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Abstract

Cell migration is a dynamic process that requires temporal and spatial regulation of integrin
activation and focal adhesion assembly-disassemblyl. Talin, an actin and  integrin tail-binding
protein, is essential for integrin activation and focal adhesion formation2,3. Calpain-mediated
cleavage of talin plays a key role in focal adhesion turnover3; however, the talin head (TH)
domain, one of the two cleavage products, stimulates integrin activation, localizes to focal
adhesions, and maintains cell edge protrusions2,4,5, suggesting that additional steps, downstream
of talin proteolysis, are required for focal adhesion disassembly. Here we show that TH binds
Smurfl, an E3 ubiquitin ligase involved in cell polarity and migration6,7, more tightly than full
length talin and that this interaction leads to TH ubiquitination and degradation. TH was a
substrate for Cdk5, a regulator of cell migration and cancer metastasis8—11. Cdk5 phosphorylated
TH at Serygs, inhibiting its binding to Smurfl, thus preventing TH ubiquitination and degradation.
Expression of talgsosa, Which resists Cdk5 phosphorylation thereby increasing its susceptibility to
Smurfl-mediated ubigitination, resulted in extensive focal adhesion turnover and inhibited cell
migration. Thus, TH produced by calpain cleavage of talin, is degraded via Smurfl-mediated
ubiquitination; moreover, phosphorylation by Cdk5 regulates Smurfl binding to TH and, in this
way, controls TH turnover and adhesion stability and, ultimately, cell migration.

Talin is cleaved into an N-terminal ~47-kDa globular head domain and a ~190-kDa, C-
terminal rod domain, by calpain12. The talin head domain contains a FERM (band four-
point-one, ezrin, radixin, moesin homology domain) domain, which is comprised of three
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subdomains, named F1, F2, and F3, and is responsible for talin-binding to the § integrin
tail13, PIP kinase (Type 1)14,15, FAK16 and layilin17,18. The rod domain has several
vinculin binding sites, a second integrin-binding site and two actin-binding sites19.
Reducing talin expression by siRNA knockdown or genetic deletion inhibit integrin
activation20,21, whereas transfecting the cells that have low talin expression with talin
restores integrin activation22. Also, talin(=/-) ES cells are deficient in focal adhesion
formation23, whereas talin knockdown or microinjection of anti-talin antibody inhibits cell
migration4,24. Thus, talin is essential for integrin activation, focal adhesion formation, and
mesenchymal cell migration.

Talin Seryp5 is a potential phosphorylation site for Cdk525, a cyclin-dependent protein
kinase that is essential for cell migration, synaptic transmission, and cancer metastasis8,11.
Although Cdk5 phosphorylates a number of proteins, including microtubule-associated
proteins, signaling molecules and synapse-related proteins8, the molecular mechanisms by
which Cdk5 influences cell migration remains to be elucidated. We hypothesized that
phosphorylation of talin by Cdk5 could regulate its stability and, in turn, cell migration.

To learn whether talin is a substrate for Cdk5, recombinant His-tagged TH was incubated
with active Cdk5/p25 in the presence of [y-32PJATP, and phosphorylation was measured by
autoradiography and Cerenkov counting. Cdk5 efficiently phosphorylated TH in vitro (Fig.
1a). To assess whether Seryo5 on talin is phosphorylated by Cdk5, HA-talin, -talgsosa and —
talsao5p Were transfected into CHO-K1 cells, immunoprecipitated with anti-HA antibody
and phosphorylated with purified Cdk5/p35. Cdk5 phosphorylated wild-type (wt) talin but
not talgaosa Or talsaosp (Fig. 1b). These proteins were digested with trypsin and analyzed by
two-dimensional (2-D) phospho-peptide mapping. There were two phosphopeptides in the
map of wt talin, but not in the map of talgsosa oOr talsazsp (Fig. 1c). The two
phosphopeptides were probably due to alternative cleavage of talin at Lys427 or Lys428 by
trypsin because both were abolished by point mutations at Ser,,5. Therefore, talin is a
substrate for Cdk5 in vitro and Seryos of talin is the site of phosphorylation by Cdk5.

