A single tyrosine phosphorylation site in
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ABSTRACT Cortactin is a Src tyrosine phosphorylation substrate that regulates multiple actin-
related cellular processes. While frequently studied in nonneuronal cells, the functions of cor-
tactin in neuronal growth cones are not well understood. We recently reported that cortactin
mediates the effects of Src tyrosine kinase in regulating actin organization and dynamics
in both lamellipodia and filopodia of Aplysia growth cones. Here, we identified a single cor-
tactin tyrosine phosphorylation site (Y499) to be important for the formation of filopodia.
Overexpression of a 499F phospho-deficient cortactin mutant decreased filopodia length and
density, whereas overexpression of a 499E phospho-mimetic mutant increased filopodia
length. Using an antibody against cortactin pY499, we showed that tyrosine-phosphorylated
cortactin is enriched along the leading edge. The leading edge localization of phosphorylated
cortactin is Src2-dependent, F-actin-independent, and important for filopodia formation. In
vitro kinase assays revealed that Src2 phosphorylates cortactin at Y499, although Y505 is the
preferred site in vitro. Finally, we provide evidence that Arp2/3 complex acts downstream of
phosphorylated cortactin to regulate density but not length of filopodia. In conclusion, we
have characterized a tyrosine phosphorylation site in Aplysia cortactin that plays a major role
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in the Src/cortactin/Arp2/3 signaling pathway controlling filopodia formation.

INTRODUCTION

Proper wiring of neurons is key to the functionality of the nervous
system. This is achieved by a specialized extension referred to as the
neuronal growth cone located at the tips of axons and dendrites
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during both development and regeneration (Lowery and Van Vactor,
2009; Vitriol and Zheng, 2012). As a sensory unit, the neuronal
growth cone is equipped with an exquisite molecular machinery to
make decisions about growth rate and direction in response to a
multitude of environmental cues (Davenport et al., 1993; Suter and
Forscher, 2000; Dickson, 2002). As a motile structure, these extracel-
lular biochemical or biophysical cues are translated into intracellular
signals to constantly guide the remodeling of its actin and microtu-
bule cytoskeleton, the major force generators and mediators of
growth cone motility (Dent et al., 2011; Suter and Miller, 2011;
Gomez and Letourneau, 2014; Athamneh and Suter, 2015; Omotade
et al., 2017). Therefore, investigations into the regulation of actin
organization and dynamics in the context of growth cone motility
are instrumental for our understanding of development and regen-
eration of nervous system. However, the detailed picture of signal-
ing pathways that relay information from membrane receptors to
the underlying actin cytoskeleton is still incomplete, thwarting
efforts to further our knowledge about neurite regeneration.
Filopodia are F-actin-rich, fingerlike exploratory protrusions
that can emerge from many different cell types including neurons
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(Gallo, 2013). They are highly dynamic structures that develop from
multiple locations on the neuronal surface including the cell bodly,
axon, dendrites, as well as the growth cone. Filopodia serve multi-
ple functions during neuronal development including initiation of
axons and dendrites (Smith, 1994; Dent et al., 2007), axonal guid-
ance (O’Connor and Bentley, 1993; Gomez and Letourneau, 1994;
Gallo et al., 1997), formation of axonal and dendritic branches
(Spillane et al., 2011), as well as of synapses (Ozcan, 2017). They are
made up by bundles of highly oriented F-actin filaments (Lewis and
Bridgman, 1992) and are wrapped by the plasma membrane to
form slender devices that can detect changes in extracellular signals
(Davenport et al., 1993; Gomez and Letourneau, 1994; Gallo et al.,
1997; Gallo, 2013; McConnell et al., 2016), guide extension of
microtubules (Schaefer et al., 2002; Burnette et al., 2007), and apply
traction force to substrates (Heidemann et al., 1990; Chan and
Odde, 2008). In the growth cone peripheral (P)-domain, filopodia
are usually embedded within a meshwork of cross-linked F-actin or
lamellipodia (Lewis and Bridgman, 1992), with which they share
some of the same signaling and regulatory machineries (Small et al.,
2002; Faix and Rottner, 2006; Korobova and Svitkina, 2008; Gallo,
2013; He et al., 2015). Whereas it is generally agreed that filopodia
formation requires coordinated elongation of unipolar actin fila-
ments, different molecular mechanisms have been proposed with
respect to the initiation of filopodia formation (Svitkina et al., 2003;
Faix and Rottner, 2006; Block et al., 2008; Korobova and Svitkina,
2008; Norris et al., 2009; Goncalves-Pimentel et al., 2011). Their
dynamic behavior depends on the rates of actin assembly at the
filopodia tip, as well as myosin-driven retrograde flow and actin
recycling at the base of the filopodial bundle (Lin et al., 1996;
Mallavarapu and Mitchison, 1999).

Initially characterized as a substrate for Src kinase, cortactin was
soon found to be a key player in many actin-related processes,
including cell migration, endocytosis, cell-cell connection, tumor
invasion, and pathogen response (Wu and Parsons, 1993; Weed
and Parsons, 2001; Cosen-Binker and Kapus, 2006; MacGrath and
Koleske, 2012; Schnoor et al., 2018). A major portion of cortactin’s
effect on actin remodeling is attributed to its ability to activate
Arp2/3 complex through its N-terminal acidic (NTA) domain, to its
F-actin-binding via tandem repeats, and through its interaction with
other nucleation promoting factors such as N-WASP via its C-
terminal SH3 domain (Weed et al., 2000; Uruno et al., 2001; Weaver
et al., 2001; Weed and Parsons, 2001; Schnoor et al., 2018). Conse-
quently, cortactin is important in the assembly, branching, and stabi-
lization of actin-based cytoskeletal structures such as lamellipodia,
invadopodia, and filopodia (Bryce et al., 2005; Desmarais et al.,
2009; Siton et al., 2011; Helgeson and Nolen, 2013; He et al., 2015).
Moreover, the function of cortactin is subject to multiple posttrans-
lational modifications, including phosphorylation, acetylation, and
ubiquitination; however, the functional consequences of these mod-
ifications with respect to actin remodeling are still under debate,
especially with respect to the role of tyrosine phosphorylation in
actin assembly (Martinez-Quiles et al., 2004; Zhang et al., 2007,
Ayala et al., 2008; Oser et al., 2010; Schnoor et al., 2018). In neuro-
nal growth cones, cortactin has been implicated in the formation
and stabilization of filopodia, in lamellipodia protrusion, and conse-
quently neuronal growth cone motility (Kurklinsky et al., 2011;
Yamada et al., 2013; He et al., 2015; Kubo et al., 2015).

Not much is known about the role of Src-mediated tyrosine
phosphorylation in the formation of filopodia. By taking advantage
of the large growth cones elaborated by cultured Aplysia bag cell
neurons, we have recently shown how Src and cortactin cooperate
to regulate actin organization and dynamics in neuronal growth
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cones and uncovered an important role of cortactin in filopodia for-
mation and maintenance (He et al., 2015). Here, we identified a
single tyrosine residue, Y499, in Aplysia cortactin as the critical Src
phosphorylation site for promoting filopodia formation in growth
cones. Using a phospho-specific cortactin antibody, we located
tyrosine-phosphorylated cortactin at the leading edge of growth
cones and provided evidence that Aplysia Src2 can phosphorylate
cortactin in cultured neurons. We also provide the first direct
biochemical evidence that Aplysia Src2 phosphorylates Aplysia
cortactin. Furthermore, we discovered an F-actin-independent
anchoring of tyrosine-phosphorylated cortactin at the growth cone
leading edge, and we showed that this localization of phosphory-
lated cortactin is crucial for filopodia formation. Last, by inhibiting
both the Arp2/3 complex and cortactin phosphorylation, we showed
that phosphorylated cortactin acts upstream of Arp2/3 complex to
regulate filopodia density most likely by initiation of filopodia but
not the length of filopodia. In conclusion, our results delineate an
important Src2-cortactin-Arp2/3-actin pathway with the potential
of relaying extracellular signals to intracellular remodeling of actin
cytoskeleton, such as formation of filopodia.

