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Abstract
Cortactin is an F-actin binding protein that functions as a scaffold to regulate Arp2/3 mediated
actin polymerization in lamellipodia and invadopodia formation as well as functioning in cell
migration and endocytosis of many different cell types. In light of the fact that regulated actin
polymerization is critical for many cellular processes we launched a search for novel cortactin
interactions with cellular proteins that might indicate heretofore undescribed biological activities
supported by cortactin. Using a modified stable isotope labeling in cell culture (SILAC) approach
in HEK293 cells and Flag-tagged cortactin (F-cortactin) as bait, we identified a limited set of
cortactin interactions including several proteins which have not previously been identified as
cortactin associated proteins. Among these were serine/threonine-protein phosphatase 2A subunit
beta (PP2A-beta) and RCC2/TD60, a Rac guanine nucleotide exchange factor (GEF) required for
completion of mitosis and cytokinesis. The interaction between cortactin and RCC2/TD60 was
verified in cell lysates immunoprecitated with anti- RCC2/TD60 antibody. Furthermore, cortactin
was localized by immunofluorescence in the equatorial plane of dividing HeLa cells in the region
where RCC2/TD60 has previously been localized thus providing support for a complex containing
cortactin and RCC2/TD60 complex that may play a functional role in cells undergoing mitosis.
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1. Introduction
The formation of cell edge protrusions requires cortical actin polymerization which is
nucleated by the Arp2/3 complex [1]. The F-actin binding protein cortactin is a key regulator
of the Arp2/3 complex and promotes dynamic actin-rich protrusion of the cell membrane,
including circular dorsal ruffles, lamellipodia and invadopodia [2–7]. Cortactin is a multi-
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domain scaffold protein that interacts with the Arp2/3 complex via amino-terminal acidic
(NTA) domain, binds F- actin via its “repeat” domain and interacts via its SH3 domain with
a repertoire of cytoplasmic effector proteins. When cortactin binds the Arp3 subunit of the
Arp2/3 complex there is weak stimulation of F-actin nucleation whereas in conjunction with
Wiscott-Aldrich protein (N-WASP) there is a robust F-actin nucleation by the Arp2/3
complex [8–10]. Cortactin can also stabilize Arp2/3-mediated F-actin branching in vitro
[11], and this activity may be critical for the stability of F-actin–rich cellular protrusions in
vivo [12]. The SH3-domain of cortactin has been demonstrated to interact with a variety of
proteins including: Arp2/3 stimulating N-WASP [13]; the WASP-interacting protein WIP
[14]; the missing in metastasis protein, MIM [15]; the endocytic GTPase dynamin-2 [16];
the receptor endocytosis-regulator scaffold CD2AP [17]; the tight junction (TJ) protein
ZO-1 [18]; the synaptic adaptor protein Shank2 [19]; the Cdc42 activator guanine nucleotide
exchange factor (GEF) faciogenital dysplasia 1 (FGD1) [20]; as well as other important
cellular modulating proteins. This suggests an important, central role for cortactin in a
variety of biological processes related to cell proliferation, migration, invasion and
endocytosis; all processes which require regulated actin polymerization [21–27].

Given cortactin’s potential for numerous interaction partners based on the diversity of
binding motifs in its structure we pursued the identification of heretofore undescribed
cortactin interacting proteins which might point to novel cellular activities. A variety of
approaches can be found in the literature for identifying novel binding partners for proteins
[28–33]. Most suffer from issues associated with nonspecific binding to the bait or matrix
making it somewhat problematic to determine bona fide biologically relevant binding
partners. In this study we utilized the Stable Isotope Labeled Amino Acids in Cell Culture
(SILAC) technology to enhance the capability to discriminate between specific and non-
specific interactions with tagged baits. Using SILAC labeling in conjunction with
immunopurification and LC/MS/MS analysis of labeled proteins we identified a limited list
of proteins as potential bona fide interacting partners of cortactin. One cortactin associated
protein, RCC2/TD60, a Rac guanine nucleotide exchange factor (GEF) is known to be
involved in completion of mitosis and cytokinesis [34]. Binding of cortactin to RCC2 was
verified by reverse immunoprecipitation. Finally, we demonstrated cortactin to be localized
to the equatorial plate of dividing cells; a region known to be enriched for RCC2/TD60.
These observations suggest a novel role for cortactin in cells undergoing mitosis, possibly
via the regulation of actin polymerization and thus warrant further studies on the role of
cortactin in these key cellular processes..

