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Background:The role of PICK1 in regulating trafficking of its PDZdomain binding partners (e.g.AMPA receptors) remains
unclear.
Results: PICK1 clusters and reduces recycling only of PDZ binding partners sorted to Rab11-dependent recycling.
Conclusion: Contrary to other PDZ domain proteins, which regulate postendocytic sorting, PICK1 determines the trafficking
rate through an endocytic compartment.
Significance: This function might explain the role of PICK1 in synaptic plasticity.

The scaffolding protein PICK1 (protein interacting with C
kinase 1) contains an N-terminal PSD-95/Discs large/ZO-1
(PDZ)domain anda central lipid-bindingBin/amphiphysin/Rvs
(BAR) domain. PICK1 is thought to regulate trafficking of its
PDZbindingpartners but different andevenopposing functions
have been suggested. Here, we apply ELISA-based assays and
confocal microscopy in HEK293 cells with inducible PICK1
expression to assess in an isolated system the ability of PICK1 to
regulate trafficking of natural and engineered PDZ binding
partners. The dopamine transporter (DAT), which primarily
sorts to degradation upon internalization, did not form perinu-
clear clusters with PICK1, and PICK1 did not affect DAT inter-
nalization/recycling. However, transfer of the PICK1-binding
DAT C terminus to the �2-adrenergic receptor, which sorts to
recycling upon internalization, led to formation of PICK1 co-
clusters in Rab11-positive compartments. Furthermore, PICK1
inhibited Rab11-mediated recycling of the receptor in a BAR
and PDZ domain-dependent manner. In contrast, transfer of
the DAT C terminus to the �-opioid receptor, which sorts to
degradation, did not result in PICK1 co-clusters or any change
in internalization/recycling. Further support for a role of PICK1
determined by its PDZ cargo was obtained for the PICK1 inter-
action partner prolactin-releasing peptide receptor (GPR10).
GPR10 co-localized with Rab11 and clustered with PICK1 upon
constitutive internalization but co-localized with the late endo-
somal marker Rab7 and did not cluster with PICK1 upon ago-
nist-induced internalization. Our data suggest a selective role of
PICK1 in clustering and reducing the recycling rates of PDZ

domain binding partners sorted to the Rab11-dependent recy-
cling pathway.

Protein interacting with C kinase 1 (PICK1)2 is a widely dis-
tributed dimeric scaffolding protein characterized by the pres-
ence of a single N-terminal PSD-95/Discs large/ZO-1 (PDZ)
homology domain in each protomer (1, 2). The PDZ domain
was originally found to bind the extreme C terminus of protein
kinase C� (PKC�) (3, 4); however, later, the PDZ domain was
shown to also bind the C termini of several other proteins (2, 5).
These include a number of receptor and transporter proteins
expressed predominantly in the CNS (see data in PDZbase (6)),
such as theGluA2/3 subunits of�-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA)-type ionotropic glutamate
receptors (AMPARs), the metabotropic glutamate receptor
mGluR7, and various neurotransmitter transporters including
the glutamate GLT1b transporter (7) and the dopamine trans-
porter (DAT) (2, 5, 8–10). The PICK1 dimer contains a single
lipid-binding Bin/amphiphysin/Rvs (BAR) domain in addition
to its PDZ domains (11, 12), and PICK1 is so far the only scaf-
folding protein identified in which PDZ domains are present
together with a BAR domain. The BAR domain is an �200-
residue dimeric �-helical module that forms a crescent-shaped
elongated functional unit (13). Together with an N-terminal
amphipathic helix, this functional unit is critical for the ability
of BAR domains to bind preferentially to curved lipid mem-
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branes and/or to promote formation of lipid membrane curva-
ture (14).
PICK1 has been suggested to regulate the function of its PDZ

domain binding partners in several different ways. These
include promoting clustering of the binding partners in cellular
subcompartments (8, 10, 15–17), regulation of their trafficking
(10, 18–20), and acting as a scaffold that brings PKC� in close
proximity to other binding partners to govern their phosphor-
ylation (9, 21–23).
The role of PICK1 in trafficking of its binding partners seems

complex and not yet settled. PICK1 was reported to increase
surface expression of DAT, mGluR7, and ASIC1a (10, 19, 20).
In contrast, PICK1 has repeatedly been associated with down-
regulation of GluA2 surface expression under basal conditions
(12, 23–27), althoughGluA2 surface expression is unaffected in
PICK1 knock-out mice (28, 29). Moreover, PICK1 has consis-
tently been shown to be necessary for down-regulation of
GluA2 surface expression during long term depression (LTD)
in cerebellum and hippocampus (12, 24, 28, 30–32). However,
one study found no PICK1 dependence of hippocampal LTD
(33), and it was recently demonstrated in studies of knock-out
mice that the PICK1 dependence is age- and protocol-specific
(29).
PICK1 was previously shown also to be involved in NMDA

receptor-mediated long term potentiation (28, 29) and sug-
gested to have a role in several types of plasticity at different
synapses involving changes in the ratio of GluA2-containing
and GluA2-lacking receptors (34–36). Furthermore, there is
evidence indicating that PICK1 is critical for the removal of
GluA2-containing receptors in ventral tegmental area neurons
in response to a single dose of cocaine (37).
It has been highly difficult to reconcile these observations

with a single trafficking function of PICK1. Accordingly, PICK1
has been suggested to be directly involved in cluster-mediated
surface stabilization of DAT and ASIC1a (10, 20), stabilization
of extrasynaptic GluA2-containing AMPARs at the plasma
membrane (25, 35, 38), internalization of GluA2-containing
receptors (39–41), and reduction of recycling rates of GluA2-
containing AMPARs upon activity-induced internalization
(38, 42).
To further clarify the intrinsic role of PICK1 in regulating

trafficking of its PDZ domain binding partners, we here used
quantitative ELISA-based trafficking assays and confocal
microscopy in heterologous cells with inducible PICK1 expres-
sion. This offers a valuable isolated system for analyzing the
specific effects of PICK1 on both natural and engineered co-ex-
pressed interaction partners. We obtained unambiguous evi-
dence for a general ability of PICK1 to cluster and reduce the
recycling rates of PDZ domain binding partners after activity-
dependent internalization. However, the data also suggest that
this role depends on the inherent postendocytic sorting prop-
erties of the binding partners; i.e.PICK1 clustered and inhibited
recycling of binding partners that independently sorted to the
Rab11-mediated “slow” or “long loop” recycling pathway. This
further implies that PICK1 by itself neither resides in nor tar-
gets its PDZ cargo into a recycling pathway.Of additional inter-
est, our data do not indicate any effects of PICK1 on surface
expression or internalization rates of its binding partners, and

the inhibition of recycling rates appears to be strictly dependent
on PDZ binding and the activity of the BAR domain. Taken
together, the results support the notion of PICK1 as a highly
versatile scaffolding protein capable of mediating cargo-deter-
mined distinct cellular functions depending on the nature and
inherent properties of the PDZ domain binding partner.

