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Background: Talin regulates integrin affinity and nucleates the integrin-cytoskeleton linkage at the plasma membrane.
Results: Specific inter-domain interactions between the talin head and two rod regions block interaction with actin or plasma
membrane localization.
Conclusion: Autoinhibitory interactions between the talin head and rod domains maintain cytosolic talin.
Significance: Structurally defined inter-domain interactions regulate talin localization and function.

Talin, which is composed of head (THD) and rod domains,
plays an important role in cell adhesion events in diverse species
includingmost metazoans andDictyostelium discoideum.Talin
is abundant in the cytosol; however, it mediates adhesion by
associating with integrins in the plasma membrane where it
forms a primary link between integrins and the actin cytoskele-
ton. Cellsmodulate the partitioning of talin between the plasma
membrane and the cytosol to control cell adhesion. Here, we
combine nuclear magnetic resonance spectroscopy (NMR) with
subcellular fractionation to characterize two distinct THD-rod
domain interactions that control the interactionof talinwith the
actin cytoskeleton or its localization to the plasma membrane.
An interactionbetween adiscrete vinculin-binding regionof the
rod (VBS1/2a; Tln1(482–787)), and the THD restrains talin
from interacting with the plasma membrane. Furthermore, we
show that vinculin binding to VBS1/2a results in talin recruit-
ment to the plasma membrane. Thus, we have structurally
defined specific inter-domain interactions between THD and
the talin rod domain that regulate the subcellular localization of
talin.

Integrin adhesion receptors are composed of type I trans-
membrane � and � subunits (1). Affinity modulation of integ-
rins for their ligands and the connection ofmost integrins to the
actin cytoskeleton are mediated by adaptors that bind to the
integrin cytoplasmic domains (1–4). Among the numerous
proteins that associate with integrin cytoplasmic domains, talin
has emerged as a central player in both affinity modulation and
integrin-actin cytoskeleton linkage (5–13).

In platelets, cells in which integrin affinity is tightly regu-
lated, full-length (FL)2 talin remains in the cytosol until the cells
are stimulated by agonists, resulting in talin redistribution to
the plasma membrane (14) and increased integrin affinity (15,
16). Furthermore, recent studies using model cellular systems
have established that talin is cytosolic until it interacts with an
activated Rap1-RIAM complex that recruits FL talin to the
plasmamembrane (17–19). These data suggest that talin might
be autoinhibited to regulate its localization and thus interac-
tions with integrins and resulting biological functions.
Talin consists of a globular head domain of �50 kDa (THD;

Tln1(1–433)) and a roddomain of�220 kDa (Tln1(482–2541))
connected by a short, flexible linker region (Tln1(434–481)) (6,
20). THD contains a FERM (band 4.1/ezrin/radixin/moesin)
domain comprised of the F1 (Tln1(86–205)), F2 (Tln1(206–
305)), and F3 (Tln1(309–405)) subdomains, but it is atypical in
that it contains an additional N-terminal domain F0 (Tln1(1–
85)) (21), and has an extended structure (22) rather than the
clover leaf structure adopted by most FERM domains (23). The
PTB-like F3 domain contains a major integrin-binding site (24,
25) that interacts with both the membrane-proximal (26, 27)
and -distal regions (24, 25, 28) of the integrin � cytoplasmic
tails. Perturbation of either of these interactions compromises
talin-mediated integrin activation (24–26, 28–30). In addition
to the integrin-binding sites, THD contains lipid-binding sites
in the F1, F2, and F3 domains (21, 26, 31). These lipid-binding
sites, which are aligned along one surface of the extended
FERMdomain, make extensive contacts with the plasmamem-
brane (22) and play a critical role in integrin activation (21, 26,
31). The rod domain of talin consists of 62 amphipathic �-hel-
ices that are assembled into a series of �-helical bundles (33,
34), and autoinhibitory interactions between THD and the rod
domain regulate the functions of talin including its interactions
with integrins (17, 35–40).
Here we have combined nuclear magnetic resonance spec-

troscopy (NMR) with subcellular fractionation to map the
THD-rod domain interactions that regulate subcellular local-
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ization of talin.We report that THD associates with the plasma
membrane to a much greater extent than FL talin. We charac-
terize two distinct THD-rod domain interactions that control
the interaction of talin with the actin cytoskeleton or localiza-
tion to the plasma membrane. We find that five acidic residues
within Domain E (Tln1(1655–1822)) of the rod that make elec-
trostatic interactions with the F3 domain of THD (37) inhibit
the interaction of talin with actin; however, disruption of the
Domain E-F3 interaction does not cause plasma membrane
localization. NMR analysis revealed a second inter-domain
interaction between THD and a pair of vinculin-binding �-hel-
ical bundles in the talin rod termed VBS1/2a (Tln1(482–787));
mutations that disrupt the VBS1/2a-F2F3 interaction led to
plasma membrane localization of talin. Furthermore, expres-
sion of the vinculin head domain (VinHD; vinculin(2–258))
that binds to VBS1/2a (41–44) results in talin recruitment to
the plasmamembrane, accounting for the capacity of VinHD to
induce talin-dependent integrin activation (43, 45). Thus, spe-
cific contacts between THD and helical bundles in the talin rod
control the subcellular localization of talin.