To ascertain whether talin is a substrate for Cdk5 in vivo, CHO-K1 cells were transfected
with HA-talin or —talggosa With or without Cdk5/p35 co-transfection, and labeled with
[32PJorthophosphoric acid. HA-talin and —talgsos Were immunoprecipitated with an anti-
HA antibody and phosphorylation was detected by autoradiography. Phosphorylation of wt
talin was enhanced by Cdk5/p35 co-transfection, whereas that of mutant talgsosa Was not.
The talin and talsso5 bands from Fig. 1d were excised, digested with trypsin and subjected
to 2-D phosphopeptide mapping analysis. Two major phosphopeptides were observed on the
2-D maps of wt talin, and co-transfection of Cdk5/p35 caused an increase in the intensity of
the phosphorylation. However, the phosphopeptides were absent on the 2-D maps of
talssosa (Fig. 1e). To test whether endogenous talin is a substrate for Cdk5 under
physiological condition, endogenous talin phosphorylation and phosphopeptide maps were
analyzed in rat phaeochromocytoma PC-12 cells. Talin phosphorylation was stimulated by
nerve growth factor (NGF), a known activator of Cdk526, whereas the stimulation was
inhibited by roscovitine, a specific inhibitor of Cdk5 (Supplementary Fig. 1). The tryptic
maps of the endogenous talin also showed the two major phosphopeptides and these were
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abolished by roscovitine. Therefore, talin is also a substrate for Cdk5 in vivo, and the same
site is phosphorylated by Cdk5 in vitro and in vivo.

Since Cdk5 is essential for neuronal migration9,10, the physiological role of Cdk5-mediated
talin phosphorylation was assessed in neuroblastoma SH-SY5Y cells. We transfected these
cells with EGFP-talin, —talgsosa Or —talgyosp, and cell migration was measured using
transwell assays. Whereas the migration of cells expressing EGFP- talin was stimulated by
PDGF, expression of EGFP-talgyosa or EGFP-talgsosp markedly retarded PDGF-induced
cell migration (Fig. 2a; Supplementary Information, Fig. S2a). Moreover, roscovitine
inhibited PDGF-induced migration of SH-SY5Y cells in a dose-dependent manner
(Supplementary Information, Fig. S2b), and reducing Cdk5 expression by shRNA
knockdown also significantly inhibited neuroblastoma cell migration (Supplementary
Information, Fig. S2c).

Besides neurons, Cdk5 is also expressed in many other tissues27-29. To test the role of
Cdk5-mediated talin phosphorylation in the migration of cells of non-neuronal-origin, we
investigated the effects of talgsos and talssosp on the migration of CHO-K1 cells, which
express Cdk5 (unpublished observation). In wound healing assays, talin mutants EGFP-
talgaosa OF -talgsosp inhibited the migration of CHO-K1 cells by approximately 55% and
42%, respectively (Fig. 2b, c and Supplementary Information, Fig. S2d). Roscovitine also
reduced the migration of CHO-K1 cells (Supplementary Information, Fig. S2e), Thus,
phosphorylation of talin at Ser4o5 is required for the migration of SH-SY5Y neuroblastoma
and CHO-K1 cells.

Talin regulates integrin activation and focal adhesion dynamics. In migratory cells, talin is
found in both focal complexes--small, very dynamic adhesive structures at leading edges--
and in focal adhesions30. Thus, it is possible that serine phosphorylation of talin might
regulate focal adhesion turnover. This prompted us to examine the turnover of EGFP-talin, —
talsaosa and —talgyosp at protrusive structures in spreading cells. Total internal reflection
microscopy (TIRF) revealed that structures containing EGFP-talin disassembled much more
slowly than those containing EGFP-talgso5a (P=0.02), but somewhat faster than those
containing EGFP-tals4o5p (P=0.06, Fig. 3a,b). In addition, roscovitine, the Cdk5 inhibitor,
caused an increase in the disassembly rate (P=0.02, Fig. 3c). By contrast, there was a very
little difference in the assembly rate constants between talin and the Ser4,5 mutants (Fig.
3b), and roscovitine also had no effect on the assembly rate constants (Fig. 3c). It is
instructive to examine the ratio of the disassembly to assembly rate constants; these are
significantly different: 1.27, 2.74, and 0.60 for talin, talssosa and talssosp, respectively
(P<0.02). Since constant focal adhesion disassembly and assembly are required for cell
migration, these differences could be related to the effects of talin mutants on migration in
the following way: When phosphorylation of Ser,,s is reduced with the S425A mutant or by
roscovitine, focal adhesion disassembly is favored preventing stabilization of protrusions
because firm adhesion to the substrate is lacking. On the other hand, in the phosphomimetic
S425D mutant, adhesion assembly is favored relative to disassembly resulting in overly firm
adhesion to the substrate in the protruding region. Either effect would result in lower rates of
cell migration relative to wild type cells.
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To test the idea that the effects of talin mutants on focal adhesion dynamics influenced cell
protrusion, we examined the effects of talin and the Ser425 mutants on protrusion dynamics.
Cells expressing EGFP-talgso54 formed unstable protrusions, whereas cells expressing
EGFP-talin generated more persistent protrusions and lamellipodia (Fig. 4a). Kymographic
analysis showed that cells expressing EGFP-talsaosa had significantly lower protrusion
persistence than cells expressing wild-type talin (P<0.01, Fig. 4 b, c), whereas cells
expressing EGFP-talS425D had prolonged protrusion persistence (Supplementary
Information, Fig. S3a, b). There was less difference in protrusion velocities (Fig. 4d).
Furthermore, Cdk5 localized to focal complexes in the lamellipodium (Supplementary
Information, Fig. S3c), a site at which adhesion assembly/disassembly regulates protrusion
dynamics. These results indicate that talin phosphorylation by Cdk5 is an important factor
for stabilizing focal adhesions and lamellipodia during cell migration.

