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Interactions between CAP70 and actinfilin are important for
integrity of actin cytoskeleton structures in neurons
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Abstract

The integrity of dynamic actin structures is coupled to a variety of neurological processes. Actin-binding proteins play a critical

role in regulating actin structure dynamics. A link between actin-binding proteins and receptor interacting scaffolding proteins may
provide a conduit for transmitting signaling events to the cytoskeleton. Actinfilin is a brain-enriched actin-binding protein, though
its functions are currently unknown. We report here that actinfilin interacts with the multi-PDZ domain protein CAP70.

Recombinant expression of an actin-binding domain of actinfilin progressively causes marked changes of cellular morphology. The
effect on cell morphology may be reduced by co-expression with CAP70. Mutation of actinfilin lacking the ability to interact with
CAP70 abolished the effect by CAP70. The evidence suggests a role of actinfilin and possible regulation by scaffolding proteins.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The dynamic regulation of actin structure is known to
be involved in a number of biological processes.
Neuronal cytoskeleton plays a role in determining static
and dynamic morphology both in terms of overall cell
shape and subcellular structures. One such structure is
the dendritic spine, a protrusion found in more than 90%
of glutamatergic synapses. Spines are postsynaptic sub-
cellular domains, rich in actin and critical for synaptic
transmission. Changes in spine shape, number, and/or
morphology impact cellular learning and memory
(Fifkova and Van Harreveld, 1977; Crick, 1982; Chang
and Greenough, 1984; Desmond and Levy, 1988; Bailey
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and Kandel, 1993; Toni et al., 1999). The stability and
dynamics of actin structures in postsynaptic densities
may be regulated by diffusible secondary messages and
regulatory protein factors (Matus, 1999; Rao and Craig,
2000). Hence, a combination of chemical signaling and
mechanical stability may provide the basis for cross-talk
between signaling events and subcellular structures.

CFTR associated protein 70 (CAP70) is a scaffolding
protein with four PDZ protein interaction domains
which are found in a number of tissues including brain
(Kocher et al., 1998; Wang et al., 2000). Actinfilin is
a novel brain-enriched protein that was cloned on the
basis of its interaction with CAP70 (Chen et al., 2002).
Actinfilin is homologous to Drosophila Kelch, which has
a characteristic amino-terminal BTB/POZ domain that is
involved in homomeric or heteromeric proteineprotein
interactions (Li et al., 1992; Aravind and Koonin, 1999).
In addition, to the C-terminus there are six homologous
kelch domains that are thought to form a beta-propeller
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structure conferring binding to F-actin (see review by
Adams et al., 2000). While much evidence has accumu-
lated from genetic studies with regard to Kelch’s role in
morphogenesis of the Drosophila ovarian ring canal
(Robinson et al., 1997), its precise biochemical and cell
biological function remains unknown. Recently, another
Kelch-related protein has been identified which is asso-
ciated with giant axonal neuropathy (GAN) (Bomont
et al., 2000), hence named gigaxonin. Gigaxonin has an
essentially identical domain organization to actinfilin.
This further raises questions concerning the biochemical
and physiological roles of kelch domain containing
proteins.

Actinfilin is found specifically in brain and concen-
trated in, but not limited to, dendritic terminals including
postsynaptic densities that are also concentrated with
actin (Matus et al., 1982; Chen et al., 2002). Purified
actinfilin interacts with F-actin suggesting that it interacts
with actin structures in vivo. Because of actinfilin
interactions with both actin structures and CAP70, and
the likely interaction between CAP70 and receptors and/
or channels, it is of importance to investigate actinfilin
interactions with CAP70 and their potential effects on cell
morphology.

Here we report a series of biochemical and cell
biological experiments to investigate the possible roles of
actinfilin. The activities of actinfilin in neurons were
studied with a truncated form which corresponds to the
actin-binding domain. The effects of CAP70 on actinfilin
were examined by combinatorial co-expression. Expres-
sion of the actin-binding domain of actinfilin disrupted
the F-actin structures and led to marked changes of
neuronal morphology. The results provide evidence of
macromolecular organization including actinfilin,
CAP70 and actin.

2. Methods

2.1. Materials

Molecular cloning reagents were purchased fromNew
England Biolabs (Beverly, MA) or Promega (Madison,
WI). Glutathione sepharose-4B was from Amersham
Pharmacia (Piscataway, NJ). Fluorescein or Texas red
dye conjugated goat anti-rabbit IgG and horse anti-
mouse IgG was from Jackson Labs (West Grove, PA,
1:250 for immunocytochemistry). Rabbit anti-PSD95
antibody (1:5000 for immunoblotting and 1:2000 for
immunohistochemistry) and rabbit anti-CAP70 antibody
(1:2000 for immunoblotting and 1:500 for immuno-
histochemistry) were generated against glutathione-
S-transferase (GST) fusion protein, and rabbit
anti-actinfilin antibody (1:5000 for immunoblotting and
1:200 for immunohistochemistry) was generated against
maltose binding protein (MBP) fusion protein. Rabbit
anti-synGAP antibody (1:500 for immunoblotting) and
mouse anti-PSD95 antibody, clone K28/43 (1:100 for
immunohistochemistry) were from Upstate Biotechno-
logy (Lake Placid, NY). Goat anti-rabbit lactose de-
hydrogenase (LDH) (1:500 for immunoblotting) and
mouse anti-NR1 antibodies (1:2500 for immunoblotting
and 1:100 for immunohistochemistry) were purchased
from Chemicon International (Temecula, LA). Mouse
anti-flag (M5, 1:2500 for immunoblotting) and mouse
anti-HA antibodies (F-7, 1:2500 for immunoblotting)
were from Sigma (St. Louis, MO). Fluorescein or
rhodamine-conjugated phalloidin were from Molecular
Probes (Eugene, OR) (1:50 for immunocytochemistry).
And all other reagents were purchased from Sigma
(St. Louis, MO), except as indicated.

2.2. Yeast two-hybrid screen

Full length CAP70 was subcloned into yeast expres-
sion vector pPC97 in a fusion with the GAL4 DNA
binding domain. This construct was transformed in
yeast strain PJ69-4a (MATa trp1-90i leu2-3112 ura 3-52
his3-200 gal4D gal80D GAL2-ADE2 LYS2::GAL1-
HIS3 met2::GAL7-lacZ) (James et al., 1996) by the
lithium acetate method (Straus and Ausubel, 1990).
Transformants were selected on leucine� (Leu�) medium
and subsequently transformed with an oligo-dT-primed
rat hippocampal cDNA library subcloned into vector
pPC86 (gift of Dr. Paul Worley). Positive clones were
selected on the basis of growth in triple-selection media
(Leu�, Trp�, and Adenine�). The plasmids were
isolated using RPM Yeast Plasmid Isolation Kit (BIO
101, Vista, CA) and transformed into Escherichia coli
HB101. The E. coli clones containing the pPC86
construct were rescued, and the plasmids were isolated.
The positive clones were cotransformed into yeast PJ69-
4a with either the bait vector or the original pPC97
vector to determine bait-dependent growth.

