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Erk/Src Phosphorylation of Cortactin Acts as a Switch On-Switch Off

Mechanism That Controls Its Ability To Activate N-WASP
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The Arp2/3 complex can be independently activated to initiate actin polymerization by the VCA domain of
WASP family members and by the acidic N-terminal and F-actin-binding repeat region of cortactin, which
possesses a C-terminal SH3 domain. Cortactin is a target for phosphorylation by Src tyrosine kinases and by
serine/threonine kinases that include Erk. Here we demonstrate that cortactin binds N-WASP and WASP via
its SH3 domain, induces in vitro N-WASP-mediated actin polymerization, and colocalizes with N-WASP and
WASP at sites of active actin polymerization. Erk phosphorylation and a mimicking S405,418D double
mutation enhanced cortactin binding and activation of N-WASP. In contrast, Src phosphorylation inhibited the
ability of cortactin previously phosphorylated by Erk, and that of S405,418D double mutant cortactin, to bind
and activate N-WASP. Furthermore, Y—D mutation of three tyrosine residues targeted by Src (Y421, Y466, and
Y482) inhibited the ability of S405,418D cortactin to activate N-WASP. We propose that Erk phosphorylation
liberates the SH3 domain of cortactin from intramolecular interactions with proline-rich regions, causing it to
synergize with WASP and N-WASP in activating the Arp2/3 complex, and that Src phosphorylation terminates

cortactin activation of N-WASP and WASP.

Actin assembly, the synthesis of filamentous actin (F-actin)
from globular actin monomers (G-actin), underlies multiple
cellular processes. Nucleation of actin polymerization is cata-
lyzed by the Arp2/3 complex, which is composed of seven
subunits, two of which, Arp2 and Arp3, show homology to
actin (33). For actin nucleation to proceed, the Arp2/3 complex
needs to be activated (30, 46). Members of the Wiskott-Aldrich
syndrome family of proteins play an important role in activat-
ing the Arp2/3 complex in response to extracellular signals (19,
35). The founder member of this family, WASP, is encoded by
the gene mutated in the Wiskott-Aldrich syndrome (9). WASP
is expressed in hematopoietic cells, while its homologue N-
WASP is ubiquitously expressed (37). Other WASP family
members include the WAVE and Scar proteins (2, 38). All are
modular proteins that possess a conserved C-terminal VCA
(verprolin-cofilin homology-acidic) domain that recruits G-ac-
tin and interacts with the Arp2/3 complex (34). WASP and
N-WASP have an N-terminal Ena/VASP homology domain 1
(EVH1) that binds WIP (36, 43), a Cdc42/Rac GTPase-binding
domain (GBD), and a proline-rich domain that interacts with
multiple SH3 domain-containing proteins, such as Nck (45)
and Grb2 (52), followed by the VCA domain. WASP and
N-WASP are thought to exist in cells in a closed inactive
conformation mainly owing to intramolecular autoinhibitory
interactions that involve the C-terminal acidic domain and the
GBD and/or the basic region that precedes it (18, 24, 47).
Disruption of these interactions by binding of the Cdc42, PIP2,
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or SH3 domain to N-WASP allows the VCA domain to inter-
act with and activate the Arp2/3 complex (7, 49).

Cortactin is an actin-binding protein that was initially iden-
tified as a major Src substrate (66). Cortactin contains six and
a half 37-amino-acid (aa) repeats, of which the fourth is re-
quired for F-actin-binding activity (64). These repeats are fol-
lowed by a helical region and a proline-rich region that precede
a C-terminal SH3 domain (65). Cortactin also harbors an N-
terminal acidic (NTA) domain functionally equivalent to the
VCA domain of WASP family proteins in that it binds, through
a conserved DDW motif, the Arp2/3 complex and activates it
in conjunction with the F-binding repeat region (57, 61, 63). A
single cortactin gene has been identified, which is expressed in
nearly all mammalian tissues (28, 66). A number of observa-
tions suggest that cortactin plays an important role in remod-
eling the actin cytoskeleton. Cortactin binds to the side of actin
filaments and favors actin branching in vitro, possibly by re-
cruiting the Arp2/3 complex. It has also been shown to syner-
gize with the VCA domain of N-WASP in causing Arp2/3
complex-mediated actin polymerization, possibly by stabilizing
the interaction of the Arp2/3 complex with the mother actin
filament (57, 60, 61). Cortactin is translocated from the cyto-
plasm to the periphery following growth factor signaling, inte-
grin activation, and bacterial entry (6, 55, 62). It is enriched in
neuronal growth cones, podosomes, and lamellipodia induced
by platelet-derived growth factor and epidermal growth factor
(10, 27, 39, 65). Cortactin has been found to be overexpressed
in carcinomas and is thought to play a role in the tissue inva-
siveness of these tumors (3, 31, 32).

Cortactin is a target for phosphorylation by tyrosine kinases,
including Src, Fer, and Syk (14, 25, 65), and by serine/threo-
nine kinases, including Erk and PAK (4, 58). The role of
phosphorylation in cortactin function is not well understood
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(64). Here we show that cortactin binds to WASP and N-
WASP and activates N-WASP-mediated Arp2/3 complex-de-
pendent actin polymerization via its SH3 domain. The ability
of cortactin to activate N-WASP via its SH3 domain is posi-
tively regulated by Erk phosphorylation and negatively regu-
lated by Src phosphorylation.