Next, we explored the mechanism whereby Cdk5-mediated talin phosphorylation regulated
adhesion disassembly starting with the observation that calpain cleavage of talin is essential
for disassembly3. Since the calpain cleavage site on talin is close to Serys, the Cdk5
phosphorylation site, we tested whether wt EGFP-talin or EGFP-talsso5 behave differently
with respect to calpain cleavage. Mutation at Sers,5 had no effect on the cleavage by calpain
(Supplementary Information, Fig. S4a) nor did phosphorylation of talin by Cdk5 have any
effect on the cleavage of talin by calpain (Supplementary Information, Fig. S4b). We
therefore explored other potential events regulated by talin phosphorylation that could lead
to focal adhesion disassembly.

Smurfl is an E3 ubiquitin ligase that ubiquitinates Rho A and causes Rho A degradation at
the leading edge of migrating cells, promoting lamellipodium formation6,7. Since Smurfl
possesses a NPXY motif, a motif responsible for talin-integrin tail interation31, and a small
portion of Smurfl localized to focal adhesions (Supplementary Information, Fig. S5a), we
suspected that Smurfl was associated with talin and played a role in talin-regulated focal
adhesion dynamics.

To test whether Smurfl interacts with talin, we examined the binding of recombinant
Smurfl, expressed in CHO cells, to GST talin fragments and mutants. Both TH (Tal1-433)
and Tal393-605 bound Smurfl, whereas profilin had no detectable interaction with Smurfl
(Fig. 5a). Furthermore, purified TH strongly interacted with purified GST-Smurf1 but not
with GST-profilin in vitro, whereas full-length talin did not show significant interaction
(Fig. 5b and Supplementary Information, Fig. S5b). However, the NPXY motif on Smurf1 is
not essential for TH binding, since mutation at this motif had little effect on the Smurfl-TH
interaction (Supplementary Information, Fig. S5¢). Endogenous Smurfl immunoprecipitated
from MDA-MB-231 human breast cancer cells interacted with EGFP-TH in CHO cell
lysates (Supplementary Information, Fig. S5d). To examine whether TH is associated with
Smurfl in cells, EGFP-TH and VSVG-Smurflcggga, a catalytically inactive Smurfl mutant,
were co-transfected into CHO-K1 cells in combination with H-RasG12V, a small GTPase
that amplifies the expression of Smurfl or its mutants (unpublished data). Smurflcggga CO-
precipitated with TH (Fig. 5¢). These data indicate that Smurfl binds to TH, and imply that
TH associates with Smurfl through a short sequence (residues 393-433) immediately after
the F3 domain.
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Since Sergos is within TH (393-433), Cdk5-mediated phosphorylation may regulate the
binding of TH to Smurfl. To examine this hypothesis, the His-tagged TH was expressed in
CHO-K1 cells and purified by Ni2* chelate affinity chromatography. We then assessed the
effects of in vitro phosphorylation with Cdk5 on binding to GST-Smurfl. Phosphorylation
by Cdk5 markedly inhibited the direct binding of purified TH to Smurf1, as did the
phosphomimetic mutation Tal393-605s425p (Fig. 5a, d). Furthermore, substituting Ser425
with Ala in Tal210-605, expressed in CHO cells, markedly increased its binding to Smurfl
(Supplementary Information, Fig. S5e), suggesting that phosphorylation of Ser,,5 inhibits
binding of Tal210-605 to Smurfl. If this inference is correct, inhibition of Cdk5 in cells
should enhance Tal210-605 binding to Smurfl. Indeed, transfection of Cdk5-144N, a
dominant negative mutant of Cdk5, promoted the interaction of Tal210-605 with Smurfl
(Supplementary Information, Fig. S5f). These results suggest that talin phosphorylation by
Cdk5 on Seryys inhibits its interaction with Smurfl.

