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a b s t r a c t

Neuronal proteins of the BTB/kelch and PDZ domain families interact with different regions of the
cytoplasmic C-terminal domain of the GluR6 kainate receptor subunit. The BTB/kelch protein KRIP6 binds
within a 58 amino acid segment of GluR6 proximal to the plasma membrane. In contrast, PDZ domain
proteins, such as PICK1 and PSD95, interact with the last 4 residues of the GluR6 C-terminus. KRIP6
reduces peak currents mediated by recombinant GluR6 receptors and by native kainate receptors in
neurons, whereas PICK1 stabilizes kainate receptors at synapses. Thus, protein–protein interactions at
the C-terminal domain of GluR6 are important for regulating kainate receptor physiology. Here, we show
by co-clustering and co-immunoprecipitation that KRIP6 interacts with PICK1 in heterologous cells. In
addition, we demonstrate a novel modulation of GluR6 receptors by PICK1 resulting in increased peak
current and relative desensitization of GluR6-mediated currents, phenotypes opposite to those produced
by KRIP6. Importantly, these effects cancel out when KRIP6 and PICK1 are co-expressed together with
GluR6. KRIP6 and PICK1 strongly co-cluster and co-immunoprecipitate regardless of the presence of
GluR6. Immunofluorescence analysis reveals that GluR6 can either join the KRIP6–PICK1 clusters or
remain separate; however, co-expression of KRIP6 reduces the fraction of PICK1 that co-immunopre-
cipitates with GluR6. Taken together, these results indicate that, in addition to a previously demonstrated
direct interaction with the GluR6 C-terminal domain, KRIP6 regulates kainate receptors by inhibiting
PICK1 modulation via competition or a mutual blocking effect.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The BTB/kelch family comprises a large group of highly conserved
proteins involved in diverse cellular functions including cytoskeleton
interactions, nuclear transcription, and ubiquitination (Stogios et al.,
2005; Prag and Adams, 2003). Recent evidence indicates that two
neuronally expressed members of the BTB/kelch family, KRIP6 and
actinfilin, directly interact with the C-terminal domain of GluR6,
a kainate subtype of mammalian glutamate receptors (Laezza et al.,
2007a; Salinas et al., 2006). In heterologous expression systems KRIP6
suppresses peak current density and reduces steady-state desensiti-
zation of GluR6-mediated currents (Laezza et al., 2007a), whereas
actinfilin promotes GluR6 degradation via a Cul-3 mediated
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ubiquitination process (Salinas et al., 2006). Interestingly, while KRIP6
controls GluR6 functional properties via its N-terminal BTB domain,
actinfilin operates via its C-terminal kelch repeats, suggesting that,
although KRIP6 and actinfilin belong to the same group of proteins,
their molecular mechanism of action might be substantially different.
In hippocampal neurons, overexpression of KRIP6 inhibits kainate
receptor-mediated currents (Laezza et al., 2007a) and suppression of
actinfilin via siRNA increases the number of GluR6-containing synaptic
pools (Salinas et al., 2006), indicating that BTB/kelch proteins play
important and diverse roles in regulating native kainate receptors.

Kainate receptors comprise homomeric and heteromeric
assemblies of the GluR5-7 and KA1–KA2 subunits (Huettner, 2003).
Similar to other ionotropic glutamate receptors, of the AMPA and
NMDA subfamilies, kainate receptors interact via their cytoplasmic
C-termini with PDZ domain proteins (Cognet et al., 2006; Jaskolski
et al., 2005; Isaac et al., 2004). Interactions at the extreme C-
terminal tail of GluR6 (-ETMA) have been demonstrated for PSD95,
PICK1, GRIPa and syntenin 2a (Hirbec et al., 2003, 2002; Mehta
et al., 2001; Garcia et al., 1998). In addition, PICK1 has been shown
to interact with cytoplasmic domains of AMPA receptor subunit
GluR2 that are proximal to the extreme C-terminus (Hanley et al.,
2002). Perfusion of soluble peptides competing out PICK1
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interaction reduces post-synaptic kainate receptor-mediated
currents at the mossy fiber to CA3 terminals, consistent with a role
of PDZ domain proteins in regulating stability of kainate receptors
at synaptic sites (Hirbec et al., 2003). More recently, it has been
demonstrated that PICK1 interaction with kainate receptors is
required for kainate receptor-mediated LTD at perirhinal cortex
layer II–III synapses, indicating that this interaction has important
roles in activity-dependent synaptic remodeling mediated by kai-
nate receptors (Park et al., 2006). Thus, BTB/kelch and PDZ domain
proteins are essential in regulating functional aspects of native
kainate receptors.

Interestingly, actinfilin has been shown to interact directly with
the PDZ domain protein CAP70 in a heterologous expression
system and to form a complex with PSD95 in the hippocampus
(Chen and Li, 2005; Chen et al., 2002). Importantly, both actinfilin
and KRIP6 interact with the C-terminal domain of GluR6 at a site
far from the PDZ domain binding region (Laezza et al., 2007a;
Salinas et al., 2006). In addition, KRIP6 interaction with GluR6 is
unaffected by deletion of the last 4 amino acids of the GluR6 C-tail
(-ETMA), which are required for binding to PDZ domains (Laezza
et al., 2007a). Thus, BTB/kelch and PDZ proteins might access
kainate receptors at spatially segregated regions of the GluR6
C-tail.

Here, we have investigated whether KRIP6 can interact with PDZ
domain proteins functionally related to GluR6-containing kainate
receptors and whether the presence of a PDZ domain protein
affects the previously characterized regulation by KRIP6 of GluR6-
mediated currents.

