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Kainate receptors have been implicated in excitotoxic neuro-
nal death induced by diseases such as epilepsy and stroke. Act-
infilin, a synaptic member of the BTB-Kelch protein family, is
known to bind to the actin cytoskeleton. However, little is
understood about its function at the synapse. Here, we report
that actinfilin is able to bind to GluR6, a kainate-type glutamate
receptor subunit, and target GluR6 for degradation. Like many
members of its protein family, actinfilin acts as a substrate adap-
tor, binding Cullin 3 (Cul3) and linking GluR6 to the E3 ubiq-
uitin-ligase complex. We map this interaction to the Kelch
repeat domain of actinfilin and the GluR6 C terminus. Co-im-
munoprecipitation and immunofluorescence studies show
that GluR6 is ubiquitinated, and that GluR6 levels are
decreased by actinfilin overexpression but increased when
actinfilin levels are reduced by specific RNA interference.
Furthermore, actinfilin-Cul3 interactions appear to be
important for regulating surface GluR6 expression. Synaptic
GluR6 levels are elevated in mice with lowered neuronal Cul3
expression and when dominant-negative forms of Cul3 are
transfected into hippocampal neurons. Together our data
demonstrate that actinfilin acts as a scaffold, linking GluR6 to
the Cul3 ubiquitin ligase to provide a novel mechanism for
kainate receptor degradation.

Ionotropic glutamate receptors mediate fast excitatory
neurotransmission in the mammalian brain and, based on
agonist sensitivity, are subdivided into the N-methyl-D-as-
partic acid (NMDA),2 �-amino-3-hydroxy-5-methylisoxa-
zole-4-propionic acid (AMPA), and kainate receptor families.
Kainate receptors (KARs) consist of tetrameric assembly of five
subunits, GluR5–7 and KA1–2, to control intrinsic excitability,
regulate transmitter release and are implicated in epileptiform

activity (1, 2). GluR5–7 can form functional homomeric or het-
eromeric receptors, whereas KA1 and KA2 assembly with
GluR5–7 subunits is necessary for their intracellular trafficking
and formation of functional receptors (3–6).We and others have
shown that the cytoplasmic C-terminal region of KAR subunits
contain trafficking signals and bind a number of PDZ domain-
containing proteins, such as PSD-95 (5, 7–11). Presynaptically,
KARs modulate transmitter release at both excitatory and
inhibitory synapses and may be involved in long-term synaptic
plasticity via PDZ domain interactions (1, 2). In hippocampal
neurons, postsynaptic GluR6-containing KARs mediate a slow
excitatory synaptic current (6, 12–15), and can also enhance
excitability through a metabotropic inhibition of a calcium-ac-
tivated potassium channel (IsAHP) via G-protein and protein
kinase C activation (6, 16–18). Using KAR knock-out mice the
metabotropic inhibition of IsAHP was found to be dependent on
the KA2 subunit, which interacts with Gq/11 proteins known to
be involved in this modulation (6).
KAR degradation is known to involve activity-dependent

endocytosis, in which GluR6-containing receptors are sorted
for recycling or degradation (19). Ubiquitination plays an
important role in regulating the abundance of many synaptic
proteins and destabilizing receptors within the postsynaptic
density (20–22). The selection of substrates for ubiquitina-
tion is accomplished by an E3 ligase that consists of a com-
plex of proteins that act together to transfer ubiquitin to the
substrate at specific lysine residues. This results in the
attachment of a polyubiquitin tag that targets the substrate
for proteasomal degradation (23). Two major families of E3
ligases have been described: the HECT domain family and
the RING family, which includes the closely related Cullin
proteins, Cul1 and Cul3 (23). Cullin-based E3 ligases func-
tion as large protein complexes. One of the best character-
ized is the Skp1-Cul1-F box-Roc1 complex, in which Cul1
binds an adaptor molecule, Skp1, via an N-terminal domain,
and a small RING finger protein, RBX1/Roc1, via a C-termi-
nal domain (23). Through Skp1, Cul1 associates with an
F-box protein that in turn binds a phosphorylated substrate
to target it for degradation.
Recent studies showthatCul3associateswith substrate-specific

adaptors consisting of anN-terminal BTBmotif (frombric a brac,
tramtrack, and broad complex) and a series of C-terminal Kelch
repeats (24, 25). Actinfilin, an actin-binding protein of unknown
cellular function, contains a BTB domain, six Kelch domain
repeats, andaC-terminalPDZbindingmotif (26, 27).Usingayeast
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two-hybrid screenwith theGluR6Cterminusasbait,we identified
actinfilin as a potential binding partner. Here, we show that actin-
filin specifically binds GluR6 and mediates its degradation via the
ubiquitin-proteasome pathway.

EXPERIMENTAL PROCEDURES

Antibodies—The monoclonal anti-myc (9E10), anti-GFP
(B2), and anti-SAP97 (hDlg) antibodies were purchased from
Santa Cruz (Santa Cruz, CA) and used at 1:200 for immuno-
blotting. The monoclonal anti-PSD-95, polyclonal anti-
GluR6/7 (1:500 for immunoblotting), polyclonal anti-KA2,
polyclonal anti-GluR5, polyclonal anti-NR2B, and mouse anti-
Kv1.4 antibodies were from Upstate (Waltham, MA). The
mouse anti-GluR2 and mouse anti-actin (1:5,000 for immuno-
blotting) antibodies were fromChemicon (Temecula, CA). The
monoclonal anti-FLAG antibody was from Sigma. The mono-
clonal anti-NR1 antibodywas fromBDBiosciences. Themono-
clonal anti-HA antibody was from obtained from Covance
(Princeton, NJ) and used at 1:1000. The rabbit anti-GluR6 anti-
body was generated using as an antigen a peptide (C-GAQDD-
VNGQWWG) that was predicted, from crystallographic anal-
yses, to form part of an exposed extracellular loop in the GluR6
S1 domain; the antibody was affinity purified and used at 1:50–
1:200. The rabbit anti-actinfilin antibody (1:5000 for immuno-
blotting) is described in Ref. 26. The rabbit anti-Cul3 antibody
was developed as previously described (40) andused at 1:500 for
immunoblotting. For heterologous cell and neuronal immuno-
staining, mouse anti-AFP (1:500) was from Q-Biogene (Irvine,
CA). The goat anti-myc antibody was from Santa Cruz. The
fluorescent secondary antibodies were purchased from Jackson
ImmunoResearch (West Grove, PA).
Yeast Two-hybrid—The Matchmaker yeast protocol (Clon-

tech) was followed for proper transformation of plasmid DNA
in the AH109 strain of yeast, made chemically competent with
the lithium acetate method. The C terminus of GluR6 was sub-
cloned into the pGBKT7 bait vector from amino acid 852-
stop, fused to the GAL4 DNA-binding domain. GluR6-Cterm/
pGBKT7 transformants were selected on tryptophan-deficient
(Trp�) medium and subsequently transformed with an oli-
go(dT)-primed hippocampal cDNA library subcloned into
pGADT7. For medium stringency conditions, positive clones
were selected on triple-deficient plates (His-, Leu-, and Trp-),
and viable colonies then streaked onto higher stringencymedia
plates (-Ade-Leu-His-Trp/X-�-galactosidase), and selected for
growth and blue colonies. Plasmid DNA was isolated using the
RPMYeast Plasmid isolation kit (Bio 101, Vista, CA) and trans-
formed into Top 10F� Escherichia coli (Invitrogen). The com-
plete rat actinfilin cDNA and truncations were subcloned into
the pGADT7 prey vector. Two actinfilin truncations were sub-
cloned from amino acids 1–344 and 279-stop. The relative lev-
els of interaction with the GluR6 C terminus were assessed by
determining the levels of dropout in selective media of increas-
ing stringency.
Molecular Biology ofGluR6Truncations andMutations—GFP-