2.3. Immunoblot analysis of developmental expression
of CAP70 protein in rat brain

Postnatal days 2e20, day 24 and adult brains of
SpragueeDawley (SD) rats were harvested and ground
in liquid nitrogen. The powder (20 mg) was solubilized
in 250 mL SDS solubilization buffer (1% w/v 2-(N-
cyclohexylamino) ethanesulfonic acid (CHES), 2% w/v
SDS, 1% w/v DTT, 10% v/v glycerol, pH 9.5). Then an
equal amount of SDS sample buffer was added. The
samples were boiled for 5 min. Each sample (5 mL
(200 mg)) was load onto 10% SDS-PAGE and trans-
ferred to NC membranes. Anti-CAP70 antibody was for
immunoblot analysis.
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2.4. In situ hybridization

In situ hybridization was performed using a digox-
genin (DIG)-RNA labeling kit (Boehringer Mannheim,
Indianapolis, IN). Briefly, DNA templates for RNA
probe synthesis were prepared by digesting plasmid
containing the full length rat CAP70 cDNA. After
linearization, DIG-labeled RNA probes were prepared
by in vitro transcription. Frozen horizontal sections
(12 mm) of adult male SD rat brain were used to analyze
the CAP70 mRNA distribution. All solutions were
prepared in deionized H2O treated with 0.1% (v/v)
diethylpyrocarbonate and autoclaved. Prehybridization
was carried out at 4 �C overnight with prehybridization
solution (50% formamide, 5! SSC, 5! Denhardt’s
solution, 250 mg/mL yeast tRNA, and 500 mg/mL
salmon sperm DNA). For hybridization, the sections
were covered with a prehybridization solution contain-
ing 1 mg/mL of cRNA probe and incubated at 65 �C
overnight in a humid chamber. Sections were immersed
sequentially in 0.2! SSC twice and buffer 1 (0.1 M
TriseHCl, pH 7.5, 0.15 M NaCl) twice. The sections
were covered by 1:2000 anti-DIG antibody in buffer 2
(1% inactivated normal goat serum in buffer 1) and
incubated at 4 �C overnight. After rinsing with buffer 1
and buffer 3 (0.1 M TriseHCl, pH 9.5, 0.1 M NaCl, and
50 mM MgCl2), the sections were developed with
a solution containing 1.2 mg levamisole and 300 mL
NBT/BCIP in 5 mL development buffer containing
0.1 M Tris (pH 9.5), 0.1 M NaCl, and 50 mM MgCl2.

2.5. Immunohistochemistry staining

Immunohistochemical staining of adult male SD rat
brain was performed on horizontal 20 mm microtome
sections using rabbit or mouse antibodies at the
dilutions as described in Section 2.1. The antibody
binding was visualized using biotin-conjugated second-
ary antibody. Vectastain ABC kit (Vector Laboratories,
Burlingame, CA) was used to visualize the immuno-
complex in the sections.

Cultured neurons grown on poly-L-lysine-coated
18-mm diameter glass coverslips were washed with
phosphate-buffered saline (PBS), fixed for 20 min with
4% paraformylaldehyde in PBS, and permeabilized for
15 min with 0.2%Triton X-100 in PBS. Then the samples
were sequentially exposed to primary and secondary
antibodies in immuno-staining buffer (5% normal goat
serum, 5% normal horse serum, 5% BSA, and 0.1%
Triton X-100 in PBS) for 1 h at room temperature.
Primary antibody dilutions are described in Section 2.1.
Fluorescent-conjugated secondary antibodies were used
at a 1:250 dilution. The mounted coverslips were viewed
with an Ultraview confocal microscope.
2.6. Subcellular fractionation

Cell fractionation studies were performed using brain
homogenates from adult SD rats as described by Carlin
(Carlin et al., 1980). Briefly, w5 gm of fresh cerebellum
was homogenized in 50 mL of 320 mM sucrose buffer
(320 mM sucrose, 1 mM NaCO3) (sample was saved as
brain lysate) and centrifuged for 10 min at 1400! g.
The supernatant was saved, and the pellet was then
homogenized again in the same 50 mL buffer and spun
for 10 min at 710! g. The supernatant was pooled with
the supernatant from the previous spin and spun for
10 min at 755! g (the supernatant were saved as s2. The
pellet was resuspended to 50 mL in the same buffer and
saved as p2). The supernatant (s2) was spun again for
10 min at 13,800! g. The supernatant was saved as s5.
This pellet was resuspended and homogenized in 12 mL
low salt buffer (320 mM sucrose, 1 mM NaCO3) (sample
was saved as p5) and loaded onto a sucrose gradient
(0.85 M sucrose, 1.0 M sucrose and 1.2 M sucrose in
1 mM NaCO3). After a 2 h spin at 82,500! g, the
sample above 0.85 M sucrose, the sample between 0.85
and 1.0 M sucrose, the sample between 1.0 and 1.2 M
sucrose and the sample of the pellet were resuspended in
30 mL of low salt buffer, yielding 6g1, 6g2, 6g3 and 6g4
fractions. The 6g3 was named as the synaptosomal
fraction in previous literature (Chen et al., 1998). The
6g3 synaptosomal fraction was solubilized by adding
30 mL 1% ice-cold Triton X-100 in low salt buffer for
15 min and centrifuged at 32,000! g for 20 min. The
pellet was resuspended in 1.25 mL low salt buffer loaded
onto a sucrose gradient (1.0 M sucrose, 1.5 M sucrose
and 2.0 M sucrose in 1 mM NaCO3). The Triton 1 PSD
fraction was recovered between 1.5 and 2.0 M sucrose
after a spin at 201,800! g for 2 h. The Triton 1 PSD
fraction was resuspended in 6 mL low salt buffer and
further solubilized again by adding 6 mL 1% Triton
X-100 (1% Triton X-100 in 150 mM KCl). The PSD
fraction was centrifuged at 210,800! g for 20 min. The
pellet was resuspended in 200 mL of 40 mM TriseHCl
(pH 8.0) and saved as Triton 2 PSD fraction. For
probing the presence of CAP70 in the PSD, the protein
concentration was determined by DC protein assay kit
(Bio-Rad Laboratories Inc., Hercules, CA). Saved
samples (5 mg) were separated by 10% SDS-polyacryl-
amide gel and immunoblotted with antibodies for NR1,
GluR2, CAP70, synGAP or LDH (Ye et al., 2000).

