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Scar/WAVE-1, a Wiskott-Aldrich syndrome protein,
assembles an actin-associated multi-kinase scaffold
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WAVE proteins are members of the Wiskott—Aldrich
syndrome protein (WASP) family of scaffolding
proteins that coordinate actin reorganization by coup-
ling Rho-related small molecular weight GTPases to
the mobilization of the Arp2/3 complex. We identified
WAVE-1 in a screen for rat brain A kinase-anchoring
proteins (AKAPs), which bind to the SH3 domain of
the Abelson tyrosine kinase (Abl). Recombinant
WAVE-1 interacts with cAMP-dependent protein
kinase (PKA) and Abl kinases when expressed in
HEK-293 cells, and both enzymes co-purify with endo-
genous WAVE from brain extracts. Mapping studies
have defined binding sites for each Kkinase.
Competition experiments suggest that the PKA-
WAVE-1 interaction may be regulated by actin as the
kinase binds to a site overlapping a verprolin homol-
ogy region, which has been shown to interact with
actin. Immunocytochemical analyses in Swiss 3T3
fibroblasts suggest that the WAVE-1 kinase scaffold is
assembled dynamically as WAVE, PKA and Abl
translocate to sites of actin reorganization in response
to platelet-derived growth factor treatment. Thus, we
propose a previously unrecognized function for
WAVE-1 as an actin-associated scaffolding protein
that recruits PKA and Abl.
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Introduction

Understanding the sequence of signaling events that direct
reorganization of the actin cytoskeleton is an important
theme in the regulation of many cellular events (Hall,
1998). Thus, the spatial organization of signal transduction
proteins at the cytoskeleton has become an area of intense
interest. At the heart of this process is a molecular
architecture maintained by scaffolding, anchoring and
adaptor proteins (Pawson and Scott, 1997) that control the
flow of signals emanating from transmembrane receptors
to downstream effectors of the actin cytoskeleton (Hall,
1998). Principal targets are the Rho GTPases Rho, Rac
and Cdc42, which promote distinct cytoskeletal changes
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leading to the formation of stress fibers, lamellipodia or
filopodia, respectively (Hall, 1998; Higgs and Pollard,
1999). These distinct actin remodeling events are directed
through association with the Wiskott—Aldrich syndrome
protein (WASP) family of scaffolding proteins (Higgs and
Pollard, 1999; Mullins, 2000). This family is named after
its founding member, the Wiskott—Aldrich syndrome
protein (WASP), which is mutated in a rare X-linked
immunodeficiency disease (Snapper and Rosen, 1999).
More recently, a ubiquitously expressed paralog,
N-WASP, has been identified (Miki et al., 1996).
Another WASP-related protein, Scar-1, was isolated
originally in a genetic screen of Dictyostelium discoideum
for proteins downstream of the chemotaxis receptor for
cAMP, cAR2 (Bear et al., 1998). Subsequently, three
mammalian Scar orthologs named WAVE-1, WAVE-2
and WAVE-3 have been cloned (Miki et al., 1998;
Suetsugu et al., 1999). Each WASP family member
functionally couples individual Rho GTPases to the
Arp2/3 complex, a group of seven related proteins that
function to nucleate actin polymerization and facilitate
dendritic branching of actin filaments (Higgs and Pollard,
1999; Machesky et al., 1999; Blanchoin et al., 2000).
These scaffolding proteins provide a molecular bridge that
links Rho family members to the Arp2/3 complex. Thus, in
response to signals from transmembrane receptors, WASP
family members mediate the dynamic assembly of actin-
based protein complexes at sites of actin remodeling.
Not surprisingly, these multifunctional proteins are
composed of modular domains. For example, the
N-terminal regions of WASP and N-WASP contain a
CRIB domain that is responsible for direct interaction with
Cdc42, whereas the three Scar/WAVE isoforms are
believed to couple with Rac through an as yet undefined
mechanism (Kim et al., 2000; Mullins, 2000). The central
core of each WASP protein has several proline-rich
sequences that interact with various SH3 proteins and the
G actin-binding protein profilin (Miki et al., 1998;
Mullins, 2000). Association with the actin cytoskeleton
occurs through two conserved binding motifs: a verprolin
homology (VPH) domain and a C-terminal acidic domain
that binds to the Arp2/3 complex (Machesky et al., 1999).
Using a proteomics approach, we now demonstrate that
the Abelson tyrosine kinase (Abl) and the cAMP-depend-
ent protein kinase (PKA) are WAVE-1-binding partners
inside cells. Thus, WAVE-1 can be classified as an
A-kinase anchoring protein (AKAP), a growing family of
cellular organizing proteins that tether PKA to defined
subcellular sites via high affinity protein—protein inter-
actions with the R subunit dimer of the PKA holoenzyme
(Colledge and Scott, 1999). Immunocytochemical studies
in Swiss 3T3 cells show that a pool of WAVE migrates
from focal adhesions to sites of actin reorganization upon
treatment with platelet-derived growth factor (PDGF).
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These studies also demonstrate that both kinases move to
these sites, suggesting that WAVE-1 may participate in the
recruitment of kinases to sites of active cytoskeletal
remodeling.

Results

Identification of WAVE-1 as an anchoring protein
for PKA and Abl kinase

Although many modular adaptor proteins and AKAPs
have been identified, few, if any of these anchoring
proteins associate with serine/threonine and tyrosine
kinases. Therefore, glutathione S-transferase (GST) fusion
proteins encompassing the SH3 domains from three
tyrosine kinases, Abl, Fgr and vSrc, and the SH3 domain
of phospholipase Cy were used to affinity purify proteins
from brain extracts. The resulting protein complexes were
screened for AKAPs by an overlay procedure using the
radiolabeled regulatory subunit of PKA (RII) as a probe.
An RII-binding protein of 84 kDa co-purified with the Abl
kinase SH3 domain, but not other SH3 domains
(Figure 1A). Control experiments confirmed that solid-
phase binding of RII to the ‘Abl-AKAP’ was blocked in
the presence of the anchoring inhibitor peptide, Ht31,
which is an antagonist of RII-AKAP interactions
(Figure 1B). This technique is used routinely as a first
diagnostic to identify AKAPs (Carr and Scott, 1992).

