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Abstract. 

 

The actin cytoskeleton has been implicated
in endocytosis, yet few molecular links to the endocytic
machinery have been established. Here we show that
the mammalian F-actin–binding protein Abp1 (SH3P7/
HIP-55) can functionally link the actin cytoskeleton to
dynamin, a GTPase that functions in endocytosis. Abp1
binds directly to dynamin in vitro through its SH3 do-
main. Coimmunoprecipitation and colocalization stud-
ies demonstrated the in vivo relevance of this inter-
action. In neurons, mammalian Abp1 and dynamin
colocalized at actin-rich sites proximal to the cell body
during synaptogenesis. In fibroblasts, mAbp1 appeared
at dynamin-rich sites of endocytosis upon growth factor
stimulation. To test whether Abp1 functions in endo-
cytosis, we overexpressed several Abp1 constructs in

Cos-7 cells and assayed receptor-mediated endocytosis.
While overexpression of Abp1’s actin-binding modules
did not interfere with endocytosis, overexpression of
the SH3 domain led to a potent block of transferrin up-
take. This implicates the Abp1/dynamin interaction in
endocytic function. The endocytosis block was rescued
by cooverexpression of dynamin. Since the addition of
the actin-binding modules of Abp1 to the SH3 domain
construct also fully restored endocytosis, Abp1 may
support endocytosis by combining its SH3 domain in-
teractions with cytoskeletal functions in response to sig-
naling cascades converging on this linker protein.
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sis • SH3P7 • neuronal plasticity

 

Introduction

 

Dynamic regulation of the actin cytoskeleton is crucial
for many cellular functions. In yeast, a functional con-
nection between the cortical actin cytoskeleton and en-
docytosis exists. Mutations in several actin-binding pro-
teins and even in actin itself result in endocytosis
defects (for review, see Geli and Riezman, 1998; Wend-
land et al., 1998). The molecular basis for these effects is
not understood. However, genetic studies using actin and
cofilin mutants suggest that rapid turnover of the corti-
cal actin cytoskeleton is required for endocytic internal-
ization. In mammals, such a connection between cyto-
skeletal and endocytic functions has not been as clearly
established. The use of drugs such as cytochalasins, la-
trunculins, and jasplakinolide or mutant forms of the
Rho family of small GTPases to perturb the actin cyto-

 

skeleton (reviewed by Ellis and Mellor, 2000) often yields
inconsistent results when different assays and cell sys-
tems are used, as shown by a broad study by Fujimoto et
al. (2000, and references therein).

The endocytic uptake of extracellular medium and
plasma membrane is accomplished by several distinct

 

pathways, and requires a coordinated interaction of the
components of the endocytic machinery (reviewed by
Brodin et al., 2000). The fission reaction, which gives rise to
endocytic vesicles pinched off from the plasma membrane,
is controlled by the large GTPase dynamin (for review, see
Sever et al., 2000). A rapidly growing list of Src homology 3

 

(SH3)

 

1

 

 domain-containing accessory proteins is also impli-
cated in the formation of endocytic vesicles. These include
amphiphysins (reviewed in Wigge and McMahon, 1998),
endophilins (Micheva et al., 1997; Ringstad et al., 1997),
DAP160/intersectin scaffolding proteins (Roos and Kelly,
1998; Yamabhai et al., 1998), and syndapins (Qualmann et
al., 1999). These proteins can form stable complexes with
the COOH-terminal proline-rich domain of dynamin. SH3
domain–proline-rich domain interactions have been dem-
onstrated to strongly activate dynamin’s GTPase activity
(Gout et al., 1993). Little, however, is known about the
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potential cross talk between the endocytosis machinery
and the cortical cytoskeleton.

Recently, a few candidates for proteins that could func-
tion at the interface between actin and endocytosis in mam-
malian cells have emerged (for review, see Qualmann et al.,
2000). Syndapins are the potential molecular links that
have been most extensively characterized functionally.
Syndapins, which bind to both dynamin and to N-WASP
(Qualmann et al., 1999), are implicated in endocytic func-
tion by both in vitro reconstitution and in vivo studies (Sim-
pson et al., 1999; Qualmann and Kelly, 2000). They are also
capable of promoting actin polymerization through a
mechanism involving the Arp2/3 complex (Qualmann and
Kelly, 2000). Another candidate is profilin, a nucleotide ex-
change factor for monomeric actin. Profilin has been found
to bind to dynamin as well (Witke et al., 1998).

Elucidation of the role of the actin cytoskeleton in en-
docytosis in mammals would result if it were possible to
identify the molecular links at the interface of actin and
endocytosis and to unravel their functions. One approach
is to search for mammalian homologues of yeast cytoskel-
etal proteins genetically implicated in endocytosis. We
previously described two such putative homologues. First,
the mouse protein mHip1R (Huntingtin-interacting pro-
tein 1–related), which is related to Sla2p (synthetic lethal
with Abp1) (Holtzman et al., 1993), also named End4
(Raths et al., 1993). Hip1R is a novel actin-binding compo-
nent of the clathrin coat (Engqvist-Goldstein et al., 1999).
The second protein, mAbp1 (Lappalainen et al., 1998;
Kessels et al. 2000), is the mouse homologue of yeast
Abp1 (actin-binding protein 1; Drubin et al., 1988). This
protein was also systematically named SH3P7 because it
was identified in a screen for SH3 domain–containing pro-
teins (Sparks et al., 1996). The ubiquitously expressed 56-
kD protein mAbp1 contains two independent F-actin
binding modules, one is the NH2-terminal actin-depoly-
merizing factor homology (ADF-H) domain and the other
the central helical domain. Mammalian Abp1 is specifi-
cally recruited to dynamic actin structures (Kessels et al.,
2000). This localization is somewhat reminiscent of the lo-
calization of the yeast protein, which is found in cortical
actin patches accumulating in the yeast bud but not at ac-
tin cables (Drubin et al., 1988). This selectivity for sites of
high actin dynamics manifests in a strong accumulation at
the leading edge of moving and of spreading cells, whereas
in resting cells Abp1 shows a more uniformly distributed,
punctate immunostaining pattern. The shift to the periph-
ery is controlled by signal transduction pathways leading
to activation of the GTPase Rac1 and can be directly in-
duced by a dominant-active mutant version of Rac1 (Kes-
sels et al., 2000). Several signaling pathways may converge
on Abp1, as Abp1 proteins from different species were
found to interact with (a) Src kinases (SH3P7; Lock et al.,
1998), (b) the hematopoietic progenitor kinase 1 (HIP-55;
Ensenat et al., 1999), and (c) the myosin I heavy chain ki-
nase (DdAbp1; de la Roche and Cote, 1999).

Here we report that Abp1 can interact with the GTPase
dynamin in vitro and in vivo and may be involved in mem-
brane transport processes in neuronal and nonneuronal
cells. We demonstrate that overexpression of the Abp1
SH3 domain blocks endocytosis in vivo and that the step-
wise readdition of the actin-binding modules of Abp1 re-
stores endocytic function. Our analysis suggests that Abp1

is a functional and physical link between the cortical actin
cytoskeleton and endocytosis on which several signaling
pathways converge.

 

Materials and Methods

 

DNA Constructs and Recombinant Proteins

 

The majority of glutathione-S-transferase (GST)–mAbp1 fusion plasmids
used in this study for expression in bacteria were described previously
(Kessels et al., 2000). Further GST-fusion constructs, pGAT2-mAbp1
(1–370; ADF-H/hel/flex) and pGAT2-mAbp1 (282–433

 

P422L, G425R

 

; flex/
SH3

 

mut

 

) were generated accordingly. The construct containing two point
mutations within the SH3 domain of mouse Abp1 (P422L and G425R)
was generated by PCR with a reverse primer giving rise to these amino
acid exchanges. All constructs were sequenced to ensure that no unde-
sired mutations were introduced. To generate NH

 

2

 

-terminally myc-tagged
Abp1 constructs for overexpression in mammalian cells, the mouse Abp1
sequences were subcloned into the pRK5 vector (provided by Alan Hall,
University College London, London, UK). The myc-tagged overexpres-
sion construct containing the NH

 

2

 

-terminal SH3 domain of Grb2 was gen-
erated by subcloning from Grb2N-pGEX2T (provided by Brian Kay, Uni-
versity of Wisconsin-Madison, Madison, WI) into pRK5. Flag-Abp1 was
generated by subcloning full-length Abp1 from pGAT2 into the pCMV-
Tag2B vector (Stratagene).