EXPERIMENTAL PROCEDURES

Antibodies and cDNAs—Anti-HA mouse monoclonal anti-
body (MMS101P) was purchased from Covance Research
Products Inc. Anti-RhoGDI rabbit polyclonal antibody was
from Santa Cruz Biotechnology, Inc. Anti-GFP (Living Colors�
Full-length) rabbit polyclonal antibody was obtained from
Clontech. Ab2308 (46) is a rabbit polyclonal antibody against
anti-�IIb integrin.3 Anti-talin mouse monoclonal antibody,
8D4, was obtained from Sigma. Anti-calnexin rabbit polyclonal
antibody and anti-LAMP1 (LY1C6) mouse monoclonal antibody
were purchased from Abcam. Anti-lamin A/C rabbit polyclonal
antibody was obtained fromCell Signaling Technology.
HA-tagged mouse FL wild type talin in mammalian expres-

sion vector, pcDNA3.1, has been previously described (17).
HA-tagged mouse THD (Tln1(1–433)) was amplified by PCR
and subcloned into the mammalian expression pcDNA3-HA
vector. cDNAs encoding mouse talin1 truncation mutants 465
(Tln1(1–465)), Tln1(1–787), Tln1(1–1654), Tln1(1–1822),
and Tln1(1–2298) were amplified by PCR and subcloned into
pcDNA3.1 vector. Each truncationmutant carries a stop codon
immediately after the indicated residue number; e.g. Tln1(1–
465) has a stop codon at residue 466. Residue numbers corre-
spond to those of NP_035732.2 in the NCBI Protein database.
The 5�-primerwas designed to introduce anN-terminalHA tag
during expression in mammalian cells. Deletion of Domain E
(Tln1(1655–1822)) in FL talin was introduced by PCR using a
fragment of FL talin flanked by PmlI restriction enzyme sites as
a template. When the deletion was confirmed, the PmlI frag-
ment carrying the Domain E deletion was ligated back into the
PmlI site of FL talin to produce FL �E. Point mutations in FL
5K, FLM319A, and FL 4A4K, and FL 5K4A4Kwere introduced
using the QuikChange II XL site-directedmutagenesis kit from
Stratagene with FL talin as a template and with mutagenic
primers.

RIAM176-CAAX, a talin-binding fragment of RIAM
(RIAM(1–176)) fused to GFP and a Rap1 membrane targeting
site (18) was described previously. cDNA encoding chicken
VinHD (vinculin(2–258)) was amplified by PCR and subcloned
into themammalian expression pEGFP-C1 vector. Pointmuta-
tion in VinHD-A50I was introduced using the QuikChange II
XL site-directed mutagenesis kit from Stratagene with VinHD
as a template and with mutagenic primers.
Cell Culture—All the experiments in this study were carried

out using CHO cells stably expressing �IIb�3 integrins (A5
cells) (47). A5 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with nonessential amino acids,
L-glutamine, antibiotics, and 10% fetal bovine serum.
Subcellular Fractionation—A5 cells, transiently transfected

with the indicated cDNAs for 24 h, were subjected to subcellu-
lar fractionation as described before (17). In brief, cells were
harvested in fractionation buffer (20 mMHEPES-KOH, pH 7.5,
1.5mMMgCl2, 5mMKCl, 0.2mMNa3VO4, 10�g/ml of leupep-
tin, 10 �g/ml of aprotinin, 1 mM PMSF, and Complete mini
protease inhibitor tablet (RocheApplied Bioscience)) and incu-
bated on ice for 10 min. Swollen cells were disrupted by shear-
ing through 27-gauge needles, and a fraction of the total cell
lysate was saved for analysis of total protein expression. The
remaining lysates were centrifuged at 425 � g for 10 min in an
Eppendorf microcentrifuge model 5417R to pellet nuclei and
unbroken cells. The supernatant was further centrifuged at
20,817 � g for 30 min to precipitate the membrane- and cyto-
skeleton-containing fraction, denoted here as “high-speed pel-
let.” The high-speed pellet was washed and then solubilized in
fractionation buffer containing 1% Nonidet P-40 on ice. Each
sample was then mixed with 5� sample buffer containing SDS
and �-mercaptoethanol and boiled at 95 ºC for 5 min. Samples
were run on SDS-PAGE gels (Invitrogen), and expression of
talin in total lysates, cytosolic, and high-speed pellet fractions
were analyzed by Western blotting using anti-HA antibody.
Integrin �IIb-specific Rb2308 and anti-RhoGDI antibodies
were used as membrane and cytosolic markers, respectively.
The bands corresponding to the high-speed pellet and cytosolic
fractions were scanned and quantified with Odyssey infrared
imaging system from Li-Cor Biosciences, and represented as
percent of total (cytosolic � high-speed pellet).
Purification of Plasma Membranes—Twenty four h after

transfection with the indicated cDNAs, A5 cells were detached
with 5 mM EDTA/PBS and subjected to surface biotinylation
with 3 mM EZ-Link Sulfo-NHS-Biotin (Thermo Fisher Scien-
tific) dissolved in 0.1 M sodium phosphate buffer, pH 8.0, for 30
min. Cells were then washed extensively with PBS and sub-
jected to subcellular fractionation as described above. The sedi-
mented high-speed pellet was then resuspended in fraction-
ation buffer and incubated with BcMagTM Streptavidin
Magnetic Beads (Bioclone Inc., San Diego, CA) for 1 h at room
temperature with rotation. The beads were magnetically cap-
tured andwashed to separate the plasmamembrane from intra-
cellular organelle membranes. Whole cell, nuclear/intact cell,
cytosolic, high-speed pellet, and plasma membrane fractions
(WCL, N/IC, C, P, and PM, respectively) were saved for subse-
quent Western blot analysis. Samples were run on SDS-PAGE
gels, and expression of recombinant HA-talin in each fraction

3 P. E. Hughes, F. Diaz-Gonzalez, L. Leong, C. Wu, J. A. McDonald, S. J. Shattil,
and M. H. Ginsberg, unpublished data.
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was analyzed by Western blotting using anti-HA antibody.
Endogenous FL talinwas detectedwith anti-talin 8D4 antibody.
RIAM176-CAAX was detected by anti-GFP antibody. Integrin
�IIb-specificRb2308, anti-calnexin, anti-laminA/C, anti-LAMP1,
and anti-RhoGDI antibodies were used as plasma membrane, ER
membrane,nuclearmembrane, lysosomalmembrane, andcytoso-
licmarkers, respectively. The bands corresponding to talin in each
fraction were scanned and quantified with the Odyssey infrared
imaging system fromLi-CorBiosciences, and talin associatedwith
theplasmamembrane (PM) fractionwas representedaspercentof
total (cytosolic � high-speed pellet).
F-Actin Depolymerization—Recombinant DNase I from

bovine pancreas (Roche Applied Bioscience) was treated with 2
mM PMSF in fractionation buffer for 1 h prior to use. To depo-
lymerize F-actin, we incubated homogenized cell lysates with
DNase I at a final concentration of 3 mg/ml for 2 h (48). Subse-
quent fractionation steps were performed as described above.
Actin Co-sedimentation Assay—Assay was performed using