Identification of the ‘Abl-AKAP’ involved a purifica-
tion strategy that took advantage of its interaction with the
SH3 domain of Abl (Figure 2A). Rat brain extract was
incubated with the GST-tagged Abl SH3 domain im-
mobilized on glutathione—Sepharose. Bound proteins were
eluted with glutathione and fractionated by MonoQ anion
exchange chromatography using a fast protein liquid
chromatography (FPLC) system (Figure 2B). Fractions
enriched for ‘Abl-AKAP’ were detected by RII overlay. A
band of ~84 kDa that corresponded to the only RII-binding
protein was enriched in fractions 13—16 (Figure 2C). This
material was separated further by electrophoresis on a
4-15% SDS gel (Figure 2D), excised from the gel and
subjected to trypsin cleavage. Three tryptic peptides
sequenced by mass spectroscopy exhibited 100% identity
with regions of a human cDNA clone, KIAA0269 (DDBJ/
EMBL/GenBank accession No. D87459) (Nagase et al.,
1996). Human and mouse cDNAs encoding this protein
were generated by PCR and the mouse sequence (DDBJ/
EMBL/GenBank accession No. AF290877) is presented in
Figure 2E.

Recently, this protein was identified as Scar-1, the
mammalian homolog of a D.discoideum protein that
interacts with the p21 subunit of the Arp2/3 complex
(Bear et al., 1998; Machesky et al., 1999), and WAVE-1, a
WASP family member that associates with the actin
cytoskeleton and is functionally coupled to the Rho family
GTPase Rac (Miki et al., 1998; Suetsugu et al., 1999). In
light of these observations, we will now refer to the ‘Abl-
AKAP’ as WAVE-1.

WAVE-1 binds PKA and Abl kinase inside cells

To analyze further the properties of WAVE-1, a bacterial
expression vector was generated by ligating the coding
region of the human cDNA into the plasmid pEt30.
Recombinant WAVE-1 protein migrated at 84 kDa on
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Fig. 1. Identification of an 84 kDa RII-binding protein that interacts
with the SH3 domain of the Abl tyrosine kinase. Rat brain extracts
were subjected to pull-down assays using GST fusion proteins
expressing the SH3 domains from Abl kinase, the tyrosine kinase Fgr,
phospholipase Cy and the tyrosine kinase vSrc. Control experiments
were performed using GST alone and an unrelated GST fusion protein,
GST-PP2A/A. RlII-binding proteins were detected by a solid-phase
overlay assay (Hausken ef al., 1998). Detection of immobilized
radiolabeled RII was by autoradiogram in the absence (A) and in the
presence (B) of RII blocking peptide Ht31 (1 uM). A representative
blot from four individual experiments is presented. The source of the
GST fusion protein is indicated above each lane. Molecular weight
markers are indicated.

SDS-PAGE and bound to RII in the overlay assay
(Figure 3A). These properties are consistent with the
isolation of the Abl-interacting AKAP described above
(Figures 1 and 2). In order to establish whether WAVE-1
bound to both PKA and Abl inside cells, a mammalian
expression vector (pcDNA3) encoding WAVE-1 tagged
with the FLAG epitope was transfected into HEK-293
cells. Lysates from control and transfected cells were
subjected to immunoprecipitation with a monoclonal
antibody against the FLAG epitope. Co-purification of
the Abl tyrosine kinase was established by immunoblot-
ting (Figure 3B, top panel). Co-precipitation of WAVE-1
and PKA was confirmed by RII overlay (Figure 3B, middle
panel) and immunodetection of the catalytic subunit
(Figure 3B, bottom panel). These results suggest that
recombinant WAVE-1 can interact with endogenous Abl
and PKA inside HEK-293 cells. More definitive experi-
ments were conducted to establish whether endogenous
WAVE-1 interacts with both kinases in vivo. Polyclonal
antibodies raised against WAVE-1 detected a single band
of ~84 kDa in rat brain extracts (Figure 3C) and
immunoprecipitated an RII-binding protein of the same
size from rat brain extracts (Figure 3D, middle panel). Co-
purification of the Abl tyrosine kinase (Figure 3D, top
panel) and the catalytic subunit of the PKA holoenzyme
(Figure 3D, bottom panel) was confirmed by immunoblot-
ting. WAVE-1, Abl or PKA were not detected when
immunoprecipitations were performed with pre-immune
serum (Figure 3D). Collectively, these results demonstrate
that WAVE-1 serves as a scaffold to bind the PKA
holoenzyme and the Abl tyrosine kinase in cells and
tissues.

Mapping of the Abl kinase and PKA interaction
domains on WAVE

A series of recombinant WAVE-1 fragments was gener-
ated to map the sites of interaction with the GST-SH3
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Fig. 2. Purification of the 84 kDa ‘Abl-AKAP’ RII-binding protein. (A) The ‘Abl-AKAP’ was isolated from rat brain extracts by a purification
strategy that took advantage of its selective interaction with the SH3 domain of Abl. Eluates from the Abl SH3 affinity resin were applied to a MonoQ
anion exchange column using FPLC. (B) Proteins were eluted from the MonoQ column with a linear gradient of NaCl and the fractions were analyzed
for absorbance (OD,g). (C) The elution of the 84 kDa RII-binding protein was detected by RII overlay assay in fractions 12—-16. (D) The peak
fractions were pooled, concentrated, separated by SDS—PAGE and stained with Coomassie Blue dye. Molecular weight markers are indicated and

the migration of the ‘Abl-AKAP’ is denoted by an arrow. This protein band was excised from the gel, fragmented by digestion with trypsin and
subjected to microsequence analysis using a MALDI-TOF mass spectrometer. (E) BLAST sequence analysis of three peptides obtained from the

mass spectrometry (underlined) identified WAVE-1. The mouse WAVE-1 sequence is presented.

domain of Abl tyrosine kinase (Figure 4A). Only frag-
ments including residues 300—410 of WAVE-1 bound to
the Abl SH3 domain, whereas fragments lacking this
region or GST alone were unable to interact (Figure 4B).
Controls confirmed that equivalent amounts of each GST-
WAVE-1 fragment were used in these experiments
(Figure 4C). It is well established that SH3 domains
recognize a core PXXP motif (Pawson and Gish, 1992).
Several polyproline stretches are present within this region
of the WAVE-1 sequence that could participate in binding
to the Abl SH3 domain (Figure 2E).