2. Methods

2.1. Cell culture, transfection, and immunocytochemistry

COS-7 cells and HEK 293 cells were maintained in DMEM and 10% FBS. Dr. M.
Linder (Washington University, St. Louis, MO) provided HEK 293 cells stably
expressing a Myc-tagged GluR6 construct that was kindly donated by Dr. Christophe
Mulle (University of Bordeaux, Bordeaux, France). This line was maintained in media
containing 500 mg/ml G418 (Invitrogen). All transfections were performed with
Lipofectamine 2000 (Invitrogen) following vendor specifications. GluR6a (Q) cDNA
was expressed from the pcDNA3.1 vector as previously described (Huettner et al.,
1998). N-terminally epitope-tagged forms of KRIP6 were expressed from Myc-pRK5
(obtained from P. Worley) and from pECFP-N1 (Clontech) as previously described
(Laezza et al., 2007a). The N-terminally epitope-tagged form of GFP-KRIP6 was
obtained by swapping the CFP tag of CFP-KRIP6 with EGFP (Clontech). N-terminally
epitope-tagged forms of wild type and of PDZ domain double mutant PICK1 K27A
D28A (Myc-PICK1KD/AA) were expressed from Myc-pRK5 (Boudin and Craig, 2001;
Boudin et al., 2000) or from EYFP-pRK5 (PICK1 wild type only). To obtain EYFP-
PICK1, the EYFP coding region (from pEYFP Clontech) was amplified by PCR and
subcloned into 50EcoRI and 30SalI sites of Myc-PICK1 in pRK5 replacing the c-Myc
epitope tag. The N-terminally epitope-tagged mRFP-PICK1 was obtained by PCR
amplification of PICK1 (1–416), which was subcloned in frame into 50BsRGI and
30NotI sites of mRFP-N1. The C-terminally epitope-tagged form of PSD95-YFP and the
N-terminally epitope-tagged form of human Myc-sprouty were as previously
described (Sharma et al., 2006; Laezza et al., 2007b). ECFP-N1 was from Clontech.
Monomeric RFP, a kind gift of Dr. R. Tsien, was subcloned into the N1 expressing
Clontech vector by PCR amplification and replacement of the EYFP coding sequence.
The C-terminally epitope-tagged FGF13-GFP was a gift of Dr. D. Ornitz (Washington
University, St. Louis, MO).

2.1.1. Immunostaining
Transfected COS-7 cells were fixed with fresh 4% paraformaldehyde and 10%

sucrose in phosphate-buffered saline (PBS) for 15 min, rinsed with PBS, per-
meabilized with PBS containing 0.25% Triton X-100 and incubated in PBS containing
10% BSA for 30 min at 37 �C to block nonspecific staining. The appropriate primary
antibodies were applied overnight at room temperature in PBS containing 3% BSA.
After washing in PBS, cells were incubated in secondary antibodies (45 min; 37 �C).
Coverslips were mounted in elvanol (Tris–HCl, glycerol, and polyvinyl alcohol with
2% 1,4-diazabicyclo [2,2,2] octane).

2.1.2. Antibodies
Primary antibodies were rabbit anti-GFP (1:1000, Molecular Probes); mouse

anti-Myc (1:1000, 9E10 clone, Upstate). Secondary antibodies were Alexa 568 anti-
mouse IgG1 (1:500), Alexa 647 anti-rabbit or anti-mouse (1:500) (all from Molecular
Probes) or Texas Red goat anti-mouse IgG (Jackson Labs).
2.1.3. Image quantification
Images were acquired for each fluorophore using either an Axioplan 2 or an Axio

Imager Z1 microscope (both Zeiss, Oberkochen, Germany) with a 63� (1.4 NA)
objective or a Nikon Eclipse E600 microscope with a 60� (1.0 NA) objective. Image
analysis was performed with MetaMorph software (Universal Imaging) as follows.
We first defined the total cell area by manually drawing an outline along the cell
perimeter. Then a mask corresponding to KRIP6 or PICK1 clusters was generated by
thresholding KRIP6 or PICK1 pixel intensity within the cell boundary. The regions
defined by the cell boundary and by the KRIP6 or the PICK1 mask were then applied
to the unthresholded KRIP6, PICK1, GluR6 or PSD95 images. The enrichment index
was defined as the fluorescence density within the KRIP6 or PICK1 mask divided by
the fluorescence density over the entire cell, where fluorescence density¼ total
pixel intensity/region area. Background was numerically subtracted from the pixel
intensity values prior to fluorescence density calculation. Monomeric Red fluores-
cent protein co-transfected with CFP-KRIP6 had an enrichment index of 1.11�0.21
(n¼ 5), as expected for a uniformly distributed non-polarized protein (Lou et al.,
2005; Rivera et al., 2003).

2.2. Immunoprecipitation and Western blot

At 24 h post-transfection, HEK 293 cells were washed twice with phosphate-
buffered saline and scraped in 500–800 ml of modified RIPA buffer: 50 mM Tris–HCl
(pH 7.4), 1% NP-40, 0.5% Na-deoxycholate, 0.15 M NaCl, 1 mM EDTA, or in the
following lysis buffer: 20 mM Tris–HCl, 150 mM NaCl, 1% NP-40 and a protease
inhibitor mixture (Calbiochem, protease inhibitor set # 3, 1:50–100). After sonica-
tion, the supernatant was centrifuged at maximum speed on a table top centrifuge at
4 �C for 15 min. Supernatants were collected and incubated with rabbit anti-Myc-
agarose beads (Sigma, St. Louis, MO) for 2 h at 4 �C with agitation. The mixture was
washed three times with RIPA buffer, one time with 150 mM NaCl and two times
with modified RIPA buffer or simply three times in PBS and 0.1% NP-40 and then 2�
sample buffer (BIORAD) containing 5 mM tris(2-carboxyethyl) phosphine (TCEP)
was added. Mixtures were heated for 15 min at 65 �C and loaded on a 7.5% or 4–15%
polyacrylamide gel (BIORAD). Resolved proteins were transferred to PVDF
membranes (Millipore) overnight at 4 �C and blocked in Tris-buffered saline (TBS)
with either 5% skim milk and 0.1% Tween-20 or 2% of Amersham blocking reagent.
Membranes were then incubated in blocking buffer containing mouse anti-GFP
(1:5000, Covance) or rabbit anti-GFP (1:1000, Molecular Probes) to reveal the YFP-
PICK1 protein and monoclonal 9E10 anti-Myc (1:1000, Santa Cruz). Washed
membranes were incubated with HRP-conjugated secondary antibodies and
detected with either SuperSignal Pico chemiluminescent substrate (Pierce) or ECL
Advance Western Blotting Detection kit (Amersham). For co-immunoprecipitation
experiments described in Fig. 4C, D, either GFP- or CFP-KRIP6 was co-expressed with
YFP-PICK1. The densitometry measurements were performed with Quantity One
(BIORAD) using the rectangular volume tool.