2.7. Co-immunoprecipitation

For co-immunoprecipitation in heterologous cells,
COS7 cells were transfected with different combinations
of constructs. At 48 h post transfection, cells were
washed twice with PBS and lysed in 200 mL lysis buffer
(10 mM TriseHCl (pH 8.0), 1% Triton X-100, 15 M
NaCl, 1 mM EDTA, 10 mM NaN3, and protease
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inhibitor cocktail (1 mM phenylmethylsulfonyl fluoride,
1 mg/mL leupeptin, 2 mg/mL aprotinin and 1 mg/mL
pepstatin)) at room temperature for 30 min. The
supernatant was collected after centrifugation of the
lysates at 27,000! g for 1 h at 4 �C. An aliquot of
50 mL of the supernatant was incubated with corre-
sponding antibody and 20 mL of protein A-sepharose
(1:1 slurry) in 200 mL of lysis buffer overnight at 4 �C.
The mixture was washed three times with PBS
(containing 0.5 M NaCl). The proteins were eluted with
30 mL SDS sample buffer. An aliquot of 10 mL from
each sample was separated by 10% SDS-polyacrylamide
gel. Immunoblot analysis was performed with the
indicated antibodies.

Immunoprecipitations from rat brain homogenates
were performed according to a published protocol
(Dunah et al., 1998). Briefly, a total of 800 mL extract
was incubated with antibodies 4 �C overnight. Precip-
itates were washed with binding buffer twice (50 mM
TriseHCl, pH 8.0, pH 7.4, 0.1% Triton X-100) and
resuspended in 70 mL of SDS sample buffer. Then 10 mL
of each sample was separated by 10% SDS-polyacryl-
amide gel. Immunoblot analysis was performed with the
indicated antibodies.

2.8. Co-sedimentation study

The pGEX4T2 plasmid was modified by adding one
Tobacco Etch V Nia protease (TEV) cleavage site
flanked by two domains of the Gly-Gly-Gly-Gly-Ser
(G4S) sequence between GST and the downstream
fusion protein. E. coli BL21 cells were used to express
the GST-TEV-kelch domain protein, and the recombi-
nant protein then was purified by GST sepharose-4B
column. The kelch domain protein was eluted from the
column by TEV protease and further purified using
Mono-Q ion exchange chromatography. The resulting
fractions were analyzed by SDS-PAGE before being
pooled together and concentrated. The rabbit skeletal
muscle globular actin (G-actin) was purchased from
Cytoskeleton (Denver, CO). The ability of the kelch
domain of actinfilin proteins to associate with F-actin
was examined by co-sedimentation assays with modifi-
cation (Bailey and Kandel, 1993). The kelch domain
proteins were pre-cleaned by centrifugation at
100,000! g for 1 h at 4 �C. Kelch domain proteins
and G-actin were mixed in 100 mL F-actin polymeriza-
tion buffer (5 mM imidazole [pH 7.0], 50 mM KCl,
1 mM MgCl2, 0.2 mM ATP, 1 mM EGTA, and 0.5 mM
DTT) at room temperature for 2 h. The samples were
centrifuged at 30,000! g for 20 min at 4 �C. SDS
sample buffer (100 mL in 2! concentrated stock) was
added to the supernatant, and the pellets were resus-
pended in 100 mL 1XSDS sample buffer. An aliquot of
10 mL of supernatant or 5 mL of the pellet from each
sample was analyzed by SDS-PAGE and visualized with
Coomassie blue staining. In the co-sedimentation
experiment of kelch domain protein with actin, immu-
noblotting with anti-actinfilin antibody was used to
examine the presence and absence of the kelch domain
protein in each sample, because of the similar protein
molecular weight of kelch domain protein and actin.

2.9. Neuronal culture and transfection

Cortical neurons from embryonic day 17 SD rats
were cultured according to the procedure of Ghosh and
Greenberg (Ghosh et al., 1994), except that the cells
were maintained in neurobasal medium supplemented
with B27 supplements (Invitrogen, Carlsbad, CA). For
transfection studies, low density cortical neurons were
transfected at 3e5 days in vitro with different combi-
nations of plasmids. The transfection was carried out by
the calcium phosphate method. The neurons were then
stained at 2 days after the transfection for young
neurons and at about 2 weeks after the transfection
for mature neurons.

2.10. Quantification of the changes of cell morphology

For HeLa cells, the cells were transfected at 50%
confluence with mixed Fugene 6 (Roche, Indianapolis,
IN) and different plasmid combinations for 4 h, then the
medium was changed and cells were allowed to grow for
the indicated time periods. For confocal imaging, the
cells were fixed and stained with rhodamine-phalloidin
on the second day after transfection. For morphology
quantification, the live cells were imaged directly by
ZEISS fluorescent microscopy with a 10! lens. The
rounded-up cells were determined using two following
criteria: (1) whether the cell was very well extended in
both GFP fluorescence and differential interference
contrast (DIC) images; (2) the volume of the cells on
the DIC image.

For neurons, the transfection was carried out by the
calcium phosphate method. For confocal imaging, neu-
rons were fixed and stained with rhodamine-phalloidin
on the third day after transfection. The phalloidin binds
to F-actin at the junction between subunits (Steinmetz
et al., 1998) and has similar affinity for both large and
small filaments. It has been used as a way to monitor
the depolymerization of the filamentous actin (Shorte,
1997).

3. Results

3.1. Neuronal expression of CAP70

A CAP70 antibody identified a single CAP70 band in
most tissues but detected two very closely migrating
bands of 70 kDa in brain. The specificity of antibody
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binding is characterized by peptide competition (Wang
et al., 2000). During development, expression of the
CAP70 upper band could be detected as early as day 4,
becoming obvious on day 10. The expression of the
CAP70 lower band was not detectable until day 10 and
reached a similar level to that of the upper band on day
24. Both bands were found in maximal level in the adult
rat brain (Fig. 1A). The location of CAP70 in different
rat brain regions was analyzed at the mRNA level by in
situ hybridization (Fig. 1B) and at the protein level by
immunohistochemistry (Fig. 1D). Strong hybridization
signals were found in hippocampal and cerebellar
regions of the adult rat brain (Fig. 1B). In contrast,
the sense probe showed no detectable hybridization
(data not shown). Anti-CAP70 antibodies were used to
detect protein localization in different regions of rat
brain using successive sections. CAP70 was localized in
various regions of brain including cortex, hippocampus,
and cerebellum. The most prominent staining was in the
pyramidal cells in cingulated cortex layer 5 of cerebral
cortex and CA1 region of hippocampus. In cerebellum,
both Purkinje cells and granule cells were positive. The
staining of all three regions was concentrated mostly in
the soma and the dendritic processes (Fig. 1D, the right
panels). Using specific antibodies for actinfilin and
PSD95, we have previously shown considerable overlap
in their protein localization (Chen et al., 2002). To more
accurately compare the protein distribution with that of
actinfilin, we visualize these proteins using the serial
adjacent sections (Fig. 1D). Overall, the distribution of
CAP70 has a considerable overlap with that of PSD95
and actinfilin (Kistner et al., 1993; Chen et al., 2002).