MATERIALS AND METHODS

Cells, reagents, and antibodies. Swiss 3T3 fibroblasts were a gift of Alan Hall
(University College London, London, United Kingdom). Jurkat E6-1 T cells and
NALMGS6 B cells were obtained from the American Type Culture Collection. Cells
were cultured in Iscove’s modified Dulbecco modified Eagle medium (fibro-
blasts) or RPMI 1640 medium (Jurkat, NALM6 B cells) with 10% fetal calf
serum. The antibodies used were anti-cortactin monoclonal antibody (MAb)
4F11 (Upstate); rabbit polyclonal immunoglobulin G anti-WAVE (Upstate),
which we find only recognizes WAVE-1; anti-WASP antibody H-250; MAb B9
(Santa Cruz); anti-WASP MAb 5A5 (23); anti-myc MAb 9E10 (Santa Cruz);
affinity-purified anti-N-WASP rabbit antibody (47); anti-Src MAb GD11 (Up-
state); anti-Erk MAb 7D8 (Zymed); and rabbit polyclonal phospho-cortactin-
specific antibodies pY421 and pY466 (Biosource). Recombinant Src and Erk
were purchased from Upstate and used in accordance with the manufacturer’s
instructions.

Protein preparation and pulldown assay. Murine cortactin-glutathione (GSH)
S-transferase (GST) fusion constructs (made with FL-cort [full-length cor-
tactin], N-cort [N-terminal fragment of cortactin], C-cort [C-terminal frag-
ment of cortactin], and SH3-cort [SH3 domain of cortactin]) were provided
by Sheila M. Thomas (Cancer Biology Program, BIH/Harvard Medical School).
After verification by sequencing, they were subcloned into the PGEX-6P2
vector (Amersham Pharmacia Biotech). The W22A, S405,418D, Y466,482D,
S405,418D-Y466,482D, Y421D, S405,418D-Y421D, Y421,466,482D, S405,418D-
Y421,466,482D, FLW525K, and SH3W525K mutant cortactin constructs were
generated by PCR with a QuikChange site-directed mutagenesis kit (Stratagene)
and the appropriate oligonucleotides. ASH3 truncated mutant forms of cortactin
were generated by PCR with GST-FL-cort as the template. PCR amplicons were
verified by DNA sequencing and cloned into pGEX-6P2. GST fusion proteins
were induced, purified, and used in pulldown assays with GSH-Sepharose beads.
After extensive washing, bound proteins were eluted by boiling in Laemmli buffer
for 3 min, split into two aliquots, and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on duplicate 4 to 15% gradient
gels (Bio-Rad). One gel was stained with Coomassie blue, and the other was
analyzed by Western blotting. All pulldown assays were done at least three times.
Affinity-purified, His-tagged, baculovirus-expressed N-WASP protein and the
constructs used to generated N-WASP fragments were previously described (47,
48). Truncated N-WASP constructs were in vitro transcribed and translated with
TNT-coupled reticulocyte lysate (Promega).

Immunoprecipitation and Western blotting. Cells were lysed in ice-cold lysis
buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
50% glycerol, 1 mM sodium orthovanadate, 50 mM NaF, protease inhibitor cock-
tail [Sigma]). Immunoprecipitations (25 X 10° cells) and lysates (10 cells) were
run on SDS-PAGE 4 to 15% gradient gels (Bio-Rad) and analyzed by Western
blotting with the indicated antibodies, followed by secondary antibodies conju-
gated to horseradish peroxidase, and enhanced chemiluminescence detection
(Perkin-Elmer).

Pyrene-labeled actin polymerization assay. Polymerization assays were per-
formed essentially as previously described (47, 48). Briefly, the Arp 2/3 complex,
N-WASP, and actin were purified as previously reported (48). G-actin was
freshly thawed, kept at 4°C in G-actin buffer (48) overnight, and centrifuged at
400,000 X g for 1 h to remove residual filamentous actin. Actin (1 uM final
concentration, actin/pyrene-actin ratio, 9:1), the Arp 2/3 complex (33 nM), N-
WASP (90 nM), and VCA (100 nM) were used in a total volume of 60 pl of actin
polymerization buffer (48). Proteins were mixed and preincubated for 5 min at
room temperature, and the reaction was initiated by addition of actin; the
increase in fluorescence was monitored in a spectrofluorimeter. The curves were
shifted along the abscissa to account for the time delay between the actin
addition and the first fluorescence reading. All experiments were repeated a
minimum of three times with two different batches of expressed proteins.

Erk and Src in vitro phosphorylation assay. The Erk and Src in vitro phos-
phorylation assay was done by following the manufacturer’s recommendations
and reference 21. Briefly, equal amounts of GST-cortactin and GST-cortactin
mutants coupled to GSH-beads were incubated with constant tumbling at room
temperature for 30 min with commercial Erk and/or Src in their respective
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buffers (Upstate). One small aliquot (approximately 1/10) of the reaction was
carried out in parallel with [y->?P]JATP. After the reaction was stopped by
addition of Laemmli buffer, the samples were analyzed by SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and developed by autoradiography to
confirm the phosphorylation. Double Erk/Src phosphorylation was done sequen-
tially. The reaction of the major aliquot containing the proteins to be used in the
assays was terminated by extensive washing. GST-cortactin was eluted with GSH
and further purified with a column with a cutoff of 50 = 10 kDa.