2. Material and Methods
2.1 Cells and transfections

HEK 293 cells grown in MEM supplemented with 10% FBS were transfected using
Polyfectin (Qiagen) and pcDNA3.1 based plasmids containing either full length Flag-tagged
cortactin (pF-cortactin), or EGFP (enhanced green fluorescent protein)-labeled cortactin
(pEGFP-cortactin) as described previously [35, 36]. Following transfection, G418 resistant
clones were selected by limited dilution. Expression of Flag-tagged cortactin in G418
resistant cells was confirmed by immunoblot analysis of cell lysates with anti-Flag peptide
monoclonal antibody M5 and in the case of the EGFP-labeled cortactin transfected cells by
fluorescent microscopy of the cells. HEK293 cells were also independently transfected with
plasmids pF-cortactinDD and pF-cortactinWK coding for Flag-tagged N- and C- terminal
cortactin mutants that fail to interact efficiently with ARP2/3 proteins and dynamin,
respectively [37].
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2.2 Affinity purification
In a typical experiment 3–5 × 107 cells expressing Flag-tagged cortactin (F-cortactin) were
lysed in CSK-NP buffer (0.15 M NaCl, 0.005 M MgCl2, 0.02 M Tris-HCl pH 7.4, 10%
glycerol, 1% NP40, 0.01 M Na ortho-vanadate and proteinase inhibitor cocktail (Roche).
Clarified lysates (3-5mg/ml final protein concentration) were incubated with M2 agarose
beads (Sigma) for 2 h at 4°C followed by 1 wash with 15-20 volumes of CSK-NP buffer and
medium salt (MS) buffer (0.1 M NaCl, 2 mM MgCl2, 25 mM Tris-HCl pH 7.4). The beads
were sequentially extracted with 0.3 ml of high salt (HS) buffer (1M NaCl, 2mM MgCl2, 25
mM Tris-HCl pH 7.4) for 20 min at 0-4°C and 150 ul of Flag peptide solution (200ug/ml in
0.1M Na Cl, 20 mM Tris-HCl, pH 7.5) followed by rotation at room temperature for 30 min.
Both HS and Flag elution fractions were then subjected to LC/MS/MS analysis to identify
proteins present in the immunocomplexes.

2.3 Western blot analysis
Samples were subjected to SDS-PAGE on 8% gels followed by electroblotting on
nitrocellulose membranes (Protran). The membranes were then first stained with Ponceau to
visualize proteins followed incubation with a mixture of antibodies against Flag-peptide
(SIGMA), dynamin, ARP3 (Biosource) and RCC2 (Methyl) followed by standard
chemiluminescent detection (ECL, Amersham).

2.4 SILAC
For SILAC labeling F-cortactin expressing HEK 293 cells were grown for 5–6 generations
in “heavy” media containing 13C lysine and 13C/15N arginine (Cambridge Isotope
Laboratories). Untransfected HEK 293 cells were grown in parallel in “light” media
containing regular amino acids. Cell lysates were prepared in CSK-NP buffer from heavy
and light cells as described above, clarified (15 min at 15,000 rpm) and mixed to yield
approximately 4–5 mg of total protein in a final volume of 6 ml. The mixed lysates were
incubated with M2 agarose beads, preincubated with HEK 293 cell lysate to minimize non-
specific binding, followed by MS and HS washes and then eluted with Flag-peptide buffer
as described above. The eluted proteins were subjected to LC/MS/MS analysis.

