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Localization and Enhanced Current Density of the Kv4.2 Potassium
Channel by Interaction with the Actin-Binding Protein Filamin
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Kv4.2 potassium channels play a critical role in postsynaptic
excitability. Immunocytochemical studies reveal a somatoden-
dritic Kv4.2 expression pattern, with the channels concentrated
mainly at dendritic spines. The molecular mechanism that under-
lies the localization of Kv4.2 to this subcellular region is unknown.
We used the yeast two-hybrid system to identify the Kv4.2-
associated proteins that are involved in channel localization.
Here we demonstrate a direct interaction between Kv4.2 and the
actin-binding protein, filamin. We show that Kv4.2 and filamin
can be coimmunoprecipitated both in vitro and in brain and that
Kv4.2 and filamin share an overlapping expression pattern in the
cerebellum and cultured hippocampal neurons. To examine the
functional consequences of this interaction, we expressed Kv4.2

in filamin " and filamin ~ cells and performed immunocytochem-
ical and electrophysiological analyses. Our results indicate that
Kv4.2 colocalizes with filamin at filopodial roots in filamin ™ cells
but shows a nonspecific expression pattern in filamin — cells, with
no localization to filopodial roots. Furthermore, the magnitude of
whole-cell Kv4.2 current density is ~2.7-fold larger in filamin ™
cells as compared with these currents in filamin~— cells. We
propose that filamin may function as a scaffold protein in the
postsynaptic density, mediating a direct link between Kv4.2 and
the actin cytoskeleton, and that this interaction is essential for
the generation of appropriate Kv4.2 current densities.
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Appropriate synaptic transmission is dependent on the precise
localization of ion channels and neurotransmitter receptors at
specific subcellular sites (Sheng, 1996; Ziff, 1997; Colledge and
Froehner, 1998; Craven and Bredt, 1998). Voltage-gated K™ chan-
nels are expressed within neurons in a variety of spatial distribu-
tions (Sheng et al., 1992; Wang et al., 1994; Veh et al., 1995) where
they function as regulators of membrane excitability and synaptic
transmission (Hille, 1991; Magee et al., 1998). Fast transient (A-
type) K™ channels, members of the voltage-gated K* channel
family that are found in a wide variety of excitable cells, have been
implicated in the control of action potential frequency and thresh-
old, action potential configuration, neurotransmitter release, and
postsynaptic excitability (Jan and Jan, 1997; Magee et al., 1998).
Kv1.4 and Kv4.2, fast transient K* channel family members, are
segregated differentially in neurons. Kv1.4 is localized to axons
exhibiting a concentration at the presynaptic terminal (Sheng et al.,
1992; Zito et al., 1997; Arnold and Clapham, 1999), whereas Kv4.2
is localized to the somatodendritic compartment exhibiting a con-
centration at the postsynaptic terminal (Sheng et al., 1992; Maletic-
Savatic et al., 1995; Alonso and Widmer, 1997).

In this study we set out to identify Kv4.2-associated proteins that
are involved in Kv4.2 localization. Here we report the identification
and characterization of a novel interaction between Kv4.2 and
filamin, a member of the w-actinin/spectrin/dystrophin family of
actin-binding proteins. Filamin originally was identified as a pro-
tein isolated from motile alveolar macrophage that caused purified
muscle actin to gel and precipitate (Hartwig and Stossel, 1975). It
is a widely distributed member of a family of actin-binding proteins
capable of cross-linking actin filaments into orthogonal arrays and
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contributes substantially to the formation and structure of the actin
meshwork situated immediately subjacent to the surface membrane
(Marti et al., 1997).

Here we show that Kv4.2 and filamin can be coimmunoprecipi-
tated from both heterologous cells and brain extracts. Mapping
studies reveal that a four amino acid (aa) motif located ~30 aa
upstream of the Kv4.2 C terminus is required for Kv4.2—filamin
interaction. We also show that Kv4.2 and filamin share an overlap-
ping expression pattern in the cerebellum and cultured hippocam-
pal neurons. Importantly, we demonstrate that not only does fil-
amin colocalize with Kv4.2 at filopodial roots in heterologous cells,
but it mediates Kv4.2 localization at these sites. Moreover, this
interaction results in 2.7-fold increase in the magnitude of whole-
cell Kv4.2 current density. These findings demonstrate that filamin
is a Kv4.2-interacting protein that colocalizes with Kv4.2 in neu-
rons and plays an important role in the localization and functional
surface membrane expression of Kv4.2 in heterologous cells. We
propose that filamin may function as a scaffold protein in the
postsynaptic density (PSD), mediating a direct link between Kv4.2
and the actin cytoskeleton, and that this interaction is essential for
the generation of appropriate Kv4.2 current densities.

MATERIALS AND METHODS

Yeast two-hybrid screen and analysis of Kv4.2—filamin interaction. Yeast
two-hybrid screens were performed with the Y190 yeast strain harboring
the reporter genes HIS3 and B-galactosidase (B-gal) under the control of
upstream gal4-binding sites (Clontech Laboratories, Palo Alto, CA). The
Kv4.2C1 bait was generated by incorporating unique Ncol and Xbal
restriction sites 5’ and 3', respectively, via PCR and was fused to the gal4
DNA-binding domain in vector pAS2-1. This bait, pAS2-1/Kv4.2C1, was
used to screen ~3 X 10° clones from a human heart cDNA library
constructed in the GAL4-activation domain vector pACT-2 (Clontech).
Deletion variants of pAS2-1/Kv4.2C1 were constructed by PCR with the
use of specific primers and were subcloned into pAS2-1 for yeast two-
hybrid interactions. Mutations of pAS2-1/Kv4.2C1 were generated by using
QuikChange (Stratagene, La Jolla, CA). The Kv4.3C bait was generated in
a manner similar to Kv4.2C1. The HERGC bait was generated by incor-
porating unique Ncol and BamHI restriction sites 5" and 3’, respectively,
via PCR and was fused to the gal4 DNA-binding domain in vector pAS2-1.