T-cell-antigen-presenting cell conjugate formation and immunofluorescence
microscopy. Jurkat T cells and NALM6 B cells were conjugated as previously
described (5). NALM6 B cells were labeled with 5 uM blue fluorescent cell
tracker CMAC (Molecular Probes) for 20 min and then incubated with or
without superantigen SEE (Toxin Technologies) at 5 pg/ml for 30 min at 37°C.
They were washed twice and incubated with an equal number of T cells at 37°C
for 20 min while they were allowed to settle on poly-L-lysine-coated coverslips
(Sigma). Conjugates were scored visually. Immunofluorescence assay was per-
formed with anti-cortactin MAb 4F11 and rabbit polyclonal anti-WASP anti-
body, followed by a tetramethyl rhodamine isothiocyanate (TRITC)- or Alexa
green-labeled secondary antibody (Molecular Probes). F-actin staining was done
with TRITC-phalloidin (Sigma) at 1 wg/ml. Fifty T-cell-B-cell conjugates were
examined in each experiment.

RESULTS

Cortactin interacts with WASP and N-WASP. We per-
formed a database search (67) for proteins that contain SH3
domains that may interact with the proline-rich regions in
WASP. Of several potential candidates identified, we chose to
examine cortactin because of its known role in the organization
of the actin cytoskeleton. To assess the interaction of cortactin
with WASP, we expressed FL-cort and three cortactin frag-
ments as GST fusion proteins. These consisted of N-cort,
which spans aa 1 to 333 and includes the NTA domain (aa 1 to
84) that binds the Arp2/3 complex and all six and a half re-
peats; C-cort, which spans aa 326 to 546 and contains the
a-helical region, the proline-rich region, and the SH3 domain;
and SH3-cort, which spans aa 458 to 546 (Fig. 1A). Pulldown
assays with the GST fusion proteins and lysates of Jurkat T
cells were performed. Both bound and unbound proteins were
Western blotted with anti-WASP MADb 5AS and with rabbit
polyclonal anti-human WAVE-1 antibody as a control. Figure
1B shows that FL-cort, C-cort, and SH3-cort, but not N-cort or
GST alone, bound WASP from Jurkat cell lysates. SH3-cort
bound considerably more WASP than did FL-cort or C-cort
and effectively depleted the cell lysates of WASP, suggesting
that the SH3 domain may be partially masked in the native
molecule. There was no detectable binding of any of the cor-
tactin-GST fusion proteins to WAVE-1. These results suggest
that cortactin binds WASP via its SH3 domain.

WASP and N-WASP are highly homologous. To assess if
cortactin also interacts with N-WASP, we used baculovirus-
expressed, affinity-purified, recombinant, His-tagged N-WASP
(48) and cortactin-GST fusion proteins in a pulldown assay.
Figure 1C shows that SH3-cort, but not N-cort, bound N-
WASP. Since the assay used recombinant proteins, we con-
clude that the SH3 domain of cortactin binds directly to N-
WASP.

To map the binding site for cortactin on N-WASP, we used
in vitro-translated constructs of Myc-tagged N-WASP (Fig.
1A) (47). Only the WGP fragment containing the proline-rich
region bound GST-SH3-cort (Fig. 1D), suggesting that the
binding site for cortactin maps to the proline-rich region of
N-WASP. To confirm this, we examined the capacity of the
proline-rich region of N-WASP fused to GST to pull cortactin



VoL. 24, 2004
A
i) GST-Cortactin fusion proteins
g;rrl:ain Repeats a-Helix
Pro
GST-FL Cortactin (1-546) — DD _@
1 B4 326 495 546
GST-N-Cortactin (1-
e — pow-IHI-
GST-C-Cortactin{ 326-546) A povr
GST-5H3 (458-546) SH3
ii) N-WASP constructs 0 100 200 300 400 500
| | I | 1 1
EVH1 BasicGBED Pro VCA
His-N-WASP
Myc-N-WASP WGP (1-396)
Myc-N-WASP WG (1-277)
Myc-N-WASP VCA (392-505)
GST-N-WASP Pro (268-400)

FIG. 1. Cortactin interacts with WASP and N-WASP. (A, part i)
Map of GST-cortactin constructs. (A, part ii) Map of N-WASP con-
structs. (B) Pulldown assay of cortactin binding to WASP from Jurkat
T-cell lysates. (Left) Proteins that bound to GSH-beads (Pull-down)
and unbound proteins (Supernatants) were probed with anti-WASP
MAD 5A5 (23) and with anti-WAVE polyclonal antibody (Upstate) as
a control. (Right) Coomassie blue staining of the GST fusion proteins
used in the pulldown assay. W.B., Western blot. (C) Cortactin binds
directly to N-WASP. Recombinant baculovirus-expressed N-WASP
protein was pulled down by GST-cortactin fusion proteins coupled to
GSH-beads. (D) Mapping of the N-WASP site for SH3-cort. Myc-
tagged N-WASP fragments (N-WASP WG [EVHI plus the GBD],
WGP [EVHI plus the GBD plus the proline-rich region], and VCA
domains) were in vitro transcribed, translated, and used in a pulldown
assay with GST-SH3-cort. Input (left) and bound (right top) proteins
were Western blotted with an anti-Myc MAb (Santa Cruz). The mem-
brane was reblotted with an anti-GST MAD (Santa Cruz) as a loading
control (Ctrl.) (right bottom). (E) Pulldown of cortactin by the proline-
rich region of N-WASP. A GST fusion protein containing the proline-
rich region of N-WASP (right) was able to pull down cortactin, which
was detected by MAb 4F11 (Upstate) (65), from 3T3 fibroblast lysates
(Lys.) (left). (F) Coprecipitation of cortactin (Cort.) with WASP and
N-WASP. (Left) Coprecipitation of cortactin and WASP from Jurkat
cells. Cortactin immunoprecipitates (I.P.) obtained with MADb 4F11 (5
wg) were blotted with anti-WASP MADb B9 and reprobed with anti-
cortactin MAb 4F11 (both MAbs were used at 1 ug/ml). WASP im-
munoprecipitates obtained with MAb B9 (5 pg; Santa Cruz) were
Western blotted with anti-cortactin MAb 4F11 and reprobed with
anti-WASP MADb B9. (Middle) Coprecipitation of N-WASP and cor-
tactin in 3T3-Swiss fibroblasts. N-WASP immunoprecipitates (1;2,000
dilution of the antibody) were blotted for cortactin with MAb 4F11 and
phosphospecific antibodies pY421 and pY466 (at a 1:800 dilution).
(Right) Cortactin immunoprecipitates were blotted with N-WASP
polyclonal antibody (1:10,000 dilution) (48) and reprobed with anti-
cortactin MAb. Immunoprecipitates obtained with pY466 (5 pg) were
Western blotted for cortactin, N-WASP, and pY466. All experiments
were performed a minimum of three times with similar results.