The rat endophilin SH3 domain was cloned from a rat brain cDNA li-
brary (MATCHMAKER in pGAD10; CLONTECH Laboratories, Inc.)
by PCR and cloned into pGEX-2T. Sequencing confirmed that the se-
quence was identical to the partial rat endophilin clone AF96003 in Gen-
Bank.

Dynamin2aa–green fluorescent protein (GFP) was kindly provided by
Marc McNiven (Mayo Clinic and Foundation, Rochester, MN) and HA-
dynamin1 constructs were provided by Sandra L. Schmid (Scripps Re-
search Institute, La Jolla, CA).

GST-fusion proteins were expressed in 

 

Escherichia coli

 

 BL21 cells and
purified using glutathione agarose beads (Sigma-Aldrich), as described
previously (Kessels et al., 2000), and dialyzed. GST fusion proteins com-
prising the syndapin I SH3 and syndapin I SH3

 

P434L

 

 were described by
Qualmann et al. (1999) and prepared accordingly.

 

Tissue Homogenates and Cell Extracts

 

Postnuclear supernatants from different rat and mouse tissues were pre-
pared and processed for Western blotting as described (Qualmann et al.,
1999; Kessels et al., 2000).

Homogenates of Cos-7 and HeLa cells overexpressing myc-Abp1 fu-
sion proteins were prepared from high-density cultures in six-well plates
24–48 h after transfection. Cells were harvested and resuspended in 30 

 

m

 

l
lysis buffer [1% Triton X-100 in PBS supplemented with protease inhibi-
tors (complete protease inhibitor tablet, EDTA-free; Roche)] and incu-
bated for 20 min on ice. The samples were then spun for 20 min at 14,000

 

 g

 

at 4

 

8

 

C. Supernatants were separated on 5–20% SDS-PAGE, and immuno-
blotted with anti–myc antibody.

 

Blot Overlay Analysis and Coprecipitation Assays

 

Blot overlays using recombinant GST-Abp1 fusion proteins were per-
formed according to Roos and Kelly (1998). Coprecipitations of proteins
interacting with GST-fusion proteins of Abp1 were performed with 0.625
mg rat brain extract according to Qualmann et al. (1999). Bound proteins
were separated on 4–15% gradient SDS-PAGE, blotted to nitrocellulose,
and probed for with various antibodies. Dynamin was detected by the
monoclonal antibody Hudy1, synapsin 1a/b were detected with a mono-
clonal anti–synapsin 1 antibody (Synaptic Systems GmbH) or a rabbit
anti–synapsin 1 antibody (Biogenesis), synaptojanin was detected by a
polyclonal rabbit anti–synaptojanin antibody (provided by Peter McPher-
son, McGill University, Montreal, Quebec, Canada), and actin was de-
tected using the monoclonal antibody C4 (ICN Biomedicals).

 

Immunoprecipitations

 

Complete rat brains were prepared from 8-wk-old male rats. The brains
were frozen immediately in liquid nitrogen. Dissected rat brains were ho-
mogenized 1:3 (wt:vol) in 10 mM Hepes, 1 mM EGTA, 10 mM NaCl, 0.1
mM MgCl

 

2

 

, pH 7.4, supplemented with protease inhibitors (see above)
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with an ultra turrax at 20,000 rpm for 10 s and centrifuged at 150,000 

 

g

 

 for
45 min. Triton X-100 (1% final) and NaCl (25 mM final) were added to
the supernatant. Affinity-purified anti–mAbp1 antibodies (GP5; Kessels
et al., 2000) or unrelated guinea pig IgGs were immobilized on protein G
sepharose (Amersham Pharmacia Biotech) in the presence of 5% BSA.
After several washes with IP buffer (10 mM Hepes, pH 7.4, 1 mM EGTA,
0.1 mM MgCl

 

2,

 

, 25 mM NaCl, 1% Triton X-100), the resin was incubated
with 1 mg rat brain high speed supernatant overnight at 4

 

8

 

C. Beads were
washed four times with IP buffer. Bound proteins were eluted with SDS
sample buffer. All procedures were carried out at 4

 

8

 

C. Eluates were sepa-
rated on 8% SDS-PAGE and analyzed by immunoblotting using mono-
clonal anti–dynamin antibodies (Transduction Laboratories).

Dynamin was immunoprecipitated from brain high speed supernatant
(prepared as above) in IP buffer (100 or 150 mM NaCl final) with the
monoclonal antibody Hudy1 (Upstate Biotechnology) prebound to pro-
tein G sepharose.

For immunoprecipitations of epitope-tagged proteins, human endothe-
lial kidney (HEK) cells transfected with Flag-Abp1 and Dynamin2aa-
GFP DNA constructs were grown for another 2 d, harvested, and ho-
mogenized in IP buffer (100 mM NaCl final) for 20 min at 4

 

8

 

C. 6 

 

m

 

g
monoclonal anti–Flag antibody M2 (Sigma-Aldrich) or nonimmune
mouse IgG (Santa Cruz Biotechnology, Inc.) bound to protein G
Sepharose were incubated with the high speed supernatants prepared
from the lysed HEK cells overnight at 4

 

8

 

C. The precipitated material was
washed and probed for coprecipitated proteins by SDS-PAGE and immu-
noblotting using rabbit anti–Flag antibodies (Zymed Laboratories) and
monoclonal anti–GFP antibodies (Babco).

 

Cell Culture and Immunofluorescence Microscopy

 

Primary hippocampal cultures were prepared and grown on poly-

 

D

 

-lysine–
coated glass coverslips according to Goslin and Banker (1991). HEK293,
Cos-7, and NIH3T3 cells were maintained in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum.

Serum-starved NIH3T3 fibroblasts were activated by replating the cells
onto fibronectin-coated coverslips. Further activation of signaling cas-
cades leading to Rac1 activation and lamellipodia formation was achieved
by addition of 300 ng/ml PMA (Sigma-Aldrich) and 5 ng/ml human re-
combinant PDGF (Sigma-Aldrich). The cells were incubated with PMA
and PDGF for 10 min, washed with warm PBS, and then either perforated
with ice-cold 0.02% saponin (Sigma-Aldrich) for 10 s or directly fixed with
4% paraformaldehyde in PBS, pH 7.4, containing 0.9 mM CaCl

 

2

 

 and 0.5
mM MgCl

 

2

 

 for 20 min.
Primary hippocampal neurons were fixed in 4% paraformaldehyde for

15 min at room temperature. After an incubation with 25 mM glycine in
PBS for 15 min, cells were permeabilized and blocked for 1 h in 2% BSA,
10% horse serum, and 0.02% saponin in PBS (block solution). Incuba-
tions with antibodies were performed according to Kessels et al. (2000).
As primary antibodies, affinity-purified polyclonal anti–mAbp1 guinea
pig antibody GP5 (Kessels et al., 2000), monoclonal anti–dynamin anti-
body Hudy1 (Upstate Biotechnology), affinity-purified polyclonal anti–
HIP1R guinea pig antibody GP#8 (Engqvist-Goldstein et al., 1999), mono-
clonal anti–AP2 antibody (Oncogene Research Products), polyclonal
anti–Eps15 rabbit antibody #896 (Santa Cruz Biotechnology, Inc.), mono-
clonal anti–Flag antibody M2 (Sigma-Aldrich), monoclonal anti–HA anti-
body HA.11 (BabCO), polyclonal anti–myc rabbit antibody (Santa Cruz
Biotechnology, Inc.), and monoclonal anti–myc antibody 9E10 (BAbCO)
were used.

Secondary antibodies used in this study include FITC goat anti–guinea
pig (ICN Biomedicals), rhodamine goat anti–guinea pig (ICN Biomedi-
cals), Alexa Fluor™ 568 goat anti–mouse (Molecular Probes), rhodamine
donkey anti–mouse (Jackson ImmunoResearch Laboratories), FITC don-
key anti–mouse (Jackson ImmunoResearch Laboratories), Alexa Fluor™
568 goat anti–rabbit (Molecular Probes) and Alexa Fluor™ 488 goat anti–
rabbit (Molecular Probes). F-actin was stained with Texas red-phalloidin
(Molecular Probes) at 1:300.