2 �M purified, recombinant talin with or without 10 �M polym-
erized human platelet non-muscle actin (Cytoskeleton Inc.,
Denver, CO). The mixture was incubated for 1 h at room tem-
perature and centrifuged at 541,000 � g for 30min at 22 ºC in a
Beckman Ultracentrifuge TL100 equipped with TLA100.3
rotor (BeckmanCoulter). Supernatants and pellets were run on
SDS-PAGE gels, which were stained with Coomassie Blue and
scannedwith theOdyssey infrared imaging system (Li-Cor Bio-
sciences). Bands corresponding to each talin were quantified,
and actin binding of talin is represented as: percent of total
(pellet � supernatant) in the presence of actin � percent of
total in the absence of actin.
Expression and Purification of Recombinant Talin Pro-

teins—The cDNAs encoding mouse talin F2F3 (Tln1(196–
405)), F2 (Tln1(196–309)), F3 (Tln1(309–400)), vinculin-
binding site (VBS) 1 (Tln1(482–655)), VBS2a (Tln1(655–787)),
VBS2b (Tln1(787–911)), VBS1/2a (Tln1(482–787)), andVBS1/
2a/2b (Tln1(482–911)) were synthesized by PCR using amouse
talin1 cDNA as template and cloned into the expression vector
pET-151TOPO (Invitrogen). These talin polypeptides were
expressed in Escherichia coli BL21 STAR (DE3) cultured in
either LB for unlabeled protein or in M9 minimal media for
preparation of isotopically labeled samples for NMR analysis.
Recombinant polyhistidine (His)-tagged talin polypeptides were
purified by nickel-affinity chromatography following standard
procedures. The His tag was removed by cleavage with AcTEV
protease (Invitrogen), and the proteins were further purified by
anion exchange or cation exchange depending on the construct.
The cDNAs encoding human Tln1(1–1654) and Tln(1–

1822) were generated by PCR with human talin1 as template
and cloned into pET28 bacterial expression vector that attaches
an N-terminal His tag (EMD Chemicals). Residue numbers for
human talin1 are based on NP_006280.3 on the NCBI Protein
database. These proteins were then expressed in E. coli BL21-DE-
pLys and purified withHis-binding beads according to themanu-
facturer’s instructions (EMD Chemicals). After the purified pro-
teins were dialyzed against TBS, they were run through a HiLoad
16/60 Superdex 200 size exclusion column with TBS to remove
smaller fragments generated by proteolytic cleavages during
purification.

Protein concentrations were determined using their respec-
tive extinction coefficient at 280 nm. Protein concentrations
were based on absorption coefficients calculated from their
amino acid compositions using ProtParam (www.expasy.org).
NMR Spectroscopy—NMR experiments for the resonance

assignment of Tln1(482–655), Tln1(655–787), and Tln1(787–
911) were carried out with 1 mM protein in 20 mM sodium
phosphate, pH 6.5, 50 mM NaCl, 2 mM DTT, 10% (v/v) 2H2O.
NMR spectra of all the proteins were obtained at 298 K using
Bruker AVANCE DRX 600 or AVANCE AVII 800 spectrome-
ters both equipped with CryoProbes (Bruker, Coventry, UK).
Proton chemical shifts were referenced to external DSS, and
15N and 13C chemical shifts were referenced indirectly using
the recommended gyromagnetic ratios (49). Spectra were pro-
cessedwith TopSpin (Bruker) and analyzed usingAnalysis (50).
Three-dimensional HNCO, HN(CA)CO, HNCA, HN(CO)CA,
HNCACB, and HN(CO)CACB experiments were used for the
sequential assignment of the backbone NH, N, CO, C�, and C�
resonances. The resonance assignments of Tln1(482–655),
Tln1(655–787), and Tln1(787–911) have been deposited in the
BioMagResBank (BMRB) with accession numbers 17555,
17350, and 17332, respectively. TheNMRassignments of the F2
and F2F3 domains were deposited in the BMRB data base and
published previously (51); F2 (Tln1(196–309)), BMRB code
16930; F3 (Tln1(309–405)), BMRB code 7150; F2F3
(Tln1(196–405)), BMRB code 16932. Resonance assignments
were then transferred to the double domain Tln1(482–787)
using the single domains assignments and confirmed using a
HNCA collected on Tln1(482–787).
NMR Interaction Studies—All experiments were carried out

in 20 mM phosphate, pH 6.5, 50 mMNaCl, 2 mM DTT. Initially,
15N-labeled F2F3 was screened against the five large frag-
ments of talin Tln1(1–433), Tln1(434–911), Tln1(913–1653),
Tln1(1655–2294), and Tln1(2300–2541). 1H,15N-HSQC spec-
traweremeasured for the 15N-labeled protein alone and then in
the presence of 1:1 and 1:3 molar ratios with unlabeled frag-
ments of talin. For the Domain E-F3 interaction, spectra were
recorded at ratios of 1:0, 1:4, and 1:6.
Phospholipid Co-sedimentation Assay—Large multilamellar

vesicles were prepared essentially as described earlier (31).
Briefly, films of dried phospholipids (Sigma) were swollen at 5
mg/ml in 20 mMHEPES, pH 7.4, 0.2 mM EGTA for 3 h at 42 ºC.
The vesicles were then centrifuged at 20,000 � g for 20 min at
4 ºC, and the pellet was resuspended in the same buffer at 5
mg/ml. Protein samples were diluted into 20 mM Tris-HCl, pH
7.4, 0.1 mM EDTA, 15 mM �-mercaptoethanol. After centrifu-
gation at 20,000 � g for 20 min at 4 ºC, proteins at 0.15 mg/ml
were incubated for 30min at 25 ºC in the absence or presence of
phospholipid vesicles at 0.5 mg/ml (200 �l total volume), fol-
lowed by centrifugation at 25,000 � g for 20 min at 4 ºC. Pellet
and supernatant fractions were analyzed on a 10–20% gradient
gel (Expedeon, Cambridge, UK) and proteins were detected by
Coomassie Blue staining.
Statistics—Statistical analyses were performed with a paired t

test using GraphPad Software. The resulting statistics are indi-
cated in each figure as follows: N.S., not significant (p� 0.05), and
significant: *, p � 0.01–0.05; **, p � 0.001–0.01; ***, p 	 0.001.
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RESULTS