GluR6 was obtained from Dr. Steve Heinemann (The Salk Insti-
tute forBiological Studies, La Jolla,CA);GFPwas insertedafter the
signal sequence of pcDNA3-pGluR6(Q). Themyc-tagged actinfi-
lin and its two truncations are described in Ref. 26. nAchR�-HA

was received from Dr. Edward Hawrot (Brown University, Provi-
dence, RI). The HA-tagged GABA-B-R1 and -R2 constructs were
gifts from Dr. Steve Moss (University of Pennsylvania, Philadel-
phia, PA). The eight full-length GluR6 constructs with progres-
sively generated stop codons (GFP-GluR6–850, -854, -868, -874,
-880, -887, -896, and -904) were gifts from Dr. Geoffrey Swanson
(Northwestern University, Chicago, IL). The yeast two-hybrid
constructs were produced by PCR amplification, digested with
EcoRI and BamHI restriction enzymes, and ligated into the vec-
tors PGBKT7 and pGADT7 (Clontech). Alanine scanning of
the GFP-GluR6–887 construct was performed using the
QuikChange site-directed mutagenesis protocol (Stratagene).
All constructs were verified by DNA sequencing prior to
transfection.
Rat Cerebellar Extracts—Three cerebelli from adult Spra-

gue-Dawley rats were dissected and placed in 10 ml of cold
phosphate-buffered saline. The tissue was mechanically
homogenized with a Tissuemizer and spun at 1000� g to pellet
debris. The pellet was then solubilized in an equal amount of
0.6%CHAPSbuffer (150mMNaCl, 20mMHEPES, pH7.4, 2mM
EDTA, 5% glycerol, 0.6% CHAPS � protease inhibitors (1 mM
benzamidine, 1 mM phenylmethylsulfonyl fluoride, and a prote-
ase inhibitor mixture containing 2.08 mM 4-(2-aminoethyl)ben-
zenesulfonyl fluoride, 1.6 �M aprotinin, 0.04 mM leupeptin, 0.08
mM bestatin, 0.03 mM pepstatin A, 0.028 mM E-64)) by pulling
through syringe needles of decreasing size. The solute was spun at
39,000 � g for 30 min and the supernatant removed as the final
extract.
Cell Culture and Transfection—HEK293 and COS7 cells

(ATCC, Manassas, VA) were plated onto 60-mm cell culture
dishes, and grown to 70% confluency in Dulbecco’s modified
Eagle’smedia (high glucosewith L-glutamine) (Invitrogen) with
10% fetal bovine serum (Gemini Bioproducts) and a 1% penicil-
lin (10,000 units/ml) and streptomycin (10 mg/ml) mixture
(Sigma). Hippocampal neurons were cultured from E18 rats
andmaintained inNeurobasalmedium supplementedwith B27
and Glutamax (28). For immunocytochemistry experiments,
cells were plated onto 0.1 mg/ml poly-D-lysine-coated glass
coverslips. HEK293 cell transfections were performed with
FuGENE 6 transfection reagent (Roche) following the manu-
facturer’s protocol for transient transfection of adhered cells.
Hippocampal neurons and COS7 cells were transfected with
Lipofectamine 2000 reagent (Invitrogen), following the manu-
facturer’s recommended protocol. For conditions including
MG132 (Calbiochem) or leupeptin (U. S. Biochemical Corp.),
cells were incubated with the drugs for 4 h prior to fixation or
solubilization unless stated otherwise.
HEK293 Extracts, Co-immunoprecipitations, and Western

Blots—48h after transfection, cells werewashed oncewith cold
Tris-buffered saline and harvested in 1 ml of 0.6% CHAPS
buffer�protease inhibitors (as indicated above). The cellswere
homogenized by pipetting and rotated at 4 °C for 1 h to com-
plete solubilization. Extracts were then centrifuged at 14,000�
g for 30 min to pellet debris, removing the supernatant for
immunoprecipitations and immunoblotting. For co-immuno-
precipitation, extracts were incubated with 4 �g of each anti-
body at 4 °Covernight. The solutionwas then incubatedwith 50
�l of 50% protein G-Sepharose/Tris-buffered saline slurry for
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1 h at 4 °C. The beads were washed three times with 0.6%
CHAPS buffer, and bound proteins were eluted by boiling in
sample buffer. Samples were separated by 8 or 12% SDS-PAGE,
electrotransferred, and immunostained. Expression levels in
the total cell extracts (starting material, SM) were established
by Western blot analyses. Protein bands were visualized using
Super-signal West Pico chemiluminescent substrate (Pierce).
Band intensities were analyzed using Image J software (NIH),
and graphs were developed with SigmaPlot 8.0 (Systat
Software).
Immunofluorescence—24–48 h after transfection, cells were

fixed with 1.5% paraformaldehyde � 3% sucrose, washed, per-
meabilized with 0.01% Triton X-100, and nonspecific binding
sites blocked with 4% goat or donkey serum (depending on the
source of the secondary antibody). For detection of surface
epitopes, the permeabilization step was omitted; for detecting
both surface and intracellular epitopes, sequential labeling was
employed. Briefly, cells were incubated overnight at 4 °C with
the relevant primary antibody, washed to remove unbound pri-
mary antibody, and exposed to Cy5-, TRITC-, or fluorescein
isothiocyanate-conjugated secondary antibodies (Jackson
Immunoresearch Laboratories). Labeling was visualized under
fluorescence optics using a Zeiss Axiovert 200M fluorescence
microscope or a Leica TCS SP2 AOBS scanning laser confocal
microscope. The sizes of GluR6 puncta and their percent co-
localization of GluR6 with YFP-PSD-95 or synaptophysin was
determined using Image J analysis software (NIH).
Cul3 Heterozygous Knock-out Mice and Synaptosome