Cells were viewed using an inverted Eclips TE300 fluorescence micro-
scope (Nikon), a DMRD fluorescence microscope (Leica), or a TCS NT
laser confocal microscope with a TCS software package (Leica). Images
were recorded digitally and processed using Adobe Photoshop software.

 

Transferrin Uptake Assays

 

Cos-7 cells were plated onto glass coverslips and transfected with different
myc-tagged constructs using the LipofectAMINE PLUS transfection re-
agent method according to the instructions of the manufacturer (GIBCO
BRL). Transferrin uptake assays were performed 48 h after transfection

 

as described previously (Kessels et al., 2000; Qualmann and Kelly, 2000).
The percentages of transfected cells showing no detectable uptake of
transferrin significantly reduced transferrin signals, and normal levels of
internalized transferrin were calculated by scoring and counting cells in
several independent experiments. Two categories, high- and low-express-
ing cells, were scored independently to obtain higher similarities of ex-
pression levels within the groups and thus a better comparability between
individual transfected cells. Data of individual assays were subsequently
averaged and the standard deviations calculated. All graphs depicted rep-
resent data obtained upon quantification of endocytosis of the group of
transfected cells expressing higher levels of epitope-tagged proteins.

For the rescue experiments, cells were double transfected with Abp1
constructs and hemagglutinin (HA)-dynamin1. Due to the lower expres-
sion rates of the Abp1 constructs (data not shown), immunostainings for
those and not for dynamin were used in the endocytosis quantifications.
To compare the endocytosis data obtained with the value of the theoreti-
cally achievable maximal rescue, double labelings of both epitope tags
were performed and the rates of cotransfection were determined in paral-
lel to the endocytosis assays.

 

Results

 

Identification of Binding Partners of the Abp1
SH3 Domain

 

To gain further insights into the functions of mammalian
Abp1, which binds to F-actin via two NH

 

2

 

-terminal do-
mains, we attempted to identify interaction partners of the
two COOH-terminal domains of this protein. We searched
for direct binding partners in a variety of rat tissues using a
blot overlay technique (Fig. 1, a and b). Several bands
were detected using the COOH-terminal half of Abp1 as a
probe (Fig. 1 a). The most prominent bands were detected
in brain (a weak band at 

 

z

 

60 kD, a double band at 75/80
kD, and bands at 100, 145, and 180 kD). Proteins were also
detected in testis (a weak band at 60 kD and a doublet of
100 and 105 kD) (Fig. 1 a). In the other tissues, the intensi-
ties of bands were much lower. A blot overlay using the
NH

 

2

 

-terminal half of the protein containing the two
F-actin–binding modules did not reveal any bands (data
not shown). Using a GST fusion protein of the SH3 domain
alone, we were able to show that the interactions detected
were due to the COOH-terminal SH3 domain and not the
flexible domain, which was also contained in the original
fusion construct (Fig. 1 b). In general, the signal intensities
were slightly higher using the SH3 domain alone com-
pared with the COOH-terminal half of Abp1. This may be
due to the fact that the flexible domain is sensitive to pro-
teolytic degradation (Kessels et al., 2000); such cleavages
would result in loss of GST detection. These experiments
also showed that the binding specificities of the SH3 do-
main were not affected by the presence or absence of
neighboring sequences.

The pattern of bands detected was very suggestive of
their identity because SH3 domains of proteins with close
homology to the Abp1 SH3 domain (i.e., those of synda-
pins and endophilins) also detected bands of similar sizes
(Micheva et al., 1997; Qualmann et al., 1999). To identify
the binding partners detected in the blot overlay studies,
we performed affinity purifications using rat brain extracts
and a GST-Abp1 SH3 domain fusion protein immobilized
on glutathione sepharose. Bound proteins were eluted and
assayed via immunoblotting (Fig. 1 c). Parallel incubations
were performed using equal amounts of the SH3 domains
of endophilin 1 and syndapin I to detect interacting pro-
teins and additionally to compare the apparent affinities
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by which ligands are bound by Abp1, syndapin, and endo-
philin SH3 domains in vitro. The strength of the interac-
tions in vitro may provide hints to the relevance of the ob-
served associations.

Immunoblotting for synapsin 1, a synaptic vesicle pro-
tein, which is proposed to anchor the reserve pool of syn-
aptic vesicles via binding to actin (reviewed in Hilfiker et
al., 1999), revealed an intense double band of 75/80 kD as
well as some degradation products, the most prominent of
which was detected at 60 kD. Synapsin 1 was strongly
bound by the Abp1 SH3 domain, whereas bindings to en-
dophilin 1 and syndapin I SH3 domains were weaker and
required longer exposure times for detection (Fig. 1 c).
Dynamin1 was also precipitated. The GTPase dynamin,
which runs with an apparent molecular weight of 

 

z

 

100
kD, and isoforms of which are abundant in brain and tes-
tis, was found to be strongly bound in affinity purifications
with all three SH3 domains (Fig. 1 c). Synaptojanin 1
(McPherson et al., 1994), detected as a faint band at 145
kD in the starting material, was also bound by all three
SH3 domains. However, endophilin clearly showed the
highest affinity for this polyphosphoinositide phosphatase.
Syndapin I and especially Abp1 SH3 domains bound less
well in our in vitro examinations (Fig. 1 c). All these inter-
actions were SH3 domain specific, since neither GST
alone nor a mutated SH3 domain (Qualmann et al., 1999)
showed a coprecipitation of any of these proteins (Fig. 1
c). Also, the NH

 

2

 

-terminal half of Abp1, comprising the
ADF-H domain and the highly charged helical domain,
did not bind to any of these proteins. The NH

 

2

 

-terminal
half of Abp1, however, was able to bind to actin filament
fragments in the extracts (Fig. 1 c). This interaction could
not be detected by blot overlay because Abp1 binds to F-
but not G-actin (Kessels et al., 2000). To formally prove
that the direct interaction of the Abp1-SH3 domain with a
100-kD band in Fig. 1, a and b, represents an interaction
with dynamin, as detected in Fig. 1 c, we immunoprecipi-
tated this GTPase with the antidynamin antibody Hudy1,
separated the protein material by SDS-PAGE, blotted it
to nitrocellulose, and overlayed the blot with the Abp1-
SH3 domain. Precipitated dynamin, as detected by antidy-
namin antibodies different from the antibody Hudy1 used
for immunoprecipitation, was indeed recognized by the
Abp1-SH3 domain (Fig. 1 d).

 

Abp1 and F-actin Colocalize during Synaptogenesis and 
at Synapses of Mature Primary Hippocampal Neurons

 

Most of the binding partners of the Abp1 SH3 domain are
brain-specific or brain-enriched proteins. This prompted
us to analyze the Abp1 localization in the neuronal con-
text. Primary hippocampal neurons at different stages of
development were immunolabeled for Abp1. Abp1 dis-
played a relatively uniform localization in young primary
neuronal cultures (2 and 6 d; data not shown). Abp1 was
slightly enriched in growth cones, reminiscent of its accu-

 

Figure 1.

 

Identification of proteins interacting with the SH3 do-
main of Abp1. (a) Blot overlay analysis using a GST-fusion pro-
tein containing the COOH-terminal half of Abp1 onto different
rat tissue homogenates identified several bands prominent in
brain at 75/80, 100, 145, and 180 kD. (b) Blot overlay analysis us-
ing a GST-fusion protein of the SH3 domain revealed bands of
similar molecular weights not only in brain but in part also in tes-
tis and lung. (c) Affinity purifications of proteins interacting with
the SH3 domains of Abp1, endophilin I, and syndapin I. Equal
amounts of fusion proteins and brain extracts (0.625 mg brain
protein per pull down) were used. 12.45 

 

m

 

g of starting material
(corresponding to 1/50) were loaded for comparison. (d) Immu-

noprecipitated dynamin (arrow) was detected by both antidynamin
antibodies (left) and by the Abp1-SH3 domain (right). Left two
lanes in each gel: IP buffer with 150 mM salt; right two lanes in
each gel: IP buffer with 100 mM salt.
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mulation in lamellipodial areas in nonneuronal cells (data
not shown; Kessels et al., 2000). This situation changed
with the onset of synaptogenesis. Cells kept in culture for
9 d contained spatially well-defined areas of Abp1 accu-
mulation at the extended periphery of the cell bodies. Co-
staining with Texas red-phalloidin revealed that the sites
of Abp1 accumulation were actin-rich (Fig. 2). Actin was
strongly restricted to sites proximal to the cell bodies.
Abp1 also exhibited a readily detectable neuritic staining
(Fig. 2, a–c). After synaptogenesis was complete and the
synapses were functional, Abp1 and F-actin still colocal-
ized in many cells, but now showed a broader distribution
reflecting the extremely high number of synapses present
in the culture (Fig. 2, d–f). In mature neurons, F-actin is
enriched in dendritic spines and postsynaptic densities
(Matus et al., 1982). At the light microscopic level, Abp1

seems to localize similarly to actin at both stages of neu-
ronal development examined (9 and 20 d), as well seen in
the enlarged images (Fig. 2, a

 

9

 

–c

 

9

 

 and d

 

9

 

–f

 

9

 

). In the cases
where Abp1 showed a staining, which appeared synaptic,
it seemed to be more restricted spatially to these sites
compared with F-actin, which appeared a little more dif-
fuse (Fig. 2, d

 

9

 

–f

 

9

 

).