down from 3T3 fibroblast lysates. Figure 1E shows that the
proline-rich region of N-WASP fused to GST, but not GST
alone, bound to cortactin. Thus, the cortactin binding site was
mapped to the proline-rich region of N-WASP (aa 268 to 400).

To examine if cortactin interacts with WASP in cells, cor-
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tactin immunoprecipitates obtained from Jurkat T cells with
MAD 4F11 were probed with the B9 anti-WASP MAb. Con-
versely, WASP immunoprecipitates from the same cells were
Western blotted with cortactin-specific MAb 4F11. Figure 1F
(left side) shows that cortactin and WASP were coprecipitated.
To examine the association of cortactin with N-WASP, N-
WASP immunoprecipitates from lysates of unstimulated 3T3
Swiss fibroblasts were probed for cortactin. Conversely, cor-
tactin immunoprecipitates from the same cells were probed for
N-WASP. Figure 1F (middle and right side) shows that cor-
tactin and N-WASP were coprecipitated.

Cortactin colocalizes with N-WASP and WASP at areas of
active actin polymerization. The fact that cortactin interacts
with N-WASP and WASP prompted us to analyze whether it
colocalizes with these proteins in cells. In subconfluent fibro-
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FIG. 2. Cortactin colocalizes with N-WASP and WASP at sites of active actin polymerization. (A) Cortactin colocalizes with N-WASP and
F-actin at lamellipodia in bradykinin (Bradyk.)-stimulated 3T3 fibroblasts. Unstimulated (Unstim.) and bradykinin-stimulated cells were fixed,
permeabilized, and then stained for F-actin with phalloidin-coumarin. Cortactin was detected with MAb 4F11, followed by goat anti-mouse—
TRITC, and N-WASP was detected with rabbit anti-N-WASP antibody, followed by goat anti-rabbit antibody Alexa 488. Cortactin and N-WASP
images were merged by using Adobe Photoshop. (B) Cortactin colocalizes with WASP and F-actin at the IS. Intracellular immunofluorescence
staining for cortactin, F-actin, and WASP in Jurkat T cells stimulated by SEE (5 pg/ml) and NALMG6 B cells preloaded with CMAC (blue). (Top)
Cells were stained for cortactin with MAb 4F11 (green) and for F-actin with phalloidin-TRITC. (Bottom) Cells were stained for cortactin with
MAD 4F11 (red) and for WASP with rabbit anti-WASP antibody H-250 (green). The images were merged (yellow) by using Adobe Photoshop.
Scale bars, 10 pm. Control Jurkat T cells incubated with B cells in the absence of SEE showed very few conjugates.

blasts, bradykinin induces filopodia by activating Cdc42 (29)
and lamellipodia as a result of the secondary activation of Rac
by Cdc42 (42). To determine if cortactin and N-WASP are
present within the same subcellular compartments, serum-
starved, unstimulated 3T3 fibroblasts (Fig. 2A, top) and bra-
dykinin-stimulated 3T3 fibroblasts (Fig. 2A, bottom) were
fixed, permeabilized, and stained for cortactin (red), N-WASP
(green), and F-actin (blue). The staining patterns of cortactin
and N-WASP were similar. In unstimulated cells, both proteins
were found in a punctate distribution and at the edges of the
cell (Fig. 2A). In bradykinin-stimulated cells, there was accu-

mulation of both proteins in areas of filopodium-lamellipo-
dium formation, where F-actin accumulates. Merged images
(yellow) demonstrated a large degree of overlap between cor-
tactin staining and N-WASP staining, suggesting that the two
proteins colocalize in cells. These results are consistent with
previous observations that cortactin and N-WASP individually
localize at areas of actin remodeling (41, 65).

Interaction between T lymphocytes and antigen-presenting
cells induces the formation at the contact site of an immuno-
logical synapse (IS), which is enriched in newly formed F-actin
(15) and WASP (5). We examined whether cortactin colocal-
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izes with WASP at the IS in Jurkat T cells incubated with
NALMG6 B cells in the presence of the superantigen SEE.
T-cell-B-cell conjugates were examined by immunofluores-
cence assay after 10 min. Cortactin colocalized with F-actin at
the interface in 76% * 9% of the conjugates. More impor-
tantly, cortactin colocalized with WASP at the interface in 71%
+ 11% of these conjugates. In polarized cells, cortactin and
WASP also accumulated at the pole opposite the IS. These
results suggest that cortactin is recruited to the IS as well as to
the uropod in polarized cells.