Preparation—Mice heterozygous for the Cul3 gene were as
described in Singer et al. (29). P14mouse brains were dissected,
weighed, equalized, and homogenized in a buffer containing
0.32 M sucrose and 4 mM HEPES, pH 7.4. This solution was
centrifuged at 1,000 � g at 4 °C for 5 min. Another 500 �l of
buffer was added to this pellet, which was again homogenized
and centrifuged. The supernatant was taken, and an aliquot was
removed for a whole cell brain fraction extract. The remaining
supernatant was centrifuged at 10,000 � g to pellet a crude
synaptosomal fraction. For analysis, 10 �l of the whole cell
extract was combined with 10 �l of sample buffer. The synap-
tosome pellet was solubilized in 200 �l of sample buffer, then
resolved via 8 or 12% SDS-PAGE and immunoblotted.
GST Pulldowns of Polyubiquitinated Proteins—To assess

GluR6 ubiquination in brain tissue, crude synaptosomes of
wild-type (Cul3�/�) and heterozygous Cul3�/� P14 mice were
solubilized and denatured in Tris-buffered saline containing
0.2% SDS at 70 °C for 10min, then diluted into 1%TritonX-100
and 5% glycerol. To prevent deubiquitination in solution, sam-
ples were kept in 1 �M ubiquitin aldehyde and 50 �M MG132
throughout.GST-S5a beads (Biomol, Exeter,UnitedKingdom),
which are composed of the proteasomal subunit S5a conju-
gated with agarose, or GST-agarose beads were added to the
sample for 2 h at 4 °C. The S5a beads are designed to bind
ubiquitinated substrates in vitro. The beads were washed with
Tris-buffered saline � 1% Triton X-100 � 5% glycerol and
eluted by boiling in SDS-PAGE loading buffer. Equal levels of
GluR6 were resolved by SDS-PAGE, transferred to nitrocellu-
lose, and immunoblotted for the presence of ubiquitin.

RESULTS

Actinfilin Binds GluR6—Using the GluR6 C terminus as bait
for a yeast two-hybrid screen, we identified several cDNA
clones fragments whose open reading frames encode the BTB/
Kelch domain protein, actinfilin. Actinfilin (AF) was previously
shown to be largely localized to the brain, especially in the cer-
ebrum and cerebellum and is present in the postsynaptic den-
sity (26). The AF protein contains a proline-rich N terminus,
followed by a POZ/BTB domain, a BACK domain, six Kelch
domain repeats, and a C-terminal PDZ binding motif. Recent
evidence suggests that the role of several BTB domain-contain-
ing proteins is related to protein degradation, involving Cul3
and the E3 ubiquitin-ligase pathway (24, 25). The localization of
actinfilin in postsynaptic areas of the cerebellum suggested that
actinfilin may be involved in the degradation of key proteins
involved in neuronal transmission. To assess specificity and
determine whether the interaction between actinfilin and
GluR6 could be detected in brain we performed a co-immuno-
precipitation assay (Fig. 1A, top panel).We found that actinfilin
specifically binds GluR6 and GluR5 in the rat cerebellum, but
does not interact with the potassium channel Kv1.4, AMPA
receptor subunit GluR2, or the NMDA receptor subunits NR1
and NR2B. Controls indicate specificity that actinfilin does not
recognize proteins immunoprecipitated by a nonspecific rabbit
antibody (IgG) or proteins pulled down solely by Protein
G-Sepharose beads without added antibody (beads alone). To
characterize its specificity further, we carried out additional
coimmunoprecipitation assays of transiently cotransfected
plasmids expressing myc-tagged actinfilin with several
postsynaptic receptors and scaffolding proteins in HEK293
cells. As shown in Fig. 1A (lower panel), actinfilin binds toGFP-
tagged GluR6 and GFP-GluR5, but not to GFP-GluR1, HA-
tagged nAchR�, KA2, PSD-95/SAP90, SAP97, HA-GABA-B-
R1, and HA-GABA-B-R2.
Actinfilin Truncation Analysis—To determine the region of

actinfilin responsible for the binding to GluR6, we utilized the
yeast two-hybrid binding system. Actinfilin or one of the two
truncations (Fig. 1B) fused to the yeast activation domain were
co-transformedwith the C terminus of theGluR6/GAL4DNA-
binding domain bait plasmid (Fig. 1B). We observed that actin-
filin and theKelch repeats bound theGluR6C terminus, but the
BTB/POZ domain failed to interact. However, full-length act-
infilin gave many more transformants than the Kelch region
alone on high stringency media, suggesting that it exhibits a
higher affinity interaction. The binding data were confirmed by
coimmunoprecipitation using myc-tagged truncation con-
structs identical to the yeast two-hybrid constructs (37). These
experiments confirmed that theKelch truncation is able to bind
full-length GluR6, whereas the BTB/POZ truncation cannot
(Fig. 1C).
Actinfilin and Cul3 Interact—If actinfilin is a member of the

BTB/POZ-Kelch protein family involved in protein degrada-
tion, it might be predicted to bind Cul3, the scaffold for the
Cul3-based E3 ubiquitin-ligase complex (30–32). In co-immu-
noprecipitation experiments, myc-tagged actinfilin pulled
down FLAG-tagged Cul3 (Fig. 2A). A mutant Cul3 (L52A/
E55A) (33), designed to prevent interaction with BTB proteins
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was unable to bind actinfilin (Fig. 2A). Additionally, a similar
Cullin, Cul1, was also unable to bind actinfilin. Significantly,
when actinfilin is coexpressed with wild-type Cul3, its expres-
sion is substantially lowered,whereas neither themutant L52A/
E55A Cul3 nor Cul1 exerted any substantial effect on actinfilin
levels (Fig. 2B). This suggests that the Cul3 ubiquitin-ligase
complexmay also affect the adaptor protein actinfilin as well as
the substrate. The actinfilin-Cul3 interaction, as expected for
this protein family, occurs within the BTB/POZ domain. The
FLAG-Cul3 immunoprecipitated the myc-tagged BTB/POZ

actinfilin truncation, whereas the Kelch truncation (lacking the
BTB domain) did not (Fig. 2C).
Actinfilin Promotes GluR6 Degradation—To examine the

effects of actinfilin on GluR6 abundance, localization, or
sequestration in organelles, we co-transfected actinfilin and
GFP-GluR6 into COS-7 cells. When expressed alone, GFP-
GluR6 exhibited a punctate staining throughout the cell. How-
ever, upon introducing myc-tagged actinfilin, immunostaining
for GluR6 was abrogated (Fig. 3A), suggesting that actinfilin
promotes degradation of this kainate receptor subunit. This
hypothesis was confirmed immunocytochemically by the use of
proteasomal inhibitors and by co-expression of dominant-neg-
ative constructs to shift the equilibrium away from GluR6 deg-
radation (Fig. 3A). The hypothesis was further substantiated by
immunoblotting for total GluR6 levels (Fig. 3C). We found that
the GFP-GluR6 signal is restored by treatment with the protea-
somal inhibitor MG132 (25 �M) for 4 h prior to fixation (Fig. 3,
A, third panel, andC, lane 4). The lysosomal inhibitor leupeptin
(10 �g/ml, 4 h incubation) exerted a weaker effect (Fig. 3, A,
fourth panel, andC, lane 5), suggesting that actinfilin promotes
degradation primarily through proteasomal pathways. Consist-
ent with these pharmacological results, we found that co-ex-
pression of the Cul3 mutant L52A/E55A that prevents interac-
tion with BTB proteins, but not wild-type Cul3, blocked GluR6
degradation (Fig. 3, A, fifth versus sixth panels, and C, lane 6).
Similarly, co-expression of HA-tagged ubiquitin K48R, which
prevents the attachment of Lys48 branched ubiquitin chains,
partially elevated GluR6 levels (Fig. 3, A, seventh panel, and C,