 

Abp1 and Dynamin Colocalize at Actin-rich Sites 
during Synaptogenesis in Primary
Hippocampal Neurons

 

It was next important to ask whether a spatial overlap of
Abp1 and F-actin with dynamin could be detected. We
therefore performed Abp1/dynamin colocalization stud-
ies using primary neuronal cells at different stages of dif-
ferentiation. At all times points analyzed, Abp1 and dy-

Figure 2. Colocalization of Abp1
and F-actin by confocal immu-
nofluorescence microscopy. Pri-
mary hippocampal neurons kept
in culture for 9 d displayed Abp1
accumulations in the extended
peripheries of cell bodies as well
as a cytosolic and neuritic immu-
nostaining (a). F-actin was local-
ized similarly (c), also seen in the
merged image (b) and in the en-
largements of the central areas
of the images (a9–c9). (d–f) Neu-
rons kept in culture for 20 d. At
synapses, Abp1 (d) and F-actin
(f) colocalize, as seen in the
merged image (e) and in the en-
largements of an area in the up-
per center of d–f (d9–f9). Stars in
a–c and a9–c9 mark positions of
cell bodies and arrows in d9–f9
mark selected examples of actin-
and Abp1-rich postsynaptic struc-
tures. Bar: (c) 20 mm, (f) 10 mm.
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namin immunoreactivity showed some overlap at the light
microscopical level (data not shown). Most prominently,
in cells kept in culture for 9 d (Fig. 3), Abp1 showed strong
accumulations near the cell body (Fig. 3, a and a

 

9

 

), similar
to those seen in our Abp1/F-actin double labeling studies
(Fig. 2). In these cells, dynamin was still cytosolic but also
showed some enrichment at sites at the periphery of the
cell bodies (Fig. 3, c and c

 

9

 

), where it colocalized with
Abp1, as seen by the yellow color in the merged images
(Fig. 3, b and b

 

9

 

). It should, however, be stressed that the

Figure 3. Colocalization of Abp1 (green) and dynamin (red) in
primary hippocampal neurons by confocal microscopy. (a and a9)
Abp1 strongly accumulated at defined sites in neurons kept in
culture for 9 d (arrowheads). (c and c9) Besides cytosolic dy-
namin, sites of moderate dynamin accumulation proximal to
the cell bodies were seen (arrowheads). These sites were immu-
nopositive for Abp1, as seen in the merged images (b and b9).
Note that subpools of both proteins did not spatially overlap (see
neurites for Abp1 and cytoplasm for dynamin). a9–c9 are 2.5-fold
enlargements of the center-right areas in a–c. Bar, 15 mm.

Figure 4. Coimmunoprecipitation of dynamin and Abp1. (a)
Dynamin2aa-GFP coimmunoprecipitated (arrow) specifically with
Flag-Abp1 from HEK cell extracts incubated with anti–Flag anti-
bodies bound to protein G sepharose. Upper blots show material
expressed by antitag immunostaining, middle blots show re-
maining protein in the post-IP supernatant, and bottom blots
show immunoprecipitated Flag-Abp1 (left, arrowhead) and
coimmunoprecipitated dynamin-GFP (right, arrow). Lysate and
post-IP supernatant are 1/13 of the reaction. (b) Endogenous
dynamin (detected by immunoblotting with the antidynamin an-
tibodies) was specifically coimmunoprecipitated with Abp1 from
rat brain extract with anti–Abp1 antibodies but not with equal
amounts of unrelated guinea pig IgGs. Since Abp1 and IgGs both
exhibit similar apparent molecular weights, the band of z55 kD
represents both IgG and Abp1 (left lane), solely IgG (second from
left lane), and, in the next two lanes, only Abp1 signals are ob-
served at 55 kD. One third of immunoprecipitated material was
loaded. Starting material represents 20 mg of brain protein.
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spatial overlap of both proteins was restricted to these
sites. Little dynamin was present in the extended neuritic
network at this time point, and relatively low amounts of
Abp1 were present in the cytoplasm, where dynamin was
still readily detectable.

Thus, Abp1 appears to be associated with F-actin
throughout the development of neurons and is most prom-
inent at cortical sites at the time of synapse formation.
During this stage, both actin and Abp1 colocalized with
dynamin.

 

Abp1 Binds to Dynamin In Vivo

 

Our data obtained thus far suggested that Abp1 and dy-
namin interact physically. However, due to the fact that
the two proteins did not quantitatively colocalize at the
different stages of neuronal development studied, it was
important to examine whether they actually interact in
vivo. We therefore performed coimmunoprecipitation
studies. On one hand, we used epitope-tagged proteins ex-
pressed in HEK cells. Flag-tagged Abp1 was immunopre-
cipitated almost quantitatively with anti–Flag antibodies
(Fig. 4 a, arrowhead); i.e., very little protein remained in
the post-IP supernatant. Unrelated IgG did not precipitate
Flag-tagged Abp1. Further controls showed that the co-
precipitation of dynamin is dependent on GFP-Abp1 ex-
pression and that this result is specific for Abp1, whereas
GFP alone did not lead to any dynamin coprecipitation.
Dynamin2aa-GFP coimmunoprecipitated specifically with
the anti–Abp1 antibody/Abp1 immunoaggregate, but not
with unrelated IgGs (Fig. 4 a, arrow). Approximately 50%
of the total dynamin2aa-GFP was cleared from the post-IP
supernatant by Abp1 immunoprecipitation (Fig. 4 a).
Since the amount of dynamin in control incubations did
not decline, this reduction is not due to proteolytic degra-
dation during the incubation. The dynamin remaining in
the post-IP supernatant may reflect (a) dynamin not
bound to Abp1 but to other SH3 domain-containing pro-
teins, (b) dynamin in a putative noninteractive state, and/
or (c) dynamin expressed in cells, which do not coexpress
Flag-Abp1 or express subequimolar levels of Flag-Abp1.

We also performed coimmunoprecipitation studies us-
ing adult rat brain extracts. The anti–Abp1 antibody GP5
coprecipitated dynamin, whereas the same amount of an
unrelated guinea pig IgG did not; again, only a subpool of
dynamin is precipitated along with Abp1 (Fig. 4 b). Both
sets of experiments demonstrate that dynamin indeed as-
sociates with Abp1 in vivo.

 

Abp1 SH3 Domain Overexpression Blocks
Receptor-mediated Endocytosis In Vivo

 

The association of Abp1 with the large GTPase dynamin
via a proline-rich domain/SH3 domain interaction poten-
tially creates a direct functional connection of the cortical
actin cytoskeleton and the control of endocytic fission re-
actions by dynamin. Dynamin1 is an essential component
in the formation of clathrin-coated vesicles in receptor-
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Figure 5.