The SH3 domain of cortactin strongly activates N-WASP
actin-nucleating activity. It was previously shown that the SH3
domains of Nck and Grb2 (7, 49) and the N-WASP-interacting
protein WISH (13) activate N-WASP actin-nucleating activity.
We used the in vitro pyrene-labeled actin polymerization assay
(40) to investigate the effect of the SH3 domain of cortactin on
the function of N-WASP. SH3-cort (80 nM) had no effect by
itself on the Arp2/3 complex but caused vigorous activation of
N-WASP (Fig. 3A). Figure 3B shows that the SH3 domain of
cortactin activated N-WASP in a dose-dependent manner. The
calculated half-maximal activation (K,.) of SH3-cort is ~25
nM (Fig. 3C). PIP2 synergizes with the Nck SH3 domain to
activate N-WASP (49). Figure 3D shows that there is synergy
between PIP2 and SH3-cort. Introduction of a point mutation
(W525K) into SH3-cort abolishes its ability to bind CortBP1
and dynamin (10, 50). Introduction of the same mutation into
SH3-cort abolished its ability to bind N-WASP WGP (Fig. 3E).
More importantly, it abolished its ability to activate N-WASP
(Fig. 3F).

FL-cort weakly activates N-WASP. Cortactin is a relatively
weak activator of the Arp2/3 complex (57, 61). This activation
depends on a *?DDW?* motif located in the NTA domain of
cortactin, which is critical for binding to Arp2/3 (63). Under
the conditions we have used, we observed minimal activation
of the Arp2/3 complex by FL-cort. This was diminished in the
cortactin NTA domain mutant W22A (Fig. 4A), which fails to
bind the Arp2/3 complex (57, 61). FL-cort (80 nM) caused
modest N-WASP-dependent activation of the Arp2/3 complex,
compared to the isolated SH3 domain (Fig. 4A). The ability of
cortactin to activate N-WASP was dependent on its SH3 do-
main, because a cortactin SH3 deletion mutant (cortactin
ASH3), which failed to bind N-WASP (Fig. 3E), caused no
detectable activation of N-WASP (data not shown). Activation
of N-WASP by FL-cort did not depend on cortactin binding to
the Arp2/3 complex, because it was still observed with W22A
mutant cortactin. However, W22A mutant cortactin was con-
sistently less efficient than wild-type (WT) cortactin in activat-
ing N-WASP (Fig. 4A), although it bound N-WASP to an
extent quite similar to that of the WT protein (Fig. 5A). These
results suggest that the NTA and SH3 domains of cortactin
may synergize in causing actin polymerization,

Erk phosphorylation of cortactin positively regulates its ca-
pacity to bind and activate N-WASP. The SH3 domain of
cortactin is thought to engage in intramolecular association
with the proline-rich region of the molecule (4). The stronger
binding and activation of N-WASP by SH3-cort compared to
those by FL-cort prompted us to explore mechanisms by which
the SH3 domain of cortactin becomes more accessible. Cor-
tactin is a target for phosphorylation by the mitogen-activated
protein kinase Erk at residues S405 and S418 (4). We first
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examined whether Erk phosphorylation of cortactin enhances
its ability to activate N-WASP. GST-cortactin bound to GSH
beads was phosphorylated with Erk, the beads were extensively
washed, and cortactin was eluted and further purified with a
column with a cutoff of 50 = 10 kDa. There was no detectable
contamination of the phosphorylated cortactin with Erk (Fig.
4B). Cortactin phosphorylated by Erk (Cort-Erk-P) activated
N-WASP to a much greater extent than did unphosphorylated
cortactin, and to an extent comparable to that observed with
SH3-cort (Fig. 4C).

To confirm that the effect of Erk phosphorylation was due to
the phosphorylation of S405 and S418, we mutated these two
residues to aspartic acid to mimic the negative charge of phos-
phoserine. Figure 5A shows that the S405,418D double mutant
form bound more WASP WGP than did the native protein.
More importantly, this mutant protein was markedly more
potent than native cortactin in activating N-WASP (Fig. 4D).
Deletion of the SH3 domain from the S405,418D mutant pro-
tein abolished its abilities to bind Myc-tagged N-WASP WGP
(Fig. 5B) and to activate N-WASP (Fig. 4D). These results
suggest that Erk phosphorylation of cortactin at S405 and S418
liberates its SH3 domain, allowing it to bind and activate N-
WASP.

Src phosphorylation of cortactin negatively regulates its
capacity to bind and activate N-WASP. Cortactin was initially
identified as a major Src substrate (66). We examined the effect
of Src phosphorylation on the ability of cortactin to activate
N-WASP. Src-phosphorylated cortactin was prepared and pu-
rified as described for Erk-phosphorylated cortactin. There
was no detectable contamination of the phosphorylated cor-
tactin with Src (Fig. 6A). Src-phosphorylated cortactin (Cort-
Src-P) failed to activate N-WASP (Fig. 6B). In fact, the modest
activation of N-WASP by unphosphorylated cortactin was lost
upon Src phosphorylation. More importantly, Src phosphory-
lation inhibited the ability of Erk-phosphorylated cortactin and
S405,418D mutant cortactin to activate N-WASP (Fig. 6B and
C). These results suggest that Src phosphorylation inhibits
cortactin activation of N-WASP.