Expression constructs. The GST-Kv4.2(aa 471-630) fusion construct was
generated by digesting pAS2-1/Kv4.2C1 with BamHI and Smal (aa 471-
630) and subcloning it into pGEX-2T (Pharmacia, Piscataway, NI).
pCMV/myc-Kv4.2 was generated by subcloning full-length Kv4.2 into
pCMV-myc (Stratagene). pSG-5/HA-filamin ( filaminC, aa 2172-2705)
was generated by subcloning the original pACT-2 library clone, containing
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a 5" HA epitope, into pSG-5 (Stratagene). pCM V/myc—Kv4.2/600 was
constructed via PCR with the use of specific primers and was subcloned
into pCMV-myc. pCM V/myc-Kv4.2/ATAA mutations were generated
with QuikChange (Stratagene). pCM V/myc-HERG was generated by
subcloning full-length HERG (generously provided by Dr. J. M. Ner-
bonne, Washington University, St. Louis, MO) into pCMV-myc
(Stratagene).

Transfection and immunocytochemistry in heterologous cells. COS7, M2,
and A7 cells were transfected with Lipofectamine (Life Technologies,
Gaithersburg, MD) on poly-D-lysine-coated coverslips (for immunocyto-
chemistry) or in 100 mm tissue culture dishes (for immunoprecipitation
experiments). Cells were fixed, permeabilized, and immunolabeled 42 hr
after transfection, as described (Petrecca et al., 1999). Rabbit anti-HA
(Babco, Richmond, CA) was diluted 1:500; mouse anti-myc (Santa Cruz
Biotechnology, Santa Cruz, CA) was used at a concentration of 2 ug/ml,
and goat anti-filamin (Sigma, St. Louis, MO) was diluted 1:40. Oregon
green-conjugated goat anti-rabbit (Molecular Probes, Eugene, OR), Cy3-
conjugated goat anti-mouse (Jackson ImmunoResearch, West Grove, PA),
and FITC-conjugated donkey anti-goat secondary antibodies were used at
a dilution of 1:100. Immunofluorescence was visualized with a Bio-Rad
MicroRadiance confocal microscope (Hercules, CA) at an optical thick-
ness of ~7 pum. Digital images were prepared with Adobe Photoshop
(Mountainview, CA).

Coimmunoprecipitations. For immunoprecipitation, COS7, filamin ", and
filamin ~ cells that were plated on 100 mm dishes were washed in ice-cold
PBS, followed by solubilization in 1 ml of ice-cold extraction buffer [(in
mMm) 50 Tris, pH 7.4, 150 NaCl, 1 EDTA plus 1% Nonidet P-40, 0.5%
deoxycholate, and 0.1% SDS supplemented with 1 mm phenylmethylsul-
fonyl fluoride (PMSF) and 10 ug/ml each of pepstatin, aprotinin, and
leupeptin]. The extraction was allowed to proceed with shaking for 3 hr at
4°C. Insoluble material was pelleted by centrifugation at 60,000 X g for 30
min, and the supernatants were used for coimmunoprecipitation. Rabbit
anti-HA (1:200) or rabbit anti-Kv4.2 (1:50) antibodies were added to the
100 wl of detergent extract, which was incubated with inversion for 2 hr at
4°C. Equilibrated protein A—Sepharose beads (Pharmacia) were added for
a further 2 hr with inversion and then were pelleted by centrifugation.
Eluted proteins were resolved by SDS-PAGE, transferred to a polyvinyli-
dene difluoride (PVDF) membrane, and visualized by immunoblotting
with mouse anti-myc (1 pg/ml), mouse anti-HA (1:500), or mouse anti-
filamin (1:500) antibodies, followed by horseradish peroxidase-conjugated
goat anti-mouse antibody (1:5000; Jackson ImmunoResearch). Enhanced
chemiluminescence was performed by using the ECL™" detection kit (Am-
ersham, Arlington Heights, IL). Cerebellar membrane preparations and
solubilization were performed according to Luo et al. (1997). Briefly, adult
rat cerebellum from Sprague Dawley rats was homogenized in ice-cold 10
mMm Tris-HCI, pH 7.4, containing 320 mMm sucrose, 1 mm PMSF, and 10
ng/ml each of pepstatin, aprotinin, and leupeptin. The tissue homogenate
was centrifuged at 700 X g for 10 min at 4°C. The pellet was rehomog-
enized and centrifuged at 700 X g; the supernatants were combined and
centrifuged at 37,000 X g for 40 min at 4°C. This pellet (P2) was resus-
pended in 10 mm Tris-HCI, pH 7.4, supplemented with protease inhibitors.
Protein concentrations were determined via the Bradford assay. Then the
protein (400 pg) was solubilized by the addition of 0.1 vol of 10% sodium
deoxycholate in 500 mm Tris-HCI, pH 9.0, and incubated for 30 min at
36°C. A 0.10 vol of 1% Triton X-100/50 mm Tris-HCI, pH 9.0, was added,
and the preparation was dialyzed overnight at 4°C, followed by centrifu-
gation for 10 min at 100,000 X g. The supernatant was used for coimmu-
noprecipitation. Anti-filamin antibodies (1:50, Sigma; 1:20, Serotec, Ox-
ford, UK) were added to the clarified supernatant of the solubilized P2
fraction and were mixed by inversion for 2 hr at 4°C. Equilibrated protein
A-Sepharose beads were added and mixed by inversion for a further 2 hr
at 4°C. Eluted proteins were resolved by SDS-PAGE, transferred to a
PVDF membrane, and visualized by immunoblotting with an anti-Kv4.2
antibody generated against Kv4.2 residues 29-38: APPROERKRT (1:400;
Barry et al., 1995) or an anti-HERG antibody generated against HERG
residues 1145-1159: LTSQPLHRHGSDPGS (1:500; Pond et al., 2000),
followed by horseradish peroxidase-conjugated secondary antibody (1:
5000; Jackson ImmunoResearch). Enhanced chemiluminescence was per-
formed with the ECL™" detection kit (Amersham). For antibody controls
the immunoprecipitations were performed by using control IgG, and the
Kv4.2 antibody was blocked by preincubating with the immunogenic pep-
tide (100 ug/ml).