EXPERIMENTAL PROCEDURES

Molecular Biology—The generation of plasmids encoding
FLAG-tagged TacDAT (pcDNA3 TacDAT) and TacDAT C24
(pcDNA3 TacDAT C24) and mycPICK1 (pCMV mycPICK1)
was described previously (43, 44). The eGFP-tagged Rab con-
structs (pEGFP-C1Rab7 andpEGFP-C1Rab11)were a kind gift
from Dr. Katherine W. Roche, National Institute of Neurolog-
ical Disorders and Stroke, National Institutes of Health,
Bethesda, MD (45). N-terminally signal FLAG-tagged GPR10
in pcDNA3 was a kind gift fromDr. Birgitte Holst, Department
ofNeuroscience andPharmacology, University of Copenhagen,
Copenhagen, Denmark. N-terminally FLAG-tagged �-opioid
receptor (DOR) and�2-adrenergic receptor (�2AR) with C-ter-
minal polyhistidine in pcDNA3 were kind gifts from Dr. Mark
von Zastrow, Departments of Psychiatry and Cellular and
Molecular Pharmacology, University of California, San Fran-
cisco, CA. In GPR10, the C-terminal isoleucine was changed to
aspartate by use of the QuikChange� method (Stratagene, La
Jolla, CA), yielding GPR10D. In FLAG-�2ARHis6, the C-termi-
nal histidine tag was removed by PCR-mediated mutagenesis
and either substituted by the 8 C-terminal residues of the
human DAT (-TLRHWLKV) or substituted by the 8 C-termi-
nal residues of the human DAT with an additional alanine that
disrupts the PDZ binding to PICK1 (46) (-TLRHWLKVA). The
resulting fragments were cleaved with KpnI and BamHI and
ligated into pcDNA3 FLAG-�2ARHis6 using these sites to
make the three constructs. The L412A mutation reported to
disrupt the N-ethylmaleimide-sensitive fusion protein (NSF)
interaction was introduced in �2AR and �2DAT8 with the
QuikChange method (Stratagene). Finally, the C-terminal 8
residues of DAT were appended to DOR with the QuikChange
method (Stratagene). For generation of the Flp-In T-REx 293
cell line (see below), the sequence encoding PICK1 tagged at the
N terminus with enhanced yellow fluorescent protein (eYFP)
was amplified by PCR from peYFP-C1-eYFP-PICK1 (44) and
inserted into the pcDNA5/FRT/TO vector (Invitrogen) using
NotI and AflII. All constructs were sequenced before use.
Cell Cultures and Transfections—To generate a cell line with

stable tetracycline-inducible expression of YFP-tagged PICK1,
we used the Flp-In T-REx system and the Flp-In T-REx 293 cell
line (Invitrogen). The cells were maintained in DMEM 1965
with Glutamax (L-alanyl-L-glutamine) containing 10% fetal calf
serum at 37 °C in a humidified 5% CO2 atmosphere. Before
transfection, cells were selected using 15 �g/ml blasticidin and
100�g/mlZeocin (both from Invitrogen). Cells (90%confluent)
were transfected using Lipofectamine 2000 (Invitrogen) with a
total of 3�g of DNA in a 1:9 ratio of the pcDNA5/FRT/TOwith
the eYFP-PICK1 insert and pOG44 vector (Invitrogen) inOpti-
MEM� (Invitrogen) overnight. Cellswere then split to 50% con-
fluence and grown for an additional 24 h with no antibiotics
before selection was induced using 15 �g/ml blasticidin and
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150 �g/ml hygromycin. Cells were maintained until visible foci
appeared after which the cells were harvested, pooled, and fur-
ther maintained as a polyclonal cell line (Flp-In T-REx 293
eYFP-PICK1). Inducible eYFP-PICK1 cell lines with the
K251E,K252E,K257E (3KE) mutation and the A87L mutation
were generated using the same protocol.
For transient transfections of Flp-In T-REx 293 eYFP-PICK1

cells, cells were seeded in 25-cm2 cell flasks (1 � 106 cells) or
75-cm2 cell flasks (3� 106 cells) and grown inmediumwithout
selection for�20h to reach�70%confluence. Cellswere trans-
fected with Lipofectamine 2000 (Invitrogen) for 16 h in
medium using 1 �g of DNA/75-cm2 flask except for the �2AR
constructs for which we used 0.1 �g/75-cm2 flask to obtain
lower expression. For double and triple transfections, we used 1
�g of DNA of each construct. In general, we transfected �80%
of the cells. The transfected cells were trypsinized and seeded
on polyornithine-coated coverslips in 6-well plates (300,000
cells/well) or 96-well ELISA plates (35,000 cells/well) for 48–72
h prior to experiments. After �20 h, medium was changed to
new medium without or with tetracycline (1 �g/ml) to induce
expression of eYFP-PICK1.
Immunocytochemistry—In all trafficking experiments,

FLAG-tagged surface receptors or transporters were labeled in
DMEM 1965 for 30 min at 4 °C with M1 mouse anti-FLAG
antibody (1 �g/ml) conjugated with Alexa Fluor� 568 or 647
carboxylic acid succinimidyl esters (Invitrogen) according to
the manufacturer’s protocol. For GPR10 sorting studies, Flp-In
T-REx 293 eYFP-PICK1 cells were cotransfected with the plas-
mids encoding the receptor and either eGFP-Rab7 or eGFP-
Rab11. Surface-labeled GPR10 receptors were allowed to inter-
nalize constitutively at 37 °C in DMEM 1965 or in the presence
of prolactin-releasing peptide (PrP) (Thr-Pro-Asp-Ile-Asn-
Pro-Ala-Trp-Tyr-Ala-Ser-Arg-Gly-Ile-Arg-Pro-Val-Gly-Arg-
Phe) (1 nM) for 60 min before fixation in 4% paraformaldehyde
for 10 min at 4 °C followed by 10 min at RT and mounting in
Prolong� Gold antifade reagent (Invitrogen). For trafficking
studies of surface-labeled receptors and transporters together
with eYFP-PICK1, we adopted the following generalized
scheme. Surface-expressed FLAG-tagged proteins were labeled
as described above, and to visualize surface protein (named
“Surface” in figures), cells were immediately fixed. To visualize
internalization (named “Internalization” in figures), surface-la-
beled proteins were allowed to internalize constitutively at
37 °C inDMEM1965 or in the presence of agents that stimulate
internalization for 25min (or as indicated in the legends) before
fixation in 4% paraformaldehyde for 10 min at 4 °C followed by
10 min at RT and mounting in Prolong Gold antifade reagent
(Invitrogen). For the receptors, we stimulated internalization
with their respective agonists (GPR10, PrP (1 nM); �2AR, iso-
proterenol (Iso; 10�M);DOR,DADLEpeptide (10�M)), and for
TacDAT, we stimulated internalization with 1 �M phorbol
12-myristate 13-acetate (PMA). To enable detection of subse-
quent receptor/transporter trafficking (i.e. recycling or degra-
dation), the action of the internalizing agent was terminated by
incubation for an extended period at 37 °C with antagonists
(�2AR, alprenolol (Alp; 10 �M); DOR, naxolone (Naxo; 10 �M);
TacDAT, the protein kinase C inhibitor staurosporine (1 �M)).
For GPR10, we had no potent antagonist, and cells were instead

washed and left in DMEM 1965 at 37 °C for prolonged traffick-
ing before fixation and mounting. To study the effect of block-
ing lysosomal degradation, Flp-In T-REx 293 eYFP-PICK1 cells
were transfected with plasmids encoding TacDAT, GPR10, or
DOR DAT8 and incubated with leupeptin (100 �M) together
with Alexa Fluor 647-conjugated M1 for 16 h before fixation
and mounting. To study colocalization of �2DAT8 with eYFP-
Rab11 and mycPICK1, we triple transfected Flp-In T-REx 293.
FLAG-tagged surface receptors were labeled with Alexa Fluor
568-conjugated M1 antibody as described above and internal-
ized with 10 �M isoproterenol for 25 min before fixation. Cells
were permeabilized with 0.2% saponin in PBS and 5% goat
serum before labeling with primary M1 and rabbit anti-Myc
(1:1000) (Upstate). Cell were washed three times in PBS � 5%
goat serum and labeled with secondary antibodies (Alexa Fluor
568 goat anti-rabbit and Alexa Fluor 647 goat anti-mouse)
(1:500).
Confocal Imaging—All imaging was performed with a Zeiss

LSM510 inverted confocal laser-scanningmicroscope using an
oil immersion numerical aperture 1.4 63� objective (Zeiss,
Jena, Germany). GFP and eYFP were excited with the 488 nm
laser line from an argon-krypton laser, and the emitted light
was detected using a 505–550-nm band pass filter. The Alexa
Fluor 568 dye was excited at 543 nm with a helium-neon laser,
and the emitted light was detected using a 560–615-nm band
pass filter. The Alexa Fluor 647 was excited at 633 nm with
another helium-neon laser, and the emitted light was detected
using a 650-nm long pass filter. Channels were imaged sepa-
rately. Resulting images were combined using ImageJ soft-
ware.3 All experiments were done at least three times, imaging
at least 15 cells/condition in each session.
Quantification of colocalization of GPR10 with eGFP-tagged