RESULTS

The phosphorylation state of Y499 in Aplysia cortactin is
important for filopodia formation

We have recently shown that overexpression of an Aplysia cortactin
mutant that cannot be phosphorylated at any of the three putative
tyrosine phosphorylation sites Y499, Y505, and Y509 (FFF mutant)
decreased both filopodia length and density in growth cones (He
et al., 2015). These findings suggested that tyrosine phosphoryla-
tion of cortactin is critical for filopodia formation and stability. Since
none of these three tyrosine residues clearly align with any of the
known tyrosine phosphorylation sites in mouse cortactin, Y421,
Y466, and Y482, we created single tyrosine phosphorylation mu-
tants of Aplysia cortactin in order to identify the tyrosine residue that
is critical for the filopodia phenotypes mentioned above. We then
expressed these individual tyrosine cortactin mutants in cultured
Aplysia bag cell neurons and analyzed filopodia phenotypes in or-
der to determine the single phosphorylation-defective cortactin
mutant(s) that phenocopies the cortactin FFF mutant. Therefore, we
analyzed filopodial density and length of growth cones following
overexpression of single tyrosine phosphorylation-defective cortac-
tin mutants, FFF cortactin mutant, or wild-type (WT) cortactin in
cultured Aplysia bag cell neurons (Figure 1). The leading edge in the
P-domain of a growth cone (boxed region in Figure 1A) from each
experimental group is shown in both differential interference con-
trast (DIC) (Figure 1, B-H) and fluorescent channel revealing total
cortactin protein following immunostaining (Figure 1, B'-H’). Among
all three single tyrosine mutants, only 499F overexpression faithfully
recapitulated the reduced filopodial density and length phenotype
caused by the FFF mutant when compared with uninjected or
dextran injection controls (Figure 1). WT cortactin overexpression
increased filopodial length but not density compared with controls
(Figure 1, J-K). In summary, these results suggest that Y499 is the
critical tyrosine phosphorylation residue in Aplysia cortactin with
respect to filopodia formation.

As a complementary approach, we mutated the Y499 site to
glutamic acid, thereby creating a phospho-mimetic 499E mutant.
After overexpression of either the 499E or the EEE (triple phospho-
mimetic mutant), filopodial density was not significantly changed
when compared with control conditions (Figure 2, A-D, A-D’, and
), similar to the overexpression of WT cortactin (Figure 1J). On the
other hand, overexpression of either the 499E or the EEE cortactin
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FIGURE 1: Growth cone filopodial density and length are reduced by overexpression of cortactin 499F mutant. (A) DIC
image of an Aplysia growth cone. Filopodia organization in the boxed region is quantified. (B-H) DIC images of
filopodia at the growth cone leading edge. (B'-H’) Immunostaining of total cortactin with 4F11 antibody. Overexpressed
cortactin localized along filopodia. (I) A filopodium from each group was selected for length comparison. The bottom of
the image corresponds to the filopodium base. (J) Expression of 499F and FFF cortactin mutants but not WT cortactin
significantly reduced filopodial density when compared with uninjected (Uninj) and dextran (Dex) injection controls.
Numbers in parentheses indicate numbers of growth cones analyzed. (K) 499F and FFF cortactin mutants significantly
reduced filopodial length, while overexpression of WT cortactin increased filopodial length. Numbers in parentheses are
numbers of filopodia analyzed. Data are presented as mean + SEM and pooled from six independent experiments.
**P < 0.01. ****P < 0.0001. Analysis of variance (ANOVA) with Dunnett’s multiple comparison. Scale bar in A: 20 pm;

B: 10 ym; I: 10 pm.

mutants increased filopodial length (Figure 2, A-D, A-D’, and J)
similar to what we observed when expressing WT cortactin (Figure
1K). This indicates that the 499E mutant causes a similar filopodia
length phenotype as the triple phospho-mimetic mutant EEE, again,
suggesting that the Y499 is the critical tyrosine phosphorylation site
with respect to filopodia length regulation. To further confirm that
Y499 is the only critical phosphorylation site controlling filopodial
density and length, two more cortactin mutants were generated. In
the FEE mutant, the Y499 site was mutated to phenylalanine and
the Y505 and Y509 sites to glutamic acid. Similarly, in the EFF
mutant, the Y499 was mutated to glutamic acid and the Y505 and
Y509 sites to phenylalanine. As shown in Figure 2, G, G', K, and L,
overexpression of the FEE mutant decreased filopodial density and
filopodial length phenocopying the FFF mutant (Figure 1, J and K).
Overexpression of the EFF mutant led to increased filopodial length
without further increasing filopodial density (Figure 2, H, H’, K,
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and L), which is similar to the phenotype induced by overexpression
of EEE. Altogether, these cell biological results indicate that Y499 is
the only critical tyrosine residue in Aplysia cortactin that mediates
the function of phosphorylated cortactin with respect to filopodia
formation and length regulation.

Tyrosine-phosphorylated cortactin is enriched at the growth
cone leading edge

To further investigate the function of cortactin tyrosine phosphoryla-
tion at Y499, we made a polyclonal phospho-specific peptide
antibody against cortactin-pY499 (p-cort; cortactin  493-504:
PERVEDpPYGEETE) and one against the same nonphosphorylated
peptide (n-cort; PERVEDYGEETE). First, we verified the specificity of
both antibodies by Western blotting of Aplysia CNS lysate and puri-
fied bacterially expressed Aplysia cortactin protein (Supplemental
Figure S1). Native vertebrate cortactin commonly runs as a p80/85
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Cortactin Y499 is the only phosphorylation site relevant for regulating filopodia formation. (A-H) DIC images
of growth cones with injection of different mutant cortactin mRNAs. (A'-H’) Immunostaining of total cortactin with 4F11
antibody. (I) Filopodial density was not altered after either 499E or EEE cortactin mutant overexpression when
compared with uninjected (Uninj) or dextran (Dex)-injected control neurons. Numbers in parenthesis are numbers of
growth cones analyzed. (J) Filopodial length is increased by expressing either the phospho-mimetic 499E or the EEE
cortactin mutant when compared with controls. Data are presented as mean + SEM and are representative of two
independent experiments. Numbers in parenthesis are numbers of filopodia analyzed. ****P < 0.0001. Dunnett's
multiple comparison. (K) FEE mutant significantly decreased filopodia density compared with controls. Numbers in
parenthesis are numbers of growth cones analyzed. (L) EFF mutant significantly increased filopodial length, while FEE
significantly decreased filopodia length. This suggests that the phosphorylation state of cortactin Y499 dictates the
function of cortactin in filopodia length and formation. Data are presented as mean + SEM and are representative of
two independent experiments. Numbers in parenthesis are numbers of filopodia analyzed. *P < 0.05. ***P < 0.001.
***%P < 0.0001. ANOVA with Dunnett’s multiple comparison. Scale bar: 10 pm.
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doublet on SDS-PAGE, where the mobility shift of between the two
bands was proposed to result from posttranslational modifications
and/or conformational changes (Wu and Parsons, 1993; Huang et al.,
1997; van Damme et al., 1997; Ammer and Weed, 2008). Aplysia
cortactin runs at a slightly higher molecular weight as a 95/110 kDa
doublet (Supplemental Figure S1) (Decourt et al., 2009). The p-cort
antibody recognized both bands in Aplysia CNS lysates (Supplemen-
tal Figure S1, A and B), whereas the n-cort antibody only detected
the lower band (Supplemental Figure S1C). The intensity of the up-
per band detected by the p-cort antibody could be reduced by Src
kinase inhibition with PP2 (Supplemental Figure S1A), and both
bands could be completely blocked after adding the cognate p-cort
peptide to the primary antibody solution (Supplemental Figure S1B).
Both p-cort and n-cort antibodies also recognized purified bacterially
expressed Aplysia cortactin, which suggests that both conformations
of cortactin contain both phosphorylation states (Supplemental
Figure S1D). Inclusion of either p-cort or n-cort peptides for respec-
tive antibodies during immunostaining of growth cone greatly re-
duced fluorescence intensity in their corresponding channel, without
affecting the staining pattern of either total cortactin or actin (Sup-
plemental Figure S2, compare the signal intensity between C and G
and between O and S). Taken together, we have obtained two reli-
able antibodies that can be used to probe the phosphorylation state
of Aplysia cortactin.