Biochemical and structural analyses have shown that
the RII-binding domains of AKAPs involve a short
amphipathic helix that provides extensive hydrophobic
contact with a complementary region on the R subunit
dimer (Carr et al., 1991, 1992; Newlon et al., 1999).
Mapping studies suggested that a region between residues
480 and 520 of WAVE-1 contains determinants for PKA
anchoring as fragments encompassing this region bound
RII when a series of GST fusion proteins was screened by
the overlay procedure (Figure 5B). On the basis of
sequence similarity to other AKAPs and secondary
structure predictions, residues 493-510 of WAVE-1

seemed likely to contain the principal determinants for
RII binding (Figure 5A). Accordingly, substitution of
isoleucines 505 and 509 by proline abolished RII inter-
action as assessed by the RII overlay (Figure 5C). These
mutations correspond to changes in other AKAPs that
disrupt interaction with RII (Carr et al., 1991; Hausken
et al., 1996), thus suggesting that WAVE-1 is an AKAP.
More conclusive evidence was provided by enzymological
studies showing that immunoprecipitation of recombinant
WAVE-1 from HEK-293 cells resulted ina 5.1 = 0.6-fold
(n = 3) enrichment in PKA activity (Figure 5D). All
kinase activity was blocked by the PKI 5-24 peptide, a
specific inhibitor of PKA (Scott et al., 1985). Collectively,
these data confirm that WAVE-1 functions as a conven-
tional AKAP inside cells.

Recently, two additional WAVE isoforms, WAVE-2
and WAVE-3, have been identified (Suetsugu et al., 1999).
Alignment of all three sequences revealed considerable
homology within the putative RII-binding domain,
although certain key hydrophobic residues were not
conserved in WAVE-2 and WAVE-3 (Figure S5E).
WAVE-2 and WAVE-3 cDNAs were isolated by RT-
PCR, expressed in bacteria and purified in order to
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Fig. 3. PKA and Abl interact with WAVE inside cells. (A) WAVE-1 protein epitope tagged with the Hisq sequence was expressed in bacteria.
Expression of the recombinant protein was detected by the RII overlay assay as described in Materials and methods (Hausken et al., 1998). Molecular
weight markers are indicated. (B) Cell extracts prepared from HEK-293 cells expressing recombinant WAVE-1 epitope tagged with the FLAG
sequence were subjected to immunoprecipitation using a monoclonal antibody against the FLAG epitope. Control immunoprecipitations were
performed with the same antibody using cell extracts prepared from non-transfected HEK-293 cells. Co-purification of Abl kinase (top panel), WAVE
(middle panel) and the catalytic subunit of the PKA holoenzyme (bottom panel) were detected by immunoblot using specific antibodies against each
protein. Molecular weight markers are indicated. Arrowheads denote the migration position of each protein. (C) Rat brain extracts were
immunoblotted with affinity-purified antibodies to WAVE. Molecular weight standards are indicated. (D) Rat brain extracts were subjected to
immunoprecipitation using the affinity-purified WAVE antibodies. Co-purification of Abl kinase (top panel), WAVE (middle panel) and the catalytic
subunit of the PKA holoenzyme (bottom panel) detected by immunoblotting using specific antibodies against each kinase and RII overlay for
WAVE-1. Molecular weight standards are indicated. Arrowheads denote the migration position of each protein. Representative examples of three

individual experiments are presented.

determine whether the other WAVE isoforms were
AKAPs. Neither WAVE-2 nor WAVE-3 bound RII as
assessed by the RII overlay assay (Figure SF, top panel).
Control experiments confirmed that equivalent amounts of
each WAVE isoform were used (Figure SF, bottom panel).
To assess the ability of each WAVE form to interact with
the PKA holoenzyme inside cells, HEK-293 cells were
transfected with FLAG-tagged vectors encoding the
individual WAVE isoforms. Cell extracts were immuno-
precipitated using a monoclonal antibody against the
FLAG epitope. The catalytic subunit of PKA was only
detected in immunoprecipitates from cells expressing
WAVE-1 (Figure 5G, top panel). Control experiments
confirmed that equivalent amounts of each WAVE isoform
were immunoprecipitated (Figure 5G, bottom panel).
Collectively, these data indicate that WAVE-1 is the
only isoform that binds RII and serves to anchor PKA.
Interestingly, the RII-binding region of WAVE-1 over-
laps with a VPH domain (residues 493-510, Figure 6A)
that has previously been characterized as a binding site for
G actin (Machesky and Insall, 1998). To refine the region
on WAVE-1 responsible for interaction with G actin, a
mutant was constructed in which Arg512 and Lys513 were
mutated to glutamate (Figure 6A). Analogous mutations in
the actin-binding protein verprolin disrupt interaction with
actin (Vaduva et al., 1997). Likewise, the WAVE-1
R512E, K513E mutant did not bind to G actin (Figure 6B),
although it retained some ability to interact with RII as
assessed by the overlay assay (data not shown). These
results suggest that the G actin- and RII-binding sites
overlap in WAVE-1 but that each protein recognizes
distinct determinants within the 493-510 sequence. To
determine whether WAVE-1 could bind to both RII and
G actin, a GST fusion of WAVE (residues 480-559) was
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incubated with recombinant RII in the presence of
increasing amounts of actin extracts (Figure 6C). Actin
binding and RII binding were assessed by immunoblot-
ting. Increased actin binding (Figure 6C, top panel)
corresponded to decreased RII interaction (Figure 6C,
middle panel) with the WAVE fusion protein (Figure 6C,
bottom panel). These data suggest that RII and actin
binding to WAVE-1 are mutually exclusive.

Immunocytochemical localization of the WAVE
signaling complex in Swiss 3T3 fibroblasts
Immunocytochemical analysis of the WAVE signal
transduction complex was performed in Swiss 3T3
fibroblasts (Figure 7A-D). WAVE staining was detected
in the nucleus and at focal adhesions, specialized struc-
tures that attach the actin cytoskeleton to membranes
(Figure 7A). Two separate antibodies raised against
recombinant WAVE-1, VO59 and VO60, gave identical
staining patterns. Intracellular pools of WAVE were
confirmed by immunofluorescent detection of paxillin as
a marker for focal adhesions (Figure 7B and D) and
counterstaining with Hoechst dye to detect DNA as a
nuclear marker (Figure 7C and D).