Rab7 and Rab11 was done using the RG2B colocalization
ImageJ plug-in as described (47, 48). Single cells were defined as
regions of interest to avoid noise from untransfected cells and
nonspecific staining. A minimum threshold pixel intensity of
100was set for each channel in the eight-bit pictures to focus on
clustering, and the minimum ratio for pixel intensity between
the two channels was set to 0.5. Results are displayed as percent
colocalization as determined by dividing the area of colocaliza-
tion pixels by the total area over the threshold in the green
channel reporting GFP-Rab localization. About 50 cells were
used for quantification in each condition. Statistical signifi-
cance was determined using Student’s t test.
Surface ELISA—For ELISA-based trafficking experiments,

FLAG-tagged surface proteins were labeled with 1 �g/ml M1
mouse anti-FLAG antibody for 30 min at 4 °C in parallel in two
96-well plates. In half of the wells on each plate, internalization
was stimulated at 37 °C for 25min as indicated. Thewells on the
other half of the plate were left at 37 °C and are referred to as
non-treated. Subsequently, the action of the internalizing agent
was terminated as indicated (�2AR, alprenolol (10 �M); DOR,
naxolone (10 �M); TacDAT, staurosporine (1 �M)) using 37 °C
medium on one plate and 4 °Cmedium on the other. One plate
was left at 4 °C for 1 h to stop further trafficking, and the other

3 W. S. Rasband, ImageJ, National Institutes of Health, Bethesda, MD.
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plate was left at 37 °C to allow further trafficking. For GPR10,
we had no potent antagonist, and cells were insteadwashed and
left in DMEM 1965 for prolonged trafficking. Subsequently,
cells were washed in DMEM 1965, fixed for 10 min at 4 °C, and
washed twice in PBS before 30-min blocking in PBS � 5% goat
serum and incubation with 0.5 �g/ml horseradish peroxidase-
conjugated goat anti-mouse IgG (Thermo Scientific). Finally,
cells were washed twice in PBS � 5% goat serum and twice in
PBS before addition of SuperSignal� ELISA Femto Maximum
Sensitivity Substrate (Thermo Scientific). The luminescence
was detected in aWallac Victor2 plate reader after 2min. Inter-
nalization is expressed as the ratio of the surface signal from
agonist- or PMA-internalized protein relative to the non-
treated cells on the 4 °C plate. The percentage of recycling was
calculated from the proportion of internalized receptor that
was recovered at the cell surface. Statistical significance was
determined using Student’s t test.

RESULTS

PICK1Co-clustersOnlywith Subset of Its Interaction Partners—
It is well established that PICK1 can form characteristic jux-
tanuclear or perinuclear co-clusters with PDZ domain interac-
tion partners, such as the GluA2 subunit of the AMPAR (8) and
mGluR7 (16) in heterologous expression systems. In a recent
analysis, we confirmed that indeed GluA2 can co-cluster with
PICK1 in COS7 cells and demonstrated that the single trans-
membrane-spanning protein Tac (the �-subunit of the inter-
leukin 2 receptor (49)) with the GluA2 tail fused to its C termi-
nus (TacGluR2 C24) effectively co-clustered with PICK1 (44).
When the last 24 residues from theC terminus of theDATwere
fused to the Tac C terminus (TacDAT C24) (Fig. 1a), we also
observed co-clustering with PICK1 in COS7 cells (44). To fur-
ther explore the conditions determining clustering of PICK1,
we established, using the Flp-In T-REx system from Invitrogen,
an HEK293-derived cell line with tetracycline-inducible
expression of eYFP-PICK1 (PICK1 with eYFP fused to the N
terminus). In these cells (Flp-In T-REx 293 eYFP-PICK1), we
observed marked clustering of eYFP-PICK1 when transfected
with TacDATC24 as in COS7 cells (Fig. 1b, upper panel). How-
ever, when we fused the entire DAT sequence to Tac and co-
expressed the resulting construct (TacDAT) (43) (Fig. 1a) in the
Flp-In T-REx 293 eYFP-PICK1 cells, we did not see any signs of
eYFP-PICK1 clustering (Fig. 1b, lower panel). The absence of
juxtanuclear clusters was most likely not because TacDAT was
a non-functional, incorrectly folded protein (i.e. previous stud-
ies supported that this fusion protein has Vmax and Km values
for [3H]dopamine uptake similar to WT DAT and undergoes,
like WT DAT, constitutive and PMA-induced internalization
(43)). Although non-tagged DAT was suggested to cluster with
PICK1 (10), we also did not observe clusters of eYFP-PICK1
when we expressed non-tagged DAT in the Flp-In T-REx 293
eYFP-PICK1 cells (data not shown). Likewise, in one of our
earlier studies, we did not see any convincing signs of clustering
when DAT tagged at the N terminus with green fluorescent
protein (GFP) was co-expressed with PICK1 (46).
We showed earlier that when clustered intracellularly with

PICK1 TacDAT C24 originates from the plasma membrane
and thus that it is not sorted directly to the clusters from the

Golgi apparatus (44). Because the constitutive internalization
rate of TacDAT C24 is considerably higher than that of full-
length DAT,4 we speculated that the internalized pool of full-
length transporter (wild type DAT or TacDAT) could be too
low to cause clustering of PICK1. To test this, we surface-la-
beled TacDAT with Alexa Fluor 543-conjugated M1 antibody
and induced rapid internalization of the transporter by activat-
ing PKC with the phorbol ester PMA (50, 51). After 25 min of
stimulation, substantial redistribution of TacDAT to vesicular
compartments was seen in most cells; however, the massive
clustering of eYFP-PICK1 seen when co-expressed with Tac-
DAT C24 was never observed (Fig. 1c, upper panel). To allow
the internalized transporter to travel further into the endo-
somal pathways, we treated cells with staurosporine to termi-
nate the effects of PMA and waited for an additional 60 min.
The transporter remained in vesicular compartments, but no
major accumulation of YFP-PICK1 associated with these com-
partments was detected (Fig. 1c). Taken together, despite a C
terminus with high affinity for the PICK1 PDZ domain, full-
length DAT appears not to form the co-clusters that are
observed with other interaction partners.
Only Interaction Partners Sorted to Rab11-positive Compart-

ments Co-cluster with PICK1—Recently, we demonstrated that
upon constitutive internalization both TacDAT and DAT with
an HA tag in the second extracellular loop (HA-DAT) are
sorted primarily to late endosomes/lysosomes and in part to a
Rab4’positive “short loop” recycling pathway (43). Earlier it was
also demonstrated that DAT internalized in response to PKC
activation sorts to the lysosomal pathway and ends up being
degraded (51, 52). However, according to our previous data,
constitutively internalized TacDAT C24 is sorted to a Rab11-
positive compartment and co-clusters with PICK1 in this com-
partment (44). Consequently, an explanation for the difference
between TacDAT and TacDAT C24 in their ability to co-clus-
ter with PICK1 would be that their postendocytic sorting prop-
erties are different and thus that it is the sorting properties of
the PDZ binding partner and not PICK1 that determine
whether co-clustering will occur or not.
To further investigate this possibility, we turned to another

interaction partner of PICK1, the G protein-coupled prolactin-
releasing peptide receptor, or GPR10 (53). We introduced in
this receptor an N-terminal M1 antibody FLAG epitope and
transiently expressed the resulting construct in HEK293 cells.
The receptor displayed a high degree of constitutive internal-
ization as determined by exposure to Alexa Fluor 543-conju-
gated anti-FLAG M1 antibody for 60 min (Fig. 2a). The inter-
nalized receptor showed considerable colocalization with
co-expressed eGFP-Rab11, amarker of the slow recycling path-
way, and rather low colocalizationwith eGFP-Rab7, amarker of
late endosomes (Fig. 2, compare a and b). Interestingly, when
internalization was promoted by the agonist prolactin-releas-
ing peptide (Thr-Pro-Asp-Ile-Asn-Pro-Ala-Trp-Tyr-Ala-Ser-
Arg-Gly-Ile-Arg-Pro-Val-Gly-Arg-Phe), the receptor colocal-
ized predominantlywith eGFP-Rab7 andonly occasionallywith
eGFP-Rab11 (Fig. 2, compare a and b). Quantification of the