In control growth cones, p-cort staining showed a striking prefer-
ential localization of tyrosine-phosphorylated cortactin along the
leading edge of growth cones, quite different from the pattern of
total cortactin as detected by the monoclonal antibody 4F11, which
was relatively more homogeneous in P-domain, enriched along filo-
podia shafts, and generally reflecting F-actin distribution (Figures 3,
A-C, 1,B-H’, and 2, A-H’) (Decourt et al., 2009). By calculating the
ratiometric value of phosphorylated over total cortactin for each
pixel, we found that the leading edge exhibits the highest level of
cortactin phosphorylation in the growth cones (Figure 3D). The
preferential localization of the p-cortactin signal along the leading
edge mirrors the localization of activated pSrc2 (Wu et al., 2008; He
et al., 2015) and can be effectively removed when growth cones are
treated with 25 uM Src inhibitor PP2 for 15 min (Figure 3, E-H). This
significant reduction in p-cort signal was due to reduced phosphory-
lation, since the amount of total cortactin remained constant (Figure
3, E-K). To acquire more detailed information on the localization of
phosphorylated cortactin, we performed superresolution imaging
via direct Stochastic Optical Reconstruction Microscopy (dSTORM)
and p-cort antibody labeling (Figure 3, L and M). We confirmed
the localization of phosphorylated cortactin along growth cone
leading edge and at the filopodia tips. Importantly, we detected an
abrupt drop of phosphorylated cortactin 200 nm into lamellipodia
and no repetitive pattern along filopodia shafts, suggesting a tight
spatial regulation of cortactin phosphorylation (Figure 3M). In
conclusion, cortactin phosphorylated by Src is highly enriched along
the leading edge and filopodia tips of neuronal growth cones
depicting a similar distribution as activated Src2 (Wu et al., 2008;
He et al., 2015).

Src2 phosphorylates cortactin at Y499 in growth cones

Aplysia express two Src tyrosine kinases referred to as Src1 and Src2
(Wu et al., 2008). By overexpressing different Src2 and cortactin con-
structs in cultured neurons, we have recently provided functional
evidence that Src2 phosphorylates cortactin and thereby controls
filopodia formation and lamellipodia protrusion via the actin cyto-
skeleton (He et al., 2015). Here, we went on to determine whether
Aplysia Src2 phosphorylates cortactin at the Y499 site in neuronal
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growth cones. The cortactin phosphorylation ratio in the growth
cone P-domain was compared between control cells injected with
buffer only (CTRL) or Src2 mRNA (Src2) (Figure 4). Overexpression of
Src2 led to a modest but significant increase of cortactin phosphory-
lation (Figure 4Q), without changing the preferential localization of
phosphorylated cortactin along growth cone leading edge and near
filopodia tips (Figure 4, G and H). These results confirm that cortac-
tin indeed is phosphorylated by Src2 at Y499 in growth cones. To
further validate our p-cort antibody, we overexpressed either WT
cortactin or the triple tyrosine phosphorylation-defective mutant
FFF (Figure 4, I-P). As expected, only overexpression of WT cortac-
tin led to an increase of the p-cort signal (Figure 4R). Interestingly,
overexpression not only of the FFF mutant but also of WT cortactin
resulted in a reduction of cortactin phosphorylation ratio when com-
pared with controls (Figure 4T).

Recombinant Aplysia Src2 phosphorylates Aplysia cortactin
in vitro

We previously showed a partial colocalization of Src2 and cortactin in
Aplysia bag cell neuronal growth cones and demonstrated that both
Src2 and cortactin have a critical role in the formation and stability of
filopodia and lamellipodia (He et al., 2015). Here, we provided evi-
dence that Src2 phosphorylates Y499 of cortactin in cultured neurons
(Figure 4). To determine whether Aplysia Src2 directly phosphory-
lates Aplysia cortactin and whether Y499 is the preferred site of
phosphorylation, we performed an in vitro kinase assay where
recombinant WT cortactin or individual cortactin tyrosine phosphory-
lation site mutants (YFF, FYF, FFY, or FFF) were incubated with recom-
binant active WT Src2 kinase or enzymatically inactive dominant
negative Src2 (DNSrc2) kinase using y-2P-ATP as a nucleotide source.
DNSrc2 is a dominant negative form of Src2, which is a kinase-dead
mutant in the open conformation (K286M Y518F) (He et al., 2015). To
ensure bacterially expressed and purified recombinant Aplysia cor-
tactin was not prephosphorylated by bacterial proteins, cortactin was
initially copurified with a phosphatase (YopH) and further purified by
size exclusion chromatography (SEC). The SEC profile and corre-
sponding cortactin-associated peak analyzed by Coomassie gel are
shown in Figure 5, A and B. WT cortactin and its tyrosine phosphory-
lation mutants eluted as a single predominant peak at an elution
volume corresponding to 55 ml, indicating that all proteins purified
and folded with a similar conformation (Figure 5A). Smaller SEC
peaks at 85 and 130 ml represent low molecular weight contami-
nants and void volume, respectively. WT cortactin also showed a sec-
ond small peak at 45 ml, which may represent potentially oligomeric
forms. Therefore, to ensure we analyzed WT cortactin and all its mu-
tants that displayed similar biochemical properties, we conducted
our experiments with samples corresponding to the 55-ml peak.
SDS-PAGE and Coomassie analysis of cortactin samples correspond-
ing to this 55-ml peak showed a similar migration pattern with the
WT protein and mutants appearing as a doublet with a lower band at
95 kDa and an upper band at ~110 kDa (Figure 5B).

Next, the above SEC-purified, unphosphorylated cortactin pro-
teins were evaluated for phosphorylation by purified active WT Src2
or inactive DNSrc2 in an in vitro kinase assay and assessed by auto-
radiography of the SDS-PAGE gel. As expected, a representative
autoradiograph shows that Src2 was active as determined by its
ability to autophosphorylate (Figure 5C; ~65 kDa band), while DN-
Src2 did not display any radioactive band on the autoradiograph.
Furthermore only WT Src2 phosphorylated all cortactin samples to
varying degrees (left gel), while no signal was detected for samples
treated with DNSrc2 (right gel). The lack of any radioactive signal
associated with cortactin in the absence of Src2 also serves as a

Cortactin phosphorylation and filopodia | 1821



treated with 0.1% DMSO. (E-H) Images of growth cones treated with 25 pM Src2 inhibitor PP2 for 15 min.
Immunostaining with both p-cortactin antibody and total cortactin antibody (4F11) was used to determine the level of
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Phosphorylated cortactin is enriched at the growth cone leading edge. (A-D) Images of growth cones

cortactin phosphorylation. (A, E) DIC image; (B, F) immunostaining of total cortactin; (C, G) immunostaining of
phosphorylated cortactin. (D, H) Cortactin phosphorylation ratio (background corrected p-cortactin/total cortactin)
represented as a ratiometric image. Enlargements of boxed regions are shown as insets. PP2 treatment removed
p-cortactin signals from the leading edge. (I-K) Quantification of p-cortactin intensity, total cortactin intensity, and
cortactin phosphorylation ratio. PP2 treatment reduced p-cortactin ratio without affecting total cortactin level. Data are
presented as mean + SEM and are representative of four independent experiments. Numbers in parenthesis are
numbers of growth cones analyzed. ****P < 0.0001. Unpaired t test. Scale bar: 20 pm. (L) dSTORM image of Aplysia
growth cone stained with p-cort antibody. Phosphorylated cortactin signal was sporadic within P and C domain but
concentrated along the leading edge and filopodia. (M) Magnified image of boxed region in L. Phosphorylated cortactin