Filter overlay assays. GST and GST-Kv4.2 (aa 471-630) fusion proteins,
prepared from bacterial lysates, were purified with glutathione—Sepharose
beads (Pharmacia). GST and GST-Kv4.2 were released from the beads,
and ~3 pg of each fusion protein was electrophoresed. The resolved
proteins were transferred to a PVDF membrane, and the denatured
filter-bound proteins were renatured according to Wyszynski and Sheng
(1999). Briefly, membranes were incubated in buffer A [(in mMm) 10
HEPES, 60 KCIl, 1 EDTA, and 1 2-mercaptoethanol] containing 6 M
guanidine hydrochloride for 10 min at 4°C. Incubations were repeated for
10 min at 4°C, using decreasing concentrations of guanidine hydrochloride
(3, 1.5, 0.75, 0.38, 0.19, 0.1, and 0 m). pSG-5/filamin C (aa 2172-2705) was
in vitro-translated (Promega, Madison, WI) in the presence of [**S] and
used for the binding assay. The membrane was incubated with 10 ul of
[**S]filamin overnight at 4°C. The next day the membrane was brought to
room temperature, washed, and submitted to autoradiography.
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Myc-Kv4.2, myc-Kv4.2/600, and myc-Kv4.2/ATAA were in vitro-
translated in the presence of [*°S], electrophoresed, transferred, and
renatured as above. pSG-5/HA-filamin C (aa 2172-2705) was in vitro-
translated in the absence of [*°S] and used for the binding assay as above.
The next day the membrane was brought to room temperature, washed,
immunoblotted with anti-HA; enhanced chemiluminescence was per-
formed with the ECL ™ detection kit (Amersham). Then the membrane
was stripped and submitted to autoradiography.

Neuron culture and immunocytochemistry. Low-density hippocampal
neuronal cultures were prepared from hippocampi dissected from 3-d-old
Sprague Dawley rats and stored in an oxygenated solution. Then the
hippocampi were exposed to an oxygenated papain solution for ~1 hr,
dissociated, spun through BSA, resuspended in growth medium [Neuro-
basal medium supplemented with B-27 (Life Technologies)], and plated on
modified 35 mm culture dishes coated with poly-D-lysine and laminin.
After 15 d in culture the neurons were fixed in methanol for 15 min at
—20°C, blocked in 0.5% BSA for 30 min at room temperature, and
immunolabeled as described above with rabbit and Kv4.2 (1:100) and
mouse and filamin (1:100). Synaptophysin SV P38 monoclonal (Sigma) was
used at a dilution of 1:500. Immunofluorescence was visualized with a
Bio-Rad MicroRadiance confocal microscope at an optical thickness of ~7
m.
Fresh-frozen adult rat cerebellum was cryosectioned at a thickness of 20
um and thaw-mounted on Probe-On Plus slides (Fisher Scientific, Pitts-
burgh, PA). Sections were air-dried at room temperature for 1 hr, perme-
abilized, and blocked in 0.2% Triton X-100/0.5% BSA in PBS for 30 min.
Sections were incubated with primary antibodies for 1 hr and rinsed in
PBS, followed by incubation with secondary antibodies for 1 hr. Antibodies
were used at the following dilutions: Kv4.2, 1:100; filamin (Sigma), 1:200;
synaptophysin, 1:500. Immunofluorescence was visualized with a Bio-Rad
MicroRadiance confocal microscope at an optical thickness of ~4 um.
Digital images were prepared with Adobe Photoshop.

Electrophysiological analysis. Patch-clamp technique, performed with an
Axopatch-1D amplifier (Axon Instruments, Foster City, CA), was used to
measure whole-cell currents. Patch-clamp electrodes were filled with me-
dium containing (in mm): 130 KCI, 1 MgCl,, 5 EGTA, 5 Mg-ATP, and 10
HEPES, pH 7.2. The pipette resistances were 3-4 M(). The external
medium contained (in mm): 137 NaCl, 4 KCI, 1.8 CaCl,, 1 MgCl,, 10
glucose, and 10 HEPES, pH 7.4. Voltage-clamp pulses were delivered with
custom-designed software (Alembic Software, Montréal, Québec) imple-
mented on a personal computer equipped with an analog-to-digital board
(Omega, Stanford, CT). Data were sampled at 10 kHz and filtered at 2 kHz
for storage on computer hard disk and were analyzed with the same
software. Raw data are shown without leak correction. All experiments
were performed at room temperature (20-22°C). Activation of Kv4.2
current was induced from a holding potential of —80 mV by 500 msec
depolarizing pulses to potentials between —70 and 70 mV in 10 mV steps
that were imposed at intervals of 10 sec. In some experiments the holding
potential was shifted to —20 mV to inactivate Kv4.2 channels, and the
depolarizing protocol was repeated with steps ranging from —10 to 70 mV.
Cell capacitance was estimated by fitting the current induced by a small (10
mV) hyperpolarizing step and was verified by analog measurement with
the patch-clamp amplifier.

RESULTS

Interaction of Kv4.2 with filamin

In an effort to search for molecules that may be involved in the
localization of Kv4.2, we used the entire C terminus of Kv4.2 as bait
to screen a human heart cDNA library, using the yeast two-hybrid
system. The screen yielded multiple copies of four distinct cDNAs
encoding polypeptides that interacted specifically with the C ter-
minus of Kv4.2. No other clones were isolated in this screen.
Furthermore, an unrelated bait encoding the C terminus of HERG
did not interact with any of the isolated clones. Sequence analysis
revealed that one of the cDNAs was derived from filamin A,
whereas the other three cDNAs were derived from distinct but
overlapping sequences of a highly homologous polypeptide, filamin
C (Fig. 14).