Residues Y466 and Y482 of cortactin are known targets for
Src phosphorylation (20). Because of their location immedi-
ately upstream of the SH3 domain, they are likely to be in-
volved in Src-mediated inhibition of cortactin SH3 domain-
mediated activation of N-WASP. We mutated Y466 and Y482
to aspartic acid to mimic their phosphorylation and examined
the effect of the introduction of the double mutation on the
binding of WT cortactin and S405,418D mutant cortactin to
N-WASP. The Y466,482D double mutation reduced the ca-
pacity of WT cortactin and S405,418D mutant cortactin to bind
N-WASP (Fig. 5A). More importantly, it inhibited the ability
of S405,418D mutant cortactin to activate N-WASP (Fig. 6C).
These results suggest that Src phosphorylation of cortactin at
Y466 and Y482 inhibits its ability to bind N-WASP and acti-
vate it.

It is thought that Src phosphorylation of Y421, within the
proline-rich region of cortactin, creates a docking site for the
SH2 domain of Src that is essential for subsequent phosphor-
ylation of Y466 and Y482 (17, 20). To investigate whether
Y421 phosphorylation by itself affects the ability of cortactin to
activate N-WASP, we mutated Y421 alone and in combination
with Y466 and Y482 in cortactin and introduced the same
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3. (2) + SH3 (80 nM)

4. (2) + SH3 W525K (80 nM)

FIG. 3. The SH3 domain of cortactin activates N-WASP-mediated Arp 2/3 complex-dependent actin polymerization. Actin (1 pM actin,
actin/pyrene-actin ratio of 9:1) and the Arp 2/3 complex (33 nM) were kept constant. N-WASP at 90 nM and VCA at 100 nM were used throughout
all of the experiments. All reactions were initiated by the addition of actin. (A) Plots of fluorescence intensity against time since initiation of the
polymerization reaction. Consistent with previous observations (48), addition of Cdc42-GTP~vS (400 nM) resulted in partial activation of N-WASP
(trace 3). SH3-cort (80 nM) had no effect by itself on the Arp2/3 complex (trace 4) but caused vigorous activation of N-WASP (trace 5). A.U.,
arbitrary units. (B) Dose-response curve. (C) Maximal rate of actin polymerization calculated from the initial portion of the polymerization curve.
Panels B and C represent different experiments. (D) PIP2 synergizes with SH3-cort in activating N-WASP. (E) Mutation (W525K) or deletion of
SH3-cort abolished the binding of cortactin to N-WASP WGP. Pulldown assays with GST-cortactin and GST-cortactin mutants and reticulocyte
lysates containing in vitro-translated, Myc-tagged N-WASP WGP (aa 1 to 396). W.B., Western blot. (F) The W525K mutation abolishes the ability
of SH3-cort to activate N-WASP. The results shown are representative of three different experiments.
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FIG. 4. Effect of Erk phosphorylation of cortactin on N-WASP activation. (A) FL-cort weakly activates N-WASP. A.U., arbitrary units. (B) Erk
enzyme was not present in the final cortactin preparations. Different amounts (0.2, 0.5, and 1 wg) of Erk-phosphorylated cortactin were run on a
gel and Western blotted (W.B.) for cortactin (top) and for Erk (bottom). As a control, 0.1 pg of commercial Erk, which represents 10 times the
amount used for phosphorylating 1 pg of cortactin, was loaded in a separated lane. (C) Erk-mediated phosphorylation of cortactin enhances its
activation of N-WASP. (D) Introduction of an Erk phosphorylation-mimicking double mutation (S405,418D) into cortactin enhances its ability to

activate N-WASP.

mutations into S405,418D mutant cortactin. Both the single
and triple Y—D mutants failed to activate N-WASP (Fig. 6D).
More importantly, they inhibited the ability of S405,418D mu-
tant cortactin to activate N-WASP (Fig. 6E).

DISCUSSION

We provide evidence for a novel mechanism of activation of
N-WASP mediated by the SH3 domain of cortactin. Cortactin
binding to and activation of N-WASP is promoted by Erk
phosphorylation and inhibited by Src phosphorylation, suggest-
ing that these kinases provide on and off signals that regulate
cortactin activation of N-WASP following receptor signaling.

Cortactin was shown to bind WASP and N-WASP (Fig. 1).
This was demonstrated in pulldown assays with GST-cortactin
and by coimmunoprecipitation from cell lysates. This is con-
sistent with the previously demonstrated association of cortac-
tin with WASP in activated human platelets and of GST-SH3-
cort binding to N-WASP from Src-transformed cells (16, 39).
By using recombinant proteins, we have (i) established that
N-WASP and cortactin directly interact and (ii) mapped the
N-WASP-binding site to the SH3 domain of cortactin. SH3-

cort bound more efficiently to WASP and N-WASP than did
FL-cort, suggesting that the SH3 domain may not be fully
accessible in the native molecule. The cortactin binding site
was mapped to the proline-rich region of N-WASP (aa 268 to
400) that is distinct from the WIP binding site, which maps to
the EVHI domain spanning aa 26 to 147 (59). This suggests
that WASP, cortactin, and WIP may form ternary complexes.
Recently, cortactin was shown to bind via its SH3 domain to
WIP, which, by virtue of its ability to bind G-actin, promotes
actin polymerization by cortactin (26).