is enriched along leading edge and filopodia tip. Scale bar in L: 5 pm; M: 1 pm.
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Src2 phosphorylates cortactin at Y499 in Aplysia neurons. (A-D) Images of a growth cone from neuron
injected with buffer only (CTRL). (E-H) Images of growth cone that overexpresses Src2. (I-L) Images of growth cone that
overexpresses WT cortactin. (M-P) Images of growth cone that overexpresses cortactin FFF. Immunostaining with both
p-cortactin antibody and total cortactin antibody (4F11) was used to determine the level of cortactin phosphorylation.
(A, E, I, M) DIC image; (B, F, J, N) immunostaining of total cortactin; (C, G, K, O) immunostaining of phosphorylated
cortactin. (D, H, L, P) Cortactin phosphorylation ratio (background corrected p-cortactin/total cortactin) represented as
a ratiometric image. Enlargements of boxed regions are shown as insets. Phosphorylated cortactin was found to be
enriched at the leading edge and filopodial tips in all cases, regardless of overexpressed cortactin species. (Q) Cortactin
phosphorylation ratio is significantly increased by Src2 overexpression when compared with control cells that were
injected with buffer only. (R-T) Overexpression of WT cortactin led to increased cortactin phosphorylation level, whereas
overexpression of cortactin FFF mutant did not. Overexpression of both WT cortactin and FFF reduced p-cortactin
ratio. Data are presented as mean + SEM and are representative of three independent experiments. Numbers in
parenthesis are numbers of growth cones analyzed. *P < 0.05; ***P < 0.001, ****P < 0.0001. Unpaired t test for Q;
ANOVA with Dunnett’s multiple comparison for R, S, and T. Scale bar in A: 20 pm.
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FIGURE 5: Src2 phosphorylates cortactin in vitro. (A) SEC profile of bacterially expressed and affinity-purified,
recombinant WT and tyrosine phosphorylation mutants of cortactin (YFF, FYF, FFY, and FFF). The single peak at 55 ml
elution volume corresponds to cortactin. Smaller peaks at 85 and 130 ml represent low molecular weight contaminants.
WT cortactin also showed a second small peak at 45 ml, which may represent potentially oligomeric forms.

(B) Coomassie-stained gel of WT and mutant cortactin proteins collected in the 55-ml elution volumes of the SEC peak
in A. All samples show cortactin migrating as a doublet, with a predominant band corresponding to cortactin’s
molecular weight of 95 kDa and a fainter band at 110 kDa. (C) Autoradiograph and corresponding Coomassie-stained
gel of a representative in vitro kinase reaction showing phosphorylation of WT or cortactin mutants by active Src2

or enzymatically dead dominant negative DNSrc2. Bands corresponding to phosphorylated Src2 (~65kDa) and
phosphorylated cortactin (95-110 kDa doublet) are indicated. (D) Quantification of the average phosphorylation-specific
signal associated with WT or mutant cortactin from four independent in vitro kinase reactions (mean + SEM).

control verifying the lack of nonspecific cortactin phosphorylation
(Figure 5C, right gel). Interestingly, mutation of putative tyrosine
phosphorylation sites on Aplysia cortactin abrogated Src2-mediated
tyrosine phosphorylation to varying levels. Phosphorylation of WT
and mutant cortactin from four separate reactions was quantified.
We found that while all three tyrosines (Y499, Y505, and Y509) can
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be phosphorylated by Src2, Y499 and Y505 are the preferred phos-
phorylation sites in vitro (Figure 5, C and D). Y509 can also be phos-
phorylated but seems to be less preferred. The triple mutant FFF
still showed some phosphorylation, likely because Src2 phosphory-
lated secondary nonspecific sites on cortactin, as is commonly seen
for kinases and other ATP-specific enzymes (Tagliabracci et al., 2012;
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Sanyal et al., 2015). Interestingly, cortactin YFF showed reduced
phosphorylation, while cortactin FYF exhibited enhanced phosphor-
ylation, suggesting that unlike phenotypes seen in cells, Y499 does
not appear to be the preferred site of phosphorylation in vitro.
Instead, it appears that in the absence of Y499 and Y509, Y505 is
preferentially phosphorylated. Together, these data provide the first
evidence that Aplysia Src2 directly phosphorylates Aplysia cortactin
and further highlight the possibility of cross-talk between three
putative tyrosine phosphorylation sites in Aplysia cortactin.

Phosphorylated cortactin is part of a membrane-associated
complex that promotes filopodia formation

Next, we tested whether the leading edge localization of phos-
phorylated cortactin is F-actin-dependent. To address this ques-
tion, we treated the growth cones with either cytochalasin B or
latrunculin A, both of which have been used to reversibly induce
F-actin disassembly in Aplysia bag cell growth cones (Burnette
et al., 2007; Prager-Khoutorsky and Spira, 2009). Low dose of cyto-
chalasin B (350-500 nM) results in selective removal of filopodia
(Burnette et al., 2007). Here, we applied either actin polymerization
drug in a time-controlled manner to study the potential change in
p-cort signal following F-actin disruption. Figure 6, A-D, shows a
complete set of drug treatments, where growth cones were fixed
and stained after treatment with either low ionic strength artificial
sea water (LIS-ASW) plus 0.1% dimethy! sulfoxide (DMSO) (Figure
6, A-A""; Supplemental Video 1) for 2 min, 500 nM cytochalasin B
for 2 min (Figure 6, B-B"; Supplemental Video 2), 500 nM cytocha-
lasin B for 5 min (Figure 6, C-C"’; Supplemental Video 2), or 2 min
washout with LIS-ASW after treatment with 500 nM cytochalasin B
for 5 min (Figure 6, D-D"’; Supplemental Video 3). As expected,
filopodia disappeared in a progressive manner with cytochalasin B
treatment and regenerated within 2 min after drug removal (Figure
6, A-D), concurrent with the gradual loss and reappearance of F-
actin and cortactin signals in the P-domain following drug washout
(Figure 6, A-D’). Interestingly, the p-cort signal persisted more at
the leading edge throughout treatments (Figure 6, A’-D"), again
displaying a different behavior than total cortactin (Figure 6, A"~
D). We quantified the changes of cortactin, F-actin, and p-cortac-
tin throughout the drug treatment (Figure 6, | and J) and separated
the P-domain into “Edge” and “Interior” to highlight the differen-
tially regulated cortactin phosphorylation at different locations in
the growth cone. We found that a fraction of cortactin is resistant to
continued F-actin disassembly only at the leading edge (Figure 6l;
only the nonsignificant difference is shown for clarity), and that cy-
tochalasin B treatment increased cortactin phosphorylation ratio in
both leading edge and P-domain interior (Figure 6J). This suggests
an F-actin-independent localization of p-cortactin but not cortac-
tin. Owing to the existence of a narrow cytochalasin B-resistant F-
actin band at the leading edge, we cannot fully exclude the possi-
bility that this phosphorylated cortactin is anchored through an
interaction with F-actin. To determine whether this localization of
phosphorylated cortactin is truly F-actin—dependent, we treated
growth cones with 1 uM latrunculin A for 2 min (Figure 6, E-E"’) and
5 min (Figure 6, F-F") before probing the localization of F-actin,
p-cort, and total cortactin. Similar to the cytochalasin B treatment,
clearing of filopodia and F-actin with latrunculin A was still pro-
gressing at 2 min (Figure 6E, E') and became complete by 5 min
(Figure 6, F and F'). By the end of the 5-min latrunculin A treatment,
both phosphorylated (Figure 6F”) and total cortactin (Figure 6F™)
was still visible at the leading edge, whereas no F-actin signal was
detectable (Figure 6F'). These results strongly suggest that the
localization of phosphorylated cortactin at the leading edge is
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independent of F-actin, possibly through its interaction with other
membrane-associated proteins.

Because inhibition of Src activity reduced cortactin phosphoryla-
tion (Figure 3), we added PP2 to the actin drug washout solution to
test the importance of Src-mediated cortactin phosphorylation for
filopodia regeneration. Growth cones were fixed either after 1-min
washout with LIS-ASW plus 0.1% DMSO following 500 nM cytocha-
lasin B treatment (Figure 6, G-G"') or after 1-min washout with LIS-
ASW plus 25 uM PP2 following 500 nM cytochalasin B plus 25 pM
PP2 treatment (Figure 6, H-H"). In agreement with previous results,
the p-cort band remained at the leading edge in the absence of PP2
(Figure 6G"); however, it was completely removed when Src was
inhibited with PP2 (Figure 6H"). Meanwhile, the reappearing F-actin
band behind the leading edge, which indicates the regenerating
filopodial bundles and F-actin network, became narrower in PP2-
treated growth cones (Figure 6, G’ and H', quantification in K), sug-
gesting that filopodia and lamellipodia formation is Src-dependent.
Therefore, the leading edge localization of Src-phosphorylated cor-
tactin appears to be critical for promoting filopodia formation in
neuronal growth cones.