 

The Abp1 SH3 domain blocks endocytosis. (a) Sche-
matic representation of myc-tagged Abp1 constructs used for
transient transfections of Cos-7 cells. (b) SDS-PAGE and anti–
myc immunoblotting of fusion proteins expressed in Cos-7 cells.
The myc-SH3 construct (7 kD) is marked by a star. (c–e) Recep-
tor-mediated endocytosis of Texas red-transferrin conjugates
(red) in cells overexpressing Abp1 domains (green), merged im-
ages. (c) Untransfected cells. (d) Cells transfected with the
Abp1-SH3 domain. (e) Cells overexpressing the actin-binding
half of Abp1. Bar, 10 
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m. (f) Quantitation of the results by as-
sessing the percentages of cells lacking transferrin signal (block),
displaying significantly reduced levels of uptake, and showing
endocytosis capabilities similar to untransfected cells (data de-
rived from group of cells showing high expression; data of lower
expressing group of cells not shown, see text). Untransfected
cells: 80.3 
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mediated endocytosis (Damke et al., 1994). To address the
in vivo relevance of the Abp1–dynamin interaction, we tried
to interfere with dynamin function by transient overex-
pression of different domains of Abp1 (Fig. 5 a) in Cos-7
cells. These proteins were all myc-tagged to directly com-
pare expression levels within individual cells. Additionally,
expression of the myc-tagged fusion proteins was moni-
tored by Western blotting (Fig. 5 b). The low amount of
SH3 domain detected reflects both a relatively low trans-
fection efficiency of this construct and the lower expression
levels observed with this Abp1 domain (Fig. 5 b). We as-
sayed the ability of these cells to endocytose fluorescently
labeled transferrin. In untransfected cells, the Texas red-
transferrin signal is readily detectable in the perinuclear re-
gion after 30 min of uptake (Fig. 5 c), and only a very mi-
nor fraction of cells does not take up transferrin (Fig. 5 f).
Most of these cells are in mitosis. Cells transfected with the
Abp1-SH3 domain, in contrast, showed inhibited endocy-
tosis. In many cells, no Texas red-transferrin signals were
detected (Fig. 5 d). Others showed significantly reduced
levels of internalized transferrin. Neighboring untrans-
fected cells displayed normal uptake. Quantification of the
overexpression phenotype confirmed that the effect was
dramatic (Fig. 5 f). 54.5 

 

6

 

 1.5% of the transfected cells
showed no uptake. Additionally, a large portion of trans-
fected cells showed significantly reduced signals of endocy-
tosed transferrin (29.5 

 

6

 

 0.5%). Only a minor fraction of
cells overexpressing the Abp1-SH3 domain displayed
transferrin uptake levels similar to those of untransfected
cells. This inhibitory effect of the Abp1 SH3 domain on re-
ceptor-mediated endocytosis was already detected in cells
expressing only low amounts of the myc-tagged fusion pro-
tein (see also Fig. 5 b). Cells exhibiting only low expression
levels of the recombinant proteins were scored and quanti-
fied separately (data not shown).

We compared these results with those for Cos-7 cells
transfected with another SH3 domain, the NH

 

2

 

-terminal
SH3 domain of Grb2, which was reported to bind to dy-
namin in vitro (Gout et al., 1993). In contrast to the Abp1-
SH3 domain, overexpression of the NH

 

2

 

-terminal SH3
domain of Grb2 did not result in a strong block in endo-
cytosis in vivo. Only a small fraction of cells showed some
reduction in transferrin uptake (Fig. 5 f). These results are
consistent with data reported by Wigge et al. (1997).

We next examined the effects of overexpression of the
other Abp1 domains on receptor-mediated endocytosis.
The flexible domain of Abp1 contains the two Src phos-
phorylation sites (Larbolette et al., 1999). The tyrosine ki-
nase Src, which also phosphorylates the clathrin heavy
chain, may play a role in receptor-mediated endocytosis
(Wilde et al., 1999). Overexpression of the flexible domain
alone, however, was precluded due to expression prob-
lems. We circumvented this problem by introducing two
mutations into the Abp1-SH3 domain (P422L and G425R;
numbers according to the long, codon 235-containing
mouse Abp1 sequence) that are known to disrupt any SH3
domain/polyproline binding (Clark et al., 1992), and over-
expressed a combination of flexible and inactivated SH3
domain (Fig. 5, a and b). The effects on endocytosis were
modest. Only a minor fraction of the transfected cells
showed a complete block of endocytosis, although almost
half of the cells showed some defects (Fig. 5 f; block,
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 701). Since this minor perturbation of endocytosis was
also observed by overexpression of the Abp1

 

D

 

SH3 con-
struct (myc-ADF-H/hel/flex), we conclude that this effect
is due to the flexible domain and does not represent a neg-
ative effect of the inactivated SH3 domain (Fig. 5 f).

Since Abp1 seems to represent a functional link between
actin and endocytosis, it was important to determine the en-
docytosis capabilities of cells overexpressing the F-actin–
binding part of Abp1. Overexpression of myc-ADF-H/hel
had no significant negative effects on endocytosis, despite
extremely high protein expression levels (Fig. 5, e and f).

 

The Block of Endocytosis Caused by Overexpression 
of the Abp1 SH3 Domain Can Be Suppressed by 
Dynamin Co-overexpression

 

We have shown that Abp1 interacts with dynamin in vitro
and in vivo through its SH3 domain (Figs. 1 and 4). The
overexpression phenotype of the SH3 domain implicates
Abp1 protein interactions in endocytic functions (Fig. 5).
To prove that the endocytosis impairment observed in
Abp1-SH3 domain–overexpressing cells is indeed due to
the Abp1/dynamin interaction, we cotransfected Cos-7
cells with an HA-dynamin1 plasmid together with con-
structs encoding for the Abp1-SH3 domain and for the
entire COOH-terminal half of Abp1 (myc-flex/SH3).
Quantifications of transferrin uptake-positive cells dem-
onstrated that endocytic function was restored upon co-
overexpression of wild-type dynamin (Fig. 6). Cells over-
expressing dynamin and the COOH-terminal half of Abp1
took up transferrin with a rate similar to cells overexpress-
ing the mutated COOH-terminal half of Abp1; i.e., a pro-
tein with an inactivated SH3 domain (rescue 81.0 

 

6

 

 3.7%).
The remaining slight inhibitory effect of both of the latter
constructs represents the effect of the overexpression of
the flexible, Src kinase target domain (Fig. 6 a). The influ-
ence of this domain on endocytosis was thus independent
of dynamin function. When both the extend of double
transfection (quantified by double immunofluorescence
staining; data not shown) and the not rescuable effect of
the flexible domain were considered (theoretically achiev-
able rescue) the rescue was 104.7 

 

6

 

 8.7%.
Cells cooverexpressing the SH3 domain of Abp1 together

with dynamin were rescued completely (rescue 96.5 

 

6

 

3.8%). The quantification data obtained from these cells
are indistinguishable from those of wild-type cells or cells
overexpressing dynamin alone (Fig. 6 b). Dynamin was
thus able to overcome the endocytosis block induced by
the Abp1 SH3 domain in almost all cotransfected cells.

 

Association of Abp1 with Dynamin-containing 
Sites upon Growth Factor Stimulations of 
NIH3T3 Fibroblasts

Our data indicate that Abp1 may, via its actin-binding
modules and its SH3 domain, link actin and endocytosis.
However, Abp1 does not appear to colocalize with endo-
somal compartments (i.e., with late states of endocytosis)
(Kessels et al., 2000), nor does it seem to be a stable com-
ponent of the endocytic coat because it was not found to
be enriched on clathrin-coated vesicles (Engqvist-Gold-
stein et al., 1999). In resting cells, Abp1 is not associated
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with the actin cytoskeleton either, but we have discovered
that the association of Abp1 with cortical actin structures
is controlled by signaling pathways converging on this pro-
tein (Kessels et al., 2000). We therefore used conditions
that caused a redistribution of Abp1 to sites of high actin
dynamics (i.e., the leading edge of growth factor-treated
NIH3T3 fibroblasts) to examine its participation in the en-
docytic process. We asked whether sites of endocytosis
would contain Abp1 in stimulated cells. Short perforations
of these growth factor–treated cells resulted in a retain-
ment of Abp1 at the periphery of lamellipodia and at some
puncta scattered throughout the cell cortex (Kessels et al.,
2000). We arrested endocytosis by incubation at low tem-
perature. Under these conditions, we were able to demon-
strate that at the cortex of NIH3T3 cells, dynamin-contain-
ing sites labeled by the antibody Hudy1 were almost
always also immunopositive for Abp1 detected by the an-
tibody GP5 (Fig. 7). Coimmunolabelings with oppositely
labeled secondary antibodies led to similar results (data
not shown). The accumulation of Abp1 at the leading edge
of lamellipodia was preserved under the conditions ap-
plied (Fig. 7, a and d). The Abp1-rich leading edge was,
however, virtually free of any dynamin staining using the
monoclonal antibody Hudy1. Thus, either dynamin seems
not to be recruited to the leading edge by the subcellular
shift of the majority of Abp1, or it is not detectable with

Hudy1 at this location. In serum-starved cells, no colocal-
ization was detected (Fig. 7, g–i). Under these conditions,
most of the Abp1 is readily extracted and little signal re-
mains. Also in resting cells, only little overlap of Abp1 and
dynamin immunolocalization was observed after perme-
abilization (data not shown). Thus, Abp1’s detection at
dynamin-rich sites seems to depend on growth factor re-
ceptor activation.