FIGURE 1. Actinfilin specifically binds GluR6 through its Kelch repeats.
A, actinfilin (AF) interacts strongly with GluR6. Top panel, rat cerebellar
extracts: glutamate receptor subunits (GluR6, GluR5, GluR2, NR1, NR2B) and
an ion channel (Kv1.4) were individually immunoprecipitated (IP), then
immunoblotted for the presence of AF. GluR6, and to a lesser degree GluR5,
were found to bind. Controls, shown in the first three lanes, demonstrate that
nonspecific binding of the AF antibody is low, and include total cerebellar AF
levels (SM), Protein G beads alone (ProG), and nonspecific rabbit IgG. Bottom
panel, HEK293 cells transfected with myc-tagged AF. Individual receptor sub-
units or scaffolding proteins were individually immunoprecipitated using
antibodies specific for each protein or an epitope tag; GluR1, -5, and -6 were
GFP-tagged, nAchR� and GABAB receptors were HA-tagged, GluR7, KA2, and
PSD-95 were immunoprecipitated using specific antibodies against each pro-
tein. Immunoprecipitates were then immunoblotted for the myc epitope to
detect AF; GluR6 and GluR5 interact with AF. No binding was observed with
the AMPA receptor subunit GluR1, nAchR� subunit, the kainate receptor sub-
units GluR7 or KA2, scaffold proteins PSD-95 and SAP97, or GABA-B-R1 or -R2
receptors. B, full-length AF, AF truncations, and their relative levels of interac-
tion with the GluR6 C terminus as assessed via a yeast two-hybrid assay. Both
the full-length AF and the Kelch domain construct interact with the GluR6 C
terminus. No interaction with the BTB domain was detected: � indicates that
no colonies were obtained in medium stringency conditions; � indicates that
growth was obtained in medium stringency conditions, but that few colonies
were obtained at high stringency; and �� indicates that numerous colonies
grew in high stringency conditions (see “Experimental Procedures”). C, left
panel, full-length GluR6 interacts with both full-length AF (open arrowhead)
and the Kelch domains (solid arrowhead). GFP-tagged GluR6 was transfected
into HEK293 cells with full-length myc-tagged AF, myc-tagged-Kelch, or myc-
tagged-BTB. GluR6 was immunoprecipitated via the GFP epitope and co-pre-
cipitants were identified by immunoblotting for the myc tag. The position of
the antibody heavy chain is also indicated (HC). Right panel, starting material
extracts (SM), resolved via SDS-PAGE and immunoprobed for the presence of
the myc tag, demonstrate that the BTB domain construct expresses as well as
the Kelch domain construct. Note that the Kelch and BTB truncations run at
similar positions.

FIGURE 2. Actinfilin binds Cul3 through the BTB domain. A, AF co-immu-
noprecipitates (IP) with wild-type Cul3 (lane 2), but not with Cul1 (lane 1) or
mutant L52A/E55A Cul3 (lane 3) in transfected HEK293 cells. Controls, shown
in lanes 4 and 5, demonstrate the absence of co-immunoprecipitation when
cells are transfected with AF alone or Cul3 alone. The lower panel shows Cullin
expression levels in SM extracts. Blots were probed for HA-tagged Cul1 (lane
1) or FLAG-tagged Cul3 (lanes 2–5). B, Cul3 down-regulates AF levels. HEK293
cells were co-transfected with myc-AF and Cullin constructs and total cell
extracts were immunoblotted for the presence of AF. Cul3 (�Flag-tagged)
strongly reduces AF expression. In the presence of Cul3-FLAG L52A/E55A or
Cul1-HA, AF expression is considerably higher. Lower blots, all three Cullin
constructs expressed well. Blots of SM extracts were probed for FLAG-tagged
Cul3 (lanes 1 and 2) or HA-tagged Cul1 (lane 3). C, Cul3 interacts with AF via the
AF BTB domain. When HEK293 cells were co-transfected with FLAG-tagged
wild-type Cul3 and myc-tagged AF truncation constructs, the BTB domain
co-immunoprecipitated with Cul3 (lane 1), but the Kelch domain did not (lane
2). However, the BTB domain failed to co-precipitate with the L52A/E55A
mutant Cul3-FLAG (lane 3). The lower panel demonstrates that AF constructs
are present in all SM extracts.
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lane 3). As a control, we tested if actinfilin affected the expres-
sion of the GFP; none was observed (Fig. 3A, eighth panel).
GluR6 Is Ubiquitinated in Vitro—To determine whether

GluR6 is ubiquitinated in cell culture, we co-transfected amyc-
tagged GluR6 construct with an HA-tagged ubiquitin, immu-
noprecipitated the GluR6, and immunoprobed for the HA sig-
nal. The level of ubiquitinated GluR6 was low (Fig. 3B).
However, treatment with the proteasomal inhibitor, MG132
(25�M), for 4 h prior to extraction greatly enhanced the amount
of ubiquitinated GluR6 in the cells (Fig. 3B). Interestingly, act-
infilin can also be ubiquitinated (Fig. 3D). Based on all preced-
ing data, we hypothesize that actinfilin is acting as an interme-
diary between GluR6 and Cul3, enabling the ubiquitination of
GluR6 (Fig. 3E).
Truncation and Mutational Analysis of the Actinfilin-GluR6

Interaction—To identify region(s) on GluR6 that are required
for the actinfilin interaction, we utilized a series of C-terminal

deletion constructs (Fig. 4A). Co-transfecting GluR6 trunca-
tions with myc-actinfilin in HEK293 cells suggested that only
theGFP-G6–887 truncation and the full-length constructs can
bind actinfilin (Fig. 4B).We conclude that a region encompass-
ing amino acids 881–886, containing a unique hydrophobic
sequence APVIV is critical for GluR6-actinfilin binding. It
should be noted that total levels of these truncation constructs
correspond with the amount of actinfilin binding, as both the
GFP-G6–887 and full-length GluR6 exhibited lower total
expression than the other truncation constructs. Thus, binding
of actinfilin leads to receptor degradation. Immunocytochem-
ical analyses confirmed these results (Fig. 4C).
To map the residue(s) in the hydrophobic region that influ-

ence actinfilin binding, we performed alanine-scanning
mutagenesis in the GFP-GluR6–887 construct, which was
more resistant to degradation (Fig. 5A). Expression of the con-
structs varied (Fig. 5B, top panel); therefore, to determine the