WAVE acts downstream of PDGF receptor activation
where it is functionally coupled to a Rho family GTPase,
Rac (Nobes et al., 1995). Therefore, experiments were
initiated to investigate the subcellular location of WAVE,
PKA and Abl during Rac-induced reorganization of actin.
It was important to establish that WAVE-1 was expressed
in these fibroblasts. In the absence of isoform-specific
antibodies, we detected WAVE-1 on the basis of its PKA-
anchoring properties (Figure 8A and B). These experi-
ments confirm that WAVE-1 is expressed in Swiss 3T3
fibroblasts.
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Fig. 4. Mapping the Abl-binding domain. (A) A schematic representation of recombinant His-tagged WAVE-1 fusion fragments used in mapping
studies is presented. Fragments that interact with the GST-SH3 domain from Abl (filled boxes) and fragments negative for binding (open boxes)

are indicated. The first and last residues in each fragment of WAVE-1 are numbered. (B) Recombinant fragments of WAVE-1 were incubated with
GST-AbI SH3 fusion protein that was immobilized to glutathione—Sepharose for 1 h at 4°C. Bound proteins were detected by immunoblotting using a
monoclonal antibody to the histidine tag present on the WAVE fragments. (C) A control immunoblot indicating the expression levels of each His-
tagged WAVE-1 fragment loaded onto the GST—-Abl SH3 domain column. WAVE-1 fragments were detected by immunoblotting using a monoclonal
antibody to the histidine tag. Molecular weight standards are indicated. Representative examples of three individual experiments are presented.

Control and PDGF-treated (10 ng/ml) cells were stained
with affinity-purified antibodies against WAVE (green)
and murine RII (blue), while actin was detected with Texas
red—phalloidin (red). All three proteins exhibited distinct
subcellular distributions in cells not treated with PDGF
(Figure 8C-F). WAVE was detected in the nucleus and at
focal adhesions (Figure 8C), actin was aligned along stress
fibers (Figure 8D) and RII was predominantly perinuclear
(Figure 8E). The signals for WAVE and actin overlapped
at focal adhesions, but there was no detectable RII signal at
these sites (Figure 8F). In contrast, treatment with PDGF
promoted distinct changes in the staining pattern of all
three proteins (Figure 8G-J). PDGF promoted the forma-
tion of lamellipodia and a ‘ring structure’ at internal sites
of actin reorganization (Figure 8H). PDGF also reduced
the number of focal adhesions (although some cells were
less robust in their response to PDGF than others) (data not
shown). WAVE staining, however, was clearly evident at
sites of actin reorganization (Figure 8G). Likewise, a
significant proportion of the RII signal was now detected at
sites of actin reorganization (Figure 8I). A composite
image shows that all three signals overlap in the same focal
plane, suggesting that all three proteins are co-localized
(Figure 8J). Treatment with the actin-depolymerizing
agent, cytochalasin D, abolished the °‘ring structure’
formed in response to PDGF and prevented the movement
of WAVE and RII (Figure 8K-N). These findings lend
further support to our biochemical evidence demonstrating
that WAVE binds to PKA or actin.

Similar experiments were repeated to demonstrate that
WAVE (green), Abl (red) and RII (blue) move to similar
‘ring structures’ upon PDGF treatment of Swiss 3T3
fibroblasts (Figure 9A-H). As reported previously, Abl
was also detected throughout the cytoplasm and within the
nucleus (McWhirter and Wang, 1991; Pendergast, 1996).
Interestingly, other studies have suggested that Abl may
also be found within focal adhesions where Abl is thought
to phosphorylate paxillin (Lewis and Schwartz, 1998).
Although the Abl and PKA signals appeared to be more
prominent in the PDGF-treated cells, we believe that this
represents the increased surface area of the signal at these

regions. These findings imply that extracellular stimuli
that promote Rac activation result in the movement of
WAVE, PKA and Abl to sites of cytoskeletal reorganiza-
tion.

Recombinant WAVE isoforms
co-immunoprecipitate

Our immunocytochemical analysis indicated that WAVE
and PKA were recruited to the sites of actin reorganization
(Figures 8 and 9). Yet our in vitro binding studies
suggested that actin and RII bind WAVE-1 in a mutually
exclusive manner (Figure 6). Therefore, it was unclear
how movement of WAVE-1 to sites of actin reorganiza-
tion could also promote the translocation of RII. One
potential explanation was that WAVE-1 could complex
with other WAVE isoforms. To test directly whether
interactions could occur, HEK-293 cells were transfected
with different combinations of FLAG- and green fluor-
escent protein (GFP)-tagged WAVE isoforms. Immuno-
precipitation of WAVE-1 with antibodies to the FLAG
epitope resulted in the co-precipitation of the GFP-—
WAVE-1, GFP-WAVE-2 or GFP-WAVE-3 fusion
proteins, respectively (Figure 10). These data demonstrate
that WAVE isoforms can be recruited into larger com-
plexes.