Cortactin colocalized with N-WASP in lamellipodia of 3T3
fibroblasts (Fig. 2A). It also colocalized with WASP at the IS
between Jurkat T cells and superantigen-presenting B cells
(Fig. 2B) and at the interface between Jurkat T cells and
anti-CD3-coated beads (data not shown). These results suggest
that these two proteins colocalize at areas of actin polymeriza-
tion and that CD3 ligation is sufficient for the translocation of
cortactin and its colocalization with WASP at the IS. WASP is
critical for T-cell function (53), while N-WASP is essential for
embryonic development (54). The role of cortactin in cellular
development and function remains to be investigated.
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FIG. 5. Effects of mutations in FL-cort on its ability to bind N-
WASP. Pulldown assays with GST-cortactin and GST-cortactin mu-
tants and reticulocyte lysates containing in vitro-translated, Myc-
tagged N-WASP WGP (aa 1 to 396). Input: reticulocyte lysates from
the in vitro translation reaction. (A, top) Western blot (W.B.) assay
with anti-Myc MADb. (A, bottom) Coomassie blue staining of GST
fusion proteins eluted from equivalent amounts of GSH beads used in
the pulldown assay as loading controls. Values represent the N-WASP-
binding capacity of the cortactin mutants relative to that of native
cortactin. (B, top) Western blot assay with anti-Myc MAb. (B, bottom)
Western blot assay with anti-GST MAD. All experiments were per-
formed three times with similar results.

The SH3 domain of cortactin potently activated N-WASP-
mediated Arp2/3 complex-dependent actin (Fig. 3). The cal-
culated K., of SH3-cort was ~25 nM, compared to ~80 nM
for Nck and 100 to 200 nM for Grb2 (7, 49). This activation
required interaction of the SH3 domain with proline-rich se-
quences, because a point mutant (W525K) that disrupts SH3
domain binding to such sequences (10) abolished the ability of
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SH3-cort to bind and activate N-WASP. As has been reported
for the SH3 domains of Nck and Grb2 (7, 49), PIP2 synergized
with SH3-cort in activating N-WASP (Fig. 3D).

Consistent with its weaker binding to N-WASP, FL-cort
activated N-WASP to a weaker degree than did SH3-cort (Fig.
4). Activation of N-WASP by FL-cort was dependent on its
SH3 domain, because deleting this domain abolished the ca-
pacity of cortactin to activate N-WASP. Cortactin weakly ac-
tivates the Arp/23 complex through an acidic motif in its N-
terminal region in conjunction with the F-binding repeat
region (57, 61). Under the conditions we have used in our
assays, we did not detect activation of the Arp/23 complex by
FL-cort. A cortactin W22A mutant that fails to bind and acti-
vate the Arp/23 complex activated N-WASP, albeit less po-
tently than the WT molecule, although it bound normally to
N-WASP. These results suggest that recruitment of the Arp2/3
complex by cortactin is not required for its activation of N-
WASP. However, it may be required for optimal actin poly-
merization by the cortactin-N-WASP complex. Arp2/3 com-
plex-mediated actin nucleation may proceed synergistically at
two different sites in a cortactin-N-WASP complex, i.e., the
NTA domain of cortactin and the VCA domain of WASP.

Our data show that Erk phosphorylation enhances the ca-
pacity of cortactin to activate N-WASP (Fig. 4C). Mutation to
aspartic acid of two serine residues, S405 and S418, known to
be phosphorylated by Erk, to mimic their phosphorylation,
caused enhancement of cortactin binding and activation of
N-WASP. This was dependent on the SH3 domain, because it
was not observed when the SH3 domain was deleted from the
S405,418D mutant protein. S405 and S418 are located in the
middle of two adjacent minimal SH3 domain consensus motifs
(PPxxP), 402PPASP406 and 415PPSSP419 (44). We propose
that intramolecular interactions between the SH3 domain and
these motifs in FL-cort limit its ability to interact with N-
WASP. Phosphorylation of critical serines in these motifs by
Erk may disrupt intramolecular SH3—proline-rich sequence in-
teractions and render the SH3 domain fully accessible for
binding N-WASP and WASP. A similar model of intramolec-
ular interactions between SH3 domains and proline-rich se-
quences has been proposed for the Tec kinase ITK (1). We
have failed to inhibit SH3-cort binding to and activation of
N-WASP with peptides derived from the proline-rich region of
cortactin (data not shown). This is possibly because the affinity
of the SH3 domain for native N-WASP may be higher than its
affinity for individual cortactin-derived peptides and/or be-
cause the region of cortactin that interacts with the SH3 do-
main of the molecule is not limited to the short peptides we
used. In the absence of structural data, we cannot rule out the
possibility that Erk phosphorylation induces a conformational
change in the SH3 domain itself that enhances its ability to
bind N-WASP and WASP.

In contrast to Erk phosphorylation, Src phosphorylation of
cortactin did not enhance its ability to activate N-WASP. In
fact, it inhibited the weak activation of N-WASP observed with
FL-cort. More importantly, it inhibited the ability of Erk-phos-
phorylated cortactin and of S405,418D mutant cortactin to
activate N-WASP (Fig. 6B and C). These results suggest that
Src phosphorylation negatively regulates cortactin activation of
N-WASP in cells. This is consistent with the observation that
the Helicobacter pylori CagA protein causes Src inactivation,
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FIG. 6. Effect of Src phosphorylation of cortactin on N-WASP activation. (A) Src enzyme was not present in the final cortactin preparations.
Different amounts (0.2, 0.5, and 1 pg) of Src-phosphorylated cortactin were run on a gel and Western blotted for cortactin (top) and Src (bottom).
As a control, 3 U of commercial Src, which represents 20 times the amount used for phosphorylating 1 pg of cortactin, was loaded into a separate
lane. W.B., Western blot. (B) Src-mediated phosphorylation of Erk-phosphorylated cortactin inhibits its ability to activate N-WASP. A.U., arbitrary
units. (C) Src-mediated phosphorylation of S405,418D mutant cortactin inhibits its ability to activate N-WASP. Introduction of an Src-mimicking
double mutation (Y466,482D) into Erk-mimicking S405,418D mutant cortactin inhibits its capacity to activate N-WASP. (D) Introduction of a
single Src-mimicking mutation (Y421D) into Erk-mimicking S405,418D mutant cortactin inhibits its capacity to activate N-WASP. (E) Introduction
of the Src-mimicking triple mutation Y421,Y466,Y482 into S405,418D mutant cortactin inhibits its activation of N-WASP. All experiments were

performed three times with similar results.