Smurfl is an E3 ubiquitin ligase that specifies targets for ubiquitination and proteasomal
degradation32. To learn whether the binding of Smurf1 leads to degradation of TH, we co-
transfected TH with Smurfl and observed a reduction in TH steady-state levels. This
reduction in TH abundance was due to proteasomal degradation because it was reversed by
MG132, a proteasome inhibitor. In contrast, co-transfection of either Sm1-267 (a Smurfl
mutant without the ligase domain) or VASP had no effect on TH abundance (Supplementary
Information, Fig. S6a). Transfection of Smurfl did not cause a reduction in the level of full-
length talin (Supplementary Information, Fig. S6b), indicating that full-length talin is not a
major target for Smurfl. Smurfl did not cause a reduction in the level of VASP, FAK and
paxillin (Supplementary Information, Fig. 6¢, d). These results suggest that Smurfl-
mediated TH ubiquitination leads to its degradation.

To learn whether Smurfl could mediate TH ubiquitination and to examine the role of talin
phosphorylation in regulating its ubiquitination, recombinant His-tagged TH was
phosphorylated with Cdk5/p25 and its capacity to serve as substrate for Smurfl-directed
ubiquitination was assayed in vitro. TH was ubiquitinated by Smurf1 in vitro and
ubiquitination was inhibited by Cdk5-mediated phosphorylation (Fig. 5e; Supplementary
Information, Fig. S6e). To examine the ubiquitination of TH and its mutants in cells, HA-
ubiquitin was co-transfected with EGFP-TH, -THsa254, Or -THs425p into CHO-K1 cells.
The cells were plated on fibronectin and treated with MG132 to block proteasomal
degradation and ubiquitination was assessed by Western blotting to the immunoprecipitated
talin fragments. Ubiquitination of TH was enhanced by substituting Ser4o5 with Ala but not
with Asp (Fig. 5f, g). In addition, Smurfl stimulated the ubiquitination of EGFP-tal210-605,
whereas Smurflcggoa, @ ligase-dead mutant of Smurfl, retarded its ubiquitination
(Supplementary Information, Fig. S6f), indicating the role of Smurfl in this ubiquitination.
Furthermore, expressing Cdk5-144N, a dominant negative mutant of Cdk5, stimulated the
ubiquitination of EGFP-tal210-605 (Supplementary Information, Fig. S6g). Thus, we
conclude that talin phosphorylation by Cdk5 negatively regulates TH ubiquitination by
modulating the TH-Smurfl interaction.

If TH ubiquitination by Smurfl is important for focal adhesion disassembly, inhibiting
Smurfl should block focal adhesion disassembly. Indeed, SmMC699A, a catalytically inactive
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Smurfl mutant, markedly reduced focal adhesion disassembly rate in cells expressing
EGFP-talgso5a (P<0.01, Fig. 5h). Furthermore, the effects of talin Ser425 mutants on
Smurfl-mediated ubiquitination (Fig. 5f, g) correlated with the rates of focal adhesion
disassembly (Fig. 3b). Thus, Cdk5 regulates focal adhesion disassembly by controlling
Smurfl-mediated ubiquitination and degradation of TH.

In migratory cells, talin is cleaved into head and rod domains by calpain. The head domain
in turn binds to Smurfl and is consequently ubiquitinated and degraded. This step,
downstream of calpain, provides a more complete explanation for calpain-mediated focal
adhesion turnover. We find that talin phosphorylation by Cdk5 inhibits talin head
ubiquitination and degradation, thus limiting focal adhesion turnover and stabilizing
lamellipodia at the leading edges that, in turn, leads to optimal rates of cell migration (Fig.
5i). Thus, our studies explain the capacity of talin proteolysis to promote focal adhesion
disassembly, identify talin as an important target of Smurfl-induced ubiquitination and
degradation, and establish talin as a relevant substrate of Cdk5.

