatography columns (Bio-Rad), and
incubated overnight at 4 °C with rotation.

In Vitro Phosphorylation with PKCa. For each reaction,
approximately 3 ug of purified protein was diluted in protein
wash buffer to a final volume of 10 uL and then mixed with
10 uL of reaction buffer [120 mM Tris (pH 7.5), 60 mM
MgCl, (Merck), and 6 mM CaCl, (Merck)], S uL of PKC
Lipid Activator (Upstate, Frederikssund, Denmark), and 10 ng
of PKCa (Upstate). Finally, 2 uCi of [y-**P]ATP (Amersham
Bioscience, Pb108) was added and the mixture incubated at
30 °C for 30 min. The reaction was stopped via placement of
the mixture on ice and addition of 10 uL of sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) load-
ing buffer [200 mM Tris-HCl (pH 6.8), 400 mM DTT, 8%
SDS, 0.4% bromophenol blue, and 40% glycerol]. The samples
were analyzed via 10% SDS—PAGE. The front of the gel, which
contained all unbound ATP, was subsequently removed, and the
gel was washed for 3 X 10 min in distilled water before being
stained with GelCode Blue Stain Reagent (Thermo Scientific).
The gel was finally wrapped in plastic, placed in a cassette with
a storage phosphor screen (Amersham Bioscience), and left
overnight. The screen was scanned with a Molecular Imager FX
(Bio-Rad). The Coomassie-stained gel was scanned with a
Fluor-S Multilmager (Bio-Rad). The densities of the protein
bands as well as the phosphorylation bands were determined by
use of Discovery Series Quantity One 1-D Analysis version 4.5
(Bio-Rad). The ratio between the phosphorylation density and
the protein density was calculated and compared to the ratio
determined for PICK1 WT that was defined as 100%.

In Vitro Phosphorylation with CaMKlla. For each
reaction, approximately 3 pg of purified protein was diluted
in protein wash buffer to a final volume of 15 L. The reaction
buffer [100 mM Hepes (Sigma-Aldrich), 20 mM MgCl,, 1 mM
CaCly, 2 mM DTT, 200 pug/mL BSA (Sigma-Aldrich), 0.6 mM
ATP (Sigma-Aldrich), 2 uM calmodulin (Sigma-Aldrich), and
30 nM CaMKlla (kindly provided by R. J. Colbran)] was
mixed and incubated for 10 min at 30 °C. Fifteen microliter of
reaction buffer was then mixed with 15 L of protein before the
addition of 2 uCi of [y-**P]JATP and incubation at 30 °C for
10 min. The reaction was stopped via placement of the mixture
on ice and addition of 10 L of SDS—PAGE loading buffer.
The SDS—PAGE procedure was the same as described for the
PKCa assay. The results were calculated as explained for the
PKCa assay, except that the density of the CaMKlla
autophosphorylation band was subtracted from the density of
the PICK1 phosphorylation band.

Preincubation with Vesicles or Peptides Prior to Phos-
phorylation by PKCa. To investigate the effect of vesicle
binding on PKCa-mediated phosphorylation of PICKI, the
protein was preincubated in 10 uL of protein wash buffer
with 3 ug of vesicles prepared from Folch fraction type I
(Sigma-Aldrich B1502) and extruded, yielding a diameter of
100 nm. The mix was preincubated for 30 min on ice, and
control samples without vesicles were treated the same way.
To investigate the effect of peptide binding, either DAT C13 or
DAT C13 V to D (see Fluorescence Polarization Assay for a
description of the peptides) was added to each sample to a
final concentration of 67 uM, and the mixture was incubated
for 10 min at 30 °C prior to the addition of reaction buffer,
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kinase activator, PKCa, and 2 uCi of [y-**P]ATP (Amersham
Bioscience, Pb108).

Fluorescence Polarization Assay. All peptides were
purchased from Schafer-N (Copenhagen, Denmark). The
peptides corresponded to the 13 C-terminal residues of the
human DAT, PKCa, and GluA2. In addition to the DAT WT
peptide (DAT C13), a mutant with the C-terminal Val sub-
stituted with Asp was used (DAT C13 V to D): DAT C13,
EVRQFTLRHWLKV; DAT C13 V to D, EVRQFTL-
RHWLKD; PKCa C13, NPQFVHPILQSAV; GluA2 C13,
EGYNVYGIESVKI. Fluorescence polarization binding experi-
ments were conducted as described in ref 39. Briefly, saturation
experiments were performed with DAT C13 with an additional
N-terminal cysteine residue coupled to the fluorophore Oregon
Green 488 (Schafer-N), termed OrG DAT C13. The assay
was conducted in 96-well microtiter plates (black, 1/2 area,
nonbinding surface, Corning). Purified protein was diluted in
100 uL of TBS [SO mM Tris (pH 7.4) and 125 mM NaCl],
resulting in a 1 3 log dilution row with 12 points spanning four
decades for each protein. OrG DAT C13 was added to each
well to a final concentration of 6.7 nM, and the plate was
incubated on ice for 10 min before being read in a Chameleon
Fluorescence Polarization Reader (Hidex) in FP mode, using a
488 nm excitation filter and a 535 nm long pass emission filter.
FP was calculated according to the equation FP = (I, — gI,)/
(I, + gly), where I, is the intensity in the vertical plane and I,
the intensity in the horizontal plane. The apparent Ky was
determined by the equation

Y= (FPbound ligand — FPfree ligand) [PICKl]/
(Kd + [PICK1]) + FPee ligand

The concentration of the different PICKI variants was
calculated on the basis of the apparent K; obtained from the
saturation binding experiments, so equal amounts of peptide
binding proteins were used in each experiment. The competition
assay was conducted using 96-well microtiter plates in which
12 wells were used for each binding curve; 45 uL of protein at
an appropriate dilution was added to a !/; log dilution row of
peptide diluted in 45 pL of TBS. Finally, 10 yL of 0.067 uM
DAT OrG was added, and the plate was incubated on ice for
10 min before being read. The obtained fluorescence polarization
values were analyzed by nonlinear regression analysis in Prism
5.0 (GraphPad Software Inc.,, San Diego, CA), and the affinities
for the peptides were calculated as described previously.”

Vesicle Pull-Down Assay. The lipid film was prepared as
described previously™ from Folch fraction type I and rehydrated
in 300 mM Dp-sorbitol to a final concentration of 50 mg/mL.
The samples were sonicated, vortexed, and extruded 15 times
through a filter with a pore size of 100 nm. For the pull-down
assay, 10 uM protein was incubated with 10 mg/mL vesicles in
150 L of TBS [Tris-buffered saline (pH 7.4)] containing 1 mM
DTT for 30 min on ice and spun down at 140000g for 15 min at
4 °C. The supernatant was transferred to new tubes, and the
pellet was resuspended in 150 L of TBS with 1 mM DTT; the
supernatant and pellet were analyzed via 10% SDS—PAGE and
stained with GelCode Blue Stain Reagent (Thermo Scientific),
and relative protein levels were quantified with AlphaEaseFC
(Alpha Innotech Corp.).