Dynamin-rich Sites at the Cortex of NIH3T3 Cells 
Stimulated with Growth Factors Contain Endocytic 
Coat Components

Several observations have suggested that dynamins may
play an as yet unidentified cytoskeletal role in addition to
their endocytic function (for review, see McNiven et al.,
2000). At least dynamin2aa was observed at actin-rich
sites within cells, which seem independent of sites of en-
docytosis (Cao et al., 1998; Ochoa et al., 2000). It was thus
important to examine whether the dynamin-rich sites de-
tected by the antibody Hudy1, which were observed to be
Abp1 immunopositive under conditions also leading to a
recruitment of Abp1 to actin-rich lamellipodia, were sites
of endocytosis, or whether they reflect a putative cyto-
skeletal role of dynamin. We therefore stained cells, which
had been stimulated and permeabilized as before, with
the monoclonal Hudy1 antibody (Fig. 8 a) and a poly-

Figure 6. Cooverexpression of
dynamin rescues the endocytosis
block caused by overexpression
of the Abp1 SH3 domain. Cos-7
cells were double transfected
with HA-dynamin1 and myc-
Abp1 constructs. Quantifica-
tion of transferrin uptake, as in
Figs. 5 and 9, dark grey, no
transferrin uptake, light grey,
significantly reduced levels of
uptake, and hatched cells show a
transferrin uptake comparable
with wild-type cells. Myc-
(Abp1-)Flex/SH3–overexpress-
ing cells were rescued up to a
level similar to that caused by
the flexible domain alone (a).
Myc-(Abp1-)SH3–overexpress-
ing cells were rescued up to a
level similar to wild-type or HA-
dynamin–overexpressing cells
(b). Myc-flex/SH3: 19.5 6 1.5%
normal, 20.5 6 1.5% reduced,
60.0 6 3.0% block, n 5 447;
myc-flex/SH3 1 HA-dynamin1:
68.7 6 3.2%, 16.5 6 2.5%,
14.75 6 0.75%, n 5 237; myc-
flex/SH3mut: 53.0 6 2.9%, 27.7 6
3.3%, 19.3 6 5.6%, n 5 701;
HA-dynamin1: 83.5 6 3.7%,

13.7 6 3.6%, 2.85 6 0.05%, n 5 213; hatched dark grey column: rescue effect, 81.0 6 3.75 % (cotransfection rate of 96.5% was taken
into consideration). This value represents 104.7 6 8.7% of theoretically achievable maximal rescue (the fact that effect of SH3 domain
but not that of the flexible domain can be rescued was taken into consideration; hatched light grey column). Myc-SH3: 16.5 6 2%,
29.5 6 0.5%, 54.5 6 1.5%, n 5 371; myc-SH3 1 HA-dynamin1: 82.6 6 2.3%, 12.7 6 1.8%, 4.65 6 0.45%; HA-dynamin1: 83.5 6 3.7%,
13.7 6 3.6%, 2.85 6 0.05%, n 5 213; hatched dark grey column: rescue effect (in case of myc-SH3 overexpression, identical to the
achievable maximal rescue of SH3 domain effect), 96.5 6 3.8% (cotransfection rate of 92.0% was taken into consideration).
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clonal antibody against the clathrin coat component
Hip1R (Engqvist-Goldstein et al., 1999) (Fig. 8 c). Be-
sides some labeling in and/or near the nucleus, which
seemed to be a result of our membrane perforations, both
antibodies detected their antigen in cortical spots resis-
tant to the perforation procedure (Fig. 8, a and c). Colo-
calization experiments demonstrated that the dynamin-
rich sites detected by the monoclonal antibody Hudy1
were also positive for Hip1R (Fig. 8 b). We have previ-
ously also shown that Hip1R puncta at the cell cortex
colocalize quantitatively with the adaptor protein AP2
detected with the monoclonal antibody AP6 (Engqvist-

Goldstein et al., 1999). The perforation-resistant, dy-
namin-rich areas at the cell cortex also contain eps15 (Fig.
8, d–f), another component of clathrin coats (Tebar et al.,
1996). Eps15 immunostaining is strongest at puncta at the
periphery and decreases towards the center of the cells
(Fig. 8 f), whereas dynamin labeling shows the opposite
gradient (Fig. 8 d). However Eps15 and dynamin show
clear colocalization (Fig. 8 e).

Additionally, we performed a double staining of Abp1
with another coat component, the adaptor protein com-
plex AP2. Similar to the results obtained with the antidy-
namin antibody, puncta labeled by anti–AP2 antibodies

Figure 7. Association of Abp1 with dynamin-containing pits upon growth factor stimulations of 3T3 fibroblasts. NIH3T3 fibroblasts
were replated onto fibronectin-coated coverslips, stimulated with 300 ng/ml PMA and 5 ng/ml PDGF for 10 min, perforated with 0.02%
saponin and subsequently fixed and processed for immunofluorescence microscopy (a–f). The lamellipodial accumulation of Abp1
(Kessels et al., 2000) was observable under these conditions (a and d). In addition, a widely distributed, punctate Abp1 immunostaining
was detected (a and d). (c and f) Immunostaining of dynamin using the monoclonal antibody Hudy1 at perinuclear and cortical sites.
(b and e) Merged images show that dynamin-containing sites are in almost all cases also immunopositive for Abp1 as especially well
seen in extended lamellipodial areas (d–f). In contrast, in serum-starved cells, Abp1 (g) is readily extracted and the remaining protein
shows no colocalization with dynamin (g–i). Inserts are enlargements of the marked areas. Bar, 10 mm.
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were also immunopositive for Abp1. Thus, the punctate
sites at the cell cortex, which became Abp1-positive upon
stimulation with growth factors, seem to represent sites of
endocytosis (Fig. 8, g–i).

To exclude that the observed association of Abp1
with sites of endocytosis is due to a postperforation
movement of the protein, colocalization studies were
performed in nonperforated cells. In these cells, a colo-
calization of AP2 and Abp1 is partially obscured by the
extractable cytoplasmic pool of Abp1 (Fig. 8, j–l); how-
ever, in flat and extended areas of the cells, it is often
possible to see that AP2 puncta are indeed positive for
Abp1 (Fig. 8, j–l, insets).

Therefore, Abp1 is indeed observed at dynamin-rich
sites, which contain endocytic machinery and therefore
most likely represent sites of endocytosis. These results
are consistent with the observation by Ochoa et al.
(2000) that dynamin-rich sites stained by the antibody
Hudy1 generally contain endocytic machinery, whereas
dynamin localized to actin-rich structures was not ob-
servable using this antibody.

Endocytosis Is Restored by Readdition of the 
Two Actin-binding Modules of Abp1 to the 
Overexpression Constructs

The localization of Abp1 at dynamin-rich sites of endocy-
tosis upon growth-factor stimulation suggested that Abp1
could support receptor-mediated endocytosis by a mecha-
nism regulated by the same signals as its involvement in
actin dynamics at the actin-rich leading edge. We there-
fore decided to directly address the possibility that Abp1’s
actin-binding modules might participate in the endocytic
function of this protein and systematically added back do-
mains to the SH3 domain overexpression construct (Fig. 9
a). We then assayed receptor-mediated endocytosis in
cells overexpressing these constructs (Fig. 9 b).