FIGURE 3. Actinfilin mediates GluR6 degradation primarily through proteasomes. A, actinfilin-mediated degradation of GluR6 is largely blocked by
proteosomal inhibitors or by co-expression with mutant Cul3 or a ubiquitin (Ub) construct that prevents polyubiquination. COS7 cells were transfected as
indicated. Cells were permeabilized and stained with antibodies against the GFP tag to reveal total GluR6 labeling (top row) and with antibodies to the myc tag
to reveal total AF labeling (bottom row). Expressed alone, GluR6 staining (GFP-G6) is both diffuse and punctate. Co-expression with myc-AF causes total loss of
GluR6 signal. This signal is recovered with addition of the proteasomal inhibitor MG132 (25 �M) 4 h prior to fixation and by co-transfection with L52A/E55A
Cul3-FLAG or ubiquitin-K48R, a mutant form of ubiquitin that blocks some ubiquitin-mediated degradation by preventing Lys48 branched polyubiquination.
In contrast, lysosomal inhibition (10 �g/ml leupeptin, 4 h) does not restore the GluR6 signal. Similarly, GluR6 levels are low in the presence of wild-type Cul3.
As a control to ensure that AF was not targeting GFP for degradation, GFP levels were also assessed in cells co-transfected with AF and GFP (far right). B, GluR6
can be ubiquitinated in vitro. HEK293 cells were transfected with GFP-GluR6 with or without HA-tagged ubiquitin, GluR6 immunoprecipitated, and precipitates
immunoblotted for the presence of the HA epitope. When ubiquitin and GluR6 are co-expressed, they co-immunoprecipitate, with the GluR6 appearing as a
smear typical of polyubiquitin-mediated degradation. Blocking proteasomal degradation by incubation in MG132 (25 �M) for 4 h prior to solubilization greatly
enhances detectable GluR6 ubiquitination. The arrowhead designates the approximate molecular weight for GluR6. Total levels of GluR6 are shown below.
C, actinfilin degrades GluR6 in a Cul3-, ubiquitin- and proteasome-dependent manner. Western blot analyses confirms the immunocytochemical results,
demonstrating that AF decreases GluR6 expression (lanes 1 versus 2). Equal amounts of total cell extracts were resolved via SDS-PAGE, and Western blots were
probed for the presence of the receptor (upper panel). A ubiquitin mutant that prevents polyubiquitin chains (Ub-K48R) and proteasomal inhibition (25 �M

MG132) partially restore GluR6 expression (lanes 3 and 4), whereas lysosomal inhibition (10 �g/ml leupeptin) has relatively little effect (lane 5). L52A/E55A Cul3,
which acts as a dominant-negative, enhances GluR6 expression by restricting the ability of AF to bind to Cul3 (lane 6). As a control to ensure that equal amounts
of cell extracts were used, blots were also probed for actin (lower panel). D, actinfilin is also polyubiquitinated. AF-myc and ubiquitin-HA co-immunoprecipitate
from transfected HEK293 cells (lane 2) and, when proteasomal degradation is inhibited with 25 �M MG132, the level increases. E, a model of how actinfilin links
GluR6 to Cul3 and the E3 ubiquitin-ligase complex: Cul3 is a component of an E3 ubiquitin-ligase complex, also composed of the proteins Nedd8 (N8), Rbx1, and
a ubiquitin-conjugating enzyme (UBC). AF acts as an adaptor to link GluR6 to this complex, binding GluR6 through the Kelch domain and Cul3 through the BTB
domain, and enabling ubiquitination of the receptor subunit.
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relative levels of binding, we equalized receptor levels for the
starting protein extracts in the co-immunoprecipitation analy-
ses (Fig. 5B, middle panel). As would be predicted from the
observation that actinfilin strongly reduced GluR6 levels (Fig.

3), we found that mutants with higher overall expression levels
(V883A and I884A) exhibited no interaction with actinfilin
(Fig. 5B, lower panel). Immunostaining substantiates these
results. The V883A and I884A mutations protect these GluR6
constructs from the actinfilin-mediated degradation seen with
the wild-type GFP-G6–887 construct (Fig. 5C).
If actinfilin acts as an adaptor to link GluR6 to the ubiquitin-

proteasome pathway, then actinfilin would be expected to
increase the ubiquitination of GluR6. To examine the effect of
actinfilin onGluR6 ubiquitination, we co-transfected wild-type
or Ile884 mutated full-length GFP-GluR6with andwithout HA-
tagged ubiquitin-K48R and myc-tagged actinfilin in HEK293
cells. To block signal loss due to proteasomal degradation, 10
�MMG132 was added 10 h prior to solubilization. Cell extracts
were immunoprecipitated with antibodies against GFP, and
immunoblotted for the presence of HA ubiquitination. We
found that ubiquitination of wild-type GluR6 increases in
the presence of actinfilin, but as expected for the GluR6
I884A mutant that does not bind actinfilin, there is no dif-
ference in the ubiquitination of GluR6 I884Awith or without
actinfilin (Fig. 5D).
Decreased Neuronal Cul3 Levels Increase Synaptic, Ubiquiti-

nated GluR6—To determine whether GluR6 is regulated in the
Cul3-mediated pathway, we utilized a mouse strain with
reducedCul3 expression levels (29). Because homozygousCul3
knock-out mice are embryonic lethal, we used heterozygous
knock-out mice, which have 50% decreased Cul3 expression in
the brain (Fig. 6A), but otherwise develop normally.3 Crude
synaptosomes were prepared from heterozygous Cul3�/� and
wild-type mice, and equal amounts were resolved via SDS-
PAGE to observe comparative changes in expression (Fig. 6B);
GluR6 levels are increased in heterozygous brain synapto-
somes, whereas another kainate receptor subunit (KA2), the
N-methyl-D-aspartic acid receptor subunits (NR1, NR2A,
NR2B), theAMPAreceptor subunits (GluR1,GluR2), actinfilin,
and actin levels remain relatively unchanged.
Levels of polyubiquitinated GluR6 were also determined by

pulldown experiments utilizing the high-affinity polyubiquitin
binding proteasome subunit S5a conjugated to GST-agarose
beads (22). To compare the relative levels of GluR6 ubiquitina-
tion, we equalized synaptic GluR6 levels from thewild-type and
heterozygous Cul3�/� mice, and then performed pull-down
experiments.More ubiquitinatedGluR6was found inwild-type
mice as compared with mice heterozygous for Cul3 (Fig. 6C).
These results are consistent with Cul3 playing a role in reg-
ulating GluR6 levels at the synapse and further implicates
Cul3 as a mediator in GluR6 ubiquitination.
Actinfilin and Cul3 Negatively Regulate Surface GluR6 in

Hippocampal Neurons—To determine how actinfilin affects
the localization of GluR6 in neurons, we expressed a small
inhibitory RNA to actinfilin (RNAi-AF) or the dominant-nega-
tive CUL3 construct (Fig. 7). The surface levels and subcellular
localization of both endogenous GluR6 and transfected GFP-
taggedGluR6were determined immunocytochemically. Poten-
tial regulation of synaptic localization was assessed by co-stain-
ing for synaptic markers (PSD-95 and synaptophysin).