Cell Culture and Transfection. COS7 cells were grown in
DMEM (Dulbecco’s modified Eagle’s medium) 1965 with 10%
fetal calf serum (HyClone, Logan, UT), 2 mmol/L glutamine,
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and 0.01 mg/mL gentamicine (Invitrogen) at 37 °C in a humidi-
fied 5% CO, atmosphere. The transfections were performed as
reverse transfections; i.e.,, a mixture of 0.1 ug of C1-eYFP-PICK1
plasmid, 0.3 uL of lipo2000 (Invitrogen), and 47 uL of
OptiMEM (Invitrogen) was spotted in the well of an eight-
well Lab-Tek chambered coverglass (155411, Nunc), and the
coverglass was incubated for 20 min before addition of 40000
cells in 50 uL of OptiMEM. After 5 h, the medium was changed
to normal growth medium. The cellular distribution of eYFP—
PICK1 was analyzed 24—48 h after transfection in live cells by
epifluoresence microscopy (Carl Zeiss TM210). Images were
acquired with a 40X oil objective and a YFP dichroic filter
(excitation at 514 nm). Image acquisition was performed with
MetaMorph (Meta Imaging, Universal Imaging, version 4.6.);
settings were fixed throughout an experiment. Images were
analyzed with Image]. The counting of cells containing a cluster
was performed manually. A cluster was defined as an area with an
intensity 1.5 times higher than the average intensity in the
cytosol. At least 10 pictures were taken, and approximately 50
cells were counted of each sample.

Western Blotting. COS7 cells (2 X 10°) transfected with
C1-eYFP-PICK1 plasmid were lysed in 1 mL of Tris-HCI
(pH 7.4) containing 1% (v/v) Triton X-100, S mM N-
ethylmaleimide, and protease inhibitor cocktail (Roche
Diagnostics). After solubilization for 30 min at 4 °C, the cell debris
was removed by centrifugation at 16000g for 20 min at 4 °C.
The protein concentration was determined in the supernatant,
and equal protein amounts of each sample were analyzed via
10% SDS—PAGE as described above. After being blotted to the
PVDF membrane, the membrane was split in two around
50 kDa, and eYFP—PICK1 was detected in the top part by
1:1000 rabbit anti-GFP (Abcam ab 290) and actin in the bottom
part by 1:2000 rabbit anti-actin (Sigma A2066) and then 1:5000
secondary HRP-conjugated antibodies (Pierce). The signal was
quantified using the ECL kit (Amersham) and FluorChem
HD?2 (Alpha Innotech Corp.) and AlphaEaseFC (Alpha Innotech
Corp.). The level of eYFP—PICK1 was normalized to the
corresponding actin level, and then the level of eYFP—PICK1
S77D was calculated relative to that of eYFP—PICK1 WT.

B RESULTS

PICK1 Is an in Vitro Substrate for PKCa and CaMKlle. In
vitro phosphorylation experiments with purified PICKI1
confirmed that PICK1 is a substrate for PKCa (Figure 1A)
as previously described.! SDS—PAGE of the phosphorylation
sample revealed a **P-labeled band corresponding to the elution
of purified PICK1 (molecular mass of ~50 kDa) visualized by a
BlueGel stain (Figure 1A). In vitro phosphorylation experiments
also indicated that PICK1 is a substrate for CaMKlla at least in
vitro (Figure 1B,C). CaMKlla is autophosphorylated, and
because of the similar molecular sizes of CaMKlIla and PICK1,
it was not possible to separate the two proteins via SDS—PAGE.
Therefore, CaMKIla was preincubated with unlabeled ATP
prior to phosphorylation of PICK1 to minimize the background
signal from CaMKlla autophosphorylation (Figure 1B). To
conclusively separate the signal from PICK1 and CaMKIlx
phosphorylation, the experiment was also performed with
N-terminally truncated PICK1(136—416), which would be
separated from CaMKIla by SDS—PAGE (Figure 1C). Panels B
and C of Figure 1 demonstrate together that PICKI is a
substrate for CaMKlla in vitro and that phosphorylation, at
least to some extent, takes place beyond residue 135.
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Figure 1. In vitro phosphorylation of PICK1 by PKCa and CaMKlIlIa.
The illustrated gels are from representative experiments demonstrating
specific phosphorylation of PICK1 by the three kinases: (left)
Commassie-stained gels and (right) incorporation of P assessed by
autoradiography. (A) PKCa in vitro phosphorylation of PICK1 WT.
A control without PICK1 WT is included to show background
phosphorylation (n = 3). (B) CaMKlla in vitro phosphorylation of
PICK1 WT. The background from CaMKIIa autophosphorylation is
minimized by preincubation with unlabeled ATP before addition of
PICK1 and **P-labeled ATP; the right lane of the right gel shows the
remaining background (n = 3). (C) CaMKll« in vitro phosphorylation
of PICK1(136—416) (n = 3).

Identification of a PKCa Phosphorylation Site in
PICK1. To map the PKCa phosphorylation site(s) in
PICK1, we first identified putative sites by use of the NetPhos
prediction program.*' We chose to analyze the eight serine or
threonine residues with the highest predicted phosphorylation
probability score for being a phosphorylation site (>0.85). The
probability scores are presented in Figure 2A together with the
position of the potential phosphorylation sites in a schematic
figure of PICKI. All eight residues were substituted with
aspartate one at a time, and the resulting mutants were purified
upon expression in E. coli. The purified mutants were analyzed
by in vitro phosphorylation and the phosphorylation levels
quantified by phosphoimaging analysis. Figure 2B shows the
quantifications of the relative phosphorylation level of PICK1
mutants by PKCa for three to five experiments. Substitution of
Ser77 with aspartate significantly reduced the level of phos-
phorylation compared to that of PICK1 WT (39 + 7.7%; p <
0.01; n = 4). A similar reduction was seen via mutation of Ser77
to alanine (47 + 7.7%; p < 0.0S5; n = 3) (Figure 2B). None of
the other substitutions resulted in phosphorylation significantly
different from that of WT. This strongly suggests that Ser77 in
the PICK1 PDZ domain is a PKCa phosphorylation site.
Moreover, the extent of the decrease suggests that Ser77 is the
most prominent PKCa site at least in vitro.