Arp2/3 complex acts downstream of cortactin to regulate
filopodia density but not length

Owing to the importance of Arp2/3 complex in actin organization
and dynamics, and the known role of cortactin in Arp2/3 complex
activation (Weed et al., 2000; Weed and Parsons, 2001; Uruno et al.,
2001; Weaver et al., 2001; Schnoor et al., 2018), we investigated
whether Arp2/3 complex activation acts downstream of phosphory-
lated cortactin to regulate filopodia formation. To that end, we
expressed cortactin NTA domain as dominant negative Arp2/3 in-
hibitor, or the cortactin FFF mutant as dominant negative construct
for cortactin tyrosine phosphorylation in cultured Aplysia bag cell
neurons by microinjection of mMRNA (Figure 7, A-E and A-E’, quanti-
fication in F and G). Similarly to the CA domain derived from N-
WASP, the NTA domain derived from cortactin has been used as
dominant negative Arp2/3 inhibitor (Komano et al., 2004; Strasser
et al., 2004). As shown in Figure 7F, both NTA and cortactin FFF
overexpression decreased filopodial density when expressed indi-
vidually. However, no further decrease in filopodial density was
detected when NTA was coexpressed together with cortactin FFF,
suggesting that preventing cortactin-mediated activation of Arp2/3
complex in the background of cortactin that cannot be phosphory-
lated by Src tyrosine kinase cannot further decrease filopodial den-
sity. These results suggest Src-mediated phosphorylation of cortactin
and activated Arp2/3 complex likely function in the same pathway to
regulate filopodial density through the formation and/or stabilization
of filopodia. On the other hand, NTA expression did not decrease
filopodial length, whereas cortactin FFF expression did in agreement
with our earlier findings (Figure 7G). These findings suggest that Src-
mediated phosphorylation of cortactin controls filopodial length
through a pathway that does not involve the Arp2/3 complex, which
is consistent with an expected role of the Arp2/3 complex in actin
nucleation in lamellipodial network but not at the filopodial tips.

DISCUSSION

Src is a nonreceptor tyrosine kinase involved in several cellular activi-
ties such as cell division, migration, proliferation, adhesion, and cell
survival (Parsons and Parsons, 2004; Roskoski, 2004; Aleshin and
Finn, 2010). In neuronal growth cones, Src transduces signals from
receptors for cues such as netrin, brain-derived neurotrophic factor,
ephrinA, and apCAM to actin during axonal growth and guidance
(Suter and Forscher, 2001; Knoll and Drescher, 2004; Li et al., 2004;
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Phosphorylated cortactin is part of a membrane-associated complex that promotes filopodia formation.
Localization of F-actin, phosphorylated cortactin, and total cortactin in the growth cone P-domain after treatment with
LIS-ASW and 0.1% DMSO (CTRL, A-A™), 500 nM cytochalasin B (Cyto B) for 2 min (B-B™), 500 nM Cyto B for 5 min
(C-C™), 2 min washout with LIS-ASW after 500 nM Cyto B for 5 min (D-D"), 1 uM latrunculin A (Lat A) for 2 min
(E-E™), 1 uM Lat A for 5 min (F-F"), 1 min washout with LIS-ASW after 500 nM Cyto B for 5 min (G-G"), 1 min washout
with LIS-ASW plus 25 pM PP2 after 500 nM Cyto B plus 25 uM PP2 for 5 min (H-H"). (A-D) Filopodia disappear after
5 min Cyto B treatment and regenerate in 2 min after washout (WO). (E, F) Lat A treatment for 5 min completely
eliminated F-actin from the P-domain, but did not remove p-cortactin signal at the leading edge. (G, H) Regeneration of
filopodia after Cyto B treatment was reduced by PP2 treatment, concurrent with a loss of p-cortactin signal from leading
edge, suggesting that phosphorylated cortactin at the leading edge promotes filopodia formation. Dash line in F’
denotes P-domain edge; brackets in G’ and H’ indicate regenerated filopodia. (I, J) Analysis of cortactin intensity,
p-cortactin intensity, F-actin intensity, and p-cortactin ratio for A-D. Edge is defined as a 1-ym band at the leading edge
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FIGURE 7: Phosphorylated cortactin to Arp2/3 signaling controls filopodial density but not length. (A-E) DIC images of
growth cones following expression of different cortactin constructs. (A'-E’) Immunostaining of total cortactin with 4F11
antibody. (F) Whereas individual NTA and FFF overexpression significantly reduced filopodia density, the coexpression of
NTA and FFF did not reduce filopodial density further, suggesting that phosphorylated cortactin and Arp2/3 are in the
same signaling pathway with respect to filopodia formation/stability. Numbers in parentheses are numbers of growth
cones analyzed. (G) Only FFF but not NTA overexpression decreased filopodia length. This suggests that cortactin
phosphorylation but not Arp2/3 plays a role in controlling the length of filopodia. Numbers in parenthesis are numbers
of filopodia analyzed. Data in F and G are presented as mean + SEM and are representative of two independent
experiments. *P < 0.05; ***P < 0.001; ****P < 0.0001. ANOVA with Dunnett’s multiple comparison. Scale bar: 10 um.

Liu et al., 2004; Robles et al., 2005). Following activation near the cell
membrane, Src functions by phosphorylating key substrate proteins
like cortactin (Liu et al., 1999). Recent evidence suggests that cortac-
tin is involved in lamellipodia protrusion, filopodia formation, and
stabilization in neuronal growth cones (Kurklinsky et al., 2011;
Yamada et al., 2013; He et al., 2015; Kubo et al., 2015). For example,

it was proposed that cortactin and dynamin-1 form ringlike structures
that stabilize actin bundles in growth cone filopodia (Yamada et al.,
2013). Src-mediated phosphorylation is critical for cortactin’s role in
actin regulation in vitro or in nonneural cells (Nieto-Pelegrin
and Martinez-Quiles, 2009; Cao et al., 2010; Navratil et al,
2014; Radhakrishnan et al., 2014). However, the role of cortactin

of growth cone; interior is P-domain minus the leading edge. Cortactin phosphorylation ratio was increased with F-actin
removal, indicating an F-actin-independent retention of p-cortactin but not total cortactin. (K) Quantification of
regenerated filopodia length for G and H. Inhibition of cortactin phosphorylation significantly reduced regenerated
filopodial length. Data are presented as mean £ SEM and are representative of six independent experiments. Numbers
in parenthesis are numbers of growth cones analyzed. *P < 0.05; ****P < 0.0001. ANOVA with Dunnett’s multiple

comparison for J; unpaired t test for K. Scale bar: 5 pm.
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phosphorylation by Src in neuronal growth cones has only recently
been elucidated by work from our group (He et al., 2015).

Src2 is one of two Src tyrosine kinases identified in Aplysia (Wu
et al., 2008). Using high-resolution imaging of live neurons, we
showed that up-regulation of either Src2 or cortactin led to more
and longer filopodia in the P-domain of Aplysia growth cones, as
well as to an increase in the density of the actin-based network in
lamellipodia. Conversely, down-regulation of Src2, or the overex-
pression of a phosphorylation-defective triple tyrosine mutant (FFF)
of cortactin, resulted in fewer and shorter filopodia, increased lateral
movement of filopodia, as well as decreased network density of
lamellipodia (He et al., 2015). In our current study, we provide the
first biochemical evidence that Aplysia Src2 directly phosphorylates
Aplysia cortactin in vitro (Figure 5). Further, we identified Y499 in the
proline-rich domain of Aplysia cortactin as the functional tyrosine
residue that mediates the effect of phosphorylated cortactin on
filopodia formation. Cortactin 499F phenocopied cortactin FFF in
reducing filopodial density and length (Figure 1, J and K), and 499E
increased filopodial length to comparable levels as EEE (Figure 2J).
Moreover, overexpression of the cortactin FEE mutant reduced filo-
podial density and length, whereas overexpression of the cortactin
EFF mutant increased filopodial length (Figure 2, K and L). These
results suggest that cortactin Y499 is the only relevant tyrosine resi-
due whose phosphorylation state dictates the function of cortactin
on filopodia formation. Furthermore, our data with p-cort antibody
demonstrated that Src2 phosphorylated cortactin at Y499 in vivo
(Figures 3 and 4). The drop in cortactin tyrosine phosphorylation
ratio when overexpressing WT cortactin (Figure 4T) suggests that
cortactin phosphorylation could be tightly regulated possibly by a
limited pool of active Src2 in growth cones. In agreement, our in
vitro phosphorylation data (Figure 5, C and D) suggest cross-talk
between phosphorylation at Y505 and at sites Y499 and Y509,
where Y505 displayed high phosphorylation levels when Y499 and
Y509 were mutated. Alternatively, the overexpressed cortactin in
cells might also oligomerize, thereby masking the phosphorylation
site, a hypothesis corroborated by the presence of a small oligo-
meric peak for WT cortactin during SEC purification (Figure 5A). In
summary, we have characterized a key phosphorylation site on
cortactin, which serves as an important switch in communicating Src
kinase activity to actin reorganization in neuronal growth cone.