To further determine the subcellular localization of
the CAP70 protein, isolated cortical neurons in cultures
were stained with an affinity purified anti-CAP70
antibody and analyzed by confocal microscopy. The
CAP70 signal was found to be diffused throughout
the cell and also in small fluorescent puncta along the
neurites. Double staining of anti-CAP70 antibodies with
antibodies for either PSD95 or NMDA receptor subunit
1 (NR1) displayed different degrees of overlaps with
PSD95 and NR1 in the punctated structure (Fig. 1C).
This supports a notion of structure heterogeneity within
dendritic processes.

Different from what has been found in kidney, CAP70
in brain is insoluble. Even under strong detergent
conditions, only a small fraction of CAP70 could be
solubilized (data not shown). Immuno-staining of the
CAP70 protein both in tissue and in transfected culture
showed that the CAP70 was colocalized to the actin-rich
subcellular domains in non-neuronal cells (data not
shown). The partial colocalization of CAP70 with NR1
and PSD95 at the punctated structures in neurites is
consistent with the notion that CAP70 is a component of
the postsynaptic density protein complex. To test this
hypothesis, postsynaptic density preparations were
obtained using standard techniques (see Section 2), and
the resultant protein samples from different steps of the
isolation were collected and analyzed by immunoblotting
using specific antibodies for CAP70, NR1, GluR2,
synGAP and lactose dehydrogenase (LDH). NR1,
GluR2, and synGAP were enriched in synaptosomes
and resistant to detergent treatments (Fig. 2A, Triton 1
and Triton 2), consistent with previous results (Cho
et al., 1992; Kim et al., 1996; Kim et al., 1998). A typical
soluble protein, LDH, did not show any enrichment in
the insoluble preparations nor did it display any
resistance to detergent treatments (Fig. 2A, bottom
panel, lanes 5 and 6). The level of enrichment of CAP70
in the synaptosome fraction was not as pronounced as
that of other PSD proteins such as synGAP (Fig. 2A,
lanes 1 and 4). Instead, CAP70 appeared to be highly
enriched in the Triton 1 fraction (Fig. 2A, lane 5). Hence,
the evidence is consistent with the notion that CAP70
is a component of postsynaptic densities. This data
also suggest that CAP70 may be present in non-PSD
microdomains.

3.2. Interactions of CAP70 with actinfilin

CAP70 consists of four tandem PDZ domains
(Kocher et al., 1998; Wang et al., 2000). This allows it
to interact with several other proteins in the brain by
nucleating protein complexes. To search for possible
CAP70-associated proteins, a yeast two-hybrid screen
was performed using CAP70 full length cDNA as bait.
Plasmids of positive clones were rescued and confirmed
by retransformation and growth selection. Multiple
independent clones of candidate interacting proteins
have been identified (see Section 2). These include
synaptic RasGAP (synGAP) and SAP90/PSD95-
associated proteins (SAPAP), both of which are present
in the nervous system and found in the PSD protein
complex. In addition, we also found at least two
additional novel genes, designated as clones 6 and 14.
The coding sequences of these two clones differ in the C-
terminal domains but have a similar amino-terminal
POZ/BTB domain (pox virus and zinc finger) or T1
domain in potassium channels. The BTB/POZ or T1
domains are involved proteineprotein interactions and
ion channel subunit assembly (Li et al., 1992; Ahmad
et al., 1998; Kreusch et al., 1998; Wong and Privalsky,
1998). Clone 6 is the rat isoform of the SETA binding
protein 1 (SB1) gene (Borinstein et al., 2000). The
homomeric interactions of clone 6 and clone 14 were
detected, suggesting a role in oligomerization in vivo.

Clone 14 is actinfilin that we reported earlier (Chen
et al., 2002). To further analyze interactions between
CAP70 and actinfilin, we constructed flag-tagged full
length actinfilin. The immunoprecipitation experiments
were performed with protein A agarose conjugated with
either anti-flag antibody for actinfilin or anti-HA



Fig. 1. Developmental expression, brain distribution and subcellular localization of CAP70 protein. (A) Expression of CAP70 during postnatal

development of the rat brain. Rat brain tissue lysates were prepared from the rats for every other day from day 2 to day 20, day 24 and adult. A total

of 200 mg of tissue lysate from each sample was analyzed by immunoblotting. The postnatal day of the samples is indicated on the top of the gel. The

two CAP70 bands are indicated on the left. The same amount of tissue lysate was analyzed by immunoblotting with anti-actin antibody to calibrate

protein loading in all lanes. (B) In situ hybridization detection of mRNA encoding CAP70 in rat brain. Horizontal sections of adult rat brain were

hybridized with DIG-labeled antisense probe (Section 2), which was generated using full length of mouse CAP70 cDNA. (C) Colocalization of

CAP70 and postsynaptic protein in cultured cortical neurons. Low density mature cortical neurons, 21 days in vitro culture (DIV21), were stained

with antibodies against proteins as indicated on the top of each image and imaged with a confocal microscope. Top panels e double labeling of the

cortical neurons for endogenous CAP70 and PSD95, with the merged color image as indicated. Bottom panels e double labeling of the cortical

neurons for endogenous CAP70 and the NR1 subunit of the NMDA receptor with the merged color image as indicated. (D) Immunohistochemistry

detection of the CAP70 protein in rat brain. Consecutive sections of rat brain were stained with the antibodies against actinfilin, PSD95 and CAP70

as indicated on the left of the panel (Section 2). The regions of sections, cerebral cortex, hippocampus, and cerebellum, are indicated on the top. The

sections were viewed with a bright field light microscope with 20! objective lens. Higher magnification views are shown in the inserts.
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antibody for CAP70. Following immunoprecipitation,
immunoblotting with either anti-HA antibodies or anti-
flag antibodies was carried out to detect precipitated
polypeptides. CAP70 and actinfilin were co-immuno-
precipitated either by anti-flag antibody or by anti-HA
antibody (Fig. 2B, lanes 4 and 8). In contrast, the
actinfilin lacking the last three amino acids did not show
co-immunoprecipitation with CAP70 (Fig. 2B, lanes 3
and 7). This result is in good agreement with a direct
interaction between PDZ domain-mediated CAP70 and
the C-terminus of actinfilin.