Discrete Region of Rod Domain Maintains a Cytosolic Pool of
Talin—As noted above, THD contains multiple lipid-bind-
ing sites that could support membrane interactions (21, 22,
26, 31), and previous studies raised the possibility that such
sites within FL talin might be masked by the talin rod domain
(17–19).
To localize potential inhibitory site(s) in the rod domain, we

constructed a series of C-terminal truncations of talin and
examined the partitioning of these mutants by subcellular frac-
tionation. The rod domain of talin comprises 62 amphipathic

�-helices that are assembled into a series of �-helical bundles
(33, 34). Therefore, to avoid disrupting the tertiary structure of
the resulting protein, we introduced stop codons between
�-helical bundles as designated by arrowheads in Fig. 1A.
Talin1(1–1654) (Tln1(1–1654)) showed markedly increased
association with the membrane- and cytoskeleton-containing
fraction, obtained after 20,817 � g centrifugation for 30 min
and denoted here as high-speed pellet, approaching that of
THD (Fig. 1B, 43
 1.5 and 58
 7.6%, respectively). In contrast,
Tln1(1–1822) and Tln1(1–2298) associated with the high-
speed pellet in similar amounts to that observed for FL talin

FIGURE 1. Truncations that delete Domain E result in increased association of talin with the high-speed pellet. A, schematic diagram of talin: talin consists
of THD (Tln1(1– 433)) and a rod domain (Tln1(482–2541)) connected by a linker region. THD contains an atypical FERM domain that can be subdivided into the
F0, F1, F2, and F3 domains. The rod domain contains a series of �-helical bundles, one of which is Domain E located within Tln1(1655–1822). The N-terminal rod
domains VBS1 and VBS2a corresponding to Tln1(482–787) and Tln1(656 –787), respectively, are also shown. Arrowheads indicate the locations of stop codons.
B, A5 cells transfected with the indicated talin constructs were subjected to subcellular fractionation, and the distribution of talin was assessed by Western
blotting with anti-HA antibody. Integrin �IIb and RhoGDI served as the membrane and cytosolic markers, respectively. Densitometry was used to quantify the
blots, and the amount of talin in each fraction is expressed as percent of total (cytosolic � high-speed pellet) recovered. Results represent mean 
 S.E. (n � 3). N.S., not
significant, p � 0.05; ***, p 	 0.001. A representative blot is shown (C, P, and WCL indicate cytosol, high-speed pellet, and whole cell lysates, respectively).
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(Fig. 1B, 18 
 2.0, 5.7 
 2.1, and 9.1 
 3.2%, respectively). The
membrane marker, �IIb integrin, and the cytosolic marker,
RhoGDI, were detected only in the high-speed pellet and the
cytosolic fractions, respectively, validating the subcellular frac-
tionation. These data suggest that deletion of the five-helix
bundle contained within Tln1(1655–1822), termed Domain E
(37), increases association of talin with the high-speed pellet.
To test the effect of loss of Domain E, we deleted it in the
context of the FL talin protein (FL �E) (Fig. 2A). FL �E also
exhibited markedly increased high-speed pellet association
(Fig. 2B, 41
 4.6%). Thus, Domain E is required to keep talin in
the cytosol.
Domain E-F3 InteractionMaintains Talin in Cytosol—Previ-

ous studies usedNMR to demonstrate that the talin rod domain
interacts with the F3 fragment of the talin FERM domain (37,
38). Goult et al. (37) identified five acidic residues in Domain E
(Fig. 2C, Asp-1676, Asp-D1763, Glu-1770, Glu-1798, and Glu-
1805, shown in red) that form an interface with a basic surface
on the F3domain. Reverse-chargemutationsweremade at each
of these five residues, which lie at the interface, to disrupt the
electrostatic association between Domain E and the F3 domain
(FL talin (D1676K, D1763K, E1770K, E1798K, E1805K)
denoted FL 5K). Purified, 15N-labeled recombinant Domain E
protein bearing these mutations (Tln1(1655–1822) (D1676K,
D1763K, E1770K, E1798K, E1805K)) exhibited a well dispersed
1H,15N-HSQC spectrum that closely resembled that of the wild
type protein (Fig. 3, A and B), indicating that the 5K mutation
did not affect the folding of Domain E. Furthermore, these
lysine mutations in Domain E blocked the interaction with the
F3 domain as detected by NMR. As reported previously (37),
incubation of 15N-labeledDomain Ewith unlabeled F3 resulted
in a large number of chemical shift changes indicative of a direct
interaction (Fig. 3A). However, addition of F3 to 15N-labeled
Domain E containing the 5K mutation resulted in no chemical
shift changes even at a 6-fold molar excess of the F3 (WT
Domain E is saturated at a 3.5-fold excess of F3) (Fig. 3B). Thus,
the lysinemutations inDomainE inhibit its interactionwith the
F3 in THD. Basic residues on the F3 domain that are in contact
with the above mentioned acidic residues in Domain E are col-
ored in blue (Fig. 2C, Lys-316, Lys-318, Lys-320, Lys-322, Lys-
324, and Lys-364). FL talin containing the 5K mutation exhib-
ited increased association with the high-speed pellet (Fig. 3C,
44 
 6.0%), similar to that seen with Tln1(1–1654) and FL �E
(Figs. 1B and 2B, respectively). FL 5K mutant was expressed
well in cells at a comparable level to FL talin and THD (data not
shown).
Goksoy et al. (38) reported that the THD-talin rod interac-

tion can be disrupted by a single M319A point mutation in the
F3 domain. However, residue Met-319, colored in black in Fig.
2C, appears not to be at the interface betweenDomainE and the
talin F3. In contrast to FL �E and FL 5K mutants (Figs. 2B and
3C, respectively), the association of FL M319A with the high-
speed pellet was at a level similar to that of FL talin (Fig. 3D,
11 
 1.7 and 13 
 4.0%, respectively). Thus, specific interac-
tions between Domain E and the F3 domain of THD maintain
talin in the cytosol.