Murine cortactin can be phosphorylated at Y421, Y466, and
Y482 by Src family kinases, where the phosphorylation of Y466 and
Y482 happens in a progressive manner after the initial phosphoryla-
tion of Y421 (Huang et al., 1998; Head et al., 2003; Nieto-Pelegrin
and Martinez-Quiles, 2009). Functional analysis found that phos-
phorylation of Y421 and Y466, but not Y482, is important in generat-
ing free actin barbed ends in invadopodia formation (Oser et al.,
2010; Rosenberg et al., 2017). In cancer cells, a pool of constitutively
phosphorylated cortactin Y421 becomes further phosphorylated at
Y470 (the human equivalent of mouse Y466), which is sufficient for
the redistribution of cortactin to cell adhesion sites (Hoye et al.,
2016). For Aplysia cortactin, a sole phosphorylation/dephosphoryla-
tion event at Y499 seems to be responsible for the altered behavior
of cortactin on actin remodeling, at least in the context of filopodia
formation (Figure 2, K and L). Based on sequence alignments of
Aplysia with mouse and human cortactin, it is difficult to determine
which of the Y421, Y466, and Y482 tyrosine residues is the functional
equivalent of Y499 in Aplysia cortactin. The multiple tyrosine phos-
phorylation events and subsequent divergence in activities of differ-
ently phosphorylated cortactin could be a product of evolution to
fine tune cortactin functions. Our in vitro data revealed some inter-
esting differences to our cell biological data. In contrast to living
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neurons, where phosphorylation of Y499 appears to have to the
most significant phenotypic effects, our in vitro kinase data suggest
that Y505 is preferentially modified versus Y499 (Figure 5). Such
differences in phosphorylation pattern between in vitro and in vivo
assays are not unexpected since 1) other involved proteins could be
missing in the in vitro kinase assay and 2) kinases are known to phos-
phorylate more substrates in vitro than in vivo (Tagliabracci et al.,
2012; Sanyal et al., 2015).

The localization of phosphorylated cortactin along the leading
edge and filopodia tips of growth cones (Figure 3) is in agreement
with the localization of active Src (Robles et al., 2005; He et al.,
2015), as well as with the role of cortactin in promoting filopodia
formation from submembrane regions. Few studies have localized
tyrosine-phosphorylated cortactin in cells so far. pY421 cortactin is
enriched at the leading edge of smooth muscle cells and human
breast cancer cells following growth factor stimulation (Mezi et al.,
2012, Cleary et al., 2014). Other key actin regulators, including N-
WASP, formin, and Ena/VASP, are also localized at the leading edge
to control actin organization and dynamics, where phosphorylated
cortactin may interact to control filopodia density and length
(Small et al., 2002; Faix and Rottner, 2006; Mellor, 2010). Direct
binding to actin-binding proteins (Nieto-Pelegrin and Martinez-
Quiles, 2009; Weidmann et al., 2016) or the structural integrity of
F-actin itself (Abedi and Zachary, 1998; Di Ciano et al., 2002;
Fan et al., 2004) may also regulate cortactin phosphorylation.
Indeed, cortactin phosphorylation at the growth cone leading edge
seems to be under tight spatial control, as the phosphorylation ratio
quickly drops to background level just a few micrometers away from
the growth cone leading edge (Figures 3D and 4, D and H). Phos-
phorylated cortactin is enriched along filopodia that protrude
outside of the leading edge, but not along the filopodia shaft
embedded in the lamellipodia (Figure 3M). Along the leading edge
and inside the filopodia, phosphorylated cortactin seems to be clus-
tered, hinting at the possibility of higher-order structures (hot spots
in Figure 3, D and M; Figure 4, D and H) (Yamada et al., 2013;
He et al., 2015). Hot spots of p-cort signal away from the leading
edge may reflect active endocytic sites, which have been shown to
involve cortactin tyrosine phosphorylation (Zhu et al., 2007; Cao
et al., 2010). Cortactin phosphorylation signal is quickly lost with
short time inhibition of Src2 activity (15 min in Figure 3, H and K;
6 min in Figure 6H"), along with the disappearance of p-cort band
from growth cone P-domain edge. This implies a fast dephosphory-
lation of cortactin, possibly by PTP1B phosphatase (Weidmann
et al., 2016) that works in concert with Src2 to control cortactin
phosphorylation levels temporally. Once phosphorylated, however,
cortactin becomes stably anchored at the leading edge to promote
filopodia formation (Figure 6).

From in vitro studies, tyrosine phosphorylation of cortactin has
been shown to promote actin assembly and branching, while reduc-
ing its F-actin cross-linking ability (Huang et al., 1997; Tehrani et al.,
2007). This seems to be consistent with our data, where phosphory-
lated cortactin localizes only at the “birth place” of filopodia, where
enhanced actin assembly and branching increases the length and
number of filopodia, and unphosphorylated cortactin binds along
F-actin bundles in filopodia shafts to potentially stabilize filopodia.
Unphosphorylated cortactin is thought to exist in a “closed” confor-
mation with an intramolecular interaction between its proline-rich
domain and SH3 domain (Cowieson et al., 2008; Evans et al., 2012;
Schnoor et al., 2018). Whether Src-phosphorylated cortactin exists
in closed or open conformation in vivo is unknown. Our data sug-
gest that the majority of unphosphorylated cortactin may be in a
closed conformation in neuronal growth cones, with Y499, Y505,
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FIGURE 8: Summary of proposed cortactin functions in filopodia formation. One growth cone
filopodium is highlighted and separated into three regions: filopodium outside veil, leading
edge, and filopodium shaft, where different aspects of filopodia behavior are regulated.
Phosphorylated cortactin mainly localizes at filopodium tip and the leading edge to promote
F-actin assembly and branching, leading to the formation of longer and denser filopodia. In
contrast, unphosphorylated cortactin binds to bundled F-actin in the interior of growth cone
P-domain, which helps to stabilize filopodia. The local binding partners of different species of

cortactin need to be further identified.

and Y509 protected by the SH3 domain interacting with the proline-
rich region. Therefore, the n-cort antibody is expected to detect
cortactin only in the open but not closed conformation. This is in-
deed what we observed in our experiments. The n-cort antibody
detected denatured cortactin protein in the Western blot (Supple-
mental Figure S1, C, and D), but failed to detect strong signals in the
growth cone P-domain or along the filopodia shaft, where the
majority of cortactin is hypothesized to be in an unphosphorylated
state (compare Figure 3, B and C, with Supplemental Figure S20).
Src-mediated cortactin phosphorylation may be a subsequent step
of cortactin unfolding to help maintaining an open conformation.
Although the direct interaction between Src phosphorylated cortac-
tin and N-WASP appears to be decreased based on previous stud-
ies, tyrosine-phosphorylated cortactin could bind WIP with its SH3
domain to indirectly synergize with N-WASP to promote actin
branching, as well as recruit SH2-containing adaptor proteins such
as Nck to activate N-WASP (Martinez-Quiles et al., 2001; Kinley
etal., 2003; Lua and Low, 2005; Tehrani et al., 2007). The availability
of cortactin SH3 domain could also recruit other proline-rich domain
containing proteins such as dynamin to form special structures
along filopodia (Yamada et al., 2013). Dynamin may help localize
phosphorylated cortactin at the P-domain edge, even in the
absence of F-actin (Figure 6, F-F").