To determine whether CAP70 and its associated
proteins form a protein complex in brain tissue, the
interactions of CAP70, actinfilin, and synGAP in
solubilized brain extracts were tested by performing
co-immunoprecipitation (Fig. 2C). Antibodies for
CAP70 and PSD95, but not HA were able to co-
immunoprecipitate other PSD proteins including syn-
GAP, actinfilin and the NR1 subunit of the NMDA
receptor (Fig. 2C, lanes 2, 5 and 6). The anti-actinfilin
antibody was able to co-immunoprecipitate PSD95,
synGAP but was not able to effectively co-immunopre-
cipitate NR1 (Fig. 2C, lane 3), and the anti-synGAP
antibody was able to co-immunoprecipitate PSD95,
NR1 and actinfilin (Fig. 2C, lane 4). While, anti-CAP70
precipitated synGAP and actinfilin, the signal of CAP70
immunoprecipitated by anti-actinfilin and anti-synGAP
was not detectable. This may be caused by the very
limited solubility of CAP70 (Fig. 2A). The precipitates
were also immunoblotted by anti-GluR2 antibody. No
signal was found in any of the immunoprecipitates,
although GluR2 could be detected in the input sample
(Fig. 2C, lane 1), supporting the specificity of antibodies
used in immunoprecipitation. This provides evidence
that the NR1 subunit of the NMDA receptor, PSD95,
synGAP and CAP70 are in the same or overlapping
protein complexes. Although both CAP70 and actinfilin
have very limited solubility, the ability of anti-CAP70
antibody to precipitate actinfilin (Fig. 2C, lane 2) is
indicative that actinfilin is connected to the protein
complex. This is consistent with the role of CAP70 in
organization of the protein complex including actinfilin,
synGAP, and NMDA receptors.

Previous work showed that different PDZ domains of
CAP70 possess different binding affinities for the CFTR
carboxyl terminus. Multivalent binding is important for
CAP70 to regulate CFTR channel activity (Wang et al.,
2000). To characterize the association of CAP70 with its
binding proteins, constructs for HA and GFP double
tagged individual PDZ domains of CAP70 were made
(Fig. 3A). Our yeast two-hybrid screen for CAP70
binding proteins has identified actinfilin, SB1 and
synGAP. Co-immunoprecipitation experiments were
carried out to test the binding preference of flag-tagged
actinfilin, SB1 and synGAP to individual PDZ domains
of CAP70. PDZ domains 1, 3 and 4 were capable of
interacting with actinfilin (Fig. 3C, upper panels).
Precipitation of the PDZ1 domain was more efficient
than that of PDZ3 or PDZ4, consistent with the notion
that the PDZ1 domain has the highest affinity. The
interaction of SB1 with various PDZ domains displayed
a similar specificity profile (Fig. 3C, middle panels). In
contrast, PDZ3 appeared to have the highest affinity
interaction with synGAP compared to other PDZ
domains (Fig. 3C, lower panels). The binding preference
of synGAP is similar to that of CFTR (Wang et al.,
2000). This interaction preference may stem from their
C-terminal interaction motifs: TSL (actinfilin), TSF
(SB1), TRV (synGAP) and TRL (CFTR) (Fig. 2B). The
�1 position, Ser for actinfilin and SB1 but Arg for
synGAP and CFTR, may be responsible for the dif-
ferential binding preference. The localization of CAP70
and actinfilin in cultured neurons has significant over-
laps (data not shown), in agreement with the notion of
CAP70eactinfilin interaction in vivo.

3.3. Actinfilin interactions with F-actin

Actinfilin is a brain-enriched protein found in the
postsynaptic densities and in the shaft of dendrites (Chen
et al., 2002). Purified glutathione-S-transferase (GST)-
kelch fusion protein was sufficient to interact with F-
actin in the presence or absence of phalloidin (data not
shown). Because actinfilin has a BTB/POZ domain that
mediates homomeric interactions, it is believed that
native actinfilin oligomerizes and is therefore capable of
bundling F-actin filaments. Our previous experiments
were performed with GST fusion of kelch domain (Chen
et al., 2002), to directly demonstrate that the interaction
is indeed mediated by the kelch domain and that the
monomeric kelch domain is sufficient for binding,
a tobacco etch virus (TEV) protease site was engineered
between GST and kelch (see Section 2). The resultant
kelch domain (a.a. 287e639) protein was cleaved off,
purified, and confirmed by mass spectrometry (Fig. 4A).
An increasing concentration of F-actin induced dose-
dependent kelch precipitation with F-actin (Fig. 4B,
lanes 4, 6, and 8). The interaction between actinfilin and
F-actin was also visualized by electron microscopy after
negatively staining the purified proteins. The purified
kelch domain alone was found to decorate F-actin
filaments. GST-kelch was able to bind and bundle F-
actin filaments presumably via a weak GSTeGST
interaction (data not shown). To image F-actin and
actinfilin in native cells, the cortical neuronal cultures
(20 days in vitro culture) were stained with anti-actinfilin
antibody and rhodamine-conjugated phalloidin to visu-
alize F-actin. Actinfilin showed small fluorescent puncta
staining distributed along the neurites and the soma. In
the neurites, the punctated staining of actinfilin was
partially overlapped with F-actin structure (Fig. 4C).
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The non-overlapped areas may represent interactions
between actinfilin with non-polymerized actin and/or
other interacting proteins (see Section 4).

3.4. Effects on F-actin integrity by kelch domain
interaction

The integrity of actin-based cytoskeleton is directly
related to cell morphology. In many cases such as
cofilin, changing the interaction between actin and actin-
associated proteins causes alterations in cell morphology
(Bamburg, 1999). To test functional roles of actinfilin,
we have made multiple expression vectors including
three different constructs corresponding to the coding
sequences of the N-terminus (a.a. 1e344), C-terminus
(a.a. 287e639) and full length protein (a.a. 1e639).
When expressed in COS7 cells, fusion proteins with
expected sizes were detected by immunoblot analyses
(Chen et al., 2002). The expression of these proteins in
cultured neurons has differential effects. The N-terminal
domain consists of the POZ oligomerization motif.
Its over-expression displayed densely packed structures
non-native to the cells. The full length actinfilin also
yielded similar morphology (data not shown). This is
distinct from the staining pattern of the native actinfilin
(Fig. 4C). However, the expression of kelch domain in
the cultured neurons was consistently unsuccessful,
suggesting that the recombinant kelch protein may
result in loss of transfected cells because of morpholog-
ical changes.

If the kelch domain asserts effects on actin structures,
one would expect the effect is likely conserved in other
cultured cells. We chose to express the kelch domain in
HeLa cells where the actin structures have been well

Fig. 2. Interaction of CAP70 and actinfilin protein. (A) CAP70 in

a postsynaptic density (PSD) preparation. Membrane fractionation

studies were performed as described in Section 2. Each of 5 mg samples

from rat brain total lysates, s5, p5, synaptosome fraction, PSD (Triton

1), and PSD (Triton 2) were separated by SDS-PAGE as indicated on

the top of the gel. Immunoblotting was used to detect CAP70, the NR1

subunit of the NMDA receptor, the GluR2 subunit of the AMPA

receptor, synGAP and LDH in each sample, as marked on the left. (B)

CAP70eactinfilin association in transfected COS7 cells. COS7 cells

were transfected using different combinations of plasmids as indicated

on the top. The cell lysates were immunoprecipitated with anti-flag or

anti-HA antibodies, as indicated at the top, and the immunoprecipi-

tants were separated by 10% SDS-PAGE gel and detected by

immunoblotting with the antibodies indicated at the bottom.