As shown in Fig. 5, overexpression of the SH3 domain
(myc-SH3) strongly inhibited endocytosis (Fig. 9 b). Read-
dition of the flexible domain to the SH3 domain (myc-flex/
SH3) did not result in any beneficial changes. In fact, even
more cells showed a complete lack of transferrin uptake
(Fig. 9 b). We next added back the helical domain; i.e., one
of the actin-binding domains. Overexpression of such a con-

Figure 8. Cortical dynamin-rich
sites in NIH3T3 cells, which be-
come Abp1 immunopositive af-
ter receptor activation, are sites
of endocytosis. Dynamin (a) and
the endocytic coat component
Hip1R (c) colocalize (b, merge)
in cells stimulated with growth
factors, as observed by confocal
microscopy. Colocalization of dy-
namin (d) and eps15 (f), as seen in
the merged image (e). Colocal-
ization of AP2 (g) and Abp1 (i)
at puncta at the cell cortex, but
not at the leading edge of the
cell; as seen in the merged image
(h). (j–l) In nonperforated acti-
vated cells, the cytosolic pool of
Abp1 largely obscures the weak
Abp1 immunostaining (l) at sites
of endocytosis [here marked by
anti–AP2 immunostaining (j)]. In-
serts represent enlargements of the
areas boxed in a–l. Bars, 10 mm.
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struct (myc-hel/flex/SH3) caused a much reduced endocyto-
sis perturbation. About half of the cells expressing myc-hel/
flex/SH3, a construct that still does contain the endocytosis-
blocking SH3 domain, now endocytosed transferrin as wild-
type cells did (Fig. 9 b). This improvement was not due to
lower expression levels, since the expression levels observed
for myc-hel/flex/SH3 were similar to those of the endocyto-
sis-inhibiting myc-flex/SH3 construct both in extracts and in
individual transfected cells (data not shown).

The difference between overexpression of the myc-hel/
flex/SH3 construct compared with overexpression of the
COOH-terminal half could theoretically reflect a pertur-
bation caused by overexpression of the newly added heli-
cal domain, while the SH3 domain is already correctly
used in conjunction with this additionally added actin-
binding module. As a control, we designed a similar con-
struct with a mutated SH3 domain. Overexpression of this
construct should reveal any potential disadvantageous ef-
fects of overexpressing a combination of helical and flexi-
ble domain. However, consistent with our observation that
a combination of ADF-H and helical domain did not per-
turb endocytosis, no negative effects of an excess of the
helical domain on endocytosis were observed (Fig. 9 b).
We thus conclude that we indeed observed a partial resto-
ration upon overexpression of the construct lacking the
ADF-H domain and not a secondary inhibitory overex-
pression effect of the helical domain on top of a SH3 do-

main-dependent Abp1 function fully restored by combin-
ing the SH3 domain with one actin-binding module.

Finally, we asked whether the ADF-H domain, the sec-
ond F-actin–binding domain of Abp1, and the helical do-
main could act synergistically. When the NH2-terminal
ADF-H domain was also added back to the expression
construct, the SH3 domain overexpression phenotype was
completely suppressed and endocytosis was restored to
wild-type levels (Fig. 9 b), even though expression levels
of this full-length construct, which again does contain the
endocytosis-blocking SH3 domain, were z5–103 higher
than those of the endocytosis-blocking myc-flex/SH3 con-
struct (data not shown). This result suggests that in addi-
tion to Abp1’s SH3 domain, both actin-binding domains
might be involved in Abp1’s role in dynamin-controlled
receptor-mediated endocytosis. Abp1 thus appears to rep-
resent both a functional and a physical link between the
cortical actin cytoskeleton and the endocytic machinery.

Discussion
The actin cytoskeleton has been implicated in endocytosis
in mammalian cells, yet few molecular links have been
identified (reviewed in Qualmann et al., 2000). Abp1 is the
first F-actin–binding protein for which a functional role at
the interface of actin and endocytosis is suggested from in
vivo data. Abp1 is an Src kinase target that we have shown

Figure 9. Sequential readdition
of Abp1’s actin-binding modules
to the SH3 domain overexpres-
sion construct leads to a restora-
tion of endocytosis in trans-
fected Cos-7 cells. (a) Scheme of
the overexpression constructs
used. (b) Quantitation, myc-
SH3: 16.5 6 2% normal, 29.5 6
0.5% reduced, 54.5 6 1.5%
block, n 5 371; myc-flex/SH3:
19.5 6 1.5%, 20.5 6 1.5, 60.0 6
1.5%, n 5 447; myc-hel/flex/
SH3: 56.7 6 8.3%, 18.7 6 4.9%,
24.3 6 4.9%, n 5 429; myc-
Abp1(full length): 81 6 7.8%,
13.0 6 5.7%, 6.7 6 1.7%, n 5
448; untransfected cells: 80.3 6
6.0%, 12.7 6 7.0, 7.3 6 1.7%,
n 5 359; myc-hel/flex/SH3mut:
70.3 6 0.5%, 17.3 6 1.3%,
11.7 6 1.3%, n 5 410.
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to bind to the GTPase dynamin. Abp1 may therefore asso-
ciate with the endocytic machinery, which is assembled
and activated in response to outer stimuli. This possibility
is consistent with data from yeast. Yeast Abp1 is a compo-
nent of the dynamic cortical actin cytoskeleton and can in-
terfere with cell polarity and polar organization of the ac-
tin cytoskeleton upon overexpression (Drubin et al.,
1988). It has been implicated in cAMP signaling and en-
docytosis by its protein interactions (Lila and Drubin,
1997) and by genetic analysis (Wesp et al., 1997).

Here we have shown that the SH3 domain of mammalian
Abp1 interacts with dynamin in vitro and in vivo. Overex-
pression of the Abp1 SH3 domain blocks endocytosis in
Cos-7 cells (Fig. 5). Overexpression of other SH3 domains
that bind to dynamin (i.e., those of amphiphysins and syn-
dapins) led to similar inhibition of receptor-mediated en-
docytosis (Wigge et al., 1997; Qualmann and Kelly, 2000).
We were able to demonstrate that the impairment of en-
docytosis caused by the SH3 domain of Abp1 is dependent
on interaction with dynamin, while the more moderate ef-
fect of the flexible Src kinase target domain is not. The fact
that the SH3 domain overexpression phenotype was com-
pletely suppressed by dynamin cooverexpression strongly
implicates Abp1 in dynamin functions. Our analyses fur-
thermore suggest that Abp1 may serve both as a functional
and physical link between receptor-mediated endocytosis
and the actin cytoskeleton and that, besides Abp1’s dy-
namin-binding SH3 domain, both of Abp1’s actin-binding
modules seem to be involved in this function (Fig. 10).

One could argue that while the isolated SH3 domain of
Abp1 binds to dynamin, and thus interferes with endocyto-
sis, full-length Abp1 is not involved in endocytosis. Several
results argue against this. First, endogenous Abp1 was
coimmunoprecipitated with dynamin from rat brain ex-
tracts. Thus, mammalian Abp1 associates with dynamin in
vivo. Second, such an interaction was supported by the ob-
served colocalization of both proteins at actin-rich sites in

neurons. Third, also a recombinant Flag-tagged fusion pro-
tein of Abp1 was demonstrated to bind to dynamin in vivo.
Fourth, endogenous Abp1 was recruited to dynamin-rich
sites of receptor-mediated endocytosis in NIH3T3 cells,
specifically when receptors were activated. Therefore, it is
likely that Abp1 participates in endocytic processes.

Besides their crucial function in endocytosis, GTPases of
the dynamin family may play a yet unidentified cytoskeletal
role (for review, see McNiven et al., 2000). Thus far, the
hints have been indirect. However, Cao et al. (1998) re-
ported that green fluorescent protein fusion proteins of
dynamin2 splice variants localize to lamellipodia. In addi-
tion, as Ochoa et al. (2000) demonstrated, dynamin2aa lo-
calized to podosomes, F-actin–rich structures that surround
tubular plasma membrane invaginations in cells expressing
activated Src. The study also showed that a putative cyto-
skeletal function of dynamin can be separated from its role in
endocytosis and that podosomes lack endocytic coat compo-
nents. Also, podosomal areas of the cells were negative for
transferrin uptake. However, it is unlikely that the Abp1/dy-
namin interaction we discovered solely reflects this putative
cytoskeletal function of dynamin. First, we found that upon
growth factor treatments of NIH3T3 cells, Abp1 relocalized
to both actin-rich lamellipodia and to dynamin-rich sites at
the plasma membrane, while lamellipodia were free of anti-
dynamin staining. Second, we examined the dynamin-rich
sites detected by the monoclonal antibody Hudy1 more
closely, and found them to contain eps15 and Hip1R, both
components of clathrin coats (Tebar et al., 1996; Engqvist-
Goldstein et al., 1999). Therefore, these dynamin-rich sites
clearly represent sites of endocytosis. This is consistent with
the observed Abp1/AP2 colocalization. Our results thus
rather suggest that Abp1 participates in the organization of
dynamic actin structures, and that this function, which is
controlled by different signaling transduction pathways, also
supports receptor-mediated endocytosis controlled by dy-
namin at punctate sites at the cell cortex (Fig. 10).