2.5. Sample processing and mass spectroscopic analysis
Samples were diluted six fold with 0.1 M ammonium bicarbonate pH 8.0 and then reduced
using 10 μL of 10 mM dithiolthreitol in 0.1 M ammonium bicarbonate at room temperature
for 0.5 h followed by alkylation with 10 μL 50 mM iodoacetamide in 0.1 M ammonium
bicarbonate at room temperature for 0.5 h. Samples were then digested with 1 μg Promega
trypsin in 50 mM ammonium bicarbonate overnight at room temperature. The digestion was
quenched by bringing the sample to 5% acetic acid. The LC/MS/MS system consisted of a
Thermo Electron LTQ-FT mass spectrometer with a Protana nanospray ion source interfaced
to a self-packed 8 cm × 75 um id Phenomenex Jupiter 10 um C18 reversed-phase capillary
column. 25% of the digested sample was injected and the peptides eluted from the column
by an acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.4 μL/min over 2 h. The
nanospray ion source was operated at 2.5 kV. The digest was analyzed using the double play
capability of the instrument acquiring a full scan mass spectrum (100K resolution FTICR) to
determine peptide molecular masses followed by 10 product ion spectra (ion trap) to
determine amino acid sequences.

The data were analyzed by database searching using the Sequest (search algorithm against
NCBI NR database (downloaded August 2011) restricted to human. Parent tolerance was
8ppm and fragment tolerance was 1Da. The potential matches were first filtered by xcorr
(+1>1.8, +2>2.3, +3>2.7, +4>3.7). Any peptides that passed these initial filters and
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demonstrated from the SILAC experiments to be likely specific cortactin binding partners
were manually verified. In SILAC experiments for those proteins of interest and some
control proteins (i.e. all light) the selected ion chromatograms for the individual peptides
detected (light and heavy) were plotted, areas calculated and the average L:H ratio was then
calculated for each of these proteins.

2.6. Proteins associated with endogenous cortactin in mitotic cells
HeLa cells were grown overnight to 70–80% confluence. Nocodazole was added to the
media to a final concentration of 50ng/ml and the cells allowed to incubate for 20–24 h.
Clarified cells lysates prepared in CSK-NP buffer were pre-incubated with protein A
Sepharose beads for 1 hour with rotation at 4°C. The beads were pelleted and the
supernatant divided into two identical aliquots that were incubated for 2 h at 4°C with either
the cortactin monoclonal antibody 4F11 (Biosource) or control monoclonal antibody against
a non-related protein. Antibodies were precipitated with a mix of protein G and protein A
agarose beads (10% resuspended in saline buffer) followed by washings with CSK-NP and
saline PBS and resuspended in SDS mercaptoethanol containing sample buffer and analyzed
by immunoblotting with an anti-RCC2/TD60 rabbit polyclonal antibody.

2.5. Fluorescence analysis of EGFP-cortactin expressing cells
pEGFP-cortactin expressing cells were grown on fibronectin coated coverslips and treated
with 100 nM nocodazole and/or 5 mM thymidine for cell cycle synchronization [38]. Cells
were fixed with 4% paraformaldehyde and mounted on slides using ProLong Gold with
DAPI (Invitrogen). EGFP-cortactin was visualized using a Nikon Eclipse TE2000-E
confocal microscope with a 60X objective. The fluorophore was excited using a 40nW
488/514 argon ion laser.

3. Results
3.1 F-cortactin cellular complexes

To confirm the functional interactions of F-cortactin with known binding partners immune
complexes were prepared from cells transiently transfected with wild type F-cortactin and
two mutants of cortactin, F-cortactin-DD and F-cortactin-WK. Figure 1 shows a Ponceau
staining profile following PAGE-SDS analysis and blotting onto nitrocellulose of M2
agarose affinity purified F-cortactin complexes from lysates of cells expressing F-cortactin
(Panel A, lane 2) , F-cortactin DD (containing a mutation in the NTA region that abrogates
Arp2/3 binding, lane 3), F-cortactin WK (containing a mutation in the C-terminal SH3
domain that abrogates the binding of dynamin and other SH3 binding proteins, lane 4), and
F-FAK (FF, lane 1). Immunoblotting with specific antibodies that detect two known binding
partners of cortactin, dynamin and actin related protein 3 (ARP3, panel B, lanes 2 and 3),
confirmed the presence of these proteins in the F-cortactin immune complexes and not in
immune complexes from F-FAK expressing cells (lane 1). The specificity of the interaction
between recombinant F-cortactin and dynamin and ARP3 was confirmed by the loss of
binding of these proteins by F-cortactin variants with mutations that abrogate the binding of
dynamin and ARP3 (Panel B, lanes 3 and 4). These results confirm that recombinat F-
cortactin expressed in transfected cells is functional in terms of its ability to interact with the
its binding partners dynamin and Arp2/3 [37].