Although traditionally viewed as a nucleation promoting factor,
at least some of cortactin’s function can be exerted independent
of its NTA domain, highlighting the scaffolding role of cortactin in
actin remodeling (Olazabal and Machesky, 2001; Ayala et al., 2008;
Lai et al., 2009; Magalhaes et al., 2011). We found that interfering
with cortactin phosphorylation and Arp2/3 complex at the same
time did not further decrease filopodia density compared with
interfering with one mechanism alone, suggesting that phosphory-
lated cortactin may act through the Arp2/3 complex to regulate
filopodia formation and density (Figure 7A). Phosphorylated
cortactin could either synergize with N-WASP through the afore-
mentioned mechanisms to promote actin branching or accelerate
the release of cofilin to create more barbed ends to serve as pre-
cursors of filopodia (Oser et al., 2009, 2010; Magalhaes et al.,
2011; Helgeson and Nolen, 2013). In contrast, inhibition of Arp2/3
complex activation alone had no direct effect on filopodia length,
pointing to the possibility that cortactin utilizes other binding
partners to control filopodia length (Figure 7G). Considering that
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formation (Figure 8). Tyrosine-phosphory-
lated cortactin localizes at the growth cone
leading edge and filopodia tips, where it
likely partners with Arp2/3 complex and
proteins in the filopodial tip complex to
regulate filopodial density and length, re-
spectively. In contrast, unphosphorylated
cortactin mainly binds along F-actin bundles
in the filopodium shaft to promote filopodial
stability. The exact molecular mechanism of
cortactin-dependent  filopodia formation
and maintenance, and the binding partners
of cortactin within subdomains of filopodia, requires further
exploration.

MATERIALS AND METHODS

Cell culture

Aplysia bag cell neurons were collected from Dispase-digested
abdominal ganglion of 150-200 g Aplysia californica (Marinus
Scientific, Long Beach, CA) and plated on a 20 pg/ml poly-L-lysine
(70-150 kDa; Sigma-Aldrich, St. Louis, MO)-coated glass coverslip
as described previously (Lee et al., 2008; He et al., 2015). Culture
media were made by adding artificial seawater (ASW) into commer-
cially available L15 media (Invitrogen, Life Technologies, Grand
Island, NY). Final solution (L15-ASW) contains 400 mM NaCl, 9 mM
CaCly, 27 mM MgSQy, 28 mM MgCl,, 4 mM L-glutamine, 50 ug/ml
gentamicin, 5 mM HEPES, pH 7.9, 950-1000 mOsm. For better solu-
bility of Src-inhibitor PP2 (Sigma) dissolved in DMSO, we used LIS-
ASW, which contains 100 mM NaCl, 10 mM KCI, 5 mM MgCl,, 5 mM
CaCly, 15 mM HEPES, and 60 g/l glycine, pH 7.9, 950-1000 mOsm.

mRNA-mediated protein overexpression

Constructs for overexpression of WT Aplysia cortactin, triple tyrosine
phosphorylation cortactin mutant FFF (named CortF in our recent
publication [He et al., 2015]), and WT Src2 in pRAT expression vector
were described previously (Wu et al., 2008; He et al., 2015). Using
the QuikChange | site-directed mutagenesis kit (Agilent Technolo-
gies, Santa Clara, CA), we created the following additional cortactin
mutants: single tyrosine phosphorylation mutants 499F, 505F, and
509F; single phospho-mimetic mutant 499E; triple phospho-mimetic
mutant EEE (499E/505E/509E); as well as the following two combi-
nations of phosphorylation and phospho-mimetic mutants: FEE
(499F/505E/509E) and EFF (499E/505F/509F). All constructs were
confirmed by sequencing. mRNAs for overexpression of Aplysia
proteins were made using the mMESSAGE mMACHINE T7 and the
MMESSAGE mMACHINE T7 Ultra in vitro transcription kit (Ambion,
Life Technologies, Grand Island, NY). This Ultra kit generates mRNAs
that result in twofold higher protein levels in Aplysia neurons when
compared with mRNAs created by the standard version of the kit. A
typical final concentration of 0.5 mg/ml mRNA was mixed with dex-
tran (3kD Texas red dextran, fixable; Thermo Fisher Scientific) and
delivered into soma through microinjection typically 4 h after cell
plating. NP2 micromanipulator and FemtoJet microinjection system
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(Eppendorf, Hauppauge, NY) were used together with Nikon
TE2000-U Eclipse inverted microscope to inject Aplysia neurons.
Either dextran or Tris/EDTA buffer injections served as controls in
addition to uninjected neurons. Injected neurons were given an
additional 24 h for adequate protein expression and growth cone
formation. Immunostaining of growth cones with the monoclonal
cortactin antibody 4F11 (Millipore, Billerica, MA) was used to ensure
that only growth cones with 50%-200% overexpression of cortactin
higher than control growth cones were used for subsequent analysis
of effects of cortactin overexpression. Staining of total cortactin in
growth cones is shown in Figures 1-4, 6, and 7.

Immunocytochemistry

A pY499 phospho-cortactin-specific antibody was raised in rabbit
against the following cortactin peptide sequence (amino acids 493-
504): PERVEDpYGEETE (Pacific Immunology, Ramona, CA). The an-
tiserum was first purified against the nonphosphorylated peptide to
yield the n-cort antibody specific to nonphosphorylated cortactin
and then against the phosphorylated peptide to yield the p-cort
antibody specific to phosphorylated cortactin. Affinity-purified
antibody stock solutions were prepared in 1.5 mg/ml (for n-cort
antibody) and 0.8 mg/ml (for p-cort antibody) phosphate-buffered
saline (PBS)/0.01% NaNj. Growth cones were fixed with 3.7%
formaldehyde in ASW plus 400 mM sucrose for 15 min at room
temperature, before permeabilization with fixation solution plus
0.05% saponin for 10 min. After several washing with PBS/0.005%
saponin, samples were blocked with 5% bovine serum albumin
(BSA) in PBS/saponin for 1 h at room temperature. Primary antibod-
ies were diluted in blocking buffer and incubated with samples for
2 h at room temperature. The 4F11 cortactin antibody was typically
used at 2 ug/ml, p-cort at 4 pg/ml, and n-cort at 8 ug/ml. Goat anti-
rabbit Alexa-568- and goat anti-mouse Alexa-647-conjugated sec-
ondary antibodies (A-11011 and A-21235; Thermo Scientific,
Waltham, MA) were diluted in PBS/saponin, typically at 2 pg/ml, and
incubated with samples for 1 h at room temperature. For peptide
blocking, 5 pg peptide was used for every microgram of antibody
and added into primary antibody solution during sample incuba-
tion. Alexa-488 Phalloidin (A12379; Thermo Scientific, Waltham,
MA) diluted with PBS/0.005% saponin to a final concentration of
66 nM and incubated for 30 min at room temperature to label
F-actin. Phalloidin labeling was done before antibody labeling.

Microscopy

Coverslips with cells were assembled into imaging chambers as de-
scribed previously (Lee et al., 2008). Samples were imaged on Nikon
TE2000 E2 inverted microscope (Nikon, Melville, NY) with 60x oil-
immersion objective plus additional 1.5x magnification. X-cite 120
metal halide lamp (EXFO, Quebec City, QC, Canada) and corre-
sponding filter sets (Chroma Technology, Bellows Falls, VT) were
used for fluorescence imaging. Digital acquisition was supported by
an Andor iXon 888 Ultra electron-multiplying charge-coupled
device camera under the control of MetaMorph 7.8 software (Mole-
cular Devices, Sunnyvale, CA). DIC time-lapse imaging was carried
out at 5-s intervals.

STORM imaging

dSTORM was performed on a custom setup built around an Olym-
pus IX-73 microscope stand (IX-73; Olympus America, Waltham,
MA) using a 100x/1.35 NA silicone oil-immersion objective lens (FV-
U2B714; Olympus America) and a PIFOC objective positioner
(ND72Z2LAQ; Physik Instrumente, Karlsruhe, Germany). Sample
excitation and activation were achieved with a 642-nm laser (2RU-
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VFL-P-2000-642-B1R; MPB Communications, Pointe Claire, QC,
Canada) and a 405-nm laser (DL-405-100; Crystalaser, Reno, NV),
respectively. Both lasers were focused to the back aperture of the
objective lens and offset from the optical axis so that the sample was
illuminated in HILO mode (Tokunaga et al., 2008). The filter turret
contained a quad band dichroic mirror (Di03-R405/488/561/635-t1;
Semrock, Rochester, NY) for illumination with both lasers. Relay
lenses arranged in a 4f alignment resulted in a final magnification of
52.7 at the sCMOS camera (Orca-Flash4.0v3, Hamamatsu, Tokyo,
Japan) with an effective pixel size of 120 nm. The fluorescence sig-
nal passed through a bandpass filter (FF01-731/137-25; Semrock)
placed just before the camera. Localization of single molecules was
performed as described previously (Huang et al., 2013).