A NetPhos predictions Residue | Score
Ser77 0.867
S77 T82 T183 T249 S288 S309 S342 S412 Thr82 0.883
Thr183 0.765
Ser288 0.894
PDZ BAR Ser309 0.992
Ser342 0.883
Ser412 0.997
B PKCa C CaMKlla
w] > > © W N © © ) © W N N © ©
O O U U O O O U U U O
2P e ’lq:----- 32p _I'--‘.'.
PICK1 | s e e = - > - . PICK1
160 - 160 1
E;\a %gmo-
s =S
=S =< 804
52 e
58 58 7
g 8%® 404
£ a
0+

asls
azsit

aesiL
aevel
asszs

aeszL
asocs

azyes
aziys

Figure 2. Screening for phosphorylation sites by site-directed mutagenesis. (A) Schematic drawing of PICK1 showing the approximate localization of
the potential phosphorylation sites together with a table showing the phosphorylation potential score predicted by NetPhos 2.0. (B and C) Tests of
the mutants in the PKCe in vitro phosphorylation assay (B) and the CaMKllx in vitro phosphorylation assay (C). Top panels are representative
SDS—PAGE gels showing **P incorporation and Coomassie stains. Bottom panels show quantitative phosphorylation levels relative to that of WT.
Data are means = the SE of three to five experiments. Mutation of S77 results in a significant decrease in the PKCa-mediated phosphorylation level
[S77A, 48 + 7.7% (n = 3); S77D, 39 + 7.7% (n = 4) (means + SE)]. One asterisk indicates p < 0.05, and two asterisks indicate p < 0.01 (one-way
ANOVA followed by Dunnett’s multiple-comparison test). Each n represents a unique protein batch.
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We attempted to validate that Ser77 represents a PKCa phos-
phorylation site also in a cellular context by use of mass spectro-
metry analysis after isolation of PICK1 tagged at the N-terminus
with enhanced yellow fluorescent protein (eYFP) from transfected
HEK293 cells. However, because of an unusually high lysine/
arginine content in the area around Ser77 in the primary structure
of PICK1, we were unable to isolate a peptide containing Ser77
and thus unable to determine its cellular phosphorylation state
(data not shown).

The Ser/Thr mutants described above, as well as that with
Thr289 substituted with aspartate, were also tested in the
CaMKlIla in vitro phosphorylation assay. T289 was not
predicted by NetPhos but is positioned in a CaMKIIar consensus
site.* However, none of the substitutions reduced the level of
CaMKll« in vitro phosphorylation (Figure 2C).

Vesicle Binding Increases the Level of Phosphoryla-
tion of PICK1 by PKCa. PICK1 can bind to lipid membranes
both via its BAR domain'* and via a putative lipid binding patch
of the PDZ domain.”” Because PKCa also is capable of binding
to lipid membranes,* we envisioned that the presence of a lipid
membrane could act as a scaffold to facilitate phosphorylation
by bringing both PKCa and PICKI1 to the membrane.
Furthermore, it is known that the affinity of some PKC
substrates can be enhanced by lipid-induced a-helix forma-
tion.** Conversely, Ser77 is located close to the reported lipid
binding patch (the CPC motif) and could be shielded by lipid
membrane binding (Figure 3A). We decided, therefore, to test
whether the presence of lipid vesicles would affect phosphor-
ylation of PICK1 by PKCa. Addition of vesicles (prepared from
total brain lipids and extruded to obtain a maximal diameter
size of 100 nm) dramatically increased the level of phos-
phorylation of PICK1 by PKCa (971 + 197%; p < 0.01; n = 3)
(Figure 3B). Moreover, this effect was almost abolished in
the phosphomimic PICK1 S77D. This reduction could result
from either weakened vesicle binding by PICK1 because of the
introduction of a negative charge close to the positively charged
lipid binding patch or direct removal of the phosphorylation
site sensitive to vesicle binding. To discriminate between these
possibilities, we also tested the S77A substitution to mimic
the unphosphorylated state of Ser77. Introduction of the S77A
mutation likewise reduced the level of phosphorylation, making
it unlikely that the observed difference between PICK WT
and S77 substitution mutants is caused by weakened vesicle
binding of the mutants. Therefore, we conclude that incubation
with vesicles increases the level of in vitro phosphorylation of
PICK1 by PKCa and that this effect is predominantly due to an
increased level of phosphorylation of Ser77.

Substitution of Ser77 Does Not Affect the Peptide
Binding Capacity of the PICK1 PDZ Domain. Ser77 is
localized to the PICK1 PDZ domain and thus to the domain
that binds the extreme C-termini of PICK1’s many interaction
partners (Figure 4A). Although Ser77 is localized away from
the binding groove, we wanted to test whether phosphorylation
of this residue could affect the binding capacity of the PDZ
domain. To test this, we employed our previously described
fluorescence polarization binding assay that is based on
detection of binding of a fluorescently tagged peptide ligand
to purified PICK1 in solution.” As a fluorescently tagged ligand,
we used a peptide equivalent to the 13 C-terminal residues of
the dopamine transporter (OrG DAT C13), which displays the
highest affinity reported for the PICK1 PDZ domain.”” We
performed the experiments as competition binding assays using
three unlabeled peptides, which are known to bind the PICK1
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WT WT S77D S77A
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Figure 3. Effect of lipid vesicles on PKCa-mediated phosphorylation
of PICK1. (A) Structural model of the PICK1 PDZ domain highligting
the position of Ser77 (red). The CPC motif in the reported lipid
binding patch is colored green.”” The GluA2 ligand in the binding
pocket is colored light blue.” The presented model is based on the
coordinates of Protein Data Bank entry 2PKU.*” (B) PKCa-mediated
phosphorylation of purified PICK1 preincubated with vesicles. The
level of phosphorylation of PICK1 WT without vesicles (control) is
defined as 100%, and the levels of phosphorylation of PICK1 WT,
PICK1 S77D, and PICK1 S77A with vesicles are presented relative to
the level of phosphorylation of PICK1 WT without vesicles: 971 +
197% for PICK1 WT, 53.1 + 9.1% for PICK1 S77D, and 60.8 + 11.6%
for PICK1 S77A (means + SE). Two asterisks indicate p < 0.01 [one
way-ANOVA followed by Dunnett’s multiple-comparison test
(n = 3)]. Error bars represent the SE.