ActinfilinD3 is the full length of actinfilin gene, but with the last three

amino acids deleted. (C) Co-immunoprecipitation of CAP70, actinfilin,

synGAP, PSD95 and NR1 from solubilized rat brain membrane

extracts. Co-immunoprecipitation using rat brain membrane extracts is

described in Section 2. Five percent of the total solubilized rat brain

membrane fraction was loaded for comparison. The antibodies used in

the immunoprecipitation are indicated on the top of the gel, and the

antibodies used in immunoblotting are indicated on the left side of the

gel.
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Fig. 3. Differential interactions between individual PDZ domains of CAP70 and its associated proteins. (A) Schematic diagrams of HA- and GFP-

fusions of the full length or the individual PDZ domains of CAP70. The amino acid positions corresponding to the CAP70 amino acid sequences are

indicated. (B) A schematic diagram summarizing the binding preference derived from immunoprecipitation experiments. (C) Actinfilin, SB1 and

synGAP associate with different PDZ domains of CAP70 in transfected COS7 cells. COS7 cells were transfected using different combinations of

plasmids as indicated on the top of each gel. Presence of CAP70 and its individual PDZ domains are indicated by their name, and presence or absence

of SB1, actinfilin and synGAP are marked as ‘‘C’’. The soluble cell lysates were immunoprecipitated with anti-flag or anti-HA antibodies, and the

immunoprecipitants were separated by 10% SDS-PAGE. After transfer to nitrocellulose membrane, the immunoprecipitated polypeptides were

detected by antibodies indicated at the bottom of the gels.
studied. The transient expression of the GFP-kelch
fusion resulted in morphological changes of HeLa cells,
characteristically rounding up. Such changes in mor-
phology coincide with the loss of stress fiber staining in
HeLa cells (Fig. 5A). The extent of morphological
changes was time-dependent, where the expression of
the kelch domain gave rise to a more pronounced effect
at 72 h after transfection than that at 24 h (Fig. 5B, right
panels). The majority of the kelch domain-expressing
cells eventually dislodged from the culture dishes. In
contrast, the expression of a GFP construct did not
cause any noticeable change in either cell number or
morphology.

The protein expression and the corresponding mor-
phological changes have been quantified (Fig. 6A and B).
In cells that have been transfected with either GFP or
GFP-kelch, the total numbers of GFP positive cells have
been determined at 24, 48 and 72 h after transfection.
Of the GFP positive cells, those with the ‘‘rounded-up’’
morphology have been quantified. The ratios of
‘‘rounded’’ cells vs. GFP positive cells (‘‘transfected’’)
are shown in histograms (Fig. 6B). At 72 h after
transfection, more than 85% GFP-kelch transfected
cells exhibited substantial morphological changes result-
ing in loss of attachment. In contrast, less than 20%GFP
transfected cells displayed changes of morphology
(Fig. 6B). The differential effects by GFP and GFP-kelch
were not due to the lack of expression, as the protein
levels of GFP were detectable at 24 h after transfection
and present in comparable amounts at 48 and 72 h after
transfection (Fig. 6A). This result is indicative that the
kelch domain, presumably via its ability of binding to
actin, is causal in changing HeLa cell morphology.

3.5. Rescuing activity of CAP70eactinfilin interactions

The differential interactions of four PDZ domains of
CAP70 with CFTR channel potentiate CFTR channel
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Fig. 4. Association of actinfilin protein with filamentous actin. (A and B) Association of the kelch domain of actinfilin protein with filamentous actin

in vitro. The kelch domain protein (kelch) of actinfilin was purified as described in Section 2. (A) Purified kelch domain protein. Purified kelch

domain protein (0.5 mg) was assayed by SDS-PAGE. (B) The association of kelch domain protein with filamentous actin was tested by co-

sedimentation assay. The final concentration of actin and kelch domain protein is indicated on the top of the gel. The band corresponding to actin or

kelch domain protein is indicated on the left. The actin is shown by coomassie blue stained SDS-PAGE (lower panel), and the kelch domain protein is

shown by immunoblotting with anti-actinfilin antibody (upper panel). The supernatant (S) and the pellet (P) were loaded in the same amounts on the

gel and are indicated above the gel. (C). Colocalization of actinfilin with F-actin in cultured cortical neuron. Low density mature cortical neurons (21

days in vitro) were stained with anti-actinfilin antibody and rhodamine-conjugated phalloidin to visualize F-actin and imaged with a confocal

microscope. (a) Punctate staining of endogenous actinfilin is colocalized with actin structure in cultured cortical neuron. Double labeling of the

endogenous actinfilin protein, actin structure, and the overlapped image as indicated. The boxed regions are shown in higher magnification in the

corresponding lower panels.
activity (Wang et al., 2000). In brain tissue and cultured
neurons, CAP70 protein has considerable overlap with
that of actinfilin (Fig. 1D, and data not shown). It is
curious whether the CAP70eactinfilin interactions have
any effect on morphological changes. To test this, HA-
CAP70 was co-expressed with the GFP-kelch domain,
and the morphological changes of GFP positive cells
were monitored and quantified using the procedure
described above (Fig. 6C, Section 2). Co-transfection of
CAP70 with GFP-kelch reduced the ‘‘rounded-up’’ cell
ratio from 86.4G 2.4% to 47.0G 1.6% (Fig. 6C, #2 &
#4). This effect is not related to possible reduction of
kelch expression as a result of competing expression of
another protein because co-transfection of an unrelated
HA-fusion protein (G3BP) did not alter the effectiveness
of the kelch domain in mediating morphological
changes (Fig. 6C, #6). Co-expression of other interact-
ing proteins such as PSD95 instead of CAP70 displayed
no rescuing effect (data not shown).
The suppression (rescue) of kelch-induced morpho-
logical changes by CAP70 may originate from several
possible mechanisms. For example, CAP70 may confer
biochemical activities downstream, hence suppressing the
effects of the kelch domain. Another possibility is CAP70
interacts with the kelch via PDZ domain interactions
(Fig. 3). To test the role of PDZ domain-mediated
interaction, the effect of CAP70 was examined using
mutants of kelch domain proteins. A deletion mutant of
the kelch domain lacking the TSL binding motif was
equally effective in causing the cell ‘‘rounded-up’’
morphology at a ratio of 92.8G 5.0%, but it displayed
no sensitivity to the rescuing effect by CAP70 (Fig. 6C, #3
& #5). A substitution of TSL with FCF, which interacts
with the PDZ1 domain of inactivation no afterpotential D
(INAD) (van Huizen et al., 1998), was also no longer
sensitive to CAP70 (data not shown). Thus, the direct
interaction of CAP70 with the C-terminus of the kelch
domain is likely to be responsible for the rescue effects.
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Fig. 5. Induction of the ‘‘rounded-up’’ morphology change in HeLa cells by over-expression of the kelch domain of actinfilin protein. (A) Diverse

morphology of HeLa cells 24 h after transfection with the GFP-kelch domain of actinfilin construct. The GFP fluorescent signal is evenly distributed

inside the cell, and the cell has very typical actin stress fibers (a). GFP signal is aggregated in the cell, and no stress fiber is in the transfected cells (b).