Image analysis

Morphological analysis of filopodia density and length was con-
ducted in the P-domain of growth cones. Filopodial density is
defined as the average number of filopodia per unit length of lead-
ing edge. Filopodial length is calculated by measuring the distance
between the filopodia tip protruding outside the leading edge and
the filopodia base inside the lamellipodia close to the transition
zone and visible in both DIC and fluorescent images of F-actin or
cortactin labeling. Ratiometric images were created by using the
Ratio Plus plug-in in ImageJ (National Institutes of Health [NIH],
Pasadena, MD). Fluorescence intensity in growth cone P-domain
was quantified after background subtraction using MetaMorph 7.8
(Molecular Devices, Sunnyvale, CA).

Western blotting

Aplysia CNS lysate was prepared by homogenizing whole CNS from
adult Aplysia with an Omnimixer (Omni International, Kennesaw, GA)
in lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM EGTA [ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid], 2 mM
EDTA, 1% Triton X-100, 0.5 mM Pefabloc SC Plus [Roche, Indianapo-
lis, IN], 1% protease inhibitor cocktail [Sigma], 1 mM Na3VO,, 10 mM
NaF, and 20 mM beta glycerophosphate, pH 7.5) and centrifuged at
10,000 x g for 30 min at 4°C. Only the supernatant was collected for
gel analysis. In the PP2 treatment group, a final concentration of
25 pM PP2 (Sigma) was added during homogenization process.
Lysates were separated by SDS-PAGE on a 7.5% gel and then trans-
ferred onto a polyvinylidene difluoride membrane. Blocking was per-
formed with 10% fetal bovine serum (FBS) in PBS containing 4 mM
Na3VO,4 and 50 mM B-glycerophosphate for 1 h at room temperature.
For primary antibody incubation overnight at 4°C, 3.2 pg/ml p-cort or
6 pg/ml N-cort antibody was added to PBS with 0.05% Triton X-100
(PBST) containing 5% FBS, 4 mM Na3VO,4, 50 mM B-glycerophosphate,
along with 2 pg/ml diluted 4F11. After washing with 0.1% PBST, the
membrane was incubated with 0.2 pg/ml goat anti-rabbit 680 anti-
body (Thermo Scientific) for p-cort or n-cort together with 0.2 pg/ml
goat anti-mouse 800 antibody (Thermo Scientific) for 4F11 in PBST
containing 5% FBS, 0.01% SDS, 4 mM Na3zVO,, and 50 mM -
glycerophosphate for 1 h at room temperature. Following extensive
washing of the membrane with 0.1% PBST, signals were detected on
an Odyssey imaging system (LI-COR Biosciences, Lincoln, NE). For
peptide blocking experiments, 5 pg peptide was used for every
microgram of antibody during primary antibody incubation.

Constructs for bacterial expression of Aplysia cortactin

and Src2 proteins

To express full-length Aplysia cortactin proteins, pQE-30UA
plasmids containing either WT cortactin or putative Src2 phosphory-
lation site mutants (YFF, FYF, FFY, or FFF) template DNA were
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amplified with PCR using the primers 5-GCTGGAGGATCCATGCC-
ACGTGATATCCTCAATCGC-3" and 5-CGACGTCTCGAGTTACTG-
CTGCAGCTCCACGTAG-3". PCR products were digested with
Xho1 and BamHI and cloned as N-terminal Hisg-SUMO fusion into
PSMT3 expression vector (Sanyal et al., 2015). Each construct was
verified by restriction digestion and DNA sequencing. Both Src2
kinase and the DNSrc2 (He et al., 2015) were cloned into pET-Duet
with an N-terminal Hisg-tag. GST-tagged, truncated Yersinia YopH
phosphatase (yop51A184*; missing 184 residues at the N-terminal
and an Arg in place of Ser at position 235) was cloned into the
plasmid pT7-7 (Zhang et al., 1992).

Protein expression and purification

pET-Duet, Hise-SUMO fusion, and GST-fusion (YopH) constructs
were transformed into Escherichia coli BL21-DE3-competent cells.
Overnight E. coli cultures (10 ml) were grown from a single colony
and used to inoculate 1 | of lysogeny broth media containing
50 pg/ml kanamycin (for pSMT3) or 100 pg/ml ampicillin (for pT7-7
or pET-Duet). Cultures were grown at 37° C to ODggg of 0.6-0.9,
induced with 0.4 mM IPTG (isopropyl p-thiogalactoside), and
grown for an additional 4 h at 37° C. Any phosphorylation of in-
duced proteins by bacterial ATP was eliminated by copurifying
YopH phosphatase with cultures of overexpressed cortactin or
kinase (Src2 or DNSrc2) in a 1:2 ratio and 1:1 ratio, respectively.
The cells were harvested by centrifugation at 7500 x g for 10 min.
The resulting pellets were resuspended in lysis buffer (50 mM Tris,
pH 8.0, 300 mM NaCl, 20 mM imidazole, 5 mM B-mercaptoethanol
[BME], 0.5% Triton X-100, 10% glycerol) supplemented with 5 mM
phenylmethylsulfonyl fluoride protease inhibitor and sonicated on
ice for 4 min at 30-s intervals. The soluble fraction was isolated by
centrifuging the lysates at 15,000 rpm for 35-40 min at 4° C and
loaded onto 4-6 ml of cobalt resin (Thermo Fisher). Binding of the
His¢-tagged proteins to cobalt resin was accomplished by gentle
shaking at 4° C for 1 h. Resin was washed with wash buffer twice
(50 mM Tris, pH 8.0, 300 mM NaCl, 20 mM imidazole, 5 mM BME),
and the protein of interest was eluted from the resin using elution
buffer (100 mM Tris, pH 8.0, 150 mM NaCl, 300 mM imidazole,
10% glycerol). After measuring protein concentrations using Azgg
extinction coefficient, Bradford assay, and visualization by Coo-
massie against bovine serum albumin (BSA) standards, His-tagged
purified Src2 kinases were confirmed via Western blotting using
monoclonal anti-His antibody (Sigma Aldrich) and then concen-
trated using a 65 kDa cutoff Centricon column. Eluted cortactin
fractions were further purified by SEC in buffer containing 10 mM
Tris, pH 8.0, 100 mM NaCl. His-affinity-purified WT cortactin or
its mutants were loaded onto a Hiload 16/600 Superdex 200 PG
column (GE Healthcare, Chicago, IL) using an AKTA pure system at
a flow rate of 1 ml/min. Total protein concentration was deter-
mined spectrophotometrically at 280 nm, as well as assaying the
fractions using the Bradford Assay (BioRad Protein Assay Reagent
and measuring the absorbance at 595 nm). Purity was confirmed
by SDS-PAGE and comparison to known BSA standards. Proteins
were stored at -80° C with 10% glycerol.

In vitro kinase assay

Phosphorylation reaction was performed with either SEC-purified
Hisg-SUMO-tagged WT or mutant cortactin alone or with Src2 or
DNSrc2. In addition, WT Src2 or DNSrc2 was incubated alone to
assess autophosphorylation reaction as a control. Proteins were in-
cubated in the reaction buffer containing 50 mM Tris, pH 7.5, 5 mM
MgCly, 5 mM MnCly, 1 mM dithiothreitol, 0.25 mM sodium or-
thovanadate (20-pl aliquots). The kinase reaction was initiated with
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2.5 pCi y-32P-ATP and incubated for 20 min at 30°C. The reaction
was quenched by the addition of SDS-PAGE loading buffer. Sam-
ples were separated by SDS-PAGE on 10% polyacrylamide gels and
analyzed by autoradiography using film and the Typhoon phosphor-
imager (GE Healthcare). Bands were quantified using Typhoon
phosphor-imager and the associated ImageQuant program.
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