Cell culture and transfection

CHO-K1 cells and SH-SYS5Y cells were from ATCC and maintained in DMEM/F-12
medium (Gibco) containing 10% FBS, 100 units/ml penicillin and 100ug/ml streptomycin.
CHO K1 cells were transfected with Lipofectamine Plus transfection reagent (Invitrogen)
according to the manufacturer’s protocol. Cells stably expressing EGFP-talin, -talgsosa, Or —
talsao5p Were obtained by sorting EGFP positive cells after G418 selection in the UNC Flow
Cytometry Facility.

In vitro phosphorylation

CHO-K1 cells were transfected with HA-talin, -talgaosa and -talgsosp, respectively. At 24 hr
after transfection, cells were lysed in Lysis Buffer A (50 mM Tris-HCI, pH 7.4, 1% NP-40,
150 mM NaCl, 1 mM EDTA, and protease inhibitor cocktail), and talin and its mutants were
reacted with anti-HA polyclonal antibodies, and the immunoprecipitates were captured on
Protein A Sepharose beads. The beads were washed 3 times with lysis buffer and once with
a kinase buffer33 and then were incubated with purified Cdk5 (~0.1 pg) in 50 pl of the
kinase buffer containing 20 M ATP (10 uCi [y-32P]JATP) for 30 min at room temperature.
The reactions were terminated by adding SDS-sample buffer. The samples were fractionated
by SDS-PAGE and transferred to nitrocellulose membranes for autoradiography.

In vivo phosphaorylation

Cells were incubated with [32P]orthophosphoric acid in sodium phosphate-deficient DMEM
(Gibco). After 10 hr, cells were stimulated with PDGF where indicated and harvested and
lysed with a RIPA buffer33 including protease inhibitor cocktail and 500 nM Okadaic acid.
The lysates were immunoprecipitated with anti-HA or anti-GFP polyclonal antibodies. The
immune complexs were analyzed by SDS-PAGE and transferred to nitrocellulose
membranes for detection of phosphorylation by autoradiography.
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Peptide mapping
Peptide mapping was performed as described previously33. Briefly, protein bands were cut
from nitrocellulose membrane and digested with trypsin (sequencing grade, Promega) in
NH4HCO3, pH7.8 with shaking at 37°C for 8 hr. The samples were dried and washed in a
speed-vac, and then spotted onto cellulose plate for 2-D phosphopeptide mapping, using
pH8.9 buffer for electrophoresis and phospho chromatography buffer for TLC.

GFP TIRF imaging

CHO-K1 cells stably expressing EGFP-talin, —talgso5 or —talssosp Were plated on MatTek
dishes (with a glass coverslip at the bottom) precoated with fibronectin (5 pg/ml) and grown
for 3 hr. TIRF images were taken using an Olympus 1X81 microscope equipped with a x60,
1.45NA objective, an auto-focusing system and a Sensicam camera (Cooke Corp.). The
temperature was maintained at 37°C using a DH-35i dish culture incubator (Warner
Instruments). Images were recorded at 1-min interval for a 60min period. Focal adhesion
assembly and disassembly rate constants were calculated as described by Webb et al.34
Protrusion persistence and velocities were analyzed as described by Bear et al.35

Protein interaction

Cells were lysed with Lysis Buffer A, and the lysates were cleared and incubated with
glutathione Sepharose beads loaded with GST fusion proteins at 4°C for 2hr. The beads
were washed with the lysis buffer for three times and were resuspended in SDS sample
buffer. Samples were analyzed by SDS-PAGE and transferred to nitrocellulose membrane to
detect interacting proteins.

Protein ubiquitination

In vitro ubiquitination—Purified recombinant His-tagged TH (3 pg) was incubated in the
absence or presence of Cdk5/p25 in 12 pl of a kinase buffer (25 mM Hepes, pH 7.5, 6 mM
MgCl,, 3 mM MnCly, 10 uM NazVOy4, 1 mM DTT, 200 pg/ml poly(ethylence glycol)
20,000) for 2 hrs. The mixtures were incubated with E1, UbcH7, GST-Smurfl and Myc-Ub
in 40 pl of the Ubiquitination buffer (50 mM Tris-HCI, pH7.4, 10 mM MgCly, 10 uyM DTT,
4 mM ATP) for 120 min. The reactions were terminated by adding 800 pl of 8M urea
containing 100 mM NaH,POy4, 10 mM Tris, 0.1% Tween 20, pH 8.0. Additional 13 pg His-
tagged TH was added to each reaction, and the TH was purified with Ni-NTA agarose
chromatography, resolved by SDS-PAGE, and transferred to nitrocellulose membrane for
detection of ubiquitination by anti-c-Myc immunoblotting.