2.3. Electrophysiology

Cultured cells were perfused with Tyrode’s solution (in mM): 150 NaCl, 4 KCl, 2
CaCl2, 2 MgCl2, 10 glucose, 10 HEPES (pH adjusted to 7.4 with NaOH), at 1–2 ml/min.
Whole-cell electrodes filled with (in mM) 140 Cs-glucuronate, 5 CsCl, 5 MgCl2, 10
EGTA, 5 ATP, 1 GTP, 10 HEPES (pH adjusted to 7.4 with CsOH) had an open tip
resistance of 1–5 MU. The reference electrode was placed in a well filled with
internal solution that connected to the bath via an agar bridge equilibrated with 4 M
KCl. Currents recorded with an Axopatch 200 A amplifier were filtered at 1 kHz and
digitized at 10 kHz. The holding potential for most experiments was�70 to�80 mV.

2.3.1. Drug applications
Control and kainate-containing solutions were applied by local perfusion from

a multibarreled pipette to cells under whole-cell clamp. Kainate was dissolved at
300 mM in a control extracellular solution that contained (in mM): 160 NaCl, 10
HEPES, 2 CaCl2 (pH adjusted to 7.4 with NaOH). Drug reservoirs were held under
static air pressure (5–10 psi) and solution flow was controlled by computer-gated
electronic valves (The Lee Co.) resulting in a solution exchange time constant of
5–15 ms in the whole-cell recording mode. Whole-cell recordings were used for this
study to allow meaningful comparison of peak and steady-state currents (Laezza
et al., 2007a).

2.4. Statistical analysis

All the results are presented as mean� SEM. Populations were compared by
ANOVA with post hoc comparison or by unpaired t-test or non-parametric Mann–
Whitney rank sum test, depending on their variance and distributions (SigmaStat,
Systat Software, San Jose, CA). Differences were considered to be significant for
p< 0.05.

3. Results

To screen for potential interactions between KRIP6 and PDZ
domain proteins functionally related to GluR6-containing kainate
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receptors, we used fluorescence microscopy of transfected COS-7
cells to analyze the distribution of PICK1 or PSD95 expressed alone
or in combination with KRIP6. When expressed alone, Myc-PICK1
or PSD95-YFP appeared dispersed throughout the cellular
membranes (Fig. 1B, C), whereas CFP-KRIP6, was either diffusely
arrayed or aggregated into perinuclear agglomerates Fig. 1A, as
previously described (Laezza et al., 2007a). Notably, PSD95-YFP
remained diffusely distributed when co-expressed with CFP-KRIP6
Fig. 1. KRIP6 specifically co-clusters with PICK1, but not with PSD95. (A–F) Fluorescence ima
expressing CFP-KRIP6 and Myc-PICK1 (D–F) stained with monoclonal mouse anti-Myc antibo
F). Fluorescence images of COS-7 cells co-expressing CFP-KRIP6 and PSD95-YFP (H, I). CFP im
channels and Myc-PICK1 is shown in the red channel (B, E). Comparing merged images of CF
but not PSD95, co-clusters with KRIP6. (J) Bar graph plots the enrichment index (fluoresce
presence of KRIP6. PICK1 has an enrichment index of 3.51�0.58 (n¼ 9) and was significantl
(1.78� 0.22, n¼ 6). Data are expressed as mean� SEM. Scale bar¼ 5 mm.
(Fig. 1G–I), whereas Myc-PICK1 co-clustered with CFP-KRIP6 in
nearly all cells examined (Fig. 1D–F; n> 80 cells from 3 indepen-
dent transfections). In addition, co-clustering of PICK1 with KRIP6
was reliably observed by immunofluorescence detection of
N-terminal Myc tagged KRIP6 and YFP-PICK1 (data not shown),
indicating that the association of the two proteins was independent
of the method used for visualization. Quantitative analysis of
fluorescence images revealed that PICK1 (either myc or YFP tagged)
ges of COS-7 cells expressing CFP-KRIP6, Myc-PICK1 and PSD95-YFP alone (A–C) or co-
dies and visualized with Texas Red or Alexa 568 conjugated secondary antibodies (B, E,
ages and YFP images in A, D, G and C, H are shown, respectively, in the green and red

P-KRIP6 and Myc-PICK1 (F) with CFP-KRIP6 and PSD95-YFP (I), it is evident that PICK1,
nce density ratio in KRIP6 clusters versus the entire cell) of PICK1 and PSD95 in the

y (p< 0.02, Mann–Whitney t-test) more enriched in KRIP6 clusters compared to PSD95
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was more highly concentrated in KRIP6 clusters than PSD95 (PICK1
enrichment index 3.51�0.58, n¼ 9, versus 1.78� 0.22 for PSD95,
n¼ 6; p< 0.02, Mann–Whitney rank sum test) suggesting that
a direct interaction with KRIP6 is more likely for PICK1 than for
PSD95 (Fig. 1J). Interestingly, mutations of PICK1 that eliminate PDZ
domain-mediated binding (Xia et al., 1999) did not abolish co-
clustering with KRIP6 (Fig. S1, KRIP6 enrichment with PICK1 KDAA,
n¼ 4, 80% of wild type n¼ 9; p¼ 0.49; Mann–Whitney rank sum
test), suggesting that the interaction of KRIP6 with PICK1 does not
require involvement of the PDZ domain.