concomitant dephosphorylation of cortactin, and its redistri-
bution to actin-rich cellular protrusions (51). It is also consis-
tent with the observation that the fraction of cortactin that
accumulates in the actin tail of pathogens is not tyrosine phos-
phorylated (12). Y466 and Y482, which are located immedi-
ately upstream of the SH3 domain, are phosphorylated by Src

both in vitro and in vivo. Replacement of Y466 and Y482 with
aspartic acid to mimic their phosphorylation inhibited the ca-
pacity of cortactin and S405,418D mutant cortactin to bind and
activate N-WASP, suggesting that phosphorylation of these
residues may cause a conformational change in the SH3 do-
main that inhibits its capacity to bind N-WASP and activate it.
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TABLE 1. Summary of N-WASP binding and activation by cortactin constructs

Construct Phosphorylation N-WASP binding” N-WASP activation”
FL ++ 4
W22A 4+ +
SH3 ot ot
SH3W525K SH3 — _

SSYYY

ASH3 —OOWIED - -
FL Erk ND¢ NE—
$405,418D ++ bt
S405,418D ASH3 - -
FL Src ND“ *
Y466,482D 4 +
S405,418D-Y466,482D + -
Y421D ND -
Y421,466,482D ND -
S405,418D-Y421D ND -
S405,418D-Y421,466,482D | ND -

¢ Immunoprecipitation experiments (Fig. 1F) show no detectable binding of pY421 or pY466 cortactin to N-WASP.
b — none; +, weak; ++, strong; +++, very strong; ++++, robust; =, very weak.

¢ ND, not done.

Phosphorylation of Y421 by Src is thought to be essential for
the phosphorylation of Y466 and Y482 by Src (17, 20). Re-
placement of Y421 with aspartic acid inhibited the capacity of
S405,418D mutant cortactin to activate N-WASP. This sug-
gests an inhibitory effect of Src phosphorylation at Y421 inde-
pendent of phosphorylation at Y466 and Y482. Tyrosine resi-
dues other than Y421, Y466, and Y482, including the tyrosine
residues located in the SH3 domain of cortactin (20), may also
be targets of Src phosphorylation and may contribute to the
inhibition of N-WASP activation.

While this report was in preparation, antibodies that recog-
nize cortactin phosphorylated at positions Y421 and Y466 be-
came available. We used these antibodies to examine whether
cortactin phosphorylated at these two positions is coprecipi-
tated with N-WASP. We were unable to detect either phos-
phorylation of cortactin at position Y421 or Y466 in N-WASP
immunoprecipitates (Fig. 1F, middle). Antibody to pY466 cor-
tactin, but not pY421 cortactin, is an immunoprecipitating

antibody, and therefore we were able to perform the converse
immunoprecipitation with only the anti-pY466 antibody. We
were unable to detect N-WASP in pY466 cortactin immuno-
precipitates (Fig. 1F, right side). These results suggest that
cortactin that associates with N-WASP is not phosphorylated
at position Y421 or Y466. We were unable to examine the
association of cortactin phosphorylated at residues that are
targeted by Erk because antibodies specific to these phosphor-
ylated residues are not available.

Our results, summarized in Table 1, suggest that the ability
of SH3-cort to bind and activate WASP and N-WASP is sub-
ject to switch on-switch off regulation by Erk and Src kinases.
We propose the following model for the role of the cortactin
interaction with N-WASP and WASP in actin reorganization
following receptor signaling. Engagement of surface receptors
that activate Erk, e.g., G protein-coupled receptors, epidermal
growth factor, T-cell receptor, and integrins, results in phos-
phorylation of cortactin and liberation of SH3-cort from in-
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tramolecular interaction with proline-rich regions. The liber-
ated SH3-cort is then free to interact with N-WASP and
WASP and could play a role in the recruitment of these pro-
teins to sites of actin polymerization such as lamellipodia and
the IS. More importantly, binding of cortactin activates N-
WASP- and WASP-mediated actin nucleation. Cortactin, N-
WASP, and WASP may also be bridged by the Arp2/3 complex
and may synergize in causing actin polymerization. Engage-
ment of the same surface receptors also activates Src kinases,
which are anchored to the lipid layer of cell membranes and
which accumulate at sites of actin polymerization, e.g., in la-
mellipodia and in the IS (8, 56). Src phosphorylation of cor-
tactin at these sites inhibits its ability to bind and activate
N-WASP and WASP. Furthermore, Src phosphorylation of
cortactin decreases its F-actin-binding ability (21), which is
important for its activation of the Arp2/3 complex (61). It also
further decreases the ability of cortactin to activate the Arp2/3
complex by promoting its binding to myosin light-chain kinase,
a key enzyme in the regulation of contractility (11). Finally, Src
phosphorylation of cortactin promotes its degradation by cal-
pain (22). This would effectively terminate both N-WASP-
dependent and N-WASP-independent cortactin-mediated ac-
tin polymerization.
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