Discussion

Remodeling of the actin cytoskeleton orchestrates cellular
events including cell shape, polarity, phagocytosis,
motility and cytokinesis. In each case, the coordinated
assembly and disassembly of actin is tightly regulated by
different combinations of signal transduction enzymes.
Although the precise molecular mechanisms underlying
these processes are still being elucidated, it is already
apparent that the Wiskott—Aldrich syndrome proteins
WASP, N-WASP and WAVE are downstream targets
for individual Rho family GTPases. It is believed that this
family of adaptor proteins funnels signals from hepta-
helical or growth factor receptors to sites of actin
reorganization through association with a variety of
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Fig. 5. Mapping the RII-binding domain. (A) A schematic representation of recombinant WAVE fragments used for the mapping of the RII-binding
site. Fragments that interact with RII (filled boxes) and fragments negative for binding (open boxes) are indicated. The first and last residues in each
fragment of WAVE-1 are numbered. The amino acid sequence of the putative RII-binding site, which is located between residues 493 and 510 of
WAVE-1, is indicated using the one letter code. (B) Fragments of WAVE-1 were separated by electrophoresis on a 6% SDS—polyacrylamide gel,
electrotransferred to nitrocellulose and assayed for RII binding by overlay assay (Hausken et al., 1998). Detection of immobilized RII was by
autoradiography. Molecular weight standards are indicated. (C) Point mutations were introduced at positions 505 and 509 of the WAVE-1 protein.
The RII-binding characteristics of the wild-type and mutant proteins (indicated above each lane) were assessed by the overlay assay (Hausken et al.,
1998). (D) Recombinant WAVE-1 was immunoprecipitated from HEK-293 cell lysates using a monoclonal antibody against the FLAG epitope.
Control (C) immunoprecipitations were performed with cells not transfected with WAVE-1. Co-purification of the PKA holoenzyme was measured by
assaying for the catalytic subunit of PKA using a filter paper assay (Corbin and Reimann, 1974). PKA-specific activity was measured as pmol/min/ml
of material. PKA activity was blocked by the specific inhibitor PKI 5-24 peptide. The data represent the results of three independent experiments.
(E) The RII-binding region of WAVE-1 is aligned with corresponding regions in the WAVE-2 and WAVE-3 isoforms. Residues are presented using
the one letter code. The first and last amino acids in each sequence are indicated. Amino acids not conserved in WAVE-2 and WAVE-3 are boxed
and shaded. (F) His epitope-tagged WAVE-1, WAVE-2 and WAVE-3 were expressed and purified from bacteria. Soluble extracts were separated

by electrophoresis on a 6% SDS—polyacrylamide gel, electrotransferred to nitrocellulose and assayed for RII binding by overlay assay (top panel)
(Hausken et al., 1998). The expression level of each WAVE isoform was detected by western blotting using the anti-His antibody (bottom panel).
Molecular weight standards are indicated. Representative examples of three individual experiments are presented. (G) Soluble extracts from HEK-293
cells transfected with FLAG-tagged WAVE-1, WAVE-2 or WAVE-3 and pcDNA3 vector alone (control) were immunoprecipitated using a mono-
clonal antibody against the FLAG epitope. Co-precipitation of the PKA catalytic subunit (top panel) was detected by immunoblotting using a
monoclonal antibody against the kinase. The expression level of each WAVE isoform (bottom panel) was monitored by western blotting using

the anti-FLAG monoclonal antibody. Representative examples of three individual experiments are presented.

actin-binding proteins and the Arp2/3 complex. Our We originally identified WAVE in a screen for brain
biochemical studies now highlight a previously unrecog- AKAPs that interact with isolated SH3 domains from a
nized role for the WAVE-1 isoform as a kinase-anchoring variety of signal transduction molecules. This method
protein that binds PKA and the tyrosine kinase c-Abl. This proved to be surprisingly stringent as parallel approaches
provides a mechanism whereby a second messenger- using SH3 domains from the related non-receptor tyrosine
dependent serine/threonine kinase and a non-receptor kinases Src and Fgr were negative for WAVE binding. In
tyrosine kinase are directed to sites of actin reorganization. contrast, WASP may have a more generalized kinase-

4594



WAVE-1 is a kinase-anchoring protein

A B C
WAVE(480/559)/GST
RIl binding site & .
500 VLLEAIRKGIQLRKVEEQREQ 520 @;‘:«- *:5"
‘6 ™ e — —
& 0‘: & o <4 Actin
1 558 0
51— - « Actin
511 LRKVEE 516 38 4 - L1 _ T <4 RIil
in bindin
flcs site g 38 <4 GST/WAVE
2 1 < GST S =0 2R € GSTWAVE

Fig. 6. RII and actin binding to WAVE is mutually exclusive. (A) Schematic representation of RII- (upper sequence) and actin-binding sites (lower
sequence) on WAVE-1. Amino acids are presented using the one letter code. The first and last residues are numbered. (B) Solution-phase binding of
GST-WAVE-1 and mutants (indicated above each lane) to actin was detected by immunoblotting (top panel) with a polyclonal antibody against rat
actin. The expression level of each GST fusion protein (bottom panel) was confirmed by immunoblotting using monoclonal antibodies against GST.
Molecular weight markers are indicated. (C) Solution-phase competition assay was used to examine actin displacement of RII-WAVE-1 binding.
The WAVE-1-RII complex was formed on GST-beads and incubated with increasing concentrations of rat brain extract (indicated above each lane).
Bound actin (top panel) and RII (middle panel) were detected by immunoblotting with polyclonal antibodies against each protein. Equal levels of the
WAVE-1 fragment were detected by immunoblotting using affinity-purified anti-WAVE antibody.

Composite

Fig. 7. The subcellular distribution of WAVE. Confocal microscopy of Swiss 3T3 fibroblasts demonstrating the subcellular distribution of endogenous
WAVE and cellular markers. Immunocytochemical analysis was carried out using a polyclonal antibody against (A) WAVE (green), (B) a mono-
clonal antibody against paxillin, a marker for focal adhesions (red), and (C) the nucleus was detected by DNA staining with Hoechst dye (blue).

(D) A merged image depicts the distribution of all three stains. Control immunocytochemical analysis showed no antibody signal.

anchoring role as it interacts with the SH3 domains of Src,
Fgr, Fyn and the Tec tyrosine kinases, Btk and Itk (Bunnell
et al., 1996; Cory et al., 1996; Finan et al., 1996; Kinnon
et al., 1997, Banin et al., 1999). Structure—function
analysis and screening of combinatorial peptide libraries
have defined minimal core recognition motifs for a number
of SH3 domains (Pawson and Gish, 1992). The Abl SH3
domain is distinct as it prefers the sequence
PPX{F,Y,W}XPPP{L,ILV,G,A}P (bold residues are
highly conserved) (Sparks et al., 1996). Perhaps the
closest homology to an Abl-binding consensus sequence
with the region of WAVE-1 defined by our mapping

studies lies between residues 317 and 325 (PVFVSPTPP).
Abl binding appears to be a common feature of the WAVE
family as recombinant WAVE-2 and WAVE-3 also
interact with the Abl SH3 domain in vitro (R.S.Westphal
and J.D.Scott, unpublished observation).