To confirm the interaction of KRIP6 and PICK1 biochemically, we
tested for co-immunoprecipitation of Myc-KRIP6 and YFP-PICK1 in
transiently co-transfected HEK 293 cells. Anti-Myc-agarose beads
efficiently immunoprecipitated Myc-KRIP6 from HEK cell extracts
and co-immunoprecipitated YFP-PICK1. Control experiments, using
an unrelated protein, hSpry-Myc, demonstrated specificity of YFP-
PICK1 co-immunoprecipitation by Myc-KRIP6 (Fig. 4A). Thus, PICK1
specifically co-clusters and co-immunoprecipitates with the BTB/
kelch protein KRIP6. Interestingly, direct interactions of KRIP6 and
Fig. 2. GluR6 co-clusters with KRIP6 and PICK1 and co-immunoprecipitates with PICK1. (A
anti-GluR6/7 antibody, visualized with an Alexa 568 (B, C) or Alexa 647 (E, F) conjugated sec
images in A, C, D, F are shown in the green channel; GluR6 is shown in the red channel. Mer
PICK1. Quantification of these interactions is illustrated in Fig. 3 panels I, J. Scale bars¼ 5 mm
YFP-PICK1 from lysates of HEK cells stably expressing Myc-GluR6. Myc-GluR6 did not inte
precipitation (Sup) represent 2.5% of the material used for immunoprecipitation. Following
performed with either the anti-YFP or the anti-Myc antibody (right).
of PICK1 with independent regions of the C-terminal domain of
GluR6 have been previously demonstrated (Laezza et al., 2007a;
Hirbec et al., 2003). Thus, two proteins that interact with separate
domains of the C-terminal tail of GluR6, interact with each other,
raising the possibility that GluR6 might be functionally regulated in
a complex way by a synergistic or competitive interaction between
KRIP6 and PICK1.

To evaluate the functional consequences of interaction between
PICK1 and GluR6 in the absence or presence of KRIP6, we used side-
by-side fluorescence analysis and electrophysiological recordings
of COS-7 cells transfected with wild type GluR6 alone, GluR6 in
pair-wise combination with PICK1 or KRIP6, or GluR6 together with
both PICK1 and KRIP6. As shown in Fig. 2D–F, co-expressed YFP-
PICK1 and GluR6 formed co-localized puncta and large perinuclear
aggregates, a pattern that is significantly reduced if GluR6 is co-
expressed with the PICK1 PDZ domain double mutant (PICK1
KDAA 44% of wild type PICK1; p< 0.0001, n¼ 17 WT, 9 mutant,
Mann–Whitney rank sum test) (Fig. S1A). To confirm the interac-
tion with wild type PICK1, HEK cells stably expressing Myc-GluR6
–F) Fluorescence images of COS-7 cells co-expressing GluR6, stained with a polyclonal
ondary antibodies, and either CFP-KRIP6 (A–C) or YFP-PICK1 (D–F). CFP images and YFP
ged images (C, F) clearly indicate that GluR6 co-clusters with CFP-KRIP6 and with YFP-

. (G) Immunoprecipitation with myc antibody resulted in co-immunoprecipitation of
ract with FGF13-GFP. (H) The input and the supernatant collected after co-immuno-
immunoprecipitation with anti-Myc-agarose beads (IP: Myc), immunoblots (IB) were
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(HEK-Myc-GluR6) were transiently transfected with YFP-PICK1 or
with FGF13-GFP, as a negative control, and immunoprecipitations
were performed with anti-Myc-agarose beads. As illustrated in
Fig. 2G, H, YFP-PICK1, but not FGF13-GFP, co-immunoprecipated
with Myc-GluR6. Thus, consistent with previous reports of a direct
interaction between PICK1 and the C-terminal domain of GluR6
(Hirbec et al., 2003), PICK1 and GluR6 co-cluster and co-immuno-
precipitate in a heterologous expression system. As expected from
our earlier study (Laezza et al., 2007a), GluR6 also co-clustered with
CFP-KRIP6 in cells co-expressing both proteins (Fig. 2A–C).

To test whether GluR6, PICK1 and KRIP6 formed triple co-clus-
ters, COS-7 cells were transiently transfected with GluR6, CFP-KRIP6
Fig. 3. The presence of GluR6 does not affect the interaction between KRIP6 and PICK1. (A–H
YFP-PICK1 and GluR6, stained with polyclonal anti-GluR6/7 antibodies and visualized with A
YFP (B, F, D, H) and CFP (C, G, D, H) images are shown in green and blue, respectively. From t
PICK1 and KRIP6 (D) or joins PICK1 and KRIP6 clusters (H). (I) Bar graphs plot the enrichm
presence of GluR6 (second from left). The enrichment index of KRIP6 is calculated through
versus the whole cell. The enrichment index of KRIP6 was unchanged by co-expression of G
test). A representative example of KRIP6 and PICK1 co-expression in the absence of GluR6 is
absence (third bar from left) or in the presence of KRIP6 (fourth bar from left) shows tha
enrichment index of GluR6 and PICK1 alone (4.45� 0.37, n¼ 17) was reduced to 1.88� 0
representative example of GluR6 and PICK1 is shown in Fig. 2D–F. (J) The same data set of
PICK1 co-clustered with KRIP6 equally well in the absence (enrichment index¼ 3.51�0.58,
GluR6 co-clustering with KRIP6 (enrichment index¼ 3.60� 0.46, n¼ 12) was significan
(enrichment index¼ 1.84� 0.14, n¼ 28). A representative example of GluR6 and KRIP6 is s
and YFP-PICK1. In 75% of cells that expressed all three proteins
(n¼ 28) KRIP6 and PICK1 were strongly co-localized, whereas
GluR6 remained separate (Fig. 3A–D; GluR6 enrichment index< 2).
In the remaining 25% of cells (n¼ 7) all three proteins were localized
together in triple co-clusters (Fig. 3E–H; GluR6 enrichment
index> 2). Quantification of pair-wise and triple co-localization is
plotted in Fig. 3I and J using either KRIP6 or PICK1 fluorescence as
the thresholded mask, respectively (see Section 2). Importantly,
KRIP6 and PICK1 co-localization was not significantly reduced by
the addition of GluR6. Enrichment of PICK1 with KRIP6 and vice
versa were reduced by 23 and 15%, respectively, upon co-expression
with GluR6, however, neither change was significant (p¼ 0.535 and
) Fluorescence images of representative examples of COS-7 cells expressing CFP-KRIP6,
lexa 647 conjugated secondary antibodies. GluR6 images are shown in red (A, E, D, H).