Loss of Domain E Is Insufficient for Plasma Membrane
Localization—Integrin-activating signals cause talin to translo-
cate from the cytosol to the plasma membrane (14, 52). To test
whether the loss of Domain E and the consequent high-speed
pellet association might allow talin to localize to the plasma
membrane, we modified our fractionation protocol to separate
the plasma membrane from intracellular membranes and the
cytoskeleton. Cells expressing THD and Tln1(1–1654) were
first labeled with cell-impermeable sulfo-biotin. After disrup-
tion and subsequent fractionation steps, the plasmamembrane
was further purified by capture with streptavidin-conjugated
magnetic beads, and the association of talin with the recovered
plasma membrane was examined. Although initial subcellular
fractionation showed similar levels of Tln1(1–1654) and THD
in the high-speed pellet (Fig. 4, gray bars), the abundance of
Tln1(1–1654) was markedly reduced in the purified plasma
membrane fraction relative to that of THD (Fig. 4, black bars).
As expected, FL talin was almost undetectable in both the high-
speed pellet and the plasma membrane fraction (Fig. 4). The
presence of �IIb integrin (plasma membrane marker) and the
absence of calnexin (ER membrane marker), lamin A/C
(nuclear membrane marker), LAMP1 (lysosomal membrane
marker), and RhoGDI (cytosolic marker) confirmed enrich-
ment of the plasma membrane in this fraction (Fig. 4). Thus,
although the loss of Domain E-F3 interaction increases abun-
dance of talin in the high-speed pellet, it results in association of
talin with a component other than the plasma membrane.
Moreover, efficient plasmamembrane localization still appears
to require relief of additional constraints imposed by residues
between Tln1(434) and Tln1(1654).
Loss of Domain E-THD Interactions Lead to Association of

Talin with Cytoskeletal Actin—We then asked which compo-
nent of the high-speed pellet fraction interacted with Tln1(1–
1654). As described above, this pellet obtained after high-speed
centrifugation, 20,817� g for 30min, of the postnuclear super-
natant contains F-actin in addition to the plasma membrane
and intracellular membranes. Because there are multiple actin-
binding sites within talin (53), we tested the possibility that the
absence of Domain E allows Tln1(1–1654) to associate with the
actin cytoskeleton, rather than directly with the plasma mem-
branes. Purified actin co-sedimentation assays showed that
nearly 50% of Tln1(1–1654) bound to F-actin, whereas actin-
binding of Tln1(1–1822) was negligible (Fig. 5A). The abun-
dance of Tln1(1–1654) in the high-speed pellet fraction was
reduced by half after the treatment of cell lysates with DNase I,
which depolymerizes F-actin (48), whereas those of THD and
FL WT talin were unaffected (Fig. 5B). Moreover, DNase I
treatment reduced �-actin content in the high-speed pellet by
half, to the same extent it affected the abundance of Tln1(1–
1654), showing partial depolymerization of F-actin (Fig. 5B).
Thus, Domain E-THD interaction prevents association of talin
with the actin cytoskeleton.
VBS1/2a Inhibits Plasma Membrane Localization of Talin—

The foregoing data indicate that plasmamembrane localization of
Tln1(1–1654) is restricted by sequences between Tln1(434) and
Tln1(1654). To map the region that is involved in the regulation
of talin plasma membrane localization further, we created two
more truncation mutants (Fig. 1A), Tln1(1–465) and Tln1(1–
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787), and examined their association with the plasma membrane
fraction. The abundance of Tln1(1–787) in the plasmamembrane
fractionwas similar to that of Tln1(1–1654) (Fig. 5C, 10
 1.9 and
11
 3.2%, respectively) in the plasmamembrane fraction. In con-
trast, Tln1(1–465) exhibitedmarkedly increased association with

theplasmamembrane similar to thatofTHD(Fig. 5C, 40
11and
57 
 14%, respectively). These data indicate that the loss of the
Tln1(466–787) fragment, a region of the talin rod containing two
helical bundles (VBS1 andVBS2a) that comprise vinculin-binding
sites (44), leads to plasmamembrane localization.

FIGURE 2. Internal deletion of Domain E increases the amount of talin in the high speed pellet. A, schematic diagram of FL talin and FL talin mutant with
Domain E deletion (FL �E). B, after 24 h transfection, localization of FL talin, FL �E, or THD in A5 cells was assessed by subcellular fractionation, followed by
Western blotting with anti-HA antibody. Integrin �IIb and RhoGDI served as membrane and cytosolic markers, respectively. The blots were quantified with
densitometric scanning, and the amount of talin in each fraction is expressed as percent of total (cytosolic � high-speed pellet). Results represent mean 
 S.E.
(n � 3). ***, p 	 0.001. C, ribbon representation of the talin F3 domain (yellow) in complex with rod Domain E (green) (Protein Data Bank accession code 2KGX)
(37). The residues in Domain E and those in the F3 domain that lie at the interacting interface are highlighted in red and blue, respectively: Asp-1676, Asp-1763,
Glu-1770, Glu-1798, and Glu-1805 in Domain E and Lys-316, Lys-318, Lys-320, Lys-322, Lys-324, and Lys-364 in the F3 domain. Met-319 in the F3 domain
reportedly involved in an intramolecular interaction with the talin rod (38) is indicated in black.
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VBS1/2a Interacts with THD—To investigate whether
VBS1/2a (Tln1(482–787)) limits plasma membrane localiza-
tion of talin by making inter-domain contacts with THD, we
performed NMR spectroscopy using 15N-labeled VBS1/2a in
the presence of talin F2F3. VBS1/2a specifically interacted with
talin F2F3, whereas it exhibited no interaction with any of the
other talin polypeptides, e.g. Tln1(913–1653) and Tln1(2300–
2541). Increasing the amounts of talin F2F3 resulted in
increased line broadening most likely due to intermediate
exchange on the NMR time scale, and consequently it was not
possible to determine the affinity of the interaction by NMR.
Furthermore, changes in the 1H,15N-HSQC spectra of 15N-la-
beled F2F3 domain in the presence of VBS1/2a confirmed the
inter-domain interaction between VBS1/2a and THD.
To further characterize this interaction, we assigned the