4 J. Eriksen, K. L. Madsen, and U. Gether, unpublished data.
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colocalization after thresholding both channels to intensities
�100 (eight-bit pictures) showed a significant shift in sorting
upon agonist treatment away from the recycling pathway (iden-
tified by eGFP-Rab11) (Fig. 2a) and toward the degradative
pathway (identified by eGFP-Rab7) (Fig. 2b).
This remarkable property ofGPR10 allowed us specifically to

ask whether postendocytic sorting of the PDZ binding partner
determines whether co-clustering will occur or not. To this
end, GPR10 was expressed in the Flp-In T-REx 293 eYFP-
PICK1 cells, and surface receptors were labeled by incubating
with Alexa Fluor 543-conjugated anti-FLAG M1 antibody at
4 °C (Fig. 3, a and b, upper panels). Both in cells with tetracy-
cline induction (�Tet) and without induction of eYFP-PICK1
expression (�Tet), we observed clear plasma membrane stain-
ing for GPR10 (Fig. 3, a and b, upper panels). In induced cells,
eYFP-PICK1 (in green) was seen diffusely expressed in the cyto-
plasmaswell as partly localized to the plasmamembrane (Fig. 3,
a and b, upper panels). In addition, eYFP-PICK1 was seen in
large clusters, presumably formed as a result of the constitutive
internalization of GPR10 prior to antibody labeling (Fig. 3, a
and b, upper panels). Note that in the pictures shown the recep-
tor is not visible in the clusters because the staining was done
without membrane permeabilization.
Constitutive internalization was next allowed by incubating

the cells at 37 °C for 25 and 85 min (Fig. 3a, middle and lower
panels). The antibody-labeled constitutively internalized
GRP10 (shown to colocalize with eGFP-Rab11; see Fig. 2) traf-
ficked to the eYFP-PICK1 clusters already after 25 min, and
after an additional 60 min, the localization of GPR10 to these
clusters was even more pronounced (Fig. 3a,middle and lower
panels). In non-induced cells (�Tet), constitutively internal-
ized GPR10 showed no tendency to accumulate in larger clus-
ters (Fig. 3a,middle and lower panels).

Interestingly, when internalizationwas promoted by the ago-
nist PrP for 25 min, vesicular GPR10 (shown to colocalize with
GFP-Rab7; see Fig. 2) largely resided outside the eYFP-PICK1
clusters produced by previous constitutive internalization (Fig.
3b,middle panels). Stimulation for an additional 60min still left
most internalized GPR10 outside eYFP-PICK1 clusters (Fig.
3b). Importantly, the formation of co-clusters between GPR10
and eYFP-PICK1 was strictly dependent on an intact C-termi-
nal PDZ binding sequence in GPR10 because clustering was
completely abolished by disrupting the PDZ interaction by
changing the C-terminal Val-Val-Leu sequence to Val-Val-Asp
(supplemental Fig. S1). In summary, the data provide support
for the idea that co-clustering with PICK1 is determined by the
postendocytic sorting pattern of the PDZ domain binding part-
ner and that PICK1 does not affect this sorting pattern.
Only Interaction Partners Recycling through Rab11-mediated

Slow Recycling Pathway Cause PICK1 to Cluster—To address
further whether the sorting properties of the PDZ binding part-
ners determine the formation of PICK1 co-clusters, we fused
the C-terminal 8 residues of DAT, which are sufficient tomedi-

FIGURE 1. PICK1 co-clusters with Tac DAT C24 but not with TacDAT.
a, schematic representation of the fusion proteins Tac DAT C24 and TacDAT.
TacDAT C24 is a fusion protein between Tac and the 24 C-terminal residues of
DAT with an N-terminal M1 antibody FLAG epitope. TacDAT is a head-to-tail
fusion of Tac (�-subunit of the IL2 receptor) (green) with an N-terminal M1
antibody FLAG epitope (DYKDDDDK) and full-length DAT (blue) (43). b, con-
focal laser scanning micrographs of Flp-In T-REx 293 eYFP-PICK1 cells induced
with tetracycline and transiently expressing TacDAT C24 (top panel) or Tac-
DAT (bottom panel). Cells were surface-labeled with Alexa Fluor 568-conju-
gated anti-FLAG antibody to visualize surface TacDAT C24 (top middle panel)
and TacDAT (middle bottom panel) in transfected cells. The eYFP-PICK1 signal
(green) is shown in the left panels and illustrates the lack of clustering and
partial plasma membrane recruitment in TacDAT-transfected cells. In con-
trast, profound eYFP-PICK1 clustering was seen in TacDAT C24-transfected
cells. Nuclei were highlighted in the top panel to demonstrate the jux-
tanuclear localization of the eYFP-PICK1 clusters. c, confocal laser scanning
micrographs of Flp-In T-REx 293 eYFP-PICK1 cells induced with tetracycline
and transiently expressing TacDAT. Cells were surface-labeled with Alexa
Fluor 568-conjugated anti-FLAG antibody and internalized with PMA for 25
min (top middle panel). Subsequently, the cells were treated with staurospo-
rine (Stau; 1 �M) for 60 min to allow potential recycling (bottom middle panel).
The eYFP-PICK1 signal (green) is shown in the left panel and illustrates the lack
of marked clustering in the TacDAT-internalized cells. Representative images

are shown from �15 cells visualized per condition in each experiment and
over three separate experiments. The small squares mark areas that are shown
enlarged inside large squares. Scale bar, 15 �m.
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ate interaction with PICK1,5 to the C terminus of FLAG-tagged
�2AR (�2DAT8) (Fig. 4a) and of FLAG-tagged �-opioid recep-
tor (DOR DAT8) (Fig. 5a). The �2AR is known to recycle effi-
ciently via Rab4- andRab11-positive pathways (54, 55), whereas
the �-opioid receptor is sorted almost entirely to lysosomal deg-
radation via the Rab7-positive pathway (56).
In agreement with our hypothesis, expression of �2DAT8

caused eYFP-PICK1 to cluster very strongly (Fig. 4b,upper pan-
els) (note again that the receptor is not seen in the clusters
because the antibody labeling was done without membrane
permeabilization). As for GPR10, these clusters are presumably
formed as a result of constitutive receptor internalization prior
to antibody labeling. Importantly, although the �2AR shows
rather low constitutive internalization, exposure to Alexa Fluor
568-conjugated M1 antibody for an extended period (16 h)
demonstrated considerable constitutive trafficking of �2DAT8
from the plasma membrane to eYFP-PICK1 clusters (supple-
mental Fig. S2A).

This clustering of eYFP-PICK1 in �2DAT8 cells was depen-
dent on PDZ domain interactions because a non-PDZ binding
mutant with an alanine added to the C terminus of the DATC8
tail (�2DAT8 �Ala) (46) did not cause clustering of eYFP-
PICK1 (Fig. 4c, upper panels). Upon treatment with the agonist
Iso (25 min), surface-labeled �2DAT8 was internalized to the
periphery of the clusters (Fig. 4b,middle panel), and after pro-
longed incubation (Iso for 25 min � 60 min in the presence of
the antagonist Alp), �2DAT8 was found almost completely
colocalized in clusters with eYFP-PICK1 (Fig. 4b, bottompanel)
(44). Importantly, this was similar to the pattern observed for
the constitutive trafficking of the endogenous PICK1 interac-
tion partner GPR10 (see Fig. 3) and for TacDAT C24 (44). It is
also important to note that�2DAT8displayed the sameposten-
docytic sorting pattern as �2AR itself; i.e. internalized �2DAT8
was mainly found in Rab11-positive endosomes (supplemental
Fig. S2B).
In contrast to �2DAT8, DOR DAT8 (Fig. 5a) did not cause

eYFP-PICK1 to cluster any more than it did on its own (Fig. 5b,
upper panel). In the plasma membrane, we did see co-localiza-5 K. L. Madsen and U. Gether, unpublished observation.