3.2 SILAC Experiments
SILAC labeling was used to differentiate between bona fide partners of cortactin and non-
specific binding of cellular proteins to the antibody/bead matrix during the purification. LC/
MS/MS analysis identified 1776 peptides representing 154 proteins. Of these peptides, 1010
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(57%) were ‘light” and 766 (43%) were “heavy” labeled (see Appendix). Table 1 shows a
list of the proteins identified that showed exclusively either a “light” or “heavy” peptide
profile in MS/MS analysis. Only 2 % of the total peptides (43 out of the total 1776 above)
representing 19 proteins displayed an “all heavy” profile indicating that a very minor
proportion of the eluted proteins were exclusively generated in the heavy labeled lysate.
Among them were members of the ARP2/3 complex (i.e., actin related protein 2, actin
related protein 2/3 complex subunits 1A, 3 and 4) as well as dynamin confirming the
effectiveness of F-cortactin bait as well as also validating the SILAC strategy for enhanced
identification of specific binders to cortactin. Several proteins were identified which had not
been previously reported as cortactin binding partners including: RCC2/TD60; and PP2A, a
serine/threonine-protein phosphatase that localizes at centromeres and the spindle poles
during mitosis [39]. Keratins, among other proteins showed a “light” only peptide profile,
indicating that they are most likely non-specific binding proteins generated during the
purification process.

3.3 Verification of RCC2/TD60 as a Cortactin Associated Protein
To validate the association of RCC2/TD60 with cortactin, western blot analysis of
complexes purified from either F-cortactin and control mock transfected cells were carried
out. As shown in Figure 2A RCC2/TD60 as well as ARP3 and dynamin were detected in F-
cortactin complexes but not in the control eluate from HEK293 cell lysates.
Immunoprecipitation of lysates from F-cortactin expressing cells with anti-RCC2/TD60
antibody yielded F-cortactin as shown in Figure 4B (lane 2), supporting the interaction of
cortactin and RCC2/TD60

3.4 Visualization of cortactin in dividing cells
In light of reports of RCC2/TD60 playing a role in cell division [34] HEK 293 cells
expressing EGFP-cortactin were visualized 6h after release from nocodazole to enrich for
cells under going mitosis. Although EGFR-cortactin was visualized throughout the
cytoplasm, a significant enrichment of EGFP-cortactin was observed at the juncture of the
dividing cells (Figure 3A, arrows). Similarly, immunoprecipitation of cortactin from
nocodazole synchronized HeLa cells with an anti-cortactin antibody followed by western
blot analysis using anti-TD60 antibody further confirmed the present of RCC2/TD60 in
complex with cortactin (Figure 3B).

4. Discussion
In this investigation we utilized the Stable Isotope Labeled Amino Acids in Cell Culture
(SILAC) approach to discriminate between specific and non-specific association of cellular
proteins with Flag-tagged cortactin and consequently generated evidence suggesting that key
elements of the mitotic machinery of the cell are members of the cortactin interactome.
Among a limited list of potential bona fide cortactin interacting proteins we identified
RCC2/TD60, a Rac guanine nucleotide exchange factor (GEF) known to be involved in
completion of mitosis and cytokinesis [34]. Whether RCC2/TD60 exhibits direct binding to
cortactin remains to be investigated. We also note that several known interacting proteins
were not detected in this analysis possibly because they were not expressed in our system or
their abundance was too low to detect by MS, emphasizing a limitation of this methodology.

Cortactin has been recently detected both in centrosomes [40] and in invadopodias,
subcellular structures involved in both regulation of chromosome condensation and the
invasive machinery of metastatic cancer cells, suggesting that cortactin could be playing a
critical role linking cell division and cell migration processes [40]. The fact that dynamin, a
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major cortactin partner also found in invadopodia, plays a major role in centrosome
cohesion [42], is compatible with this hypothesis.