3 J. D. Gonzales and J. D. Singer, submitted for publication.

FIGURE 4. C-terminal truncations of GluR6: manipulation of actinfilin
binding. A, schematic of GFP-tagged GluR6 constructs in which progressively
more C-terminal residues have been removed. Full-length GluR6 (FL) termi-
nates at amino acid 908; numbers at the left indicate the amino acid position in
each truncation construct that was mutated to a stop codon. Known mem-
brane-associated sequences (M1–M4) are also shown. B, only the full-length
GFP-G6 and the GFP-G6 – 887 constructs bind AF. Full-length and GluR6 C-ter-
minal truncation constructs were co-expressed with AF-myc in HEK293 cells,
and the GluR6 immunoprecipitated (IP) using an anti-GFP antibody. The
upper blot was probed for the presence of AF using antibodies against the
myc tag. Middle and lower blots show the total levels (SM) of the GFP-GluR6
(G6) and AF-myc constructs. Note that little full-length or 887-truncation
GluR6 is detected, presumably due to AF-induced degradation, whereas the
total GluR6 levels are high for the truncations that fail to interact with AF. Note
also that full-length GluR6 is more efficiently degraded than the GluR6 – 887;
the lower amount of detectable co-immunoprecipitate seen in the upper
panel is most likely due to more efficient degradation of the full-length con-
struct. C, actinfilin reduces the expression of full-length GluR6 and the GluR6 –
887 C-terminal truncation. Upper panels, GluR6 levels (G6), revealed via the
GFP epitope, in COS7 cells co-transfected with AF-myc and full-length GFP-G6
(far left) or the indicated GFP-tagged truncation constructs. Insets show AF
labeling in the same cells and demonstrate that AF expressed well. Lower
panels, GluR6 levels in COS7 cells transfected only with the GFP-G6 constructs
reveal that all constructs express well, indicating that the low GluR6 and the
GluR6 – 887 observed in the presence of AF was specific to the AF.
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We found that decreasing actinfilin levels via RNAi signifi-
cantly increased surface GluR6 expression in dendritic spines,
as assessed morphologically and by increased co-localization
with PSD-95 (Fig. 7, A–D and H) and synaptophysin (Fig. 7H).
SynapticGluR6more than doubled (Fig. 7H), and the size of the
GluR6-containing puncta increased 1.8-fold (mean punctal
area � S.E.: control neurons, 0.12 � 0.01 �m2; RNAi-AF
expressing neurons, 0.22 � 0.01 �m2). That the RNAi-AF was
effective in reducing actinfilin levels is demonstrated in Fig. 7, E
and F; importantly, however, the low remaining actinfilin
retained a normal subcellular distribution (see also Fig. 7H, far
right bars). Interestingly, in the absence of RNAi knock-down
of actinfilin, relatively little GluR6 was detected in the spines
and co-localization with synaptic markers was low (Fig. 7, A–D
and H). Overexpression of the dominant-negative Cul3 pro-
duced similar effects (Fig. 7, G and H). Together, our results
suggest that actinfilin-Cul3-mediated degradationmay provide
an important mechanism for regulating neuronal GluR6 sur-
face expression and, in particular, for regulating GluR6 levels at
synapses.

DISCUSSION

At synapses there is increasing evidence for the role of ubiq-
uitination in regulating the number of glutamate receptors and
scaffold and signaling proteins (20–22, 34, 35). In Caenorhab-
ditis elegans, ubiquitination of the glutamate receptor subunit
GLR-1 regulates endocytosis, and the BTB-Kelch protein KEL-
8-Cul3 complex is required for ubiquitin-mediated GLR-1
turnover (34, 36). At mammalian synapses, an F-box protein,
Fbx2, promotes ubiquitination of theN-methyl-D-aspartic acid
receptor NR1 subunit, inducing retrotranslocation and degra-
dation by the ubiquitin-proteasome pathway (37).
Here, we provide evidence that actinfilin, a brain-enriched

BTB-Kelch protein, acts as a scaffold linking the kainate recep-
tor subunit GluR6 to the Cullin 3 ubiquitin-ligase (Cul3). Act-
infilin is localized, but not limited, to the dendritic spine, a
structure rich in actin and critical for synapse formation (26,
38). We find that actinfilin controls both the synaptic localiza-
tion and the size of synaptic GluR6-containing kainate receptor
clusters in primary hippocampal neurons. In the presence of
normal levels of actinfilin, detectable synaptic GluR6 was rela-
tively low (�20%). However, down-regulating actinfilin via a
specific RNAi increased both the synaptic localization and the
size of synaptic GluR6-containing kainate receptor clusters, as
did expression of a dominant-negative Cul3. Recent studies
demonstrate that ubiquitination canmodulate AChR assembly
efficiency to control the number of mature receptors on the
plasma membrane (39). Similarly, actinfilin could function to
regulate assembly of kainate receptors by targeting receptor
subunit ubiquitination as part of the endoplasmic reticulum-

FIGURE 5. A hydrophobic amino acid region near the GluR6 C terminus is
critical for actinfilin binding. A, schematic of point mutations made in the
GFP-G6 – 887 construct. GluR6 – 887 was used here because its interaction
with AF is more easily detectable because less is degraded (see Fig. 4B). B, to
map the residue(s) critical for actinfilin binding, the alanine substitution con-
structs shown in A were expressed in HEK293 cells and their ability to co-
immunoprecipitate with myc-tagged AF was tested. Because we found that
these constructs had varying expression levels (top), the GluR6 levels (G6)
were equalized (middle) to determine proper ratios for AF co-immunoprecipi-
tation (bottom: IP, G6, then immunoprobed for AF). For reference, the first lane
shows the total level of wild-type GluR6 – 887 expression (top) and the
amount that co-precipitates with AF (bottom). We found that the V883A and
I884A mutants had increased expression as well as decreased AF binding.
C, the V883A and I884A mutations protect GFP-G6 – 887 from AF-mediated
degradation. COS7 cells were transfected as indicated, permeabilized, and
stained with antibodies against GFP (main panels) or myc-AF (insets). Top pan-
els, when co-expressed with AF, G6 – 887-V883A and -I884A levels are high,
but wild-type G6 – 887 and G6 – 887-V885 levels are low, presumably due to
AF-induced degradation. Bottom panels, controls showing that in the
absence of exogenous AF, all G6 constructs are easily detectable. D, actinfilin
acts as an adaptor, linking GluR6 to the ubiquitin-proteasome pathway. GFP-
tagged wild-type GluR6 or GluR6-I884A were cotransfected with HA-tagged
ubiquitin-K48R and/or myc-tagged AF into HEK293 cells. To block loss of
receptors via proteasomal degradation, cells were treated with 10 �M MG132