FIGURE 2. Agonist-induced internalization of GPR10 by PrP redirects endocytic sorting away from Rab11-positive pathway toward Rab7-positive
pathway. a, left, confocal laser scanning micrographs of HEK293 cells transiently expressing GPR10 and GFP-Rab11. Cells were surface-labeled with Alexa Fluor
568-conjugated anti-FLAG M1 antibody at 4 °C to label GPR10 before 60 min of constitutive (const.) internalization at 37 °C (top panel) or 60 min of agonist-
induced internalization (1 nM PrP) (lower panel) at 37 °C. The GPR10 signal is shown in red, and the eGFP-Rab11 signal is in green. Small white squares mark areas
that are shown enlarged inside large white squares. Right, quantification of colocalization between internalized GPR10 and eGFP-Rab11 after 60 min of
constitutive (n � 52) and agonist-induced internalization (n � 52). Each dot represents a single cell, and horizontal bars indicate means. ***, p � 0.001, unpaired
t test. Data were collected on three separate experimental days. b, left, confocal laser scanning micrographs of HEK293 cells expressing eGFP-Rab7 and GPR10.
Cells were surface-labeled with Alexa Fluor 568-conjugated anti-FLAG M1 antibody at 4 °C to label GPR10 before 60 min of constitutive internalization at 37 °C
(top panel) or 60 min of agonist-induced internalization (1 nM PrP) (lower panel) at 37 °C. The GPR10 signal is shown in red, and the eGFP-Rab7 signal is in green.
Small white squares mark areas that are shown enlarged inside large white squares. Right, quantification of colocalization between internalized GPR10 and
eGFP-Rab7 after 60 min of constitutive (n � 42) and agonist-induced internalization (n � 50). Each dot represents a single cell, and horizontal bars indicate
means. ***, p � 0.001, unpaired t test. Data were collected on three separate experimental days.
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FIGURE 3. Constitutively internalized GPR10 co-clusters with eYFP-PICK1 in contrast to GPR10 internalized by agonist stimulation. a, confocal
laser scanning micrographs of Flp-In T-REx 293 eYFP-PICK1 cells transiently expressing GPR10. The pictures show constitutive internalization of GPR10
that was surface-labeled with Alexa Fluor 568-conjugated anti-FLAG antibody at 4 °C without tetracycline (�Tet) and with (�Tet) induced expression of
eYFP-PICK1 (green) prior to constitutive internalization for 25 or 85 min at 37 °C. Panels starting from the left show the GPR10 signal in non-induced cells,
GPR10 signal in tetracycline-induced cells (red), eYFP-PICK1 signal (green), and merge of the red and green signals. b, confocal laser scanning micro-
graphs of Flp-In T-REx 293 eYFP-PICK1 cells transiently expressing GPR10. The pictures show agonist-induced internalization of GPR10 that was
surface-labeled with Alexa Fluor 568-conjugated anti-FLAG M1 antibody at 4 °C without (�Tet) and with (�Tet) induced expression of eYFP-PICK1
(green). Internalization was stimulated by agonist treatment (1 nM PrP) for 25 or 85 min at 37 °C. Panels starting from the left show the GPR10 signal in
non-induced cells, GPR10 signal in tetracycline-induced cells (red), eYFP-PICK1 signal (green), and merge of red and green signals. Representative images
are shown from �15 cells visualized per condition in each experiment and over three separate experiments. The small squares mark areas that are shown
enlarged inside the large squares. Scale bars, 15 �m.
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tion of DOR DAT8 and eYFP-PICK1; however, after internal-
ization in response to the peptide DOR agonist DADLE (25
min; 10 �M), we did not see any signs of recruitment of eYFP-
PICK1 to DOR DAT8-positive vesicles or any indication of
eYFP-PICK1 clustering (Fig. 5b, middle panels), and the same
was true after an additional 60 min of antagonist treatment (25
min DADLE � 60min Naxo) (Fig. 5b, bottom panels). Interest-
ingly, this pattern was similar to the trafficking pattern
observed for GPR10 in the presence of agonist; in fact, it was
clearer because both the constitutive internalization and
agonist-induced internalization of DOR DAT8 were
directed to the degradative pathway. Moreover, it was simi-
lar to what was seen for Tac-DAT, which also was unable to
cluster with eYFP-PICK1.
One possible reason for the absence of co-clustering between

PICK1 and interaction partners sorting to the degradative path-
way could be that these complexes only form transiently before
they are degraded. To test this, we incubated cells co-express-
ing TacDAT or DOR DAT8 and eYFP-PICK1 with leupeptin
(100 �M) for 16 h to block lysosomal degradation. As expected,
permeabilization and immunostaining revealed marked intra-
cellular accumulation of vesicular TacDAT and DOR DAT8
inside the cells, however, still without showing recruitment of
eYFP-PICK1 to these structures. In contrast, eYFP-PICK1 was
still effectively clustered by GPR10 in the presence of leupeptin
(supplemental Fig. S3).
PICK1 Promotes Intracellular Accumulation of Recycling

Interaction Partners—PICK1 was recently suggested to impair
recycling of AMPARs internalized by NMDA in hippocampal
neurons (38, 42). Based on the clustering of internalized
�2DAT8 but not of internalized DORDAT8with eYFP-PICK1,
we speculated that PICK1 might be able to selectively impair
recycling of binding partners sorted toRab11-positive recycling
endosomes. To address this, we performed quantitative surface
ELISA recycling experiments according to previously pub-
lished protocols (57, 58) using the extracellular N-terminal
FLAG tag in �2DAT8 and asked whether inducible expression
of eYFP-PICK1 affected this process. �2AR, �2DAT8, and
�2DAT8 �Ala showed similar surface expression, and induc-
tion of eYFP-PICK1 expression (�Tet) did not affect their basal
surface expression (data not shown). Because binding of NSF
(59, 60) and the PDZ domain protein NHERF1 (Na�/H�

exchanger regulatory factor 1) (61, 62) to the extreme �2AR C
terminus was suggested previously to regulate recycling of the
�2AR, we first compared the trafficking of the fusion proteins
�2DAT8 and �2DAT8 �Ala with �2AR. Just like �2AR itself,
the fusion proteins were internalized robustly in response to 10
�M Iso (25 min 10 �M), and notably, this was not affected by
induction of eYFP-PICK1 expression (�Tet); i.e. both with and
without tetracycline induction, well over 25% of the surface-
expressed receptors were internalized during stimulation over
25 min in response to 10 �M Iso (Fig. 6a).
Upon incubation with the antagonist alprenolol for an addi-

tional 60min (25min with 10�M Iso� 60min with 10�MAlp)
all three constructs demonstrated potent recycling (expressed
as the percentage of internalized receptors recovered at the
surface) (Fig. 6b). However, both DAT8 and DAT8 �Ala
showed reduced recycling as compared with wild type �2AR

FIGURE 4. PICK1-binding chimeric receptor �2DAT8 clusters eYFP-PICK1
and traffics to PICK1-positive clusters upon agonist-induced internaliza-
tion. a, schematic representation of �2DAT8 and �2DAT8 �Ala showing the
N-terminal FLAG tag sequence followed by the full-length�2 adrenergic receptor
and the last 8 PICK1-binding C-terminal residues of DAT. In �2DAT8 �Ala, PICK1
binding is disrupted due to the addition of an extra C-terminal alanine. b, confocal
laser scanning micrographs of Flp-In T-REx 293 eYFP-PICK1 cells transiently
expressing �2DAT8. The pictures show agonist (isoproterenol)-induced internal-
ization of �2DAT8 that was surface-labeled with Alexa Fluor 568-conjugated anti-
FLAG M1 antibody at 4 °C without (�Tet) and with (�Tet) induced expression of
eYFP-PICK1 (green). Internalization was stimulated by 10�M Iso for 25 min at 37 °C
or by 10 �M Iso for 25 min followed by a 60-min incubation at 37 °C with the
antagonist Alp to allow recycling of receptors. Panels starting from the left show
the �2DAT8 signal in non-induced cells, �2DAT8 signal in tetracycline-induced
cells (red), eYFP-PICK1 signal (green), and merge of red and green signals. c, con-
focal laser scanning micrographs of Flp-In T-REx 293 eYFP-PICK1 cells transiently
expressing �2DAT8 �Ala. The pictures show conditions similar to those
described for �2DAT8 above. Notably, �2DAT8 �Ala does not promote forma-
tion of perinuclear eYFP-PICK1 clusters. Pictures are representative of �25 cells
visualized per condition in each experiment and over six separate experiments.
The small squares mark areas that are shown enlarged inside the large squares.
Scale bars, 15 �m.
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(�2DAT8, 70 � 2% and �2DAT8, 71 � 5% versus �2AR, 87 �
5%; means; n � 4) (Fig. 6b). This impairment of recycling is in
accordance with the previous results and likely reflects the
compromised interaction with NHERF and/or NSF (59–62).
Nonetheless, �2DAT8 and �2DAT8 �Ala were still recycled
rather efficiently, meaning that it would be possible also to
assess the ability of PICK1 to regulate this process. As suggested
by the immunofluorescence, induction of eYFP-PICK1 expres-
sion indeed reduced the recycling of �2DAT8without affecting
�2DAT8�Ala and�2AR (25minwith 10�M Iso� 60minwith
10 �M Alp); i.e. recycling of �2DAT8 was reduced from �70%
down to �40% with no effect on �2DAT8 �Ala and �2AR (Fig.
6b). Interestingly, this ability of PICK1 to impair recycling after
active internalization of the receptor is fully analogous to the
recently reported function of PICK1 in relation toAMPAR traf-
ficking (38, 42).
We then performed analogous experiments with DOR and