PDZ domain, i.e., peptides equivalent to the C-termini of DAT
(DAT C13), GluA2 (GluA2 C13), and PKCa (PKCa C13).
As a negative control, we used a DAT peptide in which the
last residue was changed to aspartate (DAT C13 V to D),
which disrupts the interaction with the PICK1 PDZ domain.”
In Figure 4B, the y-axis shows fluorescence polarization (FP)
(arbitrary units, millipolarization), which reflects the rotational
diffusion of the fluorescently tagged peptide when it is bound to
PICK1 in solution. Increasing the concentration of the
unlabeled peptide reduces the FP value as the fluorescently
labeled tracer is displaced from the larger protein, thereby
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Figure 4. Mutating Ser77 does not affect the ligand binding affinity of the PICK1 PDZ domain. (A) Structural model of the PICK1 PDZ domain
highligting the position of Ser77 relative to the PDZ binding pocket. The C-terminus of GluA2 in the PDZ binding groove is colored blue. Ser77 is
colored red. The a-helix that is part of the binding pocket and connected to S77 is colored light purple. The presented model is based on the
coordinates of Protein Data Bank entry 2PKU.>” (B—D) Fluorescence polarization competition binding curves for binding of the peptide to PICK1
WT, PICK1 S77A, and PICK1 S77D, respectively. A fixed concentration of Oregon Green-labeled DAT peptide (OG DAT C13, ~6.7 nM) was
incubated together with purified PICK1 and the indicated concentrations of unlabeled peptides corresponding to the 13 C-terminal residues of
PKCa, GluA2, or DAT C13. DAT C13 V to D represents a negative control peptide in which the C-terminal residue was changed from Val to Asp.
Data are shown as bound relative to maximal bound OG DAT C13 (means of triplicate measurements = SE) and representative of three

measurements.

increasing its rotational diffusion. The three peptides (DAT
C13, GluA2 C13, and PKCa C13) all inhibited binding of OrG
DAT C13 with the same potency in S77D and S77A as in the
WT (Figure 4B and Table 1). Hence, neither removal of the

Table 1. Binding Affinities for PICK1 WT, PICK1 S77A, and
PICK1 S77D“

DAT C13 GluA2 C13 PKCa C13 DAT C13VtoD
WT  1.05 [0.987—1.14] 7.6 [64—9.1] 49 [38—63] ND
S77A 1.5 [14—1.6] 9.8 [8.0—-12] 28 [27-29] ND
$77D 1.1 [1.0-1.3] 8.8 [8.1-9.6] 29 [25-33] ND

“Data are K, values in micromolar (means [SE interval]) calculated
from fluorescence polarization competition binding curves. A fixed
concentration of Oregon Green-labeled DAT peptide (OG DAT C13,
~6.7 nM) was incubated together with purified PICK1 WT, PICK1
S77A, or PICK1 S77D and increasing concentrations of unlabeled
peptides corresponding to the 13 C-terminal residues of PKCea,
GluA2, or DAT C13. DAT C13 V to D represents a negative control
peptide in which the C-terminal residue was changed from Val to Asp.
Data were analyzed by nonlinear regression analysis as described in
Materials and Methods. ND, not determined.

side chain nor mimicking phosphorylation of Ser77 affected
binding of the ligand to the PDZ domain.

Phosphorylation of PICK1 by PKCa Is Not Affected
by Binding of PKCa to the PICK1 PDZ Domain. The
C-terminus of PKCa is a ligand for the PICK1 PDZ binding
pocket.'® Therefore, we investigated whether the possible
binding of PKCa to the PICK1 PDZ binding pocket was
required for its phosphorylation of PICKI. In this experiment,
we used a PICK1 mutant (A87L) that cannot accommodate a
peptide in the PDZ binding pocket.’® PICK1 AS87L was
phosphorylated to the same level as PICK1 WT (92 + 14%;
not significant; n = 4) (Figure SA), indicating that binding of

PKCa to the PICK1 PDZ domain is not critical for
phosphorylation of PICK1 by the kinase.

Binding of the Peptide to the PDZ Domain Decreases
the Level of Phosphorylation of PICK1 by PKCa. The
experiment described above suggests that binding of PKCa to
PICKI1 is not required for PICK1 phosphorylation; however,
the experiment does not address whether occupancy of the
PDZ binding crevice per se affects the phosphorylation of
PICK1 by PKCa. To address this question, we preincubated
purified PICK1 with either the DAT C13 peptide that binds the
PDZ domain with high affinity or the nonbinding DAT C13 V
to D peptide. Preincubation with DAT CI13 resulted in a
significant decrease in the level of phosphorylation of PICKI
compared to preincubation with DAT C13 V to D (70.5 +
9.6%; p < 0.05; n = 3) (Figure SB). The decrease was not due
to the simple presence of DAT C13 in the mixture; ie., no
significant difference in phosphorylation level was observed
when the nonbinding A87L mutation was preincubated with
DAT C13 compared to DAT C13 V to D (95 + 6.9%; not
significant; n = S) (Figure SB). We also analyzed the S77D
mutation to assess whether the reduced level of phosphor-
ylation in the presence of DAT C13 was due to the reduced
level of phosphorylation of Ser77. Surprisingly, preincubation
with DAT C13 also resulted in a decrease in the level of
phosphorylation of PICK1 S77D compared to preincubation
with DAT C13 V to D (75.9 % 6.4%; p < 0.0S; n = 3) similar to
what was observed for the WT. Taken together, the data
suggest that the overall level of phosphorylation of PICK1 by
PKCa is decreased when a peptide is bound to the PICK1 PDZ
domain; however, this effect is not caused by blocking the
phosphorylation of Ser77.

The Phosphomimic eYFP—PICK1 S77D Displays a
Decreased Clustering Tendency When Overexpressed
in COS7 Cells. Ser77 is located in the proximity of the lipid

591 dx.doi.org/10.1021/bi2014689 | Biochemistry 2012, 51, 586—596



Biochemistry

120 4
A ° ~
32 ]
'—
S= 81
so
20
22 40
ST
g |
=
o
0-
WT A87L
B

120 9
no peptide

relative to no peptide binding(%)

WT

A87L

S77D

Phosphorylation of PICK1 binding peptide

Figure 5. Phosphorylation of PICK1 by PKCa does not require
binding of PKCa to the PICK1 PDZ domain, and binding of the
peptide to the PDZ domain decreases the level of phosphorylation.
(A) PKCa mediated in vitro phosphorylation of PICK1 A87L relative
to PICK1 WT. Purified PICKI WT or PICKl A87L was
phosphorylated in vitro by PKCa and analyzed by SDS—PAGE, and
phosphorylation was quantified as described in Materials and Methods.
Data are means + SE; PICK1 A87L, 92.4 + 14.5% (n = 3). Error bars
represent the SE. (B) PKCa mediated in vitro phosphorylation of
PICK1 WT, PICKI1 S77D, and PICK1 A87L preincubated with the
DAT-LKV peptide. Data are shown as phosphorylation level
normalized to the phosphorylation level of PICK1 WT, PICKI1
S77D, or PICK1 A87L preincubated with the nonbinding DAT-LKD
control peptide (red dashed line): 70.5 + 9.6% for PICK1 WT, 75.9 +
6.4% for PICK1 S77D, 94.6 + 6.9% for PICK1 A87L (means + SE;
n = 3). An asterisk indicates p < 0.05 in one sample t test.