Both GFP and actin stainings show the fragmentation of the cytoplasm (c). Cells are rounded-up, with the majority of cells losing attachment to the

bottom of the culture plate (d). (B) HeLa cells were transfected with the GFP-kelch domain construct. The integrity of the actin structure was imaged

by a confocal microscope after labeling cells with rhodamine-phalloidin at 24 h after transfection. The overall morphology changes in the HeLa cells

after transfection were tracked by GFP fluorescent and DIC images at 24, 48 and 72 h. Tracking of the morphology changes after the transfection at

24, 48 and 72 h as indicated on the left side of the images. The cells were either transfected with GFP construct or the GFP-kelch domain construct as

indicated on the top.
To monitor the effect of kelch domain in neurons,
primary cortical neurons were transfected, and the
morphological changes were tracked by staining neurons
with rhodamine-phalloidin at different times after trans-
fection. At 48 h post transfection, major morphological
changes could be observed in the transfected neurons. The
actin and kelch protein could be seen in the soma and the
neurites. Phalloidin-binding signal and GFP with fused
kelch domain were very well colocalized in a small
percentage of transfected, surviving neurons (Fig. 7A,
b&b1).While inmost of the transfected neurons the actin
organization was disrupted (Fig. 7A, c & d, and e & f). In
contrast, GFP transfected neurons displayed normal
actin organization (Fig. 7A, a). Because the phalloidin has
no effect in biochemical binding assay between kelch and
F-actin (Chen and Li, unpublished results), the disap-
pearance of phalloidin signal is consistent with reduction
of F-actin structure accessible to phalloidin binding. The
kelch expression in the transfected neurons and the actin
cytoskeleton changes were quantified. The ratios of the
transfected neurons displayed no phalloidin-binding
signal versus the total number of transfected neurons
(GFP positive) are shown in the histogram (Fig. 7C).
At 48 h after transfection, about 90G 2% of neurons
transfected with the kelch construct showed disinte-
gration of actin cytoskeleton (Fig. 7B). In contrast,
approximately 20G 4% of neurons transfected with the
GFP construct showed some degree of disruption in the
actin structures. This is similar to the findings in HeLa
cells (Fig. 6). In the kelch and CAP70 cotransfected
neurons, the ratio was reduced to about 67G 3%.
Detection of surviving neurons after the kelch transfection
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Fig. 6. Quantification of the morphology changes in HeLa cells. (A) Expression of GFP and GFP-kelch domains of the actinfilin construct. The

protein expression level of the corresponding constructs was determined by immunoblotting with an anti-GFP antibody. Lysate for 10,000 cells of

each sample was separated by SDS-PAGE and transferred to a nitrocellulose filter, then analyzed by immunoblotting. The transfected cells were

harvested at the time point as indicated at the bottom of the gel. The amount of plasmid used in the transfection is indicated on the top of the gel, the

GFP-kelch domain protein and the GFP protein are indicated to the right. The loading control is displayed at the bottom panel. (B) A histogram of

the percentage of rounded cells GFP-kelch transfected cells. Different amounts of DNA used in the transfection are indicated at the bottom of the

histogram, as are the time points when the expression and morphology changes were monitored. The details are described in Section 2. The ratios of

the number of ‘‘rounded-up’’ GFP fluorescence positive cells vs. the total number of GFP fluorescence positive cells are plotted as a percentage. For

each sample, a minimum of 200 GFP fluorescence positive cells were counted and two independent experiments were carried out for each sample. (C).

Suppression of the effects of the kelch domain by co-expression with CAP70 in HeLa cells. Upper panel. A histogram displays the ratios of rounded

cell vs. total transfected cells at indicated time points. The different combinations of transfection are shown below. The protein expression in each

combination is monitored at 24 h by immunoblot using either anti-GFP (upper panel) or anti-HA (lower panel). The corresponding bands of the

GFP-kelch/kelchD3 domain of actinfilin, GFP, HA-CAP70 and HA-G3BP proteins are indicated to the left of the gels.
was not successful in mature neurons. In contrast, when
co-expressing CAP70, mature neurons expressing the
kelch domain were readily observed (data not shown),
indicating that the CAP70 effect was stable in non-
dividing neurons. These results suggest that the changes
of actin cytoskeleton organization in the neurons were
caused by recombinant expression of the kelch domain of
actinfilin protein, and this effect can be suppressed by co-
expression of the CAP70 protein.

4. Discussion

The kelch domain has been found in a variety of
proteins. Their functional roles are diverse, including
enzymatic catalysis, transcription, recombination, and
interaction with cytoskeleton structures (see review by
Adams et al., 2000). The interaction of the kelch domain
with F-actin has been recognized from both genetic
studies in which Kelch confers proper morphology of
actin-rich intracellular canals (Xue and Cooley, 1993)
and biochemical studies that demonstrate the interaction
with F-actin in vitro (Robinson et al., 1997; Kim et al.,
1999; Adams et al., 2000; Chen et al., 2002). The precise
role of interactions with F-actin has not been fully
established. This is in part due to the lack of an assay to
monitor its activity in culture. The perturbation of F-
actin in cultured cells reported here has opened the
opportunities to investigate its role in detail within
a specific cell biological context.