Three filamin isoforms (A, B, and C) have been identified,
exhibiting an overall amino acid homology of 70-72%. Each iso-
form shares three common functional domains: a N-terminal actin-
binding domain that is structurally similar to that of the a-actinin/
spectrin/dystrophin family of cytoskeletal proteins, a semiflexible
rod domain composed of 24 repeats interrupted by two short
sequence inserts of 20-40 aa between repeats 15-16 and 23-24,
and a C-terminal self-association domain (Xie et al., 1998). All
partial filamin cDNA fragments that were isolated in this screen
began at variable starting points within repeat 20 and were com-
plete to the C terminus (Fig. 14).

To define the site of interaction between Kv4.2 and filamin, we
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Figure 1. The domain structure of filamin and interaction with Kv4.2. A, Human cDNA clones isolated with a yeast two-hybrid screen, using the Kv4.2
C-terminal region (aa 395-630) as bait, are shown aligned below a schematic representation of the filamin domain structure. A BD, Actin binding domain;
1-15, 16-23, and 24 represent ~96 aa repeats, each separated by hinge regions. Partial cDNAs from filaminA and filaminC genes were isolated. The
numbers in parentheses indicate the number of times each clone was isolated with the yeast two-hybrid screen. B, Sequence requirements in the Kv4.2
C-terminal region for interaction with filamin. FilaminC (aa 2172-2705), binding to Kv4.2C1 (aa 395-630), and deletion derivatives were assayed by
HIS3/B-gal induction in the yeast two-hybrid system. Residues 601-604 are required for interaction with filamin; deletion and/or mutation of this region
abolishes the interaction. Kv4.3, which contains the identical binding region, also interacts with filamin. The HERG C-terminal region (aa 864-1165) does
bind filamin. The various bait fragments were tested for filamin binding by semiquantitative yeast two-hybrid interaction assays that were based on the
degree of induction by the reporter genes HIS3 and B-gal. HIS3 activity was measured by the percentage of colonies growing on histidine-lacking medium
as compared with the full-length Kv4.2 bait (Kv4.2C1): +++, >75%; ++, >50%; +, >25%. B-Gal activity was determined from the time that was taken
for the colonies to turn blue in X-gal filter lift assays performed at room temperature: +++, <2 hr; ++, <3 hr; +, <4 hr; —, no significant activity. H6,
Sixth transmembrane domain.
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began by examining successively larger C-terminal deletions of
Kv4.2 that bind filamin, using yeast two-hybrid analysis. Deletion of
the C-terminal 25 aa did not affect binding (Fig. 1B). However,
deletion of the next four amino acids (601-604) completely abol-
ished the interaction, suggesting that these amino acids (P TPP) are
necessary for Kv4.2 interaction with filamin. We next generated
point mutations within this region, using the entire C-terminal
Kv4.2 bait fragment (Kv4.2C1). Substitution of the prolines in the
601-604 aa region to alanines (PTPP—ATAA) completely abol-
ished the interaction (Fig. 1B). These observations indicate that
this proline-rich region is a domain that is necessary for Kv4.2
interaction with filamin. This sequence was noted to be identical in
Kv4.3, consistent with its representing a site of interaction with
both members of the Kv4 family. The subsequent use of yeast
two-hybrid analysis confirmed that filamin also interacts with Kv4.3
(Fig. 1B).

Association of Kv4.2 and filamin in situ and in vitro

To investigate the interaction of Kv4.2 and filamin further, we
tested whether these proteins form a complex in transfected het-
erologous cells. COS7 cells, transfected either singly or doubly with
HA epitope-tagged filamin (HA-filamin) and myc-tagged Kv4.2
(myc-Kv4.2), myc-Kv4.2/600, or myc-Kv4.2/ATAA, were solubi-
lized and immunoprecipitated with an anti-HA antibody. The

A IP: HA-Filamin :
mreme -+ ot o+ o+t
HeeamoA - - - = T g I 2
b”,ﬁ;ﬂu = L NI IR . . +
7 . @l MyoHERG
—  Myckw2
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Figure 2. Coimmunoprecipitation in heterologous cells and direct binding
of Kv4.2 and filamin. 4, Extracts from COS7 cells singly or doubly trans-
fected with HA-filamin and myc Kv4.2, myc-Kv4.2/600, myc-Kv4.2/ATAA,
or myc-HERG were immunoprecipitated with anti-HA antibodies. The
immunoprecipitates were immunoblotted with anti-myc (fop panel) and
anti-HA antibodies (bottom panel). B, Extracts from Kv4.2-transfected
filamin * and filamin ~ cells were immunoprecipitated with anti-Kv4.2 an-
tibodies and immunoblotted with anti-filamin (fop panel) and anti-Kv4.2
(bottom panelg antibodies. C, Filter overlay assay showing direct in vitro
binding of [**S]filamin to Kv4.2. Glutathione $-transferase (GST) and
GST-Kv4.2 (aa 417-630) fusion proteins were prepared as crude bacterial
lysates and were purified with glutathione-Sepharose beads. Protein (5 pg)
was resolved by SDS-PAGE and transferred to a PVDF membrane. Top
panel, Renatured membrane overlaid with [*S]filamin showing specific
binding to GST-Kv4.2. Bottom panel, Ponceau S-stained membrane show-
ing the position and similar abundance of proteins in each lane. D, Filter
overlay assay showing direct in vitro binding of HA-filamin to in vitro-
translated Kv4.2, but not to Kv4.2/600 nor Kv4.2/ATAA. In all, 15 ul of in
vitro-translated [*S]Kv4.2, [3°S] Kv4.2/600, and [>°S]Kv4.2/ATAA was re-
solved by SDS-PAGE and transferred to a PVDF membrane. Top panel,
Renatured membrane overlaid with in vitro-translated HA-filamin and
immunoblotted with anti-HA showing specific binding to Kv4.2, but not to
Kv4.2/600 nor Kv4.2/ATAA. Bottom panel, The identical blot was stripped
and exposed to autoradiography, showing the position and similar abun-
dance of the in vitro-translated protein products in each lane.
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Figure 3. Biochemical association of Kv4.2 and filamin in rat brain. Shown
is the coimmunoprecipitation of Kv4.2 and filamin from cerebellum. Mem-
brane fractions of cerebellar homogenate were solubilized and immunopre-
cipitated as indicated. 4, The immunoblot shows that two different anti-
filamin antibodies (lane 1, Sigma; lane 2, Serotec) specifically precipitate
Kv4.2, as visualized by blotting with an anti-Kv4.2 antibody. Immunopre-
cipitation with control IgG (lane 5) does not pull down Kv4.2, demonstrat-
ing the specificity of the immunoprecipitation and competition of the
anti-Kv4.2 antibody; the immunogenic peptide completely blocked the
labeling of Kv4.2 (lane 4). The Input lane was loaded with 5% of the extract
used for immunoprecipitation (lane 3). B, The immunoblot shows that two
different anti-filamin antibodies (lane 2, Sigma; lane 3, Serotec) do not pull
down HERG, as visualized by blotting with an anti-HERG antibody. The
Input lane was loaded with 5% of the extract that was used for immuno-
precipitation (lane 1).