In contrast, PKA anchoring does not appear to be a
generalized feature of all WAVE isoforms. Only WAVE-1
binds RII in vitro, and immunoprecipitation of recom-
binant WAVE-1 from cell lines results in a 5-fold
enrichment of endogenous PKA activity. Sequence align-
ments indicate that WAVE-2 and WAVE-3 lack certain
key hydrophobic side chains that are required to bond with
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Fig. 8. Dynamic assembly of the WAVE-1-PKA complex in response to PDGF. (A) Cell lysates prepared from Swiss 3T3 fibroblasts were probed for
the expression of endogenous WAVE. WAVE was detected by immunoblotting using polyclonal antibodies. Molecular weight markers are indicated.
The arrow indicates the migration position of WAVE. (B) Polyclonal antibodies were used to immunoprecipitate endogenous WAVE from Swiss 3T3
fibroblast extracts. Co-precipitation of the PKA holoenzyme was confirmed by immunodetection of the PKA catalytic subunit using monoclonal
antibodies. The arrow indicates the migration position of the catalytic subunit. Molecular markers are indicated. Experiments were conducted at least
three times. (C—N) Confocal microscopy of Swiss 3T3 fibroblasts demonstrating the subcellular distribution of WAVE and its binding partners.
Immunocytochemical analysis was carried out (C, G and K) using a rabbit polyclonal antibody against WAVE (green), (D, H and L) Texas red—
phalloidin to detect actin (red) and (E, I and M) mouse monoclonal RII (blue). Merged images (F, J and N) depict the subcellular distribution of all
three stains. The cells in (C—F) were serum starved. The cells in (G-J) were treated with PDGF (10 ng/ml) for 10 min prior to fixation. Cells in (K-N)
were treated with cytochalasin D (10 uM) for 30 min prior to PDGF (10 ng/ml) for 10 min, and then fixed. Control immunocytochemical analysis

showed no antibody signal.

a binding surface formed by the RII dimer (Figure 5C).
Although only WAVE-1 can function as an AKAP, its
ability to complex with other WAVE isoforms has the
potential to increase the representation of protein kinases
within the complex. Another unique feature of the PKA—
WAVE-1 interaction is that actin may compete for the RII-
binding site. Although the physiological significance of
these interactions is not yet clear, our data provide the first
evidence for the regulation of an RII-AKAP interaction by
another protein. The high intracellular concentration of
actin may well be sufficient to compete with the RII-
WAVE-1 interaction as AKAP-RII binding typically
occurs in the nanomolar range (Carr et al., 1992;
Herberg et al., 2000). Thus, PKA anchoring may be
regulated dynamically at sites of actin reorganization.
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Although we present evidence that RII and actin
compete for WAVE-1 binding, our immunocytochemical
experiments paradoxically suggest that WAVE and PKA
are recruited to lamellipodia and actin ring structures in
response to PDGF treatment. There are three possible
explanations for this apparent contradiction. First of all,
distinct pools of WAVE associated with actin or PKA
could exist at sites of actin remodeling. Secondly, other
actin-binding proteins within the WAVE-1 signaling
complex such as profilin, the Arp2/3 complex or Abl
may contribute to the targeting function. Potentially, this
high degree of cross-linking to the cytoskeleton may
explain why we have been unable consistently to demon-
strate increased PKA or Abl activity associated with
WAVE imunoprecipitated from PDGF-treated fibroblasts.
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Fig. 9. Dynamic assembly of the WAVE/AbI/PKA signaling scaffold in response to PDGF. Immunocytochemical analysis was carried out (A and E)
using a rabbit polyclonal antibody against WAVE (green), (B and F) mouse monoclonal antibody against Abl (red) and (C and G) goat polyclonal
antibody to RII (blue). Merged images (D and H) depict the subcellular distribution of all three proteins. The cells in (A-D) were serum starved. The
cells in (E-H) were treated with PDGF (10 ng/ml) for 10 min prior to fixation. Control immunocytochemical analysis showed no antibody signal.
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Fig. 10. Oligomerization of WAVE isoforms. HEK-293 cells
expressing GFP-tagged WAVE-1 or control vector were co-transfected
with FLAG-tagged WAVE-1, WAVE-2 or WAVE-3 (indicated

above each lane). Soluble HEK-293 cell extracts were subjected to
immunoprecipitation using an anti-FLAG monoclonal antibody.
Expression of each WAVE isoform (top panel) was confirmed by
immunoblotting with monoclonal antibodies against the FLAG epitope.
The migration positions of each WAVE isoform are indicated by
arrows. Co-precipitation of GFP-tagged WAVE-1 was detected by
immunoblotting using antibodies against GFP (bottom panel).

1B: GFP/WAVE-1:

This is a reasonable explanation given the possibility for
multiple sites of contact between the WAVE signaling
complex and other actin-binding proteins. A third explan-
ation is suggested by our data demonstrating additional
interactions between WAVE isoforms. This finding is
consistent with recent cross-linking studies suggesting that
N-WASP forms homodimers (Carlier et al., 2000). Future
studies are planned to define the mechanism of WAVE-
WAVE interactions and to delineate between the forma-
tion of hetero- or homomultimers or the recruitment of
WAVE isoforms into a multiprotein complex through
association with intermediary proteins. Thus, a WAVE-1-
PKA complex could be tethered to the cytoskeleton
through actin-based interactions provided by either
WAVE-2 or WAVE-3. This more sophisticated level of
molecular organization undoubtedly has implications for
WAVE signaling.