In vivo ubiquitination—CHO-K1 cells were co-transfected with HA-ubiquitin and
EGFP-talin mutants. After 19 hr, cells were treated with MG132 (40uM) for 4 hr and lysed
with RIPA buffer containing protease inhibitor cocktail and 40 yM MG132. The lysates
were immunoprecipitated with anti-GFP polyclonal antibodies. The immune complexes
were analyzed by SDS-PAGE and transferred to nitrocellulose membrane for detection of
ubiquitination by anti-HA immunoblotting.
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Cell migration

Wound healing assays were performed as described previously33. Mitomycin C (2 pg/ml)
was included to inhibit cell proliferation.

Transwell assays were performed using polycarbonate transwell filters (Corning, 8 um pore
size, 6.5 mm diameter) coated with 10 pug/ml of type I collagen and placed over a bottom
chamber containing 20 ng/ml PDGF. The SH-SY5Y cells suspended in RPMI medium
containing 0.1% bovine serum albumin were added to the upper chamber at a density of 5 x
10 cells/well. After 8 hours of incubation at 37 °C, the cells that had migrated to the lower
side of the filter were collected by trypsinizing and counted by FACS.

Data quantification

Gel data were quantified by analyzing inverted images using Imagel. Briefly, densities of
protein bands (or areas) were measured and subtracted a mean background from 5 different
locations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cdk5 phosphorylatestalin at Ser 405
a, Direct phosphorylation of TH by Cdk5 in vitro. Recombinant His-tagged TH (2.8 pug) was

incubated with active Cdk5/p25 in 40 pl of kinase buffer containing 40 pM [y-32P]ATP (10
UCi). A 1:8 stoichiometry of phosphorylation of the TH was achieved in the experiments. b,
Phosphorylation of Sersos5 on talin by Cdk5 in vitro. HA-talin, -talggosa Or -talggosp were
immunoprecipitated from transfected CHO-K1 cells, and incubated with active Cdk5/p35 in
50 pl of kinase buffer containing 20uM [y-32P]ATP (10 uCi). The numbers on the top
indicates phosphorylation levels (% of wt talin) quantified as described in “Methods”. ¢, 2-D
phospho-peptide mapping analysis of wt talin, talssosa, and talgaosp. d, Talin is
phosphorylated at Ser4o5 by Cdk5 in vivo. Cells were transfected with HA-talin or —
talS425A in the presence or absence of Cdk5/p35. After 18 hr of transfection, cells were
incubated with [32P]Jorthophosphoric acid (0.8 mCi/ml) for 12 hr. Cells were then harvested
and analyzed as described in “Methods”. Over-expression of Cdk5 promotes
phosphorylation of talin but not of talgsosa. € 2-D phospho-peptide mapping analysis of
talin and talgsosain the absence and presence of recombinant Cdk5.
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Figure 2. Expression of phosphorylation-deficient talin mutantsinhibits cell migration
a, Inhibition of PDGF-stimulated migration of SH-SY5Y neuroblastoma cells by expressing

EGFP-talggosa Or —talssosp. SH-SY5Y cells were transfected with EGFP-talin, -talS425A or
—talS425D, using Nucleofactor Kit V (Amaxa). At 24 hr post-transfection, cells were
trypsinized for transwell migration assays employing collagen | (10pug/ml)-coated filters and
20 nM PDGF in lower charmber. c and d, Inhibition of wound closure in CHO cells
expressing EGFP-talgsosa or —talsaosp. Confluent monolayers of CHO cells stably
expressing EGFP-talin, talgoasa or —talssosp were wounded and images were taken when
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the wounds were made (left panels) and after incubating for 18 hr (right panels). Data are
expressed as mean = SEM of three independent experiments.

Nat Cell Biol. Author manuscript; available in PMC 2009 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Huang et al.