he merged images (D, H) is evident that GluR6 is either distributed independently from
ent index of KRIP6 co-expressed with PICK1 in the absence (first from left) or in the
a PICK1 MASK and expressed as fluorescence density ratio of KRIP6 in PICK1 clusters
luR6 (3.31�0.88, n¼ 9 versus 2.82� 0.27, n¼ 28, p¼ 0.535, Mann–Whitney rank sum
shown in Fig. 1A–C. Quantification of GluR6 enrichment in PICK1 clusters, either in the

t GluR6 association with PICK1 is dramatically reduced in the presence of KRIP6. The
.14 (n¼ 28) by co-expression of KRIP6 (p< 0.0001, Mann–Whitney rank sum test). A
panel I is analyzed using a KRIP6 MASK. Consistent with the results shown in panel I,
n¼ 9) or in the presence (enrichment index¼ 2.72� 0.30, n¼ 28) of GluR6. In contrast,
tly reduced (p< 0.0001, Mann–Whitney rank sum test) by co-expression of PICK1
hown in Fig. 2A–C. Data are expressed as mean� SEM. Scale bar¼ 10 mm.
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p¼ 0.173, respectively, n¼ 9 double, 28 triple co-expression, Mann–
Whitney rank sum test). In contrast, GluR6 displayed substantially
greater co-localization when expressed pair-wise with either KRIP6
or PICK1 than when all three proteins were co-expressed together
(Fig. 3D, I, J). GluR6 enrichment with KRIP6 decreased by 49% when
PICK1 was co-expressed (p< 0.0001, n¼ 12 double, 28 triple co-
expression, Mann–Whitney rank sum test), whereas GluR6
enrichment with PICK1 decreased by 58% when KRIP6 was co-
expressed (p< 0.0001, n¼ 17 double, 28 triple co-expression,
Mann–Whitney rank sum test). Collectively, these results suggest
that the interaction between KRIP6 and PICK1 might be of higher
affinity than the respective association of KRIP6 or PICK1 with
GluR6.

The PICK1 PDZ domain double mutant (PICK1 KDAA) displayed
significantly weaker co-localization with GluR6 as compared to
Fig. 4. KRIP6 co-immunoprecipitates with PICK1 and decreases the interaction between G
precipitation of YFP-PICK1 from lysates of HEK 293 cells co-expressing Myc-KRIP6. YFP-PICK1
material used for immunoprecipitation. Following immunoprecipitation with anti-Myc-agar
anti-Myc antibody (right). (B) Densitometry of co-immunoprecipitated YFP-PICK1 express
expression of GluR6 did not affect the fraction of YFP-PICK1 bound to Myc-KRIP6 (98� 2.6% w
cells were transiently transfected with YFP-PICK1 and increasing amounts of GFP-KRIP6 cons
immunoprecipitation with anti-Myc-agarose beads (IP: Myc), immunoblots (IB) were perfo
the amount of GFP-KRIP6 reduced the amount of YFP-PICK1 that co-immunoprecipitated w
PICK1 expressed as percentage relative to input plotted as a function of the GFP-KRIP6 (
increasing the amount of GFP-KRIP6 significantly reduced the amount of YFP-PICK1 co-prec
wild type PICK1 (PICK1 KDAA 44% of wild type PICK1; p< 0.0001,
n¼ 9 mutant, 17 WT, Mann–Whitney rank sum test), whereas pair-
wise co-localization of KRIP6 with PICK1 was not reduced by PDZ
domain mutation (PICK1 KDAA 80% of wild type; p¼ 0.49, n¼ 4
mutant, 9 WT, Mann–Whitney rank sum test) (Fig. S1). In addition,
PICK1 KDAA reduced the co-localization of GluR6 with KRIP6 to
a similar extent as wild type PICK1, confirming that the PDZ domain
of PICK1 is not necessary to mediate interaction with KRIP6 (41%
reduction by PICK1 KDAA; p¼ 0.015, n¼ 11 versus 49% reduction by
PICK1; p< 0.0001, n¼ 28, Mann–Whitney rank sum test) (Fig. S1).

To confirm that the association between KRIP6 and PICK1 was
unaffected by the presence of GluR6, lysates of HEK 293 cells co-
transfected with Myc-KRIP6 and YFP-PICK1, in the presence or
absence of GluR6, were immunoprecipitated with an anti-Myc
antibody and immunoblotted using anti-Myc and anti-GFP
luR6 and PICK1. (A) Immunoprecipitation with Myc antibody resulted in co-immuno-
did not interact with human sprouty-Myc (hSpry-Myc). The input represents 1% of the

ose beads (IP: Myc), immunoblots (IB) were performed with either the anti-YFP or the
ed as percentage relative to input plotted in the absence or presence of GluR6. Co-
ith GluR6 versus 103� 0.8% without GluR6, n¼ 3; p¼ 0.15, t-test). (C) HEK-Myc-GluR6

truct. The input represents 5% of the material used for immunoprecipitation. Following
rmed with either the anti-YFP or the anti-Myc monoclonal antibody (right). Increasing
ith the anti-myc beads (Myc-GluR6). (D) Densitometry of co-immunoprecipitated YFP-
or CFP-KRIP6, see Section 2) used in the transfections. These analyses revealed that
ipitating with anti-Myc-agarose beads (*p< 0.05, **p< 0.01; ANOVA post hoc Dunnett).