The ability to interact with F-actin indicates that
actinfilin is a member of actin-binding proteins. Several
classes of actin-binding proteins have been identified,
including actin-depolymerizing factors (ADF)/cofilins,
profilins, gelsolins, thymosins, DNase I, capping pro-
teins, and actin related protein (Arp) 2/3 complexes (see
review by dos Remedios et al., 2003). These proteins
confer a variety of activities ranging from globular (G)-
actin sequestering to polymerization inhibition via catal-
ysis (e.g., ADF/cofilin), end capping (e.g., tropomodulin),
or serving (e.g., gelsolin). Other classes of actin-binding
proteins appear to play a role in organizing large
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structures by cross-linking of filamentous (F)-actin (e.g.,
actin related protein (Arp) 2/3) or stabilizing actin
filaments to prevent depolymerization (e.g., tropomyo-
sin). Hence, these activities confer both diversity and
plasticity of actin structures, giving rise to the rich
biology of actin structures in eukaryotes (see reviews by
Bamburg, 1999; Higgs and Pollard, 2001). Actinfilin and
Drosophila Kelch are similar in a number of ways,
including similar domain organizations and interactions
with F-actin. Unique to actinfilin is the striking tissue
specific expression in neurons (see Fig. 1 and Chen et al.,
2002). The high degree of conservation both in terms of
amino acid sequence and in terms of biochemical binding
to F-actin presents a special challenge to dissecting the
functional roles of actinfilin and the related proteins. The
questions may be addressed at two different resolutions.
The first approach would be to genetically remove the
gene (such as actinfilin) or to reduce the expression level
via techniques such as RNA inference (RNAi). In-
formation resulting from these kinds of studies would
provide insights into what aspects of physiological
processes actinfilin may affect. The second approach
would be to focus the question(s) on the functional role
concerning one specific aspect of activity, i.e. the
actinfilineCAP70 interaction and actinfilineF-actin in-
teraction. The RNAi approach was effective to reduce
recombinant actinfilin expression but showed no effect
on native actinfilin expression, presumably due to the
long half life of actinfilin protein (data not shown). The
present report attempts to address this question by
studying interactions in vitro and in cultured cells. The
purified recombinant kelch domain of actinfilin, either in
monomeric form or in dimeric form (GST fusion), is
sufficient to bind to F-actin. The binding may be detected
by co-sedimentation assays (Chen et al., 2002) and
imaged by electron microscopy. The evidence reported in
this paper shows that kelch binding to F-actin is an
important interaction critical for the integrity of actin
structures. The over-expression of kelch, presumably via
binding to F-actin, hence disrupting a native interaction,
induced dramatic morphological changes. Despite the
tissue specific expression of actinfilin in brain, the
physiological role conferred by actinfilin kelch is
conserved in other cells, such as HeLa cells (Figs. 5
and 7). It is not known but certainly of great interest to
test whether actin-binding kelch domains found in other
kelch domain containing proteins may also cause the
morphological changes of the actin cytoskeleton. It is
important to point out that the experimental evidence
present here does not rule out possible additional activity
for kelch domain or for actinfilin. Mel-26 is a member of
BTB domain containing proteins. Different from actinfi-
lin, Mel-26 has a MATH domain at the C-terminus,
which plays a role in recruiting substrate for ubiquitina-
tion pathway (Pintard et al., 2003).

The interaction of CAP70 with actinfilin abolishes the
effects of the kelch domain (Figs. 6 and 7). The effects
were observed in both transiently transfected dividing
Hela cells and non-dividing cultured neurons. CAP70
may exert such an effect by two different mechanisms.
One would be that the CAP70 interaction results in a loss
of actinfilin interaction with F-actin. Such inhibition
may be either competitive or non-competitive with
regard to the modes by which actinfilin interacts with
F-actin and CAP70. Our evidence from in vitro binding
experiments suggests that the binding of kelch to F-actin
is not affected by purified CAP70 (data not shown). This
argues against the notion that the effect found in the
cultured cells was due to the loss of actinfilin binding to
F-actin by CAP70. Hence, one likely possibility is that
the CAP70-mediated rescuing effect is caused by
a combination of CAP70 binding with specific sub-
cellular localization of CAP70. This is an interesting
topic of future investigation. CAP70 was isolated on the
basis of its binding to cystic fibrosis transmembrane
conductance regulator (CFTR). It potentiates CFTR
channel activities by multivalent interactions which
recruit two CFTR molecules into a transition dimer
(Wang et al., 2000). This appears to be an important
mechanism for regulating CFTR channels (Kleizen et al.,
2000; Bezprozvanny and Maximov, 2001). There are
several lines of evidence suggesting that CAP70 may
have multiple interaction partners. First, it is expressed
abundantly in a number of tissues including kidney, liver,
small intestine, and brain. Some of these tissues express
little or no CFTR. Second, within a given tissue such as
kidney where the CAP70 is found, the protein level is
considerably more abundant than that of CFTR. Third,
recent evidence also has indicated CAP70 interaction
with scavenger receptor B, type I (SR-BI), which
regulates the level of receptor surface expression (Silver,
2002; Madjdpour et al., 2004). Thus, CAP70 may
Fig. 7. (A). Effects of the kelch domain of actinfilin protein in neurons. A GFP-kelch construct was transfected into cultured cortical neurons on day

5. Neurons were fixed, and the actin structures were labeled by rhodamine-phalloidin 48 h after transfection. Neurons were then imaged by

a confocal microscope. The neuron was transfected by GFP construct and showed GFP in green and actin in red (a). The boxed growth cone region

was showed in high magnification in (a1). The neurons were transfected by the GFP-kelch domain construct and showed GFP signal in green and

actin in red (b, c, d, e and f). The boxed regions are shown correspondingly in high magnification (b1, c1, d1, e1 and f1). (B). Reduction of the effects

of the kelch domain by CAP70 in neurons. Images of neurons transfected with indicated constructs are shown. (C) The effect by kelch was quantified

as described in Section 2. Two independent transfections and at least 100 neurons were scored for each sample. The percentage of the phalloidin-

negative neurons of the transfected (GFP positive) neurons is plotted as a histogram in the right panel. The combinations of the constructs used in the

transfection are indicated at the bottom of the histogram. An example image for each sample is shown on the left panel, and the transfection and

staining are as indicated.
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participate in different biological processes and investi-
gation of CAP70 interaction partners may provide
additional insights into its functional roles. The ability
of CAP70 to bind several neuronal proteins, such as
synGAP, SB1 and SAPAP, suggests possible roles of
CAP70 in organizing protein complexes. Interestingly,
interactions with individual PDZ domains display
different binding preferences (Fig. 3). The differential
binding preference of PDZ domain containing scaffold-
ing proteins has been seen in a number of cases including
PSD95 (Cho et al., 1992), glutamate receptor interacting
protein (GRIP) (Dong et al., 1997) and INAD (van
Huizen et al., 1998; Xu et al., 1998). Distinct binding
specificity of tandem PDZ domains in these proteins
provides an attractive mechanism by which one scaffold
could recruit multiple interaction partners in order to
achieve both specificity and stoichiometry. Thus, CAP70
may function by linking actin structures to receptor/
channel signal effectors.

The critical role of kelch binding to the actin structure
also raises an interesting question concerning the disease
mechanism caused by a similar protein known as giga-
xonin, which was first identified from patients who suffer
giant axonal neuropathy (GAN) (Bomont et al., 2000;
Bruno et al., 2004). This protein possesses a domain
organization essentially identical to that of actinfilin.
Distinct from actinfilin is its ability to interact with
microtubule components (Ding et al., 2002). Intriguingly,
several mutations found in human patients are localized
within the POZ/BTB domain, presumably resulting in
loss of oligomerization (Bomont et al., 2003). This raises
the question of whether the mutated protein functions
similarly to the kelch domain, which displays a potent
effect in our experiments. It would be of interest to
examine the potential functional parallel of actinfilin and
gigaxonin.
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