Figure 10. Schematic represen-
tation of Abp1 function at the
interface of endocytosis and
actin cytoskeleton.
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Strikingly, the relocalization of Abp1 to dynamin-rich
sites, and the recruitment of Abp1 to the dynamic, actin-
rich leading edge, are both responsive to growth-factor re-
ceptor activation. Currently, we do not know whether
Abp1 is recruited to pre-existing dynamin-rich sites of en-
docytosis or whether a putative activation of Abp1 leads
to the de novo establishment of such sites. Receptor acti-
vation is a positive stimulus for receptor endocytosis, and
dynamin can be coimmunoprecipitated with growth factor
receptors after their activation (Scaife et al., 1994). Re-
cently, Src kinase–mediated tyrosine phosphorylation of
dynamin has been shown to be required for clathrin-medi-
ated G protein–coupled receptor endocytosis (Ahn et al.,
1999). Src activation by EGF also led to a phosphorylation
of clathrin heavy chains and may be involved in the re-
cruitment of clathrin to the periphery. In Src kinase–defi-
cient cells, clathrin remained at the TGN. Consistently,
EGF uptake was slightly delayed in these cells (Wilde et
al., 1999), while in Src kinase overexpressing cells the rate
of EGF receptor endocytosis increased (Ware et al., 1997).
In line with this, our results show that overexpressing the
flexible Src target domain of Abp1 (i.e., a putative compe-
tition with endogenous kinase targets) also perturbs en-
docytosis and that this perturbation is independent of dy-
namin function because it cannot be rescued by dynamin
cooverexpression.

Several roles for the actin cytoskeleton and for Abp1 in
endocytosis would be plausible. They are not mutually ex-
clusive. First, cortical F-actin could organize and constrain
the endocytic machinery and Abp1 could serve as a signal-
responsive cytoskeletal anchor for proteins binding to its
SH3 domain; i.e., act as adaptor protein linking signals
from membrane receptors to the actin cytoskeleton and to
dynamin as part of the endocytic machinery. A spatially
defined organization of endocytic sites has been described
at the Drosophila neuromuscular junction (Roos and
Kelly, 1999). Defined sites of clathrin-coated pit formation
were also observed by Gaidarov et al. (1999). Since the lat-
eral mobility of clathrin-coated pits increased upon treat-
ments with the actin-sequestering drug latrunculin B, an
association with the cortical actin cytoskeleton has been
suggested (Gaidarov et al., 1999). This implicates an inter-
action with some cytoskeletal adaptor protein. Besides
Abp1, Hip1R is also a very attractive candidate to serve
this function. We identified the F-actin–binding protein
Hip1R (Engqvist-Goldstein et al., 1999) as a mammalian
homologue of the yeast protein Sla2. In yeast, deletions of
the genes SLA2 and ABP1 are synthetic lethal (Holtzman
et al., 1993). When the central coiled-coil region of Sla2
was deleted, a mutation of the SLA2 gene that alone had
no negative effects on endocytosis, endocytic uptake pro-
cesses became dependent on the SH3 domain of Abp1
(Wesp et al., 1997). We demonstrated that Hip1R can be
copurified with coat components such as clathrin and AP2,
and that in vivo the central coiled coil domain was re-
quired for Hip1R’s correct localization to clathrin-coated
pits, whereas its COOH terminus binds to actin (Engqvist-
Goldstein et al., 1999). Here, we also show that Abp1 may
play a role in endocytosis. Thus, the synthetic lethality of
SLA2 and ABP1 in yeast may reflect a functional redun-
dancy of these two genes in connecting the cortical actin
cytoskeleton to the endocytosis machinery.

As a second model for a role at the interface of actin and
endocytosis, Abp1 may be recruited to sites of endocytosis
via its binding to dynamin or may be involved in the de
novo establishment of such sites. In neuronal cells, dy-
namin may form ring-like structures at the neck of invagi-
nated clathrin-coated pits during the fission reaction
(Takei et al., 1995). Localization of Abp1 to dynamin-rich
sites of endocytosis could result in the recruitment of dy-
namic F-actin. The formation of such dynamic actin struc-
tures at the neck of constricted coated pits could create
forces that might support dynamin-controlled fission, vesi-
cle detachment, and/or vesicle movement away from the
plasma membrane similar to the mechanism used to pro-
pel pathogens such as Listeria monocytogenes through a
host cell. Since Abp1 colocalizes with the Arp2/3 complex
and with dynamic F-actin structures at the leading edge of
mammalian cells (Kessels et al., 2000; this study), and
since it activates the Arp2/3 complex in yeast (Goode et
al., 2000), it may play a role in formation of actin tails in
association with endocytic membranes. In support of this
possibility, we have recently observed that Abp1 is re-
cruited to and is enriched in Listeria tails (Kessels, M.M.,
unpublished observations). Actin tails associated with en-
dosomes, pinosomes, clathrin-coated vesicles, and secre-
tory vesicles in vivo have been described in recent studies
(Frischknecht et al., 1999; Merrifield et al., 1999; Rozelle
et al., 2000), as have endosomes and lysosomes in in vitro
systems (Taunton et al., 2000). The study by Rozelle et al.
(2000) also showed that such actin tail structures are in-
ducible by growth factors and phosphoinositides and seem
to depend on signaling events involving tyrosine phos-
phorylations. We have previously shown that Abp1’s ac-
tin-binding function was responsive to PDGF receptor sig-
naling, but also to other signal transduction pathways,
such as protein kinase C stimulation via phorbolesters or
overexpression of a dominant-active Rac (Kessels et al.,
2000). Abp1 also serves as an Src kinase target (Lock et
al., 1998; Larbolette et al., 1999). Thus, several signal
transduction pathways may converge on Abp1 and control
its putative role in the formation of tails (Fig. 10).

The proposed function of actin and Abp1 in endocytosis
may not be important in all cells or cellular compartments,
a hypothesis supported by our characterization of Abp1 in
the neuronal context. We did not see a quantitative overlap
of Abp1 and dynamin at all stages of development. Both
proteins colocalized at actin-rich sites at the onset of synap-
togenesis, but colocalizations were less evident in cells at
other developmental stages. As in growth factor–treated
NIH3T3 cells, where the major pool of Abp1 was recruited
to the leading edge, much of the cellular Abp1 localized to
dynamic actin-rich structures; i.e., to spines and postsynap-
tic densities. However, compensatory endocytosis is a ma-
jor dynamin1-controlled process in neurons and takes place
in the presynapse. Currently, we do not know whether
Abp1 is involved in dynamin function at the presynaptic
side. However, dynamin has recently also been implicated
in important postsynaptic endocytic processes. Similar to
the involvement of dynamin in the agonist-dependent in-
ternalization of cell surface receptors leading to desensiti-
zation (Ahn et al., 1999), dynamin has recently been impli-
cated in long-term depression (Napolitano et al., 1999).
Consistent with this, Man et al. (2000) reported a role for
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dynamin in postsynaptic AMPA receptor recycling. The
fact that Abp1 was coimmunoprecipitated with only a sub-
pool of dynamin in brain extracts may reflect Abp1’s pre-
dominant association with such a postsynaptic dynamin
pool. Long-term depression is a prominent form of synaptic
plasticity and a basis for learning and memory. Our data
suggest that in neurons, Abp1 may be of special importance
during the onset of synaptogenesis and during postsynaptic
processes that involve remodeling of the plasma membrane
and of the cortical actin cytoskeleton. Our understanding
of the mechanisms by which the actin cytoskeleton and en-
docytosis are functionally connected in different systems
will increase with further studies of the interactions and
functions of molecules at this interface, such as Abp1.
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