immunoprecipitates were resolved by SDS-PAGE and immuno-
blotted with anti-HA and anti-myc antibodies. As shown in Figure
2A4, HA-filamin was able to coimmunoprecipitate myc-Kv4.2 (lane
4). In contrast, HA-filamin was not able to coimmunoprecipitate
myc-Kv4.2/600 (lane 5), a deletion construct in which the last 30 aa,
including the PTPP binding site, had been removed, nor myc-
Kv4.2/ATAA (lane 6), a construct in which the PTPP binding motif
had been substituted with ATAA, indicating the specificity of the
Kv4.2/filamin association. In cells singly transfected with HA-
filamin or myc-Kv4.2, no myc-Kv4.2 was detected in the immuno-
precipitates isolated with the anti-HA antibody (Fig. 24, lanes 2
and 3, respectively). To demonstrate the specificity of this interac-
tion further, we cotransfected the cells with HA-filamin and myc-
HERG. Figure 24 shows that HA-filamin was unable to coimmu-
noprecipitate myc-HERG (lane 7) although myc-HERG was
detected readily in cell lysates (lane 8). Reciprocal immunoprecipi-
tations were performed with Kv4.2-transfected filamin* and fil-
amin ~ cells. Figure 2B shows that Kv4.2 was able to coimmuno-
precipitate filamin from filamin * cells, but not from filamin ~ cells.

Direct interaction of Kv4.2 and filamin was tested in a filter
overlay assay that used a GST-Kv4.2 bacterial fusion protein and in
vitro-translated [**S]filamin (Fig. 2C). A purified GST-Kv4.2 (aa
471-630) fusion protein and GST alone were separated by SDS-
PAGE and transferred to a PVDF membrane. The proteins were
renatured on the membrane and probed with in vitro-translated
[**S]filamin. Filamin bound to the GST-Kv4.2 fusion protein but
did not bind GST alone (Fig. 2C, fop panel). Moreover, when the
overlay assay was performed on non-renatured membranes, the
interaction was abolished, indicating that Kv4.2 must be in a native
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Figure 4. Colocalization of Kv4.2 and filamin in
cultured hippocampal neurons. Cultured hip-
pocampal neurons were double-immunolabeled by
using anti-Kv4.2 (4, C, E), anti-synaptophysin (B,
D), and anti-filamin (F) antibodies. A-D, Double
immunolabeling of endogenous Kv4.2 and synap-
tophysin shows that Kv4.2 is distributed in a punc-
tate pattern along dendrites, matching closely with
that of synaptophysin. E, F, Double immunolabel-
ing of endogenous Kv4.2 and filamin shows that
Kv4.2 and filamin colocalize in a punctate pattern
along the dendrites. Large insets in E and F rep-
resent high magnification view of small insets in
each panel, respectively.

conformation for association with filamin. To demonstrate the
specificity of this interaction further, we separated in vitro-
translated [*°S]Kv4.2, [**S]Kv4.2/600, and [*°S]Kv4.2/ATAA by
SDS-PAGE and transferred them to a PVDF membrane. The
proteins were renatured on the membrane and probed with in
vitro-translated HA—filamin. Figure 2D (top panel) shows that, on
immunoblotting with an anti-HA antibody, filamin specifically in-
teracts with Kv4.2 (lane 1, top panel), but not Kv4.2/600 (lane 2, top
panel) nor Kv4.2/ATAA (lane 3, top panel). Taken together, these
data show that Kv4.2 and filamin form a complex in heterologous
cells and that they interact directly in an in vitro assay.