backbone chemical shifts of VBS1, VBS2a, and the adjacent

helical bundle, VBS2b (Tln1(787–911)). This enabled us to
identify the peaks that are affected by the interaction with the
F2F3 and tomap themonto the surface of the known structures
of the domains involved (Fig. 6A). Interestingly, observed shifts
in signals and broadening effects were mapped predominantly
over one faceof theF2F3andVBS1/2a (Fig. 6B), implying an inter-
action between these surfaces of the two domains. Furthermore,
the inter-domain interaction with the F2F3 domain appears to
require bothVBS1 andVBS2a as a singlemodule, because individ-
ual VBS1 or VBS2a domains did not cause significant chemical
shift changes in 15N-labeled F2F3 (data not shown).
Disruption of the VBS1/2a-F2F3 Interaction Targets Talin to

the Plasma Membrane—The residues in the VBS1/2a and the
F2F3 whose 1H,15N-HSQC signals show large changes upon
mixing the two polypeptides may define an interaction surface
(Fig. 6B). To assess the effect of disrupting this surface on

FIGURE 3. Domain E-F3 interaction prevents membrane association of talin with the high-speed pellet. A and B, disruption of the Domain E-F3 interaction
by the 5K mutations within Domain E was confirmed by NMR. A, 1H,15N-HSQC spectra of 100 �M

15N-labeled Tln1(1655–1822) rod domain in the absence (black)
or presence (red) of a 4-fold molar excess of the F3 FERM subdomain. B, 100 �M

15N-labeled Tln1(1655–1822)-5K rod domain mutant in the absence (black) or
presence (red) of a 4-fold molar excess of the F3 FERM subdomain. C, all of the residues in Domain E that are at the interface with the F3 were mutated to lysines
(FL 5K) and the localization of this mutant was determined in A5 cells by subcellular fractionation followed by Western blotting with anti-HA antibody. The blots
were quantified with densitometric scanning, and the amount of talin in each fraction is expressed as percent of total (cytosolic � high-speed pellet) recovered.
Results represent mean 
 S.E. (n � 3). D, localization of FL talin carrying an M319A point mutation (FL M319A) was also tested, as described above. Results
represent mean 
 S.E. (n � 3). C and D, N.S., not significant, p � 0.05; *, p � 0.01– 0.05; **, p � 0.001– 0.01.
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VBS1/2a, we introduced mutations in FL talin at each of the
following residues: VBS1 residues Trp-531, Glu-538, Glu-542,
andGlu-586were substitutedwith alanines andVBS2a residues
Val-683, Leu-684, Ile-703, and Val-717 were replaced with
lysines (FL 4A4K). We confirmed that these structure-based
mutations inVBS1/2a indeed disrupted the inter-domain inter-
action with the F2F3 as shown by the marked reduction in
broadening and chemical shift changes compared with the wild
type protein (Fig. 7,A and B). Importantly, the purified, recom-
binant VBS1/2a protein carrying the 4A4Kmutations showed a
well dispersed NMR spectrum similar to that of the wild type
protein (Fig. 7, A and B), indicating that 4A4K mutations did
not affect the tertiary structure of the protein.
Next, the plasma membrane localization of the FL 4A4K

mutant was determined. The same 4A4K mutations in the
VBS1/2a were also made in combination with Domain E 5K
mutations (FL 5K4A4K). FL 4A4K and FL 5K4A4K showed
increased plasma membrane association to levels approaching
that seen with Tln1(1–465) (Fig. 8A, 37 
 7.5, 52 
 8.4, 58 

7.2, and 102 
 21.0%, respectively), whereas FL talin exhibited
�10% plasma membrane association (Fig. 8A).
To test whether this increase in plasma membrane localiza-

tion was due to the inadvertent introduction of a plasma mem-
brane localization site in VBS1/2a, we performed lipid co-sed-
imentation experiments. Even using large multilamellar
vesicles consisting of 100% phosphatidylserine, we observed no
interaction between either VBS1/2a or the VBS1/2a-4A4K
mutant and the membrane (Fig. 8C). Therefore, we conclude
that the VBS1/2a-F2F3 interaction inhibits plasma membrane
localization of talin.
VinHD Promotes Plasma Membrane Localization of Talin—

Talin and vinculin both localize to integrin-based adhesion sites
(8)where they formacomplex that stabilizes the adhesion (43, 54).
The talin rodcontainsmultiple vinculin-binding sites (55), threeof
which are localized inVBS1/2a. VinHDcontains the talin-binding
site (41, 42, 44, 56). Recently, activated formsof vinculin, including

the isolated VinHD, have been reported to activate �IIb�3 integ-
rins in a talin-dependent fashion (45). To investigate whether
VinHD binding leads to plasma localization of talin, we examined
the localization of FL talin in the presence of VinHD. Remarkably,
expression of theVinHD increased plasmamembrane association
of FL talin to a level approaching that seen with THD alone (Fig.
8B, 41 
 6.9, and 49 
 5.7%, respectively). Importantly, an A50I
mutation in VinHD that prevents vinculin from binding to talin
(57) failed to increase plasma membrane association of FL talin
(Fig. 8B). Moreover, VinHD-induced plasma membrane localiza-
tion of FL talin was indistinguishable from localization of talin to
the plasma membrane mediated by the talin-binding fragment of
RIAM fused to a Rap1A membrane targeting site (RIAM176-
CAAX) (Fig. 8B). Thus, vinculin binding leads to talin recruitment
to the plasmamembrane.