binding patch of the PDZ domain (Figure 3A), and con-
sequently, we wanted to test if mimicking its phosphorylation
affected the cellular distribution of PICK. In the experiments,
we used PICK1 with eYFP fused to the N-terminus (eYFP—
PICK1). Figure 6A shows representative confocal microscopy
pictures of the distribution in transiently transtected COS7 cells
of eYFP—PICK1 WT and eYFP—PICKI1 S77D. In agreement
with previous reports, eYFP—PICK1 formed discrete cytosolic
clusters, which have been reported to reflect the membrane
binding capacity of PICK1."* In the eYFP—PICK1-expressing
cells, at least one discrete cytosolic cluster was observed in 73 +
4% of the cells, whereas for eYFP—PICK1 S77D-expressing
cells, discrete clusters were observed in 49 + 3% of the cells.
Thus, the number of cells containing at least on cluster is
significantly reduced for eYFP—PICK1 S77D compared to
eYFP—PICK1 (Figure 6B). The difference in the number of
cluster-containing cells could be related to different expression
levels of the two construct; however, no apparent difference
was observed in transfection efficiency, and Western blots of
cell lysates showed similar expression of the two constructs
(Figure 6C). This immediately suggests that the lipid binding
capacity of the phosphomimicking mutant eYFP—PICK1 S77D
was reduced. We attempted to test this more directly using in
vitro lipid vesicle pull-down experiments; however, we were not
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Figure 6. Clustering of eYFP—PICK1 in COS7 cells and vesicle binding.
(A) Representative pictures showing weakened clustering of eYFP—
PICK1 S77D compared to eYFP—PICKI in transiently transfected
COS7 cells. The arrows point to the clusters. (B) Quantification of
clustering of WT compared to that of S77D. Clustering was quantified
by counting the fraction of cells with at least one cytosolic cluster of
eYFP—PICKI1 or eYFP—PICK1 S77D. A cluster was defined as an area
with an intensity of 1.5 times the average cytosolic intensity of eYFP.
Data are means + SE obtained from three independent transfections. At
least 10 pictures were taken, and approximately SO cells were counted in
each sample. An asterisk indicates p < 0.01 in a two-sided Student's ¢ test
(n = 3); error bars represent the SE. (C) Quantification of the expression
level measured by Western blot. The level of eYFP—PICKI1 was
normalized to actin, and the level of S77D was calculated with respect to
a WT transfected in parallel (n = S, where each n represents an
independent transfection). (D) Representative gel of a lipid vesicle pull-
down assay of PICK1 WT (left) and PICK1 S77D (right). Purified
PICK1I WT or S77D was incubated with lipid vesicles before
ultracentrifugation and analysis of pellet (P) and supernatant (S)
fractions by SDS—PAGE and Western blotting. All pellets were loaded,
and one-fifth of the supernatant was loaded. Ves. denotes vesicles. (E)
Quantification of lipid binding in the in vitro vesicle pull-down assay.
Data are given as the vesicle-bound fraction (means + SE; n = 3). The
vesicle-bound fraction was calculated as [(pellet + vesicles)/S]/(total
protein + vesicles) — [(pellet + vesicles)/5]/(total protein + vesicles).
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able to reproduce the previously reported vesicle binding
capacity of the PDZ domain itself (data not shown).”” Instead,
we measured the lipid binding capacity of full-length PICK1 in
the same assay. In agreement with previous observations,'* we
saw robust pull-down of PICK1 by the lipid vesicles but were
unable to detect a difference for full-length PICK1 WT and
$77D (Figure 6D,E). This suggests that phosphorylation of
Ser77 is unlikely to affect the overall lipid binding capactity of
PICKI at least in vitro. Moreover, the data suggest that the
cytosolic clusters might not be a simple readout of the lipid
binding capacity of PICKI alone.

B DISCUSSION

PICKI1 is known to serve multiple functions in relation to its
many interaction partners; however, little is known about
cellular mechanisms regulating the activity of PICKI. In this
study, we show that PICK1 is an in vitro substrate for two
important kinases: PKCa and CaMKIIa. We identify a serine at
position 77 of the PICK1 PDZ domain as the major PKCa
phosphorylation site, at least in vitro. In addition, we show
evidence that this phosphorylation is crucially regulated by lipid
membrane binding and affects the cellular distribution of
PICK1, which together are likely to have a functional impact on
the interaction partners.

PICK1 was previously shown to be an in vitro substrate for
PKCa;' however, it should be noted that Staudinger et al.
conducted the in vitro phosphorylation assay with PICK1
coupled to GST, resulting in a protein with a molecular weight
similar to that of PKCa. Because PKCa autophosphorylates,
the possibility that the reported phosphorylation was due to
autophosphorylation of PKCa cannot be completely excluded.
In our study, the in vitro phosphorylation assay was performed
with an untagged PICKI, resulting in separation of the two
proteins by SDS—PAGE. Hence, it can now be concluded that
PICK1 is indeed an in vitro substrate for PKCa.

Autophosphorylation was also an issue in the CaMKIla in
vitro phosphorylation assay because CaMKIla autophosphor-
ylates,* and PICK1 and CaMKlla have similar molecular
weights. The magnitude of the background signal from
CaMKlla autophosphorylation was reduced by preincubating
CaMKlla with cold ATP, and the observed increase in the level
of phosphorylation upon addition of PICK1 can most likely be
ascribed to phosphorylation of PICK1. However, to rule out
the possibility that the observed effect was due to an effect of
PICK1 on CaMKIla autophosphorylation, we also performed
the assay with a truncated version of PICK1, PICK1(136—416),
because this can be separated from CaMKlIla by SDS—PAGE.
PICK1(136—416) was also phosphorylated by CaMKlle, and
thus, we can conclude for the first time that PICKI is an in
vitro substrate for CaMKIIa and that the phosphorylation at
least to some extent takes place beyond residue 135 of PICKI.