Protein RCC2/TD60, is a member of the chromosomal passenger complex (CPC) together
with Aurora B kinase and INCENP but its function during the mitotic cycle is not well
understood. RCC2/TD60 localizes in the equatorial mid zone of dividing cells during
telophase and has been postulated to be a Rac-GEF [43] and a regulator of Rac1 and Arf6
[44]. It has been recently shown that tyrosine 357 of RCC2/TD60 is phosphorylated in cells
overexpressing Src, a major kinase responsible for cortactin tyrosine phosphorylation [23,
45]. Given this, it is therefore tempting to speculate that cortactin – RCC2/TD60 interactions
and tyrosine phosphorylation are linked events with a potential impact on the mitosis/
cytokinesis process. Furthermore, it is worth noting the heterogeneous nature of RCC2/
TD60 immunoprecipitated with MAb 4F11 (Fig 3B, lane 2) suggesting increased
phosphorylation in the subpopulation of RCC2/TD60 that is associated with intracellular
cortactin. Rebloting with an anti-phospho tyrosine monoclona antibody 4G10 confirmed that
the RCC2/TD60 is tyrosine phosphorylated (data not shown). The fact that EGFP-tagged
cortactin is detected at the juncture of cells released from nocodazole-thymidime blockade
(Figure 5a) suggests a colocalization with RCC2/TD60 and possibly other passenger
proteins which is compatible with the hypothesis that these proteins interact during the cell
division process.

In summary we have demonstrated that the use of a SILAC protocol, complemented with
clasic immunodetection techniques, allowed for the identification of novel binding partners
of cortactin including some with a relevant role in the process of cell division. Our results
also demonstrate that this is an effective strategy to minimize false positives in this approach
to identify proteins that exhibit functional associations within the subcellular compartments.
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Appendix
Representative data from the SILAC experiments can be downloaded from:
http://proteus.achs.virginia.edu/proteus; User ParsonsPub1; Password 1221. Click files tab
and download files of interest. To view Scaffold files you will need to download free viewer
and install before opening .sf3 files
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Figure 1.
Immunodetection of cortactin binding partners in M2 agarose eluates. SDS PAGE of M2
agarose eluates. Eluates were electrophoresed in 8% PAGE-SDS gel, blotted and stained
with Ponceau followed by incubation with a mixture of anti-Flag, anti-dynamin and anti-
ARP3 antibodies followed by chemiluminescent detection as described in the text. Lane 1 :
Flag-FAK (FF) expressing cells. Lane 2: Flag-cortactin (F-cort). Lane 3: Flag-cortactin DD
mutant. Lane 4: Flag-cortactin WK mutant.
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Figure 2.
Detection of TD60 by western blot following immunoprecipitation F-cortactin expressing
HEK 293 cell lysates. A) Eluant of M2 agarose beads incubated with either F-cortactin
expressing cell lysate (Fcort) or mock transfected HEK 293 cell lysate (HEK). Lanes 1 to 4
show the staining obtained by 2 sequential incubations of the blot beginning with anti-
RCC2/TD60, followed by a mixture of mouse monoclonal antibodies specific for dynamin
and Arp3. Time of exposure for each antibody was adjusted to produce the composed image
shown here. B) Detection of A clarified lysate from approximately 2 × 107 F-cortactin
expressing cells was divided in two and treated with either a 1/200 final dilution of anti
RCC2/TD60 rabbit antibody (track 2) or control rabbit serum (track 3) immunoprecipitated
and analyzed in PAGE SDS and blotted with anti Flag antibody as described in Materials
and Methods.
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Figure 3.
A) Distribution of EGFP cortactin in diving HEK 293 cells. Two examples of EGFP-
cortactin expressing HEK 293 cells 6 h after release from nocodazole driven cell cycle
arrest. Arrows point to zones of marked intensity of cortactin statining in the equatorial zone
of the dividing pairs of cells. B) Co-immmunoprecipitation of endogenous cortactin and
RCC2/TD60 from lysates of nocodazole synchronized Hela cells. Endogenous cortactin was
immunoprecipitated with monocloncal antibody 4F11 followed by western blot analysis
with anti- RCC2/TD60 polyclonal antibody as described in the text. Lanes 1 and 2
corresponds to a control non-related monoclonal antibody and anti-cortactin antibody 4F11,
respectively. In Lane 3 is seen an aliquot of the total cell lysate.
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