DISCUSSION

Talin plays a major role in both integrin affinity modulation
and integrin-actin cytoskeleton linkage (5, 7–13), and the sub-
cellular localization of talin is important in controlling these
biological functions. Yet, our understanding of how the activity
of talin is regulated remains incomplete. Sequential C-terminal
truncations of the talin rod domain and subsequent mutational
analysis revealed that an �-helical bundle termed Domain E
(37), spanning residues Tln1(1655–1822), keeps talin in the
cytosol via an inter-domain interaction with the F3 domain of
talin. However, whereas disruption of the Domain E-F3 inter-
action results in talin associating with the actin cytoskeleton, it
is insufficient for plasma membrane localization of talin. Sub-
sequentNMRanalysis identified another inter-domain interac-
tion between theVBS1/2amodule at theN terminus of the talin
rod and the F2F3 domain, dissociation of which led to plasma
membrane localization of talin. Thus, we have mapped two
inhibitory inter-domain interactions within talin that regulate
its subcellular localization.

FIGURE 4. Disruption of Domain E-F3 interaction is insufficient for plasma membrane localization of talin. Twenty-four h after transfection with THD or
Tln1(1–1654), A5 cells were detached and subjected to surface biotinylation. Following subsequent fractionation of the surface-biotinylated cells, plasma
membrane was isolated with streptavidin-conjugated magnetic beads. Distribution of the expressed talin was assessed by Western blotting with anti-HA
antibody. Endogenous FL talin was detected with anti-talin antibody 8D4. Integrin �IIb, calnexin, lamin A/C, LAMP1, and RhoGDI served as the plasma
membrane, ER membrane, nuclear membrane, lysosomal membrane, and cytosolic markers, respectively. A representative blot is shown (WCL, N/IC, C, P, and
PM indicate whole cell lysates, nuclear/intact cell, cytosolic, high-speed pellet, and plasma membrane fractions, respectively). The PM fraction was run on the
same gel, transferred onto the same blot, and scanned under the same condition as other fractions. The vertical space inserted between P and PM lanes
indicates where we removed intervening, irrelevant samples. Densitometry was used to quantify the blots, and talin in high-speed pellet (gray bars) and in the
plasma membrane fraction (black bars) are represented as percent of total. Bar graph represents mean 
 S.E. (n � 3). N.S., not significant, p � 0.05; ***, p 	 0.001.
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FIGURE 5. Loss of Domain E leads to association of talin with F-actin, and deletion of VBS1 results in increased association of talin with the plasma
membrane. A, actin binding of purified, recombinant Tln1(1–1654) and Tln1(1–1822) were compared. 2 �M talin with or without 10 �M actin was centrifuged,
and the supernatant and pellet fractions were analyzed by Coomassie Blue staining of SDS-PAGE gels. Data are represented as percent of talin in the pellet, with
mean 
 S.E. (n � 3). B, 24 h after transfection, A5 cells expressing THD, Tln1(1–1654), or FL talin were subjected to DNase I treatment to depolymerize F-actin.
After subcellular fractionation, talin distribution was assessed by Western blotting with anti-HA antibody. The blots were quantified by densitometric scanning.
Abundance of talin in the high-speed pellet, with and without DNase I treatment, is represented as percent of total talin (cytosolic � high-speed pellet)
recovered. The efficacy of DNase I treatment to depolymerize F-actin was verified by the measurement of �-actin in the high-speed pellet. Results represent
mean 
 S.E. (n � 3). C, 24 h after transfection, the localization of recombinant THD, Tln1(1– 465), Tln1(1–787), or Tln1(1–1654) in A5 cells was assessed as
described in the legend to Fig. 4. Talin in the plasma membrane fraction is represented as percent of total. Bar graph represents mean 
 S.E. (n � 3). A–C, N.S.,
not significant, p � 0.05. *, p � 0.01– 0.05; **, p � 0.001– 0.01; ***, p 	 0.001.
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FIGURE 6. VBS1/2a interacts with the F2F3 domain of talin. A, 1H,15N-HSQC spectra of the 15N-labeled talin polypeptide (100 �M) indicated were collected
in the absence (black) or presence (red) of the unlabeled talin polypeptide indicated (molar ratio 1:3). B, molecular surface representation of F2F3 (left) and
VBS1/2a (right), residues in 15N-labeled F2F3 whose signals are affected by the addition of unlabeled VBS1/2a are highlighted in red. Residues in the talin F2
MOP (Lys-256, Arg-277, Lys-272, and Lys-274) are indicated. Residues in 15N-labeled VBS1/2a whose signals are perturbed following addition of unlabeled F2F3
are highlighted in red in the molecular surface representation on the right. Some of the residues mutated are highlighted.

FIGURE 7. Disruption of the VBS1/2a-F2F3 interaction by the 4A4K mutations within VBS1/2a was confirmed by NMR. A, 1H,15N-HSQC spectra of
15N-labeled talin VBS1/2a rod domain (100 �M) in the presence of the F2F3 FERM subdomain at ratios of 1:0 (left panel) and 1:4 (right panel). Addition of F2F3
to 15N-labeled VBS1/2a (right panel) results in a marked decrease in signal intensity and chemical shift changes, and increased line broadening relative to
VBS1/2a-WT alone (left panel). B, 100 �M