The activities of PKCa and CaMKlla are important for
synaptic plasticity in which PICK1 also plays a major role.
Thus, we speculated that phosphorylation of PICK1 by these
kinases can modulate the function of PICKI1. In this study, we
focused on the phosphorylation of PICK1 by PKCe, and by
site-directed mutagenesis, we identified Ser77 as a major
phosphorylation site at least in vitro. Unfortunately, our
attempt to identify Ser77 as a phosphorylation site in a cellular
context failed because of the high lysine and arginine content in
the area around Ser77, which prevented isolation of peptides
containing Ser77 and their subsequent identification by mass
spectrometry. Therefore, we can still only speculate that Ser77
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is a phosphorylation site in vivo, although we find it likely given
the high degree of phosphorylation seen in vitro and the high
score obtained for the site according to the NetPhos prediction
program.*!

To improve our understanding of how PKCa phosphor-
ylation of PICK1 might be regulated in a cellular system, we
tested the effect of lipid binding on PKCa-mediated
phosphorylation of PICKI. Performing the phosphorylation
assay in the presence of lipid vesicles resulted in an
approximately 10-fold increase in the level of phosphorylation
of PICK1. Moreover, the vesicle-induced increase in the level of
phosphorylation was abolished by mutation of Ser77, strongly
indicating that the observed effect was due to an increased level
of phosphorylation of Ser77. Thus, recruitment of PICKI to
the membrane might be a key element in promoting the
phosphorylation of Ser77. Interestingly, because the lipid
vesicles selectively affect phosphorylation of Ser77, the
observed increase more likely reflects a conformational change
in PICK1 upon lipid binding than a scaffolding of PICK1 and
PKCa on the lipid vesicles.

It is also interesting to note that phosphorylation of PICK1
by PKCa was independent of the interaction of the PICK1
PDZ domain and the C-terminus of PKCgq; ie., the PDZ
binding deficient mutant, PICK A87L, was phosphorylated to
the same extent as WT. This might reflect that PKCa does not
bind in the PDZ domain binding groove when phosphorylating
PICK1. We observed, however, that binding of a peptide ligand,
and thus another putative cellular interaction partner of PICK1,
reduced the level of phosphorylation of PICKI. Remarkably,
the peptide ligand also reduced the level of phosphorylation of
PICK1 when Ser77 was mutated, indicating shielding of a
phosphorylation site other than Ser77 by the peptide or by
conformational changes in PICKI that disfavor phosphoryla-
tion of a site other than Ser77.

Ser77 is located in the PICK1 PDZ domain close to the
reported lipid binding patch in the PDZ domain®” as shown in
Figure 3A. This patch was suggested to add to the lipid binding
capacity of the BAR domain and thereby to be important for
the role of PICK1 in synaptic plasticity.”” The vesicle-induced
increase in the level of phosphorylation strongly suggests that
Ser77 is not docked directly in the membrane; nonetheless, the
phosphorylation of Ser77 could be envisioned to decrease the
capacity of the PICK1 PDZ domain to bind to negatively
charged lipid membranes. In agreement with this prediction, we
observed that the phosphomimic S77D compromised the
clustering tendency of eYFP—PICKI in COS7 cells. Previous
studies have suggested that this clustering tendency represents
a measure of PICK1’s lipid binding capacity.'* However, we
could not reproduce the reported lipid binding of the PICKI
PDZ domain®’ in a vesicle pull-down assay, and the
phosphomimic S77D did not reduce the lipid binding capacity
of full-length PICK1. Nevertheless, it is important to stress that
indeed the lipid binding capacity of the PDZ domain could be
involved in the cellular localization of PICK1 even though we
cannot reproduce it in a simplified in vitro assay, especially
because the lipid binding of the BAR domain has been
shown to be autoinhibited in full-length PICK1.%® Furthermore,
the clustering of PICK1 could also reflect oligomerization
and/or polymerization of the protein as seen for other
BAR domain proteins,*® which might be important for
subcellular localization of PICK1 and its interaction partners.
Thus, we speculate that phosphorylation decreases the level of

dx.doi.org/10.1021/bi2014689 | Biochemistry 2012, 51, 586—596



Biochemistry

polymerization of PICK1 in addition to potentially decreasing
the lipid binding capacity.

In summary, this study identifies PICK1 as a phosphoprotein
subject to phosphorylation by major kinases such as PKCa and
CaMKlIIa. Moreover, our data suggest that PKCa-mediated
phosphorylation is dynamically governed by the interplay
between the cellular localization of PICK1 and the occupancy
of the PDZ binding pocket (summarized in Figure 7). Among

Very low phosphorylation

£ &

Low phosphorylation

High phosphorylation

3R8&2o

5

Legend

A PICK1 BAR domain ‘ PKCa PDZ ligand
@ PICK1 PDZ domain % Phosphorylation

Figure 7. Proposed model of regulation of PKCa phosphorylation of
PICKI. Our data suggest that PKCa-mediated phosphorylation is
dynamically governed by the interplay between the cellular localization
of PICK1 and the occupancy of the PDZ binding pocket. A very low
level of phosphorylation of PICK1 is expected when it is not bound to
membranes and when a peptide ligand is bound in the PDZ domain. A
low level of phosphorylation of PICKI1 would be seen when PICKI
neither binds to a membrane nor has a PDZ ligand bound to the PDZ
binding pocket. The highest level of phosphorylation of PICK1 would
be expected when the protein is bound to membranes with no peptide
ligand bound to the PDZ binding pocket. The phosphorylation would
be predicted to cause dissociation of PICK1 from the membrane and
likely facilitates its cellular redistribution.

several possible sites, we identify Ser77 as a main site for
PKCa-mediated phosphorylation and show how lipid binding
enhances phosphorylation of this site and how this phosphor-
ylation in turn is likely to affect its cellular redistribution. Future
studies should further clarify the complex role of phosphor-
ylation in regulating the multiple cellular functions of PICKI.

B AUTHOR INFORMATION

Corresponding Author

*Department of Neuroscience and Pharmacology, Panum
Institute 18.6, University of Copenhagen, DK-2200 Copenhagen

594

N, Denmark. Phone: +45 355327549. Fax: +45 35327610.
E-mail: kennethma@sund.ku.dk.

Author Contributions

LA.-J. performed the molecular biology, the protein purifica-
tions, the in vitro phosphorylation assays, and the cellular
distribution assay. T.S.T. performed the vesicle pull-down assay.
KLM. and LA.J. performed the fluorescence polarization
assay. L.A.-J,, U.G,, and KL.M. designed the research and wrote
the manuscript.

Funding

This work was supported by the Faculty of Health Sciences,
University of Copenhagen (314000-10-00000-3140103) (LA.-J.),
the University of Copenhagen Program of Excellence (Bio-
ScaRT) (U.G.), National Institutes of Health Grant PO1 DA
12408 (U.G.), the Lundbeck Foundation (U.G.), the Danish
Medical Research Council, and the Novo Nordisk Foundation.