Fig. 5. PICK1 and KRIP6 compete for functional regulation of recombinant GluR6. (A)
Families of whole-cell currents evoked by 300 mM kainate in COS-7 cells transfected
with CFP (47 cells), mRFP-PICK1 (26 cells), mRFP-PICK1þ CFP-KRIP6 (15 cells) or CFP-
KRIP6 (34). Curves superimposed in color show the average of currents evoked in all
cells tested. (B) Peak current, steady-state/peak current, and decay time constant (Tau)
are plotted as a percent of the mean values obtained with CFP alone. *Different from
CFP alone (p< 0.05, t-test); #different from mRFP-PICK1 alone and from CFP-KRIP6
alone (p< 0.05, t-test), but not different from CFP alone (p> 0.05, t-test).

Table 1
GluR6 currents in COS cells

Cells Peak current
(pA)

Density
(pA/pF)

Steady-state/peak Tau (ms) #Cells

CFP �2049� 219 �42.9� 5.5 3.6� 0.6 20.3� 1.2 95
PICK1 �4097� 679 �76.9� 14.5 1.6� 0.3 20.4� 2.4 29
PICK1þ KRIP6 �1827� 503 �34.5� 9.6 3.6� 0.9 22.8� 4 16
KRIP6 �971� 141 �16.2� 2.9 11.8� 1.6 25� 3.9 84

All values are means� SEM.
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antibodies. As shown in Fig. 4A, B, co-expression of GluR6 did not
modify the fraction of YFP-PICK1 that co-immunoprecipitated with
Myc-KRIP6. Thus, KRIP6 and PICK1 associate whether or not GluR6
subunits are present; addition of GluR6 does little to enhance or
reduce this interaction.

The results illustrated in Fig. 3 demonstrate that the enrichment
index of GluR6 and PICK1 decreased in the presence of KRIP6,
suggesting that KRIP6 might interfere with the interaction between
GluR6 and PICK1. To test for such interference, HEK-Myc-GluR6
cells were transiently transfected with a constant amount of YFP-
PICK1 and increasing amounts of GFP- or CFP-KRIP6, and immu-
noprecipitations were again performed with anti-Myc-agarose
beads. Control experiments were also performed on cells tran-
siently transfected with the FGF13-GFP construct, as described
above (Fig. 2H). As illustrated in Fig. 4C, substantially less YFP-
PICK1 co-immunoprecipitated from cells co-transfected with GFP-
KRIP6 and YFP-PICK1, compared with cells transfected with the
YFP-PICK1 construct alone. Quantification of immunoprecipitated
YFP-PICK1 protein in blots from three independent experiments
demonstrated that the fraction of YFP-PICK1 co-immunoprecipi-
tating with Myc-GluR6 was progressively reduced as the amount of
transfected GFP-KRIP6 increased (Fig. 4D).

Previous work has shown that interactions with PDZ domain or
BTB/kelch proteins can alter the functional properties of channels
containing GluR6. For example, co-expression of the PDZ domain
protein PSD95 together with GluR6 results in co-clustering of the
two proteins and a slight reduction in desensitization of GluR6-
mediated currents (Garcia et al., 1998; Bowie et al., 2003). Similarly,
KRIP6 interacts with GluR6 and reduces both peak current and
steady-state desensitization of homomeric GluR6 channels (Laezza
et al., 2007a). In addition, PICK1 is known to bind the C-terminal
domain of GluR6 in biochemical assays and to play a role in stabi-
lizing synaptic kainate receptors at mossy fiber inputs to CA3
pyramidal neurons (Hirbec et al., 2003). However, it remains to be
determined whether interaction with PICK1 directly regulates the
functional properties of currents mediated by GluR6-containing
receptors and whether the presence of PICK1 might affect the
already identified functional modulation of GluR6 by KRIP6. Using
whole-cell patch-clamp recordings, GluR6-mediated currents were
evoked by fast application of 300 mM kainate to COS-7 cells co-
transfected with mRFP-PICK1 and to control cells co-transfected
with CFP (Fig. 5A). As illustrated in Fig. 5B and Table 1, if mRFP-
PICK1 was co-expressed with GluR6, kainate-evoked currents
exhibited increased peak current density (179� 34%, n¼ 29 cells,
p< 0.05, t-test) compared to GluR6 plus CFP alone (n¼ 95 cells) and
increased steady-state desensitization of GluR6-mediated currents,
measured as the ratio of steady-state to peak current (45� 9%
n¼ 29 cells with mRFP-PICK1 compared to 95 cells with CFP alone,
p< 0.05, t-test). As mentioned above, expression of CFP-KRIP6
inhibits GluR6-mediated currents and reduces steady-state
desensitization (Laezza et al., 2007a). Thus, interaction with PICK1
modifies functional properties of GluR6-mediated currents,
producing phenotypes opposite to those observed upon co-
expression of KRIP6 and GluR6.