Association of Kv4.2 and filamin in vivo

To determine whether Kv4.2 and filamin interact in vivo, we per-
formed coimmunoprecipitation experiments from rat cerebellum.
Membrane fractions from rat cerebellar homogenates were solubi-
lized, and the supernatant was immunoprecipitated with two dis-
tinct anti-filamin antibodies. The immunoprecipitates were re-
solved by SDS-PAGE, transferred to a PVDF membrane, and
immunoblotted with an anti-Kv4.2 antibody (Fig. 34). A band at
~74 kDa is seen with anti-Kv4.2 immunoblotting, indicating that
filamin is able to coimmunoprecipitate Kv4.2 (Fig. 34, lanes 1, 2).
Kv4.2 was not precipitated when control IgG was used as the
precipitating antibody (lane 5), indicating the specificity of the
coimmunoprecipitation. Moreover, competition of the anti-Kv4.2
antibody with the immunogenic peptide completely blocked the
labeling of Kv4.2 band (lane 4). As a further control demonstrating
the specificity of this interaction, we determined whether filamin
was also capable of immunoprecipitating HERG. Figure 3B shows
that, although HERG was readily detectable in brain lysates (Fig.
3B, lane 1), no HERG could be immunoprecipitated with either
anti-filamin antibody (Fig. 3B, lanes 2, 3). These data demonstrate
that Kv4.2 and filamin form a complex in brain.
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Kv4.2 colocalizes with filamin in cultured
hippocampal neurons

The results described above show that Kv4.2 and filamin interact
both in vitro and in brain. Do filamin and Kv4.2 colocalize in
neurons? This question was addressed by determining the localiza-
tion of endogenous Kv4.2 and filamin in cultured hippocampal
neurons. As shown in Figure 4, A-D, Kv4.2 exhibits a punctate
staining pattern along dendrites, matching closely that of the pre-
synaptic marker synaptophysin. Colabeling of endogenous Kv4.2
and endogenous filamin shows that filamin colocalizes with Kv4.2
in dendrites with an enrichment at synapses (Fig. 4E,F). Thus, at
the light microscope level, filamin colocalizes with Kv4.2 in
dendrites.

Kv4.2 and filamin colocalize in cerebellum

Kv4.2 immunoreactivity is present at high levels in the granule cell
layer of the cerebellar cortex, exhibiting a somatodendritic local-
ization (Sheng et al., 1992). As such, we used high-resolution
confocal imaging to determine whether Kv4.2 and filamin colocal-
ize in cerebellar sections, using a previously characterized anti-
Kv4.2 antibody (Barry et al., 1995). Figure 54 shows that Kv4.2 is
expressed abundantly in the cerebellar granule cell layer, consis-
tent with Sheng et al. (1992), and that there is an overlap between
Kv4.2 and filamin immunoreactivity in this cell layer. To determine
whether this colocalization represents a synaptic localization, we
determined whether Kv4.2 immunoreactivity correlated with that
of the synaptic marker synaptophysin. Figure 5B shows that the
Kv4.2 expression pattern highly correlates with that of synaptophy-
sin. Thus, at the light microscope level, these data show that Kv4.2
and filamin share an overlapping expression pattern in the granule
cell layer of the cerebellum, consistent with the direct association
of these proteins in vivo.



Petrecca et al.  Interaction of the Kv4.2 Potassium Channel with Filamin

A

J. Neurosci., December 1, 2000, 20(23):8736-8744 8741

Figure 5. Colocalization of Kv4.2 and filamin in cerebellum. Fresh-frozen 20-um-thick cryosections of adult rat cerebellum were double-immunolabeled
with anti-Kv4.2 (Cy3) and anti-filamin (Oregon green) antibodies (A4) and anti-Kv4.2 (Cy3) and anti-synaptophysin (Oregon green) antibodies (B). A4,
Low-magnification (left) and high-magnification (right) images show that Kv4.2 and filamin colocalize in the cerebellar granule cell layer. B, Low- and
high-magnification images (inset in top left panel indicates the region from which high-magnification images were obtained) show that the Kv4.2 and
synaptophysin distribution patterns overlap. G, Granule cell layer; M, molecular layer; W, white matter. Scale bars: 4, 50 um; B, 100 um.

Filamin localizes Kv4.2 to filopodial roots in
heterologous cells

To examine whether filamin colocalizes with Kv4.2 in heterologous
cells and to determine the significance of this interaction on Kv4.2
localization, we transfected myc-Kv4.2 into a filamin-deficient hu-
man malignant melanoma cell line (M2) and a M2 cell line stably
expressing filamin (Cunningham et al., 1992) and analyzed their
localization immunocytochemically. Figure 6, A and B, shows that
myc-Kv4.2 accumulates and colocalizes with filamin in filamin ™
M2 cells at the roots of filopods. Filamin localization at the roots of
filopods is consistent with a previous report demonstrating the role
of filamin in the induction of filopodia (Ohta et al., 1999). In
contrast, Kv4.2 expression in filamin~ M2 cells shows a more
uniform expression pattern, with no localization at filopodial roots
(Fig. 6G,H). To determine whether the loss of Kv4.2 localization at
filopodial roots is directly attributable to the absence of the filamin
interaction or to a general loss of filamin expression, we transfected
nonfilamin-interacting myc-Kv4.2/600 and myc-Kv4.2/ATAA mu-
tant channels into filamin ™ M2 cells. Similar to wild-type Kv4.2
distribution in filamin — M2 cells, neither myc-Kv4.2/600 nor myc-
Kv4.2/ATAA colocalizes with filamin in filamin ™ M2 cells, but
each shows a more uniform expression pattern with no specific
localization (Fig. 6C-F). These data demonstrate that Kv4.2 colo-
calizes with filamin in heterologous cells and that the accumulation
of Kv4.2 at filamin-rich filopodial roots is dependent on its inter-
action with filamin.

Effect of Kv4.2-filamin association on whole-cell Kv4.2
current density

To determine the significance of the Kv4.2—-filamin association on
whole-cell Kv4.2 current, we recorded, using the patch-clamp tech-
nique, the current generated from Kv4.2-transfected filamin " and
filamin ~ cells in whole-cell clamp mode. As is evident from the
recordings, there is a prominent transient outward current present
in Kv4.2-transfected cells in the presence or absence of filamin.