10 h prior to solubilization. GluR6 was immunoprecipitated from cell extracts
with anti-GFP antibodies, and immunoblotted for HA to determine the levels
of ubiquitinated receptor. Upper blot, in the absence of AF and the Ub-K48R
construct that blocks polyubiquination, no ubiquitination of GluR6 can be
detected (lanes 1 and 4). However, in the presence of Ub-K48R, AF increases
wild-type GluR6 ubiquitination (lanes 2 versus 3), but fails to increase ubiquiti-
nation of the I884A mutant (lanes 5 versus 6). Lower blot, equal levels of immu-
noprecipitated receptor in the SM are shown by immunoprobing for GFP.
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associated degradation pathway (40). Alternatively, it is also
possible that ubiquitination is needed for kainate receptor
endocytosis. The synaptic localization of actinfilin suggests a
role in regulating the ubiquitination of synaptic surface kainate
receptors or scaffold proteins involved in trafficking. Although
ubiquitination is known to regulate the internalization of some
surface receptors, such as the �2-adrenergic and epidermal

growth factor receptors for lysosomal degradation (41, 42), pro-
teasomal degradation ofmature surface receptors would neces-
sitate a mechanism for retrotranslocation. Nevertheless, the
degradation of synaptic NR1 subunits has recently been pro-
posed to involve relocation to the dendrites and soma for ret-
rotranslocation and proteasomal degradation (37).
We propose that actinfilin contains two functional domains

thatmediate degradation: a BTB domain that binds Cul3-based
ligases and aKelch domain that interacts with the substrate (see
model, Fig. 3E). This model is based on the well characterized
Skp1-Cul1-F-box protein complex in which the Cul1-interact-
ing domain of Skp1 forms a BTB structure (24). However, in the
yeast two-hybrid system, we find that deleting the BTB domain
and the majority of the BACK domain, a region that links the
BTB and Kelch domains, appears to decrease GluR6-Kelch
interaction. Because the BACK domain has been suggested to
be involved in substrate orientation, removal of this regionmay
limit the ability of the Kelch repeat to interact with GluR6 (43).
Alternatively, the actinfilin BTB domain may serve as a dimer-
ization domain needed for effective substrate binding (44).
The function of actinfilin in ubiquitination is consistent with

recent studies showing that several BTB-containing proteins
can function as Cul3 adaptors (24, 31, 33, 45, 46). KLHL12,
which shows 40% amino acid identity to actinfilin, acts as aCul3
adaptor, targeting Dishevelled for degradation (47), as does
Keap1 (35% identity), which targets the transcriptional activa-
tor Nrf2 (30–32, 46). Gigaxonin, which shows little homology
to actinfilin (23%) and is mutated in human giant axonal neu-
ropathy has recently been found to ubiquitinate and subse-
quently degrade tubulin folding cofactor B (48). In contrast, the
actin-binding BTB-Kelch proteins, KLHL20 (KLEIP) and
Mayven (Kelch-like 2), which show the highest similarity to
actinfilin, so far have not been implicated in ubiquitination (49,
50). Additionally, there are a number of BTB-Kelch proteins
that exhibit a high degree of similarity to actinfilin but have
unknown functions. It remains to be determined how many of
these will act as substrate adaptors for Cul3 ubiquitin ligases.
We also find that removing the last four amino acids from the

GluR6 C terminus results in loss of actinfilin binding. This sug-
gests that the C terminus, which contains a type I PDZ-binding
motif (ETMA), adopts a specific structure. Interestingly, this
motif associates with various PDZ-containing scaffolding pro-
teins, such as PSD-95 or SAP97, and is required for proper
clustering of GluR6-containing kainate receptors within the
synapse (7). Once these residues are deleted, the C-terminal tail
of the GluR6 protein may fold back on itself to prevent binding
to actinfilin. In contrast, full-length GluR6 may interact with
endogenously expressed PDZ domain scaffolding proteins to
facilitate actinfilin binding (7, 10). Intriguingly, actinfilin-
GluR6 binding is restored after removal of an additional 17
residues up to a 5-amino acid “hydrophobic” site (APVIV);
deletion or substitution of the hydrophobic residues again
results in loss of actinfilin-GluR6 binding. However, this site is
not conserved in GluR5, which we showed can also bind actin-
filin. This suggests that although the hydrophobic site is a
determinant of actinfilin binding, it may not encompass the
binding site. Instead, it may affect the C-terminal structure,
possibly through an interaction of this domain with the mem-

FIGURE 6. Cul3 regulates GluR6 expression in vivo. A, mice heterozygous
for Cul3 have lowered neuronal Cul3 levels. Total brain extracts of P14 Cul3
wild-type and �/� heterozygous mice (see “Experimental Procedures”) were
immunoprobed for the presence of Cul3. B, reducing Cul3 increases synaptic
GluR6 levels. Equal amounts of synaptosomal fractions (syn) and whole cell
extracts (WCE) from wild-type (wt) and Cul3 heterozygous (�/�) mice were
resolved by SDS-PAGE to determine protein levels. To calculate the percent-
age change of synaptic proteins, densitometry was performed and the levels
in synaptosomes obtained from heterozygous mice were compared with the
wild-type amounts. In heterozygous Cul3�/� mice, GluR6 levels dramatically
increased (23.0 � 4.0%; mean � S.E.), whereas the levels of KA2 (�3.4 �
1.6%), NR1 (4.0 � 1.5%), NR2A (2.2 � 0.5%), NR2B (�2.5 � 3.6), GluR1 (1.5 �
2.4%), GluR2 (�1.6 � 1.0%), actinfilin (2.2 � 2.0%), and actin (1.2 � 1.1%)
remained approximately the same. n � 3 independent experiments. C, GluR6
ubiquitination is reduced in Cul3�/� mice. Western blots of synaptosomes
were first probed for GluR6 to determine GluR6 levels in Cul3�/� and Cul3�/�

mice. Ubiquitinated synaptosomal proteins were then pulled down using
GST-agarose (control) or GST-5a-agarose (ubiquitinated proteins) as
described under “Experimental Procedures.” The pull-down products were
loaded onto SDS-PAGE gels in a ratio that equalized the GluR6 levels in
Cul3�/� and Cul3�/� synaptosomes, and probed for GluR6 to establish the
levels of ubiquitinated receptor. As shown here, GluR6 has higher levels of
ubiquitination in wild-type mice (wt) than heterozygous Cul3 mice (�/�),
because lowered Cul3 expression inhibits its proper ubiquitination. Right
panel, control Western blot showing that equal amounts of GluR6 were pres-
ent in the wild-type and �/� SM used for the pull-downs.
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brane. The site is immediately distal to a forward trafficking
domain located between residues 871 and 877 (CQRRLKH)
that includes cysteine 871, one of two such residues in the
GluR6 C terminus known to be palmitoylated (51). Moreover,
hydrophobic residues occur at an unusually high frequency
near the palmitoylated cysteines and substitution of any of
these residues with alanine reduces palmitoylation (52, 53).
Thus, the hydrophobic site could function in GluR6 palmitoy-
lation to stabilize the C terminus in a conformation capable of
actinfilin binding.
Our results indicate that in heterologous cells actinfilin is

ubiquitinated and that its protein levels are regulated by Cul3.
Overexpression of wild-type Cul3 lowers actinfilin levels,
whereas transfection of a mutant L52A/E55A Cul3 or Cul1 has
no such effect, suggesting that actinfilin might be co-degraded
with its substrate. Similarly, Keap1 and several F-box and SOCS
adaptor proteins appear to be degraded by autocatalytic mech-
anisms, although Keap1 degradation occurs in a proteasome-
independent manner (46). Here, we observed modest effects of
lysosomal inhibition on actinfilin levels in heterologous cells.
We also found, however, that actinfilin levels did not signifi-
cantly increase inCul3�/�mice, suggesting that lysosomal deg-
radation may provide a second means for regulating actinfilin;
additionally, the fact that Cul3 is only reduced but not elimi-
nated may be a contributing factor. We further observed that
KA2 levels did not change in the Cul3 heterozygous mice.
Because ourwork and others have shown thatGluR6 knock-out
results in the reducedKA2due to endoplasmic reticulum reten-
tion signals that prevent surface expression of KA2 in the
absence of GluR5-GluR7 subunits (3, 4, 54), the absence of reg-
ulation of KA2 levels in the Cul3�/� mice raises the possibility
that in vivo actinfilin may preferentially promote the proteaso-
mal degradation of homomeric receptors.
Actinfilin and other BTB-Kelch proteins, such as Keap1,

have been shown to associate with the actin cytoskeleton, and
interactions with actin are necessary for Keap1 to regulate lev-
els of Nrf2 (55). Interestingly, synaptic activity is known to pro-
mote the redistribution of proteasomes fromdendritic shafts to
spines via an associationwith actin filaments (21). Similarly, the
actin cytoskeleton and/or other scaffolding proteins may regu-
late actinfilin function. One potential regulator may be cystic
fibrosis transmembrane regulator-associatedprotein70,CAP70, a
scaffoldproteinwith fourPDZdomains.ChenandLi (27, 56) have
recently shown that CAP70 binds to the actinfilin C-terminal

FIGURE 7. Actinfilin and Cul3 negatively regulate surface expression of
GluR6. A and B, compared with control hippocampal neurons (A), reducing
AF levels with a small inhibitory RNA (RNAi-AF) increases GluR6 (G6) surface
levels (B). Surface expression of endogenous GluR6 was detected by indirect
immunofluorescence using an antibody against an extracellular GluR6
epitope and a Cy5-conjugated secondary antibody (see “Experimental Proce-
dures”). Neurons were also transfected with yellow fluorescent protein-
tagged PSD-95 to identify synapses. Shown here are superimposed images of
YFP-PSD-95 (blue) and surface G6 (yellow), with areas of co-localization
appearing almost white and areas with relatively little G6 (e.g. the synaptic
spine heads in A) appearing deep blue. The lower images, indicated by the
white boxes on the upper frames, demonstrate that decreasing AF results in
increased surface G6 in dendritic shafts and synaptic spines (B). C and D, sim-
ilar results are obtained when hippocampal neurons were transfected with
GluR6 tagged extracellularly with GFP and, to identify cellular morphology,
DS-Red. Again, compared with control neurons (C), reducing AF levels with
RNAi-AF increases G6 surface levels (D). Upper panels demonstrate the surface
expression of the GFP-G6. To clarify the locations of dendritic spines and
underscore the RNAi-AF-induced increase of surface G6 in spine heads (D),

the lower panels are superimposed images of GFP-G6 and DS-Red; here, yel-
low indicates where G6 levels are elevated. E and F, RNAi-AF strongly reduces
AF levels in hippocampal neurons without altering the distribution of any
remaining AF (see also H). G, overexpressing the dominant negative Cul3
mutant also results in high surface levels of endogenous G6 (indirect immu-
nofluorescence using a fluorescein isothiocyanate-conjugated secondary
antibody). Co-transfection with DS-Red was used to establish neuronal mor-
phology; the right panel emphasizes the prominent surface expression of G6
in most spine heads (i.e. most but not all spine heads are yellow due to the
strong fluorescein isothiocyanate signal in the G6 and DS-Red overlay).
H, reducing AF increases G6 co-localization with synaptic markers. Surface
expression of endogenous G6 was detected as in A, B, and G, and the %
co-localization with YFP-PSD-95 or synaptophysin determined. Each bar indi-
cates the mean � S.E. for the specified condition. The far right pair of bars
demonstrates that, even though the RNAi-AF effectively reduces AF levels
(see E and F), the low remaining AF retains a normal cellular distribution with
regard to synaptic markers.
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PDZ-bindingmotif. CAP70 is also associatedwith thepost-synap-
tic density proteins PSD-95, synaptic RasGAP (synGAP), and
GKAP, suggesting possible roles for these proteins in regulating
kainate receptor-actinfilin binding or the trafficking of actinfilin-
bound GluR6 to the degradationmachinery.
Studies in vivo demonstrate that postsynaptic kainate recep-

tors can perform multiple functions; a metabotropic role and, in
restricted neuronal populations, the generation of kainate recep-
tor-mediated excitatory post-synaptic currents (1, 2). Because
GluR6 has been implicated in excitotoxic neuronal death via acti-
vation of amixed-lineage kinase and c-JunN-terminal kinase (57),
and in particular with damage associated with cerebral ischemia,
stroke, and epileptic seizures, our data imply that actinfilin may
provide an importantmeans for ensuring the correct regulation of
GluR6 surface expression. In addition, recent studies have utilized
peptides to inhibitGluR6 clustering to protect neurons fromkain-
ate receptor-mediated cell death (58, 59), and suggest that actinfi-
lin may prove to be a useful therapeutic target to control endoge-
nous synaptic GluR6.
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