DORDAT8 and confirmed that both constructs were internal-
ized in response to incubation with agonist (10 �M DADLE for
25 min) (Fig. 6c); however, no recovery of surface receptors

could be detected upon incubation for an additional 60 min
with the antagonist Naxo (25minwith 10�MDADLE� 60min
with 10 �MNaxo) for either DOR or DORDAT8 (Fig. 6d). This
is in agreementwith little or no recycling and thus in agreement
with previously published results for this receptor (56). Similar
to what we observed for �2DAT8, induction of eYFP-PICK1
expression did not affect surface expression or internalization
(10�MDADLE for 25min) of DOR andDORDAT8, but unlike
�2DAT8, eYFP-PICK1 expression also did not affect surface
levels after an additional 60 min of incubation with antagonist
(25 min with 10 �M DADLE � 60 min with 10 �M Naxo).

We performed similar experiments with the endogenous
binding partners DAT and GPR10. For both DAT (TacDAT)
and GPR10, induction of PICK1 expression had no detectable
effect on their basal surface expression (supplemental Fig. S4).
For internalization of TacDAT, we treated the cells for 25 min
with PMA, which lead to an �35% reduction in surface levels
(supplemental Fig. S5). No surface expression was recovered
after treatment with the PKC inhibitor staurosporine for 60
min (supplemental Fig. S5) in agreement with targeting of

FIGURE 5. Chimeric receptor DOR DAT8 does not cluster eYFP-PICK1. a, schematic representation of DOR DAT8 showing the N-terminal FLAG tag sequence
followed by the full-length DOR and the last 8 PICK1 binding C-terminal residues of DAT. b, confocal laser scanning micrographs of Flp-In T-REx 293 eYFP-PICK1
cells transiently expressing DOR DAT8. The pictures show agonist-induced internalization of DOR DAT8 (compared with untreated control) that was surface-
labeled with Alexa Fluor 568-conjugated anti-FLAG M1 antibody at 4 °C without (�Tet) and with (�Tet) induced expression of eYFP-PICK1 (green). Internal-
ization was stimulated by 10 �M �-opioid receptor agonist peptide DADLE for 25 min at 37 °C followed by a 60-min incubation at 37 °C with 10 �M antagonist
Naxo to allow potential recycling of receptors. Panels starting from the left show the DOR DAT8 signal in non-induced cells, DOR DAT8 signal in tetracycline-
induced cells (red), eYFP-PICK1 signal (green), and merge of red and green signals. Small white squares mark areas that are shown enlarged inside large white
squares. Pictures are representative of 	15 cells visualized per condition in each experiment and over five separate experiments. Scale bars, 15 �m.
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PMA-internalized transporter to degradation (43, 51, 52). For
internalization ofGPR10, we incubated the cells with PrP for 20
min, and as suggested by the predominant localization of inter-
nalized receptors to Rab7-positive compartments in the pres-
ence of the agonist PrP (see above), we also saw no recovery of
surface expression (supplemental Fig. S5). For both TacDAT
andGPR10, induction of eYFP-PICK1 expressionwas unable to
affect trafficking of the two different constructs similar to what
we observed for the chimeric PICK1 binding partner DOR
DAT8 above (supplemental Fig. S5). Taken together, the data
suggest that PICK1 specifically regulates trafficking of interac-
tion partner trafficking through the long loop Rab11-positive
recycling pathway.
To further test whether PICK1 affected internalization or

recycling rates of�2DAT8,we repeated the trafficking ELISA in
the presence of the recycling inhibitor monensin (63, 64).
Monensin had little effect on internalization (compare supple-
mental Fig. S6A with Fig. 6a). However, monensin strongly
reduced the recycling of �2DAT8, �2DAT8 �Ala, and �2AR

(compare supplemental Fig. S6B with Fig. 6b). Moreover, the
effect of eYFP-PICK1 expression on �2DAT8 trafficking was
blunted by monensin, strongly supporting that PICK1 specifi-
cally interferes with recycling (compare supplemental Fig. S6B
with Fig. 6b).
As described above, the fusion of DAT8 to the C terminus of

�2AR was expected to compromise the binding of NSF and
NHERF, which are both involved in regulating the recycling of
�2AR (59–62). The decrease in recycling of the fusion proteins
(see Fig. 6b) is consistent with a compromised interaction with
these proteins. However, to substantiate that PICK1 actively
decreases recycling and does not just compete with these
endogenous �2AR binding partners, we performed the recy-
cling experiment with a 10-fold higher expression of the recep-
tors (as determined from surface expression in the ELISA) by
increasing the DNA concentration in the transfections. At this
expression level, recycling was no longer significantly different
for �2DAT8, �2DAT8 �Ala, and �2AR, suggesting that endog-
enous factors affecting recycling were stoichiometrically out-

FIGURE 6. PICK1 impairs recycling of agonist-internalized �2DAT8 but not DOR DAT8, which sorts to degradation. a and b, flp-In T-REx 293 eYFP-PICK1
cells transiently expressing �2, �2DAT8, or �2DAT8 �Ala with (black bars; �Tet) and without (white bars; �Tet) tetracycline-induced expression of eYFP-PICK1
were surface-labeled with anti-FLAG M1 antibody prior to stimulation of internalization with agonist (10 �M Iso for 25 min). Subsequently, cells were treated
with the antagonist Alp (60 min at 10 �M) to allow recycling. Surface receptor immunoreactivity was determined by surface ELISA as described under
“Experimental Procedures.” Internalization (a) refers to the fractional reduction of surface receptor in response to 25 min of agonist exposure compared with
non-treated cells. Recycling (b) refers to the fractional recovery of surface receptor following antagonist incubation for 1 h. Data represent means � S.E. from
four independent experiments. c and d, Flp-In T-REx 293 eYFP-PICK1 cells transiently expressing DOR or DOR DAT8 with (black bars; �Tet) and without (white
bars; �Tet) tetracycline-induced expression of eYFP-PICK1 were surface-labeled with anti-FLAG M1 antibody prior to stimulation of internalization with 10 �M

�-opioid receptor agonist peptide DADLE for 25 min followed by a 60-min incubation with 10 �M antagonist Naxo to allow potential recycling of receptors.
Surface receptor immunoreactivity was determined by surface ELISA as described under “Experimental Procedures.” Internalization (c) refers to the fractional
reduction of surface receptor in response to 25 min of agonist exposure compared with non-treated cells. Recycling (d) refers to the fractional recovery of
surface receptor following antagonist incubation for 1 h. Data represent means � S.E. from four independent experiments. **, p � 0.01, unpaired t test.
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numbered by receptors. Nonetheless, induction of eYFP-
PICK1 overexpression could still selectively decrease recycling
of �2DAT8 (supplemental Fig. S7). The fusion of the DAT
C-terminal sequence to �2AR should block the interaction of
the extreme �2AR C terminus with the PDZ domains of
NHERF because NHERF has a strong preference for type I PDZ
ligands and ligands terminating with leucine (5, 65). We also
specifically disrupted the interaction of �2ARwith NSF using a
known singlemutation, L412A (59). In our hands, thismutation
showed a tendency toward decreased recycling, suggesting that
�2DAT8 retained some NSF binding. Nonetheless, eYFP-
PICK1 expression still reduced recycling of �2DAT8 L412A as
efficiently as that of �2DAT8 (supplemental Fig. S8). In sum-
mary, these data show that PICK1 does not reduce recycling of
the �2DAT8 by interfering with binding of other interaction
partners, such as NHERF or NSF.
Inhibition of Recycling by PICK1 Is Dependent on PDZ and