15N-labeled talin VBS1/2a-4A4K rod domain mutant in the presence of the F2F3 FERM subdomains at ratios of 1:0 (left
panel) and 1:3 (right panel). Here the addition of F2F3 (right panel) has only minor effects on the 5N-labeled VBS1/2a-4A4K spectrum, which is almost identical
in both the absence and presence of F2F3.
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FIGURE 8. Disruption of the VBS1/2a-F2F3 interaction increases plasma membrane localization of talin, and the expression of the VinHD recruits talin
to the plasma membrane. A, residues in VBS1 and VBS2a that are at the interface with the F2F3 were mutated to alanines or lysines, respectively (FL 4A4K), and
the plasma membrane localization of the mutant was determined in A5 cells. Localization of a talin mutant carrying VBS1/2a 4A4K mutations in combination
with the Domain E 5K mutations was also analyzed (FL 5K4A4K). The localization of FL 4A4K, FL WT talin, FL 5K4A4K, or Tln1(1– 465) in A5 cells was assessed as
described in the legend to Fig. 4. Bar graph represents mean 
 S.E. (n � 3). B, FL WT talin and VinHD were co-expressed in A5 cells, and the plasma membrane
localization of talin in A5 cells was assessed as described in the legend to Fig. 4. Localization of THD, FL talin in the presence of VinHD-A50I mutant and FL talin
in the presence of RIAM176-CAAX were also studied. Bar graph represents mean 
 S.E. (n � 3). A and B, N.S., not significant, p � 0.05; *, p � 0.01– 0.05. C, VBS1/2a
domain does not interact with negatively charged membrane phospholipids. VBS1/2a-WT or the VBS1/2a-4A4K mutant (0.15 mg/ml) were mixed with vesicles
at 0.5 mg/ml consisting of phosphatidylcholine (PC), phosphatidylserine (PS), or a 4:1 ratio of PC:PS and then centrifuged. Tln1(196 – 400), which binds tightly
to negatively charged lipids (31), was used as a positive control.
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Interactions between Domain E and the F3 domain retain
talin in the cytosolic compartment. Disruption of the Domain
E-F3 inter-domain interaction increases the abundance of talin
in the high-speed pellet fraction, however, this is due to its
association with the actin cytoskeleton and not with the plasma
membrane. Therefore, our results imply that the presence of
Domain E prevents interaction of talin with cytoskeletal actin,
although the precise mechanism remains to be resolved. Sev-
eral regions of talin, including the talin FERM domain and sev-
eral noncontiguous regions in the rod domain, bind actin (53,
58, 59), and it is reasonable to propose that one ormore of these
sitesmay be cryptic in FL talin andmasked by the Domain E-F3
interaction.
Disruption of the Domain E-F3 interaction is insufficient for

plasma membrane localization of talin. Unlike THD, Tln1(1–
1654) fails to associate with the purified plasma membrane
fraction, suggesting that exposure of the F3 domain alone is not
sufficient for plasma membrane localization of talin. This idea
agrees with the presence of lipid-binding sites in other sub-
domains of the talin head that are also critical for integrin acti-
vation. In addition to the F3 domain (26), a series of basic resi-
dues in the F1 domain (21) and a series of basic residues in the
F2 domain, called themembrane orientation patch (MOP) (31),
are all involved in talin-membrane association, integrin activa-
tion, and for the ability of talin to support focal adhesion assem-
bly (36). The structure of the THD reveals an open, extended
conformation in which all three lipid-binding sites on the
surface of THD are orientated toward the membrane (22).
Therefore, it is possible that additional membrane interac-
tions via the F1 domain (21) and/or the F2 MOP (31) are
required for the effective localization of talin to the plasma
membrane and that these lipid-binding sites remain some-
how masked in Tln1(1–1654).
Insight into the structural basis of such masking has come

from our NMR studies that revealed a second inter-domain
interaction between the two helical bundles (VBS1/2a) at the N
terminus of the talin rod and the F2F3 domain of talin. Trun-
cation of VBS1/2a and disruption of the VBS1/2a-F2F3 inter-
action by mutations increased the abundance of talin in the
plasma membrane fraction, suggesting that this inter-domain
interaction acts as the inhibitor of plasma membrane localiza-
tion of talin. As noted earlier, the F2F3 contains the lipid bind-
ing MOP, and two of the F2 residues that interface with
VBS1/2a are important in lipid binding of talin, i.e. Lys-272 and
Lys-274 (31). Therefore, by masking one or both of these MOP
residues, the VBS1/2a-F2F3 interaction might interfere with
efficient plasma membrane localization of talin. The involve-
ment of the F2F3 domain is also consistentwith observations by
others that the N terminus of THD cooperates with the F3
domain in integrin activation (35).
THD-talin rod domain interactions have also been reported

by others (38), in which the authors concluded that a single
M319A point mutation in the F3 domain disrupts its interac-
tion with the talin rod, causing constitutive activation of talin
and thereby inducing integrin activation (38). However, our
examination of FL M319A localization by subcellular fraction-
ation shows that FL M319A is mostly cytosolic, and its distri-
bution was indistinguishable from FL WT talin. These data

indicate that Met-319 does not play a direct role in the inter-
domain interactions that regulate talin membrane attachment.
This conclusion is in agreement with Goult et al. (37) who
reported that Met-319 is not directly involved in the Domain
E-F3 interaction and that theM319Amutation does not have a
significant effect on this inter-domain association. Together,
these results suggest that a single point mutation is unlikely to
release autoinhibition of talin completely, at least in the context
of subcellular localization of talin. Consistent with this concept,
when Domain E mutations were tested individually in FL talin,
none of the single point mutants exhibited increased associa-
tion of talin with the high-speed pellet fraction (data not
shown).
Several reports suggest that autoinhibition of talin can be

released by calpain-mediated proteolytic cleavage (40, 60) or by
phosphatidylinositol 4,5-biphosphate binding (38, 39). How-
ever, the relative roles of these processes in the regulation of
talin and in physiological integrin activation have yet to be elu-
cidated. Moreover, serine/threonine phosphorylation of talin
has been shown to increase in thrombin-activated human
platelets, although it is inadequate for plasmamembrane local-
ization of talin (52). The phosphorylation sites have been
mapped in talin isolated from activated human platelets (32),
and two of the major sites (Thr-144/Thr-150) are contained
within the F1 loop implicated in lipid association (21). Interest-
ingly, substitution of these residues for alanine accelerates
talin-dependent focal adhesion assembly (36), suggesting that
phosphorylation at these sites negatively regulates talin func-
tion, possibly by inhibiting THD-membrane interactions.
The ability of the VinHD to promote plasma membrane

localization of talin raises the intriguing possibility that VinHD
binding to the VBS1/2a fragment in the talin rod domain out-
competes the VBS1/2a-F2F3 inter-domain interaction, releas-
ing the autoinhibitory conformation of talin and resulting in the
recruitment of talin to the plasmamembrane. The concept cer-
tainly agrees with the recent observation that the activated
forms of vinculin activate�IIb�3 integrins in a talin-dependent
manner (45). In summary, ourwork has revealed two regulatory
inter-domain interactions that constrain the subcellular local-
ization of talin, and opens the door to future studies aimed at
identification of additional biochemical signals that unmask the
membrane-binding sites in the head domain of talin.
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