Functional studies implicate cyclic nucleotide-depend-
ent protein kinases and Abl kinases in the control of
processes driven by actin dynamics, including axonal
outgrowth or growth cone guidance. For instance, in

Xenopus spinal neurons, cAMP-dependent activity regu-
lates the choice of growth cone attraction and repulsion in
response to brain-derived neurotrophic factor (BNDF) or
acetylcholine (Song et al., 1997). Importantly, PKA
activity levels determine whether the response is attraction
or repulsion, as specific inhibitors of PKA can convert an
attractant such as BNDF to a repellent, suggesting that
both growth cone attraction and repulsion are controlled
by PKA (Ming et al., 1997). Interestingly, Abl also
participates in the regulation of axonal guidance pathways.
Candidate Abl substrates include disabled and the
neuronal receptor protein tyrosine phosphatase Dlar,
which are essential genes for axonal guidance in
Drosophila (Gertler et al., 1993; Wills et al., 1999). In
addition, screens for modulators of Abl null phenotypes
have also identified other Abl substrates and regulators of
the actin cytoskeleton including enabled (also called Mena
in mouse), which binds to profilin (Gertler et al., 1995;
Ahern-Djamali et al., 1999). These observations are in
keeping with our hypothesis that WAVE-1 functions to
maintain PKA and Abl at sites of actin reorganization.
Presumably this level of organization provides a mechan-
ism to facilitate the rapid changes in cytoskeletal archi-
tecture that emanate from activation of Rac. Furthermore,
the dynamic nature of the interactions suggests that
extracellular effectors such as PDGF may transiently
promote the assembly of an actin-based transduction unit
at sites of actin remodeling. Future studies will probably
focus on identifying additional components of the WAVE
complex and defining particular substrates for both PKA
and Abl kinases.

Materials and methods

Preparation of tissue and cell extracts

Soluble tissue extracts were prepared from frozen rat brains (Pel Freeze)
by dounce homogenization in lysis buffer [25 mM HEPES, 150 mM
NaCl, 0.5% Triton, 1 mM EDTA, 1 mM 4-(2-aminoethyl)-benzene-
sulfonyl fluoride, 1 mM benzamidine, 2 pg/ml pepstatin and 2 pg/ml
leupeptin] and centrifugation at 38 000 g for 1 h at 4°C. Cell extracts were
prepared by washing cells with phosphate-buffered saline (PBS),
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followed by scraping adherent cells in 1 ml of lysis buffer, incubating on
ice for 15 min and then centrifuging at 15 000 g for 30 min. Extracts were
prepared from the supernatants of each spin.

Purification of ‘Abl-AKAP’

Soluble extract from five frozen rat brains was incubated with 500 ul of
GST-Abl SH3 domain fusion protein (~0.5-2 mg) immobilized on
glutathione—Sepharose (Pharmacia) overnight at 4°C. Precipitated resin
was washed with lysis buffer and bound proteins were eluted with
glutathione (15 mM) in anion exchange buffer (50 mM Tris pH 7.4, 1 mM
EDTA). The eluted material was applied to a MonoQ anion exchange
column using FPLC (Pharmacia). The column was developed with a
linear gradient of NaCl (0-0.5 M) and fractions were assayed for the
presence of the 84 kDa RII-binding protein by RII overlay assay. The
pooled materials from three peak fractions were collected and concen-
trated. Samples were separated by SDS-PAGE (6% acrylamide) and
stained with Coomassie Blue. A single protein band of 84 kDa was
excised from the gel and subjected to peptide microsequencing using
mass spectrometry (Harvard Microchem).

Primers used

All of the PCR primers used in this study are listed below.

Human WAVE-1 primers: AA3pl (ggggatactgctaaacattcaaataaggcaag);
Abl-AkapSpl(ctcttgecacttgeggatectgaactggaataacga); and AAS129 (gge-
cgagctctcatgecgetagtgaaaagaaacatcgatectagg).

Human WAVE-2 primers: W2/1AS (aagcaggtcgctacgggcatcgctgattacag-
gtagggttgatggatggeg); WAVE2S] (gecgecatggatgecgttagtaacgaggaacate-
gagccaaggeac); and W2AS1497F (gccgetegagttaatcggaccagtegtecteat-
caaattcagagg).

Human WAVE-3 primers: W3ASRT (gcacaatttgctatgtttagtggcactt-
aag); WAVE3S1 (gccggtegacatgectttagtgaagaggaacattgagececeggeac);
WAVE3.5499 (caggacacagaagacaaaaggaaagagaaaaggcgt); W3AS1509
(gccgetegagtcagteggaccagtegttetcgtegaactetgagte); and W3AS753 (cgg-
gtaagagtaatccgtaacgtccgatge).

Mouse WAVE-1 primers: WV.AS1 (gtcagcgtcatcctcagecagetetggac) and
WVI1.S1 (atgccgcetagtgaaaagaaacatcgat).

RT-PCR and construction of cDNA expression plasmids
Human brain poly(A) RNA (Clontech) was used for preparation of
WAVE-1, -2 and -3 cDNA using Superscript Choice System for cDNA
synthesis (Gibco-BRL). WAVE-1, -2 and -3 cDNAs were PCR amplified
using oligonucleotides containing restriction enzyme sites selected for
each WAVE isoform. PCR products were digested with restriction
enzymes and subcloned into the pet30a bacterial expression vector
(Novagen). Subcloning of human WAVE-1, -2 and -3 into expression
vectors encoding N-terminal FLAG tag (FLAG-pCDNA-3; kind gift from
Dr Phillip Stork, Vollum Institute, Portland, OR), N-terminal GFP
(pEGFP-C1; Clontech), N-terminal histidine tag (pet30a; Novagen) and
GST (pGEX-4T1; Pharmacia) was performed following standard
restriction digestion and ligation protocols. The sequence of all WAVE
constructs was confirmed by DNA sequencing. The N-terminus of mouse
WAVE-1 was cloned by rapid amplification of cDNA ends (RACE) using
mouse brain marathon-adapted cDNA (Clontech), Advantage polymerase
mix (Clontech) and primers WV.AS1 and WV1.S1. The C-terminus of
mouse WAVE-1 was cloned from an expressed sequence-tagged clone
(DDBJ/EMBL/GenBank accession No. Ai037400).