BAR Domains—PICK1 contains two important functional
domains, the protein-binding PDZ domain and the lipid-bind-
ing BAR domain. We next asked whether these domains were
critical for the ability of PICK1 to inhibit recycling of its inter-
action partners. To this end, we made two new cells lines, one
with inducible expression of eYFP-PICK1 containing the 3KE
mutation in the BAR domain (11, 44) (Flp-In T-REx 293 eYFP-
PICK1 3KE) and one with inducible expression of eYFP-PICK1
containing a mutation in the ligand binding pocket of the PDZ
domain (A87L) (5) (Flp-In T-REx 293 eYFP-PICK1 A87L).
The eYFP-PICK1 3KE mutation did not cluster in cells

expressing�2DAT8 (Fig. 7a). It was, however, initially recruited
quite efficiently to internalized �2DAT8-containing vesicles
(Iso for 25min), but after prolonged trafficking of �2DAT8 (Iso
for 25min�Alp for 60min), no clusteringwas seen (Fig. 7a). In
agreement with these imaging data, eYFP-PICK1 3KE was
unable to slow down�2DAT8 recycling according to the ELISA
(Fig. 7c). These observations demonstrate the unequivocal
importance of the BAR domain for the ability of PICK1 to reg-

FIGURE 7. Impairment of �2DAT8 recycling by PICK1 is dependent on
both intact PDZ binding crevice and BAR domain. a, confocal laser scan-
ning micrographs of Flp-In T-REx 293 eYFP-PICK1 3KE cells induced with tet-
racycline and transiently expressing �2DAT8. The pictures show untreated
cells (top) and agonist (isoproterenol at 10 �M)-induced internalization of
�2DAT8 that was surface-labeled with Alexa Fluor 568-conjugated anti-FLAG
M1 antibody at 4 °C prior to stimulation of internalization at 37 °C by 10 �M Iso
for 25 min (middle) or with 10 �M Iso for 25 min followed by a 60-min incuba-
tion with the antagonist Alp (bottom) to allow recycling of receptors. Left
panels, �2DAT8 signal (red); middle panels, eYFP-PICK1 3KE signal (green); right
panels, merge of red and green signals. b, confocal laser scanning micrographs
of Flp-In T-REx 293 eYFP-PICK1 A87L cells induced with tetracycline and tran-
siently expressing �2DAT8. The pictures show conditions similar to those
described for eYFP-PICK1 3KE above. Pictures are representative of 	20 cells
visualized per condition in each experiment and over four separate experi-
ments. Scale bars, 15 �m. Small white squares mark areas that are shown
enlarged inside large white squares. c, Flp-In T-REx 293 eYFP-PICK1 cells, Flp-In
T-REx 293 eYFP-PICK1 3KE cells, or Flp-In T-REx HEK293 eYFP-PICK1 A87L cells
transiently expressing �2DAT8 with (black bars; �Tet) and without (white bars;
�Tet) tetracycline induction were surface-labeled with anti-FLAG M1 anti-
body prior to stimulation of internalization with agonist (10 �M Iso for 25 min).
Subsequently, cells were treated with the antagonist Alp (60 min at 10 �M) to
allow recycling. Surface receptor immunoreactivity was determined by sur-
face ELISA as described under “Experimental Procedures.” Data are shown as
recycling expressed as the fractional recovery of surface receptor following
antagonist incubation for 1 h. Neither PICK1 3KE nor PICK1 A87L retained the
ability to impede recycling of �2DAT8. Data represent means � S.E. from four
independent experiments. *, p � 0.05, unpaired t test.
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ulate recycling of an interaction partner. Furthermore, they
suggest that the BAR domain serves its function after the inter-
action partner reaches the recycling endosomes.
The eYFP-PICK1 A87L mutation, which previously was

shown to disrupt binding of the DAT C-terminal peptide (5),
also completely blocked PICK1 function (Fig. 7b). The immu-
nofluorescence pictures did not show any sign of colocalization
of �2DAT8 with eYFP-PICK1 A87L (Fig. 7b). In addition,
induction of eYFP-PICK1 A87L expression had no effect on
�2DAT8 recycling, altogether confirming that indeed binding
to the PDZdomain is essential for the observed effects of PICK1
on binding partner trafficking.

DISCUSSION

PICK1 has been proposed to regulate the function of its PDZ
domain binding partners in several differentways. In particular,
there has been focus on the role of PICK1 in regulating traffick-
ing of its binding partners including modulating their surface
stability (10, 12, 19, 20, 23–27), promoting their internalization
(39–41), or inhibiting their recycling rates (38, 42). It is possible
that the picture is blurred because PICK1 has been studied in
many different and often complex integrated systems, such as
brain slices and primary neuronal cultures. It is desirable to
study the function of proteins in their natural environment, but
multiple simultaneous protein-protein interactions and meth-
odological limitations can make it difficult to dissect specific
roles of the individual protein.
Here, we decided to study the functional role of PICK1 in

a heterologous cell line with inducible expression of PICK1,
which should permit delineation of PICK1 functions in a
more isolated context. Taken together, our data provide evi-
dence that at least in part the functional role of PICK1 is
determined by the cargo of the PDZ domain. First, we found
that only binding partners sorted to the slow Rab11-positive
recycling pathway formed characteristic perinuclear
co-clusters with PICK1. This suggested a function of PICK1
specifically in the Rab11 pathway, and in agreement, we
observed that PICK1 failed to affect trafficking of the natural
PDZ binding partners DAT and GPR10 as well as the artifi-
cial binding partner DOR DAT8, which all sorted to degra-
dation. In contrast, PICK1 expression markedly reduced
recycling rates of �2DAT8, which recycled via a Rab11-me-
diated pathway. Such a compartmentalized function of
PICK1 might represent one possible explanation for the
observed discrepancies in PICK1 function; i.e. only binding
partners trafficking through a Rab11-positive recycling com-
partment will be affected by this function of PICK1.
It remains a prominent idea that PICK1 actively internalizes

AMPARs (18, 39–41, 66).However, PICK1has not been shown
to internalize any other of its several interaction partners, and
consonant with this, PICK1 did not increase internalization
rates of any of the natural or artificial interaction partners in the
present study. This also concurs with other recent studies.
Using a fusion construct between the pH-sensitive GFP variant
pHluorin and the AMPAR GluA2 subunit (pHluorinGluR2), it
was found that internalization in response to NMDA receptor
stimulation was identical in dissociated hippocampal neurons
from wild type and PICK1 knock-out mice (38). In contrast,

recycling of pHluorinGluR2 was accelerated in neurons from
knock-out mice in agreement with a role of PICK1 in diminish-
ing recycling (38). More recently, this was further supported by
our observation that a small molecule inhibitor of the PICK1
PDZ domain accelerated recycling of pHluorinGluR2 in the
same setup (67). In this study, we generalize these observations
by showing that the effect on recycling also can be observed for
an unrelated integral membrane protein (�2AR) in a heterolo-
gous cell line if an appropriate PDZ binding sequence is trans-
ferred to the C terminus of the protein and if the protein is
sorted to a Rab11-positive recycling pathway. Indeed, previous
observations support that AMPARs sort to a Rab11-positive
compartment (68), and although the trafficking of AMPAR and
�2AR has slightly different intrinsic time courses, the effect of
PICK1 appears similar for the two proteins. Thus, in essence,
we have generated a setupwhere PICK1 gives rise to an agonist-
dependent decrease in surface expression of a membrane pro-
tein that lasts for more than 85 min. Although it is difficult to
compare heterologous cells with differentiated neurons, it
seems reasonable to consider that inhibition ofmembrane rein-
sertion should fully be able to explain the role of PICK1 in
AMPAR LTD (12, 24, 28–32).
Our data also suggest a correlation between regulation of