We next evaluated whether combined expression of both KRIP6
and PICK1 affected the properties of GluR6-mediated currents.
Surprisingly, when both KRIP6 and PICK1 were co-expressed,
GluR6-mediated currents were indistinguishable from control
conditions (Fig. 5A, B, Table 1), displaying peak current density and
relative desensitization that were not significantly different from
cells transfected with GluR6 and CFP alone (peak current density
89� 25% of control, p> 0.1; ss/peak 99� 25%, p> 0.1, n¼ 16 cells, t-
test). Thus, co-expression of KRIP6 and PICK1 abrogates the regu-
lation of GluR6 that each protein exerts independently, suggesting
a competitive or mutual blocking effect between the two modu-
latory proteins and their target.
4. Discussion

Our results provide evidence for a specific association between
the BTB/kelch protein KRIP6 and the PDZ domain protein PICK1,
two proteins that have been previously shown to interact with
distinct regions of the GluR6 C-terminal domain. Furthermore, we
demonstrate a novel regulation of GluR6-mediated currents by
PICK1, consisting of an increase in peak current density and in
relative desensitization. Importantly, the changes in GluR6-medi-
ated currents produced by expression of PICK1 are opposite to
those caused by KRIP6 (Laezza et al., 2007a). Regulation is abol-
ished when both PICK1 and KRIP6 are expressed together, resulting
in currents with properties indistinguishable from GluR6 alone.
Fluorescence microscopy revealed co-localization of KRIP6 and
PICK1 whether or not GluR6 was also present. When the three



Fig. 6. Model: KRIP6 down regulates GluR6 function by two separate mechanisms.
1. Interaction of KRIP6 with the GluR6 C-terminal region (red pool) directly inhibits
peak current and desensitization. 2. Interaction of KRIP6 with PICK1 (yellow pool)
prevents the enhancement of peak current and the increase in desensitization
produced by PICK1 alone (green pool).
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proteins were co-expressed KRIP6, PICK1 and GluR6 either co-
distributed together or KRIP6 and PICK1 formed clusters lacking
GluR6, indicating that the presence of GluR6 does not destabilize
the association between KRIP6 and PICK1. Consistent with this
observation, the fraction of PICK1 that co-immunoprecipitates with
KRIP6 was unaffected by GluR6 and increasing amounts of KRIP6
produce a coordinate decrease in the fraction of PICK1 that co-
immunoprecipitates with GluR6. Thus, two proteins with opposing
regulatory functions for kainate receptors, in addition to interacting
with GluR6, can directly associate with each other and mutually
prevent the regulation of kainate receptor physiological properties.

Interactions of BTB/kelch and PDZ domain proteins have been
reported for actinfilin with CAP70 and with PSD95. Actinfilin binds
to the first and third PDZ domains of CAP70 in vitro and co-
immunoprecipitates with PSD95 in the hippocampus (Chen and Li,
2005). The fact that the interaction between CAP70 and actinfilin
occurs via PDZ domains suggests that a canonical PDZ interaction is
likely to mediate this binding. The results presented here demon-
strate that the interaction of KRIP6 is selective for PICK1, but is not
detectable for PSD95, another PDZ domain protein (Hung and
Sheng, 2002). However, PICK1 mutations that eliminate PDZ
domain-mediated binding (Xia et al., 1999) do not affect co-clus-
tering with KRIP6 (Fig. S1), suggesting that the interaction of KRIP6
and PICK1 does not require involvement of the PICK1 PDZ domain.

The phenotype of GluR6-mediated currents that is observed
upon expression of PICK1 is a novel finding. Expression of PICK1
causes an increase in peak amplitude and relative desensitization of
currents mediated by GluR6 receptors. The effect on current
amplitude might result from increased trafficking of receptors to
the cell surface or alternatively be explained by a direct change in
channel properties. Extensive evidence supports a role of PICK1 in
regulating trafficking of AMPA receptors (Hanley, 2006), however,
much less is known about the regulation of kainate receptors by
PICK1. Hirbec et al. (2003) demonstrated in hippocampal neurons
that kainate receptor-mediated EPSCs are reduced in amplitude by
intracellular delivery of small peptides competing out the PDZ
domain interaction of PICK1 with native kainate receptors, sug-
gesting a role for PICK1 in maintaining the constitutive pool of
synaptic receptors. A study by Yan et al. (2004), however, found that
deletion of the PDZ binding domain from GluR6 did not affect
surface expression in heterologous cells, suggesting that the PDZ
domain binding site of GluR6 is not required for delivery or
retention of the channel at the cell surface. Our results suggest that
binding of PICK1 may directly increase peak current through kai-
nate receptors and that interference with this interaction could
reduce the amplitude of synaptic currents without requiring
a change in the number of surface receptors. In addition to the
change in peak amplitude of evoked current, our study demon-
strates that PICK1 increases the relative desensitization of homo-
meric GluR6 receptors, a phenotype that can only be explained by
a direct modulation of channel properties. The underlying molec-
ular changes produced by PICK1, and whether the effects on peak
and steady-state currents are independent, remain to be deter-
mined. In addition, further work will be needed to establish
whether both KRIP6 and PICK1 can interact simultaneously with
individual GluR6 subunits (or GluR6-containing kainate receptors),
or whether pair-wise binding is mutually exclusive.

Quantitative immunofluorescence analysis and biochemical
assays demonstrate that KRIP6 and PICK1 co-localize, with or
without GluR6, and co-immunoprecipitate regardless of the pres-
ence of GluR6, suggesting that a simultaneous interaction of KRIP6
and PICK1 with GluR6 might occur. The observation of triple KRIP6,
PICK1 and GluR6 co-clusters supports this hypothesis. The fact that
KRIP6 and PICK1 interact with distinct and spatially segregated
residues of the GluR6 C-tail suggests that spatial hindrance between
the two proteins might not be a limiting factor for simultaneous
accessibility of the GluR6 C-terminal domain. KRIP6 and PICK1
clusters typically are not enriched for GluR6, however, suggesting
that the affinity of interaction between KRIP6 and PICK1 might be
higher than their reciprocal interaction with GluR6, and also that
GluR6 might exist as an unbound free pool in the presence of both
PICK1 and KRIP6. Accordingly, our results show that increasing
KRIP6 expression together with GluR6 and PICK1 decreases the
fraction of PICK1 that co-immunoprecipitates with GluR6.