Purification of recombinant proteins

Fragments of WAVE cDNAs were expressed as N-terminal Hisg-tagged
fusions and as N-terminal GST fusions in bacteria (BL21DE3).
Recombinant proteins expressed in bacteria were purified using either
glutathione—Sepharose (Amersham Pharmacia Biotech) or hi-trap
chelating resin (Amersham Pharmacia Biotech). Bacterial extracts
containing GST fusion proteins were prepared by centrifugation of
bacterial cultures, lysis of pelleted bacteria in PBS containing 2%
sarcosyl, sonication and centrifugation at 38 000 g for 30 min at 4°C.
Triton X-100 (4%) was added to the supernatant and the extract was
incubated with glutathione—Sepharose (Pharmacia) overnight. The resin
was washed with 10 bed volumes of PBS and stored at 4°C. Protein
concentrations of bound GST fusion proteins were estimated by
Coomassie staining of SDS—polyacrylamide gels. Hisq-tagged fusion
proteins were purified from bacterial extracts expressing the fusion
proteins by urea extraction of bacterial cell pellets. Briefly, cells were
pelleted by centrifugation at 5000 g for 10 min, then sonicated in buffer A
at 4°C (20 mM HEPES, 6 M urea, 500 mM NaCl pH 7.9) and finally
centrifuged at 35 000 g at 4°C for 30 min. The pellet was then sonicated
in buffer A and centrifuged at 38 000 g for 60 min. Supernatants were
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filtered (0.2 um) and then applied to hi-trap chelating resin (Pharmacia)
using FPLC. Bound proteins were eluted with a stepwise gradient of
imidazole (0-0.5 M) in buffer A without urea. Fractions containing
purified protein were identified by Coomassie staining of SDS-
polyacrylamide gels.

GST pull-down assays

GST fusion proteins (typically 2040 ul of resin) were incubated with rat
brain soluble extracts overnight at 4°C, washed with lysis buffer five
times (1 ml volume) for 10 min and eluted with Laemmli sample buffer.
In assays with recombinant Hise-tagged proteins, incubation with the
GST fusion was for 2 h at 4°C followed by the same wash and elution
protocol. Eluted proteins were analyzed by SDS-PAGE and immuno-
blotting.

Actin-RIl competition assays

A 5 ul aliquot of GST-WAVE-1 (amino acids 480-559) and 15 pg of
recombinant RII were incubated with 200 pl of actin-containing soluble
rat brain extract or diluted actin containing soluble rat brain extract
overnight at 4°C. Following the competition incubation, each sample was
washed four times in 1 ml of lysis buffer plus once in lysis buffer
containing 1 M NaCl and 1% Triton X-100. Samples were eluted with
Laemmli sample buffer and split between two SDS—polyacrylamide gels.
Western blotting was performed for either actin or RII on each gel. These
blots were then stripped (in 0.2 M glycine, 0.1% Tween pH 2.5 for 20 min)
of bound antibodies and reprobed for GST-WAVE using affinity-purified
WAVE antibody to ensure equal loading.

Transfection of HEK-293 cells

HEK-293 cells at 50-75% confluence were transfected using lipofect-
amine PLUS (Gibco-BRL) according to the manufacturer’s instructions.
Cells were harvested 24 h post-transfection.

Generation of anti-WAVE antibodies and affinity purification
Antibodies to WAVE-1 were generated in two rabbits using recombinant
Hisg-tagged WAVE-1 (1-559) as the immunogen (Covance), resulting in
two antibody preparations, VO59 and VO60. For affinity purification, the
immunogen was immobilized on resin (Affi-Gel 15) and incubated
overnight at 4°C with diluted WAVE antiserum [1:1 in Tris-buffered
saline (TBS)]. The affinity resin was washed sequentially with 10 ml of
TBS, 10 ml of TBS containing 1 M NaCl, and 10 ml of TBS. Bound
antibodies were eluted with 0.2 M glycine pH 2.5 and collected in an
equal volume of 1 M Tris pH 7.5. Eluted antibodies were then dialyzed,
concentrated and stored at 4°C.

Antibodies, immunoblotting and RIl overlay assays

For western blotting, samples were separated by SDS-PAGE (Bio-Rad
pre-cast gels; 4-15% acrylamide gradient) and electrotransferred to
nitrocellulose membrane filters (Schleicher & Schuell). Antibody binding
was detected by enhanced chemiluminescence (ECL; Pierce). Antibodies
used in this study are as follows: Abl (Pharmingen, 8E9; and SantaCruz,
K-12), PKA catalytic subunit (Transduction Laboratories), FLAG
(Sigma, M2 and M5), GFP (Clontech, Living colors polyclonal antibody),
His tag (Amersham Pharmacia Biotech), actin (SantaCruz, C-2), GST
(SantaCruz), paxillin (Transduction Laboratories) and RIIo/RIIB
(Upstate Biotechnology Transduction Laboratories). [32P]RII overlay
assays were performed as described previously (Carr and Scott, 1992).

Immunoprecipitation

Cell and tissue extracts were prepared as described above and subjected to
immunoprecipitation overnight using 10 pg of affinity-purified WAVE
antibodies and 25 pl of protein A-conjugated agarose beads (Upstate
Biotechnology) or 35 ul of the M2 anti-FLAG monoclonal antibody
(Sigma) immobilized on Sepharose beads. The beads were then washed
once with 1 ml of lysis buffer, three times with 1 ml of lysis buffer
containing 1 M NaCl, and once with 1 ml of lysis buffer. Bound proteins
were eluted with Laemmli sample buffer, and subjected to immunoblot-
ting as described above.

PKA assay

Immunoprecipitated FLAG-WAVE-1 from HEK-293 cells or non-
transfected control cells was incubated with 10 mM cAMP. PKA activity
was measured with the substrate Kemptide as described in the presence or
absence of the PKA-specific inhibitor PKI (Corbin and Reimann, 1974).



Immunocytochemistry

Swiss 3T3 fibroblasts were plated on glass coverslips in 6-well plates at
2 X 10° cells per well. After 24 h, cells were washed with serum-free
Dulbecco’s modified Eagle’s medium (DMEM) and serum starved
overnight. Cells were then treated for 10 min with 10 ng/ml PDGF (BB
homodimer; Upstate Biotechnology), washed with PBS, fixed with 3.7%
formaldehyde/PBS for 10 min and permeabilized with 0.5% Triton
X-100/PBS for 5 min. After blocking overnight in 1% bovine serum
albumin (BSA)/PBS, either specific primary antibodies or non-immune
controls were applied in blocking buffer for 1 h at room temperature.
Cells were washed, incubated with fluorochrome-conjugated secondary
antibodies and Texas red—phalloidin for 1 h, and washed. Cells treated
with cytochalasin D (Sigma) were treated for 30 min with 10 uM
cytochalasin D prior to treatment with PDGF. Coverslips were mounted
using Prolong Antifade reagent (Molecular Probes) and visualized on a
Bio-Rad 1024UV laser-scanning confocal microscope equipped with an
Axiovert-100 (Zeiss).
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