However, the current density, measured from the initial transient
outward peak to the current level at the end of the 500 msec step,
was 2.6-fold greater in the filamin * cells than in the filamin ~ cells
(Fig. 7A4,B). This also is reflected in the bar graph (Fig. 7F). These
results demonstrate that Kv4.2 channels are expressed functionally
and suggest that their interaction with filamin enhances the current
density. To determine whether this difference in whole-cell current
density was directly attributable to the Kv4.2—filamin interaction or
to a nonspecific lack of filamin in filamin ~ cells, we expressed the
Kv4.2/ATAA nonfilamin-interacting mutant channel in filamin*
cells. As shown in Figure 7C, the magnitude of the whole-cell
Kv4.2/ATAA current density was 2.8-fold less than that of wild-
type Kv4.2 expressed in filamin ™ cells and similar to that of
wild-type Kv4.2 expressed in filamin ~ cells. This is reflected in the
bar graph (Fig. 7F). It is noteworthy that the Kv4.2/ATAA currents
had markedly slower inactivation kinetics as compared with wild-
type Kv4.2, most likely resulting from a nonfilamin-related effect on
C-type channel inactivation. Experiments conducted with untrans-
fected or mock-transfected cells never expressed a transient out-
ward current. Instead, a small, relatively rapidly activating endog-
enous delayed rectifier current generally was observed that did not
inactivate during the 500 msec step (see Fig. 6D,F). The same
endogenous current also could be revealed in cells expressing Kv4.2
current when the Kv4.2 channels were inactivated by changing the
holding potential from —80 to —20 mV. Last, Kv4.2 currents were
blocked reversibly by 10 mm 4-aminopyridine (n = 8; data not
shown).

To determine whether the ~2.7-fold increase in whole-cell Kv4.2
current density is attributable to a higher density of channels in the
surface membrane or to a change in the single-channel conduc-
tance, we assessed the single-channel conductance of Kv4.2 ex-
pressed in each of these cell lines. In agreement with previous
studies (Cooper and Shrier, 1985; Cooper and Shrier, 1989), we
found single-channel conductances with high K™ concentration in
the pipette medium to be 46.0 = 1.79 pS (n = 5) and 43.6 = 1.33



8742 J. Neurosci., December 1, 2000, 20(23):8736-8744

Figure 6. Colocalization and accumulation of Kv4.2 and filamin at filopo-
dial roots in filamin " heterologous cells. Filamin * M2 cells were trans-
fected with myc-Kv4.2 (4, B), myc-Kv4.2/600 (C, D), and myc-Kv4.2/ATAA
(E, F). Filamin ~ M2 cells were transfected with myc-Kv4.2 (G, H). Cells
were double-immunolabeled with anti-myc (4, C, E, G) and anti-filamin (B,
D, F, H) antibodies. A, B, Kv4.2 exhibits a discrete subccllular distribution,
colocahzmg with filamin at filopodial roots in filamin ™ M2 cells. C, D,
Deletion of the C-terminal 30 aa of Kv4.2, including the ﬁlamin—binding site
(Kv4.2/600), and substitution of the prolincs with alanines within the
filamin-binding site of Kv4.2 (Kv4.2/ATAA; E, F) results in a loss of Kv4.2
colocalization with filamin and a resulting nonsPeciﬁc distribution with a
marked absence at filopodial roots in filamin ™ M2 cells. G, H, Kv4.2
exhibits a nonspecific distribution in filamin~ M2 cells. Arrows indicate
Kv4.2 and filamin localization at filopodial roots.

pS (n = 5) in filamin * and filamin ~ cells, respectively (data not
shown). This difference was determined not to be statistically
significant. As a further control we transfected the HERG K™
channel into filamin* (n = 4) and filamin~ (n = 4) cells and
recorded the magnitude of the whole-cell current. Our results
revealed no difference in current density between these cell lines
(data not shown). Moreover, total cellular Kv4.2 protein expression
is equivalent in filamin " and filamin ~ cells (see Fig. 2B, bottom
panel). Taken together, the electrophysiological data reveal that
Kv4.2 is expressed in the surface membrane in the presence or
absence of the filamin interaction; however, the presence of the
interaction results in an increase in the density of Kv4.2 channels
that are expressed in the surface membrane.

DISCUSSION

Here we report a novel protein—protein interaction between Kv4.2
and filamin, a member of the «-actinin/spectrin/dystrophin family
of actin-binding proteins. We have defined a PTPP motif in the C
terminus of Kv4.2 (aa 601-604) that is required for filamin inter-
action. Deletion or mutation of this motif abolishes the interaction,
as determined by the yeast two-hybrid assay. We also show that
Kv4.3, which contains the identical C-terminal tail PTPP motif,
also interacts with filamin in the yeast two-hybrid assay. In addition,
we demonstrate that Kv4.2 and filamin directly interact in in vitro
assays and can be coimmunoprecipitated from heterologous cells
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Figure 7. Effect of the Kv4.2-filamin association on whole-cell Kv4.2
current density. Large, transient whole-cell currents were induced in fil-
amin * cells transfected with Kv4.2 (A) by 500 msec depolarizing steps from
a —80 mV holding potential to potentials between —70 and 70 mV in 10 mV
steps that were imposed at 10 sec mtervals Recordings from filamin ~ cells
transfected with Kv4.2 (B) and filamin * cells transfected with Kv4. 2/ATAA
(C) revealed a smaller transient outward current. In untransfected filamin *

(D) or filamin ~ (E) cells this transient current was not observed. Instead,
a delayed rectifier-like endogenous current was recorded. Similar endoge-
nous currents were revealed in filamin * and filamin ~ cells transfected with
Kv4.2 by imposing the depolarizing step protocol from a —20 mV holding
potential (data not shown). The differences in the magnitude of the tran-
sient outward current as measured from the initial transient outward peak
to the current level at the end of the 500 msec depolarizing steps to +30 mV
were found to be 2.6-fold greater in Kv4.2-transfected filamin ™ cells (n =
22) than in filamin "~ cells (n = 15; *p < 0.001) and 2.8-fold greater in
Kv4.2- transfected filamin * cells than in Kv4.2/ATAA-transfected filamin *

cells (n = 15; *p < 0.001). This difference is reflected in the bar graph (F).

and rat brain extracts. Furthermore, immunolabeling experiments
reveal that Kv4.2 and filamin share an overlapping expression
pattern in the cerebellum and cultured hippocampal neurons.