Q

Talin

Page 14

Assembly and Disassembly

rate constants(min’)

0' 2 4' 6' Overlay 0' & 6'
C
0.4
[ Assembly 04
m Disassembly L O Assembly
0.3 1 £ "c 0.3 M Disassembly
S E
0.2 - 3
2 2024
T @©
0.1 1 L E, 0.1
§ 80
[V
EGFP- EGFP- EGFP- 0

Control Roscovitine

talin talsazsa talsqosp

Figure 3. Talin phosphorylation by Cdk5 isimportant for the disassembly of focal adhesions
a, CHO cells stably expressing EGFP-talin, EGFP—-talgso5, or EGFP-talsso5p Were plated

on fibronectin (5pg/ml)-coated glass-bottom dishes (MatTek) and analyzed by time-lapse
TIRF microscopy. Arrowheads point to disassembling focal adhesions. b, Quantification of
the rate constants of EGFP-talin, EGFP—-talgsosa, or EGFP-talgso5p assembly into and
dissociation from focal adhesions. (c) Effects of roscovitine on the rate constants of EGFP—
talin, assembly into and dissociation from focal adhesions. Quantifications are expressed as
means + SEM of 30 focal adhesions from 7 cells.
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Figure 4. Talin phosphorylation by Cdk5 stabilizes lamellipodia
a, CHO cells expressing EGFP-talin, or EGFP—talgy,5a Were plated on 5 pg/ml fibronectin

and analysed by time-lapse TIRF microscopy. Arrow heads points to lamellipodium
formation and retraction. b, Kymograph of lamellipodium dynamics in CHO cells
expressing EGFP-talin or EGFP-talgso54. €, The lamellipodial persistence in cells
expressing wild-type Talin is significantly higher than that of mutant S425A. d, There is no
significant difference in protrusion velocities between cells expressing the wild-type and
mutant S425A. Quantifications are expressed as means + SEM.
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Figure 5. Cdk5 phosphorylation inhibits Smurfl-mediated TH ubiquitination
a, Talin-Smurfl interaction. Binding of EGFP-Smurfl to immobilized GST-profilin, -

tal1-433, -tal393-605, or -tal393-605g425p. Smurfl was detected by immunoblotting with
anti-GFP. b, TH but not full-length talin binds Smurfl tightly,. Binding of purified His-
tagged TH or FL talin to immobilized GST-Smurfl was detected by immunoblotting with
anti-His tag mAb. ¢, TH and catalytically-inactive Smurf1(Smcggga) interact in cells.
EGFP-TH and VSVG-Smcggga Were co-transfected in combination with H-Rasg oy into
CHO-K1 cells. Anti-GFP immunoprecipitated EGFP-TH and bound Smurflcggga Was
detected with anti-VSVG. d, Inhibition of TH-Smurfl interaction by Cdk5-mediated
phosphorylation. HA-TH was purified from CHO-K1 cell lysates and phosphorylated in
vitro with Cdk5/p35 in vitro, and binding to GST-Smurfl was analyzed as in panel b. €,
Inhibition of Smurfl-mediated ubiquitination Cdk5-mediated phosphorylation. Purified His-
tagged TH was incubated 120 min with the indicated quantity of Cdk5/p25 and then with
Myc-ubiquitin, E1, and UbcH?7 in the presence or absence of GST-Smurfl. f, Effect of TH
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phosphorylation on ubiquitination in vivo. CHO-K1 cells were co-transfected with EGFP-
TH, -THsss24, O -THs425p and HA-ubiquitini. Twenty-four hr post-transfection, cells were
re-plated on fibronection for 5 hr and then were treated with MG132 (40uM) for an
additional 4 hr before ati-HA immunoblotting. g, The poly-ubiquitination of EGFP-TH, -
THsusoa and -THsap5p Was quantified by densitometry of the rectangular area (see lane 3).
Depicted are the mean and range of two independent experiments. h, CHO cells expressing
EGFP-talsso54, Were transfected with vector or DsRed-Smurflcggga and plated on
fibronectin for 4 hr. The rate constants of EGFP-talgso5 dissociation from focal adhesions
were quantified by time-lapse microscopy (mean + SEM, n=30). i, Proposed mechanism
whereby talin phosphorylation by Cdk5 regulates TH ubiquitination, focal adhesion
disassembly, lamellipodial dynamics, and cell migration. Full scans of western blots shown
in b, c, e and f are available in Supplementary Information, Fig. S7.
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