recycling and formation of Rab11-positive intracellular clus-
ters. Conceivably, the clusters represent fused elements of
the recycling endosomes; however, whether cluster forma-
tion is required for the effect of PICK1 on recycling or it
represents an associated event is unclear. In relation to the
AMPAR, it is tempting to speculate that the clusters not only
contain the AMPAR accumulated intracellularly during
LTD but also could be considered an equivalent of the func-
tional reservoirs of AMPARs that are recruited to the plasma
membrane during long term potentiation. Thus, in the
absence of PICK1, an intracellular recruitable pool of
AMPAR will never develop in concurrence with the recent
finding that long term potentiation is compromised in
PICK1 knock-out mice and can be reduced by a specific
blocker of the PICK1 PDZ domain (28, 29, 67).
The inhibition of �2DAT8 recycling by PICK1 was

dependent on an intact PDZ binding sequence because the
effect was absent when an extra alanine was added to the C
terminus (�2DAT8 �Ala). This was further supported by the
PICK1 A87L mutation that discretely disrupts binding of
interaction partners due to the larger size of the leucine side
chain that fills out the P-2 pocket of the PDZ domain (5).
Surprisingly, it was suggested in a recent study that a direct
interaction between the C terminus of GluA2 and the PICK1
PDZ domain was not required for the function of PICK1 in
NMDA-induced AMPAR trafficking and LTD (42). We have
no immediate explanation for this discrepancy. It is possible
that the situation is more complex in a neuronal environ-
ment; however, our use of an “isolated” cell system demon-
strates that indeed PICK1 alone has the capacity to regulate
trafficking of its binding partners in a PDZ domain-depen-
dent fashion.Moreover, several previous studies have argued
that also in a neuronal environment a direct PDZ-mediated
interaction is important (24, 30, 31). The discrepancy might
somehow relate to the use of different mutations. Whereas
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our observations are based on the discrete mutation of
Ala-87 to Leu, Citri et al. (42) base their conclusions on
mutation of either Lys-27/Glu-28 to alanines or Lys-27 to
glutamate.
The inhibition by PICK1 of �2DAT8 recycling was further-

more dependent on the functional integrity of the BARdomain.
This finding directly links BAR domain function to the role of
PICK1 in regulating trafficking of its interaction partners. It is
tempting to conclude that it is the lipid binding capacity of the
BAR domain that is critical for the observed effect (11, 13, 69);
however, according to a recent study, the BAR domain is also
able to bind actin, and the 3KEmutation affects both function-
alities (41). BAR domains are furthermore involved in lipid
tubule-assisted polymerization (70) and in the facilitation of

interactionwith small GTPases (71), and it is unknown how the
3KE mutation affects these putative functions.
Our experiments also evaluated in a simple and quantitative

way the presumed effects of PICK1 on surface expression and
internalization rates of the interacting integral membrane pro-
teins. Interestingly, PICK1 did not significantly affect steady
state surface expression of any of the interaction partners
tested. In the case of DAT, this is in conflict with previous
results claiming that transient co-expression of PICK1 with
DAT increased the uptake capacity of DAT presumably due to
increased DAT surface levels (10). Previously, we have been
unable to reproduce this finding (46), and the present data sug-
gest that PICK1 does not affect DAT surface levels at least in
heterologous cells. Conflicting results have also been reported

FIGURE 8. Putative model illustrating PDZ cargo-determined function of PICK1 in regulating trafficking of its binding partners. a, PICK1 PDZ binding
partners (“PDZ cargo”), such as the DAT and agonist-internalized GPR10 as well as the DOR engineered to bind PICK1 (DOR DAT8), are sorted upon internal-
ization primarily to late endosomes and subsequently to lysosomal degradation. In contrast, PICK1 PDZ binding partners, such as constitutively internalized
GPR10 and AMPAR as well as �2AR engineered to bind PICK1 (�2DAT8), are sorted to the Rab11-dependent long loop recycling pathway. b, PICK1 will be
recruited to the plasma membrane by its different PDZ cargos independently of their postendocytic sorting pattern. At the plasma membrane, PICK1 might
serve a variety of different functions in relation to these cargos including e.g. bringing PKC� in close proximity to regulate their phosphorylation or bind other
PDZ cargos. Our data provide no evidence that PICK1 affects internalization of its PDZ cargo, and our data do not provide any evidence that PICK1 acts as a
sorting module and thus affects their postendocytic sorting pattern. Also, our data suggest that PICK1 does not reside by itself in any recycling pathway but is
brought there by its cargo. Thus, the role of PICK1 in regulating recycling might be explained simply by a stabilization of PICK1 in complex with its PDZ cargo
in a Rab11-positive recycling compartment in a BAR domain-dependent fashion. According to the previously proposed autoinhibition hypothesis for the PICK1
BAR domain, this recruitment to a membrane compartment by its cargo would unmask the membrane binding capacity of the BAR domain, leading to
clustering of PICK1 with its cargo. In this way, PICK1 might function as a compartment-specific anchor only activated by interaction partners sorted to
Rab11-dependent recycling. It is possible that this function also involves other proteins, such as the small GTPases ARF1/3 or neuronal calcium sensor 1 (NCS1),
and/or direct interaction with actin filaments, but further studies are required to clarify this issue. Finally, it should be considered that via the lipid deforming
capacity of the BAR domain, PICK1 once brought to the recycling endosomes and activated might also be capable of affecting the shape of the membranes,
thereby affecting fusion or fission events in this compartment in general.
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for the ability of PICK1 to regulate the basal level of AMPARs in
neurons (12, 23–29).We have no definite explanation for these
discrepancies; however, we would suggest that PICK1 has the
ability to regulate the basal surface level of interaction partners
that undergo constitutive recycling to the plasma membrane
but only if reinsertion via the recycling pathway constitutes a
considerable part of the total number of receptors inserted into
the membrane.
Other PDZ domain proteins have also been implicated in

regulating trafficking of their membrane protein binding
partners. However, whereas PICK1 appears to be critical for
clustering and inhibiting recycling of its PDZ binding part-
ners, these proteins have usually been associated with sort-
ing their membrane protein binding partners either in the
biosynthetic pathway (e.g. the SAP97-CASK (calcium/cal-
modulin-dependent serine protein kinase) complex) (72) or
in the postendocytic pathway (e.g. NHERF and SNX27) (61,
73). NHERF is probably one of the best studied of these pro-
teins and is believed to sort the �2AR to recycling through an
interaction with actin (62, 74). Because PICK1 does not clus-
ter with DOR DAT8 and does not promote its recycling, it
seems that PICK1 is unable to sort interaction partners to a
recycling compartment like NHERF despite having a PDZ
together with a putative actin binding domain (in this case
the BAR domain). Nonetheless, BAR domain proteins of the
sorting nexin (SNX) family have been implicated in endo-
somal sorting (75). Of these, SNX4 functionally resembles
NHERF by being important for sorting of e.g. the transferrin
receptor from early endosomes to recycling endosomes. An
SNX4-like function of PICK1 is unlikely for the same reasons
as discussed for NHERF; however, we cannot completely
exclude that PICK1 slows down recycling rates of interaction
partners by sorting them between the recycling pathways,
e.g. by directing recycling from the fast Rab4 to the slow
Rab11 recycling pathway as suggested for the GRIP1-associ-
ated PDZ-like protein GRASP-1 (76).
The role of PICK1 in regulating recycling might be

explained simply by a stabilization of PICK1 in complex with
its binding partner in a Rab11-positive recycling compart-
ment in a BAR domain-dependent fashion (Fig. 8). From our
data, it follows that PICK1 does not by itself reside in this
compartment but is brought there by its PDZ cargo. In light
of the previously proposed “autoinhibition” hypothesis for
the PICK1 BAR domain (11, 12, 44), this recruitment to a
membrane compartment by its binding partner would be
predicted to unmask the membrane binding capacity of the
BAR domain (44). In this way, PICK1 will function as a com-
partment-specific anchor only activated by interaction part-
ners sorted to Rab11-dependent recycling (Fig. 8). Finally, it
should be considered that via the lipid deforming capacity of
the BAR domain, PICK1 might also be capable of affecting
the shape of the membranes making up the recycling endo-
somes and thereby affect fusion or fission events in general.
In such a scenario, the trafficking of other integral mem-
brane proteins through the recycling compartments would
also be affected by PICK1. In the context of the AMPAR, this
would suggest a mechanism by which internalized AMPAR

could trigger a general modulation of trafficking in the den-
drites via PICK1.
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