Immunocytochemical analyses show that Kv4.2 is enriched and
colocalizes with filamin at cellular specializations: the roots of
filopods in filamin * heterologous cells. Deletion or mutation of the
Kv4.2-binding motif abolishes this enrichment and colocalization,
indicating that filamin plays a role in Kv4.2 localization. Expression
of Kv4.2 in filamin ~ cells also results in a loss of Kv4.2 localization
at filopodial roots. Moreover, the magnitude of whole-cell Kv4.2
current density is ~2.7-fold larger in filamin ™ cells as compared
with these currents in filamin ~ cells. The combined immunocyto-
chemical and electrophysiological data indicate that the observed
difference in the magnitude of whole-cell Kv4.2 current density
most likely is attributable to an increase in the number of func-
tional channels in the surface membrane as opposed to a change in
the single-channel conductance of Kv4.2. Taken together, these
findings indicate that filamin is a Kv4.2-interacting cytoskeletal
protein that colocalizes with Kv4.2 in neurons and plays an impor-
tant role in the localization and functional surface membrane of
Kv4.2 in heterologous cells.

What determines filamin localization?

The data presented in this study and others indicate that filamin
exhibits a restricted distribution within the cell, localized primarily
at cellular specializations, e.g., focal adhesion sites (Burridge and
Chrzanowska-Wodnicka, 1996; Schwarzman et al., 1999) and
filopodial roots (Ohta et al., 1999). This restricted localization may



Petrecca et al.  Interaction of the Kv4.2 Potassium Channel with Filamin

be attributable to its interaction with the adhesion molecule inte-
grin, a constituent protein of cellular specializations (Burridge and
Chrzanowska-Wodnicka, 1996). Interestingly, both integrin and
filamin have been implicated as molecular components of the
neuromuscular junction (NMJ), and B1-integrin has been shown to
play a physiological role in the agrin-mediated signaling cascade
that leads to AChR clustering (Meier and Wallace, 1998). Simi-
larly, filamin has been implicated in stabilizing AChR clustering at
the NMJ (Shadiack and Nitkin, 1991) and recently has been shown
to interact directly with sarcoglycan (Thompson et al., 2000).

Role of filamin at the synapse?

This study demonstrates that filamin colocalizes and interacts with
Kv4.2 in neurons. Using the yeast two-hybrid assay, we mapped the
filamin interaction site on Kv4.2 to a proline-rich region (P TPP) at
aa 601-604. This PTPP motif constitutes a consensus SH3-binding
module (Pawson and Scott, 1997); however, no SH3 domains were
found within filamin. Alternatively, the dependence of binding on
prolines suggests a role for these amino acids in establishing the
appropriate secondary structure that is required for Kv4.2—filamin
interaction. A similar proposal has been made for the interaction
between group 1 metabotropic glutamate receptors and Homer
proteins (Tu et al., 1998).

The postsynaptic localization of Kv4.2 is consistent with the
involvement of this fast-transient K™ channel in regulating the
excitability of the postsynaptic membrane and thus the reception
and integration of synaptic signals (Sheng et al., 1992; Alonso and
Widmer, 1997). The combined immunocytochemical and electro-
physiological findings presented here support two overlapping roles
for filamin with respect to Kv4.2 binding: surface membrane ex-
pression and subcellular localization of Kv4.2.

In heterologous cells, filamin is necessary for the induction of
filopodia (Ohta et al., 1999). A model has been put forth in which
dendritic spine formation results from the induction of filopodial-
like dendritic spine precursors under synaptic boutons on axons
(Matus, 1999). Filamin also has been demonstrated to exist in two
intracellular pools in a phosphorylation-dependent manner: one
associated with the plasma membrane and the other within the
actin cytoskeletal network (Sharma et al., 1995; Meyer et al., 1997,
Ott et al., 1998). Thus, signaling events at the PSD may regulate the
extent of Kv4.2 expression in the surface membrane via its inter-
action with filamin.

What is the importance of positioning this K* channel in such a
restricted manner? The answer may lie not within the ion channel
but in the complex with which it is associated. Modulatory enzymes
precisely localized to the subsynaptic membrane could provide a
rapid activity-dependent mechanism for the regulation of channel
expression in the surface membrane and/or channel kinetics, thus
modulating postsynaptic excitability. In fact, a role for PKC in
Kv4.2 and filamin modulation has been established (Nakamura et
al., 1997; Glogauer et al., 1998). Interestingly, PKC has been shown
to bind B-integrin (Ng et al., 1999), while the interaction of
B-integrin with filamin has been clearly established (Sharma et al.,
1995; Loo et al., 1998; Pfaff et al., 1998). Thus, via its interaction
with Kv4.2 and B-integrin, filamin may serve as a molecular scaffold
to localize Kv4.2 to the postsynaptic membrane and/or to mediate
the assembly of a macromolecular complex linking Kv4.2 to the
actin cytoskeleton and signaling molecules. A similar signaling
complex has been described within which Yotiao, a scaffold protein
that directly links the NMDA receptor with type I protein phos-
phatase and cAMP-dependent protein kinase, facilitates the regu-
lation of channel activity (Westpal et al., 1999).

The ability of filamin to localize Kv4.2 to cellular specializations
and stabilize its expression in the surface membrane in heterolo-
gous cells identifies it as a candidate protein involved in Kv4.2
localization and surface membrane expression at the synapse.
Further characterization of the Kv4.2/filamin interaction in neu-
rons will be required to address the role of filamin in Kv4.2
localization at the neuronal synapse.
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