Several different mechanisms might explain the functional
phenotype observed when GluR6, PICK1 and KRIP6 are co-
expressed. Fig. 6 presents a model depicting all the potential
interactions of KRIP6 and PICK1 with each other and with GluR6.
The lack of significant change in GluR6-mediated currents relative
to control, observed when KRIP6 and PICK1 are co-expressed,
might occur if both proteins bound to receptors simultaneously and
negated each other’s effect on channel operation, or if the pair-wise
association of KRIP6 to PICK1 prevented the productive interaction
of either protein with GluR6. Intermolecular interactions of PICK1,
via the coil–coil domain (Perez et al., 2001), and of KRIP6, via the N-
terminal BTB domain (Laezza et al., 2007a), could contribute to
determine the stoichiometry of reciprocal interactions.

Recent studies have identified a growing number of proteins
involved in indirect interactions with kainate receptors (Pinheiro
and Mulle, 2006), as well as several which directly bind to subunit
C-terminal domains. Such direct interactions have been demon-
strated for PDZ domain proteins including PSD95, SAP97 and
SAP102, PICK1, GRIP and syntenin 2a (Hirbec et al., 2003, 2002;
Garcia et al., 1998). Investigation of the physiological functions that
these interactions may serve is at an early stage. In neurons, PICK1
is suggested to play a role in trafficking and stabilization of native
kainate receptors within synaptic pools (Hirbec et al., 2003). When
co-expressed with GluR6 in heterologous cells PSD95 induces
receptor clustering and causes a modest increase in steady-state
current (Garcia et al., 1998; Bowie et al., 2003). However, none of
the PDZ domain proteins have an exclusive role in regulating kai-
nate receptors, and evidence for robust functional regulation of
channel operation by PDZ domain proteins has been lacking. In this
respect, KRIP6 differs from these other kainate receptor interacting
proteins in that it binds selectively to the C-terminal domain of
GluR6 but does not directly interact with other kainate, AMPA, or
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NMDA receptor subunits. Thus, KRIP6 may function to regulate
GluR6-containing kainate receptors preferentially via this direct
interaction. Furthermore, KRIP6 is the only protein so far identified
that reduces both peak amplitude and desensitization of currents
through GluR6 receptors, a phenotype mediated by the BTB domain
of KRIP6 (Laezza et al., 2007a).

Previous findings showed that KRIP6 is highly expressed in brain
that endogenous KRIP6 co-immunoprecipitates with native GluR6
and that overexpression of KRIP6 significantly reduced peak
amplitude of kainate-evoked currents in hippocampal neurons
(Laezza et al., 2007a). In the present study, we have provided
evidence that extends the regulation of kainate receptors by KRIP6
to an indirect mechanism via interaction with PICK1, suggesting
that endogenous KRIP6 could affect native GluR6 kainate receptors
by directly binding the GluR6 C-tail or by blocking modulation of
GluR6 by PICK1. In addition, increasing amount of KRIP6 decreases
the fraction of PICK1 associated with GluR6 (Fig. 4C, D), suggesting
that endogenous KRIP6 might act as a dominant negative protein
reducing the fraction of PICK1 available to modulate GluR6-
containing receptors. Importantly, KRIP6 might also block the
functional interaction of PICK1 with other partners, such as GluR5
(Hirbec et al., 2003) and the AMPA subtype, GluR2 (Osten et al.,
2000; Dev et al., 1999; Xia et al., 1999), causing more complex
effects. Altogether, changes in the levels of endogenous KRIP6 and
PICK1 could impact numerous aspects of the kainate receptor
physiology by modifying clustering and functional properties of
GluR6-containing kainate receptors, protecting or predisposing
toward seizures or excitotoxic insults and affecting synaptic
remodeling dependent on kainate receptor activity (Pinheiro and
Mulle, 2006). Finally, a recent study provides evidence that the BTB/
kelch protein KLHL1 plays a role in regulating voltage-gated Ca2þ

channels (Aromolaran et al., 2007), raising the interesting possi-
bility that BTB/kelch proteins may serve as general accessory
subunits for both ligand- and voltage-gated channels.
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Fig. S1. Mutation of the PICK1 PDZ domain reduces co-clustering with 
GluR6 but not with KRIP6. (A, B) Bar graphs plot the enrichment index of 

KRIP6 and/or GluR6 co-expressed with wild type PICK1 (open bars, re-plotted 

from Fig. 3) or with the PICK1 KDAA double mutant (solid bars) calculated 

through a PICK1 MASK (A) or a KRIP6 mask (B). There was no significant 

difference between wild type PICK1 and PICK1 KDAA in the pair-wise 

enrichment index with KRIP6 (A), either alone (p = 0.49; n = 9 WT and 4 PICK1 

KDAA, Mann–Whitney rank sum test) or together with GluR6 (p = 0.17; n = 28 

WT and 12 PICK1 KDAA, Mann–Whitney rank sum test). Pair-wise enrichment of 

GluR6 with PICK1 KDAA was significantly lower than for wild type PICK1 

(4.45 ± 0.37, n = 17 versus 1.98 ± 0.12, n = 9; p < 0.0001, Mann–Whitney rank 

sum test), but was not further reduced by triple co-expression with KRIP6 

(1.88 ± 0.14, n = 28 versus 2.20 0.14, n = 12; p = 0.20, Mann–Whitney rank sum 

test). Enrichment of GluR6 with KRIP6 was significantly lower with triple co-

expression of either wild type (1.84 ± 0.14, n = 28; p < 0.0001, Mann–Whitney 

rank sum test) or mutant (2.14 ± 0.12, n = 12; p = 0.015, Mann–Whitney rank 

sum test) PICK1 as compared to pair-wise expression of KRIP6 and GluR6 alone 

(3.60 ± 0.46, n = 12, Mann–Whitney rank sum test). 
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