B ACKNOWLEDGMENTS

We thank Nabeela Khadim and Donna Czerny for technical
assistance. Furthermore, we thank Jesper V. Olsen for his effort
with mass spectrometry analysis.

B ABBREVIATIONS

AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid;
ASIC, acidic sensing ion channel; BAR, Bin/Amphiphysin/Rvs;
CaMKlla, Ca**-calmodulin-dependent protein kinase Ila;
DAT, dopamine transporter; eYFP, enhanced Yellow Fluo-
rescent Protein; LTD, long-term depression; PDZ, PSD95/
Disc large/Z01; PICK1, protein interacting with C kinase 1;
PKCa, protein kinase Ca; SE, standard error.

B REFERENCES

(1) 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.

(2) Hanley, J. G. (2008) PICKI1: A multi-talented modulator of
AMPA receptor trafficking. Pharmacol. Ther. 118, 152—160.

(3) Hong, C. J, Liao, D. L., Shih, H. L,, and Tsai, S. J. (2004)
Association study of PICK1 rs3952 polymorphism and schizophrenia.
NeuroReport 15, 1965—1967.

(4) Dev, K. K, and Henley, J. M. (2006) The schizophrenic faces of
PICK1. Trends Pharmacol. Sci. 27, 574—579.

(5) Garry, E. M., Moss, A., Rosie, R,, Delaney, A., Mitchell, R,, and
Fleetwood-Walker, S. M. (2003) Specific involvement in neuropathic
pain of AMPA receptors and adapter proteins for the GluR2 subunit.
Mol. Cell. Neurosci. 24, 10—22.

(6) Wang, W.,, Petralia, R. S., Takamiya, K, Xia, J., Li, Y. Q., Huganir,
R L, Tao, Y. X, and Yaster, M. (2011) Preserved acute pain and
impaired neuropathic pain in mice lacking protein interacting with C
Kinase 1. Mol. Pain 7, 11.

(7) Bellone, C., and Luscher, C. (2006) Cocaine triggered AMPA
receptor redistribution is reversed in vivo by mGluR-dependent long-
term depression. Nat. Neurosci. 9, 636—641.

(8) Famous, K. R, Kumaresan, V., Sadri-Vakili, G., Schmidt, H. D.,
Mierke, D. F., Cha, J. H,, and Pierce, R. C. (2008) Phosphorylation-
dependent trafficking of GluR2-containing AMPA receptors in the
nucleus accumbens plays a critical role in the reinstatement of cocaine
seeking. J. Neurosci. 28, 11061—11070.

(9) Leonard, A. S., Yermolaieva, O., Hruska-Hageman, A., Askwith,
C. C,, Price, M. P., Wemmie, J. A., and Welsh, M. J. (2003) cAMP-
dependent protein kinase phosphorylation of the acid-sensing ion
channel-1 regulates its binding to the protein interacting with C-
kinase-1. Proc. Natl. Acad. Sci. U.S.A. 100, 2029—2034.

dx.doi.org/10.1021/bi2014689 | Biochemistry 2012, 51, 586—596


mailto:kennethma@sund.ku.dk

Biochemistry

(10) Dixon, R. M., Mellor, J. R,, and Hanley, J. G. (2009) PICKI1-
mediated glutamate receptor subunit 2 (GluR2) trafficking contributes
to cell death in oxygen/glucose-deprived hippocampal neurons. J. Biol.
Chem. 284, 14230—14235.

(11) Zhang, B., Cao, W., Zhang, F., Zhang, L., Niy, R,, Niu, Y., Fu, L,,
Hao, X, and Cao, X. (2010) Protein interacting with C a kinase 1
(PICK1) is involved in promoting tumor growth and correlates with
poor prognosis of human breast cancer. Cancer Sci. 101, 1536—1542.

(12) Xiao, N., Kam, C., Shen, C., Jin, W,, Wang, J., Lee, K. M,, Jiang,
L., and Xia, J. (2009) PICK1 deficiency causes male infertility in mice
by disrupting acrosome formation. J. Clin. Invest. 119, 802—812.

(13) Liu, G., Shi, Q. W,, and Ly, G. X. (2010) A newly discovered
mutation in PICK1 in a human with globozoospermia. Asian J. Androl.
12, 556—560.

(14) Jin, W,, Ge, W. P, Xu, J., Cao, M., Peng, L., Yung, W,, Liao, D.,
Duan, S, Zhang, M, and Xia, J. (2006) Lipid binding regulates
synaptic targeting of PICK1, AMPA receptor trafficking, and synaptic
plasticity. J. Neurosci. 26, 2380—2390.

(15) 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-a. J. Biol. Chem. 272, 32019—32024.

(16) Xu, J., and Xia, J. (2006) Structure and function of PICKI.
Neurosignals 15, 190—201.

(17) Dev, K. K., Nishimune, A., Henley, J. M., and Nakanishi, S.
(1999) The protein kinase C a binding protein PICK1 interacts with
short but not long form alternative splice variants of AMPA receptor
subunits. Neuropharmacology 38, 635—644.

(18) 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?. J. Neurosci. 20, 7252—7257.

(19) Hirbec, H., Francis, J. C., Lauri, S. E., Braithwaite, S. P,
Coussen, F., Mulle, C,, Dev, K. K,, Coutinho, V., Meyer, G,, Isaac, J. T,,
Collingridge, G. L., and Henley, J. M. (2003) Rapid and differential
regulation of AMPA and kainate receptors at hippocampal mossy fibre
synapses by PICK1 and GRIP. Neuron 37, 625—638.

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

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

(22) Bjerggaard, C., Fog, J. U., Hastrup, H., Madsen, K,, Loland, C.]J.,
Javitch, J. A, and Gether, U. (2004) Surface targeting of the dopamine
transporter involves discrete epitopes in the distal C terminus but does
not require canonical PDZ domain interactions. J. Neurosci. 24, 7024—
7036.

(23) Bassan, M., Liu, H,, Madsen, K. L., Armsen, W., Zhou, J.,
Desilva, T., Chen, W., Paradise, A., Brasch, M. A., Staudinger, J.,
Gether, U, Irwin, N, and Rosenberg, P. A. (2008) Interaction
between the glutamate transporter GLT1b and the synaptic PDZ
domain protein PICK1. Eur. J. Neurosci. 27, 66—82.

(24) Peter, B. J., Kent, H. M., Mills, I. G., Vallis, Y., Butler, P. J.,
Evans, P. R, and McMahon, H. T. (2004) BAR domains as sensors of
membrane curvature: The amphiphysin BAR structure. Science 303,
495—499.

(25) Madsen, K. L., Bhatia, V. K., Gether, U., and Stamou, D. (2010)
BAR domains, amphipathic helices and membrane-anchored proteins
use the same mechanism to sense membrane curvature. FEBS Lett.
584, 1848—1855.

(26) Masuda, M., and Mochizuki, N. (2010) Structural characteristics
of BAR domain superfamily to sculpt the membrane. Semin. Cell Dev.
Biol. 21, 391—398.

(27) Pan, L., Wu, H,, Shen, C,, Shi, Y,, Jin, W,, Xia, J., and Zhang, M.
(2007) Clustering and synaptic targeting of PICK1 requires direct

595

interaction between the PDZ domain and lipid membranes. EMBO J.
26, 4576—4587.

(28) Madsen, K. L., Eriksen, J., Milan-Lobo, L., Han, D. S., Niv, M.
Y., Ammendrup-Johnsen, I, Henriksen, U., Bhatia, V. K., Stamou, D.,
Sitte, H. H., McMahon, H. T., Weinstein, H., and Gether, U. (2008)
Membrane localization is critical for activation of the PICK1 BAR
domain. Traffic 9, 1327—1343.

(29) Lu, W, and Ziff, E. B. (2005) PICK1 interacts with ABP/GRIP
to regulate AMPA receptor trafficking. Neuron 47, 407—421.

(30) Xia, J., Zhang, X., Staudinger, J., and Huganir, R. L. (1999)
Clustering of AMPA receptors by the synaptic PDZ domain-
containing protein PICK1. Neuron 22, 179—187.

(31) Luscher, C., Nicoll, R. A., Malenka, R. C., and Muller, D. (2000)
Synaptic plasticity and dynamic modulation of the postsynaptic
membrane. Nat. Neurosci. 3, 545—550.

(32) 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.

(33) Suh, Y. H,, Pelkey, K. A, Lavezzari, G., Roche, P. A., Huganir, R.
L., McBain, C. J., and Roche, K. W. (2008) Corequirement of PICK1
binding and PKC phosphorylation for stable surface expression of the
metabotropic glutamate receptor mGluR7. Neuron S8, 736—748.

(34) Hy, Z. L., Huang, C,, Fuy, H,, Jin, Y., Wu, W. N,, Xiong, Q. ],
Xie, N,, Long, L. H,, Chen, J. G., and Wang, F. (2010) Disruption of
PICKI attenuates the function of ASICs and PKC regulation of ASICs.
Am. ]. Physiol. 299, C1355—C1362.

(35) Baron, A., Deval, E., Salinas, M., Lingueglia, E., Voilley, N., and
Lazdunski, M. (2002) Protein kinase C stimulates the acid-sensing ion
channel ASIC2a via the PDZ domain-containing protein PICKI.
J. Biol. Chem. 277, 50463—50468.

(36) Wemmie, J. A., Chen, J., Askwith, C. C., Hruska-Hageman, A.
M., Price, M. P,, Nolan, B. C,, Yoder, P. G., Lamani, E., Hoshi, T.,
Freeman, J. H. Jr,, and Welsh, M. J. (2002) The acid-activated ion
channel ASIC contributes to synaptic plasticity, learning, and memory.
Neuron 34, 463—477.

(37) Sluka, K. A., Winter, O. C., and Wemmie, J. A. (2009) Acid-
sensing ion channels: A new target for pain and CNS diseases. Curr.
Opin. Drug Discovery Dev. 12, 693—704.

(38) Kim, A. R,, Choi, W. H,, Lee, S. R,, Kim, J. S., Jeon, C. Y., Kim, J.
L, Kim, J,, Lee, J. Y., Kim, E. G, and Park, J. B. (2002) Phosphorylation
of 46-kDa protein of synaptic vesicle membranes is stimulated by GTP
and Ca**/calmodulin. Exp. Mol. Med. 34, 434—443.

(39) Madsen, K. L., Beuming, T., Niv, M. Y., Chang, C. W., Dev, K.
K., Weinstein, H., and Gether, U. (2005) Molecular determinants for
the complex binding specificity of the PDZ domain in PICKI. J. Biol.
Chem. 280, 20539—20548.

(40) Kunding, A. H., Mortensen, M. W., Christensen, S. M., and
Stamou, D. (2008) A fluorescence-based technique to construct size
distributions from single-object measurements: Application to the
extrusion of lipid vesicles. Biophys. J. 95, 1176—1188.

(41) Blom, N., Gammeltoft, S., and Brunak, S. (1999) Sequence and
structure-based prediction of eukaryotic protein phosphorylation sites.
J. Mol. Biol. 294, 1351—1362.

(42) White, R. R, Kwon, Y. G,, Taing, M., Lawrence, D. S., and
Edelman, A. M. (1998) Definition of optimal substrate recognition
motifs of Ca**-calmodulin-dependent protein kinases IV and II reveals
shared and distinctive features. J. Biol. Chem. 273, 3166—3172.

(43) Kohout, S. C., Corbalan-Garcia, S., Gomez-Fernandez, J. C., and
Falke, J. J. (2003) C2 domain of protein kinase C a: Elucidation of the
membrane docking surface by site-directed fluorescence and spin
labeling. Biochemistry 42, 1254—126S.

(44) Vinton, B. B., Wertz, S. L., Jacob, J., Steere, J., Grisham, C. M.,
Cafiso, D. S., and Sando, J. J. (1998) Influence of lipid on the structure
and phosphorylation of protein kinase C & substrate peptides. Biochem.
J. 330 (Part 3), 1433—1442.

(45) Meyer, T., Hanson, P. L, Stryer, L., and Schulman, H. (1992)
Calmodulin trapping by calcium-calmodulin-dependent protein kinase.
Science 256, 1199—1202.

dx.doi.org/10.1021/bi2014689 | Biochemistry 2012, 51, 586—596



Biochemistry

(46) Shimada, A, Niwa, H. Tsujita, K, Suetsugu, S. Nitta, K,
Hanawa-Suetsugu, K., Akasaka, R., Nishino, Y., Toyama, M., Chen, L.,
Liu, Z. J, Wang, B. C,, Yamamoto, M., Terada, T., Miyazawa, A,
Tanaka, A,, Sugano, S., Shirouzu, M., Nagayama, K., Takenawa, T., and
Yokoyama, S. (2007) Curved EFC/F-BAR-domain dimers are joined
end to end into a filament for membrane invagination in endocytosis.
Cell 129, 761=772.

596

dx.doi.org/10.1021/bi2014689 | Biochemistry 2012, 51, 586—596



